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1.1 Introduction

Plastics are an important part of everyday life; products made from plastics range from so-
phisticated articles, such as prosthetic hip and knee joints, to disposable food utensils. One
of the reasons for the great popularity of plastics in a wide variety of industrial applica-
tions is the tremendous range of properties exhibited by plastics and their ease of process-
ing. Plastic properties can be tailored to meet specific needs by varying the atomic
composition of the repeat structure; and by varying molecular weight and molecular
weight distribution. The flexibility can also be varied through the presence of side chain
branching and according to the lengths and polarities of the side chains. The degree of
crystallinity can be controlled through the amount of orientation imparted to the plastic
during processing, through copolymerization, by blending with other plastics, and via the
incorporation of an enormous range of additives (fillers, fibers, plasticizers, stabilizers).
Given all of the avenues available to pursue in tailoring any given polymer, it is not sur-
prising that the variety of choices available to us today exists. 

Polymeric materials have been used since early times, even though their exact nature
was unknown. In the 1400s, Christopher Columbus found natives of Haiti playing with
balls made from material obtained from a tree. This was natural rubber, which became an
important product after Charles Goodyear discovered that the addition of sulfur dramati-
cally improved the properties; however, the use of polymeric materials was still limited to
natural-based materials. The first true synthetic polymers were prepared in the early 1900s
using phenol and formaldehyde to form resins—Baekeland’s Bakelite. Even with the de-
velopment of synthetic polymers, scientists were still unaware of the true nature of the ma-
terials they had prepared. For many years, scientists believed they were colloids—a
substance that is an aggregate of molecules. It was not until the 1920s that Herman

Source: Handbook of Plastics, Elastomers, and Composites
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2 Chapter One

Staudinger showed that polymers were giant molecules or macromolecules. In 1928,
Carothers developed linear polyesters and then polyamides, now known as nylon. In the
1950s, Ziegler and Natta’s work on anionic coordination catalysts led to the development
of polypropylene; high-density, linear polyethylene; and other stereospecific polymers.

Materials are often classified as metals, ceramics, or polymers. Polymers differ from
the other materials in a variety of ways but generally exhibit lower densities, thermal con-
ductivities, and moduli. Table 1.1 compares the properties of polymers to some representa-
tive ceramic and metallic materials. The lower densities of polymeric materials offer an
advantage in applications where lighter weight is desired. The addition of thermally and/or
electrically conducting fillers allows the polymer compounder the opportunity to develop
materials from insulating to conducting. As a result, polymers may find application in
electromagnetic interference (EMI) shielding and antistatic protection. 

Polymeric materials are used in a vast array of products. In the automotive area, they
are used for interior parts and in under-the-hood applications. Packaging applications are a
large area for thermoplastics, from carbonated beverage bottles to plastic wrap. Applica-
tion requirements vary widely, but, luckily, plastic materials can be synthesized to meet
these varied service conditions. It remains the job of the part designer to select from the ar-
ray of thermoplastic materials available to meet the required demands.

1.2 Polymer Structure and Synthesis

A polymer is prepared by stringing together a series of low-molecular-weight species
(such as ethylene) into an extremely long chain (polyethylene), much as one would string
together a series of bead to make a necklace (see Fig. 1.1). The chemical characteristics of

TABLE 1.1 Properties of Selected Materials451

Material
Specific
gravity

Thermal
conductivity, 

(Joule-cm/°C cm2 s)

Electrical
resistivity, 

µΩ-cm
Modulus

MPa

Aluminum 2.7 2.2 2.9 70,000

Brass 8.5 1.2 6.2 110,000

Copper 8.9 4.0 1.7 110,000

Steel (1040) 7.85 0.48 17.1 205,000

A12O3 3.8 0.29 >1014 350,000

Concrete 2.4 0.01 – 14,000

Bororsilicate glass 2.4 0.01 >1017 70,000

MgO 3.6 – 105 (2000°F) 205,000

Polyethylene (H.D.) 0.96 0.0052 1014–1018 350–1,250

Polystyrene 1.05 0.0008 1018 2,800

Polymethyl methacrylate 1.2 0.002 1016 3,500

Nylon 1.15 0.0025 1014 2,800
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Thermoplastics 3

the starting low-molecular-weight species will determine the properties of the final poly-
mer. When two different low-molecular-weight species are polymerized the resulting
polymer is termed a copolymer such as ethylene vinylacetate. This is depicted in Fig. 1.2.
Plastics can also be separated into thermoplastics and thermosets. A thermoplastic mate-
rial is a high-molecular-weight polymer that is not cross-linked. It can exist in either a lin-
ear or a branched structure. Upon heating, thermoplastics soften and melt, which allows
them to be shaped using plastics processing equipment. A thermoset has all of the chains
tied together with covalent bonds in a three dimensional network (cross-linked). Thermo-
set materials will not flow once cross-linked, but a thermoplastic material can be repro-
cessed simply by heating it to the appropriate temperature. The different types of
structures are shown in Fig. 1.3. The properties of different polymers can vary widely; for
example, the modulus can vary from 1 MPa to 50 GPa. Properties can be varied for each
individual plastic material as well, simply by varying the microstructure of the material. 

There are two primary polymerization approaches: step-reaction polymerization and
chain-reaction polymerization.1 In step-reaction (also referred to as condensation poly-
merization), reaction occurs between two polyfunctional monomers, often liberating a
small molecule such as water. As the reaction proceeds, higher-molecular-weight species

Figure 1.1 Polymerization.

Figure 1.2 Copolymer structure.

Figure 1.3 Linear, branched, and cross-linked polymer structures.
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4 Chapter One

are produced as longer and longer groups react together. For example, two monomers can
react to form a dimer, then react with another monomer to form a trimer. The reaction can
be described as n-mer + m-mer → (n + m)mer, where n and m refer to the number of
monomer units for each reactant. Molecular weight of the polymer builds up gradually
with time, and high conversions are usually required to produce high-molecular-weight
polymers. Polymers synthesized by this method typically have atoms other than carbon in
the backbone. Examples include polyesters and polyamides.

Chain-reaction polymerizations (also referred to as addition polymerizations) require
an initiator for polymerization to occur. Initiation can occur by a free radical or an anionic
or cationic species, which opens the double bond of a vinyl monomer and the reaction pro-
ceeds as shown above in Fig. 1.1. Chain-reaction polymers typically contain only carbon
in their backbone and include such polymers as polystyrene and polyvinyl chloride. 

Unlike low-molecular-weight species, polymeric materials do not possess one unique
molecular weight but rather a distribution of weights as depicted in Fig. 1.4. Molecular
weights for polymers are usually described by two different average molecular weights,
the number average molecular weight, , and the weight average molecular weight,

. These averages are calculated using the equations below:

where ni is the number of moles of species i, and Mi is the molecular weight of species i.
The processing and properties of polymeric materials are dependent on the molecular
weights of the polymer.

Figure 1.4 Molecular weight distribution.
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Thermoplastics 5

1.3 Solid Properties of Polymers

1.3.1 Glass Transition Temperature (Tg)

Polymers come in many forms, including plastics, rubber, and fibers. Plastics are stiffer
than rubber yet have reduced low-temperature properties. Generally, a plastic differs from
a rubbery material due to the location of its glass transition temperature (Tg), which is the
temperature at which the polymer behavior changes from glassy to leathery. A plastic has
a Tg above room temperature, whereas a rubber has a Tg below room temperature. Tg is
most clearly defined by evaluating the classic relationship of elastic modulus to tempera-
ture for polymers as presented in Fig. 1.5. 

At low temperatures, the material can best be described as a glassy solid. It has a high
modulus, and behavior in this state is characterized ideally as a purely elastic solid. In this
temperature regime, materials most closely obey Hooke’s law:

where σ is the stress being applied, and ε is the strain. Young’s modulus, E, is the propor-
tionality constant relating stress and strain.

In the leathery region, the modulus is reduced by up to three orders of magnitude from
the glassy modulus for amorphous polymers. The rubbery plateau has a relatively stable
modulus until further temperature increases induce rubbery flow. Motion at this point does
not involve entire molecules, but, in this region, deformations begin to become nonrecov-
erable as permanent set takes place. As temperature is further increased, eventually the on-
set of liquid flow takes place. There is little elastic recovery in this region, and the flow
involves entire molecules slipping past each other. This region models ideal viscous mate-
rials, which obey Newton’s law as follows:

Figure 1.5 Relationship between elastic modulus and temperature.

σ Eε=

σ ηε̇=

Thermoplastics
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6 Chapter One

1.3.2 Crystallization and Melting Behavior, Tm

In its solid form, a polymer can exhibit different morphologies, depending on the structure
of the polymer chain as well as the processing conditions. The polymer may exist in a ran-
dom unordered structure termed amorphous. An example of an amorphous polymer is
polystyrene. If the structure of the polymer backbone is a regular, ordered structure, then
the polymer can tightly pack into an ordered crystalline structure, although the material
will generally be only semicrystalline. Examples are polyethylene and polypropylene. The
exact makeup and architecture of the polymer backbone will determine whether the poly-
mer is capable of crystallizing. This microstructure can be controlled by different syn-
thetic methods. As mentioned above, the Ziegler-Natta catalysts are capable of controlling
the microstructure to produce stereospecific polymers. The types of microstructure that
can be obtained for a vinyl polymer are shown in Fig. 1.6. The isotactic and syndiotactic
structures are capable of crystallizing because of their highly regular backbone. The atac-
tic form is amorphous.

1.4 Mechanical Properties

The mechanical behavior of polymers is dependent on many factors, including polymer
type, molecular weight, and test procedure. Modulus values are obtained from a standard
tensile test with a given rate of crosshead separation. In the linear region, the slope of a
stress-strain curve will give the elastic or Young’s modulus, E. Typical values for Young’s
modulus are given in Table 1.2. Polymeric material behavior may be affected by other fac-
tors such as test temperature and rates. This can be especially important to the designer
when the product is used or tested at temperatures near the glass transition temperature

Figure 1.6 Isotactic, syndiotactic, and atactic polymer chains.
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TABLE 1.2 Comparative Properties of Thermoplastics452,453

Material

Heat
deflection

temperature
@1.82

MPa (°C)

Tensile
strength

MPa

Tensile 
modulus

GPa

Impact
strength

J/m
Density
g/cm3

Dielectric
strength
MV/m

Dielectric
constant @

60 Hz

ABS 99 41 2.3 347 1.18 15.7 3.0

CA 68 37.6 1.26 210 1.30 16.7 5.5

CAB 69 34 .88 346 1.19 12.8 4.8

PTFE 17.1 .36 173 2.2 17.7 2.1

PCTFE 50.9 1.3 187 2.12 22.2 2.6

PVDF 90 49.2 2.5 202 1.77 10.2 10.0

PB 102 25.9 .18 NB* 0.91 2.25

LDPE 43 11.6 .17 NB* 0.92 18.9 2.3

HDPE 74 38.2 373 0.95 18.9 2.3

PMP 23.6 1.10 128 0.83 27.6

PI 42.7 3.7 320 1.43 12.2 4.1

PP 102 35.8 1.6 43 0.90 25.6 2.2

PUR 68 59.4 1.24 346 1.18 18.1 6.5

PS 93 45.1 3.1 59 1.05 19.7 2.5

PVC–rigid 68 44.4 2.75 181 1.4 34.0 3.4

PVC–flexible 9.6 293 1.4 25.6 5.5

POM 136 69 3.2 133 1.42 19.7 3.7

PMMA 92 72.4 3 21 1.19 19.7 3.7

Polyarylate 155 68 2.1 288 1.19 15.2 3.1

LCP 311 110 11 101 1.70 20.1 4.6

Nylon 6 65 81.4 2.76 59 1.13 16.5 3.8

Nylon 6/6 90 82.7 2.83 53 1.14 23.6 4.0

PBT 54 52 2.3 53 1.31 15.7 3.3

PC 129 69 2.3 694 1.20 15 3.2

PEEK 160 93.8 3.5 59 1.32

PEI 210 105 3 53 1.27 28 3.2

PES 203 84.1 2.6 75 1.37 16.1 3.5

PET 224 159 9.96 101 1.56 21.3 3.6

PPO (modi-
fied)

100 54 2.5 267 1.09 15.7 3.9

PPS 260 138 11.7 69 1.67 17.7 3.1

PSU 174 73.8 2.5 64 1.24 16.7 3.5

*NB = no break.
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8 Chapter One

where dramatic changes in properties occur as depicted in Fig. 1.5. The time-dependent
behavior of these materials is discussed below.

1.4.1 Viscoelasticity

Polymer properties exhibit time-dependent behavior, which is dependent on the test condi-
tions and polymer type. Figure 1.7 shows a typical viscoelastic response of a polymer to
changes in testing rate or temperature. Increases in testing rate or decreases in temperature
cause the material to appear more rigid, while an increase in temperature or decrease in
rate will cause the material to appear softer. This time-dependent behavior can also result
in long-term effects such as stress relaxation or creep.2 These two time-dependent behav-
iors are shown in Fig. 1.8. Under a fixed displacement, the stress on the material will de-
crease over time, and this is called stress relaxation. This behavior can be modeled using a

Figure 1.7 Effect of strain rate or temperature on mechanical behav-
ior.

Figure 1.8 Creep and stress relaxation behavior.

Thermoplastics
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Thermoplastics 9

spring and dashpot in series as depicted in Fig. 1.9. The equation for the time dependent
stress using this model is

where τ is the characteristic relaxation time (η/k). Under a fixed load, the specimen will
continue to elongate with time, a phenomenon termed creep, which can be modeled using
a spring and dashpot in parallel as seen in Fig. 1.9. This model predicts the time-dependent
strain as

For more accurate prediction of the time-dependent behavior, other models with more
elements are often employed. In the design of polymeric products for long-term applica-
tions, the designer must consider the time-dependent behavior of the material. 

If a series of stress relaxation curves is obtained at varying temperatures, it is found that
these curves can be superimposed by horizontal shifts to produce a master curve3. This
demonstrates an important feature in polymer behavior: the concept of time-temperature
equivalence. In essence, a polymer at temperatures below room temperature will behave in
a manner as if it were tested at a higher rate at room temperature. This principle can be ap-
plied to predict material behavior under testing rates or times that are not experimentally
accessible through the use of shift factors (aT) and the equation below:

where Tg is the glass transition temperature of the polymer, T is the temperature of interest,
to is the relaxation time at Tg, and t is the relaxation time.

1.4.2 Failure Behavior

Design of plastic parts requires the avoidance of failure without overdesign of the part,
which leads to increased part weight. The type of failure can depend on temperatures,

Figure 1.9 Spring and dashpot models.
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10 Chapter One

rates, and materials. Some information on material strength can be obtained from simple
tensile stress-strain behavior. Materials that fail at rather low elongations (1% strain or
less) can be considered to have undergone brittle failure.4 Polymers that produce this type
of failure include general-purpose polystyrene and acrylics. Failure typically starts at a de-
fect where stresses are concentrated. Once a crack is formed, it will grow as a result of
stress concentrations at the crack tip. Many amorphous polymers will also exhibit what are
called crazes. Crazes look like cracks, but they are load bearing, with fibrils of material
bridging the two surfaces as shown in Fig. 1.10. Crazing is a form of yielding that, when
present, can enhance the toughness of a material.

Ductile failure of polymers is exhibited by yielding of the polymer or slip of the molec-
ular chains past one another. This is most often indicated by a maximum in the tensile
stress-strain test or what is termed the yield point. Above this point, the material may ex-
hibit lateral contraction upon further extension, termed necking.5 Molecules in the necked
region become oriented and result in increased local stiffness. Material in regions adjacent
to the neck are thus preferentially deformed and the neck region propagates. This process
is known as cold drawing (see Fig. 1.11). Cold drawing results in elongations of several
hundred percent.

Under repeated cyclic loading, a material may fail at stresses well below the single-cy-
cle failure stress found in a typical tensile test.6 This process is called fatigue and is usu-
ally depicted by plotting the maximum stress versus the number of cycles to failure.

Figure 1.10 Cracks and crazes.

Figure 1.11 Ductile behavior.

Thermoplastics
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Thermoplastics 11

Fatigue tests can be performed under a variety of loading conditions as specified by the
service requirements. Thermal effects and the presence or absence of cracks are other vari-
ables to be considered when the fatigue life of a material is to be evaluated.

1.4.3 Effect of Fillers

The term fillers refers to solid additives that are incorporated into the plastic matrix.7 They
are generally inorganic materials and can be classified according to their effect on the me-
chanical properties of the resulting mixture. Inert or extender fillers are added mainly to
reduce the cost of the compound, while reinforcing fillers are added to improve certain
mechanical properties such as modulus or tensile strength. Although termed inert, inert
fillers can nonetheless affect other properties of the compound besides cost. In particular,
they may increase the density of the compound, reduce the shrinkage, increase the hard-
ness, and increase the heat deflection temperature. Reinforcing fillers typically will in-
crease the tensile, compressive, and shear strengths; increase the heat deflection
temperature; reduce shrinkage; increase the modulus; and improve the creep behavior. Re-
inforcing fillers improve the properties via several mechanisms. In some cases, a chemical
bond is formed between the filler and the polymer; in other cases, the volume occupied by
the filler affects the properties of the thermoplastic. As a result, the surface properties and
interaction between the filler and the thermoplastic are of great importance. A number of
filler properties govern their behavior. These include the particle shape, the particle size,
and distribution of sizes, and the surface chemistry of the particle. In general, the smaller
the particle, the greater the improvement of the mechanical property of interest (such as
tensile strength).8 Larger particles may give reduced properties compared to the pure ther-
moplastic. Particle shape can also influence the properties. For example, plate-like parti-
cles or fibrous particles may be oriented during processing. This may result in properties
that are anisotropic. The surface chemistry of the particle is important to promote interac-
tion with the polymer and to allow for good interfacial adhesion. It is important that the
polymer wet the particle surface and have good interfacial bonding so as to obtain the best
property enhancement. 

Examples of inert or extender fillers include china clay (kaolin), talc, and calcium car-
bonate. Calcium carbonate is an important filler with a particle size of about one micron.9

It is a natural product from sedimentary rocks and is separated into chalk, limestone, and
marble. In some cases, the calcium carbonate may be treated to improve interaction with
the thermoplastic. Glass spheres are also used as thermoplastic fillers. They may be either
solid or hollow, depending on the particular application. Talc is a filler with a lamellar par-
ticle shape.10 It is a natural, hydrated magnesium silicate with good slip properties. Kaolin
and mica are also natural materials with lamellar structures. Other fillers include wollasto-
nite, silica, barium sulfate, and metal powders. Carbon black is used as a filler primarily in
the rubber industry, but it also finds application in thermoplastics for conductivity, UV
protection, and as a pigment. Fillers in fiber form are often used in thermoplastics. Types
of fibers include cotton, wood flour, fiberglass, and carbon. Table 1.3 shows the fillers and
their forms. An overview of some typical fillers and their effect on properties is shown in
Table 1.4.

1.5 General Classes of Polymers

1.5.1 Acetal (POM)

Acetal polymers are formed from the polymerization of formaldehyde. They are also
given the name polyoxymethylenes (POMs). Polymers prepared from formaldehyde were

Thermoplastics
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12 Chapter One

studied by Staudinger in the 1920s, but thermally stable materials were not introduced un-
til the 1950s when DuPont developed Delrin.11 Hompolymers are prepared from very pure
formaldehyde by anionic polymerization as shown in Fig. 1.12. Amines and the soluble
salts of alkali metals catalyze the reaction.12 The polymer formed is insoluble and is re-
moved as the reaction proceeds. Thermal degradation of the acetal resin occurs by unzip-
ping with the release of formaldehyde. The thermal stability of the polymer can be
increased by esterification of the hydroxyl ends with acetic anhydride. An alternative
method to improve the thermal stability is copolymerization with a second monomer such
as ethylene oxide. The copolymer is prepared by cationic methods.13 This was developed
by Celanese and marketed under the trade name Celcon. Hostaform is another copolymer
marketed by Hoescht. The presence of the second monomer reduces the tendency for the
polymer to degrade by unzipping.14

There are four processes for the thermal degradation of acetal resins. The first is ther-
mal or base-catalyzed depolymerization from the chain, resulting in the release of formal-
dehyde. End capping the polymer chain will reduce this tendency. The second is oxidative
attack at random positions, again leading to depolymerization. The use of antioxidants will
reduce this degradation mechanism. Copolymerization is also helpful. The third mecha-
nism is cleavage of the acetal linkage by acids. It is therefore important not to process ace-
tals in equipment used for PVC, unless it has been cleaned, due to the possible presence of
traces of HCl. The fourth degradation mechanism is thermal depolymerization at tempera-
tures above 270°C. It is important that processing temperatures remain below this temper-
ature to avoid degradation of the polymer.15

Acetals are highly crystalline, typically 75 percent crystalline, with a melting point of
180°C.16 Compared with polyethylene (PE), the chains pack closer together because of
the shorter C–O bond. As a result, the polymer has a higher melting point. It is also harder
than PE. The high degree of crystallinity imparts good solvent resistance to acetal poly-
mers. The polymer is essentially linear with molecular weights (Mn) in the range of 20,000
to 110,000.17

Acetal resins are strong, stiff thermoplastics with good fatigue properties and dimen-
sional stability. They also have a low coefficient of friction and good heat resistance.22 Ac-
etal resins are considered similar to nylons but are better in fatigue, creep, stiffness, and
water resistance.18 Acetal resins do not, however, have the creep resistance of polycarbon-

TABLE 1.3 Forms of Various Fillers

Spherical Lamellar Fibrous

Sand/quartz powder
Silica
Glass spheres
Calcium carbonate
Carbon black
Metallic oxides

Mica
Talc
Graphite
Kaolin

Glass fibers
Asbestos
Wollastonite
Carbon fibers
Whiskers
Cellulose
Synthetic fibers

Figure 1.12 Polymerization of formaldehyde to polyoxymethylene.

Thermoplastics
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TABLE 1.4 Effect of Filler Type on Properties454
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14 Chapter One

ate. As mentioned previously, acetal resins have excellent solvent resistance with no or-
ganic solvents found below 70°C; however, swelling may occur in some solvents. Acetal
resins are susceptible to strong acids and alkalis as well as to oxidizing agents. Although
the C–O bond is polar, it is balanced and much less polar than the carbonyl group present
in nylon. As a result, acetal resins have relatively low water absorption. The small amount
of moisture absorbed may cause swelling and dimensional changes but will not degrade
the polymer by hydrolysis.12 The effects of moisture are considerably less dramatic than
for nylon polymers. Ultraviolet light may cause degradation, which can be reduced by the
addition of carbon black. The copolymers have generally similar properties, but the ho-
mopolymer may have slightly better mechanical properties and higher melting point but
poorer thermal stability and poorer alkali resistance.21 Along with both homopolymers
and copolymers, there are also filled materials (glass, fluoropolymer, aramid fiber, and
other fillers), toughened grades, and UV stabilized grades.22 Blends of acetal with poly-
urethane elastomers show improved toughness and are available commercially.

Acetal resins are available for injection molding, blow molding, and extrusion. During
processing, it is important to avoid overheating, or the production of formaldehyde may
cause serious pressure buildup. The polymer should be purged from the machine before
shut-down to avoid excessive heating during startup.23 Acetal resins should be stored in a
dry place. The apparent viscosity of acetal resins is less dependent on shear stress and tem-
perature than polyolefins, but the melt has low elasticity and melt strength. The low melt
strength is a problem for blow molding applications, and copolymers with branched struc-
tures are available for this application. Crystallization occurs rapidly with post mold
shrinkage complete within 48 hr of molding. Because of the rapid crystallization, it is dif-
ficult to obtain clear films.24

The market demand for acetal resins in the United States and Canada was 368 million
pounds in 1997.25 Applications for acetal resins include gears, rollers, plumbing compo-
nents, pump parts, fan blades, blow molded aerosol containers, and molded sprockets and
chains. They are often used as direct replacements for metal. Most of the acetal resins are
processed by injection molding, with the remainder used in extruded sheet and rod. Their
low coefficient of friction makes acetal resins good for bearings.26

1.5.2 Biodegradable Polymers

Disposal of solid waste is a challenging problem. The United States consumes over 53 bil-
lion pounds of polymers a year for a variety of applications.27 When the life cycle of these
polymeric parts is completed, they may end up in a landfill. Plastics are often selected for
applications based of their stability to degradation; however, this means that degradation
will be very slow, adding to the solid waste problem. Methods to reduce the amount of
solid waste include recycling and biodegradation.28 Considerable work has been done to
recycle plastics, both in the manufacturing and consumer area. Biodegradable materials
offer another way to reduce the solid waste problem. Most waste is disposed of by burial
in a landfill. Under these conditions, oxygen is depleted, and biodegradation must proceed
without the presence of oxygen.29 An alternative is aerobic composting. In selecting a
polymer that will undergo biodegradation, it is important to ascertain the method of dis-
posal. Will the polymer be degraded in the presence of oxygen and water, and what will be
the pH level? Biodegradation can be separated into two types—chemical and microbial
degradation. Chemical degradation includes degradation by oxidation, photodegradation,
thermal degradation, and hydrolysis. Microbial degradation can include both fungi and
bacteria. The susceptibility of a polymer to biodegradation depends on the structure of the
backbone.30 For example, polymers with hydrolyzable backbones can be attacked by acids
or bases, breaking down the molecular weight. They are therefore more likely to be de-
graded. Polymers that fit into this category include most natural-based polymers, such as
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Thermoplastics 15

polysaccharides, and synthetic materials, such as polyurethanes, polyamides, polyesters,
and polyethers. Polymers that contain only carbon groups in the backbone are more resis-
tant to biodegradation.

Photodegradation can be accomplished by using polymers that are unstable to light
sources or by the used of additives that undergo photodegradation. Copolymers of divinyl
ketone with styrene, ethylene, or polypropylene (Eco Atlantic) are examples of materials
that are susceptible to photodegradation.31 The addition of a UV absorbing material will
also act to enhance photodegradation of a polymer. An example is the addition of iron
dithiocarbamate.32 The degradation must be controlled to ensure that the polymer does not
degrade prematurely.

Many polymers described elsewhere in this book can be considered for biodegradable
applications. Polyvinyl alcohol has been considered in applications requiring biodegrada-
tion because of its water solubility; however, the actual degradation of the polymer chain
may be slow.33 Polyvinyl alcohol is a semicrystalline polymer synthesized from polyvinyl
acetate. The properties are governed by the molecular weight and by the amount of hydrol-
ysis. Water soluble polyvinyl alcohol has a degree of hydrolysis near 88 percent. Water in-
soluble polymers are formed if the degree of hydrolysis is less than 85 percent.34

Cellulose based polymers are some of the more widely available naturally-based poly-
mers. They can therefore be used in applications requiring biodegradation. For example,
regenerated cellulose is used in packaging applications.35 A biodegradable grade of cellu-
lose acetate is available from Rhone-Poulenc (Bioceta and Biocellat), where an additive
acts to enhance the biodegradation.36 This material finds application in blister packaging,
transparent window envelopes, and other packaging applications.

Starch-based products are also available for applications requiring biodegradability.
The starch is often blended with polymers for better properties. For example, polyethylene
films containing between 5 and 10 percent cornstarch have been used in biodegradable ap-
plications. Blends of starch with vinyl alcohol are produced by Fertec (Italy) and used in
both film and solid product applications.37 The content of starch in these blends can range
up to 50 percent by weight, and the materials can be processed on conventional processing
equipment. A product developed by Warner-Lambert call Novon is also a blend of poly-
mer and starch, but the starch contents in Novon are higher than in the material by Fertec.
In some cases, the content can be over 80 percent starch.38

Polylactides (PLA) and copolymers are also of interest in biodegradable applications.
This material is a thermoplastic polyester synthesized from ring opening of lactides. Lac-
tides are cyclic diesters of lactic acid.39 A similar material to polylactide is polyglycolide
(PGA). PGA is also thermoplastic polyester but formed from glycolic acids. Both PLA
and PGA are highly crystalline materials. These materials find application in surgical su-
tures, resorbable plates and screws for fractures, and new applications in food packaging
are also being investigated.

Polycaprolactones are also considered in biodegradable applications such as films and
slow-release matrices for pharmaceuticals and fertilizers.40 Polycaprolactone is produced
through ring opening polymerization of lactone rings with a typical molecular weight in
the range of 15,000 to 40,000.41 It is a linear, semicrystalline polymer with a melting point
near 62°C and a glass transition temperature about –60°C.42

A more recent biodegradable polymer is polyhydroxybutyrate-valerate copolymer
(PHBV). These copolymers differ from many of the typical plastic materials in that they
are produced through biochemical means. It is produced commercially by ICI using the
bacteria Alcaligenes eutrophus, which is fed a carbohydrate. The bacteria produce polyes-
ters, which are harvested at the end of the process.43 When the bacteria are fed glucose, the
pure polyhydroxybutyrate polymer is formed, while a mixed feed of glucose and propi-
onic acid will produce the copolymers.44 Different grades are commercially available that
vary in the amount of hydroxyvalerate units and the presence of plasticizers. The pure hy-
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droxybutyrate polymer has a melting point between 173 and 180°C and a Tg near 5°C.45

Copolymers with hydroxyvalerate have reduced melting points, greater flexibility, and im-
pact strength, but lower modulus and tensile strength. The level of hydroxyvalerate is 5 to
12 percent. These copolymers are fully degradable in many microbial environments. Pro-
cessing of PHBV copolymers requires careful control of the process temperatures. The
material will degrade above 195°C, so processing temperatures should be kept below
180°C and the processing time kept to a minimum. It is more difficult to process unplasti-
cized copolymers with lower hydroxyvalerate content because of the higher processing
temperatures required. Applications for PHBV copolymers include shampoo bottles, cos-
metic packaging, and as a laminating coating for paper products.46

Other biodegradable polymers include Konjac, a water soluble natural polysaccharide
produced by FMC, Chitin, another polysaccharide that is insoluble in water, and Chitosan,
which is soluble in water.47 Chitin is found in insects and in shellfish. Chitosan can be
formed from chitin and is also found in fungal cell walls.48 Chitin is used in many biomed-
ical applications, including dialysis membranes, bacteriostatic agents, and wound dress-
ings. Other applications include cosmetics, water treatment, adhesives, and fungicides.49

1.5.3 Cellulose

Cellulosic polymers are the most abundant organic polymers in the world, making up the
principal polysaccharide in the walls of almost all of the cells of green plants and many
fungi species.50 Plants produce cellulose through photosynthesis. Pure cellulose decom-
poses before it melts and must be chemically modified to yield a thermoplastic. The chem-
ical structure of cellulose is a heterochain linkage of different anhydrogluclose units into
high-molecular-weight polymer, regardless of plant source. The plant source, however,
does affect molecular weight, molecular weight distribution, degrees of orientation, and
morphological structure. Material described commonly as “cellulose” can actually contain
hemicelluloses and lignin.51 Wood is the largest source of cellulose and is processed as fi-
bers to supply the paper industry and is widely used in housing and industrial buildings.
Cotton-derived cellulose is the largest source of textile and industrial fibers, with the com-
bined result being that cellulose is the primary polymer serving the housing and clothing
industries. Crystalline modifications result in celluloses of differing mechanical proper-
ties, and Table 1.5 compares the tensile strengths and ultimate elongations of some com-
mon celluloses.52

Cellulose, whose repeat structure features three hydroxyl groups, reacts with organic
acids, anhydrides, and acid chlorides to form esters. Plastics from these cellulose esters are

TABLE 1.5 Selected Mechanical Properties of Common Celluloses

Tensile strength, MPa Ultimate elongation, %

Form Dry Wet Dry Wet

Ramie 900 1060 2.3 2.4

Cotton 200–800 200–800 12–16 6–13

Flax 824 863 1.8 2.2

Viscose Rayon 200–400 100–200 8–26 13–43

Cellulose Acetate 150–200 100–120 21–30 29–30
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Thermoplastics 17

extruded into film and sheet and are injection molded to form a wide variety of parts. Cel-
lulose esters can also be compression molded and cast from solution to form a coating.
The three most industrially important cellulose ester plastics are cellulose acetate (CA),
cellulose acetate butyrate (CAB), and cellulose acetate propionate (CAP), with structures
as shown below in Fig. 1.13.

These cellulose acetates are noted for their toughness, gloss, and transparency. CA is
well suited for applications requiring hardness and stiffness, as long as the temperature
and humidity conditions don’t cause the CA to be too dimensionally unstable. CAB has
the best environmental stress cracking resistance, low-temperature impact strength, and
dimensional stability. CAP has the highest tensile strength and hardness. Comparison of
typical compositions and properties for a range of formulations are given in Table 1.6.53

Properties can be tailored by formulating with different types and loadings of plasticizers.

Formulation of cellulose esters is required to reduce charring and thermal discolora-
tion, and it typically includes the addition of heat stabilizers, antioxidants, plasticizers,
UV stabilizers, and coloring agents.54 Cellulose molecules are rigid due to the strong in-
termolecular hydrogen bonding that occurs. Cellulose itself is insoluble and reaches its
decomposition temperature prior to melting. The acetylation of the hydroxyl groups re-

TABLE 1.6 Selected Mechanical Properties of Cellulose Esters

Composition, %
Cellulose

acetate
Cellulose

acetate butyrate
Cellulose

acetate propionate

Acetyl 38–40 13–15 1.5–3.5

Butyrl – 36–38 –

Propionyl – – 43–47

Hydroxyl 3.5–4.5 1–2 2–3

Tensile strength at fracture, 
23°C, MPa

13.1–58.6 13.8–51.7 13.8–51.7

Ultimate elongation, % 6–50 38–74 35–60

Izod impact strength, J/m
notched, 23°C
notched, –40°C

6.6–132.7
1.9–14.3

9.9–149.3
6.6–23.8

13.3–182.5
1.9–19.0

Rockwell hardness, R scale 39–120 29–117 20–120

% moisture absorption at 24 hr 2.0–6.5 1.0–4.0 1.0–3.0

Figure 1.13 Structures of cellulose acetate, cellulose acetate butyrate, and cellulose acetate propi-
onate.
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duces intermolecular bonding, and increases free volume, depending upon the level and
chemical nature of the alkylation.55 CAs are thus soluble in specific solvents but still re-
quire plasticization for rheological properties appropriate to molding and extrusion pro-
cessing conditions. Blends of ethylene vinyl acetate (EVA) copolymers and CAB are
available. Cellulose acetates have also been graft-copolymerized with alkyl esters of
acrylic and methacrylic acid and then blended with EVA to form a clear, readily process-
able thermoplastic.

CA is cast into sheet form for blister packaging, window envelopes, and file tab appli-
cations. CA is injection molded into tool handles, tooth brushes, ophthalmic frames, and
appliance housings and is extruded into pens, pencils, knobs, packaging films, and indus-
trial pressure-sensitive tapes. CAB is molded into steering wheels, tool handles, camera
parts, safety goggles, and football nose guards. CAP is injection molded into steering
wheels, telephones, appliance housings, flashlight cases, and screw and bolt anchors, and
it is extruded into pens, pencils, toothbrushes, packaging film, and pipe.56 Cellulose ace-
tates are well suited for applications that require machining and then solvent vapor polish-
ing, such as in the case of tool handles, where the consumer market values the clarity,
toughness, and smooth finish. CA and CAP are likewise suitable for ophthalmic sheeting
and injection molding applications, which require many post-finishing steps.57

Cellulose acetates are also commercially important in the coatings arena. In this syn-
thetic modification, cellulose is reacted with an alkyl halide, primarily methylchloride to
yield methylcellulose or sodium chloroacetate to yield sodium cellulose methylcellulose
(CMC). The structure of CMC is shown below in Fig. 1.14. CMC gums are water soluble
and are used in food contact and packaging applications. CMC’s outstanding film forming
properties are used in paper sizings and textiles, and its thickening properties are used in
starch adhesive formulations, paper coatings, toothpaste, and shampoo. Other cellulose es-
ters, including cellulosehydroxyethyl, hydroxypropylcellulose, and ethylcellulose, are
used in film and coating applications, adhesives, and inks.

1.5.4 Fluoropolymers

Fluoropolymers are noted for their heat resistance properties. This is due to the strength
and stability of the carbon-fluorine bond.58 The first patent was awarded in 1934 to IG Far-
ben for a fluorine containing polymer, polychlorotrifluoroethylene (PCTFE). This polymer
had limited application, and fluoropolymers did not have wide application until the dis-
covery of polytetrafluoroethylene (PTFE) in 1938.59 In addition to their high-temperature
properties, fluoropolymers are known for their chemical resistance, very low coefficient of
friction, and good dielectric properties. Their mechanical properties are not high unless re-
inforcing fillers, such as glass fibers, are added.60 The compressive properties of fluo-
ropolymers are generally superior to their tensile properties. In addition to their high
temperature resistance, these materials have very good toughness and flexibility at low
temperatures.61

A wide variety of fluoropolymers are available, including polytetrafluoroethylene
(PTFE), polychlorotrifluoroethylene (PCTFE), fluorinated ethylene propylene (FEP), eth-

Figure 1.14 Sodium cellulose methylcellulose
structure.
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Thermoplastics 19

ylene chlorotrifluoroethylene (ECTFE), ethylene tetrafluoroethylene (ETFE), polyvi-
nylidene fluoride (PVDF), and polyvinyl fluoride (PVF). 

1.5.4.1 Copolymers. Fluorinated ethylene propylene (FEP) is a copolymer of tet-
rafluoroethylene and hexafluoropropylene. It has properties similar to PTFE, but with a
melt viscosity suitable for molding with conventional thermoplastic processing tech-
niques.62 The improved processability is obtained by replacing one of the fluorine groups
on PTFE with a trifluoromethyl group as shown in Fig. 1.15.63

FEP polymers were developed by DuPont, but other commercial sources are available,
such as Neoflon (Daikin Kogyo) and Teflex (Niitechem, USSR).64 FEP is a crystalline
polymer with a melting point of 290°C, and it can be used for long periods at 200°C with
good retention of properties.65 FEP has good chemical resistance, a low dielectric con-
stant, low friction properties, and low gas permeability. Its impact strength is better than
PTFE, but the other mechanical properties are similar to those of PTFE.66 FEP may be
processed by injection, compression, or blow molding. FEP may be extruded into sheets,
films, rods, or other shapes. Typical processing temperatures for injection molding and ex-
trusion are in the range of 300 to 380°C.67 Extrusion should be done at low shear rates be-
cause of the polymer’s high melt viscosity and melt fracture at low shear rates.
Applications for FEP include chemical process pipe linings, wire and cable, and solar col-
lector glazing.68 A material similar to FEP, Hostaflon TFB (Hoechst), is a terpolymer of
tetrafluoroethylene, hexafluoropropylene, and vinylidene fluoride.

Ethylene chlorotrifluoroethylene (ECTFE) is an alternating copolymer of chlorotrifluo-
roethylene and ethylene. It has better wear properties than PTFE along with good flame re-
sistance. Applications include wire and cable jackets, tank linings, chemical process valve
and pump components, and corrosion-resistant coatings.69

Ethylene tetrafluoroethylene (ETFE) is a copolymer of ethylene and tetrafluoroethylene
similar to ECTFE but with a higher use temperature. It does not have the flame resistance
of ECTFE, however, and will decompose and melt when exposed to a flame.70 The poly-
mer has good abrasion resistance for a fluorine containing polymer, along with good im-
pact strength. The polymer is used for wire and cable insulation where its high-
temperature properties are important. ETFE finds application in electrical systems for
computers, aircraft, and heating systems.71

1.5.4.2 Polychlorotrifluoroethylene. Polychlorotrifluoroethylene (PCTFE) is
made by the polymerization of chlorotrifluoroethylene, which is prepared by the dechlori-
nation of trichlorotrifluoroethane. The polymerization is initiated with redox initiators.72

The replacement of one fluorine atom with a chlorine atom as shown in Fig. 1.16 breaks
up the symmetry of the PTFE molecule, resulting in a lower melting point and allowing
PCTFE to be processed more easily than PTFE. The crystalline melting point of PCTFE at
218°C is lower than that of PTFE. Clear sheets of PCTFE with no crystallinity may also be
prepared.

Figure 1.15 Structure of FEP.
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20 Chapter One

PCTFE is resistant to temperatures up to 200°C and has excellent solvent resistance,
with the exception of halogenated solvents or oxygen containing materials, which may
swell the polymer.73 The electrical properties of PCTFE are inferior to those of PTFE, but
PCTFE is harder and has higher tensile strength. The melt viscosity of PCTFE is low
enough that it may be processed using most thermoplastic processing techniques.74 Typi-
cal processing temperatures are in the range of 230 to 290°C.75

PCTFE is higher in cost than PTFE, somewhat limiting its use. Applications include
gaskets, tubing, and wire and cable insulation. Very low vapor transmission films and
sheets may also be prepared.76

1.5.4.3 Polytetrafluoroethylene (PTFE). Polytetrafluoroethylene (PTFE) is poly-
merized from tetrafluoroethylene by free radical methods.77 The reaction is shown below
in Fig. 1.17. Commercially, there are two major processes for the polymerization of PTFE,
one yielding a finer particle size dispersion polymer with lower molecular weight than the
second method, which yields a “granular” polymer. The weight average molecular weights
of commercial materials range from 400,000 to 9,000,000.78 PTFE is a linear crystalline
polymer with a melting point of 327°C.79 Because of the larger fluorine atoms, PTFE
takes up a twisted zigzag in the crystalline state, while polyethylene takes up the planar
zigzag form.80 There are several crystal forms for PTFE, and some of the transitions from
one crystal form to another occur near room temperature. As a result of these transitions,
volume changes of about 1.3 percent may occur. 

PTFE has excellent chemical resistance but may go into solution near its crystalline
melting point. PTFE is resistant to most chemicals. Only alkali metals (molten) may attack
the polymer.81 The polymer does not absorb significant quantities of water and has low
permeability to gases and moisture vapor.82 PTFE is a tough polymer with good insulating
properties. It is also known for its low coefficient of friction, with values in the range of
0.02 to 0.10.83 PTFE, like other fluoropolymers, has excellent heat resistance and can
withstand temperatures up to 260°C. Because of the high thermal stability, the mechanical
and electrical properties of PTFE remain stable for long times at temperatures up to
250°C. However, PTFE can be degraded by high energy radiation. 

One disadvantage of PTFE is that it is extremely difficult to process by either molding
or extrusion. PFTE is processed in powder form by either sintering or compression mold-

Figure 1.16 Structure of PCTFE.

Figure 1.17 Preparation of PTFE.
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ing. It is also available as a dispersion for coating or impregnating porous materials.84

PTFE has very high viscosity, prohibiting the use of many conventional processing tech-
niques. For this reason, techniques developed for the processing of ceramics are often
used. These techniques involve preforming the powder, followed by sintering above the
melting point of the polymer. For granular polymers, the preforming is carried out with the
powder compressed into a mold. Pressures should be controlled, as too low a pressure may
cause voids, while too high a pressure may result in cleavage planes. After sintering, thick
parts should be cooled in an oven at a controlled cooling rate, often under pressure. Thin
parts may be cooled at room temperature. Simple shapes may be made by this technique,
but more detailed parts should be machined.85

Extrusion methods may be used on the granular polymer at very low rates. In this case,
the polymer is fed into a sintering die that is heated. A typical sintering die has a length
about 90 times the internal diameter. Dispersion polymers are more difficult to process by
the techniques previously mentioned. The addition of a lubricant (15 to 25 percent) allows
the manufacture of preforms by extrusion. The lubricant is then removed and the part sin-
tered. Thick parts are not made by this process, because the lubricant must be removed.
PTFE tapes are made by this process; however, the polymer is not sintered, and a nonvola-
tile oil is used.86 Dispersions of PTFE are used to impregnate glass fabrics and to coat
metal surfaces. Laminates of the impregnated glass cloth may be prepared by stacking the
layers of fabric, followed by pressing at high temperatures.

Processing of PTFE requires adequate ventilation for the toxic gases that may be pro-
duced. In addition, PTFE should be processed under high cleanliness standards, because
the presence of any organic matter during the sintering process will result in poor proper-
ties as a result of the thermal decomposition of the organic matter. This includes both poor
visual qualities and poor electrical properties.87 The final properties of PTFE are depen-
dent on the processing methods and the type of polymer. Both particle size and molecular
weight should be considered. The particle size will affect the amount of voids and the pro-
cessing ease, while crystallinity will be influenced by the molecular weight.

Additives for PTFE must be able to undergo the high processing temperatures required.
This limits the range of additives available. Glass fiber is added to improve some mechan-
ical properties. Graphite or molybdenum disulphide may be added to retain the low coeffi-
cient of friction while improving the dimensional stability. Only a few pigments are
available that can withstand the processing conditions. These are mainly inorganic pig-
ments such as iron oxides and cadmium compounds.88

Because of the excellent electrical properties, PTFE is used in a variety of electrical ap-
plications such as wire and cable insulation and insulation for motors, capacitors, coils,
and transformers. PTFE is also used for chemical equipment such as valve parts and gas-
kets. The low friction characteristics make PTFE suitable for use in bearings, mold release
devices, and anti-stick cookware. Low-molecular-weight polymers may be used in aero-
sols for dry lubrication.89

1.5.4.4 Polyvinylindene fluoride (PVDF). Polyvinylindene fluoride (PVDF) is
crystalline with a melting point near 170°C.90 The structure of PVDF is shown in Fig.
1.18. PVDF has good chemical and weather resistance, along with good resistance to dis-
tortion and creep at low and high temperatures. Although the chemical resistance is good,
the polymer can be affected by very polar solvents, primary amines, and concentrated ac-
ids. PVDF has limited use as an insulator, because the dielectric properties are frequency
dependent. The polymer is important because of its relatively low cost compared with
other fluorinated polymers.91 PVDF is unique in that the material has piezoelectric proper-
ties, meaning that it will generate electric current when compressed.92 This unique feature
has been utilized for the generation of ultrasonic waves.
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PVDF can be melt processed by most conventional processing techniques. The polymer
has a wide range between the decomposition temperature and the melting point. Melt tem-
peratures are usually 240 to 260°C.93 Processing equipment should be extremely clean, as
any contaminants may affect the thermal stability. As with other fluorinated polymers, the
generation of HF is a concern. PVDF is used for applications in gaskets, coatings, wire
and cable jackets, chemical process piping, and seals.94

1.5.4.5 Polyvinyl fluoride (PVF). Polyvinyl fluoride (PVF) is a crystalline polymer
available in film form and used as a lamination on plywood and other panels.95 The film is
impermeable to many gases. PVF is structurally similar to polyvinyl chloride (PVC) ex-
cept for the replacement of a chlorine atom with a fluorine atom. PVF exhibits low mois-
ture absorption, good weatherability, and good thermal stability. Similar to PVC, PVF
may give off hydrogen halides at elevated temperatures. However, PVF has a greater ten-
dency to crystallize and better heat resistance than PVC.96

1.5.5 Polyamides

Nylons were one of the early polymers developed by Carothers.97 Today, nylons are an
important thermoplastic, with consumption in the United States of about 1.2 billion lb in
1997.98 Nylons, also known as polyamides, are synthesized by condensation polymeriza-
tion methods, often an aliphatic diamine and a diacid. Nylon is a crystalline polymer with
high modulus, strength, and impact properties; low coefficient of friction; and resistance to
abrasion.99 Although the materials possess a wide range of properties, they all contain the
amide (–CONH–) linkage in their backbone. Their general structure is shown in Fig. 1.19.

There are five main methods to polymerize nylon.

1. Reaction of a diamine with a dicarboxylic acid

2. Condensation of the appropriate amino acid

3. Ring opening of a lactam

4. Reaction of a diamine with a dicarboxylic acid

5. Reaction of a diisocyanate with a dicarboxylic acid100

The type of nylon (nylon 6, nylon 10, etc.) is indicative of the number of carbon atoms.
The are many different types of nylons that can be prepared, depending on the starting

Figure 1.18 Structure of PVDF.

Figure 1.19 Structure of nylon.
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monomers used. The type of nylon is determined by the number of carbon atoms in the
monomers used in the polymerization. The number of carbon atoms between the amide
linkages also controls the properties of the polymer. When only one monomer is used (lac-
tam or amino acid), the nylon is identified with only one number (nylon 6, nylon 12). 

When two monomers are used in the preparation, the nylon will be identified using two
numbers (nylon 6/6, nylon 6/12).101 This is shown in Fig. 1.20. The first number refers to
the number of carbon atoms in the diamine used (a) and the second number refers to the
number of carbon atoms in the diacid monomer (b + 2), due to the two carbons in the car-
bonyl group.102

The amide groups are polar groups and significantly affect the polymer properties. The
presence of these groups allows for hydrogen bonding between chains, improving the in-
terchain attraction. This gives nylon polymers good mechanical properties. The polar na-
ture of nylons also improves the bondability of the materials, while the flexible aliphatic
carbon groups give nylons low melt viscosity for easy processing.103 This structure also
yields polymers that are tough above their glass transition temperature.104

Nylons are relatively insensitive to nonpolar solvents; however, because of the presence
of the polar groups, nylons can be affected by polar solvents, particularly water.105 The
presence of moisture must be considered in any nylon application. Moisture can cause
changes in part dimensions and reduce the properties, particularly at elevated tempera-
tures.106 As a result, the material should be dried before any processing operations. In the
absence of moisture, nylons are fairly good insulators, but, as the level of moisture or the
temperature increases, the nylons are less insulating.107

The strength and stiffness will be increased as the number of carbon atoms between
amide linkages is decreased, because there are more polar groups per unit length along the
polymer backbone.108 The degree of moisture absorption is also strongly influenced by the
number of polar groups along the backbone of the chain. Nylon grades with fewer carbon
atoms between the amide linkages will absorb more moisture than grades with more car-
bon atoms between the amide linkages (nylon 6 will absorb more moisture than nylon 12).
Furthermore, nylon types with an even number of carbon atoms between the amide groups
have higher melting points than those with an odd number of carbon atoms. For example,
the melting point of nylon 6/6 is greater than that of either nylon 5/6 or nylon 7/6.109 Ring
opened nylons behave similarly. This is due to the ability of the nylons with the even num-
ber of carbon atoms to pack better in the crystalline state.110

Nylon properties are affected by the amount of crystallinity. This can be controlled to a
great extent in nylon polymers by the processing conditions. A slowly cooled part will
have significantly greater crystallinity(50 to 60 percent) than a rapidly cooled, thin part
(perhaps as low as 10 percent).111 Not only can the degree of crystallinity be controlled,
but also the size of the crystallites. In a slowly cooled material, the crystal size will be
larger than for a rapidly cooled material. In injection molded parts where the surface is

Figure 1.20 Synthesis of nylon.
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rapidly cooled, the crystal size may vary from the surface to internal sections.112 Nucleat-
ing agents can be utilized to create smaller spherulites in some applications. This creates
materials with higher tensile yield strength and hardness, but lower elongation and im-
pact.113 The degree of crystallinity will also affect the moisture absorption, with less crys-
talline polyamides being more prone to moisture pick-up.114

The glass transition temperature of aliphatic polyamides is of secondary importance to
the crystalline melting behavior. Dried polymers have Tg values near 50°C, while those
with absorbed moisture may have Tg values in the neighborhood of 0°C.115 The glass tran-
sition temperature can influence the crystallization behavior of nylons; for example, nylon
6/6 may be above its Tg at room temperature, causing crystallization at room temperature
to occur slowly, leading to post mold shrinkage. This is less significant for nylon 6.116

Nylons are processed by extrusion, injection molding, blow molding, and rotational
molding, among other methods. Nylon has a very sharp melting point and low melt viscos-
ity, which is advantageous in injection molding but causes difficulty in extrusion and blow
molding. In extrusion applications, a wide molecular weight distribution (MWD) is pre-
ferred, along with a reduced temperature at the exit to increase melt viscosity.117

When used in injection molding applications, nylons have a tendency to drool due to
their low melt viscosity. Special nozzles have been designed for use with nylons to reduce
this problem.118 Nylons show high mold shrinkage as a result of their crystallinity. Aver-
age values are about 0.018 cm/cm for nylon 6/6. Water absorption should also be consid-
ered for parts with tight dimensional tolerances. Water will act to plasticize the nylon,
relieving some of the molding stresses and causing dimensional changes. In extrusion, a
screw with a short compression zone is used, with cooling initiated as soon as the extru-
date exits the die.119

A variety of commercial nylons are available, including nylon 6, nylon 11, nylon 12,
nylon 6/6, nylon 6/10, and nylon 6/12. The most widely used nylons are nylon 6/6 and ny-
lon 6.120 Specialty grades with improved impact resistance, improved wear, or other prop-
erties are also available. Polyamides are used most often in the form of fibers, primarily
nylon 6/6 and nylon 6, although engineering applications are also of importance.121

Nylon 6/6 is prepared from the polymerization of adipic acid and hexamethylenedi-
amine. The need to control a 1:1 stoichiometric balance between the two monomers can be
ameliorated by the fact that adipic acid and hexamethylenediamine form a 1:1 salt that can
be isolated. Nylon 6/6 is known for high strength, toughness, and abrasion resistance. It
has a melting point of 265°C and can maintain properties up to 150°C.122 Nylon 6/6 is
used extensively in nylon fibers that are used in carpets, hose and belt reinforcements, and
tire cord. Nylon 6/6 is used as an engineering resin in a variety of molding applications
such as gears, bearings, rollers, and door latches because of its good abrasion resistance
and self-lubricating tendencies.123

Nylon 6 is prepared from caprolactam. It has properties similar to those of nylon 6/6 but
has a lower melting point (255°C). One of the major applications is in tire cord. Nylon 6/
10 has a melting point of 215°C and lower moisture absorption than nylon 6/6.124 Nylon
11 and nylon 12 have lower moisture absorption and also lower melting points than nylon
6/6. Nylon 11 has found applications in packaging films. Nylon 4/6 has found applications
in a variety of automotive products due to its ability to withstand high mechanical and
thermal stresses. It is used in gears, gearboxes, and clutch areas.125 Other applications for
nylons include brush bristles, fishing line, and packaging films.

Additives such as glass or carbon fibers can be incorporated to improve the strength and
stiffness of the nylon. Mineral fillers are also used. A variety of stabilizers can be added to
nylon to improve the heat and hydrolysis resistance. Light stabilizers are often added as
well. Some common heat stabilizers include copper salts, phosphoric acid esters, and phe-
nyl-β-naphthylamine. In bearing applications, self-lubricating grades are available, which
may incorporate graphite fillers. Although nylons are generally impact resistant, rubber is
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Thermoplastics 25

sometimes incorporated to improve the failure properties.126 Nylon fibers do have a ten-
dency to pick up a static charge, so antistatic agents are often added for carpeting and
other applications.127

1.5.5.1 Aromatic polyamides. A related polyamide is prepared when aromatic
groups are present along the backbone. This imparts a great deal of stiffness to the poly-
mer chain. One difficulty encountered in this class of materials is their tendency to decom-
pose before melting.128 However, certain aromatic polyamides have gained commercial
importance. The aromatic polyamides can be classified into three groups.

1. Amorphous copolymers with a high Tg

2. Crystalline polymers that can be used as a thermoplastic

3. Crystalline polymers used as fibers

The copolymers are noncrystalline and clear. The rigid aromatic chain structure gives
the materials a high Tg. One of the oldest types is poly (trimethylhexamethylene tereph-
thalamide) (Trogamid T®). This material has an irregular chain structure, restricting the
material from crystallizing, but a Tg near 150°C.129 Other glass-clear polyamides include
Hostamid, with a Tg also near 150°C but with better tensile strength than Trogamid T.
Grilamid TR55 is a third polyamide copolymer, with a Tg about 160°C and the lowest
water absorption and density of the three.130 The aromatic polyamides are tough materials
and compete with polycarbonate, poly(methyl methacrylate), and polysulfone. These ma-
terials are used in applications requiring transparency. They have been used for solvent
containers, flow meter parts, and clear housings for electrical equipment.131

An example of a crystallizable aromatic polyamide is poly-m-xylylene adipamide. It
has a Tg near 85 to 100°C and a Tm of 235 to 240°C.132 To obtain high heat deflection tem-
perature, the filled grades are normally sold. Applications include gears, electrical plugs,
and mowing machine components.133

Crystalline aromatic polyamides are also used in fiber applications. An example of this
type of material is Kevlar, a high-strength fiber used in bulletproof vests and in compos-
ite structures. A similar material, which can be processed more easily, is Nomex. It can
be used to give flame retardance to cloth when used as a coating.134

1.5.6 Polyacrylonitrile 

Polyacrylonitrile is prepared by the polymerization of acrylonitrile monomer using either
free radical or anionic initiators. Bulk, emulsion, suspension, solution, or slurry methods
may be used for the polymerization. The reaction is shown in Fig. 1.21. 

Polyacrylonitrile will decompose before reaching its melting point, making the materi-
als difficult to form. The decomposition temperature is near 300°C.135 Suitable solvents,

Figure 1.21 Preparation of polyacrylonitrile.
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such as dimethylformamide and tetramethylenesulfone, have been found for polyacryloni-
trile, allowing the polymer to be formed into fibers by dry and wet spinning techniques.136

Polyacrylonitrile is a polar material, giving the polymer good resistance to solvents,
high rigidity, and low gas permeability.137 Although the polymer degrades before melting,
special techniques allowed a melting point of 317°C to be measured. The pure polymer is
difficult to dissolve, but the copolymers can be dissolved in solvents such as methyl ethyl
ketone, dioxane, acetone, dimethyl formamide, and tetrahydrofuran. Polyacrylonitrile ex-
hibits exceptional barrier properties to oxygen and carbon dioxide.138

Copolymers of acrylonitrile with other monomers are widely used. Copolymers of vi-
nylidene chloride and acrylonitrile find application in low-gas-permeability films. Sty-
rene-acrylonitrile (SAN polymers) copolymers have also been used in packaging
applications. Although the gas permeability of the copolymers is higher than for pure
polyacrylonitrile, the acrylonitrile copolymers have lower gas permeability than many
other packaging films. A number of acrylonitrile copolymers were developed for bever-
age containers, but the requirement for very low levels of residual acrylonitrile monomer
in this application led to many products being removed from the market.139 One copoly-
mer currently available is Barex (BP Chemicals). The copolymer has better barrier prop-
erties than both polypropylene and polyethylene terephthalate.140 Acrylonitrile is also
used with butadiene and styrene to form ABS polymers. Unlike the homopolymer, copol-
ymers can be processed by many methods including extrusion, blow molding, and injec-
tion molding.141

Acrylonitrile is often copolymerized with other monomers to form fibers. Copolymer-
ization with monomers such as vinyl acetate, vinyl pyrrolidone, and vinyl esters gives the
fibers the ability to be dyed using normal textile dyes. The copolymer generally contains at
least 85 percent acrylonitrile.142 Acrylic fibers have good abrasion resistance, flex life,
toughness, and high strength. They have good resistance to stains and moisture.
Modacrylic fibers contain between 35 percent and 85 percent acrylonitrile.143

Most of the acrylonitrile consumed goes into the production of fibers. Copolymers also
consume large amounts of acrylonitrile. In addition to their use as fibers, polyacrylonitrile
polymers can be used as precursors to carbon fibers. 

1.5.7 Polyamide-imide (PAI)

Polyamide-imide (PAI) is a high-temperature amorphous thermoplastic that has been
available since the 1970s under the trade name of Torlon.144 PAI can be produced from the
reaction of trimellitic trichloride with methylenedianiline as shown in Fig. 1.22. 

Polyamide-imides can be used from cryogenic temperatures to nearly 260°C. They
have the temperature resistance of the polyimides but better mechanical properties, includ-
ing good stiffness and creep resistance. PAI polymers are inherently flame retardant, with
little smoke produced when they are burned. The polymer has good chemical resistance,
but, at high temperatures, it can be affected by strong acids and bases and steam.145 PAI
has a heat deflection temperature of 280°C along with good wear and friction proper-
ties.146 Polyamide-imides also have good radiation resistance and are more stable than
standard nylons under different humidity conditions. The polymer has one of the highest
glass transition temperatures in the range of 270 to 285°C.147

Polyamide-imide can be processed by injection molding, but special screws are needed
due to the reactivity of the polymer under molding conditions. Low-compression-ratio
screws are recommended.148 The parts should be annealed after molding at gradually in-
creased temperatures.149 For injection molding, the melt temperature should be near
355°C with mold temperatures of 230°C. PAI can also be processed by compression mold-
ing or used in solution form. For compression molding, preheating at 280°C, followed by
molding between 330 to 340°C with a pressure of 30 MPa, is generally used.150
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Polyamide-imide polymers find application in hydraulic bushings and seals, mechani-
cal parts for electronics, and engine components.151 The polymer in solution has applica-
tion as a laminating resin for spacecraft, a decorative finish for kitchen equipment, and as
wire enamel.152 Low coefficient of friction materials may be prepared by blending PAI
with polytetrafluoroethylene and graphite.153

1.5.8 Polyarylate

Polyarylates are amorphous, aromatic polyesters. Polyarylates are polyesters prepared
from dicarboxylic acids and bis-phenols.154 Bis-phenol A is commonly used along with
aromatic dicarboxylic acids, such as mixtures of isophthalic acid and terephthalic acid.
The use of two different acids results in an amorphous polymer; however, the presence of
the aromatic rings gives the polymer a high Tg and good temperature resistance. The tem-
perature resistance of polyarylates lies between polysulfone and polycarbonate. The poly-
mer is flame retardant and shows good toughness and UV resistance.155 Polyarylates are
transparent and have good electrical properties. The abrasion resistance of polyarylates is
superior to polycarbonate. In addition, the polymers show very high recovery from defor-
mation.

Polarylates are processed by most of the conventional methods. Injection molding
should be performed with a melt temperature of 260 to 382°C with mold temperatures of
65 to 150°C. Extrusion and blow molding grades are also available. Polyarylates can react
with water at processing temperatures, and they should be dried prior to use.156

Polyarylates are used in automotive applications such as door handles, brackets, and
headlamp and mirror housings. Polyarylates are also used in electrical applications for
connectors and fuses. The polymer can be used in circuit board applications, because its
high-temperature resistance allows the part to survive exposure to the temperatures gener-
ated during soldering.157 The excellent UV resistance of these polymers allows them to be
used as a coating for other thermoplastics for improved UV resistance of the part. The
good heat resistance of polyarylates allows them to be used in applications such as fire
helmets and shields.158

Figure 1.22 Preparation of polyamide-imide.
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1.5.9 Polybenzimidazole (PBI)

Polybenzimidazoles (PBI) are high-temperature-resistant polymers. They are prepared
from aromatic tetramines (for example tetra amino-biphenol) and aromatic dicarboxylic
acids (diphenylisophthalate).159 The reactants are heated to form a soluble prepolymer that
is converted to the insoluble polymer by heating at temperatures above 300°C.160 The gen-
eral structure of PBI is shown below in Fig. 1.23. 

The resulting polymer has high temperature stability, good chemical resistance, and
nonflammability. The polymer releases very little toxic gas and does not melt when ex-
posed to pyrolysis conditions. The polymer can be formed into fibers by dry-spinning pro-
cesses. Polybenzimidazole is usually amorphous with a Tg near 430°C.161 Under certain
conditions, crystallinity may be obtained. The lack of many single bonds and the high
glass transition temperature give this polymer its superior high-temperature resistance. In
addition to the high-temperature resistance, the polymer exhibits good low-temperature
toughness. PBI polymers show good wear and frictional properties along with excellent
compressive strength and high surface hardness.162 The properties of PBI at elevated tem-
peratures are among the highest of the thermoplastics. In hot, aqueous solutions, the poly-
mer may absorb water with a resulting loss in mechanical properties. Removal of moisture
will restore the mechanical properties. The heat deflection temperature of PBI is higher
than most thermoplastics, and this is coupled with a low coefficient of thermal expansion.
PBI can withstand temperatures up to 760°C for short durations and exposure to 425°C for
longer durations.

The polymer is not available as a resin and is generally not processed by conventional
thermoplastic processing techniques, but rather by a high-temperature, high-pressure sin-
tering process.163 The polymer is available in fiber form, certain shaped forms, finished
parts, and solutions for composite impregnation. PBI is often used in fiber form for a vari-
ety of applications such as protective clothing and aircraft furnishings.164 Parts made from
PBI are used as thermal insulators, electrical connectors, and seals.165

1.5.10 Polybutylene (PB)

Polybutylene polymers are prepared by the polymerization of 1-butene using Ziegler-
Natta catalysts The molecular weights range from 770,000 to 3,000,000.166 Copolymers
with ethylene are often prepared as well. The chain structure is mainly isotactic and is
shown in Fig. 1.24.167

The glass transition temperature for this polymer ranges from –17 to –25°C. Polybuty-
lene resins are linear polymers exhibiting good resistance to creep at elevated tempera-
tures and good resistance to environmental stress cracking.168 They also show high impact
strength, tear resistance, and puncture resistance. As with other polyolefins, polybutylene

Figure 1.23 General structure of polybenzimidazoles.
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shows good resistance to chemicals, good moisture barrier properties, and good electrical
insulation properties. Pipes prepared from polybutylene can be solvent welded, yet the
polymer still exhibits good environmental stress cracking resistance.169 The chemical re-
sistance is quite good below 90°C, but at elevated temperatures the polymer may dissolve
in solvents such as toluene, decalin, chloroform, and strong oxidizing acids.170

Polybutylene is a crystalline polymer with three crystalline forms. The first crystalline
form is obtained when the polymer is cooled from the melt. The first crystalline form is un-
stable and will change to a second crystalline form upon standing over a period of 3 to 10
days. The third crystalline form is obtained when polybutylene is crystallized from solu-
tion. The melting point and density of the first crystalline form are 124°C and 0.89 g/cm3,
respectively.171 On transformation to the second crystalline form, the melting point in-
creases to 135°C, and the density is increased to 0.95 g/cm3. The transformation to the sec-
ond crystalline form increases the polymer’s hardness, stiffness, and yield strength.

Polybutylene can be processed on equipment similar to that used for low-density poly-
ethylene. Polybutylene can be extruded and injection molded. Film samples can be blown
or cast. The slow transformation from one crystalline form to another allows polybutylene
to undergo post forming techniques such as cold forming of molded parts or sheeting.172 A
range of 160 to 240°C is typically used to process polybutylene.173 The die swell and
shrinkage are generally greater for polybutylene than for polyethylene. Because of the
crystalline transformation, initially molded samples should be handled with care.

An important application for polybutylene is plumbing pipe for both commercial and
residential use. The excellent creep resistance of polybutylene allows for the manufacture
of thinner wall pipes as compared with pipes made from polyethylene or polypropylene.
Polybutylene pipe can also be used for the transport of abrasive fluids. Other applications
for polybutylene include hot-melt adhesives and additives for other plastics. The addition
of polybutylene improves the environmental stress cracking resistance of polyethylene and
the impact and weld line strength of polypropylene.174 Polybutylene is also used in pack-
aging applications.175

1.5.11 Polycarbonate

Polycarbonate (PC) is often viewed as the quintessential engineering thermoplastic, due to
its combination of toughness, high strength, high heat-deflection temperatures, and trans-
parency. The worldwide growth rate, predicted in 1999 to be between eight and ten per-
cent, is hampered only by the resin cost and is paced by applications where PC can replace
ferrous or glass products. Global consumption is anticipated to be more than 1.4 billion ki-
lograms (3 billion pounds) by the year 2000.176 The polymer was discovered in 1898 and
by the year 1958 both Bayer in Germany and General Electric in the United States had
commenced production. Two current synthesis processes are commercialized, with the
economically most successful one said to be the “interface” process, which involves the
dissolution of bisphenol A in aqueous caustic soda and the introduction of phosgene in the
presence of an inert solvent such as pyridine. The bisphenol A monomer is dissolved in the
aqueous caustic soda, then stirred with the solvent for phosgene. The water and solvent re-
main in separate phases. Upon phosgene introduction, the reaction occurs at the interface

Figure 1.24 General structure for polybutylene.
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with the ionic ends of the growing molecule being soluble in the catalytic caustic soda so-
lution and the remainder of the molecule soluble in the organic solvent.177 An alternative
method involves transesterification of bisphenol A with diphenyl carbonate at elevated
temperatures.178 Both reactions are shown in Fig. 1.25.

Molecular weights of between 30,000 and 50,000 g/mol can be obtained by the second
route, while the phosgenation route results in higher-molecular-weight product. 

The structure of PC with its carbonate and bisphenolic structures has many characteris-
tics that promote its distinguished properties. The para-substitution on the phenyl rings re-
sults in a symmetry and lack of stereospecificity. The phenyl and methyl groups on the
quartenary carbon promote a stiff structure. The ester-ether carbonate groups –OCOO– are
polar, but their degree of intermolecular polar bond formation is minimized due to the
steric hindrance posed by the benzene rings. The high level of aromaticity on the back-
bone, and the large size of the repeat structure, yield a molecule of very limited mobility.
The ether linkage on the backbone permits some rotation and flexibility, producing high
impact strength. Its amorphous nature, with long, entangled chains, contributes to the un-
usually high toughness. Upon crystallization, however, PC is brittle. PC is so reluctant to
crystallize that films must be held at 180°C for several days to impart enough flexibility
and thermal mobility to conform to a structured three-dimensional crystalline lattice.179

The rigidity of the molecule accounts for strong mechanical properties, elevated heat de-
flection temperatures, and high dimensional stability at elevated temperatures. The relative
high free volume results in a low-density polymer, with unfilled PC having a 1.22 g/cm3

density. 
A disadvantage includes the need for drying and elevated temperature processing. PC

has limited chemical resistance to numerous aromatic solvents, including benzene, tolu-
ene, and xylene, and has a weakness to notches. Selected mechanical and thermal proper-
ties are given in Table 1.7.180

When PC is blended with ABS, this increases the heat-distortion temperature of the
ABS and improves the low-temperature impact strength of the PC. The favorable ease of
processing and improved economics make PC/ABS blends well suited for thin-walled
electronic housing applications such as laptop computers. Blends with PBT are useful for
improving the chemical resistance of PC to petroleum products and its low-temperature
impact strength. PC alone is widely used as vacuum cleaner housings, household appli-
ance housings, and power tools. These are arenas in which PC’s high impact strength, heat
resistance, durability, and high-quality finish justify its expense. It is also used in safety
helmets, riot shields, aircraft canopies, traffic light lens housings, and automotive battery
cases. Design engineers take care not to design with tight radii where PC’s tendency to

Figure 1.25 Synthesis routes for PC: (a) interface process and (b) transesterification reaction.
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stress crack could be a hindrance. PC cannot withstand constant exposure to hot water and
can absorb 0.2% of its weight in water at 33°C and 65 percent RH. This does not impair its
mechanical properties but, at levels greater than 0.01 percent, processing results in streaks
and blistering. 

1.5.12 Polyester Thermoplastic

The broad class of organic chemicals called polyesters are characterized by the fact that
they contain an ester linkage, 

and may have either aliphatic or aromatic hydrocarbon units. As an introduction, Table 1.8
offers some selected thermal and mechanical properties as a means of comparing polybu-
tylene terephthalate (PBT), polycyclohexylenedimethylene terephthalate (PCT), and
poly(ethylene terephthalate) (PET).

1.5.12.1 Liquid crystal polymers (LCPs). Liquid crystal polyesters, known as liq-
uid crystal polymers, are aromatic copolyesters. The presence of phenyl rings in the back-
bone of the polymer gives the chain rigidity, forming a rod-like chain structure. Generally,
the phenyl rings are arranged in para linkages to give good rod-like structures.181 This
chain structure orients itself in an ordered fashion both in the melt and in the solid state as
shown in Fig. 1.26. The materials are self-reinforcing, with high mechanical properties,
but, as a result of the oriented liquid crystal behavior, the properties will be anisotropic.
The designer must be aware of this so as to properly design the part and gate the molds.182

The phenyl ring also helps increase the heat distortion temperature.183

The basic building blocks for liquid crystal polyesters are p-hydroxybenzoic acid,
terephthalic acid, and hydroquinone. Unfortunately, the use of these monomers alone
gives materials that are difficult to process, with very high melting points. The polymers
often degrade before melting.184 Various techniques have been developed to give materials
with lower melting points and better processing behavior. Some methods include the in-
corporation of flexible units in the chain (copolymerizing with ethylene glycol), the addi-

TABLE 1.7 PC Thermal and Mechanical Properties

Polycarbonate

30 Percent 
glass-filled

polycarbonate
Makroblend
PR51, Bayer

Xenoy, 
CL101 GE

Heat-deflection temperature, °C 
Method A

138 280 90 95

Heat-deflection temperature, °C 
Method B

12 287 105 105

Ultimate tensile strength, N/mm2 >65 70 56 >100

Ultimate elongation, % 110 3.5 120 >100

Tensile modulus, N/mm2 2300 5500 2200 1900

–(C–O)–

O

=
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tion of nonlinear rigid structures, and the addition of aromatic groups to the side of the
chain.185

Liquid crystal polymers based on these techniques include Victrex (ICI), Vectra (Hoe-
scht Celanese), and Xydar (Amoco). Xydar is based on terephthalic acid, p-hydroxyben-
zoic acid, and p,p´-dihydroxybiphenyl, while Vectra is based on p-hydroxybenzoic acid
and hydroxynaphthoic acid.186 These materials are known for their high-temperature re-
sistance, particularly heat distortion temperature. The heat distortion temperature can vary
from 170 to 350°C. They also have excellent mechanical properties, especially in the flow
direction. For example, the tensile strength varies from 165 to 230 MPa, the flexural
strength varies from 169 to 256 MPa, and the flexural modulus varies from 9 to 12.5
GPa.187 Filled materials exhibit even higher values. LCPs are also known for good solvent
resistance and low water absorption as compared with other heat-resistant polymers. They
have good electrical insulation properties, low flammability, with a limiting oxygen index
in the range of 35 to 40, but a high specific gravity (about 1.40).188 LCPs show little di-
mensional change when exposed to high temperatures and a low coefficient of thermal ex-
pansion.189

These materials can be high priced and often exhibit poor abrasion resistance, due to
the oriented nature of the polymer chains.190 Surface fibrillation may occur quite easily.191

The materials are processable on a variety of conventional equipment. Process tempera-
tures are normally below 350°C, although some materials may need to be processed
higher. They generally have low melt viscosity as a result of their ordered melt and should
be dried before use to avoid degradation.192 LCPs can be injection molded on conventional
equipment, and regrind may be used. Mold release is generally not required.193 Part design
for LCPs requires careful consideration of the anisotropic nature of the polymer. Weld
lines can be very weak if the melt meets in a “butt” type of weld line. Other types of weld
lines show better strength.194

Liquid crystal polymers are used in automotive, electrical, chemical processing, and
household applications. One application is for oven and microwave cookware.195 Because
of their higher costs, the material will be used in applications only where their superior
performance justifies the additional expense.

1.5.12.2 Polybutylene terephthalate (PBT). With the expiry of the original PET
patents, manufacturers pursued the polymerization of other polyalkene terephthalates, par-
ticularly polybutylene terephthalate (PBT). The polymer is synthesized by reacting tereph-
thalic acid with butane 1,4-diol to yield the structure shown below in Fig. 1.27.

Figure 1.26 Melt configurations.
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The only structural difference between PBT and PET is the substitution in PBT of four
methylene repeat units rather than two present in PET. This feature imparts additional flex-
ibility to the backbone and reduces the polarity of the molecule resulting in similar me-
chanical properties to PET (high strength, stiffness, and hardness). PBT growth is at least
ten percent annually, in large part due to automotive exterior and under-hood applications
such as electronic stability control and housings, which are made out of a PBT/ASA
(acrylonitrile/styrene/acrylic ester) blend. PBT/ASA blends are sold by BASF and GE
Plastics Europe. Another development involving the use of PBT is coextrusion of PBT and
a copolyester thermoplastic elastomer. This can then be blow molded into under-hood ap-
plications to minimize noise vibration. Highly filled PBTs are also making inroads into the
kitchen and bathroom tile industries.196 As with PET, PBT is also often glass fiber filled so
as to increase its flexural modulus, creep resistance, and impact strength. PBT is suitable
for applications requiring dimensional stability, particularly in water, and resistance to hy-
drocarbon oils without stress cracking.197 Hence, PBT is used in pump housings, distribu-
tors, impellers, bearing bushings, and gear wheels. 

To improve PBT’s poor notched impact strength, copolymerization with five percent
ethylene and vinyl acetate onto the polyester backbone improves its toughness. PBT is
also blended with PMMA, PET, PC, and polybutadiene to provide enhanced properties tai-
lored to specific applications. Table 1.9 shows a breakdown of the U.S. market use for
PBT.198

1.5.12.3 Polycyclohexylenedimethylene terephthalate (PCT). Another poly-
alkylene terephthalate polyester of significant commercial importance is PCT—a conden-
sation product of the reaction between dimethyl terephthalate and 1,4-cyclohexylene
glycol as shown below in Fig. 1.28.

This material is biaxially oriented into films and, while it is mechanically weaker than
PET, it offers superior water resistance and weather resistance.199 As seen in the introduc-
tory Table 1.8, PCT differentiates itself from PET and PBT with its high heat distortion

TABLE 1.9 U.S. Markets for PBT Use in l997 and l 998

Market Millions of pounds, 1997 Millions of pounds, 1998

Appliances
Consumer/recreational
Electrical/electronic
Industrial
Transportation, including PC/PBT blends
Other
Export

29
13
58
36

136
13
28

31
14
65
40

154
14
28

Total 313 346

Figure 1.27 Repeat structure of PBT.
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temperature. As with PET and PBT, PCT has low moisture absorption, and its good chem-
ical resistance to engine fluids and organic solvents lend it to under-hood applications such
as alternator armatures and pressure sensors.200

Copolymers of PCT include PCTA, an acid-modified polyester, and PCTG, a glycol-
modified polyester. PCTA is used primarily for extruded film and sheet for packaging ap-
plications. PCTA has high clarity, tear strength, and chemical resistance, and when PCTA
is filled, it is used for dual ovenable cookware. PCTG is primarily injection molded, and
PCTG parts have notched Izod impact strengths similar to polycarbonate, against which it
often competes. It also competes with ABS, another clear polymer. It finds use in medical
and optical applications.201

1.5.12.4 Poly(ethylene terephthalate) (PET). There are tremendous commercial
applications for PET, as an injection molding grade material, for blow molded bottles, and
for oriented films. In 1998, the U.S. consumption of PET was 4,330 million pounds, while
domestic consumption of PBT was 346 million pounds.202 PET, also known as poly(oxy-
ethylene oxyterephthaloyl), can be synthesized from dimethyl terephthalate and ethylene
glycol by a two-step ester interchange process, as shown in Fig. 1.29.203 The first stage in-
volves a solution polymerization of one mole of dimethyl terephthalate with 2.1 to 2.2
moles of ethylene glycol.204 The excess ethylene glycol increases the rate of formation of
bis(2-hydroxyethyl) terephthalate. Small amounts of trimer, tetramer, and other oligomers
are formed. A metal alkanoate, such as manganese acetate, is often added as a catalyst; this
is later deactivated by the addition of a phosphorous compound such as phosphoric acid.
The antioxidant phosphate improves the thermal and color stability of the polymer during
the higher-temperature second-stage process.205 The first stage of the reaction is run at 150
to 200°C with continuous methanol distillation and removal.206

The second step of the polymerization, shown in Fig. 1.30, is a melt polymerization as
the reaction temperature is raised to 260 to 290°C. This second stage is carried out under
either partial vacuum (0.13 kPa)207 to facilitate the removal of ethylene glycol or with an
inert gas being forced through the reaction mixture. Antimony trioxide is often used as a
polymerization catalyst for this stage.208 It is critical that excess ethylene glycol be com-
pletely removed during this alcoholysis stage of the reaction to proceed to high-molecu-

Figure 1.28 Synthesis route of PCT.

Figure 1.29 Direct esterification of a diacid (dimethyl terephthalate) with
a diol (ethylene glycol) in the first stages of PET polymerization.
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lar- weight products; otherwise, equilibrium is established at an extent of reaction of less
than 0.7. This second stage of the reaction proceeds until a number-average molecular
weight, Mn, of about 20,000 g/mol is obtained. The very high temperatures at the end of
this reaction cause thermal decomposition of the end groups to yield acetaldehyde. Ther-
mal ester scission also occurs, which competes with the polymer step-growth reactions. It
is this competition that limits the ultimate Mn that can be achieved through this melt con-
densation reaction.209 Weight-average molecular weights of oriented films are around
35,000 g/mol.

Other commercial manufacturing methods have evolved to a direct esterification of acid
and glycol in place of the ester-exchange process. In direct esterification, terephthalic acid
and ethylene glycol are reacted, rather than esterifying terephthalic acid with methanol to
produce the dimethyl terephthalate intermediate. The ester is easier to purify than the acid,
which sublimes at 300°C and is insoluble; however, better catalysts and purer terephthalic
acid offer the elimination of the intermediate use of methanol.210 Generally, PET resins
made by direct esterification of terephthalic acid contain more diethylene glycol, which is
generated by an intermolecular ether-forming reaction between ß-hydroxyethyl ester end
groups. Oriented films produced from these resins have reduced mechanical strength and
melting points as well as decreased thermo-oxidative resistance and poorer UV stability.211

The degree of crystallization and direction of the crystallite axis govern all of the resin’s
physical properties. The percentage of structure existing in crystalline domains is prima-
rily determined through density measurements or by thermal means using a differential
scanning calorimeter (DSC). The density of amorphous PET is 1.333 g/cm3, while the
density of a PET crystal is 1.455 g/cm3.212 Once the density is known, the fraction of crys-
talline material can be determined. 

An alternate means of measuring crystallinity involves comparing the ratio of the heat
of cold crystallization, ∆Hcc, of amorphous polymer to the heat of fusion, ∆Hf, of crystal-
line polymer. This ratio is 0.61 for an amorphous PET and a fully crystalline PET sample
should yield a value close to zero.213 After the sample with its initial morphology has been
run once in the DSC, the heat of fusion determined in the next run can be considered as
∆Hcc. The lower the ∆Hcc/∆Hf ratio, the more crystalline the original sample was.

In the absence of nucleating agents and plasticizers, PET crystallizes slowly, which is a
hindrance in injection molding applications, as either hot molds or costly extended cooling
times are required. In the case of films, however, where crystallinity can be mechanically
induced, PET resins combine rheological properties that lend themselves to melt extrusion
with a well defined melting point, making them ideally suited for biaxially-oriented film
applications. The attachment of the ester linkage directly to the aromatic component of the
backbone means that these linear, regular PET chains have enough flexibility to form
stress-induced crystals and achieve enough molecular orientation to form strong, ther-
mally stable films.214

Methods for producing oriented PET films have been well documented and will be only
briefly discussed here. The process as described in the Encyclopedia of Polymer Science
and Engineering usually involves a sequence of five steps that include melt extrusion and
slot casting, quenching, drawing in the longitudinal machine direction (MD), drawing in

Figure 1.30 Polymerization of bis(2-hydroxyethyl) terephthalate to PET.
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the transverse direction (TD), and annealing.215 Dried, highly viscous polymer melt is ex-
truded through a slot die with an adjustable gap width onto a highly polished quenching
drum. If very high output rates are required, a cascade system of extruders can be set up to
first melt and homogenize the PET granules, then to use the next in-line extruder to meter
the melt to the die. Molten resin is passed through filter packs with average pore sizes of 5
to 30 µm. Quenching to nearly 100 percent amorphous morphology is critical to avoid em-
brittlement; films that have been allowed to form spherulites are brittle, translucent, and
unable to be further processed.

The sheet is then heated to about 95°C (above the glass transition point of approxi-
mately 70°C), where thermal mobility allows the material to be stretched to three or four
times its original dimension in the MD. This uniaxially oriented film has stress-induced
crystals whose main axes are aligned in the machine direction. The benzene rings, how-
ever, are aligned parallel to the surface of the film in the <1,0,0> crystal plane. The film is
then again heated, generally to above 100°C, and stretched to three to four times its initial
dimension in the TD. This induces further crystallization bringing the degree of crystallin-
ity to 25 to 40 percent and creates a film that has isotropic tensile strength and elongation
properties in the machine and transverse directions. The film at this point is thermally un-
stable above 100°C and must be annealed in the tenter frame to partially relieve the stress.

The annealing involves heating to 180 to 220°C for several seconds to allow amorphous
chain relaxation, partial melting, recrystallization, and crystal growth to occur.216 The re-
sultant film is approximately 50 percent crystalline and possesses good mechanical
strength and a smooth surface that readily accepts a wide variety of coatings, and it has
good winding and handling characteristics. PET films are produced from 1.5 µm thick as
capacitor films to 350 µm thick for use as electrical insulation in motors and generators.217

Due to the chemically inert nature of PET, films that are used in coatings applications
are often treated with a variety of surface modifiers. Organic and inorganic fillers are often
incorporated in relatively thick films to improve handling characteristics by roughening
the surface slightly. For thin films, however, many applications require transparency that
would be marred by the incorporation of fillers. Therefore an in-line coating step of either
aqueous or solvent-based coatings is set up between the MD and TD drawing stations. The
drawing of the film after the coating has been applied helps to achieve very thin coatings.

1.5.13 Polyetherimide (PEI)

Polyetherimides (PEIs) are a newer class of amorphous thermoplastics with high tempera-
ture resistance, impact strength, creep resistance, and rigidity. They are transparent with an
amber color.218 The polymer is sold under the trade name of Ultem (General Electric) and
has the structure shown in Fig. 1.31. It is prepared from the condensation polymerization
of diamines and dianhydrides.219

Figure 1.31 General structure of polyetherimide.
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The material can be melt processed because of the ether linkages present in the back-
bone of the polymer, but it still maintains properties similar to those of the polyimides.220

The high-temperature resistance of the polymer allows it to compete with the polyketones,
polysulfones, and poly(phenylene sulfides). The glass transition temperature of PEI is
215°C. The polymer has very high tensile strength, a UL temperature index of 170°C,
flame resistance, and low smoke emission.221 The polymer is resistant to alcohols, acids,
and hydrocarbosolvents but will dissolve in partially halogenated solvents.222 Both glass
and carbon fiber reinforced grades are available.223

The polymer should be dried before processing, and typical melt temperatures are 340
to 425°C.224 Polyetherimides can be processed by injection molding and extrusion. In ad-
dition, the high melt strength of the polymer allows it to be thermoformed and blow
molded. Annealing of the parts is not required.

Polyetherimide is used in a variety of applications. Electrical applications include
printed circuit substrates and burn-in sockets. In the automotive industry, PEI is used for
under-hood temperature sensors and lamp sockets. PEI sheet has also been used to form an
aircraft cargo vent.225 The dimensional stability of this polymer allows its use for large flat
parts such in hard disks for computers.

1.5.14 Polyethylene (PE)

Polyethylene (PE) is the highest-volume polymer in the world. Its high toughness, ductil-
ity, excellent chemical resistance, low water vapor permeability, and very low water ab-
sorption, combined the ease with which it can be processed, make PE of all different
density grades an attractive choice for a variety of goods. PE is limited by its relatively low
modulus, yield stress, and melting point. PE is used to make containers, bottles, film, and
pipes, among other things. It is an incredibly versatile polymer with almost limitless vari-
ety due to copolymerization potential, a wide density range, a molecular weight (MW)
that ranges from very low (waxes have an MW of a few hundred) to very high (6 × 106),
and the ability to vary molecular weight distribution (MWD).

Its repeat structure is (–CH2CH2–)x, which is written as polyethylene rather than poly-
methylene (–CH2)x, in deference to the various ethylene polymerization mechanisms. PE
has a deceptive simplicity. PE homopolymers are made up exclusively of carbon and hy-
drogen atoms, and, just as the properties of diamond and graphite (which are also materi-
als made up entirely of carbon and hydrogen atoms) vary tremendously, different grades of
PE have markedly different thermal and mechanical properties. While PE is generally a
whitish, translucent polymer, it is available in grades of density that range from 0.91 to
0.97 g/cm3. The density of a particular grade is governed by the morphology of the back-
bone; long, linear chains with very few side branches can assume a much more three-di-
mensionally compact, regular, crystalline structure. Commercially available grades are

■ Low-density PE (LDPE)
■ Linear low-density PE (LLDPE)
■ High-density PE (HDPE)
■ Ultrahigh-molecular-weight PE (UHMWPE)

Figure 1.32 demonstrates figurative differences in chain configuration that govern the de-
gree of crystallinity, which, along with MW, determines final thermomechanical properties. 

Four established production methods are (1) a gas phase method known as the Unipol
process, practiced by Union Carbide, (2) a solution method used by Dow and DuPont, (3)
a slurry emulsion method practiced by Phillips, and (4) a high-pressure method.226 Gener-
ally, yield strength and the melt temperature increase with density, while elongation de-
creases with increased density. 
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1.5.14.1 Very low-density polyethylene (VLDPE). This material was introduced
in 1985 by Union Carbide, is very similar to LLDPE, and is principally used in film appli-
cations. VLDPE grades vary in density from 0.880 to 0.912 g/cm3.227 Its properties are
marked by high elongation, good environmental stress cracking resistance, and excellent
low-temperature properties, and it competes most frequently as an alternative to plasti-
cized polyvinyl chloride (PVC) or ethylene-vinyl acetate (EVA). The inherent flexibility in
the backbone of VLDPE circumvents plasticizer stability problems that can plague PVC,
and it avoids odor and stability problems that are often associated with molding EVAs.228

1.5.14.2 Low-density polyethylene (LDPE). LDPE combines high impact
strength, toughness, and ductility to make it the material of choice for packaging films,
which is one of its largest applications. Films range from shrink film, thin film for auto-
matic packaging, heavy sacking, and multilayer films (both laminated and coextruded)
where LDPE acts as a seal layer or a water vapor barrier.229 It has found stiff competition
from LLDPE in these film applications due to LLDPE’s higher melt strength. LDPE is still
very widely used, however, and is formed via free radical polymerization, with alkyl
branch groups [given by the structure –(CH2)xCH3] of two to eight carbon atom lengths.
The most common branch length is four carbons long. High reaction pressures encourage
crystalline regions. The reaction to form LDPE is shown in Fig. 1.33, where “n” approxi-
mately varies in commercial grades between 400 and 50,000.230

Medium-density PE is produced via the reaction above, carried out at lower polymer-
ization temperatures.231 The reduced temperatures are postulated to reduce the randomiz-
ing Brownian motion of the molecules, and this reduced thermal energy allows crystalline
formation more readily at these lowered temperatures.

1.5.14.3 Linear low-density polyethylene (LLDPE). This product revolutionized
the plastics industry with its enhanced tensile strength for the same density, as compared

Figure 1.32 Chain configurations of polyethylene.

Figure 1.33 Polymerization of PE.
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with LDPE. Table 1.10 compares mechanical properties of LLDPE to LDPE. As is the case
with LDPE, film accounts for approximately three-quarters of the consumption of LLDPE.
As the name implies, it is a long linear chain without long side chains or branches. The
short chains that are present disrupt the polymer chain uniformity enough to prevent crys-
talline formation and hence prevent the polymer from achieving high densities. Develop-
ments of the past decade have enabled production economies compared with LDPE due to
lower polymerization pressures and temperatures. A typical LDPE process requires 35,000
lb/in2, which is reduced to 300 lb/in2 in the case of LLDPE, and reaction temperatures as
low as 100°C rather than 200 to 300°C are used. LLDPE is actually a copolymer contain-
ing side branches of 1-butene most commonly, with 1-hexene or 1-octene also present.
Density ranges of 0.915 to 0.940 g/cm3 are polymerized with Ziegler catalysts, which ori-
ent the polymer chain and govern the tacticity of the pendant side groups.232

1.5.14.4 High-density polyethylene (HDPE). HDPE is one of the highest-volume
commodity chemicals produced in the world. In 1998, the worldwide demand was 1.8 ×
1010 kg.233 The most common method of processing HDPE is blow molding, where resin
is turned into bottles (especially for milk and juice), housewares, toys, pails, drums, and
automotive gas tanks. It is also commonly injection molded into housewares, toys, food
containers, garbage pails, milk crates, and cases. HDPE films are commonly found as bags
in supermarkets and department stores, and as garbage bags.234 Two commercial polymer-
ization methods are most commonly practiced; one involves Phillips catalysts (chromium
oxide) and the other involves Ziegler-Natta catalyst systems (supported heterogeneous cat-
alysts such as titanium halides, titanium esters, and aluminum alkyls on a chemically inert
support such as PE or PP). Molecular weight is governed primarily through temperature
control, with elevated temperatures resulting in reduced molecular weights. The catalyst
support and chemistry also play an important factor in controlling molecular weight and
molecular weight distribution.

1.5.14.5 Ultrahigh-molecular-weight polyethylene (UHMWPE). UHMWPE is
identical to HDPE but, rather than having a MW of 50,000 g/mol, it typically has a MW of
between 3 × 106 and 6 × 106. The high MW imparts outstanding abrasion resistance, high
toughness (even at cryogenic temperatures), and excellent stress cracking resistance, but it

TABLE 1.10 Comparison of Blown Film Properties of LLDPE and 
LDPE455

LLDPE LDPE

Density, g/cm3

Melt index, g/10 min
Dart impact, g
Puncture energy, J/mm
Machine-direction tensile strength, MPa
Cross-direction tensile strength, MPa
Machine-direction tensile elongation, %
Cross-direction tensile elongation, %
Machine-direction modulus, MPa
Cross-direction modulus, MPa

0.918
2.0

110
60
33
25

690
740
210
350

0.918
2.0

110
25
20
18

300
500
145
175
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does not generally allow the material to be processed conventionally. The polymer chains
are so entangled due to their considerable length that the conventionally considered melt
point doesn’t exist practically, as it is too close to the degradation temperature, although an
injection molding grade is marketed by Hoechst. Hence, UHMWPE is often processed as
a fine powder that can be ram extruded or compression molded. Its properties are taken ad-
vantage of in uses that include liners for chemical processing equipment, lubrication coat-
ings in railcar applications to protect metal surfaces, recreational equipment such as ski
bases, and medical devices.235 A recent product has been developed by Allied Chemical
that involves gel-spinning UHMWPE into light weight, very strong fibers that compete
with Kevlar in applications for protective clothing.

1.5.15 Polyethylene Copolymers

Ethylene is copolymerized with many non-olefinic monomers, particularly acrylic acid
variants and vinyl acetate, with EVA polymers being the most commercially significant.
All of the copolymers discussed in this section necessarily involve disruption of the regu-
lar, crystallizable PE homopolymer and as such feature reduced yield stresses and moduli,
with improved low-temperature flexibility. 

1.5.15.1 Ethylene-acrylic acid (EAA) copolymers. EAA copolymers, first iden-
tified in the 1950s, experienced renewed interest when, in 1974, Dow introduced new
grades characterized by outstanding adhesion to metallic and nonmetallic substrates.236

The presence of the carboxyl and hydroxyl functionalities promotes hydrogen bonding,
and these strong intermolecular interactions are taken advantage of to bond aluminum foil
to polyethylene in multilayer extrusion-laminated toothpaste tubes and as tough coatings
for aluminum foil pouches.

1.5.15.2 Ethylene-ethyl acrylate (EEA) copolymers. EEA copolymers typically
contain 15 to 30 percent by weight of ethyl acrylate (EA) and are flexible polymers of rel-
atively high molecular weight suitable for extrusion, injection molding, and blow molding.
Products made of EEA have high environmental stress cracking resistance, excellent resis-
tance to flexural fatigue, and low-temperature properties down to as low as –65°C. Appli-
cations include molded rubber-like parts, flexible film for disposable gloves and hospital
sheeting, extruded hoses, gaskets, and bumpers.237 Typical applications include polymer
modifications where EEA is blended with olefin polymers (since it is compatible with
VLDPE, LLDPE, LDPE, HDPE, and PP238) to yield a blend with a specific modulus, yet
with the advantages inherent in EEA’s polarity. The EA presence promotes toughness,
flexibility, and greater adhesive properties. EEA blending can cost-effectively improve the
impact resistance of polyamides and polyesters.239

The similarity of ethyl acrylate monomer to vinyl acetate predicates that these copoly-
mers have very similar properties, although EEA is considered to have higher abrasion and
heat resistance, while EVA tends to be tougher and of greater clarity.240 EEA copolymers
are FDA approved up to 8 percent EA content in food contact applications.241

1.5.15.3 Ethylene-methyl acrylate (EMA) copolymers. EMA copolymers are
often blown into film with very rubbery mechanical properties and outstanding dart-drop
impact strength. The latex rubber-like properties of EMA film lend to its use in disposable
glove and medical devices without the associated hazards to people with allergies to latex
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rubber. Due to their adhesive properties, EMA copolymers, like their EAA and EEA coun-
terparts, are used in extrusion coating, coextrusions, and laminating applications as heat-
seal layers. EMA is one of the most thermally stable of this group, and as such it is com-
monly used to form heat and RF seals as well in multiextrusion tie-layer applications. This
copolymer is also widely used as a blending compound with olefin homopolymers
(VLDPE, LLDPE, LDPE, and PP) as well as with polyamides, polyesters, and polycar-
bonate to improve impact strength and toughness and to increase either heat seal response
or to promote adhesion.242 EMA is also used in soft blow-molded articles such as squeeze
toys, tubing, disposable medical gloves, and foamed sheet. EMA copolymers and EEA co-
polymers containing up to 8 percent ethyl acrylate are approved by the FDA for food
packaging.243

1.5.15.4 Ethylene-n-butyl acrylate (EBA) copolymers. EBA copolymers are
also widely blended with olefin homopolymers to improve impact strength, toughness, and
heat sealability, and to promote adhesion. The polymerization process and resultant repeat
unit of EBA are shown in Fig. 1.34.

1.5.15.5 Ethylene-vinyl acetate (EVA) copolymers. EVA copolymers are given
by the structure shown in Fig. 1.35 and find commercial importance in the coating, lami-
nating, and film industries. EVA copolymers typically contain between 10 and 15 mole
percent vinyl acetate, which provides a bulky, polar pendant group to the ethylene and pro-
vides an opportunity to tailor the end properties by optimizing the vinyl acetate content.
Very low vinyl-acetate content (approximately 3 mole percent) results in a copolymer that
is essentially a modified low density polyethylene,244 with an even further reduced regular
structure. The resultant copolymer is used as a film due to its flexibility and surface gloss.

Figure 1.34 Polymerization and structure of EBA.

Figure 1.35 Polymerization of EVA.
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Vinyl acetate is a low-cost co-monomer that is nontoxic, which allows for this copolymer
to be used in many food packaging applications. These films are soft and tacky and there-
fore appropriate for cling-wrap applications (they are more thermally stable than the
PVDC films often used as cling wrap) as well as interlayers in coextruded and laminated
films.

EVA copolymers with approximately 11 mole percent vinyl acetate are widely used in
the hot-melt coatings and adhesives arena, where the additional intermolecular bonding
promoted by the polarity of the vinyl acetate ether and carbonyl linkages enhances melt
strength while still enabling low melt processing temperatures. At 15 mole percent vinyl
acetate, a copolymer with very similar mechanical properties to plasticized PVC is
formed. There are many advantages to an inherently flexible polymer for which there is no
risk of plasticizer migration, and PVC alternatives is the area of largest growth opportu-
nity. These copolymers have higher moduli than standard elastomers and are preferable in
that they are more easily processed without concern for the need to vulcanize.

1.5.15.6 Ethylene-vinyl alcohol (EVOH) copolymers. Poly(vinyl alcohol) is pre-
pared through alcoholysis of poly(vinyl acetate). PVOH is an atactic polymer, but, since
the crystal lattice structure is not disrupted by hydroxyl groups, the presence of residual
acetate groups greatly diminishes the crystal formation and the degree of hydrogen bond-
ing. Polymers that are highly hydrolyzed (have low residual acetate content) have a high
tendency to crystallize and to undergo hydrogen bonding. As the degree of hydrolysis in-
creases, the molecules will very readily crystallize, and hydrogen bonds will keep them as-
sociated if they are not fully dispersed prior to dissolution. At degrees of hydrolysis above
98 percent, manufacturers recommend a minimum temperature of 96°C to ensure that the
highest-molecular-weight components have enough thermal energy to go into solution.
Polymers with low degrees of residual acetate have high humidity resistance. 

1.5.16 Modified Polyethylenes

The properties of PE can be tailored to meet the needs of a particular application by a vari-
ety of different methods. Chemical modification, copolymerization, and compounding can
all dramatically alter specific properties. The homopolymer itself has a range of properties
depending upon the molecular weight, the number and length of side branches, the degree
of crystallinity, and the presence of additives such as fillers or reinforcing agents. Further
modification is possible by chemical substitution of hydrogen atoms; this occurs preferen-
tially at the tertiary carbons of a branching point and primarily involves chlorination, sul-
fonation, phosphorylination, and intermediate combinations.

1.5.16.1 Chlorinated polyethylene (CPE). The first patent on the chlorination of
PE was awarded to ICI in 1938.245 CPE is polymerized by substituting select hydrogen at-
oms on the backbone of either HDPE or LDPE with chlorine. Chlorination can occur in
the gaseous phase, in solution, or as an emulsion. In the solution phase, chlorination is ran-
dom, while the emulsion process can result in uneven chlorination due to the crystalline
regions. The chlorination process generally occurs by a free-radical mechanism, shown in
Fig. 1.36, where the chlorine free radical is catalyzed by ultraviolet light or initiators.

Interestingly, the properties of CPE can be adjusted to almost any intermediary position
between PE and PVC by varying the properties of the parent PE and the degree and tactic-
ity of chlorine substitution. Since the introduction of chlorine reduces the regularity of the
PE, crystallinity is disrupted and, at up to a 20 percent chlorine level, the modified mate-
rial is rubbery (if the chlorine was randomly substituted). When the level of chlorine
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reaches 45 percent (approaching PVC), the material is stiff at room temperature. Typically,
HDPE is chlorinated to a chlorine content of 23 to 48 percent.246 Once the chlorine substi-
tution reaches 50 percent, the polymer is identical to PVC, although the polymerization
route differs. The largest use of CPE is as a blending agent with PVC to promote flexibility
and thermal stability for increased ease of processing. Blending CPE with PVC essentially
plasticizes the PVC without adding double-bond unsaturation prevalent with rubber-modi-
fied PVCs and results in a more UV-stable, weather-resistant polymer. While rigid PVC is
too brittle to be machined, the addition of as little as three to six parts per hundred CPE in
PVC allows extruded profiles such as sheets, films, and tubes to be sawed, bored, and
nailed.247 Higher CPE content blends result in improved impact strength of PVC and are
made into flexible films that do not have plasticizer migration problems. These films find
applications in roofing, water and sewage-treatment pond covers, and sealing films in
building construction. 

CPE is used in highly filled applications, often using CaCO3 as the filler, and finds use
as a homopolymer in industrial sheeting, wire and cable insulations, and solution applica-
tions. When PE is reacted with chlorine in the presence of sulfur dioxide, a chlorosulfonyl
substitution takes place, yielding an elastomer.

1.5.16.2 Chlorosulfonated polyethylenes (CSPE). Chlorosulfonation introduces
the polar, cross-linkable SO2 group onto the polymer chain, with the unavoidable intro-
duction of chlorine atoms as well. The most common method involves exposing LDPE,
which has been solubilized in a chlorinated hydrocarbon, to SO2 and Cl in the presence of
UV or high-energy radiation.248 Both linear and branched PEs are used, and CSPEs con-
tain 29 to 43 percent chlorine and 1 to 1.5 percent sulfur.249 As in the case of CPEs, the in-
troduction of Cl and SO2 functionalities reduces the regularity of the PE structure, hence
reducing the degree of crystallinity, and the resultant polymer is more elastomeric than the
unmodified homopolymer. CSPE is manufactured by DuPont under the trade name Hypa-
lon and is used in protective coating applications such as the lining for chemical process-
ing equipment; as the liners and covers for waste-containment ponds; as cable jacketing
and wire insulation, spark plug boots, power steering pressure hoses; and in the manufac-
ture of elastomers.

1.5.16.3 Phosphorylated polyethylenes. Phosphorylated PEs have higher ozone
and heat resistance than ethylene propylene copolymers due to the fire retardant nature
provided by phosphor.250

1.5.16.4 Ionomers. Acrylic acid can be copolymerized with polyethylene to form an
ethylene acrylic acid copolymer (EAA) through addition or chain growth polymerization.
It is structurally similar to ethylene vinyl acetate but with acid groups off the backbone.

Figure 1.36 Chlorination process of CPE.
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The concentration of acrylic acid groups is generally in the range of 3 to 20 percent.251

The acid groups are then reacted with a metal containing base, such as sodium methoxide
or magnesium acetate, to form the metal salt as depicted in Fig. 1.37.252 The ionic groups
can associate with each other, forming a cross-link between chains. The resulting materi-
als are called ionomers in reference to the ionic bonds formed between chains. They were
originally developed by DuPont under the trade name of Surlyn.

The association of the ionic groups forms a thermally reversible cross-link that can be
broken when exposed to heat and shear. This allows ionomers to be processed on conven-
tional thermoplastic processing equipment while still maintaining some of the behavior of
a thermoset at room temperature.253 The association of ionic groups is generally believed
to take two forms: multiplets and clusters.254 Multiplets are considered to be a small num-
ber of ionic groups dispersed in the matrix, while clusters are phase-separated regions con-
taining many ion pairs and also hydrocarbon backbone.

A wide range of properties can be obtained by varying the ethylene/methacrylic acid ra-
tios, molecular weight, and the amount and type of metal cation used. Most commercial
grades use either zinc or sodium for the cation. Materials using sodium as the cation gen-
erally have better optical properties and oil resistance, while those using zinc usually have
better adhesive properties, lower water absorption, and better impact strength.255

The presence of the co-monomer breaks up the crystallinity of the polyethylene, so ion-
omer films have lower crystallinity and better clarity as compared with polyethylene.256

Ionomers are known for their toughness and abrasion resistance, and the polar nature of
the polymer improves both its bondability and paintability. Ionomers have good low-tem-
perature flexibility and resistance to oils and organic solvents. Ionomers show a yield point
with considerable cold drawing. In contrast to PE, the stress increases with strain during
cold drawing, giving a very high energy to break.257

Ionomers can be processed by most conventional extrusion and molding techniques us-
ing conditions similar to those used for other olefin polymers. For injection molding, the
melt temperatures are in the range 210 to 260°C.258 The melts are highly elastic, due to the
presence of the metal ions. Increasing the temperatures rapidly decreases the melt viscos-
ity, with the sodium- and zinc-based ionomers showing similar rheological behavior. Typ-
ical commercial ionomers have melt index values between 0.5 and 15.259 Both unmodified
and glass-filled grades are available. 

Ionomers are used in applications such as golf ball covers and bowling pin coatings,
where their good abrasion resistance is important.260 The puncture resistance of films al-
lows these materials to be widely used in packaging applications. One of the early applica-
tions was the packaging of fish hooks.261 They are often used in composite products as an
outer heat-seal layer. Their ability to bond to aluminum foil is also utilized in packaging
applications.262 Ionomers also find application in footwear for shoe heels.263

1.5.17 Polyimide (PI)

Thermoplastic polyimides are linear polymers noted for their high-temperature properties.
Polyimides are prepared by condensation polymerization of pyromellitic anhydrides and

Figure 1.37 Structure of an ionomer.
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primary diamines. A polyimide contains the structure –CO-NR-CO as a part of a ring
structure along the backbone. The presence of ring structures along the backbone as de-
picted in Fig. 1.38 gives the polymer good high-temperature properties.264 Polyimides are
used in high-performance applications as replacements for metal and glass. The use of ar-
omatic diamines gives the polymer exceptional thermal stability. An example of this is the
use of di-(4-amino-phenyl) ether, which is used in the manufacture of Kapton (DuPont).

Although called thermoplastics, some polyimides must be processed in precursor form,
because they will degrade before their softening point.265 Fully imidized injection mold-
ing grades are available along with powder forms for compression molding and cold form-
ing. However, injection molding of polyimides requires experience on the part of the
molder.266 Polyimides are also available as films and preformed stock shapes. The poly-
mer may also be used as a soluble prepolymer, where heat and pressure are used to convert
the polymer into the final, fully imidized form. Films can be formed by casting soluble
polymers or precursors. It is generally difficult to form good films by melt extrusion. Lam-
inates of polyimides can also be formed by impregnating fibers such as glass or graphite. 

Polyimides have excellent physical properties and are used in applications where parts
are exposed to harsh environments. They have outstanding high-temperature properties,
and their oxidative stability allows them to withstand continuous service in air at tempera-
tures of 260°C.267 Polyimides will burn, but they have self-extinguishing properties.268

They are resistant to weak acids and organic solvents but are attacked by bases. The poly-
mer also has good electrical properties and resistance to ionizing radiation.269 A disadvan-
tage of polyimides is their hydrolysis resistance. Exposure to water or steam above 100°C
may cause parts to crack.270

The first application of polyimides was for wire enamel.271 Applications for polyimides
include bearings for appliances and aircraft, seals, and gaskets. Film versions are used in
flexible wiring and electric motor insulation. Printed circuit boards are also fabricated with
polyimides.272

1.5.18 Polyketones

The family of aromatic polyether ketones includes structures that vary in the location and
number of ketonic and ether linkages on their repeat unit and therefore include polyether
ketone (PEK), polyether ether ketone (PEEK), polyether ether ketone ketone (PEEKK), as
well as other combinations. Their structures are as shown in Fig. 1.39. All have very high

Figure 1.38 Structure of a polyimide.
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thermal properties due to the aromaticity of their backbones and are readily processed via
injection molding and extrusion, although their melt temperatures are very high—370°C
for unfilled PEEK and 390°C for filled PEEK and both unfilled and filled PEK. Mold tem-
peratures as high as 165°C are also used.273 Their toughness (surprisingly high for such
high-heat-resistant materials), high dynamic cycles and fatigue resistance capabilities, low
moisture absorption, and good hydrolytic stability lend these materials to applications
such as parts found in nuclear plants, oil wells, high-pressure steam valves, chemical
plants, and airplane and automobile engines.

One of the two ether linkages in PEEK is not present in PEK, and the ensuing loss of
some molecular flexibility results in PEK having an even higher Tm and heat distortion
temperature than PEEK. A relatively higher ketonic concentration in the repeat unit results
in high ultimate tensile properties as well. A comparison of different aromatic polyether
ketones is given in Table 1.11.274,275 As these properties are from different sources, strict
comparison between the data is not advisable due to the likelihood that differing testing
techniques were employed.

Glass and carbon fiber reinforcements are the most important fillers for all of the PEK
family. While elastic extensibility is sacrificed, the additional heat resistance and moduli
improvements allow glass- or carbon-fiber formulations entry into many applications.

PEK is polymerized either through self-condensation of structure (a) shown in Fig.
1.40, or via the reaction of intermediates shown in (b) below. Since these polymers can
crystallize and tend therefore to precipitate from the reactant mixture, they must be reacted
in high-boiling solvents close to the 320°C melt temperature.276

Figure 1.39 Structures of PEK, PEEK, and PEEKK.

Figure 1.40 Routes for PEK synthesis.
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1.5.19 Poly(methylmethacrylate) (PMMA)

Poly(methylmethacrylate) is a transparent thermoplastic material of moderate mechanical
strength and outstanding outdoor weather resistance. It is available as sheet, tubes, and
rods that can be machined, bonded, and formed into a variety of different parts, and in
bead form, which can be conventionally processed via extrusion or injection molding. The
sheet form material is polymerized in situ by casting a monomer that has been partly pre-
polymerized by removing any inhibitor, heating, and adding an agent to initiate the free
radical polymerization. This agent is typically a peroxide. This mixture of polymer and
monomer is then poured into the sheet mold, and the plates are brought together and rein-
forced to prevent bowing to ensure that the final product will be of uniform thickness and
flatness. This bulk polymerization process generates such high-molecular-weight material
that the sheet or rod will decompose prior to melting. As such, this technique is not suit-
able for producing injection-molding-grade resin, but it does aid in producing material that
has a large rubbery plateau and has high enough elevated temperature strength to allow for
band sawing, drilling, and other common machinery practices as long as the localized
heating does not reach the polymer’s decomposition temperature. 

Suspension polymerization provides a final polymer with low enough molecular weight
to allow for typical melt processing. In this process, methyl methacrylate monomer is sus-
pended in water, to which the peroxide is added along with emulsifying/suspension
agents, protective colloids, lubricants, and chain transfer agents to aid in molecular weight
control. The resultant bead can then be dried and is ready for injection molding or it can be
further compounded with any desired colorants, plasticizers, and rubber modifier, as re-
quired.277 Number-average molecular weights from the suspension process are approxi-
mately 60,000 g/mol, while the bulk polymerization process can result in number average
molecular weights of approximately 1 million g/mol.278

Typically applications for PMMA optimize use of its clarity, with up to 92 percent light
transmission, depending on the thickness of the sample. Again, because it has such strong
weathering behavior, it is well suited for applications such as automobile tail light hous-
ings, lenses, aircraft cockpits, helicopter canopies, dentures, steering wheel bosses, and
windshields. Cast PMMA is used extensively as bathtub materials, in showers, and in
whirlpools.279

Since the homopolymer is fairly brittle, PMMA can be toughened via copolymerization
with another monomer (such as polybutadiene) or blended with an elastomer in the same
way that high-impact polystyrene is used to enable better stress distribution via the elasto-
meric domain. 

1.5.20 Polymethylpentene (PMP)

Polymethylpentene was introduced in the mid 1960s by ICI and is now marketed under the
same trade name, TPX, by Mitsui Petrochemical Industries. The most significant commer-
cial polymerization method involves the dimerization of propylene, as shown in Fig. 1.41.

As a polyolefin, this material offers chemical resistance to mineral acids, alkaline solu-
tions, alcohols, and boiling water. It is not resistant to ketones or aromatic and chlorinated
hydrocarbons. Like polyethylene and polypropylene, it is susceptible to environmental

Figure 1.41 Polymerization route for polymethylpentene.
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stress cracking280 and requires formulation with antioxidants. Its use is primarily in injec-
tion molding and thermoforming applications, where the additional cost incurred as com-
pared with other polyolefins is justified by its high melt point (245°C), transparency, low
density, and good dielectric properties. The high degree of transparency of polymethyl-
pentene is attributed both to the similarities of the refractive indices of the amorphous and
crystalline regions and to the large coil size of the polymer due to the bulky branched four-
carbon side chain. The free volume regions are large enough to allow light of visible re-
gion wavelengths to pass unimpeded. This degree of free volume is also responsible for
the 0.83 g/cm3 low density. As typically cooled, the polymer achieves about 40 percent
crystallinity but, with annealing, it can reach 65 percent crystallinity.281 The structure of
the polymer repeat unit is shown in Fig. 1.42.

Voids are frequently formed at the crystalline/amorphous region interfaces during injec-
tion molding, rendering an often undesirable lack of transparency. To counter this, polym-
ethylpentene is often copolymerized with hex-1-ene, oct-1-ene, dec-1-ene, and octadec-1-
ene, which reduces the voids and concomitantly reduces the melting point and degree of
crystallinity.282 Typical products made from polymethylpentene include transparent pipes
and other chemical plant applications, sterilizable medical equipment, light fittings, and
transparent housings.

1.5.21 Polyphenylene Oxide (PPO)

The term polyphenylene oxide (PPO) is a misnomer for a polymer that is more accurately
named poly-(2,6-dimethyl-p-phenylene ether). In Europe, it is more commonly known as
a polymer covered by the more generic term polyphenylene ether (PPE). This engineering
polymer has high temperature properties due to the large degree of aromaticity on the
backbone, with dimethyl-substituted benzene rings joined by an ether linkage, as shown in
Fig. 1.43.

The stiffness of this repeat unit results in a heat-resistant polymer with a Tg of 208°C
and a Tm of 257°C. The fact that these two thermal transitions occur within such a short
temperature span of each other means that PPO does not have time to crystallize while it
cools before reaching a glassy state and as such is typically amorphous after process-
ing.283 Commercially available as PPO from General Electric, the polymer is sold in mo-

Figure 1.42 Repeat structure of polymethyl-
pentene.

Figure 1.43 Repeat structure of PPO.
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lecular weight ranges of 25,000 to 60,000 g/mol.284 Properties that distinguish PPO from
other engineering polymers are its high degree of hydrolytic and dimensional stabilities,
which enable it to be molded with precision; however, high processing temperatures are
required. It finds application as television tuner strips, microwave insulation components,
and transformer housings, which take advantage of its strong dielectric properties over
wide temperature ranges. It is also used in applications that benefit from its hydrolytic sta-
bility including pumps, water meters, sprinkler systems, and hot water tanks.285 Its greater
use is limited by the often-prohibitive cost, and General Electric responded by commer-
cializing a PPO/PS blend marketed under the trade name Noryl. GE sells many grades of
Noryl, based on different blend ratios and specialty formulations. The styrenic nature of
PPO leads one to surmise very close compatibility (similar solubility parameters) with PS,
although strict thermodynamic compatibility is questioned due to the presence of two dis-
tinct Tg peaks when measured by mechanical rather than calorimetric means.286 The
blends present the same high degree of dimensional stability, low water absorption, excel-
lent resistance to hydrolysis, and good dielectric properties offered by PS, yet with the el-
evated heat distort temperatures that result from PPO’s contribution. These polymers are
more cost-competitive than PPO and are used in moldings for dishwashers, washing ma-
chines, hair dryers, cameras, instrument housings, and television accessories.287

1.5.22 Polyphenylene Sulphide (PPS)

The structure of PPS, shown in Fig. 1.44, clearly indicates high temperature, high
strength, and high chemical resistance due to the presence of the aromatic benzene ring on
the backbone linked with the electronegative sulfur atom. In fact, the melt point of PPS is
288°C, and the tensile strength is 70 MPa at room temperature. The brittleness of PPS, due
to the highly crystalline nature of the polymer, is often overcome by compounding with
glass fiber reinforcements. Typical properties of PPS and a commercially available 40 per-
cent glass-filled polymer blend are shown in Table 1.12.288 The mechanical properties of
PPS are similar to those of other engineering thermoplastics such as polycarbonate and
polysulfones, except that, as mentioned, the PPS suffers from the brittleness arising from
its crystallinity but does however offer improved resistance to environmental stress crack-
ing.289

PPS is of most significant commercial interest as a thermoplastic, although it can be
cross-linked into a thermoset system. Its strong inherent flame retardance puts this poly-
mer in a fairly select class of polymers, including polyethersulfones, liquid crystal polyes-
ters, polyketones, and polyetherimides.290 As such, PPS finds application in electrical
components, printed circuits, and contact and connector encapsulation. Other uses take ad-
vantage of the low mold shrinkage values and strong mechanical properties even at ele-
vated temperatures. These include pump housings, impellers, bushings, and ball valves.291

1.5.23 Polyphthalamide (PPA)

Polyphthalamides were originally developed for use as fibers and later found application
in other areas. They are semi-aromatic polyamides based on the polymerization of tereph-

Figure 1.44 Repeat structure of polyphenylene
sulphide.
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thalic acid or isophthalic acid and an amine.292 Both amorphous and crystalline grades are
available. Polyphthalamides are polar materials with a melting point near 310°C and a
glass transition temperature of 127°C.293 The material has good strength and stiffness
along with good chemical resistance. Polyphthalamides can be attacked by strong acids or
oxidizing agents and are soluble in cresol and phenol.294 Polyphthalamides are stronger,
less moisture sensitive, and possess better thermal properties as compared with the ali-
phatic polyamides such as nylon 6/6. However, polyphthalamide is less ductile than nylon
6/6, although impact grades are available.295 Polyphthalamides will absorb moisture, de-
creasing the glass transition temperature and causing dimensional changes. The material
can be reinforced with glass and has extremely good high-temperature performance. Rein-
forced grades of polyphthalamides are able to withstand continuous use at 180°C.296

The crystalline grades are generally used in injection molding, while the amorphous
grades are often used as barrier materials.297 The recommended mold temperatures are
135 to 165°C, with recommended melt temperatures of 320 to 340°C.298 The material
should have a moisture content of 0.15 percent or less for processing.299 Because mold
temperature is important to surface finish, higher mold temperatures may be required for
some applications. 

Both crystalline and amorphous grades are available under the trade name Amodel
(Amoco); amorphous grades are available under the names Zytel (Dupont) and Trogamid
(Dynamit Nobel). Crystalline grades are available under the trade name Arlen (Mitsui).300

Polyphthalamides are used in automotive applications where their chemical resistance
and temperature stability are important.301 Examples include sensor housings, fuel line
components, headlamp reflectors, electrical components, and structural components. Elec-
trical components attached by infrared and vapor phase soldering are applications utilizing
PPA’s high-temperature stability. Switching devices, connectors, and motor brackets are
often made from PPA. Mineral-filled grades are used in applications that require plating,
such as decorative hardware and plumbing. Impact modified grades of unreinforced PPA
are used in sporting goods, oil field parts, and military applications. 

1.5.24 Polypropylene (PP)

Polypropylene is a versatile polymer used in applications from films to fibers with a
worldwide demand of over 21 million pounds.302 It is similar to polyethylene in structure,
except for the substitution of one hydrogen group with a methyl group on every other car-

TABLE 1.12 Selected Properties of PPS and GF PPS

Property, units PPS
40 percent 

glass-filled PPS

Tg, °C 85 –

Heat distortion temperature, Method A, °C 135 265

Tensile strength
21°C MPa
204°C, MPa

64–77
33

150
33

Elongation at break, % 3 2

Flexural modulus, MPa 3900 10,500

Limiting oxygen index, % 44 47
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bon. On the surface, this change would appear trivial, but this one replacement now
changes the symmetry of the polymer chain. This allows for the preparation of different
stereoisomers, namely, syndiotactic, isotactic, and atactic chains. These configurations are
shown previously in Fig. 1.6.

Polypropylene (PP) is synthesized by the polymerization of propylene, a monomer de-
rived from petroleum products through the reaction shown in Fig. 1.45. It was not until
Ziegler-Natta catalysts became available that polypropylene could be polymerized into a
commercially viable product. These catalysts allowed the control of stereochemistry dur-
ing polymerization to form polypropylene in the isotactic and syndiotactic forms, both ca-
pable of crystallizing into a more rigid, useful polymeric material.303 The first commercial
method for the production of polypropylene was a suspension process. Current methods of
production include a gas phase process and a liquid slurry process.304 New grades of
polypropylene are now being polymerized using metallocene catalysts.305 The range of
molecular weights for PP is Mn = 38,000 to 60,000 and Mw = 220,000 to 700,000. The mo-
lecular weight distribution (Mn/Mw) can range from 2 to about 11.306

Different behavior can be found for each of the three stereoisomers. Isotactic and syn-
diotactic polypropylene can pack into a regular crystalline array, giving a polymer with
more rigidity. Both materials are crystalline; however, syndiotactic polypropylene has a
lower Tm than the isotactic polymer.307 The isotactic polymer is the most commercially
used form with a melting point of 165°C. Atactic polypropylene has a very small amount
of crystallinity (5 to 10 percent), because its irregular structure prevents crystallization;
thus, it behaves as a soft flexible material.308 It is used in applications such as sealing
strips, paper laminating, and adhesives.

Unlike polyethylene, which crystallizes in the planar zigzag form, isotactic polypropy-
lene crystallizes in a helical form because of the presence of the methyl groups on the
chain.309 Commercial polymers are about 90 to 95 percent isotactic. The amount of isotac-
ticity present in the chain will influence the properties. As the amount of isotactic material
(often quantified by an isotactic index) increases, the amount of crystallinity will also in-
crease, resulting in increased modulus, softening point, and hardness. 

Although, in many respects, polypropylene is similar to polyethylene, both being satu-
rated hydrocarbon polymers, they differ in some significant properties. Isotactic polypro-
pylene is harder and has a higher softening point than polyethylene, so it is used where
higher-stiffness materials are required. Polypropylene is less resistant to degradation (par-
ticularly high-temperature oxidation) than polyethylene, but it has better environmental
stress cracking resistance.310 The decreased degradation resistance of PP is due to the
presence of a tertiary carbon in PP, allowing for easier hydrogen abstraction compared
with PE.311 As a result, antioxidants are added to polypropylene to improve the oxidation
resistance. The degradation mechanisms of the two polymers are also different. PE cross-
links on oxidation, while PP undergoes chain scission. This is also true of the polymers
when exposed to high-energy radiation, a method commonly used to cross-link PE. 

Polypropylene is one of the lightest plastics, with a density of 0.905.312 The nonpolar
nature of the polymer gives PP low water absorption. Polypropylene has good chemical
resistance, but liquids such as chlorinated solvents, gasoline, and xylene can affect the ma-
terial. Polypropylene has a low dielectric constant and is a good insulator. Difficulty in

Figure 1.45 The reaction to prepare polypropylene.

Thermoplastics

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



54 Chapter One

bonding to polypropylene can be overcome by the use of surface treatments to improve the
adhesion characteristics.

With the exception of UHMWPE, polypropylene has a higher Tg and melting point than
polyethylene. Service temperature is increased, but PP needs to be processed at higher
temperatures. Because of the higher softening, PP can withstand boiling water and can be
used in applications requiring steam sterilization.313 Polypropylene is also more resistant
to cracking in bending than PE and is preferred in applications that require tolerance to
bending. This includes applications such as ropes, tapes, carpet fibers, and parts requiring
a living hinge. Living hinges are integral parts of a molded piece that are thinner and allow
for bending.314 One weakness of polypropylene is its low-temperature brittleness behav-
ior, with the polymer becoming brittle near 0°C.315 This can be improved through copoly-
merization with other polymers such as ethylene. 

Comparing the processing behavior of PP with PE, it is found that polypropylene is
more non-Newtonian than PE and that the specific heat of PP is lower than polyethyl-
ene.316 The melt viscosity of PE is less temperature sensitive than PP.317 Mold shrinkage is
generally less than for PE but is dependent on the actual processing conditions.

Unlike many other polymers, an increase in molecular weight of polypropylene does
not always translate into improved properties. The melt viscosity and impact strength will
increase with molecular weight, but often with a decrease in hardness and softening point.
A decrease in the ability of the polymer to crystallize as molecular weight increases is of-
ten offered as an explanation for this behavior.318

The molecular weight distribution (MWD) has important implications for processing. A
PP grade with a broad MWD is more shear sensitive than a grade with a narrow MWD.
Broad MWD materials will generally process better in injection molding applications. In
contrast, a narrow MWD may be preferred for fiber formation.319 Various grades of
polypropylene are available tailored to particular application. These grades can be classi-
fied by flow rate, which depends on both average molecular weight and MWD. Lower
flow rate materials are used in extrusion applications. In injection molding applications,
low flow rate materials are used for thick parts and high-flow-rate materials are used for
thin-wall molding.

Polypropylene can be processed by methods similar to those used for PE. The melt tem-
peratures are generally in the range of 210 to 250°C.320 Heating times should be mini-
mized to reduce the possibility of oxidation. Blow molding of PP requires the use of
higher melt temperatures and shear, but these conditions tend to accelerate the degradation
of PP. Because of this, blow molding of PP is more difficult than for PE. The screw meter-
ing zone should not be too shallow to avoid excessive shear. For a 60-mm screw, the flight
depths are typically about 2.25 mm, and 3.0 mm for a 90-mm screw.321

In film applications, film clarity requires careful control of the crystallization process to
ensure that small crystallites are formed. This is accomplished in blown film by extruding
downward into two converging boards. In the Shell TQ process, the boards are covered
with a film of flowing, cooling water. Oriented films of PP are manufactured by passing
the PP film into a heated area and stretching the film both transversely and longitudinally.
To reduce shrinkage, the film may be annealed at 100°C while under tension.322 Highly
oriented films may show low transverse strength and a tendency to fibrillate. Other manu-
facturing methods for polypropylene include extruded sheet for thermoforming applica-
tions and extruded profiles. 

If higher stiffness is required, short glass reinforcement can be added. The use of a cou-
pling agent can dramatically improve the properties of glass-filled PP.323 Other fillers for
polypropylene include calcium carbonate and talc, which can also improve the stiffness of
PP.

Other additives, such as pigments, antioxidants, and nucleating agents, can be blended
into polypropylene to give the desired properties. Carbon black is often added to polypro-
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pylene to impart UV resistance in outdoor applications. Antiblocking and slip agents may
be added for film applications to decrease friction and prevent sticking. In packaging ap-
plications, antistatic agents may be incorporated.

The addition of rubber to polypropylene can lead to improvements in impact resistance.
One of the most commonly added elastomers is ethylene-propylene rubber. The elastomer
is blended with polypropylene, forming a separate elastomer phase. Rubber can be added
in excess of 50 percent to give elastomeric compositions. Compounds with less than 50
percent added rubber are of considerable interest as modified thermoplastics. Impact
grades of PP can be formed into films with good puncture resistance.

Copolymers of polypropylene with other monomers are also available, the most com-
mon monomer being ethylene. Copolymers usually contain between 1 and 7 weight per-
cent of ethylene randomly placed in the polypropylene backbone. This disrupts the ability
of the polymer chain to crystallize, giving more flexible products. This improves the im-
pact resistance of the polymer, decreases the melting point, and increases flexibility. The
degree of flexibility increases with ethylene content, eventually turning the polymer into
an elastomer (ethylene propylene rubber). The copolymers also exhibit increased clarity
and are used in blow molding, injection molding, and extrusion. 

Polypropylene has many applications. Injection molding applications cover a broad
range from automotive uses such as dome lights, kick panels, and car battery cases to lug-
gage and washing machine parts. Filled PP can be used in automotive applications such as
mounts and engine covers. Elastomer modified PP is used in the automotive area for
bumpers, fascia panels, and radiator grills. Ski boots are another application for these ma-
terials.324 Structural foams, prepared with glass-filled PP, are used in the outer tank of
washing machines. New grades of high-flow PPs are allowing manufacturers to mold
high-performance housewares.325

Polypropylene films are used in a variety of packaging applications. Both oriented and
non-oriented films are used. Film tapes are used for carpet backing and sacks. Foamed
sheet is used in a variety of applications including thermoformed packaging. Fibers are an-
other important application for polypropylene, particularly in carpeting, because of its low
cost and wear resistance. Fibers prepared from polypropylene are used in both woven and
nonwoven fabrics.

1.5.25 Polyurethane (PUR)

Polyurethanes are very versatile polymers. They are used as flexible and rigid foams, elas-
tomers, and coatings. Polyurethanes are available as both thermosets and thermoplastics, in
addition, their hardnesses span the range from rigid material to elastomer. Thermoplastic
polyurethanes will be the focus of this section. The term polyurethane is used to cover mate-
rials formed from the reaction of isocyanates and polyols.326 The general reaction for a poly-
urethane produced through the reaction of a diisocyanate with a diol is shown in Fig. 1.46.

Figure 1.46 Polyurethane reaction.
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Polyurethanes are phase separated block
copolymers as depicted in Fig. 1.47, where
the A and B portions represent different
polymer segments. One segment, called the

hard segment, is rigid, while the other, the soft segment, is elastomeric. In polyurethanes,
the soft segment is prepared from an elastomeric long chain polyol, generally a polyester
or polyether, but other rubbery polymers end-capped with a hydroxyl group could be used.
The hard segment is composed of the diisocyanate and a short chain diol called a chain ex-
tender. The hard segments have high interchain attraction due to hydrogen bonding be-
tween the urethane groups. In addition, they may be capable of crystallizing.327 The soft
elastomeric segments are held together by the hard phases, which are rigid at room tem-
perature and act as physical cross-links. The hard segments hold the material together at
room temperature, but at processing temperatures the hard segments can flow and be pro-
cessed.

The properties of polyurethanes can be varied by changing the type or amount of the
three basic building blocks of the polyurethane: diisocyanate, short chain diol, or long
chain diol. Given the same starting materials, the polymer can be varied simply by chang-
ing the ratio of the hard and soft segments. This allows the manufacturer a great deal of
flexibility in compound development for specific applications. The materials are typically
manufactured by reacting a linear polyol with an excess of diisocyanate. The polyol is
end-capped with isocyanate groups. The end-capped polyol and free isocyanate are then
reacted with a chain extender, usually a short chain diol to form the polyurethane.328

There are a variety of starting materials available for use in the preparation of polyure-
thanes, some of which are listed below.

■ Diisocyanates

– 4,4´-diphenylmethane diisocyanate (MDI)

– Hexamethylene diisocyanate (HDI)

– Hydrogenated 4,4´-diphenylmethane diisocyanate (HMDI)
■ Chain extenders

– 1,4 butanediol

– Ethylene glycol

– 1,6 hexanediol
■ Polyols

– Polyesters

– Polyethers

Polyurethanes are generally classified by the type of polyol used—for example, polyes-
ter polyurethane or polyether polyurethane. The type of polyol can affect certain proper-
ties. For example, polyether polyurethanes are more resistant to hydrolysis than polyester-
based urethanes, while the polyester polyurethanes have better fuel and oil resistance.329

Low-temperature flexibility can be controlled by proper selection of the long chain polyol.
Polyether polyurethanes generally have lower glass transition temperatures than polyester
polyurethanes. The heat resistance of the polyurethane is governed by the hard segments.
Polyurethanes are noted for their abrasion resistance, toughness, low-temperature impact
strength, cut resistance, weather resistance, and fungus resistance.330 Specialty polyure-
thanes include glass-reinforced products, fire-retardant grades, and UV-stabilized grades.

Polyurethanes find application in many areas. They can be used as impact modifiers for
other plastics. Other applications include rollers or wheels, exterior body parts, drive belts,

Figure 1.47 Block structure of polyurethanes.
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and hydraulic seals.331 Polyurethanes can be used in film applications such as textile lami-
nates for clothing and protective coatings for hospital beds. They are also used in tubing
and hose, in both unreinforced and reinforced forms, because of their low-temperature
properties and toughness. Their abrasion resistance allows them to be used in applications
such as athletic shoe soles and ski boots. Polyurethanes are also used as coatings for wire
and cable.332

Polyurethanes can be processed by a variety of methods, including extrusion, blow
molding, and injection molding. They tend to pick up moisture and must be thoroughly
dried prior to use. The processing conditions vary with the type of polyurethane; higher
hardness grades usually require higher processing temperatures. Polyurethanes tend to ex-
hibit shear sensitivity at lower melt temperatures. Post-mold heating in an oven, shortly af-
ter processing, can often improve the properties of the finished product. A cure cycle of 16
to 24 hr at 100°C is typical.333

1.5.26 Styrenics

The styrene family is well suited for applications where rigid, dimensionally stable
molded parts are required. PS is a transparent, brittle, high-modulus material with a multi-
tude of applications, primarily in packaging, disposable cups, and medical ware. When the
mechanical properties of the PS homopolymer are modified to produce a tougher, more
ductile blend, as in the case of rubber-modified high-impact grades of PS (HIPS), a far
wider range of applications becomes available. HIPS is preferred for durable molded items
including radio, television, and stereo cabinets as well as compact disc jewel cases. Copo-
lymerization is also used to produce engineering-grade plastics of higher performance as
well as higher price, with acrylonitrile-butadiene-styrene (ABS) and styrene-acrylonitrile
(SAN) plastics being of greatest industrial importance. 

1.5.26.1 Acrylonitrile butadiene styrene (ABS) terpolymer. As with any co-
polymers, there is tremendous flexibility in tailoring the properties of ABS by varying the
ratios of the three monomers, acrylonitrile, butadiene, and styrene. The acrylonitrile com-
ponent contributes heat resistance, strength, and chemical resistance. The elastomeric con-
tribution of butadiene imparts higher impact strength, toughness, low-temperature
property retention, and flexibility, while the styrene contributes rigidity, glossy finish, and
ease of processability. As such, worldwide usage of ABS is surpassed only by that of the
“big four” commodity thermoplastics (polyethylene, polypropylene, polystyrene, and
polyvinyl chloride). Primary drawbacks to ABS include opacity, poor weather resistance,
and poor flame resistance. Flame retardance can be improved by the addition of fire-retar-
dant additives or by blending ABS with PVC, with some reduction in ease of processabil-
ity.334 As it is widely used as equipment housings (such as telephones, televisions, and
computers), these disadvantages are tolerated. Figure 1.48 shows the repeat structure of
ABS.

Most common methods of manufacturing ABS include graft polymerization of styrene
and acrylonitrile onto a polybutadiene latex, blending with a styrene-acrylonitrile latex,
and then coagulating and drying the resultant blend. Alternatively, the graft polymer of
styrene, acrylonitrile, and polybutadiene can be manufactured separately from the styrene
acrylonitrile latex, and the two grafts blended and granulated after drying.335

Its ease of processing by a variety of common methods (including injection molding, ex-
trusion, thermoforming, compression molding, and blow molding), combined with a good
economic value for the mechanical properties achieved, results in widespread use of ABS. It
is commonly found in under-hood automotive applications, refrigerator linings, radios,
computer housings, telephones, business machine housings, and television housings.
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1.5.26.2 Acrylonitrile-chlorinated polyethylene-styrene (ACS) terpolymer.
While ABS itself can be readily tailored by modifying the ratios of the three monomers
and by modifying the lengths of each grafted segment, several companies are pursuing the
addition of a fourth monomer, such as alpha-methylstyrene for enhanced heat resistance,
and methylmethacrylate to produce a transparent ABS. One such modification involves us-
ing chlorinated polyethylene in place of the butadiene segments. This terpolymer, ACS,
has very similar properties to the engineering terpolymer ABS, but the addition of chlori-
nated polyethylene imparts improved flame retardance, weatherability, and resistance to
electrostatic deposition of dust, without the addition of antistatic agents. The addition of
the chlorinated olefin requires more care when injection molding to ensure that the chlo-
rine does not dehydrohalogenate. Mold temperatures are recommended to be kept at be-
tween 190 and 210°C and not to exceed 220°C, and, as with other chlorinated polymers
such as polyvinyl chloride, that residence times be kept relatively short in the molding ma-
chine.336

Applications for ACS include housings and parts for office machines such as desktop
calculators, copying machines, and electronic cash registers, and as housings for television
sets and videocassette recorders.337

1.5.26.3 Acrylic styrene acrylonitrile (ASA) terpolymer. Like ACS, ASA is a
specialty product with similar mechanical properties to ABS, but it offers improved out-
door weathering properties. This is due to the grafting of an acrylic ester elastomer onto
the styrene-acrylonitrile backbone. Sunlight usually combines with atmospheric oxygen to
result in embrittlement and yellowing of thermoplastics, and this process takes a much
longer time in the case of ASA; therefore, ASA finds applications in gutters, drain pipe fit-
tings, signs, mailboxes, shutters, window trims, and outdoor furniture.338

1.5.26.4 General-purpose polystyrene (PS). PS is one of the four plastics whose
combined usage accounts for 75 percent of the worldwide usage of plastics.339 These four
commodity thermoplastics are PE, PP, PVC, and PS. Although it can be polymerized via
free-radical, anionic, cationic, and Ziegler mechanisms, commercially available PS is pro-
duced via free-radical addition polymerization. PS’s popularity is due to its transparency,
low density, relatively high modulus, excellent electrical properties, low cost, and ease of
processing. The steric hindrance caused by the presence of the bulky benzene side groups
results in brittle mechanical properties, with ultimate elongations only around 2 to 3 per-
cent, depending upon molecular weight and additive levels. Most commercially available

Figure 1.48 Repeat structure of ABS.
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PS grades are atactic and, in combination with the large benzene groups, result in an amor-
phous polymer. The amorphous morphology provides not only transparency, but the lack
of crystalline regions also means that there is no clearly defined temperature at which the
plastic melts. PS is a glassy solid until its Tg of ~100°C is reached, whereupon further
heating softens the plastic gradually from a glass to a liquid. Advantage is taken of this
gradual transition by molders who can eject parts that have cooled to beneath the relatively
high Vicat temperature. Also, the lack of a heat of crystallization means that high heating
and cooling rates can be achieved. These reduce cycle time and also promote an economi-
cal process. Lastly, upon cooling, PS does not crystallize the way PE and PP do. This gives
PS low shrinkage values (0.004 to 0.005 mm/mm) and high dimensional stability during
molding and forming operations. 

Commercial PS is segmented into easy-flow, medium-flow, and high-heat-resistance
grades. Comparison of these three grades is made in Table 1.13. The easy-flow grades are
the lowest in molecular weight, to which 3 to 4 percent mineral oil has been added. The
mineral oil reduces melt viscosity, which is well suited for increased injection speeds
while molding inexpensive thin-walled parts such as disposable dinnerware, toys, and
packaging. The reduction in processing time comes at the cost of a reduced softening tem-
perature and a more brittle polymer. The medium-flow grades are slightly higher in molec-
ular weight and contain only 1 to 2 percent mineral oil. Applications include injection-
molded tumblers, medical ware, toys, injection-blow-molded bottles, and extruded food
packaging. The high-heat-resistance plastics are the highest in molecular weight and have
the least level of additives such as extrusion aids. These products are used in sheet extru-
sion and thermoforming and extruded film applications for oriented food packaging.340

1.5.26.5 Styrene-acrylonitrile copolymers (SANs). Styrene-acrylonitrile poly-
mers are copolymers prepared from styrene and acrylonitrile monomers. The polymeriza-
tion can be done under emulsion, bulk, or suspension conditions.341 The polymers
generally contain between 20 and 30 percent acrylonitrile.342 The acrylonitrile content of
the polymer influences the final properties with tensile strength, elongation, and heat dis-
tortion temperature, increasing as the amount of acrylonitrile in the copolymer increases.

SAN copolymers are linear, amorphous materials with improved heat resistance over
pure polystyrene.343 The polymer is transparent but may have a yellow color as the acryl-
onitrile content increases. The addition of a polar monomer, acrylonitrile, to the backbone
gives these polymers better resistance to oils, greases, and hydrocarbons as compared with

TABLE 1.13 Properties of Commercial Grades of General-Purpose PS456

Property Easy-flow PS Medium-flow PS
High-heat-

resistance PS

Mw 218,000 225,000 300,000

Mn 74,000 92,000 130,000

Melt flow index, g/10 min 16 7.5 1.6

Vicat softening temperature, °C 88 102 108

Tensile modulus, MPa 3,100 2,450 3,340

Ultimate tensile strength, MPa 1.6 2.0 2.4
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polystyrene.344 Glass-reinforced grades of SAN are available for applications requiring
higher modulus combined with lower mold shrinkage and lower coefficient of thermal ex-
pansion.345

As the polymer is polar, it should be dried before processing. It can be processed by in-
jection molding into a variety of parts. SAN can also be processed by blow molding, ex-
trusion, casting, and thermoforming.346

SAN competes with polystyrene, cellulose acetate, and polymethyl methacrylate. Ap-
plications for SAN include injection molded parts for medical devices, PVC tubing con-
nectors, dishwasher-safe products, and refrigerator shelving.347 Other applications include
packaging for the pharmaceutical and cosmetics markets, automotive equipment, and in-
dustrial uses.

1.5.26.6 Olefin-modified SAN. SAN can be modified with olefins, resulting in a
polymer that can be extruded and injection molded. The polymer has good weatherability
and is often used as a capstock to provide weatherability to less expensive parts such as
swimming pools, spas, and boats.348

1.5.26.7 Styrene-butadiene copolymers. Styrene-butadiene polymers are block
copolymers prepared from styrene and butadiene monomers. The polymerization is per-
formed using sequential anionic polymerization.349 The copolymers are better known as
thermoplastic elastomers, but copolymers with high styrene contents can be treated as
thermoplastics. The polymers can be prepared as either a star block form or as a linear,
multiblock polymer. The butadiene exists as a separate dispersed phase in a continuous
matrix of polystyrene.350 The size of the butadiene phase is controlled to be less than the
wavelength of light, resulting in clear materials. The resulting amorphous polymer is
tough, with good flex life and low mold shrinkage. The copolymer can be ultrasonically
welded, solvent welded, or vibration welded. The copolymers are available in injection-
molding grades and thermoforming grades. The injection-molding grades generally con-
tain a higher styrene content in the block copolymer. Thermoforming grades are usually
mixed with pure polystyrene.

Styrene-butadiene copolymers can be processed by injection molding, extrusion, ther-
moforming, and blow molding. The polymer does not need to be dried prior to use.351

Styrene-butadiene copolymers are used in toys, housewares, and medical applica-
tions.352 Thermoformed products include disposable food packaging such as cups, bowls,
“clam shells,” deli containers, and lids. Blister packs and other display packaging also use
styrene-butadiene copolymers. Other packaging applications include shrink wrap and veg-
etable wrap.353

1.5.27 Sulfone-Based Resins

Sulfone resins refers to polymers containing SO2 groups along the backbone as depicted in
Fig. 1.49. The R groups are generally aromatic. The polymers are usually yellowish, trans-

Figure 1.49 General structure of a polysulfone.
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parent, amorphous materials and are known for their high stiffness, strength, and thermal
stability.354 The polymers have low creep over a large temperature range. Sulfones can
compete against some thermoset materials in performance, while their ability to be injec-
tion molded offers an advantage. 

The first commercial polysulfone was Udel (Union Carbide, now Amoco), followed by
Astrel 360 (Minnesota Mining and Manufacturing), which is termed a polyarylsulfone,
and, finally, Victrex (ICI), a polyethersulfone.355 Current manufacturers also include
Amoco, Carborundum, and BASF, among others. The different polysulfones vary by the
spacing between the aromatic groups, which in turn affects their Tg values and their heat
distortion temperatures. Commercial polysulfones are linear with high Tg values in the
range of 180 to 250°C, allowing for continuous use from 150 to 200°C.356 As a result, the
processing temperatures of polysulfones are above 300oC.357 Although the polymer is po-
lar, it still has good electrical insulating properties. Polysulfones are resistant to high ther-
mal and ionizing radiation. They are also resistant to most aqueous acids and alkalis but
may be attacked by concentrated sulfuric acid. The polymers have good hydrolytic stabil-
ity and can withstand hot water and steam.358 Polysulfones are tough materials, but they
do exhibit notch sensitivity. The presence of the aromatic rings causes the polymer chain
to be rigid. Polysulfones generally do not require the addition of flame retardants and usu-
ally emit low smoke.

The properties of the main polysulfones are generally similar, although polyethersul-
fones have better creep resistance at high temperatures and higher heat distortion tempera-
ture, but more water absorption and higher density than the Udel-type materials.359 Glass-
fiber-filled grades of polysulfone are available as are blends of polysulfone with ABS. 

Polysulfones may absorb water, leading to potential processing problems such as
streaks or bubbling.360 The processing temperatures are quite high, and the melt is very
viscous. Polysulfones show little change in melt viscosity with shear. Injection molding
melt temperatures are in the range of 335 to 400°C, and mold temperatures are in the
range of 100 to 160°C. The high viscosity necessitates the use of large cross-sectional run-
ners and gates. Purging should be done periodically, as a layer of black, degraded polymer
may build up on the cylinder wall, yielding parts with black marks. Residual stresses may
be reduced by higher mold temperatures or by annealing. Extrusion and blow molding
grades of polysulfones are higher molecular weight with blow molding melt temperatures
in the range of 300 to 360°C and mold temperatures between 70 and 95°C. 

The good heat resistance and electrical properties of polysulfones allows them to be
used in applications such as circuit boards and TV components.361 Chemical and heat re-
sistance are important properties for automotive applications. Hair dryer components can
also be made from polysulfones. Polysulfones find application in ignition components and
structural foams.362 Another important market for polysulfones is microwave cook-
ware.363

1.5.27.1 Polyaryl sulfone (PAS). This polymer differs from the other polysulfones
in the lack of any aliphatic groups in the chain. The lack of aliphatic groups gives this
polymer excellent oxidative stability, as the aliphatic groups are more susceptible to oxida-
tive degradation.364 Polyaryl sulfones are stiff, strong, and tough polymers with very good
chemical resistance. Most fuels, lubricants, cleaning agents, and hydraulic fluids will not
affect the polymer.365 However, methylene chloride, dimethyl acetamide, and dimethyl
formamide will dissolve the polymer.366 The glass transition temperature of these poly-
mers is about 210°C, with a heat deflection temperature of 205°C at 1.82 MPa.367 PAS
also has good hydrolytic stability. Polyarylsulfone is available in filled and reinforced
grades as well as both opaque and transparent versions.368 This polymer finds application
in electrical applications for motor parts, connectors, and lamp housings.369
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The polymer can be injection molded, provided the cylinder and nozzle are capable of
reaching 425°C.370 It may also be extruded. The polymer should be dried prior to process-
ing. Injection molding barrel temperatures should be 270 to 360°C at the rear, 295 to
390°C in the middle, and 300 to 395°C at the front.371

1.5.27.2 Polyether sulfone (PES). Polyether sulfone is a transparent polymer with
high temperature resistance and self-extinguishing properties.372 It gives off little smoke
when burned. Polyether sulfone has the basic structure as shown in Fig. 1.50.

Polyether sulfone has a Tg near 225°C and is dimensionally stable over a wide range of
temperatures.373 It can withstand long-term use up to 200°C and can carry loads for long
times up to 180°C.374 Glass-fiber-reinforced grades are available for increased properties.
It is resistant to most chemicals with the exception of polar, aromatic hydrocarbons.375

Polyether sulfone can be processed by injection molding, extrusion, blow molding, or
thermoforming.376 It exhibits low mold shrinkage. For injection molding, barrel tempera-
tures of 340 to 380°C, with melt temperatures of 360°C, are recommended.377 Mold tem-
peratures should be in the range or 140 to 180°C. For thin-walled molding, higher
temperatures may be required. Unfilled PES can be extruded into sheets, rods, films, and
profiles.

PES finds application in aircraft interior parts due to its low smoke emission.378 Electri-
cal applications include switches, integrated circuit carriers, and battery parts.379 The high-
temperature oil and gas resistance allows polyether sulfone to be used in the automotive
markets for water pumps, fuse housings, and car heater fans. The ability of PES to endure
repeated sterilization allows PES to be used in a variety of medical applications, such as
parts for centrifuges and root canal drills. Other applications include membranes for kidney
dialysis, chemical separation, and desalination. Consumer uses include cooking equipment
and lighting fittings. PES can also be vacuum metallized for a high-gloss mirror finish. 

1.5.27.3 Polysulfone (PSU). Polysulfone is a transparent thermoplastic prepared
from bisphenol A and 4,4´-dichlorodiphenylsulfone.380 The structure is shown below in
Fig. 1.51. It is self-extinguishing and has a high heat-distortion temperature. The polymer
has a glass transition temperature of 185°C.381 Polysulfones have impact resistance and
ductility below 0°C. Polysulfone also has good electrical properties. The electrical and
mechanical properties are maintained to temperatures near 175°C. Polysulfone shows
good chemical resistance to alkali, salt, and acid solutions.382 It has resistance to oils, de-
tergents, and alcohols, but polar organic solvents and chlorinated aliphatic solvents may
attack the polymer. Glass and mineral filled grades are available.383

Properties such as physical aging and solvent crazing can be improved by annealing the
parts.384 This also reduces molded-in stresses. Molded-in stresses can also be reduced by

Figure 1.50 Structure of polyether sulfone.
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using hot molds during injection molding. As mentioned above, runners and gates should
be as large as possible due to the high melt viscosity. The polymer should hit a wall or pin
shortly after entering the cavity of the mold, as polysulfone has a tendency toward jetting.
For thin-walled or long parts, multiple gates are recommended. 

For injection molding, barrel temperatures should be in the range of 310 to 400°C, with
mold temperatures of 100 to 170°C.385 In blow molding, the screw type should have a low
compression ratio, 2.0/1 to 2.5/1. Higher compression ratios will generate excessive fric-
tional heat. Mold temperatures of 70 to 95°C with blow air pressures of 0.3 to 0.5 MPa are
generally used. Polysulfone can be extruded into films, pipe, or wire coatings. Extrusion
melt temperatures should be from 315 to 375°C. High-compression-ratio screws should
not be used for extrusion. Polysulfone shows high melt strength, allowing for good draw
down and the manufacture of thin films. Sheets of polysulfone can be thermoformed, with
surface temperatures of 230 to 260°C recommended. Sheets may be bonded by heat seal-
ing, adhesive bonding, solvent fusion, or ultrasonic welding. 

Polysulfone is used in applications requiring good high-temperature resistance such as
coffee carafes, piping, sterilizing equipment, and microwave oven cookware.386 The good
hydrolytic stability of polysulfone is important in these applications. Polysulfone is also
used in electrical applications for connectors, switches, and circuit boards and in reverse
osmosis applications as a membrane support.387

1.5.28 Vinyl-Based Resins

1.5.28.1 Polyvinyl chloride (PVC). Polyvinyl chloride polymers (PVCs), generally
referred to as vinyl resins, are prepared by the polymerization of vinyl chloride in a free
radical addition polymerization reaction. Vinyl chloride monomer is prepared by reacting
ethylene with chlorine to form 1,2-dichloroethane.388 The 1,2 dichloroethane is then
cracked to give vinyl chloride. The polymerization reaction is depicted in Fig. 1.52.

The polymer can be made by suspension, emulsion, solution, or bulk polymerization
methods. Most of the PVC used in calendering, extrusion, and molding is prepared by sus-
pension polymerization. Emulsion polymerized vinyl resins are used in plastisols and or-
ganosols.389 Only a small amount of commercial PVC is prepared by solution
polymerization. The microstructure of PVC is mostly atactic, but a sufficient quantity of
syndiotactic portions of the chain allow for a low fraction of crystallinity (about 5 per-
cent). The polymers are essentially linear, but a low number of short chain branches may
exist.390 The monomers are predominantly arranged head to tail along the backbone of the

Figure 1.51 Structure of polysulfone.

Figure 1.52 Synthesis of polyvinyl chloride.
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chain. Due to the presence of the chlorine group, PVC polymers are more polar than poly-
ethylene. The molecular weights of commercial polymers are Mw = 100,000 to 200,000;
Mn= 45,000 to 64,000.391 Mw/Mn = 2 for these polymers. 

The polymeric PVC is insoluble in the monomer; therefore, bulk polymerization of
PVC is a heterogeneous process.392 Suspension PVC is synthesized by suspension poly-
merization. These are suspended droplets approximately 10 to 100 nm in diameter of vinyl
chloride monomer in water. Suspension polymerizations allow control of particle size,
shape, and size distribution by varying the dispersing agents and stirring rate. Emulsion
polymerization results in much smaller particle sizes than suspension polymerized PVC,
but soaps used in the emulsion polymerization process can affect the electrical and optical
properties.

The glass transition temperature of PVC varies with the polymerization method but
falls within the range of 60 to 80°C.393 PVC is a self-extinguishing polymer and therefore
has application in the field of wire and cable. PVC’s good flame resistance results from re-
moval of HCl from the chain, releasing HCl gas.394 Air is restricted from reaching the
flame, because HCl gas is more dense than air. Because PVC is thermally sensitive, the
thermal history of the polymer must be carefully controlled to avoid decomposition. At
temperatures above 70°C, degradation of PVC by loss of HCl can occur, resulting in the
generation of unsaturation in the backbone of the chain. This is indicated by a change in
the color of the polymer. As degradation proceeds, the polymer changes color from yellow
to brown to black, visually indicating that degradation has occurred. The loss of HCl ac-
celerates the further degradation and is called autocatalytic decomposition. The degrada-
tion can be significant at processing temperatures if the material has not been heat
stabilized, so thermal stabilizers are often added at additional cost to PVC to reduce this
tendency. UV stabilizers are also added to protect the material from ultraviolet light,
which may also cause the loss of HCl.

There are two basic forms of PVC: rigid and plasticized. Rigid PVC, as its name sug-
gests, is an unmodified polymer and exhibits high rigidity.395 Unmodified PVC is stronger
and stiffer than PE and PP. Plasticized PVC is modified by the addition of a low-molecu-
lar-weight species (plasticizer) to flexibilize the polymer.396 Plasticized PVC can be for-
mulated to give products with rubbery behavior.

PVC is often compounded with additives to improve the properties. A wide variety of
applications for PVC exist, because one can tailor the properties by proper selection of ad-
ditives. As mentioned above, one of the principal additives are stabilizers. Lead com-
pounds are often added for this purpose, reacting with the HCl released during
degradation.397 Among the lead compounds commonly used are basic lead carbonate or
white lead and tribasic lead sulfate. Other stabilizers include metal stearates, ricinoleates,
palmitates, and octoates. Of particular importance are the cadmium-barium systems with
synergistic behavior. Organo-tin compounds are also used as stabilizers to give clear com-
pounds. In addition to stabilizers, other additives, such as fillers, lubricants, pigments, and
plasticizers, are used. Fillers are often added to reduce cost and include talc, calcium car-
bonate, and clay.398 These fillers may also impart additional stiffness to the compound.

The addition of plasticizers lowers the Tg of rigid PVC, making it more flexible. A wide
range of products can be manufactured by using different amounts of plasticizer. As the
plasticizer content increases, there is usually an increase in toughness and a decrease in the
modulus and tensile strength.399 Many different compounds can be used to plasticize
PVC, but the solvent must be miscible with the polymer. A compatible plasticizer is con-
sidered a nonvolatile solvent for the polymer. The absorption of solvent may occur auto-
matically at room temperature or may require the addition of slight heat and mixing. PVC
plasticizers are divided into three groups depending on their compatibility with the poly-
mer: primary plasticizers, secondary plasticizers, and extenders. Primary plasticizers are
compatible (have similar solubility parameters) with the polymer and should not exude. If
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the plasticizer and polymer have differences in their solubility parameters, they tend to be
incompatible or have limited compatibility and are called secondary plasticizers. Second-
ary plasticizers are added along with the primary plasticizer to meet a secondary perfor-
mance requirement (cost, low-temperature properties, permanence). The plasticizer can
still be used in mixtures with a primary plasticizer, provided the mixture has a solubility
parameter within the desired range. Extenders are used to lower the cost and are generally
not compatible when used alone. Common plasticizers for PVC include dioctyl phthalate,
di-iso-octyl phthalate, dibutyl phthalate among others.400

The plasticizer is normally added to the PVC before processing. Since the plasticizers
are considered to be solvents for PVC, they will normally be absorbed the polymer with
only a slight rise in temperature.401 This reduces the time the PVC is exposed to high tem-
peratures and potential degradation. In addition, the plasticizer reduces the Tg and Tm ,
thereby lowering the processing temperatures and thermal exposure. Plasticized PVC can
be processed by methods such as extrusion and calendering into a variety of products. 

Rigid PVC can be processed using most conventional processing equipment. Because
HCl can be given off in small amounts during processing, corrosion of metal parts is a
concern. Metal molds, tooling, and screws should be inspected regularly. Corrosion resis-
tant metals and coatings are available but add to the cost of manufacturing. 

Rigid PVC products include house siding, extruded pipe, and thermoformed and injec-
tion molded parts. Rigid PVC is calendered into credit cards. Plasticized PVC is used in
applications such as flexible tubing, floor mats, garden hose, shrink wrap, and bottles.

PVC joints can be solvent welded rather than heated to fuse the two part together. This
can be an advantage when heating the part is not feasible.

1.5.28.2 Chlorinated PVC. Post chlorination of PVC was practiced during World
War II.402 Chlorinated PVC (CPVC) can be prepared by passing chlorine through a solu-
tion of PVC. The chlorine adds to the carbon that does not already have a chlorine atom
present. Commercial materials have chlorine contents around 66 to 67 percent. The mate-
rials have a higher softening point and higher viscosity than PVC. They are known for
good chemical resistance. Compared with PVC, chlorinated PVC has higher modulus and
tensile strength. Compounding processes are similar to those for PVC but are more diffi-
cult.

Chlorinated PVC can be extruded, calendered, or injection molded.403 The extrusion
screw should be chrome plated or stainless steel. Dies should be streamlined. Injection
molds should be chrome or nickel plated or stainless steel. CPVC is used for water distri-
bution piping, industrial chemical liquid piping, outdoor skylight frames, automotive inte-
rior parts, and a variety of other applications.

1.5.28.3 Copolymers. Vinyl chloride can be copolymerized with vinyl acetate, giv-
ing a polymer with a lower softening point and better stability than pure PVC.404 The
compositions can vary from 5 to 40 percent vinyl acetate content. This material has appli-
cation in areas where PVC is too rigid and the use of plasticized PVC is unacceptable.
Flooring is one application for these copolymers. Copolymers with about 10 percent vi-
nylidene chloride and copolymers with 10 to 20 percent diethyl fumarate or diethyl male-
ate are also available.

1.5.28.4 Dispersion PVC. If sufficient quantity of solvent is added to PVC, it can be-
come suspended in the solvent, giving a fluid that can be used in coating applications.405
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This form of PVC is called a plastisol or organisol. PVC in the fluid form can be pro-
cessed by methods such as spread coating, rotational casting, dipping, and spraying. The
parts are then dried with heat to remove any solvent and fuse the polymer. Parts such as
handles for tools and vinyl gloves are produced by this method. 

The plastisol or organisols are prepared from PVC produced through emulsion poly-
merization.406 The latex is then spray dried to form particles from 0.1 to 1 micron. These
particles are then mixed with plasticizers to make plastisols or with plasticizers and other
volatile organic liquids to make organisols. Less plasticizer is required with the organisols,
so harder coatings can be produced. The polymer particles are not dissolved in the liquid
but remain dispersed until the material is heated and fused. Other additives such as stabi-
lizers and fillers may be compounded into the dispersion. 

As plasticizer is added, the mixture goes through different stages as the voids between
the polymer particles are filled.407 Once all the voids between particles have been filled,
the material is considered to be a paste. In these materials, the size of the particle is an im-
portant variable. If the particles are too large, they may settle out, so small particles are
preferred. Very small particles have the disadvantage that the particles will absorb the plas-
ticizer with time, giving a continuous increase in viscosity of the mixture. Paste polymers
have particle sizes in the range of 0.2 to 1.5 µm. Particle size distribution will also affect
the paste. It is usually better to have a wide particle size distribution so that particles can
pack efficiently. This reduces the void space that must be filled by the plasticizer, and any
additional plasticizer will act as lubricant. For a fixed particle/plasticizer ratio, a wide dis-
tribution will generally have lower viscosity than for a constant particle size. In some
cases, very large particles are added to the paste, as they will take up volume, again reduc-
ing the amount of plasticizer required. These particles are made by suspension polymer-
ization. With the mixture of particle sizes, these larger particles will not settle out as they
would if used alone. Plastisols and organisols require the addition of heat to fuse. Temper-
atures in the range of 300 to 410°F are used to form the polymer.

1.5.28.5 Polyvinylidene chloride (PVDC). Polyvinylidene chloride (PVDC) is
similar to PVC except that two chlorine atoms are present on one of the carbon groups.408

Like PVC, PVDC is also polymerized by addition polymerization methods. Both emul-
sion and suspension polymerization methods are used. The reaction is shown below in Fig.
1.53. The emulsion polymers are either used directly as a latex or dried for use in coatings
or melt processing.

This material has excellent barrier properties and is frequently used in food packaging
applications. Films made from PVDC have good cling properties, which is an advantage
for food wraps. Commercial polymers are all copolymers of vinylidene chloride with vi-
nyl chloride, acrylates, or nitriles. Copolymerization of vinylidene chloride with other
monomers reduces the melting point to allow easier processing. Corrosion-resistant mate-
rials should be considered for use when processing PVDC.

1.5.29 Additives

There is a broad range of additives for thermoplastics. Some of the more important addi-
tives include plasticizers, lubricants, anti-aging additives, colorants, flame retardants,

Figure 1.53 Preparation of vinylidene chlo-
ride polymers.
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blowing agents, cross-linking agents, and UV protectants. Fillers are also considered addi-
tives but are covered separately above. 

Plasticizers are considered nonvolatile solvents.409 They act to soften a material by sep-
arating the polymer chains, allowing them to be more flexible. As a result, the plasticized
polymer is softer, with greater extensibility. Plasticizers reduce the melt viscosity and
glass transition temperature of the polymer. For the plasticizer to be a “solvent” for the
polymer, it is necessary for the solubility parameter of the plasticizer to be similar to the
polymer. As a result, the plasticizer must be selected carefully so it is compatible with the
polymer. One of the primary applications of plasticizers is for the modification of PVC. In
this case, the plasticizers are divided into three classes: primary and secondary plasticizers
and extenders.410 Primary plasticizers are compatible, can be used alone, and will not ex-
ude from the polymer. They should have a solubility parameter similar to the polymer.
Secondary plasticizers have limited compatibility and are generally used with a primary
plasticizer. Extenders have limited compatibility and will exude from the polymer if used
alone. They are usually used along with the primary plasticizer. Plasticizers are usually in
the form of high-viscosity liquids. The plasticizer should be capable of withstanding the
high processing temperatures without degradation and discoloration that would adversely
affect the end product. The plasticizer should be capable of withstanding any environmen-
tal conditions that the final product will see. This might include UV exposure, fungal at-
tack, or water. In addition, it is important that the plasticizer show low volatility and
migration so that the properties of the plasticized polymer will remain relatively stable
over time. There is a wide range of plasticizer types. Some typical classes include phthalic
esters, phosphoric esters, fatty acid esters, fatty acid esters, polyesters, hydrocarbons, aro-
matic oils, and alcohols. 

Lubricants are added to thermoplastics to aid in processing. High-molecular-weight
thermoplastics have high viscosity. The addition of lubricants acts to reduce the melt vis-
cosity to minimize machine wear and energy consumption.411 Lubricants may also be
added to prevent friction between molded products. Examples of these types of lubricants
include graphite and molybdenum disulphide.412 Lubricants that function by exuding from
the polymer to the interface between the polymer and machine surface are termed external
lubricants. Their presence at the interface between the polymer and metal walls acts to
ease the processing. They have low compatibility with the polymer and may contain polar
groups so that they have an attraction to metal. Lubricants must be selected based on the
thermoplastic used. Lubricants may cause problems with clarity, ability to heat seal, and
printing on the material. Examples of these lubricants include stearic acid or other carbox-
ylic acids, paraffin oils, and certain alcohols and ketones for PVC. Low-molecular-weight
materials that do not affect the solid properties but act to enhance flow in the melt state are
termed internal lubricants. Internal lubricants for PVC include amine waxes, montan wax
ester derivatives, and long chain esters. Polymeric flow promoters are also examples of in-
ternal lubricants. They have solubility parameters similar to the thermoplastic but lower
viscosity at processing temperatures. They have little effect on the mechanical properties
of the solid polymer. An example is the use of ethylene-vinyl acetate copolymers with
PVC.

Anti-aging additives are incorporated to improve the resistance of the formulation. Ex-
amples of aging include attack by oxygen, ozone, dehydrochlorination, and UV degrada-
tion. Aging often results in changes in the structure of the polymer chain such as cross-
linking, chain scission, addition of polar groups, or the addition of groups that cause dis-
coloration. Additives are used to help prevent these reactions. Antioxidants are added to
the polymer to stop the free radical reactions that occur during oxidation. Antioxidants in-
clude compound such as phenols and amines. Phenols are often used because they have
less of a tendency to stain.413 Peroxide decomposers are also added to improve the aging
properties of thermoplastics. These include mercaptans, sulfonic acids, and zinc dialkylth-
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iophosphate. The presence of metal ions can act to increase the oxidation rate, even in the
presence of antioxidants. Metal deactivators are often added to prevent this from taking
place. Chelating agents are added to complex with the metal ion. 

The absorption of ultraviolet light by a polymer may lead to the production of free rad-
icals. These radicals react with oxygen, resulting in what is termed photodegradation. This
leads to the production of chemical groups that tend to absorb ultraviolet light, increasing
the amount photodegradation. To reduce this effect, UV stabilizers are added. One way to
accomplish UV stabilization is by the addition of UV absorbers such as benzophenones,
salicylates, and carbon black.414 They act to dissipate the energy in a harmless fashion.
Quenching agents react with the activated polymer molecule. Nickel chelates and hindered
amines can be used as quenching agents. Peroxide decomposers may be used to aid in UV
stability. 

In certain applications, flame resistance can be important. In this case, flame retarders
may be added.415 They act by one of four possible mechanisms. They may

1. Act to chemically interfere with the propagation of flame

2. React or decompose to absorb heat

3. Form a fire-resistant coating on the polymer

4. Produce gases that reduce the supply of air

Phosphates are an important class of flame retarders. Tritolyl phosphate and trixylyl phos-
phate are often used in PVC. Halogenated compounds such as chlorinated paraffins may
also be used. Antimony oxide is often used in conjunction to obtain better results. Other
flame retarders include titanium dioxide, zinc oxide, zinc borate, and red phosphorus. As
with other additives, the proper selection of a flame retarder will depend on the particular
thermoplastic.

Colorants are added to produce color in the polymeric part. They are separated into pig-
ments and dyes. Pigments are insoluble in the polymer, while dyes are soluble in the poly-
mer. The particular color desired and the type of polymer will affect the selection of the
colorants.

Blowing agents are added to the polymer to produce a foam or cellular structure.416

They may be chemical blowing agents that decompose at certain temperatures and release
a gas, or they may be low-boiling liquids that become volatile at the processing tempera-
tures. Gases may be introduced into the polymer under pressure and expand when the
polymer is depressurized. Mechanical whipping and the incorporation of hollow glass
spheres can also be used to produce cellular materials.

Peroxides are often added to produce cross-linking in a system. Peroxides can be se-
lected to decompose at a particular temperature for the application. Peroxides can be used
to cross-link saturated polymers.

1.5.30 Polymer Blends

There is considerable interest in polymer blends. This is driven by consideration of the dif-
ficulty in developing new polymeric materials from monomers. In many cases, it can be
more cost-effective to tailor the properties of a material through the blending of existing
materials. One of the most basic questions in blends is whether the two polymers are mis-
cible or exist as a single phase. In many cases, the polymers will exist as two separate
phases. In this case, the morphology of the phases is of great importance. In the case of a
miscible single-phase blend, there is a single Tg, which is dependent on the composition of
the blend.417 Where two phases exist, the blend will exhibit two separate Tg values—one
for each of the phases present. In the case where the polymers can crystallize, the crystal-
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line portions will exhibit a melting point (Tm), even in the case where the two polymers are
a miscible blend. 

Although miscible blends of polymers exist, most blends of high-molecular-weight
polymers exist as two-phase materials. Control of the morphology of these two-phase sys-
tems is critical to achieve the desired properties. A variety of morphologies exist, such as
dispersed spheres of one polymer in another, lamellar structures, and co-continuous
phases. As a result, the properties depend in a complex manner on the types of polymers in
the blend, the morphology of the blend, and the effects of processing, which may orient
the phases by shear. 

Miscible blends of commercial importance include PPO-PS, PVC-nitrile rubber, and
PBT-PET. Miscible blends show a single Tg that is dependent on the ratios of the two com-
ponents in the blend and their respective Tg values. In immiscible blends, the major com-
ponent has a large effect on the final properties of the blend. Immiscible blends include
toughened polymers in which an elastomer is added, existing as a second phase. The addi-
tion of the elastomer phase dramatically improves the toughness of the resulting blend as a
result of the crazing and shear yielding caused by the rubber phase. Examples of toughed
polymers include high-impact polystyrene (HIPS), modified polypropylene, ABS, PVC,
nylon, and others. In addition to toughened polymers, a variety of other two phase blends
are commercially available. Examples include PC-PBT, PVC-ABS, PC-PE, PP-EPDM,
and PC-ABS.

1.6 Processing of Thermoplastics

Processing involves the conversion of the solid polymer into a desirable size and shape.
There are a number of methods to shape the polymer, including injection molding, extru-
sion, thermoforming, blow molding, and rotational molding. The plastic material is heated
to the appropriate temperature for it to flow, and the material is shaped and then cooled to
preserve the desired shape.

1.6.1 Extrusion

Extruders are used to continuously produce rods or sheets; this is the method used to pro-
duce PVC pipes, profiled PVC window moldings, and sheets of all sorts of plastics such as
PC (Lexan) and PMMA (Plexiglass) for applications including storm doors. Extruders
can continuously produce shapes of any cross section and are thus used to manufacture
garden hoses, gutters, floor tiles, sealing strips for car windows and doors, and to coat wire
insulation, among other applications. This method was adapted from metallurgists who
use a similar form of extrusion to process molten aluminum, and it was first adapted in
1845 by Bewley and Brooman to extrude rubber around cable as a coating.418 As a most
basic description, extruders are a machine with a drive system (motor, gearbox, and thrust
bearing), a plasticating unit (with at least one Archimedes-type screw, a barrel, and a tem-
perature control system) and a control cabinet with control devices and the power sup-
ply.419 Figure 1.54 shows a single-screw extruder.420

Plastic pellets are fed into the cavity between the screw and extruder barrel and, as the
screw rotates, the pellets are dragged forward, compressed, heated by conduction through
the barrel walls and through frictional heating, melted, and forced under pressure through
a die that forms the molten plastic. Figure 1.55421 shows a single-screw extruder with
three zones along the screw: a feed or compaction zone, a transition zone, and a metering
zone. This is typical of single-screw design, where the first zone is used to compact the
pellets together and to begin transporting them along the screw channel, the transition
zone starts to compress and melt the pellets, and the metering zone homogenizes the melt
and brings it to its final temperature. The screw channel depth is constant in both the feed
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and metering zones (being deeper in the feed zone) and varies in the transition zone to be-
gin generating pressure and to force the pellets to begin to melt. The length of each zone in
a screw’s design varies according to the type of plastic being processed. For polymers that
melt gradually, such as LDPE, the overall length of the screw is roughly divided into three
even zones, while plastics such as nylon, which have a sharp melting point, may have a
screw designed such that the transition zone only consists of one turn of the screw flight.
Polymers, such as PVC, that are prone to thermal degradation and that melt very gradually
may be processed with a screw whose entire length is composed of a compression zone,
sometimes with the addition of a metering zone. Figure 1.56 shows some common screw
design variations.422 There are many other configurations designed to improve the physi-
cal mixing of the polymer melt as well as homogenization of the temperature and pressure
throughout the melt. These include the addition of mixing pins on the barrel of the screw,
ring barriers, and modified designs that involve very large screw diameters so as to force
molten polymer through a small clearance between the mixing head and the inside of the
barrel wall. Venting may also be required along the length of the barrel to enable entrapped
moisture, air, or other volatiles to escape from the melt.

Typical extruder dimensions include a screw length/diameter ratio of 20 or less for melt
extruders, with standard diameters varying from 20 mm (0.75 in) to 600 mm (24 in). They

Figure 1.54 Single-screw extruder.420

Figure 1.55 The zones of an extruder screw.421
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typically operate at 1 to 2 r/s (60 to 120 r/min) for large extruders and 1 to 5 r/s (60 to 300
r/min) for small extruders.423 Output varies as a function of processing parameters (partic-
ularly screw speed and pressure), the thermal and mechanical properties of the polymer,
and the design and geometry of the screw. A 600-mm diameter single-screw extruder is ca-
pable of delivering 29 metric tons of product an hour, whereas the smallest 20-mm diame-
ter single-screw extruders have a throughput capacity of 5 kg/h.424 Operating pressures as
high as 69 MPa (10,000 lb/in2) are common. 

Intermeshing twin screw extruders also exist; the screws are either co-rotating or
counter-rotating. Co-rotating twin screw extruders are typically used in applications where
mixing and compounding need to be accomplished in addition to the molding of the plas-
tic melt. They are highly capable of dispersing small agglomerates such as carbon black
and can be used, for example, to blend the components of duct tape adhesive as well as
coat the finished adhesive onto the tape backing. Counter-rotating screws impart very little
shear to the polymer and are thus used to extrude shear sensitive materials such as rigid
PVC into pipe profiles, particularly from a powder feedstock.425

Die design is also critical to avoid “dead spots” where the polymer melt can become
stagnant and risk thermal degradation. It is also important that the polymer molecules be
allowed to return to an equilibrium position to the greatest extent possible to minimize the
orientation as a result of flow. Laminar flow is desired, and finite element analysis is used
to design dies that enable laminar flow to the greatest extent. Dies known as coat hanger
dies are used for producing sheets and films. These dies are designed to promote uniform
cross-die melt flow.

Modifications to the extrusion process include coextrusion, where multiple single-
screw extruders can individually feed melt into a sheet die to form a multilayer sheet or
film. This is a common technique for producing multilayer packaging films, where each
layer provides a particular feature. For example, garbage bags are often multilaminate
constructions, as are packaging films where a PVDC layer may be incorporated for mois-
ture or oxygen barrier properties, and HDPE may be used as a less expensive, relatively
strong, outer layer. EVA is a common “bonding layer” between different plastic layers. As
many as eight or more extruders may be used to form highly specialized multilayer films.

Common defects encountered with extrusion include effects associated with the vis-
coelastic nature of plastic melts. As the melt is extruded from the die for example, it may
exhibit shark-skinning, melt fracture, and die swell. Diagrams of these defects are shown
in Fig. 1.57.426 Shark-skinning and melt fracture occur when the stresses being applied to
the plastic melt exceed its tensile strength. Die swell occurs due to the elastic component
of the polymer melt’s response to stress and is the result of the elastic rebound of the poly-
mer as it leaves the constraints of the die channel prior to cooling. 

Figure 1.56 Screw design variations.422
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An extrusion process known as blown film involves passing the plastic melt upward
through an annular die. Hot air is blown into the annulus through a hole in the die mandrel
to increase the diameter of the “tube” of film being formed, while pullers are used to
stretch the film further upward. This biaxial orientation, thinning of the tube of film
through the internal pressurization of the bubble, combined with the thinning of the film as
it is stretched upward, results in a strong, biaxially oriented film. Stretching continues to
the freezing line, at which point the film has cooled off to such an extent as to provide a
high enough modulus to resist further deformation. Crystallization also enables the orien-
tation to be maintained. Figure 1.58427 shows a diagram of the blown film process, where
a pair of collapsing rolls are used to flatten the bubble and allow the film to then be wound
into a master roll for later converting processes such as slitting. The blown film process
can be used to blow multilaminate films when several extruders are used to feed polymer
melt into the annular die.

Figure 1.57 Common defects described from rod dies: (a) shark-skin-
ning, (b) die swell, and (c) melt fracture.426
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1.6.2 Injection Molding

Injection molding is a widely used process to produce parts with variable dimensions. An
injection molding machine consists of the following four components:428

■ Injection unit
■ Control system
■ Drive system
■ Clamping unit

The purpose of the injection unit is to heat and melt the polymer, inject the melt into the
cavity, and apply pressure during the cooling phase. The most common type of injection
molding machine is the reciprocating screw. In this type of machine, the screw rotates to
plasticize the polymer, moving backward to deposit a volume of polymer melt ahead of
the screw (shot). Once the correct shot size has been built, the screw then moves forward
to inject the melt into the mold. Injection molding is a discontinuous process, and the
clamping unit allows for the mold to open and close for part removal and to provide pres-
sure as the cavity is filled. This is depicted in Fig. 1.59.

The purpose of an injection mold is to give the shape of the part (cavity), distribute the
polymer melt to the cavities through a runner system, cool the part, and eject the part. Dur-
ing the injection molding cycle, the polymer flows from the nozzle on the injection unit
through the sprue, then to the runners, which distribute the melt to each of the cavities.
The entrance to the cavity is called the gate and is usually small so that the runner system
can be easily removed from the part. A typical feed system for injection molding is shown
in Fig. 1.60. Figure 1.61 depicts a number of gate configurations. Molding conditions for a
wide variety of thermoplastics are given in Table 1.14.

The molding process itself can have a large influence on the final properties of the part.
The polymer chains undergo orientation in the flow direction during the mold-filling phase
of the injection cycle as shown in Fig. 1.62. The amount of orientation in the final part de-
pends on how much orientation was induced during filling minus the amount that was re-

Figure 1.58 Blown film process.427
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moved through molecular relaxation.429 This is particularly true of the surface of the part,
where hot material reaches the cool walls of the mold with rapid solidification, coupled
with the highest shear and induced orientation at the mold surface. Orientation can result
in parts with anisotropic properties and should be accounted for during part design. Me-
chanical properties are thus typically higher in the direction of orientation.430

For semicrystalline polymers, the injection molding process parameters can have a large
impact on the degree of crystallinity. As the cooling rate increases, the degree of crystallin-
ity will decrease.431 Cooling rate effects can cause a gradient of crystallinity across the
thickness of a part, where interior portions of the part may have higher crystallinity due to
their slower cooling rates compared to the surface. The crystalline morphology will also be
influenced by the cooling behavior. Slower cooling rates result in larger spherulites, while
more rapid cooling rates result in a larger number of smaller spherulites.432

A number of specialized injection molding processes also exist and are outlined below.

Figure 1.59 Injection molding.461

Figure 1.60 Injection molding feed system.462
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1.6.2.1 Injection-compression molding. Injection-compression molding refers to
the process whereby the cavity is not completely filled during injection of the resin.428 In
this process, the resin is injected while the mold is slightly open. The two halves of the
mold then close, distributing the resin and filling the cavity. This process is useful for
products that require high surface replication, such as compact discs or optical parts. Thin-
walled parts can also be molded by this process, as the pressure losses are reduced, and
there is less risk of premature resin solidification. Figure 1.63 illustrates this process.

Figure 1.61 Injection molding gate types.463

Figure 1.62 Orientation of polymer chains dur-
ing injection molding.
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1.6.2.2 Lost-core process. Products that are hollow or contain complex undercuts
can be fabricated using the lost core process as illustrated in Fig. 1.64. Core materials are
typically low-melting alloys (around 150°C) that are removed by heating the part. Before
each molding cycle, a core is inserted into the mold, and the part is injection molded. The
core is ejected with the part and then melted, resulting in the finished product. It is impor-
tant that the core material melt at temperatures low enough that the plastic material is not
affected by the heating cycle. Air manifolds for automotive and pump parts are often fabri-
cated using this method. 

1.6.2.3 Gas-assisted injection molding. In gas-assisted injection molding, the
mold is partially filled with polymer, followed by a gas, which presses the polymer out to
the surface of the mold, resulting in a hollow part. This process can be used for producing
lighter weight parts, often with reduced cycle times as a result of less material to cool.

Figure 1.63 Injection compression process.464

Figure 1.64 Lost-core injection molding process.465
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Thick-walled parts can be produced with fewer surface imperfections, such as sink marks,
but equipment costs will be higher. Figure 1.65 shows the gas-assist injection molding
method.

1.6.2.4 Coinjection molding. Coinjection molding refers to a process whereby two
materials are injected into the same cavity.428 The first material is injected into the cavity
and then followed by the second material as depicted in Fig. 1.66. In this process, the first
material goes to the outside of the mold and forms the skin, and the second material forms

TABLE 1.14 Injection Molding Guidelines for Unfilled Materials457

Material
Melt temp. 
range, °C

Mold temp.
range, °C

Drying temp., 
°C

Drying times,
hr

ASA

ABS

BDS

CA/CAB/CAP

FEP

HIPS/TPS

PA6

PA66

PA11/PA12

PBT

PC

PEBA

PEEL

PEEK

PE-HD

PE-LD

PE-LLD

PES

PET/PETP

PMMA

POM-H

POM-CO

PPO-M

PPS

PP

GPPS

PSU

PVDF

SAN

TPU/PUR

UPVC

PPVC

EVA

250–265

220–260

190–230

160–230

300–380

200–270

230–280

260–290

240–300

220–260

280–320

185–220

195–255

360–380

205–280

180–280

160–280

350–380

365–295

210–270

190–215

175–220

260–300

300–360

220–275

200–250

350–380

180–300

200–270

180–230

185–205

175–200

140–225

40–80

60–90

10–60

40–80

200–240

10–80

60–90

20–100

30–100

20–110

80–120

20–40

10–70

160–170

10–60

10–60

10–60

140–160

120–140

60–90

40–120

40–120

60–110

135–160

30–80

10–80

100–150

30–120

40–80

15–70

30–60

30–50

15–40

80–85

80–85

60

55–85

150

65–70

80–105

85–105

85

120–150

120

70–80

90–120

150

65

65

65

135–150

135–165

75

110

110

100

150

80

70

135–150

80

70–75

80

65

65

50–60

2–4

2–4

1

3–4

2–4

3–4

12–16

5–12

3– 5

2.5–5.5

2– 4

2–6

10

3

3

3

3

3–4

2–4

2–4

2–3

2–3

2

3–6

2–3

2–3

3–4

2–4

3–4

3

2–3

2

8
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the interior of the part. This is often referred to as sandwich molding. Materials may be in-
jected either sequentially or simultaneously. Applications include the use of an expensive
outer layer and a cheaper core material or with fiber reinforced materials, where a skin ma-
terial is used for improved surface quality. 

1.6.2.5 Two-shot injection molding. Two-shot or overmolding refers to a process
wherein either different colors or different materials are molded into one part. In this pro-
cess, the first material or color is injected, then the mold is rotated, and the second shot is
injected as depicted in Fig. 1.67. An alternative method is to use a retractable core.468 In
this case, the first material is injected and cooled to solidify, and then the core is retracted
to allow injection of the second material as shown in Fig. 1.68. Bonding is accomplished
through either strictly mechanical means or by adhesion between the two components
through diffusion of the chains. This can result in parts with two combined materials with-
out the need for an additional adhesive bonding step.433 In the case in which direct adhe-
sion of the materials is desired, proper selection of compatible materials is required. Table

Figure 1.65 Gas-assist injection molding.466

Figure 1.66 Coinjection molding.467
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1.15 shows the bonding strength for a number of thermoplastic combinations for use in
multicomponent injection molding.

1.6.3 Thermoforming 

Thermoforming is the heating of a thermoplastic sheet until it is soft and stretchable, and
then forcing the hot sheet against the contours of a mold using mechanical force (plug as-
sist), vacuum, pressure, or a combination of all three. After cooling, the plastic sheet re-
tains the mold’s shape and detail.434 Thermoforming is still a rapidly growing processing
method because of the range of products that can be formed and the relatively low cost of
required tooling and equipment.435 Thermoformed products include dinnerware, cups, au-
tomotive parts, egg cartons, and blister packaging.436

There are a wide variety of processes for thermoforming. One-step processes include437

■ Drape forming
■ Vacuum forming
■ Pressure forming

Figure 1.67 Two-shot molding with rotating mold.468

Figure 1.68 Two-shot injection molding with retractable core.468
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■ Free blowing
■ Matched die molding

Drape forming, as shown in Fig. 1.69, involves the either lowering the heated sheet
onto a male mold or raising the mold into the sheet. Usually, either vacuum or pressure is
used to force the sheet against the mold. In vacuum forming (Fig. 1.70), the sheet is
clamped to the edges of a female mold, then vacuum is applied to force the sheet against
the mold. Pressure forming is similar to vacuum forming, except that air pressure is used
to form the part (Fig. 1.71). In free blowing, the heated sheet is stretched by air pressure
into shape, and the height of the bubble is controlled using air pressure. As the sheet ex-
pands outward, it cools into a free-form shape as shown in Fig. 1.72. This method was
originally developed for aircraft gun enclosures. Matched die molding (Fig. 1.73) uses

Figure 1.69 Drape forming process.469

Figure 1.70 Vacuum forming process.469
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two mold halves to form the heated sheet. This method is often used to form relatively
stiff sheets.

Multi-step forming is used in applications for thicker sheets or complex geometries
with deep draw. In this type of thermoforming, the first step involves prestretching the
sheet by techniques such as billowing or plug assist. After prestretching, the sheet is
pressed against the mold. Multi-step forming includes438

■ Billow drape forming
■ Billow vacuum forming
■ Vacuum snap-back forming
■ Plug assist vacuum forming
■ Plug assist pressure forming
■ Plug assist drape forming

Billow drape forming consists of a male mold pressed into a sheet prestretched by the
billowing process (Fig. 1.74). A similar process is billow vacuum forming, wherein a fe-
male mold is used (Fig. 1.75). In vacuum snap-back forming, vacuum is used to prestretch
the sheet, then a male mold is pressed into the sheet, and, finally, pressure is used to force

Figure 1.71 Pressure forming.470

Figure 1.72 Free-blowing process.470
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the sheet against the mold as seen in Fig. 1.76. In plug assist, a plug of material is used to
prestretch the sheet. Either vacuum or pressure is then used to force the sheet against the
walls of the mold as shown in Figs. 1.77 and 1.78. Plug assist drape forming is used to
force a sheet into undercuts or corners (Fig. 1.79). The advantage of prestretching the
sheet is more uniform wall thickness.

Materials suitable for thermoforming must be compliant enough to allow for forming
against the mold yet not produce excessive flow or sag while being heated.439 Amorphous
materials generally exhibit a wider process window than semicrystalline materials. Pro-
cessing temperatures are typically 30 to 60°C above Tg for amorphous materials, and usu-
ally just above Tm in the case of semicrystalline polymers.440 Amorphous materials that
are thermoformed include PS, ABS, PVC, PMMA, PETP, and PC. Semicrystalline materi-
als that can be successfully thermoformed include PE and nucleated PETP. Nylons typi-
cally do not have sufficient melt strength to be thermoformed. Table 1.16 shows
processing temperatures for thermoforming a number of thermoplastics. 

1.6.4 Blow Molding

Blow molding is a technique for forming nearly hollow articles and is very commonly
practiced in the formation of PET soft-drink bottles. It is also used to make air ducts, surf-
boards, suitcase halves, and automobile gasoline tanks.441 Blow molding involves taking a
parison (a tubular profile) and expanding it against the walls of a mold by inserting pres-
surized air into it. The mold is machined to have the negative contour of the final desired
finished part. The mold, typically a mold split into two halves, then opens after the part has
cooled to the extent that the dimensions are stable, and the bottle is ejected. Molds are

Figure 1.73 Matched die thermoforming.471
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Figure 1.74 Billow drape forming.472

Figure 1.75 Billow vacuum process.473
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commonly made out of aluminum, as molding pressures are relatively low, and aluminum
has high thermal conductivity to promote rapid cooling of the part. The parison can either
be made continuously with an extruder or it can be injection molded; the method of pari-
son production governs whether the process is called extrusion blow molding or injection
blow molding. Figure 1.80 shows both the extrusion and injection blow molding pro-
cesses.442 Extrusion blow molding is often done with a rotary table so that the parison is
extruded into a two-plate open mold; the mold closes as the table rotates another mold un-
der the extruder’s die. The closing of the mold cuts off the parison and leaves the charac-
teristic weld-line on the bottom of many bottles as evidence of the pinch-off. Air is then
blown into the parison to expand it to fit the mold configuration, and the part is then cooled
and ejected before the position rotates back under the die to begin the process again. The

Figure 1.76 Vacuum snap-back process.473

Figure 1.77 Plug assist vacuum forming.474
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blowing operation imparts radial and longitudinal orientation to the plastic melt, strength-
ening it through biaxial orientation. A container featuring this biaxial orientation is more
optically clear, has increased mechanical properties, and has reduced permeability, which
is important in maintaining carbonation in soft drinks.

Injection blow molding has very similar treatment of the parison, but the parison itself
is injection molded rather than extruded continuously. There is evidence of the gate on the
bottom of the bottles rather than having a weld line where the parison was cut off. The par-
ison can be blown directly after molding while it is still hot, or it can be stored and re-
heated for the secondary blowing operation. An advantage of injection blow molding is
that the parison can be molded to have finished threads. Cooling time is the largest part of
this cycle and is the rate-limiting step. HDPE, LDPE, PP, PVC, and PET are commonly
used in blow molding operations.

1.6.5 Rotational Molding

Rotational molding, also known as rotomolding or centrifugal casting, involves filling a
mold cavity, generally with powder, and rotating the entire heated mold along two axes to
uniformly distribute the plastic along the mold walls. This method is commonly used for

Figure 1.78 Plug assist pressure forming.475
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making hollow parts, like blow molding, but is used either when the parts are very large
(as in the case of kayaks, outdoor portable toilets, phone booths, and large chemical stor-
age drums) or when the part requires very low residual stresses. Also, rotomolding is well
suited, as compared with blow molding, if the desired part design is complex or requires
uniform wall thicknesses. Part walls produced by this method are very uniform as long as
neither of the rotational axes corresponds to the centroid of the part design. The rotomold-
ing operation imparts no shear stresses to the plastic, and the resultant molded article is
therefore less prone to stress cracking, environmental attack, or premature failures along
stress lines. Molded parts also are free of seams. Figure 1.81 shows a diagram of a typical
rotational molding process.443

This is a relatively low-cost method, as molds are inexpensive, and energy costs are
low, thus making it suitable for short-run products. The drawback is that the required heat-
ing and cooling times are long, and therefore the cycle time is correspondingly long. High
melt flow index PEs are often used in this process.

1.6.6 Foaming

The act of foaming a plastic material results in products with a wide range of densities.
These materials are often termed cellular plastics. Cellular plastics can exist in two basic
structures: closed-cell or open-cell. Closed-cell materials have individual voids or cells
that are completely enclosed by plastics, and gas transport takes place by diffusion
through the cell walls. In contrast, open-cell foams have cells that are interconnected, and
fluids may pass easily between the cells. The two structures may exist together in a mate-
rial so that it may be a combination of open and closed cells.

Blowing agents are used to produce foams, and they can be classified as either physical
or chemical. Physical blowing agents include

■ Incorporation of glass or resin beads (syntactic foams)
■ Inclusion of an inert gas, such as nitrogen or carbon dioxide, into the polymer at high

pressure, which expands when the pressure is reduced
■ Addition of low-boiling liquids, which volatilize on heating, forming gas bubbles when

pressure is released

Figure 1.79 Plug assist drape forming.475
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Chemical blowing agents include

■ Addition of compounds that decompose over a suitable temperature range with the evo-
lution of gas

■ Chemical reaction between components

The major types of chemical blowing agents include the azo compounds, hydrazine de-
rivatives, semicarbazides, tetrazoles, and benzoxazines.444 Table 1.17 shows some of the
common blowing agents, their decomposition temperature, and primary uses.

A wide range of thermoplastics can be converted into foams. Some of the most com-
mon materials include polyurethanes, polystyrene, and polyethylene. Polyurethanes are a
popular and versatile material for the production of foams and may be foamed by either
physical or chemical methods. In the physical reaction, an inert low-boiling chemical is

Figure 1.80 Extrusion and injection blow molding processes.442
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added to the mixture, which volatilizes as a result of the heat produced from the exother-
mic chemical reaction to produce the polyurethane (reaction of isocyanate and diol).
Chemical foaming can be done through the reaction of the isocyanate groups with water to
produce carbamic acid, which decomposes to an amine and carbon dioxide gas.445

Rigid polyurethane foams can be formed by pour, spray, and froth.446 Liquid polyure-
thane is poured into a cavity and allowed to expand in the pour process. In the spray
method, heated two-component spray guns are used to apply the foam. This method is
suitable for application in the field. The froth technique is similar to the pour technique,
except that the polyurethane is partially expanded before molding. A two-step expansion is
used for this method using a low-boiling agent for preparation of the froth and a second
higher-boiling agent for expansion once the mold is filled.

Polyurethane foams can also be produced by reaction injection molding or RIM.447

This process combines low-molecular-weight isocyanate and polyol, which are accurately
metered into the mixing chamber and then injected into the mold. The resulting structure
consists of a solid skin and a foamed core.

Polystyrene foams are typically considered either as extruded or expanded bead.448 Ex-
truded polystyrene foam is produced by extrusion of polystyrene containing a blowing
agent and allowing the material to expand into a closed cell foam. This product is used ex-
tensively as thermal insulation. Molded expanded polystyrene is produced by exposing
polystyrene beads containing a blowing agent to heat.449 If the shape is to be used as
loose-fill packaging, then no further processing steps are needed. If a part is to be made,
the beads are then fused in a heated mold to shape the part. Bead polystyrene foam is used
in thermal insulation applications, flotation devices, and insulated hot and cold drink cups. 

Polyethylene foams are produced using chemical blowing agents and are typically
closed cell foams.450 Cellular polyethylene offers advantages over solid polyethylene in
terms of reduced weight and lower dielectric constant. As a result, these materials find ap-
plication in electrical insulation markets. Polyethylene foams are also used in cushioning
applications to protect products during shipping and handling.

Figure 1.81 The rotational molding process.443
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Chapter

2
Thermosets, Reinforced Plastics,

and Composites

Ralph E. Wright
R. E. Wright Associates

Yarmouth, Maine

2.1 Resins

One definition of resin is “any class of solid, semi-solid, or liquid organic material, gener-
ally the product of natural or synthetic origin with a high molecular weight and with no
melting point.” The 10 basic thermosetting resins all possess a commonality in that they
will, upon exposure to elevated temperature from ambient to upward of 450°F, undergo an
irreversible chemical reaction often referred to as polymerization or cure. Each family
member has its own set of individual chemical characteristics based on its molecular
makeup and its ability to either homopolymerize, copolymerize, or both.

This transformation process represents the line of demarcation separating the thermo-
sets from the thermoplastic polymers. Crystalline thermoplastic polymers are capable of a
degree of crystalline cross-linking, but there is little, if any, of the chemical cross-linking
that occurs during the thermosetting reaction. The important beneficial factor here lies in
the inherent enhancement of thermoset resins in their physical, electrical, thermal, and
chemical properties due to that chemical cross-linking polymerization reaction which, in
turn, also contributes to their ability to maintain and retain these enhanced properties when
exposed to severe environmental conditions.

2.2 Thermosetting Resin Family

2.2.1 AIlyls: Diallyl ortho phthalate (DAP) and Diallyl iso phthalate (DAIP)

2.2.1.1 Chemical characteristics.1 The most broadly used allyl resins are prepared
from the prepolymers of either DAP or DAIP, which have been condensed from dibasic
acids. The diallyl phthalate monomer is an ester produced by the esterification process in-

Source: Handbook of Plastics, Elastomers, and Composites
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volving a reaction between a dibasic acid (phthalic anhydride) and an alcohol (allyl alco-
hol), which yields the DAP ortho monomer, as shown in Fig. 2.1. Similar reactions with
dibasic acids will yield the DAIP (iso) prepolymer. Both prepolymers are white, free-flow-
ing powders and are relatively stable whether catalyzed or not, with the DAP being more
stable and showing negligible change after storage of several years in temperatures up to
90°C.

The monomer is capable of cross-linking and will polymerize in the presence of certain
peroxide catalysts such as

■ Dicumyl peroxide (DICUP)
■ t-Butyl perbenzoate (TBP)
■ t-Butylperoxyisopropyl carbonate (TBIC)

Figure 2.1 Structural formula for allylic resins.
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2.2.2 Aminos: Urea and Melamine

2.2.2.1 Chemical characteristics.2 Both resins will react with formaldehyde to
initiate and form monomeric addition products. Six molecules of formaldehyde added to
one single molecule of melamine will form hexamethylol melamine, whereas a single
molecule of urea will combine with two molecules of formaldehyde to form dimethy-
lolurea. If carried on further, these condensation reactions produce an infusible polymer
network. The urea/formaldehyde and melamine/formaldehyde reactions are illustrated in
Fig. 2.2.

Figure 2.2 Structural formula for amino resins. (Source: Charles A. Harper, Handbook of Plastics,
Elastomers, and Composites, 3d ed., McGraw-Hill, New York, 1996, p. 1.29)
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2.2.3 Bismaleimides (BMIs)

2.2.3.1 Chemical characteristics.3 The bismaleimides (BMIs) are generally pre-
pared by the condensation reaction of a diamine with maleic anhydride. A typical BMI
based on methylene dianiline (MDA) is illustrated in Fig. 2.3.

2.2.4 Epoxies

2.2.4.1 Chemical characteristics.4 Epoxy resins are a group of cross-linking poly-
mers and are sometimes known as the oxirane group, which is reactive toward a broad
range of curing agents. The curing reactions convert the low-molecular-weight resins into
three-dimensional thermoset structures exhibiting valuable properties. The standard epoxy
resins used in molding compounds meeting Mil-M-24325 (ships) are based on bisphenol
A and epichiorohydrin as raw materials with anhydride catalysts, as illustrated in Fig. 2.4.
The low-pressure encapsulation compounds consist of an epoxy-novolac resin system us-
ing amine catalysts.

2.2.5 Phenolics: Resoles and Novolacs

2.2.5.1 Chemical characteristics.5 Phenol and formaldehyde, when reacted to-
gether, will produce condensation products when there are free positions on the benzene
ring—ortho and para to the hydroxyl group. Formaldehyde is by far the most reactive and
is used almost exclusively in commercial applications. The product is greatly dependent
upon the type of catalyst and the mole ratio of the reactants. Although there are four major
reactions in the phenolic resin chemistry, the resole (single stage) and the novolac (two
stage) are the two primarily used in the manufacture of phenolic molding compounds.

Novolacs (two-stage). In the presence of acid catalysts, and with a mole ratio of
formaldehyde to phenol of less than 1, the methylol derivatives condense with phenol to
form, first, dihydroxydiphenyl methane, as shown in Fig. 2.5. On further condensation and
with methyl bridge formation, fusible and soluble linear low polymers called novolacs are
formed with the structure where the ortho and para links occur at random, as shown in
Fig. 2.6.

The novolac (two-stage) resins are made with an acid catalyst, and only part of the nec-
essary formaldehyde is added to the reaction kettle, producing a mole ratio of about 0.81.
The rest is added later: a hexamethylenetetramine (hexa), which decomposes in the final

Figure 2.3 Structural formulas for bismaleimide
resins. (From Plastics Handbook, Modern Plastics
Magazine, McGraw-Hill, New York, 1994, p. 76)
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curing step, with heat and moisture present, to yield formaldehyde and ammonia, which
act as the catalyst for curing.

Resole (single-stage). In the presence of alkaline catalysts and with more formalde-
hyde, the methylol phenols can condense either through methylene linkages or through
ether linkages. In the latter case, subsequent loss of formaldehyde may occur with methyl-
ene bridge formation. Products of this type, soluble and fusible but containing alcohol
groups, are called resoles and are shown in Fig. 2.7. If the reactions leading to their forma-

Figure 2.4 Structural formulas for epoxy resins.

Figure 2.5 Structural formulas for single-stage phenolic resins.

Figure 2.6 Structural formulas for single-stage novolac phenolic resins.
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tion are carried further, large numbers of phenol nuclei can condense to give a network
formation.

In the production of a single-stage phenolic resin, all the necessary reactants for the fi-
nal polymer (phenol, formaldehyde, and catalyst) are charged into the resin kettle and re-
acted together. The ratio of formaldehyde to phenol is about 1.25:1, and an alkaline
catalyst is used. Resole resin-based molding compounds will not outgas ammonia during
the molding process as do the novolac compounds, with the result that the resole com-
pounds are used for applications where their lack of outgassing is most beneficial and, in
same cases, essential. The chief drawback lies in their sensitivity to temperatures in excess
of 45°F (7.2°C). This makes it imperative to produce these compounds in air-conditioned
rooms and to store the finished goods in similar conditions in sealed containers.

The novolac (two-stage) resin based compounds are the most widely used despite the
ammonia outgassing, which can be controlled through proper mold venting. They have an
outstanding property profile, can be readily molded in all thermosetting molding tech-
niques, and are among the least costly compounds available. Their chief drawback has
been their limited color range, but that has been improved with the advent of phenolic-
melamine alloying.

2.2.6 Polyesters (Thermosetting)

2.2.6.1 Chemical characteristics.6 Thermosetting polyesters can be produced
from phthalic or maleic anhydrides and polyfunctional alcohols with catalyzation
achieved by the use of free radical-producing peroxides. The chemical linkages shown in
Fig. 2.8 will form a rigid, cross-linked, thermosetting molecular structure. Thermosetting
polyesters are derived from the condensation effects of combining an unsaturated dibasic
acid (maleic anhydride with a glycol (propylene glycol, ethylene glycol, and dipropylene
glycol). When utilized as a molding compound, the unsaturated polyester resin is dis-

Figure 2.7 Structural formula for two-stage resole phenolic resin.
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solved in a cross-linking monomer (styrene) with the addition of an inhibitor (hydro-
quinone) to prevent the cross-linking until the compound is ready for use in the molding
process. The compounds are further enhanced with additives, such as chiorendic anhy-
dride for flame retardance, isophthalic acid for chemical resistance, and neopentyl glycol
for weathering resistance.

The compounder uses the free radical addition to polymerize the resin. The catalyst (or-
ganic peroxide) becomes the source for the free radicals, and with elevated temperature
the heat decomposes the peroxide, producing free radicals. Peroxyesters and benzoyl per-
oxide are the organic peroxides primarily used at elevated temperatures.

2.2.7 Polyimides (Thermosetting)

2.2.7.1 Chemical characteristics.7 Polyimides are heterocyclic polymers with a
noncarbon atom of nitrogen in one of the rings in the molecular chains, as shown in Fig. 2.9.

Figure 2.8 Simplified diagrams showing how cross-linking reactions produce polyester resin
(styrene-polyester copolymer) from basic chemicals. (Source: Charles A. Harper, Handbook of
Plastics, Elastomers, and Composites, 3d ed., McGraw-Hill, New York, 1996, p. 1.3)
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The fused rings provide chain stiffness essential to high-temperature strength retention. The
low concentration of hydrogen provides oxidation resistance by preventing thermal degrada-
tive fracture of the chain.

Poly(amide-imide) resins contain aromatic rings and the characteristic nitrogen link-
ages, as shown in Fig. 2.10. There are two basic types of polyimides:

1. Condensation resin is based upon a reaction of an aromatic diamine with an aromatic
dianhydride, producing a fusible polyamic acid intermediate which is converted by
heat to an insoluble and infusible polyimide, with water being given off during the
cure.

2. Addition resins are based on short, preimidized polymer chain segments similar to
those comprising condensation polyimides. The prepolymer chains, which have unsat-
urated aliphatic end groups, are capped by termini which polymerize thermally with-
out the loss of volatiles.

While condensation polyimides are available as both thermosetting and thermoplastic, the
addition polyimides are available only as thermosets.

2.2.8 Polyurethanes

2.2.8.1 Chemical characteristics.8 The true foundation of the polyurethane indus-
try is the isocyanate, an organic functional group that is capable of an enormously diverse

Figure 2.9 Structural formula for polyimide
resin. (Source: Charles A. Harper, Handbook of
Plastics, Elastomers, and Composites, 3d ed.,
McGraw-Hill, New York, 1996, p. 1.63)

Figure 2.10 Structural formulas for poly(amide-
imide) resin. (Source: Charles A. Harper, Hand-
book of Plastics, Elastomers, and Composites, 3d
ed., McGraw-Hill, New York, 1996, p. 1.64)
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range of chemical reactions. The reactions of isocyanates fall into two broad categories,
with the most important category being the reactions involving active hydrogens. This cat-
egory of reactions requires at least one co-reagent containing one or more hydrogens that
are potentially exchangeable under conditions of reaction. The familiar reaction of isocy-
anates with polyols, to form polycarbamates, is of the “active hydrogen” type. The active
groups are, in this case, the hydroxyl groups on the polyol. Nonactive hydrogen reactions
constitute the second broad category, including cycloaddition reactions and linear poly-
merizations (which may or may not involve co-reagents).

The diversity of isocyanate chemistry, combined with the availability of selective cat-
alysts, has made it possible to “select” reactions that “fit” desired modes and rates of
processing. Table 2.1 lists some of the known polymer-forming reactions of the isocyan-
ates.

2.2.9 Silicones

2.2.9.1 Chemical characteristics.9 The silicone family consists of three forms, as
shown in Fig. 2.11 and described below:

Figure 2.11 Fluids, resins, and elastomers. Silicone fluids are linear chains where molecular weight
determines viscosity; silicone resins are branched polymers and thus glass-like solids; and silicone
elastomers are composed of long, linear polysiloxane chains reinforced with an inorganic filler and
cross-linked. (From Plastics Handbook, Modern Plastics Magazine, McGraw-Hill, New York, 1994, p.
86)

Thermosets, Reinforced Plastics, and Composites

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



118 Chapter Two

Thermosets, Reinforced Plastics, and Composites

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Thermosets, Reinforced Plastics, and Composites 119

Fluids. The fluids are linear chains of dimethyl siloxane whose molecular weights de-
termine their viscosity. They are supplied as both neat fluids and as water emulsions,
and as nonreactive and reactive fluids.

Resins. The resins are highly branched polymers that cure to solids. They resemble
glass but are somewhat softer and usually soluble in solvent until cured. Their degree of
hardness when cured depends on the extent of cross-linking.

Elastomers. The elastomers are prepared from linear silicone oils or gums and rein-
forced with a filler and then vulcanized (cured or cross-linked). The base resin for sili-
cone molding compounds are the result of reacting silicone monomer with
methylchloride to produce methyl chlorosilane:

Si + RCl (catalyst/heat) → RSiCl

2.3 Resin Characteristics

1. A stage. Resin is still soluble in certain liquids and still fusible.

2. B stage. An intermediate stage in the reaction process when the material softens with
heat and swells in contact with certain liquids but does not entirely fuse or dissolve.

3. C stage. Final stage of the reaction when the resin becomes completely and solidly
cured and is relatively insoluble and infusible.

2.4 Resin Forms

1. Liquid. Naked for coatings.

2. Liquid. Catalyzed for castings, foundry resins, and encapsulation.

3. Liquid. In molding compounds.

4. Solid. Flakes, granules, powders in molding compounds, and/or foundry resins.

Thermosets, Reinforced Plastics, and Composites

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



120 Chapter Two

2.5 Liquid Resin Processes10

2.5.1 Potting Process

The processing of liquid potting compounds commences with dispersing curing agents
and other ingredients with a simple propeller mixer, producing potting compounds capable
of a variety of properties achieved by changes in formulations to gain stiffness, color,
strength, and electrical properties meeting specific needs and applications. The liquid pot-
ting compound is poured into a receptacle or jacket where the compound cures in place,
either with added heat or at ambient temperature. The receptacle or jacket remains as the
permanent outer skin of the final product. Proper compounding can produce articles with
negligible shrinkage and optical clarity along with a minimum of internal stress. Part and
mold design, coupled with the proper placement of the reinforcement, are calculated with
sophisticated computer software.

2.5.2 Potting Resin Selection

Tables 2.2 through 2.5 provide helpful information for guidance in the selection process
for potting resins.

2.5.3 Casting Process

The process for casting fluid monomeric resin compounds involves pouring the premixed
compound into a stationary mold (metal or glass) and then allowing the compound to cure
at ambient or elevated temperatures. The mold may contain objects that will have been
prepositioned in the mold and they become embedded by the resin as it cures. This tech-
nique can be done with minimal equipment and delicate inserts can he embedded, or they
can he introduced into the compound prior to the curing stage. The chief disadvantages are
that high-viscosity resins are difficult to handle and the occurrence of voids or bubbles can
present problems.

2.5.3.1 Cast epoxies. Cast epoxy resins have proven to be very popular in a wide va-
riety of applications because of their versatility, excellent adhesion, low cure shrinkage,
good electrical properties, compatibility with many other materials, resistance to weather-
ing and chemicals, dependability, and ability to cure under adverse conditions. Some of
their application fields are adhesives, coatings, castings, pottings, building construction,
chemical resistant equipment, and marine applications. The most widely used epoxy res-
ins in the casting field are the epi-bis and cycloaliphatic epoxies. Table 2.6 lists the proper-
ties of typical cured epi-bis resins with a variety of curing agents, and Table 2.7 provides
information on the properties of blends of cycloaliphatic epoxy resins.

Novolac epoxy resins, phenolic or cresol novolacs, are reacted with epichiorohydrin to
produce these novolac epoxy resins which cure more rapidly than the epi-bis epoxies and
have higher exotherms. These cured novolacs have higher heat-deflection temperatures
than the epi-bis resins as shown in Table 2.8. The novolacs also have excellent resistance
to solvents and chemicals when compared with that of an epi-bis resin as seen in Table 2.9.

2.5.3.2 Cast polyesters. General purpose polyester, when blended with a monomer
such as polystyrene and then cured, will produce rigid, rapidly curing transparent castings
exhibiting the properties shown in Table 2.10. Other monomers, in conjunction with poly-
styrene, such as alpha methyl styrene, methyl methacrylate, vinyl toluene, diallyl phtha-
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late, triallyl cyanurate, divinyl benzene, and chlorostyrene, can be blended to achieve
specific property enhancements. The reactivity of the polyester used, as well as the config-
uration of the product, affect the choice of systems.

Flexible polyester resins are available that are tougher and slower curing and produce
lower exotherms and less cure shrinkage. They absorb more water and are more easily
scratched but show more abrasion resistance than the rigid type. Their property profile is
shown in Table 2.11. The two types, rigid and flexible, can be blended to produce interme-
diate properties, as shown in Table 2.12.

2.5.3.3 Cast polyurethanes. Polyurethanes are reaction products of an isocyanate, a
polyol, and a curing agent. Because of the hazards involved in handling free isocyanate,
prepolymers of the isocyanate and the polyol are generally used.
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The choice of curing agent influences the curing characteristics and final properties. Di-
amines are the best general-purpose curing agent, as shown by Table 2.13. The highest
physical properties are produced using MOCA 4,4-methyl-bis (2chloroaniline). The other
major class of curing agents, the polyols, are more convenient to use, but the final products
have lower physical properties. By providing good abrasion resistance and a low coeffi-
cient of friction, polyurethanes find application in roller coatings and press pads as well as
gaskets, casting molds, timing belts, wear strips, liners, and heels and soles.

2.5.3.4 Cast phenolics. Phenolic casting resins are available as syrupy liquids pro-
duced in huge kettles by the condensation of formaldehyde and phenol at high temperature
in the presence of a catalyst and the removal of excess moisture by vacuum distillation.
These resins, when blended with a chemically active hardener, can be cast and cured solid
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in molds constructed from various materials and of a variety of mold designs. They will
exhibit a broad-based property profile as described in Table 2.14. The mold designs avail-
able are draw molds, split molds, cored molds, flexible molds, and plaster molds.

2.5.3.5 Cast allylics.11 The allylic ester resins possess excellent clarity, hardness,
and color stability and thus can be cast to form optical parts. These castings can be either
homo or co-polymers. The free radical addition polymerization of the allylic ester presents
some casting difficulties such as exotherm control, monomer shrinkage during curing and
the interaction between the exotherm, the free radical source, and the environmental heat
required to decompose the peroxide and initiate the reaction.

A simple casting formulation is as follows:

Prepolymer: 60 parts/wt

Monomer: 40 parts/wt
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Tert-butyl perbenzoate: 2 parts/wt

Tert-butylcatechol: 0.1 parts/wt

The function of the catechol is to retard the polymerization and the exothermic heat
over a longer time period, allowing the heat to dissipate and minimize cracking. Monomer
catalyzed with benzoyl peroxide or tert-butyl perbenzoate may be stored at room tempera-
ture from 2 weeks to 1 year, but, at 120°F (49°C), the catalyzed resin will gel in a few
hours.

Molds for casting allylics may be ground and polished metal or glass, with glass being
the preferred type, since it is scratch resistant and able to take a high polish.

Cast allylics are noted for their hardness, heat resistance, electrical properties, and
chemical resistance as shown in Tables 2.15 and 2.16. They do lack strength, so their us-
age is confined to optical parts and some small electrical insulators.

Allylic monomers are sometimes used with alkyds to produce polyesters, with the ortho-
phthalate resin being the most widely used because of its lower cost and very low water va-
por pressures. Alkyd-diallylphthalate copolymers have significantly lower exotherm than an
alkyd-styrene copolymer. The electrical properties of allylic resins are excellent, and the
variations of dissipation factor, dielectric constant, and dielectric strength with temperature
and frequency are given in Figs. 2.12 and 2.13. The surface and volume resistivities remain
high after prolonged exposure to high humidity. Resistance to solvents and acids is excel-
lent, along with good resistance to alkalies. Tables 2.17 and 2.18 compare the chemical re-
sistance of some plastics with the chemical resistance of the DAIP formulations.

2.6 Laminates12

2.6.1 Laminates

Laminates can be defined as combinations of liquid thermosetting resins with reinforcing
materials that are bonded together by the application of heat and pressure, forming an in-
fusible matrix. Plywood is a good example of a thermosetting laminate with the phenolic
resin serving as the binder to bond the layers of wood sheets together when compressed
with heat in a molding press.

2.6.2 Resins

The resin systems primarily used for laminates are bismaleimides, epoxies, melamines,
polyesters, polyimides, silicones, and phenolics and cyanate esters. These resins are de-
scribed in Sec. 2.7.8, and the reinforcements are described in Sec. 2.6.3.

2.6.3 Reinforcements

Glass fibers are the most commonly used laminate reinforcement and are available in
some six formulations, with the E-glass providing excellent moisture resistance, which, in
turn, results in superior electrical properties along with other valuable properties. Proper-
ties of reinforced plastics using a variety of reinforcing fibers are shown in Table 2.19.
Compositions of the major types of glass fibers are shown in Table 2.20. The glass fibers
are available in filaments, chopped strands, mats, and fabrics in a wide variety of diame-
ters, as described in Table 2.21.

Glass fabrics: Many different fabrics are made for reinforced plastics, with E-glass be-
ing the most common. Filament laminates using glass types of D, G, H, and K are also
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common with the filaments combined into strands, and the strands plied into yarns. These
yarns can be woven into fabrics on looms.

2.6.4 Processes

The liquid resins are poured onto the reinforcement material and the combined resin-rein-
forcement sheet is then placed in a “horizontal treater,” as shown in Fig. 2.12, where the
resin is dissolved in a solvent to achieve optimum wetting or saturation of the resin into
the reinforcement. The sheets come out of the treater and are sheared to size and stacked
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and stored in temperature- and humidity-controlled rooms. The preimpregnated, stacked
sheets are further stacked into packs with each pack containing 10 laminates. The stacked
units are then placed in between two polished steel plates, and the press is closed. This
process involves molding temperatures ranging from 250 to 400°F (122 to 204°C), with
molding pressures in the 200- to 3000-lb/in2 range.

The press may have 24 platens, making a press load of some 240 laminates each cycle.
After molding, the laminates are trimmed to final size and sometimes postcured by heating
them in ovens.

2.6.5 Properties

2.6.5.1 Physical and mechanical. The use of reinforcements in combination with
thermosetting resins will produce laminates exhibiting higher tensile, compressive, and

Figure 2.12 (a) Horizontal treater and (b) decorative laminate treater. (Source: Charles A.
Harper, Handbook of Plastics, Elastomers, and Composites, 3d ed., McGraw-Hill, New York,
1996, p. 2.2)
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flexural strengths due to the polymerization of the resin with its property enhancement
contribution to the matrix. The impact strength sometimes improves by a factor of 10, and
the laminates have no clear yield point, as shown in Fig. 2.13 (stress and strain).

Reinforced thermosetting laminates are anisotropic, with their properties differing de-
pending upon the direction of measurement. The properties of a fabric laminate are con-
trolled by the weave of the fabric and the number and density of the threads in the warp
and woof directions, with these values differing from the values in the z of thickness direc-
tion. Both thermal expansion and conductivity properties are also anisotropic, as displayed
in Table 2.22.

2.6.5.2 Electrical. The dielectric strength of laminates will decrease with increasing
thickness and is highly dependent upon the direction of the electric field stress. This
property will show higher when tested across the sample’s thickness, whereas end-to-
end testing will show lower values. Laminates with higher resin content will show bet-
ter electrical properties but poorer physical properties than laminates with lower resin
content.

2.6.5.3 Dimensional stability. Laminates using thermosetting resins are superior in
stability, thermal resistance, and electrical properties, with dimensional stability the most
important due to stresses incurred within the laminate during the molding and curing pro-

Figure 2.13 Stress-strain curves for various materials. (a) Rein-
forced plastics, (b) wood and most metals, and (c) steel. (Source:
Charles A. Harper, Handbook of Plastics, Elastomers, and Compos-
ites, 3d ed., McGraw-Hill, New York, 1996, p. 2.3)
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cess. Laminate thickness is limited by the thermal conductivity of the polymerizing resin
and the thermal conductivity of the cured laminate. The laminate derives its heat from the
press platens to begin the curing action, and the resin, as it polymerizes, will produce sub-
stantial reactive heat, making it difficult to produce very thick laminates. The normal
thickness range for laminates will range from 0.002 to about 2.000 in with special grades
produced at 4 to 10 in.

2.7 Molding Compounds

2.7.1 Resin Systems

Thermosetting resin systems are the backbone of a large, versatile, and important family
of molding compounds. This family provides the industrial, military, and commercial mar-
kets with plastic molding materials exhibiting exceptional electrical, mechanical, thermal,
and chemical properties. These important property values enable the product designer,
manufacturing engineer, and research and design engineer to select from a wide choice of
products, and enable them to choose the most suitable molding compound to meet their
specific needs and requirements. These versatile materials are covered by military, indus-
trial, and commercial specifications that are designed to ensure the quality of the molded
articles utilizing thermosetting molding compounds.
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The following sections will take each of the family members, in alphabetical order, and
outline their history; specifications; and reinforcements, fillers, and data sheet value appli-
cations.

2.7.2 AIlyls: Diallyl-ortho-phthalate (DAP) and Diallyl-iso-phthalate (DAIP)

2.7.2.1 History.13 The most sophisticated work on saturated polyesters is usually
traced to W. H. Carothers, who, from 1928 to 1935 with DuPont, studied polyhydroxy
condensates of carbolic acids. Unable to achieve suitable heat and chemical resistance
from these esters, he turned to polyamide-carboxylic acid reaction products, which later
became nylon. Carothers’ concepts on saturated polyesters yielded several other polyester
products such as Terylene, which became patented and introduced in the United States as
dacron and mylar.

In 1937, Carlton Ellis found that unsaturated polyesters, which are condensation prod-
ucts of unsaturated dicarboxylic acids and dihydroxy alcohols, would freely co-polymerize
with monomers that contained double bond unsaturation, yielding rigid thermosetting res-
ins. The allylic resins became commercial resins suitable for compounding into a broad
range of products with exceptional electrical, mechanical, thermal, and chemical properties.

2.7.2.2 Physical forms. Molding compounds using either the DAP or the DAIP resin
systems are available in free-flowing granular form and also in high-bulk factor flake form.
The resins are in a white powder form, which makes it possible to provide a broad opaque
color range. Both compounds in their granular form are readily molded, preformed, or pre-
plasticated automatically, whereas the high-bulk-factor compounds generally require aux-
iliary equipment for such operations.

2.7.2.3 Reinforcements. Compounds of either DAP or DAIP resin systems utilize a
variety of reinforcement materials ranging from the granular compounds with mineral,
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glass, and synthetic fibers to the high-strength, high-bulk factor types employing long fi-
bers of cotton flock, glass, acrylic, and polyethylene terephthalate.

2.7.2.4 Specifications. DAP and DAIP molding compounds meet the requirements
of several commercial and military specifications as well as those of certain industrial and
electronic firms who will often use the Mil spec in conjunction with their own special re-
quirements.

Military

Mil-M-14 DAP (ortho) compounds:

MDG: Mineral filler, general purpose

SDG: Short glass filler, general purpose

SDG-F: Short glass filler, flame resistant

SDI-5: OrIon filler, impact value of 0.5 ft-lb

SDI-:30: Dacron filler, impact value of 3.0 ft-lb

GDI-30: Long glass filler, impact value of 3.0 ft-lb

GDI-30F: Long glass filler, impact value of 3.0 ft-lb, flame resistant

GDI-300: Long glass filler, impact value of 30 ft-lb

GDI-300F: Long glass filler, impact value of 30 ft-lb, flame resistant

DAIP (iso) compounds. Mil-M-14 H lists designations for the (iso) compounds and re-
fers to them as heat-resistant compounds:

MIG: Mineral filler, heat resistant

MIG-F: Mineral filler, heat and flame resistant

SIG: Short glass filler, heat resistant

SIG-F: Short glass filler, heat and flame resistant

GII-30: Long glass filler, heat resistant, impact value of 3.0 ft-lb

GII-30-F: Long glass filler, heat and flame resistant, impact value of 30 ft-lb

Note: All of these DAIP compounds will perform without substantial property loss dur-
ing exposure to elevated temperatures of 490°F (200°C).

ASTM. Under D-1636-75 A, both DAP and DAIP are listed by type, class and grade as
shown below:
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Underwriters Laboratory (UL). UL rates DAP and DAIP thermally at 266°F (130°C),
with a flame resistance rating of 94 VO in a 1/16-in section. Neither the DAP nor DAIP
compounds have been submitted to UL’s long-term thermal testing. However, MIL-M-
14 H does recognize their excellent long-term heat resistance and ability to retain their
initial property profile under adverse thermal conditions over lengthy time spans.

Data sheet values. Table 2.23 includes a typical property value sheet for a wide range
of allyl molding compounds, and Table 2.24 summarizes the allyl molding compound
properties.

Applications. The DAP and DAIP molding compounds are used primarily in applica-
tions requiring superior electrical and electronic insulating properties with high reliability
under the most severe environmental conditions. A few such applications are military and
commercial connectors, potentiometer housings, insulators, switches, circuit boards and
breakers, x-ray tube holders, and TV components.

Molded articles of either the DAP or the DAIP compounds have a nil lifetime shrinkage
after their cooling-off shrinkage. This feature has been one of the main reasons for the use
of DAP and DAIP compounds in the military connector field. Parts molded today will fit
parts molded years ago.

Suppliers

Rogers Corporation

Cosmic Plastics, Inc.

(See App. C for supplier addresses.)

2.7.3 Aminos (Urea Melamine)

2.7.3.1 History14

Urea. Urea formaldehyde resins came into being through work done by Fritz Pollack
and Kurt Hitter along with Carlton Ellis in the 1920s. This was followed up by the intro-
duction of a white urea compound by Dr. A. M. Howald, named Plaskon, which was sold
by Toledo Synthetic Products Company, which, in turn, became a part of Allied Chemical
Company.
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Melamines. Melamine was isolated in 1834, and it wasn’t until 1933 that Palmer Grif-
fith produced dicyanamide and found that it contained melamine. The addition of formal-
dehyde produced a resin that could be compounded into a desirable molding compound.
This new compound had a number of desirable qualities superior to phenolics and ureas of
that time. The colorability and surface hardness led to its use in molded dinnerware along
with some very important military and electrical applications.

2.7.3.2 Physical forms. The urea molding compounds are available as free-flowing
granular products that are readily preformable and can be preheated and preplasticated
prior to molding. They mold very easy in all thermosetting molding methods. The
melamine compounds are available as both free-flowing granular products and as high-
strength, high-bulk factor materials. The bulky materials require auxiliary equipment for
preforming or preplasticating.

2.7.3.3 Reinforcements. The reinforcements are available as purified cellulose fi-
bers, minerals, chopped cotton flock, wood flour, and glass fibers (short and long).

2.7.3.4 Specifications

Military (MiI-M-14)

Urea compounds are not listed.

Melamine

CMG: Cellulose filler, general purpose
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CMI-5: Cellulose filler, impact value of 0.5 ft-lb

CMI- 10: Cellulose filler, impact value of 1.0 ft-lb

MMD: Mineral filler, general purpose

MMI-5: Glass filler, impact value of 0.5 ft-lb

MMI-30: Glass filler, impact value of 3.0 ft-lb

ASTM

Urea D-705

Melamine D-704

UL

2.7.3.5 Data sheet values. Table 2.25 provides a list of property values for a range
of urea compounds, and Table 2.26 shows a similar list for melamine compounds.

2.7.3.6 Applications

Urea. Molded urea articles will have a high-gloss finish that is scratch resistant and
used in the following applications: closures, control housings, wiring devices, control but-
tons, electric shaver housings, and knobs.

Melamines. Melamine molded products are used in commercial, industrial, and mili-
tary applications, taking advantage of the variety of reinforcements available, scratch re-
sistance, and very wide color range. Typical military uses are for connector bodies and

Thermal index Flame resistance

Urea
Melamine

221°F (105°C) maximum
220 to 292°F (130 to 150°C)

74 VO in 1/16-in section
74 VO in 1/16-in section
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circuit breaker housings. Typical commercial uses are for dinnerware, shavers, knobs, but-
tons, ashtrays, and connector bodies.

Note: Combinations of phenolic and melamine resins in molding compounds have pro-
duced materials with excellent color stability, ease of moldability, and good heat resis-
tance. Their usage is in appliance components such as pot or pan handles.

2.7.3.7 Suppliers

Amino compounds

American Cyanamide Company, Polymer Products Division

ICI/Fiberite

Plenco Engineering Company

(See App. C for supplier addresses.)

2.7.4 Epoxies

2.7.4.1 History. The Shell Chemical Corporation introduced the epoxy resin systems
into the United States in 1941, and their good property profile has been utilized in a wide
range of applications. The molding compounds are available in extreme soft flows and
long gelation times, which make them very adaptable for encapsulation molding tech-
niques in the encapsulation of electronic components such as integrated circuits, resistors,
diode capacitors, relays, and bobbins.

The compounds also found a market in the commercial and military industrial areas for
connector bodies, potting shells, printed circuit boards, coils, and bobbins with the higher-
strength and higher filler and pressure compounds that compete with the phenolics and
DAPs.

2.7.4.2 Physical forms. The molding compounds are available in a free-flowing
granular form suitable for automatic preforming or preplasticating and are readily mold-
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able in all thermosetting molding techniques. The higher-impact, bulkier compounds mold
readily but require special auxiliary equipment for either preforming or preplasticating.

2.7.4.3 Reinforcements. The standard compounds (Mil-M-24325) are available with
mineral fillers and also with short and long glass fibers. The low-pressure encapsulation
compounds have fused or crystalline silica reinforcements and are in a free-flowing granu-
late state.

2.7.4.4 Specifications

Military (MiI-M-24325)

MEC: Mineral filler, encapsulation grade, low pressure

MEE: Mineral filler, electrical grade, low pressure

MEG: Mineral filler. general purpose

MEH: Mineral filler, heat resistant

GEl: Glass filler, impact value of 0.5 ft-lb

GEI-20: Glass filler, impact value of 2.0 ft-lb

GEl- 100: Glass filler, impact value of 10.0 ft-lb

ASTM. These specifications are listed under D-3013-77 and D-1763. UL. These speci-
fications have a thermal index rating of 266°F (130°C) and a flammability rating of 94 VO.

2.7.4.5 Data sheet values. Table 2.27 contains a list of property values for a wide
range of epoxy molding compounds—both for the low-pressure encapsulation types and
the high-pressure types.

2.7.4.6 Applications. Due to retention of their excellent electrical, mechanical, and
chemical properties at elevated temperature and very high moisture resistance, the high-
pressure Mil spec molding compounds have found their market niche in high-performance
military and commercial applications such as connectors, potting shells, relays, printed
circuit boards, switches, coils, and bobbins.

The low-pressure encapsulation compounds, which exhibit the same high-performance
characteristics as the high-pressure compounds, have become the primary insulating me-
dium for the encapsulation of components such as integrated circuits, resistors, coils, di-
odes, capacitors, relays, and bobbins.

2.7.4.7 Suppliers

Cytec Fiberite

Dexter Electronics, Materials Division

Morton Chemical

(See App. C for supplier addresses.)
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2.7.5 Phenolics

2.7.5.1 History. Phenolic resins came into being when Dr. Leo Baekeland, in the early
1900s, discovered that a successful reaction between phenol and formaldehyde in a heated
pressure kettle produced an amber-colored liquid thermosetting resin. This resin became
the foundation of the entire thermosetting molding compound industry, and an entire fam-
ily of thermosetting resins and compounds was developed over the next several decades.
Phenolic molding compounds became the primary insulating material for a wide and di-
versified range of applications for industrial, commercial, and military applications.

2.7.5.2 Physical forms. The novolac-based molding compounds are available as
free-flowing granular powders or pellets in their general-purpose grades and in a variety of
large pellets and flakes in the high-strength bulky grades. The general purpose grades are
easily preformed and preplasticated while the bulky products often require auxiliary
equipment for such operations.

The resole-based compounds are generally only available as granular powder or small
pellets. Both resin system compounds are easily molded in all thermosetting molding pro-
cedures.

2.7.5.3 Reinforcements. Both the resole and novolac compounds use a broad array
of reinforcements to meet the demands of the marketplace: wood flour, cotton flock, min-
erals, chopped fabric, Teflon, glass fibers (long and short), nylon, rubber, and kevlar. As-
bestos, which had been a widely used filler in many thermosetting compounds, has been
replaced over the past 20 years with glass fiber-reinforced phenolic compounds in many
applications.

2.7.5.4 Specifications

Military (MiI-M-14)

CFG: Cellulose filler, general purpose

CFI-5: Cellulose filler, impact value of 0.5 ft-lb

CFI-10: Cellulose filler, impact value of 1.0 ft-lb

CFI-20: Cellulose filler, impact value of 2.0 ft-lb

CFI-30: Cellulose filler, impact value of 3.0 ft-lb

CFI-40: Cellulose filler, impact value of 4.0 ft-lb

MFE: Mineral filler, best electrical grade

MFH: Mineral filler, heat resistant

GPG: Glass filler, general purpose

GPI-10: Glass filler, impact value of 1.0 ft-lb

GPI-20: Glass filler, impact value of 2.0 ft-lb

GPI-30: Glass filler, impact value of 3.0 ft-lb

GPI-40: Glass filler, impact value of 4.0 ft-lb
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ASTM. The ASTM specifications can be found in D-700-65 and D-4617.

UL. The UL specification has a thermal index rating of 155°C (378°F) for most com-
pounds, but the glass-reinforced grades and some phenolic alloys carry a 185°C (417°F)
rating. The flame retardant rating is at 94 VO in a 1/16-in section.

2.7.5.5 Data sheet values. Table 2.28 lists the property values for a broad range of
phenolic molding compounds, including both the resole (single-stage and the novolac
(two-stage) compounds.

2.7.5.6 Applications. The property profile, which includes a broad range of rein-
forcements, provides design engineers with great flexibility in their compound selection
process. Phenolic molding compounds have found worldwide acceptance in such diverse
market areas as

■ Automotive (as seen in Figs. 2.14a, b, and c)
■ General transportation
■ Electronics
■ Aeronautics
■ Aerospace
■ Electrical
■ Appliances
■ Business equipment

2.7.5.7 Suppliers

Cytec Fiberite

Occidental Chemical

Plastics Engineering Company

Plaslok Corporation

Rogers Corporation

Resinoid Engineering Corporation

Valentine Sugars Inc., Valite Division

(See App. C for supplier addresses.)

2.7.6 Thermoset Polyesters

2.7.6.1 History. Polyester-based thermosetting molding compounds have been an im-
portant component of the thermosetting molding industry for many years, but the past de-
cade has seen a marked increase in their use in many market areas. This increase has come
about because of their low cost, wide range of colors, high strength/weight ratio, and,
more importantly, because of the introduction of molding equipment capable of injection
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molding these bulky, dough-like compounds by using stuffing mechanisms that augment
the passage of the compound from the hopper into the barrel for delivery into the mold.
Lower molding costs and reduced finishing costs are among the benefits derived with the
use of these versatile molding compounds with the injection molding process.

2.7.6.2 Physical forms. Thermoset polyester molding compounds are available in
several physical forms: free-flowing granules, pelletized (PMG), putty or rope-type extru-
dates, sheet molding compound (SMC), high-bulk molding compound (BMC), and thick
molding compound (TMC) forms. The molding compounds, regardless of reinforcement
type, are all readily moldable in all thermosetting processes. When compression or trans-

Figure 2.14  (a) Water pump housing, (b) transmission stator and reactor, and (c) manifold housing.

Thermosets, Reinforced Plastics, and Composites

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Thermosets, Reinforced Plastics, and Composites 159

fer molded, the preforming and preplasticating operation will necessitate the use of auxil-
iary equipment, especially the bulky, dough-like material.

2.7.6.3 Reinforcements. The types of reinforcements available are minerals, long
and short glass fibers, and organic fibers.

2.7.6.4 Specifications

Military (MII-M-14)

MAG: Mineral filler, general purpose

MAI-30: Glass filler, impact value of 3.0 ft-lb

MAT 60: Glass filler, impact value of 6.0 ft-lb

MAT 30: Glass filler, impact value of 3.0 ft-lb

ASTM. The specifications are covered under D-1201-80 and D-1201-62 9 (reapproved
1975).

UL. The thermoset polyester compounds generally carry a 365°F (180 °C) thermal in-
dex rating, with a flammability rating of 94 VO in 1/16-in sections.

2.7.6.5 Data sheet values. Table 2.29 includes a list of the property values for a
range of thermoset polyester compounds.

2.7.6.6 Applications. The applications are automotive components, circuit breaker
housings, brush holders, commercial connectors, battery racks, business machine hous-
ings, marine structures, and household articles.

2.7.6.7 Suppliers

American Cyanamid Company BMC Inc.

(See App. C for supplier addresses.)

2.7.7 Silicones

2.7.7.1 History. Silicone fluids, resins, and elastomers have been in use for over 50
years, originating with the discovery by E. Rochow (GE Company) in 1940 of what was
designated the “direst process,” in which elemental silicon was obtained by the reduction
of silicon dioxide in an electric furnace. The resultant silicon was then pulverized and re-
acted with gaseous methyl chloride in the presence of a copper catalyst.

2.7.7.2 Physical forms. The molding compound will consist of 20 to 25% resin
(phenyl and methyl siloxanes), 75% filler (glass fiber and fused silica mix), a lead-based
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catalyst pigment, and lubricants. The compounds are free-flowing granular in form and are
available in opaque colors (mostly red). They are readily moldable in compression, trans-
fer, and injection molding processes.

2.7.7.3 Reinforcements. The reinforcements available are quartz, “E”-type glass fi-
bers, and fused silica.

2.7.7.4 Specifications

Military (MII-M-14)

MSG: Mineral filler, heat resistant

MSI-30: Glass filler, impact value of 3.0 ft-lb, heat resistant

UL. The UL ratings are (1) thermal index rating of 464°F (240°C) and(2) flammability
rating of 94 VO in 1/16-in sections.

2.7.7.5 Data sheet values. Table 2.30 provides a property value list for the silicone
family of molding compounds.

2.7.7.6 Applications. The silicones are nonconductors of either heat or electricity;
have good resistance to oxidation, ozone, and ultra-violet radiation (weatherability); and
are generally inert. They have a constant property profile of tensile, modulus, and viscosity
values over a broad temperature range 60 to 390°F (13 to 166°C). They also have a low
glass transition temperature (Tg) of –185°F. Encapsulation of semiconductor devices such
as microcircuits, capacitors, and resistors, electrical connectors seals, gaskets, O-rings,
and terminal and plug covers all take advantage of these excellent properties.

2.7.7.7 Suppliers

Dow Corning Corporation

Cytec Fiberite

General Electric Company Silicone Products Division

(See App. C for supplier addresses.)

2.7.8 Composites

2.7.8.1 History.15 The introduction of fiberglass-reinforced structural applications in
l949 brought a new plastics application field which began with the consumption of 10 lb
and burgeoned into the annual usage of over 1 to 2 billion lb over the next several de-
cades. This usage has been, and still is, taking place in application areas that take advan-
tage of the extraordinarily low-weight/high-strength ratio inherent in these composite
materials.
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A thermosetting matrix is defined as a composite matrix capable of curing at some tem-
perature from ambient to several hundred degrees of elevated temperature and cannot be
reshaped by subsequent reheating. In general, thermosetting polymers contain two or
more ingredients—a resinous matrix with a curing agent that causes the matrix to poly-
merize (cure) at room temperature, or a resinous matrix and curing agent that, when sub-
jected to elevated temperatures, will commence to polymerize and cure.

2.7.8.2 Resins (matrices). The available resins are polyester and vinyl esters, poly-
ureas, epoxy, bismaleimides, polyimides, cyanate ester, and phenyl triazine.

Polyester and vinyl esters. Polyester matrices have had the longest period of use,
with wide application in many large structural applications (see Table 2.31). They will
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cure at room temperature with a catalyst (peroxide), which produces an exothermic reac-
tion. The resultant polymer is nonpolar and very water resistant, making it an excellent
choice in the marine construction field. The isopolyester resins, regarded as the most wa-
ter-resistant polymers in the polymer group, have been chosen as the prime matrix materi-
als for use on a fleet of U.S. Navy mine hunters.

Epoxy. The most widely used matrices for advanced composites are the epoxy resins,
even though they are more costly and do not have the high-temperature capability of the
bismaleimides or polyimide. The advantages listed in Table 2.32 show why they are
widely used.

Bismaleimides (BMIs). The bismaleimide resins have found their niche in high-tem-
perature aircraft design applications where temperature requirements are in the 177°C
(350°F) range. BMI is the primary product and is based on the reaction product from me-
thylene dianiline (MDA) and maleic anhydride: bis (4 maleimidophynyl) methane (MDA
BMI). Variations of this polymer with compounded additives to improve impregnation are
now on the market and can be used to impregnate suitable reinforcements to result in high-
temperature mechanical properties (Table 2.33).

Polyimides. Polyimides are the highest-temperature polymers in the general advanced
composite, with a long-term upper temperature limit of 232 to 316°C (450 to 600°F). Ta-
ble 2.34 is a list of commercial polyimides being used in structural composites.

Polyureas. Polyureas involve the combination of novel MDI polymers and either
amine or imino-functional polyether polyols. The resin systems can be reinforced with
milled glass fibers, flaked glass, Wollastanite, or treated mica, depending on the compound
requirements as too processability or final product.
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Cyanate ester and phenolic triazine (PT). The cyanate ester resins have shown supe-
rior dielectric properties and much lower moisture absorption than any other structural
resin for composites. The physical properties of cyanate ester resins are compared to those
of a representative BMI resin in Table 2.33. The PT resins also possess superior elevated-
temperature properties, along with excellent properties at cryogenic temperatures. They
are available in several viscosities, ranging from a viscous liquid to powder, which facili-
tates their use in applications that use liquid resins such as filament winding and transfer
molding.

2.7.8.3 Reinforcements

Fiberglass. Fiberglass possesses high tensile strength and strain to failure, but the real
benefits of its use relate to its heat and fire resistance, chemical resistance, moisture resis-
tance, and very good thermal and electrical values. Some important properties of glass fi-
bers are shown in Table 2.35.

Graphite. Graphite fibers have the widest variety of strength and moduli and also the
greatest number of suppliers. These fibers start out as organic fiber, rayon, polyacryloni-
trile, or pitch called the precursor. The precursor is stretched, oxidized, carbonized, and
graphitized. The relative amount of exposure to temperatures from 2500 to 3000°C will
then determine the graphitization level of the fiber. A higher degree of graphitization will
usually result in a stiffer (higher modulus) fiber with greater electrical and thermal con-
ductivities. Some important properties of carbon and graphite fibers are shown in Table
2.36.

Aramid. The organic fiber kevlar 49, an aramid, essentially revolutionized pressure
vessel technology because of its great tensile strength and consistency coupled with low
density, resulting in much more weight-effective designs for rocket motors.

Boron. Boron fibers, the first fibers to be used in production aircraft, are produced as
individual monofilaments upon a tungsten or carbon substrate by pyrolytic reduction of
boron trichloride (BCL) in a sealed glass chamber. Some important properties of boron fi-
bers are shown in Table 2.37.

2.7.9 Molding Compound Production16

2.7.9.1 Introduction. The selection of production equipment and processes for ther-
mosetting molding compounds commences with the compound designer’s formulation,
which designates the type and quantity of the various ingredients that make up the com-
pound. These molding compounds are a physical mixture of resin, reinforcement or filler,
catalyst, lubricant, and color. The resin, by far, is the key component in any thermosetting
molding compound, since it is the only component that actually goes through the chemical
reaction known as polymerization or cure during the molding process. Also, because of
this curing quality, the resin, production process, and equipment are governed by the need
to understand this chemical reaction with its effects on the production process and/or
equipment. Also, the resin is the primary flow promoter and chief provider of the desired
electrical insulating properties of the final molded product.

The next most important component is the reinforcement or filler, because the type and
quantity of either will determine the manufacturing process and equipment. This will be
seen in the following sections, which describe the various processes and their equipment.
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The compounds utilizing “fillers” as opposed to “reinforcements” can be processed with
either the “dry” or the “wet” (solvent) process, since the compound formulations include
free-flowing granular fillers that are not as susceptible to degradation when exposed to the
hot roll mill phase of the operation. The catalyst in each compound serves as the reaction
controller, with the type and quantity of catalyst acting to either accelerate or inhibit the
curing rate in both the production and the molding phases.

Lubricants, which provide a measure of flow promotion, mold release, and barrel life
during molding, are generally internally supplied but are occasionally provided as an ex-
ternal addition. All thermosetting molding compound colors are opaque, with the pig-
ments or dyes heat stable within the molding process temperature range of 200 to 400°.
Coloring does have a large effect on the manufacturing process when the product line in-
cludes a wide variety of colors such as are common to the DAP, melamine, urea, and ther-
moset polyester compounds. Choice of production equipment has to be designed to meet
the need for quick and easy color changes.

2.7.9.2 Production processes

Dry process (batch and blend). The dry or nonsolvent process, illustrated in Fig.
2.15, employs low-strength, low-cost, free-flowing granular fillers and involves the use of
ribbon or conical mixers to homogenize the dry ingredients prior to feeding the mix onto
the heated roll mills where the mix is compounded (worked) for a specific time and tem-
perature. Once the mix or hatch has been worked to the proper consistency and tempera-
ture, it is then fed onto a three-roll calendering mill where it is shaped to a specific width
and thickness to allow the sheet to pass into a grinder, and then onto screens to obtain the
desired granulation and for dust removal. The thickness and temperature of the calendered
sheet is controlled for ease of granulation. If the sheet is too warm, it will not cut cleanly;
if the sheet is too cool, it will be too fragile to produce clean, even size particles.

An individual batch is generally 200 lb, which eventually is blended with other hatches
into 2500- to 5000-lb blends that are ready for shipment to the customer. The batch and

Figure 2.15 Batch and blend dry production method.
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blend process is employed for short runs, especially where the production schedules call
for a variety of colors. The equipment must he such that it allows for relatively quick color
changeovers.

Wet process (pelletized). The wet process, shown in Fig. 2.16, when low-strength,
low-cost, free-flowing granular fillers are used, can produce free-flowing pelletized mate-
rial, with water as the solvent and the ingredients thoroughly mixed in a kneader and then
auger fed to a heated extruder. The extruder screw densifies the wet mass, forcing it out of
the extruder head, which contains many small through orifices that determine the diameter
of the pellets, and the fly-cutters working across the face of the extruder head determine
the pellet length. The extruded pellets then require a drying operation prior to final blend-
ing for shipment.

Wet process (high strength). As can he seen in Fig. 2.17, this process involves the
use of mixers, mobile carts, air-drying rooms, prebreakers, hammer mills, lenders, and ex-
truders. The basic purpose of the entire process is to provide minimum reinforcement deg-
radation so as to maintain sufficient fiber integrity to meet the various mechanical strength
requirements which are generally set by military or commercial specifications.

The process begins with the mixing of all the ingredients, except the reinforcement, into
a suitable solvent. Once the mix has been properly dispersed, the reinforcement is added,
keeping the mixing time to a minimum to preserve the fiber integrity. Solvent recovery is
possible during this phase of the operation as well as later on in the drying phase. The wet
mass is removed from the mixer and spread onto wire trays capable of holding about 25 lb.
These trays are loaded into a mobile cart and placed in a drying room, generally overnight.
After drying, the now-hardened slabs of compound are fed into a “prebreaker,” which tears
the slab into pieces that are then sent to a hammer mill for particle size reduction. The
eventual particle size is determined by the size of the openings at the bottom of the mill.

There is no need for blending, since the ultimate flow properties of the compound are
governed by the resin, reinforcement, and catalyst mix. There has been little, if any, tem-
perature imposed upon the materials that might affect the flow properties.

High volume (general purpose). The method for producing large volume runs of
granular compounds, generally of a single color, flow, and granulation, shown in Fig.
2.18a, involves the use of extruders or kneaders into which the compound mix (wet or dry)
is fed for “working” or homogenizing prior to being extruded out the exit end of the unit.

The open buss kneader (Fig. 2.18b) works with an external screw bearing in the produc-
tion of pastel colors in the urea and melamine compounds. When processing epoxy, poly-
esters (with or without glass fibers), and phenolics, the external bearing is not required.
Both the open buss kneader and the Werner Pfliederer compounding unit will process the
compounds and also control the granulation and flow properties.

Sheet process (SMC). Almost regardless of the specific resin used in the SMC pro-
cess, the compound manufacturing technique is the same as that shown in Fig. 2.19, with
the doughy material and its reinforcement being covered on both lower and upper surfaces
with a thin film of polyethylene. The finished product is then conveyed onto a rotating
mandrel and wound up until it reaches a preset weight, and then it is cut off. The sheets
ready for use or for shipment generally weigh about 50 lb, are 4 ft wide, and are approxi-
mately 0.075 to 0.250 in thick. Formulations generally consist of an unsaturated polyester
resin (20 to 30 percent), chopped glass rovings (40 to 50 percent), fine particle size cal-
cium carbonate, filler, catalyst, pigment, and modifiers. The resin system can be epoxy,
polyester, or vinyl ester to meet the need of the marketplace.

Sheet process (TMC). The production of TMC, shown in Fig. 2.20, differs from that
of SMC in that the glass fibers are wetted between the impregnating rollers before being
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deposited onto the moving film. TMC sheets can be produced in thicknesses of up to 2 in
with glass lengths of 1 in/min at loading levels of 20 to 30 percent. These sheets are gener-
ally compression molded using matched metal-hardened steel molds. Packaging and ship-
ment of the unmolded product is similar to that of the SMC products.

High strength (BMC). Bulky high-strength compounds are produced with the batch
method during which the resin, lubricants, catalyst, and chopped glass fibers (1/8 to 1/2 in
long) are all compounded in relatively low-intensity mixers. The mixing procedure is care-
fully monitored to achieve the highest possible mechanical properties with the least
amount of fiber degradation. The finished product is shipped in bulk form using vapor bar-
rier cartons with the compound in a sealed polyethylene bag. These compounds are also
available in a “rope” form in any length or diameter specified by the customer. The shape
is attained by feeding the doughy material through an extruder, with the extruder nozzle
providing the desired shape and length.

Quality assurance. Thermosetting compound production uses comprehensive quality
assurance programs to ensure that customers receive products that meet their specific
specifications, regardless of the process or equipment employed. Formulation and process-
ing specifications require that the incoming raw materials meet specific quality standards
and that the manufacturing processes be carefully monitored to make certain that the final
compound meets a designated property profile.

The formulation requirements are based on meeting certain standards relating to the
following property standards:

■ Flow properties
■ Electrical (insulation)
■ Mechanical (strength)
■ Chemical resistance
■ Weather resistance
■ Thermal resistance
■ Flame resistance

Figure 2.17 Batch and blend wet high-strength method.
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(a)

(b)

Figure 2.18 (a) Continuous dry high-volume method and (b) open
bus kneader.
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Figure 2.19 Sheet molding compound (SMC) process.

Figure 2.20 Thick molding compound (TMC) process.
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■ Surface finish
■ Color

These specifications are established by either the military or commercial users or by
ASTM and UL standards. The compound designer’s primary task is one of selecting the
individual ingredients that, within a cost range, will not only create the appropriate com-
pound but will also function properly in the manufacturing process. Process procedures
are governed by a set of standards that spell out check points along the line to aid in the
process control. The formulation will furnish the necessary information relating to the ac-
quisition of raw materials along with the basic standards by which each ingredient is ac-
cepted for incorporation into the compound mixture.

The specific ingredients are resin reinforcement, pigments or dyes, lubricants, and sol-
vents. Each of these ingredients has specific characteristics that are measurable and con-
trollable, and the compound producer can, and often will, supply the molder with test data
on each production blend the customer has received. The special characteristics of each of
these ingredients are as follows:

Resin. Viscosity, gel time, cure rate, and solubility

Reinforcements and fillers. Aspect ratio, moisture content, fiber size and length, purity,
and color

Pigments and dyes. Solubility, coatability, and thermal stability

Catalysts. Solubility, reaction temperature, and purity

Lubricants. Solubility, melting point, and purity

Solvents. Purity and toxicity

Compounds manufactured to meet Mil specifications will be subjected to a certification
process involving the documentation of actual property values derived from the testing of
the compound both during, and upon completion of the manufacturing procedure. The val-
ues called for are as follows:

■ Specific gravity
■ Shrinkage
■ Arc resistance
■ Dielectric constant
■ Dielectric strength
■ Impact strength
■ Flexural strength
■ Volume and surface resistivity

Certification will cover a blend of 2500 lb or more, with the actual values recorded and
furnished to the customer on request. The alternate certification process involves the com-
pounder furnishing a letter of compliance that confirms that the actual blend involved does
meet all the requirements of the specification.

2.7.9.3 Testing equipment and procedures. Most compounders employ a variety
of testing tools to control and monitor their manufacturing processes, as well as their R&D
programs, and for troubleshooting problems encountered in the field. A list of such equip-
ment follows.

Thermosets, Reinforced Plastics, and Composites

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



176 Chapter Two

Unitron metallograph. This is a sophisticated metal detection device used to check
production as well as troubleshoot areas.

Scanning electron microscope (SEM). An SEM is employed to examine surfaces
from low magnification up to a 100,000× enlargement. It is an excellent research and
problem-solving tool.

Dynamic mechanical spectrophotometer (DMS). The DMS measures the viscoelas-
tic properties of polymers, thus determining a compound’s viscosity and elastic modulus,
following the change of these properties over time and changes in temperature.

Infrared spectrophotometer. The infrared spectrophotometer can provide informa-
tion concerning the composition of a compound such as degradation, replacement for fill-
ers and reinforcing agents, and it can be used to evaluate the purity of resins, fillers,
catalysts, reinforcements, solvents, and lubricants.

Capillary rheometer. The Monsanto capillary rheometer measures the viscosity prop-
erties of polymers and provides a direct measure of viscosity and the change in viscosity
with time and flow rate at plastication temperatures. The capillary orifice simulates the
gate and runner system of actual molding conditions, thus providing valuable flow infor-
mation for molding compounds.

Brabender plasticorder. The plasticorder is a small mixer capable of measuring the
viscosity and the gel time of thermosetting molding compounds with results that can be
correlated to the performance of a compound during molding conditions.

High-pressure liquid chromatograph. This device is available in two forms:

1. Gel permeation. Measures the molecular weight distribution and average molecular
weight of the molecules in a sample of a compound.

2. Liquid. Detects and measures the amount of chemical constituents present in a com-
pound.

Thermal analysis (TA). DuPont’s TA equipment is available in four modules that pro-
vide information regarding the effect of temperature on a compound’s physical properties.

1. Differential scanning calorimeter (DSC). This measures heat uptake or heat release of
a compound as the temperature is raised and also the heat effects associated with ma-
terial transitions such as melting.

2. Thermal analyzer (TMA). A thermal analyzer measures the variation in the length of
a sample as temperature is increased. It is good for comparing this property with a
sample of another compound. TMA also measures thermal transition points by pre-
dicting the point and rate at which a compound will melt as well as determining the
temperature at which blistering will occur if a molded part has not been properly
postbaked.

3. Dynamic mechanical analyzer (DMA). Measures a compound’s modulus (stiffness) as
its temperature is raised. This instrument has provided interesting insights into the
properties of phenolics as well as those of DAPs, thermoset polyesters, silicones, and
epoxies, by indicating the ability of thermosets to retain their modulus at elevated
temperatures.

4. Thermogravimetric analyzer (TGA). TGA measures weight changes in a sample as the
temperature is varied, providing a useful means to determine degradative processes
and heat resistance in polymeric compounds.
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Particle size analyzer (PSA). A particle size analyzer is an accurate and automatic
development tool that allows for a very rapid measurement of particle size distribution in
powder or slurry compounds.

Humidity chamber. A humidity chamber is employed to measure the effects of tem-
perature and humidity cycles on molded parts.

Instron testers. Instron testers will measure flexural, tensile, and compressive
strength as well as stress-strain curves at ambient temperatures, and, when fitted with an
environmental chamber, the flexural and tensile tests can run at elevated temperatures.

2.7.9.4 Rheology (flow testing). Easily the foremost characteristic of a thermoset-
ting molding compound is its ability to flow under pressure within the confines of the
heated mold. This property value is of utmost importance in the eyes of the molder and
will vary according to the molding method, mold design, molding equipment, and cer-
tainly the configuration of the molded part.

Since the molding compound is subjected to elevated temperature and pressure in the
molding process, its ability to flow is greatly affected by the chemical reaction taking
place as a result of these conditions. As a general rule, the speed of this chemical reaction
will double with every 10° increase in temperature. In every thermosetting molding cycle,
regardless of the type of compound, mold, or molding press used, the molding compound
will go through the typical thermosetting reaction curve shown in Fig. 2.21. At the top left
side (A), the compound is at room temperature and 0 pressure. With pressure applied and
the compound increasing in temperature, its viscosity decreases as shown on the slope at
B. This decrease in viscosity continues along the B slope as the compound temperature in-
creases until the compound reaches its peak of flow at C, just prior to a rapid acceleration
of the reaction as the curve turns upward to D, thus completing the cure.

Every individual molding compound possesses its own flow characteristics, which are
affected by the resin, catalyst, and reinforcement ratio as well as the type and content of all
the ingredients that make up the complete formulation. The desired rheology or flow prop-
erty requirements of a specific compound will be determined by

Molding method. Compression, transfer, injection, mold designs, part configuration,
number of cavities and their location in the mold, and size and location of the runner
and gate system.

Figure 2.21 Typical thermosetting curve.
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Flow specifications. Generally identified as stiff, medium, or soft or by a designated
cure rate or flow time. All thermosetting molding compounds possess flow characteris-
tics that are both measurable and controllable, with the important characteristics being
the rate of curing, speed of the flow, distance of the flow, and finally the amount of com-
pound used during the flow time.

2.7.9.5 Flow testing procedures. The five most widely used flow testing proce-
dures have one main purpose—to provide specific and detailed information based on the
compound’s intended use. Compounds that are designated for use in compression molds
will have decidedly different flow requirements than if the intended use is in either a trans-
fer or an injection molding process.

In all of the following flow tests, with the exception of the Brabender, three elements
are always kept constant during the testing procedure:

■ Amount of compound. Charge weight
■ Mold temperature. Usually 300°F
■ Molding pressure. Usually 1000 lb/in2

Cup closing (test and mold) (Fig. 2.22). With the mold set at 300°F (148°C) and a
molding pressure of 1000 lb/in,2 a room-temperature charge of compound is placed in the
lower half of the mold, and the mold is closed. The time required for the mold to com-
pletely close is recorded in seconds. The longer the time, the stiffer the compound; the
shorter the time, the shorter the flow. Generally speaking, stiff flow compounds will be
15 s or more, whereas the medium flow compounds will be in the 8- to 14-s range, and the
soft flow compounds closing in less than 8 s.

Figure 2.22 Cup closing test and mold.
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Disk flow I (test and mold) (Fig. 2.23). With the mold in the open position, a mea-
sured amount of room-temperature compound is placed on the lower half of the mold, and
the mold is closed and then reopened as soon as the compound is cured. The molded disk
is then measured for diameter and thickness. The thinner the disk, the softer the flow; the
thicker the disk, the stiffer the flow.

Disk flow II (test and mold) (Fig. 2.24). With the diameter of the disk being used as
the gauge, the molded disk is placed on a target of concentric circles numbered 1 to 5. A
disk matching the #1 circle on the target will he designated as 1S flow, whereas a disk
matching the #5 circle will carry a 5S How. The higher the number, the softer the flow.

Orifice flow I (test and mold) (Fig. 2.25). This flow test involves the use of a mold
with a lower plate containing a cavity into which a measured quantity of room-tempera-
ture compound is placed. The upper plate has a plunger with two small orifices cut into the
outer circumference, as shown in Fig. 2.25. The test generally uses a charge of 12 to 15 g
and a mold temperature of 300°F (148°C). The molding pressure employed can be 600,
900, 1800, or 2700 lb/in2, depending on the molding process to be used. With the charged
mold on, the heated platens of the press close, and the compound is forced out of the two
orifices. The mold is kept closed until the compound has stopped flowing and is cured. On
completion of the molding cycle, the cured compound remaining in the mold is extracted
and weighed to determine the percentage of the flow. For example, if 30 percent of the

Figure 2.23 Disk flow test and mold (I).
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original shot weight is left in the mold, and the molding pressure was 900 lb/in2, the com-
pound would be designated as 30 percent @ 900 lb/in2. The use of varying pressures re-
flects the need to consider the flow types normally used for either compression, transfer, or
injection molding.

Orifice flow II (test and mold) (Fig. 2.26). As shown, the mold has a pot in the lower
half and a plunger affixed to the top half. The pot block is designed with a sprue hole in the
bottom of the cavity, which feeds the molding compound into a runner that comes out one
side of the mold. The pot is charged with 90 g of compound, and the mold is closed under
1000 lb/in2 with a mold temperature of 300°F (148°C). The compound exiting from the
runner can he weighed once the flow has ceased. If the time of flow from the start has been
timed from start to finish, the rate of flow can he calculated as x g/s. This is a very useful
tool for use in transfer or injection molding of thermosets.

If desired, the extrudate from the mold can be cut off every 20 s, and each segment can
then be weighed. The result will provide a time-weight ratio that depicts the decrease in vis-
cosity and increase in weight as the compound reacts to the increased mold temperature.

Spiral flow (test and mold). There are two types of spiral flow molds—one for the
very soft flow encapsulation compound generally associated with the encapsulation grades
of the epoxy family of compounds, and a spiral flow mold, which is used when testing the
high-pressure phenolic, DAP, melamine, urea, epoxy, and thermoset polyester compounds.

Figure 2.27 illustrates the Emmi mold, which is used for testing the very soft flow en-
capsulation compounds. It contains a runner system cut in an Archimedes spiral starting

Figure 2.24 Disk flow test and mold (II).

Figure 2.25 Orifice flow test and mold (I).
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from the center of the mold. The runner configuration is 1 /8-in half-round, 100 in long.
The mold is heated to 300°F and run @ 300 lb/in2. The runner is marked in linear inches,
and the test results are recorded as a flow of x in.

Figure 2.28 depicts the Mesa flow mold, which has a different runner configuration. The
runner is cut 0.250 in wide by 0.033 in deep and is 50 linear inches long. The molding cy-
cle is run with the molding pressure set at 1000 lb/in2, and the mold temperature is 300°F.

The flow measurement results from either the Emmi or Mesa molds can be enhanced by
using a timer in conjunction with the transfer stroke during the molding cycle, thus gather-
ing additional data relating to the quantity of the compound used as well as the distance of
the compound flow.

Figure 2.26 Orifice flow test and mold (II).

Figure 2.27 Spiral flow test and mold (Emmi).
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Brabender Plasticorder (Figs. 2.29 and 2.30). The introduction of the extruder
screw as an integral component of the so-called closed mold method (injection) brought
the need for a more sophisticated means for measuring the rheology of thermosetting
compounds when exposed to the different molding conditions encountered with this
molding technique. There is a need to know the duration of a compound’s flow life when
exposed to both the initial barrel temperatures as the compound is prepared for its move-
ment into the mold, and when the compound enters the much hotter mold. Generally, the
compound temperature within the barrel or “reservoir” will not exceed 250°F and, once
it moves into the mold, it will be met with temperatures in the 325 to 400°F range. The
compound will also begin to gather more heat as it flows at great speed through the run-
ner system and then through a small gate area into the mold cavities. This “shear” action
will raise the compound temperature considerably with the effect of greatly increasing
the cure rate and diminishing the How life of the compound. The Brabender Plasti-
corder* as shown in Fig. 2.29 will provide meaningful data for a specific compound’s
flow life or duration when exposed to the thermal conditions previously described (Fig.
2.30). The instrument supplier, Brabender Instruments, Inc., should be contacted for
complete technical details.

2.7.9.6 Cure characteristics. The degree of cure accomplished during the molding
cycle is the criterion for determining the ultimate mechanical, electrical, chemical, and

* Tradename of Brabender Instruments, Inc., P.O. Box 2127, South Hackensack, NJ, 07606.

Figure 2.28 Spiral flow test and mold (Mesa).
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Figure 2.29 Brabender Plasticorder.
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Figure 2.30 Brabender Plasticorder data output.
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thermal properties of the molded article. The individual compound, depending on its resin
component, will exhibit its very best property profile when the molded article has achieved
maximum molded density and has been fully cured. The degree of cure can be ascertained
by one or more of the specific testing procedures based on the resin used as described in
the following subsections.

Allyls (DAP and DAIP). The reflux apparatus described in Fig. 2.31 is the generally
accepted cure testing procedure for allyls. Sections of a molded specimen are refluxed in
boiling chloroform for 3 hr, after which the specimen is visually examined for evidence of
a serious problem such as cracking, swelling, fissuring, or actual crumbling of the surface.
Surface hardness can be checked with a hardness tester, but this should not be done until

Figure 2.31 Cure test reflux apparatus.
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some 12 to 14 hr have elapsed after the removal of the specimen from the boiling chloro-
form.

Phenolics and epoxies. ASTM D-494 describes the acetone extraction test that is
commonly used for these two resin systems.

Thermoset polyesters. A Barcol hardness test, employed before and after boiling a
section of the molded specimen in water for 1 hr, will detect any sign of undercure. Note
that none of these chemical tests will accurately determine the actual effects of the degree
of undercure on the ultimate integrity of a molded article. Often, what might be considered
“undercured” by one of these tests will be blister free, rigid enough to be ejected from the
mold, warpage free, and dimensionally correct while exhibiting electrical, mechanical,
chemical, and thermal properties that are highly acceptable for commercial applications.

The integrity of a molded article may be further examined if the end-use application re-
quires it, through more sophisticated thermoanalytical equipment such as

■ Differential scanning calorimetry) DSC)
■ Thermo-mechanical analysis (TMA)
■ Thermo-gravimetric analysis (TGA)

These techniques involve the analysis of the changes in the chemical and physical proper-
ties of a molded specimen as a function of temperature. They are not generally used for
production or quality control but are quite useful in resolving problems that could be the
result of insufficient cure and that are not readily detected by the more common visual or
chemical tests. There is a “rule-of-thumb” test procedure that is a fairly reliable cure test,
and it is based upon a visual inspection of the molded article for obvious defects such as

■ Lack of rigidity when ejected from the mold
■ Cracks, surface porosity, and/or blisters and swelling
■ Lack of flatness and/or signs of warpage that affect the ultimate dimensional stability

2.7.9.7 Postbaking. Thermosetting molded articles are frequently postcured by after-
baking at recommended times and temperatures for the purpose of enhancing mechanical
and thermal properties, particularly when the end-use application requires optimal perfor-
mance. The usual end results of postbaking are

■ Improved creep resistance
■ Reduction of molded-in volatiles and/or stresses
■ Improved dimensional stability

In a recent study on postcuring, the following observations were made:

1. The starting temperature should be well below the glass transition (Tg) of the com-
pound involved. A temperature below the actual molding temperature will suffice.

2. Parts of uneven cross-sectional thickness will exhibit uneven shrinkage.

3. Postbaking should be done with a multistage temperature cycle as shown here.

4. The reinforcement system of the compound will, to a large extent, distort the tempera-
ture and time cycles. Parts molded with organic reinforcements must be postcured at
lower temperatures than those molded with glass and mineral reinforcement systems.
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Postcure cycles1

Phenolics

One-step resole compounds: At 1/8 in or less thick—2 hr @ 280°F (138°C), 4 hr @
330°F (166°C), and 4 hr @ 375°F (191°C)

Two-step novolac compounds: At 1 in or less thick—2 hr @ 300°F (149°C), 4 hr @
350°F (177°C, and 4 hr @ 375°F (191°C)

For parts exceeding the 1/8-in thickness, it is recommended that the time be doubled for
each 1/16 in of added thickness for best results. Longer times are more effective than in-
creased temperature.

Allyls (DAP and DAIP). The recommendations are 8 hr at a range starting at 275°F
(135°C) and raising the temperature 20°F/hr up to 415°F (213°C).

Epoxies. The recommendations are 8 hr at a range starting at 275°F (135°C) and raising
the temperature 20°F/hr up to 415°F (213°C).

Thermoset polyesters. The recommendations are 8 hr at 250°F (121°C) and raising the
temperature 20°F up to a maximum of 350°F (177°C).

Note that much of the information on postbaking procedures have come from a study
conducted by Bruce Fitts and David Daniels of the Rogers Corporation.18
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Chapter

3
Elastomeric Materials and

Processes*

James M. Margolis
Montreal, Province of Quebec, Canada

3.1 Introduction

Another important group of polymers is the group that is elastic or rubberlike, known as
elastomers. This chapter discusses this group of materials, including TPEs, MPRs, TPVs,
synthetic rubbers, and natural rubber.

3.2 Thermoplastic Elastomers

Worldwide consumption of thermoplastic elastomer (TPE) for the year 2000 is estimated
to be about 2.5 billion pounds, primarily due to new polymer and processing technologies,
with an annual average growth rate of about 6 percent between 1996 and 2000. About 40
percent of this total is consumed in North America.4

TPE grades are often characterized by their hardness, resistance to abrasion, cutting,
scratching, local strain, and wear. A conventional measure of hardness is Shore A and
Shore D, shown in Fig. 3.1. Shore A is a softer, and Shore D is a harder TPE, with ranges
from as soft as Shore A 28 to as hard as Shore D 82. Durometer hardness (ASTM D 2240)
is an industry standard test method for rubbery materials, covering two types of durome-
ters, A and D. The durometer is the hardness measuring apparatus, and the term durometer
hardness is often used with Shore hardness values. There are other hardness test methods
such as Rockwell hardness for plastics and electrical insulating materials (ASTM D785
and ISO 2039), and Barcol hardness (ASTM D2583) for rigid plastics. While hardness is

* The chapter author, editors, publisher, and companies referred to are not responsible for the use or
accuracy of information in this chapter, such as property data, processing parameters, and applications.

Source: Handbook of Plastics, Elastomers, and Composites
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often a quantifying distinction between grades, it does not indicate comparisons between
physical/mechanical, chemical, and electrical properties.

Drying times depend on moisture absorption of a given resin. TPE producers suggest
typical drying times and processing parameters. Actual processing temperature and pres-
sure settings are determined by resin melt temperatures and rheological properties, mold
cavity design, and equipment design such as screw configuration.

Performance property tables provided by suppliers usually refer to compounded grades
containing property enhancers (additives) such as stabilizers, modifiers, and flame retar-
dants. Sometimes, the suppliers’ property tables refer to a polymer rather than a formu-
lated compound.

3.2.1 Styrenics

Styrene block copolymers are the most widely used TPEs, accounting for close to 45 per-
cent of total TPE consumption worldwide at the close of the twentieth century.1 They are
characterized by their molecular architecture, which has a “hard” thermoplastic segment
(block) and a “soft” elastomeric segment (block) (see Fig. 3.2). Styrenic TPEs are usually
styrene butadiene styrene (SBS), styrene ethylene/butylene styrene (SEBS), and styrene
isoprene styrene (SIS). Styrenic TPEs usually have about 30 to 40 percent (wt) bound sty-
rene; certain grades have a higher bound styrene content. The polystyrene endblocks cre-
ate a network of reversible physical cross links that allow thermoplasticity for melt
processing or solvation. With cooling or solvent evaporation, the polystyrene domains re-
form and harden, and the rubber network is fixed in position.2

Figure 3.1 TPEs bridge the hardness ranges of rubbers and plastics. (Source: Ref. 10, p.
5.2)

Figure 3.2 Structures of three common styrenic block co-
polymer TPEs: a and c = 50 to 80; b = 20 to 100. (Source:
Ref. 10, p. 5.12)
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Principal styrenic TPE markets are: molded shoe soles and other footwear; extruded
film/sheet and wire/cable covering; pressure-sensitive adhesives (PSA) and hot-melt adhe-
sives; and viscosity index (VI) improver additives in lube oils, resin modifiers, and asphalt
modifiers. They are also popular as grips (bike handles), kitchen utensils, clear medical
products, and personal care products.1,4 Adhesives and sealants are the largest single mar-
ket.1 Styrenic TPEs are useful in adhesive compositions in web coatings.1

Styrenic block copolymer (SBC) thermoplastic elastomers were produced by Shell
Chemical (KRATON®) and are available from Firestone Synthetic Rubber and Latex, Divi-
sion of Bridgestone/Firestone (Stereon®*), Dexco Polymers (Vector®†), and EniChem Elas-
tomers (Europrene®‡). SBC properties and processes are described for these four SBCs.

KRATON§ TPEs are usually SBS, SEBS, and SIS, as are SEP (styrene ethylene/propy-
lene) and SEB (styrene ethylene/butylene).2 The polymers can be precisely controlled dur-
ing polymerization to meet property requirements for a given application.2

Two KRATON types are chemically distinguished: KRATON G and (raton D, as de-
scribed below. A third type, KRATON Liquid®, poly(ethylene/butylene), is described there-
after. KRATON G and D have different performance and processing properties. KRATON G
polymers have saturated midblocks with better resistance to oxygen, ozone and ultraviolet
(UV) radiation, and higher service temperatures, depending on load, up to 350°F (177°C)
for certain grades.2 They can be steam sterilized for reusable hospital products. KRATON D
polymers have unsaturated midblocks with service temperatures up to 150°F (66°C).2

SBC upper service temperature limits depend on the type and weight percent (wt%) ther-
moplastic and type and wt% elastomer, and the addition of heat stabilizers. A number of
KRATON G polymers are linear SEBS, while several KRATON D polymers are linear SIS.2

KRATON G polymer compounds’ melt process is similar to polypropylene; KRATON D
polymer compounds’ process is comparable to polystyrene (PS).2

Styrenic TPEs have strength properties equal to those of vulcanized rubber, but they do
not require vulcanization.2 Properties are determined by polymer type and formulation.
There is wide latitude in compounding to meet a wide variety of application properties.2

According to application-driven formulations, KRATONs are compounded with a hardness
range from Shore A 28 to 95 (Shore A 95 is approximately equal to Shore D 40), sp gr
from 0.90 to 1.18, tensile strengths from 150 to 5000 lb/in2 (1.03 to 34.4 MPa), and flexi-
bility down to –112°F (80°C) (see Table 3.1).2

KRATONs are resistant to acids, alkalis, and water, but long soaking in hydrocarbon sol-
vents and oils deteriorates the polymers.2

Automotive applications range from window seals and gasketing to enhanced noise/vi-
bration attenuation.1 The polymers are candidates for automotive seating, interior padded
trim and insulation, hospital padding, and topper pads.1 SEBS is extruded/blown into 1-
mil films for disposable gloves for surgical/hospital/dental, food/pharmaceutical, and
household markets.1

KRATONs are used in PSAs, hot-melt adhesives, sealants, solution-applied coatings,
flexible oil gels, modifiers in asphalt, thermoplastics, and thermosetting resins.2 When
KRATONs are used as an impact modifier in nylon 66, notched Izod impact strength can be
increased from 0.8 ft-lb/in for unmodified nylon 66 to 19 ft-lb/in. Flexural modulus may

* Stereon is a registered trademark of Firestone Synthetic Rubber and Latex Company, Division of
Bridgestone/Firestone.
† Vector is a registered trademark of Dexco, A Dow/Exxon Partnership. 
‡ Europrene is a registered trademark of EniChem Elastomers. 
§ KRATON styrenics were developed by Shell Chemical. In March 2001, the company formally
announced finalization of sale to Ripplewood Holdings. For information, contact Kate Hill, Shell
International Media Relations, telephone 44(0)2079342914.
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decrease from 44,000 lb/in2 (302 MPa) for unmodified nylon 66 to about 27,000 lb/in2

(186 MPa) for impact-modified nylon 66.
SBCs are injection molded, extruded, blow molded, and compression molded.2

KRATON Liquid polymers are polymeric diols with an aliphatic, primary OH– group on
each terminal end of the poly(ethylene/butylene) elastomer. They are used in formulations
for adhesives, sealants, coatings, inks, foams, fibers, surfactants, and polymer modifiers.13

Two large markets for Firestone’s styrenic block copolymer SBS Stereon TPEs are (1)
impact modifiers (enhancers) for flame-retardant polystyrene and polyolefin resins and (2)
PSA and hot-melt adhesives. Moldable SBS block copolymers possess high clarity and
gloss, have good flex cycle stability for “living hinge” applications, and come in FDA-
compliant grades for food containers and medical/hospital products.1 Typical mechanical
properties are 4600-lb/in2 (31.7-MPa) tensile strength, 6000-lb/in2 (41.4-MPa) flexural
strength, and 200,000-lb/in2 (1.4-GPa) flexural modulus.1

Stereon stereospecific butadiene styrene block copolymer is used as an impact modifier
in PS, high-impact polystyrene (HIPS), polyolefin sheet and films, such as blown film
grade linear low-density polyethylene (LLDPE), to achieve downgauging and improve
tear resistance and heat sealing.1 Blown LLDPE film modified with 7.5 percent stereospe-
cific styrene block copolymers has a Dart impact strength of 185°F per 50 g, compared
with 135°F per 50 g for unmodified LLDPE film. These copolymers also improve environ-
mental stress crack resistance (ESCR) (especially to fats and oils for meat/poultry packag-
ing trays), increase melt flow rates, increase gloss, and meet U.S. FDA 21 CFR 177.1640
(PS and rubber modified PS) with at least 60 percent PS for food contact packaging.1

When used with thermoformable foam PS, flexibility is improved without sacrificing stiff-
ness, allowing deeper draws.1 The stereospecific butadiene block copolymer TPEs are eas-
ily dispersed and improve blendability of primary polymer with scrap for recycling.

Vector SBS, SIS, and SB styrenic block copolymers are produced as diblock-free and
diblock copolymers.29 The company’s process to make linear SBCs yields virtually no
diblock residuals. Residual styrene butadiene and styrene isoprene require endblocks at
both ends of the polymer to have a load-bearing segment in the elastomeric network.29

However, diblocks are blended into the copolymer for certain applications.29 Vector SBCs
are injection molded, extruded, and formulated into pressure-sensitive adhesives for tapes
and labels, hot-melt product-assembly adhesives, construction adhesives, mastics, seal-
ants, and asphalt modifiers.29 The asphalts are used to make membranes for single-ply
roofing and waterproofing systems, binders for pavement construction and repair, and

TABLE 3.1 Typical Properties of a KRATON D and KRATON G Polymer 
for Use as Formulation Ingredients and as Additive (U.S. FDA 
Compliance)

Property
[74°F (23°C)]

Kraton
D D1101

(linear SBS)

Kraton
G G1650

(linear SEBS)

Specific gravity, g/cm3

Hardness, Shore A
Tensile strength, lb/in2 (MPa)
300% modulus, lb/in2 (MPa)
Elongation, %
Set @ break, %
Melt flow index, g/10 min
Brookfield viscosity, Hz  @ 77°F (25°C), 

toluene  solution
Styrene/rubber ratio

0.94
71

4600 (32)
400 (2.7)

880
10
<1

4000

31/69

0.91
75

5000 (34)
800 (5.5)

550
—
—

8000

29/71
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sealants for joints and cracks.29 Vector SBCs are used as property enhancers (additives) to
improve the toughness and impact strength at ambient and low temperatures of engineer-
ing thermoplastics, olefinic and styrenic thermoplastics, and thermosetting resins.29 The
copolymers meet applicable U.S. FDA food additive 21 CFR 177.1810 regulations and
United States Pharmacopoeia (USP) (Class VI medical devices) standards for health-care
applications.29

The company’s patented hydrogenation techniques are developed to improve SBC heat
resistance as well as ultraviolet resistance.29

EniChem Europrene SOL T products are styrene butadiene and styrene isoprene linear
and radial block copolymers.1 They are solution-polymerized using anionic type cata-
lysts.33 The molecules have polystyrene endblocks with central elastomeric polydiene
(butadiene or isoprene) blocks.33 The copolymers are (S-B)nX type where S = polystyrene,
B = polybutadiene and polyisoprene, and X = a coupling agent. Both configurations have
polystyrene (PS) endblocks, with bound styrene content ranging from 25 to 70 percent
(wt).1 Polystyrene contributes styrene hardness, tensile strength, and modulus; polybutadi-
ene and polyisoprene contribute high resilience and flexibility, even at low temperatures.1

Higher molecular weight (MW) contributes a little to mechanical properties but decreases
melt flow characteristics and processibility.

The polystyrene and polydiene blocks are mutually insoluble, and this shows with two
Tg peaks on a cartesian graph with tan δ (y axis) versus temperature (x axis): one Tg for the
polydiene phase and a second Tg, for the polystyrene phase. A synthetic rubber, such as
SBR, shows one Tg.33 The two phases of a styrenic TPE are chemically bound, forming a
network with the PS domains dispersed in the polydiene phase. This structure accounts for
mechanical/elastic properties and thermoplastic processing properties.33 At temperatures
up to about 167°F (80°C), which is below PS Tg of 203 to 212°F (95 to 100°C), the PS
phase is rigid.33 Consequently, the PS domains behave as cross-linking sites in the polydi-
ene phase, similar to sulfur links in vulcanized rubber.33 The rigid PS phase also acts as a
reinforcement, as noted here.33 Crystal PS, HIPS, poly-alpha-methylstyrene, ethylene vi-
nyl acetate (EVA) copolymers, low-density polyethylene (LDPE), and high-density poly-
ethylene (HDPE) can be used as organic reinforcements. CaCO3, clay, silica, and silicates
act as inorganic fillers, with little reinforcement, and they can adversely affect melt flow if
used in excessive amounts.33

The type of PS, as well as its percent content, affect properties. Crystal PS, which is the
most commonly used, and HIPS increase hardness, stiffness, and tear resistance without
reducing melt rheology.1 High-styrene copolymers, especially Europrene SOL S types
produced by solution polymerization, significantly improve tensile strength, hardness, and
plasticity, and they enhance adhesive properties.33 High styrene content does not decrease
the translucency of the compounds.33 Poly-alpha-methylstyrene provides higher hardness
and modulus, but abrasion resistance decreases.33 EVA improves resistance to weather,
ozone, aging, and solvents, retaining melt rheology and finished product elasticity. The
highest Shore hardness is 90 A, the highest melt flow is 16 g/10 min, and specific gravity is
0.92–0.96.1

Europrene compounds can be extended with plasticizers that are basically a paraflinic
oil containing specified amounts of naphthenic and aromatic fractions.33 Europrenes are
produced in both oil-extended and dry forms.1 Oils were specially developed for optimum
mechanical, aging, processing, and color properties.33 Increasing oil content significantly
increases melt flow properties, but it reduces mechanical properties. Oil extenders must be
incompatible with PS so as to avoid PS swelling, which would decrease mechanical prop-
erties even more.33

The elastomers are compounded with antioxidants to prevent thermal and photo-oxida-
tion, which can be initiated through the unsaturated zones in the copolymers.33 Oxidation
can take place during melt processing and during the life of the fabricated product.33 Phe-
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nolic, or phosphitic antioxidants, and dilauryldithiopropionate as a stabilizer during melt
processing, are recommended.33 Conventional UV stabilizers are used such as benzophe-
none and benzotriazine.33 Depending on the application, the elastomer is compounded
with flow enhancers such as low MW polyethylene (PE), microcrystalline waxes or zinc
stearate, pigments, and blowing agents.33

Europrene compounds, especially oil-extended grades, are used in shoe soles and other
footwear.1 Principal applications are impact modifiers in PS, HDPE, LDPE, polypropylene
(PP), other thermoplastic resins and asphalt; extruded hose, tubing, O-rings, gaskets, mats,
swimming equipment (eye masks, snorkels, fins, “rubberized” suits) and rafts; and pres-
sure-sensitive adhesives (PSA) and hot melts.1 SIS types are used in PSA and hot melts;
SBS types are used in footwear.1

The copolymer is supplied in crumb form, and mixing is done by conventional industry
practices, with an internal mixer or low-speed room temperature premixing and com-
pounding with either a single- or twin-screw extruder.33 Low-speed premixing/extrusion
compounding is the process of choice.

Europrenes have thermoplastic polymer melt processing properties and characteristics
of TPEs. At melt processing temperatures, they behave as thermoplastics, and below the
PS Tg of 203 to 212°F (95 to 100°C) the copolymers act as cross-linked elastomers, as
noted earlier. Injection-molding barrel temperature settings are from 284 to 374°F (140 to
190°C). Extrusion temperature at the head of the extruder is maintained between 212 and
356°F (100 and 180°C).

3.2.2 Olefenics and TPO Elastomers

Thermoplastic polyolefin (TPO) elastomers are typically composed of ethylene propylene
rubber (EPR) or ethylene propylene diene “M” (EPDM) as the elastomeric segment and
polypropylene thermoplastic segment.18 LDPE, HDPE, and LLDPE; copolymers ethylene
vinyl acetate (EVA), ethylene ethylacrylate (EEA), ethylene, methyl-acrylate (EMA); and
polybutene-1 can be used in TPOs.18 Hydrogenation of polyisoprene can yield ethylene
propylene copolymers, and hydrogenation of 1,4- and 1,2-stereoisomers of S-B-S yields
ethylene butylene copolymers.1

TPO elastomers are the second most widely used TPEs on a tonnage basis, accounting
for about 25 percent of total world consumption at the close of the twentieth century (ac-
cording to what TPOs are included as thermoplastic elastomers).

EPR and polypropylene can be polymerized in a single reactor or in two reactors. With
two reactors, one polymerizes propylene monomer to polypropylene, and the second copo-
lymerizes polypropylene with ethylene propylene rubber (EPR) or EPDM. Reactor grades
are (co)polymerized in a single reactor. Compounding can be done in the single reactor.

Montell’s in-reactor Catalloy®* (“catalytic alloy”) polymerization process alloys propy-
lene with comonomers, such as EPR and EPDM, yielding very soft, very hard, and rigid
plastics, impact grades, or elastomeric TPOs, depending on the EPR or EPDM percent
content. The term olefinic for thermoplastic olefinic elastomers is arguable because of the
generic definition of olefinic. TPVs are composed of a continuous
thermoplastic polypropylene phase and a discontinuous vulcanized rubber phase, usually
EPDM, EPR, nitrile rubber, or butyl rubber.

Montell describes TPOs as flexible plastics, stating “TPOs are not TPEs.”32a The com-
pany’s Catalloy catalytic polymerization is a cost-effective process, used with propylene
monomers that are alloyed with comonomers, including the same comonomers with dif-

* Catalloy is a registered trademark of Montell North America Inc., wholly owned by the Royal Dutch/
Shell Group.
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ferent molecular architecture. Catalloy technology uses multiple gas-phase reactors that
allow the separate polymerization of a variety of monomer streams.32 Alloyed or blended
polymers are produced directly from a series of reactors that can be operated indepen-
dently from each other to a degree.32

Typical applications are flexible products such as boots, bellows, drive belts, conveyor
belts, diaphragms, and keypads; connectors, gaskets, grommets, lip seals, O-rings, and
plugs; bumper components, bushings, dunnage, motor mounts, sound deadening; and cast-
ers, handle grips, rollers, and step pads.9

Insite®* technology is used to produce Affinity®† polyolefin plastomers (POPs), which
contain up to 20 wt% octene co-monomer.14 Dow Chemical’s 8-carbon octene polyethyl-
ene technology produces the company’s ULDPE Attane®‡ ethylene-octene-1 copolymer
for cast and blown films. Alternative copolymers are 6-carbon hexene and 4-carbon
butene, for heat-sealing packaging films. Octene copolymer POP has lower heat-sealing
temperatures for high-speed form-fill-seal lines and high hot-tack strength over a wide
temperature range.14 Other benefits cited by Dow Chemical are toughness, clarity, and low
taste/odor transmission.14

Insite technology is used for homogeneous single-site catalysts that produce virtually
identical molecular structure, such as branching, co-monomer distribution, and narrow
molecular weight distribution (MWD).14 Solution polymerization yields Affinity polymers
with uniform, consistent structures, resulting in controllable, predictable performance
properties.14

Improved performance properties are obtained without diminishing processibility, be-
cause the Insite process adds long-chain branching onto a linear short-chain, branched
polymer.14 The addition of long-chain branches improves melt strength and flow.14 Long-
chain branching results in polyolefin plastomers processing at least as smooth as LLDPE
and ultra-low-density polyethylene (ULDPE) film extrusion.14 Polymer design contributes
to extrusion advantages such as enhanced shear flow, drawdown, and thermoformability.

For extrusion temperature and machine design, the melt temperature is 450 to 550°F
(232 to 288°C), the feed zone temperature setting is 300 to 325°F (149 to 163°C), 24/1 to
32/1 L/D; for the sizing gear box, use 5 lb/hr/hp (1.38 kg/hr/kW) to estimate power re-
quired to extrude POP at a given rate; for single-flight screws, line draw over the length of
the line, 10 to 15 ft/min (3 to 4.5 m/min) maximum. Processing conditions and equipment
design vary according to the resin selection and finished product. For example, a melt tem-
perature of 450 to 550°F (232 to 288°C) applies to cast, nip-roll fabrication using an ethyl-
ene alpha-olefin POP14a), while 350 to 450°F (177 to 232°C) is recommended for
extrusion/blown film for packaging, using an ethylene aipha-olefin POP.14b

POP applications are sealants for multilayer bags and pouches to package cake mixes,
coffee, processed meats and cheese, and liquids; overwraps; shrink films; skin packaging;
heavy-duty bags and sacks; and molded storage containers and lids.14

Engage®§ polyolefin elastomers (POEs), ethylene octene copolymer elastomers, pro-
duced by DuPont Dow Elastomers, use Insite catalytic technology.5 Table 3.2 shows their
low density and wide range of physical/mechanical properties (using ASTM test meth-
ods).5

The copolymer retains toughness and flexibility down to 40°F (–40°C).5 When cross-
linked with peroxide or silane, or by radiation, heat resistance and thermal aging increase
to >302°F (>150°C).5 Cross-linked copolymer is extruded into covering for low- and me-

* Insite is a registered trademark of DuPont Dow Elastomers LLC. 
† Affinity is a registered trademark of The Dow Chemical Company.
‡ Attane is a registered trademark of The Dow Chemical Company.
§ Engage is a registered trademark of DuPont Dow Elastomers LLC.
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dium-voltage cables. POE elastomers have a saturated chain, providing inherent UV sta-
bility.5 Ethylene octene copolymers are used as impact modifiers, for example, in
polypropylene. Typical products are foams and cushioning components, sandal and slipper
bottoms, sockliners and midsoles, swim fins, and winter and work boots; TPO bumpers,
interior trim and rub strips, automotive interior air ducts, mats and liners, extruded hose
and tube, interior trim, NVH applications, primary covering for wire and cable voltage in-
sulation (low and medium voltage), appliance wire, semiconductive shields, nonhalogen
flame-retardant and low smoke emission jackets, and bedding compounds.5

Union Carbide elastomeric polyolefin flexomers combine flexibility, toughness, and
weatherability, with properties midrange between polyethylene and EPR.

3.3 Polyurethane Thermoplastic Elastomers 
(TPUs)

TPUs are the third most widely used TPEs, accounting for about 15 percent of TPE con-
sumption worldwide.

Linear polyurethane thermoplastic elastomers can be produced by reacting a diisocyan-
ate [methane diisocyanate (MDI) or toluene diisocyanate (TDI)] with long-chain diols
such as liquid polyester or polyether polyols and adding a chain extender such as 1,4-bu-
tanediol.17,18c The diisocyanate and chain extender form the hard segment, and the long-
chain diol forms the soft segment.18c For sulfur curing, unsaturation is introduced, usually
with an allyl ether group.17 Peroxide curing agents can be used for cross linking.

The two principal types of TPUs are polyether and polyester. Polyethers have good
low-temperature properties and resistance to fungi; polyesters have good resistance to
fuel, oil, and hydrocarbon solvents.

BASF Elastollan®* TPU elastomer property profiles show typical properties of polyure-
thane thermoplastic elastomers (see Table 3.3).

Shore hardness can be as soft as 70 A and as hard as 74 D, depending on the hard/soft
segment ratio. Specific gravity, modulus, compressive stress, load-bearing strength, and
tear strength are also hard/soft ratio dependent.18c TPU thermoplastic elastomers are
tough, tear resistant, abrasion resistant, and exhibit low-temperature properties.4

TABLE 3.2 Typical Property Profile for Engage Polyolefin Elastomers 
(Unfilled Polymer, Room Temperature Except where Indicated)

Property Values

Specific gravity, g/cm3

Flexural modulus, lb/in2 (MPa), 2% secant

100% modulus, lb/in2(MPa)

Elongation, %

Hardness, Shore A

Haze, %,  0.070 in (1.8 mm) injection-molded plaque

Low-temperature  brittleness, °F (°C)

Melt flow index, g/10 min

Melting point, °F (°C)

0.857–0.91

435–27,55 (3–190)

145–>725 (1–>5)

700+

50–95

<10–20

<–104 (<–76)

0.5–30

91–225 (33–107)

* Elastopllan is a registered trademark of BASF Corporation.
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Dow Plastics Pellethane®* TPU elastomers are based on both polyester and polyether
soft segments.3

Five series indicate typical applications:

1. Polyester polycaprolactones for injection-molded automotive panels, painted (without
primer) with urethane and acrylic enamels, or water-based elastomeric coating

2. Polyester polycaprolactones for seals, gaskets, and belting

3. Polyester polyadipates extruded into film, sheet, and tubing

4. Polytetramethylene glycol ethers with excellent dielectrics for extruded wire and ca-
ble covering, and also for films, tubing, belting, and caster wheels

5. Polytetramethylene glycol ethers for healthcare applications3

Polyether-polyester hybrid specialty compounds are the softest nonplasticized TPU (Shore
hardness 70 A), and they are used as impact modifiers.

Polycaprolactones possess good low-temperature impact strength for paintable body
panels, good fuel and oil resistance, and hydrolytic stability for seals, gaskets, and belt-
ing.3 Polycaprolactones have fast crystallization rates and high crystallinity, and they are
generally easily processed into complex parts.

Polyester polyadipates have improved oil and chemical resistance but slightly lower hy-
drolytic stability than polycaprolactones, which are used for seals, gaskets, and beltings.

Polytetramethylene glycol ether resins for wire/cable covering have excellent resistance
to hydrolysis and microorganisms, compared with polyester polyurethanes. Healthcare
grade polyether TPUs are resistant to fungi, have low levels of extractable ingredients, of-
fer excellent hydrolysis resistance, and can be sterilized for reuse by gamma irradiation,
ethylene oxide, and dry heat—but not with pressurized steam (autoclave).3 Polyether
TPUs are an option for sneakers and athletic footwear components such as outer soles.

Bayer Bayflex®† elastomeric polyurethane reaction injection molding (RIM) is a two-
component diphenylmethane diisocyanate- (MDI)-based liquid system produced in unre-
inforced, glass-reinforced, and mineral-/microsphere-reinforced grades.15 They possess a
wide stiffness range, relatively high impact strength, and quality molded product surface,
and they can be in-mold coated. Room temperature properties are as follows:

TABLE 3.3 Mechanical Property Profile of Elastollan

Property Value

Specific gravity, g/cm3

Hardness, Shore 
Tensile strength, lb/in2 (MPa)
Tensile strength, lb/in2 (MPa):

100% elongation
300% elongation

Elongation @ break, %
Tensile set @ break, %
Tear strength, Die C pli
Abrasion-resistance, mg loss (Tabor)

1.11–1.21
70 A–74 D

4600–5800 (31.7–40.0)

770–1450 (5.3–10.0)
1300–1750 (9.0–12.0)

550–700
45–50

515–770
25

* Pellethane is a registered trademark of The Dow Chemical Company.
† Bayflex is a registered trademark of Bayer Corporation.
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■ Specific gravity, 0.95 to 1.18
■ Ultimate tensile strength, 2300 to 4200 lb/in2 (16 to 29 MPa)
■ Flexural modulus, 5000 to 210,000 lb/in2 (34 to 1443 MPa)
■ Tear strength, Die C, 230 to 700 lb/in (40 to 123 kN/m)15

Related Bayer U.S. patents are TPU-Urea Elastomers, U.S. Patent 5,739,250 assigned to
Bayer AG, April 14, 1998; and RIM Elastomers Based on Prepolymers of Cyoloaliphatic
Diisocyanates, U.S. Patent 5,738,253 assigned to Bayer Corp., April 14, 1998.

Representative applications are tractor body panels and doors, automotive fascia, body
panels, window encapsulation, heavy-duty truck bumpers, and recreation vehicle (RV)
panels.

Bayer’s Texin®* polyester and polyether TPU and TPU/polycarbonate (PC) elastomers
were pioneer TPEs in the early development of passenger car fronts and rear bumpers. PC
imparts Izod impact strength toughness required for automotive exterior body panels. Ex-
trusion applications include film/sheet, hose, tubing, profiles, and wire/cable covering.
Hardness ranges from Shore A 70 to Shore D 75. Texin can be painted without a primer.

Morton International’s Morthane®† TPU elastomers are classified into four groups:
polyesters, polyethers, polycaprolactones, and polyblends. Polyester polyurethanes have
good tear and abrasion resistance, toughness, and low-temperature flexibility, and Shore
hardness ranges from 75 A to 65 D. They are extruded into clear film and tubing and fuel
line hose. Certain grades are blended with acrylonitrile buta-diene styrene (ABS), styrene
acrylonitrile (SAN), nylon, PC, polyvinyl chloride (PVC), and other thermoplastic resins.
Polyethers possess hydrolytic stability, resilience, toughness, good low-temperature flexi-
bility, easy processibility and fast cycles. They also have tensile strength up to 7500 lb/in2

(52 MPa) and melt flow ranges from about 5 to 60 g/10 min. Hardnesses are in the Shore
A range up to 90. Certain grades can be used in medical applications. Aliphatic polyester
and polyether grades provide UV resistance for pipes, tubing, films, and liners. They can
be formulated for high clarity.

The polyblends are polyester TPUs blended with ABS, SAN, PC, nylon, PVC, and
other thermoplastics for injection molding and extrusion. A 10 to 20 percent loading into
PVC compositions can increase mechanical properties 30 to 40 percent.1 Although the
elastomeric TPUs are inherently flexible, plasticizers may be recommended, for example,
in films.

TPU elastomers are processed on rubber equipment, injection molded, extruded, com-
pression molded, transfer molded, and calendered. To be fabricated into products, such as
athletic shoe outer soles, the elastomer and ingredients are mixed in conventional rubber
equipment (two-roll mills, internal mixers) and compounded.17 Subsequently, the com-
pound is processed; for example, injection molded.17

Typical melt processing practices are described with Pellethane TPU (see Table 3.4).
The moisture content is brought to <0.02 percent before molding or extruding.3 Desiccant,
dehumidifying hopper dryers that can produce a –40°F (40°C) dew point at the air inlet are
suggested. A dew point of –20°F (–29°C) or lower is suggested for TPU elastomers.3 The
suggested air-inlet temperature range is 180 to 230°F (82 to 110°C)3: 180 to 200°F (82 to
93°C) for the softer Shore A elastomers, and 210 to 230°F (99 to 110°C) for harder Shore
D elastomers.

Drying time to achieve a given moisture content for resin used directly from sealed bags
is shown in Fig. 3.3: about 4 hr to achieve <0.02 percent moisture content @ 210°F (99°C)

* Texin is a registered trademark of Bayer Corporation.
† Morthane is a registered trademark of Morton International Inc.
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air-inlet temperature and –20°F (–29°C) dew point.3 When TPU elastomers are exposed to
air just prior to processing, the pellets are maintained at 150 to 200°F (65 to 93°C), a
warmer temperature than the ambient air.3 A polymer temperature that is warmer than the
ambient air reduces the ambient moisture absorption.3

Melt temperature is determined by Tm of resin and processing and equipment specifica-
tions, including machine capacity, rated shot size, screw configuration (LID, flight num-
ber, and design), part design, mold design (gate type and runner geometry), and cycle
time.3 Shear energy created by the reciprocating screw contributes heat to the melt, caus-
ing the actual melt temperature to be 10 to 20°F (6 to 10°C) higher than the barrel temper-
ature settings.3 Temperature settings should take shear energy into account. To ensure
maximum product quality, the processor should discuss processing parameters, specific

TABLE 3.4 Typical Injection-Molding Settings* for Pellethane TPU

Temperature, °F (°C) Shore A 80 Shore D 55

Melt temperature max
Cylinder zone

Rear (feed)
Middle (transition)
Front (metering)

Nozzle
Mold temperature

415 (213)

350–370 (177–188)
360–380 (183–193)
370–390 (188–199)
390–410 (199–210)

80–140

435 (224)

360–380 (183–193)
370–390 (188–198)
390–410 (204–210)
400–410 (204–210)

(27–60)

*Typical temperature and pressure settings are based on Ref. 3. Settings are based on studies
using a reciprocating screw, general-purpose crew, clamp capacity of 175 tons, and rated shot
capacity of 10oz (280 g). Molded specimen thicknesses ranged from 0.065 to 0.125 in (1.7 to
3.2 mm).

Figure 3.3 Typical drying curve for Pellethane
elastomers. (From Ref. 3, p. 6)
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machinery, equipment, and tool and product data with the resin supplier. For example, if it
is suspected that an improper screw design will be used, melt temperature gradient may be
reversed. Instead of increasing temperature from rear to front, it may be reduced from rear
to front.3

A higher mold temperature favors a uniform melt cooling rate, minimizing residual
stresses, and improves the surface finish, mold release, and product quality. The mold
cooling rate affects finished product quality. Polyether type TPU can set up better and re-
lease better.

High pressures and temperatures fill a high surface-to-volume ratio mold cavity more
easily, but TPU melts can flash fairly easily at high pressures (Table 3.5). Pressure can be

carefully controlled to achieve a quality product by using higher pressure during quick-fill,
followed by lower pressure.3 The initial higher pressure may reduce mold shrinkage by
compressing the elastomeric TPU.3

The back pressure ranges from 0 to 100 lb/in2 (0 to 0.69 MPa). TPU elastomers usually
require very little or no back pressure.3 When additives are introduced by the processor
prior to molding, back pressure will enhance mixing, and when the plastication rate of the
machine is insufficient for shot size or cycle time, a back pressure up to 200 lb/in2 (1.4
MPa) can be used.3

Product quality is not as sensitive to screw speed as it is to process temperatures and
pressures. The rotating speed of the screw, along with flight design, affects mixing (when
additives have been introduced) and shear energy. Higher speeds generate more shear en-
ergy (heat). A speed above 90 r/min can generate excessive shear energy, creating voids
and bubbles in the melt, which remain in the molded part.3

Cycle times are related to TPU hardness, part design, temperatures, and wall thickness.
Higher temperature melt and a hot mold require longer cycles, when the cooling gradient
is not too steep. The cycle time for thin-wall parts, <0.125 in (<3.2 mm), is typically about
20 s.3 The wall thickness for most parts is less than 0.125 in (3.2 mm), and a wall thick-
ness as small as 0.062 in (1.6 mm) is not uncommon. When the wall thickness is 0.250 in
(6.4 mm), the cycle time can increase to about 90 s.3

Mold shrinkage is related to TPU hardness and wall thickness, part and mold designs,
and processing parameters (temperatures and pressures). For a wall thickness of 0.062 in
(1.6 mm) for durometer hardness Shore A 70, the mold shrinkage is 0.35 percent. Using
the same wall thickness for durometer hardness Shore A 90, the mold shrinkage is 0.83
percent.3

TABLE 3.5 Typical Temperature Pressure Settings* for Pellethane TPU

*Typical temperature and pressure settings are based on Ref. 3. Settings are based on studies using a reciprocating
screw, general-purpose screw, clamp capcity of 175 tons, and rated shot capacity of 10 oz (280 g). Molded speciment
thickness ranged from 0.065 to 0.125 in (1.7– to 3.2–mm).

Pressure, lb/in2 † (MPa)

†U.S. units refer to line pressures; metric units are based on the pressure on the (average) cross-sectional area of the
screw.

Injection pressure
First stage
Second stage

Back pressure
Cushion, in/mm
Screw speed, r/min
Cycle time, s (injection, relatively slow to avoid flash, etc.)

8000–15,000 (55.0–103)
5000–10,000 (34.5–69.60)

0–100 (0–0.69)
0.25 (6.4)

50–75
3–10
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Purging when advisable is accomplished with conventional purging materials, polyeth-
ylene, or polystyrene. Good machine maintenance includes removing and cleaning the
screw and barrel mechanically with a salt bath or with a high-temperature fluidized sand
bath.3

Reciprocating screw injection machines are usually used to injection mold TPU, and
these are the preferred machines, but ram types can be successfully used. Ram machines
are slightly oversized to avoid (1) incomplete melting and (2) steep temperature gradients
during resin melting and freezing. Oversizing applies especially to TPU durometers harder
than Shore D 55.3

Molded and extruded TPU have a wide range of applications, including:

■ Automotive: body panels (tractors) and RVs, doors, bumpers (heavy-duty trucks), fas-
cia, and window encapsulations

■ Belting
■ Caster wheels
■ Covering for wire and cable
■ Film/sheet
■ Footwear and outer soles
■ Seals and gaskets
■ Tubing

3.3.1 Copolyesters

Thermoplastic copolyester elastomers are segmented block copolymers with a polyester
hard crystalline segment and a flexible soft amorphous segment with a very low Tg.35 Typ-
ically, the hard segments are composed of short-chain ester blocks such as tetramethylene
terephthalate, and the soft segments are composed of aliphatic polyether or aliphatic poly-
ester glycols, their derivatives, or polyetherester glycols. The copolymers are also called
thermoplastic etheresterelastomers (TEEEs).35 The terms COPE and TEEE are used inter-
changeably (see Fig. 3.4).

TEEEs are typically produced by condensation polymerization of an aromatic dicar-
boxylic acid or ester with a low MW aliphatic diol and a polyakylene ether glycol.35 Reac-
tion of the first two components leads to the hard segment, and the soft segment is the
product of the diacid or diester with a long-chain glycol.35 This can be described as a melt
transesterification of an aromatic dicarboxylic acid, or preferably its dimethyl ester, with a
low MW poly(alklylene glycol ether) plus a short-chain diol.35

An example is melt phase polycondensation of a mixture of dimethyl terephthaate
(DMT) + poly(tetramethylene oxide) glycol + an excess of tetramethylene glycol. A wide
range of properties can be built into the TEEE by using different mixtures of isomeric ph-
thalate esters, different polymeric glycols, and varying MW and MWD.36 Antioxidants,

Figure 3.4 Structure of a commercial COPE TPE: a = 16 to 40, x = 10
to 50, and b = 16 to 40. (Source: Ref. 10, p. 5.14)
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such as hindered phenols or secondary aromatic amines, are added during polymerization,
and the process is carried out under nitrogen, because the polyethers are subject to oxida-
tive and thermal degradation.35

Hytrel®* TEEElastomer block copolymers’ property profile is given in Table 3.6.

The mechanical properties are between rigid thermoplastics and thermosetting hard
rubber.35 Mechanical properties and processing parameters for Hytrel, and for a number of
other materials in this chapter, can be found on the producers’ Internet home pages.

Copolymer properties are largely determined by the soft/hard segment ratio; as with
any commercial resin, properties are determined with compound formulations.

TEEEs combine flexural fatigue strength, low-temperature flexibility, good apparent
modulus (creep resistance), DTUL and heat resistance, resistance to hydrolysis, and good
chemical resistance to nonpolar solvents at elevated temperatures. A tensile stress/percent
elongation curve reveals an initial narrow linear region.19 COPEs are attacked by polar
solvents at elevated temperatures. The copolymers can be completely soluble in meta-
cresol, which can be used for dilute solution polymer analysis.19

TEEEs are processed by conventional thermoplastic melt-processing methods, injection
molding, and extrusion, requiring no vulcanization.35 They have sharp melting transitions
and rapid crystallization (except for softer grades with higher amount of amorphous seg-
ment), and apparently melt viscosity decreases slightly with shear rate (at low shear
rates).35 The melt behaves like a Newtonian fluid.35 In a true Newtonian fluid, the coeffi-
cient of viscosity is independent of the rate of deformation. In a non-Newtonian fluid, the
apparent viscosity is dependent on shear rate and temperature.

TPE melts are typically highly non-Newtonian fluids, and their apparent viscosity is a
function of shear rate.10 TPE’s apparent viscosity is much less sensitive to temperature

TABLE 3.6 Typical Hytrel Property Profile1—ASTM Test Methods

Property Value

Specific gravity, g/cm3

Tensile strength @ break, lb/in2 (MPa)
Tensile elongation @ break, %
Hardness Shore D
Flexural modulus, lb/in 2 (MPa)

–40°F (–40°C)
73°F (22.8°C)
212°F (100°C)

Izod impact strength, ft-lb/in (J/m), notched
–40°F (–40°C)
–73°F (22.8°C)

Tabor abrasion, mg/1000 rev
CS–17 wheel
H–18 wheel

Tear resistance, lb/in, initial Die C
Vicat softening temperature, °F (°C)
Melt point, °F (°C)

1.01–1.43
1,400–7,000 (10–48)

200–700
30–82

9,000–440,000 (62–3,030)
4,700–175,000 (32–1,203)

1,010–37,000 (7.0–255)

No break–0.4 (No break–20)
No break–0.8 (No break–40)

0–85
20–310

210–1,440
169–414 (7601–212)
302–433 (150–223)

* Hytrel is a registered trademark of DuPont for its brand of thermoplastic polyester elastomer.
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than it is to shear rate.10 The apparent viscosity of TPEs as a function of apparent shear
rate and as a function of temperature are shown in Figs. 3.5 and 3.6.

TEEEs can be processed successfully by low-shear methods such as laminating, rota-
tional molding, and casting.35 Standard TEEElastomers are usually modified with viscos-
ity enhancers for improved melt viscosity for blow molding.35

Figure 3.5 Viscosity as a function of shear rate for hard and
soft TPEs. (Source: Ref. 10, p. 5.31)

Figure 3.6 TPE (with different hardnesses) viscosity as a
function of temperature. (Source: Ref. 10, p. 5.31)
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Riteflex®* copolyester elastomers have high fatigue resistance, chemical resistance,
good low-temperature [–40°F (–40°C)] impact strength, and service temperatures up to
250°F (121°C). Riteflex grades are classified according to hardness and thermal stability.
The typical hardness range is Shore D 35 to 77. They are injection molded, extruded, and
blow molded. The copolyester can be used as a modifier in other polymer formulations.
Applications for Riteflex copolyester and other compounds that use it as a modifier in-
clude bellows, hydraulic tubing, seals, wire coating, and jacketing; molded air dams, auto-
motive exterior panel components (fender extensions, spoilers), fascia and fascia
coverings, radiator panels; extruded hose, belting, and cable covering; and spark plug and
ignition boots.

Arnitel®† TPEs are based on polyether ester or polyester ester, including specialty com-
pounds as well as standard grades.34 Specialty grades are classified as (1) flame-retardant
UL 94 V/0 @ 0.031 in (0.79 mm), (2) high modulus glass-reinforced, (3) internally lubri-
cated with polytetrafluoro ethylene (PTFE) or silicone for improved wear resistance, and
(4) conductive, compounded with carbon black, carbon fibers, nickel-coated fibers, stain-
less-steel fibers, for ESD applications.

Standard grades have a hardness range of about Shore D 38 to 74 for injection molding,
extrusion, and powder rotational molding.1 Arnitels have high impact strength, even at
subzero temperatures, near-constant stiffness over a wide temperature range, and good
abrasion.34 They have excellent chemical resistance to mineral acids, organic solvents,
oils, and hydraulic fluids.34 They can be compounded with property enhancers (additives)
for resistance to oxygen, light, and hydrolysis.34 Glass fiber-reinforced grades, like other
thermoplastic composites, have improved DTUL, modulus, and coefficient of linear ther-
mal expansion (CLTE).34

Typical products are automotive exterior trim, fascia components, spoilers, window
track tapes, boots, bellows, underhood wire covering, connectors, hose, and belts; appli-
ance seals, power tool components, ski boots, and camping equipment.1

Like other thermoplastics, processing temperatures and pressures and machinery/tool
designs are adjusted to the compound and application.

The following conditions apply to Arnitel COPE compounds, for optimum product
quality: melt temperature range, 428 to 500°F (220 to 260°C); cylinder (barrel) tempera-
ture setting range, 392 to 482°F (200 to 250°C); mold temperature range for thin-wall
products, 122°F (50°C) and for thick-wall products, 68°F (20°C).

Injection pressure is a function of flow length, wall thickness, and melt rheology, and it
is calculated to achieve uniform mold filling. The Arnitel injection pressure range is <5000
to >20,000 lb/in2 (<34 to >137 MPa). Thermoplastic elastomers may not require back
pressure, and when back pressure is applied, it is much lower than for thermoplastics that
are not elastomeric. Back pressure for Arnitel is about 44 to 87 lb/in2 (0.3 to 0.6 MPa).
Back pressure is used to ensure a homogeneous melt with no bubbles.

The screw configuration is as follows: thread depth ratio, approximately 1:2, and L/D
ratio, 17/1 to 23/1 (standard three-zone screws: feed, transition or middle, and metering or
feed zones).34 Screws are equipped with a nonreturn valve to prevent backflow.34 Decom-
pression-controlled injection-molding machines have an open nozzle.34 A short nozzle
with a wide bore (3-mm minimum) is recommended to minimize pressure loss and heat
due to friction.34 Residence time should be as short as possible, and this is accomplished
with barrel temperatures at the lower limits of recommended settings.34

Tool design generally follows conventional requirements for gates and runners. DSM
recommends trapezoidal gates or, for wall thickness more than 3 to 5 mm, full sprue

* Riteflex is a registered trademark of Ticona.
† Arnitel is a registered trademark of DSM.
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gates.34 Vents approximately 1.5 × 0.02 mm are located in the mold at the end of the flow
patterns, either in the mold faces or through existing channels around the ejector pins and
cores.34 Ejector pins and plates for thermoplastic elastomers must take into account the
molded product’s flexibility. Knock-out pins/plates for flexible products should have a
large enough face to distribute evenly the minimum possible load. Prior to ejection, the
part is cooled, carefully following the resin supplier’s recommendation. The cooling sys-
tem configuration in the mold base, and the cooling rate, are critical to optimum cycle time
and product quality. The product is cooled as fast as possible without causing warpage.
Cycle times vary from about 6 s for a wall thickness of 0.8 to 1.5 mm to 40 s for a wall
thickness of about 5 to 6 mm. Drying temperatures and times range from 3 to 10 hr at 194
to 248°F (90 to 120°C).

In general, COPEs can require drying for 4 hr @ 225°F (107°C) in a dehumidifying
oven to bring the pellet moisture content to 0.02 percent max.1 The melt processing range
is typically about 428 to 448°F (220 to 231°C); however, melt processing temperatures
can be as high as 450 to 500°F (232 to 260°C). A typical injection-molding grade has a Tm
of 385°F (196°C).1 The mold temperature is usually between 75 and 125°F (24 and 52°C).

Injection-molding screws have a gradual transition (center) zone to avoid excess shear-
ing of the melt and high metering (front) zone flight depths [0.10 to 0.12 in (2.5 to 3.0
mm)], a compression ratio of 3.0:1 to 3.5:1, and an L/D of 18/1 min (24/1 for extru-
sion).18a Barrier screws can provide more efficient melting and uniform melt temperatures
for molding very large parts and for high-speed extrusions.18a When Hytrel is injection
molded, molding pressures range from 6000 to 14,000 lb/in2 (41.2 to 96.2 MPa). When
pressures are too high, over-packing and sticking to the mold cavity wall can occur.18a

Certain mold designs are recommended: large knock-out pins and stripper plates, and gen-
erous draft angles for parts with cores.18a

3.4 Polyamides

Polyamide TPEs are usually either polyester-amides, polyetherester-amide block copoly-
mers, or polyether block amides (PEBA) (see Fig. 3.7). PEBA block copolymer molecular
architecture is similar to typical block copolymers.10 The polyamide is the hard (thermo-
plastic) segment, whereas the polyester, polyetherester, and polyether segments are the
soft (elastomeric) segment.10

Polyamide TPEs can be produced by reacting a polyamide with a polyol such as poly-
oxyethylene glycol or polyoxypropylene glycol, a polyesterification reaction.1 Relatively

Figure 3.7 Structure of three PEBA TPEs. (Source: Ref. 10, p. 5.17)
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high aromaticity is achieved by esterification of a glycol to form an acid-terminated soft
segment, which is reacted with a diisocyanate to produce a polyesteramide. The polya-
mide segment is formed by adding diacid and diisocyanate.1 The chain extender can be a
dicarboxylic acid.1 Polyamide TPEs can be composed of lauryl lactam and ethylene-pro-
pylene rubber (EPR).

Polyamide thermoplastic elastomers are characterized by their high service temperature
under load, good heat aging, and solvent resistance.1 They retain serviceable properties
>120 hr @ 302°F (150°C) without adding heat stabilizers.1 Addition of a heat stabilizer in-
creases service temperature. Polyesteramides retain tensile strength, elongation, and mod-
ulus to 347°F (175°C).1 Oxidative instability of the ether linkage develops at 347°F
(175°C). The advantages of polyether block amide copolymers are their elastic memory,
which allows repeated strain (deformation) without significant loss of properties, lower
hysteresis, good cold-weather properties, hydrocarbon solvent resistance, UV stabilization
without discoloration, and lot-to-lot consistency.1

The copolymers are used for waterproof/breathable outerwear; air-conditioning hose;
underhood wire covering; automotive bellows; flexible keypads; decorative watch faces;
rotationally molded basketballs, soccer balls, and volleyballs; and athletic footwear soles.1

They are insert-molded over metal cores for nonslip handle covers (for video cameras) and
coinjected with polycarbonate core for radio/TV control knobs.1

Pebax®* polyether block amide copolymers consist of regular linear chains of rigid
polyamide blocks and flexible polyether blocks. They are injection molded, extruded,
blow molded, thermoformed, and rotational molded.

The property profile is as follows: specific gravity about 1.0; Shore hardness range
about 73 A to 72 D; water absorption, 1.2 percent; flexural modulus range, 2600 to 69,000
lb/in2 (18.0 to 474 MPa); high torsional modulus from –40° to 0°C; Izod impact strength
(notched), no break from –40to 68°F (–40 to 20°C); abrasion resistance; long wear life;
elastic memory, allowing repeated strain under severe conditions without permanent de-
formation; lower hysteresis values than many thermoplastics and thermosets with equiva-
lent hardness; flexibility temperature range, –40to 178°F (–40 to 81°C), and flexibility
temperature range is achieved without plasticizer (it is accomplished by engineering the
polymer configuration); lower temperature increase with dynamic applications; chemical
resistance similar to polyurethane (PUR); good adhesion to metals; small variation in elec-
trical properties over service temperature range and frequency (Hz) range; printability and
colorability; tactile properties, such as good “hand,” feel; and nonallergenic.1

The Tm for polyetheresteramides is about 248 to 401°F (120 to 205°C) and about 464°F
(240°C) for aromatic polyesteramides.18b

Typical Pebax applications are one-piece, thin-wall soft keyboard pads; rotationally
molded, high-resiliency, elastic memory soccer balls, basketballs, and volleyballs; flexi-
ble, tough mouthpieces for respiratory devices, scuba equipment, frames for goggles,
and ski and swimming breakers; and decorative watch faces. Pebax offers good nonslip
adhesion to metal and can be used for coverings over metal housings for hand-held de-
vices such as remote controls, electric shavers, camera handle covers; coinjected over
polycarbonate for control knobs; and employed as films for waterproof, breathable out-
erwear.1

Polyamide/ethylene-propylene, with higher crystallinity than other elastomeric polya-
mides, has improved fatigue resistance and improved oil and weather resistance.1 Tm and
service temperature usually increase with higher polyamide crystallinity.1

Polyamide/acrylate graft copolymers have a Shore D hardness range from 50 to 65, and
continuous service temperature range from –40 to 329°F (–40 to 165°C). The markets are

* Pebax is a registered trademark of Elf Atochem.
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underhood hose and tubing, seals and gaskets, and connectors and optic fiber sheathing,
snap-fit fasteners.1 Nylon 12/nitrile rubber blends were commercialized by Denki Kagaku
Kogyo as part of the company’s overall nitrile blend development.1

3.5 Melt Processable Rubber (MPR)

MPRs are amorphous polymers, with no sharp melt point,1 which can be processed in both
resin melt and rubber processing machines, injection molded, extruded, blow molded, cal-
endered, and compression molded.*1 Flow properties are more similar to rubber than to
thermoplastics.1 The polymer does not melt by externally applied heat alone but becomes
a high-viscosity, intractable semifluid. It must be subjected to shear to achieve flowable
melt viscosities, and shear force applied by the plasticating screw is necessary. Without
applied shear, melt viscosity and melt strength increase too rapidly in the mold. Even with
shear and a hot mold, as soon as the mold is filled and the plasticating screw stops or re-
tracts, melt viscosity and melt strength increase rapidly.

Melt rheology is illustrated with Alcryn®.† The combination of applied heat and shear-
generated heat brings the melt to 320 to 330°F (160 to 166°C). The melt temperature
should not be higher than 360°F (182°C). New grades have been introduced with im-
proved melt processing.

Proponents of MPR view its rheology as a processing cost benefit by allowing faster
demolding and lower processing temperature settings, significantly reducing cycle time.1

High melt strength can minimize or virtually eliminate distortion and sticking, and
cleanup is easier.1 MPR is usually composed of halogenated (chlorinated) polyolefins,
with reactive intermediate-stage ethylene interpolymers that promote H+ bonding.

Alcryn is an example of single-phase MPR with overall midrange performance proper-
ties, supplementing the higher-price COPE thermoplastic elastomers. Polymers in single-
phase blends are miscible, but polymers in multiple-phase blends are immiscible, requir-
ing a compatibilizer for blending. Alcryns are partially cross-linked halogenated polyole-
fin MPR blends.1 The specific gravity ranges from 1.08 to 1.35.1 MPRs are compounded
with various property enhancers (additives), especially stabilizers, plasticizers, and flame
retardants.1

The applications are automotive window seals and fuel filler gaskets, industrial door
and window seals and weatherstripping, wire/cable covering, and hand-held power tool
housing/handles. Nonslip soft-touch hand-held tool handles provide weather and chemical
resistance and vibration absorption.16 Translucent grade is extruded into films for face
masks and tube/hosing and injection-molded into flexible keypads for computers and tele-
phones.1 Certain grades are paintable without a primer. Typical durometer hardnesses are
Shore A 60, 76, and 80.

The halogen content of MPRs requires corrosion-resistant equipment and tool cavity
steels along with adequate venting. Viscosity and melt strength buildup are taken into ac-
count with product design, equipment, and tooling design: wall thickness gradients and ra-
dii, screw configuration (flights, L/D, length), gate type and size, and runner dimensions.1

The processing temperature and pressure setting are calculated according to rheology.1

To convert solid pellet feed into uniform melt, moderate screws with some shallow
flights are recommended. Melt flow is kept uniform in the mold with small gates (which
maximize shear), large vents, and large sprues for smooth mold filling.1 Runners should be
balanced and radiused for smooth, uniform melt flow.1 Recommendations, such as bal-

* MPR is a trademark of Advanced Polymer Alloys, Division of Ferro Corporation.
† Alcryn is a registered trademark of Advanced Polymer Alloys Division of Ferro Corporation.
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anced, radiused runners, are conventional practice for any mold design, but they are more
critical for certain melts such as MPRs. Molds have large knock-out pins or plates to facil-
itate stripping the rubbery parts during demolding. Molds may be chilled to 75°F (24°C).
Mold temperatures depend on grades and applications; hot molds are used for smooth sur-
faces and to minimize orientation.1

Similar objectives of the injection-molding process apply to extrusion and blow mold-
ing, namely, creating and maintaining uniform, homogeneous, and properly fluxed melt.
Shallow-screw flights increase shear and mixing. Screws that are 4.5 in (11.4 cm) in diam-
eter with L/D 20/1 to 30/1 are recommended for extrusion. Longer barrels and screws pro-
duce more uniform melt flux, but L/D ratios can be as low as 15/1. The temperature
gradient is reversed. Instead of the temperature setting being increased from the rear (feed)
zone to the front (metering) zone, a higher temperature is set in the rear zone, and a lower
temperature is set at the front zone and at the adapter (head).1 Extruder dies are tapered,
with short land lengths, and die dimensions are close to the finished part dimension.1 Al-
cryns have low to minimum die swell.

The polymer’s melt rheology is an advantage in blow molding during parison forma-
tion, because the parison is not under shear, and it begins to solidify at about 330°F
(166°C). High melt viscosity allows blow ratios up to 3:1 and significantly reduces
demolding time.

MPRs are thermoformed and calendered with similar considerations described for
molding and extrusion. Film and sheet can be calendered with thicknesses from 0.005 to
0.035 in (0.13 to 0.89 mm).

3.6 Thermoplastic Vulcanizate (TPV)

TPVs are composed of a vulcanized rubber component, such as EPDM, nitrile rubber, and
butyl rubber, in a thermoplastic olefinic matrix. TPVs have a continuous thermoplastic
phase and a discontinuous vulcanized rubber phase. TPVs are dynamically vulcanized
during a melt-mixing process in which vulcanization of the rubber polymer takes place
under conditions of high temperatures and high shear. Static vulcanization of thermoset
rubber involves heating a compounded rubber stock under zero shear (no mixing), with
subsequent cross-linking of the polymer chains.

Advanced Elastomer Systems’ Santoprene®* thermoplastic vulcanizate is composed of
polypropylene and finely dispersed, highly vulcanized EPDM rubber. Geolast®† TPV is
composed of polypropylene and nitrile rubber, and the company’s Trefsin®‡ is a dynami-
cally vulcanized composition of polypropylene plus butyl rubber.

EPDM particle size is a significant parameter for Santoprene’s mechanical properties,
with smaller particles providing higher strength and elongation.1 Higher cross-link density
increases tensile strength and reduces tension set (plastic deformation under tension).1

Santoprene grades can be characterized by EPDM particle size and cross-link density.1

These copolymers are rated as midrange with overall performance generally between
the Tower cost styrenics and the higher-cost TPUs and copolyesters.1 The properties of
Santoprene, according to its developer (Monsanto), are generally equivalent to the proper-
ties of general purpose EPDM, and oil resistance is comparable to that of neoprene.1 Geo-
last has higher fuel/oil resistance and better hot oil aging than Santoprene (see Tables 3.7,
3.8, and 3.9).

* Santoprene is a registered trademark of Advanced Elastomer Systems LP.
† Geolast is a registered trademark of Advanced Elastomer Inc. Systems LP.
‡ Trefsin is a registered trademark of Advanced Elastomer Systems LP.
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TABLE 3.7 Santoprene Mechanical Property Profile—ASTM Test 
Methods—Durometer Hardness Range, Shore 55A to 50 D

Shore hardness

Property 55A 80A 50D

Specific gravity, g/cm3

Tensile strength, lb/in2 (MPa)
Ultimate elongation, %
Compression set, %, 168 hr
Tension set, %
Tear strength, pli

 77°F (25°C)
 212°F (100°C)

Flex fatigue megacycles to failure
Brittle point, °F (°C)

0.97
640 (4.4)

330
23
6

108 (42)
42 (5.6)

>3.4
<–76 (<–60)

0.97
600 (11)

450
29
20

194 (90)
75 (24)

—
–81 (–63)

0.94
4000 (27.5)

600
41
61

594 (312)
364 (184)

—
–29 (–34)

TABLE 3.8 Santoprene Mechanical Property Profile—Hot Oil Aging*/Hot
Air Aging—Durometer Hardness Range Shore 55 A to 55 D (from Ref. 1)

Shore hardness

Property 55A 80A 50D

Tensile strength, ultimate
   lb/in2 (MPa)

Percent retention
Ultimate elongation, %
Percent retention
100% modulus, lb/in2 (MPa)
Percent retention

470 (3.2)
77

320
101

250 (1.7)
87

980 (6.8)
73

270
54

610 (4.2)
84

2620 (18.10)
70

450
69

1500 (10.3)
91

*Hot oil aging (IRM 903), 70 hr @ 257°F (125°C).

TABLE 3.9 Santoprene Mechanical Property Profile—Hot Oil Aging/Hot 
Air Aging*—Durometer Hardness Range Shore 55 A to 55 D (from Ref. 1)

Shore hardness

Property 55A 80A 50D

Tensile strength, ultimate
   lb/in2 (MPa)

Percent retention
Ultimate elongation, %
Percent retention
100% modulus, lb/in2 (MPa)
Percent retention

680 (4.7)
104
370
101

277 (1.9)
105

1530 (10.6)
109
400
93

710 (4.9)
111

3800 (26.2)
97

560
90

1830 (12.6)
117

*Hot air aging, 168 hr @ 257°F (125°C).
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Tensile stress-strain curves for Santoprene at several temperatures for Shore 55 A and
50 D hardnesses are shown in Fig.3.8.8

Generally, tensile stress decreases with temperature increase, while elongation at break
increases with temperature. Tensile stress at a given strain increases with hardness from
the softer Shore A grades to the harder Shore D grades. For a given hardness, the tensile
stress-strain curve becomes progressively more rubber-like with increasing temperature.
For a given temperature, the curve is progressively more rubberlike with decreasing hard-
ness. Figure 3.9 shows dynamic mechanical properties for Shore 55 A and 50 D hardness
grades over a wide range of temperatures.8

TPVs composed of polypropylene and EPDM have a service temperature range from
–75 to 275°F (–60 to 135°C) for more than 30 days and 302°F (150°C) for short times (up
to 1 week). Reference 8 reports further properties, including tensile and compression set,
fatigue resistance, and resilience and tear strength. Polypropylene/nitrile rubber high/low
service temperature limits are 257°F (125°C)/–40°F (–40°C).

Santoprene automotive applications include air ducts, body seals, boots (covers),
bumper components, cable/wire covering, weatherstripping, underhood and other auto-
motive hose/tubing, and gaskets. Appliance uses include diaphragms, handles, motor
mounts, vibration dampers, seals, gaskets, wheels, and rollers. Santoprene rubber is used
in building/construction for expansion joints, sewer pipe seals, valves for irrigation,
weatherstripping, and welding line connectors. Prominent electrical uses are in cable
jackets, motor shaft mounts, switch boots, and terminal plugs. Business machines, power
tools, and plumbing/hardware provide TPVs with numerous applications. In healthcare
applications, it is used in disposable bed covers, drainage bags, pharmaceutical packag-
ing, wound dressings (U.S. Pharmacopoeia Class VI rating for biocompatibility). Special-
purpose Santoprene grades meet flame retardance, outdoor weathering, and heat aging re-
quirements.

Santoprene applications of note are a nylon-bondable grade for the General Motors
GMT 800 truck air-induction system; driveshaft boot in Ford-F Series trucks, giving easier
assembly, lighter weight, and higher temperature resistance than the material it replaced;
and Santoprene cover and intermediate layers of tubing assembly for hydraulic oil hose.
Nylon-bondable Santoprene TPV is coextruded with an impact modified (or pure) nylon 6
inner layer.

Polypropylene/EPDM TPVs are hygroscopic, requiring drying at least 3 hr at 160°F
(71°C) and avoiding exposure to humidity.1 They are not susceptible to hydrolysis.1 Mois-
ture in the resin can create voids, disturbing processing and finished product performance
properties. Moisture precautions are similar to those for polyethylene or polypropylene.1

Typical of melts with a relatively low melt flow index (0.5 to 30 g/10 min for Santo-
prene), gates should be small, and runners and sprues should be short; long plasticating
screws are used with an L/D ratio typically 24/1 or higher.1 The high viscosity at low shear
rates (see Fig. 3.10) provides good melt integrity and retention of design dimensions dur-
ing cooling.1

Similar injection-molding equipment design considerations apply to extrusion equip-
ment such as long plasticating screws with 24/1 or higher L/D ratios and approximately
3:1 compression ratios.1

Equipment/tool design, construction, and processing of TPVs differ from that of other
thermoplastics. EPDM/polypropylene is thermally stable up to 500°F (260°C), and it
should not be processed above this temperature.1 It has a flash ignition temperature above
650°F (343°C).

TPV’s high shear sensitivity allows easy mold removal; thus, sprays and dry powder
mold release agents are not recommended.

Geolast TPVs are composed of polypropylene and nitrile rubber. Table 3.10 profiles the
mechanical properties for these TPVs with Shore hardness range of 70 A to 45 D.
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Figure 3.8 Tensile stress-strain curves for Santoprene at several temperatures
for different hardness grades. (a) 55 Shore A grades (ASTM D 412), (b) 50
Shore D grades (ASTM D 412). (Source: Ref. 8, pp. 3–4)

(a)

(b)
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Geolast (polypropylene plus nitrile rubber) has a higher resistance than Santoprene
(polypropylene plus EPDM) to oils (such as IRM 903) and fuels, plus good hot-oil/hot-air
aging.1 Geolast applications include molded fuel filler gasket (Cadillac Seville), carburetor
components, hydraulic lines, and engine parts such as mounts and tank liners.

Three property distinctions among Trefsin grades are (1) heat aging; (2) high energy at-
tenuation for vibration damping applications such as automotive mounts, energy absorb-
ing fascia and bumper parts, and sound deadening; and (3) moisture and 02 barrier. Other
applications are soft bellows; basketballs, soccer balls, and footballs; calendered textile
coatings; and packaging seals. Since Trefsin is hygroscopic, it requires drying before pro-
cessing. Melt has low viscosity at high shear rates, providing fast mold filling. High vis-
cosity at low shear during cooling provides a short cooling time. Overall, cycle times are
reduced.

Advanced Elastomer Systems L.P. (AES) is the beneficiary of Monsanto Polymers’
TPE technology and business, which included Monsanto’s earlier acquisition of BP Per-
formance Polymers’ partially vulcanized EPDM/polypropylene (TPR), and Bayer’s par-
tially vulcanized EPDM/polyolefin TPEs in Europe.

Figure 3.9 Dynamic mechanical properties for different hardness grades
over a range of temperatures. (a) 55 Shore A grades, (b) 50 Shore D
grades. (Source: Ref. 8, pp. 12–13)

(a)

(b)
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TABLE 3.10 Geolast Mechanical Property Profile—ASTM Test 
Methods—Room Temperature—Durometer Hardness Range, 
Shore 70 A to 45 D

Shore hardness

Property 70 A 87 A 45 D

Specific gravity, g/cm3

Tensile strength, lb/in2 (MPa)
Ultimate elongation, %
Compression set @ 22 hr, %

212°F (100°C)
257°F (125°C)

Tension set (%)
Tear strength, pli

73°F (23°C)
212°/F (100°C)

Brittle point, °F (°C)

1.00
900 (6.2)

265

28
37
10

175 (79)
52 (11)

–40 (–40)

0.98
1750 (12)

380

39
48
24

350 (177)
150 (66)

–33 (–28)

0.97
2150 (15)

350

52
78
40

440 (227)
220 (104)
–31 (–36)

Figure 3.10 Apparent viscosity vs. apparent shear rate @ 400°F (04°C). (Source: Ref. 7, pp. 36)
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3.7 Synthetic Rubbers (SRs)

A second major group of elastomers is that group known as synthetic rubbers. Elastomers
in this group, discussed in detail in this section, are

■ Acrylonitrile butadiene copolymers (NBR)
■ Butadiene rubber (BR)
■ Butyl rubber (IIR)
■ Chlorosulfonated polyethylene (CSM)
■ Epichiorohydrin (ECH, ECO)
■ Ethylene propylene diene monomer (EPDM)
■ Ethylene propylene monomer (EPM)
■ Fluoroelastomers (FKM)
■ Polyacrylate (ACM)
■ Polybutadiene (PB)
■ Polychloroprene (CR)
■ Polyisoprene (IR)
■ Polysulfide rubber (PSR)
■ Silicone rubber (SiR)
■ Styrene butadiene rubber (SBR)

Worldwide consumption of synthetic rubber can be expected to be about 11 million
metric tons in 2000 and about 12 million metric tons in 2003, based on earlier reporting
(1999) by the International Institute of Synthetic Rubber Producers.26 About 24 percent is
consumed in North America.1 Estimates depend on which synthetic rubbers are included
and reporting sources from world regions.

New synthetic rubber polymerization technologies replacing older plants and increas-
ing world consumption are two reasons new production facilities are being built around
the world. Goodyear Tire & Rubber’s 110,000-metric tons/y butadiene-based solution
polymers went onstream in 2000 in Beaumont Texas.25 Goodyear’s 18,200-metric tons/y
polyisoprene unit went onstream in 1999 in Beaumont.25 Sumitomo Sumika AL built a
15,000-metric tons/y SBR plant in Chiba, Japan, adding to the company’s 40,000-metric
tons/y SBR capacity at Ehime.25 Haldia Petrochemical Ltd. of India is constructing a
50,000-metric tons/y SBR unit and a 50,000-metric tons/y PB unit using BASF technol-
ogy.25

Bayer Corporation added a 75,000-metric tons/y SBR and PB capacity at Orange,
Texas, in 1999, converting a lithium PB unit to produce solution SBR and neodymium
PB.25 Bayer AG increased SBR and PB capacity from 85,000 to 120,000 metric tons/y at
Port Jerome, France, in 1999.25 Bayer AG will complete a worldwide butadiene rubber ca-
pacity increase from 345,000 metric tons/y in 1998 to more than 600,000 metric tons/y by
2001.25 Bayer AG increased EPDM capacity at Orange, Texas, using slurry polymeriza-
tion and at Marl, Germany, using solvent polymerization in 1999.25 Bayer Inc. added
20,000–metric tons/y butyl rubber capacity at Sarnia, Ontario, to the company’s 70,000-
metric tons/y butyl rubber capacity and 50,000-metric tons/y halo-butyl capacity at Sarnia.
Bayer’s 90,000-metric tons/y halo- or regular butyl capacity was scheduled to be restarted
in 2000.25

Mitsui Chemicals goes onstream with a 40,000-metric tons/y metallocene EPDM in
Singapore in 2001.25 The joint venture Nitrilo SA between Uniroyal Chemical subsidiary

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

Elastomeric Materials and Processes*



215

of Crompton and Girsa subsidiary of Desc SA (Mexico) went onstream with a 28,000-
metric tons/y NBR at Altamira, Mexico, in 1999.25 Uniroyal NBR technology and Girsa
process technology were joined.25 Chevron Chemical went onstream in 1999 with a
60,000-metric tons/y capacity polyisobutylene (PIB) at Belle Chase, Louisiana, licensing
technology from BASF.25 BASF is adding a 20,000–metric tons/y medium MW PIB at its
Lufwigshafen complex, which will double the unit’s capacity to 40,000 metric tons/y. This
addition will be completed in 2001. BASF has 70,000–metric tons/y low MW PIB capac-
ity. The company is using its own selective polymerization technology, which allows MW
to be controlled.25

BST Elastomers, a joint venture of Bangkok Synthetics, Japan Synthetic Rubber (JSR),
Nippon Zeon, Mitsui, and Itochu, went onstream in 1998–1999 with 40,000–metric tons/y
PB capacity and 60,000–metric tons/y SBR at Map Ta Phut, Rayong, Thailand.25 Nippon
Zeon completed adding 25,000–metric tons/y SBR capacity to its existing 30,000-metric
tons/y at Yamaguchi, Japan, in 1999, and the company licensed its solution polymerization
technology to Buna Sow Leuna Olefinverbund (BSLO).25 BSLO will start 60,000-metric
tons/y SBR capacity at Schkopau, Germany, in 2000.25

Sinopec, China’s state-owned petrochemical and polymer company, is increasing syn-
thetic rubber capacity across the board, including butyls, SBRs, nitrile, and chloroprene.
Sinopec is starting polyisoprene and EPR production, although the company did not pro-
duce polyisoprene or EPR prior to 1999.25 Total synthetic rubber capacity will be 1.15
million metric tons/y by 2000. China’s synthetic rubber consumption is forecast by the
company to be almost 7 million metric tons/y in 2000.25 Dow chemical purchased Shell’s
E-SBR and BR. Dow is the fastest growing SR producer with the broadest portfolio of
SBR and BR.

Synthetic rubber is milled and cured prior to processing such as injection molding. Pro-
cessing machinery is designed specifically for synthetic rubber.

Engel (Guelph, Ontario) ELAST®* technology includes injection-molding machines de-
signed specifically for molding cross-linked rubbers.31 Typical process temperature set-
tings, depending on the polymer and finished product, are 380 to 425°F (193 to 218°C).
Pressures, which also depend on polymer and product, are typically 20,000 to 30,000 lb/in2

(137 to 206 MPa). A vertical machine’s typical clamping force is 100 to 600 U.S. tons,
while a horizontal machine’s typical clamping force is 60 to 400 U.S. tons. They have short
flow paths, allowing injection of rubber very close to the cross-linking temperature.31 The
screw L/D can be as small as 10/1.31 ELAST technology includes tiebarless machines for
small and medium capacities and proprietary state-of-the-art computer controls.31

3.7.1 Acrylonitrile Butadiene Copolymers

Nitrile butadiene rubbers (NBRs) are poly(acrylonitrile-co-1,3-butadiene) copolymers of
butadiene and acrylonitrile.23 Resistance to swelling caused by oils, greases, solvents, and
fuels is related to percent bound acrylonitrile (ACN) content, which usually ranges from
20 to 46 percent.6 Higher ACN provides higher resistance to swelling but diminishes com-
pression set and low temperature flexibility.6 ACN properties are related to percent acrylo
and percent nitrile content. Nitrile increases compression set, flex properties, and process-
ing properties.1 The rubber has good barrier properties due to the polar nitrile groups.23

Continuous-use temperature for vulcanized NBR is up to 248°F (120°C) in air and up to
302°F (150°C) immersed in oil.23

NBR curing, compounding, and processing are similar to those for other synthetic rub-
bers.6

* ELAST is a registered trademark of Engel Canada.
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Fine-powder NBR grades are ingredients in PVC/nitrile TPEs and in other polar ther-
moplastics to improve melt processibility; reduce plasticizer blooming (migration of plas-
ticizer to the surface of a finished product); and improve oil resistance, compression set,
flex properties, feel, and finish of the plastic product.1 Chemigum®* fine powder is
blended with PVC/ABS and other polar thermoplastics.1 The powders are typically less
than 1 mm in diameter (0.5 nominal diameter particle size), containing 9 percent partition-
ing agent. Partitioning agents may be SiO2, CaCO3, or PVC. Their structures may be lin-
ear, linear/cross linked, and branched/cross linked (see Table 3.11).

Nitrile rubber applications are belting, sheeting, cable jacketing, hose for fuel lines and
air conditioners, sponge, gaskets, arctic/aviation O-rings and seals, precision dynamic
abrasion seals, and shoe soles. Nitrile rubbers are coextruded as the inner tube with chlori-
nated polyethylene outer tube for automotive applications.10d Nitrile provides resistance to
hydrocarbon fluids, and chlorinated polyethylene provides ozone resistance.10d Other au-
tomotive applications are engine gaskets, fluid- and vapor-resistant tubing, fuel filler neck
inner hose, fuel system vent inner hose, oil, and grease seals. Nitrile powder grades are
used in window seals, appliance gasketing, footwear, cable covering, hose, friction mate-
rial composites such as brake linings, and food contact applications.1,6

Blends based on nitrile rubbers are used in underground wire/cable covering; automo-
tive weatherstripping, spoiler extensions, foam-integral skin core-cover armrests, and win-
dow frames; footwear; and flexible, lay-flat, reinforced, rigid, and spiral hose for oils,
water, food, and compressed air.

3.7.2 Butadiene Rubber (BR) and Polybutadiene (PB)

Budene®† solution polybutadiene (solution polymerized) is cis-1,4-poly(butadiene) pro-
duced with stereospecific catalysts which yield a controlled MWD, which is essentially a

* Chemigum is a registered trademark of Goodyear Tire and Rubber Company.

TABLE 3.11 Typical Chemigum/PVC Formulations and Properties 
for General-Purpose and Oil/Fuel-Resistant Hose (from Ref. 1)

General-purpose Oil/fuel resistant

Ingredient, parts by weight

PVC
Chemigum
DOP plasticizer
CaCO3
Epoxidized soya oil
Stabilizer, lubricant

 100
   25
   78
  —
     3
     2

100
100
  40
  20
    5
    3

Properties

Specific gravity, g/cm3

Tensile strength, lb/in2 (MPa)
Elongation @ break, %
Hardness Shore A

1.17
2566 (17.6)

390
57

1.20
1929 (13.3)

340
73

† Budene is a registered trademark of Goodyear Tire and Rubber Company.
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linear polymer.6 Butadiene rubber, polybutadiene, is solution-polymerized to stereospe-
cific polymer configurations10a by the additional polymerization of butadiene monomer.
The following cis- and trans-1,4-polybutadiene isomers can be produced: cis-1,4-polyb-
utadiene with good dynamic properties, low hysteresis, and good abrasion resistance; trans
isomers are tougher, harder, and show more thermoplasticity.10,23 Grades are oil and non-
oil extended and vary according to their cis-content.6

The applications are primarily tire tread and carcass stock, conveyor belt coverings, V-
belts, hose covers, tubing, golf balls, shoe soles and heels, sponges, and mechanical
goods.6 They are blended with SBR for tire treads to improve abrasion and wear resis-
tance.10a The tread is the part of the tire that contacts the road, requiring low rolling resis-
tance, abrasion and wear resistance, and good traction and durability.22

Replacement passenger car shipments in the United States are expected to increase
from 185.5 million units in 1998 to 199 million units in 2004, according to the Rubber
Manufacturers Association. Synthetic rubber choices for tires and tire treads are related to
tire design. Composition and design for passenger cars, sport utility vehicles (SUV),
pickup trucks, tractor trailers, and snow tires are continually under development, as illus-
trated by the following sampling of U.S. Patents.16 Tire Having Silica Reinforced Rubber
Tread Containing Carbon Fibers to Goodyear Tire & Rubber, U.S. Patent 5,718,781, Feb-
ruary 17, 1998; Silica Reinforced Rubber Composition to Goodyear Tire & Rubber, U.S.
Patent 5,719,208, February 17, 1998; and Silica Reinforced Rubber Composition and Tire
With Tread to Goodyear Tire & Rubber, U.S. Patent 5,719,207, February 17, 1998.

Other patents include “Ternary Blend of Polyisoprene, Epoxidized Natural Rubber and
Chlorosulfonated Polyethylene” to Goodyear Tire & Rubber, U.S. Patent 5,736,593, April
7, 1998, and “Truck Tire With Cap/Base Construction Tread” to Goodyear Tire & Rubber,
U.S. Patent 5,718,782, February 17, 1998; “Tread Of Heavy Duty Pneumatic Radial Tire”
to Bridgestone Corporation, U.S. Patent 5,720,831, February 24, 1998; “Pneumatic Tire
With Asymmetric Tread Profile” to Dunlop Tire, U.S. Patent 5,735,979, April 7, 1998; and
“Tire Having Specified Crown Reinforcement” to Michelin, U.S. Patent 5,738,740, April
14, 1998. Silica improves a passenger car’s tread rolling resistance and traction when used
with carbon black.28 High dispersible silica (HDS) in high vinyl solution polymerized
SER compounds show improved processing and passenger car tread abrasion resistance.28

Precipitated silica with carbon black has been used in truck tire tread compounds which
are commonly made with natural rubber (NR).28

Modeling is the method of choice for analyzing passenger car cord-reinforced rubber
composite behavior. Large-scale three-dimensional finite element analysis (FEA) im-
proves understanding of tire performance, including tire and tread behavior when “the rub-
ber meets the road.”

BR is extruded and calendered. Processing properties and performance properties are
related to polymer configuration: cis- or trans- stereoisomerism, MW and MWD, degree
of crystallization (DC), degree of branching, and Mooney viscosity.23 Broad MWD and
branched BR tend to mill and process more easily than narrow MWD and more linear
polymer.23 Lower Mooney viscosity enhances processing.23 BR is blended with other syn-
thetic rubbers such as SBR to combine BR properties with millability and extrudability.

3.7.3 Butyl Rubber

Butyl rubber (IIR) is an isobutylene-based rubber, which includes copolymers of isobutylene
and isoprene, halogenated butyl rubbers, and isobutylene/p-methylstyrene/bromo-p-methyl-
styrene terpolymers.22 IIR can be slurry polymerized from isobutylene copolymerized with
small amounts of isoprene in methyl chloride diluent at –130 to –148°F (–90 to –100°C).
Halogenated butyl is produced by dissolving butyl rubber in a hydrocarbon solvent and in-
troducing elemental halogen in gas or liquid state.23 Cross-linked terpolymers are formed
with isobutylene + isoprene + divinylbenzene.
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Most butyl rubber is used in the tire industry. Isobutylene-based rubbers are used in un-
derhood hose for the polymer’s low permeability and temperature resistance, and high
damping, resilient butyl rubbers are used for NVH (noise, vibration, harshness) applica-
tions such as automotive mounts for engine and vehicle/road NVH attenuation.22

Butyl rubber is ideal for automotive body mounts that connect the chassis to the body,
damping road vibration.10d Road vibration generates low vibration frequencies. Butyl rub-
ber can absorb and dissipate large amounts of energy due to its high mechanical hysteresis
over a useful temperature range.10d

Low-MW “liquid” butyls are used for sealants, caulking compounds, potting com-
pounds, and coatings.23 Depolymerized virgin butyl rubber is high viscosity and is used
for reservoir liners, roofing coatings, and aquarium sealants.10b It has property values sim-
ilar to conventional butyl rubber: extremely low VTR (vapor transmission rate); resistance
to degradation in hot, humid environments; excellent electrical properties; and resistance
to chemicals, oxidation, and soil bacteria.10b To make high-viscosity depolymerized butyl
rubber pourable, solvents or oil is added.10b

Chlorobutyl provides flex resistance in the blend chlorobutyl rubber/EPDM rubber/NR
for white sidewall tires and white sidewall coverstrips.22 An important application of chlo-
robutyl rubber in automotive hose is extruded air conditioning hose to provide barrier
properties to reduce moisture gain and minimize refrigerant loss.22 The polymer is used in
compounds for fuel line and brake line hoses.22 Brominated isobutylene-p-methylstyrene
(BIMS) was shown to have better aging properties than halobutyl rubber for underhood
hose and comparable aging properties to peroxide-cured EPDM, depending on compound
formulations.22 Bromobutyls demonstrate good resistance to brake fluids for hydraulic
brake lines and to methanol and methanol/gasoline blends.22

3.7.4 Chlorosulfonated Polyethylene (CSM)

Chlorosulfonated polyethylene is a saturated chlorohydrocarbon rubber produced from
Cl2, SO2, and a number of polyethylenes, and contains about 20 to 40 percent chlorine and
1 to 2 percent sulfur as sulfonyl chloride.23 Sulfonyl chloride groups are the curing or
cross-linking sites.23 CSM properties are largely based on initial polyethylene (PE) and
percent chlorine. A free-radical-based PE with 28 percent chlorine and 1.24 percent S has
a dynamic shear modulus range from 1000 to 300,000 lb/in2 (7 MPa to 2.1 GPa).23 Stiff-
ness differs for free-radical-based PE and linear PE, with chlorine content: at about 30 per-
cent, Cl2 free-radical-based PE stiffness decreases to minimum value, and at about 35
percent, C12 content linear PE stiffness decreases to minimum value.23 When the C12 con-
tent is increased more than 30 and 35 percent, respectively, the stiffness (modulus) in-
creases.23

Hypalon®* CSMs are specified by their Cl2, S contents, and Mooney viscosity.23 CSM
has an excellent combination of heat and oil resistance and oxygen and ozone resistance.
CSM, like other polymers, is compounded to meet specific application requirements. Hyp-
alon is used for underhood wiring and fuel hose resistance.

3.7.5 Epichlorohydrin (ECH, ECO)

ECH and ECO polyethers are homo- and copolymers, respectively: chloromethyloxirane
homopolymer and chloromethyloxirane copolymer with oxirane.23 Chloromethyl side
chains provide sites for cross-linking (curing and vulcanizing). These chlorohydrins are

* Hypalon is a registered trademark of DuPont Dow Elastomers LLC.
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chemically 1-chloro-2,3-epoxypropane. They have excellent resistance to swelling when
exposed to oils and fuels; good resistance to acids, alkalis, water, and ozone; and good ag-
ing properties.10a Aging can be ascribed to environments such as weathering (UV radia-
tion, oxygen, ozone, heat, and stress).10a High chlorine content provides inherent flame
retardance,10a and, like other halogenated polymers, flame-retardant enhancers (additives)
may be added to increase UL 94 flammability rating.

ECH and ECO can be blended with other polymers to increase high-and low-tempera-
ture properties and oil resistance.23 Modified polyethers have potential use for new, im-
proved synthetic rubbers. ECH and ECO derivatives, formed by nucleophilic substitution
on the chloromethyl side chains, may provide better processing.

3.7.6 Ethylene Propylene Copolymer (EPDM)

EPM [poly(ethylene-co-propylene)] and EPDM [poly(ethylene-copropylene-co-5-eth-
ylidene-2-norbornene)]23 can be metallocene catalyst polymerized. Metallocene catalyst
technologies include (1) Insite, a constrained geometry group of catalysts used to produce
Affinity polyolefin plastomers (POP), Elite®* PE, Nordel®† EPDM, and Engage polyole-
fin elastomers (POP) and (2) Exxpol®‡ ionic metallocene catalyst compositions used to
produce Exact§ plastomer octene copolymers.24 Insite technology produces EPDM-based
Nordel IP with property consistency and predictability16 (see Sec. 3.10.2).

Mitsui Chemical reportedly has developed “FI” catalyst technology, called a phenoxy-
cyimine complex, with 10 times the ethylene polymerization activity of metallocene cata-
lysts, according to Japan Chemical Weekly (summer, 1999).25

EPM and EPDM can be produced by solution polymerization, while suspension and
slurry polymerization are viable options. EPDM can be gas-phase 1,-4 hexadiene poly-
merized using Ziegler-Natta catalysts. Union Carbide produces ethylene propylene rubber
(EPR) using modified Unipol® low-pressure gas-phase technology.

The letter “M” designates that the ethylene propylene has a saturated polymer chain of
the polymethylene type, according to the ASTM.12 EPM (copolymer of ethylene and pro-
pylene) rubber and EPDM (terpolymer of ethylene, propylene, and a nonconjugated diene)
with residual side chain unsaturation, are subclassified under the ASTM “M” designa-
tion.12

The diene ethylidiene norbornene in Vistalon®** EPDM allows sulfur vulcanization
(see Table 3.12).12 1,4-Hexadiene and dicyclopentadiene (DCPD) are also used as curing
agents.18 The completely saturated polymer “backbone” precludes the need for antioxi-
dants that can bleed to the surface (bloom) of the finished product and cause staining.12

Saturation provides inherent ozone and weather resistance, good thermal properties, and a
low compression set.12 Saturation also allows a relatively high-volume addition of low-
cost fillers and oils in compounds while retaining a high level of mechanical properties.12

The ethylene/propylene monomer ratio also affects the properties.
EPM and EPDM compounds, in general, have excellent chemical resistance to water,

ozone, radiation, weather, brake fluid (nonpetroleum based), and glycol.12

EPM is preferred for dynamic applications, because its age resistance retains initial
product design over time and environmental exposure.12 EPDM is preferred for its high re-
silience.12 EPM is resistant to acids, bases (alkalis), and hot detergent solution. EPM and
EPDM are resistant to salt solutions, oxygenated solvents, and synthetic hydraulic flu-
ids.12 Properties are determined by the composition of the base compound. A typical for-

* Elite is a registered trademark of Dow Chemical Company.
† Nordel is a registered trademark of DuPont Dow Elastomers LLC.
‡ Exxpol is a registered trademark of Exxon Mobil Corporation.
§ Exact is a registered trademark of Exxon Mobil Corporation.
** Vistalon is a registered trademark of Exxon Chemical Company, Division of Exxon Corporation.
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mulation includes Vistalon EP(D)M, carbon black, process oil, zinc oxide, stearic acid,
and sulfur. 12

EPDM formulations are increasingly popular for medium-voltage, up to 221°F (105°C)
continuous-use temperature wire and cable covering.20 Thinner walls, yet lower (power)
losses and better production rates, are sought by cable manufacturers.20 Low-MW
(Mooney viscosity, ML), high-ethylene-content copolymers and terpolymers are used In
medium-voltage cable formulations.20 With ethylidiene norbornene or hexadiene, EPDMs
are good vulcanizates, providing improved wet electrical properties.20 When the diene vi-
nyl norbornene is incorporated on the EPDM backbone by a gel-free process, a signifi-
cantly improved EPDM terpolymer is obtained for wire/cable applications.20 Other
applications are automotive body seals, mounts, weatherstripping, roofing, hose, tubing,
ducts, and tires. Molded EPDM rubber is used for bumpers and fillers to dampen vibra-
tions around the vehicle, such as deck-lid over-slam bumpers, for its ozone and heat resis-
tance.10d EPDM can be bonded to steels, aluminum, and brass, with modified poly(acrylic
acid) and polyvinylamine water-soluble coupling agents.27

EPDM is a favorable selection for passenger car washer-fluid tubes and automotive
body seals, and it is used for automotive vacuum tubing.10d EPDM has good water-alcohol
resistance for delivering fluid from the reservoir to the spray nozzle and good oxygen and
UV resistance.10d Random polymerization yields a liquid with a viscosity of 100,000 cen-
tipoise (cP) @ 203°F (95°C), room temperature-cured with para-quinone dioxime systems
or two-component peroxide systems, or cured at an elevated temperature with sulfur.10b

They can be used as
automotive and construction sealants, waterproof roofing membranes, and for encapsulat-
ing electrical components.10b

3.7.7 Fluoroelastomers (FKM)

Fluoroelastomers can be polymerized with copolymers and terpolymers of tetrafluoroeth-
ylene, hexafluoroethylene, and vinylidene fluoride. The fluorine content largely deter-
mines chemical resistance and Tg, which increases with increasing fluorine content. Low-
temperature flexibility decreases with increasing fluorine content.1 The fluorine content is
typically 57 wt%.11

TABLE 3.12 Typical Properties of EPM/EPDM Compounds12

Based on Vistalon

Property Value

Hardness Shore A
Tensile strength, lb/in2 (MPa)
Compression set (%), 70 hr @ 302°F (150°C)
Elongation, %
Tear strength, lb/in (kN/m)
Continuous service temperature, °F (°C)
Intermediate service temperature, °F (°C)
Resilience (Yerzley), %
Loss tangent (15 Hz), % (dynamic)
Elastic spring rate, lb/in (kN/m) (15 Hz)
Dielectric constant, %
Dielectric strength, kV/mm
Power factor, %
Volume resistivity, Ω–cm

35–90
580–3200 (4–22)

15–35
150–180

86–286 (15–50)
302 (150) max
347 (175) max

75
0.14

3143 (550)
2.8
26

0.25
1 × 1016
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TFE/propylene copolymers can be represented by Aflas®* TFE, produced by Asahi
Glass. They are copolymers of tetrafluoroethylene (TFE) + propylene, and terpolymers of
TFE + propylene + vinylidene fluoride. Fluoroelastomer dipolymer and terpolymer gums
are amine- or bisphenol-cured and peroxide-cured for covulcanizable blends with other
peroxide curable elastomers. They can contain cure accelerators for faster cures, and they
are divided into three categories: (1) gums with incorporated cures, (2) gums without in-
corporated cures, and (3) specialty master batches used with other fluoroelastomers.

Aflas products are marketed in five categories according to their MW and viscosities.11

The five categories possess similar thermal, chemical, and electrical resistance properties
but different mechanical properties.11 The lowest viscosity is used for chemical process in-
dustry tank and valve linings, gaskets for heat exchangers and pipe/flanges, flue duct ex-
pansion joints, flexible and spool joints, and viscosity improver additives in other Aflas
grades.11

The second-lowest viscosity grade is high-speed extruded into wire/cable coverings,
sheet, and calendered stock.11 Wire and cable covering are a principal application, espe-
cially in Japan. The third grade, general-purpose, is molded, extruded, and calendered into
pipe connector gaskets, seals, and diaphragms in pumps and valves.11 The fourth grade,
with higher MW, is compression molded into O-rings and other seal applications.

The fifth grade, with the highest MW, is compression molded into oil field applications
requiring resistance to high-pressure gas blistering.11 It is used for down-hole packers and
seals in oil exploration and production. Oilfield equipment seals are exposed to short-term
temperatures from 302 to 482°F (150 to 250°C) and pressures above 10,000 lb/in2 (68.7
MPa) in the presence of aggressive hydrocarbons H2S, CH4, C02, amine-containing corro-
sion inhibitors, and steam and water.11

Synthetic rubbers, EPM/EPDM, nitrile, polychloroprene (neoprene), epichlorohydrin,
and polyacrylate have good oil resistance, heat stability, and chemical resistance. Fluo-
ropolymers are used in oil and gas wells 20,000 ft (6096 m) deep. These depths can have
pressures of 20,000 lb/in2 (137.5 MPa), which cause “extrusion” failures of down-hole
seals by forcing the rubber part out of its retaining gland. TFE/propylene jackets protect
down-hole assemblies, which consist of stainless steel tubes that deliver corrosion-resis-
tant fluid into the well.

Aircraft jet engine O-rings require fluoropolymer grades for engine cover gaskets that
are resistant to jet fuel, turbine lube oils, and hydraulic fluids.

Dyneon®† BREs (base-resistant elastomers) are used in applications exposed to auto-
motive fluids such as ATF, gear lubricants, engine oils shaft seals, O-rings, and gaskets.

DuPont Dow Elastomers fuel-resistant Viton®‡ fluoroelastomers are an important
source for the applications described previously. The company’s Kalrez®§ perfluoroelas-
tomers with reduced contamination are widely used with semiconductors and other con-
tamination-sensitive applications. Contamination caused by high alcohol content in
gasoline can cause fuel pump malfunction. The choice of polymer can determine whether
an engine functions properly.

The three principal Viton categories are (1) Viton A dipolymers composed of vinylidene
fluoride (VF2) and hexafluoropropylene (HFP) to produce a polymer with 66 percent
(wt%) fluorine content, (2) Viton B terpolymers of VF2 + HFP + tetrafluoroethylene (TFE)
to produce a polymer with 68 percent fluorine, and (3) Viton F terpolymers composed of
VF2 + HFP + TFE to produce a polymer with 70 percent fluorine.36 The three categories

* Aflas is a registered trademark of Asahi Glass Company.
† Dyneon and Dyneon BRE are registered trademarks of Dyneon LLC.
‡ Viton is a registered trademark of DuPont Dow Elastomers LLC.
§ Kalrez is a registered trademark of DuPont Dow Elastomers LLC.
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are based on their resistance to fluids and chemicals.36 Fluid resistance generally increases
but low-temperature flexibility decreases with higher fluorine content.36 Specialty Viton
grades are made with additional or different principal monomers in order to achieve spe-
cialty performance properties.36 An example of a specialty property is low-temperature
flexibility.

Compounding further yields properties to meet a given application.36 Curing systems
are an important variable affecting properties. 
DuPont Dow Elastomers developed curing systems during the 1990s, and the company
should be consulted for the appropriate system for a given Viton grade.

FKMs are coextruded with lower-cost (co)polymers such as ethylene acrylic copoly-
mer.10d They can be modified by blending and vulcanizing with other synthetic rubbers
such as silicones, EPR and EPDM, epichlorohydrin, and nitriles. Fluoroelastomers are
blended with modified NBR to obtain an intermediate performance/cost balance. These
blends are useful for underhood applications in environments outside the engine tempera-
ture zone such as timing chain tensioner seals.

Fluoroelastomers are blended with fluorosilicones and other high-temperature poly-
mers to meet engine compartment environments and cost/performance balance. Fine-parti-
cle silica increases hardness, red iron oxide improves heat resistance, and zinc oxide
improves thermal conductivity. Hardness ranges from about Shore 35 A to 70 A. Fluorosil-
icones are resistant to nonpolar and nominally polar solvents, diesel and jet fuel, and gaso-
line, but not to solvents such as ketones and esters.

Typical applications are exhaust gas recirculating and seals for engine valve stems and
cylinders, crankshaft, speedometers, and O-rings for fuel injector systems.

FKMs are compounded in either water-cooled internal mixers or two-roll mills. A two-
pass mixing is recommended for internally mixed compounds with the peroxide curing
agent added in the second pass.11 Compounds press-cured 10 min @ 350°F (177°C) can
be formulated to possess more than 2100-lb/in2 (14.4-MPa) tensile strength, 380 percent
elongation, 525 percent @ 100 percent modulus, and higher values when postcured 16 hr
@ 392°F (200°C).11 Processing temperatures are >392°F (200°C).30

3.7.8 Polyacrylate Acrylic Rubber (ACM)

Acrylic rubber can be emulsion- and suspension-polymerized from acrylic esters such as
ethyl, butyl, and/or methoxyethyl acetate to produce polymers of ethyl acetate and copoly-
mers of ethyl, butyl, and methoxyl acetate. Polyacrylate rubber, such as Acron®* from
Cancarb Ltd., Alberta, Canada, possesses heat resistance and oil resistance between nitrile
and silicone rubbers23 Acrylic rubbers retain properties in the presence of hot oils and
other automotive fluids, and they resist softening or cracking when exposed to air up to
392°F (200°C). The copolymers retain flexibility down to –40°F (–40°C). Automotive
seals and gaskets constitute a major market.23 These properties and inherent ozone resis-
tance are largely due to the polymer’s saturated “backbone” (see Table 3.13). Polyacry-
lates are vulcanized with sulfur or metal carboxylate, with a reactive chlorine-containing
monomer to create a cross-linking site.23

Copolymers of ethylene and methyl acrylate, and ethylene acrylics, have a fully satu-
rated “backbone,” providing heat-aging resistance and inherent ozone resistance.23 They
are compounded in a Banbury mixer and fabricated by injection molding, compression
molding, resin transfer molding, extrusion, and calendering.

* Acron is a registered trademark of Cancarb Ltd.
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3.7.9 Polychloroprene (Neoprene) (CR)

Polychloroprene is produced by free-radical emulsion polymerization of primarily trans-
2-chloro-2-butenylene moieties.23 Chloroprene rubber possesses moderate oil resistance,
very good weather and oil resistance, and good resistance to oxidative chemicals.10a Per-
formance properties depend on compound formulation, with the polymer providing funda-
mental properties. This is typical of any polymer and its compounds. Chloride imparts
inherent self-extinguishing flame retardance.

Crystallization contributes to high tensile strength, elongation, and wear resistance in
its pure gum state before CR is extended or hardened.10a

3.7.10 Polyisoprene (IR)

Polymerization of isoprene can yield high-purity cis-1,4-polyisoprene and trans-1,4-poly-
isoprene. Isoprene is 2-methyl-1,3-butadiene, 2-methyldivinyl, or 2-methylerythrene.23

Isoprene is polymerized by 1,4 or vinyl addition, the former producing cis-1,4 or trans-1,4
isomer.23

Synthetic polyisoprene, isoprene rubber (IR), was introduced in the 1950s as odorless
rubber with virtually the same properties as natural rubber. Isoprene rubber product and
processing properties are better than natural rubber in a number of characteristics. MW
and MWD can be controlled for consistent performance and processing properties.

Polyisoprene rubber products are illustrated by Natsyn®,* which is used to make tires
and tire tread (cis isomer). Tires are the major cispolyisoprene product. Trans-polyiso-
prene can be used to make golf ball covers, hot-melt adhesives, and automotive and indus-
trial products.

Depolymerized polyisoprene liquid is used as a reactive plasticizer for adhesive tapes,
hot melts, brake linings, grinding wheels, and wire and cable sealants.10b

3.7.11 Polysulfide Rubber (PSR)

PSR is highly resistant to hydrocarbon solvents, aliphatic fluids, and aliphatic-aromatic
blends.10a It is also resistant to conventional alcohols, ketones, and esters used in coat-
ings and inks and to certain chlorinated solvents.10d With these attributes, PSR is ex-
truded into hose to carry solvents and printing rolls, and, due to its good weather
resistance, it is useful in exterior caulking compounds.10a Its limitations, compared with
nitrile, are relatively poor tensile strength, rebound, abrasion resistance, high creep under
strain, and odor.10a

TABLE 3.13 Property Profile of Polyacrylic Rubbers23

Property at room temperature* Value

Tensile strength, lb/in2 (MPa)
100% modulus
Compression set, % [70 hr @ 302°F (150°C)]
Hardness Shore A

2212 (15.2)
1500 (10.3)

28
80

*Unless indicated otherwise.

* Natsyn is registered trademark of Goodyear Tire and Rubber Company.
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Liquid PSR is oxidized to rubbers with service temperatures from –67 to 302°F (–55 to
150°C), excellent resistance to most solvents, and good resistance to water and ozone.10b

It has very low selective permeability rates to a number of highly volatile solvents and
gases and odors. Compounds formulated with liquid PSR can be used as a flexibilizer in
epoxy resins, and epoxy-terminated polysulfides have better underwater lap shear strength
than toughened epoxies.10b Other PSR applications are aircraft fuel tank sealant, seals for
flexible electrical connections, printing rollers, protective coatings on metals, binders in
gaskets, caulking compound ingredient, adhesives, and to provide water and solvent resis-
tance to leather.

3.7.12 Silicone Rubber (SiR)

Silicone rubber polymers have the more stable Si atom compared with carbon. Silicone’s
property signature is its combined (1) high-temperature resistance [>500°F (260°C)], (2)
good flexibility at <–100°F (–73°C), (3) good electrical properties, (4) good compression
set, and (5) tear resistance and stability over a wide temperature range.10a When exposed
to decomposition level temperature, the polymer forms SiO2, which can continue to serve
as an electrical insulator.10a Silicone rubber is used for high-purity coatings for semicon-
ductor junctions, high-temperature wire, and cable coverings.1

RTV (room temperature vulcanizing) silicones cure in about 24 hr.10b They can be
graded according to their room-temperature viscosities, which range from as low as 1500
cP (general-purpose soft) up to 700,000 cP (high-temperature paste). Most, however, are
between 12,000 and 40,000 cP.10b RTV silicone has a low modulus over a wide tempera-
ture range from –85 to 392°F (–65 to 200°C), making them suitable for encapsulating
electrical components during thermal cycling and shock.10b Low modulus minimizes
stress on the encapsulated electrical components.10b

High-consistency rubber (HCR) from Dow Corning is injection-molded into high-volt-
age insulators, surge arrestors, weather sheds, and railway insulators. The key properties
are wet electrical performance and high tracking resistance.

Liquid silicone rubbers (LSRs) are two-part grades that can be coinjection-molded with
thermoplastics to make door locks and flaps for vents.10b LSRs can be biocompatible and
have low compression set, low durometer hardness, and excellent adhesion.10b One-part
silicones are cured by ambient moisture. They are used for adhesives and sealants with
plastic, metal, glass, ceramic, and silicone rubber substrates.10b A solventless, clear sili-
cone/PC has been developed that requires no mixing and can be applied without a primer.1

3.7.13 Styrene Butadiene Rubber (SBR)

SBR is emulsion- and solution-polymerized from styrene and butadiene, plus small vol-
umes of emulsifiers, catalysts and initiators, endcapping agents, and other chemicals. It
can be sulfur-cured SBR types are illustrated with Plioflex®* emulsion SBR (emulsion po-
lymerized) and Solflex®† solution SBR.6 Emulsion SBR is produced by hot polymeriza-
tion for adhesives and by cold polymerization for tires and other molded automotive and
industrial products.6 Solution SBR is used for tires.

SBR is a low-cost rubber with slightly better heat aging and wear resistance than NR
for tires.10a SBR grades are largely established by the bound styrene/butadiene ratio, poly-
merization conditions such as reaction temperature, and auxiliary chemicals added during
polymerization.

* Plioflex is a registered trademark of Goodyear Tire and Rubber Company. 
† Solflex is a registered trademark of Goodyear Tire and Rubber Company.
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SBR/PVC blends that employ nitrile rubber (NBR) as a compatibilizer show improved
mechanical properties at lower cost than NBI/PVC.21 This was the conclusion of studies
using a divinylbenzene cross-linked, hot-polymerized emulsion polymer with 30 percent
bound styrene and a cold-polymerized emulsion polymer with 23 percent bound styrene;
PVC with inherent viscosity from 0.86 to 1.4; NBR with Mooney viscosity from 30 to 86;
acrylonitrile content of 23.5, 32.6, and 39.7 percent; and ZnO, stabilizers, sulfur, and ac-
celerators.21

3.8 Natural Rubber (NR)

Natural rubber, the original elastomer, still plays an important role among elastomers.
Worldwide consumption of NR in 2000 is expected to be about 7 million metric tons/y,
based on earlier reporting by the International Rubber Study Group. Chemically, natural
rubber is cis1,4-polyisoprene and occurs in Hevea rubber trees. NR tapped from other rub-
ber trees (gutta-percha and balata) is the trans isomer of polyisoprene.23 NR’s principal
uses are automotive tires, tire tread, and mechanical goods. Automotive applications are
always compounded with carbon black to impart UV resistance and to increase mechani-
cal properties.10d Latex concentrate is used for dipped goods, adhesives, and latex
thread.23 Latex concentrate is produced by centrifuge-concentrating field latex tapped
from rubber trees. The dry rubber content is subsequently increased from 30 to 40 to 60
percent minimum.23

Vulcanization is the most important NR chemical reaction.23 Most applications require
cross-linking via vulcanization to increase resiliency and strength. Exceptions are crepe
rubber shoe soles and rubber cements.23 There are a number of methods for sulfur vulcani-
zation, with certain methods producing polysulfidic cross-linking and other methods pro-
ducing more monosulfidic cross-links.10d

NR is imported from areas such as Southeast Asia to the world’s most industrial re-
gions, North America, Europe, and Japan, since it is not indigenous to these regions. The
huge rubber trees require about 80 to 100 in/y (200 to 250 cm/y) rainfall, and they flourish
at an altitude of about 1000 ft (300 m).23 As long as NH is needed for tires, industrial re-
gions will be import dependent.

NR has good resilience; high tensile strength; low compression set; resistance to wear
and tear, cut-through and cold flow; and good electrical properties.10a Resilience is the
principal property advantage compared with synthetic rubbers.10a For this reason, NH is
usually used for engine mounts, because NR isolates vibrations caused when an engine is
running. NH is an effective decoupler, isolating vibrations such as engine vibration from
being transmitted to another location such as the passenger compartment.10d With decou-
pling, vibration is returned to its source instead of being transmitted through the rub-
ber.10d Polychloroprene is used for higher under-hood temperatures above NR service
limits; butyl rubber is used for body mounts and for road vibration frequencies, which
occur less frequently than engine vibrations or have low energy; EPDM is often used for
molded rubber bumpers and fillers throughout the vehicle, such as deck-lid over-slam
bumpers.

Degree of crystallinity (DC) can affect NH properties, and milling reduces MW. MW is
reduced by mastication, typically with a Banbury mill, adding a peptizing agent during
milling to further reduce MW, which improves NR solubility after milling.23 NR latex
grades are provided to customers in low (0.20 wt%) and high (0.75 wt%), with ammonia
added as a preservative.23 Low NH4 has reduced odor and eliminates the need for deam-
moniation.23

Properties of polymers are improved by compounding with enhancing agents (addi-
tives), and NR is not an exception. Compounding NR with property enhancers improves
resistance to UV oxygen, and ozone, but formulated TPEs and synthetic rubbers overall
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have better resistance than compounded NR to UV, oxygen, and ozone.10a NR does not
have satisfactory resistance to fuels, vegetable, and animal oils, while TPEs and synthetic
rubbers can possess good resistance to them.10a NR has good resistance to acids and alka-
lis.10a It is soluble in aliphatic, aromatic, and chlorinated solvents, but it does not dissolve
easily because of its high MW. Synthetic rubbers have better aging properties; they harden
over time, while NR softens over time (see Table 3.14).10a

There are several visually graded latex NRs, including ribbed smoked sheets (RSS) and
crepes such as white and pale, thin and thick brown latex, etc.23 Two types of raw NR are
field latex and raw coagulum, and these two types comprise all NR (“downstream”)
grades.23

Depolymerized NR is used as a base for asphalt modifiers, potting compound, and cold-
molding compounds for arts and crafts.10b

3.9 Conclusion

Producers can engineer polymers and copolymers, and compounders can formulate reci-
pes for a range of products that challenges the designers’ imaginations. Computer vari-
able-controlled machinery, tools, and dies can meet the designers’ demands. Processing
elastomeric materials is not as established as the more traditional thermoplastic and ther-
mosetting polymers. Melt rheology, more than just viscosity, is the central differentiating
characteristic for processing elastomeric materials. Processing temperature and pressure
settings are not fixed ranges; they are dynamic, changing values from the hopper to the
demolded product. Operators and management of future elastomeric materials processing
plants will be educated to the finesse of melt processing these materials. Elastomeric mate-
rials industries, welcome to the twenty-first century.

TABLE 3.14 Typical Thermal and Electrical Property Profile of NR23

Property Value

Specific gravity
@ 32°F (0°C)
@ 68°F (20°C)

Tg, °F (°C)
Specific heat
Heat of combustion, cal/g (J/g)
Thermal conductivity, (BTU-in) (hr-ft2-°F)

W/(m ⋅ K)
Coefficient of cubical expansion, in3/°C
Dielectric strength, V/mm
Dielectric constant
Power factor @ 1000 cycles
Volume resistivity, Ω ⋅ cm
Cohesive energy density, cal/cm3 (J/cm3)
Refractive index

68°F (20°C) RSS*

68°F (20°C) pale crepe

*RSS = ribbed smoked sheet.

  0.950
  0.934

     –98 (–72)
  0.502

10,547 (44,129)
0.90

  0.13
0.00062
    3.937

  2.37
0.15–0.20

1015
64 (266.5)

1.5192
1.5218
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Chapter

4
Composite Materials and

Processes

S. T. Peters
Process Research

Mountain View, California

4.1 Introduction

There are two general types of composites, distinguished by the type of materials that are
used in construction and by the general market in which they can be found. The more
prevalent composites, such as used in printed circuit boards, shower enclosures, and plea-
sure boats, are generally reinforced with fiberglass fabric, use a type of polyester resin as
the matrix, and can be referred to as commodity composites. Large overlaps exist for the
two types; for instance, there is a significant weight percent of fiberglass-reinforced plastic
in most commercial airliners, and carbon/graphite or aramid have been used in reinforcing
laminated truss beams for home building. Modern structural composites, frequently re-
ferred to as advanced composites, can be distinguished from commodity composites be-
cause of their frequent use of more exotic or expensive matrix materials and higher-priced
reinforcements such as carbon/graphite, and they can be found in more structurally de-
manding locations that have a greater need for weight savings. They are a blend of two or
more components. One component is made up of stiff, long fibers, and the other, for poly-
meric composites, is a resinous binder or matrix that holds the fibers in place. The fibers
are strong and stiff relative to the matrix and are generally orthotropic (having different
properties in two different directions). These properties are most evident when the compo-
nents are shown in a breakdown view as in Fig. 4.1.

The fiber for advanced structural composites is long, with length-to-diameter ratios
>100. Predominately, for advanced structural composites, the fiber has been continuous,
but there is an increased awareness that discontinuous fibers allow potentially huge sav-
ings in manufacturing costs, so there are now efforts to incorporate them in areas previ-
ously reserved for continuous fiber. The fiber’s strength and stiffness are much
greater—many times more than the matrix material. For instance, the tensile strength
quoted for 3502 resin is 4.8 ksi, and the longitudinal elastic modulus (Young’s modulus) is
526 ksi. The “B” basis unidirectional tensile strength of the AS-4/3502 lamina is 205 ksi,

Source: Handbook of Plastics, Elastomers, and Composites
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230 Chapter Four

and the fiber (tow) tensile strength and modulus are 580 ksi and 36 msi, respectively. Thus,
for this combination of “typical” advanced composite materials, the fiber is >100 times the
strength of the resin and >50 times the modulus.1–3 (These data will change over time due
to manufacturing improvements, and more detailed data, including design allowables, will
be shown later in this chapter.) When the fiber and matrix are joined to form a composite,
they both retain their individual identities, and both directly influence the composite’s final
properties. The resulting composite is composed of layers (laminae) of the fibers and ma-
trix stacked to achieve the desired properties in one or more directions.

Designers of aircraft structures have been quick to realize that the high strength-to-
weight or modulus-to-weight ratios of composites could result in lighter structural compo-
nents with lower operating costs and better maintenance histories. The first high-perfor-
mance aircraft to use advanced composites (boron/epoxy horizontal stabilizers, 1500 built)
in a production contract was the F-14A. The use of composites has continued and has re-
sulted in a preponderance of the structure being fabricated from composite materials in
one aircraft, the Bell-Boeing V-22, of which approximately 60% of the weight of the craft
is composite (Fig. 4.2). Some of the advantages in the use of composites are shown in Ta-
ble 4.1. These advantages translate not only into aircraft production but also into everyday
activities. For example, a carbon/graphite-shafted golf club produces longer drives, be-
cause more of the mass is concentrated at the club head. Tennis players also experience
less fatigue and pain, because a carbon/graphite composite tennis racquet is lighter and has
some inherent vibration damping. Generally, the advantages shown in Table 4.1 can be re-
alized for most fiber/composite combinations, and the disadvantages are more obvious

Figure 4.1 The anatomy of a composite laminate.

Composite Materials and Processes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Composite Materials and Processes 231

with some. These advantages have now resulted in composite applications far outside the
aircraft industry, with many more reasons for use as shown in Table 4.2. Proper design and
material selection can circumvent many of the disadvantages.

4.2 Material Systems

An advanced or commodity composite laminate can be tailored so that the directional de-
pendence of strength and stiffness matches that of the loading environment. To do that,
layers of unidirectional material called lamina, or woven fabric with fibers predominately
in the expected loading directions, are oriented to satisfy the strength or stiffness require-
ments. These laminae and fabrics contain both fibers and a matrix. Because of the use of
directional laminae, the tensile, flexural, and torsional shear properties of a structure can
be disassociated from each other to some extent, and a golf shaft, for example, can be
changed in torsional stiffness without changing the flexural or tensile stiffness. This allows
for almost infinite variations in the shafts to accommodate individual needs. It also allows
for altering the stiffness of a forward-swept aircraft wing to respond to the incoming loads
(Fig. 4.3). This is not an option with isotropic metal.

4.2.1 Fibers

Fibers can be of the same material within a lamina or several fibers mixed (hybrid). The
common commercially available fiber classes are as follows:

Figure 4.2 The Bell-Boeing V-22. (Courtesy of the Boeing Company)
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■ Carbon/graphite
■ Fiberglass
■ Organic

– Aramid 

– Polyethylene

– PBO

Table 4.2 Advantages and Disadvantages of Advanced Composites

Advantages Disadvantages

Weight reduction
High strength- or stiffness-to-weight ratio)
Tailorable properties: can tailor strength or 

stiffness to be in the load direction
Redundant load paths (fiber to fiber)
Longer life (no corrosion)
Lower manufacturing costs because of lower 

part count
Inherent damping
Increased (or decreased) thermal or electrical 

conductivity
Better fatigue life

Cost of raw materials and fabrication
Transverse properties may be weak
Matrix weakness, low toughness
Matrix subject to environmental degradation
Difficult to attach
Analysis for physical properties and mechanical 

properties difficult, analysis for damping effi-
ciency has not reached a consensus

Nondestructive testing tedious
Acceptable methods for evaluation of residual 

properties have not reached a consensus 

Figure 4.3 NASA-Grumman forward-swept wing, X-29 aircraft. (Courtesy of Dryden Flight
Research Center)
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■ Boron
■ Silicon carbide
■ Silicon nitride, silica, alumina, alumina silica

4.2.1.1 Fiberglass. The most widely used fiber for commodity composites, and the fi-
ber that has had the longest period for development, is fiberglass, which has been mar-
keted in several grades in the United States for more than 40 years. During that time, many
different glasses were developed, including, leaded glass, and beryllium high-modulus
glass, all of which are no longer produced or are in limited supply. The various types of
glass that continue to be useful for composite structures are shown in Table 4.3.4

The table shows the common description for the glass and the nominal tensile strength
and tensile modulus of strands and composite. The composite data are average values gen-
erated from a series of tests by the manufacturer of the fiber, and they reflect the “ideal” or
maximum strength and stiffness of a single fiber or tow or thin unidirectional laminated
composite. A tensile test by the user will generally not reflect these values for strength.
The maximum number of fibers per strand is usually important information for applica-
tions (e.g., filament winding or pultrusion) that use dry fibers mixed with the matrix resin
at the point of fiber laydown, since it influences handling ease and per ply thickness. The
fiber density is included so that the rule of mixtures equations involving fiber volume and
resin volume can be used to evaluate void volume and theoretical mechanical properties.
Compressive strength of glass-reinforced composites is relatively high and has led to their
selection for use in underwater deep diving applications. The electrical properties of glass-
reinforced composites have allowed their use as radomes and printed circuit boards, and in
many other areas that require high dielectric strength.

Fiberglass is a product of silica sand, limestone, boric acid, and other ingredients that
are dry-mixed, melted (at approximately 1260°C), and then drawn into fibers. Fiberglass,

Table 4.3 Glass Fibers*

*In order of ascending modulus normalized to 100% fiber volume (vendor data) (see Ref. 4, p. 2–3).

Type

Nominal
tensile

modulus,
GPa 

(lb/in2 × 106)

Nominal
tensile

strength,
MPa 

(lb/in2 × 103)
Ultimate
strain,%

Fiber
density,
Mg/m3

(lb/in3) Suppliers

E 72.5 (10.5) 3447 (500) 4.8 2600 (0.093) PPG
Manville Co.
Owens Corning Fiberglass

R 85.2 (12.5) 2068 (300) 5.1 2491 (0.089) Vetrotex
Certainteed

Te 84.3 (12.2) 4660 (675) 5.5 2491 (0.089) Nittobo

S-2 86.9 (12.6) 4585 (665) 5.4 2550 (0.092) Owens Corning

Zentron
high silica

94 (13.5) 3970 (575) 2460 (0.089) Owens Corning
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for structural use, is marketed in the form of fiber strand, unidirectional fabric, woven and
knitted fabrics, and as preform shapes. It is by far the most widely used fiber, primarily be-
cause of its low cost, but its mechanical properties and specific mechanical properties (i.e.,
its strength or modulus to weight ratio) are not comparable with other structural fibers. Fi-
ber properties for any of the materials, by themselves, are of little use to most designers,
given that they prefer to work with laminate or lamina data. However, with the equations
shown later, the designer can use these fiber values to compute the preliminary laminate
properties, without the benefit of a computer program or extensive laminate data, which
may not be available for newer fibers.

Glass fibers, like all other continuous composite reinforcements, are coated with a thin
coating, somewhat like a paint and called a finish or sizing, that forms a bond between the
fiber and the matrix material, improves the handling characteristics, and protects the fiber
in the composite from some environmental effects. Each fiber type has a series of unique
finishes that are formulated specifically for that type of fiber. Finishes are of little interest
to the composite manufacturer, but they are somewhat critical to some processes that use
dry strands or tow. For instance, if the fiber finish on the strand or tow for wet filament
winding is changed, the spread of the fiber will be changed. If there are no other changes
in the process, the resulting width of the applied band will be wider or narrower, and there
will be overlaps or gaps in the laminae. Usually, the operator of the machine will adjust to
remove laps and gaps (they are usually covered in a specification). Thus, the final laminate
thickness will be less than specified and could result in a problem such as premature burst
of a pressure vessel. 

4.2.1.2 Carbon/graphite. Carbon/graphite fibers have demonstrated the widest vari-
ety of strengths and moduli and have the greatest number of suppliers (Tables 4.4a and
4.4b).4 The carbon/graphite fiber manufacturers, as a result of the turmoil in the composite

Table 4.4a Carbon/Graphite Fibers (Pan) (from Ref. 4, p. 2-7)

Class of fiber

Nominal
tensile

modulus,
GPa 

(lb/in2 × 106)

Nominal
tensile

strength,
MPa 

(lb/in2 × 103)
Ultimate
strain,%

Fiber
density,
Mg/m3

(lb/in3)
Suppliers/typical

products

High tensile 
strength

227 (33) 3996 (580) 1.60 1.750 (0.063) Amoco T-300
Hexcel AS-4

High strain 234 (34)
248 (36)

4500 (650)
4550 (660)

1.9
1.7

1.800 (0.064)
1.77

Mitsubishi
Grafil 34-700

Amoco T-650-35

Intermediate
modulus

275 (40)
290

5133 (745)
5650

1.75
1.8

1740 (0.062)
1.81

Hexcel IM-6
Amoco T-40

Very high 
strength

289 (42.7) 6370 (924) 2.1 1800 (0.06) Toray T-1000G

High
modulus

390 (57)
436

2900 (420)
4.210

0.70
1.0

1810 (0.065)
1.84

Amoco T-50
Toray M-46J

Very high
modulus

540 3920 0.7 1.750 Toray M55-J
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industry induced by the severe decline in the U.S. defense demand for advanced compos-
ites, have gone through drastic price declines, inducing the departure of several manufac-
turers during the past 10 years. The fibers begin as an organic fiber, such as rayon,
polyacrylonitrile (PAN), or pitch (a derivative of crude oil) that is called the precursor. The
precursor is then stretched, oxidized, carbonized, and graphitized. There are many ways to
produce these fibers,5 but the relative amount of exposure at temperatures from
2500–3000°C results in greater or less graphitization of the fiber. The degree of graphitiza-
tion in most high-strength or intermediate fibers is low (less than 10%), so the appellation
graphite fiber is a misnomer and has been promulgated as a marketing tool for sporting
goods. Higher degrees of graphitization usually result in a stiffer fiber (higher modulus)
with greater electrical and thermal conductivities. Pitch fibers above 689 GPa (100 msi)
tensile modulus have thermal conductivity greater than copper and have been used in
spacecraft for thermal control as well as for structural applications. Figures 4.4 and 4.55,6

show the effect of processing temperature on tensile strength, tensile modulus, and ther-
mal and electrical conductivity.

4.2.1.3 Aramid fibers. Table 4.54 shows the properties of several organic reinforcing
fibers. Aramid fibers were introduced by DuPont in 1972. Kevlar 49, one aramid, essen-
tially revolutionized pressure vessel technology because of its great tensile strength and
consistency coupled with low density, resulting in much more weight-effective designs for
rocket motors. The specific tensile strength of Kevlar was, at its introduction, the highest
of any fiber. Carbon/graphite fibers, because of advances in processing, have the highest
values now. (Specific strength and modulus based on fiber values are simply tensile
strength or tensile modulus/density and are a good measure of structural efficiency of a fi-
ber for airborne applications.) The values for tensile modulii may be near to those devel-
oped in a composite structure, but the tensile strength values for fibers may be quite
different because of factors such as translation efficiency, possibility of flaws, processing
damage, or incorrect fiber orientations. Aramid composites are still widely used for pres-
sure vessels but have been largely supplanted by the very high-strength carbon/graphite fi-
bers. Aramids have outstanding toughness and creep resistance, and their failure mode in

Figure 4.4 Graphitization temperature vs. modulus and tensile strength for carbon
graphite fibers.6
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238 Chapter Four

Table 4.5 Organic Fibers (from Ref. 4, p. 2-5)

Type

Nominal
tensile

modulus,
GPa 

(lb/in2 × 106)

Nominal
tensile

strength,
MPa 

(lb/in2 × 103)
Ultimate
strain,%

Fiber
density,
Mg/m3

(lb/in3)
Suppliers/
products

Aramid
(medium modulus)

62 (9.0)

80 (11.6)

70 (10.1)

3617 (525)

3150 (457)

3000 (440)

4.0

3.3

4.4

1440 (0.052)

1440

1390

DuPont Kevlar 29

Enka Twaron

Teijin Technora

Oriented
polyethylene

117 (17) 2585 (375) 3.5 968 (0.035) Allied Fibers 
Spectra 900

Aramid
(intermediate
modulus)

121 (18)
121(18)

3792 (550)
3150 (457)

2.9
2.0

1440 (0.052)
1450

DuPont Kevlar 49
Enka Twaron HM

Oriented
polyethylene

172 (25) 3274 (471) 2.7 968 (0.035) Allied Fibers 
Spectra 1000

Aramid
(high modulus)

186(27) 3445 (500) 1.8 1440 (0.052) DuPont Kevlar 149

PBO 180 (26) 5800 (840) 2.5 1540 (0.056) Toyobo Zylon AS*

*High-modulus grade also available.

Figure 4.5 Electrical and thermal conductivity of carbon fibers and metals.7
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Composite Materials and Processes 239

compression, shear, or flexure is not in a brittle manner and requires a relatively great deal
of work. Aramid composites have relatively poor shear and compression properties; care-
ful design is required for their use in structural applications that involve bending.

4.2.1.4 PBO fibers. A new fiber, poly(p-phenylene-2-6-benzobisoxazole) (PBO) was
introduced in the 1990s. It was developed by Dow Chemical Co. under U.S. Air Force fund-
ing and was tested in pressure vessels by Lincoln Composites. It has shown great promise
due to its high strength (5.5 GPa,798 ksi) and low density(1560 kg/m3, 0.056 lb/in3). Pres-
sure vessels (Fig. 4.6) fabricated with the fiber and a proprietary Brunswick Composites
resin system, LRF-0092, demonstrated a performance factor 30% better than test vessels
fabricated with the highest-performing carbon/graphite fibers.7 There are two grades of the
fiber, with tensile strengths and moduli almost double those of p-aramid fibers, along with
attractive strain to failure and low moisture regain, making them competitive with carbon
high-strength fibers for pressure vessels. The performance factor of the fiber, using
strength and density values quoted by the vendor, shows that the PBO fiber is 3% less effi-
cient than T-1000 carbon/graphite fiber. Pressure vessel testing may result in a higher effi-
ciency factor because of the higher strain-to-failure and other considerations.
Development ended in the U.S., and now the fiber is manufactured in Japan and marketed
by Toyobo under the trade name Zylon.

4.2.1.5 Polyethylene fibers. The polyethylene fibers have the same shear and com-
pression property drawbacks as the aramids, but they also suffer from a low melting tem-
perature that limits their use to composites that cure or operate below 149°C (300°F) and a
susceptibility to degradation by ultraviolet light exposure. Both the aramids and the poly-
ethylene fibers have wide use in personal protective armor, and the polyethylene fibers
have found wide use as ropes and lines for boating and sailing due to their high strength
and low density. They float on water and have a pleasant feel or hand as a rope or line. In
spite of the drawbacks, both of these fibers are enjoying strong worldwide growth. 

Figure 4.6 Winding PBO spherical test vessel.
(Courtesy of Lincoln Composites)
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240 Chapter Four

4.2.1.6 Boron fibers. Boron fibers, the first fibers to be used on production aircraft
(rudders for USAF F-14A fighter, and horizontal stabilizers for the F-111 in approxi-
mately 1964–1970), are produced as individual monofilaments on a tungsten or carbon
substrate by pyrolylic reduction of boron trichloride (BCl3) in a sealed glass chamber.
(Fig. 4.7). Because the fiber is made as a single filament rather than as a group or tow, the
manufacturing process is slower, and the prices are, and will continue to be, higher than
for most carbon/graphite fibers. The relatively large-cross-section fiber is used today pri-
marily in polymeric composites that undergo significant compressive stresses (combat air-
craft control surfaces) or in composites that are processed at temperatures that would
attack carbon/graphite fibers (i.e., metal matrix composites). The carbon/graphite core is
protected by the unreactive boron (Table 4.6).4

4.2.1.7 Ceramic fibers. The other fibers shown in Table 4.64 have varying uses, and
several are still in development. Silicon carbide continuous fiber is produced in a chemical
vapor deposition (CVD) process similar to that for boron, and it has many mechanical
properties identical to those of boron. The other fibers show promise in metal matrix com-
posites, as high-temperature polymeric ablative reinforcements, in ceramic-ceramic com-
posites, and in microwave transparent structures (radomes or microwave printed wiring
boards).

4.2.2 Matrix Materials

If parallel and continuous fibers are combined with a suitable matrix and cured properly,
unidirectional composite properties such as those shown in Table 4.7 are the result. The
functions for and requirements of the matrix are to:

■ Help to distribute or transfer loads
■ Protect the filaments, both in the structure and before and during structure fabrication
■ Control the electrical and chemical properties of the composite
■ Carry interlaminar shear

The requirements of and for the matrix, which will vary somewhat with the purpose of the
structure, are as follows. It must achieve the following:

Figure 4.7 Production of boron fiber. (From Ref. 8)
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242 Chapter Four

■ Minimize moisture absorption
■ Have low shrinkage
■ Wet and bond to fiber
■ Have a low coefficient of thermal expansion
■ Flow to penetrate the fiber bundles completely and eliminate voids during the compact-

ing/curing process
■ Have reasonable strength, modulus, and elongation (elongation should be greater than

fiber)

Table 4.7 Properties of Typical Unidirectional Graphite/Epoxy Composites 
(Fiber Volume Fraction, Vf = 0.60) (from Ref. 10)

High strength High modulus

Elastic constants, GPa (lb/in2 × 106)

Longitudinal modulus, EL 145 (21) 220 (32)

Transverse modulus, ET 10 (1.5) 6.9 (1.0)

Shear modulus, GLT 4.8 (0.7) 4.8 (0.7)

Poisson’s ratio (dimensionless) υLT 0.25 0.25

Strength properties, MPa (103 lb/in2)

Longitudinal tension, Ftu
L 1240 (180) 760 (110)

Transverse tension, Ftu
T 41 (6) 28 (4)

Longitudinal compression, Fcu
L 1240 (180) 690 (100)

Transverse compression, Fcu
T 170 (25) 170 (25)

In-plane shear, Fsu
LT 80 (12) 70 (10)

Interlaminar shear, FLsu 90 (13) 70 (10)

Ultimate strains,%

Longitudinal tension, ∈tu
L 0.9 0.3

Transverse tension, ∈tu
T 0.4 0.4

Longitudinal compression, ∈cu
L 0.9 0.3

Transverse compression, ∈cu
T 1.6 2.8

In-plane shear 2.0 —

Physical properties

Specific gravity 1.6 1.7

Density (lb/in3) 0.056 0.058

Longitudinal CTE, 10–6 in/in/°F (10–6 m/m/°C) –0.2 –0.3

Transverse CTE, 10–6 m/m/°C (10–6 in/in/°F) 32 (18) 32 (18)
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Composite Materials and Processes 243

■ Be elastic to transfer load to fibers
■ Have strength at elevated temperature (depending on application)
■ Have low-temperature capability (depending on application)
■ Have excellent chemical resistance (depending on application)
■ Be easily processable into the final composite shape
■ Have dimensional stability (maintain its shape)

There are two alternates in matrix selection, thermoplastic and thermoset, and there are
many matrix choices available within the two main divisions. The basic difference be-
tween the two is that thermoplastic materials can be repeatedly softened by heat, and ther-
mosetting resins cannot be changed after the chemical reaction to cause their cure has
been completed. The two alternatives differ profoundly in terms of manufacture, process-
ing, physical and mechanical properties of the final product, and the environmental resis-
tance of the resultant composite. 

4.2.2.1 Thermoplastic matrices. Several thermoplastic matrices were developed to
increase hot-wet use temperature and the fracture toughness of aerospace, continuous-fi-
ber composites. There are also many thermoplastic matrices, such as polyethylene, ABS,
and nylon, that are common to the commodity plastics arena. Although continuous-fiber,
high-performance “aerospace” thermoplastic composites are still not in general usage,
their properties are well documented because of sponsorship of development programs by
the U.S. Air Force. Table 4.8 shows the relative advantages and disadvantages of both ther-
moplastics and thermoset matrices. Thermoplastic matrix choices range from nylon and
polypropylene in the commodity arena to those matrices selected for extreme resistance to
high temperature and aggressive solvents encountered in the commercial aircraft daily en-
vironment, such as the polyether-ether-ketone (PEEK) resins. There is a decided differ-
ence in the costs of the commodity resins and the resins that would be used for aerospace
use—in a similar order as the differences in fiber prices, for instance, (~U.S.$1.00/lb for
polypropylene to >U.S.$100.00/lb for PEEK). Some manufacturers have elected to pro-
pose the use of a commodity approach to manufacturing aerospace structures such as
small aircraft with polypropylene/glass.8 The aerospace, high-performance thermoplastic
composites have a relatively high potential advantage, because their large-scale use is still
in the future. Some special considerations must be made for thermoplastics, as follows:

■ Because high temperatures (up to 300°C) are required for processing the higher-perfor-
mance matrices, special autoclaves, processes, ovens, and bagging materials may be
needed.

■ The fiber finishes used for thermosetting resins may not be compatible with thermoplas-
tic matrices, requiring alternative treatment.

■ Thermoplastic composites can have greater or much less solvent resistance than a ther-
moset material. If the stressed matrix of the composite is not resistant to the solvent, the
attack and destruction of the composite may be nearly instantaneous. (This is due to
stress corrosion cracking, a common concern for commodity thermoplastics. Thermo-
plastic liquid detergent bottle materials must undergo rigorous testing to verify their re-
sistance to stress cracking with the contained material, and the addition of fibers into the
matrix aggravates the propensity to crack).

4.2.2.2 Thermoset matrices. Thermoset matrices do not necessarily have the same
stress corrosion problems but have a completely different and just as extensive set of envi-
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244 Chapter Four

Table 4.8 Composite Matrix Trade-Offs

Property Thermoset Thermoplastic Notes

Resin cost Low to medium-high, 
based on resin 
requirements

Low to high. Premium 
thermoplastic
prepregs are more 
than thermoset 
prepregs

Will decrease for ther-
moplastics as volume 
increases

Formulation Complex Simple

Melt viscosity Very low High High melt viscosity 
interferes with fiber 
impregnation

Fiber impregnation Easy Difficult

Prepreg tack/drape Good None Simplified by co-min-
gled fibers

Prepreg stability Poor Good

Composite voids Good (low) Good to excellent

Processing cycles Long Short to long (long 
processing degrades 
polymer)

Fabrication costs High for aerospace, 
low for pipes and 
tanks with glass 
fibers

Low (potentially); 
some shapes still 
cannot be processed 
economically

Composite mechanical 
properties

Fair to good Good

Interlaminar fracture 
toughness

Low High

Resistance to fluids/
solvents

Good Poor to excellent; 
choose matrix well

Thermoplastics stress 
craze

Damage tolerance Poor to excellent Fair to good

Resistance to creep Good Not known

Data base Very large Small

Crystallinity problems None Possible Crystallinity affects 
solvent resistance

Other Thermoplastics can be 
reformed to make an 
interference joint
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ronmental and physical-mechanical concerns. To provide solutions for these potential
problems, a great number of matrices have been under development for over 50 years.

The common thermoset matrices for composites include the following:

■ Polyester and vinylesters 
■ Epoxy
■ Bismaleimide
■ Polyimide
■ Cyanate ester and phenolic triazine 

Each of the resin systems has some drawbacks that must be accounted for in design and
manufacturing plans. Polyester matrices have been in use for the longest period, and they
are used in the widest variety and greatest number of structures. These structures have in-
cluded storage tanks with fiberglass and many types of watercraft, ranging from small
fishing or speed boats to large minesweepers. The usable polymers can contain up to 50%
by weight of unsaturated monomers and solvents such as styrene. These can cause a sig-
nificant shrinkage on matrix cure. Polyesters cure via a catalyst (usually a peroxide),
which results in an exothermic reaction. This reaction can be initiated at room tempera-
ture. Because of the large shrinkage with the polyester-type matrices, they are generally
not used with the high-modulus fibers.

The most widely used matrices for advanced composites have been the epoxy resins.
These resins cost more than polyesters and do not have the high-temperature capability of
the bisimalimides or polyimides; but, because of the advantages shown in Table 4.9, they
are widely used.

There are two resin systems in common use for higher temperatures, bismaleimides and
polyimides. New designs for aircraft demand a 177°C (350°F) operating temperature that
is not met by the other common structural resin systems. The primary bismaleimide (BMI)
in use is based on the reaction product from methylene dianiline (MDA) and maleic anhy-
dride: bis (4 maleimidophenyl) methane (MDA BMI).

Two newer resin systems have been developed and have found applications in widely
diverse areas. The cyanate ester resins, marketed by Ciba-Geigy, have shown superior di-
electric properties and much lower moisture absorption than any other structural resin for
composites. The dielectric properties have enabled their use as adhesives in multilayer mi-

Table 4.9 Epoxy Resin Selection Factors

Advantages Disadvantages

Adhesion to fibers and resin
No by-products formed during cure
Low shrinkage during cure
Solvent and chemical resistance
High or low strength and flexibility
Resistance to creep and fatigue
Good electrical properties
Solid or liquid resins in uncured 

state
Wide range of curative options

Resins and curatives somewhat toxic in uncured form
Moisture absorption:
Heat distortion point lowered by moisture absorption
Change in dimensions and physical properties due to moisture 

absorption
Limited to about 200°C upper temperature use (dry)
Difficult to combine toughness and high temperature resis-

tance
High thermal coefficient of expansion
High degree of smoke liberation in a fire
May be sensitive to UV light degradation
Slow curing
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crowave printed circuit boards and the low moisture absorbance have caused them to be
the resin of universal choice for structurally stable spacecraft components.

The PT resins also have superior elevated temperature properties, along with excellent
properties at cryogenic temperatures. Their resistance to proton radiation under cryogenic
conditions was a prime cause for their choice for use in the superconducting supercollider,
subsequently canceled by the U.S. Congress. They are still available from the Lonza Com-
pany.

Polyimides are the highest-temperature polymer in general advanced composite use,
with a long-term upper temperature limit of 232°C (450°F) or 316°C (600°F). Two general
types are condensation polyimides, which release water during the curing reaction, and
addition type polyimides, with somewhat easier process requirements.

Several problems consistently arise with thermoset matrices and prepregs that do not
apply to thermoplastic composite starting materials. Because of the problems shown be-
low, if raw material and processing costs were comparable for the two matrices, the choice
would probably always be thermoplastic composites, without regard to the other advan-
tages resulting in the composite. These problems lead to a great increase in quality control
efforts that may result in the bulk of final composite structure costs. They are as follows:

Problems Associated with Thermoset Matrices

1. Frequent variations from batch to batch

– Effects of small amounts of impurities

– Effects of small changes in chemistry

– Change in matrix component vendor or manufacturing location

2. Void generation, caused by

– Premature gelation

– Premature pressure application

– Effects on interlaminar shear and flexural modulus because of water absorption

3. Change in processing characteristics

– Absorbed water in prepreg

– Length of time under refrigeration

– Length of time out before cure

– Loss of solvent in wet systems 

Some other resins that are in general commercial and aerospace use are not treated here,
because they are not in wide use with the modern fibers. 

The following general notes are more or less applicable to all thermoset matrices:

■ The higher the service temperature limitation the less strain to failure.
■ The greater the service temperature, the more difficult the processing that may be due

to:

1. Volatiles in matrix
2. Higher melt viscosity
3. Longer heating curing cycles

■ The greater the service temperature or the greater the curing temperature, the greater the
chance for development of color in the matrix. 
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■ Higher service temperatures and higher curing temperatures may sometimes result in
better flame resistance (although this is not evident for epoxies with curing temperatures
between 250°F and 350°F).

4.2.3 Fiber Matrix Systems

The end-user sees a composite structure. Someone else, probably a prepregger, combined
the fiber and the resin system, and someone else caused the cure and compaction to result
in a laminated structure. A schematic of the steps is shown in Fig. 4.8. In many cases, the
end-user of the structure has fabricated the composite from prepreg. The three types of
continuous fibers, roving or tow, tape, and woven fabric available as prepregs give the end
user many options in terms of design and manufacture of a composite structure. Although
the use of dry fibers and impregnation at the work (i.e., filament winding pultrusion or
hand layup) is very advantageous in terms of raw material costs, there are many advan-
tages to the use of prepregs, as shown in Table 4.10, particularly for the manufacture of
modern composites. In general, fabricators skilled in manufacturing from prepreg will not
care to use wet processes.

The prepreg process for thermoset matrices is accomplished by feeding the fiber contin-
uous tape, woven fabric, strands, or roving through a resin-rich solvent solution and then
removing the solvent by hot tower drying. The excess resin is removed via a doctor blade
or metering rolls, and then the product is staged to the cold-stable prepreg form (B stage).
The newer technique, the hot-melt procedure for prepregs, has substantially replaced the
solvent method because of environmental concerns and the need to exert better control
over the amount of resin on the fiber. A film of resin that has been cast hot onto release pa-
per is fed, along with the reinforcement, through a series of heaters and rollers to force the
resin into the reinforcement. Two layers of resin are commonly used so that a resin film is
on both sides of the reinforcement; one of the release papers is removed, and the prepreg is
then trimmed, rolled, and frozen. The two types of prepregging techniques, solvent and
film are shown in Figs. 4.9 and 4.10.9

4.2.4 Unidirectional Ply Properties 

The manufacturer of the prepreg reports an areal weight for the prepreg and a resin per-
centage, by weight. Since fiber volume is used to relate the properties of the manufactured
composites, the following equations can be used to convert between weight fraction and fi-
ber volume.

(4.1)

Table 4.10 Advantages of Prepregs over Wet Impregnation

Prepregs reduce the handling damage to dry fibers.
They improve laminate properties via better dispersion of short fibers.
Prepregs allow the use of hard-to-mix or proprietary resin systems.
They allow more consistency, because there is a chance for inspection before use.
Heat curing provides more time for the proper laydown of fibers and for the resin to move and 

degas before cure.
Increasing curing pressure reduces voids and improves fiber wetting.
Most prepregs have been optimized as individual systems to improve processing.

Wf
wf
wc
-------

ρfVf
ρcVf
------------

ρf
ρc
-----Vf= = =
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(4.2)

where Wf = weight fraction of fiber
wf = weight of fiber
wc = weight of composite
ρf = density of fiber

Figure 4.9 Schematic of the typical solution prepregging process.

Figure 4.10 Schematic of the typical film prepregging process.

Vf

ρc
ρf
-----Wf 1 Vm–= =
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ρc = density of composite
Vf = volume fraction of fiber

Vm =volume fraction of matrix
ρm = density of matrix

A percentage fiber that is easily achievable and repeatable in a composite and conve-
nient for reporting mechanical and physical properties for several fibers is 60%. The prop-
erties of unidirectional fiber laminates are shown in Tables 4.7, 4.11, 4.12, and 4.13.10

Table 4.11 Properties of Typical Unidirectional Glass/Epoxy Composites 
(Fiber Volume Fraction, Vf = 0.60); Elastic Constants, Strengths, Strains, and 
Physical Properties (from Ref. 10)

E-glass S-glass

Elastic constants, GPa (lb/in2 × 106)

Longitudinal modulus, EL 45 (6.5) 55 (8.0)

Transverse modulus, ET 12 (1.8) 16 (2.3)

Shear modulus, GLT 5.5 (0.8) 7.6 (1.1)

Poisson’s ratio (dimensionless) υLT 0.19 0.28

Strength properties, MPa (103 lb/in2)

Longitudinal tension, Ftu
L 1020 (150) 1620 (230)

Transverse tension, Ftu
T 40 (7) 40 (7)

Longitudinal compression, Fcu
L 620 (90) 690 (100)

Transverse compression, Fcu
T 140 (20) 140 (20)

In-plane shear, Fsu
LT 60 (9) 60 (9)

Interlaminar shear, FLsu 60 (9) 80 (12)

Ultimate strains,%

Longitudinal tension, ∈tu
L 2.30.9 2.9

Transverse tension, ∈tu
T 0.4 0.3

Longitudinal compression, ∈cu
L 1.4 1.3

Transverse compression, ∈cu
T 1.1 1.9

In-plane shear — 3.2

Physical properties

Specific gravity 2.1 2.0

Density (lb/in3) 0.075 0.72

Longitudinal CTE, 10–6 in/in/°F (10–6 m/m/°C) 3.7 (6.6) 3.5 (6.3)

Transverse CTE, 10–6 m/m/°C (10–6 in/in/°F) 30 (17) 32 (18)
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These values are for individual lamina or for a unidirectional composite, and they repre-
sent the theoretical maximum (for that fiber volume) for longitudinal in-plane properties.
Transverse, shear, and compression properties will show maximums at different fiber vol-
umes and for different fibers, depending on how the matrix and fiber interact. These prop-
erties are not reflected in strand data. These values may also be used to calculate the
properties of a laminate that has fibers oriented in several directions. Using the techniques
shown in Sec. 4.5.1, the methods of description for ply orientation must be introduced.

Table 4.12 Properties of Unidirectional Aramid/Epoxy Composites (Fiber 
Volume Fraction, Vf = 0.60) (from Ref. 10)

Kevlar 49

Elastic constants, GPa (lb/in2 × 106)

Longitudinal modulus, EL 76 (11)

Transverse modulus, ET 5.5 (0.8)

Shear modulus, GLT 2.1 (0.3)

Poisson’s ratio (dimensionless) υLT 0.34

Strength properties, MPa (103 lb/in2)

Longitudinal tension, Ftu
L 1380 (200)

Transverse tension, Ftu
T 30 (4.3)

Longitudinal compression, Fcu
L 280 (40)

Transverse compression, Fcu
T 140 (20)

In-plane shear, Fsu
LT 60 (9)

Interlaminar shear, FLsu 60 (9)

Ultimate strains,%

Longitudinal tension, ∈tu
L 1.8

Transverse tension, ∈tu
T 0.5

Longitudinal compression, ∈cu
L 2.0

Transverse compression, ∈cu
T 2.5

In-plane shear —

Physical properties

Specific gravity 1.4

Density (lb/in3) 0.050

Longitudinal CTE, 10–6 in/in/°F (10–6 m/m/°C) –4 (–2.2)

Transverse CTE, 10–6 m/m/°C (10–6 in/in/°F) 70 (40)
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4.3 Ply Orientations, Symmetry, and Balance

4.3.1 Ply Orientations

One of the advantages of using a modern composite is the potential to orient the fibers to
respond to the load requirements. This means that the composite designer must show the
material, the fiber orientations in each ply, and how the plies are arranged (ply stackup). A

Table 4.13 Properties of Typical Unidirectional Boron/Epoxy 
Composites (from Ref. 10)

Boron

Elastic constants, GPa (lb/in2 × 106)

Longitudinal modulus, EL 207 (30)

Transverse modulus, ET 19 (2.7)

Shear modulus, GLT 4.8 (0.7)

Poisson’s ratio (dimensionless) υLT 0.21

Strength properties, MPa (103 lb/in2)

Longitudinal tension, Ftu
L 1320 (192)

Transverse tension, Ftu
T 72 (10.4)

Longitudinal compression, Fcu
L 2430 (350)

Transverse compression, Fcu
T 276 (40)

In-plane shear, Fsu
LT 105 (15)

Interlaminar shear, FLsu 90 (13)

Ultimate strains,%

Longitudinal tension, ∈tu
L 0.6

Transverse tension, ∈tu
T 0.4

Longitudinal compression, ∈cu
L —

Transverse compression, ∈cu
T —

In-plane shear —

Physical properties

Specific gravity 2.0

Density (lb/in3) 0.072

Longitudinal CTE, 10–6 in/in/°F (10–6 m/m/°C) 4.1 (2.3)

Transverse CTE, 10–6 m/m/°C (10–6 in/in/°F) 19 (11)
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shorthand “code” (Fig. 4.11b) for ply fiber orientations has been adapted for use in layouts
and studies.

Each ply (lamina) is shown by a number representing the direction of the fibers in de-
grees, with respect to a reference (x) axis. 0° fibers of both tape and fabric are normally
aligned with the largest axial load (axis) (Fig. 4.11a).

Figure 4.11 Ply orientations, symmetry, and balance.
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Individual adjacent plies are separated by a slash in the code if their angles are different
(Fig. 4.11b).

The plies are listed in sequence, from one laminate face to the other, starting with the
ply first on the tool and indicated by the code arrow with brackets indicating the beginning
and end of the code. Adjacent plies of the same angle of orientation are shown by a numer-
ical subscript (Fig. 4.11c).

When tape plies are oriented at angles equal in magnitude but opposite in sign, (+) and
(–) are used. Each (+) or (–) sign represents one ply. A numerical subscript is used only

Figure 4.11 Ply orientations, symmetry, and balance (continued).
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when there are repeating angles of the same sign. Positive and negative angles should be
consistent with the coordinate system chosen. An orientation shown as positive in one
right-handed coordinate system may be negative in another. If the Y and Z axis directions
are reversed, the ±45 plies are reversed (Fig. 4.11d).

Symmetric laminates with an even number of plies are listed in sequence, starting at
one face and stopping at the midpoint. A subscript “S” following the bracket indicates
only one half of the code is shown (Fig. 4.11e).

Symmetric laminates with an odd number of plies are coded as a symmetric laminate
except that the center ply, listed last, is overlined to indicate that half of it lies on either
side of the plane of symmetry (Fig. 4.11f–h).

4.3.2 Symmetry

The geometric midplane is the reference surface for determining if a laminate is symmetri-
cal. In general, to reduce out-of-plane strains, coupled bending and stretching of the lami-
nate, and complexity of analysis, symmetric laminates should be used. However, some
composite structures (e.g., filament wound pressure vessels) are geometrically symmetric,
so symmetry through a single laminate wall is not necessary if it constrains manufacture.
To construct a midplane symmetric laminate, for each layer above the midplane there must
exist an identical layer (same thickness, material properties, and angular orientation) be-
low the midplane (Fig. 4.11e).

4.3.3 Balance

All laminates should be balanced to achieve in-plane orthotropic behavior. To achieve bal-
ance, for every layer centered at some positive angle +θ, there must exist an identical layer
oriented at –θ with the same thickness and material properties. If the laminate contains
only 0° and/or 90° layers, it satisfies the requirements for balance. Laminates may be mid-
plane symmetric but not balanced, and vice versa. Figure 4.11e is symmetric and bal-
anced, whereas Fig. 4.11g is balanced but unsymmetric.

4.4 Quasi-isotropic Laminate

The goal of composite design is to achieve the lightest, most efficient structure by aligning
most of the fibers in the direction of the load. Many times, there is a need, however, to pro-
duce a composite that has some isotropic properties, similar to metal, because of multiple
or undefined load paths or for a more conservative design. A quasi-isotropic laminate
layup accomplishes this for the x and y planes only; the z, or through-the-laminate thick-
ness plane, is quite different and lower. Most laminates produced for aircraft applications
have been, with few exceptions, quasi-isotropic. One exception was the X-29 (Fig. 4.3).
As designers become more confident and have access to a greater database with fiber-
based structures, more applications will evolve. For a quasi-isotropic (QI) laminate, the
following are requirements:

■ It must have three layers or more.
■ Individual layers must have identical stiffness matrices and thicknesses
■ The layers must be oriented at equal angles. For example, if the total number of layers is

n, the angle between two adjacent layers should be 360°/n. If a laminate is constructed
from identical sets of three or more layers each, the condition on orientation must be
satisfied by the layers in each set, for example: [0°/±60°]S or [0°/±45°/90]S [Ref. 11, p.
199].
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Table 4.1412 shows mechanical values for several composite laminates with the high-
strength fiber of Table 4.4 and a typical resin system. The first and second entries are for
simple 0/90 laminates and show the effect of changing the position of the plies. The effect
of increasing the number of 0° plies is shown next, and the final two laminates demon-
strate the effect of ±45° plies on mechanical properties, particularly the shear modulus.
The last entry is a quasi-isotropic laminate. These laminates are then compared to a typical
aluminum alloy. This effectively shows that there is a strength and modulus penalty that
goes with the conservatism of the use a QI laminate.

When employing the data extracted from tables, there are some cautions that should be
observed by the reader. The values seen in many tables of data may not always be consis-
tent for the same materials or the same group of materials from several sources for the fol-
lowing reasons:

1. Manufacturers have been refining their production processes so that newer fibers may
have greater strength or stiffness. These new data may not be reflected in the compiled
data.

2. The manufacturer may not be able to change the value quoted for the fiber because of
government or commercial restrictions imposed by the specification process of his
customers.

3. Many different high-strength fibers are commercially available. Each manufacturer
has optimized its process to maximize the mechanical properties, and each of the pro-
cesses may by different from that of the competitor, so all vendor values in a generic
class may differ widely.

4. Most tables of values are presented as “typical values.” Those values and the values
that are part of the menu of many computer analysis programs should be used with
care. Each user must find the most appropriate set of values for design, develop useful
design allowables, and apply appropriate “knock down” factors, based on the operat-
ing environments expected in service. 

4.5 Analysis

4.5.1 Micromechanical Analysis 

A number of methods are in common use for the analysis of composite laminates. The use
of micromechanics, i.e., the application of the properties of the constituents to arrive at the
properties of the composite ply, can be used to achieve the following:

Table 4.14 High-Strength Carbon Graphite Laminate Properties

Laminate
Longitudinal

modulus, E11, GPa
Bending

modulus, EB, GPa
Shear

modulus, Gxy, GPa

[0/902/0]
[90/02/90]
[02/902/0]
[02/±452/0]
[0/±45/90]s
Aluminum

76.5
76.5
98.5
81.5
55.0
41.34

126.8
26.3

137.8
127.5

89.6
41.34

5.24
5.24
5.24
21.0
21.0
27.56
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1. Arrive at “back of the envelope” values to determine if a composite is feasible

2. Arrive at values for insertion into computer programs for laminate analysis or finite el-
ement analysis

3. Check on the results of computer analysis

The rule of mixtures holds for composites. The micromechanics formula to arrive at the
Young’s modulus for a given composite is

and

(4.3)

where Ec = composite or ply Young’s modulus in tension for fibers oriented in direction
of applied load

V = volume fraction of fiber (f) or matrix (m)
E = Young’s modulus of fiber (f) or matrix (m)

But, since the fiber has much higher Young’s modulus than the matrix, (Table 4.7 vs. the
value for the 3502 matrix shown in Fig. 4.1), the second part of the equation can be ig-
nored.

(4.4)

This is the basic rule of mixture and represents the highest Young’s modulus composite,
where all fibers are aligned in the direction of load. The minimum Young’s modulus for a
reasonable design (other than a preponderance of fibers being orientated transverse to the
load direction) is the quasi-isotropic composite and can be approximated by

(4.5)

Note: the quasi-isotropic modulus, E, of a composite laminate is

where E11 is the modulus of the lamina in the fiber direction and E22 is the transverse mod-
ulus of the lamina. The transverse modulus for polymeric-based composites is a small
fraction of the longitudinal modulus (see ET in Table 4.7) and can be ignored for prelimi-
nary estimates, resulting in a slightly lower-than-theoretical value for Ec for a quasi-isotro-
pic laminate. This approximate value for quasi-isotropic modulus represents the lower
bound of composite modulus. It is useful for comparisons of composite properties to those
of metals and to establish if a composite is appropriate for a particular application.

The following formulas also can be used to obtain important data for unidirectional
composites:

Ec VfEf VmEm+=

Vf Vm+ 1=

Ec VfEf Em 1 Vf–( )+=

Ef Em»

Ec EfVf=

Ec
3
8
---EfVf≅

3
8
---E11

5
8
---E22 (see Ref. 13)+
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Density, (4.6)

Poisson’s ratio, (4.7)

Transverse Young’s modulus, (4.8)

and values for η2 and ξ can be seen in Ref. 14 and Ref. 11, pp. 76–78. The matrix is isotro-
pic.

4.5.2 Carpet Plots

The analysis of a multilayered composite, if attempted by hand calculations, is not trivial.
Fortunately, there are a significant number of computer programs to perform the matrix
multiplications and the transformations.14–16 However, the use of carpet plots is still in
practice in U.S. industry, and these plots are useful for preliminary analysis. The carpet
plot shows graphically the range of properties available with a specific laminate configura-
tion. For example, if the design options include [±0/90]S laminates, a separate carpet plot
for each value of θ would show properties attainable by varying percentage of ±θ plies
versus 90° plies. A sequence of these charts would display attainable properties over a
range of θ values. The computer programs described above can be programmed to produce
such charts for arbitrary laminates.

Figure 4.12 shows a sample carpet plot17 of extensional modulus of elasticity Ex for
Kevlar 49/epoxy with [0/±45/90]s construction. As expected, the chart shows Ex = 76 GPa
(11 × 106 lb/in2) with all 0° plies, and Ex = 5.5 GPa (0.8 × 106 lb/in2) with all 90s. With all
45s, an axial modulus is only slightly higher, 8 GPa (1.1 × 106 lb/in2), than the all 90s
value predicted for this material. A quasi-isotropic laminate (Sec. 4.5.2) with 25% 0s, 50%
±45s, and 25% 90s, produces an intermediate value of Ex = 29 GPa (4.2 × 106 lb/in2).

4.6 Composite Failure and Design Allowables

4.6.1 Failure18–20

Composite failure modes are different from those of isotropic materials such as metals.
Because of the fibers, they do not tend to fail in only one area, they do not have the strain-
bearing capacity of most metals, and they are prone to premature failure if stressed in a di-
rection that was not anticipated in the design. Useful structures nearly always have been
constructed from ductile materials such as steel or aluminum, with fairly well defined
strengths. This allows designers to accurately comprehend and specify safety factors that
provide some assurance that the structures will not fail in service.

It has became necessary, in the practical design of structures for demanding environ-
ments, to use brittle materials such as glass and ceramics to take advantage of special
properties such as high-temperature strength. When brittle materials are employed in prac-
tical structures, the designer still has the need to ensure that the structure will not fail pre-
maturely.

The data that provide the background for the design confidence can be obtained from
various sources. They can be derived from previous designs that have proven reliable and
resulted in data being published in a reference work such as Mil-Handbook-5 for Aero-
space Metals21 or industry journals. Or the data can be obtained through testing conducted

ρc Vfρf Vmρm+=

ν12 νfVf νmVm+=

E2

E2m 1 ξη2Vf+( )
1 η2Vf–

------------------------------------------=
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by the designer’s own organization. Typically, on the basis of laboratory experiments on a
statistically determined number of small specimens tested in simple tension or bending,
the probability of failure can be calculated for structural members of other sizes and
shapes, often under completely different loading conditions. The tool for accomplishing
this is statistical fracture theory.

To predict strength of the ply with the laminate, it is usually assumed that knowledge of
failure of a ply by itself under simple tension, compression, or shear will allow prediction
of failure of that ply under combined loading in the laminate. 

The matrix plays a special role in the failure of the composite. The matrix is extremely
weak compared to the fibers (particularly if they are the advanced composite fibers) and
cannot carry primary loads, but it efficiently allows the transfer of the loads in the compos-
ite. This is demonstrated by the experimental observation that the strength of matrix-im-
pregnated fiber bundles can be on the order of a factor of 2 higher than the measured
tensile strength of dry fiber bundles without matrix impregnation. The key to this appar-
ently contradictory evidence lies in a synergistic effect between fiber and matrix. The first
and primary design rule for composites of this type is that the fibers must be oriented to
carry the primary loads. A comparison of the tensile strengths illustrates this point. High-
strength carbon fibers have tensile strengths that approach 1 × 106 lb/in2 (6900 MPa),
while the tensile strength of typical polymer matrices may be on the order of 3 × 104 lb/in2

(200 MPa) or less. Clearly, the tensile strength of the matrix is insignificant in comparison. 

Figure 4.12 Predicted axial modulii for [0/±45/90] Kevlar® epoxy
laminates.
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A number of investigators have provided an explanation for the above observation. It
can be explained by noting that the strength of individual brittle fibers varies widely be-
cause of a statistical distribution of flaws. The fibers can be considered to be brittle and
sensitive to surface imperfections randomly distributed over the fiber length. The strength
of individual fibers varies widely and will decrease with increasing length. These are char-
acteristics that are typical of brittle materials failing at random defects, and they are
changed dramatically through the addition of the matrix. The matrix acts to almost double
the apparent strength of a fiber bundle, and it significantly reduces the variability.

In a dry fiber bundle, when a fiber breaks, it loses all of its load-carrying ability over its
entire length, and the load is shifted to the remaining fibers. When enough of the weaker
fibers fail, the strength of the remaining fibers is exceeded, and the bundle fails. In matrix-
impregnated fiber bundles, the matrix acts to bridge around individual fiber breaks so that
adjacent fibers quickly pick up the load. Thus, the adjacent fibers have to carry an in-
creased load over only a small axial distance. Statistical distribution of fiber defects makes
it unlikely that each fiber would be weakest at the same axial location, so failure will occur
at a higher load value after enough fibers have failed in adjacent locations. Because of the
small diameter of individual fibers (5.7 mm for some typical carbon fibers), there are many
millions of fibers in a structure. This makes statistical effects important.

4.6.2 Failure Theories

For over three decades, there has been a continuous effort to develop a more universal fail-
ure criterion for unidirectional fiber composites and their laminates. A recent FAA publi-
cation lists 21 of these theories.22 The simplest choices for failure criteria are maximum
stress or maximum strain. With the maximum stress theory, the ply stresses, in-plane ten-
sile, out-of-plane tensile, and shear are calculated for each individual ply using lamination
theory and compared with the allowables. When one of these stresses equals the allowable
stress, the ply is considered to have failed. Other theories use more complicated (e.g., qua-
dratic) parameters, which allow for interaction of these stresses in the failure process.

Although long-fiber composites typically fail at low tensile strains, they are generally
not considered to be brittle, i.e., in the realm of glass or ceramics. The fibers do have strain
to failure, and the failures can be predicted. A bundle of fibers bound together by a matrix
does not usually fail when the first fiber ruptures. Instead, the final failure is preceded by a
period of progressive damage.

The basic assumption of statistical fracture theory is that the reason for the variations in
strength of nominally identical specimens is their varying content of randomly distributed
(and generally invisible) flaws. The strength of a specimen thus becomes the strength of its
weakest flaw, just as the strength of a chain is that of its weakest link. 

Since it is not possible to obtain strengths in all possible lamina orientations or for all
combinations of lamina, a means must be established by which these characteristics can be
determined from basic layer data. Theories of failure are hypotheses concerning the limit
of load-carrying ability under different load combinations. Using expressions derived
from these theories, it is possible to construct failure envelopes or, if in three dimensions,
failure surfaces that represent the limit of usefulness of the material as a load-bearing com-
ponent, i.e., if a given loading condition is within the envelope, the material will not fail.
The suitability of any proposed criterion is determined by a number of factors, the most
important of which has to do with the nature of the failure mode. As a result, it is impor-
tant that proposed failure criteria be accompanied by a definition of material behavior.

4.6.3 Design Allowables

The design of composites involves knowledge of a significantly greater number of mate-
rial properties than those needed for conventional isotropic metals. As mentioned previ-
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ously, these data are not always conveniently available from a single source of data such as
a handbook. The data at the maximum, for the design of aerospace structures, takes the
form of those shown in Table 4.15.23

Data for design use requires statistical significance with a known confidence level. The
old MIL-Hdbk-17B24 provides a guide concerning the number and type of tests sufficient
to establish statistically based material properties along with some limited data that is now
somewhat out of date. The (new) Composites Materials Handbook, Mil-17,25 in prepara-
tion, has somewhat enhanced statistical treatment approaches. Three classes of allowables,
pertinent to current usage of composites for many applications, are:

■ A-Basis Allowable. The value above which 99% of the population of values is ex-
pected to fall, with a confidence of 95%.

■ B-Basis Allowable. The value above which 90% of the population of values is ex-
pected to fall, with a confidence of 95%.

■ S-Basis Allowable. The value that is usually the specified minimum value of the ap-
propriate government specification.

For most flightworthy composites, material properties are usually required to be either A-
Basis or B-Basis allowables.

The effort is still in progress to provide a new family of design allowables including
the most advanced fiber composites and the background guidance for their use. This is a
reprise of the Mil-Hdbk-17 effort initiated in 1972, which had property values primarily
for fiberglass fibers. The new Mil-Hdbk-17 committee has published the first interim re-
port on the effort. The original Mil-Hdbk-17 treated unidirectional and woven fabric lam-
inates, and two typical entries are shown in Tables 4.16 and 4.17. The first table shows the
properties of 3M XP 2515 fiberglass epoxy with 100% unidirectional fibers. Although the
resin portion of this laminate is no longer produced, and the data has not been upgraded,
this is one of the few areas in which one can see statistically significant data for unidirec-
tional fiberglass that is of a quality suitable for inclusion in computer analysis programs
for laminate analysis. The second table is for materials that still exist in the marketplace
and was continued in the 1999 edition of the handbook. This table shows the data for a
woven fabric with a heat-curing epoxy resin. The 7781 fabric is a reasonably balanced fab-
ric with good drape qualities in wide use. Tables 4.18 and 4.19, presented for carbon/
graphite/epoxy materials, are extracted from the new MIL-Hdbk. They show the “B” basis
allowables for strength and modulus of a unidirectional and a woven fabric laminate for
three temperatures of interest. If the values of the fiber and the resin as shown by the ven-
dor are used for contrast, a full picture of the laminate materials emerges and further sim-
plifies analysis of laminates made with these materials or similar materials for
extrapolation 

4.7 Composite Fabrication Techniques

4.7.1 Choosing the Manufacturing Method

There is a history of choosing the composite manufacturing technique for the wrong rea-
sons. Sometimes the choice is good regardless of the method, but often the end product or
the schedule suffers and, in turn, the customer is unhappy. The rationales for choice have
historically been as outlined below.

Design needs. This is the best reason for choosing a manufacturing method. The key
to attaining a good composite design with a manufacturing process that can operate with
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Table 4.15 Lamina Properties and Equations Used To Calculate Material Properties23

Lamina
material

properties Definition Equation used to calculate material property

Elastic

E1 Elastic modulus in the fiber direction Property based on test data

E2 Elastic modulus transverse to the 
fiber direction

Property based on test data

E3 Elastic modulus through-the-thick-
ness

Transverse isotropy: E3 = E2

G12 Shear modulus in the 1-2 plane Property based on test data

G23 Shear modulus in the 2-3 plane

G13 Shear modulus in the 1-3 plane Transverse isotropy: G13 = G12

ν12 Poisson’s ratio in 1-3 plane Property based on test data

ν23 Poisson’s ratio in 2-3 plane

ν13 Poisson’s ratio in 1-3 plane Transverse isotropy: ν13 = ν12

Strength

σ1 Tensile strength in the fiber direction Property based on test data

–σ1 Compressive strength in the fiber 
direction

Property based on test data

σ2 Tensile strength transverse to the 
fiber

Property based on test data

–σ2 Compressive strength transverse to 
the fiber

Property based on test data

σ3 Tensile strength through-the-thick-
ness

σ3 = σ2

–σ3 Compressive strength through-the-
thickness

–σ3 = –σ2

τ12 Shear strength in 1-2 plane (in-plane) Property based on test data

τ13 Shear strength in the 1-3 plane (inter-
laminar)

Property based on test data

τ23 Shear strength in the 2-3 plane (inter-
laminar)

τ23 = τ13

G23

E3

2 1 ν23+( )
-------------------------=

ν23 νfVf νm 1 Vf–( )
1 νm ν12

Em

E1
--------–+

1 νm
2 νmν12

Em

E1
--------+–

------------------------------------------------+=
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minimum dysfunction is the choice of the method based on the design of the composite
component. Thus, the manufacturing process must be kept in mind during the component
design phase and must also be a consideration in laminate design. 

Part configuration. This must have a great influence on manufacturing technique. In
no other manufacturing endeavor does the finished configuration of the structure play such
an important role. Some component configurations, such as pressure vessels, drive the pro-
cess decision to only one method (e.g., filament winding), while others, such as drive-
shafts, have more processing options (e.g., filament winding, pultrusion, roll wrapping, or
RTM). 

Prior experience. Experience provides a good guide to manufacturing method selec-
tion, but it is not the best. We tend to stay in the same track because of inertia; however, it
imperative that each new design be thoroughly analyzed to select the optimum and not the
wrong manufacturing method.

Facilities available or underutilized. This is considered the least effective reason for
manufacturing choice, but it regrettably seems to be the most prevalent. The history of the
composite manufacturing business has been that an independent composite manufacturer
would never be expected to reject a contract because of the lack of the optimum facilities
or experienced personnel. The independent contractor would find a way to build it or
would, in turn, subcontract. The same comment can be extended to most larger companies,
such as the large aerospace manufacturers with adequate, but not infinite, facilities in
house. Usually, the capital cost and overhead rate of a particular machine will be a strong
consideration in the choosing process; manufacturers do not want to see valuable machin-
ery idle.

This approach to composite manufacturing was demonstrated in the last decade when a
commercial aircraft supplier selected two companies to fabricate composite fuselage pro-
totypes with different approaches. One manufacturer chose a filament-wound isogrid, and
the other chose a filament-wound honeycomb-stiffened structure with carbon/graphite-ep-
oxy skins. Both of these approaches were viable and very cost effective, and the stiffened
honeycomb structure approach was chosen for advanced development. Seven fuselages
were then built, and one was flown on a subscale test aircraft. However, the autoclave that
had been a long-lead acquisition for the aircraft manufacturer, and that was the reason for
considering the subcontracts, became available earlier than anticipated. The subcontracts
were cancelled, and the manufacturing was taken in house. Subsequently, a few years ago,
the manufacturer acquired a fiber placement machine. It is difficult to say whether the fu-
selage by either method is lighter, stiffer, or stronger, but we know that the filament-wound
structure did fly, and we also know that the fiber-placed structure has to cost considerably
more than the filament-wound structure, because there is up to a 10:1 acquisition cost dif-
ferential for the fiber placement machine vs. a suitable filament winding machine. The
cost of most fiber placement machines is in the realm of $3 million to $5 million, and the
cost of most CNC filament winding machines with 5 to 7 axes of motion is $300 thousand
to $700 thousand. The machine, in this case, used to wind the fuselages was a two-axis
winder that had been modified with a tracer-lathe-type mechanism to add a third axis of
movement. The cost of the two-axis filament winding machine is unknown but would be
expected to be less than $100 thousand. We also know that the differential in cost of the
materials was greater than 3:1. The fuselage was wet wound; the fiber placed fuselage uses
prepreg tow or slit prepreg tape.

This is the reason why all participants in the design or acquisition process for compos-
ites should have some familiarity with the composite manufacturing processes. All partici-
pants in the design process, at a minimum, should include the program manager, the
materials engineer, the manufacturing engineer, and the purchasing agent. In smaller com-
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panies, many of these tasks are combined. This knowledge can be used for the following
objectives:

■ For help in vendor selection
■ To have a knowledge of the limitations of the different manufacturing processes
■ To influence the design so as to simplify manufacture
■ To exert the proper control over vendors 

The goals any composite manufacturing process are to

■ Achieve a consistent product by controlling:

– composite thickness

– fiber volume

– fiber directions
■ Minimize voids
■ Reduce internal residual stresses
■ Process in the least costly manner

The procedures to reach these goals involve iterative processes to select the three key com-
ponents:

■ Composite material and its configuration
■ Tooling
■ Process

Composite material selection. Composite material selection will be dictated by the
requirements of the structure and may be constrained by the manufacturing process. It in-
volves both the selection of the material and the form of material. The forms of material can
be described as dry fiber (with wet resin), prepreg, and fiber preform (prepreg or dry). Of-
ten, the form-of-material choice is also constrained by the manufacturing process selected;
i.e., the wet process hand-layup technique is constrained to use woven fabric instead of uni-
directional tape, and filament winding uses tow or strand rather than fabric (fabric can be
used for local reinforcement). Because these choices for any significant structure are not
trivial, this is another reason for concurrent engineering. The reinforcement configurations
and their relation to the several manufacturing processes are shown in Table 4.20.

4.7.2 Tooling

Once material selection has been completed, the first step leading to the acceptable com-
posite structure is the selection of tooling, which is intimately tied to process and material.
For all curing techniques, the tool must be:

■ Strong and stiff enough to resist the pressure exerted during cure
■ Dimensionally stable through repeated heating and cooling cycles
■ Light enough to respond reasonably quickly to the changes in cure cycle temperature

and to be moved in the shop (thermal conductivity may also be a concern)
■ Leakproof so that the vacuum and pressure cycles are consistent

Table 4.21 shows some thermal, physical, and mechanical properties for different tool ma-
terials.
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The tool face is commonly the surface imparted to the outer surface of the composite
and must be smooth, particularly for aerodynamic surfaces. The other surface frequently
may be of lower finish quality and is imparted by the disposable or reusable vacuum bag.
This surface can be improved by the use of a supplemental metal tool known as a caul
plate. (Press curing, resin transfer molding, injection molding, and pultrusion require a
fully closed or two-sided mold.) Figure 4.13 shows the basic components of the tooling for
vacuum bag or autoclave processed components. Table 4.22 shows the function of each

Table 4.20 Common Reinforcement Configuration for Manufacturing Process

Reinforcement
configuration

Prepreg
tape

Prepreg or
(dry) tow

Prepreg or
(dry) woven or

nonwoven fabric

Other woven
preforms,

chopped fibers

Hand layup X X, (X) X

Automatic tape laydown X

Filament winding X, (X) X, (X) X, (X)

Resin transfer molding (X) (X) X

Pultrusion (X)

Fiber placement X

Table 4.21 Typical Tooling Materials for Advanced Composites

Material
Density, 
kg/m3

Young’s modulus 
in tension E, 

GPa

Temp. 
limitation,

°C

Coefficient
of thermal
expansion,

m/m°C × 10–6

Silicone rubber 1605 260 81–360

Aluminum alloy 2714 68.9 204 22.5

Steel 7833 Note* 12.5

Electroless nickel – – Note* 12.6

Cast iron 7474 165 Note* 10.8

Fiberglass 1950 20 177† 11.7–13.1

Carbon fiber epoxy (T-300) 1577 66 177† 2.8–3.6

Cast ceramic 3266 10 Note* 0.81

Monolithic graphite 1522 13 Note* 2.7–3

Low-expansion nickel alloys 8137 144 Note* 1.4–1.7

Carbon fiber epoxy pitch 55 1720 227 177† <1

*Above composite
†Limited by resin matrix
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part of the system. Tooling options have been augmented by the introduction of elasto-
meric tooling wherein the thermal expansion of an elastomer provides some or all of the
pressure curing cure, or a rubber blanket is used as a reusable vacuum bag. The volumetric
expansion of an elastomer can be used to fill a cavity between the uncured composite and
an outer mold. The use of elastomeric tooling can provide the means for fabricating com-
plex box-like structures such as integrally stiffened skins with a co-cured substructure in a
single curing operation.26

Tooling and the configuration of the reinforcement have a great influence on the curing
process selected, and vice-versa. The choice between unidirectional tape and woven fabric
frequently has been made on the basis of the greater strength and modulus attainable with
the tape, particularly in applications which compression strength is important. There are
other factors that should be included in the trade, as shown on Table 4.23.

4.7.3 Layup Technique

4.7.3.1 Automation considerations. The layup of a composite, the actual place-
ment of plies in their expected final position in the laminate, cannot be separated from the
total manufacturing process in some procedures, e.g., filament winding or pultrusion. In
other techniques, e.g., automatic tape laydown or RTM, the layup process is a separate
batch process and is completely separate from the compaction and cure phase. All com-
posite manufacturing processes can be automated to some extent, and the amount of auto-
mation depends on how amenable the optimum manufacturing technique is to total or
partial automation, the capital costs of the automation machinery, eventual total number of
piece parts to be manufactured, the expected cost of each, the time frame available, and a
host of other factors. 

Layup techniques, along with composite cure control, have received the greatest atten-
tion in terms of cost control. In efforts to reduce labor costs of composite fabrication, to
which layup has traditionally been cast as the largest contributor, mechanically assisted,
controlled tape laying and automated integrated manufacturing systems have been devel-
oped. Table 4.24 shows some of the considerations for choosing a layup technique. In ad-
dition to any cost savings by the use of automated layup technique for long production
runs, there are two key quality assurance factors that favor the use of them. These are the
greatly reduced chance that release paper or film could be retained, which would destroy
shear and compressive strength if undetected, and the reduced probability of the addition

Figure 4.13 Typical vacuum bag layup components.25
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or loss of an angle ply that would cause warping due to the laminate’s lack of symmetry
and balance. New ATL machines also have a laser ply mapping accessory that can verify
the position of the surface ply.

The U.S. Air Force (USAF) was quick to realize that the composite materials that added
so much performance were also very costly. The USAF supported, and still supports, many
development programs to identify the excessive cost contributors and to find techniques to
reduce them. A recent presentation showed the present accretion of the cost elements. These
costs, referred to as the composite cost chain, have been fairly consistent over the past 30
years for aircraft and aerospace applications and are broken down as follows:28

Table 4.22 Functions of Vacuum Bag Components

Component of process Functions

1. Bag sealant* Temporarily bonds vacuum bag to tool

2. Vacuum fitting and hardware Exhausts air, provides convenient connection to vacuum 
pump

3. Bagging film Encloses part, allows for vacuum and pressure

4. Open-weave breather mat Allows air or vacuum transfer to all of part

5. Polyester tape (wide) Holds other components of bag in place

6. Polyester tape (narrow) Holds components in place

7. Caul sheet Imparts desired contour and surface finish to composite

8. Perforated release film Allows flow of resin or air without adhesion

9. Nonperforated release film Prevents adhesion of laminate resin to tool surface

10. Peel ply Imparts a bondable surface to cured laminate

11. Laminate

12. 1581-style glass breather manifold Allows transfer of air or vacuum

13. 1581-style glass bleeder ply Soaks up excess resin

14. Stacked silicone rubber edge dam Forces excess resin to flow vertically, increasing fluid pres-
sure

*Numbers refer to Fig. 4.13.

Material or operation Est. cost, $U.S.

Polyacrylonitrile (PAN) fiber precursor
Conversion PAN to carbon fiber
Woven into fabric
Preimpregnation
Assembly

$2/lb
$18/lb
$22/lb

$200/lb
$300/lb
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As the largest user and the principal supporter of programs to quantify and lower com-
posite costs, the USAF has tried to lower costs through automation and a number of other
ways. One of these other ways was to lower the costs of the raw materials. They attempted
to do this by ensuring that there were always multiple suppliers for carbon fibers. How-
ever, the “buy America” programs, the loss of U.S. suppliers because of the turndown in
aerospace demand, and the extensive quality assurance and specification requirements
have ensured that the fibers supplied to Air Force programs have always been at the high
end of the fiber cost spectrum. This was in spite of the fact that some commercial fibers are
sharply decreasing in cost. (It is expected that there will be a high-strength, high-tow-
count carbon fiber on the market at $5.00/lb within three years.) A more successful ap-
proach that the Air Force has been taking to reduce these costs has been to stress the use of
automation in the composite manufacturing process, and to include the life cycle costs in
the ultimate cost considerations. The Air Force, along with NASA, has funded many pro-
grams to quantify and/or lower the costs of composite structures. These programs usually
had a common goal of reducing composite acquisition costs by 25% minimum. They have
all had some success, but the acquisition costs for high-performance military aircraft re-
main high and close to the estimate above. 

These automation efforts have traditionally been directed toward the prepreg tape-lay-
down—autoclave cure processes that were necessary for complex aircraft shapes. This ef-
fort has resulted in the emergence of fiber placement systems available from two vendors
(Cincinnati Machines and Ingersoll); contour tape layers from Cincinnati Machines; and
flat tape layers from Cincinnati Machines, Ingersoll, and Brisard Machine (Fig. 4.14).27 To
adequately take advantage of these expensive machines (flat tape layers have been esti-
mated to cost U.S.$2–4 million, and contour tape layers U.S.$3–5 million),28 a series of
support machines are needed. These can include cutting machines for prepreg and core
materials; robots and conveyor material handling systems and automated methods of edge
trimming and drilling; such as water jet or abrasive jet; and better autoclave controls. Also,
in conjunction with some of the support machines mentioned above, there are automated
methods that can assist hand layup, the principal method being laser projection. Finally,
there are faster techniques that can come into play when the starting material forms are not

Table 4.23 Fabric vs. Tape Reinforcement

Tape advantages Tape disadvantages

Best modulus and strength efficiency
High fiber volume achievable
Low scrap rate
No discontinuities
Automated layup possible
Available in thin plies
Lowest cost prepreg form
Less tendency to trap volatiles

Poor drape on complex shapes
Cured composite more difficult to machine
Lower impact resistance
Multiple plies required for balance and sym-

metry
Higher costs for hand layup

Fabric advantages Fabric disadvantages

Better drape for complex shapes
Single ply is balanced and may be essen-

tially symmetric
Can be laid up without resin
Plys stay in line better during cure
Cured parts easier to machine
Better impact resistance
Many forms available

Fiber discontinuities (splices)
Less strength and modulus efficient
Lower fiber volume than tape
Greater scrap rates
Warp and fill properties differ
Fabric distortion can cause part warpage
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predisposed. Thus, if the form of fiber to be considered can be expanded to discontinuous
fibers, other automation techniques become apparent, as discussed later and as shown in
Table 4.25. Obviously, these same machines can be used in support of the other process
techniques that have inherent automation but are not widely used in the aircraft industry,
such as filament winding and pultrusion.

The goals in the curing-compacting process are the same for all techniques, namely,

■ Composite with no or minimal voids and porosity

– This is to ensure the preservation of matrix-dominated properties and matrix-influ-
enced properties such as compression.

■ Full cure of the composite

– This results in the most environmentally stable composite as well as maximizing ma-
trix-dominated properties.

■ Reproducible, consistent fiber volumes

– This assures consistent composite mechanical response along with constant or antici-
pated thickness of the composite.

When these goals are not met, or are only partially met, the result is production slow-
downs, excessive rework and repair, and extensive nondestructive testing, in addition to

Figure 4.14 Typical contour tape layout machine layout. (From Sarl, B.,
Moore, B., and Riedell, J., Proc. 40th International SAMPE Symposium, May
1995, p. 384)
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the production of expensive scrap composite. Obviously, there have been many studies to
determine the critical parameters in the process and for the autoclave curing of thin, com-
posite aircraft components. There are now recommendations dealing with prepreg proper-
ties such as tack and drape, layup environment (moisture), laminate thickness, ply
orientation and drop-offs, and bleeder amount and placement.29

The cure/consolidation techniques are somewhat different for thermosets and thermo-
plastics. The process with thermosets is generally to squeeze the excess resin out of the
composite. An exception is resin transfer molding (RTM) processes, where the procedure
is to infiltrate the proper resin content into the dry fiber preform. Thermoplastics are com-
pletely “cured” in the prepreg, and the process to form them to the final shape involves
melting or softening and forming to the final desired shape. Because of the much higher
melt viscosity, thermoplastic matrices must have close to the final composite resin content
within the layup, with very little resin bleed. There are a number of unique routes to the
formation of a thermoplastic composite; these are shown in Table 4.26.30 All curing tech-
niques use heat and pressure to cause the matrix to flow and wet out all the fibers before
the matrix solidifies or cools. 

Table 4.24 Considerations in Composite Layup Technique

Manual Flat tape Contoured tape

Orientation
accuracy

Least accurate Automatic
Dependent on tape

Somewhat dependent on tape accu-
racy and computer program

Ply count Dependent on oper-
ator, count mylars, 
and separator 
films

Dependent on oper-
ator

Program records

Release film 
retention

Up to operator Automatic Automatic removal

Labor costs High 86% improvement Slight additional improvement

Machine costs N/A Some costs Approximately $2–3 million or 
greater

Production rate Low (1.5 lb/h) 10 lb/h Up to 30 lb/h quoted

Machine uptime N/A Not a consideration Complex program and machine 
make this a consideration

Varying tape 
widths

Not a concern Easily changed Difficulty in changing

Tape lengths Longer tapes more 
difficult

Longer is more eco-
nomical

Longer tape is more economical

Cutting waste Scrap on cutting Less scrap Least scrap due to back-and-forth 
laydown

Compaction
pressure

No pressure Fewer voids because 
of compaction at 
laydown

Fewer voids because of compaction 
at laydown

Programming N/A N/A Necessary
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Generally, for thermosets, the percent matrix weight is higher before cure initiation; the
matrix flows out of the laminate and takes the excess resin with the potential voids. The
matrix exhibits a low-viscosity phase during the cure of a thermoset and then advances in
viscosity rapidly after a gel period at an intermediate temperature (Fig. 4.15). Because of
the many changes going on in the matrix, determining the actual point at which cure oc-
curs is very difficult, and cure techniques (by almost all methods) have evolved into a
stepped cure with gradual application of heat to avoid formation of voids. An arbitrary 1%
void limit has been adopted for most autoclaved composites; filament-wound and pul-
truded composites may have higher void volumes, which may be acceptable in several
product applications (i.e., 3–4% is acceptable in many filament-wound pressure vessel ap-
plications) depending on the situation.

4.7.3.2 Curing. Each technique for compaction and cure is unique in terms of types of
structures for which it can be used, and also in terms of the forms of starting materials. For
instance, a unidirectional prepreg is optimum for automated laydown methods with auto-
clave cure but, because of potential fiber washout by low viscosity resin movement, which
can move fibers, and for better handling, a prepreg fabric may be more appropriate for a
press-cured laminate. The advantages and disadvantages of fabric vs. unidirectional tape
fiber forms for composite manufacture were shown earlier in Table 4.23.

An autoclave is essentially a closed, pressurized oven; the most common epoxy lami-
nates are cured at an upper temperature of 177°C (350°F) and 6 MPa (100 psig). Figure
4.16 shows a typical cure schedule. Autoclaves are still the primary tool in advanced com-
posite curing and have been built up to 16m (55 ft) long at 6.1 m (20 ft) diameter. Since

Table 4.25 Types of Automation Based on Starting Fiber Form

Reinforcement Fiber type
Proximate

use Technique for use Application (potential)

Continuous Glass Preforms Matched metal dies, 
VARTM, SCRIMP™

Commercial, aerospace, 
automotive

Direct Prepregs, wet layup (fab-
rics), pultrusion, fila-
ment winding

Aerospace, commercial, 
(tanks and pipes), 
automotive

High-
performance
fiber

Preforms SCRIMP™, autoclave Aerospace (Navy ship 
structure), commercial

Direct Prepregs, filament wind-
ing, pultrusion

Aerospace, commercial, 
sporting goods

Discontinuous Glass Preforms P-4 process Automotive, commercial

Direct Glass fabrics, dry and 
prepreg sprayup

Commercial, automotive

High-
performance
fiber

Preforms P-4 process Aerospace

Direct Metal matrix compos-
ites, thermoplastics

Aerospace, commercial, 
(automotive)
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Table 4.26 Manufacturing Routes for Thermoplastic Composites Based on 
Processing Methods

Manufacturing route Outline of fabrication and processing methods

Open-mold processes

1. Autoclave Unidirectional or woven fibers pre-impregnated by the resin (prepreg) are 
used. Other forms of prepreg have reinforcing fibers in combination 
with the resin as fibers or as powder. The prepreg layers are stacked on 
the mold surface and covered with a flexible bag. Consolidation is 
obtained by external pressure applied in an autoclave at elevated tem-
perature.

2. Filament winding Prepreg tape or tape with the resin as fibers or powder are wound onto a 
mandrel at pre-determined angles. Heat and pressure are applied to the 
tape in order to continuously weld it onto the underlying material. 

3. Folding Preconsolidated sheets are heated. Simple fixtures are then used to shape 
the sheets into the desired geometry.

Closed-mold processes

4. Injection molding 
(short fibers, 
0.1–10 mm)

A mixture of molten thermoplastic and short fibers is injected into a 
colder metal mold at very high pressure. The component is allowed to 
solidify and is automatically ejected.

5. Compression mold-
ing (short fibers, 
5–50 mm)

Semi-finished sheets of glass mat thermoplastics are heated and placed in 
the lower part of the mold in a fast press. The press is quickly closed 
and pressure is applied so that the material can flow to fill the mold. 
Technology is also available where the hot molding compound reaches 
the mold from an extruder.

6. Compression mold-
ing (continuous 
fibers)

The same principle as for short fiber materials.
Continuous fibers require special clamping fixtures for the sheets and can 

primarily be used for simple geometries.

7. Diaphragm forming A stack of prepreg is placed in between two diaphragms (superplastic 
aluminium or polymer film). The diaphragms are fixed whereas the 
prepreg can move freely. The material is slowly deformed by external 
pressure and the mold.

8. Pultrusion Prepreg tape or tape with the resin as fibers or powder is pulled through a 
heated die to form beams or similar continuous structures with constant 
cross-section geometry. The material is allowed to cool and solidify.

9. Resin injection Dry reinforcing fibers are placed in the mold. Monomers and/or low-
molecular-weight polymer with low viscosity are injected, the rein-
forcement is impregnated. Polymerization to a high molecular weight 
thermoplastic occurs by mixing of reactive components and/or thermal 
activation.

SOURCE: Bergland, Lars, in S.T. Peters, ed., Handbook of Composites, 2nd ed., p. 116, Chapman & Hall, London,
1998.
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autoclaves are so expensive to build and operate, other methods of curing and compacting
composites have been promoted for large aircraft components. 

Each resin fiber combination has one or more optimum cure techniques, depending on
the proposed environment. The prepreg manufacturer supplies a time-temperature cycle
that may have been used to manufacture the test specimens employed in generating pre-
liminary mechanical and physical properties. Frequently, it has been necessary to modify
the preliminary cure cycle because of part configuration (thickness) or because of produc-
tion economics.31 There are several developments that help to inject science into the other-
wise hit-or-miss, time-consuming procedure of cure cycle optimization. They are

■ Development of dielectric sensors and signal processing to gain a knowledge of the
resin condition (viscosity) at any point during the cure process

■ Use of thermocouple data, transducer outputs, and dielectric information to interac-
tively control the curing process within an autoclave

Figure 4.15 Matrix changes during cure. (From Ref. 27)
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■ Development of computer programs supported by test results to predict the physical
changes that will occur during cure

■ Analytical techniques, such as rheometric dynamic scanning and differential scanning
calorimetry, that give information on changes in viscosity and the amount of heat ab-
sorbed or liberated during cure

4.7.4 Resin Transfer Molding

Previous discussions have centered on moving resin out of the laminate to reduce voids.
Resin transfer involves the placement of dry fiber reinforcement into a closed mold and then
injecting a catalyzed resin into the mold to encapsulate the reinforcement and form a com-
posite. The impetus for the use of this process comes from the large cost reductions that can
be realized in raw materials and layup. The process can utilize low injection pressures, i.e.,
55 MPa (80 psig); therefore, the tooling can be lower-cost plastic rather than metal. The
process is most appropriately used for non-aerospace composites but has been extended to
many advanced applications. RTM manufacturing considerations are shown in Table 4.27.
The advantages of RTM include the possibility of producing very large (Fig. 4.17) and com-
plex shapes efficiently and inexpensively, and reducing production times with the ability to
include inserts in the composite. Effective for large structures such as boats, the SCRIMP™
process uses a vacuum bag on one side of the laminate instead of the two plates of a typical
mold. Advantages quoted for this technique are one sided mold, better control of and higher
fiber volume, and lower porosity in the composite. It has been used for structures that need
higher quality than can be obtained by other RTM processes. Table 4.28 shows the range of
applications for the RTM technique. RTM is also a way of preparing a composite structure
from a knitted preform. Knitting and braiding and sewn tridimensionally reinforced pre-
forms offer complex shapes that are not attainable by other techniques. The techniques can
possibly lower costs due to reduction of labor. The product may also gain increased impact
resistance due to the multiple, interlocked directions of fiber.

4.7.5 Fiber Placement

Fiber placement was invented by Hercules Aerospace Co. Now, machines are marketed by
Cincinnati Machines and Ingersoll in the U.S.A. The process is a cross between filament

Figure 4.16 Time-temperature cure cycle for autoclave cure to
prevent moisture-induced void growth.28
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winding and automatic tape laydown, retaining many of the advantages of both processes.
Fiber placement, the natural outgrowth of adding multiple axes of control to filament
winding machines, results in control of the fiber laydown so that nonaxisymmetric sur-
faces can be wound. This involves the addition of a modified tape laydown head to the fil-
ament winding machine and other sub-machine additions that include in-process
compaction, individual tow cut/start capabilities, a resin tack control system, differential
tow payout, low tension on fiber, and enhanced off-line programming. Several manufac-
turers now use slit prepreg tape rather than tow. The machines are capable of winding the
shapes shown in Fig. 4.18 and can change fiber paths such as shown on Fig. 4.19. Table
4.2932 shows the advantages quoted for the technique. The present disadvantages are the
cost of the machines (very high when compared to some filament winding machines), the
dependence on computers and electronics rather than mechanical means of directing fiber
laydown, and the cost and complexity of mandrels.

Table 4.27 RTM Manufacturing Considerations

Materials Tooling Technology

Fiber type
Preform complexity
Preform cost
Inserts

Mold material
Mold surface finish
Resin pump type
Integral or oven heating
Clamping method
Tool durability

Resin viscosity
Flow modeling
Gating and vent design
Composite strength, stiffness, fiber 

volume, transverse properties
Vacuum assist or not

Figure 4.17 RTM (SCRIMP™) process for injecting a boat hull. (Copyright Billy
Black, courtesy of Seemann Composites)
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4.7.6 Filament Winding

Filament winding is a process by which continuous reinforcements in the form of rovings
or tows (gathered strands of fiber) are wound over a rotating mandrel. The mandrel can
be cylindrical, round, or any other shape as long as it does not have re-entrant curvature.
Special machines (Fig. 4.20) traversing a wind eye at speeds synchronized with the man-
drel rotation, control winding angle of the reinforcement and the fiber lay-down rate. The
reinforcement may be wrapped in adjacent bands or in repeating bands that are stepped
the width of the band and that eventually cover the mandrel surface. Local reinforcement
can be added to the structure using circumferential windings or local helical bands, or by
the use of woven or unidirectional cloth. The wrap angle can be varied from low-angle
helical to high-angle circumferential or hoop, which allows winding from about 4–90°
relative to the mandrel axis for older mechanical machines; newer machines can place fi-
ber at 0°.

There are advantages and disadvantages to filament winding as compared to other
methods. The most obvious advantages, summarized in Table 4.30, are cost savings (both
capital and recurring labor) and the ability to build a structure that is larger than autoclave
capacity. The disadvantages of filament winding, in most cases, can be worked around by
innovative engineering and manufacture. Fabricators of large rocket motors have used
plaster mandrels that can be stripped, reduced in size, and passed out through the relatively
small port. Reverse curvature can be formed into a positive curvature by the addition of
oriented fibers or mats or, if the curvature is necessary to the design, such as on an airfoil,
it can be accomplished by removing the uncured structure from the mandrel and using al-
ternate means of compaction to form the composite. This is the fabrication of a continuous
multisided preform.

Table 4.28 RTM Composite End Uses

Composite use Part

Industrial Solar collectors
Electrostatic precipitator plates
Fan blades
Business machine cabinetry
Water tanks

Recreational Canoe paddles
Large yachts
Television antennas
Snowmobile bodies

Construction Seating
Baths and showers
Roofing

Aerospace Airplane wing ribs
Cockpit hatch covers
Speed brakes
Escape doors

Automotive Crash members
Leaf springs
Car bodies
Bus shelters
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Newer filament winding machines have the capacity to change the wind angle at any
point over the part surface. This gives the option of actually winding the fiber into a re-
verse curvature by selecting the wind angle that will follow a hyperboliodal path into a
smooth recess, without bridging or slipping. This technique has been used to wind in an
in-situ metallic end ring for a composite-to-metal joint, eliminating the need for further
bolting or pinning and providing a measure of fail-safe operation The fiber path can be al-
tered by pins or sawtooth to avoid slipping or bridging. Mandrels are less expensive than
two-sided molds, and their reusability contributes to the cost-effectiveness of filament
winding. The expansion of the mandrel during the cure cycle provides the compaction
necessary to result in a fully compacted, dense laminate, without external compacting
measures such as autoclave. Filament wound laminates, without special curing conditions,
can have void contents on the order of 3 to 7%. Because there is no external mold, there is
a poor external or bumpy surface that can be improved by mild compaction as exerted by
shrink tape. The poor external surface can be smoothed somewhat by proper selection of
resin and fiber, use of surfacing mat or filled smoothing compounds at some weight pen-
alty, or by compaction and cure in a female die mold using vacuum bag or autoclave pres-
sure. Figure 4.21 shows the Beech Starship carbon/graphite epoxy fuselage that was
filament wound then expanded into tooling during cure to form a smooth outer skin.

Thermoset resins generally have been used as the binders for the reinforcements. These
resins can be applied to the dry roving at the time of winding (wet winding) or applied pre-
viously and gelled to a “B” stage as prepreg. The fiber can be impregnated and rerolled
without B staging and used promptly or refrigerated. Prepreg and wet rerolled materials
are useful because of the opportunity to perform quality control checks early.

The cure of the filament wound composite is generally conducted at elevated tempera-
tures without the addition of any process for composite compaction. The filament winding

Figure 4.18 Versatility of shapes fabricated by fiber placement. (Courtesy of Hercules Aerospace
Co., now Alliant Techsystems)
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process, like pultrusion, can employ wet resin systems to result in potentially lower cost
composite structures. 

Handling guidelines that are unique to wet filament winding for a wet resin system are:

■ Viscosity should be 2 PaS or lower.
■ Pot life should be as long as possible (preferably >6 hr).
■ Toxicity should be low.

The other approach is to use a wet-rerolled system, essentially a wet resin that is applied to
the fiber beforehand and then kept in a freezer until use. 

Table 4.29 Fiber Placement Processing Advantages (adapted from Ref. 32)

Flexibility Compaction Material usage

Full range of fiber orientations
Non-geodesic path generation
Constant ply thickness over com-

plex shapes
Localized reinforcements
Continuous fibers over three-

dimensional shapes (without 
joints)

Large structures

Continuous in-process debulking
Complex surface fabrications:

■ Concave/convex
■ Nonaxisymmetric and axi-

symmetric shapes

Wide use of advanced 
thermoset material sys-
tems

Near prepreg tape equiv-
alent

Figure 4.19 Versatility of shapes fabricated by
fiber placement. (Courtesy of Hercules Aero-
space Co., now Alliant Techsystems)
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Fibers are used in tow (carbon/graphite) or (roving) glass and Kevlar. The two terms de-
fine a gathered parallel bunch of fibers with essentially no twist. The fibers that are made
in individual processes (e.g., boron) have not been used extensively in filament winding
applications due to their stiffness.

4.7.7 Pultrusion Braiding and Weaving

4.7.7.1 Pultrusion. Pultrusion is an automated process for the manufacture of con-
stant-volume/shape profiles from composite materials. The composite reinforcement is
continuously pulled through a heated die and shaped (Fig. 4.22) and cured simulta-
neously. If the cross-sectional shape is conducive to the process, it is the fastest and most
economical method of composite production. Straight and cured configurations can be
fabricated with square, round, hat-shaped, angled I, or T-shaped cross sections from viny-
lester, polyester, or epoxy matrices with E and S-glass, Kevlar and carbon/graphite rein-
forcements. Some of the available cross-sectional shapes and limitations are shown in
Table 4.31.33 The curing is effected by combinations of dielectric preheating and micro-
wave or induction (with conductive reinforcements like carbon graphite) while the shape
traverses the die. The resin systems, predominantly polyester, can be wet or prepreg, but
the cure rates will be much more rapid than for processes that use thermal conduction for
heat transfer into the laminate. The process lends itself to long component lengths with the
need for reinforcement in the 0° direction. Many uses have been found for the process;
pultrusion is the primary fabrication technique for reinforced plastic booms, ladder com-
ponents, light poles, boundary stakes for snow roads, and conduits. The primary reasons
for the use of the technique are design considerations driven by commercial uses, such as
cost, weight, electrical properties, and environmental resistance, but the process has also
been used to produce some components from advanced composite materials. An applica-
tion that uses the cost-effective technique for high-volume production is the pultruded car-

Figure 4.20 Filament winding. (Courtesy of Plastrex)
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bon/graphite-reinforced drive shaft that replaces two metal shafts, universal joints, and
hangers and results in a quieter product because of inherent composite damping (Fig.
4.23). The process has some limitations:

■ The part must be of constant cross section over its length; it cannot be tapered.
■ Transverse strength will be somewhat lower than for other manufacturing methods.
■ Curved shapes require special machines.
■ Thick sections are difficult because of exotherm with rapidly curing resins.
■ Cure shrinkage may cause dimensional and mechanical problems.
■ There generally will be a cut edge, and this must be cut carefully to reduce delamination

and then sealed to prevent moisture or other attack to fiber or interface.
■ Joints are more difficult because of fiber orientation and lack of section changes that

would allow geometric locking.

Table 4.30 Comparison of Filament Winding with Other Fiber Deposition, 
Compacting, and Curing Processes

Advantages

Filament winding is highly repetitive and accurate in fiber placement (from part to part and from 
layer to layer).

It can use continuous fibers over the whole component area (without joints); can orient fibers eas-
ily in load direction. This simplifies the fabrication of aircraft fuselages and reduces the joints.

It avoids capital expense and the recurring expense for inert gas of autoclave.
Large and thick-walled structures can be built—larger than any autoclave. 
Mandrel costs can be lower than other tooling costs. There is only one tool, the male mandrel, 

which sets the inside diameter and the inner surface finish. The outer surface is uncontrolled and 
may be rough.

The cost is lower for large numbers of components, since there is less labor than in many other 
processes.

Material costs are relatively low, since fiber and resin can be used in their lowest-cost form rather 
than as prepreg, and no preforming is necessary. (Preforming is necessary for RTM and may be 
a significant recurring expense.)

Disadvantages

The shape of the component must permit mandrel removal. Long, tubular shapes will generally 
have a taper. Different mandrel materials, because of differing thermal expansion and differing 
laminate layup percentages of hoops versus helical plies, will demonstrate varying amounts of 
difficulty in removal of the part from the mandrel.

One generally cannot wind reverse curvature. To wind a reverse curvature, wind the exact shape 
on a positive dummy mandrel insert and then remove the insert and place the fiber.

One cannot change fiber path easily (in one lamina). It can be done via the use of pins or slip of 
the tow. Fiber placement is the only fabrication method capable of “steering” the fiber.

The process requires a mandrel, which sometimes can be complex or expensive. Usually, the 
mandrel is less costly than the dies or molds for forming methods other than pultrusion or RTM.

Generally poor external surfaces are produced, which may hamper aerodynamics. A better outside 
surface can be obtained by
■ Use of outer clamshell molds
■ External hoop plies or thinner tows on last ply
■ Shrink tape or porous TFE-glass tape overwrap
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Figure 4.22 Schematic of pultrusion elements. (From Ref. 34)

Figure 4.23 Carbon/graphite reinforced pultruded driveshaft (right) for GMT-400 trucks. (Courtesy
of Spicer Div. of Dana Corp.)
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Pultrusion has also been combined with filament winding to achieve high transverse prop-
erties with advanced composite starting materials as shown in Fig. 4.24.

4.7.7.2 Braiding, weaving, and other preform techniques. Braiding, weav-
ing, knitting, and stitching (with low- or high-modulus fibers) represent methods of form-
ing a shape, generally referred to as a preform (a complete fiber layup representing the
total laminate thickness with a small amount of resin or transverse fiber to hold it in place
before resin infusion). The shape may be the final product or some intermediate form such
as a woven fabric. New techniques allow prepregs to be used, and the introduction of
three-dimensional braids has extended braiding to airborne structural components that
meet high fracture toughness requirements with high damage tolerance. The braiding pro-
cess is continuous and is amenable to round or rectangular shapes or smooth curved sur-
faces, and it can transition easily from one shape to another. Resin systems are generally
epoxies or polyester, and the fiber options are similar to those for filament winding; the
single stiff fibers such as boron and ceramics cannot endure the tight bend radii.
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In the process, the mandrel is fed through the center of the machine at a controlled rate,
and fibers from a large number of rolls are deposited at multiple angles, usually 45° and
90° (Fig. 4.25). 0° plies can be laid from tape or placed by a triaxial braider.

Braiding, in some applications, has turned out to be almost half the cost of filament
winding because of labor savings in assembly and simplification of design.34 The fiber
volume of a braided composite will generally be lower than for other methods.

The other fabric preforming techniques are weaving, knitting, and the nonstructural
stitching of unidirectional tapes. The weaving and knitting are compared to braiding in Ta-
ble 4.32.34 Stitching simply uses a nonstructural thread such as nylon or Dacron or a stiff
fiber such as Kevlar to hold dry tapes or fibers at selected fiber angles. Preforming in this
manner results in a higher-cost raw material but saves labor costs. The stitched preform
has known, stable fiber orientations similar to woven fabric, without the crossovers.

4.7.7.3 Short fiber composites. Short fiber composites have only recently arrived
in the advanced composite field. There is an increased interest in short fiber composites

Figure 4.24 Filament-wound/protruded graph-
ite epoxy bridge beam. (Courtesy of Sci. Div. of
Harsco)

Figure 4.25 Continuous braiding machine.
(Courtesy of B.C.M.E. Ltd.)
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because of the advantages in lay-down speed inherent in SCRIMP™ and other RTM resin
infusion techniques. The P-4 process (programmable powdered preforming process) has
great promise for automotive uses with the use of a chopper gun to lay down the fiber pre-
form of a thermoplastic composite. Short fiber composites have been dismissed for ad-
vanced composites because of the weight, stiffness, and strength penalties inherent with
the use of short fibers. 

The speed of fabricating a composite short fiber preform is substantially increased
when the P-4 technology is applied. This technology was jointly developed by Owens
Corning (Battice, Belgium) and Applicator System AB (Mölnlycke, Sweden) and is now
under further development at the National Composites Center (Kettering, OH). The pro-
cess uses chopped fiberglass with a thermoplastic matrix for applications such as a struc-
tural automotive components at high production rates of up to 50,000 units per year for a
pickup truck box. This high production rate has been the driving force in the process de-
velopment. A parallel interest is for the quick and lower-cost manufacture of structural ad-
vanced composites with discontinuous carbon/graphite fibers. Besides the control of
physical and mechanical properties exerted by fiber strength, stiffness, direction, and posi-
tion in the laminate, a new consideration has to be added for advanced structural applica-
tions: fiber length. There are equations for predicting the properties the result from varying
the fiber lengths,34 and studies have determined some relationships empirically. Figure
4.2635 shows the relation between fiber length and ultimate tensile strength for a discon-
tinuous, unidirectional, glass fiber composite. Note that the composite has a low fiber vol-
ume. Another penalty is evident when the fibers are not aligned. Thus, one of the main
development tasks for aerospace applications is the need to align the fibers.

4.7.8 Machining Techniques

The machining of composite materials also poses some challenges. The unique machining
requirements for composites starts with the need for harder rather than high-speed drills.
PCD-coated (polycrystalline diamond), carbide, or some other hard coating is necessary
because of tool wear and the high temperatures generated by dull drills in the relatively
low thermal conductivity of composite materials. Of practical interest, it is recommended
that high-speed steel not be used. Drilling polymeric composites can result in delamina-
tion from too high or low feed-to-speed ratios (Figs. 4.2736 and 4.2837), from heat buildup
(composites generally have lower thermal conductivities than metallic materials), and be-
cause of inadequate backup at the exit point. The hole quality can also suffer, resulting in
fiber pullout and fuzzing, matrix cratering, thermal alterations, and delaminations. The
recommendations are even more relevant in the case of aramid composites. These compos-
ites require a different drill technique, such as the spade drill, also hard coated, because
the fiber is so hard to shear—it tends to recede back into the composite matrix. In general,
aramid composites can be expected to generate copious quantities of fluff under most ma-
chining inputs—this is natural and in most cases does not represent any significant

Table 4.32 Comparison of Fabric Formation Techniques (from Ref. 34)

Braiding Weaving Knitting

Basic direction of 
yarn introduction

One (machine 
direction)

Two (0°/90°) (warp and 
fill)

One (0° or 90°) (warp or 
fill)

Basic formation tech-
nique

Intertwining
(position dis-
placement)

Interlacing (by selective 
insertion of 90° yarns 
into 0° yarn system)

Interlooping (by drawing 
loops of yarns over pre-
vious loops)
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Figure 4.26 Relationship between short fiber length and composite strength. (After Hancock, P., and
Cuthbertson, R.C., J. Mat. Sci., 5, 76–768, 1970)

Figure 4.27 Typical composite drilling problem:
peelup delamination at entrance. (Kohkonen, K.E.,
and Potdar, N., in S.T. Peters, ed., Handbook of
Composites, 2nd ed., Chapman & Hall, p. 598, Lon-
don, 1998)
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degradation of the remaining composite. A summary of some relevant parameters for drill-
ing of several composite materials with different drilling conditions is shown in Table
4.33.37

The precautions described for drilling merit repeating for machining with the additional
proviso that, when machining unidirectional composites, the operator must attend to the fi-
ber direction to avoid excessive fuzzing and potential splitting of the laminate. Table
4.3437 shows some machining parameters for two typical composites. Grinding is gener-
ally recommended as an approach to avoid many of the foregoing problems. Grinding
does generate fine airborne dust that poses an environmental hazard and should be con-
trolled or contained.

There are many other approaches to composite machining that involve some significant
capital outlays and should be justified by a reasonably long production run. These include
water jet or abrasive jet, and laser cutting.

Table 4.33 Typical Machining Parameters for Drilling Polymeric Composite 
Materials37

Workpiece 
material

Tool 
material

Hole
dia.,
mm

Material
thickness,

mm

Cutting
speed,
m/min

Feed
rate,

mm/rev

Unidirectional
graphite-epoxy

Carbide
PCD

4.85–7.92
4.85–7.92

0–12.7
0–12.7

42.7
61.0

0.0254–0.0508
0.0508–0.0889

Multidirectional
graphite-epoxy

PCD
Carbide

4.85–7.924
85–7.92

0–12.7
0–12.7

61.0
68.6

0.0254–0.0508
0.0508–0.0889

Glass-epoxy HSS 3 10 33.0 0.05

Boron-epoxy PCD 6.35
6.35

2.0
25.4

91–182
91–182

25.4*

*Units = mm/min

Boron-epoxy PCD 6.35 10.4 79 41.91*

Kevlar-epoxy Carbide 5.6 — 158 0.05

Figure 4.28 Typical composite drilling problem: pushout delamina-
tion at exit. (Abrate, S., in P.K. Mallick, ed., Composites Engineering
Handbook, Marcel Dekker, New York, 1997, p. 783)
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4.8 Analysis

4.8.1 Overview of Mechanics of Composite Materials

The 1, 2, and 3 axes in Fig. 4.29 are special and are called the ply axes, or material axes.
The 1 axis is in the direction of the fibers and is called the longitudinal axis or the fiber
axis. The longitudinal axis typically has the highest stiffness and strength of any direction.
Any direction perpendicular to the fibers (in the 2, 3 plane) is called a transverse direction.
Sometimes, to simplify analysis and test requirements, ply properties are assumed to be
the same in any transverse direction. This is the transverse isotropy assumption; it is ap-
proximately satisfied for most unidirectional composite plies.

These properties are typically modified by transformation relative to the laminate axis,
where these may not be the same as the ply axes. These calculations involve matrix manip-
ulations. For the simplest ply, stresses along the ply axes, the strains produced by the
stresses are

(4.9)

Table 4.34 Typical Machining Parameters for Sawing Polymeric Composites37

Material
Thickness,

mm
Cutting

speed, m/s
Feed rate, 
mm/min Type of saw

Graphite-epoxy 4
0–25.4

2–12
15.24

50.8
50.8

Circular (HSS)
Band saw (PCD)

Boron-epoxy 2.0
25.4

30.48
15.24

254
50.8

Circular* (PCD)
Band saw* (PCD)

*With coolant.

Figure 4.29 The unidirectional ply.
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where ε = strain
υ = Poisson’s ratio
E = Young’s modulus
G = shear modulus
σ = tensile stress
τ = shear stress
γ = shear strain

In a multidirectional laminate, there can be as many as 21 stiffness constants. Strength
predictions are equally complicated (a) because of directional differences, i.e., compres-
sion is not always equal to tension, and (b) because of the complexity of the several failure
theories. As the complexity of the matrix calculations increase, it becomes evident that er-
rorless mathematical manipulations are impossible without the aid of computers. Fortu-
nately, there are several software packages that can accomplish these manipulations. The
output of the computer, however, is only as good as the input information. Users must
view the data in handbooks and computer material property files as “preliminary” and
should verify the necessary constants and failure properties of the composite materials and
processes by subscale and full-scale tests. Since there are no standard, accepted “design
allowables” for composite materials, most organizations that extensively use the materials
have had to develop their own data to supply “A” or “B” basis allowables. Because of the
possible numbers of permutations of resins, fibers, and curing techniques, it will be some
time before standardized strength and modulii values can be published as is done now for
most metallic structural materials.

4.9 Design of Composite Structures

4.9.1 Composite Laminate Design

The design process for composites involves both laminate design and component design
and must also include considerations of manufacturing process and eventual environmen-
tal exposure. The following are some steps that can simplify the process.

1. Take advantage of the orthotropic nature of the fiber composite ply.

– To carry in-plane tensile or compressive loads, align the fibers in the directions of
these loads.

– For in-plane shear loads, align most fibers at ±45° to these shear loads.

– For combined normal and shear in-plane loading, provide multiple or intermediate
ply angles for a combined load capability.

2. Intersperse the ply orientations.

– If a design requires a laminate with 16 plies at ±45°, 16 plies at 0°, and 16 plies at 90°,
use the interspersed design [902/±452/02]4S rather than [908/±458/08]S. Concentrating
plies at nearly the same angle (0° and 90° in the above example) provides the oppor-
tunity for large matrix cracks to form. These produce lower laminate allowables,
probably because large cracks are more injurious to the fibers and more readily form
delaminations than the finer cracks occurring in interspersed laminates.

– If a design requires all 0° plies, some 90° plies (and perhaps some off-angle plies)
should be interspersed in the laminate to provide some biaxial strength and stability
and to accommodate unplanned loads. This improves handling characteristics and
also serves to prevent large matrix cracks from forming.
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– Locally reinforce with fabric or mat in areas of concentrated loading. (This technique
is used to locally reinforce pressure vessel domes.)

– Use fabric, particularly fiberglass or Kevlar, as a surface ply to restrict surface (han-
dling) damage.

– Ensure that the laminate has sufficient fiber orientations to avoid dependence on the
matrix for stability. A minimum coverage of 6 to 10% of total thickness in 0, ±45, 90
directions is recommended.

3. Select the layup to avoid a mismatch of laminate properties with those of the adjoining
structures, or provide a shear/separator ply.

– Poisson’s ratio—if the transverse strain of a laminate greatly differs from that of ad-
joining structure, large interlaminar stresses are produced under load. Large Pois-
son’s ratios can be achieved with some carbon/graphite-reinforced laminates. This
effect is graphically portrayed in Fig. 4.30. The solution to the problem is to analyze
the effects of induced loads on the metal/composite couple and to consider using 90°
plies to reduce the Poisson’s ratio.

– Coefficient of thermal expansion—temperature change can produce large interlami-
nar stresses if the coefficient of thermal expansion of the laminate differs greatly
from that of adjoining structure. If the adjacent structure is metallic, try to adjust the
laminate CTE to more closely approximate the CTE of the metal. If 90° plies are not
effective, hybridizing may solve the problem. Fiberglass woven fabric has been suc-
cessfully used to reduce the CTE of a carbon/graphite-epoxy joint to titanium. If the

Figure 4.30 Poisson’s ratio problem.
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composite and the metal’s CTE cannot be reasonably matched, allow for the differ-
ences in the joint. Note that the composite will generally have the lower CTE.

– Composite curing stresses, called residual stresses are significant and, in the case of
high-modulus composites, can cause part failure on cool-down from cure. These
stresses will also cause Poisson’s ratio strains.

– The ply layer adjacent to most bonded joints should not be perpendicular to the direc-
tion of loading. Reduce composite section thickness in the joint area, soften the com-
posite by adding fiberglass or angle plies, and select the highest-strain-capability
adhesive.

– Hygrothermal stresses, induced in the laminate when it absorbs moisture, should also
be considered. These are generally factored in by most computer analysis programs. 

4. Use multiple ply angles.

– Typical composite laminates are constructed from multiple unidirectional or fabric
layers that are positioned at angular orientations in a specified stacking sequence.
From many choices, experience suggests a rather narrow range of practical construc-
tion from which the final laminate configuration is usually selected. The multiple lay-
ers are usually oriented in at least two different angles, and possibly three or four (±θ,
0°/±θ, or 0°/±θ/90° cover most applications, with θ between 30 and 60°). Unidirec-
tional laminates are rarely used except when the basic composite material is only
mildly orthotropic (e.g., certain metal matrix applications) or when the load path is
absolutely known or carefully oriented parallel to the reinforcement (e.g., stiffener
caps or cryogenic vessel support straps).

– An important observation concerning practical laminate construction is the concept
of midplane symmetry with respect to stacking sequence, i.e., uncoupled response,
and balanced construction with regard to the in-plane angular orientations, i.e.,
orthotropic behavior as opposed to anisotropic. If a laminate does not exhibit mid-
plane symmetry, the stretching and bending behavior can be highly coupled. The se-
verity of this coupling is inversely proportional to the number of layers within the
laminate. The fewer the layers, the worse the problem. This heterogeneous nature
should be avoided. In general, seek a symmetric laminate to satisfy the design. When
symmetric and balanced laminates are used, bending, twisting, and warping effects
are reduced.

– When unsymmetrical laminates are used, such as for the faces of a sandwich struc-
ture or the sides of a cylinder, the entire laminate is generally made symmetric be-
cause of geometry. If an unsymmetric laminate must be used alone, it is very prudent
practice to avoid those of less than eight layers. Problems inherent with unsymmetric
laminates may be more severe with higher-modulus fibers

5. Use midplane symmetry.

– The usual reference surface for determining if a laminate is symmetrical is the geo-
metric midplane. A midplane symmetric laminate is highly desirable and to be pre-
ferred. Extremely few cases exist where an unsymmetrical stacking sequence should
even be considered. To construct a midplane symmetric laminate, for each layer
above the midplane there must exist an identical layer the same distance below the
midplane, with a repetition of thickness, material properties, and angular orientation.
Thus, the lamination stacking sequence will possess a mirror image about the geo-
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metric midsurface. As Figs. 4.11e and 4.11f show, both even- and odd-number-ply
laminates can satisfy these criteria. Note that the use of an identical woven fabric at
identical distances from the midplane may not confer symmetry. One of the layers
will have to “flipped,” because the fabric may not identical on both surfaces. 

6. Observe the effects of stacking sequence.

– Once the orientations of a laminate are specified, the stacking sequence will control
the flexural rigidities of a laminated plate. Thus, the stability, vibration, and static
bending behavior are controlled by the relative dispersion and thickness distribution
of these oriented layers.

– Interlaminar stresses (normal and shear) are influenced by the laminate stacking se-
quence. For example, a (±45°2/0°2)S laminate generates compressive normal stresses
at the laminate boundaries that are 10 times as high as the compressive stresses pro-
duced by a (45°/0°/±45°/0°/–45°)S laminate, when each is loaded in compression.
Tensile free-edge stresses would result if these laminates were subjected to axial ten-
sile loads. However, if the 0° layers were stacked on the outside, tensile (delamina-
tion) stresses would be induced at the edges as a result of compressive loads. The
interlaminar normal stresses can be minimized, particularly for fatigue applications,
by optimizing the stacking sequence in reference to the direction of load. The inter-
laminar stress problem is normally referred to as the free-edge effect. Such stresses
are usually dominant at the free-edges of laminates (Fig. 4.31). Their magnitude can
be significant, especially for fatigue conditions such as thermal cycling. The major
free-edge-effect width is over a very narrow region (approximately equal to the lami-
nate thickness). Furthermore, the magnitudes of such stresses are proportional to the
thicknesses of nondispersed oriented layers. Hence, avoid stacks of layers at the same
orientation; alternate or disperse the layers.

– If plies must be terminated (in the laminate), provide for equal steps of 0.10 or
greater and cover the step area with an additional ply (preferably fabric) to avoid in-

Figure 4.31 Sources of out-of-plane loads.
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terlaminar shear failure, to provide some load redistribution, and to avoid ply edge
peeling.

– Adjacent layers, if possible, should be positioned with a maximum orientation differ-
ential of 60°. Potential macrocracking of layers, from induced thermal stress during
cool-down from curing, is sufficient reason to avoid this problem. As the adjacent-
orientation differential increases, so do thermal stresses (e.g., ±45° or 0°/90° lami-
nates are representative of the worst-case situations).

– Macrocracking of layers within a laminate is an irreversible process. Although it may
not affect static strengths, it can lead to reduced fatigue life. Generally, the frequency
of macrocracking increases with thermal cycling and can quickly lead to reduced lam-
inate stiffnesses and changes in Poisson’s ratio and coefficients of thermal expansion.
In addition, layer cracking may interact with free-edge stresses that can trigger delam-
ination. Fabric layers (as opposed to unidirectional) are very resistant to cracking.

4.9.2 Component Design Recommendations

These recommendations relate to material and processes interactions with environmental
concerns and cost-effective fabrication.

■ Consider electrode potential; corrosive galvanic cells can be produced whenever two
materials of different electrode potential are in electrical contact in the presence of an
electrolyte. This is an important consideration for carbon/graphite/epoxy laminates,
which are electrically conductive. Many metals are anodic with respect to carbon/graph-
ite/epoxy and are corroded when they are part of a galvanic cell with carbon/graphite/
epoxy. An electrolyte, a fluid capable of transferring electrons, is very difficult to avoid
in practice. In designs with carbon/graphite/epoxy laminates, observe the following:

1. Avoid magnesium and magnesium alloys because of their high potential relative to
carbon/graphite/epoxy. Aluminum has been used in conjunction with carbon/
graphite/epoxy composites with a designed separation to ensure that there is no
conductive path from the composite to the aluminum. Titanium has been generally
recommended as a replacement for aluminum alloys in areas where galvanic corro-
sion is expected.

2. Carefully investigate the potential of other metals and provide special inter-surface
protection, such as a fiberglass ply or other nonconductor, as required.

3. Consider the use of a nonconductive structural fiber composite such as aramid or
glass rather than carbon/graphite/epoxy in areas where the presence of electrolytes
is expected.

4.9.3 Component Fabrication Recommendations

■ Consider fabrication requirements during preliminary design.
■ Avoid selecting a design that might be technically elegant but could not be built consis-

tently or reliably. The design of a composite structure requires early concurrent engi-
neering to ensure that the composite can be manufactured.

■ Review the design carefully to avoid out-of-plane loads that can cause high levels of in-
terlaminar shear. These, in turn, can cause delaminations.

■ Select the simplest design to manufacture.
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■ If there is a hard choice between ease of analysis and ease of manufacture, choose the
latter.

Design for a composite structure rather than using composite as a substitute for a
metal.

The designer/composites technologist should perform preliminary analysis.
Many tools are available for preliminary composite sizing and layout, including ex-

cellent computer programs for use on microcomputers. Use these computer programs
and closed form analyses early, and defer finite element analysis.

■ Reduce the part count.
Consolidate as many substructures as possible, co-cure adhesive bonded assemblies,

and build in stiffeners. This is the primary method of reducing costs. (Co-curing is not
universally accepted in the industry due to the inability to perform an inspection on the
co-cured joint and the possible cost ramifications if the joint is found to be defective.)

■ Use the greatest tow size and thickest tape or fiber as practical.
Larger tow sizes will generally be much less expensive on a weight basis and will

tend to decrease fabrication time, but they may have a negative effect on physical prop-
erties and surface finish.

■ Use the most appropriate fabrication method for the part.
Note the constraints associated with each technique, e.g., filament winding results in

non-smooth outer surface; pultrusion does not normally result in a quasi-isotropic lami-
nate. For large structures, the relative cost of the filament winding is less than one-
fourth that of hand layup and less than one-half that of the best tape laying machine.38

■ Use the least expensive form of composite raw materials.
Use a wet resin and dry fiber, if appropriate to the process. This method reduces the

cost of filament winding. In Ref. 38, the cost for the large MX launch canister wet fila-
ment wound by Hercules in the 1990–95 time period was $45.00/lb—less than the cost
of just the prepreg tape material for many composite parts.

■ Consider the use of fabric, if appropriate to the structure.
Although raw material costs are higher (some estimates are 18 to 20%), and some

physical properties are reduced, woven fabric shortens layup times, avoids tape spread-
out problems at abrupt contour changes, remains in place during cure (no distortion or
fiber washout), and is frequently easier to drill or machine. 

■ Use composite and metals together to obtain a synergistic part.
Avoid making the component of either metal or composite only when the judicious

use of both will make a better, cheaper part.
■ Make in-situ joints if possible.

A metal-to-composite in-situ joint, made concurrently with the composite structure,
saves costs in terms of machining, surface preparation quality assurance, and adhesive
application. Generally, the technique will require the use of a film adhesive. This is sim-
ilar to co-curing, but one side of the joint can be metal or composite, and the joint will
generally have a mechanical locking feature.

■ Select verification methods carefully.
For coupon testing, avoid extensive tests for matrix-dominated properties when loads

are almost totally reacted by fiber, and vice-versa. Make witness panels as a part of the
component if possible. Coupon testing does not remove the need for full-scale compo-
nent testing, and vice versa.

■ Water absorption will change the mechanical and physical properties of a composite
laminate. Matrix-dominated shear, compression and bending modulii, and strength may
be reduced, and coefficient of expansion may be increased. Account for these changes
in design.

Composite Materials and Processes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Composite Materials and Processes 301

■ Carbon/graphite composites have poor impact resistance. If impact is a consideration,
add glass plies to the exterior surfaces.

4.10 Damage Tolerance

One of the primary hurdles for the widespread use of composites, in addition to cost, has
been concern about the damage tolerance. Composite materials show no yield behavior,
defects are hard to find, and their effects are not always predictable. 

Almost all applications for advanced composites, except one-time-use structures like
rocket motors, involve repeated cyclic application of stresses. Defects can be introduced
by the manufacturing processes or by unplanned occurrences such as impacts. The effects
of these defects must be evaluated, because their growth during cyclic stresses could cause
delaminations or other failures of the structure. Thus, the structure must be damage toler-
ant to ensure that it will not fail catastrophically during its operating life. Three sugges-
tions for safety of advanced composite structures are:

1. Undetectable defects or damage should not affect the life of the structure.

2. Detectable damage should be sustainable by the composite structure for a period of
time until it is found.

3. Damage during a mission or flight should be sustainable to as great an extent as possi-
ble to complete the mission.

The operational stresses in the composite structure can be kept low by increasing wall
thicknesses, but that approach would negate the obvious weight advantage of composites
and would also make the product more expensive. Also, some stresses, such as interlami-
nar or transverse, will not be reduced but may be actually increased by additional plies. In-
creased attention to processing controls can reduce or eliminate many defects (e.g., voids,
delaminations, and ply buckles) but not all (e.g., ply drops and free edges). Costs escalate
when non-standard controls are exercised in production. The advantage of low-mainte-
nance costs of composites over product lifetime is enhanced because of good fracture-
toughness properties of the composite.

4.10.1 Reducing Damage Concerns

Probably the easiest way to reduce concerns over damage to composites is to impose a ply
of an impact absorbing material on the exposed surfaces. Thus, carbon/graphite laminates
have received a measure of protection from impacts and other environmental insults by the
addition of a fiberglass or aramid ply on the exterior surfaces. This can also have the effect
of increasing the laminate allowables by reducing the knockdown values for many environ-
mental insults. Another advantage of a thin fiberglass external ply is the telltale stress
whitening that happens with external impact when the ply is added to the exterior a car-
bon/graphite composite.39 Other ways are as follows:40

■ Use higher strain fibers and tougher matrices.
This has been the approach used by the U.S. Air Force to increase the fracture tough-

ness and impact resistance of carbon/graphite laminates for new high-performance air-
craft. The bulk of effort has centered on higher-strain carbon/graphite fibers and
advanced thermoplastic matrices with their higher levels of toughness.

■ Modify the stacking sequence.
Modify the stacking sequence of the laminate plies to reduce interlaminar stresses or
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damage openings. One of the layup arrangements studied has been (30/–302/30/90)S.
This layup places the 90° ply at the midplane of the laminate, which may be a better po-
sition than others in terms of longitudinal tensile strength and modulus. However, it
must be considered in light of the following potential problems:

Ply thickness. Since the failure may originate more predominately at a 90° ply, reduce
the thickness of the 90° plies and do not stack them together. Possibly move them
away from the midplane of the laminate.

Stitching. The benefit of through-the-laminate-thickness stitching has already been
demonstrated to lock the laminate plies together and to reduce the propensity for
transverse tensile failure

Braiding. The elimination of a weak ply interface can be accomplished by braiding. It
also has some drawbacks, namely a complicated manufacturing process and a loss
of the ability to tailor other properties of the laminate.

Edge cap reinforcement. A layer of aramid or fiberglass can act to reduce interlaminar
normal stresses and increase both static and fatigue strengths at a cut edge of the
laminate. Capping will also increase bending rigidity, manufacturing, and NDT
costs.

Notched edges. Some investigators have found that narrow notches along the edges of
a thin laminate seem to disrupt the edge load path. It can result in stress concentra-
tions, also.

Critical ply termination. When a laminate with a 90° ply at mid-plane is subjected to
tension, peak interlaminar stresses are generated at the interface between the ply or
within it. This is because the Poisson’s ratio is so different from the surrounding
plies. One solution has been to terminate the 90° ply away from the free edge.

Discrete critical ply. If there is a material mismatch at the midplane, such as a 90° ply,
it can cause delamination, but if the discrete ply is cut, the delamination will be
contained

Hybridization. Replace the 90° ply with a softer material, such as fiberglass. Do not
use an aramid, due to the poorer shear strength.

Adhesive layer interleave. The adhesive layer softens the center of the laminate and
also increases the impact resistance but, in turn, it decreases the bending stiffness
dramatically.

The fracture toughness of the laminate material can be measured by a number of meth-
ods, some of which are shown in Fig. 4.32. The results will vary with different layup ori-
entations. Other methods may be similar to the test specimens shown in ASTM-E-399 and
may involve impact. Presently, the most widely accepted technique for evaluating the frac-
ture toughness of a laminate or structure is a compression test after impact. Compression
is a valid indicator; without matrix support, the fibers will buckle, while the fibers do not
need as much matrix support for tensile loading.

Fracture toughness depends on matrix and fiber properties, fiber orientations, and stack-
ing sequence. The emphasis on thermoplastic composites by the U.S. Air Force has been
directed toward increasing the fracture toughness of composites.

4.11 Composite Repairs

There will be damage to composite structures, particularly in aircraft, that may not be vis-
ible but are of concern. The damage to a composite structure may be more than that in-
curred by a comparable metal structure under an identical impact, due to the lack of strain
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capability in the composite. The metal may yield to show the impact site, but the compos-
ite may delaminate within and not reveal the damaged area. In-plane tensile strength may
not always be compromised by impact damage to the matrix, but damaged matrix cannot
stabilize fibers under compressive bending or shear stresses, and compression is usually
the critical loading mode in aircraft structures. A modest impact to a composite can result
in severe undetected internal damage in the form of delamination.

The objectives of most repair/maintenance programs are as follows:

1. Investigate and quantify the extent of damage.

2. Determine the comprehensiveness of the repair effort and where the repairs will be
performed.

– Repair to full properties (with all flaws detected and corrected), or

– Repair to acceptable properties that will allow the structure to be usable to some high,
predetermined percentage of full-scale operation, or

– Repair to some emergency level that will allow use at a low percentage of operational
effectiveness (i.e., fly the damaged aircraft to depot maintenance base).

3. Select the repair configuration.

4. Define the materials and processes to be used, i.e., adhesives, cure cycle limitations.

The repair options after detection and quantification are shown schematically in Fig.
4.33.41 Most repairs to aircraft composites involve damaged and possibly wet honeycomb

Figure 4.32 Typical methods of measuring fracture toughness of composites. (From Ref. 12)
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in addition to the composite. A nomograph for determining acceptable conditions for these
repairs has been prepared (Fig. 4.34).42

The first priority is preparing the composite for repair and may involve drilling holes
for a bolt-on patch or reducing the moisture to a level that will allow heating of the com-
posite and the adhesive for cure.

Repair can involve the simple injection of a wet resin through drilled holes into the
delaminations then adding blind fasteners to defer the onset of local buckling, or the use of
wet or dry prepregs in conjunction with adhesives to form a plug or flush on bonded-on
patch. A summary of the available techniques for repair of solid and honeycomb laminates
is shown in Table 4.35.43 Several of the most important points for consideration, summa-
rized in Ref. 43, are: 

1. Match the modulus of the original material and the fiber direction as closely as possi-
ble.

2. Repair techniques are sufficiently complex that a high degree of technician skill and
training are necessary.

3. For aircraft, nonmetallic repairs must incorporate lightning strike protection.

4.12 Adhesive Bonding and Mechanical 
Fastening

There are overwhelming reasons to adhesive bond composites to themselves and to met-
als, and conversely there are substantial reasons for using mechanical methods such as
bolts or rivets (Table 4.36).

Figure 4.34 Pressure and evacuation guidelines for honeycomb core repair.
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The studies on adhesives, surface preparation, test specimen preparation, and design of
bonded joints reported for the PABST Program44 gave much more credibility to the con-
cept of a bonded aircraft and provided reliable methods of transferring loads between
composites and metals or other composites.

A number of decisions must be made before bonding to a composite is attempted.
These are as follows:

Table 4.35 Summary of Available Composite Repair Techniques42

Method Advantages Disadvantages Ease of repair
Structural
integrity

Bolted patch No surface treatment; no 
refrigeration, heating 
blankets, or vacuum bags 
required

Bolt holes weaken structure; 
bolts can pull out

Fast Low

Bonded patch Flat or curved surface; field 
repair

Not suitable for high tem-
peratures or critical parts

Fast, but 
depends on 
cure cycle of 
adhesive

Low to
medium

Flush aerodynamic Restores full design 
strength; high-temp capa-
bility

Time consuming; usually 
limited to depot; requires 
refrigeration

Time consuming High

Resin injection Quick; may be combined 
with an external patch

May cause plies to separate 
further

Fast Low

Honeycomb, fill in 
with body filler

Fast; restores aerodynamic 
shape

Limited to minimal damage Fast Low

Honeycomb, remove 
damage, replace 
with synthetic 
foam

Restores aerodynamic shape 
and full compressive 
strength

Some loss of impact 
strength, gain in weight

Relatively quick High

Honeycomb, remove 
damage, replace 
with another piece 
of honeycomb

Restores full strength with 
nominal weight gain

Time consuming; requires 
spare honeycomb

More difficult High

Table 4.36 Reasons For and Against Adhesive Bonding

For Against

Higher strength-to-weight ratio
Lower manufacturing cost
Better distribution of stresses
Electrical isolation of components
Minimal strength reduction of composite
Reduced maintenance costs
Reduced corrosion of metal adherend (no 

drilled holes)
Better sonic fatigue resistance

Sometimes difficult surface preparation techniques 
cannot be verified as 100% effective

Formulation may change
May require heat and pressure
Must track shelf life and out-time
Adhesives change values with temperature
May be attacked by solvents or cleaners
Common attitude: “I won’t ride in a glued-together 

airplane”
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1. Surface preparation technique

– Composite. Peel ply or manual abrasion or, if possible, co-cure.

– Metal:
Aluminum—Phosphoric anodize is accepted, preferred airframe method.
Titanium—Several types of etches are available.
Steel—Time between surface preparation and bonding is concern.

2. Type of adhesive

– Film adhesive. Reproducible chemistry; early, frequent quality assurance (because
resin is premixed by the manufacturer); requires special storage, and it generally is
more difficult to accommodate varying bond line thicknesses.

– Paste adhesive. Longer shelf life, no or less changes in storage, accommodates
varying bond line thicknesses, but mixing errors are possible, and quality assurance
of the adhesive (mix ratio) is generally performed after the structure is bonded.

3. Cure temperature of adhesive
The maximum cure temperature of adhesives should be below the composite cure

temperature unless they are co-cured. Cure temperature or upper use temperature of
the adhesive may dictate the maximum environmental exposure temperature of the
component. There are several cure temperature ranges:

– Room temperature to 225°F. Generally for paste adhesives for noncritical structures.
– 225°F to 285°F. For nonaircraft critical structures. Cannot be used for aircraft gener-

ally, because moisture absorption may lower HDT (heat deflection temperature) be-
low environmental operating temperature.

– 350°F and above for aircraft structural bonding. Higher cure temperature may mean
more strain discontinuity between adhesive and both mating surfaces (residual
stresses in bond).

4. Joint design
The primary desired method of load transfer through an adhesive bonded joint is by

shear. This means that the design must avoid peel, cleavage, and normal tensile
stresses. One practical application of a method avoiding other than shear stresses is
the use of a rivet bonded construction (Fig. 4.35). The direction of the fibers in the
outer ply of the composite (against the adhesive) should not be 90° to the expected
load path.

4.12.1 Design Guidelines for a Bolted or Bonded Joint 

Observe the unique design requirements of a bolted or bonded joint from a composite to a
metal or other composite: composites are different from metals. Metals can be relied on to
reduce high stress concentrations because of the metal’s plasticity. In a brittle material
(composite), bolt tolerances and hole drilling are very important. Inadequate attention can
result in a few bolts being forced to carry the load. Brittle failure at a low strain can hap-
pen at the bolts before the load can be redistributed. Some general design rules for a bolted
joint are as follows:

■ Design the joint to be critical in bearing with a non-catastrophic failure (Fig. 4.36).45

■ Fasteners must have sufficient diameter and strength. Locally reinforce as required.
Maintain fastener-to-edge distance (e/d) and spacing distance (s/d) as follows: e/d = 2.5
to 3 and s/d = 6 vs. 1.7 to 2 and 4, respectively, for aluminum alloy. Figure 4.37 shows
these physical dimension suggestions.
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■ Keep nearest row of pins at least three fastener diameters from the free edge. Note that
multiple rows of holes do not share the load equally. This suggests that two rows of
holes would be more efficient than, and preferred to, multiple rows. Keep bearing and
tensile values well within the elastic range of expected laminate properties.

■ Eliminate, as much as possible, the joint eccentricity. Do not introduce bending into the
joint. Design for tight pin-to-hole tolerance. Ensure a smooth fastener shank loading
against composite. Fastener-to-composite thickness ratio should be greater than ~0.70.

■ Increase radial clamping for higher bearing allowables. Finally, and this could be the
most important consideration: All of the above recommendations are predicated on the
use of a quasi-isotropic laminate. Any other laminate type must be structurally evalu-
ated, and additional laminate must be added to the joint area if necessary.

Rules for a bonded joint are as follows:

■ Do not allow tensile loads into the joint, only shear loads. For a tensile load, use a
bolted joint.

Figure 4.35 Load transfer in rivet-bonded construction. (From Ref. 45)
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■ Short bonded joints are more efficient. The peak stress occurs at the ends of the joint,
and the allowable stress decreases with length. 

■ Avoid eccentricity in the joint, because it produces peel stresses. This means the thick-
ness of the adhesive should not be excessive. Most manufacturers recommend joint
thickness on the order of 0.005–0.010 in. Besides changing of the stress type, thick ad-

Figure 4.36 Failure modes for bolted joints. (From Nelson, W.D., Bunin, B.L., and Hart-Smith, L.J.,
in Proc. 4th Conf. Fibrous Composites in Structural Design, Army Materials and Mechanics Research
Center, Manuscript Report AMMRC MS 83-2, 1983, pp. U-2 through II-38)

Figure 4.37 Recommended fastener spacings and edge margins for bolted joints. 
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hesives generally are weaker. Thick laminates are more affected than thin. If a thick
laminate has to be bonded, chamfer. There are concerns for both bolting and bonding;
they are summarized in Table 4.37.46 Further details are provided in Ref. 44.

4.13 Environmental Effects

The primary environmental concern for all polymeric matrix composites is the effect of
moisture intrusion both into the raw materials and into the finished components. Moisture
in the raw materials causes voids and delaminations of the composite, and moisture in the
finished composite structure can result in the effects shown in Table 4.38. Moisture enters
the composite through cracks or voids in the matrix, and diffuses through the resin or
through the fiber-to-matrix interface (if open to atmosphere). Except for fiberglass and
Kevlar, the advanced composite fibers do not transport water, and none of the fibers except
for fiberglass are substantially affected by water intrusion. Figure 4.38 shows typical deg-
radation techniques for fiberglass and Kevlar.47 Most of the effects of moisture are revers-
ible, and the affected property will be restored when the composite is dried. It may take a
long time to dry, since the moisture must diffuse out.

Many users of composites require a systematic evaluation of the reaction of each com-
posite (fiber and resin) to a broad list of environments. Many of these environments are
listed in test documents such as MIL-STD-810. The evaluation can result in the approval
of a composite structure, because it is the same or very close to one already tested (similar-
ity), because it is theoretically unresponsive (analysis), or because the actual structure or a

Table 4.37 Comparison of Bolting and Bonding (from Ref. 46)

Advantages Disadvantages

Bonded joints

Small stress concentration in adherends
Stiff connection
Excellent fatigue properties
No fretting problems
Sealed against corrosion
Smooth surface contour
Relatively lightweight
Damage tolerant

Limits to thickness that can be joined with simple joint 
configuration

Inspection difficult other than for gross flaws
Prone to environmental degradation
Sensitive to peel and through-the-thickness stresses
Residual stress problems when joining to metals
Cannot be disassembled
May require costly tooling and facilities
Requires high degree of quality control
May be environmental concerns

Bolted joints

Positive connection, low initial risk
Can be disassembled
No thickness limitations
Simple joint configuration
Simple manufacturing process
Simple inspection procedure
Not environmentally sensitive
Provides through-the-thickness rein-

forcement, not sensitive to peel 
stresses

No major residual stress problem

Considerable stress concentration
Prone to fatigue cracking in metallic component
Hole formation can damage composite
In composites, relatively poor bearing properties
Prone to fretting in metal
Prone to corrosion in metal
May require extensive shimming with thick composites
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series of coupons has been tested by the composite manufacturer (test). It is in the best in-
terest of both the fabricator and the user whenever the resolution of the composites’ re-
sponse to an environment can be obtained at minimum cost, i.e., verification by similarity.
Some of these environments, the predicted effects, and references are shown in Table
4.39.47

4.14 Composite Testing

To ensure consistent, reproducible components, three levels of testing are employed: in-
coming materials testing, in-process testing, and control and final structure verification.

4.14.1 Incoming Materials Testing

Incoming materials testing seeks to verify the conformance of the raw materials to specifi-
cations and to ensure processibility. The levels of knowledge of composite raw materials
do not approach those for metals, which can be bought to several consensus specifications
and will appear to be generally identical, even if purchased from many manufacturers. Al-
though there are fewer suppliers for composite raw materials, the numbers of permutations
of resins, fibers, and manufacturers prevents the kind of standardization necessary to be able
to buy composite raw materials as if they were alloys.

The fabricators of composites will rely on specifications for control of fiber, resin and/
or the prepreg as shown in Table 4.40. Many prepreg resin and fiber vendors will certify
only to their own specifications, which may differ from those shown; users should consult
the vendors to determine what certification limits exist before committing to specification
control.

The purpose of incoming testing is to achieve a consistently reliable product that can be
verified to meet the user’s requirements and processing techniques; thus, the testing should
reflect, if possible, the individuality of the processing method.

As part of raw materials verification, composite design effort, and final product verifi-
cation, mechanical testing of composite test specimens will be performed. The testing of
composite materials offers unique challenges because of the special characteristics of
composites. Factors not considered important in metals testing are very important in test-
ing composites. For example, composites are anisotropic, with properties that depend on
the direction in which they are measured. Strain and load rate must be carefully moni-
tored, specimen conditioning (drying, storage, etc.) can substantially affect results, and

Table 4.38 Possible Effects of Absorbed Moisture on Polymeric Composites

■ Plasticization of epoxy matrix
Reduction of glass transition temperature reduction of usable range

■ Change in dimensions due to matrix swelling
■ Enhanced creep and stress relaxation

Increased ductility
■ Change in coefficient of expansion
■ Reduction in ultimate strength and stiffness properties in matrix-dominated properties

Transverse tension
In-plane shear
Interlaminar shear
Longitudinal compression
Fatigue properties (change may be beneficial)

■ Fiber-dominated properties are generally not affected
■ Change in microwave transmissibility properties
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even humidity conditions at the time of specimen fabrication or test can significantly af-
fect the material. Fiber content and void content, which can also vary with manufacturing
conditions, have important effects on material properties. All personnel involved in the
generation and use of test results, from fabrication of the material to final data interpreta-
tion, should be familiar with these factors and their influence on test results. References 47
(pp. 7-1 through 7-31) and 48 provide reference monographs on composites testing; Refs.
49 and 50 provide excellent descriptions of the factors that influence test results.

4.14.2 In-Process Testing

In-process testing seeks to ensure the repeatability of the process so as to reach a consis-
tent fiber volume, resin content and fiber angle, and correct layer placement. Since the pro-
cessing from start of the cure is a continuous part of the batch processing, there can be no
test sample testing. The control is essentially interrogation of the curing process, modifica-
tion of the process to accommodate the batch to-batch inconsistencies of the input materi-
als, and correlation of the effects of changes in input materials and processes to arrive at

Figure 4.38 Composite response to humidity. (From Ref. 46)

Composite Materials and Processes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Composite Materials and Processes 313

Table 4.39 Environmental Effects on Composite Structures (adapted from Ref. 47, 
pp. 9-2 through 9-44)

Environment
Effects (matrix of 

fiber) Comments

Moisture related

Rain Matrix, softens and 
swells

Rain may cause water intrusion into composite and 
joints

Humidity Matrix, softens and 
swells

Effect can be aggravated by high, >1%, void content.

Salt fog Matrix, softens and 
swells

Corrosion of metal attached to graphite epoxy com-
posite can be increased.

Deep submergence Matrix Interface may be affected, low void content is require-
ment for compressive inputs.

Rain and sand ero-
sion

Both Protect surfaces with paint or elastomer, composite 
response is significantly different from metals.

Galvanic corrosion Neither Graphite composites can cause corrosion of metals; 
composite is unaffected.

Radiation

Solar radiation 
(Earth)

Matrix Unprotected aramid or polyethylene is affected.

Ultraviolet Matrix Unprotected aramid or polyethylene is affected.

Nonionizing space Both Composites can be destroyed, most metals are unaf-
fected.

Solar (LEO) Both Composites can be destroyed, most metals are unaf-
fected.

Temperature

High Matrix Fibers (except polyethylene) are generally more resis-
tant than matrix.

Low Matrix

Extreme (ablation) Both

Thermal cycling 
(shock)

Matrix

Miscellaneous environments

Solvents, fuels Matrix Determine for each matrix, stressed and unstressed; 
effects may be aggravated by voids.

Vacuum Matrix

Fungus Matrix Each material must be evaluated. May affect organic 
fibers.

Fatigue Both Effects may be diminished by voids.
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Table 4.40 Test Methods for Composite Raw Materials

Component Test Test method Reference

Resin Moisture content Karl Fisher Titration* ARP† 1610

Comparison
identity

Chromatography (several 
types)*

ARP 1610

Chlorine (epoxies) Hydrolyzable chlorine* ARP1610

Comparison Color* ASTM D-1544

Comparison Density ASTM D-1475

Comparison Refractometric User defined

Comparison Infrared identity* ARP 1610

Comparison Viscosity ASTM D-445, 1545

Reactivity Weight per epoxide ASTM D-1652

Fiber Strand mechanicals Strand tensile strength and 
modulus

AMS 3892

Yield Weight/length AMS 3892

Sizing Extraction ARP 1610, AMS 3901, 
AMS 3892

Fuzz User defined

Ribbonization User defined

Packaging AMS 3901, AMS 3894

Density ASTM D-3800

Prepreg Fiber mechanicals Tow test or unidirectional 
tensile

ASTM D-2343, D-3379, D-
4018, D-3039

Resin content Extraction ASTM C-613, D-1652, D-
3529

Resin identity Infrared identity ARP 1610

Curative identity,% Extraction, infrared ARP 1610

Nonvolatiles ASTM D-3530

Resin flow ASTM D-3531

Gel time ASTM D-3532

Tack AMS 3894

Visual imperfection Optical AMS 3894

Areal weight Weight ASTM D-3529, D-3539

*Also applicable to prepreg.
†ARP = Aerospace Recommended Practice, Society of Automotice Engineers (SAE), 400 Commercial Dr.,
Warrendale, PA 15096. AMS = Aerospace Materials Specification, SAE. ASTM = Americal Society for Tesging and
Materials, 1916 Race St., Philadelphia, PA 19193.
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limits on the process variables and inputs. There have been frequent problems of resin
exotherm and cure temperature overshoot with large or thick structures that could ruin a
component. New autoclaves have been provided with interactive controls and “smart” op-
erating software to accommodate changes in cure dynamics. An interactive “smart” curing
machine can respond to the curing temperature overshoot automatically and rapidly. Table
4.4148 shows techniques for in-process monitoring.

Since composite structures can be large and complex to cost-effectively replace metal
assemblies, the labor input value of these structures can be considerable. The benefit of
testing the incoming materials and of verifying the processing is obvious. Ideally, with
feed-back control and complete control over the incoming materials, there would be re-
duced need for final product inspection.

4.14.3 Final Product Verification

Rarely does composite testing include actual mechanical verification of the final product.
The exceptions are filament-wound pressure vessels and some small composite structures,
such as golf shafts, that are tested in bending. Many pressure vessels experience some de-
terioration due to the proof pressure test, which causes transverse stress in the hoop plies
that ends up fracturing the matrix in the outer plies and results in a first-ply failure. This is
one reason why another failure criterion is invoked for pressure vessels, namely the last-
ply failure criterion. However, the failure in the outermost plies reduces the composite’s
resistance to water intrusion, and consequently the product may have to be recoated with a
moisture-resistant paint to satisfy some environmental fears.

Nearly all final composite structure verification includes mechanical tests of tag end or
coprocessed coupons and nondestructive tests on the structural laminate. Mechanical test-

Table 4.41 In-Process Monitoring of Advanced Composites (see Ref. 48 for further 
details)

Parameter
controlled
(measured)

Desired
location control*

*Frequency and number of monitored factors will decrease as product confidence is gained.

Method Notes

Temperature In laminate, top bottom 
center on tool, air 
temp.

Thermocouple Includes rate of heat-
ing and cooling†

†Information is part of adaptive control system.

Vacuum Composite surface Gage (transducer) Note†

Pressure Composite surface in 
composite vessel

Gage (transducer)
Springback go/no-go gage

Note†

Cure rate In composite Dielectric analysis
Optical (fluorescence)‡

FTIR spectra‡

Note†

Viscosity In composite Dielectric analysis
Ultrasonic‡

Acoustic
Waveguides‡

‡Not in general use yet.

Note†
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ing is also used to verify the materials and processes prior to committing to the layup and
cure of a larger composite structure. Table 4.42, adapted from Ref. 50, shows the key data
and test methods that are needed to support design or production of a composite structure.

It can be seen that there are several tests in current use to determine some properties.
Many of the tests are still evolving and will eventually become standardized through
ASTM or other consensus organizations. Also, this list does not exhaust the available test
methods, and nonstandard tests abound for composites fabricated by alternative tech-
niques (e.g., filament winding, Ref. 47).

Table 4.42 Advanced Composite Test Methods in Current Use (adapted from Ref. 50)

Test Test method(s)

Tensile strength and modulus axial and 
transverse

ASTM D-3039

Compression ASTM D-695 (modified for high-modulus composites); 
Celanese,* ASTM D-3410; IITRI, ASTM D-3410; sand-
wich beam, ASTM D3410

*Refers to the original design agency or the agency that prepared the reference specification or to the commercial
company whose internal specification was used throughout the industry.

Shear Iosipescu, ASTM D-3518
Rail shear, ASTM D-4255
Short beam, ASTM D-2344

Flexure ASTM D-790

Fracture toughness ASTM E-399
NASA 1092*

End notched flexure mode II
Cracked lap shear (mixed modes I and II)
Edge delamination
NASA 1092

Impact Instrumented drop-weight impact
Tensile impact
Compression after impact (Boeing BSS-7260)

Fatigue ASTM D-3479, ASTM D-671

Coefficient of thermal expansion User defined

Coefficient of moisture expansion User defined

Single fiber tension ASTM D-3379

Single fiber tensile creep Note†

†No general consensus specification exists.

Open-hole tension, compression Boeing BMS 8-276

Thermal conductivity User defined

Bolt bearing ASTM D-953
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Nondestructive test techniques are preferred to verify the final structure, because copro-
cessed or tag end test specimens suffer from edge effects and may not mirror the fiber an-
gles, resin, or fiber content. The component may also have discrepancies such as fiber
kinking and washout that may not be reflected in the test specimens. Confidence is gained
in a structure because of careful control of incoming materials, controlled processing, ad-
herence of tag end or co-processed test specimens to required test values, and the meeting
of NDI standards. The simplest NDI techniques, which involved coin tapping and visual
observance, have evolved into those shown in Table 4.43 (adapted from Ref. 51). They can
be used individually or, in some cases, concurrently.

4.15 Safety Issues with Composite Materials

Composite materials, particularly in the raw material form, present toxic hazards to users
and should be handled carefully. Essentially, there is a need for management inputs and
controls on the following aspects of composite fabrication:

■ Material handling
■ Training
■ Gaining awareness of hazards and proper use of toxic materials
■ Isolation of some operations
■ Use of personal protective equipment (if necessary)
■ Personal hygiene
■ Significance of warnings and labels

Table 4.43 NDE Test Methods for Composites (adapted from Ref. 51)

Principal
characteristic

detected Advantages Limitations

Radiography Differential absorption of 
penetrating radiation

Film provides record of 
inspection, extensive data 
base

Expensive, depth of defect 
not indicated, rad. safety

Computer
tomography

Conventional x-ray technol-
ogy with computer digital 
processing

Pinpoint defect location; 
image display is computer 
controlled

Very expensive, thin wall 
structure might give prob-
lems

Ultrasonics Changes in acoustic imped-
ance caused by defects

Can penetrate thick materials, 
can be automated

Water immersion or couplant 
needed

Acoustic
emission

Defects in part stressed gen-
erate stress waves

Remote and continuous sur-
veillance

Requires application of stress 
for defect detection

Acoustic
ultrasonics

Uses pulsed ultrasound stress 
wave stimulation

Portable, quantitative, auto-
mated, graphic imaging

Surface, contact surface 
geometry critical

Thermography Mapping of temperature dis-
tribution over the test area

Rapid, remote measurement, 
need not contact part, quan-
titative

Poor resolution for thick 
specimens

Optical
holography

3-D imaging of a diffusely 
reflecting object

No special surface prepara-
tion or coating required

Vibration-free environment 
required, heavy base 
needed
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■ Housekeeping
■ Dispensing and storage
■ Emergency instructions

The typical materials that are encountered are shown on Table 4.44. This table is not ex-
haustive, and the user should consult the Material Safety Data Sheets (MSDS) and more
in-depth references (e.g., Ref. 52). The liquid resins and catalysts are the highest noted
hazards, because there are so many avenues of attack to our bodies, and because there are
many different effects. Once the composite structure is fabricated, the fibers and resins are
rendered essentially innocuous, and machining, drilling, etc. pose minimal hazards. Ma-
chining dusts should be contained and properly disposed of to reduce the nuisance.

Table 4.44 Commonly Encountered Hazards with Advanced Composite Materials

Hazard Form Reported hazards

Epoxy resins Liquid or as prepreg Dermatitis, some may be potential skin carcin-
ogens

Epoxy curing agents

Aromatic amines Liquids, but primarily in 
prepreg

Liver, kidney damage, jaundice, some are car-
cinogens, anemia

Aliphatic amines Liquids Severe bases and irritants and visual distur-
bances

Polyaminoamides Liquids Somewhat less irritating, may cause sensitiza-
tion

Amide Slight irritant

Anhydride Liquid, solid, prepreg Severe eye irritants, strong skin irritants

Phenolic and amino 
resins

Usually as dry prepreg Free Phenol, also released on cure. Formalde-
hyde is strong eye, skin and respiratory irri-
tant

Bismaleimide resins Liquid or paste, generally 
as prepreg

Skin irritant and sensitization, not fully charac-
terized yet

Thermoplastic res-
ins

Solids or prepreg Exercise care with molten materials & provide 
good ventilation. Consult MSDS

Reinforcing materials

Graphite fibers Airborne dusts Skin irritation, contain dusts, prevent exposure 
and protect skin

Aramid fibers Contain airborne dusts

Fiberglass Mechanical irritation to skin, eyes, nose, and 
throat
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Matrix Composites
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5.1 Introduction

Chapter 4 discusses polymer matrix composites (PMCs) used in structural applications.
This chapter covers PMCs used in thermal management and electronic packaging. It also
provides an overview of metal matrix composites (MMCs), ceramic matrix composites
(CMCs), and carbon matrix composites (CAMCs).

The development of composite materials and the related design and manufacturing
technologies is one of the most important advances in the history of materials. Composites
are multifunctional materials having unprecedented mechanical and physical properties
that can be tailored to meet the requirements of a particular application. Some composites
also exhibit great resistance to high-temperature corrosion, oxidation, and wear. These
unique characteristics provide the engineer with design opportunities not possible with
conventional monolithic (unreinforced) materials. Composites technology also makes pos-
sible the use of an entire class of solid materials, ceramics, in applications for which
monolithic versions are unsuited because of their great strength scatter and poor resistance
to mechanical and thermal shock. Furthermore, many manufacturing processes for com-
posites are well adapted to the fabrication of large, complex structures. This allows consol-
idation of parts, which can reduce manufacturing costs. 

In recent years, carbon fibers with thermal conductivities much greater than that of cop-
per have been developed. These reinforcements are being used in polymer, metal, and car-
bon matrices to create composites with high thermal conductivities that are being used in
applications for which thermal management is important. Discontinuous versions of these
fibers are also being incorporated in thermoplastic injection molding compounds, improv-
ing their thermal conductivity by as much as two orders of magnitude or more. This
greatly expands the range of products for which injection molded polymers can be used. 

Source: Handbook of Plastics, Elastomers, and Composites
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Composites are important materials that are now used widely, not only in the aerospace
industry, but also in a large and increasing number of commercial applications, including

■ Internal combustion engines
■ Machine components
■ Thermal control and electronic packaging
■ Automobile, train, and aircraft structures
■ Mechanical components, such as brakes, drive shafts, and flywheels
■ Tanks and pressure vessels
■ Dimensionally stable components
■ Process industries equipment requiring resistance to high-temperature corrosion, oxida-

tion, and wear
■ Offshore and onshore oil exploration and production
■ Marine structures
■ Sports and leisure equipment
■ Biomedical devices
■ Civil engineering structures

The resulting increases in production volumes have helped to reduce material prices, in-
creasing their attractiveness in cost-sensitive applications.

It should be noted that biological structural materials occurring in nature are typically
composites. Common examples are wood, bamboo, bone, teeth, and shell. Furthermore,
use of artificial composite materials is not new. Bricks made from straw-reinforced mud
were employed in biblical times. This material also has been widely used in the American
Southwest for centuries, where it is known as adobe. In current terminology, it would be
called an organic fiber-reinforced ceramic matrix composite.

To put things in perspective, it is important to consider that modern composites technol-
ogy is only several decades old. This is an extremely short period of time compared with
other materials, such as metals, which go back millennia. In the future, improved and new
materials and processes can be expected. It is also likely that new concepts will emerge,
such as greater functionality, including integration of electronics, sensors, and actuators. 

There is no universally accepted definition of a composite material. A good description
of a composite is a material consisting of two or more distinct materials bonded together.1

This differentiates composites from materials such as alloys.
Solid materials can be divided into four categories (polymers, metals, ceramics, and

carbon). We consider carbon as a separate class because of its unique characteristics. We
find both reinforcements and matrix materials in all four categories. This results in the po-
tential for a limitless number of new material systems having unique properties that cannot
be obtained with any single monolithic material. Table 5.1 shows the types of material
combinations that are now in use.

Composites are usually classified by the type of material used for the matrix. The four
primary categories of composites are polymer matrix composites (PMCs), metal matrix
composites (MMCs), ceramic matrix composites (CMCs), and carbon matrix composites
(CAMCs). The last category, CAMCs, includes carbon/carbon composites (CCCs), which
consist of carbon matrices reinforced with carbon fibers. For decades, CCCs were the only
significant type of CAMC. However, there are now other types of composites utilizing a
carbon matrix. Notable among these is silicon carbide fiber-reinforced carbon, which is
being used in military aircraft gas turbine engine components. 

The characteristics of the four classes of matrix materials used in composites differ rad-
ically. Table 5.2 presents properties of selected matrix materials from the four classes.

Metal Matrix Composites, Ceramic Matrix Composites, Carbon Matrix Composites,
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Note that the densities, moduli, strengths, and failure strains differ greatly. These and other
differences result in composite materials that have very dissimilar characteristics.

Composites are now important commercial and aerospace materials.2 At this time,
PMCs are the most widely used composites. MMCs are employed in a significant and in-
creasing number of commercial and aerospace applications, such as automobile engines,
electronic packaging, cutting tools, circuit breaker contact pads, high-speed and precision
machinery, and aircraft structures. CCCs are used in high-temperature, lightly loaded ap-
plications, such as aircraft brakes, rocket nozzles, glass processing equipment, and heat
treatment furnace support fixtures and insulation. Although CMCs are not as widely used
at this time, there are notable applications that are indicative of their great potential.

The main types of reinforcements used in composite materials include aligned continu-
ous fibers, discontinuous fibers, whiskers (elongated single crystals), particles, and numer-

TABLE 5.1 Types of Composite Materials

Reinforcement

Matrix Polymer Metal Ceramic Carbon

Polymer ✔ ✔ ✔ ✔

Metal ✔ ✔ ✔ ✔

Ceramic ✔ ✔ ✔ ✔

Carbon ✔ ✔ ✔

TABLE 5.2 Properties of Selected Matrix Materials

Material Class
Density

g/cm3 (Pci)
Modulus

GPa (Msi)

Tensile 
strength

MPa (Ksi)

Tensile 
failure 
strain
(%)

Thermal
conductivity

W/mK
(Btu/hr·ft·°F)

Coefficient
of thermal
expansion

ppm/K
(ppm/°F)

Epoxy Polymer 1.8 (0.065) 3.5 (0.5) 70 (10) 3 0.1 (0.06) 60 (33)

Aluminum
(6061)

Metal 2.7 (0.098) 69 (10) 300 (43) 10 180 (104) 23 (13)

Titanium
(6Al-4V)

Metal 4.4 (0.16) 105 (15.2) 1100 (160) 10 16 (9.5) 9.5 (5.3)

Silicon
carbide

Ceramic 2.9 (0.106) 520 (75) – <0.1 81 (47) 4.9 (2.7)

Alumina Ceramic 3.9 (0.141) 380 (55) – <0.1 20 (12) 6.7 (3.7)

Glass
(borosilicate)

Ceramic 2.2 (0.079) 63 (9) – <0.1 2 (1) 5 (3)

Amorphous
carbon

Carbon 1.8 (0.065) 20 (3) – <0.1 5–90 (3–50) 2 (1)
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ous forms of fibrous architectures produced by textile technology, such as fabrics and
braids.3–5

Increasingly, designers are using hybrid composites that combine different types of re-
inforcements and reinforcement forms to achieve greater efficiency and reduce cost.6,7 For
example, fabrics and unidirectional tapes are often used together in structural components.
In addition, carbon fibers are combined with glass or aramid to improve impact resistance.
Laminates combining composites and metals, such as “Glare,” which consists of layers of
aluminum and glass fiber-reinforced epoxy, are being used in aircraft structures to improve
fatigue resistance.

Composites are strongly heterogeneous materials. That is, the properties of a composite
vary considerably from point to point in the material, depending on the material phase in
which the point is located. Monolithic ceramics, metallic alloys, and intermetallic com-
pounds are usually considered to be homogeneous materials, as a first approximation.

Many artificial composites, especially those reinforced with fibers, are anisotropic,
which means their properties vary with direction (the properties of isotropic materials
are the same in every direction). This is a characteristic they share with a widely used
natural fibrous composite, wood. As for wood, when structures made from artificial fi-
brous composites are required to carry load in more than one direction, they are typically
used in laminated form. It is worth noting that the strength properties of some metals
also vary with direction. This is typically related to the manufacturing process, such as
rolling.

With the exception of MMCs, composites do not display plastic behavior as monolithic
metals do, which makes composites more sensitive to stress concentrations. However, the
absence of plastic deformation does not mean that composites should be considered brittle
materials like monolithic ceramics. The heterogeneous nature of composites results in
complex failure mechanisms that impart toughness. Fiber-reinforced materials have been
found to produce durable, reliable structural components in countless applications.2 For
example, PMCs have been used in production boats, electrical equipment, and solid rocket
motors since the 1950s, and in aircraft since the early 1970s. The technology has pro-
gressed to the point where the entire empennage (tail section) of the Boeing 777 is made
of carbon/epoxy.

5.2 Comparative Properties of Composite 
Materials

There are a large and increasing number of materials that fall into each of the four types of
composites, so generalization is difficult. However, as a class of materials, composites
tend to have the following characteristics: 

■ Tailorable mechanical and physical properties
■ High strength
■ High modulus
■ Low density
■ Excellent resistance to fatigue, creep, creep rupture, corrosion, and wear

Composites are available with tailorable thermal and electrical conductivities that range
from very low to very high. Composites are available with tailorable coefficients of ther-
mal expansion (CTEs) ranging from –2 to + 60 ppm/K (1 to 30 ppm/°F).

As for monolithic materials, each of the four classes of composites has its own particu-
lar attributes. For example, CMCs tend to have particularly good resistance to corrosion,
oxidation, and wear, along with high-temperature capability.
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There are many types of fibrous and particulate reinforcements used in composite mate-
rials, including carbon, aramid, glasses, oxides, boron, and so on.8–18 Carbon, glass, and
aramid fibers are probably the most important at this time. 

There are dozens of different types of commercial carbon fibers. The stiffest versions
have moduli of 965 GPa (140 Msi). Strengths top out at 7 GPa (1,000,000 lb/in2). Carbon
fibers are made from several types of precursor materials, polyacrylonitrile (PAN), petro-
leum pitch, coal tar pitch, and rayon. Except for a few applications initially developed
many years ago, rayon-based carbon fibers are no longer of great importance. Characteris-
tics of the two types of pitch-based fibers tend to be similar but very different from those
made from PAN. The key types of carbon fibers are standard modulus (SM) PAN, interme-
diate modulus (IM) PAN, ultrahigh modulus (UHM) PAN, and ultrahigh modulus (UHM)
pitch. The strongest UHS carbon fibers are forms of intermediate modulus (IM) fibers.
Carbon fiber cost varies greatly. The least expensive industrial versions are now available
for about USD 10/kg (USD 5/lb).

The outstanding mechanical properties of composite materials has been a key reason
for their extensive use in structures. However, composites also have important physical
properties, especially low, tailorable coefficient of thermal expansion (CTE) and high ther-
mal conductivity, which are key reasons for their selection in an increasing number of ap-
plications. Key examples are electronic packaging and thermal management.19–21

Many composites, such as PMCs reinforced with carbon and aramid fibers, and silicon
carbide particle-reinforced aluminum, have low CTEs, which are advantageous in applica-
tions requiring dimensional stability. Examples include spacecraft structures, instrument
structures, and optical benches.22 By appropriate selection of reinforcements and matrix
materials, it is possible to produce composites with near-zero CTEs. 

Coefficient of thermal expansion tailorability provides a way to minimize thermal
stresses and distortions that often arise when dissimilar materials are joined. For exam-
ple, the CTE of silicon carbide particle-reinforced aluminum depends on particle con-
tent. By varying the amount of reinforcement, it is possible to match the CTEs of a
variety of key engineering materials, such as steel, titanium, and alumina (aluminum ox-
ide).23

The ability to tailor CTE is important in many applications. For example, titanium fit-
tings are often used with carbon/epoxy (C/Ep) structures instead of aluminum, because the
latter has a much larger CTE that can cause high thermal stresses under thermal cycling.
Another application for which CTE is important is electronic packaging, because thermal
stresses can cause failure of ceramic substrates, semiconductors, and solder joints. 

A unique and increasingly important property of some composites is exceptionally high
thermal conductivity. This is leading to increasing use of composites in applications for
which heat dissipation is a key design consideration. In addition, the low densities of com-
posites make them particularly advantageous in thermal control applications for which
weight is important. An important recent breakthrough is the development of injection
molded PMCs with thermal conductivities as high as 100 W/m·K (58 Btu/hr·ft·°F). This is
discussed in Sec. 5.5.

There are a large and increasing number of thermally conductive PMCs, MMCs, and
CAMCs. One of the most important types of reinforcements for these materials is pitch fi-
bers.11 PAN-based fibers have relatively low thermal conductivities.10 However, pitch-
based fibers with thermal conductivities more than twice that of copper are commercially
available. These ultrahigh thermal conductivity (UHK) reinforcements also have very high
stiffnesses and low densities. Fibers made by chemical vapor deposition (CVD), also
called vapor-grown fibers, have reported thermal conductivities as high as 2000 W/m·K
(1160 Btu/hr·ft·°F), about five times that of copper.24 Fibers made from another form of
carbon, diamond, also have the potential for thermal conductivities in this range. PMCs
and CCCs reinforced with UHK carbon fibers are being used in a wide range of applica-
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tions, including spacecraft radiators, battery sleeves, electronic packaging, and motor en-
closures. Applications for specific materials are discussed later in Secs. 5.5 through 5.9.

5.3 Overview of Mechanical and Physical 
Properties

Initially, the excellent mechanical properties of composites were the main reason for their
use.25 However, there are an increasing number of applications for which the unique and
tailorable physical properties of composites are key considerations. For example, the ex-
tremely high thermal conductivity and tailorable CTE of some composite material systems
are leading to their increasing use in electronic packaging. Similarly, the extremely high
stiffness, near-zero CTE, and low density of carbon fiber-reinforced polymers have made
these composites the materials of choice in a variety of applications, including spacecraft
structures, antennas, and optomechanical system components such as telescope metering
structures and optical benches. 

Composites are complex, heterogeneous, and often anisotropic material systems. Their
properties are affected by many variables, including in situ constituent properties; rein-
forcement form, volume fraction, and geometry; properties of the interphase, the region
where the reinforcement and matrix are joined (also called the interface); and void con-
tent. The process by which the composite is made affects many of these variables.26 Com-
posites containing the same matrix material and reinforcements, when combined by
different processes, may have very different properties.

Several other important things must be kept in mind when considering composite prop-
erties. For one, most composites are proprietary material systems made by proprietary
processes. There are few industry or government specifications for composites as there are
for many structural metals. However, this is also the case for many monolithic ceramics
and polymers, which are widely used engineering materials. Despite their inherently pro-
prietary nature, there are some widely used composite materials made by a number of
manufacturers that have similar properties. Notable examples are standard modulus (SM)
and intermediate modulus (IM) carbon fiber-reinforced epoxy. 

Another critical issue is that properties are sensitive to the test methods by which they
are measured, and there are many different test methods used throughout the industry.27,28

Furthermore, test results are very sensitive to the skill of the technician performing them.
Because of these factors, it is very common to find significant differences in reported
properties of what is nominally the same composite material.

There is often a great deal of confusion among those unfamiliar with composites about
the effect of reinforcement form. The properties of composites are very sensitive to rein-
forcement form, volume fraction, and internal reinforcement geometry. 

It is important to keep in mind that one of the key problems with using discontinuous
fiber reinforcement is that it is often difficult to control fiber orientation. For example,
material flow can significantly align fibers in some regions. This affects all mechanical
and physical properties, including modulus, strength, CTE, thermal conductivity, etc. For
example, if there is significant flow in a region, strength properties perpendicular to the
fiber direction in this area may be low. This has been a frequent source of component
failures. 

Traditional fabric reinforcements have fibers oriented at 0 and 90°. For the sake of com-
pleteness, we note that triaxial fabrics, which have fibers at 0°, +60°, and –60°, are now
commercially available. Composites using a single layer of this type of reinforcement are
approximately quasi-isotropic, which means that they have the same in-plane elastic (but
not strength) properties in every direction. Their thermal conductivity and CTE are also
approximately isotropic in the plane of the fabric.
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5.4 Manufacturing Considerations

Composites also offer a number of significant manufacturing advantages over monolithic
metals and ceramics. For example, fiber-reinforced polymers and ceramics can be fabri-
cated in large, complex shapes that would be difficult or impossible to make with other
materials.26,29–31 The ability to fabricate complex shapes allows consolidation of parts,
which reduces machining and assembly costs. Some processes allow fabrication of parts
in their final shape (net shape) or close to their final shape (near-net shape), which also
produces manufacturing cost savings. The relative ease with which smooth shapes can be
made is a significant factor in the use of composites in boats, aircraft, and other applica-
tions for which aerodynamic considerations are important. Manufacturing considerations
for each of the four classes of composites are discussed in the following sections, along
with their properties.

5.5 Polymer Matrix Composites

Chapter 4 presents a thorough discussion of polymer matrix composites focused primarily
on structural applications. This chapter emphasizes physical properties, but mechanical
properties are presented for completeness.

The high thermal conductivities of some PMCs has led to their increasing use in appli-
cations like spacecraft structures and electronic packaging components, e.g., printed circuit
board heat sinks, heat spreaders, and heat sinks used to cool microprocessors. The addition
of thermally conductive carbon fibers and ceramic particles to thermoplastics has opened
the door to use of injection molded parts for which plastics previously could not be used
because of their low thermal conductivities. We consider some examples in this section.

There are important issues that must be discussed before presenting composite proper-
ties. The traditional structural materials are primarily metal alloys for most of which there
are industry and government standards. The situation is very different for composites.
Most reinforcements and matrices are proprietary materials for which there are no stan-
dards. In addition, many processes are proprietary. This is similar to the current situation
for most polymers and ceramics. The matter is further complicated by the fact that there
are many test methods in use to measure mechanical and physical properties.27,28 As a re-
sult, there are often conflicting material property data in the usual sources used by engi-
neers, published papers, and manufacturers’ literature. The data presented in this chapter
represent a carefully evaluated distillation of information from many sources. However, in
view of the uncertainties discussed, the properties presented in this chapter should be con-
sidered approximate values. 

Polymers are relatively weak, low-stiffness materials with low thermal conductivities
and high coefficients of thermal expansion. To obtain materials with mechanical properties
that are acceptable for structural applications, it is necessary to reinforce them with contin-
uous or discontinuous fibers. The addition of ceramic or metallic particles to polymers re-
sults in materials that have increased modulus. As a rule, strength typically does not
increase significantly and may actually decrease. However, there are many particle-rein-
forced polymers used in electronic packaging, primarily because of their physical proper-
ties. For these applications, ceramic particles such as alumina, aluminum nitride, boron
nitride, and even diamond are added to obtain an electrically insulating material with
higher thermal conductivity and lower CTE than the monolithic base polymer. Metallic
particles such as silver and aluminum are added to create materials that are both electri-
cally and thermally conductive. These materials have replaced lead-based solders in some
applications. There are also magnetic composites made by incorporating ferrous or perma-
nent magnet particles in various polymers. A common example is magnetic tape used to
record audio and video.
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Polymer matrices generally are relatively weak, low-stiffness, viscoelastic materials.
They also have very low thermal and electrical conductivities. The strength and stiffness
of PMCs come primarily from the fiber phase. 

In a vacuum, resins outgas water and organic and inorganic chemicals, which can con-
dense on surfaces with which they come in contact. This can be a problem in optical sys-
tems and electronic packaging. Outgassing can result in corrosion and affect surface
properties critical for thermal control, such as absorptivity and emissivity. Outgassing can
be controlled by resin selection and baking out the component, followed by storage in a
dry environment.

For a wide range of applications, composites reinforced with continuous fibers are the
most efficient structural materials at low to moderate temperatures. Consequently, we fo-
cus on them. Table 5.3 presents room-temperature mechanical properties of unidirectional
polymer matrix composites reinforced with key fibers: E-glass, aramid, boron, standard
modulus (SM) PAN (polyacrylonitrile) carbon, intermediate modulus (IM) PAN carbon,
ultrahigh modulus (UHM) PAN carbon, ultrahigh modulus (UHM) pitch carbon, and ul-
trahigh thermal conductivity (UHK) pitch carbon. The fiber volume fraction is 60 percent,
a typical value.

The properties presented in Table 5.3 are representative of what can be obtained at
room temperature with a well made PMC employing an epoxy matrix. Epoxies are widely
used, provide good mechanical properties, and can be considered a reference matrix mate-
rial. Properties of composites using other resins may differ from these. This has to be ex-
amined on a case-by-case basis.

The properties of PMCs, especially strengths, depend strongly on temperature. The
temperature dependence of polymer properties differs considerably. This is also true for
different epoxy formulations, which have different cure and glass transition temperatures. 

The properties shown in Table 5.3 are axial, transverse and shear moduli, Poisson’s ra-
tio, tensile and compressive strengths in the axial and transverse directions, and in-plane
shear strength. The Poisson’s ratio presented is called the major Poisson’s ratio. It is de-
fined as the ratio of the magnitude of transverse strain divided by the magnitude of axial
strain when the composite is loaded in the axial direction. Note that transverse moduli and
strengths are much lower than corresponding axial values.

Carbon fibers display nonlinear stress-strain behavior. Their moduli increase under in-
creasing tensile stress and decrease under increasing compressive stress. This makes the
method of calculating modulus critical. Various tangent and secant definitions are used
throughout the industry, contributing to the confusion in reported properties. For example,
on one program, it was found that the fiber supplier, prepreg supplier, and end user were
all using different definitions of modulus, resulting in significantly different values. 

The moduli presented in Table 5.3 are based on tangents to the stress-strain curves at
the origin. Using this definition, tensile and compressive moduli are usually very similar.
However, this is not the case for moduli computed using various secants. These typically
produce compression moduli that are significantly lower than tensile moduli, because the
stress-strain curves are nonlinear.

As a result of the low transverse strengths of unidirectional laminates, they are rarely
used in structural applications. The design engineer selects laminates with layers in several
directions to meet requirements for strength, stiffness, buckling, etc. There are an infinite
number of laminate geometries that can be selected. For comparative purposes, it is useful
to consider quasi-isotropic laminates, which have the same elastic properties in all direc-
tions in the plane. 

Laminates have quasi-isotropic elastic properties when they have the same percentage
of layers every 180/n degrees, where n ≥ 3. The most common quasi-isotropic laminates
have layers that repeat every 60°, 45°, or 30°. We note, however, that strength properties in
the plane are not isotropic for these laminates, although they tend to become more uniform
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330 Chapter Five

as the angle of repetition becomes smaller. Laminates have quasi-isotropic CTE and coef-
ficient of expansion when they have the same percentage of layers in every 180/m degrees,
where m ≥ 2. For example, laminates with equal numbers of layers at 0° and 90° have
quasi-isotropic thermal properties.

Table 5.4 presents the mechanical properties of quasi-isotropic laminates having equal
numbers of layers at 0°, +45°, -45°, and 90°. The elastic moduli of all quasi-isotropic lam-
inates are the same for a given material. Note that the moduli and strengths are much lower
than the axial properties of unidirectional laminates made of the same material. In many
applications, laminate geometry is such that the maximum axial modulus and tensile and
compressive strengths fall somewhere between axial unidirectional and quasi-isotropic
values.

Table 5.5 presents physical properties of selected unidirectional composite materials
having a typical fiber volume fraction of 60 percent. The densities of all of the materials
are considerably lower than that of aluminum, and some are lower than that of magne-
sium. This reflects the low densities of both fibers and matrix materials. The low densities
of most polymers give PMCs a significant advantage over most MMCs and CMCs, all
other things being equal.

As Table 5.5 shows, all of the composites have relatively low axial CTEs. This results
from the combination of low fiber axial CTE, high fiber stiffness, and low matrix stiffness.
The CTE of most polymers is very high. Note that the axial CTEs of PMCs reinforced
with aramid fibers and some carbon fibers are negative. This means that, contrary to the
general behavior of most monolithic materials, they contract when heated. The transverse
CTEs of the composites are all positive, and their magnitudes are much larger than the
magnitudes of the corresponding axial CTEs. This results from the high CTE of the matrix
and a Poisson effect caused by constraint of the matrix in the axial direction and lack of
constraint in the transverse direction. The transverse CTE of aramid composites is particu-
larly high, in part because the fibers have a relatively high positive radial CTE.

The axial thermal conductivities of composites reinforced with glass, aramid, boron,
and a number of the carbon fibers are relatively low. In fact, E-glass and aramid PMCs are
often used as thermal insulators. As Table 5.5 shows, most PMCs have low thermal con-
ductivities in the transverse direction, as a result of the low thermal conductivities of the
matrix and the fibers in the radial direction. Through-thickness conductivities of laminates
tend to be similar to the transverse thermal conductivities of unidirectional composites. 

Table 5.6 shows the in-plane thermal conductivities and CTEs of quasi-isotropic lami-
nates made from the same materials as in Table 5.5. Here again, a fiber volume fraction of
60 percent is assumed.

Note that the CTEs of the quasi-isotropic composites are higher than the axial values of
corresponding unidirectional composites. However, the CTEs of quasi-isotropic composites
reinforced with aramid and carbon fibers are still very small. By appropriate selection of fi-
ber, matrix, and fiber volume fraction, it is possible to obtain quasi-isotropic materials with
CTEs very close to zero. The through-thickness CTEs of these laminates are typically posi-
tive and relatively large. However, this is not a significant issue for most applications. One
exception is optical mirrors, for which through-thickness CTE can be an important issue.

The in-plane thermal conductivity of quasi-isotropic laminates reinforced with UHM
pitch carbon fibers is similar to that of aluminum alloys, while UHK pitch carbon fibers
provide laminates with a conductivity over 50 percent higher. Both materials have densi-
ties about 35 percent lower than aluminum.

As mentioned earlier, through-thickness thermal conductivities of laminates tend to be
similar to the transverse thermal conductivities of unidirectional composites, which are
relatively low. If laminate thickness is small, this may not be a severe limitation. However,
low through-thickness thermal conductivity can be a significant issue for thick laminates
and for very high thermal loads. This issue needs to be addressed on a case-by-case basis.
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334 Chapter Five

A significant recent advance in PMC technology is the development of injection-mold-
able materials with much higher thermal conductivities than those available in the past.
Unreinforced polymers have thermal conductivities in the range of 0.2 W/m·K (0.1 Btu/
hr·ft·°F). A number of commercially available PMCs consisting of thermoplastic matrices
reinforced with discontinuous carbon fibers have reported thermal conductivities ranging
from 2 W/m·K (1.2 Btu/hr·ft·°F) to as high as 100 W/m·K (58 Btu/hr·ft·°F).33 Matrices in-
clude PPS, nylon 6, polycarbonate and liquid crystal polymers. These materials are electri-
cally conductive. Electrically insulating PMCs reinforced with thermally conductive
discontinuous ceramic reinforcements have reported thermal conductivities of up to 15 W/
m·K (8.8 Btu/hr·ft·°F).

Thermally conductive injection molding compounds are now being used in a significant
and increasing number of applications for which unreinforced polymers and traditional in-
jection molding compounds, because of their low thermal conductivities, are not accept-
able. As discussed earlier, the mechanical and physical properties of fiber-reinforced
injection molded PMCs are affected by fiber orientation induced by material flow. In addi-
tion to the ability to dissipate heat, another advantage of these PMCs is that their use re-
sults in lower temperatures and thermal gradients, which tends to reduce distortion. On the
negative side, as reinforcement volume fraction increases, fracture toughness decreases.
Nevertheless, these materials present the design engineer with a greater range of options
for injection molded parts than in the past.

Figure 5.1 shows a stepper motor having an injection molded carbon fiber-reinforced
PPS combination enclosure-heat sink.34 In this application, the PMC replaces die-cast alu-
minum. Although the composite thermal conductivity of 20 W/m·K (12 Btu/hr·ft·°F), is
lower than that of die cast aluminum, it meets the required maximum operating tempera-
ture of 60°C, which is acceptable for this application. The reason is that the thermal design
is convection limited. The lower composite thermal conductivity only increases operating
temperature by 2 to 5°C. Injection molded thermally conductive thermoplastic PMCs are
also being used in electronic packaging. Figure 5.2 shows a microprocessor heat spreader. 

5.6 Metal Matrix Composites

MMCs consist of metals reinforced with a variety of ceramic and carbon fibers, whiskers,
and particles.35 There are wide ranges of materials that fall in this category. An important
example is a material consisting of tungsten carbide particles embedded in a cobalt matrix,
which is used extensively in cutting tools and dies. This composite, often referred to as a

Figure 5.1 Thermally conductive carbon fiber-
reinforced PPS injection molded stepper motor
enclosure—heat sink. (Courtesy of Cool Poly-
mers, Inc.)
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cermet, cemented carbide, or simply (but incorrectly) tungsten carbide, has much better
fracture toughness than monolithic tungsten carbide, which is a brittle ceramic material.
Another interesting MMC, tungsten carbide particle-reinforced silver, is a key circuit
breaker contact pad material. Here, the composite provides good electrical conductivity
and much greater hardness and wear resistance than monolithic silver, which is too soft to
be used in this application. Ferrous alloys reinforced with titanium carbide particles have
been used for many years in numerous aerospace and commercial production applications,
including dies, engine valves, and aircraft fuel pumps. Compared to the monolithic base
metals, they offer better wear resistance, higher stiffness, and lower density. 

Another notable commercial MMC application is the Honda Prelude engine block,
which has cylinder walls reinforced with a combination of aluminum oxide (alumina) and
carbon fibers, enabling elimination of cast iron cylinder liners.36 MMCs are also being
used in high-speed electronics manufacturing equipment and in photolithography tables
and other equipment used for production of microprocessor chips. Other applications in-
clude aircraft structures, aircraft engine fan exit guide vanes, and automobile and train
brake rotors.37

One of the most important uses for MMCs is in electronic packaging and thermal man-
agement.24,36,38 For example, silicon carbide particle-reinforced aluminum, often called
Al/SiC in the electronics industry, is being used in high-volume production parts such as
microprocessor lids and power modules for hybrid electric vehicles such as the Toyota
Prius. Other MMCs used in packaging are carbon fiber reinforced-aluminum and copper,
beryllium oxide (beryllia) particle-reinforced beryllium and silicon/aluminum. Here, the
advantages are high stiffness, high thermal conductivity, and low density and CTE. Two
traditional packaging materials, copper/tungsten and copper/molybdenum, can also be
considered MMCs. The CTEs of these composites can be tailored by varying the ratio of
the two constituent metals. A major drawback is that both have high densities.

Monolithic metallic alloys are among the most widely used structural materials. By re-
inforcing them with continuous fibers, discontinuous fibers, whiskers, and particles, new
materials are created with enhanced or modified properties, such as higher strength and

Figure 5.2 Injection-molded carbon fiber-reinforced thermoplastic microprocessor heat
spreader. (Courtesy of Cool Polymers, Inc.)
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stiffness, better wear resistance, lower CTE, etc. In some cases, the improvements are dra-
matic.

The greatest increases in strength and modulus are achieved with continuous fibers, at
least in the direction parallel to the fibers, called the axial or longitudinal direction. As for
PMCs, transverse properties are dominated by the properties of the matrix and interface.
The latter is more properly referred to as the interphase region. However, because the ma-
trices are in themselves structural materials, transverse strength properties are frequently
great enough to permit use of unidirectional MMCs in some structural applications, which
is usually not possible for PMCs. One example is the boron fiber-reinforced aluminum
struts used on the Space Shuttle Orbiter.39

One of the major advantages of MMCs reinforced with continuous fibers over PMCs is
that many, if not most, unidirectional MMCs have much greater transverse strengths that
allow them to be used in a unidirectional configuration. In general, the axial moduli and
strengths of the composites are much greater than those of the monolithic base metals used
for the matrices. However, MMC transverse strengths are often somewhat lower than
those of the parent matrix materials.

The key particle-reinforced MMCs, include titanium carbide-reinforced steel, alumi-
num reinforced with silicon carbide and with alumina particles, titanium carbide particle-
reinforced titanium, and titanium boride-reinforced titanium. 

Aluminum reinforced with silicon carbide particles, the focus of this section, is arguably
the most important of the newer types of MMCs. The low cost of the aluminum matrix and
silicon carbide particle makes these composites of particular interest. There are wide
ranges of materials falling in this category. They are made by a variety of processes, which
are discussed later in this section. Properties depend on the type of particle, particle volume
fraction, matrix alloy, and the process used to make them. Table 5.7 presents representative
composite properties for three particle volume fractions, 25, 55, and 70 percent. In general,
as particle volume fraction increases, modulus and yield strength increase, and fracture
toughness, tensile ultimate strain, and CTE decrease. Particle reinforcement also improves
elevated temperature strength properties and fatigue resistance. The ability to tailor CTE by
varying particle volume fraction is a key attribute of these materials.

There are a variety of processes to make silicon carbide particle-reinforced aluminum,
including powder metallurgy, stir casting, and pressure and pressureless infiltration. The
last two, as well as remelt casting, can make net shape or near-net shape parts. 

5.7 Carbon Matrix Composites

Carbon matrix composites (CAMCs) consist of a carbon matrix reinforced with any com-
bination of fibers, whiskers, or particles.19–21 For many years, the only significant CAMCs
were carbon/carbon composites (CCCs), in which the reinforcements are discontinuous or
continuous carbon fibers. In the last few years, a new proprietary carbon matrix material
system was developed that has a silicon carbide fiber reinforcement. This material is now
being used for engine flaps on a military aircraft engine. One of the key reported advan-
tages of this new material is that it has a higher CTE than CCCs, reducing the tendency of
protective ceramic coatings to crack. The focus of this section is on CCCs. 

CCCs are used in a variety of applications, including electronic packaging, spacecraft
radiator panels, rocket nozzles, reentry vehicle nose tips, the Space Shuttle Orbiter leading
edges and nose cap, aircraft brakes, heat treating furnaces, and glass-making equipment.

As for PMCs, there are many different CCC materials having widely different mechan-
ical and physical properties. The primary advantages of CCCs are 

■ High strength compared with competing materials at very high temperatures
■ High stiffness
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■ Ablation resistance
■ High thermal conductivity (for some systems)
■ Low CTEs
■ Low density
■ Absence of outgassing

In addition, CCCs are less brittle than monolithic carbon.
The primary disadvantages are

■ Susceptibility to oxidation at temperatures above about 370 to 500°C (700 to 930°F)
■ Low interlaminar (through-thickness) tensile and shear strengths for materials with 2D

reinforcement
■ Microcracking at low stresses in some directions for 3D composites
■ High cost of many systems

The variables affecting properties include type of fiber, reinforcement form, geometry,
and volume fraction and matrix characteristics. Because of the low interlaminar strength
properties of CCCs, many applications, particularly those with thick walls, often use
three-dimensional reinforcement.

As mentioned earlier, one of the most significant limitations of CCCs is oxidation. Ad-
dition of oxidation inhibitors to the matrix and protective coatings raises the threshold sub-
stantially. In inert atmospheres, CCCs retain their properties to temperatures as high as
2400°C (4300°F).

Carbon matrices are typically weak, brittle, low-stiffness materials. As a result, transverse
and through-thickness elastic moduli and strength properties of unidirectional CCCs are low.
Because of this, three-dimensional reinforcement forms are used in some applications. 

As for all composites, properties of CCCs depend on those of the reinforcement, ma-
trix, fiber-matrix interphase, and the process by which they are made. Table 5.8 presents
mechanical and physical properties of CCCs reinforced with unbalanced fabrics having a
warp-to-fill ratio of 4:1. The reinforcements are two types of carbon fibers that have very
high thermal conductivities, P120, and K1100. For comparison, copper has a thermal con-
ductivity of about 400 W/m·K (230 Btu/hr·ft·°F). The combination of high thermal con-
ductivity and low density makes CCCs attractive candidates for thermal management and
electronic packaging. In addition, CCCs have very low CTEs, leading to their use as ther-
mal doublers with carbon fiber-reinforced PMC structures. The unique combination of
properties possessed by CCCs, combined with a lack of outgassing, also makes them at-
tractive for optical subsystems. There are a variety of fibrous carbonaceous materials at
various stages of development that have even higher thermal conductivities than the CCCs
reported here. For example, highly oriented pyrolytic graphite, also called thermal pyro-
lytic graphite, has a reported in-plane thermal conductivity of as high as 1700 W/m·K
(980 Btu/hr·ft·°F).

There are two basic types of processes used to make CAMCs.19–21 The first is chemical
vapor infiltration (CVI). CVI is a process in which gaseous chemicals are reacted or de-
composed, depositing a solid material on a fibrous preform. In the case of CAMCs, hydro-
carbon gases like methane and propane are broken down, and the material deposited is the
carbon matrix. The second class of processes involves infiltration of a preform with poly-
mers or pitches, which are then converted to carbon by pyrolysis (heating in an inert atmo-
sphere).19–21 After pyrolysis, the composite is heated to high temperatures to graphitize
the matrix. To minimize porosity, the process is repeated until a satisfactory density is
achieved. This is called densification. Common matrix precursors are phenolic and furan
resins, and pitches derived from coal tar and petroleum. 
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5.8 Ceramic Matrix Composites

Ceramic matrix composites (CMCs) can be thought of as an improved form of carbon ma-
trix composite in which the carbon matrix is replaced with ceramics that are stronger and
much more resistant to oxidation.40–42 CMCs employ a variety of reinforcements includ-
ing continuous fibers, discontinuous fibers, whiskers, and particles. Continuous fibers pro-
vide the best properties. There are many different types of CMCs, and they are at various
stages of development.

The key advantage of ceramic matrix composites is that, when properly designed and
manufactured, they have many of the advantages of monolithic ceramics, such as much
lower density than high-temperature metals, but are much more durable. That is, CMCs
have higher effective fracture toughnesses, so they are less susceptible to failure when sub-
jected to mechanical and thermal shock. As a consequence, it is possible to consider
CMCs for applications where they are subjected to moderate tensile loads. However,
CMCs are the most complex of all types of composites, and CMC technology is less de-
veloped than that of PMCs, MMCs, and CAMCs. 

CMCs are being used in a number of commercial production applications. One of the
most successful is silicon carbide whisker-reinforced alumina cutting tool inserts, which
have greater fracture toughness and are therefore more durable than monolithic ceramics.
Another application is silicon carbide whisker-reinforced aluminum nitride crucibles,
which are used for casting molten aluminum. In this application, the key advantage of the
CMC over monolithic ceramics is thermal shock resistance. Silicon carbide particle-rein-
forced alumina is being used in slurry pumps because of the good durability and wear re-
sistance of this material. In this application, the process makes it possible to fabricate
reliable, complex parts that would be hard to make out of monolithic ceramics. Other
high-temperature CMC applications include coal-fired power plant candle filters used for
particulate removal, natural gas burner elements, and U-tubes. In addition, there is a wide
variety of candidate applications, including stationary gas turbine combustor liners and
shrouds, abradable rim seals, reverberatory screens, particle separators, tube shields, recu-
perators, turbine tip shoes, pipe hangers, heat treating furnace fans, hot gas filters, and nat-
ural gas burner elements. 

Aerospace applications of ceramic matrix composites to date have been limited. Per-
haps the most significant are the aircraft engine flaps used on a French fighter. There are
two types. Both use silicon carbide matrices. One is reinforced with carbon fibers, and the
other with a multifilament silicon carbide fiber. Another application is a missile diverter
thruster made of carbon fiber-reinforced silicon carbide. Again, the process used to make
this part is CVI. The Space Shuttle Orbiter thermal protection system (TPS) makes exten-
sive use of tiles composed of a three-dimensional network of discontinuous oxide fibers
with silicate surface layers. While there is no continuous matrix for most of the tile, the
surface region is a form of CMC. In a sense, this can be considered to be a type of func-
tionally graded material.

As a class of materials, monolithic ceramics are characterized by high stiffness and
hardness; resistance to wear, corrosion, and oxidation; and high-temperature operational
capability. However, they also have serious deficiencies that have severely limited their use
in applications that are subjected to significant tensile stresses. The fundamental problem
is that ceramics have very low fracture toughnesses, which makes them very sensitive to
the presence of small flaws. This results in great strength scatter and poor resistance to
thermal and mechanical shock. Civil engineers recognized this deficiency long ago, and,
in construction, ceramic materials like stone and concrete are rarely used to carry tensile
loads. In concrete, this function has been relegated to reinforcing bars made of steel or,
more recently, PMCs. An important exception has been in lightly loaded structures where
dispersed reinforcing fibers of asbestos, steel, glass, and carbon allow modest tensile
stresses to be supported.
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The addition of continuous fibers to a ceramic matrix can significantly change the fail-
ure mode. Monolithic ceramics have linear stress-strain curves and fail catastrophically at
low strain levels. However, CMCs display nonlinear stress-strain behavior with much
more area under the curve, indicating that more energy is absorbed during failure and that
the material has a less catastrophic failure mode. 

Reinforcements that have been used for CMCs include continuous fibers, discontinuous
fibers, whiskers, and particles. Key continuous fibers used in CMCs include carbon, sili-
con carbide-based, alumina-based, alumina-boria-silica, quartz, and alkali-resistant glass.
Steel wires are also used. Discontinuous CMC fibers are primarily silica based. Silicon
carbide is the key whisker reinforcement. Particulate reinforcements include silicon car-
bide, zirconium carbide, hafnium carbide, hafnium diboride, and zirconium diboride.

A large number of ceramics have been considered for matrix materials, including alu-
mina, glass, glass-ceramic, mullite (aluminum silicate), cordierite (magnesium alumino-
silicate), Yttrium alumina garnet (YAG), barium aluminosilicate (BAS), barium
magnesium aluminosilicate (BMAS), calcium aluminosilicate (CAS), barium and stron-
tium aluminosilicate (BSAS, or celsian), “Blackglas” (silicon oxycarbide or Si-O-C), sili-
con nitride, silicon carbide, silicon nitride-bonded silicon carbide, silicon carbide and
silicon, hafnium carbide, tantalum carbide, zirconium carbide, hafnium diboride, zirco-
nium diboride, and molybdenum disilicide.

The most mature CMCs consist of silicon carbide matrices reinforced with silicon car-
bide-based fibers (SiC/SiC) and silicon carbide reinforced with carbon fibers (C/SiC). 

Table 5.9 presents room-temperature properties of one of these materials, enhanced sil-
icon carbide fiber-reinforced silicon carbide, which has a SiC matrix containing propri-
etary additives that improve oxidation resistance. The composite is reinforced with a plain
weave fabric woven from CG “Nicalon” silicon carbide fibers. 

As a consequence of the low fiber modulus and matrix porosity, the composite modulus
is actually lower than that of good quality monolithic SiC. The key benefit of the rein-
forcement is that it improves fracture toughness, preventing catastrophic failure by crack
propagation, which is a limitation of monolithic ceramics. The in-plane strength properties

TABLE 5.9 Properties of Enhanced Silicon Carbide Fiber-Reinforced Silicon Carbide 
Ceramic Matrix Composites (Source: Allied Signal)

Property Units

Density g/cc (Pci) 2.30 (0.083)

Initial axial tensile modulus GPa (Msi) 140 (20)

In-plane shear modulus GPa (Msi) 70 (10)

Through-thickness shear modulus GPa (Msi) 28 (4)

Axial tensile strength MPa (Ksi) 225 (33)

Axial compressive strength MPa (Ksi) 500 (73)

In-plane shear strength MPa (Ksi) 180 (26)

Interlaminar shear strength MPa (Ksi) 30 (4.3)

In-plane CTE PPM/°C (ppm/°F) 5.0 (2.8)

In-plane thermal conductivity W/m·K (BTU/hr·ft·°F) 17 (10)
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are in the range of those of aluminum alloys. However, the through-thickness strengths are
relatively low, as they are for PMCs and CAMCs. To put things in perspective, the densi-
ties of C/SiC and SiC/SiC are low, compared with those of high-temperature metals, so
that these materials are still of considerable interest where characteristics such as resis-
tance to mechanical and thermal shock, corrosion resistance, and weight reduction are im-
portant.

As for other classes of composite materials, there are many processes that can be used
to make CMCs.42 Key considerations in process selection are porosity and reactions
among reinforcements, reinforcement coatings, and matrices. The most important pro-
cesses for making CMCs at this time are chemical vapor infiltration, melt infiltration, pre-
ceramic polymer infiltration and pyrolysis (PIP), slurry infiltration, sol-gel, hot pressing,
and hot isostatic pressing. In addition, there are a number of reaction-based processes,
which include reaction bonding and direct metal oxidation (“Dimox”).
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Chapter

6
Plastics in Coatings and Finishes

Carl P. Izzo
Industrial Paint Consultant

Export, Pennsylvania

6.1 Introduction

Coatings and finishes are composed of film-forming resins, pigments, solvents, and addi-
tives.1 Although their existence predates plastics by several millennia, it is important to
note that the resins used in modern coatings and finishes are the same as those used in
plastics. For example, looking back to the 1930s, linseed-oil-impregnated webs called, oil
cloth, were used in home decorating. They were also used to make floor coverings. At the
same time, Linseed oil was the main resin used in industrial and trade sales paints. Today,
vinyl resins have replaced linseed oil in decorative cloth, floor coverings, and many paints.

After coatings and finishes are applied, they form films and cure. Curing mechanisms
can be as simple as solvent evaporation or as complicated as free-radical polymerization.
Basically, coatings and finishes can be classified as baking or air drying, which usually
means room-temperature curing. The curing method and times are important in coating se-
lection, because they must be considered for optimizing equipment and production sched-
ule choices.

Coatings and finishes today are engineering materials. They evolved from cave dwellers
decorating their walls with earth pigments ground in egg whites into factory workers pro-
tecting products with E-coat primers and urethane acrylic enamels. Unlike Noah (who re-
ceived divine instructions to paint his ark with pitch), the Egyptians (who mixed amber
with oils to make decorative varnishes), or the Romans (who mixed white lead with amber
and with pitch), scientists and engineers using plastic resins today must design coatings
and finishes for specific applications. Significant changes have been made in the film-
forming resinous portions of the coatings and finishes.2 Because of concern for environ-
mental regulations, safety in the workplace, performance requirements, and costs, the de-
sign of these coatings and finishes is being optimized. 

The first 50 years of the twentieth century were the decades of discovery. Significant
changes were made in the resins, which are the liquid portions of the coatings and finishes
composed of binder and thinner.2 The binder is also called vehicle. Since the 1900s and the
introduction of phenolic synthetic resin vehicles, coatings and finishes have been designed

Source: Handbook of Plastics, Elastomers, and Composites
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to increase production and meet performance requirements at lower costs. These develop-
ments were highlighted by the introduction of nitrocellulose lacquers for the automotive
and furniture industries; followed by the alkyds, epoxies, vinyls, polyesters, acrylics, and a
host of other resins; and finally the polyurethanes. 

In the 1950s, the decade of expansion, manufacturers built new plants to supply the
coatings and finishes demand for industrial and consumer products. Coatings and finishes
were applied at low solids using inefficient, conventional air-atomized spray guns. The at-
mosphere was polluted with volatile organic compounds (VOCs), but no one cared as long
as finished products were shipped out of the factories. Coatings and finishes suppliers
were fine tuning formulations to provide faster curing and improved performance proper-
ties. In 1956, powder coatings were invented. By 1959, there were several commercial
conveyorized lines applying powder coatings by the fluidized bed process.

In the 1960s, the decade of technology, just as coatings and finishes were becoming
highly developed, another variable—environmental impact—was added to the equation.
Someone finally noticed that the solvents, which were used in coatings and finishes for
viscosity and flow control and which and evaporated during application and cure, were
emitted into the atmosphere. Los Angeles County officials, who found that VOC emissions
were a major source of air pollution, enacted Rule 66 to control the emission of solvents
that cause photochemical smog. To comply with Rule 66, the paint industry reformulated
its coatings and finishes using exempt solvents, which presumably did not produce smog.
California’s Rule 66 was followed by other local air-quality standards and finally by the
establishment of the U.S. Environmental Protection Agency (EPA), whose charter, under
the law, was to improve air quality by reducing solvent emissions. During this decade,
there were three notable developments that would eventually reduce VOC emissions in
coating operations: (1) electrocoating, (2) electrostatically sprayed powder coatings, and
(3) radiation curable coatings.

In the 1970s, the decade of energy conservation, a crisis resulted in terms of shortages
and price increases for solvents and coating and finish materials. Also affected was the dis-
tribution of natural gas, the primary fuel for curing ovens, which caused shortages and
price increases. In response to those pressures, the coatings and finishes industry devel-
oped low-temperature curing coatings and finishes in an effort to reduce energy consump-
tion. Of greater importance to suppliers and end users of coatings and finishes was the
establishment of the Clean Air Act of 1970. An important development during this period
was radiation curable coatings, mostly clears, for flat line applications using electron beam
(EB) and ultraviolet (UV) radiation sources.

In the 1980s, the decade of restriction, the energy crisis was ending, and the more restric-
tive air-quality standards were beginning. However, energy costs remained high. The im-
portance of transfer efficiency (the percentage of an applied coating that actually coats the
product) was recognized by industry and the EPA. This led to the development and use of
coatings application equipment and coating methods that have higher transfer efficiencies.
The benefits of using higher transfer efficiency coating methods are threefold: lower coat-
ings material usage, lower solvent emissions, and lower costs. The automotive industry
switched almost exclusively to electrocoating for the application of primers. Powder coat-
ing material and equipment suppliers worked feverishly to solve the problems associated
with automotive topcoats. Other powder coatings applications saw rapid growth. Radiation-
curable pigmented coatings and finishes for three-dimensional products were developed.

In the 1990s, the decade of compliance, resin and coatings suppliers developed compli-
ance coatings: electrocoating, high solids, powder, radiation curable, and waterborne.
Equipment suppliers developed devices to apply and cure these new coatings. These de-
velopments were in response to the 1990 amendments to the Clean Air Act of 1970. The
amendments established a national permit program that made the law more enforceable,
ensuring better compliance and calling for nationwide regulation of VOC emissions from
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all organic finishing operations. The amendments also established Control Technique
Guidelines to allow state and local governments to develop Attainment Rules. Electrocoat-
ing was the process of choice for priming many industrial and consumer products. Powder
coatings were used in a host of applications where durability was essential. UV-curable
coatings and finishes were applied to three-dimensional objects. Equipment suppliers de-
veloped more efficient application equipment.

In the 2000s, the beginning of the green millennium, coating and finish equipment sup-
pliers’ investments in research and development will pay dividends. Improvements in
coatings materials and application equipment have enabled end users to comply with the-
air-quality regulations. Primers are applied by electrocoating. One-coat finishes are replac-
ing two coats in many cases. High-solids and waterborne liquid coatings and finishes are
replacing conventional solvent-thinned ones. Powder coatings use has increased dramati-
cally. Radiation-cured coatings and finishes are finding more applications. The use of coat-
ing and finish materials and solvent use, as well as application costs, are being reduced.
Air-quality standards are being met. Suppliers of coatings and finishes and related equip-
ment, as well as end users, are recognizing the cost savings bonus associated with attain-
ment. Compliance coatings applied by more efficient painting methods will reduce coating
and finish materials and solvent use, effecting cost savings.

Since coatings and finishes today are considered to be engineering materials, their per-
formance characteristics must not only match service requirements, they must also meet
governmental regulations and production cost considerations. In the past, the selection of a
coating depended mainly on the service requirements and application method. Now, more
than ever before, worker safety, environmental impact, and economics must be considered.
For this reason, compliance coatings—electrocoating, high-solids, powders, radiation-
cured, and waterborne coatings—are the most sensible choices.

Coatings and finishes are applied to most industrial products by spraying. Figure 6.1
shows a typical industrial spray booth. In 1890, Joseph Binks invented the cold-water

Figure 6.1 A typical industrial spray booth used for applying industrial coatings. (Courtesy of
George Koch Sons, LLC)
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paint-spraying machine, the first airless sprayer, which was used to apply whitewash to
barns and other building interiors. In 1924, Thomas DeVilbiss used a modified medical at-
omizer, the first air-atomizing sprayer, to apply a nitrocellulose lacquer on the Oakland au-
tomobile. Since then, these tools have remained virtually unchanged, and, until the
enactment of the air quality standards, they were used to apply coatings and finishes at 25
to 50 percent volume solids at transfer efficiencies of 30 to 50 percent. Using this equip-
ment, the remainder of the nonvolatile material, the overspray, coated the floor and walls
of spray booths and became hazardous or nonhazardous waste, while the solvents, the
VOCs, evaporated from the coating during application and cure to become air pollutants.
Today, finishes are applied by highly transfer-efficient application equipment. The choice
of application equipment must be optimized.

Even the best coatings and finishes will not perform their function if they are not ap-
plied on properly prepared substrates. For this reason, surfaces must first be cleaned to re-
move oily soils, corrosion products, and particulates, and then pretreated before applying
any coatings and finishes.

The purposes of this chapter are threefold.

1. To aid the designer in optimizing the selection of coating and finishing materials and
application equipment

2. To acquaint the reader with surface preparation, coating materials, application equip-
ment, and curing methods

3. To stress the importance of environmental compliance in coating operations

6.2 Environment and Safety

In the past, changes in coating materials and coating application lines were discussed only
when lower prices, novel products, new coating lines, or new plants were considered. To-
day, with rising material costs, rising energy costs, and more restrictive governmental reg-
ulations, they are the subject of frequent discussions. During these discussions, both in-
house and with suppliers, choices of coating materials and processing equipment are opti-
mized. Coating material and solvent costs, which are tied to the price of crude oil, have
risen since the 1970s, as has the cost of natural gas, which is the most frequently used fuel
for coating and finish bake ovens. The EPA has imposed restrictive air-quality standards.
The Occupational Safety and Health Act (OSHA) and the Toxic Substances Control Act
(TSCA) regulate the environment in the workplace and limit workers’ contact with haz-
ardous materials. These factors have increased finishing costs and the awareness of prod-
uct finishers. To meet the challenge, they must investigate and use alternative coating
materials and processes for compliance and cost effectiveness.

Initial attempts to control air pollution in the late 1940s resulted in smoke-control laws
to reduce airborne particulates. The increased use of the automobile and industrial expan-
sion during that period caused a condition called photochemical smog (smog created by
the reaction of chemicals exposed to sunlight in the atmosphere) in major cities through-
out the United States. Los Angeles County officials recognized that automobile exhaust
and VOC emissions were major sources of smog, and they enacted an air pollution regula-
tion called Rule 66. Rule 66 forbade the use of specific solvents that produced photochem-
ical smog and published a list of exempt solvents for use in coatings. Further study by the
EPA has shown that, if given enough time, even the Rule 66-exempt solvents will produce
photochemical smog in the atmosphere.

The Clean Air Act of 1970 and its 1990 amendments, formulated by the EPA, estab-
lished national air-quality standards that regulate the amount of solvents emitted. The EPA
divided the 50 states into 250 air-quality regions, each of which is responsible for the im-
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plementation of the national air quality standards. It is important to recognize that many of
the local standards are more stringent than the national ones. For this reason, specific coat-
ings and finishes that comply with the air-quality standards of one district may not comply
with another’s. Waterborne, high-solids, powder, electrophoretic, and radiation-cured
coatings and finishes will comply. The use of precoated metal can eliminate all the compli-
ance problems.

Not only because the EPA mandates the reduction of VOC emissions, but also because
of economic advantages, spray painting, which is the most widely used application
method, must be done more efficiently. The increased efficiency will reduce the amount of
expensive coatings and finishes materials and solvents used, thereby reducing production
costs.

6.3 Surface Preparation

The most important step in any coating operation is surface preparation, which includes
cleaning and pretreatment. For coatings and finishes to adhere, surfaces must be free from
oily soils, corrosion products, and loose particulates. New wood surfaces are often coated
without cleaning. Old wood and coated wood must be cleaned to remove oily soils and
loose, flaky coatings. Plastics are cleaned by using solvents and chemicals to remove mold
release. Metals are cleaned by media blasting, sanding, brushing, and by solvents or aque-
ous chemicals. The choice of a cleaning method depends on the substrate type and the size
and shape of the object.

After cleaning, pretreatments are applied to enhance coating adhesion and, in the case
of metals, corrosion resistance. Some wood surfaces require no pretreatment, while others
require priming of knots and filling of nail holes. Cementitious and masonry substrates are
pretreated, using acids, to remove loosely adhering contaminants and to passivate the sur-
faces. Metals, still the most common industrial substrates, are generally pretreated using
phosphates, chromates, and oxides to passivate their surfaces and provide corrosion resis-
tance. Plastics, second only to steel, are gaining rapidly in use as industrial substrates.
Some are paintable after cleaning to remove mold release and other contaminants, while
others require priming, physical treatments, or chemical etching to ensure coating adhe-
sion. Since most of the industrial substrates coated are metals and plastics, their cleaning
and pretreatment are described in the next sections. Because of their complexities, detailed
descriptions of cleaning and pretreatment processes are beyond the scope of this chapter.
Enough detail will be given to allow the reader to make a choice. As with the choice of a
cleaning method, the choice of a pretreatment method depends on the composition, size,
and shape of the product.

6.3.1 Metal Surface Cleaning

Oily soils must be removed before any other surface preparation is attempted. Otherwise,
these soils may be spread over the surface. These soils can also contaminate abrasive
cleaning media and tools. Oily soils can be removed faster using liquid cleaners that im-
pinge on the surface or in agitated immersion baths. It is often necessary to heat liquid
cleaners to facilitate soil removal.

6.3.1.1 Abrasive cleaning. After removal of the oily soils, surfaces are abrasive-
cleaned to remove rust and corrosion by media blasting, hand or power sanding, and hand
or power brushing. Media blasting consists of propelling materials, such as sand, metallic
shot, nut shells, plastic pellets, and dry ice crystals, by gases under pressure, so that they
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impinge on the surfaces to be cleaned. High-pressure water-jet cleaning is similar to media
blasting.

6.3.1.2 Alkaline cleaning. To remove oily soils, aqueous solutions of alkaline phos-
phates, borates, and hydroxides are applied to metals by immersion or spray. After clean-
ing, the surfaces are rinsed with clear water to remove the alkali. These materials are not
effective for removing rust and corrosion.

6.3.1.3 Detergent cleaning. Aqueous solutions of detergents are used to remove
oily soils in much the same way as alkaline cleaners. Then they are rinsed with cold water
to flush away the soils.

6.3.1.4 Emulsion cleaning. Heavy oily soils and greases are removed by aqueous
emulsions of organic solvents such as mineral spirits and kerosene. After the emulsified
solvent has dissolved the oily soils, they are flushed away using a hot-water rinse. Any re-
maining oily residue must be removed using clean solvent, alkaline, or detergent cleaners.

6.3.1.5 Solvent cleaning. Immersion, hand wiping, and spraying using organic sol-
vents are effective methods for removing oily soils. Since these soils will contaminate sol-
vents and wipers, it is important to change them frequently. Otherwise, oily residues will
remain on substrates. Safe handling practices must be followed because of the hazardous
nature of most organic solvents.

6.3.1.6 Manual spray cleaning. For large products, detergent and alkaline cleaners
applied using steam cleaners are a well known degreasing method. In addition to oily
soils, the impingement of the steam and the action of the chemicals will dissolve and flush
away heavy greases and waxes. Hot-water spray cleaning using chemicals is nearly as ef-
fective as steam cleaning.

6.3.1.7 Vapor degreasing. Vapor degreasing has been a very popular cleaning
method for removing oily soils. Boiling solvent condenses on the cool surface of the prod-
uct and flushes away oily soils but does not remove particulates. Since this process uses
chlorinated solvents, which are under regulatory scrutiny by government agencies, its pop-
ularity is declining. However, closed-loop systems are still available.

6.3.2 Metal Surface Pretreatment

Cleaning metals will remove oily soils but will generally not remove rust and corrosion
from substrates to be coated. Abrasive cleaning will remove corrosion products, and for
this reason it is also considered a pretreatment, because the impingement of blasting media
and the action of abrasive pads and brushes roughen the substrate and therefore enhance
adhesion. The other pretreatments use aqueous chemical solutions, which are applied by
immersion or spray techniques. Pretreatments for metallic substrates used on industrial
products are discussed in this section. Because they provide corrosion protection to fer-
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rous and nonferrous metals, chromates are used in pretreatment stages and as conversion
coatings. They are being replaced by nonchromate chemicals.

6.3.2.1 Aluminum. Aluminum is cleaned by solvents and chemical solutions to re-
move oily soils and corrosion products. Cleaned aluminum is pretreated using chromate
conversion coating and anodizing. Phosphoric acid-activated vinyl wash primers, which
are also considered pretreatments, must be applied directly to metal and not over other
pretreatments.

6.3.2.2 Copper. Copper is cleaned by solvents and chemicals and then abraded to re-
move corrosion. Bright dipping in acids will also remove corrosion. Cleaned surfaces are
often pretreated using chromates and vinyl wash primers.

6.3.2.3 Galvanized steel. Galvanized steel must be cleaned to remove the oil or wax
that is applied at the mill to prevent white corrosion. After cleaning, the surfaces are pre-
treated using chromates and phosphates. Vinyl wash primer pretreatments can also be ap-
plied on galvanized steel surfaces having no other pretreatments.

6.3.2.4 Steel. Steel surfaces are cleaned to remove oily soils and, if necessary, pickled
in acid to remove rust. Clean steel is generally pretreated with phosphates to provide cor-
rosion resistance. Other pretreatments for steel are chromates and wash primers.

6.3.2.5 Stainless steel. Owing to its corrosion resistance, stainless steel is usually
not coated. Otherwise the substrate must be cleaned to remove oily soils and then abraded
to roughen the surface. Wash primers will enhance adhesion.

6.3.2.6 Titanium. Cleaned titanium is pretreated like stainless steel.

6.3.2.7 Zinc and cadmium. Zinc and cadmium substrates are pretreated like galva-
nized steel.

6.3.3 Plastic Surface Cleaning

6.3.3.1 Alkaline cleaning. Aqueous solutions of alkaline phosphates, borates, and
hydroxides are applied to plastics by immersion or spray to remove oily soils and mold re-
lease agents. After cleaning, the surfaces are rinsed with clear water to remove the alkali.

6.3.3.2 Detergent cleaning. Aqueous solutions of detergents are used to remove
oily soils and mold release agents in much the same way as with alkaline cleaners. Then
they are rinsed with cold water to flush away the soils.
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6.3.3.3 Emulsion cleaning. Heavy, oily soils, greases, and mold release agents are
removed by aqueous emulsions of organic solvents such as mineral spirits and kerosene.
After the emulsified solvent has dissolved the oily soils, they are flushed away using a hot-
water rinse. The remaining oily residue must be removed using clean solvent, alkaline, or
detergent cleaners.

6.3.3.4 Solvent cleaning. Immersion, hand wiping, and spraying, using organic sol-
vents, are effective methods for removing oily soils and mold release agents. Since these
soils will contaminate solvents and wipers, it is important to change them frequently. Oth-
erwise, oily residues will remain on substrates. Compatibility of cleaning solvents with the
plastic substrates is extremely important. Solvents that affect plastics are shown in Table
6.1. Suppliers of mold release agents are the best source for information on solvents which
will remove their materials. Safe handling practices must be followed because of the haz-
ardous nature of most organic solvents.

6.3.3.5 Manual spray cleaning. Detergent and alkaline cleaners applied using
steam and hot-water spray cleaners are a well known degreasing method. It can also be
used for removing mold release agents. The impingement of the steam and hot water and
the action of the chemicals will dissolve and flush away the contaminants. Manual spray
cleaning is used for large products.

6.3.4 Plastic Surface Pretreatment

Cleaning will remove oily soils and mold release agents, but additional pretreatment may
be needed on certain plastic surfaces to ensure adhesion. Many of the plastic substrates are
chemically inert and will not accept coatings and finishes because of their poor wettability.

TABLE 6.1 Solvents that Affect Plastics

Resin

Heat-
distortion
point, °F Solvents that affect surface

Acetal
Methyl methacrylate
Modified acrylic
Cellulose acetate
Cellulose propionate
Cellulose acetate butyrate
Nylon
Polyethylene:

High density
Medium density
Low density

Polypropylene
Polycarbonate
Polystyrene (GP high-heat)
Polystyrene (impact, heat-resistant)
Acrylonitrile butadiene styrene (ABS)

338
160–105
170–190
110–209
110–250
115–227
260–360

140–180
120–150
105–121
210–230
210–290
150–195
148–200
165–225

None
Ketones, esters, aromatics
Ketones, esters, aromatics
Ketones, some esters
Ketones, esters, aromatics, alcohols
Alcohols, ketones, esters, aromatics
None

None

None
Ketones, esters, aromatics
Some aliphatics, ketones, esters, aromatics
Ketones, esters, aromatics, some aliphatics
Ketones, esters, aromatics, alcohol
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Depending on their chemical composition, they will require mechanical, chemical, and
physical pretreatment or priming to enhance coating adhesion. Since mechanical pretreat-
ment consists of abrasion, its effect on the substrate must be considered. Chemical pre-
treatments involve corrosive materials which etch the substrates and can be hazardous.
Therefore, handling and disposal must be considered. Physical pretreatments consist of
plasma, corona discharge, and flame impingement. Process control must be considered.

6.3.4.1 Abrasive cleaning. After removal of the oily soils, surfaces are abrasive pre-
treated to roughen the substrate by media blasting, hand or power sanding, and hand or
power brushing. Media blasting consists of propelling materials, such as sand, metallic
shot, nut shells, plastic pellets, and dry ice crystals, by gases under pressure, so that they
impinge on the surfaces to be pretreated. 

6.3.4.2 Chemical etching. Chemical pretreatments use solutions of corrosive chem-
icals, which are applied by immersion or spray techniques, to etch the substrate

6.3.4.3 Corona discharge. During corona discharge pretreatment the plastic is bom-
barded by gasses directed toward its surface

6.3.4.4 Flame treating. During the flame pretreatment, an open flame impinging on
the surface of the plastic product causes alterations in the surface chemistry.

6.3.4.5 Plasma pretreatment. Low-pressure plasma pretreatment is conducted in a
chamber while atmospheric plasma pretreatment is done in the open. In both cases, abla-
tion alters the surface chemistry and causes changes in surface roughness.

6.3.4.6 Laser pretreatment. Laser pretreatment ablates the plastic substrate caus-
ing increased surface roughness and changes in the surface chemistry.

6.3.5 Priming 

Priming involves the application of a coating on the surface of the plastic product to pro-
mote adhesion or to prevent attack by the solvents in a subsequent protective or decorative
coating. In some cases, priming can be done after cleaning. In others, it must be done after
pretreatment.

6.4 Coatings and Finishes Selection

To aid in their selection, coatings and finishes will be classified by use in finish systems,
physical state, and resin type. Coatings and finishes are also classified by their use as elec-
trical insulation. It is not the intention of this chapter to instruct the reader in the chemistry
of organic coating but rather to aid in selection of coatings and finishes for specific appli-
cations. Therefore, the coating resin’s raw material feed stock and polymerization reac-
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354 Chapter Six

tions will not be discussed. On the other hand, generic resin types, curing, physical states,
and application methods are discussed.

6.4.1 Selection by Finish Systems 

Finish systems can be one-coat or multicoat that use primers, intermediate coats, and top-
coats. Primers provide adhesion, corrosion protection, passivation, and solvent resistance
to substrates. Topcoats provide weather, chemical, and physical resistance, and generally
determine the performance characteristics of finish systems. Performance properties for
coatings formulated with the most commonly used resins are shown in Table 6.2.

In coatings and finishes selection, intended service conditions must be considered. To
illustrate this point, consider the differences between service conditions for toy boats and
for battleships. Table 6.3. shows the use of industrial finish systems in various service con-
ditions.

6.4.2 Selection by Physical State 

A resin’s physical state can help determine the application equipment required. Solid ma-
terials can be applied by powder coating methods. Table 6.4 lists plastics applied as pow-
der coatings. Liquids can be applied by most of the other methods, which are discussed
later. Many of the coating resins exist in several physical states. Table 6.5 lists the physical
states of common coating resins.

TABLE 6.2 Performance Properties* of Common Coating Resins3

*Note: E = excellent, G = good, F = fair, P = poor.

Resin
type

Humidity
resistance

Corrosion
resistance

Exterior
durability

Chemical
resistance

Mar
resistance

Acrylic
Alkyd
Epoxy
Polyester
Polyurethane
Vinyl

E
F
E
E
E
E

E
F
E
G
G
G

E
P
G
G
E
G

G
G
E
G
G
G

E
G
E
G
E
G

TABLE 6.3 Typical Industrial Finish Systems3

Service conditions Primer One–coat enamel Intermediate coat Topcoat

Interior
Light duty
Heavy duty

Exterior
Light duty
Heavy duty
Extreme duty

X

X
X

X

X

X

X

X
X
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6.4.3 Selection by Resin Type

Since resin type determines the performance properties of a coating, it is used most often.
Table 6.6 shows the physical, environmental, and film-forming characteristics of coatings
and finishes by polymer (resin) type. It is important to realize that, in selecting coatings,
tables of performance properties of generic resins must be used only as guides, because
coatings and finishes of one generic type, such as acrylic, epoxy, or polyurethane, are of-
ten modified using one or more of the other generic types. Notable examples are acrylic
alkyds, acrylic urethanes, acrylic melamines, epoxy esters, epoxy polyamides, silicone
alkyds, silicone epoxies, silicone polyesters, vinyl acrylics, and vinyl alkyds. While pre-
dicting specific coating performance properties of unmodified resins is simple, predicting
the properties of modified resins is difficult if not impossible. Parameters causing these
difficulties are resin modification percentages and modifying methods such as simple
blending or copolymerization. The performance of a 30 percent copolymerized silicone
alkyd is not necessarily the same as one that was modified by blending. These modifica-
tions can change the performance properties subtly or dramatically.3

There are nearly 1500 coating manufacturers in the United States, each having various
formulations that could number in the hundreds. Further complicating the coatings and
finishes selection difficulty is the well known practice of a few manufacturers who add
small amounts of a more expensive, better performing resin to a less expensive, poorer
performing resin and call the product by the name of the former. An unsuspecting person,

TABLE 6.4 Plastics Used in Powder Coatings

Fluidizing conditions Fluidized bed powder

Preheat
temperature,

°F

Cure or fusion
Maximum
operating

temperature, °F Adhesion
Weather

resistanceResin
Temperature,

°F
Time, 
min

Epoxy 250–450 250–450 1–60 200–400 Excellent Good
Vinyl 450–550 400–600 1–3 225 Poor Good
Cellulose acetate 

butyrate
550–600 400–550 1–3 225 Poor Good

Nylon 550–800 650–700 1 300 Poor Fair
Polyethylene 500–600 400–600 1–5 225 Fair Good
Polypropylene 500–700 400–600 1–3 260 Poor Good
Penton 500–650 450–600 1–10 350 Poor Good
Teflon 800–1000 800–900 1–3 500 Poor Good

TABLE 6.5  Physical States of Common Coating Resins3

Resin
Conventional

solvent Waterborne
High-
solids

Powder
coating

100%
solids
liquid

Two-
component

liquid

Acrylic
Alkyd
Epoxy
Polyester
Polyurethane
Vinyl

x
x
x
x
x
x

x
x
x

x
x

x
x
x
x
x
x

x

x
x
x
x

x
x
x
x

x
x
x
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360 Chapter Six

whose choice of such a coating is based on properties of the generic resin, can be greatly
disappointed. Instead, selections must be made on the basis of performance data for spe-
cific coatings or finish systems. Performance data are generated by the paint and product
manufacturing industries when conducting standard paint evaluation tests. Test methods
for coating material evaluation are listed in Table 6.7.

6.4.4 Selection by Electrical Properties

Electrical properties of organic coatings and finishes vary by resin (also referred to as
polymer) type. When selecting insulating varnishes, insulating enamels, and magnet wire
enamels, the electrical properties and physical properties determine the choice. 

Table 6.8 shows electric strengths, Table 6.9 shows volume resistivities, Table 6.10
shows dielectric constants, and Table 6.11 shows dissipation factors for coatings using
most of the available resins. Magnet wire insulation is an important use for organic coat-
ings. National Electrical Manufacturer’s Association (NEMA) standards and manufactur-
ers’ trade names for various wire enamels are shown in Table 6.12. This information can
be used to guide the selection of coatings. However, it is important to remember the afore-
mentioned warnings about blends of various resins and the effects on performance proper-
ties.

6.5 Coating and Finishing Materials

Since it is the resin in the coating’s vehicle that determines its performance properties,
coatings and finishes can be classified by their resin types. The most widely used resins for
manufacturing modern coatings and finishes are acrylics, alkyds, epoxies, polyesters,
polyurethanes, and vinyls.3 In the following section, the resins used in coatings and fin-
ishes are described.

6.5.1 Common Coating Resins

6.5.1.1 Acrylics. Acrylics are noted for color and gloss retention in outdoor exposure.
Acrylics are supplied as solvent-containing, high-solids, waterborne, and powder coatings.
They are formulated as lacquers, enamels, and emulsions. Lacquers and baking enamels
are used as automotive and appliance finishes. Both these industries use acrylics as top-
coats for multicoat finish systems. Thermosetting acrylics have replaced alkyds in applica-
tions requiring greater mar resistance such as appliance finishes. Acrylic lacquers are
brittle and therefore have poor impact resistance, but their outstanding weather resistance
allowed them to replace nitrocellulose lacquers in automotive finishes for many years.
Acrylic and modified acrylic emulsions have been used as architectural coatings and fin-
ishes and also on industrial products. These medium-priced resins can be formulated to
have excellent hardness, adhesion, abrasion, chemical, and mar resistance. When acrylic
resins are used to modify other resins, their properties are often imparted to the resultant
resin system.

Uses. Acrylics, both lacquers and enamels, were the topcoats of choice for the auto-
motive industry from the early 1960s to the mid 1980s. Thermosetting acrylics are still
used by the major appliance industry. Acrylics are used in electrodeposition and have
largely replaced alkyds. The chemistry of acrylic-based resins allows them to be used in
radiation curing applications alone or as monomeric modifiers for other resins. Acrylic-
modified polyurethane coatings and finishes have excellent exterior durability.
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364 Chapter Six

6.5.1.2 Alkyds. Alkyd resin-based coatings and finishes were introduced in the 1930s
as replacements for nitrocellulose lacquers and oleoresinous coatings. They offer the ad-
vantage of good durability at relatively low cost. These low- to medium-priced coatings
and finishes are still used for finishing a wide variety of products, either alone or modified
with oils or other resins. The degree and type of modification determine their performance
properties. They were used extensively by the automotive and appliance industries through
the 1960s. Although alkyds are used in outdoor applications, they are not as durable in
long-term exposure, and their color and gloss retention is inferior to that of acrylics.

Uses. Once the mainstay of organic coatings and finishes, alkyds are still used for fin-
ishing metal and wood products. Their durability in interior exposures is generally good,
but their exterior durability is only fair. Alkyd resins are used in fillers, sealers, and caulks
for wood finishing because of their formulating flexibility. Alkyds have also been used in
electrodeposition as replacements for the oleoresinous vehicles. They are still used for fin-
ishing by the machine tool and other industries. Alkyds have also been widely used in ar-
chitectural and trade sales coatings. Alkyd-modified acrylic latex paints are excellent
architectural finishes.

6.5.1.3 Epoxies. Epoxy resins can be formulated with a wide range of properties.
These medium- to high-priced resins are noted for their adhesion, make excellent primers,
and are used widely in the appliance and automotive industries. Their heat resistance per-
mits them to be used for electrical insulation. When epoxy topcoats are used outdoors,
they tend to chalk and discolor because of inherently poor ultraviolet light resistance.
Other resins modified with epoxies are used for outdoor exposure as topcoats, and proper-
ties of many other resins can be improved by their addition. Two-component epoxy coat-
ings and finishes are used in environments with extreme corrosion and chemical
conditions. Flexibility in formulating two-component epoxy resin-based coatings and fin-
ishes results in a wide range of physical properties.

Uses. Owing to their excellent adhesion, they are used extensively as primers for
most coatings and finishes over most substrates. Epoxy coatings and finishes provide ex-
cellent chemical and corrosion resistance. They are used as electrical insulating coatings
and finishes because of their high electric strength at elevated temperatures. Some of the

Plastics in Coatings and Finishes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Plastics in Coatings and Finishes 365

Plastics in Coatings and Finishes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



366

Plastics in Coatings and Finishes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



367

Plastics in Coatings and Finishes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



368

Plastics in Coatings and Finishes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



369

Plastics in Coatings and Finishes

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



370 Chapter Six

original work with powder coating was done using epoxy resins, and they are still applied
using this method. Many of the primers used for coil coating are epoxy resin-based.

6.5.1.4 Polyesters. Polyesters are used alone or modified with other resins to formu-
late coatings and finishes ranging from clear furniture finishes (replacing lacquers) to indus-
trial finishes (replacing alkyds). These moderately priced finishes permit the same
formulating flexibility as alkyds but are tougher and more weather resistant. There are basi-
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cally two types of polyesters: two-component and single-package. Two-component polyes-
ters are cured using peroxides, which initiate free-radical polymerization, while single-
package polyesters, sometimes called oil-free alkyds, are self-curing, usually at elevated
temperatures. It is important to realize that, in both cases, the resin formulator can adjust
properties to meet most exposure conditions. Polyesters are also applied as powder coatings.

Uses. Two-component polyesters are well known as gel coats for glass-reinforced
plastic bathtubs, lavatories, boats, and automobiles. Figure 6.2 shows tub and shower units
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using a polyester gel coat. High-quality one-package polyester finishes are used on furni-
ture, appliances, automobiles, magnet wire, and industrial products. Polyester powder
coatings are used as high-quality finishes in indoor and outdoor applications for anything
from tables to trucks. They are also used as coil coatings.

6.5.1.5 Polyurethanes. Polyurethane resin-based coatings and finishes are extremely
versatile. They are higher in price than alkyds but lower than epoxies. Polyurethane resins
are available as oil-modified, moisture-curing, blocked, two-component, and lacquers. Ta-
ble 6.13. is a selection guide for polyurethane coatings. Two-component polyurethanes
can be formulated in a wide range of hardnesses. They can be abrasion resistant, flexible,
resilient, tough, chemical resistant, and weather resistant. Abrasion resistance of organic
coatings is shown in Table 6.14. Polyurethanes can be combined with other resins to rein-
force or adopt their properties. Urethane-modified acrylics have excellent outdoor weath-
ering properties. They can also be applied as air-drying, forced-dried, and baking liquid
finishes as well as powder coatings. 

Uses. Polyurethanes have become very important finishes in the transportation indus-
try, which includes aircraft, automobiles, railroads, trucks, and ships. Owing to their
chemical resistance and ease of decontamination from chemical, biological, and radiolog-
ical warfare agents, they are widely used for painting military land vehicles, ships, and air-
craft. They are used on automobiles as coatings and finishes for plastic parts and as clear
topcoats in the basecoat-clearcoat finish systems. Low-temperature baking polyurethanes
are used as mar-resistant finishes for products that must be packaged while still warm.

Figure 6.2 Polyester gel coats are used to give a decorative and protective surface to tub
shower units that are made out of glass fiber-reinforced plastics. (Courtesy of Owens-Corning
Fiberglas Corporation)
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374 Chapter Six

Polyurethanes are used in an increasing number of applications. They are also used in ra-
diation curable coatings. 

6.5.1.6 Polyvinyl chloride. Polyvinyl chloride (PVC) coatings, commonly called vi-
nyls, are noted for their toughness, chemical resistance, and durability. They are available
as solutions, dispersions, and lattices. Properties of vinyl coatings are listed in Table 6.15.
They are applied as lacquers, plastisols, organisols, and lattices. PVC coating powders
have essentially the same properties as liquids. PVC organisol, plastisol, and powder coat-
ings have limited adhesion and require primers.

Uses. Vinyls have been used in various applications, including beverage and other
can linings, automobile interiors, and office machine exteriors. They are also used as thick
film liquids and as powder coatings for electrical insulation. Owing to their excellent
chemical resistance, they are used as tank linings and as rack coatings in electroplating
shops. Typical applications for vinyl coatings are shown in Fig. 6.3. Vinyl-modified acrylic

TABLE 6.14 Abrasion Resistance of Coatings

Coating
Taber ware index,

mg/1000 rev.

Polyurethane type 1

Polyurethane type 2 (clear)

Polyurethane type 2 (pigmented)

Polyurethane type 5

Urethane oil varnish

Alkyd

Vinyl

Epoxy-amine-cured varnish

Epoxy-polyamide enamel

Epoxy-ester enamel

Epoxy-polyamide coating (1:1)

Phenolic spar varnish

Clear nitrocellulose lacquer

Chlorinated rubber

Silicone, white enamel

Catalyzed epoxy, air-cured (PT-401)

Catalyzed epoxy, Teflon-filled (PT-401)

Catalyzed epoxy, bake-Teflon-filled (PT-201)

Parylene N

Parylene C

Parylene D

Polyamide

Polyethylene

Alkyd TT-E-508 enamel (cured for 45 min at 250°F)

Alkyd TTLE-508 (cured for 24 hr at room temperature)

55–67

8–24

31–35

60

155

147

85–106

38

95

196

50

172

96

200–220

113

208

122

136

9.7

44

305

290–310

360

51

70
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376 Chapter Six

latex trade sale paints are used as trim enamels for exterior applications and as semigloss
wall enamels for interior applications.

6.5.2 Other Coating Resins

In addition to the aforementioned materials, there are a number of other important resins
used in formulating coatings. These materials, used alone or as modifiers for other resins,
provide coating vehicles with diverse properties.

6.5.2.1 Aminos. Resins of this type, such as urea formaldehyde and melamine, are
used in modifying other resins to increase their durability. Notable among these modified
resins are the super alkyds used in automotive and appliance finishes.

Uses. Melamine and urea formaldehyde resins are used as modifiers for alkyds and
other resins to increase hardness and accelerate cure.

6.5.2.2 Cellulosics. Nitrocellulose lacquers are the most important of the cellulosics.
They were introduced in the 1920s and used as fast-drying finishes for a number of manu-
factured products. Applied at low solids using expensive solvents, they will not meet air-
quality standards. By modifying nitrocellulose with other resins such as alkyds and ureas,
the VOC content can be lowered, and performance properties can be increased. Other im-
portant cellulosic resins are cellulose acetate butyrate and ethyl cellulose.

Uses. Although no longer used extensively by the automotive industry, nitrocellulose
lacquers are still used by the furniture industry because of their fast-drying and hand-rub-
bing properties. Cellulose acetate butyrate has been used for coating metal in numerous
applications. In 1959, one of the first conveyorized powder coating lines in the United
States coated distribution transformer lids and hand-hole covers with a cellulose acetate
butyrate powder coating.

Figure 6.3 Vinyl plastisols and organisols are used extensively for dip coating of wire products. The
coatings can be varied from very hard to very soft. (Courtesy of M & T Chemicals)
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6.5.2.3 Chlorinated rubber. Chlorinated rubber coatings and finishes are used as
swimming pool paints and traffic paints.

6.5.2.4 Fluorocarbons. These high-priced coatings and finishes require high pro-
cessing temperatures and therefore are limited in their usage. They are noted for their lu-
bricity or nonstick properties due to low coefficients of friction, and also for
weatherability. Table 6.16. gives the coefficients of friction of typical coatings.

Uses. Fluorocarbons are used as chemical-resistant coatings and finishes for process-
ing equipment. They are also used as nonstick coatings and finishes for cookware, friction-
reducing coatings and finishes for tools, and as dry lubricated surfaces in many other con-
sumer and industrial products, as shown in Fig. 6.4. Table 6.17 compares the properties of
four fluorocarbons.

6.5.2.5 Oleoresinous. Oleoresinous coatings, based on drying oils such as soybean
and linseed, are slow curing. For many years prior to the introduction of synthetic resins,

TABLE 6.16 Coefficients of Friction of Typical Coatings

Coating
Coefficient of 

friction, µ Information source

Polyvinyl chloride
Polystyrene
Polymethyl methacrylate
Nylon
Polyethylene 
Polytetrafluoroethylene (Teflon)
Catalyzed epoxy air-dry coating with Teflon filler
Parylene N
Parylene C
Parylene D
Polyimide (Pyre–ML)
Graphite
Graphite–molybdenum sulfide:

Dry-film lubricant
Steel on steel
Brass on steel
Babbitt on mild steel
Glass on glass
Steel on steel with SAE no. 20 oil
Polymethyl methacrylate to self
Polymethyl methacrylate to steel

0.4–0.5
0.4–0.5
0.4–0.5

0.3
0.6–0.8

0.05–0.1
0.15
0.25
0.29

0.31–0.33
0.17
0.18

0.02–0.06
0.45–0.60

0.44
0.33
0.4

0.044
0.8 (static)

0.4–0.5 (static)

a
a
a
a
a
a
b
c
c
c
d
d

e
e
e
e
e
e
e
e

aR.P. Bowder, Endeavor, Vol. 16, No. 61, l957, p. 5.
bProduct Techniques Incorporated, Bulletin on PT–401 TE, October l7, l961.
cUnion Carbide data.
dDuPont Technical Bulletin 19, Pyre–ML Wire Enamel, August l967. 
eElectrofilm, Inc. data.
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they were used as the vehicles in most coatings. They still find application alone or as
modifiers to other resins.

Uses. Oleoresinous vehicles are used in low-cost primers and enamels for structural,
marine, architectural, and, to a limited extent, industrial product finishing.

6.5.2.6 Phenolics. Introduced in the early 1900s, phenolics were the first commer-
cial synthetic resins. They are available as 100 percent phenolic baking resins, oil-modi-
fied, and phenolic dispersions. Phenolic resins, used as modifiers, will improve the heat
and chemical resistance of other resins. Baked phenolic resin-based coatings and finishes
are well known for their corrosion, chemical, moisture, and heat resistance.

Uses. Phenolic coatings and finishes are used on heavy-duty air-handling equipment,
on chemical equipment, and as insulating varnishes. Phenolic resins are also used as bind-
ers for electrical and decorative laminated plastics.

6.5.2.7 Polyamides. One of the more notable polyamide resins is nylon, which is
tough, wear resistant, and has a relatively low coefficient of friction. It can be applied as a
powder coating by fluidized bed, electrostatic spray, or flame spray. Table 6.18 compares
the properties of three types of nylon polymers used in coatings. Nylon coatings and fin-
ishes generally require a primer. Polyamide resins are also used as curing agents for two-
component epoxy resin coatings. Film properties can be varied widely by polyamide se-
lection.

Uses. Applied as a powder coating, nylon provides a high degree of toughness and
mechanical durability to office furniture. Other polyamide resins are used as curing agents
in two-component epoxy resin-based primers and topcoats, adhesives, and sealants.

Figure 6.4 Nonstick feature of fluorocarbon finishes makes
them useful for products such as saws, fan and blower blades,
door-lock parts, sliding- and folding-door hardware, skis, and
snow shovels. (Courtesy of E. I. DuPont de Nemours & Com-
pany)
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380 Chapter Six

6.5.2.8 Polyolefins. These coatings, which can be applied by flame spraying, hot
melt, or powder coating methods, have limited usage.

Uses. Polyethylene is used for impregnating or coating packaging materials such as
paper and aluminum foil. Certain polyethylene-coated composite packaging materials are
virtually moisture proof. Table 6.19 compares the moisture vapor transmission rates of
various coatings and films. Polyethylene powder coatings are used on chemical processing
and food-handling equipment.

6.5.2.9 Polyimides. Polyimide coatings and finishes have excellent long-term ther-
mal stability, wear, mar and moisture resistance, and electrical properties. They are high in
price.

Uses. Polyimide coatings and finishes are used in electrical applications as insulating
varnishes and magnet wire enamels in high-temperature, high-reliability applications.
They are also used as alternatives to fluorocarbon coatings and finishes on cookware, as
shown in Fig. 6.5.

6.5.2.10 Silicones. Silicone resins are high in price and are used alone or as modifi-
ers to upgrade other resins. They are noted for their high-temperature resistance, moisture
resistance, and weatherability. They can be hard or elastomeric, baking, or room tempera-
ture curing.

Uses. Silicones are used in high-temperature coatings and finishes for exhaust stacks,
ovens, and space heaters. Figure 6.6 shows silicone coatings and finishes on fireplace
equipment. They are also used as conformal coatings for printed wiring boards, moisture
repellents for masonry, weather-resistant finishes for outdoors, and thermal control coat-
ings for space vehicles. The thermal conductivities of coatings are listed in Table 6.20.

TABLE 6.18 Properties of Nylon Coatings

Nylon 11 Nylon 6/6 Nylon 6

Elongation (73°F), % 120 90 50–200
Tensile strength (73°F), lb/in2 8,500 10,500 10,500
Modulus of elasticity (73°F), lb/in2 178,000 400,000 350,000
Rockwell hardness R 100.5 R 118 R 112–118
Specific gravity 1.04 1.14 1.14
Moisture absorption, ASTM D 570 0.4 1.5 1.6–2.3
Thermal conductivity, Btu/(ft2) (h × °F/in) 1.5 1.7 1.2–1.3
Dielectric strength (short time), V/mil 430 385 440
Dielectric constant (10 Hz) 3.5 4 4.8
Effect of:

Weak acids
Strong acids
Strong alkalies
Alcohols
Esters
Hydrocarbons

None
Attack
None
None
None
None

None
Attack
None
None
None
None

None
Attack
None
None
None
None
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6.6 Application Methods

The selection of an application method is as important as the selection of the coating itself.
Basically, the application methods for industrial liquid coatings and finishes are dipping,
flow coating, and spraying, although some are applied by brushing, rolling, printing, and
silk screening. The application methods for powder coatings and finishes are fluidized
beds, electrostatic fluidized beds, and electrostatic spray outfits. In these times of environ-
mental awareness, regulation, and compliance, it is mandatory that coatings and finishes
be applied in the most efficient manner.3 Not only will this help meet the air-quality stan-
dards, it will also reduce material costs. The advantages and disadvantages of various coat-
ing application methods are given in Table 6.21.

TABLE 6.19 Moisture-Vapor Transmission Rates per 24-hr Period of Coatings and 
Films in g/(mil) (in2)

Coating or Film MVTR Information Source

Epoxy-anhydride 2.38 Autonetics data (25°C)
Epoxy-aromatic amine 1.79 Autonetics data (25°C) 
Neoprene 15.5 Baer (39°C)
Polyurethane (Magna X–500) 2.4 Autonetics data (25°C)
Polyurethane (isocyanate-polyester) 8.72 Autonetics data (25°C) 
Olefane,* polypropylene 0.70 Avisum data
Cellophane (type PVD uncoated film) 134 DuPont
Cellulose acetate (film) 219 DuPont
Polycarbonate 10 FMC data
Mylar† 1.9

1.8
Baer (39°C)
DuPont data

Polystyrene 8.6
9.6

Baer (39°C)
Dow data

Polyethylene film 0.97 Dow data (1-mil film)
Saran resin (F120) 0.097–0.45 Baer (39°C)
Polyvinylidene chloride 0.15 Baer (2-mil sample, 40°C) 
Polytetrafluoroethylene (PTFE) 0.32 Baer (2-mil sample 40°C) 
PTFE, dispersion cast 0.2 DuPont data
Fluorinated ethylene propylene (FEP) 0.46 Baer (40°C)
Polyvinyl fluoride 2.97 Baer (40°C)
Teslar 2.7 DuPont data
Parylene N 14 Union Carbide data (2-mil sample)
Parylene C 1 Union Carbide data (2-mil sample)
Silicone (RTV 521) 120.78 Autonetics data
Methyl phenyl silicone 38.31 Autonetics data
Polyurethane (ABO130–002) 4.33 Autonetics data
Phenoxy 3.5 Lee, Stoffey, and Neville
Alkyd-silicone (DC–1377) 6.47 Autonetics data
Alkyd-silicone (DC–1400) 4.45 Autonetics data
Alkyd-silicone 6.16–7.9 Autonetics data
Polyvinyl fluoride (PT–207) 0.7 Product Techniques Incorporated

*Trademark of Avisun Corporation, Philadelphia, PA
†Trademark of E.I. DuPont de Nemours & Company, Wilmington, DE
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382 Chapter Six

Figure 6.5 Polyimide coating is used as a protective finish on the inside of
aluminum, stainless steel, and other cookware. (Courtesy of Mirro Aluminum
Company)

Figure 6.6 Silicone coatings are used as heat-stable finishes
for severe high-temperature applications such as fireplace
equipment, exhaust stacks, thermal control coatings for
spacecraft, and wall and space heaters. (Courtesy of Copper
Development Assn.)
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386 Chapter Six

Liquid spray coating equipment can be classified by its atomizing method: air, hydrau-
lic, or centrifugal. These can be subclassified into air atomizing, airless, airless electro-
static, air-assisted airless electrostatic, rotating electrostatic disks and bells, and high-
volume, low-pressure types. While liquid dip coating equipment is usually simple, electro-
coating equipment is fairly complex, using electrophoresis as the driving force. Other liq-
uid coating methods include flow coating, which can be manual or automated, roller
coating, curtain coating, and centrifugal coating. Equipment for applying powder coatings
is not as diversified as for liquid coatings. It can only be classified as fluidized bed, electro-
static fluidized bed, and electrostatic spray.

It is important to note that environmental and worker safety regulations can be met,
hazardous and nonhazardous wastes can be reduced, and money can be saved by using
compliance coatings (those that meet the VOC emission standards) in equipment having
the highest transfer efficiency (the percentage of the coating used which actually coats the
product and is not otherwise wasted). The theoretical transfer efficiencies (TEs) of coating
application equipment are indicated in the text and in Table 6.22, where they are listed in
descending order.4 The aforementioned transfer efficiencies are meant to be used only as
guidelines. Actual transfer efficiencies are dependant on a number of factors that are
unique to each coating application line.

In the selection of a coating method and equipment, the product’s size, configuration,
intended market, and appearance must be considered. To aid in the selection of the most
efficient application method, each will be discussed in greater detail.

6.6.1 Dip Coating

Dip coating (95–100 percent TE) is a simple coating method in which products are dipped
in a tank of coating material, withdrawn, and allowed to drain in the solvent-rich area

TABLE 6.22 Theoretical Transfer Efficiencies 
(TEs) of Coating Application Methods

Coating method TE, %

Autodeposition
Centrifugal coating
Curtain coating
Electrocoating
Fluidized-bed powder
Electrostatic fluidized-bed powder
Electrostatic-spray powder
Flow coating
Roller coating
Dip coating
Rotating electrostatic disks and bells
Airless electrostatic spray
Air-assisted airless electrostatic spray 
Air electrostatic spray
Airless spray
High-volume, low-pressure spray 
Air-assisted airless spray 
Multicomponent spray
Air-atomized spray

95–100
95–100
95–100
95–100
95–100
95–100
95–100
95–100
95–100
95–100
80–90
70–80
70–80
60–70
50–60
40–60
40–60
30–70
30–40
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Plastics in Coatings and Finishes 387

above the coating’s surface and then allowed to dry. The film thickness is controlled by
viscosity, flow, percent solids by volume, and rate of withdrawal. This simple process can
also be automated with the addition of a drain-off area, which allows excess coating mate-
rial to flow back to the dip tank.

Dip coating is a simple, quick method that does not require sophisticated equipment.
The disadvantages of dip coating are film thickness differential from top to bottom, result-
ing in the so-called wedge effect; fatty edges on lower parts of products; and runs and sags.
Although this method coats all surface areas, solvent reflux can cause low film build. Light
products can float off the hanger and hooks and fall into the dip tank. Solvent-containing
coatings and finishes in dip tanks and drain tunnels must be protected by fire extinguishers
and safety dump tanks. The fire hazard can be eliminated by using waterborne coatings.

6.6.2 Electrocoating

Electrocoating (95–100 percent TE) is a sophisticated dipping method commercialized in
the 1960s to solve severe corrosion problems in the automotive industry. In principle, it is
similar to electroplating, except that organic coatings, rather than metals, are deposited on
products from an electrolytic bath. Electrocoating can be either anodic (deposition of coat-
ings on the anode from an alkaline bath) or cathodic (deposition of coatings on the cathode
from an acidic bath). The bath is aqueous and contains very little VOCs. The phenomenon
called throwing power causes inaccessible areas to be coated with uniform film thick-
nesses. Electrocoating has gained a significant share of the primer and one-coat enamel
market.

Advantages of the electrocoating method include environmental acceptability owing to
decreased solvent emissions and increased corrosion protection to inaccessible areas. It is
less labor intensive than other methods, and it produces uniform film thickness from top to
bottom and inside and outside on products with a complex shape. Disadvantages are high
capital equipment costs, high material costs, and more thorough pretreatment. Higher op-
erator skills are required.

6.6.3 Spray Coating

Spray coating (30–90 percent TE), which was introduced to the automobile industry in the
1920s, revolutionized industrial painting. The results of this development were increased
production and improved appearance. Electrostatics, which were added in the 1940s, im-
proved transfer efficiency and reduced material consumption. Eight types of spray-paint-
ing equipment are discussed in this section. The transfer efficiencies listed are theoretical.
The actual transfer efficiency depends on many variables, including the size and configu-
ration of the product and the airflow in the spray booth.

6.6.3.1 Rotating electrostatic disks and bell spray coating. Rotating electro-
static spray coaters (80–90 percent TE) rely on centrifugal force to atomize droplets of liq-
uid as they leave the highly machined, knife-edged rim of an electrically charged rotating
applicator. The new higher-rotational-speed applicators will atomize high-viscosity, high-
solids coatings and finishes (65 percent volume solids and higher). Disk-shaped applica-
tors are almost always used in the automatic mode, with vertical reciprocators, inside a
loop in the conveyor line. Bell-shaped applicators are used in automated systems in the
same configurations as spray guns and can also be used manually.

An advantage of rotating disk and bell spray coating is its ability to atomize high-vis-
cosity coating materials. A disadvantage is maintenance of the equipment.
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388 Chapter Six

6.6.3.2 High-volume, low-pressure spray coating. High-volume, low-pressure
(HVLP) spray coaters (40–60 percent TE) are a development of the early 1960s that has
been upgraded. Turbines rather than pumps are now used to supply high volumes of low-
pressure heated air to the spray guns. Newer versions use ordinary compressed air. The air
is heated to reduce the tendency to condense atmospheric moisture and to stabilize solvent
evaporation. Low atomizing pressure results in lower droplet velocity, reduced bounce-
back, and reduced overspray.

The main advantage of HVLP spray coating is the reduction of overspray and bounce-
back and the elimination of the vapor cloud usually associated with spray painting. A dis-
advantage is the poor appearance of the cured film

6.6.3.3 Airless electrostatic spray coating. The airless electrostatic spray coat-
ing method (70– 80 percent TE) uses airless spray guns with the addition of a dc power
source that electrostatically charges the coating droplets. Its advantage over airless spray is
the increase in transfer efficiency due to the electrostatic attraction of charged droplets to
the product.

6.6.3.4 Air-assisted airless electrostatic spray coating. The air-assisted air-
less electrostatic spray coating method (70–80 percent TE) is a hybrid of technologies.
The addition of atomizing air to the airless spray gun allows the use of high-viscosity,
high-solids coatings. Although the theoretical transfer efficiency is in a high range, it is
lower than that of airless electrostatic spray coating because of the higher droplet velocity.

The advantage of using the air-assisted airless electrostatic spray method is its ability to
handle high-viscosity materials. An additional advantage is better spray pattern control.

6.6.3.5 Air electrostatic spray coating. The air electrostatic spray coating
method (60–70 percent TE) uses conventional equipment with the addition of electrostatic
charging capability. The atomizing air permits the use of most high-solids coatings.

Air electrostatic spray equipment has the advantage of being able to handle high-solids
materials. This is overshadowed by the fact that it has the lowest transfer efficiency of the
electrostatic spray coating methods.

6.6.3.6 Airless spray coating. When it was introduced, airless spray coating (50–
60 percent TE) was an important paint-saving development. The coating material is forced
by hydraulic pressure through a small orifice in the spray gun nozzle. As the liquid leaves
the orifice, it expands and atomizes. The droplets have low velocities because they are not
propelled by air pressure as in conventional spray guns. To reduce the coating’s viscosity
without adding solvents, in-line heaters were added.

Advantages of airless spray coating are: less solvent is used, less overspray, less bounce
back, and compensation for seasonal ambient air temperature and humidity changes. A
disadvantage is its slower coating rate.

6.6.3.7 Multicomponent spray coating. Multicomponent spray coating equip-
ment (30–70 percent TE) is used for applying fast-curing coating system components si-
multaneously. Since they can be either hydraulic or air-atomizing, their transfer
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efficiencies vary from low to medium. They have two or more sets of supply and metering
pumps to transport components to a common spray head.

Their main advantage, the ability to apply fast-curing multicomponent coatings, can be
overshadowed by disadvantages in equipment cleanup, maintenance, and low transfer effi-
ciency.

6.6.3.8 Air-atomized spray coating. Air-atomized spray coating equipment (30–
40 percent TE) has been used to apply coatings and finishes to products since the 1920s. A
stream of compressed air mixes with a stream of liquid coating material, causing it to at-
omize or break up into small droplets. The liquid and air streams are adjustable, as is the
spray pattern, to meet the finishing requirements of most products. This equipment is still
being used.

The advantage of the air-atomized spray gun is that a skilled operator can adjust fluid
flow, air pressure, and the coating’s viscosity to apply a high-quality finish on most prod-
ucts. The disadvantages are its low transfer efficiency and ability to spray only low-viscos-
ity coatings, which emit great quantities of VOCs to the atmosphere.

6.6.4 Powder Coating

Powder coating (95–100 percent TE), developed in the 1950s, is a method for applying
finely divided, dry, solid resinous coatings and finishes by dipping products in a fluidized
bed or by spraying them electrostatically. The fluidized bed is essentially a modified dip
tank. During the electrostatic spraying method, charged powder particles are applied, and
they adhere to grounded parts until fused and cured. In all cases, the powder coating must
be heated to its melt temperature, where a phase change occurs, causing it to adhere to the
product and fuse to form a continuous coating film. Elaborate reclaiming systems to col-
lect and reuse oversprayed material in electrostatic spray powder systems boost transfer
efficiency. Since the enactment of air-quality standards, this method has grown markedly.

6.6.4.1 Fluidized bed powder coating. Fluidized bed powder coating (95–100
percent TE) is simply a dipping process that uses dry, finely divided plastic materials. A
fluidized bed is a tank with a porous bottom plate, as illustrated in Fig. 6.7. The plenum be-
low the porous plate supplies low-pressure air uniformly across the plate. The rising air
surrounds and suspends the finely divided plastic powder particles, so the powder-air mix-
ture resembles a boiling liquid. Products that are preheated above the melt temperature of
the coating material are dipped in the fluidized bed, where the powder melts and fuses into
a continuous coating. Thermosetting powders often require additional heat to cure the film
on the product. The high transfer efficiency results from little dragout and no dripping. This
method is used to apply heavy coats, 3 to 10 mil, in one dip, uniformly, to complex-shaped
products. The film thickness is dependent on the powder chemistry, preheat temperature,
and dwell time. It is possible to build a film thickness of 100 mils using higher preheat tem-
peratures and multiple dips. An illustration of film build is presented in Fig. 6.8.

Advantages of fluidized bed powder coating are uniform and reproducible film thick-
nesses on all complex-shaped product surfaces. Another advantage is a heavy coating in
one dip. A disadvantage of this method is the 3-mil minimum thickness required to form a
continuous film.

6.6.4.2 Electrostatic fluidized bed powder coating. An electrostatic fluidized
bed (95 to 100 percent TE) is essentially a fluidized bed with a high-voltage dc grid in-
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Figure 6.7 Illustration of fluidized-bed process principle.

Figure 6.8 Effect of preheat temperature and dip-
ping time on film build in coating a steel bar with
epoxy resin.
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stalled above the porous plate to charge the finely divided particles. Once charged, the par-
ticles are repelled by the grid and repel each other, forming a cloud of powder above the
grid. These electrostatically charged particles are attracted to and coat products that are at
ground potential. Film thicknesses of 1.5 to 5 mil are possible on cold parts, and of 20 to
25 mil are possible on heated parts. 

The advantage of the electrostatic fluidized bed is that small products, such as electrical
components, can be coated uniformly and quickly. The disadvantages are that the product
size is limited, and inside corners have low film thicknesses owing to the well known Fara-
day cage effect.

6.6.4.3 Electrostatic spray powder coating. Electrostatic spray powder coating
(95–100 percent TE) is a method for applying finely divided, electrostatically charged
plastic particles to products that are at ground potential. A powder-air mixture from a
small fluidized bed in the powder reservoir is supplied by a hose to the spray gun, which
has a charged electrode in the nozzle fed by a high-voltage dc power pack. In some cases,
the powder is electrostatically charged by friction. The spray guns can be manual or auto-
matic, fixed or reciprocating, and mounted on one or both sides of a conveyorized spray
booth. Electrostatic spray powder coating operations use collectors to reclaim overspray.
Film thicknesses of 1.5 to 5 mil can be applied on cold products. If the products are heated
slightly, 20- to 25-mil-thick coatings can be applied on these products. As with other coat-
ing methods, electrostatic spray powder coating has limitations. Despite these limitations,
powder coatings are replacing liquid coatings and finishes in a growing number of cases.
A variation of the electrostatic spray powder coater is the electrostatic disk.

The advantage of this method is that coatings, using many of the resin types, can be ap-
plied in low (1.5- to 3-mil) film thicknesses with no VOC emission at extremely high
transfer efficiency. Disadvantages include the difficulty in obtaining less than a 1-mil-thick
continuous coating and, owing to the complex powder reclaiming systems, color changes
are more difficult than with liquid spray systems.

6.6.5 Other Application Methods

6.6.5.1 Autodeposition coating. Autodeposition (95–100 percent TE) is a dipping
method where coatings are applied on the product from an aqueous solution. Unlike elec-
trocoating, there is no electric current applied. Instead, the driving force is chemical, be-
cause the coating reacts with the metallic substrate.

The advantages of autophoretic coating are no VOC emissions, no metal pretreatment
other than cleaning, and uniform coating thickness. This technique requires 30 percent
less floor space than electrocoating, and capital equipment costs are 25 percent lower than
for electrocoating. Disadvantages of autophoretic coatings are that they are available only
in dark colors, and corrosion resistance is lower than for electrocoated products.

6.6.5.2 Centrifugal coating. A centrifugal coater (95–100 percent TE) is a self-con-
tained unit. It consists of an inner basket, a dip coating tank, and exterior housing. Prod-
ucts are placed in the inner basket, which is dipped into the coating tank. The basket is
withdrawn and spun at a speed high enough to remove the excess coating material by cen-
trifugal force. This causes the coating to be flung onto the inside of the exterior housing,
from which it drains back into the dip coating tank.
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The advantage of centrifugal coating is that large numbers of small parts can be coated
at the same time. The disadvantage is that the appearance of the finish is a problem, be-
cause the parts touch each other.

6.6.5.3 Flow coating. In a flow coater (95–100 percent TE), the coating material is
pumped through hoses and nozzles onto the surfaces of the product, from which the excess
drains into a reservoir to be recycled. Flow coaters can be either automatic or manual.
Film thickness is controlled by the viscosity and solvent balance of the coating material. A
continuous coater is an advanced flow coater using airless spray nozzles mounted on a ro-
tating arm in an enclosure.

Advantages of flow coating are high transfer efficiency and low volume of paint in the
system. Products will not float off hangers, and extremely large products can be painted.
As with dip coating, the disadvantages of flow coating are coating thickness control and
solvent refluxing.

6.6.5.4 Curtain coating. Curtain coating (95–100 percent TE), which is similar to
flow coating, is used to coat flat products on conveyorized lines. The coating falls from a
slotted pipe or flows over a weir in a steady stream or curtain while the product is con-
veyed through it. Excess material is collected and recycled through the system. Film thick-
ness is controlled by coating composition, flow rates, and line speed.

The advantage of curtain coating is uniform coating thickness on flat products with high
transfer efficiency. The disadvantage is the inability to uniformly coat three-dimensional
objects.

6.6.5.5 Roller coating. Roller coating (95–100 percent TE), which is used mainly
by the coil coating industry for prefinishing metal coils that will later be formed into prod-
ucts, has seen steady growth. It is also used for finishing flat sheets of material. There are
two types of roller coaters, direct and reverse, depending on the direction of the applicator
roller relative to the direction of the substrate movement. Roller coating can apply multi-
ple coats to the front and back of coil stock with great uniformity.

The advantages of roller coating are consistent film thickness and elimination of paint-
ing operations at a fabricating plant. The disadvantages are limited metal thickness, lim-
ited bend radius, and corrosion of unpainted cut edges.

6.7 Curing

No dissertation on organic coatings and finishes is complete without mentioning film for-
mation and cure. It is not the intent of this chapter to fully discuss the mechanisms, which
are more important to researchers and formulators than to designers and end users, but
rather to show that differences exist and to aid the reader in making selections. Most of the
organic coating resins are liquid, which cure or dry to form solid films. They are classified
as thermoplastic or thermosetting. Thermoplastic resins dry by solvent evaporation and
will soften when heated and harden when cooled. Thermosetting resins will not soften
when heated after they are cured. Another classification of coatings and finishes is by their
various film-forming mechanisms, such as solvent evaporation, coalescing, phase change,
and conversion. Coatings and finishes are also classified as room-temperature curing,
sometimes called air drying; or heat curing, generally called baking, or force drying,
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which uses elevated temperatures to accelerate air drying. Thermoplastic and thermoset-
ting coatings and finishes can be both air drying and baking.

6.7.1 Air Drying

Air drying coatings and finishes will form films and cure at room or ambient temperatures
(20°C) by the mechanisms described in this section.

6.7.1.1 Solvent evaporation. Thermoplastic coating resins that form films by sol-
vent evaporation are shellac and lacquers such as nitrocellulose, acrylic, styrene-butadi-
ene, and cellulose acetate butyrate.

6.7.1.2 Conversion. In these coatings, films are formed as solvents evaporate, and
they cure by oxidation, catalyzation, or cross-linking. Thermosetting coatings and finishes
cross-link to form films at room temperature by oxidation or catalyzation. Oxidative cur-
ing of drying oils and oil-modified resins can be accelerated by using catalysts. Mono-
meric materials can form films and cure by cross-linking with polymers in the presence of
catalysts, as in the case of styrene monomers and polyester resins. Epoxy resins will cross-
link with polyamide resins to form films and cure. In the moisture curing polyurethane
resin coating systems, airborne moisture starts a reaction in the vehicle, resulting in film
formation and cure.

6.7.1.3 Coalescing. Emulsion or latex coatings, such as styrene-butadiene, acrylic
ester, and vinyl acetate acrylic, form films by coalescing and dry by solvent evaporation.

6.7.2 Baking

Baking coatings and finishes will form films at room temperature, but require elevated
temperatures (150 to 200°C) to cure. Most coatings and finishes are baked in gas-fired ov-
ens, although oil-fired ovens are also used. Steam-heated and electric ovens are used on a
limited basis. Both electric and gas-fired infrared elements are used as heat sources in
paint bake ovens.

6.7.2.1 Conversion. The cure of many oxidative thermosetting coatings and finishes
is accelerated by heating. In other resins systems, such as thermosetting acrylics and alkyd
melamines, the reactions do not occur below temperature thresholds of 135°C or higher.
Baking coatings and finishes (those that require heat to cure) are generally tougher than
air-drying coatings. In some cases, the cured films are so hard and brittle that they must be
modified with other resins.

6.7.2.2 Phase change. Thermoplastic coatings and finishes that form films by phase
changes, generally from solid to liquid then back to solid, are polyolefins, waxes, and
polyamides. Plastisols and organisols undergo phase changes from liquid to solid during
film formation. Fluidized bed powder coatings, both thermoplastic and thermosetting, also
undergo phase changes from solid to liquid to solid during film formation and cure.
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6.7.3 Radiation Curing

Films are formed and cured by bombardment with ultraviolet and electron beam radiation
with little increase in surface temperature. Infrared radiation, on the other hand, increases
the surface temperature of films and is therefore a baking process. The most notable radia-
tion curing is UV curing. This process requires the use of specially formulated coatings.
They incorporate photoinitiators and photosensitizers that respond to specific wavelengths
of the spectrum to cause a conversion reaction. Curing is practically instantaneous with lit-
tle or no surface heating. It is, therefore, useful in coating plastic and other temperature-
sensitive substrates. Since the coatings and finishes are 100 percent solids, there are no
VOCs. UV curable powder coatings are also commercially available. Although most UV
coating are clears (unpigmented), paints can also be cured. Figure 6.9 shows radiation cur-
ing equipment. 

6.7.4 Force Drying

In many cases, the cure rate of thermoplastic and thermosetting coatings and finishes can
be accelerated by exposure to elevated temperatures that are below those considered to be
baking temperatures.

Figure 6.9 Radiation curing is fast, allowing produc-
tion-line speeds of 2000 ft/min. This technique takes
place at room temperature, and heat-sensitive wooden
and plastic products and electronic components and
assemblies can be given the equivalent of a baked fin-
ish at speeds never before possible. (Courtesy of Ra-
diation Dynamics)
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6.7.5 Vapor Curing

Vapor curing is essentially a catalyzation or cross-linking conversion method for two-
component coatings. The product is coated with one component of the coating in a con-
ventional manner. It is then placed in an enclosure filled with the other component, the
curing agent, in vapor form. It is in this enclosure that the reaction occurs.

6.7.6 Reflowing

Although not actually a curing process, certain thermoplastic films will soften and flow to
become smooth and glossy at elevated temperatures. This technique is used on acrylic lac-
quers by the automotive industry to eliminate buffing.

6.8 Summary

The purpose of this chapter is to aid the reader in selecting surface preparation methods,
coating materials, and application methods. It also acquaints readers with curing methods
and helps them to comply with environmental regulations.

Coating and finish selection is not easy, owing to the use and formulating versatility of
modern plastic resins. This versatility also contributes to one of their faults, which is the
possible decline in one performance property when another is enhanced. Because of this,
the choice of a coating and finish must be based on specific performance properties and
not on generalizations. This choice is further complicated by the need to comply with gov-
ernmental regulations. Obviously, the choice of compliance coatings, electrocoating,
waterborne, high solids, powder, radiation curable, and vapor cure is well advised.

To apply coatings and finishes in the most effective manner, the product’s size, shape,
ultimate appearance, and end use must be addressed. This chapter emphasizes the impor-
tance of transfer efficiency in choosing a coating method.

To meet these requirements, product designers, coaters, and finishers have all the tools
at their disposal. They can choose coatings and finishes that apply easily, coat uniformly,
cure rapidly and efficiently, and comply with governmental regulations at lower costs. By
applying compliance coatings using methods that have high transfer efficiencies, they will
not only comply with air- and water-quality standards, they will also provide a safe work-
place and decrease the generation of hazardous wastes.4 Reducing hazardous wastes, us-
ing less material, and emitting fewer VOCs can also effect significant cost savings.
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Chapter

7
Plastics and Elastomers in

Adhesives

Edward M. Petrie
ABB Electric Systems Technology Institute

Raleigh, North Carolina

7.1 Introduction to Adhesives

Adhesives were first used many thousands of years ago, and most were derived from natu-
rally occurring vegetable, animal, or mineral substances. Synthetic polymeric adhesives
displaced many of these early products due to stronger adhesion and greater resistance to
operating environments. These modern plastic and elastomer based adhesives are the prin-
cipal subject of this chapter. 

An adhesive is a substance capable of holding substrates (adherends) together by sur-
face attachment. A material merely conforming to this definition does not necessarily en-
sure success in an assembly process. For an adhesive to be useful, it must not only hold
materials together but also withstand operating loads and last the life of the product.

The successful application of an adhesive depends on many factors. Anyone using an
adhesive faces a complex task of selecting the proper adhesive and the correct processing
conditions that allow a bond to form. One must also determine the substrate-surface treat-
ment which will permit an acceptable degree of permanence and bond strength. The adhe-
sive joint must be correctly designed to avoid stresses within the joint that could cause
premature failure. Also, the physical and chemical stability of the bond must be forecast
with relation to its service environment. This chapter is intended to guide the adhesives
user through these numerous considerations.

7.1.1 Advantages and Disadvantages of Adhesive Bonding

Adhesive bonding presents several distinct advantages over conventional mechanical
methods of fastening. There are also some disadvantages that may make adhesive bonding
impractical. These are summarized in Table 7.1.

Source: Handbook of Plastics, Elastomers, and Composites
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398 Chapter Seven

The design engineer must consider and weigh these factors before deciding on a
method of fastening. However, in many applications, adhesive bonding is the only practi-
cal method for assembly. In the aircraft industry, for example, adhesives make the use of
thin metal and honeycomb structures, which is feasible because stresses are transmitted
more effectively by adhesives than by rivets or welds. Plastics and elastomers can also be
more reliably joined with adhesives than by other methods.

7.1.1.1 Mechanical advantages. The most common methods of structural fasten-
ing are shown in Fig. 7.1. Because of the uniformity of an adhesive bond, certain mechan-
ical advantages can be provided as shown. The stress-distribution characteristics and
inherent toughness of polymeric adhesives provide bonds with superior fatigue resistance,
as shown in Fig. 7.2. Generally, in well designed joints, the adherends will fail in fatigue
before the adhesive.

7.1.1.2 Design advantages. Adhesives offer certain design advantages that are of-
ten valuable. 

■ Unlike rivets or bolts, adhesives produce smooth contours that are aerodynamically and
cosmetically beneficial. 

TABLE 7.1 Advantages and Disadvantages of Adhesive Bonding

Advantages Disadvantages

1. It provides large stress-bearing area. 1. Surfaces must be carefully cleaned.

2. It provides excellent fatigue strength. 2. Long cure times may be needed.

3. It damps vibration and absorbs shock. 3. There is a limitation on upper continuous 
operating temperature (generally 350°F).

4. It minimizes or prevents galvanic cor-
rosion between dissimilar metals.

4. Heat and pressure may be required.

5. It joins all shapes and thicknesses. 5. Jigs and fixtures may be needed.

6. It provides smooth contours. 6. Rigid process control is usually necessary.

7. It seals joints. 7. Inspection of the finished joint is difficult.

8. It joins any combination of similar or 
dissimilar materials.

8. Useful life depends on environment.

9. Often, it is less expensive and faster 
than mechanical fastening.

9. Environmental, health, and safety consider-
ations are necessary.

10. Heat, if required, is too low to affect 
metal parts.

10. Special raining is sometimes required.

11. It provides an attractive strength-to-
weight ratio.

Plastics and Elastomers in Adhesives
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■ Adhesives also offer a better strength/weight ratio than mechanical fasteners.
■ Adhesives can join any combination of solid materials, regardless of shape or thickness.

Materials such as plastics, elastomers, ceramics, and wood can be joined more econom-
ically and efficiently by adhesive bonding than by other methods. 

■ Adhesive bonding is frequently faster and less expensive than conventional fastening
methods. As the size of the area to be joined increases, the time and labor saved by us-
ing adhesives instead of mechanical fasteners become progressively greater, because the
entire joint area can be assembled in one operation.

7.1.1.3 Other advantages. Adhesives can be made to function as electrical and ther-
mal insulators. The degree of insulation can be varied with different adhesive formulations
and fillers. Adhesives can even be made electrically and thermally conductive with silver

Figure 7.1 Common methods of structural fastening.1
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400 Chapter Seven

and boron nitride fillers, respectively. Adhesives can also perform sealing functions, offer-
ing a barrier to the passage of fluids and gases. Adhesives may also act as vibration damp-
ers to reduce the noise and oscillation encountered in assemblies.

Frequently, adhesives may be called upon to do multiple functions. In addition to being
a mechanical fastener, an adhesive may also be used as a sealant, vibration damper, insula-
tor, and gap filler in the same application.

7.1.1.4 Mechanical limitations. The most serious limitation to the use of modern
polymeric adhesives is their time-dependent strength in degrading service environments
such as moisture, high temperatures, or chemicals.

There are polymeric adhesives that perform well at temperatures between –60 and
350°F. But only a few adhesives can withstand operating temperatures outside that range.
Adhesives can also be degraded by chemical environments and outdoor weathering. The
rate of strength degradation may be accelerated by continuous stress or elevated tempera-
tures.

7.1.1.5 Design limitations. The adhesive joint must be carefully designed for opti-
mal performance. Design factors must include the type of stress, environmental influences,
and production methods that will be used. The strength of the adhesive joint is dependent
on the type and direction of stress. Generally, adhesives perform better when stressed in
shear or tension than when exposed to cleavage or peel forces. 

Since nearly every adhesive application is somewhat unique, the adhesive manufacturers
often do not have data concerning the aging characteristics of their adhesives in specific en-
vironments. Thus, before any adhesive is incorporated into production, a thorough evalua-
tion should be made in a simulated operating environment. Time must also be allowed to
train personnel in what can be a rather complex and critical manufacturing process.

Figure 7.2 Fatigue strengths of aluminum alloy specimens under pulsating tensile
load.2
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Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Plastics and Elastomers in Adhesives 401

7.1.1.6 Production limitations. All adhesives require clean surfaces to attain opti-
mal results. Depending on the type and condition of the substrate and the bond strength
desired, surface preparations ranging from a simple solvent wipe to chemical etching are
necessary.

If the adhesive has multiple components, the parts must be carefully weighed and
mixed. The setting operation often requires heat and pressure. Lengthy set time could
make assembly jigs and fixtures necessary. 

Adhesives may be composed of materials that present personnel hazards, including
flammability and dermatitis, in which case necessary precautions must be considered. Fi-
nally, the inspection of finished joints for quality control is very difficult. This necessitates
strict control over the entire bonding process to ensure uniform bond quality.

Although the material cost is relatively low, some adhesive systems may require meter-
ing, mixing, and dispensing equipment as well as curing fixtures, ovens, and presses. Cap-
ital equipment investment must be included in any economic evaluation. The following
items contribute to a “hidden cost” of using adhesives, and they also could lead to serious
production difficulties:

1. The storage life (shelf life) of the adhesive may be unrealistically short; some adhe-
sives require refrigerated storage.

2. The adhesive may begin to solidify or gel too early in the bonding process.

3. Waste, safety, and environmental concerns can be essential cost factors.

4. Cleanup is a cost factor, especially where misapplied adhesive may ruin the appear-
ance of a product.

5. Once bonded, samples cannot easily be disassembled; if misalignment occurs and the
adhesive cures, usually the part must be scrapped.

7.1.2 Theories of Adhesion

Various theories attempt to describe the phenomena of adhesion. No single theory explains
adhesion in a general way. However, knowledge of adhesion theories can assist in under-
standing the basic requirements for a good bond.

7.1.2.1 Mechanical theory. The surface of a solid material is never truly smooth but
consists of a maze of microscopic peaks and valleys. According to the mechanical theory
of adhesion, the adhesive must penetrate the cavities on the surface and displace the
trapped air at the interface.

Such mechanical anchoring appears to be a prime factor in bonding many porous sub-
strates. Adhesives also frequently bond better to abraded surfaces than to natural surfaces.
This beneficial effect may be due to

1. Mechanical interlocking

2. Formation of a clean surface

3. Formation of a more reactive surface

4. Formation of a larger surface area

7.1.2.2 Adsorption theory. The adsorption theory states that adhesion results from
molecular contact between two materials and the surface forces that develop. The process

Plastics and Elastomers in Adhesives

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



402 Chapter Seven

of establishing intimate contact between an adhesive and the adherend is known as wet-
ting. Figure 7.3 illustrates good and poor wetting of a liquid spreading over a surface.

For an adhesive to wet a solid surface, the adhesive should have a lower surface tension
than the solid’s critical surface tension. Tables 7.2 and 7.3 list surface tensions of common
adherends and liquids. 

Most organic adhesives easily wet metallic solids. But many solid organic substrates
have surface tensions less than those of common adhesives. From Tables 7.2 and 7.3, it is
apparent that epoxy adhesives will wet clean aluminum or copper surface. However, ep-
oxy resin will not wet a substrate having a critical surface tension significantly less than
47 dynes/cm. Epoxies will not, for example, wet either a metal surface contaminated with
silicone oil or a clean polyethylene substrate.

TABLE 7.2 Critical Surface Tension of Common Plastics and Metals

Materials Critical surface tension, dyn/cm

Acetal
Acrylonitrile-butadiene-styrene
Cellulose
Epoxy
Fluoroethylene propylene
Polyamide
Polycarbonate
Polyethylene
Polyethylene terephthalate
Polyimide
Polymethylmethacrylate
Polyphenylene sulfide
Polystyrene
Polysulfone
Polytetrafluoroethylene
Polyvinyl chloride
Silicone
Aluminum
Copper

47
35
45
47
16
46
46
31
43
40
39
38
33
41
18
39
24

≈500
≈1000

TABLE 7.3 Surface Tension of Common Adhesives and Liquids

Material
Surface tension,

dyn/cm

Epoxy resin
Fluorinated epoxy resin*

Glycerol
Petroleum lubricating oil
Silicone oils
Water

*Experimental resin, developed to wet low-energy surfaces. (Note: low surface
tension relative to most plastics.)

47
33
63
29
21
73
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After intimate contact is achieved between adhesive and adherend through wetting, it is
believed that adhesion results primarily through forces of molecular attraction. Four gen-
eral types of chemical bonds are recognized: electrostatic, covalent, and metallic, which
are referred to as primary bonds, and van der Walls forces, which are referred to as second-
ary bonds. The adhesion between adhesive and adherend is thought to be primarily due to
van der Walls forces of attraction.

7.1.2.3 Electrostatic and diffusion theories. The electrostatic theory states that
electrostatic forces in the form of an electrical double layer are formed at the adhesive–ad-
herend interface. These forces account for resistance to separation. The theory gathers
support from the fact that electrical discharges have been noticed when an adhesive is
peeled from a substrate.

The fundamental concept of the diffusion theory is that adhesion arises through the in-
ter-diffusion of molecules in the adhesive and adherend. The diffusion theory is primarily

Figure 7.3 Illustration of good and poor wetting by adhesive spreading
over a surface.
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applicable when both the adhesive and adherend are polymeric, having long-chain mole-
cules capable of movement. Bonds formed by solvent or heat welding thermoplastics re-
sult from the diffusion of molecules.

7.1.2.4 Weak-boundary-layer theory. According to the weak-boundary-layer the-
ory, when bond failure seems to be at the interface, a cohesive break of a weak boundary
layer usually is the real event.3 Weak boundary layers can originate from the adhesive, the
adherend, the environment, or a combination of any of the three.

Weak boundary layers can occur on the adhesive or adherend if an impurity concen-
trates near the bonding surface and forms a weak attachment to the substrate. When bond
failure occurs, it is the weak boundary layer that fails, although failure seems to occur at
the adhesive–adherend interface.

Two examples of a weak boundary layer effect are polyethylene and metal oxides. Con-
ventional grades of polyethylene have weak, low-molecular-weight constituents evenly
distributed throughout the polymer. These weak elements are present at the interface and
contribute to low failing stress when polyethylene is used as an adhesive or adherend. Cer-
tain metal oxides are weakly attached to their base metals. 

Failure of adhesive joints made with these adherends will occur cohesively within the
weak oxide. Weak boundary layers can be removed or strengthened by various surface
treatments.

Weak boundary layers formed from the shop environment are very common. When the
adhesive does not wet the substrate as shown in Fig. 7.3, a weak boundary layer of air is
trapped at the interface, causing lowered joint strength. Moisture from the air may also
form a weak boundary layer on hydrophilic adherends.

7.1.3 Requirements of a Good Bond

The basic requirements for a good adhesive bond are cleanliness, wetting, solidification,
and proper selection of adhesive and joint design.

7.1.3.1 Cleanliness. To achieve an effective adhesive bond, one must start with a
clean surface. Foreign materials such as dirt, oil, moisture, and weak oxide layers must be
removed from the substrate surface, or the adhesive will bond to these weak boundary lay-
ers rather than the actual substrate. There are various surface preparations that remove or
strengthen the weak boundary layer. These treatments generally involve physical or chem-
ical processes or a combination of both. Surface-preparation methods for specific sub-
strates will be discussed in a later section.

7.1.3.2 Wetting. While it is in the liquid state, the adhesives must “wet” the substrate.
Examples of good and poor wetting have been explained. The result of good wetting is
greater contact area between adherend and adhesive over which the forces of adhesion
may act.

7.1.3.3 Solidification. The liquid adhesive, once applied, must be capable of conver-
sion into a solid. The process of solidifying can be completed in different ways (e.g.,
chemical reaction by any combination of heat, pressure, and curing agents; cooling from a
molten liquid to a solid; and drying due to solvent evaporation). The method by which so-
lidification occurs depends on the adhesive.

Plastics and Elastomers in Adhesives
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7.1.3.4 Adhesive choice. Factors most likely to influence adhesive selection are
listed in Table 7.4. With regard to the controlling factors involved, the many adhesives
available can usually be narrowed to a few candidates that are most likely to be successful.
The general areas of concern to the design engineer when selecting adhesives should be
the material to be bonded, service requirements, production requirements, and overall
cost.

7.1.3.5 Joint design. The adhesive joint should be designed to optimize the forces of
adhesion. Such design considerations will be discussed in the next section. Although ade-
quate adhesive-bonded assemblies have been made from joints designed for mechanical
fastening, maximum benefit can be obtained only in assemblies specifically designed for
adhesive bonding.

7.1.4 Mechanism of Bond Degradation

Adhesive joints may fail adhesively or cohesively. Adhesive failure is interfacial bond fail-
ure between the adhesive and adherend. Cohesive failure occurs when the adhesive frac-
tures allowing a layer of adhesive to remain on both substrates. When the adherend fails
before the adhesive, it is known as a cohesive failure of the adherend. The various modes
of possible bond failures are shown in Fig. 7.4.

TABLE 7.4 Factors Influencing Adhesive Selection

Stress Tension
Shear
Impact
Peel
Cleavage
Fatigue

Chemical factors External (service-related)
Internal (effect of adherend on adhesives)

Exposure Weathering
Light
Oxidation
Moisture
Salt spray

Temperature High
Low
Cycling

Biological factors Bacteria or mold
Rodents or vermin

Working properties Application
Bonding time and temperature range
Tackiness
Curing rate
Storage stability
Coverage

Plastics and Elastomers in Adhesives
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Cohesive failure within the adhesive or one of the adherends is the ideal type of failure,
because the maximum strength of the materials in the joint has been reached. However,
failure mode should not be used as a criterion for a useful joint. Some adhesive-adherend
combinations may fail in adhesion but provide sufficient strength margin to be practical.
An analysis of failure mode can be an extremely useful tool to determine if a failure is due
to a weak boundary layer or improper surface preparation.

The exact cause of adhesive failure is very hard to determine, because so many factors
in adhesive bonding are interrelated. However, there are certain common factors at work
when an adhesive bond is made that contribute to the weakening of all bonds. The influ-
ences of these factors are qualitatively summarized in Fig. 7.5.

Figure 7.4 Cohesive and adhesive bond failures.

Figure 7.5 Relation between factors involved in adhesion.4
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If the adhesive does not wet the surface of the substrate, the joint will be inferior. It is
also important to allow the adhesive enough time to wet the substrate effectively before
gelation occurs.

Internal stresses occur in the adhesive joint because of a natural tendency of the adhe-
sive to shrink during solidification and because of differences in physical properties be-
tween adhesive and substrate. The coefficient of thermal expansion of adhesive and
adherend should be as close as possible to limit stresses that may develop during thermal
cycling or after cooling from an elevated-temperature cure. Polymeric adhesives gener-
ally have a thermal-expansion coefficient an order of magnitude greater than that of met-
als. Adhesives can be formulated with various fillers to modify their thermal-expansion
characteristics and limit internal stresses. A relatively elastic adhesive capable of accom-
modating internal stress may also be useful when thermal-expansion differences are of
concern.

Once an adhesive bond is placed in service, other forces are at work weakening the
bond. The type of stress, its orientation to the joint, and the rate in which the stress is ap-
plied are important. Sustained loads can cause premature failure in service, even though
similar unloaded joints may exhibit adequate strength when tested after aging. Most adhe-
sives have poor strength when stresses are acting to peel or cleave the adhesive from the
substrate. Many adhesives are sensitive to the rate in which the joint is stressed. Rigid,
brittle adhesives sometimes have excellent tensile or shear strength but stand up very
poorly under an impact test.

Operating environments are capable of degrading an adhesive joint in various ways.
The adhesive may have to withstand temperature variation, weathering, oxidation, mois-
ture, and other exposure conditions. If more than one of these factors are present in the op-
erating environment, their synergistic effect could cause a rapid decline in adhesive
strength.

7.1.5 Adhesive Classification

Adhesives may be classified by many methods. The most common methods are by func-
tion, chemical composition, mode of application and setting, and end use. 

The functional classification defines adhesives as being structural or nonstructural.
Structural adhesives are materials of high strength and permanence. Their primary func-
tion is to hold structures together and be capable of resisting high loads. Nonstructural ad-
hesives are not required to support substantial loads. They merely hold lightweight
materials in place or provide a seal without having a high degree of strength.

The chemical composition classification broadly describes adhesives as thermosetting,
thermoplastic, elastomeric, or combinations of these. There are then many chemical types
within each classification. They are described in Table 7.5.

Adhesives are often classified by their mode of application. Depending on viscosity, ad-
hesives are sprayable, brushable, or trowelable. Heavily bodied adhesive pastes and mas-
tics are considered extrudable; they are applied by syringe, caulking gun, or pneumatic
pumping equipment.

Another distinction between adhesives is the manner in which they flow or solidify.
Some adhesives solidify simply by losing solvent while others harden as a result of heat
activation or chemical reaction. Pressure-sensitive adhesives flow under pressure and are
stable when the pressure is removed.

Adhesives may also be classified according to their end use. Thus, metal adhesives,
wood adhesives, and vinyl adhesives refer to the substrates they bond; and acid-resistant
adhesives, heat-resistant adhesives, and weatherable adhesives indicate the environments
for which each is suited. 

Plastics and Elastomers in Adhesives
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Plastics and Elastomers in Adhesives 409

7.1.6 Adhesive Bonding Process

A typical flow chart for the adhesive bonding process is shown in Fig. 7.6. The elements of
the bonding process are as important as the adhesive itself for a successful end product.

Many of the adhesive problems that develop are not due to a poor choice of material or
joint design but are directly related to faulty production techniques. The adhesive user
must obtain the proper processing instructions from the manufacturer and follow them
closely and consistently to ensure acceptable results. Adhesive production involves four
basic steps.

1. Design of joints and selection of adhesive

2. Preparation of adherends

3. Applying and curing the adhesive

4. Inspection of bonded parts

The remainder of this chapter will discuss these steps in detail.

7.2 Design and Testing of Adhesive Joints

7.2.1 Types of Stress

Four basic types of loading stress are common to adhesive joints: tensile, shear, cleavage,
and peel. Any combination of these stresses, illustrated in Fig. 7.7, may be encountered in
an adhesive application.

Tensile stress develops when forces acting perpendicular to the plane of the joint are
distributed uniformly over the entire bonded area. Adhesive joints show good resistance to
tensile loading because all the adhesive contributes to the strength of the joint. In practical
applications, however, loads are rarely axial, and unwanted cleavage or peel stresses tend
to develop. 

Shear stress results when forces acting in the plane of the adhesive try to separate the
adherends. Joints that depend on the adhesive’s shear strength are relatively easy to design
and offer favorable properties. Adhesive joints are strong when stressed in shear because
all the bonded area contributes to the strength.

Cleavage and peel stresses are undesirable. Cleavage occurs when forces at one end of a
rigid bonded assembly act to split the adherends apart. Peel stress is similar to cleavage but

Figure 7.6 Basic steps in bonding process.

Figure 7.7 Four basic types of adhesive stress.
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410 Chapter Seven

applies to a joint where one or both of the adherends are flexible. Joints loaded in peel or
cleavage offer much lower strength then joints loaded in shear, because the stress is con-
centrated on only a very small area of the total bond. The remainder of the bonded area
makes no contribution to the strength of the joint. Peel and cleavage stresses should be
avoided where possible. 

7.2.2 Joint Efficiency

To avoid concentration of stress, the joint designer should take into consideration the fol-
lowing rules:

1. Keep the stress on the bond line to a minimum.

2. Design the joint so that the operating loads will stress the adhesive in shear.

3. Peel and cleavage stresses should be minimized.

4. Distribute the stress as uniformly as possible over the entire bonded area.

5. Adhesive strength is directly proportional to bond width. Increasing width will always
increase bond strength; increasing the depth does not always increase strength.

6. Generally, rigid adhesives are better in shear, and flexible adhesives are better in peel.

Brittle adhesives are particularly weak in peel, because the stress is localized at only a
very thin line at the edge of the bond, as shown in Fig. 7.8. Tough, flexible adhesives dis-
tribute the peeling stress over a wider bond area and show greater resistance to peel.

For a given adhesive and adherend, the strength of a joint stressed in shear depends pri-
marily on the width and depth of the overlap and the thickness of the adherend. Adhesive
shear strength is directly proportional to the width of the joint. Strength can sometimes be
increased by increasing the overlap depth, but the relationship is not linear. Since the ends
of the bonded joint carry a higher proportion of the load than the interior area, the most ef-
ficient way of increasing joint strength is by increasing the width of the bonded area.

In a shear joint made from thin, relatively flexible adherends, there is a tendency for the
bonded area to distort because of eccentricity of the applied load. This distortion, illus-
trated in Fig. 7.9, causes cleavage stress on the ends of the joint, and the joint strength may
be considerably impaired. Thicker adherends are more rigid, and the distortion is not as

Figure 7.8 Tough, flexible adhesives distribute peel stress over a larger area.6
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Plastics and Elastomers in Adhesives 411

much a problem as with thin-gage adherends. Figure 7.10 shows the general interrelation-
ship between failure load, depth of overlap, and adherend thickness for a specific metallic
adhesive joint.

Since the stress distribution across the bonded area is not uniform and depends on joint
geometry, the failure load of one specimen cannot be used to predict the failure load of an-
other specimen with different joint geometry. The results of a particular shear test pertain
only to joints that are exact duplicates. To characterize overlap joints more closely, the ra-
tio of overlap length to adherend thickness l/t can be plotted against shear strength. A set
of l/t curves for aluminum bonded with a nitrile-rubber adhesive is shown in Fig. 7.11. 

The strength of an adhesive joint also depends on the thickness of the adhesive. Thin
adhesive films offer the highest strength, provided that the bonded area does not have

Figure 7.9 Distortion caused by loading can introduce cleavage
stresses and must be considered in joint design.5

Figure 7.10 Interrelation of failure loads, depth of
lap, and adherend thickness for lap joints with a
specific adhesive and adherend.7
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“starved” areas where all the adhesive has been forced out. Excessively heavy adhesive-
film thicknesses cause greater internal stresses during cure and concentration of stress un-
der load at the ends of a joint. Optimal adhesive thickness for maximum shear strength is
generally considered to be between 2 and 10 mils. Strength does not vary significantly
with bond-line thickness in this range.

7.2.3 Joint Design

A favorable stress can be applied by using proper joint design. However, joint designs may
be impractical, expensive to make, or hard to align. The design engineer will often have to
weigh these factors against optimum joint performance.

7.2.3.1 Flat adherends. The simplest joint to make is the plain butt joint. However,
butt joints cannot withstand bending forces, because the adhesive would experience cleav-
age stress. The butt joint can be improved by redesigning in a number of ways, as shown in
Fig. 7.12.

Lap joints are commonly used because they are simple to make, are applicable to thin
adherends, and stress the adhesive in its strongest direction. Tensile loading of a lap joint
causes the adhesive to be stressed in shear. However, the simple lap joint is offset, and the
shear forces are not in line, as was illustrated in Fig. 7.9. Modifications of lap-joint design
include

Figure 7.11 l/t curves at three test temperatures for aluminum joints
bonded with nitrile-rubber adhesive.8

Figure 7.12 Butt connections.
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1. Redesigning the joint to bring the load on the adherends in line

2. Making the adherends more rigid (thicker) near the bond area (see Fig. 7.10)

3. Making the edges of the bonded area more flexible for better conformance, thus mini-
mizing peel

Modifications of lap joints are shown in Fig. 7.13.
Strap joints keep the operating loads aligned and are generally used where overlap

joints are impractical because of adherend thickness. Strap-joint designs are shown in Fig.
7.14. Like the lap joint, the single strap is subjected to cleavage stress under bending
forces.

When thin members are bonded to thicker sheets, operating loads generally tend to peel
the thin member from its base, as shown in Fig. 7.15a. The subsequent illustrations show
what can be done to decrease peeling tendencies in simple joints. 

7.2.3.2 Cylindrical adherends. Several recommended designs for rod and tube
joints are illustrated in Fig. 7.16. These designs should be used instead of the simpler butt
joint. Their resistance to bending forces and subsequent cleavage is much better, and the
bonded area is larger. Unfortunately, most of these joint designs require a machining oper-
ation.

7.2.3.3 Angle and corner joints. A butt joint is the simplest method of bonding two
surfaces that meet at an angle. Although the butt joint has good resistance to pure tension

Figure 7.13 Lap connections.

Figure 7.14 Strap connections.
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and compression, its bending strength is very poor. Dado, L, and T angle joints, shown in
Fig. 7.17, offer greatly improved properties. The T design is the preferable angle joint be-
cause of its large bonding area and good strength in all directions.

Corner joints made of relatively flexible adherends such as sheet metal should be de-
signed with reinforcements for support. Various corner-joint designs are shown in Fig.
7.18.

7.2.3.4 Plastic and elastomeric joints. The design of joints for plastic and elasto-
meric substrates follows the same practice as for metal. However, certain characteristics of
these materials require special consideration.

Figure 7.15 Minimizing peel in adhesive joints.9

Figure 7.16 Recommended designs for rod and tube joints: (a) three joint designs for
adhesive bonding of round bars and (b) six joint configurations that are useful in adhe-
sive bonding cylinders or tubes.10
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Flexible plastics and elastomers. Thin or flexible polymeric substrates may be
joined using a simple or modified lap joint. The double strap joint is best, but it is also the
most time consuming to fabricate. The strap material should be made out of the same ma-
terial as the parts to be joined or at least have approximately equivalent strength, flexibil-
ity, and thickness. The adhesive should have the same degree of flexibility as the
adherends. If the sections to be bonded are relatively thick, a scarf joint is acceptable. The
length of the scarf should be at least four times the thickness; sometimes, larger scarfs may
be needed.

When bonding elastomers, forces on the substrate during setting of the adhesive should
be carefully controlled, since excess pressure will cause residual stresses at the bond inter-
face.

As with all joint designs, polymeric joints should be designed to avoid peel stress. Fig-
ure 7.19 illustrates methods of bonding flexible substrates so that the adhesive will be
stressed in its strongest direction.

Rigid plastics. Rigid unreinforced plastics can be bonded using the joint design prin-
ciples for metals. However, reinforced plastics are often anisotropic materials. This means
that their strength properties are directional. Joints made from anisotropic substrates
should be designed to stress both the adhesive and adherend in the direction of greatest
strength. Laminates, for example, should be stressed parallel to the laminations. Stresses
normal to the laminate may cause the substrate to delaminate. Single and joggle lap joints
are more likely to cause delamination than scarf or beveled lap joints. The strap-joint vari-
ations are useful when bending loads are expected.

Figure 7.17 Types of angle joints and methods of reducing cleavage.9

Figure 7.18 Reinforcement of bonded corners.9
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7.2.4 Test Methods

7.2.4.1 Standard ASTM test methods. A number of standard tests for adhesive
bonds have been specified by the American Society for Testing and Materials (ASTM).
Selected ASTM standards are presented in Table 7.6. The properties usually reported by
adhesive suppliers are ASTM tensile-shear and peel strength.

7.2.4.2 Lap-shear tests. The lap-shear or tensile-shear test measures the strength of
the adhesive in shear. It is the most common adhesive test because the specimens are inex-
pensive, easy to fabricate, and simple to test. This method is described in ASTM D 1002,
and the standard test specimen is shown in Fig. 7.20a. The specimen is loaded in tension,
causing the adhesive to be stressed in shear until failure occurs. Since the test calls for a
sample population of five, specimens can be made and cut from large test panels, illus-
trated in Fig. 7.20b.

7.2.4.3 Tensile tests. The tensile strength of an adhesive joint is seldom reported in
the adhesive suppliers’ literature, because pure tensile stress is not often encountered in
actual production. Tensile test specimens also require considerable machining to ensure
parallel surfaces.

ASTM tension tests are described in D 897 and D 2095 and employ bar- or rod-shaped
butt joints. The maximum load at which failure occurs is recorded in pounds per square
inch of bonded area. Test environment, joint geometry, and type of failure should also be
recorded.

A simple cross-lap specimen to determine tensile strength is described in ASTM D
1344. This specimen has the advantage of being easy to make, but grip alignment and ad-
herend deflection during loading can cause irreproducibility. A sample population of at
least ten is recommended for this test method.

7.2.4.4 Peel test. Because adhesives are notoriously weak in peel, tests to measure
peel resistance are very important. Peel tests involve stripping away a flexible adherend

Figure 7.19 Methods of joining flexible plastic or rubber.9
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from another adherend that may be flexible or rigid. The specimen is usually peeled at an
angle of 90 or l80°.

The most common types of peel test are the T-peel, Bell, and climbing-drum methods.
Representative test specimens are shown in Fig. 7.21. The values resulting from each test
method can be substantially different; hence, it is important to specify the test method em-
ployed.

Peel values are recorded in pounds per inch of width of the bonded specimen. They tend
to fluctuate more than other adhesive test results because of the extremely small area at
which the stress is localized during loading.

Figure 7.20 Standard lap-shear test specimen design: (a) form and dimensions of lap-shear test spec-
imen and (b) standard test panel of five lap-shear specimens. (From ASTM D 1002)

Figure 7.21 Common types of adhesive peel tests.11
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The T-peel test is described in ASTM D 1876 and is the most common of all peel tests.
The T-peel specimen is shown in Fig. 7.22. Generally, this test method is used when both
adherends are flexible.

A 90° peel test, such as the Bell peel (ASTM D 3167), is used when one adherend is
flexible and the other is rigid. The flexible member is peeled at a constant 90° angle
through a spool arrangement. Thus, the values obtained are generally more reproducible.

The climbing-drum peel specimen is described in ASTM D 1781. This test method is
intended for determining peel strength of thin metal facings on honeycomb cores, al-
though it can be generally used for joints where at least one member is flexible.

A variation of the T-peel test is a 180o stripping test illustrated in Fig. 7.23 and de-
scribed in ASTM D 903. It is commonly used when one adherend is flexible enough to
permit a 180° turn near the point of loading. This test offers more reproducible results than
the T-peel test, because the angle of peel is maintained constant.

Figure 7.22 Test panel and specimen for T peel. (From ASTM D 1876)

Figure 7.23 180° peel test specimens: (a) specimen de-
sign and (b) specimen under test. (From ASTM D 903)
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7.2.4.5 Cleavage test. Cleavage tests are conducted by prying apart one end of a
rigid bonded joint and measuring the load necessary to cause rupture. The test method is
described in ASTM D 1062. A standard test specimen is illustrated in Fig. 7.24. Cleavage
values are reported in pounds per inch of adhesive width. Because cleavage test specimens
involve considerable machining, peel tests are usually preferred.

7.2.4.6 Fatigue test. Fatigue testing places a given load repeatedly on a bonded
joint. Standard lap-shear specimens are tested on a fatiguing machine capable of inducing
cyclic loading (usually in tension) on the joint. The fatigue strength of an adhesive is re-
ported as the number of cycles of a known load necessary to cause failure.

Fatigue strength is dependent on adhesive, curing conditions, joint geometry, mode of
stressing, magnitude of stress, and duration and frequency of load cycling.

7.2.4.7 Impact test. The resistance of an adhesive to impact can be determined by
ASTM D 950. The specimen is mounted in a grip shown in Fig. 7.25 and placed in a stan-
dard impact machine. One adherend is struck with a pendulum hammer traveling at 11 ft/s,
and the energy of impact is reported in pounds per square inch of bonded area.

7.2.4.8 Creep test. The dimensional change occurring in a stressed adhesive over a
long time period is called creep. Creep data are seldom reported in the adhesive suppliers’

Figure 7.24 Cleavage test specimen. (From
ASTM D 1062)

Figure 7.25 Impact test specimen and holding fixture. (From ASTM D 950)
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literature, because the tests are time-consuming and expensive. This is very unfortunate,
since sustained loading is a common occurrence in adhesive applications. All adhesives
tend to creep, some much more than others. With weak adhesives, creep may be so exten-
sive that bond failure occurs prematurely. Certain adhesives have also been found to de-
grade more rapidly when aged in a stressed rather than an unstressed condition.

Creep tests are made by loading a specimen with a predetermined stress and measuring
the total deformation as a function of time or measuring the time necessary for complete
failure of the specimen. Depending on the adhesive, loads, and testing conditions, the time
required for a measurable deformation may be extremely long. ASTM D 2294 defines a
test for creep properties of adhesives utilizing a spring-loaded apparatus to maintain con-
stant stress.

7.2.4.9 Environmental tests. Strength values determined by short-term tests do not
give an adequate indication of an adhesive’s permanence during continuous environmental
exposure. Laboratory-controlled aging tests seldom last longer than a few thousand hours.
To predict the permanence of an adhesive over a 20-year product life requires accelerated
test procedures and extrapolation of data. Such extrapolations are extremely risky, because
the causes of adhesive-bond deterioration are many and not well understood.

7.2.4.10 Federal test specifications. A variety of federal and military specifica-
tions describing adhesives and test methods have been prepared. Selected government
specifications are described in Table 7.7.

TABLE 7.7 Government Adhesive Specifications 

Military Specifications

MIL-A-928 Adhesive; metal to work, structural

MIL-A-1154 Adhesive; bonding, vulcanized synthetic rubber to steel

MIL-C-1219 Cement; iron and steel

MIL-C-3316 Adhesive; fire resistant, thermal insulation

MIL-C-4003 Cement; general purpose, synthetic base

MIL-A-5092 Adhesive; rubber (synthetic and reclaimed rubber base)

MIL-A-5534 Adhesive; high-temperature setting resin (phenol, melamine, and resorcinol base)

MIL-C-5339 Cement; natural rubber

MIL-A-5540 Adhesive; polychloroprene

MIL-A-8576 Adhesive; acrylic monomer base, for acrylic plastic

MIL-A-8623 Adhesive; epoxy resin, metal-to-metal structural bonding

MIL-A-9117 Adhesive; sealing, for aromatic fuel cells and general repair

MIL-C-10523 Cement, gasket, for automobile applications

MIL-S-11030 Sealing compound; noncuring polysulfide base

MIL-S-11031 Sealing compound, adhesive; curing, polysulfide base

MIL-A-11238 Adhesive; cellulose nitrate

MIL-C-12850 Cement, rubber
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MIL-A-13554 Adhesive for cellulose nitrate film on metals

MIL-C-13792 Cement, vinyl acetate base solvent type

MIL-A-13883 Adhesive, synthetic rubber (hot or cold bonding)

MIL-A-14042 Adhesive, epoxy

MIL-C-14064 Cement; grinding disk

MIL-P-14536 Polyisobutylene binder

MIL-I-15126 Insulation tape, electrical, pressure-sensitive adhesive and pressure-sensitive 
thermosetting adhesive

MIL-C-l8726 Cement, vinyl alcohol-acetate

MIL-A-22010 Adhesive, solvent type, polyvinyl chloride

MIL-A-22397 Adhesive, phenol and resorcinol resin base

MIL-A-22434 Adhesive, polyester, thixotropic

MIL-C-22608 Compound insulating, high temperature

MIL-A-22895 Adhesive, metal identification plate

MIL-C-23092 Cement, natural rubber

MIL-A-25055 Adhesive; acrylic monomer base, for acrylic plastics

MIL-A-25457 Adhesive, air-drying silicone rubber

MIL-A-25463 Adhesive, metallic structural honeycomb construction

MIL-A-46050 Adhesive, special; rapid room-temperature curing, solventless

MIL-A-46051 Adhesive, room-temperature and intermediate-temperature setting resin (phenol, 
resorcinol, and melamine base)

MIL-A-52194 Adhesive, epoxy (for bonding glass reinforced polyester)

MIL-A-9067C Adhesive bonding, process and inspection requirements for

MIL-C-7438 Core material, aluminum, for sandwich construction

MIL-C-8073 Core material, plastic honeycomb, laminated glass fabric base, for aircraft struc-
tural applications

MIL-C-21275 Core material, metallic, heat-resisting, for structural sandwich construction

MIL-H-9884 Honeycomb material, cushioning, paper

MIL-S-9041A Sandwich construction, plastic resin, glass fabric base, laminated facings for air-
craft structural applications

Federal Specifications

MMM-A-l8l Adhesive, room-temperature and intermediate-temperature setting resin (phenol, 
resorcinol, and melamine Base)

MMM-A-00185 Adhesive, rubber

MMM-A-00187 Adhesive, synthetic, epoxy resin base, paste form, general purpose

MMM-A-132 Adhesives, Heat-resistant, airframe structural, metal-to-metal

Federal Test
Method l75

Adhesives; methods of testing

MIL-STD-401 Sandwich construction and core materials; general test methods

TABLE 7.7 Government Adhesive Specifications (Continued)

Military Specifications
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7.3 Surface Preparation

7.3.1 Importance of Surface Preparation

Surface preparation of adherends prior to bonding is one of the most important factors in
the adhesive-bonding process. Initial bond strength and joint permanence are greatly de-
pendent on the quality of surface that is in contact with the adhesive. Prebond treatments
are intended to remove weak boundary layers and provide easily wettable surfaces. As a
general rule, all adherends must be treated in some manner prior to bonding.

Surface preparations can range from simple solvent wiping to a combination of me-
chanical abrading, chemical cleaning, and acid etching. In many low- to medium-strength
applications extensive surface preparation may be unnecessary. But, where maximum
bond strength, permanence, and reliability are required, carefully controlled surface-treat-
ing processes are necessary. The following factors should be considered in the selection of
a surface preparation process:

1. The ultimate initial bond strength required

2. The degree of permanence necessary and the service environment

3. The degree and type of contamination on the adherend

4. The type of adherend and adhesive

Table 7.8 shows the effect of various metallic-surface preparations on adhesive-joint
strength.

Surface preparations enhance the quality of a bonded joint by performing one or more
of the following functions: (1) remove contaminants, (2) control adsorbed water, (3) con-
trol oxide formation, (4) poison surface atoms that catalyze adhesive breakdown, (5) pro-
tect the adhesive from the adherend and vice versa, (6) match the adherend crystal
structure to the adhesive molecular structure, and (7) control surface roughness. Thus, sur-
face preparations can affect the permanence of the joint as well as its initial strength.

Plastic and elastomeric adherends are even more dependent than metals on surface
preparation. Many of these surfaces are contaminated with mold-release agents or pro-
cessing additives. Such contaminants must be removed before bonding. Because of their
low surface energy, polytetrafluoroethylene, polyethylene, and certain other polymeric
materials are completely unsuitable for adhesive bonding in their natural state. The sur-
faces of these materials must be chemically or physically altered prior to bonding to im-
prove wetting.

7.3.2 General Surface Preparation Methods

Listed here are several methods of preparing both metal and polymer substrates for adhe-
sive bonding. The chosen method will ultimately be the process that yields the necessary
strength and permanence with the least cost.

7.3.2.1 Solvent wiping. Where loosely held dirt, grease, and oil are the only contam-
inants, simple solvent wiping will provide surfaces for weak- to medium-strength bonds.
Solvent wiping is widely used, but it is the least effective substrate treatment. Volatile sol-
vents such as acetone and trichloroethylene are acceptable. Trichloroethylene is often fa-
vored because of its nonflammability. A clean cloth should be saturated with the solvent
and wiped across the area to be bonded until no signs of residue are evident on the cloth or
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substrate. Special precautions are necessary to prevent the solvent from becoming contam-
inated. For example, the wiping cloth should never touch the solvent container, and new
wiping cloths must be used often. After cleaning, the parts should be air dried in a clean,
dry environment before being bonded.

7.3.2.2 Vapor degreasing. Vapor degreasing is a reproducible form of solvent clean-
ing that is attractive when many parts must be prepared. It consists of suspending the ad-
herends in a container of solvent vapor such as trichloroethylene or perchloroethylene.
When the hot vapors come into contact with the relatively cool substrate, solvent conden-
sation occurs on the surface of the part, which dissolves the organic contaminants. Vapor
degreasing is preferred to solvent wiping, because the surfaces are continuously being
washed in distilled, uncontaminated solvent. The vapor degreaser must be kept clean, and
a fresh supply of solvent must be used when the contaminants in the solvent trough lower
the boiling point significantly.

Modern vapor degreasing equipment is available with ultrasonic transducers built into the
solvent rinse tank. The parts are initially cleaned by vapor and then subjected to ultrasonic
scrubbing. The cleaning solutions and processing parameters must be optimized by test. 

TABLE 7.8 Effect of Substrate Pretreatment on Strength of Adhesive-Bonded Joints

Adherend Treatment Adhesive
Shear strength,

lb/in2 Ref.

Aluminum As received
Vapor degreased
Grit blast
Acid etch

Epoxy  444
 837

1,751
2,756

12

Aluminum As received
Degreased
Acid etch

Vinyl-phenolic 2,442
2,741
5,173

13

Stainless steel As received
Vapor degreased
Acid etch

Vinyl-phenolic 5,215
6,306
7,056

13

Cold-rolled steel As received
Vapor degreased
Grit blast
Acid etch

Epoxy 2,900
2,910
4,260
4,470

14

Copper Vapor degreased
Acid etch

Epoxy 1,790
2,330

15

Titanium As received
Degreased
Acid etch

Vinyl-phenolic 1,356
3,180
6,743

13

Titanium Acid etch
Liquid pickle
Liquid hone
Hydrofluorosilicic acid etch

Epoxy 3,183
3,317
3,900
4,005

16
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7.3.2.3 Abrasive cleaning. Mechanical methods for surface preparation include
sandblasting, wire brushing, and abrasion with sandpaper, emery cloth, or metal wool.
These methods are most effective for removing heavy, loose particles such as dirt, scale,
tarnish, and oxide layers.

The parts should always be degreased prior to abrasive treatment to prevent contami-
nants from being rubbed into the surface. Solid particles left on the surfaces after abrading
can be removed by blasts of clean, oil free, dry air or solvent wiping.

Each metal reacts favorably with a specific range of abrasive sizes. It has been found
that joint strength generally increases with the degree of surface roughness provided that
the adhesive wets the adherend (Table 7.9). However, excessively rough surfaces increase
the probability tat voids will be left at the interface, causing stress risers detrimental to the
joint.

7.3.2.4 Chemical cleaning. Strong detergent solutions are used to emulsify surface
contaminants on both metallic and nonmetallic substrates. These solutions are usually
heated. Parts for cleaning are generally immersed in a well agitated solution maintained at
150 to 210°F for approximately 10 min. The surfaces are then rinsed immediately with
deionized water and dried. Chemical cleaning is often used in combination with other sur-
face treatments. Chemical cleaning by itself will not remove heavy or strongly attached
contaminants such as rust or scale.

Alkaline detergents recommended for prebond cleaning are combinations of alkaline
salts such as sodium metasilicate and tetrasodium pyrophosphate with surfactants in-
cluded. Many commercial detergents are available.

TABLE 7.9 Effect of Surface Roughness in Butt Tensile Strength of DER 
332-Versamid 140 (60/40)* Epoxy Joints (from Ref. 17)

*74°C/16 hr cure.

Adherend Adherend surface†

†Adherend surfaces were chromate etched.

Butt tensile strength, lb/in2

6061 A1 Polished 4,720 ± 1,000

6061 A1 0.005-in grooves 6,420 ± 500

6061 A1 0.005-in grooves, sandblasted 7,020 ± 1,120

6061 A1 Sandblasted (40–50 grit) 7,920 ± 530

6061 A1 Sandblasted (10–20 grit) 7,680 ± 360

304 SS Polished 4,030 ± 840

304 SS 0.010-in grooves 5,110 ± 1,020

304 SS 0.010-in grooves, sandblasted 5,510 ± 770

304 SS Sandblasted (40–50 grit) 7,750 ± 840

304 SS Sandblasted (10–20 grit) 9,120 ± 470
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7.3.2.5 Other cleaning methods. Vapor-honing and ultrasonic cleaning are effi-
cient treating methods for small, delicate parts. In cases where the substrate is so delicate
that usual abrasive treatments may be too rough, contaminants can be removed by vapor
honing. This method is similar to grit blasting except that very fine abrasive particles are
suspended in a high-velocity water or steam spray. Thorough rinsing after vapor honing is
usually not required. 

Ultrasonic cleaning employs a bath of cleaning liquid or solvent that is ultrasonically
activated by a high-frequency transducer. The part to be cleaned is immersed in the liquid,
which carries the sonic waves to the surface of the part. High-frequency vibrations then
dislodge the contaminants. Commercial ultrasonic cleaning units are available from a
number of manufacturers.

7.3.2.6 Alteration of surfaces. Certain treatments of substrate surfaces change the
physical and chemical properties of the surface to produce greater wettability and/or a
stronger surface. Specific processes are required for each substrate material. The part or
area to be bonded is usually immersed in an active solution for a matter of minutes. The
parts are then immediately rinsed with deionized water and dried.

Chemical solutions must be changed regularly to prevent contamination and ensure re-
peatable concentration. Tank temperature and agitation must also be controlled. Personnel
need to be trained in the safe handling and use of chemical solutions and must wear the
proper clothing.

Some paste-type acid etching products are available that simultaneously clean and
chemically treat surfaces. They react at room temperature and need only be applied to the
specific area to be bonded. However, these paste etchants generally require much longer
treatment time than hot acid-bath processes. 

Treatment of certain polymeric surfaces with excited inert gases greatly improves the
bond strength of adhesive joints prepared from these materials. With this technique, called
plasma treatment, a low-pressure inert gas is activated by an electrode-less radio-fre-
quency discharge or microwave excitation to produce metastable species which react with
the polymeric surface. The type of plasma gas can be selected to initiate a wide assortment
of chemical reactions. In the case of polyethylene, plasma treatment produces a strong,
wettable, cross-linked skin. Commercial instruments are available that can treat polymeric
materials in this manner. Table 7.10 presents bond strength of various plastic joints pre-
treated with activated gas and bonded with an epoxy adhesive.

7.3.2.7 Combined methods. More than one cleaning method is usually required for
optimal adhesive properties. A three-step process that is recommended for most substrates
consists of (1) degreasing, (2) mechanical abrasion, and (3) chemical treatment. Table 7.11
shows the effect of various combinations of aluminum-surface preparations on lap-shear
strength.

7.3.3 Surface Treatment of Polymers

Treating of plastic surfaces usually consists of one or a combination of the following pro-
cesses: solvent cleaning, abrasive treatment and etching, flame, hot air, electric discharge,
or plasma treatments. The purpose of the treatment is to either remove or strengthen the
weak boundary layer or to increase the critical surface tension.

Abrasive treatments consist of scouring, machining, hand sanding, and dry and wet
abrasive blasting. The choice is generally determined by available production facilities and
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cost. Laminates can be prepared by either abrasion or the tear-ply technique. In the tear-
ply design, the laminate is manufactured so that one ply of heavy fabric, such as Dacron or
equivalent, is attached at the bonding surface. Just prior to bonding, the tear-ply is stripped
away, and a fresh, clean, bondable surface is exposed.

Chemical etching treatments vary with the type of plastic surface. The plastic resin sup-
plier is the best guide to the appropriate etching chemicals and process. Etching processes
can involve the use of corrosive and hazardous materials. The most common processes are
sulfuric-dichromate etch (polyethylene and polypropylene) and sodium-naphthalene etch
(fluorocarbons).

Flame, hot air, electrical discharge, and plasma treatments physically and chemically
change the nature of polymeric surfaces. The plasma treating process has been found to be
very successful on most hard-to-bond plastic surfaces. Table 7.10 shows that plasma treat-
ment results in improved plastic joint strength with common epoxy adhesives. Plasma
treatment requires high vacuum and special processing equipment.

Better adhesion can be obtained if parts are formed, treated, and coated with an adhe-
sive in a continuous operation. The sooner an article can be bonded after surface treat-
ment, the better will be the adhesion. After the part is treated, handling and exposure to
shop environments should be kept to a minimum. Some surface treatments, such as
plasma, have a long effective shelf life. However, some treating processes, such as electri-
cal discharge and flame treating, will become less effective with a longer time between
surface preparation and bonding.

TABLE 7.10 Typical Adhesive-Strength Improvement with Plasma Treatment; 
Aluminum-Plastic Shear Specimen Bonded with Epon 828–Versamide 140 (70/30) 
Epoxy Adhesive (from Ref. 18)

Strength of bond, lb/in2

Material Control After plasma treatment

High-density polyethylene 315 + 38 >3,125 + 68

Low-density polyethylene 372 + 52 >1,466 ± 106

Nylon 6 846 ± 166 >3,956 ± 195

Polystyrene 566 ± 17 >4,015 ± 85

Mylar* A 530 ± 51 1,660 ± 40

Mylar D 618 ± 25 1,185 ± 83

Polyvinylfluoride (Tedlar†) 278 ± 2 >1280 ± 73

Lexan* 410 ± 10  928 ± 66

Polypropylene 370 ± 3,080 ± 180

Teflon* TFE 75 750

*Trademark of E.I. du Pont de Nemours & Company, Inc.
†Trademark of General Electric Company.
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7.3.4 Evaluation of Surface Preparation before and after Bonding

On many nonporous surfaces, a useful and quick method for testing the effectiveness of
the surface preparation is the “water-break test.” If distilled water beads up when sprayed
on the surface and does not wet the substrate, the surface-preparation steps should be re-
peated. If the water wets the surface in a uniform film, an effective surface operation has
been achieved.

The objective of surface treating is to obtain a joint where the weakest link is the adhe-
sive layer and not the interface. Thus, destructively tested joints should be examined for
mode of failure. If failure is cohesive (within the adhesive layer or adherend), the surface
treatment is the optimum for that particular combination of adherend, adhesive, and test-
ing condition. However, it must be realized that specimens could exhibit cohesive failure
initially and interfacial failure after aging. Both adhesive and surface preparations need to
be tested with respect to the intended service environment.

TABLE 7.11 Surface Preparation of Aluminum Substrates vs. Lap–Shear Strength 
(from Ref. 12)

Group treatment
X,

lb/in2
s,

lb/in2
Cu,
%

1. Vapor degrease, grit blast 90–mesh grit, alkaline clean, Na2Cr2O7-
H2SO4, distilled water

3091 103 3.5

2. Vapor degrease, grit blast 90-mesh grit, alkaline clean, Na2Cr2O7-
H2SO4, tap water

2929 215 7.3

3. Vapor degrease, alkaline clean, Na2Cr2O7-H2SO4, distilled water 2800 307 10.96

4. Vapor degrease, alkaline clean, Na2Cr2O7-H2SO4, tap water 2826 115 4.1

5. Vapor degrease, alkaline clean, chromic-H2SO4, deionized water 2874 163 5.6

6. Vapor degrease, Na2Cr2O7-H2SO4, tap water 1756 363 1.3

7. Unsealed anodized 1935 209 10.8

8. Vapor degrease, grit blast 90-mesh grit 1751 138 7.9

9. Vapor degrease, wet and dry sand, 100 + 240 mesh grit, N2 blown 1758 160 9.1

10. Vapor degrease, wet and dry sand, wipe off with sandpaper 1726 60 3.4

11. Solvent wipe, wet and dry sand, wipe off with sandpaper (done rap-
idly)

1540 68 4

12. Solvent wipe, sand (not wet and dry), 120 grit 1329 135 1.0

13. Solvent wipe, wet and dry sand, 240 grit only 1345 205 15.2

14. Vapor degrease, aluminum wood 1478

15. Vapor degrease, 15% NaOH 1671

16. Vapor degrease 837 72 8.5

17. Solvent wipe (benzene) 353

18. As received 444 232 52.2

X = average value. s = standard deviation. Cv = coefficient of variation. 
Resin employed is EA 934 Hysol Division, Dexter Corp.; cured 16 hr at 75°F plus 1 hr at 180°F.
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7.3.5 Substrate Equilibrium

After the surface-preparation process has been completed, the substrates may have to be
stored before bonding. During storage, the surface could regain its oxide or weak bound-
ary layer and become exposed to contaminating environments. Typical storage life for var-
ious metals subjected to different treatments is shown in Table 7.12. Because of the
relatively short storage life of many treated materials, bonding should be conducted as
soon after the surface preparation as possible.

If prolonged storage is necessary, a compatible primer may be used to coat the treated
substrates after surface preparation. The primer will protect the surface during storage and
interact with the adhesive during bonding. Many primer systems are sold with adhesives
for this purpose.

7.3.6 Primers and Adhesion Promoters

Primers are applied and cured onto the adherend prior to adhesive bonding. They serve
four primary functions singly or in combination.

1. Protection of surfaces after treatment (primers can be used to extend the time between
preparing the adherend surface and bonding)

2. Developing tack for holding or positioning parts to be bonded

3. Inhibiting corrosion during service

4. Serving as an intermediate layer to enhance the physical properties of the joint and
improve bond strength

Some primers have been found to provide corrosion resistance for the joint during ser-
vice. The primer protects the adhesive–adherend interface and lengthens the service life of
the bonded joint. Representative data are shown in Fig. 7.26.

Primers may also be used to modify the characteristics of the joint. For example, elasto-
meric primers are used with rigid adhesives to provide greater peel or cleavage resistance. 

Primers can also chemically react with the adhesive and adherend to provide greater
joint strengths. This type of primer is referred to as an adhesion promoter. The use of reac-
tive silane to improve the adhesion of resin to glass fibers in polymeric laminates is well
known in the plastic industry. 

TABLE 7.12 Maximum Allowable Time between Surface 
Preparation and Bonding or Priming (from Ref. 19)

Metal Surface Time

Aluminum

Aluminum

Aluminum

Stainless steel

Steel

Brass

Wet-abrasive-blasted

Sulfuric-chromic acid etched

Anodized

Sulfuric acid etched

Sandblasted

Wet-abrasive-blasted

72 hr

6 days

30 days

30 days

4 hr

8 hr
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7.3.7 Specific Surface Treatments and Characteristics

7.3.7.1 Metallic adherends. Table 7.13 lists common surface-treating procedures
for metallic adherends. The general methods previously described are all applicable to me-

Figure 7.26 Effect of primer on lap-shear strength of aluminum joints exposed to 5 per-
cent salt spray.20
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tallic surfaces, but the processes listed in Table 7.13 have been specifically found to pro-
vide reproducible structural bonds and fit easily into the bonding operation. The metals
most commonly used in bonded structures and their respective surface treatments are de-
scribed more fully in the following sections.

Aluminum and aluminum alloys. The effects of various aluminum surface treatments
have been studied extensively. The most widely used process for high-strength, environ-
ment-resistant adhesive joints is the sodium dichromate-sulfuric acid etch, developed by
Forest Product Laboratories and known as the FPL etch process. Abrasion or solvent de-
greasing treatments result in lower bond strengths, but these simpler processes are more
easily placed into production. Table 7.14 qualitatively lists the bond strengths that can be
realized with various aluminum treatments.

Copper and copper alloys. Surface preparation of copper alloys is necessary to re-
move weak oxide layers attached to the copper surface. This oxide layer is especially trou-
blesome, because it forms very rapidly. Copper specimens must be bonded or primed as
quickly as possible after surface preparation. Copper also has a tendency to form brittle
surface compounds when used with certain adhesives that are corrosive to copper.

One of the better surface treatments for copper, utilizing a commercial product named
Ebonol C (Enthane, Inc. New Haven, CT), does not remove the oxide layer but creates a
deeper and stronger oxide formation. This process, called black oxide, is commonly used
when bonding requires elevated temperatures; for example, laminating copper foil. Chro-
mate conversion coatings are also used for high strength copper joints.

Magnesium and magnesium alloys. Magnesium is one of the lightest metals. The
surface is very sensitive to corrosion, and chemical products are often formed at the adhe-
sive–metal interface during bonding. Preferred surface preparations for magnesium de-
velop a strong surface coating to prevent corrosion. Proprietary methods of producing
such coatings have been developed by magnesium producers.

Steel and stainless steel. Steels are generally easy to bond provided that all rust,
scale, and organic contaminants are removed. This may be accomplished easily by a com-
bination of mechanical abrasion and solvent cleaning. Table 7.15 shows the effect of vari-
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TABLE 7.14 Surface Treatment for Adhesive Bonding Aluminum (from Ref. 25)

Surface treatment Type of bond

Solvent wipe (MEK, MIBK, trichloroethylene) Low to medium strength

Abrasion of surface, plus solvent wipe (sandblasting,
coarse sandpaper, etc.)

Medium to high strength

Hot-vapor degrease (trichloroethylene) Medium strength

Abrasion of surface, plus vapor degrease Medium to high strength

Alodine treatment Low strength

Anodize Medium strength

Caustic etch* High strength

Chromic acid etch (sodium dichromate-surface acid)†

*A good caustic etch is Oakite 164 (Oakite Products, Inc., 19 Rector Street, New York).
†Recommended pretreatment for aluminum to achieve maximum bond strength and weatherability:
  1. Degrease in hot trichloroethylene vapor (160°F).
  2. Dip in the following chromic acid solutionfor 10 min at 160°F:
      Sodium dischromate (Na2Cr2)H ⋅ 2H2O 1 part/wt
      Cone, sulfuric acid (sp. gr. 1.86) 10 parts/wt
      Distilled water 30 parts/wt
  3. Rinse thoroughly in cold, running, distilled or deionized water.
  4. Air dry for 30 min, followed by 10 min at 150°F.

TABLE 7.15 Effect of Pretreatment on the Shear Strength of Steel Joints Bonded with 
a Polyvinyl Formal Phenolic Adhesive (from Ref. 26)

Martensitic steel Austenitic steel Mild steel

Pretreatment M C M C M C

Grit blast + vapor degreasing 5120 13.1 4100 4.7 4360 7.8

Vapor blast + vapor degreasing 6150 5.6 4940 7.1 4800 5.9

The following treatments were preceded by vapor degreasing:

Cleaning in metasilicate solution 4360 5.7 3550 7.8 4540 6.1

Acid-dichromate etch 5780 5.8 2150 22.5 4070 4.0

Vapor blast + acid dichromate etch 6180 4.1

Hydrochloric acid etch 
+ phosphoric acid etch

3700 17.9 950 20.2 3090 20.7

Nitric/hydrofluoric acid etch 6570 7.5 3210 15.2 4050 8.4

M = mean failing load, lb/in2. C = coefficient of variation, %.
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ous surface treatments on the tensile shear strength of steel joints bonded with a vinyl-
phenolic adhesive.

Prepared steel surfaces are easily oxidized. Once processed, hey should be kept free of
moisture and primed or bonded within 4 hr. Stainless surfaces are not as sensitive to oxida-
tion as carbon steels, and a slightly longer time between surface preparation and bonding
is acceptable.

Titanium alloys. Because of the usual use of titanium at high temperatures, most sur-
face preparations are directed at improving the thermal resistance of titanium joints. Like
magnesium, titanium can also react with the adhesive during cure and create a weak
boundary layer.

7.3.7.2 Plastic adherends. Many plastics and plastic composites can be treated by
simple mechanical abrasion or alkaline cleaning to remove surface contaminants. In some
cases, it is necessary that the polymeric surface be physically or chemically modified to
achieve acceptable bonding. This applies particularly to crystalline thermoplastics such as
the polyolefins, linear polyesters, and fluorocarbons. Methods used to improve the bond-
ing characteristics of these surfaces include

1. Oxidation via chemical treatment or flame treatment

2. Electrical discharge to leave a more reactive surface

3. Ionized inert gas, which strengthens the surface by cross-linking and leaves it more re-
active

4. Metal-ion treatment

Table 7.16 lists common recommended surface treatments for plastic adherends. These
treatments are necessary when plastics are to be joined with adhesives. Solvent and heat
welding are other methods of fastening plastics that do not require chemical alteration of
the surface. Welding procedures were discussed in the previous chapter.

As with metallic substrates, the effects of plastic surface treatments decrease with time.
It is necessary to prime or bond soon after the surfaces are treated. Listed below are some
common plastic materials that require special physical or chemical treatments to achieve
adequate surfaces for adhesive bonding.

Fluorocarbons. Fluorocarbons such as polytetrafluoroethylene (TFE), polyfluoroeth-
ylene propylene (FEP), polychlorotrifluoroethylene (CFE), and polymonochlorotrifluoro-
ethylene (Kel-F) are notoriously difficult to bond because of their low surface tension.
However, epoxy and polyurethane adhesives offer moderate strength if the fluorocarbon is
treated prior to bonding.

The fluorocarbon surface may be made more “wettable” by exposing it for a brief mo-
ment to a hot flame to oxidize the surface. The most satisfactory surface treatment is
achieved by immersing the plastic in a bath consisting of sodium-naphthalene dispersion
in tetrahydrofuran. This process is believed to remove fluorine atoms, leaving a carbonized
surface which can be wet easily. Fluorocarbon films pretreated for adhesive bonding are
available from most suppliers. A formulation and description of the sodium-naphthalene
process may be found in Table 7.16. Commercial chemical products for etching fluorocar-
bons are also listed. 

Polyethylene terephthalate (Mylar®). A medium-strength bond can be obtained with
polyethylene terephthalate plastics and films by abrasion and solvent cleaning. However, a
stronger bond can be achieved by immersing the surface in a warm solution of sodium hy-
droxide or in an alkaline cleaning solution for 2 to 10 min.
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Polyolefins, polyformaldehyde, polyether. These materials can be effectively
bonded only if the surface is first located. Polyethylene and polypropylene can be prepared
for bonding by holding the flame of an oxyacetylene torch over the plastic until it becomes
glossy, or else by heating the surface momentarily with a blast of hot air. It is important
not to overheat the plastic, thereby causing deformation. The treated plastic must be
bonded as quickly as possible after surface preparation.

Polyolefins, such as polyethylene, polypropylene, and polymethylpentene, as well as
polyformaldehyde and polyether, may be more effectively treated with a sodium dichro-
mate- sulfuric acid solution. This treatment oxidizes the surface, allowing better wetting.
Activated gas plasma treatment, described in the general section on surface treatments is
also an effective treatment for these plastics. Table 7.17 shows the tensile-shear strength of
bonded polyethylene pretreated by these various methods.

7.3.7.3 Elastomeric adherends. Vulcanized-rubber joints are often contaminated
with mold release and plasticizers or extenders that can migrate to the surface. As shown
in Table 7.18, solvent washing and abrading are common treatments for most elastomers,
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TABLE 7.18 Surface Preparation for Elastomers  

Adherend
Degreasing

solvent Method of treatment Remarks

Natural
rubber

Methanol,
isopropanol

1. Abrasion followed by brushing. 
Grit or vapor blast, or 280-grit 
emery cloth, followed by solvent 
wipe

2. Treatment surface for 2–10 min 
with sulfuric acid (sp. gr. 1.84) at 
RT. Rinse thoroughly with cold 
water/hot water. Dry after rinsing 
in distilled water. (Residual acid 
may be neutralized by soaking 
for 10 min in 10% ammonium 
hydroxide after hot-water wash-
ing)

3. Treat surface for 2–10 min with 
paste made from sulfuric acid and 
barium sulfate. Apply paste with 
stainless-steel spatula, and follow 
procedure 2, above

4. Treat surface for 2–10 min in
Parts

by vol.
  Sodium hypochlorite .......6
  Hydrochloric acid 
    (37%) .............................1
  Water............................200
   Rinse with cold water and dry

For general-purpose 
bonding

Adequate pretreatment is 
indicated by the appear-
ance of hairline surface 
cracks on flexing the 
rubber. Suitable for 
many synthetic rubbers 
when given 10–15 min 
etch at room tempera-
ture. Unsuitable for use 
on butyl, polysulfide, 
silicone, chlorinated 
polyethylene, and poly-
urethane rubbers

Suitable for those rubbers 
amenable to treatments 
2 and 3

Butadiene
styrene

Toluene 1. Abrasion followed by brushing. 
Grit or vapor blast, or 280-grit 
emery cloth, followed by solvent 
wipe

2. Prime with butadiene styrene 
adhesive in an aliphatic solvent.

3. Etch surface for 1–5 min at RT, 
following method 2 for natural 
rubber

Excess toluene results in 
swollen rubber. A 20-
min drying time will 
restore the part to its 
original dimensions

Butadiene
nitrile

Methanol 1. Abrasion followed brushing. Grit 
or vapor blast, or 280-grit emery 
cloth, followed by solvent wipe

2. Etch surface for 10–45 s at RT, 
following method 2 for natural 
rubber

Butyl Toluene 1. Solvent wipe

2. Prime with butyl-rubber adhesive 
in an aliphatic solvent

For general-purpose 
bonding

For maximum strength

Chloro-
sulfonated
polyethylene

Acetone or 
methyl 
ethyl ketone

Abrasion followed by brushing. Grit 
or vapor blast, or 280-grit emery 
cloth, followed by solvent wipe

General-purpose bonding
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but chemical treatment may be required for maximum properties. Synthetic and natural
rubbers may require “cyclizing” with concentrated sulfuric acid until hairline fractures are
evident on the surface.

7.3.7.4 Other adherends. Table 7.19 provides surface treatments for a variety of
materials not covered in the preceding tables. Bonding to painted or plated parts requires
special consideration. The resulting adhesive bond is only as strong as the adhesion of the
paint or plating to the base material.

Ethylene 
propylene

Acetone or 
methyl 
ethyl ketone

Abrasion followed by brushing. Grit 
or vapor blast, or 280-grit emery 
cloth, followed by solvent wipe

General-purpose bonding

Fluorosilicone Methanol Application of fluorosilicone primer 
(A 4040) to metal where inten-
tion is to bond unvulcanized rub-
ber

Primer available from 
Dow Corning

Polyacrylic Methanol Abrasion followed by brushing. Grit 
or vapor blast, or 100-grit emery 
cloth followed by solvent wipe

General-purpose bonding

Polybutadiene Methanol Solvent wipe General-purpose bonding

Poly-
chloroprene

Toluene, 
methanol,
isopropanol

1. Abrasion followed by brushing. 
Grit or vapor blast, or 100-grit 
emery cloth, followed by solvent 
wipe

2. Etch surface for 5–30 min at RT, 
following method 2 for natural 
rubber

Adhesion improved by 
abrasion with 280-grit 
emery cloth followed by 
acetone wipe

Polysulfide Methanol Immerse overnight in strong chlo-
rine water, wash and dry

Polyurethane Methanol 1. Abrasion followed by brushing. 
Grit or vapor blast, or 280-grit 
emery cloth followed by solvent 
wipe

2. Incorporation of a chlorosilane 
into the adhesive-elastomer sys-
tem. 1% w/w is usually sufficient

Chlorosilane is available 
commercially. Addition 
to adhesive eliminates 
need for priming and 
improves adhesion to 
glass, metals. Silane 
may be used as a sur-
face primer

Silicone Acetone or 
methanol

1. Application of primer, Chemlok 
607, in solvent (dries 10–15 min)

2. Expose to oxygen gas activated 
by corona discharge for 10 min

Primer available from 
Hughson Chemical 
Company

Source: Based on Refs. 11, 21–24, and 26

TABLE 7.18 Surface Preparation for Elastomers  (Continued)

Adherend
Degreasing

solvent Method of treatment Remarks
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7.4 Types of Adhesives

7.4.1 Adhesive Composition

Modern-day adhesives are often fairly complex formulations of components that perform
specialty functions. The adhesive base or binder is the primary component of an adhesive.
The binder is generally the resinous component from which the name of the adhesive is
derived. For example, an epoxy adhesive may have many components, but the primary
material is epoxy resin.

A hardener is a substance added to an adhesive formulation to initiate the curing reac-
tion and take part in it. Two-component adhesive systems have one component, which is
the base, and a second component, which is the hardener. Upon mixing, a chemical reac-
tion ensues that causes the adhesive to solidify. A catalyst is sometimes incorporated into
an adhesive formulation to speed the reaction between base and hardener.

Solvents are sometimes needed to lower viscosity or to disperse the adhesive to a
spreadable consistency. Often, a mixture of solvents is required to achieve the desired
properties.

A reactive ingredient added to an adhesive to reduce the concentration of binder is
called a diluent. Diluents are principally used to lower viscosity and modify processing
conditions of some adhesives. Diluents react with the binder during cure, become part of
the product, and do not evaporate as does a solvent.

Fillers are generally inorganic particulates added to the adhesive to improve working
properties, strength, permanence, or other qualities. Fillers are also used to reduce material
cost. By selective use of fillers, the properties of an adhesive can be changed tremen-
dously. Thermal expansion, electrical and thermal conduction, shrinkage, viscosity, and
thermal resistance are only a few properties that can be modified by use of selective fillers.

A carrier or reinforcement is usually a thin fabric used to support a semi-cured (B-
staged) adhesive to provide a product that can be used as a tape or film. The carrier can
also serve as a spacer between the adherends and reinforcement for the adhesive.

Adhesives can be broadly classified as being thermoplastic, thermosetting, elastomeric,
or alloy blend. These four adhesive classifications can be further subdivided by specific
chemical composition as described in Tables 7.20 through 7.23. The types of resins that go
into the thermosetting and alloy adhesive classes are noted for high strength, creep resis-
tance, and resistance to environments such as heat, moisture, solvents, and oils. Their
physical properties are well suited for structural-adhesive applications. 

Elastomeric and thermoplastic adhesive classes are not used in applications requiring
continuous load because of their tendency to creep under stress. They are also degraded by
many common service environments. These adhesives find greatest use in low-strength ap-
plications such as pressure-sensitive tape, sealants, and hot-melt products.

7.4.2 Structural Adhesives

7.4.2.1 Epoxy. Epoxy adhesives offer a high degree of adhesion to all substrates ex-
cept some untreated plastics and elastomers. Cured epoxies have thermosetting molecular
structures. They exhibit excellent tensile-shear strength but poor peel strength unless mod-
ified with a more resilient polymer. Epoxy adhesives offer excellent resistance to oil, mois-
ture, and many solvents. Low cure shrinkage and high resistance to creep under prolonged
stress are characteristics of epoxy resins.

Epoxy adhesives are commercially available as liquids, pastes, and semi-cured (B-
staged) film and solids. Epoxy adhesives are generally supplied as a 100 percent solids
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(non-solvent) formulation, but some sprayable epoxy adhesives are available in solvent
systems. Epoxy resins have no evolution of volatiles during cure and are useful in gap-fill-
ing applications.

Depending on the type of curing agent, epoxy adhesives can cure at room or elevated
temperatures. Higher strengths and better heat resistance are usually obtained with the
heat-curing types. Room-temperature-curing epoxies can harden in as little as 1 min at
room temperature, but most systems require from 18 to 72 hr. The curing time is greatly
temperature-dependent, as shown in Fig. 7.27.

Epoxy resins are the most versatile of structural adhesives, because they can be cured
and co-reacted with many different resins to provide widely varying properties. Table 7.24
describes the influence of curing agents on the bond strength of epoxy to various adher-
ends. The type of epoxy resin used in most adhesives is derived from the reaction of
bisphenol A and epichlorohydrin. This resin can be cured with amines or polyamides for
room-temperature-setting systems; anhydrides for elevated-temperature cure; or latent
curing agents such as boron trifluoride complexes for use in one-component, heat-curing
adhesives. Polyamide curing agents are used in most “general-purpose” epoxy adhesives.
They provide a room-temperature cure and bond well to many substrates including plas-
tics, glass, and elastomers. The polyamide-cured epoxy also offers a relatively flexible ad-
hesive with fair peel and thermal-cycling properties.

7.4.2.2 Epoxy alloy or hybrids. A variety of polymers can be blended and co-re-
acted with epoxy resins to provide certain desired properties. The most common of these
are phenolic, nylon, and polysulfide resins.

Epoxy-phenolic. Adhesives based on epoxy-phenolic blends are good for continuous
high-temperature service in the 350°F range or intermittent service as high as 500°F. They
retain their properties over a very wide temperature range, as shown in Fig. 7.28. Shear
strengths of up to 3,000 lb/in2 at room temperature and 1,000 to 2,000 lb/in2 at 500°F are
available. Resistance to oil, solvents, and moisture is very good. Because of their rigid na-
ture, epoxy-phenolic adhesives have low peel strength and limited thermal-shock resis-
tance.

These adhesives are available as pastes, solvent solutions, and B-staged film supported
on glass fabric. Cure generally requires 350°F for l hr under moderate pressure. Epoxy-
phenolic adhesives were developed primarily for bonding metal joints in high-temperature
applications.

Figure 7.27 Characteristics of particular epoxy
adhesive under different curing time and tempera-
ture relationships.28
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Epoxy-nylon. Epoxy-nylon adhesives offer both excellent shear and peel strength.
They maintain their physical properties at cryogenic temperatures but are limited to a
maximum service temperature of 180°F.

Epoxy-nylon adhesives are available as unsupported B-staged film or in solvent solu-
tions. A moderate pressure of 25 lb/in2 and temperature of 350°F are generally required
for 1 hr to cure the adhesive. Because of their excellent filleting properties and high peel
strength, epoxy-nylon adhesives are used to bond aluminum skins to honeycomb core in
aircraft structures.

Epoxy-polysulfide. Polysulfide resins combine with epoxy resins to provide adhe-
sives with excellent flexibility and chemical resistance. These adhesives bond well to
many different substrates. Shear strength and elevated temperature properties are poor, but
resistance to peel forces and low temperatures is very good. The epoxy-polysulfide alloy is
supplied as a two-part, flowable paste that cures to a rubbery solid at room temperature. A
common application for epoxy-polysulfide adhesives is as a sealant.

7.4.2.3 Resorcinol and phenol resorcinol. Resorcinol adhesives are primarily
used for bonding wood, plastic skins to wood cores, and primed metal to wood. Adhesive
bonds as strong as wood itself are obtainable. Resorcinol adhesives are resistant to boiling
water, oil, many solvents, and mold growth. Their service temperature ranges from –300
to 350°F. Because of high cost, resorcinol resins are often modified by the addition of phe-
nolic resins to form phenol resorcinol.

Resorcinol and phenol resorcinol adhesives are available in liquid form and are mixed
with a powder hardener before application. These adhesives are cold setting, but they can
also be pressed at elevated temperatures for faster production.

7.4.2.4 Melamine formaldehyde and urea formaldehydes. Melamine formal-
dehyde resins are colorless adhesives for wood. Because of high cost, they are sometimes
blended with urea formaldehyde. Melamine formaldehyde is usually supplied in powder
form and reconstituted with water; a hardener is added at the time of use. Temperatures of
about 200°F are necessary for cure. Adhesive strength is greater than the strength of the
wood substrate.

Figure 7.28 Effect of temperature on tensile-shear
strength of adhesive alloys (substrate material is alu-
minum).28
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TABLE 7.19 Surface Preparations for Materials Other than Metals, Plastics, and 
Elastomers

Adherend
Degreasing 

solvent Method of treatment Remarks

Asbestos
(rigid)

Acetone 1. Abrasion. Abrade with 100-grit 
emery cloth, remove dust, and 
solvent degrease

2. Prime with diluted adhesive or 
low-viscosity rosin ester

Allow the board to stand for 
sufficient time to allow sol-
vent to evaporate off

Brick and fired 
non-glazed
building 
materials

Methyethyl 
ketone

Abrade surface with a wire brush; 
remove all dust and contami-
nants

Carbon
graphite

Acetone Abrasion. Abrade with 220-grit 
emery cloth and solvent 
degrease after dust removal

For general-purpose bonding

Glass and 
quartz
(nonoptical)

Acetone,
detergent

1. Abrasion. Grit blast with car-
borundum and water slurry, 
and solvent degrease. Dry for 
30 min at 100°C. Apply the 
adhesive before the glass cools 
to RT

2. Immerse for 10–15 min at 
20°C in

Parts
by wt.

  Sodium dichromate.........  7
Water................................7
Sulfuric acid (96%,
sp. gr. 1.84) ............... .400

  Rinse in water and distilled 
water. Dry thoroughly

For general-purpose bonding. 
Drying process improves 
bond strength

For maximum strength

Glass
(optical)

Acetone,
detergent

Clean in an ultrasonically agi-
tated detergent bath. Rinse; dry 
below 38°C

Ceramics
and
porcelain

Acetone 1. Abrasion. Grit blast with car-
borundum and water slurry, 
and solvent degrease

2. Solvent degrease or wash in 
warm aqueous detergent. 
Rinse and dry

3. Immerse for 15 min at 20°C in
Parts

by wt.
Sodium dichromate...........  7
Water..................................7
Sulfuric acid (95%
sp.gr. 1.84) ..................  400

  Rinse in water and distilled 
water. Oven-dry at 66°C

Suitable for unglazed ceramics 
such as alumina, silica

For glazed ceramics such as 
porcelain

For maximum strength bond-
ing of small ceramic (glazed) 
artefacts
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Urea formaldehyde adhesives are not as strong or as moisture resistant as resorcinol ad-
hesives. However, they are inexpensive, and both hot- and cold-setting types are available.
Maximum service temperature of urea adhesive is approximately 140°F. Cold-water resis-
tance is good, but boiling-water resistance may be improved by the addition of melamine
formaldehyde or phenol resorcinol resins. Urea-based adhesives are used in plywood man-
ufacture.

7.4.2.5 Modified phenolics. Phenolic or phenol formaldehyde is also used as an ad-
hesive for bonding wood. However, because of its brittle nature, this resin is unsuitable
alone for more extensive adhesive applications. By modifying phenolic resin with various
synthetic rubbers and thermoplastic materials, flexibility is greatly improved. The modi-
fied adhesive is well suited for structural bonding of many materials. 

Nitrile-phenolic. Certain blends of phenolic resins with nitrile rubber produce adhe-
sives useful to 300°F. On metals, nitrile phenolics offer shear strength in excess of
4,000 lb/in2 and excellent peel properties. Good bond strengths can also be achieved on
rubber, plastics, and glass. These adhesives have high impact strength and resistance to
creep and fatigue. Their resistance to solvent, oil, and water is also good.

Concrete,
granite,
stone

Perchloro-
ethylene,
detergent

1. Abrasion. Abrade with a wire 
brush, degrease with detergent, 
and rinse with hot water before 
drying

2. Etch with 15%hydrochloric 
acid until effervescence ceases. 
Wash with water until surface 
is litmus-neutral. *Rinse with 
1% ammonia and water. Dry 
thoroughly before bonding

For general-purpose bonding

Applied by still-bristle brush. 
Acid should be prepared in a 
polyethylene pail

10–12% hydrochloric or sulfu-
ric acids are alternative 
etchants.

10%w/w sodium bicarbonate 
may be used instead of 
ammonia for acid neutraliza-
tion

Wood, 
plywood

Abrasion. Dry wood is smoothed 
with a suitable emery paper. 
Sand plywood along the direc-
tion of the grain

For general-purpose bonding

Painted 
surface

Detergent 1. clean with detergent solution, 
abrade with a medium emery 
cloth, final wash with deter-
gent

2. Remove paint by solvent or 
abrasion, and pretreat exposed 
base

Bond generally as strong as the 
paint

For maximum adhesion

Source: Based on Refs. 22–26

TABLE 7.19 Surface Preparations for Materials Other than Metals, Plastics, and 
Elastomers (Continued)

Adherend
Degreasing 

solvent Method of treatment Remarks
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464 Chapter Seven

Nitrile-phenolic adhesives are available as solvent solutions and as supported and un-
supported film. They require heat curing at 300 to 500°F under pressure of up to 200 lb/in2.
The nitrile-phenolic systems with the highest curing temperature have the greatest resis-
tance to elevated temperatures during service. Because of good peel strength and elevated-
temperature properties, nitrile-phenolic adhesives are commonly used for bonding linings
to automobile brake shoes. 

Vinyl-phenolic. Vinyl-phenolic adhesives are based on a combination of phenolic
resin with polyvinyl formal or polyvinyl butyral resins. They have excellent shear and peel
strength. Room-temperature shear strength as high as 5,000 lb/in2 is available. Maximum
operating temperature, however, is only 200°F, because the thermoplastic constituent soft-
ens at elevated temperatures. Chemical resistance and impact strength are excellent.

Vinyl-phenolic adhesives are supplied in solvent solutions and as supported and unsup-
ported film. The adhesive cures rapidly at elevated temperatures under pressure. They are
used to bond metals, elastomers, and plastics to themselves or each other. A major applica-
tion of vinyl-phenolic adhesive is the bonding of copper sheet to plastic laminate in
printed circuit board manufacture.

Neoprene-phenolic. Neoprene-phenolic alloys are used to bond a variety of sub-
strates. Normal service temperature is –70 to 200°F. Because of high resistance to creep
and most service environments, neoprene-phenolic joints can withstand prolonged stress.
Fatigue and impact strengths are also excellent. Shear strength, however, is lower than that
of other modified phenolic adhesives.

Temperatures over 300°F and pressure greater than 50 lb/in2 are needed for cure. Neo-
prene-phenolic adhesives are available as solvent solutions and film. During cure, these
adhesives are quite sensitive to atmospheric moisture, surface contamination, and other
processing variables.

7.4.2.6 Polyaromatics. Polyimide and polybenzimidazole resins belong to the aro-
matic heterocycle polymer family, which is noted for its outstanding thermal resistance.
These two highly cross-linked adhesives are the most thermally stable systems commer-
cially available. The polybenzimidazole (PBI) adhesive has shear strength on steel of
3,000 lb/in2 at room temperature and 2,500 lb/in2 at 700°F. The polyimide adhesive offers
a shear strength of approximately 3,000 lb/in2 at room temperature, but it does not have
the excellent strength at 700 to 1,000°F that is characteristic of PBI. Polyimide adhesives
offer better elevated-temperature aging properties than PBI. The maximum continuous op-
erating temperature for a polyimide adhesive is 600 to 650°F, whereas PBI adhesives oxi-
dize rapidly at temperatures over 500°F. 

Both adhesives are available as supported film, and polyimide resins are also available
in solvent solution. During cure, temperatures of 550 to 650°F and high pressure are re-
quired. Volatiles are released during cure, which contribute to a porous, brittle bond line
with relatively low peel strength.

Polyester. Polyesters are a large class of synthetic resins having widely varying prop-
erties. They may be divided into two distinct groups: saturated and unsaturated.

Unsaturated polyesters are fast-curing, two-part systems that harden by the addition of
catalysts, usually peroxides. Styrene monomer is generally used as a reactive diluent for
polyester resins. Cure can occur at room or elevated temperature depending on the type of
catalyst. Accelerators such as cobalt naphthalene are sometimes incorporated into the
resin to speed cure. Unsaturated polyester adhesives exhibit greater shrinkage during cure
and poorer chemical resistance than epoxy adhesives. Certain types of polyesters are in-
hibited from curing by the presence of air, but they cure fully when enclosed between two
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substrates. Depending on the type of resin, polyester adhesives can be quite flexible or
very rigid. Uses include patching kits for the repair of automobile bodies and concrete
flooring. Polyester adhesives also have strong bond strength to glass-reinforced polyester
laminates.

Saturated polyester resins exhibit high peel strength and are used to laminate plastic
films such as polyethylene terephthalate (Mylar). They also offer excellent clarity and
color stability. These polyester types, in both solution and solid form, can be chemically
cross-linked with curing agents such as the isocyanates for improved thermal and chemi-
cal stability.

Polyurethane. Polyurethane-based adhesives form tough bonds with high peel
strength. Generally supplied as a two-part liquid, polyurethane adhesives can be cured at
room or elevated temperatures. They have exceptionally high strength at cryogenic tem-
peratures, but only a few formulations offer operating temperatures greater than 250°F.
Like epoxies, urethane adhesives can be applied by a variety of methods and form strong
bonds to most surfaces. Some polyurethane adhesives degrade substantially when exposed
to high-humidity environments.

Polyurethane adhesives bond well to many substrates, including hard-to-bond plastics.
Since they are very flexible, polyurethane adhesives are often used to bond films, foils, and
elastomers. Moisture curing one-part urethanes are also available. These adhesives utilize
the humidity in the air to activate their curing mechanism.

Anerobic adhesives. Acrylate acid diester and cyanoacrylate resins are called “anaer-
obic” adhesives because they cure when air is excluded from the resin. Anaerobic resins
are noted for being simple to use, one-part adhesives, having fast cure at room temperature
and high cost. However, the cost is moderate when considering a bonded-area basis be-
cause only a small volume of adhesive is required. Most anaerobic adhesives do not cure
when gaps between adherend surfaces are greater than 10 mils, although some monomers
have been developed to provide for thicker bond-lines.

The acrylate acid diester adhesives are available in various viscosities. They cure in
minutes at room temperature when a special primer is used or in 3 to 10 min at 250°F
without the primer. Without the primer, the adhesive requires 3 to 4 hr at room temperature
to cure.

The cyanoacrylate adhesives are more rigid and less resistant to moisture than acrylate
acid diester adhesives. They are available only as low-viscosity liquids that cure in sec-
onds at room temperature without the need of a primer. The cyanoacrylate adhesives bond
well to a variety of substrates, as shown in Table 7.25, but have relatively poor thermal re-
sistance. Modifications of the original cyanoacrylate resins have been introduced to pro-
vide faster cures, higher strengths with some plastics, and greater thermal resistance.

Thermosetting Acrylics. Thermosetting acrylic adhesives are newly developed two-
part systems which provide high shear strength to many metals and plastics, as shown in
Table 7.26. These acrylics retain their strength to 200°F. They are relatively rigid adhe-
sives with poor peel strength. These adhesives are particularly noted for their weather and
moisture resistance as well as fast cure at room temperature.

One manufacturer has developed an acrylic adhesive system in which the hardener is
applied to the substrate as a primer solution. The substrate can then be dried and stored for
up to six months. When the parts are to be bonded, only the acrylic resin need be applied
between the already primed substrates. Cure can occur in minutes at room temperature,
depending on the type of acrylic resin used. Thus, this system offers the user a fast-react-
ing, one-part adhesive (with primer) with long shelf life.

7.4.3 Nonstructural Adhesives
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Nonstructural adhesives are characterized by low shear strength (usually less than 1000 lb/
in2) and poor creep resistance at slightly elevated temperatures. The most common non-
structural adhesives are based on elastomers and thermoplastics. Although these systems
have low strength, they usually are easy to use and fast setting. Most nonstructural adhe-
sives are used in assembly-line fastening operations or as sealants and pressure-sensitive
tapes.

7.4.3.1 Elastomer-based adhesives. Natural- or synthetic-rubber-based adhe-
sives usually have excellent peel strength but low shear strength. Their resiliency provides
good fatigue and impact properties. Temperature resistance is generally limited to 150 to
200°F, and creep under load occurs at room temperature.

The basic types of rubber-based adhesives used for nonstructural applications are
shown in Table 7.27. These systems are generally supplied as solvent solutions, latex ce-

TABLE 7.25 Performance of Cyanoacrylate Adhesives on 
Various Substrates (from Ref. 30)

Substrate Age of bond

Shear strength, 
lb/in2, of

adhesive bonds

Steel–steel 10 min
48 hr

1920
3300

Aluminum–aluminum 10 min
48 hr

1480
2270

Butyl rubber–butyl rubber 10 min 150*

SBR rubber–SBR rubber 10 min 130

Neoprene rubber–neoprene rubber 10 min 100*

SBR rubber–phenolic 10 min 110*

Phenolic–phenolic 10 min
48 hr

930
940*

Phenolic–aluminum 10 min
48 hr

650
920*

Aluminum–nylon 10 min
48 hr

500
950

Nylon–nylon 10 min
48 hr

330
600

Neoprene rubber–polyester glass 10 min 110*

Polyester glass–polyester glass 10 min 680

Acrylic–acrylic 10 min
48 hr

810*
790*

ABS–ABS 10 min
48 hr

640*
710*

Polystyrene–polystyrene 10 min 330*

Polycarbonate–polycarbonate 10 min
48 hr

790
850*

*Substrate failure
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ments, and pressure-sensitive tapes. The first two forms require driving the solvent or wa-
ter vehicle from the adhesive before bonding. This is accomplished by either simple
ambient air evaporation or forced heating. Some of the stronger and more environmental-
resistant rubber-based adhesives require an elevated-temperature cure. Generally, only
slight pressure is required to achieve a substantial bond. 

Pressure-sensitive adhesives are permanently tacky and flow under pressure to provide
intimate contact with the adherend surface. Pressure-sensitive tapes are made by placing
these adhesives on a backing material such as rubber, vinyl, canvas, or cotton cloth. After
pressure is applied, the adhesive tightly grips the part being mounted as well as the surface
to which it is affixed. The ease of application and the many different properties that can be
obtained from elastomeric adhesives account for their wide use. 

In addition to pressure-sensitive adhesives, elastomers go into mastic compounds that
find wide use in the construction industry. Neoprene and reclaimed-rubber mastics are
used to bond gypsum board and plywood flooring to wood-framing members. Often, the

TABLE 7.26 Tensile-Shear Strength of Various Substrates Bonded with 
Thermosetting Acrylic Adhesives (from Ref. 31)

Average lap shear, lb/in2, at 77°F

Substrate* Adhesive A Adhesive B Adhesive C

Alclad aluminum, etched 4430 4235 5420

Bare aluminum, etched 4305 3985 5015

Bare aluminum, blasted 3375 3695 4375

Brass, blasted 4015 3150 4075

302 stainless steel, blasted 4645 4700 5170

302 stainless steel, etched 2840 4275 2650

Cold-rolled steel, blasted 2050 3385 2135

Copper, blasted 2915 2740 3255

Polyvinyl chloride, solvent wiped 1375† 1250† 1250†

Polymethyl methacrylate, solvent wiped 1550† 1160† 865†

Polycarbonate, solvent wiped 2570† 960 2570†

ABS, solvent wiped 1610† 1635 1280†

Alclad aluminum–PVC 1180†

Plywood, 5/8-in exterior glued (lb/in)  802† 978†

AFG-01 gap fill (1/16-in) (lb/in) 1083†

*Metals solvent cleaned and degreased before etching or blasting.
†Substrate failure.
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adhesive bond is much stronger than the substrate. These mastic systems cure by evapora-
tion of solvent through the porous substrates.

Silicone. Silicone pressure-sensitive adhesives have low shear strength but excellent
peel strength and heat resistance. Silicone adhesives can be supplied as solvent solutions

TABLE 7.27 Properties of Elastomeric Adhesives Used in Nonstructural Applications 
(from Ref. 29)

Adhesive Application Advantages Limitations

Reclaimed
rubber

Bonding paper, rubber, 
plastic and ceramic tile, 
plastic films, fibrous 
sound insulation and 
weatherstripping; also 
used for the adhesive on 
surgical and electrical 
tape

Low cost, applied very 
easily with roller 
coating, spraying, 
dipping, or brushing, 
gains strength very 
rapidly after joining, 
excellent moisture and 
water resistance

Becomes quite brittle with 
age, poor resistance to 
organic solvents

Natural
rubber

Same as reclaimed rubber; 
also used for bonding 
leather and rubber sides 
to shoes

Excellent resilience, 
moisture and water 
resistance

Becomes quite brittle with 
age; poor resistance to 
organic solvents; does 
not bond well to metals

Neoprene
rubber

Bonding weather stripping 
and fibrous 
soundproofing materials 
to metal; used 
extensively in industry; 
bonding synthetic fibers, 
i.e., Dacron

Good strength to 150°F, 
fair resistance to creep

Poor storage life, high cost; 
small amounts of 
hydrochloric acid 
evolved during aging 
that may cause corrosion 
inclosed systems; poor 
resistance to sunlight

Nitrile
rubber

Bonding plastic films to 
metals, and fibrous 
materials such as wood 
and fabrics to aluminum, 
brass, and steel; also, 
bonding nylon to nylon 
and other materials

Most stable synthetic-
rubber adhesive, 
excellent oil resistance, 
easily modified by 
addition of 
thermosetting resins

Does not bond well to 
natural rubber or butyl 
rubber

Polyioso-
butylene

Bonding rubber to itself 
and plastic materials; 
also, bonding 
polyethylene 
terephthalate film to 
itself, aluminum foil and 
other plastic films

Good aging characteristics Attacked by hydrocarbons; 
poor thermal resistance

Butyl Bonding rubber to itself 
and metals; forms good 
bonding with most 
plastic films such as 
polyethylene 
terephthalate and 
polyvinylidene chloride

Excellent aging 
characteristics;
chemically cross-linked 
materials have good 
thermal properties

Metals should be treated 
with an appropriate 
primer before bonding; 
attacked by 
hydrocarbons
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for pressure-sensitive application. The adhesive reaches maximum physical properties af-
ter being cured at elevated temperature with an organic peroxide catalyst. A lesser degree
of adhesion can also be developed at room temperature. Silicone adhesives retain their
qualities over a wide temperature range and after extended exposure to elevated tempera-
ture. Table 7.28 shows typical adhesive-strength properties of a silicone pressure-sensitive
tape prepared with aluminum-foil backing.

Room-temperature-vulcanizing (RTV) silicone-rubber adhesives and sealants form
flexible bonds with high peel strength to many substrates. These resins are one-component
pastes that cure by reacting with moisture in the air. Because of this unique curing mecha-
nism, nonporous substrates should not overlap by more than 1 in.

RTV silicone materials cure at room temperature in about 24 hr. Fully cured adhesives
can be used for extended periods up to 450°F and for shorter periods up to 500°F. Figure
7.29 illustrates the peel strength of an RTV adhesive on aluminum as a function of heat ag-
ing. With most RTV silicone formulations, acetic acid is released during cure. Conse-
quently, corrosion of metals such as copper and brass in the bonding area may be a

TABLE 7.28 Effect of Temperature and Aging on Silicone Pressure-
Sensitive Tape (Aluminum Foil Backing) (from Ref. 32)

Testing temperature Adhesive strength, oz/in

°C °F
Uncatalyzed

adhesive
Catalyzed adhesive 

(1% benzoyl peroxide)

–70 –94 >100*

*Maximum limit of testing equipment.

>100*

–20  –4 >100* >100*

100 212 60 48

150 302 60 45

200 392 Cohesive failure 40

250 482 Cohesive failure 35

Heat-aging cycle prior to testing (tested at 25°C, 77°F):

 No aging 60 52

1 hr at 150°C (302°F) 55 50

24 hr at 150°C (302°F) 60 50

7 days at 150°C (302°F) 70 50

1 hr at 250°C (482°F) 60 50

24 hr at 250°C (482°F) 65 65

7 days at 250°C (482°F) Cohesive failure 65
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problem. However, special formulations are available that liberate methanol instead of
acetic acid during cure. Silicone rubber bonds to clean metal, glass, wood, silicone resin,
vulcanized silicone rubber, ceramic, and many plastic surfaces.

7.4.3.2 Thermoplastic adhesives. Table 7.21 describes the most common types of
thermoplastic adhesives. These adhesives are useful in the –20 to 150°F temperature
range. Their physical properties vary with chemical type. Some resins like the polyamides
are quite tacky and flexible, while others are very rigid.

Thermoplastic adhesives are generally available as solvent solutions, water-based emul-
sions, and hot melts. The first two systems are useful in bonding porous materials such as
wood, plastic foam, and paper. Water-based systems are especially useful for bonding
foams that could be affected adversely by solvents. When hardened, thermoplastic adhe-
sives are very nonresistant to the solvent in which they are originally supplied.

Hot-melt systems are usually flexible and tough. They are used extensively for sealing
applications involving paper, plastic films, and metal foil. Table 7.29 offers a general com-
parison of hot-melt adhesives. Hot melts can be supplied as (1) tapes or ribbons, (2) films,
(3) granules, (4) pellets, (5) blocks, or (6) cards, which are melted and pressed between the
substrate. The rate at which the adhesive cools and sets is dependent on the type of sub-
strate and whether it is preheated. Table 7.30 lists the advantages and disadvantages asso-
ciated with the use of water-based, solvent-based, and hot-melt thermoplastic adhesives.

7.5 Selecting an Adhesive

7.5.1 Factors Affecting Selection

There is no general-purpose adhesive. The best adhesive for a particular application will
depend on the materials to be bonded, the service and assembly requirements, and the eco-
nomics of the bonding operation. By using these factors as criteria for selection, the many
commercially available adhesives can be narrowed down to a few possible candidates. All
the desired properties are often not available in a single adhesive system. In these cases, a
compromise adhesive can usually be chosen by deciding which properties are of major
and minor importance.

7.5.1.1 Adhesive substrates. The materials to be bonded are a prime factor in de-
termining which adhesive to use. Some adherends, such as stainless steel or wood, can be
successfully bonded with a great many adhesive types; other adherends, such as nylon, can
be bonded with only a few. Typical adhesive-adherend combinations are listed in Table
7.31. A number in a given column indicates the particular adhesive that will bond to a

Figure 7.29 Peel strength of RTV silicone rub-
ber bonded to aluminum as a function of heat ag-
ing.33
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cross-referenced substrate. If two different materials are to be bonded, the recommended
adhesives in Table 7.31 are those showing identical numbers under both substrates.

This information is intended only as a guideline to show common adhesives that have
been used successfully in various applications. The adhesive selections are listed without
regard to strength or service requirements. Lack of a suggested adhesive for a particular
substrate does not necessarily mean that a poor bond will result, only that information is
not commonly available concerning that particular combination.

7.5.1.2 Service requirements. Adhesives must also be selected with regard to the
type of stress and environmental conditions to which they will be exposed. These factors
will further limit the number of candidate adhesives to be tested. Information on the envi-
ronmental resistance of various adhesive classifications will appear in the next section.

The chosen adhesive should have strength great enough to resist the maximum stress
during any time in service with reasonable safety factor. Overspecifying could result in
certain adhesives being overlooked that can do the job at lower cost and with less demand-
ing curing conditions.

7.5.1.3 Production requirements. Adhesives require time, pressure, and heat, sin-
gly or in combination, to harden or set. Production requirements are often a severe restrict-

TABLE 7.30 Advantages and Disadvantages of Thermoplastic Adhesive Forms (from 
Ref. 35)

Form Advantages Disadvantages

Water 
base

Lower cost
Nonflammable
Nontoxic solvent
Wide range of solids content
Wide range of viscosity
High concentration of high-molecular-weight 

material can be used
Penetration and wetting can be varied

Poorer water resistance
Subject to freezing
Shrinks fabrics
Wrinkles or curls paper
Can be contaminated by some metals 

used for storage and application
Corrosive to some metals
Slow drying
Poorer electrical properties

Solvent 
base

Water-resistant
Wide range of drying rates and open times
Develop high early bond strength
Easily wets some difficult surfaces

Fire and explosive hazard
Health hazard
Special explosion proof and ventilat-

ing equipment needed

Hot melt Lower package and shipping cost per pound 
of solid material

Will not freeze
Drying and equipment for drying are unneces-

sary
Impervious surfaces easily bonded
Fast bond-strength development
Good storage stability
Provides continuous water-vapor imperme-

able and water-resistant adhesive film

Special application equipment needed
Limited strength because of viscosity 

and temperature limitations
Degrades on continuous heating
Poorer coating weight control
Preheating of adherends may be nec-

essary
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ing factor in the selection of an adhesive. Typical factors involved in assembly are the
equipment available, allowable cure time, pressure required, necessary bonding tempera-
ture, degree of substrate preparation required, and physical form of the adhesive. Table
7.32 lists available forms and processing requirements for various types of adhesives.

7.5.1.4 Cost requirements. Economic analysis of the bonding operation should
consider not only raw-materials cost but also the processing equipment necessary, time
and labor required, and cost incurred by wasted adhesive and rejected parts. Final cost per
bonded part is a realistic criterion for selection of an adhesive.

7.5.2 Adhesives for Metal

The chemical types of structural adhesives for metal bonding were described in the pre-
ceding section. Since organic adhesives readily wet most metallic surfaces, the adhesive
selection does not depend as much on the type of metal substrate as on other bonding re-
quirements.

Selecting a specific adhesive from a table of general properties is difficult, because for-
mulations within one class of adhesive may vary widely in physical properties. General
physical data for structural metal adhesives are presented in Table 7.33. This table may
prove useful in making preliminary selections or eliminating obviously unsuitable adhe-
sives. Nonstructural adhesives for metals include elastomeric and thermoplastic resins.
These are generally used as pressure-sensitive or hot-melt adhesives. They are noted for
fast production, low cost, and low to medium strength. Typical adhesives for nonstructural
bonding applications were previously described. Most pressure-sensitive and hot-melt ce-
ments can be used on any clean metal surface and on many plastics and elastomers.

7.5.3 Adhesives for Plastics

The physical and chemical properties of both the solidified adhesive and the plastic sub-
strate affect the quality of the bonded joint. Major elements of concern are the thermal ex-
pansion coefficient and glass transition temperature of the substrate relative to the
adhesive. Special consideration is also required of polymeric surfaces that can change dur-
ing normal aging or exposure to operating environments.

Significant differences in thermal expansion coefficient between substrates and the ad-
hesive can cause serious stress at the plastic joint’s interface. These stresses are com-
pounded by thermal cycling and low-temperature service requirements. Selection of a
resilient adhesive or adjustments in the adhesive’s thermal expansion coefficient via fillers
or additives can reduce such stress.

Structural adhesives must have a glass transition temperature higher than the operating
temperature to avoid a cohesively weak bond and possible creep problems. Modern engi-
neering plastics, such as polyimide or polyphenylene sulfide, have very high glass transi-
tion temperatures. Most common adhesives have a relatively low glass transition
temperature so that the weakest thermal link in the joint may often be the adhesive.

Use of an adhesive too far below the glass transition temperature could result in low
peel or cleavage strength. Brittleness of the adhesive at very low temperatures could also
manifest itself in poor impact strength.

Plastic substrates could be chemically active, even when isolated from the operating en-
vironment. Many polymeric surfaces slowly undergo chemical and physical change. The
plastic surface, at the time of bonding, may be well suited to the adhesive process. How-
ever, after aging, undesirable surface conditions may present themselves at the interface,
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Plastics and Elastomers in Adhesives 481

displace the adhesive, and result in bond failure. These weak boundary layers may come
from the environment or from within the plastic substrate itself.

Moisture, solvent, plasticizers, and various gases and ions can compete with the cured
adhesive for bonding sites. The process where a weak boundary layer preferentially dis-
places the adhesive at the interface is called desorption. Moisture is the most common de-
sorbing substance, being present both in the environment and within many polymeric
substrates.

Solutions to the desorption problem consist of eliminating the source of the weak
boundary layer or selecting an adhesive that is compatible with the desorbing material.
Excessive moisture can be eliminated from a plastic part by post curing or drying the part
before bonding. Additives that can migrate to the surface can possibly be eliminated by re-
formulating the plastic resin. Also, certain adhesives are more compatible with oils and
plasticizers than others. For example, the migration of plasticizer from flexible polyvinyl
chloride can be counteracted by using a nitrile-based adhesive. Nitrile adhesive resins are
capable of absorbing the plasticizer without degrading.

7.5.3.1 Thermoplastics. Many thermoplastics can be joined by solvent or heat weld-
ing as well as with adhesives. These alternative joining processes are discussed in detail in
another chapter. The plastic manufacturer is generally the leading source of information
on the proper methods of joining a particular plastic.

7.5.3.2 Thermosetting plastics. Thermosetting plastics cannot be heat or solvent
welded. They are easily bonded with many adhesives, some of which have been listed in
Table 7.31. Abrasion is generally recommended as a surface treatment.

7.5.3.3 Reinforced plastics. Adhesives that give satisfactory results on the resin
matrix alone may also be used to bond reinforced plastics. Surface preparation of rein-
forced thermosetting plastics consists of abrasion and solvent cleaning. A degree of abra-
sion is desired so that the reinforcing material is exposed to the adhesive.

Reinforced thermoplastic parts are generally abraded and cleaned prior to adhesive
bonding. However, special surface treatment such as used on the thermoplastic resin ma-
trix may be necessary for optimal strength. Care must be taken so that the treatment chem-
icals do not wick into the substrate and cause degradation. Certain reinforced
thermoplastics may also be solvent cemented or heat welded. However, the percentage of
filler in the substrate must be limited, or the bond will be starved of resin.

7.5.3.4 Plastic foams. Some solvent cements and solvent-containing pressure-sensi-
tive adhesives will collapse thermoplastic foams. Water-based adhesives, based on styrene
butadiene rubber (SBR) or polyvinyl acetate, and 100 percent solid adhesives are often
used. Butyl, nitrile, and polyurethane adhesives are often used for flexible polyurethane
foam. Epoxy adhesives offer excellent properties on rigid polyurethane foam.

7.5.4 Adhesives for Elastomers
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482 Chapter Seven

7.5.4.1 Vulcanized elastomers. Bonding of vulcanized elastomers to themselves
and other materials is generally accomplished by using a pressure-sensitive adhesive de-
rived from an elastomer similar to the one being bonded. Flexible thermosetting adhesives
such as epoxy-polyamide or polyurethane also offer excellent bond strength to most elas-
tomers. Surface treatment consists of washing with a solvent, abrading, or acid cyclizing
as described in Table 7.18.

Elastomers vary greatly in formulation from one manufacturer to another. Fillers, plas-
ticizers, antioxidants, etc., may affect the adhesive bond. Adhesives should be thoroughly
tested on a specific elastomer and then re-evaluated if the elastomer manufacturer or for-
mulation is changed.

7.5.4.2 Unvulcanized elastomers. Unvulcanized elastomers may be bonded to
metals and other rigid adherends by priming the adherend with a suitable air- or heat-dry-
ing adhesive before the elastomer is molded against the adherend. The most common elas-
tomers to be bonded in this way include nitrile, neoprene, urethane, natural rubber, SBR,
and butyl rubber. Less common unvulcanized elastomers such as the silicones, fluorocar-
bons, chlorosulfonated polyethylene, and polyacrylate are more difficult to bond. 

However, recently developed adhesive primers improve the bond of these elastomers to
metal. Surface treatment of the adherend before priming should be according to good stan-
dards.

7.5.5 Adhesives for Wood

Resorcinol-formaldehyde resins are cold-setting adhesives for wood structures. Urea-
formaldehyde adhesives, commonly modified with melamine formaldehyde, are used in
the production of plywood and in wood veneering for interior applications. Phenol-form-
aldehyde and resorcinol-formaldehyde adhesive systems have the best heat and weather
resistance.

Polyvinyl acetates are quick-drying, water-based adhesives commonly used for the as-
sembly of furniture. This adhesive produces bonds stronger than the wood itself, but it is
not resistant to moisture or high temperature. Table 7.34 describes common adhesives
used for bonding wood.

7.5.6 Adhesives for Glass

Glass adhesives are generally transparent, heat-setting resins that are water-resistant to
meet the requirements of outdoor applications. Adhesives generally used to bond glass,
and their physical characteristics, are presented in Table 7.35.

7.6 Effect of the Environment

For an adhesive bond to be useful, it not only must withstand the mechanical forces acting
on it; it must also resist the service environment. Adhesive strength is influenced by many
common environments, including temperature, moisture, chemical fluids, and outdoor
weathering. Table 7.36 summarizes the relative resistance of various adhesive types to
common environments.

7.6.1 High Temperature
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Plastics and Elastomers in Adhesives 483

All polymeric materials are degraded to some extent by exposure to elevated temperatures.
Not only are physical properties lowered at high temperatures, they also degrade due to
thermal aging. Newly developed polymeric adhesives have been found to withstand 500 to
600°F continuously. To use these materials, the designer must pay a premium in adhesive
cost and also be capable of providing long, high-temperature cures.

For an adhesive to withstand elevated-temperature exposure, it must have a high melt-
ing or softening point and resistance to oxidation. Materials with a low melting point, such
as many of the thermoplastic adhesives, may prove excellent adhesives at room tempera-
ture. However, once the service temperature approaches the glass transition temperature of
these adhesives, plastic flow results in deformation of the bond and degradation in cohe-
sive strength. Thermosetting materials, exhibiting no melting point, consist of highly
cross-linked networks of macromolecules. Many of these materials are suitable for high-
temperature applications. When considering thermoset adhesives, the critical factor is the
rate of strength reduction due to thermal oxidation and pyrolysis.

Thermal oxidation initiates progressive chain scission of molecules resulting in losses
of weight, strength, elongation, and toughness within the adhesive. Figure 7.30 illustrates
the effect of oxidation by comparing adhesive joints aged in both high-temperature air and
inert-gas environments. The rate of strength degradation in air depends on the temperature,
the adhesive, the rate of airflow, and even the type of adherend. Certain metal–adhesive in-
terfaces are capable of accelerating the rate of oxidation. For example, many structural ad-
hesives exhibit better thermal stability when bonded to aluminum than when bonded to
stainless steel or titanium (Fig. 7.30).

High-temperature adhesives are usually characterized by a rigid polymeric structure,
high softening temperature, and stable chemical groups. The same factors also make these

TABLE 7.34 Properties of Common Wood Adhesives (from Ref. 36)

Resin type used

Resin
solids
in glue 
mix, % Principal use

Method of 
application Principal property Principal limitation

Urea
formaldehyde

23–30 Wood-to-wood 
interior

Spreader rolls Bleed-through-free; 
good adhesion

Poor durability

Phenol
formaldehyde

23–27 Plywood exterior Spreader rolls Durability Comparatively long 
cure times

Melamine
formaldehyde

68–72 Wood-to-wood, 
splicing,
patching,
scarfing

Sprayed, combed Adhesion, color, 
durability

Relative cost; poor 
washability; needs 
heat to cure

Melamine
urea 1/1

55–60 End and edge 
gluing
exterior

Applicator Colorless, durability 
and speed

Cost

Resorcinol
formaldehyde

50–56 Exterior 
wood-to-wood 
(laminating)

Spreader rolls Cold sets durability Cost, odor

Phenol-resorcinol
10/90

50–56 Wood-to-wood 
exterior 
(laminating)

Spreader rolls Warm-set durability Cost, odor

Polyvinyl acetate 
emulsion

45–55 Wood-to-wood 
interior

Brushed, sprayed, 
spreader rolls

Handy Lack of H2O and heat 
resistance
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484 Chapter Seven

adhesives very difficult to process. Only epoxy-phenolic-, polyimide-, and polybenzimida-
zole-based adhesives can withstand long-term service temperatures greater than 350°F.

7.6.1.1 Epoxy. Epoxy adhesives are generally limited to continuous applications be-
low 300°F. Figure 7.31 illustrates the aging characteristics of a typical epoxy adhesive at
elevated temperatures. Certain epoxy adhesives are able to withstand short terms at 500°F
and long-term service at 300 to 350°F. These systems were formulated especially for ther-
mal environments by incorporation of stable epoxy co-reactants, high-temperature curing
agents, and antioxidants into the adhesive.

One successful epoxy co-reactant system is an epoxy-phenolic alloy. The excellent
thermal stability of the phenolic resins is coupled with the adhesion properties of epoxies
to provide an adhesive capable of 700°F short-term operation and continuous use at 350°F.
The heat-resistance and thermal-aging properties of an epoxy-phenolic adhesive are com-
pared with those of other high-temperature adhesives in Fig. 7.32.

TABLE 7.35 Commercial Adhesives Most Desirable for Glass (from Ref. 37)

Trade name Chemical type

Bond characteristics

Strength,
lb/in2 Type of failure

Weathering 
quality

Butacite, Butvar Polyvinyl 
butyral

2000–4000 Adhesive Fair

Bostik 7026, FM–45, 
FM–46

Phenolic
butyral

2000–5500 Glass Excellent

EC826, EC776 Adhesion and glass

N–199, Scotchweld Phenolic
nitrile

1000–1200 Excellent

Pliobond M–20, EC847 Vinyl nitrile 1200–3000 Adhesion and glass Fair to good

EC711, EC882

EC870 Neoprene  800–1200 Adhesion and cohesive Fair

EC801, EC612 Polysulfide  200–400 Cohesive Excellent

EC526, R660T, EC669 Rubber base  200–800 Adhesive Fair to poor

Siliastic Silicone  200–300 Cohesive Excellent

Res–N–Glue, du Pont 5459 Cellulose vinyl 1000–1200 Adhesive Fair

Vinylite AYAF, 28–18 Vinyl acetate 1500–2000 Adhesive Poor

Araldite, Epon L–1372, 
ERL–2774, R–313, 
C–14, SH–1, J–1152

Epoxy  600–2000 Adhesive Fair to good
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Anhydride curing agents give unmodified epoxy adhesives greater thermal stability
than most other epoxy curing agents. Phthalic anhydride, pyromellitic dianhydride, and
chlorendic anhydride allow greater cross-linking and result in short-term heat resistance to
450°F. Long-term thermal endurance, however, is limited to 300°F. Typical epoxy formu-
lations cured with pyromellitic dianhydride offer 1,200 to 2,600 lb/in2 shear strength at
300°F and 1,000 lb/in2 at 450°F.

7.6.1.2 Modified phenolics. Of the common modified phenolic adhesives, the ni-
trile-phenolic blend has the best resistance to shear at elevated temperatures. Nitrile phe-
nolic adhesives have high shear strength up to 250 to 350°F, and the strength retention on
aging at these temperatures is very good. The nitrile phenolic adhesives are also extremely
tough and provide high peel strength.

7.6.1.3 Silicone. Silicone adhesives have very good thermal stability but low strength.
Their chief application is in nonstructural applications such as high-temperature pressure-
sensitive tape. 

Attempts have been made to incorporate silicones with other resins such as epoxies and
phenolics, but long cure times and low strength have limited their use.

Figure 7.30 The effect of 500°F aging in air and nitrogen
on an epoxy-phenolic adhesive (HT-424).39

Figure 7.31 Effect of temperature aging on typical
epoxy adhesive in air. Strength measured at room
temperature.40
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488 Chapter Seven

7.6.1.4 Polyaromatics. The most common polyaromatic resins, polyimide and poly-
benzimidazole, offer greater thermal resistance then any other commercially available ad-
hesive. The rigidity of their molecular chains decreases the possibility of chain scission
caused by high temperatures. The aromaticity of these structures provides high bond-dis-
sociation energy and acts as an “energy sink” to the thermal environment.

Polyimide. The strength retention of polyimide adhesives for short exposures to
1000oF is slightly better than that of an epoxy-phenolic alloy. However, the thermal endur-
ance of polyimides at temperatures greater than 500°F is unmatched by other commer-
cially available adhesives.

Polyimide adhesives are usually supplied as a glass-fabric-reinforced film having a lim-
ited shelf life. A cure of 90 min at 500 to 600°F and 15 to 200 lb/in2 pressure is usually
necessary for optimal properties. High-boiling volatiles can be released during cure, which
causes a somewhat porous adhesive layer. Because of the inherent rigidity of this material,
peel strength is low.

Figure 7.32 Comparison of (a) heat resistance and (b) thermal aging of
high-temperature structural adhesives.41
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Plastics and Elastomers in Adhesives 489

Polybenzimidazole. As illustrated in Fig. 7.32, polybenzimidazole (PBI) adhesives
offer the best short-term performance at elevated temperatures. However, PBI resins oxi-
dize rapidly and are not recommended for continuous use at temperatures over 450°F.

PBI adhesives require a cure at 600°F. Release of volatiles during cure contributes to a
porous adhesive bond. Supplied as a very stiff, glass-fabric-reinforced film, this adhesive
is expensive, and applications are limited by a long, high-temperature curing cycle.

7.6.2 Low Temperature

The factors that determine the strength of an adhesive at very low temperatures are (1) the
difference in coefficient of thermal expansion between adhesive and adherend, (2) the
elastic modulus, and (3) the thermal conductivity of the adhesive. The difference in ther-
mal expansion is very important, especially since the elastic modulus of the adhesive gen-
erally decreases with falling temperature. It is necessary that the adhesive retain some
resiliency if the thermal expansion coefficients of adhesive and adherend cannot be closely
matched. The adhesive’s coefficient of thermal conductivity is important in minimizing
transient stresses during cooling. This is why thinner bonds have better cryogenic proper-
ties than thicker ones.

Low-temperature properties of common structural adhesives used for cryogenic appli-
cations are illustrated in Fig. 7.33. 

Epoxy-polyamide adhesives can be made serviceable at very low temperatures by the
addition of appropriate fillers to control thermal expansion. But the epoxy-based systems
are not as attractive as some others because of brittleness and corresponding low peel and
impact strength at cryogenic temperatures.

Epoxy-phenolic adhesives are exceptional in that they have good adhesive properties at
both elevated and low temperatures. Vinyl-phenolic adhesives maintain fair shear and peel
strength at –423°F, but strength decreases with decreasing temperature. Nitrile-phenolic
adhesives do not have high strength at low service temperatures, because of rigidity.

Polyurethane and epoxy-nylon systems offer outstanding cryogenic properties. Poly-
urethane adhesives are easily processable and bond well to many substrates. Peel strength
ranges from 22 lb/in at 75° to 26 lb/in at –423°F, and the increase in shear strength at

Figure 7.33 Properties of cryogenic structural adhesive systems.41
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490 Chapter Seven

–423°F is even more dramatic. Epoxy-nylon adhesives also retain flexibility and yield
5,000 lb/in2 shear strength in the cryogenic-temperature range.

Heat-resistant polyaromatic adhesives also have shown promising low-temperature
properties. The shear strength of a polybenzimidazole adhesive on stainless-steel sub-
strates is 5,690 lb/in2 at a test temperature of –423°F, and polyimide adhesives have ex-
hibited shear strength of 4,100 lb/in2 at –320°F. These unique properties show the
applicability of polyaromatic adhesives on structures seeing both very high and low tem-
peratures.

7.6.3 Humidity and Water Immersion

Moisture can affect adhesive strength in two significant ways. Some polymeric materials,
notably ester-based polyurethanes, will revert—i.e., lose hardness, strength, and (in the
worst cases) turn fluid during exposure to warm, humid air. Water can also permeate the
adhesive and preferentially displace the adhesive at the bond interface. This later mecha-
nism is the most common cause of adhesive-strength reduction in moist environments. 

The rate of reversion or hydrolytic instability depends on the chemical structure of the
base adhesive, the type and amount of catalyst used, and the flexibility of the adhesive.
Certain chemical linkages, such as ester, urethane, amide, and urea, can be hydrolyzed.
The rate of attack is fastest for ester-based linkages. Ester linkages are present in certain
types of polyurethanes and anhydride-cured epoxies. Generally, amine-cured epoxies offer
better hydrolytic stability than anhydride-cured types. Figure 7.34 illustrates the hydro-
lytic stability of various polymeric materials determined by a hardness measurement. Re-
version is usually much faster in flexible materials because water permeates more easily.

Structural adhesives not susceptible to the reversion phenomenon are also likely to lose
adhesive strength when exposed to moisture. The degradation curves shown in Fig. 7.35
are typical for an adhesive exposed to moist, high-temperature environments. The mode of
failure in the initial stages of aging is usually truly cohesive. After aging, the failure be-
comes one of adhesion. It is expected that water vapor permeates the adhesive through its
exposed edges and concentrates in weak boundary layers at the interface. This effect is
greatly dependent on the type of adhesive and substrate.

Figure 7.34 Hydrolytic stability of potting
compounds. Materials showing rapid hardness
loss will soften similarly after two to four years
at ambient temperatures in a high-humidity,
tropical climate.42
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Plastics and Elastomers in Adhesives 491

Stress accelerates the effect of environments on the adhesive joint. Little data are avail-
able on this phenomenon because of the time and expense associated with stress-aging
tests. However, it is known that moisture, as an environmental burden, markedly decreases
the ability of an adhesive to bear prolonged stress. Figure 7.36 illustrates the effect of
stress aging on specimens exposed to relative humidity cycling from 90 to 100 percent and
simultaneous temperature cycling from 80 to 120°F. The loss of load-bearing ability of a
certain flexibilized epoxy adhesive (Fig. 7.36) is exceptional. The stress on this particular
adhesive had to be reduced to 13 percent of its original strength for the joint to last a little
more than 44 days in the test environment.

7.6.4 Outdoor Weathering

The most detrimental factors influencing adhesives aged outdoors are heat and humidity.
Thermal cycling, ultraviolet radiation, and cold are relatively minor factors. The reasons
why warm, moist climates degrade adhesive joints were presented in the previous section.

When exposed to weather, structural adhesives rapidly lose strength during the first six
months to one year. After two to three years, the rate of decline usually levels off, depend-
ing on the climate zone, adherend, adhesive, and stress level. Figure 7.37 shows the weath-
ering characteristics of unstressed epoxy adhesives to the Richmond, VA, climate.

Figure 7.35 Effect of humidity on adhesion of
two structural adhesives to stainless steel.43

Figure 7.36 Time to failure vs. stress for two adhesives in a warm, high-humidity environment: (a)
adhesive = one-part, heat-curing, modified epoxy; (b) adhesive = flexibilized, amine-cured epoxy.44
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492 Chapter Seven

The following generalizations are of importance in designing an adhesive joint for out-
door service:

1. The most severe locations are those with high humidity and warm temperatures.

2. Stressed panels deteriorate more rapidly than unstressed panels.

3. Stainless-steel panels are more resistant than aluminum panels because of corrosion.

4. Heat-cured adhesive systems are generally more resistant than room-temperature-
cured systems.

5. With the better adhesives, unstressed bonds are relatively resistant to severe outdoor
weathering, although all joints will eventually exhibit some strength loss.

MIL-STD-304 is a commonly used accelerated-exposure technique to determine the ef-
fect of weathering and high humidity on adhesive specimens. Adhesive comparisons can
be made with this type of test. In this procedure, bonded panels are exposed to alternating
cold (–65°F), dry heat (160°F), and heat and humidity (160°F, 95 percent RH) for 30 days.

Figure 7.37 Effect of outdoor weathering on typical aluminum joints made with four different
two-part epoxies cured at room temperature.25
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The effect of MIL-STD-304 conditioning on the joint strength of common structural adhe-
sives is presented in Table 7.37.

7.6.5 Chemicals and Solvents

Most organic adhesives tend to be susceptible to chemicals and solvents, especially at ele-
vated temperatures. Standard test fluids and immersion conditions are used by adhesive
suppliers and are defined in MMM-A-132. Unfortunately exposure tests lasting less than
30 days are not applicable to many requirements. Practically all adhesives are resistant to
these fluids over short time periods and at room temperatures. Some epoxy adhesives even
show an increase in strength during aging in fuel or oil. This effect is possibly due to a
post-curing or plasticizing of the epoxy by oil.

Epoxy adhesives are generally more resistant to a wide variety of liquid environments
than other structural adhesives. However, the resistance to a specific environment is
greatly dependent on the type of epoxy curing agent used. Aromatic amine, such as
metaphenylene diamine, cured systems are frequently preferred for long-term chemical re-
sistance.

There is no “best adhesive” for universal chemical environments. As an example, maxi-
mum resistance to bases almost axiomatically means poor resistance to acids. It is rela-
tively easy to find an adhesive that is resistant to one particular chemical environment. It
becomes more difficult to find an adhesive that will not degrade in two widely differing
chemical environments. Generally, adhesives that are most resistant to high temperatures
have the best resistance to chemicals and solvents.

The temperature of the immersion medium is a significant factor in the aging properties
of the adhesive. As the temperature increases, more fluid is generally absorbed by the ad-
hesive, and the degradation rate increases.

From the rather limited information reported in the literature, it may be summarized
that

1. Chemical-resistance tests are not uniform in concentrations, temperature, time, prop-
erties measured.

TABLE 7.37 Effect of MIL–STD–304 Aging on Bonded Aluminum Joints (from Ref. 45)

Adhesive

Shear, lb/in2,
73°F

Shear, lb/in2,
160°F

Control Aged Control Aged

Room-temperature cured:
Epoxy-polyamide
Epoxy-polysulfide
Epoxy-aromatic amine
Epoxy-nylon
Resorcinol epoxy-polyamide
Epoxy-anhydride
Polyurethane

Cured 45 min at 330°F, epoxy-phenolic
Cured 1 hr at 350°F:

Modified epoxy
Nylon-phenolic

1800
1900
2000
2600
3500
3000
2600
2900

4900
4600

2100
1640
Failed
1730
3120‘
920

1970
2350

3400
3900

2700
1700
  720
  220
3300
3300
1600
2900

4100
3070

1800
6070
Failed
   80
2720
1330
1560
2190

3200
2900
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494 Chapter Seven

2. Generally, chlorinated solvents and ketones are severe environments.

3. High-boiling solvents, such as dimethylformamide and dimethyl sulfoxide, are severe
environments.

4. Acetic acid is a severe environment.

5. Amine curing agents for epoxies are poor in oxidizing acids.

6. Anhydride curing agents are poor in caustics.

7.6.6 Vacuum

The ability of an adhesive to withstand long periods of exposure to a vacuum is of primary
importance for certain applications. Loss of low-molecular-weight constituents such as
plasticizers or diluents could result in hardening and porosity of cured adhesives or seal-
ants.

Since most structural adhesives are relatively high-molecular- weight polymers, expo-
sure to pressures as low as 10–9 torr is not harmful. However, high temperatures, radiation,
or other degrading environments may cause the formation of low-molecular-weight frag-
ments that tend to bleed out of the adhesive in a vacuum.

Epoxy and polyurethane adhesives are not appreciably affected by 10–9 torr for seven
days at room temperature. However, polyurethane adhesives exhibit significant outgassing
when aged under 10–9 torr at 225°F.

7.6.7 Radiation

High-energy particulate and electromagnetic radiation, including neutron, electron, and
gamma radiation, have similar effects on organic adhesives. Radiation causes molecular-
chain scission of the adhesive, which results in weakening and embrittlement of the bond.
This degradation is worsened when the adhesive is simultaneously exposed to elevated
temperatures and radiation.

Figure 7.38 illustrates the effect of radiation dosage on the tensile-shear strength of
structural adhesives. Generally, heat-resistant adhesives have been found to resist radiation
better than less thermally stable systems. Fibrous reinforcement, fillers, curing agents, and
reactive diluents affect the radiation resistance of adhesive systems. In epoxy-based adhe-
sives, aromatic curing agents offer greater radiation resistance than aliphatic-type curing
agents.

7.7 Processing and Quality Control of 
Adhesive Joints

Processing and quality control are usually the final considerations in the design of an ad-
hesive-bonding system. These decisions are very important, however, because they alone
may (1) restrict the degrees of freedom in designing the end product, (2) determine the
types and number of adhesives that can be considered, (3) affect the quality and reproduc-
ibility of the joint, and (4) affect the total assembly cost. 

7.7.1 Measuring and Mixing

When a multiple-part adhesive is used, the concentration ratios have a significant effect on
the quality of the joint. Strength differences caused by varying curing-agent concentration
are most noticeable when the joints are tested at elevated temperatures or after exposure to
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Plastics and Elastomers in Adhesives 495

water or solvents. Exact proportions of resin and hardener must be weighed out on an ac-
curate balance or in a measuring container for best adhesive quality and reproducibility.

The weighed-out components must be mixed thoroughly. Mixing should be continued
until no color streaks or density stratifications are noticeable. Caution should be taken to
prevent air from being mixed into the adhesive through overagitation. This can cause
foaming of the adhesive during heat cure, resulting in porous bonds. If air does become
mixed into the adhesive, vacuum degassing may be necessary before application.

Only enough adhesive should be mixed that can be used before the adhesive begins to
cure. Working life of an adhesive is defined as the period of time during which an adhesive
remains suitable for use after mixing with catalyst. Working life is decreased as the ambi-
ent temperature increases and as the batch size becomes larger. One-part, and some heat-
curing, two-part, adhesives have very long working lives at room temperature, and appli-
cation and assembly speed or batch size are not critical.

For a large-scale bonding operation, hand mixing is costly, messy, and slow, and repeat-
ability is entirely dependent on the operator. Equipment is available that can meter, mix,
and dispense multicomponent adhesives on a continuous or shot basis.

7.7.2 Application of Adhesives

The selection of an application method depends primarily on the form of the adhesive: liq-
uid, paste, powder, or film. Table 7.38 describes the advantages and limitations realized in
using each of the four basic forms. Other factors influencing the application method are
the size and shape of parts to be bonded, the total area where the adhesive is to be applied,
and production volume and rate.

Figure 7.38 Percent change of initial tensile-shear strength caused by nuclear radia-
tion dosage.46
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7.7.2.1 Liquids. Liquids, the most common form of adhesive, can be applied by a va-
riety of methods. Brushes, simple rollers, and glue guns are manual methods that provide
simplicity, low cost, and versatility. Spray, dipping, and mechanical roll coaters are gener-
ally used on large production runs. Mechanical roller methods are commonly used to ap-
ply a uniform layer of adhesive to a continuous roll or coil. Such automated systems are
used with adhesives that have a long working life and low viscosity. Spray methods can be
used on both small and large production runs. The spray adhesive is generally in solvent
solution, and sizable amounts of adhesive may be lost from overspray. Two-component ad-
hesives are usually mixed prior to placing in the spray-gun reservoir. Application systems
are available, however, that meter and mix the adhesive in the spray-gun barrel. This is
ideal for fast-reacting systems.

7.7.2.2 Pastes. Bulk adhesives such as pastes and mastics are the simplest and most
reproducible adhesives to apply. These systems can be troweled or extruded through a
caulking gun. Little operator skill is required. Since the thixotropic nature of the paste pre-
vents it from flowing excessively, application is usually clean, and little waste is generated.

7.7.2.3 Powders. Powder adhesives can be applied in three ways.

1. They may be sifted onto a preheated substrate. The powder that falls onto the substrate
melts and adheres. The assembly is then mated and cured according to recommended
processes.

2. A preheated substrate could also be dipped into a fluidized bed of the powder and then
extracted with an attached coating of adhesive. This method helps to ensure an even
distribution of powder.

3. The powder can be melted into a paste or liquid and applied by conventional means. 

Powder adhesives are generally one-part, epoxy-based systems that require heat and
pressure to cure. They do not require metering and mixing but often must be refrigerated
for extended shelf life. 

7.7.2.4 Films. Dry adhesive films have the following advantages: 

1. High repeatability—no mixing or metering, constant thickness.

2. Easy to handle—low equipment cost, relatively hazard-free, clean operating.

3. Very little waste—preforms can be cut to size.

4. Excellent physical properties—wide variety of adhesive types available.

Films are limited to flat surfaces or simple contours. Application requires a relatively high
degree of care to ensure nonwrinkling and removal of separator sheets. Characteristics of
available film adhesives vary widely, depending on the type of adhesive used.

Film adhesives are made as both unsupported and supported types. The carrier for sup-
ported films is generally fibrous fabric or mat. Film adhesives are supplied in heat-acti-
vated, pressure-sensitive, or solvent-activated forms. Solvent-activated adhesives are made
tacky and pressure-sensitive by wiping with solvent. They are not as strong as the other
types but are well suited for contoured, curved, or irregularly shaped parts. Manual sol-
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vent-reactivation methods should be closely monitored so that excessive solvent is not
used. Solvent-activated films include neoprene, nitrile, and butyral phenolics. Decorative
trim and nameplates are usually fastened onto a product with solvent-activated adhesives.

7.7.3 Bonding Equipment

After the adhesive is applied, the assembly must be mated as quickly as possible to prevent
contamination of the adhesive surface. The substrates are held together under pressure and
heated, if necessary, until cure is achieved. The equipment required to perform these func-
tions must provide adequate heat and pressure, maintain the prescribed pressure during the
entire cure cycle, and distribute pressure uniformly over the bond area. Of course, many
adhesives require only simple contact pressure at room temperature, and extensive bond-
ing equipment is not necessary.

7.7.3.1 Pressure equipment. Pressure devices should be designed to maintain con-
stant pressure on the bond during the entire cure cycle. They must compensate for thick-
ness reduction from adhesive flow or thermal expansion of assembly parts. Thus, screw-
actuated devices like C-clamps and bolted fixtures are not acceptable when a constant
pressure is important. Spring pressure can often be used to supplement clamps and com-
pensate for thickness variations. Dead-weight loading may be applied in many instances;
however, this method is sometimes impractical, especially when heat cure is necessary.

Pneumatic and hydraulic presses are excellent tools for applying constant pressure.
Steam or electrically heated platen presses with hydraulic rams are often used for adhesive
bonding. Some units have multiple platens, thereby permitting the bonding of several as-
semblies at one time.

Large bonded areas such as on aircraft parts are usually cured in an autoclave. The parts
are mated first and covered with a rubber blanket to provide uniform pressure distribution.
The assembly is then placed in an autoclave, which can be pressurized and heated. This
method requires heavy capital-equipment investment.

Vacuum-bagging techniques can be an inexpensive method of applying pressure to
large parts. A film or plastic bag is used to enclose the assembly, and the edges of the film
are sealed airtight. A vacuum is drawn on the bag, enabling atmospheric pressure to force
the adherends together. Vacuum bags are especially effective on large areas, because size
is not limited by equipment.

7.7.3.2 Heating equipment. Many structural adhesives require heat as well as pres-
sure. Most often, the strongest bonds are achieved by an elevated-temperature cure. With
many adhesives, trade-offs between cure times and temperature are permissible. But, gen-
erally, the manufacturer will recommend a certain curing schedule for optimum properties.

If, for example, a cure of 60 min at 300°F is recommended, this does not mean that the
assembly should be placed in a 300°F oven for 60 min. It is the bond line that should be at
300°F for 60 min. Total oven time would be 60 min plus whatever time is required to bring
the assembly up to 300°F. Large parts act as a heat sink and may require substantial time
for an adhesive in the bond line to reach the necessary temperature. Bond-line tempera-
tures are best measured by thermocouples placed very close to the adhesive. In some
cases, it may be desirable to place the thermocouple in the adhesive joint for the first few
assemblies being cured.

Oven heating is the most common source of heat for bonded parts, even though it in-
volves long curing cycles because of the heat-sink action of large assemblies. Ovens may
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be heated with gas, oil, electricity, or infrared units. Good air circulation within the oven is
mandatory to prevent nonuniform heating.

Heated-platen presses are good for bonding flat or moderately contoured panels when
faster cure cycles are desired. Platens are heated with steam, hot oil, or electricity and are
easily adapted with cooling-water connections to further speed the bonding cycle.

7.7.3.3 Adhesive-thickness control. It is highly desirable to have a uniformly thin
(2- to 10-mil) adhesive bond line. Starved adhesive joints, however, will yield exception-
ally poor properties. Three basic methods are used to control adhesive thickness. The first
method is to use mechanical shims or stops which can be removed after the curing opera-
tion. Sometimes it is possible to design stops into the joint.

The second method is to employ a film adhesive that becomes highly viscous during the
cure cycle preventing excessive adhesive flow-out. With supported films, the adhesive car-
rier itself can act as the shims. Generally, the cured bond-line thickness will be determined
by the original thickness of the adhesive film. The third method of controlling adhesive
thickness is to use trial and error to determine the correct pressure-adhesive viscosity fac-
tors that will yield the desired bond thickness.

7.7.4 Quality Control

A flow chart of a quality-control system for a major aircraft company is illustrated in Fig.
7.39. This system is designed to ensure reproducible bonds and, if a substandard bond is
detected, to make suitable corrections. Quality control should cover all phases of the bond-
ing cycle from inspection of incoming material to the inspection of the completed assem-
bly. In fact, good quality control will start even before receipt of materials.

7.7.4.1 Prebonding conditions. The human element enters the adhesive-bonding
process more than in other fabrication techniques. An extremely high percentage of de-
fects can be traced to poor workmanship. This generally prevails in the surface-prepara-
tion steps but may also arise in any of the other bonding steps. This problem can be largely
overcome by proper motivation and education. All employees, from design engineer to la-
borer to quality-control inspector, should be somewhat familiar with adhesive-bonding
technology and be aware of the circumstances that can lead to poor joints.

The plant’s bonding area should be as clean as possible prior to receipt of materials.
The basic approach to keeping the assembly area clean is to segregate it from the other
manufacturing operations either in a corner of the plant or in isolated rooms. The air
should be dry and filtered to prevent moisture or other contaminants from gathering at a
possible interface. The cleaning and bonding operations should be separated from each
other. If mold release is used to prevent adhesive flash from sticking to bonding equip-
ment, it is advisable that great care be taken to ensure that the release does not contaminate
the adherends. Spray mold releases, especially silicone release agents, have a tendency to
migrate to undesirable areas.

7.7.4.2 Quality control of adhesive and surface treatment. Acceptance tests
on adhesives should be directed toward assurance that incoming materials are identical
from lot to lot. The tests should be those that can quickly and accurately detect deficien-
cies in the adhesive’s physical or chemical properties. ASTM lists various test methods
that are commonly used for adhesive acceptance. Actual test specimens should also be
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made to verify strength of the adhesive. These specimens should be stressed in directions
that are representative of the forces that the bond will see in service, i.e., shear, peel, ten-
sion, or cleavage. If possible, the specimens should be prepared and cured in the same
manner as actual production assemblies. If time permits, specimens should also be tested
in simulated service environments, e.g., high temperature or humidity.

Surface preparations must be carefully controlled for reliable production of adhesive-
bonded parts. If a chemical surface treatment is required, the process must be monitored
for proper sequence, bath temperature, solution concentration, and contaminants. If sand
or grit blasting is employed, the abrasive must be changed regularly. An adequate supply
of clean wiping cloths for solvent cleaning is also mandatory. Checks should be made to
determine if cloths or solvent containers have become contaminated.

Figure 7.39 Flowchart of a quality-control system
for adhesive bonding.48
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The specific surface preparation can be checked for effectiveness by the water-break
free test. After the final treating step, the substrate surface is checked for a continuous film
of water that should form when deionized water drops are placed on the surface.

After the adequacy of the surface treatment has been determined, precautions must be
taken to ensure that the substrates are kept clean and dry until bonding. The adhesive or
primer should be applied to the treated surface as quickly as possible.

7.7.4.3 Quality control of the bonding process. The adhesive metering and mix-
ing operation should be monitored by periodically sampling the mixed adhesive and test-
ing it for adhesive properties. A visual inspection can also be made for air entrapment and
degree of mixing. The quality-control engineer should be sure that the oldest adhesive is
used first and that the specified shelf life has not been exceeded.

During the actual assembly operation, the cleanliness of the shop and tools should be
verified. The shop atmosphere should be controlled as closely as possible. Temperature in
the range of 65 to 90oF and relative humidity from 20 to 65 percent is best for almost all
bonding operations.

The amount of the applied adhesive and the final bond-line thickness must also be mon-
itored, because they can have a significant effect on joint strength. Curing conditions
should be monitored for heat-up rate, maximum and minimum temperature during cure,
time at the required temperature, and cool-down rate.

7.7.4.4 Bond inspection. After the adhesive is cured, the joint can be inspected to
detect gross flaws or defects. This inspection procedure can be either destructive or nonde-
structive in nature. Destructive testing generally involves placing samples in simulated or
accelerated service and determining if they have similar properties to a specimen that is
known to have a good bond and adequate service performance. The causes and remedies
for faults revealed by such mechanical tests are described in Table 7.39. Nondestructive
testing (NDT) is far more economical, and every assembly can be tested if desired. Great
amounts of energy are now being devoted to improve NDT techniques.

7.7.4.5 Nondestructive testing procedures

Visual inspection. A trained eye can detect a surprising number of faulty joints by
close inspection of the adhesive around the bonded area. Table 7.40 lists the characteristics
of faulty joints that can be detected visually. The most difficult defect to be found by any
way are those related to improper curing and surface treatment. Therefore, great care and
control must be given to surface-preparation procedures and shop cleanliness.

Sonic Inspection. Sonic and ultrasonic methods are, at present, the most popular
NDT techniques for use on adhesive joints. Simple tapping of a bonded joint with a coin
or light hammer can indicate an unbonded area. Sharp, clear tones indicate that adhesive is
present and adhering to the substrate in some degree; dull, hollow tones indicate a void or
unattached area. Ultrasonic testing basically measures the response of the bonded joint to
loading by low-power ultrasonic energy. 

Other NDT methods. Radiography (x-ray) inspection can be used to detect voids or
discontinuities in the adhesive bond. This method is more expensive and requires more
skilled experience than ultrasonic methods.

Thermal-transmission methods are relatively new techniques for adhesive inspection.
Liquid crystals applied to the joint can make voids visible if the substrate is heated. This
test is simple and inexpensive, although materials with poor heat-transfer properties are
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difficult to test, and the joint must be accessible from both sides. An infrared inspection
technique has also been developed for detection of internal voids and nonbonds. This tech-
nique is somewhat expensive, but it can accurately determine the size and depth of the
flaw.

The science of holography has also been used for NDT of adhesive bonds. Holography
is a method of producing photographic images of flaws and voids using coherent light

TABLE 7.39 Faults Revealed by Mechanical Tests

Fault Cause Remedy

Thick, uneven glue line Clamping pressure too low

No follow-up pressure

Curing temperature too low

Adhesive exceeded its shelf 
life, resulting in increased 
viscosity

Increase pressure. Check that clamps are 
seating properly

Modify clamps or check for freedom of 
moving parts

Use higher curing temperature. Check 
that temperature is above the 
minimum specified throughout the 
curing cycle

Use fresh adhesive

Adhesive residue has 
spongy appearance or 
contains bubbles

Excess air stirred into 
adhesive

Solvents not completely dried 
out before bonding

Adhesive material contains 
volatile constituent

A low-boiling constituent 
boiled away

Vacuum-degas adhesive before 
application

Increase drying time or temperature. 
Make sure drying area is properly 
ventilated

Seek advice from manufacturers

Curing temperature is too high

Voids in bond (i.e., 
areas that are not 
bonded), clean bare 
metal exposed, 
adhesive failure at 
interface

Joint surfaces not properly 
treated

Resin may be contaminated

Uneven clamping pressure
Substrates distorted

Check treating procedure; use clean 
solvents and wiping rags. Wiping rags 
must not be made from synthetic fiber. 
Make sure cleaned parts are not 
touched before bonding. Cover stored 
parts to prevent dust from settling on 
them

Replace resin. Check solids content. 
Clean resin tank

Check clamps for distortion
Check for distortion; correct or discard 

distorted components. If distorted 
components must be used, try 
adhesive with better gap-filling ability

Adhesive can be 
softened by heating 
or wiping with 
solvent

Adhesive not properly cured Use higher curing temperature or extend 
curing time. Temperature and time 
must be above the minimum specified 
throughout the curing cycle. Check 
mixing ratios and thoroughness of 
mixing. Large parts act as a heat sink, 
necessitating larger cure times
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such as that produced by a laser. The major advantage of holography is that it photographs
successive “slices” through the scene volume. A true three-dimensional image of a defect
or void can then be reconstructed.

7.7.5 Environmental and Safety Concerns

Four primary safety factors must be considered in all adhesive bonding operations: toxic-
ity, flammability, hazardous incompatibility, and equipment.

All adhesives, solvents, chemical treatments, etc. must be handled in a manner that pre-
vents toxic exposure to the work force. Methods and facilities must be provided to ensure
that the maximum acceptable concentrations of hazardous materials are never exceeded.
These values are prominently displayed on the material’s Material Safety Data Sheet
(MSDA), which must be maintained and available for the workforce.

Where flammable solvents and adhesives are used, they must be stored, handled, and
used in a manner that prevents any possibility of ignition. Proper safety containers, storage
areas, and well ventilated workplaces are required.

TABLE 7.40 Visual Inspection for Faulty Bonds

Fault Cause Remedy

No appearance of 
adhesive around edges 
of joint or adhesive 
bond line too thick

Clamping pressure too 
low

Starved joint
Curing temperature too 

low

Increase pressure. Check that clamps are 
seating properly

Apply more adhesive
Use higher curing temperature. Check that 

temperature is above the minimum 
specified

Adhesive bond line too 
thin

Clamping pressure too 
high

Curing temperature too 
high

Starved joint

Lessen pressure

Use lower curing temperature

Apply more adhesive

Adhesive flash breaks 
easily away from 
substrate

Improper surface 
treatment

Check treating procedure; use clean 
solvents and wiping rags. Make sure 
cleaned parts are not touched before 
bonding

Adhesive flash is 
excessively porous

Excess air stirred into 
adhesive

Solvent not completely 
dried out before 
bonding

Adhesive material 
contains volatile 
constituent

Vacuum-degas adhesive before application

Increase drying time or temperature

Seek advice from manufacturers

Adhesive flash can be 
softened by heating or 
wiping with solvent

Adhesive not properly 
cured

Use higher curing temperature or extend 
curing time. Temperature and time must 
be above minimum specified. Check 
mixing
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Certain adhesive materials are hazardous when mixed together. Epoxy and polyester
catalysts, especially, must be well understood prior to departing from the manufacturers’
recommended procedure for mixing. Certain unstabilized solvents, such as trichloroethyl-
ene and perchloroethylene, are subject to chemical reaction on contact with oxygen or
moisture. Only stabilized grades of solvents should be used.

Certain adhesive systems, such as heat-curing epoxy and room-temperature-curing
polyesters, can develop very large exothermic reactions on mixing. The temperature gen-
erated during this exotherm is dependent on the mass of the material being mixed. Exo-
therm temperatures can get so high that the adhesive will catch fire and burn. Adhesive
products should always be applied in thin bond lines to minimize the exotherm until the
chemistry of the product is well understood.

Safe equipment and proper operation are, of course, crucial to a workplace. Sufficient
training and safety precautions must be installed in the factory before the bonding process
is established.
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Chapter

8
Plastics Joining

Edward M. Petrie
Materials and Process Center

ABB Transmission Technology Institute
Raleigh, North Carolina

8.1 Introduction

To fabricate large plastic assemblies, the most cost-effective method often involves pro-
ducing smaller subsections and joining them together. In such cases, the fabricator has a
variety of joining options to consider, including

■ Adhesive bonding
■ Thermal welding
■ Solvent cementing
■ Mechanical fastening

The strength of the plastic assembly relies heavily on the characteristics of the joint. In
most applications, the joint must be nearly as strong as the substrate throughout the ex-
pected life of the product. The method chosen to join plastics should be carefully evalu-
ated. In addition to strength and permanence, consideration must be given to tooling cost,
labor and energy cost, production time, appearance of the final part, and disassembly re-
quirements. Some plastic materials will be better suited for certain joining processes than
others due to their physical and chemical characteristics.

A consideration in plastic assembly that is usually not dominant when joining other
substrates is the time it takes to complete the joining operation. Plastic products generally
require very fast, high-volume assembly processes in industries such as consumer prod-
ucts, automotive, and packaging. Speed, simplicity, and reliability are key concerns in
most of these high-volume assembly processes. 

Speed and simplicity are usually considered to be of greater value than reliability or du-
rability when bonding commodity plastic substrates. Because of the nature of the poly-
meric substrate and the type of applications for which such materials are best suited,
exceedingly high strength and durability in hash environments are not generally necessary.

Source: Handbook of Plastics, Elastomers, and Composites
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These properties will gladly be sacrificed for faster, lower-cost production methods. Often,
there is not enough time for critical surface preparation or nondestructive testing of every
part.

In certain industries, such as the automotive industry, plastic materials are often chosen
because of their fast joining ability. Thus, thermoplastics are often preferred over thermo-
sets, because they can be joined via thermal welding processes in a few seconds. 

Although adhesive bonding often proves to be an effective method for bonding plastics,
there are various other ways of joining plastics to themselves or to other materials. Ther-
mal welding, solvent cementing, and mechanical fastening are usually faster than adhesive
bonding and as a result are often preferred in high-volume assembly operations. These
non-adhesive methods of joining will be the subject of this chapter. Adhesive bonding
methods for plastics as well as other substrates had be considered in the previous chapter.

The sections that follow will describe the various processes that are can be used for
joining plastic materials. Information will be provided on how to choose the most appro-
priate process for a specific substrate and application. The plastic materials that are best
suited for each process will be identified. Important process parameters and test results
will also be reviewed. Recommendations regarding joining processes for specific types of
plastic materials (e.g., polyethylene, glass reinforced epoxy, polysulfone) will also be
given.

8.2 General Types of Plastic Materials

There are many types of plastic materials with a range of properties that depend on the
base polymer and the additives used. Plastics are used routinely in many commodity items
such as packaging, pipe, clothing, appliances, and electronics. They are also increasingly
being used in structural and engineering applications such as aerospace, building, and au-
tomotive.

All plastics can be classified into two categories: thermoplastics and thermosets. Ther-
moplastics are not cross-linked, and the polymeric molecules making up the thermoplastic
can easily slip by one another. This slip or flow can be caused by thermal energy, by sol-
vents or other chemicals, and by the application of continuous stress. Thermoplastics can
be repeatedly softened by heating and hardened on cooling. Hence, they can be welded by
the application of heat. Thermoplastics can also be dissolved in solvents, so it is also pos-
sible to join thermoplastic parts by solvent cementing. Typical thermoplastics are polyeth-
ylene, polyvinyl chloride, polystyrene, polypropylene, nylon, and acrylic.

Engineering thermoplastics are a class of thermoplastic materials that have exception-
ally high temperature and chemical resistance. They have properties very similar to those
of thermoset plastics and metals. As a result, they are not as easy to weld thermally or to
solvent cement as are the more conventional thermoplastics. Typical engineering thermo-
plastics are polysulfone, acetal, amide-imide, and thermoplastic polyimide.

Thermoset plastics are cross-linked by chemical reaction so that their molecules cannot
slip by one another. They are rigid when cool and cannot be softened by the action of heat.
If excessive heat is applied, thermoset plastics will degrade. Consequently, they are not
weldable. Because of their chemical resistance, they cannot be solvent cemented. Thermo-
set plastics are usually joined by either adhesive bonding or mechanical fastening. Typical
thermosetting plastics are epoxy, urethane, phenolic, and melamine formaldehyde.

There are but a few typical basic polymer resin suppliers. However, there are many
companies that formulate filled plastic systems from these basic resins. These smaller
companies are quite often the ultimate suppliers to the manufacturer of the end-product.
Both the basic resin manufacturer and the formulator have considerable influence on the
joining characteristics of the final material. Because of this, they should be considered to
be the primary source of information regarding joining processes and expected end results.

Plastics Joining
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Plastics offer several important advantages compared with traditional materials, and
their joining process should not detract from these benefits. The greatest advantage is low
processing cost. Low weight is also a major advantage. Relative densities of most unfilled
plastics materials range from 0.9–1.4, compared with 2.7 for aluminum and 7.8 for steel.
Relative densities for highly filled plastic compounds can rise to 3.5.

Other advantages of plastics are their low frictional resistance, good corrosion resis-
tance, insulation properties, and ease at which they can be fabricated into various shapes.
The chemical resistance of plastics is specific to the type of plastic. Some plastics have
chemical resistance comparable to that of metals; others are attacked by acids, and still
others are attacked by solvents and oils. Certain plastics are also attacked by moisture, es-
pecially at moderately elevated temperatures. The nature of this attack is generally first a
swelling of the substrate and then, finally, dissolution. Some plastics are transparent, and
others are translucent. These plastics can pass UV radiation, so the adhesive or joint could
be affected by UV. In certain cases, the plastic itself can be degraded by UV. Resistance to
UV degradation can be improved by the addition of UV absorbers such as carbon black.
All plastics can all be colored by the addition of pigments. Addition of pigments generally
eliminates the need for painting.

The most serious disadvantage of plastics are that, compared with metals, they have low
stiffness and strength and are not suitable for use at high temperatures. Some plastics are
unusable at temperatures above 50°C. A very few are capable of resisting short-term expo-
sure to temperatures up to 400°C. Surface hardness of plastics is generally low. This can
lead to indentation and compression under local stress. The elastic modulus of plastic ma-
terials is relatively high compared with metals. They can be elongated and compressed
with applied stress. The thermal expansion coefficient of plastics is generally an order of
magnitude greater than metals. This results in internal joint stress when joined to a sub-
strate having a much lower coefficient of expansion.

8.3 Types of Plastic Joining Processes

The joining of plastics with adhesives is generally made difficult because of the low sur-
face energy, poor wettability, and presence of weak boundary layers associated with these
substrates. Adhesive bonding is a relatively slow process that could be a significant draw-
back in many industries that produce high-volume plastic assemblies. However, with plas-
tic substrates, the designer has a greater choice of joining techniques than with many other
substrate materials. Thermoset plastics must usually be bonded with adhesives or mechan-
ically fastened, but many thermoplastics can be joined by solvent or heat welding as well
as by adhesives or mechanical fasteners. 

In the thermal or solvent welding processes, the plastic resin that makes up the substrate
itself acts as the adhesive. These processes require that the surface region of the substrate
be made fluid so that it can wet the mating substrate. If the mating substrate is also a poly-
mer, both substrate surfaces can be made fluid so that the resin can molecularly diffuse
into the opposite interfaces. This fluid interface region is usually achieved by thermally
heating the surface areas of one or both substrates or by dissolving the surfaces in an ap-
propriate solvent. Once the substrate surface is in a fluid condition, they are then brought
together and held in place with moderate pressure. At this point, the molecules of substrate
A and substrate B will diffuse into one another and form a very tight bond. The fluid poly-
mer mix then returns back to the solid state, usually by the dissipation of solvent or by
cooling from the molten condition. 

Thermal or solvent welding can be effectively used when at least one substrate is poly-
meric. In the case of thermal welding, the molten polymer surface wets the nonpolymeric
substrate and acts as a hot melt type of adhesive. Internal stresses that occur on cooling the
interface from the molten condition are the greatest detriment to this method of bonding.

Plastics Joining
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Solvent welding can also be used only if the nonpolymeric substrate is porous. If it is not
porous, the solvent may become entrapped at the bond line and cause very weak joints.

Table 8.1 indicates the most common joining methods that are suitable for various plas-
tic materials. Descriptions of these joining techniques are summarized both in Table 8.2
and in the section to follow. In general, non-adhesive joining methods for plastics can be
classified as follows: 

1. Welding by direct heating (heated tool, hot gas, resistance wire, infrared, laser, extru-
sion)

2. Induced heating (induction, electrofusion, dielectric)

3. Frictional (ultrasonic, vibration, spin)

4. Solvent welding

5. Mechanical fastening

Equipment costs for each method vary considerably, as do the amount of labor involved
and the speed of the operation. Most techniques have limitations regarding the design of
the joint and the types of plastic materials that can be joined.

8.4 Direct Heat Welding

Welding by the direct application of heat provides an advantageous method of joining
many thermoplastic materials that do not degrade rapidly at their melt temperatures. The
principal methods of direct heat welding are

1. Heated tool

2. Hot gas

3. Resistance wire

4. Laser

5. Infrared

These methods are generally capable of joining thermoplastics to themselves and other
thermoplastics, and in certain cases they may also be used to weld thermoplastics to non-
plastic substrates.

8.4.1 Heated-Tool Welding

Fusion or heated-tool welding is an excellent method of joining many thermoplastics. In
this method, the surfaces to be fused are heated by holding them against a hot surface.
When the plastic becomes molten and a flash about half the thickness of the substrate is
visible, the parts are removed from the hot surface. They are then immediately joined un-
der slight pressure (5 to 15 lb/in2) and allowed to cool and harden. The molten polymer
acts as a hot-melt adhesive, providing a bond between the substrates.

This method is often used in high-volume operations where adhesive bonding time is
objectionably long. It is also often used to join low-surface-energy materials such as
polypropylene where the cost and complexity required for substrate treatment and adhe-
sive bonding cannot be tolerated. Surface treatment, other than simple cleaning, is usually
not required for thermal welding. Heated-tool welding is a simple, economical technique
in which high-strength joints can be achieved with large and small parts. Hermetic seals

Plastics Joining
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TABLE 8.1 Assembly Methods for Plastics (from Ref. 1) 

Common assembly methods
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Thermoplastics

   ABS X — X X X X X X

   Acetals X — X X X X X X

   Acrylics X — X X X X — X

   Cellulosics X — — — X X — —

   Chlorinated polyether X — — X — — — —

   Ethylene copolymers — X — — — — X —

   Fluoroplastics X — — — — — — —

   Ionomer — X — — — — X —

   Methylpentene — — — — — — — X

   Nylons X — X X X — — X

   Phenylene oxide–based 
materials X — — X X X X X

   Polyesters X — — X X X — X

   Polyamide–imide X — — X — — — —

   Polyaryl ether X — — X — — — X

   Polyaryl sulfone X — — X — — — X

   Polybutylene — — — — — — — X

   Polycarbonate X — X X X X X X

Polycarbonate/ABS X — — — X X X X

Polyethylene X X X X — X X X

Polyimide X — — — — — — —

Polyphenylene sulfide X — — — — — — —

Polypropylenes X X X X — X X X

Polystyrene X — X X X X X X
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can also be achieved. Heated-tool welding does not introduce foreign materials into the
part and, as a result, plastic parts are more easily recycled.

Success in heated-tool welding depends primarily on having the proper temperature at
the heating surface and on the timing of the various steps in the process. These periods in-
clude time for application of heat, time between removal of heat and joining of parts, and
time the parts are under pressure. The tool should be hot enough to produce sufficient flow
for fusion within 10 s. The parts are generally pressed against the heated tool with a cer-
tain degree of pressure. However, to avoid strain, the pressure on the parts should be re-
leased for a period of time before they are removed from contact with the heated tool.

Polysulfone X — — — X — — X

Polypropylene copolymers X X X X — X X —

PVC/acrylic alloy X — X X — — — X

PVC/ABS alloys X X — — — — X —

Styrene acrylonitrile X — X X X X X X

Vinyl X X X X X — X —

Thermosets

  Alkyd X — — — — — — —

  Allyl diglycol carbonate X — — — — — — —

  Diallyl phthalate X — — X X — — —

  Epoxies X — — X X — — —

  Melamines X — — — — — — —

  Phenolics X — — X X — — —

  Polybutadienes X — — — — — — —

   Polyesters X — — X X — — —

   Silicones X — — X X — — —

   Ureas X — — — — — — —

   Urethanes X — — X X — — —

TABLE 8.1 Assembly Methods for Plastics (from Ref. 1) (continued)

Common assembly methods
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While some rules of thumb can apply, the final process settings for temperature, duration
of heating and cooling times, and pressures will depend on the polymer. Adjustments will
be required until the desired bond quality is achieved. The thickness of the molten layer is
an important determinant of weld strength. Dimensions are usually controlled through the
incorporation of displacement stops at both the heating and mating steps in the process. If
welds are wider than 1/4 in, the heated parts should be glided across each other during the
mating step to prevent air entrapment in the joint.

Heated-tool welding is suitable for almost any thermoplastic, but it is most often used
for softer, semicrystalline thermoplastics. Common plastic substrates that are suitable for
heated-tool welding include polyethylene, polypropylene, polystyrene, ABS, PVC, and
acetals. It is usually not suitable for nylon or other materials that have long molecular
chains. Dissimilar yet chemically compatible materials that have different melting temper-
atures can be welded in heated-tool welding by using two heated platens, each heated to
the melting temperature of the part to be welded. 

Heated-tool welding can be accomplished with either no surface treatment or very mi-
nor surface preparation (degreasing and removal of mold release), depending on the
strength and reliability dictated by the application. Generally, surface degreasing to re-
move mold release or other organic contaminants is the only prebond treatment necessary.
Mechanical roughening or chemical treatment of the surface provides no advantage, since
the surface will be melted, and a new surface will be formed. Plastic parts that have signif-
icant degree of internal moisture may have to be dried before heated-tool welding, or else
the moisture will tend to escape the molten surface in the form of vapor bubbles.

Electric strip heaters, soldering irons, hot plates, and resistance blades are common
methods of providing heat locally. Usually, the heating platen is coated with a fluorocar-
bon such as PTFE for non-stick characteristics. A simple hot plate has been used exten-
sively with many plastics. Figure 8.1 illustrates an arrangement for direct heat welding
consisting of heated platens and fixturing. The parts are held on the hot plate until suffi-
cient fusible material has been developed. Table 8.3 lists typical hot-plate temperatures for
a variety of plastics. A similar technique involves butting flat plastic sheets on a flat table
against a heated blade that runs the length of the sheet. Once the plastic begins to soften,
the blade is raised, and the sheets are pressed together and fused.

TABLE 8.3 Hot Plate Temperatures to Weld Plastics (from Ref. 3)

Plastic Temperature, °F

ABS
Acetal
Phenoxy
Polyethylene LD

HD
Polycarbonate
PPO

Noryl*

Polypropylene
Polystyrene
SAN
Nylon 6, 6
PVC

*Trademark of General Electric Co.

450
500
550
360
390
650
650
525
400
420
450
475
450
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518 Chapter Eight

The direct heat welding operation can be completely manual, as in the case of produc-
ing a few prototypes, or it can be semiautomatic or fully automatic for fast, high-volume
production. For automated assembly, rotary machines are often used where there is an in-
dependent station for each of the following processes:

1. Clamping into fixtures

2. Heating 

3. Joining and cooling 

4. Unloading

Heated wheels or continuously moving heated bands are common tools used to bond thin
plastic sheet and film. This is commonly used for sealing purposes such as packaging of
food. Care must be taken, especially with thin film, not to apply excessive pressure or heat.
This could result in melting through the plastic. Table 8.4 provides heat-sealing tempera-
ture ranges for common plastic films.

Heated-tool welding is commonly used in medium- to high-volume industries that can
make use of the simplicity and speed of these joining processes. Industries that commonly
use this fastening method include appliance and automotive. Welding times range from
10–20 s for small parts, to up to 30 min for larger parts such as heavy-duty pipe. Typical
cycle times are less than 60 s. Although heated-tool welding is faster than adhesive bond-
ing, it is not as fast as other welding methods such as ultrasonic and induction welding.

The heated tool process is extremely useful for pipe and duct work, rods and bars, and
for continuous seals in films. However, irregular surfaces are difficult to heat unless com-
plicated tools are provided. Special tooling configuration can be used for bonding any

Figure 8.1 In direct hot-plate welding, two fixtures
press components into a hot moving platen, causing the
plastic to melt at the interface.
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structural profile to a flat surface. In certain applications, direct heating can also be used to
shape the joint. With pipe, for example, a technique called groove welding is generally em-
ployed. Groove welding involves two heating elements. One element melts a groove in
one substrate that is the exact shape of the mating part, and the other element heats the
edge of the mating substrate. The heated part is quickly placed into the heated groove and
allowed to cool.

8.4.2 Hot-Gas Welding

An electrically heated welding gun can be used to bond many thermoplastic materials. An
electrical heating element in the welding gun is capable of heating either compressed air
or an inert gas to 425–700°F and forcing the heated gas onto the substrate surface. The
pieces to be joined are beveled and positioned with a small gap between them. A welding
rod made of the same plastic that is being bonded is laid in the joint with a steady pressure.
The heat from the gun is directed to the tip of the rod, where it fills the gap, as shown in
Fig. 8.2. Several passes may be necessary with the rod to fill the pocket. Thin sheets that
are to be butt welded together, as in the case of tank linings, use a flat strip instead of a rod.
The strip is laid over the joint and is welded in place in a single pass. Usually, the parts to
be joined are held by fixtures so that they do not move during welding or while the weld is
cooling. Alternatively, the parts can be first tacked together using a tool similar to a solder-
ing iron.

Hot-gas welding is usually a manual operation in which the quality of the joint corre-
sponds to the skill and experience of the operator. However, automatic welding machines
are available and are used for overlap welding of seams or membranes. In either case,
bond strength approximately 85 percent of the strength of the bulk material can be
achieved. Hot-gas welding is a relatively fast operation. It can be used to weld a 1-in wide
tank seam at rates up to 60 in/min. It can also be used to do temporary tack work and to re-
pair faulty or damaged joints that are made by gas welding or other joining processes.

Hot-gas welding can be used to join most thermoplastics, including polypropylene,
polyethylene, acrylonitrile butadiene styrene, polyvinyl chloride, thermoplastic polyure-
thane, high density polyethylene, polyamide, polycarbonate, and polymethylmethacrylate.
For polyolefins and other plastics that are easily oxidized, the heated gas must be inert
(e.g., nitrogen or argon), since hot air will oxidize the surface of the plastic. 

TABLE 8.4 Heat Sealing Temperatures for Plastic Films (from Ref. 4)

Film Temperature, °F

Coated cellophane
Cellulose acetate
Coated polyester
Poly (chlorotrifluoroethylene)
Polyethylene
Polystyrene (oriented)
Poly (vinyl alcohol)
Poly (vinyl chloride) and copolymers (nonrigid)
Poly (vinyl chloride) and copolymers (rigid)
Poly (vinyl chloride)–nitrile rubber blend
Poly (vinylidene chloride)
Rubber hydrochloride
Fluorinatedthylene–propylene copolymer

200–350
400–500

490
415–450
250–375
220–300
300–400
200–400
260–400
220–350

285
225–350
600–750
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Process parameters that are responsible for the strength of a hot-gas weld include the
type of plastic being welded, the temperature and type of gas, the pressure on the rod dur-
ing welding, the preparation of the material before welding, and the skill of the welder. Af-
ter welding, the joint should not be stressed for several hours. This is particularly true for
polyolefins, nylons, and polyformaldehyde. Hot-gas welding is not recommended for

Figure 8.2 Hot-gas welding apparatus, method of application, and thermoplastic welding parame-
ters.5

Thermoplastic Welding Chart
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575
350

WPN
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350
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filled materials or substrates that are less than 1/16 in thick. Conventional hot-gas welding
joint designs are shown in Fig. 8.3.

Ideally, the welding rod should have a triangular cross section to match the bevel in the
joint. A joint can be filled in one pass using triangular rod, saving time and material. Plas-
tic welding rods of various types and cross sections are commercially available. However,
it is also possible to cut welding rod from the sheet of plastic that is being joined. Al-
though this may require multiple passes for filling, and the chance of air pockets is greater,
the welding rod is very low in cost, and the user is guaranteed material compatibility be-
tween the rod and the plastic being joined. 

Hot-gas welding can be used in a wide variety of welding, sealing, and repair applica-
tions. Applications are usually large structural assemblies. Hot-gas welding is used very
often in industrial applications such as chemical storage tank repair, pipe fittings, etc. It is
an ideal system for a small fabricator or anyone looking for an inexpensive welding sys-
tem. Welders are available for several hundred dollars. The weld may not be as cosmeti-
cally attractive as other joining methods, but fast processing and tensile strengths of 85
percent of the parent material can be obtained easily.

Another form of hot-gas welding is extrusion welding. In this process, an extruder is
used instead of a hot-gas gun. The molten welding material is expelled continuously from
the extruder and fills a groove in the preheated weld area. A welding shoe follows the ap-
plication of the hot extrudate and actually molds the seam in place. The main advantage
with extrusion welding is the pressure that can be applied to the joint. This adds to the
quality and consistency of the joint.

8.4.3 Resistance Wire Welding

The resistance wire welding method of joining employs an electrical resistance heating el-
ement laid between mating substrates to generate the needed heat of fusion. Once the ele-
ment is heated, the surrounding plastic melts and flows together. Heating elements can be
anything that conducts current and can be heated through Joule heating. This includes
nichrome wire, carbon fiber, woven graphite fabric, and stainless steel foil. Figure 8.4
shows an example of such a joint where a nichrome wire is used as the heating element.
After the bond has been made, the resistance element that is exterior to the joint is cut off.
Implant materials should be compatible with the intended application, since they will re-
main in the bond line for the life of the product.

Like hot-plate welding, resistance welding has three steps: heating, pressing, and main-
taining contact pressure as the joint gels and cures. The entire cycle takes 30 s to several
minutes. Resistance welders can be automated or manually operated. Processing parame-
ters include power (voltage and current), weld pressure, peak temperature, dwell time at
temperature, and cooling time.

With resistance wire welding, surface preparation steps are necessary only when one of
the substrates cannot be melted (e.g., thermosets and metals). Standard adhesive joining
surface preparation processes such as those suggested in the next chapter can be used with
these substrates. 

The resistance heating process can be performed at either constant power or at constant
temperature. When using constant power, a particular voltage and current is applied and
held for a specified period of time. The actual temperatures are not controlled and are dif-
ficult to predict. In constant-temperature resistance wire welding, temperature sensors
monitor the temperature of the weld and automatically adjust the current and voltage to
maintain a predefined temperature. Accurate control of heating and cooling rates is impor-
tant when welding some plastics such as semicrystalline thermoplastics or when welding
substrates having significantly different melt temperatures or thermal expansion coeffi-
cients. This heating and cooling control can be used to minimize internal stresses in the
joint due to thermal effects.
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Figure 8.3 Conventional hot-gas welding joint designs.5
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Resistance wire welding can be used to weld dissimilar materials, including thermo-
plastics, thermoplastic composites, thermosets, and metal, in many combinations. When
the substrate is not the source of the adhesive melt, such as when bonding two aluminum
strips together, then a thermoplastic film with an embedded heating element can be used as
the adhesive. Large parts can require considerable power. Resistance welding has been ap-
plied to complex joints in automotive applications (including vehicle bumpers and panels),
joints in plastic pipe, and medical devices. Resistance wire welding is not restricted to flat
surfaces. If access to the heating element is possible, repair of badly bonded joints is pos-
sible, and joints can be disassembled in a reverse process to which they were made. A sim-
ilar type of process can be used to cure thermosetting adhesives when the heat generated
by the resistance wire is used to advance the cure.

8.4.4 Laser Welding

Laser welding of plastic parts has been available for the last 30 years. However, only re-
cently have the technology and cost allowed these joining techniques to be considered
broadly.7 Laser welders produce small beams of photons and electrons, respectively. The
beams are focused onto the workpiece. Power density varies from a few to several thou-
sand W/mm2, but low-power lasers (less than 50 W/mm2) are generally used for plastic
parts.

Laser welding is a high-speed, noncontact process for welding thermoplastics. It is ex-
pected to find applications in the packaging and medical products industries.8 Thermal ra-
diation absorbed by the work piece forms the weld. Sold state Nd:YAG and CO2 lasers are
most commonly used for welding. Laser radiation, in the normal mode of operation, is so
intense and focused that it very quickly degrades thermoplastics. However, lasers have
been used to butt weld polyethylene by pressing the unwelded parts together and tracking
a defocused laser beam along the joint area. High-speed laser welding of polyethylene
films has been demonstrated at weld speeds of 164 ft/min using carbon dioxide and
Nd:YAG lasers. Weld strengths are very near the strength of the parent substrate. 

Processing parameters that have been studied in laser welding are the power level of the
laser, shielding gas flow rate, offset of the laser beam from a focal point on the top surface
of the weld interface, travel speed of the beam along the interface, and welding pressure.9

Butt joint designs can be laser welded; lap joints can be welded by directing the beam at
the edges of the joint. 

Lasers have been used primarily for welding polyethylene and polypropylene. Usually,
laser welding is applied only to films or thin-walled components. The least powerful
beams, around 50 W, with the widest weld spots are used for fear of degrading the poly-
mer substrate. The primary goal in laser welding is to reach a melt temperature where the
parts can be joined quickly before the plastic degrades. To avoid material degradation, ac-

Figure 8.4 Resistance wire welding of thermoplastic joints.6
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curate temperature measurement of the weld surfaces and temperature control by varying
laser strength are essential.

Lasers have been primarily used for joining delicate components that cannot stand the
pressure of heated tool or other thermal welding methods. Applications exist in the medi-
cal, automotive, and chemical industries. Perhaps the greatest opportunity for this process
will be for the high-speed joining of films.

Laser welding has also been used for filament winding of fiber reinforced composite
materials using a thermoplastic prepreg. A defocused laser beam is directed on the area
where the prepreg meets the winding as it is being built up. With suitable control over the
winding speed, applied pressure, and the temperature of the laser, excellent reinforced
structures of relatively complex shape can be achieved. 

Laser welding requires a high investment in equipment and creates the need for a venti-
lation system to remove hazardous gaseous and particulate materials resulting from the va-
porization of polymer degradation products. Of course, suitable precautions must also be
taken to protect the eyesight of anyone in the vicinity of a laser welding operation. 

8.4.5 Infrared Welding

Infrared radiation is a noncontact alternative for hot-plate welding. Infrared is particularly
promising for higher-melting polymers, since the parts do not contact and stick to the heat
source. Infrared radiation can penetrate into a polymer and create a melt zone quickly. By
contrast, hot-plate welding involves heating the polymer surface and relying on conduc-
tion to create the required melt zone.

Infrared welding is at least 30 percent faster than heated-tool welding. High reproduc-
ibility and bond quality can be obtained. Infrared welding can be easily automated, and it
can be used for continuous joining. Often heated-tool welding equipment can be modified
to accept infrared heating elements.

Infrared radiation can be supplied by high-intensity quartz heat lamps. The lamps are
removed after melting the polymer, and the parts are forced together as with hot-plate
welding. The depth of the melt zone depends on many factors, including minor changes in
polymer formulation. For example, colorants and pigments will change a polymer’s ab-
sorption properties and will affect the quality of the infrared welding process. Generally,
the darker the polymer, the less infrared energy is transferred down through a melt zone,
and the more likely is surface degradation to occur through overheating.

8.5 Indirect Heating Methods 

Many plastic parts may be joined by indirect heating. With these methods, the materials
are heated by external energy sources. The heat is induced within the polymer or at the in-
terface. The most popular indirect heating methods are

■ Induction welding
■ Dielectric welding

For induction welding, the energy source is an electromagnetic field; for dielectric weld-
ing, the energy source is an electric field of high frequency.

Indirect heat joining is possible for almost all thermoplastics; however, it is most often
used with the newer engineering thermoplastics. The engineering thermoplastics generally
have greater heat and chemical resistance than the more conventional plastics. In many ap-
plications, engineering plastics are reinforced to improve structural characteristics. They
are generally stronger than other plastics and have excellent strength-to-weight ratios.
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However, many of the engineering plastics are not well suited to joining by direct heat, be-
cause of the high melt temperatures. Indirect heating methods and frictional heating meth-
ods must be used to obtain fast, high-quality bonds with these useful plastic materials. 

8.5.1 Induction Welding

The electromagnetic induction field can be used to heat a metal grid or insert placed be-
tween mating thermoplastic substrates. Radio-frequency energy from the electromagnetic
field induces eddy currents in the conductive material, and the material’s resistance to
these currents produces heat. When the joint is positioned between induction coils, the hot
insert causes the plastic to melt and fuse together. Slight pressure is maintained as the in-
duction field is turned off and the joint hardens. The main advantage is that heating occurs
only where the electromagnetic insert is applied. The bulk substrate remains at room tem-
perature, avoiding degradation and distortion. 

Induction welding is very much like resistance wire welding. An implant is heated to
melt the surrounding polymer. Rather than heating the implant restively, in induction
welding, the implant is heated with an electromagnetic field. More popular forms of in-
duction welding have been developed that use a bonding agent consisting of a thermoplas-
tic resin filled with metal particles. This bonding agent melts in the induction field and
forms the adhesive joint. The advantage of this method is that stresses caused by large
metal inserts are avoided. 

The bonding agent should be similar to the substrates. When joining polyethylene, for
example, the bonding agent may be a polyethylene resin containing 0.5 to 0.6 percent by
volume magnetic iron oxide powder. Electromagnetic adhesives can be made from iron-
oxide-filled thermoplastics. These adhesives can be shaped into gaskets or film that will
melt in the induction field. The step-by-step EMABOND thermoplastic assembly system
is illustrated in Fig. 8.5.

Figure 8.5 Schematic of EMABOND® thermoplastic assembly system.10 (Courtesy of Ashland Spe-
cialty Chemical Company. EMABOND is a registered trademark of Ashland Inc.)
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The electromagnetic welding process comprises four basic components.

1. An induction generator that converts the 60-Hz electrical supply to 3- to 40-MHz out-
put frequency and output power from 1 to 5 kW

2. An induction heating coil consisting of water-cooled copper tubing, usually formed
into hairpin-shaped loops

3. Fixturing used to hold parts in place 

4. A bonding material, in the form of molded or extruded preforms, which becomes an
integral part of the welded product

Induction heating coils should be placed as close as possible to the joint. For complex de-
signs, coils can be contoured to the joint. Electromagnetic welding systems can be de-
signed for semiautomatic or completely automatic operation. With automated equipment,
a sealing rate of up to 150 parts/min can be achieved. Equipment costs are generally in the
range of 10,000 to hundreds of thousands of dollars, depending on the degree of automa-
tion required.

The bonding agent is usually produced for a particular application to ensure compatibil-
ity with the materials being joined. However, induction welding equipment suppliers also
offer proprietary compounds for joining dissimilar materials. The bonding agent is often
shaped into a profile to match the joint design (i.e., gaskets, rings, ribbon). The fillers used
in the bonding agents are micron-size ferromagnetic powders. They can be metallic, such
as iron or stainless steel, or a ceramic ferrite material.

Quick bonding rates are generally obtainable, because heating occurs only at the inter-
face. Heat does not have to flow from an outside source or through the substrate material
to the point of need. Polyethylene joints can be made in as little as 3 s with electromag-
netic welding. Depending on the weld area, most plastics can be joined by electromagnetic
welding in 3- to 12-s cycle times.

Plastics that are readily bonded with induction methods include all grades of ABS, ny-
lon, polyester, polyethylene, polypropylene, and polystyrene, as well as those materials
often considered more difficult to bond such as acetals, modified polyphenylene oxide,
and polycarbonate. Reinforced thermoplastics with filler levels up to 65 percent have
been joined successfully.10 Many combinations of dissimilar materials can be bonded
with induction welding processes. Table 8.5 shows compatible plastic combinations for
electromagnetic adhesives. Thermoset and other nonmetallic substrates can also be elec-
tromagnetically bonded. In these applications the bonding agent acts as a hot-melt adhe-
sive.

Advantages of induction welding include the following:

■ Heat damage, distortion and, over-softening of the parts are reduced.
■ Squeeze-out of fused material form the bond line is limited.
■ Hermetic seals are possible.
■ Control is easily maintained by adjusting the output of the power supply.
■ No pretreatment of the substrates is required.
■ Bonding agents have unlimited storage life.

The ability to produce hermetic seals is cited as one of the prime advantages in certain
applications, such as in medical equipment. Welds can also be disassembled by placing the
bonded article in an electromagnetic field and remelting the joint. There are few limita-
tions on part size or geometry. The only requirement is that the induction coils can be de-
signed to apply a uniform field. The primary disadvantages of electromagnetic bonding
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are that the metal inserts remain in the finished product, and they represent an added cost.
The cost of induction welding equipment is high. The weld is generally not as strong as
those obtained by other welding methods.

Induction welding is frequently used for high-speed bonding of many plastic parts. Pro-
duction cycles are generally faster than with other bonding methods. It is especially useful
on plastics that have a high melt temperature, such as the modern engineering plastics.
Thus, induction welding is used in many under-the-hood automotive applications. It is
also frequently used for welding large or irregularly shaped parts.

Electromagnetic induction methods have also been used to quickly cure thermosetting
adhesives such as epoxies. Metal particle fillers or wire or mesh inserts are used to provide
the heat source. These systems generally have to be formulated so that they cure with a
low internal exotherm.Otherwise, the joint will overheat, and the adhesive will thermally
degrade.

8.5.2 Dielectric Heating

Dielectric sealing can be used on most thermoplastics except those that are relatively
transparent to high-frequency electric fields. This method is used mostly to seal vinyl

TABLE 8.5 Compatible Plastic Combinations* for Thermoplastics Bonded by the 
EMABOND Electromagnetic Bonding Process12
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ABS ● ● ● ●

Acetals ●

Acrylic ● ● ● ● ●

Cellulosics ●

Ionomer (Surlyn) ●

Nylon 6.6, 11, 12 ●

Polybutylene ●

Polycarbonate ● ● ● ● ● ●

Polyethylene ● ●

Polyphenylene oxide (Noryl) ● ●

Polypropylene ● ●

Polystyrene ● ● ● ● ●

Polysulfone ● ●

Polyvinyl chloride ●

Polyurethane ●

SAN ● ● ● ● ●

Thermoplastic polyester ●

Thermoplastic elastomers
Copolyester ● ●

Styrene bl. copolymer ● ●

Olefin type ● ● ●

*● = compatible
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sheeting such as automobile upholstery, swimming pool liners, and rainwear. An alternat-
ing electric field is imposed on the joint, which causes rapid reorientation of polar mole-
cules. As a result, heat is generated within the polymer by molecular friction. The heat
causes the polymer to melt, and pressure is applied to the joint. The field is then removed,
and the joint is held until the weld cools. The main difficulty in using dielectric heating as
a bonding method is in directing the heat to the interface. Generally, heating occurs in the
entire volume of the polymer that is exposed to the electric field.

Variables in the bonding operation are the frequency generated, dielectric loss of the
plastic, the power applied, pressure, and time. The materials most suitable for dielectric
welding are those that have strong dipoles. These can often be identified by their high
electrical dissipation factors. Materials most commonly welded by this process include
polyvinyl chloride, polyurethane, polyamide, and thermoplastic polyester. Since the field
intensity decreases with distance from the source, this process is normally used with thin
polymer films.

Dielectric heating can also be used to generate the heat necessary for curing polar, ther-
mosetting adhesives, and it can be used to quickly evaporate water from a water-based ad-
hesive formulation. Dielectric-processing water-based adhesives are commonly used in
the furniture industry for very fast drying of wood joints in furniture. Common white
glues, such as polyvinyl acetate emulsions, can be dried in seconds using dielectric heat-
ing processes.

There are basically two forms of dielectric welding: radio frequency welding and mi-
crowave welding. Radio frequency welding uses high frequencies (13–100 MHz) to gen-
erate heat in polar materials, resulting in melting and weld formation after cooling. The
electrodes are usually designed into the platens of a press. Microwave welding uses high-
frequency (2–20 GHz) electromagnetic radiation to heat a susceptor material located at the
joint interface. The generated heat melts thermoplastic materials at the joint interface, pro-
ducing a weld upon cooling. Heat generation occurs in microwave welding through ab-
sorption of electrical energy similar to radio frequency welding. 

Polyaniline doped with an aqueous acid is used as a susceptor in microwave welding.
This introduces polar groups and a degree of conductivity into the molecular structure. It
is these polar groups that preferentially generate heat when exposed to microwave energy.
These doped materials are used to produce gaskets that can be used as an adhesive in di-
electric welding.

Dielectric welding is commonly used for sealing thin films such as polyvinyl chloride
for lawn waste bags, inflatable articles, liners, and clothing. It is used to produce high-vol-
ume stationery items such as loose-leaf notebooks and checkbook covers. Because of the
cost of the equipment and the nature of the process, industries of major importance for di-
electric welding are the commodity industries.

8.6 Friction Welding

In friction welding, the joint interface alone is heated via mechanical friction caused by
one substrate surface contacting and sliding over another substrate surface. The frictional
heat generated is sufficient to create a melt zone at the interface. Once a melt zone is cre-
ated the relative movement is stopped, and the parts are held together under slight pressure
until the melt cools and sets. Common friction welding processes include

■ Spin welding
■ Ultrasonic welding
■ Vibration welding
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8.6.1 Spin Welding

Spin welding uses frictional forces to provide the heat of fusion at the interface. One sub-
strate is rotated very rapidly while in touch with the other substrate, which is fixed in a sta-
tionary position. The surfaces melt by frictional heating without heating or otherwise
damaging the areas outside of the joint. Sufficient pressure is applied during the process to
force out a slight amount of resinous flash along with excess air bubbles. Once the rotation
is stopped, position and pressure are maintained until the weld sets. The rotation speed and
pressure are dependent on the type of thermoplastic being joined. 

Spin welding is an old and uncomplicated technique. The equipment required can be as
simple as lathes or modified drills. Spin welding has a lower capital cost than other weld-
ing methods. The base equipment required is comparatively inexpensive; however, auxil-
iary equipment, such as fixtures, part feeders, and unloaders, can drive up the cost of the
system. Depending on the geometry and size of the part, the fixture that attaches the part to
the rotating motor may be complex. A production rate of 300 parts/min is possible on sim-
ple circular joints with an automated system containing multiple heads.

The main advantages of spin welding are its simplicity, high weld quality, and the wide
range of possible materials that can be joined with this method. Spin welding is capable of
very high throughput. Heavy welds are possible with spin welding. Actual welding times
for most parts are only several seconds. A strong hermetic seal can be obtained that is fre-
quently stronger than the material substrate itself. No foreign materials are introduced into
the weld, and no environmental considerations are involved. The main disadvantage of this
process is that spin welding is used primarily on parts where at least one substrate is circu-
lar. 

When considering a part as a candidate for spin welding, there are three items that must
be considered.

1. The type of material and the temperature at which it starts to become tacky

2. The diameter of the parts 

3. How much flash will develop and what to do with the flash

The parts that are to be welded must be structurally stiff enough to resist the pressure re-
quired. Joint areas must be circular, and a shallow matching groove is desirable to index
the two parts and provide a uniform bearing surface. In addition, the tongue-and-groove
type joint is useful in hiding the flash that is generated during the welding process. How-
ever, a flash “trap” will usually lower the ultimate bond strength. It is generally more de-
sirable either to remove the flash or to design the part so that the flash accumulates on the
inside of the joint and is hidden from view. Figure 8.6 shows conventional joint designs
used in spin welding.

Since the heating generated at the interface depends on the relative surface velocity, the
outside edges of circular components will see higher temperatures by virtue of their
greater diameter and surface velocity. This will cause a thermal differential that could re-
sult in internal stress in the joint. To alleviate this affect, joints with hollow section and
thin walls are preferred.

The larger the part, the larger the motor required to spin the part, as more torque is re-
quired to spin the part and obtain sufficient friction. Parts with diameters of 1–5 in have
been spin welded using motors from 1/4 to 3 hp.14 The weld can be controlled by the rota-
tional speed of the motor and somewhat by the pressure on the piece being joined, the tim-
ing of the pressure during spin and during joining, and the cooling time and pressure. In
commercial rotation welding machines, speeds can range from 200–14,000 r/min. Weld-
ing times range from tenths of a second to 20 s, and cool-down times are in the range of
0.5 s. A typical complete process time is two seconds.13 Axial pressure on the part ranges

Plastics Joining

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



530 Chapter Eight

from 150–1000 lb/in2. A prototype appraisal is usually completed to determine the opti-
mal parameters of the process for a particular material and joint design.

Table 8.6 shows the temperature at which tackiness starts for most thermoplastics that
can be spin welded. This data is useful for all forms of thermal welding—not only spin
welding. The tackiness temperature can be used as a guide to determine r/min or s·ft/m
(surface feet per minute) required at the part. Rotational speeds from 200–14,000 r/min
are often used. An unfilled 1-in diameter polyethylene part may be spun at 1000 r/min
(260 s·ft/m) to reach the tackiness temperature of 280°F. As the amount of inert filler in-
creases in the part, the speed needs to be increased. Effects of increasing rotations per
minute are similar to those of increased pressure. 

Typical applications include small parts such as fuel filters, check valves, aerosol cylin-
ders, tubes, and containers. Spin welding is also a popular method of joining large-volume
products such as packaging and toys. Spin welding can also be used for attaching studs to
plastic parts.

8.6.2 Ultrasonic Welding 

Ultrasonic welding is also a frictional process that can be used on many thermoplastic
parts. Frictional heat in this form of welding is generated by high-frequency vibration. The
basic parts of a standard ultrasonic welding device are shown in Fig. 8.7. During ultra-
sonic welding, a high-frequency electrodynamic field is generated that resonates a metal

Figure 8.6 Common joints used in the spin
welding process.13
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horn that is in contact with one substrate. The horn vibrates the substrate with sufficient
speed, relative to a fixed substrate, that significant heat is generated at the interface. With
pressure and subsequent cooling, a strong bond can be obtained. The stages of the ultra-
sonic welding process are shown in Fig. 8.8.

The frequency generally used in ultrasonic assembly is 20 kHz, because the vibration
amplitude and power necessary to melt thermoplastics are easy to achieve. However, this
power can produce a great deal of mechanical vibration, which is difficult to control, and
tooling becomes large. Higher frequencies (40 kHz) that produce less vibration are possi-
ble and are generally used for welding the engineering thermoplastics and reinforced poly-
mers. Higher frequencies also more appropriate for smaller parts and for parts where
lower material degradation is required.

Ultrasonic welding is clean, fast (20–30 parts per minute), and usually results in a joint
that is as strong as the parent material. The method can provide hermetically sealed com-
ponents if the entire joint can be welded at one time. Large parts generally are too massive
to be joined with one continuous bond, so spot welding is necessary. It is difficult to obtain
completely sealed joint with spot welding. Materials handling equipment can be easily in-
terfaced with the ultrasonic system to further improve rapid assembly.

Rigid plastics with a modulus of elasticity are best. Rigid plastics readily transmit the
ultrasonic energy, whereas softer plastics tend to dampen the energy before it reaches the
critical joint area. Excellent results generally are obtainable with polystyrene, SAN, ABS,
polycarbonate, and acrylic plastics. PVC and the cellulosics tend to attenuate energy and

TABLE 8.6 Tack Temperatures of Common 
Thermoplastics (from Ref. 14)

Plastic Tackiness temperature, °F

Ethylene, vinyl, acetate 150

PVC 170

Polystyrene, high-impact 180

ABS, high-impact 200

Acetal 240

Polyurethane, thermoplastic 245

SAN, CAB 250

Polypropylene, Noryl® 260

Cellulose acetate 270

Polycarbonate 275

Polyethylene 280

Acetal 290

Acrylic 320

Polysulfone 325

PET 350

PES 430

Fluorocarbon, melt-processable 630

Plastics Joining

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



532 Chapter Eight

deform or degrade at their surfaces. Figure 8.9 shows an index for the ultrasonic weldabil-
ity of conventional thermoplastics. Dissimilar plastics may be joined if they have similar
melt temperatures and are chemical compatible. The plastic compatibility chart for ultra-
sonic welding is shown in Table 8.7. Materials such a polycarbonate and nylon must be
dried before welding, otherwise their high level of internal moisture will cause foaming
and interfere with the joint.

Common ultrasonic welding joint designs are shown in Fig. 8.10. The most common
design is a butt joint that uses an “energy director.” This design is appropriate for most
amorphous plastic materials. The wedge design concentrates the vibrational energy at the
tip of the energy director. A uniform melt then develops where the volume of material
formed by the energy director becomes the material that is consumed in the joint. Without
the energy director, a butt joint would produce voids along the interface, resulting in stress
and a low strength joint. Shear and scarf joints are employed for crystalline polymeric ma-
terials. They are usually formed by designing an interference fit.

Ultrasonic welding can also be used to stake plastics to other substrates and for insert-
ing metal parts. It can also be used for spot welding two plastic components. Figure 8.11
illustrates ultrasonic insertion, swaging, stacking, and spot welding operations. In ultra-
sonic spot welding, the horn tip passes through the top sheet to be welded. The molten
plastic forms a neat raised ring on the surface that is shaped by the horn tip. Energy is also
released at the interface of the two sheets producing frictional heat. As the tip penetrates
the bottom substrate, displaced molten plastic flows between the sheets into the preheated
area and forms a permanent bond. 

Ultrasonic heating is also applicable to hot-melt and thermosetting adhesives.20 In these
cases, the frictional energy is generated by the substrate contacting an adhesive film be-

Figure 8.7 Equipment used in a standard ultrasonic welding process.13
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tween the two substrates. The frictional energy generated is sufficient either to melt the
hot-melt adhesive or to cure the thermosetting adhesive.

8.6.3 Vibration Welding

Vibration welding is similar to ultrasonic welding in that it uses the heat generated at the
surface of two parts rubbing together. This frictional heading produces melting in the in-
terfacial area of the joint. Vibration welding is different from ultrasonic welding, however,
in that it uses lower frequencies of vibration—120–240 Hz rather than 20–40 kHz as used
for ultrasonic welding. With lower frequencies, much larger parts can be bonded because
of less reliance on the power supply. Figure 8.12 shows the joining and sealing of a two-
part plastic tank design of different sizes using vibration welding.

There are two types of vibration welding: linear and axial. Linear vibration welding is
most commonly used. Friction is generated by a linear, back-and-forth motion. Axial or
orbital vibration welding allows irregularly shaped plastic parts to be vibration welded. In
axial welding, one component is clamped to a stationary structure, and the other compo-
nent is vibrated using orbital motion. 

Vibration welding fills a gap in the spectrum of thermoplastic welding in that it is suit-
able for large, irregularly shaped parts. Vibration welding has been used successfully on
large thermoplastic parts such as canisters, pipe sections, and other parts that are too large
to be excited with an ultrasonic generator and ultrasonically welded. Vibration welding is
also capable of producing strong, pressure-tight joints at rapid rates. The major advantage
is its application to large parts and to non-circular joints, provided that a small relative mo-
tion between the parts in the welding plane is possible. 

Figure 8.8 Stages in the ultrasonic welding process. In Phase 1, the horn is placed in contact
with the part, pressure is applied, and vibratory motion is started. Heat generation due to fric-
tion melts the energy director, and it flows into the joint interface. The weld displacement be-
gins to increase as the distance between the parts decreases. In Phase 2, the melting rate
increases, resulting in increased weld displacement, and the part surfaces meet. Steady-state
melting occurs in Phase 3, as a constant melt layer thickness is maintained in the weld. In
Phase 4, the holding phase, vibrations cease. Maximum displacement is reached, and inter-
molecular diffusion occurs as the weld cools and solidifies.16
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Usually, the same manufacturers of ultrasonic welding equipment will also provide vi-
bration welding equipment. Vibration welding equipment can be either electrically driven
(variable frequency) or hydraulically driven (constant frequency). Capital cost is generally
higher than with ultrasonic welding. 

Process parameters to control in vibration welding are the amplitude and frequency of
motion, weld pressure, and weld time. Most industrial vibration welding machines oper-
ated at frequencies of 120–240 Hz. The amplitude of vibration is usually less than 0.2 in.
Lower weld amplitudes are used with higher frequencies. Lower amplitudes are necessary
when welding parts into recessed cavities. Lower amplitudes (0.020 in) are used for high-
temperature thermoplastics. Joint pressure is held in the rage of 200–250 lb/in2, although
much higher pressures are required at times. High mechanical strength can usually be ob-
tained at shorter weld times by decreasing the pressure during the welding cycle. Vibration
welding equipment has been designed to vary the pressure during the welding cycle to im-
prove weld quality and decrease cycle times. This also allows more of the melted polymer
to remain in the bond area, producing a wider weld zone.

Vibration welding times depend on the melt temperature of the resin and range from
1–10 s with solidification times of less than 1 s. Total cycle times typically range from
6–15 s. This is slightly longer than typical spin welding and ultrasonic welding cycles, but
much shorter than hot-plate welding and solvent cementing.

A number of factors must be considered when vibration welding larger parts. Clear-
ances must be maintained between the parts to allow for movement between the halves.
The fixture must support the entire joint area, and the parts must not flex during welding.
Vibration welding is applicable to a variety of thermoplastic parts with planar or slightly

Figure 8.9 Ultrasonic weldability index for common thermoplastics.17
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Figure 8.10 Ultrasonic welding joints for amorphous and crystalline polymeric materials.18
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Figure 8.11 Ultrasonic joining operating. (a) Swaging: the plastic ridge is melted and reshaped (left)
by ultrasonic vibrations to lock another part into place. (b) Staking: ultrasonic vibrations melt and re-
form a plastic stud (left) to lock a dissimilar component into place (right). (c) Insertion: a metal insert
(left) is embedded in a preformed hole in a plastic part by ultrasonic vibration (right). (d) Spot weld-
ing: two plastic components (left) are joined at localized points (right).19

(a)

(b)

(c)

(d)
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curved surfaces. The basic joint is a butt joint, but, unless parts have thick walls, a heavy
flange is generally required to provide rigidity and an adequate welding surface. Typical
joint designs for vibration welds are shown in Fig. 8.13.

Vibration welding is ideally suited to parts injection molded or extruded in engineering
thermoplastics as well as acetal, nylon, polyethylene, ionomer, and acrylic resins. Almost
any thermoplastic can be vibration welded. Unlike other welding methods, vibration weld-
ing is applicable to crystalline or amorphous or filled, reinforced, or pigmented materials.
Vibration welding also can be utilized with fluoropolymers and polyester elastomers, none
of which can be joined by ultrasonic welding. By optimizing welding parameters and glass
fiber loadings, nylon 6 and nylon 66 butt joints can be produced having up to 17 percent
higher strength than the base resin.23 Any pair of dissimilar materials that can be ultrason-
ically joined can also be vibration welded.

Vibration welding techniques have found several applications in the automobile indus-
try, including emission control canisters, fuel pumps and tanks, head and tail light assem-
blies, heater valves, air intake filters, water pump housings, and bumper assemblies. They
have also been used for joining pressure vessels and for batteries, motor housings, and bu-
tane gas lighter tanks.

8.7 Solvent Cementing

Solvent cementing is the simplest and most economical method of joining noncrystalline
thermoplastics. In solvent cementing, the application of the solvent softens and dissolves
the substrate surfaces being bonded. The solvent diffuses into the surface, allowing in-
creased freedom of movement of the polymer chains. As the parts are then brought to-
gether under pressure, the solvent-softened plastic flows. Van der Walls attractive forces
are formed between molecules from each part, and polymer chains from each part inter-
mingle and diffuse into one another. The parts then are held in place until the solvent evap-
orates from the joint area.

Solvent-cemented joints of like materials are less sensitive to thermal cycling than
joints bonded with adhesives, because there is no stress at the interface due to differences
in thermal expansion between the adhesive and the substrate. When two dissimilar plas-
tics are to be joined, adhesive bonding is generally desirable because of solvent and poly-
mer compatibility problems. Solvent-cemented joints are as resistant to degrading
environments as the parent plastic. Bond strength greater than 85 percent of the parent
plastic generally can be obtained. Solvents provide high strength bonds quickly due to
rapid evaporation rates.

Figure 8.12 Linear and axial vibration welding of a two-part container.21
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Solvent bonding is suitable for all amorphous plastics. It is used primarily on ABS,
acrylics, cellulosics, polycarbonates, polystyrene, polyphenylene oxide, and vinyls. Sol-
vent welding is not suitable for crystalline thermoplastics. It is not effective on polyolefins,
fluorocarbons, or other solvent-resistant polymers. Solvent welding is moderately effec-
tive on nylon and acetal polymers. Solvent welding cannot be used to bond thermosets. It
can be used to bond soluble plastics to unlike porous surfaces, including wood and paper,
through impregnation and encapsulation of the fibrous surface. 

The major disadvantage of solvent cementing is the possibility of stress cracking in cer-
tain plastic substrates. Stress cracking or crazing is the formation of microcracks on the
surface of a plastic part that has residual internal stresses due to its molding process. The
contact with a solvent will cause the stresses to release uncontrollably, resulting in stress
cracking of the part. When this is a problem, annealing of the plastic part at a temperature
slightly below its glass transition temperature will usually relieve the internal stresses and
reduce the stress cracking probability. Annealing time must be sufficiently long to allow
the entire part to come up to the annealing temperature. Another disadvantage of solvent
welding is that many solvents are flammable and/or toxic and must be handled accord-
ingly. Proper ventilation must be provided when bonding large areas or with high-volume
production.

Figure 8.13 Typical vibration welding joint designs.21
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Solvent cements should be chosen with approximately the same solubility parameter as
the plastic to be bonded. Table 8.8 lists typical solvents used to bond major plastics. Sol-
vents used for bonding can be a single pure solvent, a combination of solvents, or a sol-
vent(s) mixed with resin. It is common to use a mixture of a fast-drying solvent with a less
volatile solvent to prevent crazing. The solvent cement can be bodied up to 25 percent by
weight with the parent plastic to increase viscosity. These bodied solvent cements can fill
gaps and provide less shrinkage and internal stress than if only pure solvent is used.

The parts to be bonded should be unstressed and annealed if necessary. For solvent
bonding, surfaces should be clean and should fit together uniformly throughout the joint.
Close-fitting edges are necessary for good bonding. The solvent cement is generally ap-
plied to the substrate with a syringe or brush. In some cases, the surface may be immersed
in the solvent. However, solvent application generally must be carefully controlled, since a
small difference in the amount of solvent applied to a substrate greatly affects joint
strength. After the area to be bonded softens, the parts are mated and held under light pres-
sure until dry. Pressure should be low and uniform so that the joint will not be stressed.
After the joint hardens, the pressure is released, and an elevated-temperature cure may by
necessary, depending on the plastic and desired joint strength. Exact processing parame-
ters for solvent welding are usually determined by trial and error. They will be dependent
on the exact polymer, ambient conditions, and type of solvent used.

The bonded part should not be packaged or stressed until the solvent has adequate time
to escape from the joint. Complete evaporation of solvent may not occur for hours or days.
Some solvent joined parts may have to be “cured” at elevated temperatures to encourage
the release of solvent prior to packaging.

8.8 Methods of Mechanical Joining

There are instances when adhesive bonding, thermal welding, and solvent cementing are
not practical joining methods for plastic assembly. This usually occurs because the opti-
mal joint design is not possible, the cost and complexity is too great, or the skill and re-
sources are not present to attempt these forms of fastening. Another common reason for
forgoing bonding or welding is when repeated disassembly of the product is required. For-
tunately, when these situations occur, the designer can still turn to mechanical fastening as
a possible solution.

There are basically two methods of mechanical assembly for plastic parts. The first uses
fasteners, such as screws or bolts, and the second uses interference fit such as press fit or
snap fit and is generally used in thermoplastic applications. This latter method of fastening
is also called design for assembly or self-fastening. If possible, the designer should try to
design the entire product as a one-part molding or with the capability of being press-fit or
snap-fit together, because it will eliminate the need for a secondary assembly operation.
However, mechanical limitations often will make it necessary to join one part to another
using a fastening device. Fortunately, there are a number of mechanical fasteners designed
for metals that are also generally suitable with plastics, and there are many other fasteners
specifically designed for plastics. Typical of these are thread-forming screws, rivets,
threaded inserts, and spring clips. 

As in adhesive bonding or welding, special considerations must be given to mechanical
fastening because of the nature of the plastic material. Care must be taken to avoid over-
stressing the parts. Mechanical creep can result in loss of preload in poorly designed sys-
tems. Reliable mechanically fastened plastic joints require the following:

■ A firm strong connection
■ Materials that are stable in the environment
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Solvents for bonding plastics

Acetic Acid (Glacial)
Acetone
Acetone: ethyl acetate: R (40:40:20)
Acetone: ethyl lactate (90:10)
Acetone: ethyl lactate (80:20)
Acetone: methyl acetate (70:30)
Butyl acetate: acetone: methyl acetate 
(50:30:20)
Butyl acetate: methyl methacrylate 
(40:60)
Chloroform
Ethyl acetate
Ethyl acetate: ethyl alcohol 
(80:20)
Ethyl dichloride
Ethyl dichloride: methylene 
chloride (50:50)
Methyl acetate
Methylene chloride
Methylene chloride: methyl 
methacrylate (60:40)
Methylene chloride: methyl 
methacrylate (50:50)
Methylene chloride: trichloro-
ethylene (85:15)
Methyl ethyl ketone
Methyl isobutyl ketone
Methyl methacrylate
Tetrachloroethylene
Tetrachloroethane
Tetrahydrofuran: cyclohexanone 
(80:20)
Toluene
Toluene: ethyl alcohol (90:10)
Toluene: Methyl Ethyl Ketone 
(50:50)
Trichloroethane
Trichloroethylene
Xylene
Xylene: Methyl Isobutyl 
Ketone (25:75)
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■ Stable geometry
■ Appropriate stresses in the parts including a correct clamping force

In addition to joint strength, mechanically fastened joints should prevent slip, separation,
vibration, misalignment, and wear of parts. Well designed joints provide the above without
being excessively large or heavy, or burdening assemblers with bulky tools. Designing
plastic parts for mechanical fastening will depend primarily on the particular plastic being
joined and the functional requirements of the application.

8.8.1 Mechanical Fasteners 

A large variety of mechanical fasteners can be used for joining plastic parts to themselves
and to other materials. These include

■ Machine screws and bolts
■ Self-threading screws
■ Rivets
■ Spring fasteners and clips

In general, when repeated disassembly of the product is anticipated, mechanical fasteners
are used. Metal fasteners of high strength can overstress plastic parts, so torque-controlled
tightening or special design provisions are required. Where torque cannot be controlled,
various types of washers can be used to spread the compression force over larger areas.

8.8.1.1 Machine screws, bolts, etc. Parts molded of thermoplastic resin are some-
times assembled with machine screws or with bolts, nuts, and washers, especially if it is a
very strong plastic. Machine screws are generally used with threaded inserts, nuts, and
clips. They rarely are used in pretapped holes. Figure 8.14 shows correct and incorrect
methods of mechanical fastening of plastic parts using this hardware.

Inserts into the plastic part can be used effectively to provide the female part of the fas-
tener. Inserts that are used for plastic assembly consist of molded-in inserts and post-
molded inserts. 

Molded-in inserts represent inserts that are placed in the mold before the plastic resin is
injected. The resin provides is then shaped to the part geometry and locks the insert into its
body. Molded-in inserts provide very high-strength assemblies and relatively low unit
cost. However, molded-in inserts could increase part cycle time while the inserts are man-
ually placed in the mold. When the application involves infrequent disassembly, molded-
in threads can be used successfully. Coarse threads can also be molded into most materi-
als. Threads of 32 or finer pitch should be avoided, along with tapered threads, because of
excessive stress on the part. If the mating connector is metal, overtorque will result in part
failure. 

Post-molded inserts come in four types: press-in, expansion, self-tapping, and thread
forming, and inserts that are installed by some method of heating (e.g., ultrasonic). Metal
inserts are available in a wide range of shapes and sizes for permanent installation. Inserts
are typically installed in molded bosses, designed with holes to suit the insert to be used.
Some inserts are pressed into place, and others are installed by methods designed to limit
the stress and increase strength. Generally, the outside of the insert is provided with pro-
jections of various configurations that penetrate the plastic and prevent movement under
normal forces exerted during assembly.

Whatever mechanical fastener is used, particular attention should be paid to the head of
the fastener. Conical heads, called flat heads, produce undesirable tensile stresses and
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should not be used. Bolt or screw heads with a flat underside [such as pan heads, round
heads, and so forth (Fig. 8.15)] are preferred, because the stress produced is more com-
pressive. Flat washers are also suggested and should be used under both the nut and the
fastener head. Sufficient diametrical clearance for the body of the fastener should always
be provided in the parts to be joined. This clearance can nominally be 0.25 mm (0.010 in).

8.8.1.2 Self-threading screws. Self-threading screws can be either thread cutting or
thread forming. To select the correct screw, the designer must know which plastic will be
used and its modulus of elasticity. The advantage of using these types of screws are as fol-
lows:

■ They are generally off-the-shelf items.
■ They are low in cost.

Figure 8.14 Mechanical fastening with (a) self-tapping screws and (b) bolts, nuts, and
washers.24
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■ They allow high production rates.
■ They require minimal tooling investment. 

The principal disadvantage of these screws is limited reuse; after repeated disassembly
and assembly, these screws will cut or form new threads in the hole, eventually destroying
the integrity of the assembly.

Thread-forming screws are used in the softer, more ductile plastics with moduli below
1380 MPa (200,000 lb/in2). There are a number of fasteners especially designed for use
with plastics (Fig. 8.16). Thread-forming screws displace plastic material during the
threading operation. This type of screw induces high stress levels in the part and is not rec-
ommended for parts made of weak resins.

Assembly strengths using thread-forming screws can be increased by reducing hole di-
ameter in the more ductile plastics, by increasing screw thread engagement, or by going to a
larger-diameter screw when space permits. The most common problem encountered with
these types of screws is boss cracking. This can be minimized or eliminated by increasing
the size of the boss, increasing the diameter of the hole, decreasing the size of the screw,
changing the thread configuration of the screw, or changing the part to a more ductile plastic.

Thread-cutting screws are used in harder, less-ductile plastics. Thread-cutting screws
remove material as they are installed, thereby avoiding high stress. However, these screws
should not be installed and removed repeatedly. 

8.8.1.3 Rivets. Rivets provide permanent assembly at very low cost. Clamp load must
be limited to low levels to prevent distortion of the part. To distribute the load, rivets with

Figure 8.15 Common head systems of screws and bolts. Flat underside of head is
preferred.24
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large heads should be used with washers under the flared end of the rivet. The heads
should be three times the shank diameter.

Riveted composite joints should be designed to avoid loading the rivet in tension. Gen-
erally, a hole 1/64 in larger than the rivet shank is satisfactory for composite joints. A num-
ber of patented rivet designs are commercially available for joining aircraft and aerospace
structural composites.

8.8.1.4 Spring steel fasteners. Push-on spring steel fasteners (Fig. 8.17) can be
used for holding light loads. Spring steel fasteners are simply pushed on over a molded
stud. The stud should have a minimum 0.38 mm (0.015 in) radius at its base. Too large a
radius could create a thick section, resulting in sinks or voids in the plastic molding.

8.8.2 Design for Self-Assembly

It is often possible and desirable to incorporate fastening mechanisms in the design of the
molded part itself. The two most common methods of doing this are by interference fit (in-
cluding press-fit or shrink- fit) and by snap-fit. Whether these methods can be used will de-
pend heavily on the nature of the plastic material and the freedom one has in part design.

8.8.2.1 Press fit. In press or interference fits, a shaft of one material is joined with the
hub of another material by a dimensional interference between the shaft’s outside diameter

Figure 8.17 Push-on spring steel fasteners.24
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and the hub’s inside diameter. This simple, fast assembly method provides joints with high
strength and low cost. Press fitting is applicable to parts that must be joined to themselves
or to other plastic and nonplastic parts. The advisability of its use will depend on the rela-
tive properties of the two materials being assembled. When two different materials are be-
ing assembled, the harder material should be forced into the softer. For example, a metal
shaft can be press-fitted into plastic hubs. Press-fit joints can be made by simple applica-
tion of force or by heating or cooling one part relative to the other.

Press-fitting produces very high stresses in the plastic parts. With brittle plastics, such
as thermosets, press-fit assembly may cause the plastic to crack if conditions are not care-
fully controlled. 

Where press-fits are used, the designer generally seeks the maximum pullout force us-
ing the greatest allowable interference between parts that is consistent with the strength of
the plastic. Figure 8.18 provides general equations for interference fits (when the hub and
shaft are made of the same materials and for when they are a metal shaft and a plastic
hub). Safety factors of 1.5–2.0 are used in most applications.

For a press-fit joint, the effect of thermal cycling, stress relaxation, and environmental
conditioning must be carefully evaluated. Testing of the factory-assembled parts under ex-
pected temperature cycles, or under any condition that can cause changes to the dimen-
sions or modulus of the parts, is obviously indicated. Differences in coefficient of thermal
expansion can result in reduced interference due either to one material shrinking or ex-
panding away from the other, or it can cause thermal stresses as the temperature changes.
Since plastic materials will creep or stress-relieve under continued loading, loosening of
the press fit, at least to some extent, can be expected during service. To counteract this, the
designer can knurl or groove the parts. The plastic will then tend to flow into the grooves
and retain the holding power of the joint. 

8.8.2.2 Snap fit. In all types of snap-fit joints, a protruding part of one component,
such as a hook, stud, or bead, is briefly deflected during the joining operation, and it is
made to catch in a depression (undercut) in the mating component. This method of assem-
bly is uniquely suited to thermoplastic materials due to their flexibility, high elongation,
and ability to be molded into complex shapes. However, snap-fit joints cannot carry a load
in excess of the force necessary to make or break the snap fit. Snap-fit assemblies are usu-
ally employed to attach lids or covers that are meant to be disassembled or that will be
lightly loaded. The design should be such that, after assembly, the joint will return to a
stress-free condition.

The two most common types of snap fits are those with flexible cantilevered lugs (Fig.
8.19) and those with a full cylindrical undercut and mating lip (Fig. 8.20). Cylindrical
snap fits are generally stronger but require deformation for removal from the mold. Mate-
rials with good recovery characteristics are required. 

To obtain satisfactory results, the undercut design must fulfill certain requirements.

■ The wall thickness should be kept uniform.
■ The snap fit must be placed in an area where the undercut section can expand freely.
■ The ideal geometric shape is circular.
■ Ejection of an undercut core from the mold is assisted by the fact that the resin is still at

relatively high temperatures.
■ Weld lines should be avoided in the area of the undercut.

In the cantilevered snap-fit design, the retaining force is essentially a function of the
bending stiffness of the resin. Cantilevered lugs should be designed in a way as not to ex-
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Figure 8.18 General calculation of interference fit between a shaft and a hub.26
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ceed allowable stresses during assembly. Cantilevered snap fits should be dimensioned to
develop constant stress distribution over their length. This can be achieved by providing a
slightly tapered section or by adding a rib. Special care must be taken to avoid sharp cor-
ners and other possible stress concentrations. Cantilever design equations have been re-
cently developed to allow for both the part and the snap fit to flex.28 Many more designs
and configurations can be used with snap-fit configuration than only cantilever or snap-fit
joints. The individual plastic resin suppliers are suggested for design rules and guidance
on specific applications.

8.9 Recommended Assembly Processes for 
Common Plastics

When decisions are to be made relative to assembly methods (mechanical fastening, adhe-
sive bonding, thermal welding, or solvent cementing), special considerations must be
taken because of the nature of the substrate and possible interactions with the adhesive or
the environment. The following sections identify some of these considerations and offer an

Figure 8.19 Snap-fitting cantilevered arms.24

Figure 8.20 Undercuts for snap joints.24
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assembly guide to the various methods of assemblies that have been found appropriate for
specific plastics.

8.9.1 Acetal Homopolymer and Acetal Copolymer

Parts made of acetal homopolymer and copolymer are generally strong and tough, with a
surface finish that is the mirror image of the mold surface. Acetal parts are generally ready
for end-use or further assembling with little or no postmold finishing.

Press fitting has been found to provide joints of high strength at minimum cost. Acetal
copolymer can be used to provide snap-fit parts. Use of self-tapping screws may provide
substantial cost savings by simplifying machined parts and reducing assembly costs. 

Epoxies, isocyanate cured polyester, and cyanoacrylates are used to bond acetal copoly-
mer. Generally, the surface is treated with a sulfuric-chromic acid treatment. Epoxies have
shown 150–500 lb/in2 shear strength on sanded surfaces and 500–1000 lb/in2 on chemi-
cally treated surfaces. Plasma treatment has also shown to be effective on acetal substrates.
Acetal homopolymer surfaces should be chemically treated prior to bonding. This is ac-
complished with a sulfuric-chromic acid treatment followed by a solvent wipe. Epoxies,
nitrile, and nitrile-phenolics can be used as adhesives.

Thermal welding and solvent cementing are commonly used for bonding this material
to itself. Heated-tool welding produces exceptionally strong joints with acetal homopoly-
mers and copolymers. With the homopolymer, a temperature of the heated surface near
550°F and a contact time of 2–10 s are recommended. The copolymer can be hot-plate
welded from 430–560°F. Annealing acetal copolymer joints is claimed to strengthen them
further. Annealing can be done by immersing the part in 350°F oil. Acetal resin can be
bonded by hot-wire welding. Pressure on the joint, duration of the current, and wire type
and size must be varied to achieve optimal results. Shear strength on the order of 150–
300 lb/in or more have been obtained with both varieties, depending on the wire size, ener-
gizing times (wire temperature), and clamping force.

Hot-gas welding is used effectively on heavy acetal sections. Joints with 50 percent of
the tensile strength of the acetal resin have been obtained. Conditions of joint design and
rod placement are similar to those presented for ABS. A nitrogen blanket is suggested to
avoid oxidation. The outlet temperature of the welding gun should be approximately
630°F for the homopolymer and 560°F for the copolymer. For maximum joint strength,
both the welding rod and parts to be welded must be heated so that all surfaces are melted.

Acetal components can easily be joined by spin welding, which is a fast and generally
economical method to obtain joints of good strength. Spin-welded acetal joints can have
straight 90° mating surfaces, or surfaces can be angles, molded in a V-shape, or flanged.

Although not a common practice, acetal copolymer can be solvent welded at room tem-
perature with full strength hexafluoroacetone sesquihydrate (Allied Chemical Corp., Mor-
ristown, N.J.). The cement has been found to be an effective bonding agent for adhering to
itself, nylon, or ABS. Bond strengths in shear are greater than 850 lb/in2 using “as
molded” surfaces. Hexafluoroacetone sesquihydrate is a severe eye and skin irritant. Spe-
cific handling recommendations and information on toxicity should be requested from Al-
lied Chemical Corp. Because of its high solvent resistance, acetal homopolymer cannot be
solvent cemented.

8.9.2 Acrylonitrile-Butadiene-Styrene (ABS)

ABS parts can be designed for snap-fit assembly using a general guideline of 5 percent al-
lowable strain during the interference phase of the assembly. Thread-cutting screws are fre-
quently recommended for non-foamed ABS, and thread-forming screws for foamed grades.
Depending on the application, the use of bosses and boss caps may be advantageous.
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The best adhesives for ABS are epoxies, urethanes, thermosetting acrylics, nitrile-phe-
nolics, and cyanoacrylates. These adhesives have shown joint strength greater than that of
the ABS substrates being bonded. ABS substrates do not require special surface treatments
other than simple cleaning and removal of possible contaminants. 

ABS can also be bonded to itself and to certain other thermoplastics by either solvent
cementing or any of the heat welding methods. For bonding acrylonitrile butadiene styrene
(ABS) to itself, it is recommended that the hot-plate temperatures be between 430–550°F.
Lower temperatures will result in sticking of the materials to the heated platens, while
temperatures above 550°F will increase the possibility of thermal degradation of the sur-
face. In joining ABS, the surfaces should be in contact with the heated tool until they are
molten, then brought carefully and quickly together and held with minimum pressure. If
too much pressure is applied, the molten material will be forced from the weld and result
in poor appearance and reduced weld strength. Normally, if a weld flash greater than 1/8 in
occurs, too much joining pressure has been used.

Hot-gas welding has been used to join ABS thermoplastic with much success. Joints
with over 50 percent the strength of the parent material have been obtained. The ABS
welding rod should be held approximately at a 90° angle to the base material; the gun
should be held at a 45° angle with the nozzle 1/4–1/2 in from the rod. ABS parts to be hot-
gas welded should be bonded at 60° angles. The welding gun, capable of heating the gas to
500 to 600°F, must be moved continuously in a fanning motion to heat both the welding
rod and bed. Slight pressure must be maintained on the rod to ensure good adhesion.

Spin welded ABS joints can have straight 90° mating surfaces, or the surface can be an-
gled, molded in a V-shape, or flanged. The most important factor in the quality of the weld
is the joint design. The area of the spinning part should be as large as possible, but the dif-
ference in linear velocity between the maximum and minimum radii should be as small as
feasible.

One of the fastest methods of bonding ABS and acetal thermoplastics is induction
welding. This process usually takes 3–10 s but can be done in as little as 1 s. During weld-
ing, a constant pressure of at least 100 lb/in2 should be applied on the joint to minimize the
development of bubbles; this pressure should be maintained until the joint has sufficiently
cooled. When used, metal inserts should be 0.02–0.04 in thick. Joints should be designed
to enclose completely the metal insert. Inserts made of carbon steel require less power for
heating, although other types of metal can be used. The insert should be located as close as
possible to the electromagnetic generator coil and centered within the coil to assure uni-
form heating.

The solvents recommended for ABS are methyl ethyl ketone, methyl isobutyl ketone,
tetrahydrofuran, and methylene chloride. The solvent used should be quick drying to pre-
vent moisture absorption yet slow enough to allow assembly of the parts. The recom-
mended cure time is 12 to 24 hr at room temperature. The time can be reduced by curing at
130–150°F. A cement can be made by dissolving ABS resin in solvent up to 25 percent
solids. This type of cement is very effective in joining parts that have irregular surfaces or
areas that are not readily accessible. Because of the rapid softening actions of the solvent,
the pressure and amount of solvent applied should be minimal.

8.9.3 Cellulosics (Cellulose Acetate, Cellulose Acetate Butyrate, Cellulose
Nitrate, Ethyl Cellulose, Etc.)

Cellulosic materials can be mechanically fastened by a number of methods. However,
their rigidity and propensity to have internal molding stresses must be carefully consid-
ered.

Adhesives commonly used are epoxies, urethanes, isocyanate cured polyesters, nitrile-
phenolic, and cyanoacrylate. Only cleaning is required prior to applying the adhesive. A
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recommended surface cleaner is isopropyl alcohol. Cellulosic plastics may contain plasti-
cizers. The extent of plasticizer migration and the compatibility with the adhesive must be
evaluated. Cellulosics can be stress cracked by uncured cyanoacrylate and acrylic adhe-
sives. Any excess adhesive should be removed from the surface immediately.

Cellulosic materials can also be solvent cemented. Where stress crazing is a problem,
adhesives are a preferred method of assembly. 

8.9.4 Fluorocarbons (PTFE, CTFE, FEP, Etc.)

Because of the lower ductility of the fluorocarbon materials, snap-fit and press-fit joints
are seldom used. Rivets or studs can be used in forming permanent mechanical joints.
These can be provided with thermal techniques on the melt-processable grades. Self-tap-
ping screws and threaded inserts are used for many mechanical joining operations. In
bolted connections, some stress relaxation may occur the first day after installation. In
such cases, mechanical fasteners should be tightened; thereafter, stress relaxation is negli-
gible.

The combination of properties that makes fluorocarbons highly desirable engineering
plastics also makes them nearly impossible to heat or solvent weld and very difficult to
bond with adhesives without proper surface treatment. The most common surface prepara-
tion for fluorocarbons is a sodium naphthalene etch, which is believed to remove fluorine
atoms from the surface to provide better wetting properties. A formulation and description
of the sodium naphthalene process can be found in another chapter. Commercial chemical
products for etching fluorocarbons are also listed.

Another process for treating fluorocarbons, as well as some other hard-to-bond plastics
(notably polyolefins), is plasma treating. Plasma surface treatment has been shown to in-
crease the tensile shear strength of Teflon® bonded with epoxy adhesive from 50 to 1000
lb/in2. The major disadvantage of plasma treating is that it is a batch process, which in-
volves large capital equipment expense, and part size is often limited because of available
plasma treating vessel volume. Epoxies and polyurethanes are commonly used for bond-
ing treated fluorocarbon surfaces.

Melt-processable fluorocarbon parts have been successfully heat welded, and certain
grades have been spin welded and hermetically sealed with induction heating. However,
because of the extremely high temperatures involved and the resulting weak bonds, these
processes are seldom used for structural applications.

Fluorocarbon parts cannot be solvent welded because of their great resistance to all sol-
vents.

8.9.5 Polyamide (Nylon)

Because of their toughness, abrasion resistance, and generally good chemical resistance
parts made from polyamide or resin (or nylon) are generally more difficult to finish and as-
semble than other plastic parts. However, nylons are used virtually in every industry and
market. The number of chemical types and formulations of nylon available also provide
difficulty in selecting fabrication and finishing processes. 

Nylon parts can be mechanically fastened by most of the methods described in this
chapter. Mechanical fastening is usually the preferred method of assembly, because adhe-
sives bonding and welding often show variable results mainly due to the high internal
moisture levels in nylon. Nylon parts can contain a high percentage of absorbed water.
This water can create a weak boundary layer under certain conditions. Generally, parts are
dried to less than 0.5 percent water before bonding.

Some epoxy, resorcinol formaldehyde, phenol resorcinol, and rubber based adhesives
have been found to produce satisfactory joints between nylon and metal, wood, glass, and
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leather. The adhesive tensile shear strength is about 250 to 1000 lb/in2. Adhesive bonding
is usually considered inferior to heat welding or solvent cementing. However, priming of
nylon adherends with compositions based on resorcinol formaldehyde, isocyanate modi-
fied rubber, and cationic surfactant have been reported to provide improved joint strength.
Elastomeric (nitrile, urethane), hot-melt (polyamide, polyester), and reactive (epoxy, ure-
thane, acrylic, and cyanoacrylate) adhesives have been used for bonding nylon.

Induction welding has also been used for nylon and polycarbonate parts. Because of
the variety of formulation available and their direct effect on heat welding parameters,
the reader is referred to the resin manufacturer for starting parameter for use in these
welding methods. Both nylon and polycarbonate resins should be predried before induc-
tion welding.

Recommended solvent systems for bonding nylon to nylon are aqueous phenol, solu-
tions of resorcinol in alcohol, and solutions of calcium chloride in alcohol. These solvents
are sometimes bodied by adding nylon resin.

8.9.6 Polycarbonate 

Polycarbonate parts lend themselves to all mechanical assembly methods. Polycarbonate
parts can be easily joined by solvents or thermal welding methods; they can also be joined
by adhesives. However, polycarbonate is soluble in selected chlorinated hydrocarbons. It
also exhibits crazing in acetone and is attacked by bases. 

When adhesives are used, epoxies, urethanes, and cyanoacrylates are chosen. Adhesive
bond strengths with polycarbonate are generally 1000 to 2000 lb/in2. Cyanoacrylates,
however, are claimed to provide over 3000 lb/in2 when bonding polycarbonate to itself.
No special surface preparation is required of polycarbonate other than sanding and clean-
ing. Polycarbonates can stress crack in the presence of certain solvents. When cementing
polycarbonate parts to metal parts, a room-temperature curing adhesive is suggested to
avoid stress in the interface caused by differences in thermal expansion.

Polycarbonate film is effectively heat sealed in the packaging industry. The sealing tem-
perature is approximately 425°F. For maximum strength, the film should be dried at 250°F
to remove moisture before bonding. The drying time varies with the thickness of the film
or sheet. A period of approximately 20 min is suggested for a 20-mil thick film and 6 hr
for a 1/4-in thick sheet. Predried films and sheets should be sealed within two hours after
drying. Hot-plate welding of thick sheets of polycarbonate is accomplished at about
650°F. The faces of the substrates should be butted against the heating element for 2–5 s or
until molten. The surfaces are then immediately pressed together and held for several sec-
onds to make the weld. Excessive pressure can cause localized strain and reduce the
strength of the bond. Pressure during cooling should not be greater than 100 lb/in2.

Polycarbonate parts having a thickness of at least 40 mils can be successfully hot gas
welded. Bond strengths in excess of 70 percent of the parent resin have been achieved.
Equipment should be used capable of providing gas temperature of 600–1200°F. As pre-
scribed for the heated tool process, it is important to adequately predry (250°F) both the
polycarbonate parts and welding rods. The bonding process should occur within minutes
of removing the parts from the predrying oven.

For spin welding, tip speeds of 30–50 ft/min create the most favorable conditions to get
polycarbonate resin surfaces to their sealing temperature of 435°F. Contact times as short
as 1/2 s are sufficient for small parts. Pressures of 300–400 lb/in2 are generally adequate.
For the best bonds, parts should be heat treated for stress relief at 250°F for several hours
after welding. However, this stress relief step is often unnecessary and may lead to de-
graded impact properties of the parent plastics.

Methylene chloride is a very fast solvent cement for polycarbonate. This solvent is rec-
ommended only for temperature climate zones and on small areas. A mixture of 60 percent

Plastics Joining

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



554 Chapter Eight

methylene chloride and 40 percent ethylene chloride is slower drying and the most com-
mon solvent cement used. Ethylene chloride is recommended in very hot climate. These
solvents can be bodied with 1–5 percent polycarbonate resin where gap filling properties
are important. A pressure of 200 lb/in2 is recommended.

8.9.7 Polyethylene, Polypropylene, and Polymethyl Pentene

Because of their ductility, polyolefin parts must be carefully assembled using mechanical
fasteners. These assembly methods are normally used on the materials having higher mod-
ulus such as high molecular weights of polyethylene and polypropylene. 

Epoxy and nitrile-phenolic adhesives have been used to bond these plastics after surface
preparation. The surface can be etched with a sodium sulfuric-dichromate acid solution at
elevated temperature. Flame treatment and corona discharge have also been used. How-
ever, plasma treatment has proven to be the optimal surface process for these materials.
Shear strengths in excess of 3000 lb/in2 have been reported on polyethylene treated for
10 min in an oxygen plasma and bonded with an epoxy adhesive. Polyolefin materials can
also be thermally welded, but they cannot be solvent cemented.

Polyolefins can be thermally welded by almost any technique. However, they cannot be
solvent welded because of their resistance to most solvents.

8.9.8 Polyethylene Terephthalate and Polybutylene Terephthalate

These materials can be joined by mechanical self fastening methods or by mechanical fas-
teners. Polyethylene terephthalate (PET) and polybutylene terephthalate (PBT) parts are
generally joined by adhesives. Surface treatments recommended specifically for PBT in-
clude abrasion and solvent cleaning with toluene. Gas plasma surface treatments and
chemical etch have been used where maximum strength is necessary. Solvent cleaning of
PET surfaces is recommended. The linear film of polyethylene terephthalate (Mylar®) sur-
face can be pretreated by alkaline etching or plasma for maximum adhesion, but often a
special treatment is unnecessary. Commonly used adhesives for both PBT and PET sub-
strates are isocyanate cured polyesters, epoxies, and urethanes. Polyethylene terephthalate
cannot be solvent cemented or heat welded.

Ultrasonic welding is the most common thermal assembly process used with polybuty-
lene terephthalate parts. However, heated-tool welding and other welding methods have
proven satisfactory joints when bonding PET and PBT to itself and to dissimilar materials.

Solvent cementing is generally not used to assemble PET or PBT parts because of their
solvent resistance.

8.9.9 Polyetherimide (PEI), Polyamide-imide, Polyetheretherketone (PEEK),
Polyaryl Sulfone, and Polyethersulfone (PES)

These high-temperature thermoplastic materials are generally joined mechanically or with
adhesives. The high modulus, low creep strength, and superior fatigue resistance make
these materials ideal for snap-fit joints.

They are easily bonded with epoxy or urethane adhesives; however, the temperature re-
sistance of the adhesives do not match the temperature resistance of the plastic part. No
special surface treatment is required other than abrasion and solvent cleaning. Polyether-
imide (ULTEM®), polyamide-imide (TORLON®), and polyethersulfone can be solvent
cemented, and ultrasonic welding is possible.

These plastics can also be welded using vibration and ultrasonic thermal processes. Sol-
vent welding is also possible with selected solvents and processing conditions.
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8.9.10 Polyimide

Polyimide parts can be joined with mechanical fasteners. Self-tapping screws must be
strong enough to withstand distortion when they are inserted into the polyimide resin that
is very hard.

Polyimide parts can be bonded with epoxy adhesives. Only abrasion and solvent clean-
ing is necessary to treat the substrate prior to bonding. The plastic part will usually have
higher thermal rating than the adhesive. Thermosetting polyimides cannot be heat welded
or solvent cemented.

8.9.11 Polymethylmethacrylate (Acrylic)

Acrylics are commonly solvent cemented or heat welded. Because acrylics are a noncrys-
talline material, they can be welded with greater ease than semicrystalline parts. Ultrasonic
welding is the most popular process for welding acrylic parts. However, because they are
relatively brittle materials, mechanical fastening processes must be carefully chosen. 

Epoxies, urethanes, cyanoacrylates, and thermosetting acrylics will result in bond
strengths greater than the strength of the acrylic part. The surface needs only to be clean of
contamination. Molded parts may stress crack when in contact with an adhesive contain-
ing solvent or monomer. If this is a problem, an anneal (slightly below the heat distortion
temperature) is recommended prior to bonding. 

8.9.12 Polyphenylene Oxide (PPO)

Polystyrene modified polyphenylene oxide can be joined with almost all techniques de-
scribed in this chapter. Snap-fit and press-fit assemblies can be easily made with this mate-
rial. Maximum strain limit of 8 percent is commonly used in the flexing member of PPO
parts. Metal screw and bolts are commonly used to assemble PPO parts or for attaching
various components.

Epoxy, polyester, polyurethane, and thermosetting acrylic have been used to bond mod-
ified PPO to itself and other materials. Bond strengths are approximately 600–1500 lb/in2

on sanded surfaces and 1000–2200 lb/in2 on chromic acid-etched surfaces.
Polystyrene modified polyphenylene oxide (PPO) or Noryl® can be hot-plate welded at

500–550°F and 20–30 s contact time. Unmodified PPO can be welded at hot-plate temper-
atures of 650°F. Excellent spin welded bonds are possible with modified polyphenylene
oxide (PPO), because the low thermal conductivity of the resin prevents head dissipation
from the bonding surfaces. Typical spin welding condones are rotational speed of
40–50 ft/min and a pressure of 300–400 lb/in2. Spin time should be sufficient to ensure
molten surfaces.

Polyphenylene oxide joints must mate almost perfectly; otherwise, solvent welding
provides a weak bond. Very little solvent cement is needed. Best results are obtained by
applying the solvent cement to only one substrate. Optimum holding time has been found
to be 4 min at approximately 400 lb/in2. A mixture of 95 percent chloroform and 5 percent
carbon tetrachloride is the best solvent system for general-purpose bonding, but very good
ventilation is necessary. Ethylene dichloride offers a slower rate of evaporation for large
structures or hot climates.

8.9.13 Polyphenylene Sulfide (PPS)

Being a semicrystalline thermoplastic, PPS is not ideally suited to ultrasonic welding. Be-
cause of its excellent solvent resistance, PPS cannot be solvent cemented. PPS assemblies
can be made by a variety of mechanical fastening methods as well as by adhesive bonding.
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Adhesives recommended for polyphenylene sulfide include epoxies and urethanes.
Joint strengths in excess of 1000 lb/in2 have been reported for abraded and solvent-cleaned
surfaces. Somewhat better adhesion has been reported for machined surfaces over as-
molded surfaces. The high heat and chemical resistance of polyphenylene sulfide plastics
make them inappropriate for solvent cementing or heat welding.

Polyimide and polyphenylene sulfide (PPS) resins present a problem in that their high
temperature resistance generally requires that the adhesive have similar thermal proper-
ties. Thus, high-temperature epoxies adhesive are most often used with polyimide and PPS
parts. Joint strength is superior (greater than 1000 lb/in2), but thermal resistance is not bet-
ter than the best epoxy systems (300–400°F continuous).

8.9.14 Polystyrene

Polystyrene parts are conventionally solvent cemented or heat welded. However, ure-
thanes, epoxies, unsaturated polyesters, and cyanoacrylates will provide good adhesion to
abraded and solvent-cleaned surfaces. Hot-melt adhesives are used in the furniture indus-
try. Polystyrene foams will collapse when in contact with certain solvents. For polystyrene
foams, a 100 percent solids adhesive or a water-based contact adhesive is recommended.

Polystyrene can be joined by either thermal or solvent welding techniques. Preference
is generally given to ultrasonic methods because of its speed and simplicity. However,
heated-tool welding and spin welding are also commonly used.

8.9.15 Polysulfone

Polysulfone parts can be joined with all the processes described in this chapter. Because of
their inherent dimensional stability and creep resistance, polysulfone parts can be press fit-
ted with ease. Generally, the amount of interference will be less than that required for
other thermoplastics. Self-tapping screws and threaded inserts have also been used.

Urethane and epoxy adhesives are recommended for bonding polysulfone substrates.
No special surface treatment is necessary. Polysulfones can also be easily joined by sol-
vent cementing or thermal welding methods.

Direct thermal welding of polysulfone requires a heated tool capable of attaining 700°F.
Contact time should be approximately 10 s, and then the parts must be joined immediately.
Polysulfone parts should be dried 3 to 6 hr at 250°F before attempting to heat seal.
Polysulfone can also be joined to metal, since polysulfone resins have good adhesive char-
acteristics. Bonding to aluminum requires 700°F. With cold-rolled steel, the surface of the
metal first must be primed with 5 to 10 percent solution of polysulfone and baked for
10 min at 500°F. The primed piece then can be heat welded to the polysulfone part at
500–600°F.

A special tool has been developed for hot-gas welding of polysulfone. The welding pro-
cess is similar to standard hot-gas welding methods but requires greater elevated tempera-
ture control. At the welding temperature, great care must be taken to avoid excessive
application of heat, which will result in degradation of the polysulfone resin.

For polysulfone, a 5 percent solution of polysulfone resin in methylene chloride is rec-
ommended as a solvent cement. A minimal amount of cement should be used. The assem-
bled pieces should be held for 5 min under 500 lb/in2. The strength of the joint will
improve over a period of several weeks as the residual solvent evaporates. 

8.9.16 Polyvinyl Chloride (PVC)

Rigid polyvinyl chloride can be easily bonded with epoxies, urethanes, cyanoacrylates,
and thermosetting acrylics. Flexible polyvinyl chloride parts present a problem because of
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plasticizer migration over time. Nitrile adhesives are recommended for bonding flexible
polyvinyl chloride because of compatibility with the plasticizers used. Adhesives that are
found to be compatible with one particular polyvinyl chloride plasticizer may not work
with another formulation. Solvent cementing and thermal welding methods are also com-
monly used to bond both rigid and flexible polyvinyl chloride parts.

8.9.17 Thermoplastic Polyesters

These materials may be bonded with epoxy, thermosetting acrylic, urethane, and nitrile-
phenolic adhesives. Special surface treatment is not necessary for adequate bonds. How-
ever, plasma treatment has been reported to provide enhanced adhesion. Solvent cement-
ing and certain thermal welding methods can also be used with thermoplastic polyester.

Thermoplastic polyester resin can be solvent cemented using hexafluoroisopropanol or
hexafluoroacetone sesquihydrate. The solvent should be applied to both surfaces and the
parts assembled as quickly as possible. Moderate pressure should be applied as soon as the
parts are assembled. Pressure should be maintained for at least 1 to 2 min; maximum bond
strength will not develop until at least 18 hr at room temperature. Bond strengths of ther-
moplastic polyester bonded to itself will be in the 800–1500 lb/in2 range.

8.9.18 Thermosetting Plastics (Epoxies; Diallyl Phthalate; Polyesters; 
Melamine, Phenol, and Urea Formaldehyde; Polyurethanes; Etc.)

Thermosetting plastics are joined either mechanically or by adhesives. Their thermosetting
nature prohibits the use of solvent or thermal welding processes; however, they are easily
bonded with many adhesives.

Abrasion and solvent cleaning are generally recommended as the surface treatment.
Surface preparation is generally necessary to remove contaminant, mold release, or gloss
from the part surface. Simple solvent washing and abrasion is a satisfactory surface treat-
ment for bonds approaching the strength of the parent plastic. An adhesive should be se-
lected that has a similar coefficient of expansion and modulus as the part being bonded.
Rigid parts are best bonded with rigid adhesives based on epoxy formulations. More flexi-
ble parts should be bonded with adhesives that are flexible in nature after curing. Epoxies,
thermosetting acrylics, and urethanes are the best adhesives for the purpose. 

8.10 More Information on Joining Plastics

Additional details on joining plastics by adhesive bonding, direct heat welding, indirect
heat welding, frictional welding, solvent cementing, or mechanical fastening can be found
in numerous places. The best source of information is often the plastic resin manufacturers
themselves. They often freely offer related recipes and processes, because it is in their in-
terest that their materials successfully find implementation in joined components. 

Another source of information is the equipment manufacturers. The manufacturers of
induction bonding, ultrasonic bonding, spin welding, vibration welding, and such equip-
ment will often provide guidance on the correct parameter to be used for specific materials
and joint designs. Many of these equipment suppliers will have customer service laborato-
ries where prototype parts can be tried and guidance provided regarding optimal process-
ing parameters. 

Of course, adhesive suppliers and mechanical fastener suppliers can provide detailed
information on their products and guidance as to which substrate is most appropriate.
They can generally provide complete processes and specifications relative to the assembly
operation. They usually also have moderate amounts of test data to provide an indication
of strength and durability.
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Finally, a very useful source of information is the technical literature, conference publi-
cations, books, and handbooks relative to the subject of joining plastics. The following
works are especially recommended for anyone requiring detailed information in this area:

■ Handbook of Plastics Joining, Plastics Design Laboratory, 1999.
■ Designing Plastic Parts for Assembly, by Paul A. Tres, Hanser/Gardner, 1998.
■ Decorating and Assembly of Plastic Parts, by E. A. Muccio, ASM Publications, 1999.
■ Handbook of Adhesives and Sealants, by Edward M. Petrie, McGraw-Hill, 1999.
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Chapter

9
Design and Processing

of Plastic Parts

John L. Hull
Hull Corporation

Warminster, Pennsylvania

9.1 Introduction

The creation of a plastic part requires a series of conscious decisions regarding type of
plastic, method of production, design of mold or tooling, and selection of machine or pro-
cess. Reaching these decisions requires information as to the intended usage of the part
and the conditions of environment (temperature, moisture, exposure to harsh atmospheres,
physical and electrical requirements). Furthermore, in most cases, the cost to manufacture
the part is a major consideration and is dependent on the choice of materials, the manufac-
turing process, and, of course, the quantities to be produced per shift, month, or year.

In this chapter, several production processes are discussed broadly, outlining the basics
of each process, the equipment involved, the plastic materials for which the process is fea-
sible, and some typical products made by each particular process. In addition, the chapter
describes important aspects of plastic part design and considers the closely related topic of
mold design and construction.

9.2 Design Procedure

The first step requires a preliminary engineering drawing of the intended part, with ap-
proximate overall dimensions, section thicknesses desired, probable location of holes,
ribs, bosses, and the like, as well as approximate radii of curves, corners, and so on. Toler-
ances are not necessary at this stage but will be incorporated before final design.

Next is a list detailing the intended requirements of the final part. Physical consider-
ations regarding stiffness; dimensions and tolerances; impact resistance; surface hard-
ness; compressive, tensile, and torque loads; light transmittance; and so on; all need to be
quantified. If the part is intended for electrical applications, determine voltage to be en-
countered, current-induced temperature extremes, arc resistance and surface tracking re-
sistance, dielectric strength, electrical frequency, and the like. List possible environmental

Source: Handbook of Plastics, Elastomers, and Composites
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extremes such as humidity, salt or corrosive spray, ultraviolet exposure, moisture-absorp-
tion limitations, service-temperature lows and highs, extreme gravities from acceleration
or shock, and possible abrasive exposure. Note also cosmetic requirements such as color
or transparency, high gloss, or special tactile surface.

At this point, select several possible materials that appear (from the data sheets) to meet
all the intended requirements and also appear to be appropriate for the size of part. If you
know of plastic parts similar to your intended size and application requirements, deter-
mine the materials from which they are made, and add these to your list of material candi-
dates.

The next step is to consider the several processes that might be appropriate. Later in this
chapter, you will find descriptions of many processes, some of which will be worth con-
sidering. But you must realize that finding a process that will be compatible to your part
requirements as well as to the materials you have tentatively selected is not always easy.
Compromises are often made at this stage—compromises in your design, your require-
ments, and your materials. (In some cases, you may decide not to use plastics as your ma-
terial of construction!)

The selection of process involves size of part. For example, you can’t injection mold
50-foot lengths of garden hose, but you can readily extrude them. Ultrahigh molecular
weight polyethylene (UHMWPE) has fantastic resistance to abrasion, but if your part must
experience temperatures of 100°C or higher, UHMWPE will lose its physical properties
rapidly.

Selecting the process requires consideration of size (injection molding a boat hull is not
feasible, but hand lay-up is very practical for such an application), production volume (to
build a compression mold for only 100 parts would be extremely expensive, but liquid
casting for the same quantity might be ideal), and economics (using a material that costs
$10 per pound would be out of the question if your two-ounce part had to sell for $1). Of-
ten, choice of process may be dictated by available process equipment already in your
manufacturing facility or in your favorite custom molding house. (The part may be appro-
priate for either transfer molding or injection molding; so if you have transfer molding
equipment in your plant but not injection presses, possibly transfer molding will be the
“best” process.)

If a practical solution still eludes you, it would be wise to get suggestions from plastic
material suppliers, processing-machinery suppliers, or custom molders, all of whose ad-
vice will probably be given at no charge.

And if those sources fail to lead to a practical solution, try one or more of the many
plastics design consultants for some guidance. The consulting fee will generally be well
spent.

9.3 Prototyping

Once you have reached an apparently viable decision as to material and process (having
taken manufacturing economics into the formula), you should give strong consideration to
starting with an appropriate prototype. Such a prototype may be machined or cast using
your selected material, with final dimensions sufficiently close to your design specifica-
tions to enable good mechanical and electrical testing. If the prototype can be produced
using the selected material and process (as, for example, using a single-cavity injection
mold for a part that will ultimately be produced in a multicavity injection mold), you will
not only be able to perform various mechanical and electrical tests on the prototype, you
may gain valuable molding parameters and cycle rates during the prototyping. You may
also discover the need to make changes in wall thickness, corner radii, hole diameters or
location, gate and vent location and size, and ejector pin location and size—compromises
or improvements that lead to optimal production with minimal costs.
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Rapid prototyping is becoming increasingly important for bringing a new product to
market in shortest possible time. To date, the newest and fastest process for producing pro-
totype molds utilizes stereo lithography (SLA) in a special computer-operated machine
that guides laser beams to create a series of flat styrene layers—two-dimensional x-y con-
figured layers (about 0.004 in thick) at progressive increments along the z axis of the CAD
part design. These layers create a three-dimensional solid plastic part to serve as a pattern.
This pattern is then placed in a container filled with liquid silicone rubber. When the rub-
ber has cured, the pattern is removed. The resulting elastomeric cavity may be used to cast
rigid parts using epoxies, polyesters, acrylics, and other plastics for further part design
analysis and evaluation. Such rigid prototypes can often be produced within a week from
start to finish.

If the prototype needs to be molded in an injection, compression, transfer, or blow-
molding process, it is possible to create a hard cavity shell by first coating the silicone rub-
ber cavity with a release agent and then metal spray plating the cavity surface. When the
plated coating is sufficiently thick, it is removed from the elastomeric cavity and backed
up with liquid epoxy and appropriate reinforcing stiffeners to create a prototype mold that,
with care, can be used to mold parts in the plastic intended for final part. Time from “art to
part” may be merely a few weeks, as compared with the several months generally required
for conventional machined steel production molds.

A variation on the above SLA process enables the generation of a powdered metal mold
for the CAD designed part. Molds made by this variation have been used as production
molds and have withstood millions of cycles of injection molding.

9.4 Processes for Producing Plastic Parts

9.4.1 Liquid-Plastics Processing

For prototyping or for limited production runs, liquid plastics casting offers simplicity of
process, relatively low investment in equipment, and fast results. The casting materials
may be thermoplastics, such as acrylics, or thermosetting plastics, such as epoxy resins.
The plastics may harden by simple cooling, by evaporation of solvents, or by a polymer-
ization or cross-linking reaction. Such plastics are often poured into open molds or cavi-
ties. Because pouring is done at atmospheric pressure, molds are simple, often made of
soft metals, plaster, or other plastics.

An example of liquid casting is the fabrication of design details such as scrolls and flo-
ral or leaf patterns for furniture decoration. Such parts are often made using filled polyes-
ter resins. After curing, the parts are simply glued to the wooden bureau drawer or mirror
frame. The parts can readily be finished to look like wood. Molds for such parts are often
made by casting an elastomeric material over a wood or plastic model of the part. When
the elastomer is removed, it generally yields a cavity in which can be cast a very faithful
reproduction of the original pattern. The elastomer mold may be used over and over many
times.

Another widely used industrial application is casting with liquid plastics to embed ob-
jects such as electronic components or circuits in plastic cups, cases, or shells, giving the
components mechanical protection, electrical insulation, and a uniform package size.
When such applications require fairly high-volume production, machines for mixing and
dispensing the liquid plastics may be used for convenience and higher production rates,
and curing ovens, conveyors, and other auxiliary capital equipment may be incorporated.
In short, the liquid-casting operation may be a low-cost manual one, or it may be highly
automated, depending on the nature of the product and the quantities required.

If we cast liquid acrylic into an already-molded acrylic shape in which a coin or em-
blem has been placed, the result, when the acrylic has hardened, is an attractive paper-
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weight. If we cast liquid epoxy into a previously molded container in which has been
assembled a hybrid electronic circuit with leads protruding out of the container, the result,
when the liquid epoxy has cured, is an attractively packaged and protected circuit. This
process is called potting when the container (“pot”) remains as a permanent element of the
finished part. If bubbles or voids are a concern, liquid casting and potting may be per-
formed in a vacuum chamber. 

9.4.2 Rotational Molding (Rotomolding or Rotational Casting)

This relatively low-cost process utilizes a closed mold in which is placed an appropriate
charge of liquid or granular plastic, generally thermoplastic. The mold is then mounted in
a carousel, which enables it to be rotated simultaneously in at least two axes vertical to
each other. As the mold spins, the plastic inside coats the inner surface of the mold cavity
to a reasonably uniform thickness. The mold is brought to a controlled melt temperature,
usually by hot air, which enables the plastic to flow and fuse. Subsequently, as the mold is
cooled with cold air or water spray, the plastic hardens. The mold is then opened, and the
hollow part is removed. Often the hollow part is cut in half to yield two usable parts, as in
thin-walled covers. Applications include storage and feed tanks (as large as a 22,500-gal
tank 12 ft wide and 30 ft high!), shipping containers, automotive instrument panels, gear-
shift covers, door liners, playground equipment, recreational boats, and portable toilets.

Most common thermoplastics, such as polyethylene, polyvinyl chloride, nylon, poly-
carbonate, acetate butyrate, and polypropylene, are suitable for the rotational molding pro-
cess. In recent years, some thermosetting formulations have been found successful.

Inexpensive molds are made of cast or machined aluminum, or sheet metal. For finer
details, more expensive molds may be made using electroformed or vapor-formed nickel.
Release agents of nonstick coatings are generally used for ease of demolding.

9.4.3 Hand Lay-Up (Composites)

When larger plastic parts are required, and often when such parts must be rigid and robust,
a process referred to as hand lay-up is used. Hand lay-up is closely related to liquid-plastic
casting. A reinforcing fabric or mat, frequently fiberglass, is placed into an open mold or
over a form, and a fairly viscous liquid resin is poured over the fabric to wet it thoroughly
and to penetrate into the weave, ideally with little or no air entrapment. When the plastic
hardens, the object is removed from the mold or form, trimmed as necessary, and is then
ready for use. Many boats are produced using the hand lay-up process, from small sailing
dinghies and bass boats, canoes and kayaks, to large commercial fishing boats and even
military landing craft. Unsaturated polyesters are most often used in this process, but ep-
oxies and polyurethanes are also used. Although glass fibers, in mat form or woven, domi-
nate as the reinforcing material, carbon fiber or Kevlar (DuPont’s aramid filament) is used
where extreme stiffness or strength may be required.

This basic process can be automated as required, with proportioning, mixing, and dis-
pensing machines for liquid resin preparation, using matched molds (that is, two mold
halves that are closed after the reinforcing material has been impregnated with the liquid
to produce a smooth uniform surface on both top and bottom of the part), conveyors, ov-
ens, and so on.

9.4.4 Resin Transfer Molding

The resin transfer molding (RTM) process is used principally for manufacturing fiber-rein-
forced composites in moderate to high volumes. The process combines the techniques of
hand lay-up, liquid resin casting, and transfer molding. In practice, the fiber mat or pre-
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form (a precut and preshaped insert of the reinforcing material) is placed into the open
mold, and the heated mold is closed. A liquid catalyzed resin, often epoxy or polyester, is
then injected into the cavity at a modest positive pressure (5 to 100 lb/in2) until all the in-
terstices between the fibers are completely filled. The resulting formulation may have as
much as 60 percent glass by weight. Subsequently, the resin mix reacts and hardens. Often
vacuum is applied to the mold cavity to remove the air prior to and during cavity fill to
minimize the possibility of air entrapment and voids. Cycle times may run several hours,
particularly for large aircraft and missile components. During cure, mold temperatures are
often ramped up and down to achieve optimum properties of the plastic and therefore of
the finished product. Fibers often used include glass, carbon, Kevlar®, or combinations of
these. Very high strength-to-weight ratios are achieved in such parts, exceeding those of
most metals, and complex configurations are achieved more easily than by machining and
forming such high strength-to-weight ratio metals as tantalum or aluminum.

To make such parts, the press and resin transfer equipment for the RTM process is gen-
erally less expensive than that for an injection press for comparable-size components,
partly because RTM clamping and injection pressures are often only a few hundred
pounds per square inch. Control systems have become highly sophisticated, however, rais-
ing the cost of equipment, and the long cycle times add to the manufacturing cost of each
item produced. Advanced metering and mixing machines for preparing the liquid resin are
capable of controlling resin-catalyst ratios over the range of 1:1 to 200:1, and in flow rates
from several ounces per minute to 100 lb/min (Fig. 9.1).

9.4.5 Filament Winding

For structural tubes up to several inches in diameter, and for tubes and closed tanks that
may hold fluids at high pressure, a continuous filament of glass or other strong polymeric
material is drawn through a liquid polyester or epoxy bath and then fed to a rotating man-
drel, allowing the wetted filament to closely wind onto the mandrel, often with layering in
different directions. When the predetermined number of turns has resulted in the desired
thickness, the resin cures, and the mandrel is removed. The resulting tube or container has
extremely high hoop strength, ideal for storing or transporting high-pressure liquids or
gases.

9.4.6 Thermoforming

Because thermoplastics soften with heat and harden when cooled, many items are pro-
duced using extruded thermoplastic sheet as the starting material. The sheet is heated to a
temperature that softens the sheet but does not melt it. Then the sheet is shaped or formed
while soft and subsequently cooled while being held in the new configuration. Often the
heated sheet is forced into an open cavity by vacuum or air pressure. Most blister pack-
ages and many low-cost plastic drinking cups and containers are produced by such a ther-
moforming process. Acrylic (Plexiglas) rounded canopies for small aircraft and
sailplanes are frequently formed by the process, as are many advertising signs on truck
doors or retail establishments. One highly successful application is the 60-in long ABS
dash panel for a low-volume street sweeper. Bike helmets and snowboards are also pro-
duced with this process.

During the process, the material often stretches, making the final wall thickness in some
areas less than the original sheet thickness. With proper design and operation, the thermo-
forming process permits very inexpensive production of three-dimensional thin-wall parts
for short or long runs. Many process variations have been developed to accomplish desired
results. Such variations include drape forming, matched-mold forming, plug-assist form-
ing, vacuum snap-back, and trapped-sheet forming. Materials suitable for the thermoform-
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ing processes include ABS, thermoplastic polyesters, polypropylene, polystyrene,
acrylics, and polyvinyl chloride.

Equipment costs vary widely but are considerably lower than for comparable injection-
molded parts because of the relatively low pressures and temperatures required. Highly au-
tomated machines use roll-fed stock. Residual material from trimming can be ground,
blended with virgin material, and re-extruded into sheet for subsequent thermoforming use.

9.4.7 Extrusion, Coextrusion, and Pultrusion

The extrusion process starts somewhat like the thermoplastic injection molding process,
with a long barrel and rotating augur-type screw advancing thermoplastic crystals from a
room-temperature hopper at one end, bringing the material up to melt temperature by the
electrically heated barrel and also by the frictional and shearing action of the screw on the
material, finally forcing the melt out the nozzle end through a precision-machined die to
create the profile or shape of the continuously extruded product and cool it. Then, to cool
the extrudate completely, it is generally passed through a water bath kept at a sufficiently
low temperature that the material hardens in the shape of the profile. Single-screw extru-
sion barrels range from 1/2 to 18 in inner diameter, with throughput rates depending on the

Figure 9.1 Liquid-silicone-molding machine complete with propor-
tioning, mixing, and dispensing system for two-part resin systems.
Machines similar to this are used for resin transfer molding (RTM).
(Photo provided by WABASH/MPI/Carver, Inc.)
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size and wall thickness of the profile and the material characteristics but ranging from sev-
eral pounds per hour to more than five tons per hour. Twin-screw extruder throughputs can
be as high as 30 tons per hour (Fig. 9.2).

In recent years, extruder screw architecture has become highly sophisticated, with spe-
cial configurations for each type of extrudate. Venting in the barrel contributes much to
product quality and throughput. As with most high-speed polymer processing systems,
closed-loop control systems monitor and regulate process parameters for optimum produc-
tion.

Profiles may be of closed cross section, as for pipe or conduit, or they may be open sec-
tions, as for door jambs and window frames for the construction industry. Extruders can
also coat wire on a continuous basis, such as vinyl-insulated wire used for appliance wir-
ing.

Coextrusion is a process in which two different materials are extruded from two sepa-
rate extruder barrels and then brought together in a complex die to achieve a laminated
sheet or profile. Not many materials lend themselves to this process, because temperature
and chemical differences often preclude good bonding.

Successful extrusion of thermosetting materials has been achieved and put into com-
mercial practice, but extruded thermosets represent only a tiny fraction of the amount of
thermoplastics extruded annually.

Pultrusion is a process somewhat similar to extrusion in concept in that it produces a
continuous profile by forcing the material through a precision die configured to the desired
profile. The differences between the two processes, however, start with the fact that pultru-
sion generally uses thermoset plastics rather than thermoplastics, and the process pulls the
resin and reinforcing fibers or web through the die instead of pushing them through. Be-
cause the profiles are heavily reinforced, the pull is on the continuous reinforcing material.
Thermoplastic materials suited to the pultrusion process include PE and PEEK (Fig. 9.3).

When thermosetting materials are used, the steps in the process involve pulling the rein-
forcing matrix through a tank filled with catalyzed liquid resin, often polyester, where the
fibers become totally saturated. The wet matrix is then passed through a stripper to
squeeze out excess liquid and sometimes to start shaping the material into a profile. The
material is then pulled into a 20- to 30-in-long heated die at a rate controlled to ensure
complete curing of the resin as it passes continuously from one end of the die to the other.

Figure 9.2 Twin-screw extruder, counterrotating, nonintermeshing, for com-
pounding, model HTR2800-511-512-E1. Unit shown has panel open for access
to barrel and heater elements. Set of extruder screws shown in front, and seven-
zone temperature control panel with loss-in-weight feeder controls and main
drive motor controls, stands at right of machine. (Photo provided by Welding En-
gineers, Inc.)
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The material may be partially brought up to temperature prior to entering the curing die by
use of high-frequency heating between the stripper and the die, thereby speeding up the
curing and enabling faster pulling rates, shorter curing times, or both. Recent process vari-
ations inject the catalyzed resin directly into the die, thereby eliminating the above-de-
scribed matrix saturation and stripping steps.

Perhaps the most crucial element in a pultrusion machine is the gripper mechanism,
which grips the cured profile downstream of the curing die and continuously pulls at a
carefully regulated rate to ensure total curing in the die, taking into account the degree of
advanced cure of the catalyzed resin as it enters the die.

Applications include electric-bus duct, side rails for safety ladders, third-rail covers,
walkways, structural supports in harsh chemical environments, and resilient items such as
fishing rods, bicycle flagpoles, and tent poles. Common profile sections generally fall be-
tween 4 × 6 in and 8 × 24 in.

9.4.8 Blow Molding

Ideal for producing plastic beverage bottles and other closed shapes, the blow molding
process combines elements of the extrusion process and the thermoforming process in
complex, fully automated machines and mold systems to produce thin-walled holloware at
fantastically high rates (Fig. 9.4).

In extrusion blow molding, a hollow tube called a parison is extruded vertically down-
ward. Immediately after it is extruded, two halves of a mold clamp firmly over the parison,
pinching the lower end closed and forming the upper end firmly around a blowing nozzle.
Compressed air or some other gas (sometimes chilled) is blown at about 100 lb/in2 pressure
into the upper end of the parison, forcing the parison to expand rapidly in the cavity, where
it cools and hardens in the shape of the cavity. The mold at the end in which air is intro-
duced also forms the threads and neck of the hollow bottle or part. The mold is then
opened, and the finished part is blown off or extracted onto a conveyor line. In many plants,
blow molding is a captive operation, and the molded container is immediately transported
to the labeling and then the filling station, then capped and packaged for shipment.

A variation on extrusion blow molding is injection blow molding, a two-stage process.
In the first stage, parisons are injection molded into a tubular shape complete with the
threaded and formed top. These parisons may then be stored until time for the second step.

The second step involves feeding the premolded parisons into an automatic blow-mold-
ing machine where the parison is heated to the softening point and then clamped between
die halves and blown as in the extrusion blow molding process. In this two-stage process,
the bottom of the parison is not pinched, because it is not open.

Common thermoplastic materials suited to the blow-molding process include high-den-
sity polyethylene, polyvinyl chloride, polypropylene, and polyethylene terephthalate.

Figure 9.3 Schematic illustration of the pultrusion process.
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Although the injection blow molding process is not suited to “handleware” bottles, it is
rapidly gaining favor over extrusion blow molding for bottles up to 1.5 liters and more.
Advantages include the practicality of molding strong, closely toleranced necks and
threads suited to childproof caps, and for molding wide-mouthed bottles.

In addition to bottles, a rapidly growing application for blow molding is the production
of “technical” parts, such as automotive components—bumpers, ducts, and other fluid
containers. For fuel tanks, a coextruded parison has polyethylene as the structural material
and special barrier layers to prevent escape of polluting fumes.

Machines and molds may cost between $200,000 and $1,000,000, depending on the
throughput rates and accessories.

Molds for blow molding are made from beryllium copper and aluminum because of the
excellent thermal conductivity of such materials. Stainless steel and hard-chrome plated
tool steels are also common.

9.4.9 Compression and Transfer Molding

Compression molding is a process very similar to making waffles. The molding com-
pound, generally a thermosetting material such as phenolic, melamine, or urea, is placed
in granular form into the lower half of a hot mold, and the heated upper half is then placed
on top and squeezed down until the mold halves come essentially together, forcing the
molding compound to flow into all parts of the cavity, where it finally cures, or hardens,
under continued heat and pressure. The cure, or polymerization, is an irreversible chemical
reaction. When the mold is opened, the part is removed and the cycle repeated. The pro-
cess can be manual, semiautomatic, or fully automatic (unattended operation), depending
on the equipment. Molds are generally made of hardened steel, highly polished and hard-
chrome-plated, and the two mold halves, with integral electric, steam, or circulating hot oil
heating provisions, are mounted against upper and lower platens in a hydraulic press capa-
ble of moving the molds open and closed with adequate pressure to make the plastic flow.
Molds may be single cavity or multiple cavity, and the pressure must be adequate to pro-

Figure 9.4 Bekum model H-155 double-station extrusion-blow-molding machine with ori-
ented bottle take-out. (Photo provided by Bekum America Corporation)
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vide about four tons per square inch of projected area of the molded part or parts at the
mold parting surfaces. Overall cycles depend on molding material, part thickness, and
mold temperature, and may be about 1 min for parts of 1⁄8-in thickness to 5 or 6 min for
parts of 1-in thickness or larger (Fig. 9.5).

The process is generally used for high-volume production, because the cost of a modern
semiautomatic press of modest capacity, say 50–75-ton clamping force, may be as much
as $50,000, and a moderately sophisticated self-contained multicavity mold may also cost
$50,000. Typical applications include melamine dinnerware, toaster legs and pot handles,
and electrical outlets, wall plates, and switches—parts that require the rigidity, dimen-
sional stability, heat resistance, and electrical insulating properties typical of thermoset-
ting compounds.

To simplify feeding material into the mold, the molding compound is often precom-
pacted without heat into preforms, or “pills,” in a specially designed automatic preformer,
which compacts the granular molding compound into cylindrical or rectangular blocks of
uniform weight. To reduce the molding cycle time, the preform is often heated with high-
frequency electrical energy in a self-contained unit called a preheater, arranged beside the
press. The preform is manually placed between the electrodes of the preheater before each
molding cycle and heated throughout in as little as 10–15 s to about 200°F, at which tem-
perature the plastic coheres but is slightly mushy. It is then placed manually in the bottom
mold cavity, and the molding cycle is initiated. Through the use of preheating, the cure

Figure 9.5 Vantage model V502H-18 compression molding press
equipped with two heated openings for increased production.
(Photo provided by WABASH/MPI/Carver, Inc.)
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time may be cut in half, mold wear is reduced considerably, and the part quality is often
improved.

The process of compression molding is often utilized with sheet molding compounds
(SMCs) to produce heavily reinforced composite parts. SMC is generally fiberglass mat or
woven cloth, impregnated with B-staged (partially catalyzed) thermosetting epoxy or
polyester. Following cavity fill and a suitable cure time, the press opens, and the part is re-
moved.

9.4.10 Transfer Molding

A related process for high-volume molding with thermosetting materials is transfer mold-
ing, so called because the material, instead of being compressed between the two halves of
a closing mold to make it flow and fill the cavity, is placed into a separate chamber of the
mold, called a transfer pot. This transfer pot, which generally is cylindrical, is connected
by small runners and smaller openings (called gates) to the cavity or cavities. In operation,
the mold is first closed and held under pressure. The preheated preform is then dropped
into the pot and pressed by a plunger, where the material liquefies from the heat of the
mold and the pressure of the plunger and flows (or is transferred) through the runners and
gates into the cavity or cavities. The plunger maintains pressure on the molding compound
until the cavities are full and the material cures. At that point, the mold is opened, the
plunger is retracted, and the part or parts, runners, and cull (the material remaining in the
pot, generally about 1⁄8 in thick and having the diameter of the pot and plunger) are re-
moved. Because the gate is small, and the cured plastic is relatively rigid, the runners and
cull are readily separated from the molded parts at the part surface, leaving a small and
generally unobtrusive but visible “gate scar” (Fig. 9.6).

Transfer molding is often used when inserts are to be molded into the finished part as,
for example, contacts in an automotive distributor cap or rotor or solenoid coils and pro-
truding terminals for washing machines. Whereas in compression molding, such inserts
might be displaced during the flow of the viscous plastic, in transfer molding, the inserts
are gently surrounded by a liquid flowing into the cavity at controlled rates and pressures
and generally at a relatively low viscosity. Inserts are also rigidly supported by being
firmly clamped at the parting line or fitted into close-toleranced holes of the cavity. When
dimensions perpendicular to the parting line or parting surfaces of the mold must be held
to close tolerances, transfer molding is used, because the mold is fully closed prior to
molding. With compression molding, parting-line flash generally prevents metal-to-metal
closing of the mold halves, making dimensions perpendicular to the parting line greater by
the flash thickness, perhaps by as much as 0.005–0.010 in (Fig. 9.7).

Transfer presses and molds generally cost 5–10 percent more than compression presses
and molds, but preheaters and preformers are the same as used in compression molding.
Transfer cycle times are often slightly shorter than cycle times for compression molding,
because the motion of the compound through the small runners and gates prior to its enter-
ing the cavity raises the compound temperature by frictional heat and mechanical shear,
therefore accelerating the cure.

One highly significant application of transfer molding is the direct encapsulation of
electronic components and semiconductor devices. Adaptation of the basic transfer mold-
ing process to successfully mold around the incredibly fragile devices and whisker wires
of such items, required first the development of very soft flowing materials, generally ep-
oxies and silicones; then modifications to conventional transfer presses to enable sensitive
low-pressure control and accurate speed control (both often programmed through several
steps during transfer); and finally new mold design and construction techniques to ensure
close-tolerance positioning of the components in the cavities prior to material entry. It can
be fairly stated that the successful development of the transfer molding encapsulation pro-
cess was a large factor in the manufacture of low-cost transistors and integrated circuits.
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In the automotive field, a growing dependence on electronic sensors for highly sophisti-
cated engine controls and for the increasing number of safety features leads to predictions
of $2,000 average cost per car for plastics-encapsulated electronic components.

Although compression and transfer molding are used principally with thermosetting
compounds, the processes are occasionally used with thermoplastic materials, often ther-
moplastic composites. Thermoplastic toilet seats, for example, which often have fairly
thick cross sections, have been successfully compression-molded at acceptably short cure
times, about 4–5 min. Molding thermoplastic requires mold cooling rather than mold heat-
ing. In compression molding such materials, therefore, the material is put in the cavities
when the mold is hot enough to melt the material, enabling the melt to flow adequately to
fill the cavity. Cooling water is then circulated through the mold-cooling channels to cool
the plastic below its melt index. When the thermoplastic material in the cavities hardens,
the mold is opened and parts removed.

As mentioned in Sec. 9.4.3, liquid transfer molding (LTM) is being increasingly used
for reinforced plastics, or composites. Conventional transfer presses may be used in such

Figure 9.6 Transfer/compression-molding press, model T-200,
for high-precision applications. Press shown features a Smart
Mold™ software-based control system. (Photo provided by Hull
Corporation)
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applications, with the plastic being introduced into the transfer pot as a liquid catalyzed
thermosetting material such as epoxy, polyester, or silicone, and caused to flow into the
cavities by movement of the transfer plunger pushing against the liquid. Following cavity
fill, the liquid material cures much the same way as do conventional transfer molding com-
pounds.

9.4.11 Vacuum-Assisted Venting

Inasmuch as transfer molding requires closing the mold before the plastic molding com-
pound is introduced into the cavity or cavities, very thin “vents” are machined into the
mold parting surface at one or more locations on each cavity to enable air or gases to flow
from the cavity to atmosphere as the molding compound flows into the mold. Such venting
eliminates or minimizes air entrapments in the molded part, which could result in voids
and/or incomplete cavity fill (Fig. 9.8). Complex part shape may preclude complete evacu-
ation of air prior to cavity fill, because some of the inflowing plastic may close off a vent,
rendering the vent ineffective.

Vacuum-assisted venting is a simple method to remove essentially all of the air from the
runners and cavities before the plastic enters the cavity. It requires that the small vents in
the cavity or cavities in the lower mold half allow air and gases to flow from the cavity to a
manifold that accesses all vents. A hose connects the manifold to a vacuum reservoir adja-
cent to the press. The reservoir is a tank with a capacity of 20 or more gallons, connected
to a mechanical vacuum pump that maintains a vacuum of 25 or more inches of mercury in
the tank. In operation, a high-temperature rubber “O-ring” gasket surrounds the lower

Figure 9.7 Schematic illustration of transfer or plunger mold.
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mold parting surface, including manifold and cavities and runners, to ensure that no air
will enter the mold when the cavities are under vacuum.

In a normal transfer-molding process, as soon as the transfer plunger enters the transfer
pot, the solenoid valve in the vacuum line between the mold and the vacuum reservoir
opens. Atmospheric pressure air in the runner and cavities flows out through the cavity and
vents into the vacuum manifold in the mold, and out through the vacuum line leading to
the reservoir. As the plunger drives the molding compound from the pot through the par-
tially evacuated runners and into the cavities, residual air in the mold is pushed ahead of
the inflowing plastic through the vents and ultimately into the reservoir. As a result, air
leaves the cavities as they are filled with plastic. If a small amount of residual air should be
trapped in the cavity when the molding compound seals off the cavity vents, it is readily
absorbed into solution in the molding compound and does not create bubbles or voids in
the molded part. As soon as the transfer plunger stops its advance, meaning that the cavi-
ties are full, the solenoid valve in the vacuum line is automatically closed, allowing the
vacuum pump to re-evacuate the reservoir prior to the next cycle.

In much the same manner that vacuum-assisted venting is used with transfer molding, it
may be utilized equally successfully in injection molding of thermosets and of thermo-
plastics.

9.4.12 Injection Molding—Thermosets

Similar in many respects to transfer molding is injection molding of thermosets. The pro-
cess is also a closed-mold process, and the mold uses runners and gates leading to cavities

Figure 9.8 Schematic of vacuum-assisted transfer molding system.
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in much the same way as does a transfer mold. But instead of a pot and plunger, the injec-
tion process generally uses an auger-type screw, rotating inside a long cylindrical tube
called a barrel. The barrel temperature is closely controlled, usually by circulating hot wa-
ter in jackets surrounding the barrel. The front of the barrel narrows down to a small open-
ing or nozzle, which is held firmly against a mating opening in the center of one of the
mold halves, called a sprue hole, which leads into the runner system at the parting surfaces
of the mold. The screw and barrel are generally positioned horizontally, and the press
opens left and right (as compared to the up-and-down movements traditional with com-
pression and transfer presses), so the mold parting surface is in a vertical plane rather than
a horizontal one (Fig. 9.9).

In operation, after the molded parts and runners have been removed from the open
mold, the press closes the mold in preparation for the next cycle. By this time, the screw
has been rotating in the barrel, conveying granular material forward from the hopper at the
back end of the barrel through the screw flights. As the material is conveyed forward, it is
heated by the jacketed barrel and also by the mechanical shear caused by the screw rota-
tion in the barrel and the constant motion of the material. The material becomes a viscous,
paste-like fluid by the time it reaches the nozzle end. There, it does not have enough pres-
sure to flow through the small nozzle opening, so it exerts a pressure against the front end
of the screw, forcing the screw to reciprocate back into the barrel against a controlled hy-
draulic pressure in a cylinder at the back end of the screw. As the charge of plasticized ma-
terial accumulates at the nozzle end of the receding screw, it finally reaches the set charge
weight or volume for the mold. The screw’s backward motion is automatically detected by
a limit switch or linear potentiometer, which then stops further backward motion and rota-
tion. The screw is then positioned in the barrel with the correct measured charge of plasti-
cized material between the screw tip and the nozzle end of the barrel. This plasticizing
step occurs automatically in the press cycle such that it is completed by the time the mold
is closed, ready for another cycle.

When the injection molding machine senses that the mold is closed and is being held
closed under full pressure, the screw advances forward rapidly (“reciprocates”), during

Figure 9.9 110-ton thermoset injection molding machine incorporating integral deflashing system to
provide one-step processing of molded parts. (Photo provided by Hull Corporation)
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which stroke it acts as a piston, driving the plasticized charge of material through the noz-
zle, sprue, runners, and gates to fill the mold cavities. Fill time is generally from 1–3 s, de-
pending on the charge mass, as compared to 10–30 s in a transfer-molding operation.
Frictional heat from the high-velocity flow raises the molding compound temperature rap-
idly such that the material time-temperature experience assures a rapid cure in the cavity.
Overall cycles of thermoset-injection processes are often half those for comparable parts
produced by the transfer-molding process.

Modern thermoset injection molding presses are usually fully automatic and produce
parts at a high rate. They are ideal for applications requiring high volume of parts at mini-
mal cost. Machines cost about twice as much as comparable-capacity machines for trans-
fer and compression molding. Mold costs are about the same as for transfer operations. No
preforming or preheating is required, and the labor content of automatic injection molding
is significantly lower than that of semiautomatic transfer and compression molding.

To achieve maximum-strength parts, a high concentration of glass or other reinforcing
fibers may be mixed with the molding compound in this process. Bulk molding com-
pounds (BMCs) are often used, in which the formulation, generally polyester and glass fi-
bers up to 1/2 inches in length, is putty-like in consistency. To minimize fiber breakage in
BMC injection molding, the screw is often replaced with a plunger, and a special stuffing
system is used to load the BMC into the barrel. Many electric switchgear components are
produced with BMC injection molding.

Gas-assisted injection molding is a relatively new process that enables certain types of
products to be molded as hollow parts without the use of cores. The hollow core is pro-
duced by injecting an inert gas, generally nitrogen, into the cavity after it is partially filled
with the molding compound. In some respects, the process is like blow molding but with-
out the parison. Parts for this process are generally of relatively simple configuration: a
tube or elbow closed on one or both ends. A vital requisite to the process is that the mold-
ing compound must adhere to the cavity walls as it flows into the cavity, resulting in a rel-
atively thick contiguous “skin” on cavity walls during initial injection. At the point when
cavity walls are well coated, further material injection is halted, and the inert gas is blown
into the open space under high pressure. The molding compound is then forced against
cavity walls, held there under high pressure until the material is hard, and then ejected (af-
ter gas pressure has been reduced to atmospheric).

Most of the common thermoset materials exhibit the mandatory (for gas-assisted injec-
tion molding) laminar flow properties—phenolics, urea, melamines, thermosetting polyes-
ters, and epoxies. Inorganic fillers and reinforcing fibers prove more successful than
organic reinforcements. Parts molded with the gas-assisted process are lighter than their
solid equivalents by 20 percent or more. They also enjoy faster cure and, therefore, shorter
cycles, and they generally require less molding pressure in the cavity.

9.4.13 Injection Molding—Thermoplastics

Thermoplastic injection molding came into general practice well before thermoset injec-
tion molding, and it is the principal method for volume production of thermoplastic parts.
Because thermoplastics are liquefied by heating and hardened by cooling, there are differ-
ences between thermoset and thermoplastic injection presses and molds (Figs. 9.10 and
Fig. 9.11).

Molds for thermoplastics are often cooled to a temperature well above ambient. The
mold temperature is controlled such that it will cool the material in the cavity at the fastest
rate possible without causing it to harden before it totally fills the cavity. Molds are often
made of metals more easily machined than steel, such as beryllium copper, that will afford
optimal heat transfer to the molding material. Cavity surfaces are generally not chrome
plated, because thermoplastics are less abrasive than thermosets. Overall cycle times, es-
pecially for thin-walled products, are often below 10 s.
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Screw length-to-diameter ratios are often different from those for thermosets because of
the critical need for very thorough mixing to achieve color and temperature uniformity.
Because barrel temperatures are generally higher in thermoplastics machines to ensure to-
tal melt and low-viscosity flow, barrel heating is usually electric and may be as high as
600°F or more for some of the newer engineering plastics such as nylons and liquid crys-
talline polymers. Also, with the significantly lower apparent viscosity of the thermoplas-
tics at the time of injection, a check valve is often required at the nozzle end of the barrel
to prevent “drooling” or leakage through the nozzle prior to the injection stroke. An eco-
nomic advantage not possible with thermoset injection molding is that thermoplastic
scrap—sprues, runner, and rejects—may usually be reground and mixed with virgin mate-
rial for reprocessing.

Applications of injection molding of thermoplastics include practically every molded
thermoplastic item—picnic ware (including eating utensils); fashion buttons; refrigerator
food containers; grocery-store containers for butter, yogurt, and the like; towel racks; and
fan and power-tool housings are some examples. Since the thermoplastic materials are

Figure 9.10 Elektra 725-ton all-electric injection molding machine. (Photo provided by Cincinnati
Milacron, Inc.)

Figure 9.11 Model VT550 550-ton toggle-type injection molding machine. (Photo provided by Cin-
cinnati Milacron, Inc.)
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considered less dimensionally stable than thermosetting plastics (because the former ex-
hibit a property called creep, or distortion due to prolonged stress), thermoplastic selection
must take into consideration the nature of any loads to be borne by the molded product.
And because the heat stability (closely related to the melt index) of thermoplastics extends
from about 200°F for some vinyls and styrenes to 600°F and higher for the newer engi-
neering plastics, material selection often depends on the temperature exposure anticipated
for the finished product. Where color and superior surface finish are desired, thermoplas-
tics may offer better characteristics than do thermosets.

The costs of injection presses and molds for thermoplastics are comparable to those for
thermosets, running from about $30,000 for a 25-ton press to $400,000 for a 500-ton
press. Injection presses for thermoplastic molding have been built in sizes of over 5,000-
ton clamp force for molds measuring 15 × 15 ft and more.

As with thermoset injection molding, heavily fiber-reinforced parts are also molded
from thermoplastics. Such parts still may exhibit creep during prolonged mechanical
stress, but they are nevertheless considerably stronger and tougher than the nonreinforced
products. Glass-reinforced nylon, for example, is used with the lost-core process for a
complex air-intake manifold on a current automotive engine.

Injection-molded thermoset parts requiring hollow sections that are not suited to con-
ventional mold configurations or to mechanical side cores may be produced using the
above-mentioned lost-core process, a process borrowed from a similar metal-casting tech-
nique. In this molding process, a precisely shaped rigid metal insert is positioned in the
mold cavity prior to mold closing. The injection process proceeds in the normal manner.
Following ejection, the rigid insert is removed by melting the core. Obviously, a relatively
low melting temperature for the core, higher than the molding temperature of the plastic
but lower than the heat distortion temperature of the molded part, is mandatory for success
in this process. This process is presently used for both thermosetting and thermoplastic in-
jection-molded parts.

Reaction injection molding (RIM) is quite similar to injection molding of thermoplas-
tics, but it is designed to process materials that combine in the press to create a chemical
reaction—sometimes to produce a foamed product (such as inexpensive picnic coolers,
foamed drinking cups, structural foamed containers, or sporting equipment) and some-
times to process a hybrid plastic such as polyurethane for, say, automotive bumpers. The
injection process in RIM machines includes bringing two or more chemicals together at
the injection nozzle as they are being injected into the mold, where the mixed chemicals
rapidly blend, react, and harden.

Injection-compression molding is a process utilizing a uniquely designed mold in an in-
jection press. The process (used with either thermoset or thermoplastic materials) requires
the mold to be closed partially and then held in that position (perhaps 1⁄4 to 1⁄2 in short of
full closed) while the charge is delivered into the cavity. Then the mold closes fully. The
special mold design prevents injected plastic from escaping at the parting line. The process
minimizes the oriented flow lines and ensures a part that is less subject to warpage or
shrinkage. Reinforcing fibers are less oriented and may enable a stronger part.

Structural RIM (SRIM) uses the RIM process with a glass-reinforcing mat placed in the
mold before closing and injecting the plastic. SRIM parts offer far greater strength than
nonreinforced parts.

Expandable polystyrene (EPS) is an extremely low density thermoplastic material (0.2
–10.0 lb per ft3) that is produced using the RIM process plus live steam injected into the
mold cavity as soon as the styrene and blowing agent have been introduced into the cavity.
The steam enters the cavity through a number of small holes in the cavity wall to cause
rapid expansion of the material. Gases generated escape through the perforated cavity
walls. The cavity is chilled prior to mold opening.

Principal EPS applications are in packaging of consumer electronic appliances needing
protection against shock and vibration during handling and shipment. Other applications
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include disposable food containers, drinking cups, flotation systems for small boats and
canoes, and energy-absorbing barriers in automobiles.

One thermoplastic used in RIM is a rubber-toughened nylon that has proven exception-
ally ideal for a fender on a Caterpillar tractor. The rugged fender weighs only 26 lb, is
101 in long and 33 in wide, and possesses high impact resistance.

9.4.14 Micromolding or Nanomolding

As a subset of thermoplastic injection molding, extremely small part molding processes,
requiring highly specialized injection presses, are currently categorized as micromolding
and nanomolding. Micromolding refers to parts as small as 0.5–1.5 cm3 in volume,
whereas nanomolding refers to parts in the 0.5–10 mm3 in size!

A recently published article describes a nanomolding system (developed by Murray,
Inc., Buffalo Grove, IL) capable of insert molding catheter tips directly onto catheters.
Used in surgical and medical applications, such catheters are required to deliver miniscule
devices into the human anatomy. Murray’s fully automatic machine utilizes a one-pellet-
at-a-time feeder, a plasticating plunger, and injection via an injection pin, a needle driven
by a high-speed linear servomotor. The Sesame molding machine is said to deliver injec-
tion pressures up to 50,000 lb/in2, achieve injection times as short as 0.02 s, and inject
shots as small as 2.5 mm3 to within ±0.012-mm3 accuracy.

9.5 Assembly and Machining Guidelines

Many molded plastic parts are complete and usable by themselves, such as melamine din-
nerware, closet hooks, and the like. But plastic parts often need to be joined to other plas-
tic or metal parts to become functional.

9.5.1 Adhesives and Welding

Bonding plastics to plastics has become a well developed art through use of adhesives and
“welding.” For optimal strength in such bonding applications, the design of the joint where
the two pieces are to be bonded must provide physical means for the plastic parts to take
the loads rather than relying on the bonding alone. The use of tongue and groove, or a
molded boss fitting into a molded hole; or a stepped joint, with bonding on all the mating
surfaces, ensures that, so long as the two pieces remain together, shear or tension or torque
loads will generally be transmitted from one piece to the other without stressing the bond
itself (Fig. 9.12).

In addition to the many polymeric adhesives available today for most families of plas-
tics, actual welding of two similar plastics is possible. Many thermoplastics materials can
be welded through use of ultrasonic energy. In principle, the process is similar to metal
spot welding in that energy is transferred from a “horn,” vibrating ultrasonically, through a
finite thickness of one of the pieces to the contacting interface of the other piece to which
it is temporarily clamped. The contact area is generally established at a properly designed
interfacing point. The concentration of energy at the interface melts the contacting plastic
surfaces of both pieces in a few seconds. When the joint cools, the pieces are effectively
welded (Fig. 9.13).

Spin welding of thermoplastics uses the mechanical friction of one part spinning
against another part to generate the heat needed to melt the surfaces at point of contact. As
soon as localized melting has occurred, spinning stops, the bond area is cooled, and the
parts become fused. Vibration welding creates similar frictional heat for melting and fus-
ing (Fig. 9.14).

Design and Processing of Plastic Parts

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



580 Chapter Nine

Figure 9.12 Structural bonding application for a reinforced plastic bumper
assembly for a truck. The equipment dispenses a two-component structural
adhesive onto the bumper assembly before it is integrated into the truck. In
production, this is typically done robotically with a manual backup system
(shown). The system being used is a See-Flo 488 meter/mix system; the
dispense gun in the picture is model 2200-250-000 dual-spool Snuf-Bak™
dispense valve that utilizes a No-Flush™ disposable static mixer nozzle.
(Photo provided by Sealant Equipment and Engineering, Inc.)

Figure 9.13 Basic joint variations suit-
able for ultrasonic welding. (Courtesy of
Branson Sonic Power Co.)

Figure 9.14 Spin welding.

Design and Processing of Plastic Parts

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Design and Processing of Plastic Parts 581

Hot-air welding uses a concentrated blast of hot air directed toward the desired joint
area at a temperature above the melt index of the plastic to achieve melting and bonding.

Solvent cementing uses a solvent to temporarily create a solution of softened plastic at
the joint. The parts are then clamped together until the solvent has evaporated, thereby ef-
fecting fusion. This is a very simple method of bonding acrylics and styrenes for picture
frames or desktop decorative items (Fig. 9.15).

A current automobile engine utilizes valve covers molded from glass and mineral-filled
nylon 6/6 thermoplastic material, weighing half as much as the formerly used aluminum
cover. Ultrasonic welding is used to weld the cover to the oil seal, and vibration welding of
the baffle plate to the cover enables reduction of assembly time from three minutes for the
former aluminum cover to 10 s for the three-piece plastic cover!

Electromagnetic welding of thermoplastics is a process using induction heating with
ferromagnetically filled thermoplastics. Frequencies used range from 3–8 MHz to heat the
joint area for melting and fusing.

9.5.2 Threaded Connections

When two pieces of plastic must be joined together in service but must also be suited to
simple disassembly, threaded joints are possible. Such joints may be plastic to plastic, as
in toothpaste tubes and caps, where male and female threads are molded. If metal screws
are to be used, female threads can be molded in a plastic part to accept the metal screw. If
such a threaded application does not have to withstand much tension in the screw, a self-
tapping screw may be turned into a molded hole of appropriate diameter. Self-tapping
screws designed for plastics applications are better suited than those for metal applica-
tions. Metal female-threaded inserts may be molded into plastic parts to accept metal
screws in a subsequent assembly operation. Metal female-threaded inserts may also be
staked into a molded hole of appropriate size, sometimes mechanically, often with heat
(“heat staking”) to soften the thermoplastics at the interface so as to achieve more positive
bonding (Figs. 9.16 and Fig. 9.17).

Figure 9.15 Assembly
by solvent cement.

Figure 9.16 Assembly by screws.

Figure 9.17 Molded-in inserts.
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It is important to locate holes for such threaded connections such that there is ample
wall thickness to accommodate the concentrated stress in the immediate vicinity of the
screw. Screwing a relatively thin plastic part to a more robust part could result in tearing of
the thin material at the screw head if separation forces are severe. Designing a thicker sec-
tion or using an ample washer or oversized screw head will yield more satisfactory results.

Screw joints are especially difficult with brittle plastics such as styrenes, acrylics, poly-
carbonates, and most thermosetting plastics. In such applications, slight overtightening of
the screw may result in cracking of a part or stripping of threads.

9.5.3 Machining

Machining of plastics is often necessary as, for example, in cutting and finishing Formica®

(melamine laminate) counter tops, cutting polycarbonate sheet for glazing applications, or
drilling structural shapes for attaching to supports. While such operations are common-
place when working in metals or wood, special tools and practices are necessary when ma-
chining plastics.

Brittle plastics tend to break or chip under concentrated loads such as those imposed by
a saw tooth or a cutting edge of a drill bit. Softer plastics, like many thermoplastics, tend
to tear when local load concentrations occur. Furthermore, thermosetting plastics and ther-
moplastics are good thermal insulators, which means that the high energy imparted by cut-
ting tools turns into frictional heat that, because it does not dissipate easily, quickly
reaches the melting point of many plastics and the burning point of others. Essentially all
plastics have heat-distortion limits where the plastics lose rigidity and strength.

When conventional woodworking and metalworking cutting and grinding tools are used
on plastics, the plastics often become gummy and sticky in the cutting area, binding the
cutting tool and distorting the plastic. Therefore, for machining operations on plastics,
special cutting tools and special cutting techniques are necessary to achieve desired re-
sults.

Cutting tools that are suited to epoxies will not be appropriate for polyethylene and the
like. When contemplating such machining operations, therefore, it is critical to contact the
plastic supplier for specific recommendations as to cutting-tool configurations and speeds,
and procedures often involve cooling.

9.5.3.1 Machining of thermoplastics.  Carbide tools should be used. If a mirror-
like finish is expected, the cutters should be diamond tipped. Diamond tools must be fed
uniformly along the traverse of the cut. Sharp tools carefully ground with minimum cut-
ting edge should be used. Removal of the molded surface layer during machining opera-
tions will affect the physical properties of the plastic material. Adding water-soluble
agents to the cooling air jet improves the cooling system but requires a subsequent clean-
ing operation. The coolant should be selected with care, as some liquids may craze, crack,
or dissolve the plastic. Glass-reinforced materials present the problem of abrasiveness,
which in turn reduces cutter life.

The spiral plastic cuttings that leave the cutting edge create problems of entanglement.
These problems usually can be resolved by air jets and vacuum attachments directing the
chips away from the cutter. However, the type of thermoplastic to be machined will vary
the techniques used.

9.5.3.2 Taps for thermoplastics. For tapping thermoplastics, taps with a slightly
negative rake and with two or three flutes are preferred. Some plastics, such as nylon, may
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require slightly oversized taps, because the resiliency of the plastic may cause it to com-
press during cutting, leading to swelling after the tap is removed.

Solid carbide taps and standard taps of high-speed steel with flash-chrome-plated or ni-
trided surfaces are necessary. During tapping, the tap should be backed out of the hole pe-
riodically to clear the threads of chips.

9.5.3.3 Reaming for thermoplastics.  High-speed or carbide-steel machine ream-
ers will ream accurately sized holes in thermoplastic. It is advisable to use a reamer 0.001
–0.002 in larger than the desired hole size to allow for the resiliency of the plastic. Toler-
ances as close as ± 0.0005 in can be held in through holes 1⁄4 inch in diameter. Fluted
reamers are best for obtaining a good finished surface. Reamer speeds should approximate
those used for drilling. The amount of material removed per cut will vary with the hard-
ness of the plastic. Reaming can be done dry, but water-soluble coolants will produce bet-
ter finishes.

9.5.3.4 Turning and milling.  Use tungsten carbide or diamond-tipped tools with
negative back rake and front clearance. Milling cutters and end mills will remove undes-
ired material, such as protruding gate scars, on a molded article.

9.5.3.5 Mechanical finishing of thermosets.  The machining of thermoset plas-
tics must consider the abrasive interaction with tools but rarely involves the problems of
melting from high-speed frictional heat. Although high-speed steel tools may be used, car-
bide and diamond tools will perform much better with longer tool lives. Higher cutting
speeds improve machined finishes, but high-speed abrasion reduces tool life. Since the
machining of thermosets produces cuttings in powder form, vacuum hoses and air jets ad-
equately remove the abrasive chips. To prevent grabbing, tools should have an O-rake,
which is similar to the rake of tools for machining brass. Adding a water-soluble coolant to
the air jet will necessitate a secondary cleaning operation. The type of plastic will vary the
machining technique.

9.5.3.6 Drilling thermosets.  Drills that are not made of high-speed steel or solid
carbide should have carbide or diamond tips. Also, drills should have highly polished
flutes and chrome-plated or nitrided surfaces. The drill design should have the conven-
tional land, the spiral with regular or slower helix angle (16–30°), the rake with positive
angle (0 to +5°), the point angle conventional (90–118°), the end angle with conventional
values (120 to 135°), and the lip clearance angle with conventional values (12—18°). Be-
cause of the abrasive material, drills should be slightly oversize by 0.001–0.002 in.

9.5.3.7 Taps for thermosets.  Solid carbide taps and standard taps of high-speed
steel with flash-chrome-plated or nitrided surfaces are necessary. Taps should be oversize
by 0.002–0.003 in and have two or three flutes. Water-soluble lubricants and coolants are
preferred.

Machining operations will remove the luster from molded samples. Turning and ma-
chining tools should be high-speed steel, carbide or diamond-tipped. Polishing, buffing,
waxing, or oiling will return the luster to the machined part, where required.
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9.6 Postmolding Operations

9.6.1 Plastic Part Deflashing

Most thermoset molding operations result in some excess material, called flash, at the
parting line and on molded-in inserts. It is generally necessary to remove this flash, either
for cosmetic reasons or, in the case of contacts and leads extending from an encapsulated
electric or electronic device, to ensure good electrical contact to the leads.

Robust parts may be tumbled randomly in a wire container to remove the flash. Slow
rotation of the containers for 10–15 min, with parts gently falling against one another, will
usually suffice. For more thorough flash removal, the tumbling action may be augmented
by a blast of moderately abrasive material, or media, of either organic type (such as
ground walnut shells or apricot pits) or polymeric type (such as small pellets of nylon or
polycarbonate) directed against the tumbling parts. For more delicate parts, a deflashing
system passing such components on a conveyor that holds the parts captive as they are
conveyed beneath one or more directed blast nozzles, generally proves practical. Such sys-
tems have been perfected for transfer-molded electronic components, holding the lead
frames captive, often temporarily masking the molded body as the devices pass through
the blast area, and using as many as 24 individually positioned blast nozzles to ensure total
removal of flash on a continuous basis. Such devices are magazine-fed and collected in
magazines to maintain batch separation (Fig. 9.18).

Modern deflashers recycle the blast media and utilize dust collectors to minimize air
pollution. The blasting chamber is effectively sealed with entry and exit ports designed to
avoid dust and media escape. Chemical deflashing using solvents to remove the flash from
such components is also used. In addition, water-honing deflashing has been found suc-
cessful for some types of devices.

Although very simple tumbling deflashers may be built by the processor, sophisticated
applications are best handled by commercial specialists who manufacture a wide variety
of special and custom systems.

Wheel deflashers are also used for thermoset parts. A high speed wheel “throws” the
deflashing media, by centrifugal force, to the flash area. While the wheel delivery is not as
finely directed as the pressure blast through nozzles, the wheel deflasher is often selected,
because it is more economical than compressed air deflashers.

9.6.2 Thermoplastic Part Deflashing

Because most thermoplastic materials are more resilient than thermoset plastic parts, con-
ventional wheel or air-blast deflashers are generally ineffective on such molded parts.
Many such parts require manual trimming with sharp knives. Cryogenic deflashers, how-
ever, designed for rubber and thermoplastic parts deflashing, are often very successful.
With cryogenic deflashers, the parts themselves must be essentially frozen to a tempera-
ture where the flash becomes brittle and can be removed by tumbling or by blasting with
very low-temperature air and media.

9.6.3 Lead Trimming and Forming

Most semiconductor devices encapsulated by transfer molding and a host of other high-
volume small and fragile electronic components utilize lead frames as carriers during as-
sembly and molding. These lead frames need to be trimmed off prior to testing, marking,
and packing the devices.

Progressive trimming and forming presses and dies have been developed for this appli-
cation, available both as manually fed and actuated systems and also as fully automated
magazine-to-tube carrier systems.
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9.6.4 Cooling Fixtures

Molded parts, both thermoplastic and thermoset, are ejected from the mold while still
warm. As cooling to room temperature takes place, parts may warp or deform, due in part
to internal stresses or to stresses created because of uneven cooling. Such changes in shape
may be minimized by placing the parts in a restraining fixture, which holds them to toler-
ance during final stages of cooling (Fig. 9.19).

Figure 9.18 Side-delivery deflashing system with conveyor. It feeds,
cleans, and deflashes thermoset plastic parts. Parts can be mounted on ro-
tating spindles or indexing fixtures for maximum exposure to blast from
nozzles. (Photo provided by Hull Corporation)

Figure 9.19 Product warpage.
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The part design is often at fault for such deformation. Thick sections in combination
with thin sections, for example, experience faster cooling of the thinner sections, resulting
in localized shrinkage, which produces distortion, while the thick sections are still rela-
tively soft. Designing parts with thin reinforcing ribs rather than thick sections often re-
duces or eliminates such distortion.

Another cause of internal stresses is the flow pattern as cavities are filled. In general,
shrinkage is greater in a direction transverse to flow line than in the direction of flow. Part
designers and mold designers need to agree on gate locations and vent locations to mini-
mize such distortion due to flow direction. Other molding parameters, such as temperature
and cavity fill pressures and rates, can be adjusted to minimize such distortion. But when
all else fails, cooling fixtures may prove to be the final solution.

9.6.5 Postcure

Thermosetting plastics harden by cross-linking under heat and pressure. But at the time of
ejection from cavities, especially in relatively short cycles for high production, parts have
not fully cross-linked and are to some extent “rubbery” at that stage of cure. They may be
distorted from stresses created when ejector pins force parts from cavities or from parts
piling on top of each other as they fall into a container or conveyor on being ejected.
Longer cure times in the cavities may be necessary to lessen distortion from such condi-
tions immediately following ejection.

Cross-linking, or polymerization, of thermosetting plastics is generally about 90 per-
cent complete at time of ejection, with the irreversible reaction continuing for minutes,
possibly hours, and sometimes for days or months, with certain formulations. Mechanical
properties of such materials may be improved by a programmed cooling following ejec-
tion, a program generally providing staged cooling in ovens instead of conventional cool-
ing in room-temperature air. Molding compound formulators can recommend postcuring
cycles where appropriate.

9.7 Process-Related Design Considerations

9.7.1 Flow

As thermoplastics cool and harden into solid shapes following amorphous flow, and as
thermosetting materials polymerize, changing from a viscous liquid to a shaped solid, the
plastics often carry some history of their flow conditions preceding hardening. This his-
tory often adversely affects mechanical and electrical properties, dimensions, cosmetic ap-
pearance, and even density of the finished parts.

Flow inside a mold cavity in injection, compression, or transfer molding should ideally
be such that the cavity is completely filled while the material is still fluid. If such is the
case, the cooling (for thermoplastics) or curing under sustained cavity heat (for thermoset-
ting plastics) will proceed uniformly until the part is sufficiently rigid to withstand the rig-
ors of ejection. But such is rarely the case.

In the case of thermoplastics, as soon as the melted material flows through the gate, it
encounters a relatively cool environment and stiffens as its temperature drops to mold tem-
perature. The material pressed against a cavity wall or flowing through restricted passage
into a rib or boss has dropped in temperature and increased in stiffness, while relatively
hotter fluid continues to enter the cavity, possibly displacing some of the stiffer material
on the way. The partially cooled or fully hardened material against the cool cavity walls
has begun to shrink, while the later-arriving hotter material continues to enter, starting its
hardening and shrinking moments later. The final amount of material passing through the
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gate is slowed in its flow, because it is pushing the earlier-arriving material as it packs the
mold during final stages of fill. The dynamic temperature change of the melt is nonuni-
form during cavity fill, and the final part reflects those changes, to a greater or lesser ex-
tent, depending on rate of fill and the various cavity obstructions through which or around
which the flow was forced—even when cavity fill-time amounts to only a few seconds.

In extreme cases, flow lines showing earlier-hardened material adjacent to later-hard-
ened material will be visible. Material flowing around two sides of a boss or insert in the
cavity may have partially hardened before coming together on the other side, showing
weld marks or lines where the material actually failed to weld to the material coming from
the other side. Material flowing through a thinner section may cool so rapidly that it hard-
ens before it reaches the far side of this section (Figs. 9.20 and 9.21).

A slow cavity fill, or a fill into a mold too chilled, will cause the plastic to stiffen before
completely filling the cavity. Corners may not fill out, or detailed configurations in the
cavity will not fill completely.

If the material is reinforced, such as a glass-fiber-filled nylon, relatively thin passages in
the cavity may cause the low-viscosity plastic to flow into the passage but may “strain” out
the glass fiber particles, resulting in a resin-rich but nonreinforced (and therefore weaker)
area in the final part.

In thermosetting plastics molding, similar dynamic flow dichotomies occur because of
cavity fill rate, obstructions in the cavity configuration, possible separation of resin from
filler, and nonuniform cross linking during flow and cavity fill due to slightly differing
time-temperature relationships, causing precure or delayed cure in various locations of the
cavity during fill. Weld lines, incomplete fill, and resin-rich sections can result in reduced
quality of parts and possibly lower yields of acceptable parts.

Cavity venting—machined-in passages at one or more locations along the parting line
or along ejector pins—is vital to obtaining complete cavity fill in shortest possible time.
Air in the cavity must have a clear and rapid escape route. If it doesn’t get out of the way
in the few seconds of cavity fill, because it can’t find a vent or because the vent is too re-
stricted, a void will result, or possibly a burn mark on the finished part where the highly
compressed unvented air overheats according to Boyle’s law—the compression of gases

Figure 9.20 Flow patterns around holes,
bosses, ribs, and windows.

Figure 9.21 Flow patterns in and
around thin, delicate sections.
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creating very high temperatures, enabling diesel engines to ignite fuel and enabling air in
inadequately vented mold cavities to overheat and burn plastic (Figs. 9.22 and Fig. 9.23).

Experienced part designers and mold designers need to understand the flow phenomena
of various plastics during the molding process so as to minimize the occurrence of un-
wanted defects in the final product. But even with the “perfect” design of part and the “per-
fect” design of mold, the processing parameters of temperatures (of melt and of mold), fill
rate, fill pressures, and in-mold dwell are equally critical in achieving quality parts.

Die design for thermoplastic extruding requires extensive understanding of the melt
properties of the specific material to be used as well as a full grasp of the parameters of the
process. Upstream of the die, parameters of barrel temperature, screw rotation speed, and
barrel venting need to be sensitively regulated for the particular plastic and die being used.
Additionally, coolant flowing through the die must hold die temperature constant. Because
extruding is a continuous process, these parameters must be controlled continuously to en-
sure a uniform product.

9.7.2 Stretching

In thermoforming processes, including the blowing stage of blow molding, the plastic is
not in a true fluid state but more in a relaxed elastomeric state, able to be stretched and
formed and mostly stress relieved before finally cooling to a rigid state. Parameters of tem-
perature, pressure, and time must be closely regulated to ensure that the plastic retains ad-

Figure 9.22 Ejector pins and vents.

Figure 9.23 Parting-line vents.
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equate elasticity to stretch and shape itself to the mold contours without tearing or
rupturing. Thickness of material in the sheet (or in the expanded blow-molded part) must
be adequate after stretching to meet the mechanical requirements of the finished part.

9.7.3 Final Part Dimensions

Physical dimensions of many processed parts must be held to fairly close tolerances to en-
sure proper assembly of parts into a complete structure—as, for example, molded fender
panels assembled on cars, plastic screw caps for glass jars, and so on. In general, the final
dimensions of the processed part will differ from the dimensions of the mold cavity or the
extrusion die. Such differences are somewhat predictable but are usually unique to the spe-
cific material and to the specific process. The dimensions of a mold cavity for a polycar-
bonate part requiring close tolerances will often be different from dimensions of a cavity
for an identical methyl methacrylate part. Similarly, the dimensions of an extrusion die for
a close-toleranced vinyl profile will differ from those of a die for an identical close-toler-
anced polyethylene part. Both the part designer and the mold or die designer must have a
full understanding of the factors affecting final dimensions of the finished product and of-
ten need to make compromises in tolerances of both part and cavity dimensions (or even in
plastic-material selection) to achieve satisfactory results with the finished product.

The following paragraphs will address the plastic-behavior characteristics affecting di-
mensional tolerances.

Shrinkage of a plastic as it cools (thermoplastic) or polymerizes (thermoset) is a fact of
life, often specified as parts per thousand or, for example, as six thousandths of an inch per
inch of mold shrinkage. Such mold shrinkage is reasonably easy to compensate for by
making the cavity proportionately larger in all dimensions.

But shrinkage in many materials is different when measured transverse to the material
flow, as when measured longitudinal to the flow. In reinforced or heavily filled materials,
this difference is significant. Gate location and size, and multiple gates in some instances,
must be considered for cavity and part design to minimize effects of such mold shrinkage.

Sink marks in a molded part often occur in relatively thick sections, usually reflecting
progressive hardening of the molded or extruded or formed part from cavity wall to inside
area. The outside wall hardens, while the mass of plastic in the thick section is still some-
what fluid. As this inside mass subsequently hardens (and shrinks, as most plastics will),
the cured outer wall is distorted inward, resulting in a sink mark. The best way to avoid
such deformation is to avoid thick sections wherever possible. Often one or more judi-
ciously designed thin ribs in select locations will give a part adequate strength and thick-
ness without the need for thick sections (Fig. 9.24).

Nonuniform hardening of the material during residence in the mold for cooling or cur-
ing generally produces internal stresses in a molded part that, after removal from the mold,
may distort the part widely from the intended dimensions. Flat panels become concave,
straight parts may curve, round holes may elongate, and worse. Part design and cavity de-
sign can generally accept some necessary compromises to accommodate such deforma-
tions yet still yield a part meeting its functional requirements.

Figure 9.24 Sink marks.
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Deep molded parts may require design considerations to ensure minimal stresses during
the ejection phase of the molding process. Imagine a straight-walled plastic tumbler of in-
ternal and external diameters unchanging from top to bottom. As the part hardens in the
cavity, it will tend to shrink around the force, or male part of the cavity. When the mold
opens, the part will stay with the force. To remove it from the force will require consider-
able pressure, either from ejector pins or air pressure coming out the end of the force
against the bottom of the tumbler or from an ejection ring moving longitudinally from the
inner end of the force. The pressure exerted by either of these ejection methods will be
considerable until the open end of the tumbler finally slips off the end of the force.

To minimize such ejection stresses, forces for deep molded parts are designed with an
appropriate “draft” or taper, up to 5° in some cases, such that very slight movement of the
molded part with respect to the force will suddenly free the part from its strong grip on the
force, and the remainder of the ejection stroke exerts almost no stress on the part. Such
draft is advisable on all plastic parts, even those with depths of only 1⁄4 in, to minimize
ejection pressures and to prevent possible localized damage where the knock-out pins
push against the plastic (Fig. 9.25).

Parting lines on molded parts require special consideration in part and mold design, es-
pecially where two molded parts must come together as, for example, on each half of a
molded box with hinged opening (Fig. 9.26 and Fig. 9.27).

In compression molding or injection-compression of thermoset or thermoplastic parts,
the mold is fully closed only after the material has been placed into the partially closed
cavity. More often than not, some material is forced out of the cavity onto the land area be-
fore the mold is fully closed, metal to metal. In effect, then, the mold closing is halted

Figure 9.25 Dimensioning tapers.

Figure 9.26 Mismatch parting lines.
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short of full close, perhaps by as much as 0.005 in or more. Such overflow hardens, leav-
ing flash on the molded part. Under these circumstances, the molded part dimension per-
pendicular to the mold parting surface will be at least 0.005 in greater than intended. The
tolerance of such compression-molded parts is kept very wide in deference to the inherent
characteristics of the process.

When an assembly of two molded parts is ultimately required, even if the materials and
the molding processes are the same, it will be virtually impossible to achieve a perfect
match where the parts come together. Slight variations in shrinkage or warpage will yield
an easily noticeable or “feelable” mismatch. Intentionally designing mating surfaces with
an overlap or a ridge enables ingenious camouflaging of the nonuniformity of mating areas
in the final assembly of the two contacting parts.

In designing molded parts, and molds to produce them, it is necessary to consciously
determine how the part will be removed from the mold cavity or force and to maintain
positive control of the part during mold opening, such that it is ejected as intended. This
positive control is especially vital in automatic molding.

Assuming that the decision has been made that the molded part must be ejected from
the moving half of the mold (as opposed to the fixed half), then it is necessary to make
provisions that the part will not remain in the fixed half of the mold during mold opening
but will invariably remain with the moving half.

One common way to accomplish such positive part control is to provide undercuts in
the cavity or force of the moving half. These undercuts will enable plastic to flow into
them and harden there before the mold is opened. On opening, the hardened plastic in the
correctly designed and sized undercuts will hold the molded part in the moving mold-half
during opening stroke. After mold opening, the ejector pins or mechanism in the moving
half of the mold will then have to push hard enough to allow the molded part to distend
sufficiently to be pushed off the undercuts and away from the moving half of the mold.

If undercuts are not practical, the fixed mold-half may be provided with spring-loaded
or mechanically actuated hold-down pins, which are ejector pins that assist the molded
part to leave the fixed mold-half and to follow the moving mold-half during “breakaway”
and initial travel, perhaps 1⁄4 in or more.

The part designer and the mold designer need to consider this aspect of the molding
process and agree on how to ensure proper travel of the part to guarantee controlled ejec-
tion.

9.8 Mold Construction and Fabrication

This chapter is not intended to cover the broad field of mold and die design and construc-
tion, but the plastic-part designer needs to be aware of the several aspects of mold design
that can affect the cost of mold construction. With such knowledge, the part designer may
be able to achieve the desired finished product with lower mold costs, faster deliveries,
lower processing costs (shorter cycles and few, if any, postmolding costs), less stringent
processing parameters, and minimal mold maintenance, as well as longer mold life.

Figure 9.27 Designed mismatch.
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9.8.1 Mold Types

For the basic compression, transfer, and injection molding processes, a wide variety of
mold types may be considered. Decisions as to the optimal type will often be based on the
production volume anticipated and the allowable final part cost, including mold mainte-
nance and amortization costs as well as hourly cost rates for molding machine and labor.

9.8.2 Single-Cavity Molds

If production quantities are as low as a few hundred parts, single-cavity molds may be fea-
sible, even recognizing the longer time period to produce parts one at a time and the in-
creased labor and machine time to produce the required number of parts. Single-cavity
molds can be of the hand-molding type, having no mechanical ejection mechanism, no
heating or cooling provisions, but requiring a set of universal heating/cooling plates bolted
into the press, between which the hand mold is placed and removed each cycle. Such hand
molds may be of two-plate or three-plate construction, depending on configuration of parts
to be molded. If the part is relatively small, hand molds can be multicavity yet still be light
enough that an operator can manually place them into and out of the press each cycle with-
out physical strain.

Although hand molds may be made of soft metals such as aluminum or brass, and the
cavities may produce acceptable parts, such metals quickly develop rough surfaces and
rapidly lose their practicality after a few dozen cycles. It is best to use conventional metals
as used for production molds for the respective process. Molds then may be used not only
for prototyping but also for modest production while waiting for full-size production tool-
ing.

9.8.3 Multicavity Molds

Production molds are generally multicavity, and they have integral heating or cooling pro-
visions and ejection systems. And when they follow single-cavity hand molds, cavity di-
mensions may be fine tuned, and vents and gates can be repositioned, based on experience
with the single-cavity molds.

Family molds are multicavity molds that mold one or more sets of a group of parts that
are required to make up a complete assembly of the finished product. A base, a cover, and
a switch, for example, may be needed for a limit switch assembly. A family mold of, say,
36 cavities may be constructed that will yield 12 assemblies each cycle.

Production molds may also be made using a standard mold base that will accept, say, 12
identically sized cavity inserts. If the component to be produced is a small box with lid and
attachable cover, in, say, 12 different sizes, each cavity insert could contain the cavities for
one size box and cover. The complete mold would produce 12 boxes and covers each cy-
cle. If sales of any one size require greater quantities than are required for one or more of
the other sizes, a second cavity insert could be made to fit into the mold base, enabling
twice as many of the faster-selling size each cycle.

For family molds to be successful, all parts should have approximately the same wall
thickness so that molding cycles may be optimal for all sizes.

9.8.4 Molds with Removable Cavities

Some molded parts have configurations that require portions of the cavity to be removed
before the part can be ejected. Solenoid coil bobbins, as an example, consist of a cylindri-
cal body around which wire will be wound, with two large flat flanges at each end of the
cylindrical body to keep the wire contained within the length of the body. Additionally,
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there is a hole through the length of the cylindrical body to accommodate the plunger of
the solenoid assembly.

Such bobbins may be molded with the cylindrical body axis parallel to the parting sur-
face of the mold. The cavity of the bottom half has the half-round shape to mold half of the
body of the bobbin as well as two thin slots to mold half of each flange. The upper mold-
half is almost identical to produce the other half of the bobbin. To mold the hole through
the body requires a cylindrical metal mandrel, with its outside diameter equal to the inside
diameter of the coil body. This removable mandrel is manually placed in the matching
half-round shape on the parting line. When the mold is closed, it effectively seals around
the mandrel, leaving an open cavity into which the plastic will be injected in an injection
or transfer-molding machine. Following hardening of the plastic, the molded part with the
mandrel is removed from the mold, the mandrel is pushed out of the bobbin with a simple
manually actuated fixture, leaving the finished thin-walled bobbin intact. The mandrel is
replaced in the mold for the next cycle.

For fully automatic cycles, molds for such a part may be constructed with cam-actuated
or hydraulically actuated side cores that serve as the above-described mandrel. In each cy-
cle, after the mold is closed and prior to injection of material, the side core is automati-
cally actuated into place. Following the cycle, the side core is retracted automatically prior
to mold opening and part ejection.

9.8.5 Molds with Inserts

Many plastic parts are produced with molded-in inserts, such as a screwdriver with plastic
handle. Molds for such items are designed to accept and hold in the correct location the
steel shaft with the flat blade or Phillips head end away from the cavity, and the other end,
often knurled or with flats (to ensure that the handle, when rotated in use, won’t slip
around the shaft) protruding into the handle cavity. After the mold is closed with the insert
in place, plastic is injected or transferred into the cavity, where it surrounds the shaft end
and fills out the cavity to achieve its shape as a handle. Following hardening of the plastic,
the mold opens, and the finished part is removed.

In many insert-molding operations, fully automatic molding becomes possible when
mechanisms are installed to put the insert into place before each cycle and to remove the
insert with molded part following each cycle.

When inserts are to be molded into plastic parts, close coordination is obviously needed
between part designer, mold designer, and manufacturer.

9.9 Summary

Although this chapter has touched on many aspects of part design and processing, it has
not covered a myriad of special considerations that may arise in the real world. The less-
experienced part designer is advised to consult with others in the field as he develops the
part design, selects the material, and chooses the optimal process for production require-
ments.
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Chapter

10
Automotive Plastics and
Elastomer Applications

James M. Margolis
Margolis Polymers

Montreal, Quebec, Canada

10.1 Introduction

This chapter primarily covers current and developmental exterior, interior, and under-hood
plastics and elastomer applications. The chapter covers drivetrain/powertrain and chassis
applications. Components for systems such as brake, fuel delivery, steering, and drivetrain
are located in more than one sector. Brake system components extend from the foot pedal
in the passenger compartment to the disk and drum brakes in the wheels; fuel delivery
components begin with the fuel filler pipe and end with the engine cylinders. The steering
system includes the steering wheel, energy absorbing column, steering shaft and arm with
steering gears, tie bars, linkages, ball joints, and wheel spindle assembly; power steering
adds hose, pump, reservoir, and more gears. The drivetrain transmits power generated by
the engine through the transmission to the wheels, which can be front-, rear-, or all-wheel
drive. Although designs for assemblies such as air intake manifolds, air and fuel delivery
systems, instrument panels, transmissions, and drives differ for specific platforms, typical
internal combustion engine vehicles have in common fundamental vehicle concepts.

The chapter describes plastics and elastomer applications that are injection molded, ex-
truded, blow molded, thermoformed, rotational molded, reaction injection molded (RIM),
resin transfer molded (RTM), compression molded, mat molded, pultruded, filament
wound, and produced via hand lay-up and spray-up. It describes new developments for
traditional applications and products new to the twenty-first century such as “cool glass”
for fixed and retractable windows, digital/wireless communications, and fuel cell plates
and membranes. Opportunities in the drivetrain include filament winding and pultruding
for high torque strength, high load-bearing strength, corrosion resistance, and fire retar-
dant applications. Not included in the chapter are fibers/fabrics such as polyester fabrics
for seating, nylon fabrics for airbags, polypropylene for carpet, and painting/coating ex-
cept for important advancements with in-mold coating.

More than one polymer is often specified for any given application, and polymers cur-
rently used can be replaced by other polymers. This is the dynamics of automotive design,

Source: Handbook of Plastics, Elastomers, and Composites
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and it is an effective proving ground for technology transfer to applications in other indus-
tries. This chapter is only a window on plastics and elastomers for automotive applica-
tions. More applications and more resin options for any given application would be
covered in a longer text. The following list of thermoplastics, thermosetting plastics and
elastomers, their copolymers, and blends is a source for automotive polymer selection.2

True properties are determined by the polymer and compound formulation and, for syn-
thetic rubbers, additionally by type of curing agents such as sulfur or peroxides and the
state of vulcanization. Typical properties for four polymers often used in automotive appli-
cations [acetals, nylons, polycarbonates, and unsaturated polyester (vinyl esters)] are
shown in Tables 10.1 through 10.4. Typical property data is readily available from resin
producers and compounders. Property data for elastomers is found in the chapter on elas-
tomers in this handbook.

Acetals are produced by Asahi Chemical (homopolymer “Tenac,” copolymer “Tenac-
C,” and conductive copolymer “Lynex-T”), BASF (copolymer “Ultraform”), DuPont (ho-
mopolymer “Delrin”), Mitsubishi Gas Chemical (copolymer “Iupital”), Polyplastics (co-
polymer “Duracon” in Asia) and a joint venture between Ticona and Daicel Chemical
Industries, Ticona/Celanese AG (copolymer “Celcon” and “Hostaform” in Europe). Mit-
subishi Gas Chemical, Polyplastics, and Ticona are (jointly, directly, or through affiliates)
increasing acetal production capacity in the Asia/Pacific area, with a new 60,000 metric
ton/year plant to be completed in 2004 in Nantong, Jiangsu province, north of Shanghai.2

Typical acetal automotive applications are cams and gears for uses such as starting and
accelerating engines, coat hooks, control cables, cup holders, door handles/locks, engine

Thermoplastics
Thermosetting

plastics
Thermoplastic

elastomers

Thermosetting
elastomers

synthetic rubbers

ABS
Acetals
Acrylics
Fluoroplastics
Inonomers
LCPs
Polyamides (nylons)
Poly(amide-imide)s
Polycarbonates
Polyethylenes
Poly(either imide)s
Polyimides
Polyketones
Polyphenylene ethers
Polyphenylene sulfides
Polypropylenes
Polystyrenes
Polysulfones
Polyurethanes,

polyureas
Polyvinylchlorides
Thermoplastic

polyesters
PBT, PET

Epoxies
Melamines, ureas
Polyimides
Polyurethanes
Phenolics
Unsaturated polyesters, 

vinyl esters

Etheresters, esteresters 
(copolyesters)

Polyamides
Polyolefins
Polyurethanes
Styrenics
Vulcanizates
Single-phase TPEs

Acrylonitrile butadiene 
copolymers (nitriles)

Butyls
Chlorinated

polyethylenes
Chlorosulfonated

polyethylenes
Ethylene propylene 

copolymers
Ethylene propylene 

diene terpolymers
Fluoroelastomers
Polyacrylates
Polybutadienes
Polychloroprenes

(neoprenes)
Polyepichlorohydrins
Polyisoprenes
Polysulfides
Silicones
Styrene butadiene 

copolymers
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cooling fan blades and shrouds, exterior trim, fuel delivery system components (e.g., fuel
pumps), headrest guides, heater/air conditioner control system components, heater plates,
luggage carrier hardware, radiator and gas tank caps, rollover gas shutoff valves, seat belt
buckles, retractor covers, release buttons, seat levers, speaker grills, sun visor brackets,
trim clips, window cranks, window flexible guide strips, window support brackets, wind-
shield wiper blade holders, wiper bezels, and wiper pivots.2

Acetal properties that contribute to automotive applications include fuel and chemical
resistance, tensile strength, toughness, wear and abrasion resistance, long-term dimen-
sional stability under stress, creep resistance, UV resistance, and color matching. Acetal
homopolymer is composed of alternating –(CH2O)– oxymethylene groups that polymerize
to polyoxymethylene (POM); acetal copolymer is composed of oxymethylene + oxyethyl-
ene repeating units.

Table 10.1 shows typical properties for impact-grade “Tenac” SH 4010 acetal ho-
mopolymer for seat belt components.3

Nylons are produced by Bayer (“Durethan”), DSM Engineering Plastics (“Stanyl”),
DuPont (“Zytel” and “Minlon”), Honeywell (“Capron”), Rhodia Engineering Plastics
(“Technyl”), Solutia (“Vydyne”) marketed through Dow Chemical, and TotalFinaElf
(“Rilsan”).2

Typical automotive applications of nylons are air filter housings, air intake manifolds,
alternator components, bearing cages, body panels, brake pedals, cable fasteners, chain
tensioners, clips, clutch rings, connectors, door handles, emission control system compo-
nents, engine covers, fasteners, fuel pump support brackets, fuel delivery system compo-
nents, license plate frames, oil filter housings, pump assembly components, rearview
mirror housings and brackets, rocker covers, seat frames, sensors/switches, shift forks,
shrouds, steering wheels, thrust washers, tubing, turbocharger components.

Nylon properties that contribute to automotive applications include compressive, flex-
ural, torque strength, toughness; resistance to creep, fatigue, wear, oils, grease, and under-
hood chemicals; limitation of PV; and NVH abatement.

Table 10.2 shows typical properties for 40 percent glass fiber reinforced, impact modi-
fied nylon 6 “Capron” for injection molding.4

TABLE 10.1 Typical Properties for “Tenac” SH–4010 Acetal Homopolymer

Property Value*

Density (g/cc) 1.42

Water absorption percent 0.2

Tensile strength, ultimate lb/in2 (MPa) 10,008 (69)

Flexural strength, yield lb/in2 (MPa) 14,939 (103)

Flexural modulus ksi (GPa) 421 (2.9)

Impact strength, Izod ft-lb/in (J/m) 1.5 (80.1)

DTUL/264 lb/in2 (1.82 MPa) °F (°C) 177 (80.5)

Processing temperature °F (°C) cylinder temperature range 374–410 (190–210)

Mold temperature °F (°C) 140–248 (60–120)

*Room temperature (unless specified otherwise), ATSM test methods (unless specified otherwise).
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Polycarbonates are produced by Bayer (“Makrolon” PC, “Apec” high-temperature PC,
“Bayblend” PC/ABS, “Makroblend” PC blend), Dow Chemical (“Calibre” PC, “Pulse”
PC/ABS), and GE Plastics (“Lexan” PC, “Cycoloy” PC/ABS).2

Typical automotive applications for polycarbonates and blends are bumper beams, cowl
vent grills, door handles, ducts, glazing, lenses for exterior lighting such as fog lights,
glove boxes, headlights, parking lights, side lights, turn signal lights, and sunroofs; instru-
ment panel components such as support frames for other components such as air condi-
tioners and steering wheels; interior trim, mirror frames for lighted vanity visors, rearview
mirror frames, and reflectors for headlights.

Polycarbonate properties that contribute to automotive applications include resistance
to brittle fracture, clarity and optical precision, dimensional stability, impact strength,
scratch resistance, and temperature resistance.

Table 10.3 shows typical properties for “Calibre” IM 400 18, impact modified, used for
large complex automotive applications such as instrument panel components and retain-
ers. It is produced in MFR 11 and 18 g/10 min.5

Thermosetting polyester and vinylester resins are produced by AOC (a joint venture of
Owens Corning and Alpha Corporation resin businesses) (“Vipel”), Ashland Chemical/
Composite Polymer Division (“Phase Epsilon,” “SMC-LITE”), DSM Composite Resins
(“Atlac”), Dow Chemical (“Derakane”), and Interplastics (“CoREZYN”).

Typical vinyl ester automotive applications are body panels, firewalls, fuel cell plates,
lighting components for headlamps, pickup truck cargo boxes, radiator supports, running
boards for SUVs, trailer truck cab/roofs and wind deflectors, rocker covers, wheel covers,
and windshield surrounds.

Thermosetting polyester and vinyl ester properties that contribute to automotive appli-
cations include dimensional stability, strength, toughness, and high service temperatures.

“Derakane” 790 epoxy vinyl esters are based on high-temperature novolac chemistry.
Similar to other “Derakane” thermosetting vinyl esters, “Derakane” 790 is diluted with
styrene, and the resin can be cured at elevated SMC compression molding temperatures
with peroxide initiators.6,7 A typical catalyst is TBPB (tert-butyl perbenzoate). The resin is
chemically thickened with magnesium oxide or other metallic oxide slurries so as to be
used as a sheet molding compound (SMC). It is a low-profile resin, containing a shrinkage
control additive that produces dimensionally accurate products.6–8 The resin combines

TABLE 10.2 Typical Properties for “Capron” 8334G. HS Nylon 6

Property
Value*

DAM

Specific gravity (g/cc) 1.47

Water absorption percent 24 hr, ISO test method 0.8

Tensile strength, yield lb/in2 (MPa) 27,000 (186)

Flexural strength, yield lb/in2 (MPa) 36,000 (248)

Flexural modulus ksi (GPa) 1,500 (10.3)

Impact strength, Izod ft-lb/in (J/m) 2.8 (150)

DTUL/264 lb/in2 (1.82 MPa) °F (°C) 410 (210)

*Room temperature (unless specified otherwise), ATSM test methods (unless specified
otherwise).
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toughness with dimensional stability, and retains strength properties at elevated tempera-
tures [heat distortion temperature is >550°F (>288°C)]. Vinyl ester and unsaturated poly-
ester resins are produced as SMC, BMC, and TMC and processed by compression
molding, filament winding, pultrusion, resin transfer molding, spray-up, and hand lay-
up.6,7

Table 10.4 shows typical properties for “Derakane” 790 R-65 epoxy vinyl ester for
chassis/power train applications such as oil sumps, valve covers, and timing chain covers.8

10.2 Plastics

10.2.1 Thermoplastic Resins

10.2.1.1 Typical exterior applications

■ Body panels: aerodynamic add-ons (air dams, spoilers), bumper beams, doors, fenders,
hoods, filler panels, front grill panels, tailgates, trunk lids, cladding, appliques

■ Cowl screens
■ Door handles, locks, lock actuators and gears, door lock latch plates, door latch stop

plates
■ Fascia, front, rear
■ Front ends, hybrids (plastics and metals)
■ Fuel filler caps

TABLE 10.3 Typical Properties for “Calibre” IM 400 18 Polycarbonate

Property Value*

Specific gravity (density) (g/cc) 1.18

MFR (g/10) min 18

Tensile strength, yield lb/in2 (MPa) 8,400 (58)

Flexural strength lb/in2 (MPa) 13,000 (89)

Elongation @ break percent 110

Elongation @ yield (ISO) percent 6

Modulus of elasticity in tension (ISO) ksi (GPa) 334 (2.3)

Impact strength, Izod ft-lb/in (J·m) 12 (641)

DTUL/264 lb/in2 (1.82 MPa), annealed °F (°C) 277 (136)

Vicat softening point °F (°C) 295 (146)

*Room temperature (unless specified otherwise), ATSM test methods (unless specified
otherwise).
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■ Guide rails (for sliding roofs)
■ Lighting components: bezels, brackets, mountings, fog lamps, headlamps, lamp sockets

and bases, lenses, reflectors, retainers
■ Liners for pickup truck cargo boxes
■ Luggage carrier rails and hardware
■ Power mechanisms (for doors)
■ Rearview mirror housings
■ Reinforcements and attachments
■ Rocker panels
■ Running boards
■ Trim, trim clips
■ Trunk latches, locks
■ Sunroofs
■ Wheel arch liners

TABLE 10.4 Typical Properties for “Derakane” 790 R–65 
Epoxy Vinyl Ester

Property Value*

Glass fiber content percent (wt) 65†

Specific gravity (g/cc) 1.787

Tensile strength, ultimate lb/in2 (MPa) 27,400 (188)

Tensile modulus ksi (GPa) 1,850 (12.71)

Tensile elongation percent 1.88

Flexural strength, yield lb/in2 (MPa) 55,400 (382)

Flexural modulus ksi (GPa) 1,850 (12.71)

Compressive strength lb/in2 (MPa) 37,600 (258.4)‡

Compressive modulus ksi (GPa) 2,120 (14.6)

Shear strength (in-plane) lb/in2 (MPa) 16,400 (113)

Shear modulus (in-plane) ksi (GPa) 1,000 (6.87)

Shear strength (interlaminar) lb/in2 (MPa) 4,510 (31.0)

Izod impact strength, notched ft-lb/in (J/m) 18.3 (977)

Heat distortion temperature °F (°C) >550 (>288)

*Room temperature (unless specified otherwise), ATSM test methods (unless
specified otherwise).
†By glass burnout
‡IITRI compressive test
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■ Wheel nuts
■ Wheel covers
■ Window guide strips
■ Window support brackets
■ Windows (glazing): fixed and retractable; windshield, side, rear
■ Windshield cowl plenums
■ Windshield wiper bezels, wiper blade holders, wiper pivots

Plastic body panels show cost advantages over steel panels, largely due to in-mold
painting, in-mold assembly integrating components, and thin-wall resins (higher MFR
without sacrificing properties). All three developments significantly lower finished panel
costs. Plastic panels have well known advantages on a performance basis—light weight,
dent resistance, corrosion resistance, and design versatility. Painting body panels using in-
mold colored films (IMCF) with a post-mold clear coating for luster and abrasion resis-
tance is increasingly popular as IMCF injection molding technology is further developed.9

Several formulations have been developed for in-mold coating such as “Xenoy” PC/PBT,
“SollX,” “Noryl” GTX, “Surlyn” Reflection series, “Magnum ABS, “Pulse PC/ABS, and
“HiFax” propylene polymers.9,10 These polymers include in-mold paintable grades for in-
strument panels, consoles and trim. Fascia, radiator grills (front grill panels), body side
moldings, trim, and cladding are injection molded from color compounded “Surlyn.” Re-
flection supergloss ionomer/polyamide.11 The large selection of resins for exterior body
panels includes ABS, ASA, PC/ABS, PC/PBT, PC/PET, TPU(E), PC/TPU(E), TPO,
polyamides, and thermoplastic polyester blends of PBT/PET. Mineral reinforced blends of
PC and polyesters are gaining attention in North America and Europe, providing lower
temperature impact resistance, reduced CLTE and automotive class A surface quality for
vertical panels, tailgates, and bumpers.“Celanex” UV stabilized PBT, “Ultradur” and
“Valox,” provide stiffness, flexibility, dimensional stability, tight tolerance, and weather
resistance for injection molding windshield wiper covers.12–14

In-mold assembly (IMA) to integrate functional components has been gaining industry
use as a significant cost-saving process that eliminates post-mold assembly costs. More in-
jection molders are using IMA technology, overmolding with multicavity rotating molds,
and more self-bonding resins/compounds are available for encapsulation. IMA technology
can be used for applications in all automotive segments (e.g., exterior, interior, underhood,
and chassis) and for non-automotive applications.

“Azdel” glass fiber mat thermoplastic (GMT), with a polypropylene matrix and other
thermoplastics, uses chopped glass fiber strand GMT grades for exterior applications such
as bumper beams and spare wheel wells.15 SuperLite “Azdel” grades are available in 2002
for interior applications.

Long fiber glass (LGF) composites such as “Compel” and “StaMax” P are gaining
more recognition for bumper beams, door structures, instrument panel carriers, integrated
front end modules, seat bases and splash shields.16,17 “Stamylan” P glass fiber and mineral
reinforced homopolymer and copolymer PP grades are also specified for battery casings,
bumper beams, exterior/interior cladding, HV/AC components, instrument panel/dash-
board retainers, interior door structures and underhood containers.16 “Ketan” TP is injec-
tion molded into bumper beams for a number of Audi, Mercedes Benz, BMW, and Ford
models; and Mazda 323 bumpers have been injection molded from reactor grade elas-
tomer-modified “Kelburn” PP.

“Vetron” composites of polypropylene reinforced with up to 75 percent “Twintex” long
glass fibers (LGF) are produced by LNP Engineering, a business unit of G.E. Plastics, for
exterior and underhood applications, and RTP compounds a line of LGF reinforced com-

Automotive Plastics and Elastomer Applications

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



602 Chapter Ten

posites for automotive and other applications.17,18 Husky Injection Molding Systems and
Krupp Werner & Pfeidler co-developed in-line compounding-LGF composites by feeding
continuous rovings into a compounding extruder with polypropylene and other ingredi-
ents.19 Injection molding is a separate step, but it could be added to the in-line process.
“Fiberim” TPU(E) composites are reinforced reaction injection molded (RRIM) into
bumper beams and panels, seat pans and sun visors.20 Processes developed with machin-
ery companies Cannon (“Interwet”), Engel (“Fibermelt”), Hennecke (“FiberTec” Plus)
Johnson Controls Interior (“Fibropress”), and Krauss-Maffei are used to produce LGF
composites for automotive applications such as in-mold painted and paintable, bumper
beams, exterior panels, front ends, instrument panel (i.p.) carriers, interior door panels,
battery trays, seat pans, and tailgate inner panels.

Reinforcing fibers can be “Cratec” chopped glass strands produced from continuous
glass filaments chopped into specific lengths according to the application.21

Modular front end systems, hybrid assemblies of plastics and metal, significantly im-
prove overall functionality and lower installed cost. Hybrid front end assemblies can be
produced by injection molding encapsulating plastics with metal pressings. Reinforced
nylon and sheet steel front ends replace all-metal units, providing improved torsional, flex-
ural and compressive strength, and help to stabilize the front end section of the car during
driving conditions.22,23 Design can provide uniform distribution of forces such as torque
transmitted from the engine. Other advantages of the plastic/metal front end include 40
percent lighter weight than all-steel construction, eliminating the need for tight tolerance
joining operations. One process to make these front ends places a perforated deep-drawn
sheet steel structure in a mold cavity. Glass fiber reinforced nylon 6 “Durethan” injection
molded into the cavity flows through the perforations and around the sheet steel, forming
the nylon/steel front end. The process replaces 17 steps with 1 step.

A number of components can be integrated with the front end. A typical front end con-
sists of nylon 66 or nylon 6 and steel, integrating the bumper, fog lamps, headlights, park-
ing lights, radiator grill, and attachments, and even more components can be integrated.
The technology can be used for other automotive applications such as front seat construc-
tion, and non-automotive applications. DaimlerChrysler Mercedes Benz plastics/metal hy-
brid constructions are uniquely used in Mercedes-Benz Division CL-class cars with
plastics bumpers, front wings, and trunk lid assemblies; aluminum large surface areas such
as hood, roof, rear panel, and rear fender; magnesium inner-door panels; and steel for ar-
eas that are high stressed in a crash, cross members, side barriers and roof pillars.24 The
company’s A-class hybrid construction has a “well balanced diet” of plastics, aluminum,
magnesium, and steel which includes plastic front fenders.25 State-of-the art plastics and
elastomeric polymers can offer advantages over aluminum and magnesium applications.

Bumper beams, fascia, and cladding are molded with thermoplastic polyesters, TPU(E)
and TPO(E). Bayer developed “Durethan” nylon 6 hybrid assemblies for front ends and
“Bayblend” PC/ABS for hybrid assembly of functional components for exterior panels in-
cluding tailgate panels and interior rear seat back rests.26

Thermoplastic and thermosetting resins, including acetals, LCP, nylons, PC, PBT, PEI,
PET, BMC, and SMC, replace metals for lighting components—adjusters, attachments,
bases, brackets, bezels, fog lamps, hardware, headlamps, lenses, mountings, parking and
backup lights, reflectors, retainers, and sockets. The plastics have good creep resistance
and dimensional stability; high-temperature properties such as stiffness at elevated tem-
peratures and resistance to hot spots; electrical properties such as dielectric strength and
arc tracking resistance; and they are low-cost alternatives to metals and ceramics. Lamp
bases and sockets are molded from 30 percent (wt) glass fiber reinforced LCP with high
toughness and HDT of 500°F (260°C),27 30 percent glass fiber reinforced PET, and heat
stabilized 30 percent glass fiber reinforced nylon 6 and nylon 66. Headlamp retainers can
be molded from 33 percent glass fiber reinforced nylon 66 such as “Zytel” with good
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green strength, and 30 percent and 35 percent glass fiber reinforced PET such as “Rynite”
using DuPont’s mounting technology. Reflectors are made with metallizable BMC, heat
stabilized 40 percent glass fiber/mineral reinforced “Zytel” HTN nylon 66, 40 percent
glass fiber/mineral reinforced “Rynite” PET, and “Ultem” PBT for premium priced cars.28

GE Plastics 3D “Thermal Prediction” software implements headlamp component design,
eliminating or reducing the need for prototyping by predicting distortions as a function of
temperature increase.

BMC, acetal homopolymers and copolymers, nylon 6 and nylon 66, PBT, PC/PEI
blends, and PEI copolymers are used for lighting hardware. Heat-stabilized, dimensionally
stable, clear (90 percent light transmittance) PC provides a good balance of property to
cost for lenses.29

BMC shapeability and low cost often make it the preferred plastics for headlamp and
fog lamp reflectors. BMC reflectors provide a good fit with other components in the light-
ing assembly, good metallizing, and heat resistance to withstand headlamp bulb tempera-
tures of 392°F (200°C).

Nanocomposite-polypropylene with 2.5 percent (wt) reinforcement, compared with
about 25 percent talc in conventional mineral reinforced PP, is a harbinger of greater use of
nanocomposites for automotive as well as non-automotive applications. Nanocomposites
are co-developed for applications such as in-mold painted and paintable vertical panels by
GM Technical Center/Materials and Processing Laboratory, Southern Clay Products and
Basell/Montell. Vertical body panels show 325,000 lb/in2 (2.23 GPa) modulus, cladding
shows 150,000 lb/in2 (1.03 GPa) modulus, and lower weight than conventional glass fiber
and particulate reinforced composites, without sacrificing properties. Nanocomposites
with PP and other engineering thermoplastics include center console, interior door panels,
interior trim. knee bolster, pillars.30

Luggage carrier rail support (roof rail support) assemblies for the ChryslerDaimler Jeep
Wrangler have been molded from 40 percent “Cratec” long (0.5 in, 12.5 mm) chopped glass
fiber reinforced polypropylene homopolymer.31,32 The composite is compounded with UV
stabilizer and carbon black for enhanced weather resistance. The composite has 1.20 g/cc
specific gravity, flexural modulus 994,000 lb/in2 (6.85 GPa), Izod impact strength notched
7.22 ft-lb/in (383 J/m), DTUL/264 lb/in2 (1.82 MPa) 315°F (157°C), and CLTE 113 10–5 in/
in/°F (205 × 10–5 m/m/°C @ 75–300°F (23–150°C). The rail assembly, integrating several
components, snap-fits onto the removable roof. Design and process technologies involve a
number of innovations including an insert-molded steel pivot pin, which allows the support
rail parts to be folded for easy storage, and patented compression tooling technology.32

Dramatic changes are taking place with retractable side windows, fixed windshields,
and side and rear windows. New glazing greatly improves driver and passenger safety, se-
curity, and the sound damping of road and wind noise. Ultraviolet (UV) and infrared (IR)
filtering lead to major changes in plastics selection for instrument panel components, seat-
ing, and steering wheel covers, and reduced fuel consumption due to reduced air condi-
tioning. Not all new glazing composites are “cool glass” that filters out or screens the sun’s
IR. Two window products that have been introduced are

1. Glass laminated with “Butacite” polyvinylbutyral (PVB) film interlayer (used for
more than 55 years in shatterproof windshields), and “Mylar” polyester film, devel-
oped by DuPont

2. Polycarbonate sheet with an organic or ceramic coating, co-developed by GE Plastics
and Bayer

Enhanced Protective Glass (EPG), “SentryGlas,” and SentryGlas” Plus for side, rear,
and roof windows were tested for intrusion resistance and compared to conventional tem-
pered glass and polycarbonate sheet.33 DuPont’s three types of safety glass laminates are
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1. “Butacite” film interlayer in windshields and side windows

2. “SentryGlas” intrusion resistant composite

3. “SentryGlas” Plus, with an ionomeric polymer interlayer for higher impact
resistance33,34

Automotive EPG is constructed of PVB film laminated between two sheets of glass.36

EPG blocks up to 95 percent of sunlight UV and up to 55 percent of the sun’s IR. This can
initially reduce passenger compartment temperature up to 72°F (22°C) in a parked vehicle
exposed to direct sunlight. Road and wind noise are damped up to 4 dB. In addition to
these attributes, EPG is also intrusion resistant, deterring thieves from breaking into a car,
and protecting occupants from being thrown through the window during an accident.37–39

“SentryGlas” is used in OEM and aftermarkets for windshields, windows, and sidelights.
Laminated safety glass (in addition to windshields) is expected to be installed on 1.5 mil-
lion vehicles in 2002, compared with 400,000 vehicles in 2000.

The Enhanced Protective Glass Automotive Association (EPGAA) was established in
September 1999 by Solutia and DuPont for membership by automotive OEMs and glass
industry suppliers to “share information and provide overall education on the development
of high impact resistant glass.”35

Solutia produces “Saflex” PVB and VancevaTM PVB films to complement “Saflex” for
security for automotive, architectural, and residential windows. Wedge-shaped “Butacite”
PVB film laminated between windshield glass for head-up displays (HUDs) allows dis-
plays to show on the windshield.106

DaimlerChrysler S-class cars, Mercedes Benz coupe models, have laminated safety
glass that significantly reduces UV, and a metal coated plastic film liner on the CL-class
cars reduces IR. EPG is installed in Audi and Volvo models.

“Exatec” Plus injection molded polycarbonate glazing produced by Exatec, a joint ven-
ture between Bayer and GE Plastics, was developed initially primarily for side, rear, and
sunroof windows. Its construction includes a UV barrier organic intermediate layer, a
primer to bond this layer to the PC sheet, and an exterior abrasion-resistant surface coating
using GE Plastics’ plasma deposition of silicone coating for abrasion and weather resis-
tance or Bayer’s ceramic-type coating using nanomer material technology. The product is
lightweight safety glazing with UV and IR barrier properties, break resistance, and sound
damping, as well as abrasion resistance. It is intrusion resistant to deter would-be thieves,
and passenger ejection resistant during a crash. PC glazing permits style variations with
contoured shapes, and the PC sheet can be injection molded encapsulated to produce inte-
grated glazing-panels for automotive and building products. A 4 mm thick glazing, same
thickness as a typical automotive glass window, weighs 21.7 kg, compared with 43.5 kg
for the glass window. Large area seamless PC sheet using process technology developed
by machinery manufacturers Battenfeld, Engel and Krauss-Maffei, are encapsulated dur-
ing injection molding to produce integrated windows for automotives and buildings. PC
windows for automotives will initially be installed in 2003, and produced in high volume
by 2007. The International Organization of Standards (ISO) is establishing global stan-
dards for automotive glazing using test methods for mechanical properties, clarity, flam-
mability, and other properties.

10.2.1.2 Typical interior applications (passenger compartment)

■ Airbags and components
■ Armrests
■ Columns (pillar posts)
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■ Coat hooks
■ Consoles
■ Control knobs
■ Cup holders
■ Digital display housings
■ Door handles
■ Door panels
■ Foot pedal brackets
■ Gear shifts and handle knobs
■ Glove boxes
■ Grills: air conditioner, defroster, heater, speaker
■ Guide rails for sliding roofs
■ Headliner assemblies: skin, foam, substrate
■ Headrest guides
■ HV/AC components, e.g., vents
■ Instrument panel: dashboard components: skin, foam core, substrate, attachments, carri-

ers, frames
■ Knee bolster components
■ Light covers
■ Parking brake fittings
■ Rear shelves
■ Rearview mirror housings
■ Reinforcements and attachments
■ Seat belt components: buckles, retractor covers, release buttons
■ Seat components, e.g., back rests, frames, levers (e.g., seat adjustor levers), shells
■ Steering components, e.g., back rests, frames, levers (e.g., seat adjustor levers), shells
■ Steering wheels, columns, switching assemblies
■ Sun visors, sun visor brackets
■ Trim, trim clips
■ Truck trailer liners

“SuperPlug”TM inner door panel assemblies, constructed from 30 percent “Cratec”
chopped strand glass fiber reinforced PBT/PC “Xenoy,” integrate the window mechanism
housing and control, door handle support, armrest supports, speaker mounting, and other
system components.40 Components such as the window regulator, latch, and speakers are
assembled off line, according to individual customer specifications. The first application
of the inner door assembly had more than 20 variations to meet customer specifications.40

Chopped strand glass fiber contributes strength, stiffness, dimensional stability, and heat
stability; PBT contributes resistance to gasoline, automotive waxes, and cleaners; and PC
increases impact resistance over a wide temperature range.40 Gas assist injection molding
is used to produce a hollow channel in the long flow path, increase stiffness, eliminate
warpage, and reduce weight.40 The technology was co-developed by Owens Corning and
Delphi Interior Trim and Lighting Systems. Consoles, door panels, pillar trim, and instru-
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ment panel component are in-mold painted and paintable and/or low-gloss, high-heat,
high-flow, antistat ABS such as “Magnum” and PC/ABS “Pulse.”

A foot pedal bracket using glass fiber reinforced “Zytel” nylon 66 replaced steel as it
exhibits one-third the weight of steel, lower cost, design flexibility, component integration,
and noise and vibration abatement. Plastic accelerator and clutch pedals can be used with
the nylon foot pedal bracket.41

HV/AC control panel knobs on 2001 Chrysler and Dodge minivans are produced by
two-shot insert/overmolding injection molding two acetal copolymer “Celcon” grades.
The first shot produces white raised lettering; the second shot is overmolded, retaining the
white lettering. Melt viscosity and flow properties are key to the flow around the raised let-
tering.

Breakthroughs for passenger compartment applications are found with in-mold assem-
bly (IMA), hybridization (in-mold assembly of plastics and metal components), compo-
nent integration and in-mold painting. Instrument panel (i.p.) substrate + foam core + skin
are sequentially in-mold assembled during injection molding. Substrates are in-mold
painted with TPU, polyester gels, and colored film inserts, and by spray coating the mold
cavity. The i.p. is a proving ground for a selection of resins and processing methods. ABS,
ABS/PC, PC, PVC, TPO, and TPU are injection molded, calendered, thermoformed, blow
molded, and rotational molded into i.p. components. Instrument panel/dashboard designs
greatly differ for different vehicle platforms, but they are increasingly favoring IMA, in-
mold painting, and component integration including hybrid construction.

Calendered TPO skin laminated to polyolefin foam core for lower instrument panels are
produced by PolyOne Engineered Film for assembly to the i.p. substrate. The instrument
panels are assembled by Delphi Automotive Interior Systems from “Mytex” TPO thermo-
formed skin/foam laminates.42 TPO provides resistance to heat, UV, scratch, ductility, low
gloss grain, soft touch, and minimal fogging.

“Azdel” SuperLite, with improved weight consistency, available in 2002, has improved
weight consistency and surface quality for interior applications such as integrated instru-
ment panel components and headliners.43 Components such as brackets, frames, glove
boxes, grills, and knee bolsters are integrated into i.p. assemblies. In-mold paintable injec-
tion-molded high heat resistant, impact resistant, low gloss glass fiber reinforced nylon,
ABS, ABS/PC, and PC are used for brackets, consoles, frames, inner door panels, knee
bolsters, retainers, speaker and defroster grills, and steering wheel covers. High-MFR
grades are used for long-flow, thin-wall, complex components. The bar is raised when re-
cyclability is designed into resin selection.

10.2.1.3 Typical underhood (engine compartment, under-the-bonnet) 
applications
■ Air cleaner housings
■ Air injector components
■ Air intake ducts
■ Air intake manifolds
■ Air pump components
■ Baffle plates
■ Battery housings, trays
■ Belts, e.g., drive belts, fan belts
■ Blower wheels
■ Bottles, containers, e.g., window washers
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■ Cable connectors and covering, e.g., control cables
■ Chain guides, chain tensioners
■ Clips/fasteners, e.g., brake clips, fuel line clips
■ Clutch components: clutch cage, clutch cage cap, clutch ring
■ Coil bobbins and spools, e.g., cruise control module
■ Coolant system components
■ Ducting
■ Electronics—connectors, control/sensor housings, throttle control housings, mountings
■ Electrical relay components, e.g., relay bases, cases, coil forms
■ Engine cooling fan blades, shrouds
■ Engine components, e.g., belt guides, engine covers, injector units, rocker covers
■ Valve timing chain covers
■ Emission control system components
■ Fuel cell plates
■ Fuel delivery system components: clips (e.g., to fasten hose in place), fuel dam reser-

voirs, fuel filler necks (filler pipes), fuel filters, fuel hose and lines, fuel pump parts, fuel
tanks and canisters 

■ Hose
■ Ignition coil cases, other ignition system components
■ Oil filter housings and components
■ Oil pans
■ Pipes (water and oil pipes in engine systems) 
■ Power distribution boxes
■ Radiator components: caps, support assemblies
■ Rocker covers
■ Sensors/solenoid coils/switches
■ Shrouds
■ Splash shields
■ Support panels, e.g., firewall, radiator
■ Timing chain guides
■ Tubing, e.g., convoluted tubing, vacuum tubing
■ Turbocharger components
■ Valve covers
■ Valve lifter guides
■ Wiper motor housings

Upper air intake manifolds are part of a ductwork assembly that directs the flow of air
or air and fuel into the engine cylinders. The upper manifold distributes air/fuel mixture
through the intake ports into the engine cylinders. Air flow begins with the intake of air
from under the hood, initiated by a downstroke of an engine cylinder that causes a vac-
uum, drawing in air through the air filter. The filter removes dirt and other particulates
from the ambient air. The cleaned air passes through the air intake manifold and enters a
cylinder, typically injected in a stoichiometric air/fuel ratio. Air flow and air/fuel ratio are

Automotive Plastics and Elastomer Applications

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



608 Chapter Ten

essential factors in fuel efficiency. Air that is not combusted exits the cylinder with the ex-
haust stroke, eventually returning to the atmosphere through the tailpipe. The exhaust
manifold collects hot gases from the cylinders and directs the gases into the exhaust sys-
tem which is basically composed of the following:

1. The exhaust manifold and gasket

2. Connectors and intermediate pipes

3. Muffler, catalytic converter, heat shield, resonator

4. Gaskets, seals, mechanical clamps, hangers

5. Tailpipe and exhaust pipe

Air intake upper manifolds are either lost-core injection molded as a single unit or injec-
tion molded in two parts that are subsequently vibration welded together. The latter
method, vibration welding two molded parts, is rapidly gaining favor. Twenty five percent
to 35 percent (wt) glass fiber reinforced, heat-stabilized, lubricated nylon 6 and nylon 66
are typically used with both processes, although other reinforced engineering thermoplas-
tics can be used.44–46 Bayer high-temperature stabilized, 30 percent glass fiber reinforced
nylon 6 “Durethan” and the company’s branched polyamide 6 “Durethan” are two of sev-
eral nylons used for vibration welded air intake manifolds. The benefits of plastics over
aluminum, which it replaces, are as follows: 

1. Lighter weight 

2. Cost savings through parts integration, elimination of secondary finishing, and subas-
sembly

3. Noise and vibration reduction

4. Design versatility (taking advantage of CAE and FEA)

5. Performance benefits such as smooth air flow through the intake manifold for im-
proved air/fuel combustion efficiency

Air ducts are produced by sequential extrusion or blow molding alternating rigid PBT
sections and soft elastomeric polyester accordion sections, which reduces weight, cost,
number of components, and NVH.

Underhood electrical connectors are molded from a range of resins from thermoplastic
polyesters PBT and PET to LCP, depending on property requirements, particularly tem-
perature stability, stiffness/strength ratio, dimensional stability, and chemical resistance.
Recent grades have improved toughness and higher MFR for thin-wall, complex connec-
tors.

Fragile electrical connectors and other delicate electrical/electronic parts are produced
by “MuCell” low-pressure injection foam molding and encapsulation injection molding as
an alternative to solid injection molding and extrusion.47 Advantages according to Trexel
are as follows: 

1. Closer tolerances

2. Improved dimensional stability

3. Low density

4. Low injection pressure, which avoids damage to fragile electronic components

5. Faster cycles
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6. Lower clamp force

7. Lower power consumption

Electronic sensor and control housings are getting closer to the engine, and attached to
the engine’s inner surface. DuPont iTechnology Microcircuit Materials’ “Green Tape” and
thick films are used for mounting on and inside the engine for engine control circuits, hy-
brid circuits and high density interconnects in 3-dimensions. “Green Tape” is applied to the
integration of passive components in 3-D structures, antilock brake system controls, elec-
troluminescent backlights for instrumentation on instrument panels, transmission control
circuits and rear window heaters. The technologies are used at high operating temperatures
for high density circuitry, direct chip attachments. The technology’s mixed analog/digital/
RF and high frequency properties are used for wireless applications, which are being in-
stalled on OEM cars and aftermarket retrofits. “Green Tape” and “Fodel” are extensions of
iTechnologies’ thick film and thin film flexible “Luxiprint” used for electroluminescent
backlights and liquid polyimides used in automotive electronic ignition systems.

Electronic throttle control (drive-by-wire) molded from 33 percent nylon 66 “Zytel” re-
placing mechanical throttle controls is constructed of a control housing that encapsulates a
wire lead frame, plus an integrated outer housing/mounting bracket.

Electrical relay components, relay bases, cases, and coil forms make use of a range of
engineering thermoplastics, thermoplastic polyesters, nylons, polyphenylenes, LCPs, and
thermoplastic polyimide “Vespel” TP can be used for underhood electrical applications due
to its high temperature properties, impact resistance, and automotive chemical resistance.48

The engine is the end point of fuel delivery and air delivery systems, and the starting
point for the drivetrain/powertrain system. The fuel delivery system is basically composed
of the fuel cap, filler neck (pipe), fuel lines, fuel tank, fuel pump and pump components,
filter, upper air intake manifold, and fuel injection unit. Fuel flow through the filler neck
and filter can generate an electrostatic surface on the filler neck or filter.2 For these appli-
cations, electrostatic dissipation (ESD) resins are used, such as glass fiber reinforced ESD
nylon, “Finathene” and “Marlex” HDPE, which forms a strong weld bond with the multi-
layer blow molded HDPE fuel tanks. “Marlex” HDPE, with chemical resistance, creep re-
sistance (apparent modulus), ESCR, long-term impact strength, and MFR 5 g/10 min, is
blow molded at 379–430°F (193 to 221°C).49,50 LCPs, high-temperature resins with high
MFR such as “Zenite,” are used for the vapor barrier layer in fuel delivery components.

Fuel delivery systems must meet California Air Resources Board (CARB) regulations,
including Low Emissions Vehicle LEV II, which goes into effect in 2004 and limits evap-
orative hydrocarbon emissions to 0.5 g/day maximum—a 75 percent reduction from the
regulation in 2000.51 Other state regulations for evaporative hydrocarbon emissions have
been developed. Test methods to measure evaporative hydrocarbon emission as hydrocar-
bon loss in materials for components and the entire fuel delivery system are standardized
by a joint effort between automotive and materials companies. The methods include

1. Gravimetric screening by the cup method for hose and tubing

2. Specialized permeation conditions 

3. Mini-shed52

Fuel and vapor tubes are typically extruded from fluoroplastics such as “Tefzel” EPTF
inner layer and a nylon outer layer. The tubes are temperature resistant above 225°F
(107°C) to fuels, fuel vapor permeation, and automotive chemicals, and the retain flexibil-
ity above 300°F (149°C). A fuel delivery tube can be constructed with “Viton” fluoroelas-
tomer inner layer, “Vamac” ethylene acrylic synthetic rubber tie layer, and “Kevlar” fiber
reinforced “Teflon” FEP middle layer. Fluoroelastomers have high-temperature, fuel-resis-
tant properties that make them ideal for underhood and chassis fuel delivery components.53
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Kiefel Technologies’ plug-assisted twin-sheet thermoformed fuel tank design, aimed at
producing under 100,000–300,000 units/year, was initially developed for mid-size trucks.
The fuel tank consists of two HDPE outer layers, two tie layers, and an EVOH intermedi-
ary barrier layer.54

Fuel tank systems are complex, irregular assemblies that are undergoing great changes
in resins and designs to meet evaporative hydrocarbon emissions limits. Fortunately, these
changes are successfully taking place with a number of viable options. Steel tanks still
have a large share of the automotive fuel tank market. The conventional plastic fuel tank is
an extrusion blow-molded multilayer unit composed of HDPE with an EVOH barrier
layer. Its benefits and disadvantages from tooling to performance are widely documented.
Visteon’s Partial Zero Emissions Vehicle (PZEV) departs from the conventional, introduc-
ing twin-sheet, vacuum-formed, six-layer fuel tanks. Its design minimizes the number of
escape paths for evaporative emissions, eliminating most external fuel connections.55,56

The fuel tank consists of six elements.

1. Carbon canisters 

2. Fuel delivery system 

3. Fuel filters

4. Fuel/vapor lines 

5. On-board recovery

6. The storage tank

Rocker cover construction is rapidly converting from cast aluminum and magnesium to
injection-molded/vibration-welded 30 percent to 45 percent (wt) glass fiber reinforced ny-
lon 6 and nylon 66 such as “Zytel,” “Vydyne,” and “Capron,” or mineral reinforced nylon 6
“Minlon,” which are heat stabilized, oil resistant above 302°F (150°C), and dimensionally
stable.57,58 The rocker cover and gasket over the engine’s cam shaft prevents oil from leak-
ing into the engine compartment. The cover contributes to engine efficiency by sealing off
the cylinder head and valves from contamination as well as oil. Rocker performance re-
quirements include a wide operating temperature range, dimensional stability under dy-
namic stress, stiffness, fuel and oil resistance, and NVH abatement. It can be thin-wall
injection molded with ribs for additional stiffening and dimensional stability, and vibration
welded. Like the air intake manifold, the rocker cover is in close proximity to the engine.
The nylon rocker cover has many of the same benefits as the nylon air intake manifold:
lighter weight, cost savings, elimination of secondary finishing and subassembling, design
versatility (through CAE and FEA), and improved service performance. Air make-up nip-
ples, heat-staked baffles [separates oil from positive crankcase ventilation (PCV) air sup-
ply], cable clips, PCV valves, oil separators, support brackets, and heat-staked inserts for
mounting the ignition coil are integrated with the rocker cover, and more components con-
tinue to be integrated.59,60 The sealing gasket is integrated with the rocker cover on certain
DaimlerChrysler Neon and Rover models to minimize the possibility of oil leakage.61

Windshield wiper pump housings molded from “Celcon” acetal copolymer by Delco
Chassis for General Motors eliminate three assembly steps and are snap-fit assembled.

10.2.1.4 Other applications

■ Bowden cable guide sleeve
■ Cams and gears, e.g., for starting and accelerating engines
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■ Clutch master cylinder, clutch rings
■ Containers, e.g., steering fluid containers
■ Crossbeams
■ Electrical switches, e.g., light control switches, turn signal switches
■ Gears, e.g., helical gears for window lifts
■ Gear shift forks
■ Heater plates
■ Pulleys, e.g, cable lines, seats
■ Rollover gas shutoff valves
■ Speedometer gear wheels
■ Thrust washers
■ Transmission levers, components

10.2.2 Thermosetting Resins

Thermosetting resins are usually processed by compression molding, filament winding,
hand lay-up, pultrusion, reaction injection molding (RIM, RRIM), resin transfer molding
(RTM) and vacuum bagging.

10.2.2.1 Typical exterior applications

■ Body panels: front end components, hood panels, RV panels, spoilers, trunk lids
■ Lighting components for headlamps, fog lamps, e.g., bezels, baffles, reflectors
■ Pickup truck cargo boxes (beds)
■ Truck cab roofs and wind deflectors
■ Wheel covers
■ Windshield surrounds
■ Windshield wiper cowl plenum

SMC exterior body panels have been used on Chevrolet Corvette for decades, and ther-
mosetting plastics exterior panels were promoted by the classic picture of Henry Ford
striking a hammer on the composite trunk of an early Ford model. Today, horizontal pan-
els, hoods (bonnets), and trunk lids are molded from high-modulus SMC, and RV panels
with high contoured, styled bodies are compression molded from SMC. Three characteris-
tics distinguish SMC exterior body panels at this time.

1. Stiffness

2. Versatile stylability

3. In-place cost

SMC is used for the trunk lid on DaimlerChrysler Mercedes class A luxury cars, BMW
spoilers, and Plymouth Prowler integrated windshield surrounds.62

SMC powertrain applications are developed by DSM Composite Resins and Budd Plas-
tics. The Lonza Group has developed structural grade SMC specifically for the growing
use of SMC automotive applications such as pickup truck cargo boxes.63 The General Mo-

Automotive Plastics and Elastomer Applications

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



612 Chapter Ten

tors pickup truck one-piece cargo box produced by SRIM from polyurethane exhibits di-
mensional stability down to –40°F (–40°C).48 Glass fiber reinforced low-profile
unsaturated polyesters for trunk lids and rear light bezels are resin transfer molded (RTM). 

The inner frame of Alfa Romeo and GTV Coupe hoods are injection-compression
molded from BMC produced with low-profile unsaturated polyester and 25 percent (wt)
“Cratec” glass fiber, and the outer skins are compression molded from SMC produced
with low-profile unsaturated polyester and 28 percent “Cratec” glass fiber.63 The benefits
compared with steel are lower cost, lighter weight, stiffness and dimensional stability, de-
sign versatility, and styled contours.63

Ninety percent of headlamp reflectors in North America are made from metallized
BMC, and 10 percent from “Ultem” PEI for higher-priced cars such as the Ford Lincoln
Town Car and BMW Series 3. BMC has dimensional stability, strength properties, and
temperature resistance for this application, and it provides a good assembly fit. Tempera-
ture resistance is higher than 392°F (200°C). Improvements are made for BMC fog lamps
and headlamps with base coatings and metallization.64

Two-component SMC windshield surrounds replace 14 steel parts, using “Vetrotex”
glass fiber roving reinforced SMC.62

A single-part windshield wiper cowl plenum compression molded from 32 percent
“Crastin” glass fiber reinforced vinyl ester SMC, replaces 11 steel stampings welded to-
gether for DaimlerChrysler minivans.65 All critical system components are directly
mounted to the cowl plenum, which was not possible with the steel assembly, because it
did not have the necessary precision fit.65

10.2.2.2 Typical interior (passenger compartment) applications

■ Airbag/knee bolster supports
■ Cross-vehicle beam supports

Low-profile 40 percent glass fiber roving reinforced unsaturated polyester SMC is com-
pression molded into airbag/knee bolster supports on multifunctional cross-vehicle beam
supports. The system ties together the “A” pillar and cowl, reducing instrument panel sag
and improving steering column stabilization during crash. It integrates HV/AC ducts, sim-
plifies wire harness installation, and reduces NVH.66

10.2.2.3 Typical underhood (engine compartment, under-the-bonnet) 
applications

■ Air intake system components
■ Electric motor: e.g., components: brush holders, commutators
■ Firewalls
■ Fuel cell components
■ Gaskets for electronic housings
■ Oil sumps
■ Pulleys
■ Radiator support panels
■ Seals, e.g., electrical connector assemblies
■ Thermostat housings
■ Timing belt guides
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■ Valve covers
■ Valve timing chain covers, timing belt covers
■ Water pump housings, inlet/outlet tubing

Injection molding of air intake system components with thermosets is on the rise, as indi-
cated with the expansion of Kendrion Backhaus molding facility to produce these compo-
nents.62

Electric motor components, commutators, and brush holders molded from phenolics,
are used more due to the increased use of motors for power seats, windows, and sun-
roofs.48 The phenolics comeback is further indicated by their use for thermostat housings,
water pump housings, and inlet/outlet tubing for engine coolants.48 Phenolics continue to
replace die cast aluminum for stators and other automatic transmission torque converter
components.48 Phenolics have long-term dimensional stability at underhood elevated tem-
peratures, strength, stiffness, chemical resistance to fluids (hydraulics), and resistance to
current engine coolants.48 Timing belt guides made with fiber-mineral reinforced pheno-
lics are used for the resin’s abrasion resistance and surface hardness, along with long-term
high-temperature dimensional stability, rigidity, and resistance to underhood chemicals.48

SMC is used for firewalls and radiator support panels on GM models such as the 2001
Oldsmobile Aurora, Buick LaSabre, and Pontiac Bonneville.

Fuel cells will soon be a viable alternative to the gasoline-powered internal combustion
engine, and, beyond 2010, they can be expected to be the primary automotive power
source. Buses are fuel cell-powered, and “cars are next.”67 A motivation driving fuel cell
development for automotives is tougher emission standards required in several eastern
states and California.68 Another motivation is to enhance national security with energy in-
dependence. U. S. automobile manufacturers plan to have fuel cell-powered cars on the
market by 2004.69 Thermoplastic elastomers coated with a platinum catalyst compose the
fuel cell membrane electrode, referred to in Sec. 10.3.1.3.

Commercially viable fuel cells are developed by DaimlerChrysler, Ford, and Ballard
(Burnaby British Columbia); by ExxonMobil and General Motors; and by Ford Motor
THINK Technologies (Focus FCV).68 Fuel cell technologies for vehicles are also being
developed by the National Fuel Cell Research Center, Princeton University Center for En-
ergy & Environmental Studies (“Modeling of Fuel Cell Vehicles and Production of H2 and
H2 Rich Fuels For Fuel Cell Vehicles”); the University of California, Riverside/Advance
Vehicle Engineering Group, with several projects including hydrogen fuel cell powered
vehicles based on a Ford Ranger; and University of California, Davis, Institute for Trans-
portation Studies.70

Electrically conductive BMC with a proprietary conductive filler is developed for pro-
ton exchange membrane (PEM) fuel cell conductive plates for passenger cars.71 Bulk
Molding Compounds Inc. vinyl ester compounds are molded into PEM fuel cell plates.
Premix subsidiary Quantum Composites “Pemtex” BMC formulations are co-developed
for fuel cell plates with Ferromatik Milacron and Apex Plastics technology.72 The conduc-
tive, corrosion-resistant composite is injection molded into bipolar plates for PEM fuel
cells.72

The core of fuel cell power generating system is the fuel cell stack, which contains a
number of fuel cells. Each cell is composed of membrane electrode assembly and enclosed
by separator plates.69 The key element of the proton exchange membrane (PEM*) is an
elastomeric thermoplastic membrane coated with a platinum catalyst.68

*Author’s note: PEM refers to both proton exchange membrane and polymer electrolyte membrane. In
Fuel Cell Technology For Vehicles,73 PEM refers to polymer electrolyte membrane fuel cells (p. 23)
and to proton exchange membrane (PEM) technology (p.137).
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Unsaturated polyester and vinyl ester SMC molded into radiator support assemblies are
integrated with radiator front grill reinforcements and headlamp mountings.

10.2.2.4 Other applications

■ Brakes disk brake caliper pistons, brake valves
■ Bushings
■ Electric motor (DC) brush holders, commutators
■ Pulleys for alternator, crankshaft, power-steering
■ Run-flat tire support rings, integrated tire-wheel systems
■ Seals
■ Stators for automatic transmissions
■ Suspension links
■ Thrust washers in automatic transmissions

Several applications for thermosetting resins are finding increased use. A few include

1. Disc brake caliper pistons, for their dimensional stability, temperature resistance, and
lower weight and cost as compared with steel.48

2. Pulleys, including crankshaft pulleys and alternator pulleys, molded from phenolics
such as “Durez” for the resin’s rotary fatigue resistance and durability 

3. Bushings, seals, and thrust washers fabricated from thermosetting polyimide
“Vespel,” which has low coefficient of friction and wear, creep resistance, chemical re-
sistance, and high continuous-use temperature48

High glass fiber content (50–75 percent) vinyl ester composite pultruded into suspen-
sion links is an example of frontier applications for automotive applications.73 The sus-
pension links are an assembly of cast aluminum end fittings encapsulated over a composite
rod using metal-over-composite “Litecast” process technology. The composite/metal sus-
pension link eliminates fasteners and adhesives, allows parts integration, and provides
stiffness and temperature resistance, light weight, and lower tooling costs than the metal
link that it replaces.73 The technology can be transferred to composite/metal cross mem-
bers, floor pans, and other chassis applications, and it is used with thermoplastics.73

10.3 Elastomers

10.3.1 Thermoplastic Elastomers

10.3.1.1 Typical Exterior Applications

■ Body panels, doors, fender flairs, liners
■ Bumpers
■ Front ends
■ Glass run channels
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■ Seals, e.g., fuel delivery caps, panels, windows
■ Splash guards
■ Tire components
■ Trim
■ Weather seals
■ Weatherstripping
■ Windshield, side window lace
■ Window lace gaskets
■ Windshield wiper blade covers

TPO(E) nanocomposite exterior door panels and rear quarter panels, co-developed by
Basell/Montell North America and General Motors, are a sign of greater uses for nano-
composites in automotive applications. These high-aspect-ratio, fine particles with rela-
tively large surface area provide good modulus without sacrificing toughness, dimensional
stability, or impact resistance.

Thin-wall TPO(E)s with improved properties account for the increased use of olefinic
elastomers for automotive applications. Wall thickness for exterior panels is near 2.0, as il-
lustrated with low-density (0.857 g/cc) “Dexflex” TPO(E) injection molded fascia for a
number of models, including fascia for Dodge, Ford, and Mazda. TPU(E) with improved
abrasion resistance and tear resistance, such as “Desmopan,” “Elastollan” and “Pelle-
thane,” are used for fascia, exterior panels, and side moldings. Automotive-grade “Pelle-
thane” is used for single-sided window encapsulation.2

Incorporating modifiers “Engage” polyolefin elastomers (POEs), “Affinity” polyolefin
plastomers (POPs), and “Exact” polyolefin plastomers into compounds such as TPO(E)
significantly improves impact resistance, low-temperature properties, toughness down to -
40°F (–40°C), ductility, UV resistance, ozone resistance, resistance to aging, and appear-
ance. Functionalized “Exact” plastomers enhance impact resistance and ESCR in PBT, ny-
lon and PC used in automotive applications.74–79 “Exxelor” modifiers based on
functionalized elastomer and polyolefins are added to technical polymers such as engi-
neering thermoplastics, specialty polyolefins, and blends. “Exxelor” serves as compatibi-
lizers, increasing adhesion between polyolefins and polar polymers; coupling agents,
promoting chemical bonding between polymer and reinforcing agents; and as adhesion
promoters when added to nonpolar polymers so as to increase adhesion to polar polymers,
thermosetting SR, and NR.80,81 Modifiers are used in TPO(E) compounds for front and
rear fascia, fender liners, fender flairs, i.p. skins, NVH applications, and many other appli-
cations. Thin-wall, complex, lightweight TPO(E) products, with better knit line strength,
are produced when modifiers are incorporated into the compounds. Polyolefin elastomers
and plastomers, in addition to being modifiers, are injection molded and extruded.

TPO(E) applications include ducting, front and rear fascia, interior skins, and NVH
components.77,78

TPV is often used for dynamic seals for doors, seals in glass run channels, O-ring seals,
and CVJ boots. Self-bonding TPV grades eliminate the need for adhesive primers for
overmolding to thermoplastic substrates including nylon. High-flow “Santoprene” TPV
seals are overmolded to encapsulate rear quarter windows.

TPO(E) thermoplastic elastomer and EPDM synthetic rubber are often the elastomers
of choice for exterior trim. TPO(E) modified with POE, POP, or EPDM for exterior appli-
cations such as trim, fascia, and rocker panels have improved ductility, toughness, impact
resistance, and weather resistance.82,83

Star-branched butyl rubber is used for inner tubes, nonstaining sidewalls, coverstrips
for white sidewalls, body mounts, and curing bladders.84 “Duradene” solution-SBR grades
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for tire tread and sidewalls are based on bound styrene and vinyl content, which determine
resilience, abrasion resistance, and hysteresis.85 Solution-SBR (S-SBR) has a more linear
polymer backbone, narrower MWD, and higher Mooney viscosity than emulsion-SBR (E-
SBR); consequently, S-SBR and E-SBR require certain different equipment and process-
ing conditions. For example, S-SBR has less dwell time, requiring different types of plates
for extruders, and the space between mill rolls for S-SBR is up to 25 percent less than for
E-SBR.

TPV illustrated with high-flow “Santoprene” weatherstripping is encapsulated and wa-
ter-foamed coprocessed for automotive windows such as rear quarter window glass and
tailgates.86,87 TPV has good resistance to compression/relaxation cycles for use as a dy-
namic seal for doors.88 EPDM such as “Vistalon” and “Nordel” IP are often the synthetic
rubbers of choice for weather seals for hoods, trunk lids, roofs, and body seals.89,90 They
are used for sponge weatherstripping and seals for glass run channels, sunroofs, and trunk
panels, and for solid profiles. EPDM provides effective seals to keep out water, noise,
odors, and pollutants “Vistalon” EPDM grades are classified as very low diene, low diene,
medium diene, high diene, and very high diene content.

Single-phase TPE, “Alcryn,” is gaining recognition in weatherstripping applications,
windshield lace, and window lace trim.91 TPEs can be processed in conventional injection
molding machines and extruders, but equipment design and processing parameters are dif-
ferent, primarily due to shear sensitivity. Extrusion blow molding single-phase TPE re-
quires higher temperature settings at the barrel feed zone, and lower temperature settings
at the front zone; the reverse of conventional temperature settings.

10.3.1.2 Typical interior applications (passenger compartment)

■ Airbag covers
■ Horn pads
■ Instrument panels/dashboard components
■ Soft-touch knobs
■ Seat belt duct
■ Trim

New instrument panel (i.p.) designs comply with safety and recycling requirements,
and lower costs are obtained with insert molding, encapsulating, overmolding, and in-
mold painting. These processes significantly reduce assembly and decorating costs. Three-
component i.p. assembly of skin/foam/core/substrate are produced by a range of designs
and processes, including extruded TPO(E) skin laminated to lightly cross-linked polyole-
fin foam core, calendered TPO(E) skins laminated to polypropylene foam core, in-mold
assembly by placing a skin/foam core laminate into a mold cavity, low-pressure injection
molding reinforced polypropylene melt into the mold cavity, and vacuum forming a skin/
foam core laminate with a polypropylene substrate. “Espolex” TPO(E) is rotational
molded (slush molded) into instrument panel skin and inner door liners.92 TPO and
TPO(E) i.p. developments are described both here and in Sec. 10.2.1.2 of this chapter, be-
cause these thermoplastic olefins are viewed as either thermoplastic resins and TPEs. In-
strument panel skins with resistance to long-term heat aging, chemicals, oil, and scratch,
are calendered, extruded, and rotational molded with fine particle resins with high melt
strength such as vulcanizate composed of TPU(E) + PP + SBC (styrene block copolymer).
“Surlyn” ionomer and high melt strength TPO(E) produce a functionalized copolymer that
is deep-draw thermoformed into skins with good grain definition. The range of resin op-
tions is further illustrated by the use of Bayer “Makrofol” films and “Lustran” PS for in-
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strument panels. Designs and processes for instrument panels can be transferred to inner
door panels, other automotive applications, and non-automotive applications.

TPV compounds meet automotive safety requirements for reduced windshield fogging;
“Santorpene” TPV fogging tests show 0.7 mg, and “Sarlink” TPV, composed of “Stamy-
lan” P polypropylene and “Kelltan” TP EPDM-modified polypropylene, shows less than
1.0 mg. Fully vulcanized “Santoprene” is used as a modifier in TPO formulations for soft
skins, improved grain definition retention, and cold flow for complex shapes.

10.3.1.3 Typical underhood applications (engine compartment)

■ Air ducts
■ Chain tensioners
■ Emission control system components
■ Electrical/electronic components
■ Engine covers
■ Fuel cells
■ Gaskets, e.g., engine intake manifolds
■ Hose, e.g., air delivery, fuel delivery
■ Oil filter components
■ O-ring seals
■ Rocker panels
■ Seals, e.g., driveshaft, interior
■ Wire, primary covering—low and medium voltage insulation

Thermoplastic elastomer TPV, such as “Forprene,” “Santoprene,” and “Uniprene,” are
increasingly used for air intake ducts; for turbo air intake ducts, “Vamac” ethylene acrylic
elastomers represents thermosetting synthetic rubbers with higher temperature properties
for underhood applications.

A key element of the automotive fuel cell membrane electrode assembly is the proton
exchange membrane (PEM), also referred to as the polymer electrolyte membrane (PEM),
which is composed of a thermoplastic elastomer coated with a platinum catalyst. U.S. car-
makers expect to have fuel cell-powered cars on the market by 2004.69 Polymer selection
depends on, among other criteria, fuel selection such as Direct Methanol Fuel Cell
(DMFC) or Direct Hydrogen Fuel Cell (DHFC).69 One prototype fuel cell vehicle is the
product of the Partnership for a New Generation of Vehicles (PNGV), comprising U.S. au-
tomotive companies and the U.S. Department of Energy (DOE).69

Rocker Panels can be blow molded from a number of TPEs, including TEEE and
TPU(E), but primarily nylons.

10.3.1.4 Other applications

■ Boots, e.g., CVJ boots, shock absorber boots, steering gear boots
■ Bearing cages
■ Bellows
■ Body plugs
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■ Clips
■ Clutch rings
■ Convoluted tubing
■ Fuel delivery primer bulbs
■ NVH applications
■ O-rings, other seals
■ Shift forks

Boots are typically blow molded from thermoplastic elastomers, CVJ boots from
TEEE (COPE) and TPV, and shock absorber boots from TPU(E) such as “Desmopan.”
Thermoplastic etherester elastomers and thermoplastic esterester elastomers TEEE
(COPE), “Arnitel,” and “Hytrel” are blow molded into transmission and wheel CVJ boots
for front-wheel drive (FWD) and rack-and-pinion boots. CVJ boots keep grease inside the
joints and keep out dirt, grease, salt, and water. The TEEE CVJ drive axle boots have a
balance of flexibility and stiffness, fatigue resistance to compression and expansion
strains, chemical resistance, and meet accordion design requirements between –40 to
212°F (–40 to 100°C).93–96

10.3.2 Thermosetting Elastomers Synthetic Rubbers

10.3.2.1 Typical exterior applications

■ Fascia
■ Rocker panels
■ Rub strips
■ Tires: sidewalls, sidewall coverstrips, inner tubes, inner liners, tread
■ Weatherstripping

10.3.2.2 Typical interior applications (passenger compartment)

■ Door liners
■ Instrument panel skins
■ Trim

Tire treads are made from oil extended BIMS, butyls, EPDMs, polybutylenes, SBR,
and their blends. Butyls contribute skid resistance, brominated butyls BIIR + SBR can in-
crease wet traction, and chlorinated butyl (CIIR) increases skid resistance and rebound.
BIMS also provides good flex crack resistance.97

“Nordel” IP is used as a modifier in ETP/TPO skins for dashboard/instrument panels
and interior trim skins.

10.3.2.3 Typical underhood applications (engine compartment)

■ Belts, e.g., valve timing belts (for low-torque engines)
■ Boots, e.g., spark plug boots
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■ Cables, e.g., ignition cables
■ Ducts, e.g., air intake ducts, engine ductwork
■ Electronics: connectors
■ Fuel delivery system, e.g., fuel filler neck hose, fuel pump diaphragm seals, turbo hose
■ Gaskets, e.g., engine gaskets
■ Hose, e.g., engine coolant hose, oil cooler hose, return power steering hose, transmis-

sion coolant hose, vent hose and tubing
■ Seals
■ Mounts
■ Timing belts
■ Tubing

Elastomers for underhood applications cover a complete range from extruded silicone
synthetic rubber ignition cable covers and gaskets to “Nordel” IP EPDM, “Tyrin” chlori-
nated polyethylene, and TPE “Engage” polyolefin ethylene air intake ductwork. Process
technology for molded-in gaskets for electronic housings and seals using self-bonding liq-
uid silicones developed by GE Silicones is an example of the transfer of technology, find-
ing uses for non-automotive soft-touch applications.48

Fuel filler neck hose is co-injection molded with a 0.6 mm layer of fluoroelastomer “Vi-
ton,” which reduces hydrocarbon emission to less than 0.01 g/day.98 “Viton” is used for
fuel sender seals and the inner layer of turbo hose for transmitting hot fuel vapors.98 Fluo-
roelastomers have good barrier resistance to aromatic hydrocarbons and oxygenated hy-
drocarbons, which is a reason for their enduring use for fuel delivery applications.

Fluoroelastomers are increasingly in demand to meet California Air Resources Board
(CARB) requirements by 2004, which limit evaporative hydrocarbon emissions. “Dy-
neon” fluoroelastomers, with low permeation number in alcohols and reformulated gaso-
lines, are used in the fuel delivery system, fuel lines, vapor lines, O-rings, and custom
seals.99 “Dyneon” BRE base-resistant elastomers are formulated for resistance to amine
additives in automatic transmission fluids (ATF), engine oils, and gear lube oils— in addi-
tion to properties in other “Dyneon” fluoroelastomers including high temperature and
chemical resistance.100,101

Gaskets are a type of seal at the joint between two components, and the engine gasket is
critical for engine performance. A range of synthetic rubbers are used for gaskets and
hose, largely depending on their different temperature and chemical resistance, including
fluoroelastomers such as “Dyneon” and poly(ethylene acrylic) “Vamac.” Engine and trans-
mission gaskets are injection molded from high-temperature polyacrylate synthetic rubber,
such as “HyTemp” and “Vamac,” which have excellent resistance to oil, oxygen, and
ozone above 302°F (150°C), and compression set and fuel vapor barrier properties.102,103

Epichlorohydrins keep their resiliency and hardness over a wide temperature range and
also serve as an impact-resistant enhancer for nylon 6 and nylon 66. Fluoroelastomers and
polyacrylates are often used for similar applications, the choice largely depending on
high-temperature and chemical resistance requirements. Epichlorohydrin synthetic rubber
such as “Hydrin” have low swell in aromatic fuels, oils, aliphatic solvents, low tempera-
ture flexibility resistance to ozone, impermeability to gases, and low damping.104 Poly-
epichlorohydrin properties are customized by co-, ter-polymerization, blends,
reinforcements, and compounding. In addition, synthetic rubber properties are modified
by the type of curing agent and milling. Epichlorohydrins are sulfur and peroxide cured.
They are used for gaskets, seals, hose, engine mounts, fuel pump diaphragms, and electro-
static dissipation (ESD) terpolymers for air inlet ducts and hose. Engine mounts and belt-
ing are made from polyisoprene.

Automotive Plastics and Elastomer Applications

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



620 Chapter Ten

Polychloroprene (neoprene) is used for hose for brake and steering systems, hose for
coolants, seals for vibration damping mounts, high flex accessory belts, valve timing belts
for low-torque engines, power transmission belts, CVJ boots and liners, air springs, and
shock absorbers. Overall, applications are based on polychloroprene’s toughness, resis-
tance to damage caused by flexing and twisting (high dynamic snap), low compression set,
ignition resistant, NVH damping, resistance to oil, grease, harsh chemicals, and service
temperature from –31 to 257°F (–30 to 125°C). Polychloroprene is not resistant to fuels,
and it can tear easily once it is punctured. “Hypalon” chlorosulfonated polyethylene is an
option for power steering hose, high-temperature timing belts, and spark plug boots.105

“Tyrin” chlorinated polyethyelene is an option for engine cooling hose, fuel hose, trans-
mission coolant hose, and air intake ducting. Transmission gaskets and lip seals use “Vi-
ton” fluoroelastomers for their high-temperature properties, chemical resistance,
resistance to fuels and oils (low oil swell), and low compression set—important properties
for frontier drivetrain and chassis applications.

10.4 Disclaimer

The chapter author, editors, publisher, and companies referred to are not responsible for
the use or accuracy of information in this chapter, such as applications and properties.
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44. BMW Rover Active Manifold Wins SPE Award., DuPont Automotive news item,

February 1, 2000.
45. Ford 2000 F-150s Expeditions, Econolines Get Improved Manifold., DuPont Auto-

motive news item, March 7, 2000.
46. North America’s Largest Nylon Manifold Rolls out on Ford V-8., DuPont Automo-

tive news item, March 7, 2000.
47. New Process Improves Encapsulation, Cuts Molding Costs, DuPont Automotive.
48. Thermosets: More Tailored Durability., Plastics Engineering, April 2001, p. 28.
49. TotalFinaElf Product Data Sheets.
50. Chevron Phillips Chemical Marlex C579 HDPE Data Sheet.
51. From Fuel Tanks to Filler Necks—DuPont Fuel System Materials Satisfy Tough Per-

meation Requirements, DuPont Automotive.
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Technology, DuPont Automotive.
53. Vamac Product Data Sheet, DuPont; Viton Product Data Sheet, DuPont Dow Elas-

tomers.
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25, 2001.
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57. Ford’s First Thermoplastic Rocker Cover Launches on Global Platform, DuPont Au-
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59. Nylon Rocker Covers Emerge in North America, Modern Plastics, April 2000, p. 25.
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June 2000, p. 29.
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(BMCs), Owens Corning.
64. BMC Fends Off Challenge In Headlamps, Modern Plastics, January 2001, p. 45.
65. Under The Hood Windshield Wiper Cowl Plenum, Owens Corning.
66. Ford Ranger/Cross-Vehicle Beam Structure Support for a Dual Bag System, Owens

Corning.
67. A Fuel Cell in Your Phone, Technology Review, November, 2001, p. 68, MIT Press.
68. Fill ‘er Up With Hydrogen, Technology Review, November-December 2000, p. 53

MIT Press.
69. Fuel Cell technology For Vehicles, Richard Stobard, Ed. Challenges For Fuel Cells

In Transport Applications, Chapter Society of Automotive Engineers (SAE) 2001.
70. Fuel Cell Information: Manufacturers/Developers, National Fuel Cell Research Cen-

ter.
71. Fuel Cells Present Massive Market Potential For BMC, Modern Plastics, August

2000, p. 28.
72. Quantum Composites Develops Innovative Injection Molding Process that Uses

Pemtex Conductive Composite to Mold Fuel Cell Plates, news item, June 8, 2000.
73. A Whole New Way to Join Composites and Metals, Owens Corning.
74. Chemical Polymer Modification Applications, ExxonMobil Chemical.
75. Exact Plastomers Envision A Future Of Opportunities, ExxonMobil Chemical.
76. Polymers For Automotive Applications—Exxelor Polyolefinic Modifiers, ExxonMo-

bil Chemical.
77. Engage—The Possibilities Begin Here, DuPont Dow Elastomers.
78. Engage Polyolefin Elastomers–A New Class Of Elastomers, DuPont Dow Elas-

tomers.
79. Exact Plastomer Polymer Modification Applications, ExxonMobil Chemical.
80. Exxelor Modifiers For Technical Polymers—Applying Technology where It Counts,

ExxonMobil Chemical.
81. Elastomeric Polymer Global Markets To 2010, Margolis Polymers.
82. Automotive Exterior Trim, DuPont Dow Elastomers.
83. Automotive Exterior Trim–Nordel IP, DuPont Dow Elastomers.
84. Butyl Products—Markets and Products, ExxonMobil Chemical.
85. Firestone Polymers—Diene, Duradene, Stereon.
86. Mercedes-Benz Chooses Santoprene Rubber for Glass Encapsulation on New Sports

Utility Vehicle, Advanced Elastomer Systems.
87. Mitsubishi Selects Santoprene Rubber for First All-Type Tailgate Weatherseal, Ad-

vanced Elastomer Systems.
88. Ligon Brothers and Lear Develop Quad-Extruded Dynamic Seal with Santoprene

TPV (Door Seal), Advanced Elastomer Systems.
89. Automotive Body Sealing in a More Challenging Environment, Vistalon 8700 Exx-

onMobil Chemical.
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90. Stretching the Possibilities—Weatherstrip (such as door and body seal, and trunk,
quarter and window seals), Nordel IP. DuPont Dow Elastomers.

91. The Alcryn Advantage–Automotives, Advanced Polymer Alloys.
92. Can We Expect All-Olefinic Interiors in Cars of the Future?, Plastics Engineering,
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93. Arnitel General Information on Applications and Properties, DSM Product Portfolio

DSM Engineering Plastics.
94. Arnitel—CAE Analysis on CVJ Boots Using Rubber Elastic Modules, DSM Engi-

neering Plastics.
95. Hytrel—A Thermoplastic and an Elastomer All Wrapped in One, DuPont Engineer-

ing Polymers.
96. Hytrel Polyester Elastomers Product and Properties Guide, DuPont Engineering

Polymers.
97. Elastomeric Polymer Global Markets, Margolis Polymers.
98. DuPont Dow Elastomers Meeting Fuel System Emission Regulations, Viton Pro-

vides The Answers–Fuel Sender Seals, Turbo Hose, Fuel Filler Neck Hose.
99. Dyneon Fluoroelastomers Product Information, Dyneon.

100. Dyneon Fluoroelastomer Chemical Resistance, Dyneon.
101. Dyneon Base Resistant Elastomers—BRE. Excellent Resistance to Amine Packages

In Automotive Lubricating Fluids, Dyneon.
102. Zeon Chemicals Announces New Polyacrylate Elastomer, news item, August 14,

2000.
103. Vamac Ethylene/Acrylate Automotive Applications, DuPont.
104. Zeon Chemicals Hydrin ECO Elastomers Properties and Products.
105. Hypalon Leads in Power Steering Hose, DuPont Dow Elastomers.
106. Wedge-Shaped PVB Gets the Heads Up, Plastics Engineering, August 2000, p. 6.

Trademarks

“Atlac” Registered trademark of DSM Composite Resins
“Affinity” Registered trademark of Dow Chemical
AflasTM Trademark of Asahi Glass
“Akulon” Registered trademark of DSM Engineering Plastics (DSM 

Engineering Plastics Products was acquired by Quadrant 
Holding)

“Alcryn” Registered trademark of Advanced Polymer Alloys
“Amplify” Registered trademark of Dow Chemical
“Apec” Registered trademark of Bayer
“Arnitel” Registered trademark of DSM Engineering Plastics
“Ascium” Registered trademark of DuPont Dow Elastomers
“Atlac” Registered trademark of DSM Composite Resins
“Azdel”TM Trademark of Azdel/General Electric
“Bayblend” Registered trademark of Bayer
“Bayflex” Registered trademark of Bayer
“Bexloy” Registered trademark of DuPont
“Butacite” Registered trademark of DuPont
“Butaclor” Registered trademark of EniChem
“Calibre” Registered trademark of Dow Chemical
“Capron” Registered trademark of Honeywell
“Celcon” Registered trademark of Ticona
“Centrex” Registered trademark of Bayer
“Compel” Registered trademark of Ticona/Celanese
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“Cratec” Registered trademark of Owens Corning
“Crastin” Registered trademark of DuPont
“Cycoloy” Registered trademark of General Electric
“Delrin” Registered trademark of DuPont
“Derakane” Registered trademark of Dow Chemical
“Derakane” Momentum Trademark of Dow Chemical
“Desmopan” Registered trademark of Bayer
“Dexflex” Registered trademark of Solvay Engineered Polymers
“Diene” Registered trademark of Firestone Polymers
“DuoMod” Registered trademark of Zeon Chemicals
“Duracon” Registered trademark of Polyplastics
“Duradene” Registered trademark of Firestone Polymers
“Durez” Registered trademark of Durez, Sumitomo Bakelite
  DyneonTM Trademark of Dyneon/3M
“ElastoGrip” Registered trademark of Goodrich
“Elastollan” Registered trademark of BASF
“Elvaloy” Registered trademark of DuPont
“Emerge” Registered trademark of Dow Chemical
“Engage” Registered trademark of DuPont Dow Elastomers
“Estane” Registered trademark of Goodrich
“Exact” Registered trademark of ExxonMobil
“Exatec” Registered trademark of Exatec, a joint venture of GE Plastics 

and Bayer
“Exatec” Plus Registered trademark of Exatec, a Joint Venture of GE Plastics 

and Bayer
“Exxelor” Trademark of Exxon Mobil
“Fiberfil” Registered trademark of DSM Engineering Plastics
“Fiberim” Registered trademark of Huntsman
“Finathene” Registered trademark of TotalFinaElf
“Fluoro-Comp” Registered trademark of DuPont
“Fodel” Registered trademark of DuPont
“Forprene” Registered trademark of PolyOne
  Green TapeTM Trademark of DuPont
“HiFax” Registered trademark of Basell
“Hostaform” Registered trademark of Ticona/Celanese
“Hivalloy” Registered trademark of Basell
“Hydrin” Registered trademark of Zeon Chemicals
“Hypalon” Registered trademark of DuPont Dow Elastomers
  HytempTM Trademark of Zeon Chemicals
“Hytrel” Registered trademark of DuPont
“Inspire” Registered trademark of Dow Chemical
“Integral” Registered trademark of Dow Chemical
“Iupac” Registered trademark of Mitsubishi Gas Chemical
“Kapton” Registered trademark of DuPont
“Kelburon” Registered trademark of DSM Elastomers
“Keltan” Registered trademark of DSM Elastomers
“Kevlar” Registered trademark of DuPont
“Lexan” Registered trademark of General Electric
“Lustran” Registered trademark of Bayer
  LuxiprintTM Trademark of DuPont
“Lynex” Registered trademark of Asahi Chemical
“Makrofil” Registered trademark of Bayer
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“Makroblend” Registered trademark of Bayer
“Magnum” Registered trademark of Dow Chemical
“Makroblend” Registered trademark of Bayer
“Makrolon” Registered trademark of Bayer
“Margard” Registered trademark of General Electric
“Marlex” Registered trademark of Phillips Petroleum
“Minlon” Registered trademark of DuPont
“MuCell” Registered trademark of Trexel
“Mytex” Trademark of Mytex Polymers, a joint venture of ExxonMobil 

Chemical affiliates and Mitsubishi Petrochemical
“Nipol” Registered trademark of Zeon Chemicals
“Nordel” IP Registered trademark of DuPont Dow Elastomers
“Nylatron” Registered trademark of DSM Engineering Plastics
“Nysyn” Registered trademark of Zeon Chemicals
“Nysynblak” Registered trademark of Zeon Chemicals
“Natsyn” Registered trademark of Goodyear
“Pebax” Registered trademark of TotalFinaElf 
“Pemtex” Trademark of Premix
“Phase Epsilon” Registered trademark of Ashland Chemical
“Plaslube” Registered trademark of DSM Engineering Plastics
“Plexar” Registered trademark of Equistar Chemicals
“Plexiglas” Registered trademark of TotalFinaElf
“ProFax Registered trademark of Basell
“Pulse” Registered trademark of Dow Chemical
“Pyralux” Registered trademark of DuPOnt
“Questra” Registered trademark of Dow Chemical
“Rilsan” Registered trademark of TotalFinaElf
“Riteflex” Registered trademark of Ticona/Celanese
“Rynite” Registered trademark of DuPont
“Ryton” Registered trademark of Phillips Petroleum
“Santoprene” Registered trademark of Advanced Elastomer System
“Sarlink” Registered trademark of DSM Thermoplastic Elastomers
“SentryGlas” Registered trademark of DuPont
“SentryGlas” Plus Trademark of DuPont
“SollX” Registered trademark of General Electric
“SMC-LITETM Trademark of Ashland Chemical
“Spectrim” Registered trademark of Dow Chemical
“StaMax” Registered trademark of StaMax, a joint venture between DSM 

Automotive Polymers and Owens Corning
“Stamylan” Registered trademark of DSM Engineering Plastics
“Stamytec” Registered trademark of DSM Engineering Plastics
“Stanyl” Registered trademark of DSM Engineering Plastics
SuperPlugTM Trademark of Delphi Automotive Systems
“Surlyn” Registered trademark of DuPont
“Surlyn” ReflectionTM Trademark of DuPont
“Technyl” Registered trademark of Rhodia Engineering Plastics
“TechnylStar” Registered trademark of Rhodia Engineering Plastics
“Teflon” Registered trademark of DuPont
“Tefzel” Registered trademark of DuPont
“Tenac” Registered trademark of Asahi Chemical
“Texin” Registered trademark of Bayer
“Thermoclear” Registered trademark of General Electric
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“Twintex” Registered trademark of Vetrotex International/Saint Gobain
“Tyril” Registered trademark of Dow Chemical
“Tyrin” Registered trademark of DuPont Dow Elastomers
“Ubesta” Registered trademark of PolyOne Developed with Ube 

Industries
“Ultem” Registered trademark of General Electric
“Ultradur” Registered trademark of BASF
“Ultraform” Registered trademark of BASF
“Valox” Registered trademark of General Electric
“Vamac” Registered trademark of DuPont
  VancevaTM Trademark of Solutia
“Vector” Registered trademark of Dexco, a Dow Chemical/ExxonMobil 

Chemical Partnership
“Verton” Registered trademark of G.E. Plastics (from acquisition of LNP 

Engineering Plastics)
“Vespel” Registered trademark of DuPont
“Vipel” Registered trademark of Owens Corning
“Vistalon” Registered trademark of Exxon Mobil
“Viton” Registered trademark of DuPont Dow Elastomers
“Xenoy” Registered trademark of General Electric
“Zealloy” Registered trademark of Zeon Chemicals
“Zenite” Registered trademark of DuPont
“Zetpole” Registered trademark of Zeon Chemicals
“Zytel” Registered trademark of DuPont
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Chapter

11
Plastics in Packaging

Ruben J. Hernandez, PhD
School of Packaging

Michigan State University
East Lansing, Michigan

Plastics are used extensively in packaging due to their outstanding physical, mechanical,
and chemical properties. Plastic are readily available; versatile; easy to process either sin-
gly, as multi-plastic, or in combination with other materials such as glass, metal, or cellu-
lose-base; and relatively low in cost. The use of plastics has grown faster than any other
group of materials in the packaging industry. The vigorous growth has been driven by a
material substitution trend, the flexibility in design, and wide range in product protection.
In the last two decades, there has been a strong expansion of the use of plastics, especially
in the food and pharmaceutical industries. Market specialty niches like snack foods, baby
foods, aseptic food packages, beverages, microwavable foods, and modified atmosphere
packaging are examples of popular applications for plastics. Packaging is the largest single
application for plastics. As illustrated in Fig. 11.1, in 1997, packaging accounted for about
26 percent of all plastics used in the U.S.A.

Figure 11.1 U.S. plastic markets, 1997. (Source: R.J. Hernandez, S.E. Selke,
and J.D. Culter, Plastic Packaging, Properties, Processing, Applications and Reg-
ulations, Hanser, 2000)

Source: Handbook of Plastics, Elastomers, and Composites
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Plastics are used in packaging in diverse forms: single films, sheets, multilayer coex-
truded structures, sheets, coatings, adhesives, foams, laminations, and rigid and semi-rigid
containers. A great variety of products are packaged, delivered, and distributed around the
nation and world using plastics. Examples of these products include solids, liquids, chem-
icals, alkalis, acids, electronics, hardware, foods, beverages, and health-care products. In
the U.S.A. alone, more than 14 million tons per year of plastics are used in the packaging
industry, with about half of this amount going into films and coatings.

The most widely used plastics in flexible packaging are low-density polyethylene
(LDPE), linear low-density polyethylene (LLDPE), polypropylene (PP), and high-density
polyethylene (HDPE). HDPE is widely used for rigid containers also, fulfilling almost 50
percent of the total demand. However, the fastest-growing resin for rigid containers con-
tinues to be polyethylene terephthalate (PET) and its copolymers. Other resins, such as
ethylene vinyl alcohol (EVOH), vinylidene chloride (VDC) copolymers, and nylons, have
specialized applications as high barrier materials. 

New technologies are continuously improving resin properties as well as generating
new resins like metallocenes and polyethylene naphthalate. These technologies widen the
processing capability of single and composite structures in the production of flexible and
rigid containers, at the same time increasing the number of applications and satisfying
very specialized needs. The increasing sophistication in the use of plastics requires a better
quantitative treatment of the barrier characteristics of these materials as well as the inter-
actions that occur between the plastic package and the product. The interest in package/
product interactions has increased with the use of recycled plastics—most noticeably, re-
cycled PET for food applications. The high percentage of PET recycling (about 30 percent
in the U.S.A.), and new processes for cleaning the recycled resin and making bottles avail-
able, have prompted the Food and Drug Administration to clear the use of conventionally
recycled post-consumer PET in direct-contact food packaging. For example, the European
Erema vacuum system for “bottle-to-bottle” recycling has the FDA approval for food con-
tact use.

Plastics however, have some limitations as packaging materials. These limitations are
associated with (1) relatively low temperature of use and properties sensitivity to tempera-
ture; (2) mass transfer characteristics that allow molecular exchange between a plastic
container, its product, and the external environment; (3) tendency to environmental stress
cracking; and (4) viscoelastic behavior that may produce physical distortion under exter-
nal forces and heat. The correct evaluation of the mass transfer phenomena in a package,
in conjunction with proper strength and design, is crucial for the optimization of product
protection and quality during shelf life and distribution cycles. These aspects determine
the design and selection of plastic for food and pharmaceutical packages. This chapter de-
scribes the plastics commonly used in the packaging industry; examines their principle
properties, characteristics, and evaluations; and studies the fundamental aspects of mass
transfer in plastic package systems. 

11.1 Packaging Plastics

11.1.1 Polyethylene 

Polyethylene (PE) is a group of polymers resulting from the polymerization of ethylene by
chain reaction. Polyethylene can be either a homopolymer or a copolymer, and either lin-
ear or branched. Homopolymer PE is based mostly on ethylene monomer. In PE copoly-
mers, on the other hand, ethylene can be copolymerized with short alkenes or with
compounds having polar functional groups, such as vinyl acetate (VA), acrylic acid (AA),
ethyl acrylate (EA), methyl acrylate (MA), or vinyl alcohol (VOH); see Fig. 11.2. When
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the molar percent of the comonomer is less than 10 percent, the polymer can be classified
as either copolymer or homopolymer.

Branched polyethylenes are nonlinear, thermoplastic, partially crystalline homopoly-
mers or copolymers of ethylene. They are fabricated at high pressure and temperature con-
ditions by a free radical polymerization process that produces ramification in the main
backbone chain. The polymerization of ethylene under these conditions produces a poly-
mer made of a combination of large molecules with different backbone lengths, variable
side-chain lengths, and many degrees of side-chain branching. This molecular architecture
is characteristic of low-density polyethylene (LDPE), preventing the polymer from reach-
ing high percentage of crystallinity. Nevertheless, branched polyethylene may show crys-
tallinity between 30 and 50 percent and the density ranging from 0.910 to 0.950 g/cm3.
The low crystallinity gives a distinctive clear and transparent appearance to LDPE. The
molecular weight distribution of LDPE is controlled by the addition of a comonomer such
as propylene or hexene during the polymerization process. Several types of branched poly-
ethylene are commercially available, depending on the reaction conditions and the type
and amount of comonomer.

Linear polyethylene is made of long chains, without major branching, which tend to
crystallize because the polyethylene molecule stereoregularity is not hindered by
branches. Linear PE has, indeed, a high percent of crystallinity ranging from 70 to 90 per-
cent. High-density PE has a density between 0.950 and 0.970 g/cm3. Therefore, linear PE
is normally a highly crystalline polymer having high density, while branched PE is a poly-
mer of relatively low crystallinity with density ranging from 0.89 to 0.94 g/cm3.

11.1.1.1 Branched homopolymer polyethylene

Low-density polyethylene. Low-density polyethylene (LDPE) is a branched thermoplas-
tic polyethylene with density values ranging from 0.915 to 0.942 g/cm3, and melt flow index
(MFI) between 0.2 and 20 g/10 min. Chain-branching yields desirable characteristics such

Figure 11.2 Family of polyethylene resins.
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as clarity, flexibility, sealability, and ease of processing. The actual values of these proper-
ties depend on the balance of the molecular weight, molecular weight distribution, and de-
gree of branching. 

Due to its rheological characteristics, LDPE can be processed by blown film extrusion,
cast film extrusion, extrusion coating, extrusion molding, or blow molding. Film is the sin-
gle largest production form of LDPE; in the U.S.A., 55 percent of the total LDPE pro-
duced is made into films with thicknesses under 12 mils (300 microns). LDPE has a low
melting temperature range (98 to 115°C) and, therefore, is an easily sealable material—a
property of great value in flexible packaging. When compared with other plastics, LDPE
provides an excellent barrier to water. On the other hand, it shows one of the highest per-
meability values for oxygen, carbon dioxide, and organic vapors. 

Containers, bags for food and clothing, industrial liners, vapor barriers, agricultural
films, household products, and shrink- and stretch-wrap films are commonly fabricated
from LDPE. Other packaging applications for LDPE are bakery items, snacks, produce,
durable consumer goods, textiles, and industrial items.

Medium-density polyethylene. MDPE with density between 0.930 and 0.945 g/cm3 and
melt flow index ranging from 0.02 to 20 g/10 min, is somewhat stronger, stiffer, and less
permeable than LDPE. MDPE is processed analogously to LDPE, though usually at
slightly higher temperatures. A major competitor material of both MDPE and LDPE is
LLDPE. LLDPE provides superior strength at any given density. Nevertheless, LDPE is
preferred for high-clarity films and coating substrates. 

11.1.1.2 Branched copolymers of polyethylene. Ethylene monomer can be co-
polymerized with either alkenes of four to eight carbons or monomers containing polar
functional groups like vinyl acetate, acrylic acid, and vinyl alcohol. Branched ethylene/
alkene copolymers are equivalent to LDPE, since, in commercial practice, a certain
amount of propylene and hexene are always added to help control the average molecular
weight. Inserting polar comonomers in branched ethylene copolymers increases their flex-
ibility, widens the range of heat sealing temperatures, improves the barrier properties, and
lowers their crystallinities below those of homopolymers.

Ethylene vinyl acetate. The properties of ethylene vinyl acetate (EVA), a random copol-
ymer of ethylene and vinyl acetate, depend on the content of vinyl acetate. EVA resins
show better flexibility, toughness, and heat sealability than LDPE. The content of vinyl ac-
etate (VA) in the copolymer ranges from 5 to 50 percent. For optimal food packaging ap-
plications, VA content should range from 5 to 20 percent. 

As the percent of VA increases, it happens that

1. The crystallinity of EVA decreases, and, in contrast to PE, the density increases. 

2. EVA becomes clearer, more flexible at low temperature, and more resistant to impacts.

3. At a 50 percent of VA and above, EVA is totally amorphous and transparent. 

The presence of VA enhances the intermolecular bonds between chains, therefore in-
creasing the adhesion strength and tackiness of EVA with respect to LDPE. As the molec-
ular weight increases, the viscosity, toughness, heat-seal strength, hot tack, and flexibility
increase. Because of its excellent adhesion and ease of processing, EVA is used in extru-
sion coating, and in heat sealing layers with PET, cellophane, and biaxially oriented PP
films for cheese wrap and medical packages. However, EVA has limited thermal stability
and low melting temperature and, therefore, must be processed at relatively low tempera-
tures. Nevertheless, this aspect can be advantageous if toughness is required at low tem-
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perature. For this reason, EVA is a good choice for ice bags and stretch wrap for
refrigerated meat and poultry.1

Ethylene acrylic acid. Copolymerizing ethylene with acrylic acid (AA) produces copol-
ymers containing carboxyl groups along the main and side chains of the molecule. Ethyl-
ene acrylic acid (EAA) copolymers are flexible thermoplastics with chemical resistance
and barrier properties similar to those of LDPE. EAA is superior to LDPE in strength,
toughness, hot tack, and adhesion. Clarity and strength adhesion increase with AA con-
tent, while the heat seal temperature decreases by a few degrees. Two major uses of EAA
are in blister packaging and as extrusion coating tie layer between aluminum foil and other
polymers.

Films of EAA are used in skin packaging, adhesive lamination, and flexible packaging
of meat, cheese, snack foods, and medical products. Extrusion coating applications of
EAA include coated paperboard, aseptic cartons, composite cans, toothpaste tubes, and
food packages. The resin is compatible with LD, LLD, and HDPE.2 FDA regulations per-
mit the use of ethylene acid copolymers containing up to 25 percent acrylic acid, and 20
percent methylacrylic acid in direct food applications.

Ionomers. Ionomers are unique plastics in that they combine both covalent and ionic
bonds in the polymer chain. They are produced by the neutralization of EAA (or similar
copolymers), with cations such as Na+, Zn++, or Li+. Ionomers show better transparency,
toughness, and higher melt strength than the unneutralized copolymer. In general, sodium
ion types are better in optical, hot tack, and oil resistance. Zinc ionomers are more inert to
water and have better adhesion properties in coextrusion and foil extrusion coating. 

The ionic bonds produce random cross-linking between the ionomers chains, yielding
solid-state properties characteristics of very high-molecular-weight polymers. But, con-
trary to covalent cross-linking bond, the ionic bond of ionomers, though strong at low tem-
peratures, weakens as the temperature increases. Therefore, on heating, ionomers behave
like normal thermoplastic materials, with normal processing temperatures range from 175
to 290°C. But, at room temperature, they are strong and tough materials. For this reason,
ionomers show great pinhole resistance and have low barrier properties. Various grades
provide high impact and puncture resistance, have good to excellent abrasion resistance,
and retain impact strength in sub-zero temperature3 as low as –90°C (lower than LDPE).

In packaging, ionomers are commonly used as heat seal layers and applied as coating
for nylon, PET, LDPE, PVDC, and composite structures. They are used in coextrusion
lamination and extrusion coating. In addition, ionomers adhere very well to aluminum
foil. Ionomers are used in packaging where formability, toughness, adhesion, and visual
appearance are important. Because of their ionic nature, ionomers are highly resistant to
oils and aggressive products while providing reliable seals over a broad range of tempera-
tures. Application of ionomers in food packaging include frozen food (fish and poultry),
cheese, snack foods, fruit juice, wine, water, oil, margarine, nuts, and pharmaceutical
products. Heavy-gauge ionomer films serve as skin packaging for hardware and electronic
products because of their great adhesion to paperboard. 

11.1.1.3 Linear polyethylene. Linear polyethylene comprises the following group
of polymers: 

■ Ultralow density PE (ULDPE)
■ Linear low-density PE (LLDPE)
■ High-density PE (HDPE)
■ High-molecular-weight HDPE (HMW-HDPE)
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Physical properties of commercially available linear PE are markedly dependent on the av-
erage molecular weight, molecular weight distribution, and resin density; see Table 11.1.
Common applications of linear polyethylene are illustrated in Fig. 11.3. Linear PEs are
produced using gas-phase low-pressure processes and in the presence of transition cata-
lysts such as Zigler-Natta (titanium and aluminum) or Phillips (chromium oxide). The
Union Carbide Unipol process produces linear polyethylene based on these transition cat-
alysts. More recent technologies employ single-site catalysts (metallocenes, or con-
strained-geometry catalysts) to produce polymers with more controlled molecular
configurations and very narrower molecular weight distributions than other polyethylenes.
Metallocenes, in addition to having improved mechanical properties, show low levels of
extractable compounds (an important characteristic in packaging for flavor-sensitive prod-
ucts) due to the lower amount of unreacted monomers and oligomers.

Linear low-density polyethylene. Linear low-density polyethylene (LLDPE) is charac-
terized by narrow molecular weight distributions, a linear structure with very short
branches, and low density values (0.916 to 0.940 g/cm3). Due to its molecular linearity,
LLDPE is more crystalline and therefore stiffer than LDPE. This results in melting points
10 to 15°C higher than that of LDPE. LLDPE has better tensile strength, puncture resis-
tance, tear properties, and elongation than LDPE. Because of its greater crystallinity, LL-
DPE is more hazy and glossy than LDPE. Packaging uses of LLDPE include stretch/cling
films, grocery sacks, shopping bags, and heavy-duty shipping sacks.

High-density polyethylene. High-density polyethylene (HDPE) is a linear thermoplastic
made of long chains with little branching, with 65 to 90 percent crystallinity, and density
ranging from 0.940 to 0.965 g/cc. The high percentage of crystallinity gives HDPE higher
moisture and oxygen barriers (Figs. 11.4 and 11.5), better chemical resistance, and more
opacity than LDPE. Blow-molding applications of HDPE include industrial chemical
drums and containers for milk, detergent, bleach, juice, and water. Thin-walled dairy con-
tainers and closures are made by injection blow molding. Cosmetic containers, pharma-
ceutical bottles, shampoo, and deodorant containers are made by injection blow molding.
Both blown and cast films are frequently utilized in flexible packaging applications.
HDPE replaces glossine for breakfast cereal, cracker, and snack food packaging. It is also
used for wrapping produce bags and wrap for delicatessen products. HDPE strongly re-
sists a wide range of chemical compounds including water-based products, medium-mo-

TABLE 11.1 Effects of Density, MW, and MWD on Linear PE Properties

Property Density
Average

molecular weight
Molecular

weight distribution

Chemical resistance
Permeability
ESCR
Tensile
Stiffness
Toughness
Melt strength

I
D
D
I
I
D
–

I
d
I
I
i
I
I

0
0
0
0
d
D
I

As variable increases, property undergoes a/n: I = increase; D = decrease; i = slight
increase; d = slight decrease; 0 = no significant effect.

Source: J. W. Taylor, Modern Plastics Encyclopedia Handbook, McGraw-Hill, New York,
1994, p. 29.
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lecular-weight aliphatic hydrocarbons, alcohols, ketones, and dilute acids and bases.
However, HDPE should not be used with aromatic hydrocarbons such as benzene, which
aggressively penetrate the polymer. HDPE is an excellent moisture barrier but shows high
permeation coefficient to gases like oxygen and CO2 as well as organic vapors. 

11.1.2 Polypropylene

Polypropylene (PP) is a family of thermoplastic polymers based on the polymerization of
the propylene monomer. They are commercially available as PP homopolymers and PP
random copolymers. The latter are produced by the addition of small amount of ethylene
(2 to 5 percent) during the polymerization process. Thermoplastic PP polymers are charac-
terized by their low density as compared with the rest of polymers (0.89 to 0.92 g/cm3), by
their resistance to chemicals, and by their endurance to mechanical fatigue. PP resins are
frequently employed in films and rigid containers. 

11.1.2.1 PP homopolymer. Depending on the catalyst and polymerization condi-
tions, the molecular structure of the resulting polymer consists of the three different types
of stereo-configurations for vinyl polymers: isotactic, syndiotactic, and atactic. Isotactic
PP is synthesized using Ziegler-Natta catalysts under controlled conditions of temperature
and pressure. Industrial processes are designed to minimize the production of the atactic
PP, a lower-value, noncrystalline, tacking by-product used mainly in adhesives.

Figure 11.3 Uses of polyethylene as a function of density and melt index. (Reprinted with per-
mission from P. W. Manders, Modern Plastics Encyclopedia ’95, McGraw-Hill Inc., 1994)
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Isostatic PP (iso-PP). This is the most common form of PP. The placement of all the
methyl groups on the same side of polymer backbone produces a stereo-regular chains
and, consequently, highly crystalline materials. Because of its highly crystalline nature,
isostatic PP is fairly opaque, has good solvent resistance, and has a higher melting temper-
ature than PE. Nevertheless, clarity in iso-PP can be increased by the addition of chemical
agents that prevent the growth of large crystals that give the natural opaqueness to PP.
Compared with both LDPE and HDPE, PP has lower density, higher melting point temper-
ature, and higher stiffness (higher modulus of elasticity). These properties determine
unique applications for the PP homopolymer. For example, a higher value of stiffness and
ease of stretching make PP homopolymers very suitable for wrapping and stretching appli-
cations, while the higher heat resistance allows a container made of this material to be au-
toclavable. On the other hand, iso-PP is more sensitive to heat and light oxidative
degradation than PE. An oxidative degradation process during melt processing of PP pro-
duces chain scission that reduces the molecular weight, which reduces the properties of
PP. For this reason, antioxidant compounds are added to the resin during processing to
control oxidation. Antistatic agents are also commonly incorporated for packaging appli-
cations to dissipate static charge. 

Iso-PP has desirable rheological properties, a wide range of flow rate, and good pro-
cessing behavior. With molecular weight averages commonly in the range of 200,000 to
600,000 daltons, the melt flow index ranges between 0.5 and 50 g/10 min. Broad MWD
materials are easy to process by injection molding. The density of PP, ranging from 0.89 to
0.91 g/cm3, is one of the lowest among plastics. This low density produces films with high
values of yield (or area factor). Yield is calculated as inverse of density times film thick-
ness. PP shows excellent moisture barrier properties like other polyolefins. Films are pro-

Figure 11.4 Effect of density on water-vapor
transmission rate in HDPE. (Reprinted with
permission from M. A. Smith, The Wiley Ency-
clopedia of Packaging Technology, John Wiley
and Sons, Inc., New York, 1986)

Figure 11.5 Effect of density on oxygen perme-
ability in HDPE. (Reprinted with permission from
M. A. Smith, The Wiley Encyclopedia of Packag-
ing Technology, John Wiley and Sons, Inc., New
York, 1986)
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duced by both blown and casting methods. Biorientation improves the film’s optical
appearance and strength (Table 11.2). Oriented PP films are used to wrap compact-disk
boxes, toys, games, hardware items, frozen foods, and cigarette packaging.

PP films are commercially available with different coatings (acrylic and PVDC) to im-
prove heat sealing, barrier, and optical characteristics, as well as to lower the coefficient of
friction. Also, metallized PP films are available to provide extremely low values of perme-
ability to gases and vapor.4 PP films are well suited for bag-in-box applications in cereals,
crackers, soup mixes, and stand-up pouches. PP is also an excellent material to fabricate
injection-molded closures for HDPE, PET, and glass bottles. 

PP random copolymer. Random copolymer PP typically contains 1.5 to 7 percent ethyl-
ene by weight as comonomer. The random placement of ethylene in the molecular chain
prevents the stereo-regularity of the chains and high values of crystallinity as seen in iso-
PP. Therefore, polymers with low crystallinity, resulting in better clarity and flexibility,
and lower melting points are obtained. Random copolymers with densities ranging 0.89 to
0.90 g/cm3 are slightly lighter and tougher, and they have lower temperature impact than
homopolymer PP. Random copolymers show good chemical resistance to acids, alkalies,
alcohols, and low-boiling hydrocarbons (non-aromatic hydrocarbons). Oriented films can
be used as shrink wrap for toys and audio products. Moisture-barrier properties are also
good. For example, at 100°F and 90 percent RH, permeance is 9.0 g·mil/m2·d. PP random
copolymers are processed as film and by blow and injection molding. Other packaging ap-
plications include medical, food and bakery products, produce, and clothing. The 7 per-
cent ethylene copolymer is used as a heat-seal layer in food packaging. 

11.1.3 Polyvinyl Chloride 

Polyvinyl chloride (PVC) is a homopolymer of vinyl chloride. Eighty percent of commer-
cial PVC in packaging is produced by chain-reaction polymerization using a suspension
method. Other methods are emulsion and solution polymerization. Chain-reaction poly-
merization requires initiators to produce free radicals, then the reaction proceeds until the
chain is terminated. The predominant configuration of the monomer in the polymer chain
follows a head-to-tail alignment to yield a syndiotactic polymer.

PVC resins start decomposing at temperatures as low as 100°C (212°F) with the gener-
ation of HCl corrosive vapors. PVC without plasticizers (rigid PVC) has a glass transition
temperature (Tg) of about 82°C. The high Tg value and the tendency to decompose make
PVC difficult to process. The addition of plasticizers decreases the glass transition temper-
ature of PVC and its processing temperature, making PVC easier to process. Liquid plasti-

TABLE 11.2 Effect of Orientation on PP Properties

Nonoriented PP Oriented PP

WVTR g mil/m2 day at 90% RH and 100°F
Stiffness
Propagated tear strength
Heat sealability
Density
Optics
Surface adhesivity to inks, etc.
Oxygen permeability, cc mil/m2 day atm

15
Very low
High
Yes, 350–450°F
0.902
Very good
Low
3700

6
High, similar to cellophane
Very low CD, very high MD
No, film distorts
No change
Excellent
Low
2500
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cizers permit the production of a flexible film of PVC with moderate values of oxygen
permeability. Plasticizers also permit the production of blow-molded bottles, blown films,
and sheets. DOA, or di(2-ethyl hexyl) adipate, is one of the most common plasticizers
used with PVC up to 30 to 40 percent. Stabilizers such as Ca/Zn salts, to avoid the decom-
position of PVC and the corresponding product of HCl, are also employed during com-
pounding and processing. When used for food applications, these stabilizers must have
FDA clearance.

PVC films show good clarity, fair barrier properties, high puncture resistance, and great
heat sealability. PVC films and sheets are also tough and resilient. For these reasons, PVC
films are extensively used in food packaging, particularly for red and fresh meats. The oxy-
gen permeability coefficient of PVC films is well suited to maintaining the oxygen require-
ments of the meat to keeping the red color of the meat and its appearance of freshness. In
the U.S.A., chilled poultry and tray-packed poultry parts are packaged with PVC stretch
films. PVC is also used to wrapping fresh fruits and vegetables. Other food applications in-
clude bottles for milk, dairy products, and edible oil, as well as blister packages for fish and
produce. Non-food packaging uses of PVC include vacuum-formed blisters and bottles for
toiletries, cosmetics, and detergents. Medical packaging applications include tubing and
bags for parenteral products as well as for blood and intravenous-solutions. 

In the polymerization process of PVC, less than 100 percent of vinyl chloride monomer
(VCM) is converted to polymer. This means that relatively high values of VCM may re-
main unreacted and trapped in the resin. The resin must subsequently be submitted to a
process for removing VCM by repeated applications of vacuum to less than 1 ppm. Cur-
rently, the industry produces PVC with extremely low levels of VCM in the resin, and the
amount of VCM that might migrate to food is well below the sensitivity of common ana-
lytical methods. Due to its chlorine content, PVC was the center of a environmental con-
troversy in the 1990s. Several European countries have banned the use of all PVC
packaging because of the fear that, during incineration of solid wastes, HCl gas and chlori-
nated organic compounds (in which dioxines can be found) are generated and can be re-
leased into the environment. Although there is available technology that eliminates the
emission of such unwanted compounds (Japan incinerates a large portion of its solid
waste), European countries maintain the ban on PVC. 

11.1.4 Vinylidene Chloride Copolymers

Vinylidene chloride homopolymer and copolymers are known as Saran®, a registered
trademark of Dow Chemical. The company developed them during the 1930s. Saran is
commonly, though wrongly, referred as PVDC. The polymers produced are all based on
vinylidene chloride (or 1,1-dichloroethylene) and comonomers such as vinyl chloride
(VC), acrylates (methyl acrylate), and vinyl nitriles. VDC homopolymer has a melting
range of 388°C to 401°C, but it decomposes at 205°C. These conditions, similarly to PVC,
make vinylidene chloride (VDC) homopolymer difficult to process. By copolymerization,
the melting point of the resin is decreased to a range of 140 to 175°C, making melt-pro-
cessing feasible. Saran polymer contains 2 to 10 percent plasticizer (for example, dibutyl
sebacate or diisobutyl adipate) and heat stabilizers. Molecular weight ranges from 65,000
to 150,000 daltons. The most notable attribute of Saran copolymers are their extremely
low permeability coefficient values to gases and vapors, which are comparable to dry
EVOH resins. Oxygen permeability coefficient values of Saran range from 0.5 to 15.0
cc·mil/m2·day·atm. Some Saran-base films show permeability values that increases with
water humidity. 

Saran is available in the following forms: 

■ F-resins (with acrylonitrile as copolymer) used as solvent-soluble polymer for barrier
coating
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■ Aqueous emulsion latexes for barrier coatings
■ Extrusion resins, which are melt-processable in rigid multilayer coextruded containers,

extrusion of films, and sheets

F-resins include F-239 and F-278 types. These resins are used for coating plastic films
such as cellophane and polyester. Resin F-310 is used for paper coating. Heat sealing tem-
perature of F-resins are in the 100 percent-130°C range (Dow Chemical Co. Form 190-
305-1084). Latexes are applied to coat paper, paperboard, and plastics films such as PP
and PE. Also, PET, PVC, PS, and PE rigid containers can be coated with latexes. Barrier
properties of latexes are similar to those of F-resins (Dow Form 190-309-1084). Extrusion
resins are used for flexible packaging in mono- and multilayer (coextruded or laminated)
structures for meat and other food applications. For nonrefrigerated foods in rigid contain-
ers, extrusion resins can be coextruded with PP or PS resins. Extrusion resins provide
poorer barriers than do F-Resins or latexes (Dow Form 190-320-1084). Saran HB Films
(with vinyl chloride as comonomer) are better barriers than F-resins (Dow Form 500-
1083-586).

Saran resins can be processed by conventional methods: extrusion, coextrusion, lami-
nating resin, latex coating, injection molding, blown extrusion film, and cast film. The
main applications of Saran resins are in food packaging as barrier materials to moisture,
gases, flavors, and odors. Monolayer films are widely used in household wrap. Multilayer
films, generally coextrusions with polyolefins, are used to package meat, cheese, and other
moisture- or gas-sensitive foods. The structures usually contain 10 to 20 percent of VDC
as copolymer and are commonly used as shrinkable films to provide a tight barrier around
the food product. VDC copolymers are used as barrier layers in semi-rigid thermoformed
containers. PVDC coatings are used to improve barrier properties of paper and paper-
board, cellophane, plastic films, and even semi-rigid containers such as PET bottles. Other
industrial applications of monolayer films include laminations unit dose packaging and
pack liners for moisture, oxygen, and solvent-sensitive products in pharmaceutical and
cosmetic packaging.5

11.1.5 Polystyrene

New copolymerization methods, additives, rubber modification, and blending have made
of polystyrene polymer and copolymers versatile packaging materials. Developed in 1930
by BASF, polystyrene (PS) is commonly produced by the continuous bulk polymerization
of styrene in the presence of ethylbezene that control product viscosity and heat transfer.
PS is hydrophobic, nonhygroscopic, and easily processed by extrusion and thermoform-
ing. Three types of PS are available: general-purpose, impact PS, and foams. 

11.1.5.1 General-purpose polystyrene (GPPS). Although referred to as “crystal”
PS, this is an amorphous, and therefore highly transparent, material with Tg values ranging
from 74 to 105°C and no crystalline melting temperature. Amorphous PS is a linear poly-
mer that is brittle and stiff (high modulus) at room temperature, with mold shrinkage of
0.6 percent or less (lower than semicrystalline PE, PP, and PET).

There are three grades of GPPS: high-heat, medium-flow, and high-flow (or easy
flow). High-heat resins have high molecular weight, contain few or no additives, and are
brittle. They are used as extruded foams and thermoformed materials for electronic pack-
aging, injection molded jewel boxes, high-quality cosmetic containers, and boxes for
compact disks. High-flow resins have low molecular weight and usually contain 3 to 4
percent mineral oil as an additive. This makes crystal PS more flexible (less brittle), with
lower a distortion temperature. Typical applications include disposable medical ware,
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dinnerware, and coextruded sheets for thermoformed packaging. Medium-flow resins
have intermediate molecular weight and contain 1 to 2 percent of mineral oil. These res-
ins are used in blow-molded bottles and coextruded materials for food and pharmaceuti-
cal packaging.

11.1.5.2 High-impact polystyrene (HIPS). HIPS contains particles of rubber that
are added to enhance impact resistance. This produces an opaque material that is easy to
process and thermoformable. Typical food-packaging applications for HIPS are tubs for
refrigerated dairy products, serving-size cups, lids, plates, and bowls. Limiting factors for
HIPS are low heat resistance, high oxygen permeability, low UV light stability, and low
resistance to oil and chemicals. According to Toebe et al.,6 containers made of HIPS have
intense flavor-scalping action on foods. 

11.1.5.3 Expandable PS (EPS). Crystal PS is also supplied as partially expanded
bead to fabricate foams. EPS foam has good shock absorbing and heat insulation charac-
teristics. Applications in food packaging include egg cartons and meat trays.

11.1.5.4 Commercial copolymers. Styrene-butadiene block copolymer (SBS),
acrylonitrile-butadiene-styrene (ABS), styrene-acrylonitrile (SAN), styrene-methyl-
methacrylate (SMMA), and styrene-maleic anhydride (SMA) are important styrene co-
polymers.

Recent developments show that SBS resins, when blended with GPPS, produce attrac-
tive materials for food packaging. SBS resins have chemical resistance similar to that of
GPPS: resistant to alkalis, dilute organic acids, and aqueous solution of most salts. How-
ever, they are highly swollen by most organic solvents but resist methanol and ethanol.
SBS films have superior values of stiffness and impact resistance. SBS resins can be ap-
plied as a film for modified-atmospheric packaging—perishable-food packaging like
ready to eat salads and vegetables. Coextrusion with metallocene polyethylene SBS resin
provides balanced oxygen, water vapor, and carbon dioxide permeability values to provide
breathability value to the package.7 Other applications of SBS/GPPS include packaging
material for medicinal and health-care products. 

11.1.6 Ethylene Vinyl Alcohol (EVOH)

Introduced in 1970 in Japan, ethylene vinyl alcohol is produced by a controlled hydrolysis
of ethylene vinyl acetate copolymer. The hydrolytic process transforms the vinyl acetate
group in vinyl alcohol, VOH. The presence of the alcohol function in the backbone chain,
equivalent to substituting a certain number of H atoms in a polyethylene chain, imparts
several noticeable properties to EVOH resins: First, the OH group, which is highly polar,
increases the intermolecular forces between polymer chains and make EVOH more hydro-
philic than PE. Second, the OH group is small enough to yield a polymer with high degree
of crystallinity, even if it is randomly distributed in the chain. This yields an outstanding
barrier to permeating molecules in the absence of water. When the percent of vinyl alcohol
is equivalent to 100 percent, polyvinyl alcohol (PVOH) is obtained.

Contrary to PE, PVOH has exceptional gas and odor barrier properties (the lowest per-
meability of any polymer available at dry conditions). PVOH is difficult to process, al-
though it is water soluble. When the percent of VOH in EVOH ranges from 52 to 70
percent, the ethylene-vinyl alcohol copolymers obtained combine the processability and
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water resistance of polyethylene and the gas- and odor-barrier characteristics of PVOH.
EVOH copolymers are highly crystalline, and their processing and barrier properties vary
with respect to the equivalent percent of ethylene. When the ethylene percent is near 30
percent, the gas and organic vapor barrier is exceptionally high, but processing conditions
become more difficult. As the ethylene content increases, water barrier characteristics and
processability improve.

The most important characteristic of EVOH is its outstanding O2 and odor barrier prop-
erties. A layer of EVOH in multilayer structures provides high retention of flavors and pro-
tection to oxidation of the food product packaged. EVOH also provides a very high
resistance to carbon dioxide, oils, and organic vapors. This resistance decreases somewhat
as the polarity of the penetrating compound increases. For example, the barrier resistance
to linear and aromatic hydrocarbons is outstanding, but, for ethanol and methanol, it is low
(it may absorb up to about 12 percent of ethanol). As indicated, the hydroxyl group OH
makes the polymer hydrophilic, attracting water molecules. EVOH films in equilibrium
with a humid environment, show higher oxygen permeability values (Fig. 11.6). This

Figure 11.6 Oxygen permeability of selected resins as a function of
relative humidity. (Reprinted with permission from EVAL Company of
America)
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poses an interesting challenge in the design of high-barrier packages, since external non-
hydrophilic layers are necessary to protect the EVOH oxygen barrier characteristics. 

EVOH can be coextruded in numerous combinations with PE or PP; laminated; or
coated to several substrates including PET, PE, nylons, and the like. EVOH can also be ex-
truded into films and processed by blow molding, injection molding, and coextrusion blow
molding. Due to its great thermal stability, scrap EVOH can be reused with virgin resin.
Multilayer containers may have up to 15 percent regrind content of EVOH.8 The FDA has
cleared the use of EVOH resins for direct food contact up to 80 percent of VOH. Applica-
tions in packaging include flexible and rigid containers. Typical application are ketchup
and barbecue sauce bottles, jelly preserves, vegetable juice, mayonnaise containers, and
meat packages. Non-food applications include packaging of solvents and chemicals.

11.1.7 Nylons

Nylons are linear thermoplastic polyamides produced by multiple condensation reactions
between acid and amide functions. This yields the amide group (–CONH–), the characteris-
tic recurring unit of nylons. In general, nylons are clear, thermoformable, strong, and tough
over a broad range of temperatures. Nylons show excellent chemical resistance and are
good barriers to gas, oil, and aromas. They are, however, moisture-sensitive materials like
EVOH. When left in normal environmental conditions, nylons can easily absorb 6 to 8 per-
cent of their weight in water. The amount of water sorbed by a nylon sample as a function of
relative humidity is described by a sorption isotherm curve.9 For most packaging applica-
tions, nylons are used in film form, as a single component or in multilayer structures.

Nylons are polymers with strong H-bonding between the C=0 and HN groups of differ-
ent chains. These high intermolecular forces, combined with high crystallinity, yield
tough, high-melting thermoplastic materials—Nylon 6,6 has a melting point of 269°C
(516°F). Nylons have good puncture resistance, impact strength, and temperature stability.
In addition, the flexibility of the aliphatic portion in the chain permits film orientation that
enhance strength. Amorphous nylons can be produced by copolymerization of two differ-
ent acids. For example, isophthalic and terephthalic acids are used to produce the amor-
phous nylon Selar PA, which is commercialized by Dupont. This copolymer first show a
decrease and then an increase in the oxygen permeability coefficient with increasing mois-
ture content.

Nylons are melt-processable using conventional extrusion equipments. Films can be
produced by either cast-film processing or blown-film processing. During film production,
diverse degrees of crystallinity are obtained, depending on the temperature quenching rate.
When the cooling rate is increased, a less crystalline nylon is obtained, since the polymer
was not given sufficient time to form crystals. The increase in amorphousness produces a
more transparent and more easily thermoformable film. Nylons are used in coextrusion
with other plastics, providing strength and toughness to the structure. Polyolefins are com-
monly used in nylon coextrusions to provide heat sealability, moisture, and low cost. Ny-
lons are used in extrusion coat paperboard to obtain heavy-duty paperboard.

The blow-molding process is used with nylon resins to produce industrial containers,
moped fuel tanks, and oil reservoirs. Thermoformed nylons are employed for disposable
medical devises, meat and cheese packaging, and in thermoform/fill/seal packaging. For
most applications, nylons are combined with other materials, such as LDPE, ionomer, and
EVA, to add moisture barrier and heat sealability. Multilayer films containing a nylon
layer are used principally in vacuum-packing bacon, cheese, bologna, hot dogs, and other
processed meats. Polyvinylidene chloride copolymer coating on nylons are available to
improve oxygen, moisture vapor, and grease barrier properties. Biaxial orientation of ny-
lon (BON) films provide increased crack resistance and better mechanical and barrier
properties.
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11.1.8 Polyethylene Terephthalate

Polyethylene terephthalate (PET), a linear, semicrystalline, thermoplastic homopolymer,
has become a dominant packaging material for both carbonated and noncarbonated bever-
ages. Although the largest use of PET is in textile fibers, packaging is the fastest-growing
use of PET. The great acceptance of PET as a carbonated beverage packaging material is
due to its toughness, clarity, capability of being oriented, reasonable cost, and the develop-
ment of high-speed bottle processing technology. In 2002, it is expected that PET will hold
42 percent share of the soft drinks packaging market and 5 percent or more of the beer mar-
ket. Compared with glass, PET containers offer light weight, shatter resistance, acceptable
barrier, and recyclability. PET is produced by the condensation of terephthalic acid and
ethylene glycol. Its Tg is around 78°C, and its melting temperature is 270°C. Crystallinity
of PET ranges between 20 and 40 percent and density between 1.30 and 1.40 g/cm3.

The presence of moisture during the extrusion of PET reverts the condensation reaction
and produces some degree of depolymerization. Prior to processing, moisture content
should be less than 0.005 percent to minimize hydrolytic breakdown and loss of proper-
ties.

Films can be cast using chill roll, while injection stretch blow molding is used to pro-
duce bottles for carbonated beverages. PET is used for packaging food, distilled spirits,
carbonated soft drinks, noncarbonated beverages, and toiletries. Typical food products in-
clude mustard, picked foods, peanut butter, spices, edible oil, syrups, and cocktail mixers.
PET is extensively used for extrusion coating and extrusion into film and sheet. Its crystal-
line form (CPET) is the basic material for ovenware containers up to 204°C (400 °F).
CPET is formed with the addition of crystallization initiators and nucleating agents to
highly increase the percent of crystallinity and its opacity. Stretch-blown oriented PET
(OPET) is commonly used for beverage containers like water, soft drinks, juices, and alco-
holic beverages. Biaxially oriented PET films are used in meat and cheese packaging. PET
does not require the use of any additives, such as plasticizers, during processing. And, be-
cause of its low values of extractable compounds and absence of toxic by-products, virgin
PET resin has been regulated as a safe material for food packaging. 

11.1.8.1 Thermoplastic copolyesters. PET copolymers range in degrees of crys-
tallinity, including being totally amorphous. The name copolyesters is applied to those
polyesters whose synthesis is carried out by incorporating to the polymerization process
an additional glycol (e.g., cyclohexanedimetanol or CHDM) or a diacid (e.g., isophthalic
acid). The copolyester chain is less regular than the homopolymer, and the degree of crys-
tallinity is lower. PCTA is a copolymer of CHDM and a blend of terephthalic and isoph-
thalic acids. It is an amorphous polyester designed primarily for film forming and sheeting
in food, pharmaceutical, and general blister-packaging applications. On the other hand
PETG, also an amorphous material, is the copolyester resulting from the reaction of ethyl-
ene glycol and CHDM with terephthalic acid. PETG, having outstanding optical proper-
ties, can be sterilized and finds applications in pharmaceutical, food, and electronic
packaging.

11.1.9 Polyethylene Naphthalene

Polyethylene naphthalate (PEN), a relatively new polyester, is part of the PET family and
has a great potential as a resin for bottles. PEN resin is more opaque, shows five times
lower oxygen and carbon dioxide permeability coefficients, has a higher glass transition
temperature, is stronger, and is stiffer than PET. This makes it more suitable for hot filling
and a excellent material for carbonated beverages. Bottles made of PEN provide the prod-
uct with additional ultraviolet protection. PEN bottles can be returnable, refillable, and re-
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cyclable. PEN resins can be processed by blow molding, injection molding, and extrusion
thermoforming. PEN is a polyester produced from the reaction of dimethyl 1-2,6 naphtha-
lenedicarboxilate and ethylene glycol. 

11.1.10 Polycarbonate

Another polyester, polycarbonate (PC), is a glassy, amorphous thermoplastic material. It
has excellent balance of toughness and clarity. Commercial production of PC is based on
bisphenol A. The heat deflection temperature of about 130°C, and its glass-transition tem-
perature is 149°C. Polycarbonate has good potential for packaging applications. Com-
monly, polycarbonate is produced by the reaction of bisphenol-A and carbonyl chloride.

Toughness is the most relevant property of PC. Being tough and clear makes PC a mate-
rial well suited for reusable bottles, particularly 19-liter (5-gal) water bottles and 1-gal
milk bottles. Systems with washing stations have been developed for reusing PC bottles.
Polycarbonate films are odorless, tasteless, and do not become stained through normal
contact with natural or synthetic coloring agents. 

PC has good resistance to fruit juices, aliphatic hydrocarbons, and aqueous solutions of
ethanol. It is, however, attacked by some solvents such as acetone an dimethyl ethyl ke-
tone. Since PC is FDA approved, food-contact applications include microwave ware, ov-
enware, and food storage containers. Other applications include hot filling, modified
atmospheric packaging, rigid packaging to substitute for PVC, high gloss for paper, and
barrier for fruit juice cartons. PC finds applications in medical device packaging, and it
can be sterilized by commercial sterilization techniques such as ethylene oxide, autoclave
sterilization, and gamma sterilization. 

PC can be processed by injection molding, extrusion, coextrusion, and blow molding.
Coextrusions with EVAL or polyamides are carried out with the help of adhesives. PC can
be laminated or coextruded to PP, PE, PET, PVC, and PVDC. PCs are hydrophilic poly-
mers and, at ambient conditions, can reach moisture levels of 0.35 percent.

A list of selected properties of plastics commonly used in packaging is presented in Ta-
ble 11.3.

TABLE 11.3 Selected Properties of Packaging Plastics

LDPE HDPE LLDPE
≥12% VA

EVA Ionomer

Density, g/cc
Yield, in2/lb·mil × 10–3

Tensile strength, kpsi
Elongation at break, %
Impact strength, kg·cm
Elmendorf tear strength, g/mil
WVTR, g·mil/100 in2·day @ 100°F 

and 90% RH
Oxygen transmission rate, cm3·mil/

100 in2·day·atm @ 77°F and 0% 
RH

CO2 permeability, cm3·mil/100
in2·day·atm @ 77°F and 0% RH

Resistance to grease and oil
Dimensional change at high RH, %
Haze, %
Light transmission, %
Heat-seal temperature range, °F
Service temperature range, °F
Tensile modulus, 1% secant, kpsi

0.91 to 0.925
30

1.2 to 2.5
225 to 600

7 to 11
100 to 400

1.2

250 to 840

500 to 5000
varies

0
4 to 10

65
150–350

–70 to 180
20 to 40

0.945 to 0.967
29.0

3.0 to 7.5
10 to 500

1 to 3
15 to 300

0.3 to 0.65

30 to 250

250 to 645
good

0
25 to 50

N/A
275 to 310
–60 to 250

125

0.918 to 0.923
30.0

3.5 to 8.0
400 to 800

8 to 13
80 to 800

1.2

250 to 840

500 to 5000
good

0
6 to 20

N/A
250 to 350
–60 to 180

25

0.94
29.5

3 to 5
300 to 500

11 to 15
50 to 100

3.9

515 to 645

2260 to 2900
varies

0
2 to 10
55 to 75

150 to 300
–60 to 140

8 to 20

0.94 to 0.96
28.6 to 29.5

3.5 to 5.5
300 to 600

6 to 11
15 to 150

1.3 to 2.1

226 to 484

626 to 1150
good

0
1 to 15

85
225 to 300
–150 to 150

10 to 50

Plastics in Packaging

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Plastics in Packaging 643

11.2 Properties of Packaging Plastics

A description of the most important properties of plastics packaging and their test methods
is presented in this section. For easy reference, they are grouped under these headings:

1. Morphology and density

2. Thermophysical

3. Mechanical

4. Barrier

5. Surface and adhesion

6. Optical

7. Electrical

11.2.1 Morphology and Density

11.2.1.1 Morphology. Polymer morphology refers to the presence, shape, arrange-
ment, and physical state of amorphous, crystalline, and chain-orientated regions that are
generally found co-existing in a polymer. Polymers used in packaging are either homoge-
nous amorphous solids or, more frequently, heterogeneous phase semicrystalline solids. A
semicrystalline polymer can be thought of as small crystalline regions embedded in an
amorphous phase. LDPE, HDPE, PET, Nylon 6, and EVOH are examples of semicrystal-
line polymers, while general-purpose polystyrene, butadiene-styrene copolymers, some
PET copolymers (like PETG and PCTA), and nylon 6I/6T (Selar PA) are amorphous poly-
mers.

The actual morphology of a polymer depends primarily on three factors: chemical com-
position, degree of polymerization, and molecular architecture and chain conformation.
Other variables affecting the final physical state of a polymer sample include the thermo-
mechanical history and processing methods. 

Polymer molecules tend to seek out an arrangement in the lowest energy state possible
(lowest Gibbs free energy). The lowest energy level that a compound can achieve is a
crystal form. Although crystallization tends to occur naturally, crystallization of most
synthetic polymers take place in small regions (in the order of 1 × 10–9 m), if at all. The
ability of a polymer to crystallize is largely determined by the regular placement of atoms
in the chain. Polymers made of symmetrical unsaturated monomers, such as polyethylene
and polyvinylidene chloride, crystallize easily, yielding high-crystalline materials. Asym-
metric polymers such as polypropylene (PP) crystallize only within regular configura-
tions, i.e., isotactic or syndiotactic, while atactic PP is totally amorphous. But, for the
most part, asymmetric polymers with an atactic configuration can crystallize if the sub-
stituents are small and polar as they are EVOH and PAN. On the other hand, polymers
with asymmetric, repeating units and regular configurations do not crystallize if the sub-
stituent is too bulky, as is the case in polystyrene. Normally, step-reaction polymers,
which are synthesized from bifunctional monomers containing alcohol, acid, or amines,
can crystallize. These polymers produce highly ordered chains, since the bifunctionality
of the monomers forces the chain to grow in only one isomeric configuration. This is the
case, for instance, with nylon 6 and nylon 6,6. When the bifunctional monomers contain
aromatic and cyclohexane rings, only polymers with substitutions in 1,4 positions, like
PET and PC, are crystallizable. A 1,3 linkage in the ring increases the randomness of the
chain and, hence, minimizes crystallinity. Step-reaction copolymers combining 1,4 and
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1,3 substitutions will produce amorphous polymers as in the case of nylon 6I/6T and
PCTA. When the step-reaction polymerization process includes monomers with three and
four functional groups, the resulting polymer will form a tri-dimensional network. This is
the case in adhesives such as epoxies and polyurethanes, which are both amorphous and
thermoset materials.10

Amorphous polymeric materials and inorganic glasses do not show crystalline melting
points. But amorphous materials do have glass transition temperature, Tg, which is defined
as the freezing in (on cooling) or the unfreezing (on heating) of micro-Brownian motion of
chain segments 2–50 carbon atoms in length.11 At low temperature, an amorphous poly-
mer is glassy, hard, and brittle, but, as the temperature increases, it becomes rubbery, soft,
and elastic. There is a smooth transition in the polymer’s properties from a solid to a flow
melt. At the glass transition temperature, properties like specific volume, enthalpy, shear
modulus, and permeability show significant changes at the glass transition temperature
(see Fig. 11.7).

Woodward12 describes seven common crystalline morphologies in polymers: faceted
single lamellas, non-faceted lamellas, dendritic structures, sheaf-like lamellar ribbons,
spherulite arrays, fibrous structures, and epitaxial lamellar overgrowths on microfibrils.
Spherulites are complex ordered aggregations of submicroscopic crystals. PE crystal
spherulites, for example, are about 10 nm thick. The spherulites are separated from one
another by small amorphous regions called micelles. The spherulites are larger than the
wavelength of visible light, producing light scattering that makes the polymer opaque.
Plastic materials with high crystallinity are opaque, while plastics with low degrees of
crystallinity are transparent or clear. Amorphous materials are totally transparent.

Process conditions associated with the cooling rate of polymer melts, blown stretching,
and film orientation enhance the polymer’s natural anisotropy. Unlike low-molecular-

Figure 11.7 Variation in specific volume, v, enthalpy, H, shear modulus
G´, and permeability, P, near the glass-transition temperature.
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weight compounds, polymers show anisotropism in both amorphous and crystalline
phases because of the strong covalent bonds in the backbone chain and weak intermolecu-
lar forces. This anisotropic behavior increases upon molecular orientation. Unbalanced
oriented films, therefore, show different values of tensile and tear strength along machine
direction than they do along cross-machine direction. In PVC and PET stretch-blown
molded containers, molecular orientation plays an important role in the mechanical, bar-
rier, and optical properties of the container. For a particular molecular weight and stretch
ratio, chain orientation increases with strain rate and lower temperatures. Imbalances in
orientation can be detected by optical measurements such as birefringence.13 Several im-
portant polymer properties depend on the morphology of the polymer. As crystallinity in-
creases, density, permeability, opacity, strength, and heat sealing temperatures increase,
while blocking, clarity, tear strength, impact strength, toughness, ductility, ultimate elon-
gation, and heat sealing temperature ranges decrease. 

Degree of crystallinity. Degree of crystallinity is the ratio of crystalline region to amor-
phous region in a polymer sample. It can be expressed as a volume or mass ratio. Degree
of crystallinity is primarily determined by x-ray scattering. In practice, however, this is a
tedious and expensive method. The crystallinity of a polymer sample can also be deter-
mined by the density gradient method, ASTM D 1505. In this method, two solutions, A
and B, are prepared with density in the range of interest. Solution A, with the lowest den-
sity, and solution B, with the highest density, are combined in a glass tube to form a verti-
cal column of liquid in which the density varies linearly from the bottom to the top (see
Fig. 11.8). The column is calibrated with glass beads of known density. Plastic samples are
dropped in the column, and the sample will settle at the corresponding density value, like
clouds in the atmosphere. The density of the plastic is calculated from the position of the
sample and calibrated beads using the calibration scale. Based on the two-phase model,14

the degree of crystallinity of a polymer sample is related to its density by

Figure 11.8 Density gradient column. (Re-
printed with permission from R. P. Brown, Hand-
book of Plastics Test Methods, G. Godwin, Ltd.,
1981)
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and

where av and am = volume and mass crystallinity, respectively
ρ, ρc, and ρa = density of the test sample, the pure crystal, and 100 percent amor-

phous, respectively

Percent of crystallinity is av or am multiplied by 100.

Polymer orientation. Molecules in polymer film or sheet are oriented into more orderly
morphology in response to external stress above Tg. Orientation tends to increase crystal-
linity (although not always in the strict sense of the word; e.g., oriented PP is clearer than
non-oriented PP, however, the molecules are only more compact) and decrease permeabil-
ity. In an oriented film, a large fraction of the molecules tend to line up in the direction of
stretch. The result of uniaxial molecular orientation is a substantial increase in strength
and toughness in the direction of the stretch (but a decrease in strength in the perpendicu-
lar direction). Polymers can be unoriented, uniaxially oriented, or biaxially oriented. The
films to fabricate bags are generally uniaxially oriented to improve its tensile strength.
Films used for pouches are biaxially oriented, because it is expected that the tensile forces
may act in both directions, and, if shrinking occurs, the pouch should shrink in both direc-
tions. Biaxially orientation can be balanced (stretching the same amount in both direc-
tions) or unbalanced.

11.2.2 Thermophysical Properties

11.2.2.1 Relaxation temperatures. A completely amorphous polymer is polymer
that does not crystallize even when cooled from the melt at a very slow rate. As the melt
cools down, there is a decrease in the degree of thermal agitation of the molecular seg-
ments. As the cooling process continues, the rate of segmented movement becomes more
and more sluggish and then, upon further decreasing the temperature, the segmental move-
ment finally stops. At this point, the glassy state of the amorphous polymer is reached. The
temperature at which this glassy state takes place is called the glass transition tempera-
ture, Tg. This process is associated with the limitation of segmental chain mobility as de-
fined below. The glassy state consists then of “frozen” entangled chain molecules with a
complete absence of stereo-regularity and motion. This absence of stereo-regularity is typ-
ical of liquids.

As seen in Fig. 11.7, the change in the specific volume as a function of temperature
shows a smooth curve from the melt state to the glassy state. However, there is a change in
the slope near Tg. In the glass region, the specific volume is much larger than the value
corresponding to the crystal phase. This is as if additional or free volume has been trapped
between the entangled and frozen polymeric chain. According to theory, the free volume at
the glass transition temperature occupies 2.5 percent of the polymer volume. The reduc-
tion in specific volume as the temperature decreases below Tg is associated with molecular
movement of the total molecules moving with respect to each other, and it is determined

av

ρ ρa–

ρc ρa–
-----------------=

am av

ρc

ρ
-----=
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by intermolecular force. As the free volume increases, density decreases, and properties
like permeability increase.

The motions associated with Tg results from the semi-cooperative actions involving tor-
sional oscillation and/or rotations around the backbone bonds in a given chain as well as
neighboring chains. Torsional motion of side groups around the axis connecting them to
the main chain may also be involved.11 Tg involves then, both intrachain and interchain
segmental motions. In addition to Tg, other relaxation temperatures like Tβ, Tll, and Tlρ are
important in amorphous polymers.11 Unlike Tg, Tβ is associated mostly with intrachain
subgroup motions (2–10 consecutive chain atoms). Tll is a weak transition-relaxation tem-
perature about 1.2 times greater than Tg (Tll ≈ 1.2 Tg) associated with the thermal disrup-
tion of intermolecular segment-to-segment contacts known as segmental melting. Tll
marks the onset of the true liquid state of an amorphous polymer. At a higher temperature,
30 to 50 K above Tll, the molecule chains contain enough energy to break the rotational
barrier marking the true liquid nature of an amorphous polymer. This relaxation has been
identified as Tlρ. According to Boyer,11 physical aging of polymers occur at all tempera-
tures between Tg and Tβ (the higher the temperature, the faster the aging process). The ef-
fect of aging can be erased by heating the polymer above Tg. At a given temperature,
toughness is associated with the presence of one or more relaxation temperatures below
that particular temperature. 

An amorphous polymer, whether pure or coexisting with crystalline regions, can be a
glassy material (brittle) or rubber-like (soft), depending on the material temperature with
respect to Tg. The glass-transition temperature separates a quasi-liquid state (above Tg) be-
havior from a glassy behavior (below Tg). If an amorphous polymer sample is at a temper-
ature below Tg, it will be brittle and will show aspect of glassy materials. As the
temperature of the sample increases to approach Tg, the polymer will exhibit leathery be-
havior, and there will be a loss in the elastic modulus and a decrease in its barrier proper-
ties. Tg marks the lower limit temperature for melt flow, resiliency, and processing
conditions for the polymer’s molecular orientation. Wetting, tackiness, and adhesion ap-
pear to be fully developed at Tll.

For many polymers, it has been determined experimentally that the ratio of the glass
transition temperature to the melting temperature, Tg/Tm ≈ 0.6 (both temperatures in
Kelvins).11 For example, for polypropylene, Tg = –19oC and Tm = 176oC, so Tg/Tm = 0.57.
Tg can be estimated by group-contribution methods.15

11.2.2.2 Melting temperature. The melting temperature Tm, is a true transition tem-
perature. This means that, at Tm, both the liquid and solid phase have the same free energy.
Most semicrystalline polymers have a melting range, and for an amorphous polymer, do
not have Tm at all. Similarly to Tg, Tm can be estimated from contribution groups and an
empirical relationship between Tg and Tm. Plastics show Tm as low as 275 K for polyisobu-
tylene, and as high as 728 K in polyethylene terephthalamide.15,16 ASTM methods D 2117
and D 3418 are methods for measuring Tm.

11.2.2.3 Heat capacity. Heat capacity, or specific heat, is the amount of energy
needed to change a unit of mass of a material one degree of temperature. The heat capacity
of plastics, which are obtained at constant pressure, is a temperature-dependent parameter,
especially near the glass transition temperature. The heat capacity at 25°C ranges from 0.9
to 1.6 J/gK for amorphous polymers, and from 0.96 to 2.3 J/gK for crystalline polymers.
For semicrystalline polymer, the heat capacity of the amorphous phase is larger than the
heat capacity of the crystalline phase. This implies that the heat capacity values depend on
the percent of the polymer’s crystallinity. Reliable data regarding the heat capacity of

Plastics in Packaging

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



648 Chapter Eleven

amorphous and crystalline phases are available for only a limited number of polymers.15,17

Heat capacity values for polymers can be found in the review by Wunderlich.18 Usual
techniques for measuring specific heat are differential thermal analysis (DTA) and differ-
ential scanning calorimetry (DSC). 

11.2.2.4 Heat of fusion. The heat of fusion, ∆Hm, is the energy involved during the
formation and melting of crystalline regions. For semicrystalline polymers, the energy of
fusion is proportional to the percent of crystallinity. Amorphous polymers or amorphous
polymer regions do not have heat of fusion, since amorphous structures have a smooth
transition from the liquid amorphous state to the liquid state. Experimental values of
crystalline heat of fusion for common packaging plastics vary from 8.2 kJ/mol for poly-
ethylene, to 43 kJ/mol for Nylon 6,6.15 ASTM D 3417 describes a method for measuring
the heat of fusion and crystallization of a polymer by differential scanning calorimetry
(DSC).

11.2.2.5 Thermal conductivity. Thermal conductivity is the parameter in Fourier’s
law that relates the flow of heat to the temperature gradient. In specific terms, thermal con-
ductivity k is a measure of a material’s ability to conduct heat. The thermal conductivity of
a polymer is the amount of heat conducted through a unit of thickness per unit of area,
time, and degree of temperature. Thermal conductivity values control the heat-transfer
process in applications such as container-forming, heat-sealing, cooling and heating of
plastics, and package sterilization processes. Plastics have values of k much lower than
metals. Thermal conductivity for plastics ranges from 3 × 10–4 cal/s cm°C for PP to 12 ×
10–4 cal/s cm°C for HDPE. For aluminum, k is 0.3 cal/s cm°C, and for steel it is 0.08 cal/s
cm°C.19 For plastic foams, values of k are much lower than those of unfoamed. This is due
to the presence of air trapped in the cellular structure of the plastic foam. Plastics with low
thermal conductivity values do not conduct heat well. Enhanced by low thermal conduc-
tivity of air, foams are excellent insulating materials. In addition to being thermal insula-
tor, foams are attractive cushioning, packaging materials. Plastic fillers may increase the
thermal conductivity of plastics. Methods for measuring k are given in ASTM D4351,
C518, and C177. 

11.2.2.6 Thermal expansion coefficient. The coefficient of linear (or volume)
thermal expansion is the change of length (volume) per unit of length (volume) per degree
of temperature change at constant pressure.

and

Units of α and β are K–1 or °F–1. Compared with other materials, polymers have high val-
ues of thermal expansion coefficients. While metals and glass have values in the range 0.9
to 2.2 K–1, polymers range from 5.0 to 12.4 K–1.19 Thermal expansion coefficients can be

β 1
L
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  dL
dT
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  p=
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  p=
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measured by thermomechanical analysis (TMA). ASTM D 696 describes a method using a
quartz dilatometer, while ASTM E 831 describes the determination of the linear thermal
expansion of solid materials. Volume contraction of a container from the molding opera-
tion temperature down to room temperature is called shrinkage, and its measurement is de-
scribed in the ASTM D 955, D 702, and D 1299.

11.2.3 Mechanical Properties 

11.2.3.1 Bursting strength. Bursting strength is the hydrostatic pressure, given in
pascals (or lb/in2) required to produce rupture of a flat material (film or sheet) when the
pressure is applied at a controlled increasing rate through a circular rubber diaphragm that
is 30.48 mm (1.2 in) in diameter. Points bursting strength is the pressure expressed in lb/in2.
ASTM method D 774 describes the measurement of the bursting strength of plastic films. 

11.2.3.2 Dimensional stability. Dimensional stability refers to how well a structure
maintains its dimensions under changing temperature and humidity conditions. ASTM D
1204 describes a standard method for linear dimensional changes of flexible thermoplastic
films and sheets at elevated temperatures. Dimensional stability is a property important in
any flexible material converting process. During printing, for example, even a small
change in dimensions may lead to serious problems in holding a print pattern. In a flexible
structure, dimensional stability may produce different changes in the machine and trans-
verse directions. 

11.2.3.3 Folding endurance. This is a measure of the material’s resistance to flexure
or creasing. Folding endurance is greatly influenced by the polymer’s glass transition tem-
perature and the presence of plasticizers. The ASTM D 2176 describes the procedure to
determine the number of folds necessary to break the sample film.

11.2.3.4 Impact strength. Impact strength is the material’s resistance to breakage
under a high-velocity impact. Widely used impact tests are as follows:

■ For rigid materials

– Izod (D 256A)

– Charpy (D 256)
■ For flexible structures

– Dart drop impact (ASTM D 4272)

– Pendulum impact resistance (ASTM D 3420)

The free-falling dart method for polyethylene films is described in the ASTM D1709. Un-
like low-speed uniaxial tensile tests, the pendulum impact test measures the resistance of
film to impact puncture simulating high-speed end-use applications. Dart drop measures
the energy lost by a moderate-velocity blunt impact passing through the film. Both pendu-
lum and impact tests measure the toughness of a flexible structure. 
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11.2.3.5 Pinhole flex test. Pinhole flex resistance is the property of a plastic film to
resist the formation of pinholes during repeated folding. A related test is the folding endur-
ance test. Films having a low value of pinhole flex resistance will easily generate pinholes
at the fold line under repeated flexing. The test is described by the standard ASTM F 456. 

11.2.3.6 Tensile properties. The mechanical behavior of a polymer can be evaluated
by its stress-strain tensile characteristics (Fig. 11.9). The stress is measured in force/area
expressed in unit of pressure. The strain is the dimensionless fractional length increase. 

Modulus of elasticity E is the elastic ratio between the stress applied and the strain pro-
duced, giving the material’s resistance to elastic deformation. The tensile modulus also
gives a measure of the material stiffness; the larger the modulus, the more brittle the mate-
rial. For example, E of LDPE is 250 mPa, while for crystal PS, it is 2500 mPa. Compara-
tively, values of tensile modulus in polymers (1.9 × 103 mPa for Nylon) are much lower
than for glass (55 × 103 mPa) or mild steel (210 × 103 mPa).16,20 Elastic elongation is the
maximum strain under elastic behavior. Ultimate strength or tensile strength is the maxi-
mum tensile stress the material can sustain. Ultimate elongation is the strain at which the
sample ruptures. 

Toughness is the energy a film can absorb before rupturing, and it is measured by the
area under the stress-strain curve. Brittleness is the lack of toughness.21 Amorphous and
semicrystalline polymers become brittle when cooled below their glass transition tempera-
ture. Tests for tensile properties are described in the ASTM D 882, for flexural strength in
ASTM D 790, and for flexural modulus in ASTM D 790M.

Figure 11.9 Stress-strain curve.
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11.2.3.7 Tear strength. The measurement of tear strength evaluates the energy ab-
sorbed by a film and sheeting sample during the tear initiation and propagation. Two stan-
dard methods are available: ASTM methods D 1004 and D 1922. The former is designed
to measure the force to initiate tearing. It covers the determination of the tear resistance of
a flexible plastic sample at very low rates of loading, 51 mm/min. ASTM D 1922 refers to
propagation of a tear after being initiated by a small hole in the sample. The value of tear
strength in a film depends on the orientation stretching ratio and whether the measurement
is performed along or across the machine direction.

11.2.3.8 Abrasion resistance. Abrasion is a difficult property to define as well to
measure. It is normally accepted that abrasion depends on the polymer’s hardness and re-
silience, frictional forces, load, and actual area of contact. ASTM method D 1044 evalu-
ates the resistance of transparent plastics to one kind of surface abrasion by measuring its
effects on the transmission of light. Another test method to evaluate abrasion, ASTM
1242, measures the volume lost by two different types of abrasion machines: loose abra-
sion and bonded abrasion.

11.2.4 Barrier Properties

Barrier properties of materials indicate their resistance to diffusion and sorption of mole-
cules. A good barrier polymer has low values of both diffusion (D) and solubility (S) coef-
ficients. Since the permeability coefficient P is a derived function of D and S, a high-
barrier polymer has low values of P. The diffusion coefficient is a measure of how fast a
penetrant will move within the polymer in a particular direction, while the solubility coef-
ficient gives the amount of the penetrant taken (or sorbed) per unit mass of polymer from a
contacting phase per unit of sorbate concentration. Both diffusion and solubility can be ap-
plied to the reverse process of sorption, that is, the migration of compounds from the poly-
mer to a surrounding media. Several factors influence the effective value of diffusion and
solubility coefficients in polymers.

1. Chemical compositions of the polymer and permeant

2. Polymer morphology (diffusion and sorption occur mainly through the amorphous
phase and not through crystals)

3. Temperature (as temperature increases, diffusion increases while solubility decreases)

4. Glass transition temperature

5. The presence of plasticizers and fillers

A detailed discussion of barrier properties is presented in Sec. 11.3 of this chapter.

11.2.4.1 Diffusion coefficient. In Fick’s law, the diffusion coefficient, D, is a param-
eter that relates the flux of a penetrant in a medium to its concentration gradient. A diffu-
sion coefficient value is always given for a particular diffusing molecule/polymer pair. For
solid polymers, the diffusion coefficient values of a large number low molecular mass sub-
stances range from 1 × 10–8 to 1 × 10–14 cm2/s. The diffusion theory states that diffusion is
an activated phenomenon that follows Arrhenius’ law. Penetrant concentration and the
presence of plasticizers also affect the value of the diffusion coefficient. Methods for the
determination of D are discussed in Sec. 11.3.

Plastics in Packaging

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



652 Chapter Eleven

11.2.4.2 Permeability coefficient. As indicated, the permeability coefficient P
combines the effects of the diffusion and solubility coefficients, and the barrier value of
polymers is commonly expressed as P. The well known relationship P = DS holds only
when D is concentration independent and the S of permeant in the polymer follows
Henry’s law. Standard methods for measuring the permeability of organic compounds are
not yet available for all compounds. ASTM E96 describes a method for measuring the wa-
ter vapor transmission rate. ASTM D1434 covers a method for the determination of oxy-
gen permeability.

11.2.4.3 Solubility coefficient. The solubility coefficient indicates the sorption ca-
pacity of a polymer with respect to a particular sorbate. The simplest solubility coefficient
is defined by Henry’s law of solubility, which is valid at low concentration values. The sol-
ubility of CO2 in PET at high pressure is described by combining Henry’s and Langmuir’s
laws. 

11.2.5 Surface and Adhesion

11.2.5.1 Adhesive bond strength. Adhesive bond strength between an adhesive
and a solid substrate is a complex phenomenon. It is controlled (at least in part) by the val-
ues of surface tension, solubility parameters, and adhesive viscosity. To obtain good wetta-
bility and adhesion between a polymeric substrate and an adhesive, the surface tension of
the adhesive must be lower than that of the substrate. Usually, the difference between the
two values must be at least 10 dynes/cm. The similarity in solubility parameters between
the two phases indicates the similarity of the intermolecular forces between the two
phases. For good compatibility, the values of the solubility parameters must be very close.
Low viscosity in the adhesive is necessary for good spreadability and wettability of the
substrate.22

11.2.5.2 Cohesive bond strength. Cohesive bond strength is the force within the
adhesive itself when bonding two substrates. The cohesive bond strength depends mainly
on the intermolecular forces of the adhesive, molecular mass, and temperature.

11.2.5.3 Blocking. Blocking is the tendency of a polymer film to stick to itself upon
physical contact. This effect is controlled by the adhesion characteristic of the polymer.
Blocking is enhanced by surface smoothness and by pressure on the films present in
stacked sheets or compacted rolls. Blocking can be measured by the perpendicular force
needed to separate two sheets, and it can be minimized by incorporating additives such as
talc in the polymer film. ASTM D 1893, D 3354, and Packaging Institute Procedure T
3629 present methods to evaluate blocking.

11.2.5.4 Friction. The coefficient of friction (COF) is a measure of the friction forces
between two surfaces. It characterizes a film’s frictional behavior. The COF of a surface is
determined by the surface adhesivity (surface tension and crystallinity), additives (slip,
pigment and antiblock agents), and surface finish. Cases in which the material’s COF val-
ues require careful consideration include film passing over free-running rolls; bag form-
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ing; the wrapping of film around a product; and the stacking of bags, pallets, and other
containers. In addition to the intrinsic variables affecting a material’s COF, environmental
factors such as machine speed, temperature, electrostatic buildup, and humidity also have
considerable influence on its final value. The static COF is associated with the force
needed to start moving an object. It is usually higher than the kinetic COF, which is the
force needed to sustain movement. Determination of static COF is described in TAPPI
standard T503 and ASTM D1894. Thompson has studied the effect of additives on the
COF values of polypropylene.23

11.2.5.5 Heat sealing. An important property for wrapping, bag making, or sealing a
flexible structure is the heat sealability of the material. At a given thickness, heat-sealing
characteristics of flexible webs are determined by the material’s composition (which con-
trols strength), average molecular mass (controlling temperature and strength), molecular
mass distribution (setting temperature range and molecular entanglement), and the thermal
conductivity (controlling dwell time).24 Tests normally conducted to evaluate the heat
sealability of a polymeric material are the cold peel strength (ASTM F 88), and the hot
tack strength.25 Hot tack is the melt strength of a heat seal without mechanical support
when the seal interface is still liquid. The hot adhesivity is associated with the molecular
entanglement of the polymer chains, viscosity, and intermolecular forces of the material.

11.2.5.6 Surface tension. In both solids and liquids, the forces associated with in-
side molecules are balanced, because each molecule is surrounded by like molecules. On
the other hand, molecules at the surface are not completely surrounded by the same type of
molecules, therefore generating unbalanced forces. At the surface, these molecules show
additional free surface energy. The intensity of the free energy is proportional to the inter-
molecular forces of the material. The free surface energy of liquids and solids is called
surface tension. It can be expressed in mJ/m2 or dyne/cm. Values of surface tension in
polymers range from 20 dyne/cm for Teflon to 46 dyne/cm for nylon 6,6. The experimen-
tal determination of the surface tension by contact angle measurement is covered by the
ASTM D2578. Several independent methods are available to estimate the surface tension
of liquids and solid polymers including the parachor concept.15

When two condensed phases are in close contact, the free energy at the interface is
called interfacial energy. Interfacial energy and surface energy in polymeric materials con-
trol adhesion, wetting, printing, surface treatment, and fogging.

11.2.5.7 Wettability. Adhesion and printing operations on a plastic surface depend on
the value of the substrate wettability or surface tension. A measure of the wettability of a
surface is given by a material’s surface tension as described in the ASTM D 2578. 

11.2.6 Optical Appearance

Among the most important optical properties of polymers are absorption, reflection, scat-
tering, and refraction. Absorption of light takes place at the molecular level when the elec-
tromagnetic energy is absorbed by group of atoms. If visible light is absorbed, a color will
appear; however, most polymers show no specific absorption with visible light and are
therefore colorless. Reflection is the light that is remitted on the surface. It depends on the
refractive indices of air and the polymer. Scattering of light is caused by the polymer sur-
face physical inhomogeneities (like surface roughness), which reflect the light in all direc-
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tions. Refraction is the change in direction of light due to the difference between the
polymer and air refraction indices. Transparency, opacity, and gloss of a polymer are not
directly related to the chemical structure or molecular mass but are mainly determined by
the polymer morphology. Optical appearance properties are of two types: optical morpho-
logical properties, which correlate with transparency and opacity, and optical surface
properties, which produce the specular reflectance and attenuated reflectance.15,26

11.2.6.1 Gloss. Gloss is the percentage of incident light that is reflected at an angle
equal to the angle of the incident rays (usually 45 percent). It is a measure of the ability of
a surface to reflect the incident light. If the specular reflectance is near zero, the surface is
said to be matte. A surface with high reflectance has a high gloss which produces a sharp
image of any light source and gives a pleasing sparkle. Surface roughness, irregularities,
and scratches all decrease gloss. Test method ASTM D 2457 describes the determination
of gloss.

11.2.6.2 Haze. Haze is the percentage of transmitted light that, in passing through the
sample, deviates by more than 2.5 percent from an incident parallel beam. The appearance
of haze is caused by light being scattered by surface imperfections and nonhomogeneity.
The measurement of haze is described in the ASTM D 1003.

11.2.6.3 Transparency and opacity. Transmittance is the percent of incident light
that passes through the sample. It is determined by the intensity of the absorption and scat-
tering effects. The absorption in polymers is insignificant, so, if the scattering is zero, the
sample will be transparent. An opaque material has low transmittance and therefore large
scattering power. The scattering power of a polymer results from morphological inhomo-
geneities and/or the presence of crystals. An amorphous homogeneous polymer such as
crystal polystyrene will have little or no scattering power and therefore will be transparent.
A highly crystalline polymer such as HDPE will be mostly opaque. Transmittance can be
determined according to standard the ASTM D 1003. A transparent material has a trans-
mittance value above 90 percent.

11.2.7 Electrical Properties

Electrical conductivity, dielectric constant, dissipation factor, and triboelectric behavior
are electrical properties of polymers subject to low electric field strength. Materials can be
classified as a function of their conductivity (κ) in (Ω/cm)–1 as follows: 

■ Conductors, 0 to 10–5

■ Dissipatives, 10–5 to 10–12

■ Insulators, 10–12 or lower

Plastics are considered nonconductive materials (if the newly developed conducting mate-
rials are not included). The relative dielectric constant of insulating materials (ε) is the ra-
tio of the capacities of the parallel plate condenser with and without the material between
the plates. A correlation between the dielectric constant and the solubility parameter (σ) is
given by the relationship σ ≈ 7.0ε.15 There is also a relation between resistivity R (inverse
of conductivity) and dielectric constant at 298 K: log R = 23 – 2ε.15 Values of ε for poly-
mers are presented in Refs. 15 and 17.
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When two polymers are rubbed against each other, one becomes positively charged and
the other negatively charged. Whether a polymer becomes positive or negative depends on
the electron donor-acceptor characteristic of the polymer. A triboelectric series is a listing
of polymers according to their charge intensity. The polymers are ordered from more neg-
atively charged (electron acceptors), then neutral polymers, and finally more positively
charged polymers (electron donors). The charge of polymer films also takes place by fric-
tion during industrial operations such as form-fill-seal. A brief list of the triboelectric se-
ries is presented in Table 11.4, where polymers are listed as a function of polymer’s
dielectric constant. Hydrophilic polymers absorb water and became more conductive as
the dielectric constant increases. Standard methods for measuring the triboelectric charge
of films and foams are, at the time of this writing, under consideration by the ASTM Com-
mittee D10.27

11.3 Mass Transfer in Polymeric Packaging 
Systems

11.3.1 Packaging Interactions

An ideal packaging material, in addition to containing and enclosing a product, provides
an inert separating phase between the product and the environment. With an inert material,
there should be no molecular exchange such as oxygen, CO2, water, ions, product ingredi-
ents, and packaging material components between the product and the package. In other
words, a truly inert package material will show no interaction with the packaged product.
Such a packaging material may not be available, at least at ambient temperature, or may
not be of reasonable cost. Although inorganic glasses approach this ideal barrier concept,
helium and hydrogen diffuse through glass. In addition to that, inorganic glasses can leach
out components like sodium into an aqueous solution. On the other hand, metals are good
barrier materials, but metallic ions tend to dissolve and/or react with both the product and
the environment through corrosion.

Due to their chemical nature, polymeric materials have the tendency to dissolve mole-
cules of gases, vapors, and other low-molecular-weight substances to a higher degree than
inorganic glasses. Dissolved penetrant molecules diffuse through the polymer via an acti-

TABLE 8.4 Brief Triboelectric Series

Polymer Dielectric constant

Negative:
Polypropylene
Polyethylene
Polystyrene

Neutral:
Polyvinylchloride
PVDC
Polyacrylonitrile

Positive:
Cellulose
Nylon 6,6

2.2
2.3
2.6

2.8
2.9
3.1

3.7
4.0

Source: Van Kevelen, D. W., Properties of
Polymers, 3d ed., Elsevier, New York, 1990.
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vated process of random walks promoted by Brownian motion of the polymer chains. The
diffusion process is driven by thermodynamic forces tending to equilibrate the penetrant’s
chemical potential or, more practically, concentration. A molecule diffuses between adja-
cent phases, because its tendency is to equilibrate its chemical potential in both phases. So,
when a polymeric phase is in direct contact with a solid, liquid, or gas phase, diffusing
molecules can move between the phases, depending on the values of their respective
chemical concentrations. In this respect, plastic materials, then, are not inert packaging
materials. When plastics are in direct contact with food product, as in a package, it is cer-
tain that molecular exchanges between the product and package will occur. We refer to this
phenomenon as interaction involving the plastic packaging, product, and environment.
The degree of interaction depends on the type of plastic material as well as variables like
type of product, compound concentration, and temperature. For a particular molecule,
both the diffusivity and solubility in the polymer will depend on the composition of the
polymer and the contacting phase (Fig. 11.10). As indicated in Sec. 11.2.4, both the diffu-
sion coefficient and the solubility coefficient are two fundamental parameters controlling
the molecular interactions in packaging systems.

11.3.2 Types of Interactions 

The study of mass transfer of low-molecular-weight compounds has been of interest to
scientists and engineers since 1829, when Thomas Graham performed the first diffusion
experiments with natural membranes. In 1855 Adolf Fick derived the fundamental equa-
tions of diffusion. Mass-transfer processes (along with physical and mechanical proper-
ties) provide the rational for packaging design and modeling the quality and shelf life of
packaged products. Molecular interactions in packaging systems start from the moment
the package contacts the product during filling and sealing and extend throughout the en-
tire package’s shelf life. For easy reference, these interactions can be referred as perme-
ation, migration, and sorption.

11.3.2.1 Permeation. Permeation is the diffusional molecular exchange of gases, va-
pors, or liquids (permeants) across a plastic packaging material, with the exclusion of per-

Figure 11.10 Interaction mechanisms in a plastic package.
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forations and cracks. A permeation process may significantly impact a product’s shelf life,
since the product may gain or lose components and/or develop unwanted chemical reac-
tions as a consequence of it. The loss of water or CO2 from liquid products, the uptake of
moisture by dry products, and the oxidation of oxygen-sensitive products affect the prod-
uct’s composition and therefore affect the shelf life. Other consequences of permeation in-
clude the transfer of airborne contaminants or volatile components from secondary
packages (such as corrugated boxes) or from surrounding packages in a supermarket into
the product. These permeants may produce off-flavors in certain flavor-sensitive foods. 

While, in many cases, the permeation process may have a negative impact in product
quality, there are instances in which a permeation process is not only beneficial but also
necessary. Such is the case with modified atmospheric packaging where selected rates of
O2 and CO2 need to permeate through the package.28

11.3.2.2 Migration. Migration is the transfer of substances originally present in the
plastic material into a packaged food. These particular substances are called migrants. Ex-
amples of migrants include residual monomers, solvents, remaining catalysts, and poly-
mer additives. Migration may affect the product’s sensorial quality as well as its
toxicological characteristics, since it incorporates undesirable components from the pack-
age into the food. The presence of potential migrant substances in the packaging material
is the subject of legal control by the Food and Drug Administration, (FDA). Vinyl chloride
in PVC, styrene in PS, and acrylonitrile in PAN are well known examples of residual
monomer migrants. These cases were of object of intense investigations in the 1970s. Res-
ins are commercially produced with residual monomer contents below those allowed by
the FDA.

However, even if virgin resins contain very low levels of monomers and additives, mi-
grating substances that may potentially impart off-flavors to products can be developed
during converting operations of packaging materials. Excessive temperature-time pro-
cessing conditions of resins may oxidize and degrade the resin. This may occur during ex-
trusion coating, blown film production, reprocessing of resin in a regrind layer in
coextrusion, injection molding, blow molding, or even heat seal operations. Adhesives,
inks, pigments, printing solvents, and printing pretreatment ingredients are potential
sources of packaging contamination during lamination operations. Residual solvents like
toluene, hexane, or pentanol from packages and coupons can produce unwanted odor and
taste in food products. The presence of recycled and regrind resins is also a potential
source of migrants in the finished package if not sufficiently cleaned. Other sources of mi-
grant substances from plastic containers may arise when contaminated equipment and
pipes are used to processing the resin. Similarly, impure air used to blow films can result
in a contaminated package.

The sensorial threshold limit may vary widely, depending on the substance and product.
It is not unusual that amounts as little as a few parts per billion are sufficient to cause a
product to be rejected. The extent of a migration process depends on the initial concentra-
tion of the migrant substance in the plastic container and the migrant partition coefficient
between the plastic and the food.

11.3.2.3 Sorption. Sorption, sometimes referred as flavor scalping, is the uptake of
food components [such as flavor, aroma, or color compounds (called sorbates)] by the
package material. Many sorption studies of food components have been reported.29–32,36

Similarity in chemical structures between the sorbate and polymers, as indicated by close
values of the solubility parameter,15 enhance sorption. As the molecular weight distribu-
tion (MWD) of the polymer increases, sorption also increases. Metallocenes, or in-site
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polyolefins, which are characterized by narrow MWD, are intended to reduce the sorption
of volatile compounds as compared with LDPE. Sorption studies of benzaldehyde, citral,
and ethyl butyrate showed that sorption levels by ionomers are similar to the sorption of
LDPE.33 As in the case of migration, the extent to which the sorption process occurs de-
pends on the initial concentration of the sorbate in the food and the migrant partition coef-
ficient between the plastic and the food. The dynamic of the diffusion process for
permeation, migration, and sorption can be calculated from the corresponding solutions to
Fick’s laws of diffusion.

11.3.3 Diffusion and Sorption Equations

The fundamental driving force that prompts a molecule to diffuse within the polymer or
between a polymer and a surrounding phase is, according to the solution theory, the ten-
dency to equilibrate the specie’s activity in both phases. In packaging, polymers are gener-
ally contacted by gas (air), liquid phases, and irregular solids. In the case of multilayer
structures, where several layers of polymers are in direct contact, a layer is contacted by at
least one solid phase. Therefore, any mobile molecular specie that is not in thermody-
namic equilibrium within the phases will tend to equilibrate its activity value, as according
to Fig. 11.10. As indicated, in a packaging system, mass-transfer sorption and migration
processes involves two adjacent phases: the polymer phase and a surrounding liquid or
gas. The mobile substance must diffuse in each phase and move across the interface. In a
permeation process, the permeant moves across the two film or sheet interphases of the
package’s wall. The maximum concentration of a substance taken up by the polymer, from
a contacting gas or liquid phase, is the solubility. The solubility is controlled by the equi-
librium thermodynamics of the system. From solution theory the activity of a specie, a,
can be represented by the activity coefficient ξ and concentration c.

(11.1)

In most packaging situations ξ is approximately 1, and concentration replaces activity. 
Fick’s laws of diffusion quantitatively describe permeation, migration, and sorption

processes in packaging systems.34 In anisotropic phases, the diffusion theory states that
the rate of transfer of a diffusing substance per unit of area, F is given by Fick’s first law.

(11.2)

where c is the penetrant concentration in the polymer, x is the direction of the diffusion,
and D is the molecular diffusion coefficient. Quantity in F and c are both expressed in the
same quantity unit, e.g., grams or cubic centimeters of gas at standard temperature and
pressure. The fundamental equation for unsteady-state, one-dimensional diffusion in an
isotropic phase is Fick’s second law. 

(11.3)

where t is time. In systems where the diffusant concentration is relatively low, the diffu-
sion coefficient in Eqs. 11.2 and 11.3 is assumed to be independent of both penetrant con-
centration and polymer relaxation. Diffusion processes in packaging generally involve low
values of diffusant concentration. Also, the diffusion is considered to be unidimensional
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and perpendicular to the flat surface of the package, with a negligible amount diffusing
through the edges. 

The solubility of penetrants in polymers (especially polymers above their glass transi-
tion temperature and penetrants at low pressure) is, in many cases, well described by the
linear isotherm Henry’s law of solubility.

(11.4)

where c is the concentration of the sorbate in the polymer, p is the partial pressure of pen-
etrant, and k is the Henry’s law constant, which is the solubility coefficient and commonly
represented by S. It is common to observe that the solubility coefficient S is constant with
pressure for gases such as O2 and CO2 up to one atmosphere. 

For glassy polymers and high-pressure penetrants, as in the cases of CO2 in PET, a non-
linear Langmuir-Henry’s law model is followed.

(11.5)

where  is the Langmuir capacity constant, and b is the Langmuir affinity constant.35

In closed systems, and when there is an equilibrium in the penetrant activity in the two
phases, the partition coefficient K is defined as 

(11.6)

where  and  are the sorbate or migrant equilibrium concentration in the packaged
product and polymer, respectively. 

For organic vapors, Henry’s law is valid, in most cases only at very low penetrant pres-
sure or concentration in air, in the order of milligrams of penetrant per liter of air (ppm).
However, the applicability range of Henry’s law strongly depends on the particular organic
penetrant/polymer system under consideration. Flory-Huggins equation applies to high
solvent activity in polymers.36

11.3.4 Diffusion across a Flat Single Sheet

11.3.4.1 Steady-state diffusion: permeability. Consider the case of a flat sheet of
thickness l that is contacted from both sides with a penetrant at different concentration val-
ues as indicated in Fig. 11.10. At the surface x = 0, the penetrant concentration c = c2; at x
= 2, c = c1. Applying these conditions to Eq. 11.2, the penetrant flow rate F across any
section of the sheet is given by

(11.7)

In permeability experiments, however, the partial pressure in the gas phase surrounding
the sheet is easier to measure than the penetrant concentration c in the polymer. Applying
Henry’s law, and then replacing DS by P, Eq. 11.7 can be written now as

c k p=

c kp
C′H bp

1 bp+
------------------+=

C′H

K
c f

*

cp
*

-----=

c f
*

cp
*

F D
dc
dx
------– D

c1 c2–

l
----------------= =

Plastics in Packaging

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



660 Chapter Eleven

(11.8)

where P is the permeability coefficient. Notice that Eq. 11.8 is actually the definition of
the permeability coefficient. A material having a low P value for a particular permeant is
considered to be a good barrier; i.e., only a small quantity of permeant will be transferred
through it. Conversely, a high permeability value indicates a low barrier material. The dif-
fusant flow rate F is given by 

(11.9)

where q is the quantity of permeant flowing across the sheet in time t, and A is the sheet
area exposed to the permeant. The quantity q can be expressed in mass, volume, or moles. 

By combining Eqs. 11.5 and 11.6 we obtain 

(11.10)

where ∆p is p2 – p1. Equation 11.10 is a simple but very useful equation that can be used to
estimate that main the design parameters of plastic packages at steady state.

The water vapor transmission rate, WVTR, relates to P by

(11.11)

Example The WVTR of a film 25 microns thick measured according ASTM (100°F
and 90 percent RH) is 0.1 g/day m2. Calculate P.

Solution The saturation vapor pressure of water at 100°F is 49.7 mmHg, since 

p2 = 0, p = p1 – p2 = 49.7 × 0.9 = 44.73 mmHg

P = WVTR (l /∆p) = 0.1 × 2.5/44.73 = 0.0056 g·microns/m2·d·mmHg

In SI units, P = 0.412 × 10–18 kg·m/m2·s·Pa = 0.412 attosecond (as)

It is common in the industry to report the barrier values as water vapor transmission rate or
gas transmission rates rather than as permeability coefficient. This practice, although ap-
parently practical, is in effect confusing and misleading, since it does not allow easy com-
parison of the barrier characteristics of polymers measured at different conditions or in
different countries. This is even more confusing when different units are used. The use of
permeability coefficient should be encouraged as common practice in the industry. 

As indicated above, the permeability coefficient P combines two more fundamental pa-
rameters: the diffusion and solubility coefficients. When the polymer diffusion coefficient
D is independent of the permeant concentration, and the penetrant dissolves in the poly-
mer according to Henry’s law of solubility, Eqs. 11.8 and 11.7 yield the well known rela-
tionship

(11.12)

The permeability of a polymer, therefore, depends on the diffusion and solubility coef-
ficients, which can be related by a simple expression like Eq. 812 or alternatively by a
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more complex one. For instance, the solubility of CO2 in PET follows the Langmuir-
Henry’s law model (Eq. 11.5), and P is given by37

(11.13)

where DD and DH are the diffusion coefficients for the Henry’s and Langmuir’s laws’ pop-
ulations, respectively.

Figure 11.10 illustrates the mechanisms of the permeation process, which involves
three steps.

1. The permeant originally in phase 1 dissolves in the polymer interphase polymer/
phase 1.

2. The permeant diffuses within the polymer film layer from the side of high concentra-
tion toward the low-concentration side.

3. The permeant diffuses out from the opposite polymer interphase.

These steps are always present in any system, regardless of whether D and S follow Fick’s
and Henry’s laws, respectively A good barrier material has a low value of combined diffu-
sion coefficient and solubility coefficient values for a particular penetrant. Preferably, both
D and S should be low. For instance, polyethylene is a excellent barrier to water, because
water has a very low solubility and diffusion coefficient values.

The plastics industry offers a large number of polymeric structures to cover a wide
range of barrier characteristics to satisfy the diverse need within the packaging industry.
There are high barrier materials available to protect a product from oxygen, water, or or-
ganic vapors, as well as structures with high permeability values for oxygen or carbon di-
oxide that are needed, for example, in modified atmosphere packaging for produce.

11.3.4.2 Variables affecting permeability

Structure-permeability relationships. The chemical structure of the polymer’s consti-
tutional unit ultimately determines the polymer barrier behavior. Chemical composition,
polarity, stiffness of the polymer chain, bulkiness of side and backbone-chain groups, and
degree of crystallinity significantly impact the sorption and diffusion of penetrants.
Salame38 has developed a comprehensive semi-empirical correlation of polymer structure
and gas permeability based on the permachor parameter, provided the permeant does not
swell the polymer. The permachor concept is based on the molecular forces holding the
polymer together, cohesive energy density, and free-volume fraction of the polymer.

The permeability P is related to permachor π by

(11.14)

where A and s are constants based on the permeant gas. Table 11.5 presents values of A, s,
and π for selected gases and polymers. From Eq. 11.14 and Table 11.5, the permeability
ratio for CO2 and O2 for any polymer at 25°C is calculated as

(11.15)
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which is very close to experimental values. Figure 11.11 shows a plot of gas permeability
and permachor values. Unfortunately, the permachor concept has not been yet extended to
organic permeants.

Temperature. Considering that the diffusion, sorption, and permeability are activated
processes, D, S and P are related to the temperature by an Arrhenius-type equation

(11.16)

where Γ represents either D, S, or P; Γo is the respective pre-exponential term, EΓ is the
respective activation energy (sorption enthalpy for S), R is the gas constant, and T is tem-
perature in Kelvins. Equation 11.16 is valid over a relatively small range of temperatures,
which should not include the polymer’s glass transition temperature. In particular, for P,
polymers show values of Ep larger at temperatures above Tg than below T. Equation 11.16
can be used to estimate the permeability coefficient at a desired temperature from a known
value.

Example Calculate the permeability coefficient of oxygen through PET at 50°C (P2)
considering that the permeability coefficient at 25°C (P1) is 220 cc·mil/m2·d·atm.

Solution From Eq. 11.16, P2 is related to P1 by the following equation:

(11.17)

which allows calculation the permeability value at a temperature T2 if the value of P is
given at T1 and Ep is known.

Ep = 43.8 KJ/mol = 10,500 cal/g mol17

exp[(10,500/1.987) (298–1 – 333–1) = 3.94

P2 = P1 × 3.94 = 220 × 3.94 = 887 cc·mil/m2·d·atm

TABLE 11.5 Selected Values of A and 
s for Permachor Equation at 25°C

Gas
A

cc-m/m2d atm s

O2

N2

CO2

3.48

1.18

21.69

0.112

0.121

0.122

These values are good for both glassy and
rubber materials only at 25°C.

Source: Salame, M., Prediction of Gas
Barrier Properties of High Polymers, Polymer
Eng. Sci., 26:22, 1543, 1986.
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Plastics in Packaging 663

Humidity. Hydrophilic polymers such as polyamides and EVOH absorb water from hu-
mid air. For example, water sorption isotherms for Nylon have been determined by Her-
nandez and Gavara.39 The presence of water in a hydrophilic polymer affects the
permeability of, oxygen, carbon dixide, organic vapor, and flavor and aroma compounds.
An increase in moisture content increases oxygen permeability in EVOH (Fig. 11.6). Ny-
lon 6, while for amorphous nylon the permeability tends to decrease (Fig. 11.12).

Morphology. In the development of the diffusion sorption, and permeation Eqs. 11.2
through 11.13, it is assumed that the polymer phase is a homogeneous and isotropic phase;
that is, an isotropic amorphous polymer. The presence of a crystalline microphase compli-
cates this assumption considerably and makes the diffusion process in semicrystalline
polymers a complex phenomenon. Semicrystalline polymers consist of a microcrystalline
phase dispersed in an amorphous phase. The dispersed crystalline phase decreases the

Figure 11.11 Correlation of gas permeability and permachor. (Reprinted with per-
mission from M. Salame, Polymer Eng. Sci., 26:22, 1543, 1986)
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664 Chapter Eleven

sorption of penetrants whenever the crystal conformations produce regions of higher den-
sity than the amorphous polymer. A closer atomic packing tends to exclude relatively large
molecules such as CO2 or O2. For this reason it is generally accepted that gases and vapors
are normally sorbed, and therefore able to diffuse, only in the polymer’s rubbery or amor-
phous phase. The dispersed microcrystals are impermeable to penetrant diffusion and cre-
ate a more tortuous path for the diffusing molecule. Additionally, the microcrystalline
phase also acts as a tridimensional cross linking agent increasing the nonisotropism of the
polymer. The combined decrease in sorption and diffusion contributes then to a lower per-
meability. 

The solubility S of a semicrystalline polymer S, having a crystalline volume fraction of
α and a 100 percent amorphous phase solubility Sa, is experimentally given by

(11.18)

One of the earliest evidences of Eq. 11.18 was reported by Van Amerongen.40 The work of
Michaels41 and coworkers on PET and PE supported the model presented in Eq. 11.18.
Puleo et al.42 reported the gas sorption and permeation in a semicrystalline polymer for
which the crystal phase has a lower density than the amorphous phase. At 100 percent
crystallinity, the sorption of CO2 and CH4 was about 25 to 30 percent of the solubility of
the amorphous phase. The diffusion coefficient in the amorphous phase, Da, has been
shown to be related to the diffusion coefficient in the semicrystalline phase D by

(11.19)

where β is a “chain immobilization factor,” and τ is a “geometric impedance factor.” Both
β and τ > 1. Michaels et al. applied Eq. 10.19 to semicrystalline PET.43 Application of Eq.
11.19 does not work well, especially for annealed polymers.44

Figure 11.12 Oxygen permeability in nylon 6I/6T. (Reprinted with
permission from R. J. Hernandez, J. Food Eng., 22, 495, 1994)

S 1 α–( )Sa=

Da Dβτ=
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Plastics in Packaging 665

Other factors affecting permeation. Chain orientation, permeant concentration, plasti-
cizers, and fillers affect permeability. Chain orientation in general decreases the perme-
ability to gases (Table 11.2). Permeant concentration of gases below one atmosphere of
pressure in general does not effect the permeability coefficient. However, strong effects
has been observed in the permeability of organic compounds. For instance, the perme-
ability of organic vapors such as aromas, flavors, and solvents in general are strongly de-
pend on concentration.45 The addition of plasticizers usually, but not always, increases
the permeability. Film thickness per se does not affect permeability, diffusion, or solubil-
ity of a penetrant, provided the polymer morphology is not affected. However, polymer
film produced in different thickness may have different morphology due to different
cooling conditions during processing. Molecular weight of a polymer has been found to
have little effect on the permeability of polymer except in the very low range of molecu-
lar weight. Inorganic mineral fillers such as talc, CaCO3, or TiO2, used as much as 40
percent, affect the permeability of a film. When coupling agents, such as titanates, are
used to improve the interfacial bond between polymer and filler, the permeability to
gases and vapors decreases. The absence of bonding agents may increase permeability
(Table 11.5). 

11.3.5 Diffusion across a Composite Structure

Many packaging materials and containers are produced by the combination of more than
one plastic material. Common configurations include multilayer structures, two-phase
polymer blends, and plastics with fillers. While multilayer structures offer the lowest per-
meability for a given composition, the performance of two phase-blends depends on which
polymer provides the continuous phase. The effectiveness of a filler to enhance or dimin-
ish the barrier value of a polymer depends on the adhesivity and wetting interphase char-
acteristics of the polymer-filler pair.

11.3.5.1 Multilayer configuration. Multilayer structures of two or more polymers
are commonly produced by coextrusion, adhesion lamination, coating, extrusion coating,
or their combination. In a lamination, the contribution of the tie layer to the barrier of the
structure is often neglected, although in some cases it may have some effect. 

Plane configuration. Consider a plane multilayer structure whose layers are perpendicu-
lar to the permeation flow. This can be referred to as a structure in series. 

Figure 11.13 illustrates the case of a three-layer structure during a steady-state perme-
ation process. Applying Fick’s first law to each layer and considering that the flow rate F is
the same through each layer, the following can be concluded:

(11.20)

(11.21)

(11.22)

F D1

c1
*

c1–

l1
----------------=

F D2

c2
*

c′2–

l2
------------------=

F D3

c3
*

c′3–

l3
------------------=
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666 Chapter Eleven

where ln = thickness of each layer 
Dn = diffusion coefficient of the penetrant in each layer 

c* and c´ = the penetrant concentrations at the layer’s interphases

The partition coefficients between the layers are calculated as

(11.23)

and

(11.24)

When the concentrations at the interfaces are eliminated from Eqs. 11.20 through 11.24,
the following expression is obtained:

(11.25)

which gives the steady state flux value FSS as a function of external concentrations c1 and
c3, partition coefficients, layer thickness, and diffusion coefficients. Equation 11.25 can be
extended to n layers44 as

(11.26)

where K(n–1)n = partition coefficient of penetrant between two contacting layers.

Figure 11.13 Permeability through a plane multilayer struc-
ture.
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Plastics in Packaging 667

Consider two practical cases of a three-layer structure.

Case 1 Layers 1 and 3 are the same polymer, therefore, D1 = D3, and K12 = 1/K23 ≡ K.
Equation 11.25 reduces to 

(11.27)

Similarly, in Eqs. 11.20 through 11.22, an apparent diffusion coefficient, Deff , of the
whole structure can be defined as

(11.28)

where lT is the total thickness of the structure. 

From Eqs. 11.27 and 11.28, the Deff is related to D1 and D2 and K by

(11.29)

Furthermore, assuming that Henry’s law of solubility applies at both external layers inter-
phases in contact with the permeant gas phase, the effective permeability Peff of the multi-
layer is

(11.30)

When the partition coefficient K favors the external layer, i.e., the permeant preferentially
dissolves much better in the external layers rather than in the middle layer, K » 1. Addi-
tionally, if K/D2 » 2/D, then Peff is controlled by the permeant solubility S in the external
layer, the diffusion coefficient of the middle layer D2, and K.

(11.31)

For the middle layer to be a high barrier, the permeant diffusion coefficient D2 must be
very small and its solubility must also be low.

Case 2 (a) First consider that the external layers are of equal thickness, l1 = l3 ≡ l, and l2
< l. For K = 1 (similar preferential sorption of permeant in both polymers) and D2 being
large, Eq. 11.30 simplifies to Peff ≈ SD. This indicates, as expected, that the middle layer
does not contribute at all to the barrier, because the it is similar to the external layers. 

(b) If l2 = εl (ε < 1) and εK » 1, assuming that D ≈ D2, then Eq. 11.30 becomes Peff ≈
2SD2/εK, and the middle layer is now a high-barrier material. Additionally, if D2 < D,
then Peff ≈ (2+ε)SD2/εk, which is the best combination for a middle-layer barrier. 
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668 Chapter Eleven

When the values of permeability for each layer of a n-layer structure are known instead of
the diffusion and partition coefficients, Peff , by the well known relationship, is

(11.32)

where Peff is the effective permeability coefficient of the structure, and li and Pi are the
thickness and permeability coefficient of each layer, respectively.

Cylindrical and spherical multilayer structures. For a cylindrical structure with con-
centric parallel layers of radius Ro < R1… < Rn, Peff is34

(11.33)

while for a multilayer spherical shell,

(11.34)

where li = Ri – Ri – 1, Σl = Rn – Ro, and Pi = Diki. Barrer46 discussed the case of a laminate
in which the diffusion coefficient of each layer is permeant-concentration dependent.

Parallel structures. Although multilayer structures parallel to flow are not common in
packaging, the case of two layers, or phases, is illustrated in Fig. 11.14. The effective per-
meability of two material having P1 and P2 permeability coefficients can be estimated by, 

(11.35)

where φ1 and φ2 are the volume fractions of respective polymers. This is the least efficient
way to improve barrier when combining two materials. However, this type of structure can
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Figure 11.14 Permeability in parallel struc-
tures.
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Plastics in Packaging 669

be used, in principle, in modified atmospheric packaging applications where high perme-
ability values are often needed.

Immiscible blends. Immiscible polymer blends having good interphase bonding provide
a continuous two-phase heterogenous medium to diffusion and sorption. A detailed study
of these cases is beyond the scope of this chapter. Let us consider the simple case of a two-
polymer immiscible blend in which one phase remains continuous across a composition
range, and the other is a discontinuous phase dispersed as spherical particles. The effective
permeability is described by the following equation:47

(11.36)

where Pc, Pd, and φd are the permeability and volume fraction of the continuous and dis-
continuous phase, respectively. Equation 10.36 is for the continuous phase polymer. In an
immiscible two-polymer blend, there is a value of φ between 0 and 1 in which a phase in-
version occurs. At that point, the continuous phase becomes a discontinuous phase and
vice-versa. Figure 11.15 shows the values of Peff calculated by Eq. 11.37 for two polymers
having permeability 0.15 and 150 cm3·mil/100 in2·day·atm, respectively.

Permeability of polymers with fillers. Permeability of polymers with inorganic fillers
can be estimated by Eq. 11.37,48 provided good adhesion and wettability exist between the
polymer and the filler.

(11.37)

where Pp and φp are the permeability and volume fractions of the unfilled polymer, φf is
the volume fraction of the filler, and L/W is the aspect ratio. Aspect ratio is the average di-
mension of the dispersed filler particles parallel to the plane of the film, L, divided by the
average dimension perpendicular to the film, W. When there is not good adhesion between
the filler and polymer, permeability may increase in a less predictable form, by diffusion
through interphase microvoids. Equation 11.37 has been applied to correlate the barrier

Peff

Pc Pd 2Pc 2φd Pc Pd–( )–+[ ]
Pd 2Pc φd Pc Pd–( )+ +

------------------------------------------------------------------------=

Figure 11.15 Calculated values of permeabil-
ity in an immiscible blend. (Reprinted with per-
mission from P. T. DeLassus, TAPPI J., 3, 126,
1988)
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properties of nanocomposites films. Table 11.6 shows values of oxygen permeability of
LDPE filled with calcium carbonate.49

Miscible blends. Miscible blends include polymer blends, random copolymers, and
polymer/plasticizer blends.50 The effective permeability in a miscible blend can be de-
scribed by the following expression:51

(11.38)

The permeability of O2, CO2, and H2O in a vinylidene chloride copolymer increased ex-
ponentially with increasing plasticizer concentration.47

11.3.6 Permeability Measurement

Standard methods for measuring the permeability of oxygen, carbon dioxide gas, and wa-
ter vapor through flat polymer structures are described in ASTM D3985-81 and E96-80,
respectively. The measurement of permeability of organic vapors has been the subject of
numerous investigations.52–56

Methods for determining permeability are of two types, continuous flow and lag-time
or quasi-isostatic. A brief summary of the methods follows. For more details, the reader is
referred to the book by Hernandez and Gavara.57

11.3.6.1 Continuous flow method. Figure 11.1658 shows a schematic of a continu-
ous-flow method setup for measuring oxygen permeability in the presence of water vapor.
The solution to Fick’s second law from a continuous flow permeation experiment with D
independent of concentration is given by59

(11.39)

where Ft is the flow rate of the permeant through the film sample, and Fss is the steady-
state flow at large times. A typical curve obtained using the continuous flow method is pre-
sented in Fig. 11.17. The experimental permeation flow up to a value of the flow ratio of
0.95 can be virtually described by the first term of Eq. 11.39 as follows:

TABLE 11.6 Oxygen Permeability of 
LDPE with Calcium Carbonate

Filler, % by volume Surface treated?
Oxygen permeability

cc-m/m2·d·atm

0
15
25
15
25

No
Yes
Yes
No
No

0.189
0.098
0.059
0.394
0.787

Source: Steingeser, S., G. Rubb, and M. Salame, Encyclopedia of Chemical
Technology, vol. 3, 3d ed., 1980, p. 480.
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(11.40)

where X = l2/4Dt. The Newton-Rhapson method can be used to evaluate X versus t in Eq.
11.40, and the diffusion coefficient D is obtained from the slope of the linear fitting of X–1

versus t for 0.05 < ψ < 0.95.54 The permeability coefficient P is calculated from the value
of Fss.

(11.41)

where ∆p is the partial pressure across the film during the permeation experiment. For the
simple case of constant diffusion coefficient, D can be approximately calculated by

Figure 11.16 Continuous flow permeation method. (Reprinted with
permission from R. Gavara and R. J. Hernandez, J. Polym. Sci., Part
B, 32, 2375, 1994)

Figure 11.17 Flow profile in a continuous-flow method.
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(11.42)

where  is the time required to reach Ft/Fss = 0.5 from the start of the experiment. 
Gavara and Hernandez60 have presented a simple method to analyze the consistency of

experimental Fickian permeability data. 

11.3.6.2 Lag-time method. Figure 11.18 shows an apparatus for measuring the per-
meation and sorption of oxygen in polymers films.61 The solution of Fick’s second law
when the initial concentration of permeant in the film is zero is34

(11.43)

where Q(l) is the quantity of permeant passing at x = l per unit of the membrane area in
time t. Profiles of Eq. 11.43 are presented in Fig. 11.19, where the partial pressure of per-

D
l
2

7.20t1 2⁄
---------------------=

t1 2⁄

Figure 11.18 Lag-time permeation apparatus. (Reprinted with permission from K. Toi, H. Suzuki, I.
Ikenasto, T. Ito, and T. Kasi, J. Polym. Sci., Part B, 33, 777, 1995)

Q l( )
Dc2

l
---------- t

l
2

6D
-------– 

  2lc2

π2
---------- 1–( )n

n
2

------------- Dn
2π2

t–

l
2

----------------------
 
 
 

exp

1

∞

∑–=

Plastics in Packaging

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Plastics in Packaging 673

meant, which is proportional to Q(l), is plotted versus time t. At the steady state, i.e., at
very large t values, Q is given by

(11.44)

The intercept of the steady state line with t-axis, which occurs at Q(l) = 0, defines the lag
time, θ.

(11.45)

For a penetrant/polymer system that follows the dual-mode sorption model of Eqs. 11.5
and 11.13, the lag time is given by the following expression: 

(11.46)

where f (C´H, kD, DH, DD, b, p) is a nonlinear function of the indicated variables.62

11.3.7 Permeant Transport and Packaging Shelf Life

The barrier to the diffusion of small molecules provided by a container is of primary im-
portance when protecting food, cosmetic, and pharmaceutical products. 

11.3.7.1 Simplified shelf-life calculation. For many applications, the steady-state
permeation equation (Eq. 11.10) is an acceptable approximation to correlate a product’s
shelf life τ with package area A, wall thickness l, and environmental conditions of pressure
and temperature. This approximation is valid for thin films and when the time to reach
steady-state flow rate, tss, is very small compared with the package shelf life. Consider a
permeation process through a container wall as illustrated in Fig. 11.20.

Example Estimate the film thickness l for a plastic pouch containing an oxygen-sensi-
tive product, provided that not more than 5 cc of oxygen can allowed to permeate the
package during six months. Assume the pouch area A = 400 cm2, and the material perme-
ability P = 165 cc micron/m2·day·atm.

Figure 11.19 Plot of lag-time permeation ex-
periment. (Reprinted with permission from K.
Toi, H. Suzuki, I. Ikenasto, T. Ito, and T. Kasi, J.
Polym. Sci., Part B, 33, 777, 1995)
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Solution Since this is an oxygen-sensitive product, the headspace partial pressure of
oxygen is near zero, p1 ≈ 0 atm, and ∆p across the package can be considered constant
during the shelf life, therefore, Eq. 11.10 can be applied. 

l = P t A p2/q = 165 × 180 × 0.04 × 0.21/5 = 50 microns

If the diffusion coefficient of the material is 5 × 10–10 cm2/s, the time to reach the
steady-state flow is 3 times the lag time. By Eq. 10.45, tss = 6.9 hr, which is small com-
pared with 180 days. Figure 11.21 shows plots of tss = 3Θ, calculated for different thick-
ness and diffusion coefficient values. 

When p changes during the shelf life as in the case of a moisture sensitive product, Eq.
11.10 can be written as

Figure 11.20 Permeation through a container
wall of thickness l. At x = 0, total quantity en-
tered is Q(0); at x = l, total quantity permeated is
Q(l).

Figure 11.21 Values of tss calculated for different thicknesses and diffusion coefficient
values; tss = 3Θ (Eq. 8.45).
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(11.47)

where po is the water partial pressure outside the package, and p(M) is the internal partial
pressure in equilibrium with the product’s moisture content.63 The finite elements method
has been applied by Kim et al.64 to calculate the uptake of water by solving simulta-
neously the diffusion equation in both the product and package. 

11.3.7.2 Gaining and losing permeant. The unsteady state equation describing the
mass transfer in Fig. 11.20 can be written for both sides of the film, i.e., x = 0 and x = l.
Both resulting equations have practical importance. A packaged product that loses a com-
ponent by permeation through the package’s wall will start losing it by sorption at the in-
ternal side of the package, that is at x = 0. If the product uptakes permeant from the
environment, the permeant will be incorporated into the product only after the permeant
reaches x = 2 and has totally penetrated the packaging wall. The distinction of these two
cases is especially relevant when the permeant’s diffusion coefficient is very small and/or
the packaging wall is relatively thick. To evaluate the quantity of permeant at x = 0 and x =
l, Fick’s second law needs to be solved subject to the following conditions: the initial per-
meant concentration in the plane sheet is zero, and for t > 0, one side, x = 0, will be at c2;
the other, x = 2, will be at c1 = 0. The quantity permeated at x = l, Q(l) is given by Eq.
11.43, while the quantity entering the plane at x = 0, Q(o) is34

(11.48)

Figure 11.22 shows a plot of Eqs. 11.43 and 11.48. After a long time, the steady state is
reached and both lines, Q(o) and Q(l), become parallel. At steady state, the difference be-
tween Q(o) and Q(l) is the quantity of permeant sorbed by the polymer; that is, c2/2. The
intersection of the asymptotic steady state of Q(l) with Dt/l2 axis is DΘ/l2 = 1/6, where Θ
is the lag-time of Eq. 11.45.

The asymptotic lines on both curves indicate the pseudo-steady state solution given by
Eq. 11.10 and have the same slope, F = Q/t, at both sides of the container wall. As indi-
cated in Fig. 11.22, the pseudo-steady state solution agrees within less than 1 percent of
Eq. 11.37 at t > 2.64Θ, or at a value of Dt/l2 > 0.44. However, it is generally recommended
to consider steady state flow at Dt/l2 > 0.50, which is equivalent to 3 times the lag time Θ
or 3.6 times t1/2 in Eq. 11.42. 

Dt/l2 = 0.5 can be used to estimate the time needed for a permeant to reach the steady-
state permeation rate from the moment the product containing the permeant is put in a
package and immediately sealed. 

Example If D = 1 × 10–10 cm2/s, and the packaging thickness l = 25 microns (1 mil), t
= l2/2D = (25 × 10–4)2/2 × 10–10 = 31,125 s = 8.68 hr. It will take 8.68 hr to reach the
steady-state permeation rate, tss.

The criterion Dt/l2 = 0.5 to reach steady-state permeation is also useful when measuring
the permeability coefficient: steady-state data will be reached after an experiment time t =
l2/2D. Other values of tss as a function of D and thickness l are presented in Fig. 11.21.

A plot of Q(o) of Eq. 11.48 as a function of thickness is presented in Fig. 11.23 for t in
seconds and D in cm2/s. From this figure, it can be seen that the value of Q(o) at a given
time t depends on both the thickness and the diffusion coefficient D. For a given D, the
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loss of a permeant decreases with thickness to a value, lmin, beyond which there is no real
increase of barrier power. This value is65

(11.49)

Another important feature of Fig. 11.23 is that it shows that the pseudo-steady state Eq.
11.10 wrongly indicates that Q(o) continues to decreasing with thickness, even below the
minimum value lmin. This means that Eq. 11.10 is only valid for l < lmin.

11.3.7.3 Loss of pressurized CO2 through PET. As indicated in Eq. 11.13, the
transport of pressurized gases in glassy polymers such as PET and PAN exhibit the dual
sorption mode behavior. Masi and Paul66 carried out simulations based on the dual mobil-
ity sorption model of Eq. 11.13 as well as the simple sorption model of Henry’s law. Com-
parison of these two models is shown in Fig. 11.24. As seen, Henry’s law model
overestimates the loss calculated as Q(o). However, for Q(l) the difference between the
model is not very great. Also, Henry’s law model predicts a larger amount of sorbed CO2
than the dual mobility model. The total amount of permeant sorbed by the polymer at a
given time is Q(o) – Q(l).

11.3.8 Migration and Sorption in a Semi-infinite Polymer plane

Consider Fig.11.25, representing packages in which a fluid product of known composition
is in direct contact with a plastic material. From the moment the product is put in contact

Figure 11.22 Quantity permeated at x = 0 and x = l. (Adapted from P. Masi and D.
Paul, J. Memb. Sci., 12, 137, 1982)

lmin 3Dt( )1 3⁄
=
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Plastics in Packaging 677

Figure 11.23 Plot of quantity permeated at Q(o) as a function of
diffusion coefficient and container thickness. (Adapted from P. Masi
and D. Paul, J. Memb. Sci., 12, 137, 1982)

Figure 11.24 Comparison of quantity permeated at x = 0
and x = l of simple model (Eq. 8.10) and dual mobilized
model (Eq. 8.13). (Reprinted with permission from P. Masi
and D. Paul, J. Memb. Sci., 12, 137, 1982)
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with the package, molecules from the product will be sorbed by the polymer and, con-
versely, low-molecular-weight components from the plastic will migrate into the product.
Selected sorption and migration cases are reviewed now.

Since the transfer processes are controlled by diffusion, the following assumptions can
be made to simplify the analysis: 

1. The time-dependent diffusion process is described by Fick’s second law. 

2. The migration and sorption are limited to a single component of known concentration
that is initially homogeneously distributed in the polymer or in the product, respec-
tively. In addition, the diffusion of one adjuvant is not affected by the presence of
other adjuvants. 

3. For a given plastic material, the diffusion coefficient of the adjuvant is only a function
of temperature. 

Figure 11.25 (a) Single-wall plastic package and (b) package with an impermeable
foil layer.
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4. There is no swelling of the polymer by any sorbed component, or, if swelling does oc-
cur, the above assumptions still hold. 

5. A flat sheet is considered of infinite thickness if less than 40 percent of any migrant
originally contained in the sheet is extracted by the contacting media. 

Dp is the adjuvant diffusion coefficient in the polymer, and Df is the adjuvant diffusion
coefficient in the contacting phase. In solving Fick’s second law, the initial conditions are

(11.50)

and the boundary condition is

(11.51)

which gives the rate of adjuvant transferred at the polymer/product interphase.

11.3.8.1 Transient migration

Less than 40 percent of the original migrant is transferred to a contacting well mixed 

liquid. Consider a single polymer layer with an initial migrant concentration , at t = 0
for x > 0, as in Fig. 11.25a. The migrant substance in the polymer can be residual polymer-
ization reactants, processing additives, converting operation residuals, or contaminants in
a single layer of post-consumer recycled resin. The contacting product with the polymer is
considered to be very large as compared with the potential amount of migrant to be trans-
ferred from the plastic. The initial concentration of migrant in the product is 0; that is, 
= 0 for x < 0 at any time. This case can be simulated by a diffusional process in a semi-in-
finite/infinite domain34 with a mass transfer coefficient of infinite value, i.e., a well agi-
tated liquid. The solution to Fick’s law gives the amount of migrant transferred from the
polymer to the liquid.34

(11.52)

where M is the total quantity of migrant lost from the polymer per unit area of containing
phase at time t, and Dp is the diffusion coefficient of migrant in the polymer. From Eq.
11.52, it follows that a plot of M/  versus (Dt)1/2 is a straight line. This is illustrated in
Fig. 11.26, which presents experimental data on the migration of styrene monomer from a
polystyrene sheet in contact with oil at 40°C.67,68

Equation 11.52 can be rewritten to give the quantity of migrant transfer per unit of mass
of product Wf = M/ζ as a function of the dimensionless group Dpt/l2.

(11.53)

where ζ is the ratio of the mass of contacting phase/package area. For food products, the
U.S. Food and Drug Administration uses ζ = 1.55 g/cm2. A plot of Eq. 11.53 is shown in
Fig. 11.27. Equations 11.52 and 11.53 show that the diffusion coefficient of migrant in the
polymer is a key parameter. 
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Figure 11.26 Migration of styrene monomer into solvent oil at 40°C. (Reprinted with
permission from R. C. Reid et al., Ind. Eng. Chem. Prod. Res. Dev., 19 (4), 580, 1980)

Figure 11.27 Mass fraction migrated from a polymer film or sheet.
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Example Estimate the concentration of a migrant in a foodstuff that is in direct contact
with a monolayer of recycled polymeric package when Dpt/l2 = 0.1,  = 23 µg/cm3 and
thickness l = 50 µm.

Solution

ζWf/ l = 2 × (Dpt/l2)1/2/π1/2 = 0.3568 

Wf = 0.3568 ×  × l/ζ = 0.3568 × 23 × 0.005/1.55 = 0.0265 µg/kg = 26.5 ppb. This
corresponds to 36 percent of the original amount of migrant in the polymer, for ζ = 1.55
g/cm2. Therefore, the assumption of semi-infinite polymer is acceptable. Furthermore, if
Dp = 1 × 10–12 cm2/s, calculate how long will it take to transfer the calculated 36 percent
of migrant: t = 0.1 × l2/Dp = 0.1 × 0.0052/1 × 10–12 = 2.6 × 106 s = 28.9 days. 

Equation 11.53 represents the worse possible scenario to estimate migration from the
plastic. Since the contacting phase is well mixed, the difference in concentration between
the polymer and liquid is the highest possible. Also, Eq. 11.53 does not include a partition
coefficient value that would slow the migration process. Therefore, this case gives the
shorter possible time for migration, or, for a given time, the larger amount of migrant
transferred from the plastic. Calculated values from this case can be used to estimate an
upper bound of migrant leaving the polymer in the transient state. The effect of tempera-
ture in Eq. 11.52 was studied by Markelov and co-workers for the migration of acryloni-
trile in commercial copolymers.69

Semi-infinite polymer contacted by a well mixed finite amount of liquid phase of

volume Vf. As illustrated in Fig. 11.25b, the amount of contacting liquid is given by Vf =
Aa. Since the liquid is considered to be in agitation (or regularly agitated), there is not any
concentration gradient of the migrant into the liquid and the mass transfer coefficient
would be very high. To solve this case, the following additional boundary condition ap-
plies.

(11.54)

which indicates that the flux of migrant is transferred entirely into the contacting phase
with no gradient in concentration in the latter. The quantity migrated by unit of area M in
time t given in dimensionless form is67

(11.55)

where z = (Dpt)1/2/aK, erfc z is the error function of z, and Y is the ratio of M to the maxi-
mum quantity of migrant transferred at equilibrium, . Y = 1 at equilibrium, other-
wise 0 < Y < 1. K is the partition coefficient of the migrant molecule between the product
and polymer as defined in Eq. 11.6. K is considered to be independent of migrant concen-
tration, which is a realistic assumption, since concentration of migrant molecules in pack-
aging systems are commonly very low, excepting some plasticizers. A plot of Eq. 11.55 is
presented in Fig. 11.28, and values of erfc z are given in Table 11.7. For z < 0.05 (large liq-
uid volume, small migration time t, or very low D), Eq. 11.54 reduces to Eq. 11.52. The
assumption of a infinitely thick polymer is fully acceptable if the quantity of migrant dif-
fused into the liquid is less than 40 percent. Therefore, for Y < 0.40, the polymer thickness
l is not a significant variable.67
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Example Consider a similar system as in the previous example, but now the contacting
phase has a limited volume Aa, with a = 2.5 cm. Estimate the time to transfer 25 percent
of the total migrant that would potentially migrate at equilibrium (infinite time) if K = 1 ×
10–2 and Dp = 1 × 10–10 cm2/s.

TABLE 11.7 Error Function

z erf c z z erf c z z erf c z

0
0.05
0.1
1.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65

1.0
0.943628
0.887537
0.832004
0.777297
0.723674
0.671373
0.620618
0.571608
0.524518
0.479500
0.436677
0.396144
0.357971

0.7
0.75
0.8
0.85
0.9
0.95
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0.322199
0.288844
0.257899
0.229322
0.203092
0.179109
0.157299
0.119795
0.089686
0.065992
0.047715
0.033895
0.023652
0.016210

1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0

0.010909
0.007210
0.004678
0.002979
0.001863
0.001143
0.000689
0.000407
0.000236
0.000134
0.000075
0.000041
0.000022

Figure 11.28 Plot of Y versus z in Eq. 8.55.
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Solution From Eq. 11.55 or Fig. 11.28, at Y = 0.50, z = 0.23, t = (z·a·K)2/Dp = 3.3 × 105

s = 3.8 days.

Semi-infinite polymer contacted by a semi-infinite immobile phase. In this case, the
product is still, and mixing is insignificant or does not exist at all. Since there is no bulk
transport due to the absence of mixing, the mass transfer takes place only by molecular
diffusion. This can be the case with a viscous liquid such as honey contained in a plastic
jar. In addition to the initial conditions of Eq. 11.50 and 11.51, the following boundary
condition describes the system:

(11.56)

which indicates that every migrant that is diffused out from the polymer is diffused in the
product; this is equivalent to saying that the migrant diffusion coefficient Df in the immo-
bile product cannot be neglected. When the amount of product is very large compared with
the amount of migrant, the concentration of migrant can be considered near zero in the
product, or cf = 0 at any time, and the solution is67

(11.57)

where β = K(Df /Dp)1/2. If β >100, Eq. 11.57 reduces to Eq. 11.52 with an error of less
than 1 percent. Large β values might result from large K (the migrant is very soluble in the
contacting phase), high values of Df , or very small Dp. However, if K values are very small
(which indicated low solubility of the migrant in of the liquid phase as compared to the
polymer), β may be also very small. Equation 11.57 then reduces to 

(11.58)

which indicates that the diffusion coefficient of the diffusing molecule in the polymer, Dp,
no longer affects the mass transfer process, and the diffusion process is controlled only by
Df.

Semi-infinite polymer layer contacted by a limited volume of immobile phase. The
additional boundary condition for this case is Df ∂cf /∂x = 0 at x = a; that is, no flow at x =
a. The corresponding solution is67

(11.59)

where F(β, z) is the following function of β and z:

(11.60)

where E(n/βz) = π1/2 (n/βz) exp(n/βz)2 erf c(n/βz).
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Equation 11.59 is plotted in Fig. 11.29. For values of β > 5, the mixing does not have
any effect in the mass transfer, and Eq. 11.59 reduces to Eq. 11.55. The linear portion of
Fig. 11.29 is given by

(11.61)

Example If z = 1 and β = 0.2, Y = 0.203; then, 20.3 percent of the migrant has passed to
the contacting phase. 

Contaminant transferred from a coextruded recycled polymer and a virgin resin

layer. The migration of contaminants from a package made of a single-layered recycled
polymer is described by Eq. 11.52, for low migrant concentration levels. Consider now the
migration from a layer of recycled polymer coextruded with a layer of virgin resin of the
same polymer as illustrated in Fig. 11.30, where r and l are the thickness of the recycled
and virgin layers, respectively. The thickness r can be expressed as a function of l: r =γl,
where γ > 0. The migrating substances must diffuse out from the recycled layer and
through the virgin resin layer to reach the food contacting phase. It is further assumed that
there is no direct diffusion from the recycled layer into the opposite side. The following
two solutions have been proposed: 

1. Lag-time approach. Here, the virgin polymer layer is considered to be a membrane
having a constant contaminant concentration  at the recycled polymer interphase
and zero contacting phase. The corresponding solution is Eq. 11.43, the lag-time
equation for permeation,70 which can be rewritten in dimensionless form as

(11.62)

Figure 11.29 Migration from a semi-infinite polymer contacted by a limited
volume of immobile phase, Eq. 8.59. (Reprinted with permission from R. C. Reid
et al., Ind. Eng. Chem. Prod. Res. Dev., 19, 4, 580, 1980)
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As expected, this equation grossly overestimates the amount of migrant transferred
into the foodstuff for Dpt/l2 > 0.052, because it assumes that at the recycled/virgin
polymer interphase always remains constant. For comparison, Eq. 11.62 is plotted
along with Eq. 11.53 in Fig. 11.27.

2. Continued diffusion approach. This approach considers that the contaminant continu-
ously diffuses through the recycled and virgin resin layers with the corresponding de-
crease in concentration at the interphase. Figure. 11.31 illustrates the concentration
profile within the coextruded structure for r = l. The migrant diffuses out only at the
virgin resin/product interphase, and the contacting phase is well mixed, which implies
a mass transfer coefficient of infinite value. The corresponding solution is71

(11.63)

where  is the initial concentration of the contaminant in the recycled layer of thick-
ness r = γl. Equation 11.63 is plotted in Fig. 11.27 for γ = 1; that is, the virgin and re-
cycled layer have both the same thickness l. Equation 11.63 gives the transferred
fraction of migrant for a given value of Dpt/l2.

Example Estimate the maximum migrant concentration in a mixed foodstuff in direct
contact with a coextruded structure made of a recycled and virgin resin of equal thickness
r = l = 25 µm, during a 30-day period. The diffusion coefficient Dp = 1 × 10–12 cm2/s, and

 = 23 µg/cm3.

Solution At Dpt/l2 = 1 × 10–12 × 30 × 24 × 3600/(0.0025)2 = 0.415. From Eq. 11.63 or
Fig. 11.27 for the line corresponding to Equation 11.63, zWf/ l = 0.125; therefore, Wf =
0.125 × 23 × 0.0025/1.55 = 0.0047 µg/kg = 4.7 ppb. This corresponds to 8 percent of the
original amount of migrant in the polymer.

Figure 11.30 Migration from a layer of recycled resin and coextruded
with virgin layer of the same resin.
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Equation 11.63 still overestimates the amount of migrant in the contacting phase, since
it is assumed that all migrant diffuses only in the direction of contacting phase, which is
perfectly mixed. 

11.3.8.2 Transient sorption

Sorption at one side of the film. Foodstuffs packaged in polymeric containers such as
the one depicted in Fig. 11.25b lose aroma through sorption. The penetration of the sor-
bate takes place on only one side of the polymer and on the inside of the package. The
polymer layer is of thickness l, and its initial concentration c = . Assuming that the sor-
bate concentration in the contacting phase remains essentially constant during the sorption
process (that is, the amount sorbed is very small compared with the total amount originally
in the food), the solution giving the amount of total of sorbed compound after a very large
time (to infinity) is34

(11.64)

The corresponding solution for shorter times is

(11.65)

where iercf is the inverse error function.

Figure 11.31 Concentration profile of a migrant within a coextruded recy-
cled/virgin structure in contact with a well agitated liquid. (Reprinted with
permission from S. Laoubi et al., Pack. Techn. and Sci., 8, 249, 1995)
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Sorption from both sides. This occurs when the polymer film of thickness l is im-
mersed in a fluid phase (liquid or gas) of constant sorbate concentration. For long times,
the amount sorbed is given by

(11.66)

Equation 11.66 is commonly used to determine the diffusion coefficient of a sorbate in
a polymer film. The film is exposed on both sides to a flow of sorbate carried in a gas
stream, and the increase in mass is continuously monitored.39,72 The corresponding solu-
tion for short times of Eq. 11.66 is

(11.67)

Reduced sorption equations. Because the first term in the above series is dominant, for
large times, Eq. 11.66 can be reduced to

(11.68)

with a relative error of 0.1 percent, M/Mss ≥ 0.55.
Similarly, for short times, Eq. 11.67 can be reduced to

(11.69)

with an error of 1 percent for 0.5 < M/Mss ≤ 0.63, and 0.1 percent for M/Mss ≤ 0.50.
For M/Mss = 0.5, Equation 11.68 can be further simplified to the well known expression

(11.70)

where t0.5 is the time required to reach M/Mss = 0.5.
Equations 11.64 through 11.70 also describe a desorption process and the diffusion co-

efficient can be obtained from a desorption experiment. 

Sorption from a stirred solution of limited volume. When a plane sheet or film of
thickness 2l is immersed in a limited volume of a solution of width 2a per unit area con-
taining the sorbate, the sorbate concentration falls with time due to the sorption process by
the polymer. The space occupied by the film is –l ≤ x ≤ l, and by the liquid –(l + a) ≤ x ≤
–l, and l ≤ x ≤ l + a. Initial conditions are c = 0 for –l <x <l at t = 0.

The boundary condition contemplates that all sorbate lost by the liquid is taken up by
the polymer.

(11.71)
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where K is the partition coefficient (K = c*
f /c

*
p) and c*

f and c*
p are the equilibrium con-

centrations of the adjuvant in the contacting phase and polymer, respectively. The solution
of Fick’s second law subject to these conditions is34

(11.72)

where M is the quantity of diffusing molecule entering the sheet or film, qns are the non-
zero positive roots of tan qn = –αqn, and α = aK/l. The fraction uptake, U, is

(11.73)

where Vf is the volume of contacting phase and Vp the volume of plastic in the container. 

11.3.9 Migration and Sorption at Equilibrium 

All diffusion processes involving the transfer of a diffusant from or to a polymeric material
asymptotically reaches a steady condition at long times. In any closed system (like a Tetra
Pak carton) that has reached this condition, there is no effective mass transfer between the
polymer and the surrounding phases; the adjuvant concentrations are at equilibrium, and
the transferred material is at the maximum possible amount. In reference to Fig. 11.25 b,
consider a sorption or migration process that has reached equilibrium. Vf is the volume of
contacting phase, and Vp is the volume of plastic in the container, and c*

f and c*
p are the

equilibrium concentrations of the adjuvant in the contacting phase and polymer, respec-
tively. For the case of sorption of a substance from the food phase by the polymer, the
mass balance at equilibrium is

(11.74)

and, for a migration process,

(11.75)

The equilibrium concentration,  for a sorption process and  for a migration pro-
cess, are expressed as a function only of adjuvant initial concentration (in the polymer of
foodstuff), the partition coefficient K, and the ratio of polymer and food volume.

(11.76)

(11.77)
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where the s and m superscripts at the right of c refer to a sorption and migration process,
respectively. Figures 11.32 and 11.33 plot mc*

f and sc*
f , respectively, for a range of K and

Vf /Vp values.
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12
Plastics Recycling

Susan E. Selke, Ph.D.
School of Packaging

Michigan State University
East Lansing, Michigan

12.1 Introduction

The amount of plastics being recycled continues to increase around the world. As the use
of plastics continues to increase as well, plastics recycling rates have declined in some ar-
eas. Public pressure for plastics recycling waned in the last half of the 1990s in the U.S.A.,
although there are some signs that it is increasing in the early 2000s. The early focus of
plastics recycling efforts was packaging materials. More recently, recycling of plastics in
consumer products such as carpet, automobiles, and appliances is drawing attention. 

This chapter deals almost exclusively with recycling of post-consumer plastics. While
recycling of process scrap is important for the economic viability of many operations us-
ing plastics, recovery and reuse of clean process scrap is regarded, by and large, as a nor-
mal part of operations and is not generally classified as recycling. Recovery of
contaminated scrap, while more difficult and less routine, is still often regarded as not
“real” recycling. Such materials are sometimes processed along with post-consumer plas-
tics, and some processors and users of recycled plastics depend on the known composition
of such materials to help control product properties. Nevertheless, when most people think
of plastics recycling, they have in mind the processing for reuse of materials that have
served their intended purpose. Post-consumer materials, by this definition, include those
generated by business and industry as well as those generated by individuals. The key to
the definition is that the products have been used for the purpose for which they were man-
ufactured. For example, a spool that once held cable wire is a post-consumer material,
while an in-mold labeled laundry detergent bottle that was defective in some way and
therefore was never filled is not.

The discussion in this chapter will also focus on the United States, although it is not
limited to it.

12.1.1 Municipal Solid Waste

In the U.S.A., substantial public pressure to develop plastics recycling first emerged in the
late 1980s, when a number of municipalities experienced problems with adequate disposal

Source: Handbook of Plastics, Elastomers, and Composites
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capacity for municipal solid waste (MSW). Municipal solid waste, as defined by EPA, in-
cludes residential, institutional, office, and commercial waste.1 It does not include indus-
trial process waste, construction and demolition waste, non-household hazardous waste,
and a variety of other waste streams. It should be noted that definitions of MSW differ,
which can make comparison from country to country, or even state to state, problematic.

In the mid to late 1980s, many U.S. landfills were closing due to reaching capacity or
because they had been identified as sources of groundwater pollution, but few new land-
fills were opening because of public resistance to siting such undesirable facilities. New
regulatory requirements made new facilities more costly, and lack of capacity further in-
creased tipping fees (the fee charged to leave the waste at the disposal facility). This ad-
versely affected municipal as well as individual budgets, and people began talking about
the “landfill crisis.”

In response, some communities increased reliance on incineration, but many found
their citizens even more opposed to incineration than to landfill, and the cost of incinera-
tion was usually higher than landfill. Other communities relied on shipping their MSW to
places with adequate disposal facilities—a practice that continues to draw criticism from
the “host” locations unless they feel adequately compensated. While both of these solu-
tions tended to be unpopular, many communities found that, in contrast, there was sub-
stantial public support for instituting recycling programs. 

As time went by, a number of new, often very large, landfills were opened. While the total
number of landfills has continued to decline in the U.S.A., the amount of available capacity
has increased. This increase, coupled with a decrease in the amount of waste requiring dis-
posal as recycling grew, resulted in a decrease in tipping fees in many areas. The crisis atmo-
sphere disappeared. Some predicted that recycling would also disappear, especially when
the location or materials make it more costly than disposal. However, the public has proven
to be much more supportive of recycling than most experts anticipated. Individuals across
the U.S.A. readily took up the habit of recycling and are resistant to giving it up.

While the total amount of MSW in the United States has continued to increase, the rate
of increase has slowed since 1990. The amount and proportion of MSW going to landfill
have fallen, while the amounts recycled and composted have increased substantially, as
shown in Fig. 12.1. Most of the increase in the total amount of MSW is due to population
increase, as the per capita rate of generation of MSW has been fairly stable since 1990
(Fig. 12.2).

EPA categorizes MSW by product type and by material type. Product categories are du-
rable goods, nondurable goods, containers and packaging, food wastes, yard trimmings,
and miscellaneous inorganic wastes. Material categories are paper and paperboard, glass,
metals (subdivided into ferrous, aluminum, and other nonferrous), plastics, rubber and
leather, textiles, wood, food, yard trimmings, miscellaneous inorganic wastes, and other.
Figures 12.3 and 12.4 show the relative contribution, by weight, of these product and ma-
terial categories to MSW in 1998.

In Europe, concerns about solid waste disposal capacity were and remain more real
than in the U.S.A. Governments in the European Union have taken a very active role in re-
quiring recycling, as will be discussed in Sec. 12.18. Canada has actively pushed for re-
duction in disposal of municipal solid waste, packaging in particular, with impressive
success. Japan, Korea, and other Asian countries are rapidly increasing recycling, includ-
ing plastics recycling. Recycling is also growing in Australia and New Zealand, in some
South American countries, and in other parts of the world.

12.1.2 Plastics in Municipal Solid Waste

As can be seen in Fig. 12.4, plastics make up only slightly more than 10 percent of U.S.
MSW, by weight.1 However, both the total amount and the proportion of plastics in MSW
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have increased dramatically over the last several decades, as shown in Fig. 12.5. Further-
more, when landfill disposal is involved, contribution by volume is obviously much more
important than contribution by weight. However, it is very difficult to determine accu-
rately. While EPA’s series of reports on U.S. MSW have occasionally attempted to quan-
tify contributions by volume, these values are much less reliable than the weight estimates.

Figure 12.1 Generation and disposal of municipal solid waste in the U.S.A.1

Figure 12.2 Generation and disposal of municipal solid waste in the U.S.A., per capita.1
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What can be said with certainty is that the contribution of plastics to land-filled MSW
measured by volume is considerably larger than measured by weight. EPA’s most recent
attempt to characterize volume contributions evaluated the 1996 waste stream and esti-
mated that while plastics made up only 9.4 percent of all MSW generated (before recy-
cling) by weight, they made up 25.1 percent of MSW going to disposal (after recycling) by
volume.2 While these estimates must be regarded with caution, it is clear that plastics do
make up a sizeable component of MSW going to disposal facilities.

Figure 12.3 Products in the U.S. municipal solid waste stream, 1998.1

Figure 12.4 Materials in the U.S. municipal solid waste stream, 1998.1
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12.1.3 Plastics Recycling Rates

The recycling rates for plastics in the U.S.A. are, in general, considerably lower than for
many other materials. The rates differ for plastics in different categories of goods, and for
different plastic resins within the same category, as will be discussed in more detail. As
can be seen in Fig. 12.6, the containers and packaging category has both the highest over-
all recycling rate, 40 percent, and the highest recycling rate for plastics, 9.6 percent. Plas-
tics in durable goods are recycled at a rate of 3.8 percent, compared with 16.7 percent for
the category as a whole. Nondurable goods have an overall recycling rate of 23.7 percent,
but there is only negligible recycling of plastics in this category. The containers and pack-
aging category also has the largest share of plastics in MSW (Fig. 12.7).

The amount of plastics recycled in 1998 was 260,000 tons from durable goods, and
950,000 tons from containers and packaging, for a total of 1.2 million tons.1 Plastics News
reported sales of North American plastics recyclers and brokers totaled $1.74 billion in
2000, with 29 percent of that post-consumer plastics and the remainder post-industrial and
brokered plastics. The total amount of plastics reprocessed was 5.54 billion pounds.3

Historical trends in plastics recycling amounts and rates in the U.S.A. and in Europe are
shown in Figs. 12.8 and 12.9. These values include feedstock recycling but do not include
energy recovery. While both are limited to recovery from post-consumer materials only,
there are some differences in the types of materials included, so care should be taken in
comparing the values. For example, recovery of agricultural and automotive plastics is in-
cluded in the European figures but not, for the most part, in those for the U.S.A. Figure
12.10 shows the breakdown by category for plastics recycled in Europe. As can be seen,
only 43 percent of the total amount of recycled plastics comes from municipal solid
waste.4 However, straightforward comparisons between amounts of plastic recycled from
“municipal solid waste” cannot be made either, since definitions differ. Some, but not all,
of the material identified in Europe as belonging to the distribution and industry and to the
electrical and electronics sectors, for example, would be classified as part of municipal
solid waste in the U.S.A.

Figure 12.5 Plastics in the U.S. municipal solid waste stream.1

Plastics Recycling

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



698 Chapter Twelve

Countries within western Europe differ considerably in recycling rates for plastics. The
Association of Plastics Manufacturers in Europe (APME) reports that Germany has the
highest rate at nearly 30 percent, while the rate in Greece was under 2 percent (Fig. 12.11).
Recycling rates for packaging plastics are higher than the rates for plastics as a whole,
ranging from 51 percent in Germany to 2 percent in Greece (Fig. 12.12).4

In Australia, a total of 167, 673 tonnes of plastics were recovered for recycling. Of this,
74 percent was processed domestically, and the remainder was exported, mostly to Asia.
Plastics recycling has increased significantly in the last decade, with the 2000 amount 180
percent higher than that of 1992 and 80 percent higher than in 1997. While some of this
may be due to better accounting, much of it is due to increased recycling. This amount in-
cludes both pre-consumer and post-consumer industrial and domestic waste materials.

Figure 12.6 Plastics recycling rates in the U.S.A., 1998, by product category.1

Figure 12.7 Plastics in U.S. MSW, 1998, by product category.1
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Post-consumer domestic plastics represent only 30.4 percent of the plastics recycled
within Australia but are believed to represent a major proportion of the exported material.
Post-industrial materials made up 19.4 of the locally reprocessed plastics. Packaging rep-
resented 42.1 percent of the locally reprocessed materials, and manufacturing scrap repre-
sented 49.5 percent.5

Figure 12.8 Changes in plastics recycling amounts and rates, U.S.A.1

Figure 12.9 Changes in plastics recycling amounts and rates, Europe.4
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Polyethylene terephthalate (PET) has the highest recycling rate of all plastics in U.S.
MSW, followed by polystyrene (PS) and high-density polyethylene (HDPE), as can be
seen in Fig. 12.13. The most prevalent plastic in MSW is low- and linear low-density
polyethylene (LDPE/LLDPE), followed by HDPE. Table 12.1 shows the amounts of
the major plastic resins in U.S. MSW in 1997 and 1998 and the amounts recovered for
recycling.

Figure 12.10 Sources of recycled plastics, Europe.4

Figure 12.11 Plastics recycling rates in Western Europe, 1999.4
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In Australia, where reported recycling rates include both pre- and post-consumer mate-
rials, PET also had the highest recovery rate, 32.0 percent, followed by HDPE at 14.7 per-
cent and LDPE/LLDPE at 11.0 percent (Fig 12.14).5

Calculation of recycling rates is controversial. There have been charges in the past that
surveys that ask recyclers for data receive inflated figures, and thus such surveys inflate re-

Figure 12.12 Recycling rates for plastics packaging in Western Europe, 1999.4

Figure 12.13 Recycling rates for plastics in MSW, by resin type, U.S.A., 1998.1
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cycling rates. Surveying organizations take steps to minimize this problem but cannot to-
tally eliminate it. The reverse problem is neglecting organizations that do recycling, thus
underestimating recycling rates. 

A more fundamental problem than data accuracy is the matter of definition—what
should count as recycled? The two most common options are determining the amount of
material collected for recycling and determining the amount of material delivered for re-
use. Since 5 to 15 percent of collected material typically is lost during processing (mostly
because it is some type of contaminant such as a paper label, product residue, unwanted
variety of plastic, etc.), recycling rates calculated using these two methods can differ sub-
stantially.

In the U.S.A., the American Plastics Council (APC) is a major source of information
about plastics recycling rates. In 1997, APC switched, in determining recycling rates, from
using the amount of cleaned material ready for use to using the amount of material col-
lected for processing. They justified this decision by claiming it is more in keeping with

Table 12.1 Major Plastic Resins in U.S. MSW (Thousands of Tons)1,6

1997 1998

Resin In MSW Recovered In MSW Recovered

HDPE
LDPE/LLDPE
PET
PP
PS
PVC

4630
5380
1900
2790
2100
1320

420
100
360
120

10
Neg.

4960
5340
2230
2840
2170
1370

440
140
390
170

20
Neg.

Figure 12.14 Plastics recycling rates by resin type (pre- and post-consumer), Australia,
2000.5
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the way recycling rates are calculated for other materials—a claim that is true for some
materials such as paper, but not true for others such as aluminum. This change brought
considerable criticism, exacerbated by the fact that it occurred at a time when recycling
rates, calculated in the same fashion, were declining. The APC was accused of trying to
mask the extent of the decline by the change in methodology. For example, the PET bottle
recycling rate in 1997 was 27.1 percent based on material collected, but only 22.7 percent
based on clean material ready for reuse.7 APC drew additional criticism by deleting poly-
styrene food service items from the definition of plastic packaging, beginning in 1995,
which also had the effect of increasing the reported recycling rate for packaging plastics.

12.1.4 Benefits of Recycling

An obvious benefit of recycling is that it reduces the requirement for disposal of waste ma-
terials. Items that are recycled are, by definition, diverted from the waste stream. In many,
although not all, cases, another benefit of recycling is cost reduction. Use of regrind, for
example, became routine because of the monetary savings it provided. Similarly, certain
plastics industries for years have relied on a combination of off-spec and recycled plastics
because of their lower price. The desire to benefit from consumer preferences for recycled
material, coupled, in some cases, with legislative pressures, has led, on occasion, to the
anomalous situation of recycled plastic being worth more per pound than virgin resin, but
these situations are usually short lived.

Additional benefits from recycling of plastics result from the fact that use of recycled
resin displaces use of virgin materials and thus reduces depletion of natural resources. Re-
cycling processes generally produce fewer environmental effluents than do processes that
produce virgin resin, so use of recycled plastics usually results in a decrease in air and wa-
ter pollution. 

A factor that is likely to become increasingly important in the next decade is that the
use of recycled plastics often results in significant energy savings, compared with use of
virgin resin. For example, Fenton8 calculated the total energy requirement for a low-den-
sity polyethylene grocery bag to be 1400 kJ, while a bag with 50 percent recycled content
required only 1164 kJ, for a savings of nearly 17 percent. A DOE report concluded that re-
cycling PET products such as soft drink and ketchup bottles requires only about a third of
the energy needed to produce the PET from virgin materials.9 Electricity shortages in Cal-
ifornia and large increases in the cost of natural gas have focused attention once again on
energy. Efforts to reduce emissions of greenhouse gases, which are here or on their way in
much of the world, if not in the U.S.A., will fuel energy conservation efforts. Plastics as a
whole are likely to benefit, and recycled plastics may benefit even more.

12.2 Recycling Processes

For a material to get recycled, it must be collected, processed into a usable form, and then
supplied to an end market and purchased by a subsequent consumer. 

12.2.1 Collection of Materials

For post-consumer materials, including plastics, the most difficult part of the recycling
process may be getting the material collected in the first place. Industrial scrap is “owned”
by the industrial entity that produced it. If the owners cannot get the scrap recycled, they
will either have to dispose of it or pay some other business to do so. For much consumer
scrap, there is little or no monetary incentive for its owner, the individual consumer, to di-
rect it into a recycling system. Furthermore, industrial scrap tends to be concentrated, with
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substantial amounts of material in relatively few locations, making it relatively easy to col-
lect. Post-consumer materials are typically very diffuse. It is estimated that the typical
consumer generates only about 35 lb of plastic bottles per year.10 Thus, a fairly elaborate
collection infrastructure is needed to get this material gathered together in quantities that
make its processing economically viable.

A number of systems have been developed to accomplish the task of collection. Among
the most well developed in the United States are bottle-deposit systems.

12.2.1.1 Bottle deposit systems. Nine states (ten if California is counted) have a
deposit system on certain types of beverage containers (Table 12.2). The consumer pays a
deposit, usually 5 cents, when buying the container and then receives a refund of that fee
when the bottle is returned to a designated collection point. In most cases, any retailer that
sells beverages is obligated to accept the returns and refund the deposit. The majority of
states provide for a handling fee for the retailer to at least partially offset the costs of man-
aging the system. In most states, the deposit was originally restricted to carbonated soft
drinks and beer, although it has since been expanded in several states. In all cases except
California, the primary original motivation for the deposit was to reduce litter. Deposits
have proved to be a powerful incentive for consumers to return the covered containers,
with redemption rates usually exceeding 90 percent. Thus, deposit legislation resulted in
the collection of large numbers of PET soft drink bottles. This, in turn, spurred the devel-
opment of effective reprocessing systems for these bottles and end markets for the recov-
ered resin. The existence of bottle-deposit legislation is in large part responsible for the
successful development of PET recycling and for the fact that, in the United States, PET
for a number of years had a much higher recycling rate than any other plastic. Even with
the growth in curbside recycling in non-deposit states, deposit systems accounted for over
55 percent of the PET soft drink bottles recycled in 1995, while including less than 30 per-
cent of the U.S. population.13

Several years ago, Maine extended its early deposit law in an explicit attempt to in-
crease recycling. The state now has deposits in place on most beverages, with the excep-
tion of milk.

California has a system that is sometimes counted with deposit system but differs in
significant ways. Customers pay a refund value rather than a deposit, and until the law was
changed effective January 2000, this was buried in the product price rather than charged as
a separate item. Containers can be returned only to designated redemption centers, so re-
turn of containers is significantly less convenient than it is in most deposit states, where
containers can be returned to any retailer selling the covered beverage. The size of the re-
fund value (currently 2.5 cents for most containers) is only half the typical deposit value
(5 cents). Recycling rates in California for covered containers are higher than the national
average but lower than the rates in deposit states.

California recently extended its refund value system to a wide variety of beverages,
again in an explicit attempt to increase recycling of plastic bottles. Effective in January
2000, water and fruit juice containers are included, along with several other beverages (see
Table 12.2). This has produced an increase in the containers covered of about 20 percent
and a decrease, at least temporarily, in recycling rates. Redemption rates for the first half
of 2000 fell to 70 percent from 80 percent in the first half of 1999. The decline was espe-
cially steep for PET, which dropped from 83 percent to 40 percent. The overall California
redemption rate in 1999 for containers covered by the refund value system was 76 percent.
The rate in the second half of the year was lower than in the first half, as has been the case
for the last several years.12

A few other countries also have deposit laws. For example, the Netherlands requires de-
posits on PET and glass containers for soft drinks and waters. Sweden has voluntary de-

Plastics Recycling

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



Plastics Recycling 705

posits on PET beverage bottles. Several provinces in Canada have deposit systems.14

South Australia has a deposit system that was modeled on that of Oregon.15

From a recycling perspective, the most significant aspect of bottle deposit legislation is
that, in most cases, the financial incentive provided does an excellent job of getting people
to return their empty plastic bottles to appropriate places. The most negative aspect is that
the per-container cost of managing these systems, as they are currently designed, is higher
than the cost of alternative collection systems. There are also very real sanitary concerns,
especially when deposits are expanded to non-carbonated beverages.

12.2.1.2 Other deposit systems. The idea behind beverage bottle deposits has also
been applied to other products. Automobile batteries are subject to deposits in many states.
While the primary motivation is to avoid the introduction of lead into landfills and inciner-
ators, these systems have been very successful at facilitating the recycling of the polypro-
pylene (PP) battery cases.

TABLE 12.2 States with Bottle Deposit Legislation11,13

State Containers Covered Characteristics

Connecticut Beer, malt beverages, carbonated soft 
drinks, soda water, mineral water

Five-cent deposit

California Beer, malt beverages, soft drinks, wine 
coolers, water, fruit drinks & juice, 
sports drinks, coffee, tea, vegetable 
juice—sold in aluminum, glass, plas-

tic, and bimetal* containers

Refund system, 2.5 cents on most con-
tainers less than 24 oz, 5 cents on 
larger containers; vegetable juice > 24 
oz exempt

Delaware Non-alcoholic carbonated beverages, 
beer, and other malt beverages

Five-cent deposit, aluminum cans 
exempt

Iowa Beer, soft drinks, wine, liquor Five-cent deposit

Maine Beer, soft drinks, distilled spirits, wine, 
juice, water, and other non-carbon-
ated beverages

Five-cent deposit, 15 cents on wine and 
liquor, no deposit on milk

Massachusetts Carbonated soft drinks, mineral water, 
beer, and other malt beverages

Five-cent deposit; containers 2 gal or 
larger exempt

Michigan Beer, soda, wine coolers, carbonated 
water, mineral water, wine coolers

Ten-cent deposit; 5 cents on some refill-
able glass bottles

New York Beer, soda, wine coolers, carbonated 
mineral water, soda water

Five-cent deposit

Oregon Beer, malt beverages, soft drinks, car-
bonated and mineral water

Five-cent deposit; 3 cents on standard 
refillable bottles

Vermont Beer and soft drinks, liquor Five-cent deposit; 15 cents on liquor 
bottles; all glass bottles must be refill-
able

*Steel-only cans are defined as bimetal in California’s refund value program.
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12.2.1.3 Buy-back systems. Another way to put a monetary incentive into the re-
turn for recycling of plastic materials is similar to the California bottle refund system. Re-
cycling centers have been set up in a number of places that pay consumers for the
materials that they bring to the center, generally on a price-per-pound basis. These centers
have been very successful for collection of aluminum beverage cans and have also been
used to facilitate the recycling of plastic beverage bottles. They typically consist of only
one, or at most a few, locations within a metropolitan area. A variation that has been suc-
cessful in some areas is reverse-vending machines, in which consumers insert the bottles
and receive a redeemable receipt or coupon for the refund value. For plastic bottles, these
have been used primarily in deposit states. In the last several years, a number of buy-back
centers have closed down, as implementation of curbside collection has cut into their suc-
cess in collecting materials.

12.2.1.4 Drop-off systems. Drop-off systems function much like buy-back systems,
consisting of centralized locations for people to bring in their recyclable materials. The
difference is that no monetary compensation is offered. This difference also facilitates un-
attended operation of the centers. Drop-off systems encompass a wide range of designs,
including barrels in supermarkets for people to place their plastic grocery sacks, roving
multi-material collections centers coming to a location once a month, permanent multi-
material centers in a centralized location in a community (or in an out-of-the-way loca-
tion), collection bins in apartment-building laundry rooms, and even sophisticated garbage
and recyclables chutes in high-rise apartment buildings.

Drop-off systems, especially in their simplest designs, can offer the lowest-cost collec-
tion option. Their major drawbacks are high rates of contamination and low rates of col-
lection. In many communities, a combination of curbside recycling for single-family
residences, drop-off collection for apartment complexes, and an additional set of drop-off
sites for the general public (sometimes including materials that are not collected at other
sites) provides a range of collection options that function very well together.

12.2.1.5 Collection systems. A general rule in recycling is that the easier you make
it for the consumer, the higher the rate of participation—and the higher the rate of diversion
of material from the waste stream—you will achieve. The major method in the United
States for collecting plastics for recycling from single-family dwellings, outside of deposit
systems, is curbside recycling. By going to the consumer to get the materials instead of ask-
ing the consumer to go to the recycling point, significantly higher rates of collection can be
achieved. Collection systems differ in design but fall into three general categories. Collec-
tion of commingled recyclables refers to systems in which the participant places all the re-
cyclables together, usually in a container provided by the operator of the system. Other
systems require consumers to separate the recyclables by type and thus use multiple con-
tainers, usually provided by the individual consumer, for set-out of the materials. Many sys-
tems are hybrids, with most materials collected in a commingled form and others collected
separately. For example, a common design is a bin for commingled bottles and cans, with
newspapers bundled separately. Virtually all collection systems accept multiple materials.

Systems in which consumers set out commingled recyclables at the curb can be further
divided into three categories, depending on how the materials are handled in the collection
vehicle.

In a few communities, recycled materials are placed into bags (usually blue in color)
and collected in the same vehicles (standard compactor trucks) at the same time as the gar-
bage is collected. When the load is dumped, the blue bags, and sometimes other readily
identifiable recyclable materials, are sorted out. While some of these systems seem to
work reasonably well, others have experienced significant contamination problems. Even
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without losses due to contamination, the yield of recyclables in general is lower than in
systems that provide separate collection, simply because not all the bags are recovered in-
tact. One frequently encountered problem is contamination of newspapers with broken
glass. Some systems, therefore, require that newspaper be bagged separately from the
other recyclables. The largest city to try this type of collection system is Chicago, where
operation began in December 1995.

The second category includes systems that use a separate truck, or at least a separate
compartment, for commingled recyclables. The recyclables are then delivered to a sorting
facility called a materials recovery facility (MRF), where they are separated by material
type (and for plastics, sometimes by resin type as well, although this may take place at a
separate facility dedicated to plastics only). While the first-generation MRFs relied almost
exclusively on hand sorting, modern MRFs are becoming increasingly mechanized. The
major advantages of this system are efficiency in the time on route and in the filling of the
vehicle. Disadvantages include the need for a separate vehicle and crew, a dedicated sort-
ing facility, and sometimes high residual levels of unwanted materials. A variation of this
system uses ordinary garbage trucks for collection of recyclables rather than a specialized
recycling vehicle, but, unlike in the first category, garbage and recyclables are not col-
lected together.

The third category includes systems in which the commingled recyclables are sorted at
truckside into several categories. The separated streams may or may not require additional
processing at a MRF before sale, depending on the materials included. The major advan-
tage of this system is the quality control that can be practiced by the driver, coupled with
ongoing education of consumers. If householders put unacceptable items into the bin, they
will find the materials left there, ideally with an explanatory flyer, so they can learn from
their errors. Another advantage is that a dedicated processing facility may not be required.
The major disadvantages are increased time per stop and the potential for the truck filling
one compartment and therefore having to leave the route and off-load, even though other
compartments are not full. The general recommendation is that truckside sorting works
well for moderate- to small-sized communities, and commingled collection and a MRF
work best for large communities.

General rules of thumb for effective design of curbside recycling systems are

■ Collect the recyclables in commingled form and require little if any preparation beyond
cleaning.

■ Provide a readily identifiable container for use by the householder in putting out the re-
cyclables.

■ Collect recyclables weekly on the same day as garbage collection.
■ Put considerable effort into ongoing education and publicity efforts.

Providing a container is particularly important. The container serves several functions.
First, it is a convenience for the householder, providing a useful place to deposit the recy-
clables. It is a visible reminder of the importance of the recycling program. This is key
when a program is initiated—a mailing telling people about the program can easily get
lost in the junk mail, but it is hard to overlook a large plastic bin. Furthermore, the bins
serve as a potent source of peer pressure. When everyone else has a recycling bin at the
curb and you do not, you are likely to feel like a bad citizen, which hopefully will be in-
centive for you to participate in recycling the next time. According to some reports, partic-
ipation rates average 70 to 80 percent for curbside programs that provide containers, and
only 30 to 40 percent for programs that do not.16

Another difference between recycling programs is whether they are voluntary or man-
datory. The majority of curbside programs are voluntary, but several states and a large
number of municipalities have instituted mandatory programs. There seems to be general

Plastics Recycling

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



708 Chapter Twelve

agreement that mandatory programs increase participation if enforcement efforts are in-
cluded. If no enforcement takes place, results are not as clear. Typically, enforcement ac-
tivities involve a series of warnings, ending in refusal to pick up the garbage for a set
period of time. While fines and even jail terms may be permitted by the mandating ordi-
nances, they are seldom employed.

More than 90 percent of the approximately 9,300 curbside collection programs in the
United States include plastic bottles among the materials collected.13 A significant prob-
lem in including plastics in curbside programs is the space the containers take up in the
truck relative to their value. Educational programs urging consumers to compact the plas-
tic bottles by stepping on them before placing them in the recycling bin can help. The use
of on-truck compacting equipment is more effective in reducing volume. Disadvantages of
on-truck compacting include the space consumed on the truck by the compactor itself, as
well as issues associated with more difficult sorting of compacted containers. On-truck
compacting of commingled recyclables must also contend with problems caused by bro-
ken glass. In this regard, presence of plastic bottles is an asset, since they reduce glass
breakage. Shredding or chipping the plastic on the truck is generally not seen as viable, in
large part because of the lack of reliable and efficient methods for separating chipped plas-
tics by resin type.

Most collection systems, including curbside collection, accept only PET and HDPE
bottles, which together represent about 95 percent of all plastic bottles (48 percent PET, 47
percent HDPE). Approximately 11 million U.S. households, nearly 70 percent of the total,
have access to collection programs for PET and HDPE bottles, 7 million through curbside
and 4 million through drop-off programs.17 However, evidence that collection of these de-
sired containers can be increased substantially by collecting all plastic bottles and the sup-
port of the plastics industry for such programs have led to an increasing number of
communities accepting all types of plastic bottles. 

A study carried out by the American Plastics Council found that programs targeting
only PET and HDPE bottles received the same number of bottles of other resins and three
times as many non-bottle containers as did programs targeting all plastic bottles. On aver-
age, PET and HDPE bottles made up 93 percent of the all-bottle program plastic stream
but only 89 percent of the PET and HDPE-only plastic stream. When the city of Mesa, AZ,
switched from HDPE and PET only to all plastic bottle collection in 1999, recovery of
PET and HDPE bottles increased by 12.1 percent, and recovery rates for pigmented HDPE
and custom PET bottles grew even more—36 percent and 18 percent, respectively. The
percentage of non-PET and HDPE bottles collected actually declined. Windham County,
VT, had a similar experience, with recovery of PET and HDPE bottles increasing from 61
percent to 63 percent, no increase in bottles other than HDPE and PET, and contamination
from non-bottle containers cut in half, from 4.2 percent to 2.0 percent of the collected
plastic in the curbside program. Drop-off sites in the county, serving the rural population,
had a 24 percent increase in PET and HDPE bottles and a 72 percent decrease in non-bot-
tle plastic containers. The net result was a 61 percent increase in the PET recovery rate and
a 9 percent increase in HDPE recovery. Results in a variety of other communities, in both
bottle-bill and non-bottle-bill states, showed substantial increases in plastic bottle collec-
tion on switching from HDPE and PET only to all plastic bottles. However, most commu-
nities have been unable to find markets for the non-PET and HDPE bottles, disposing of
them as residue.17

Costs of curbside collection programs are generally intermediate between bottle deposit
programs, which are the most costly, and drop-off programs, which cost the least.

12.2.1.6 Mixed waste processing. Another approach to recycling plastics and
other materials is not to ask consumers to do any special sorting or preparation but instead
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to recover recyclables from the garbage stream. The advantage of these systems is that,
since they do not require any particular cooperation by consumers, they have the potential
to recover the largest amount of recyclables.

The major disadvantages are the high cost of such systems and the low quality of the
collected materials. The U.S. Bureau of Mines began experimenting with mixed-waste
sorting facilities in the 1970s. Techniques employed drew from the mineral processing in-
dustries and included size reduction and various types of size- and density-based sortation
methods. For plastics, the result of such processing is a mixed stream of plastics, with the
resultant problems. Residual contamination is also a major concern. While research on this
type of recovery continues, the vast majority of plastics is recovered through source-sepa-
ration-based programs, where the “free” labor of the individuals who keep the recyclable
plastics separate from the garbage is crucial, both in terms of overall economics and in
quality of the recovered materials.

12.2.1.7 Types of recycling processes. Recycling processes for plastics can be
classified in a variety of ways. One useful categorization differentiates between primary,
secondary, tertiary, and sometimes quaternary recycling.

Primary recycling is sometimes defined as applications producing the same or similar
products, while secondary recycling generates products with less demanding specifica-
tions. An alternative definition considers use of in-plant scrap as primary recycling and use
of post-consumer material as secondary recycling. Tertiary recycling uses the recycled
plastic as a chemical raw material. Quaternary recycling uses the plastic as a source of en-
ergy. This last category is often not considered to be true recycling.

An alternative categorization that is gaining in popularity is mechanical and feedstock
recycling. Mechanical recycling, as the name indicates, uses mechanical processes to con-
vert the plastic to a usable form, thus encompassing the primary and secondary processes
outlined above. Feedstock recycling is essentially equivalent to tertiary recycling, using
the recycled plastic as a chemical raw material, generally (but not always) for the produc-
tion of new plastics. In Europe, the term recovery is often used to encompass mechanical
and feedstock recycling plus incineration with energy recovery.

Plastic resins differ in which recycling technologies are appropriate. Thermoplastics are
more amenable to mechanical recycling than thermosets, which cannot be melted and re-
shaped. Typically, condensation polymers such as PET, nylon, and polyurethane are more
amenable to feedstock recycling than addition polymers such as polyolefins, polystyrene,
and PVC. Most addition polymers produce a complex mixture of products that is difficult
to use economically as a chemical feedstock, while condensation polymers usually pro-
duce relatively pure one- or two-component streams.

Germany and Austria do a substantial amount of feedstock recycling of plastics packag-
ing, a total of 346,000 tonnes in 1999.4 In the U.S.A., feedstock recycling is mostly lim-
ited to nylon 6, polyurethane, and PET.

12.2.2 Separation and Contamination Issues

When plastics are collected for recycling, they are not pure. They contain product resi-
dues, dirt, labels, and other materials, and they often contain more than one type of plastic
resin, resins with different colors, additive packages, and so on. This contamination is one
of the major stumbling blocks in increasing the recycling of plastic materials. Usefulness
of the recovered plastic is greatly enhanced if it can be cleaned and purified. Therefore,
technologies for cleaning and separating the materials are an important part of most plas-
tics recycling systems.
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12.2.2.1 Separation of non-plastic contaminants. Inclusion of non-plastic con-
taminants in recycled resins can affect both processing of the material and performance of
the products manufactured from these materials. The presence of remnants of paper labels,
for example, can result in black specks in plastic bottles, detracting from their appearance
and rendering them unsuitable for some applications. These paper fragments can also
build up in the screens in the extruder during processing, resulting in greater operating
pressures (and energy use) and requiring more frequent screen changes. The presence of
solid inclusions in the polymer can adversely affect the physical performance of the
molded parts, resulting in premature failure. Mechanical properties can be decreased to
the extent that thicker sections are required to obtain the desired performance.

Separation of plastics from non-plastic contaminants typically relies on a variety of
fairly conventional processing techniques. Typically, the plastic is granulated, sent through
an air classifier to remove light fractions such as labels, washed with hot water and deter-
gent to remove product residues and dirt and to remove or soften adhesives, and screened
to remove small heavy contaminants such as dirt and metal. Magnetic separation is used to
remove ferrous metals, and techniques such as eddy current separators or electrostatic sep-
arators are also often used to remove metals. Many of these techniques were originally de-
veloped for mineral processing and have been adapted to plastics recycling.

12.2.2.2 Separation by resin type. Contamination of one resin with another can
also result in diminished performance. One of the most fundamental problems is that most
polymers are mutually insoluble. Thus, a blend of resins is likely to consist, on a micro-
scopic scale, of domains of one resin embedded in a matrix of the other resin. While this
sometimes results in desirable properties, more often it does not. To further complicate
matters, the actual morphology, and thus the performance, will be strongly dependent not
only on the composition of the material but also on the processing conditions. Therefore,
for most high-value applications, it is essential to separate plastics by resin type.

Another problem arises from differences in melting temperatures. When PET is con-
taminated with polyvinyl chloride (PVC), for example, the PVC decomposes at the PET
melt temperatures, resulting in black flecks in the clear PET. A very small amount of PVC
contamination can render useless a large quantity of recovered PET. On the other hand, at
PVC processing temperatures, PET flakes fail to melt, resulting in solid inclusions in the
PVC articles that can cause them to fail. Again, a small amount of PET contamination can
render recovered PVC unusable.

More subtle problems can arise, even from very similar resins. When injection-molded
HDPE base cups from soft drink bottles were contaminated by newly developed blow-
molded HDPE base cups, the recovered HDPE consisted of a blend of a high-melt-flow
resin with a low-melt-flow resin that neither blow molders nor injection molders found us-
able. This caused serious difficulty for some recyclers. While this problem disappeared
with the discontinuation of base cups, the difficulty in separating injection-molded HDPE
bottles from blow-molded HDPE bottles is an ongoing concern.

Mixing resins of different colors can also be a problem. Laundry detergent bottle pro-
ducers were able to fairly easily incorporate unpigmented milk bottle HDPE in a buried in-
ner layer in detergent bottles but found it much more difficult to use recycled laundry
detergent bottles. The color tended to show through the thin pigmented layer, especially in
lighter colored bottles. Motor oil bottlers who used black bottles had no such problem. As
a general rule, the lighter the color of the plastic article, the more difficult it is to incorpo-
rate recycled content; conversely, the lighter the color of the plastic article, the easier it is
to find a use for it when it is recycled (and hence the higher its value).

Separation of plastics by resin type, or by a combination of resin type and color, is,
therefore, an important part of most plastics recycling systems. Such separation can be
classified as macrosorting, microsorting, or molecular sorting. Macrosorting refers to the
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sorting of whole or nearly whole objects. Microsorting refers to sorting of chipped or
granulated plastics. Molecular sorting refers to sorting of materials whose physical form
has been totally disrupted, such as by dissolution.

Much macrosorting, such as separating PET bottles from HDPE bottles, nylon carpet
from polyester carpet, and so forth, is still done by hand, often by workers picking materi-
als off conveyor belts and placing them in the appropriate receptacle. However, mecha-
nized means of sorting have been developed that make the process more economical and
reliable. The various devices commercially available to separate plastics by resin type typ-
ically rely on differences in the absorption or transmission of certain wavelengths of elec-
tromagnetic radiation, on machine vision systems that recognize materials by shape or
color, or on some combination of these. Many of these systems can separate plastics by
color as well as by resin type.

Magnetic Separation Systems (MSS) of Nashville, TN, developed a system that sorts
two to three plastic bottles per second, separating by resin type and color, using four sen-
sors and seven computers. X-ray transmission is used to detect PVC, an infrared light
high-density array separates clear from translucent or opaque plastics, a machine vision
color sensor identifies bottle color (even ignoring the label), and a near-infrared spectrum
detector identifies resin type.18 A more recent MSS high-capacity plastic bottle separator
uses a single sensor for both color and resin identification.19

Frankel Industries, of Edison, NJ, has a system that combines manual sorting with dif-
ferences in optical dispersion and refraction for separating PET and PVC from each other
as well as from PETG and polystyrene. Workers wear special goggles that give the differ-
ent resins a distinctive appearance when a special light shines on them.20

Several companies have developed equipment that uses infrared scanning to identify
resin type for plastics from items such as appliances, carpet, and automobile parts. The de-
vice uses a computer to compare the spectrum to known types of plastics, providing an
identification. Some of these systems are portable, while others are designed to be used on
a processing line. Some identify a wide range of plastics, while others are specialized to
differentiate among a select few.21–23

Until recently, sorting of black plastics posed a difficult problem, as standard spectrom-
eters could not be used. Their high carbon content causes black plastics to absorb light to
such a degree that, when intense light sources such as lasers are used to analyze them, they
heat up and can emit light or even ignite. While Raman spectroscopy can be used to iden-
tify dark and intensely pigmented plastics, it requires low laser power, resulting in long
measurement times on the order of 10 s. In early 2001, SpectraCode, Inc., a manufacturer
of spectrographic plastic identification devices, announced that it had developed a new de-
vice that provides for instantaneous identification of post-consumer black plastics. It con-
tains a modified probe that uses a sampling technique to test black samples at full laser
power with no burning, allowing identification in half a second or less.24

Microsorting of plastics is commonly practiced for separation of lighter-than-water
from heavier-than-water plastics. While such separation can be done in a simple float-sink
tank, hydrocyclones are often used because of their advantages in size and throughput.
Application of density-based separation for mixtures of plastics that are all heavier or all
lighter than water is relatively rare. The Multi-Products Recycling Facility operated by
wTe Corp. is designed to recover metals and engineering plastics from durable goods. It
uses air classifiers to remove light materials and a series of sink/float classifiers operating
with water solutions at different specific gravities to separate chipped plastics by density.
The system also employs infrared technology to identify plastics before grinding.25 KHD
Humboldt Wedag AG, in Cologne, Germany, has a system that uses water and various salt
solutions in centrifuges to separate plastics by density.26

Systems that use differences in triboelectric behavior have been developing rapidly.
These differ from devices for plastic/metal separation, which have been available for some
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time. They operate by charging the materials to be separated. The metal quickly loses its
charge, while the plastic remains charged and therefore sticks to a charged drum. For plas-
tics separation, a slight positive or negative static charge is applied to flakes of different
resins as they collide with each other and with the walls of a charging chamber. The charge
a flake takes on depends on the relative triboelectric characteristics of the two colliding
materials, which differs for different combinations. Since the separation is between posi-
tively and negatively charged particles, it works best for separating mixtures of only two
different resins.27

Carpco has several electrostatic plastic separation systems in place in the U.S.A. and
Europe. One system used at Nationwide Recycling Division of Crown Cork and Seal in
Polkton, NC, separates PVC from PET bottle flake at a rate of 1500 lb/hr.27 Electrostatic
separation can even be used to separate epoxy-painted thermoplastic olefin automobile
bumper flakes from non-painted flakes.27

Hamos GmbH, of Penzberg, Germany, has developed several types of electrostatic sep-
arator systems, including one designed especially for separating scrap streams from auto
parts. The company has a number of systems in operation in Europe and at least one in the
U.S.A. They include systems designed to separate PP and PE bottle flake.19,27

Plas-Sep Ltd. of Canada also sells electrostatic separators for mixed plastics.27

There has also been interest in developing microsorting systems that use electromag-
netic radiation in much the same manner as for macrosorting. SRC Vision, Inc., of Med-
ford, Oregon, has an optical sorting technology that is used by some large processors for
color-sorting single resins, such as in separating green from clear PET flake. Union Car-
bide has used the system to separate colored HDPE flake into red, yellow, blue, green,
black, and white product streams. The full system uses a combination of x-rays, ultraviolet
light, visible light, infrared light, reflectance, and both monochromatic and color cameras.
ESM International, Inc., of Houston, TX, has also developed an optical sorting system.28,29

Other attributes that have been used for microsorting include differences in melting
point, surface characteristics, and differences in particle size and shape after either con-
ventional or cryogenic grinding.28 Recovery Processes International of Salt Lake City,
Utah, designed a froth flotation system to separate PET from PVC.28 A novel European
process is designed to separate plastics from durable goods, including laminated materials,
by blowing them apart at supersonic speeds. The different deformation behaviors of vari-
ous plastics permits their separation by use of sieving along with classification based on
differences in size, geometry, specific gravity, and ballistic behavior in systems using fluid
bed separators and other equipment.30

The Salyp N.V. Company in Eiper, Belgium, is using an infrared sorting technology for
separating various types of thermoplastics recovered from a system for recycling automo-
tive shredder residue. The system uses infrared energy to heat and dry cleaned shredded
plastics and to soften, but not melt, the targeted plastic. The mixed plastic stream is then
fed through a set of rollers, and the softened plastic sticks to the roller and is removed. The
remaining material is again heated, softening the next desired plastic, and the process re-
peated until all the plastics have been separated. Since infrared radiators emit at different
wavelengths, IR energy can provide selective heating of different thermoplastics, by
choosing appropriate emission wavelengths. Therefore, the system does not rely simply on
differences in melting point for separating the plastics. Full-scale operation of the facility
is scheduled for 2001.31,32

There has been little success in using molecular sorting for separation of plastics. Such
systems typically use dissolution in one or more organic solvents, and the need to control
emissions and to recover the solvents results in high costs. Residual solvent in the recov-
ered plastics is also a concern.

There has been some effort to facilitate plastics separation by incorporating chemical
tracers into the plastics to facilitate their identification and separation. Such approaches re-
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main rare. Molded-in resin identification symbols on certain types of plastic articles will
be discussed in Sec. 12.18.

In total, more than 300 sorting modules have been installed for separating plastic con-
tainers or flake. In the U.S.A., most of these are at processing facilities dedicated to plas-
tics, rather than at MRFs, which handle multiple materials and generally rely on manual
sorting. In contrast, about 150 of the modules are being used in European MRFs, with
Germany having the highest level of automation.33

12.2.2.3 Safety concerns. Even when plastics are sorted by type, the performance
of recycled plastics may differ from virgin plastic because of the effects of the use cycle.
These changes may be due to chemical changes within the polymer, sorption of materials
into the polymer, or other factors. If materials are sorbed, there is potential for later release
of these substances. For some critical applications, such possible or actual change in be-
havior of recycled plastics poses unacceptable risks. For example, it is probably safe to
conclude that recycled plastics will not be used for implantable medical devices. It is
highly unlikely that recycled plastics will be used for the packaging of sensitive drugs.
Other examples, of course, could also be cited where the small but real risk of unaccept-
able performance, or of release of some damaging substance, coupled with the critical na-
ture of the application, is likely to rule out the use of recycled plastics.

For less critical applications, such as the use of recycled packaging for food products,
the conventional wisdom used to be that recycled plastics should not even be considered.
This has changed dramatically within the last decade. In the U.S.A., one of the earliest ap-
plications of recycled plastic for packaging of food products was recycled PET in egg car-
tons. The physical barrier of the egg shell provided a degree of added protection to the
food that FDA agreed was sufficient to allow ordinary recycled PET to be used. Next came
the use of recycled plastic in buried inner layers of packaging, such as a recycled PS clam-
shell used for hamburgers, in which the contact between the food and the recycled plastic
was mediated by a layer of virgin plastic that acted as at least a partial barrier. Next, repo-
lymerized PET was used in direct contact with food (blended with virgin material). The
repolymerization process, with its crystallization steps, provided assurance that any impu-
rities present would be removed. Next came FDA approval of specific systems for inten-
sive cleaning of physically reprocessed PET, coupled with limitation of incoming material
to relatively pure streams of soft drink bottles returned for deposits. Then, production of
100 percent recycled content PET bottles using a process for physically reprocessing bot-
tles collected from curbside was approved. Systems for processing recycled HDPE have
been approved for limited direct food contact applications as well.

The concern over use of recycled plastics in food contact falls in two general areas.
First is concern about biological contaminants. In most cases, the processing steps for pro-
duction of plastic packaging materials provide a sufficient heat history to destroy disease-
producing organisms. Therefore, this is not a major concern.

A more significant concern is the possible presence of hazardous substances in the re-
cycled feedstock. FDA regulations require food packagers to ensure that the materials they
use are safe for food contact and that they do not contain substances that might migrate
into the food and cause deleterious effects on human health. Recycled resins, by their very
nature, often have a somewhat unknown history. What if, for example, someone put some
insecticide—or some gasoline, or weed killer, or any of a myriad of toxic sub-
stances—into a soft drink bottle and later turned that bottle in for recycling? How can we
prevent that container from contaminating new plastic packages? What we have seen in
this area, as in others, is movement at the FDA away from absolute prohibitions and to-
ward a more reasonable evaluation of risk. In particular, FDA has laid out guidelines for
challenging recycling processes with known model contaminants and evaluating the abil-
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ity of the process to remove those contaminants, thus providing some assurance that unac-
ceptable levels of migration will not occur.

12.2.3 Quality Issues

As discussed, the use history of a recycled plastic can affect its properties and perfor-
mance. It is well known that plastics undergo chemical changes during processing and use
that ultimately lead to deterioration in properties. In fact, much of the history of plastics is
related to the development of appropriate stabilizing agents to prevent this degradation.
We routinely stabilize plastics against thermo-oxidative degradation that would otherwise
occur during processing. We know that some resins are much more sensitive than others.
Depending on the amount of stabilizer initially present, the history of the resin, and the
type of resin, a recycled plastic resin may or may not require additional stabilizer to be
successfully utilized.34

Similarly, plastics that are designed to be used outdoors must, in general, be stabilized
against photodegradation. Recycled materials are likely to need additional stabilizer to re-
tain adequate performance.

When regrind began to be a common ingredient in plastics processing in the late 1970s,
much effort was devoted to studying the effects of multiple processing cycles on polymer
performance. For many polymers, three major types of chemical reaction occur. First is
oxidation. Reaction of the polymer structure with oxygen results in the incorporation of
oxygen-containing groups in the polymer, with concomitant changes in properties and in-
creased potential for further reactions. Either with or without oxidation, chain cleavage
can also occur. This results in a decrease in molecular weight, with a consequent decrease
in many performance properties. Chain cleavage can be followed by cross-linking, the
forming of new molecular bonds that increases molecular weight and also changes proper-
ties. In some polymers, one or the other of these reactions predominates. In others, such as
polyethylene, the effects of one tend to be balanced by the effects of the other. Some mo-
lecular structures are much more reactive than others. Polypropylene, for example, is sig-
nificantly more susceptible to photo-oxidations than is polyethylene. Furthermore, for
some materials, it is feasible to upgrade the material during reprocessing (such as in solid-
stating of recycled PET), while for others it is not.

In summary, the general rule is that recycled polymers will have somewhat different
properties from those of virgin polymers. These changes are usually detrimental and range
in nature from virtually unnoticeable to major. Just as not all polymers are equally sensi-
tive, not all properties are equally sensitive. It is not unusual, for example, for a recycled
HDPE to have virtually the same tensile strength as virgin but significantly decreased Izod
impact strength.

12.3 Polyethylene Terephthalate Recycling

The largest source of PET in the MSW stream in the U.S.A. is packaging, as shown in Fig.
12.15. PET has long been the most recycled plastic, largely due to recycling of soft-drink
bottles. In the U.S.A. in 2000, 20 plants owned by 19 companies produced recycled PET
flake from post-consumer bottles. By the end of the year, four of these plants had gone out
of operation, and one plant that closed in 1998 reopened, leaving a total of 16 facilities,
with a combined processing capacity of 836 million pounds. The aggregate amount pro-
cessed was 732 million pounds, for a capacity utilization rate of 84.5 percent.35 In 1999,
two companies, Mohawk, of Summerville, GA, and Wellman, Inc., of Johnsonville, SC,
dominated PET bottle recycling, with capacities of 200 and 190 million pounds per year,
respectively.36
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Soft drink bottles remain the largest single use of PET in packaging, but non-beverage
bottle use continues to grow at a faster rate, so the aggregate use of PET in “custom” (non-
soft-drink) bottles now exceeds its use in soft drink bottles. Use of small size soft drink
bottles is growing, while use of liter and larger bottles is declining. The most popular indi-
vidual size is 20 oz, which now represents 47 percent of all PET soft drink bottles used in
the U.S.A. Fruit juice and water represent a sizeable segment of custom bottle use. NAP-
COR estimates a total of 3.445 billion pounds of PET bottles and jars were available for
recycling in the U.S.A. in 2000.35

EPA reported an overall recycling rate for PET containers of 21.7 percent in 1998, a to-
tal of 720 million pounds.1 NAPCOR reported a PET bottle recycling rate of 24.8 percent
in 1998, for a total of 745 million pounds. The rate fell to 23.7 percent, 771 million
pounds, in 1999 and fell again to 22.3 percent, 769 million pounds, in 2000.35 Recycling
rates for PET have been falling since 1994 (Fig. 12.16). The U.S.A. is both an importer
and exporter of post-consumer PET, in baled bottle or dirty flake form. Exports totaled 170
million pounds in 2000, all but 19.5 million of these going to China. Imports totaled 69
million pounds, with bottles coming from Canada, Mexico, and Europe.35

EPA reported a 1998 recycling rate of 7.9 percent for PET in durable goods, and negli-
gible recycling of nondurables. In the non-container segment, the recycling rate for PET
packaging was also negligible. The overall PET packaging recycling rate was 21.7 percent
in 1998, and the overall recycling rate for PET in municipal solid waste was 8.9 percent.1

In contrast to the declining rates for PET bottle recycling in the U.S.A., rates continue
to increase in much of the world. For example, substantial recycling of PET bottles in Ja-
pan began only in 1993. The Japanese Council for PET Bottle Recycling reports that the
aggregate recycling rate for PET bottles designated as second class (soft drinks, soy sauce,
and liquors) reached 31.8 percent in 2000, after starting at only 0.4 percent in 1993 (Fig.
12.17). The “second class” bottles accounted for about 90 percent of all PET bottles pro-
duced in Japan in 2000.37 A draft federal plan in Japan would require a 50 percent recy-
cling rate by 2004.19

In Europe, PETCORE reports that 270,000 tonnes of PET bottles were recycled in
2000, a 23 percent increase compared with 1999 (Fig. 12.18), and forecasts an average

Figure 12.15 Sources of PET in U.S. municipal solid waste, 1998.1
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growth rate of 20 percent per year for the next five years.38 The overall PET bottle recy-
cling rate in Europe was reported to be 14 percent in 1999. There are substantial differ-
ences in recycling rates between countries, with collection rates for PET bottles of 70 to
80 percent in Sweden and Switzerland, but less than 5 percent in the U.K. Italy, France,
Belgium, and Switzerland together accounted for over 75 percent of all PET bottles recy-
cled in Europe in 1999.39

Figure 12.16 Recycling rates for PET in U.S. municipal solid waste.1,2,35

Figure 12.17 Production and recycling of PET soft drink, soy sauce, and liquor bottles,
Japan.37
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Switzerland claimed the highest recovery rate for PET bottles in the world in 1999, 83
percent, for a total of 21,300 tonnes, collected through a network of nearly 30,000 collec-
tion bins supplemented with return through the original distribution channels. The system
is operated totally by the Swiss PET recycling organization, PET-Recycling Schweiz
(PRS).40

In Brazil, the tonnage of PET recycled has continued to grow, with a substantial growth
in the recycling rate between 1997, when it stood at 16.2 percent, and 2000, when it
reached 26.3 percent (Fig. 12.19), after declining rates in 1996 and 1997.41

Figure 12.18 Recycling of PET bottles in Europe.38

Figure 12.19 Recycling of PET bottles in Brazil.41
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Global recycling of PET bottles in 1999 was reported to be about 900,000 tonnes, for a
recycling rate of about 17 percent.39

12.3.1 Soft Drink Bottle Recycling

As mentioned above, soft drink bottle recycling got its start with the introduction of de-
posit legislation, which resulted in collection of significant volumes of material and recog-
nition of the economic value embedded in them. In the U.S.A., recycling rates for PET
bottles grew until 1994 and then began to decline, as did recycling rates for PET soft drink
bottles (Fig. 12.16). The decline in recycling rate for PET soft drink bottles is attributed in
large part to a substantial increase in the tonnage of PET used in single-serving bottles,
which are more likely to be consumed away from home and thus less likely to reach curb-
side recycling collection. Between 1994 and 1998, the total tonnage and number of soft
drink bottles recycled increased, even though the recycling rate fell. However, even the
tonnage of PET bottles (all types) collected for recycling declined in 1996, 1997, and
again in 2000, although the number of bottles recycled continued to increase (Fig.
12.20).35,42 The overall recycling rate for PET soft drink bottles in 1998 was 35.4 percent,
for a total of 580 million pounds.1

The Container Recycling Institute reports that the recycling rate for beer and soft drink
containers (all types) in deposit states (including California) averages 80 percent while, in
non-deposit states, it averages only 40 percent.13 Michigan, where the deposit is 10 cents
on nearly all containers, rather than the 5 cents charged in most states, reports a 99 percent
redemption rate for covered containers,43 although this may be an overestimate. Maine re-
ports a 96 percent recycling rate for its expanded bottle bill, which covers all beverage
containers except dairy products and cider.44 The difference in recycling rates between de-
posit and non-deposit states results in nearly two-thirds of all soft drink bottles recycled in
the U.S.A. originating in the 10 deposit states, even though they have only about 28 per-
cent of the population.13

The decline in recycling rates for soft drink containers has resulted in pressure on major
soft drink manufacturers, first Coca-Cola and then PepsiCo, to increase PET soft drink

Figure 12.20 Recycling of PET bottles, U.S.A.35,42
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bottle recycling and, in particular, to use recycled content in bottle manufacture. The
GrassRoots Recycling Network (GRRN) and other organizations even took out full-page
ads in the New York Times and Wall Street Journal blasting Coca-Cola for abandoning
promises it made in 1990 to use recycled content in soft drink bottles. In 2001, at stock-
holder meetings for both companies, resolutions were introduced to use recycled content
and to work toward increasing recycling rates. In both cases, the resolutions failed, but
supporters hailed the larger than expected votes in favor of the resolutions as a successful
first step and vowed to bring the issue back in 2002.

At least partially in response to consumer pressure, Coca-Cola began using recycled
content in a portion of its U.S. soft drink bottles in 1998, although the company did not
make any public announcement that it was doing so until 2000.45 The company had been
using recycled content in Australia and a few other countries for a number of years. After
the 2001 stockholder meeting, Coca Cola committed to work toward incorporation of 10
percent recycled content in its soft drink bottles by 2005 and also agreed to cooperate with
Businesses and Environmentalists Allied for Recycling (BEAR) in efforts to increase PET
bottle recycling.46

12.3.2 Recycling of Custom PET Bottles

Recycling rates for custom PET bottles are considerably lower than rates for soft drink
bottles. Some custom bottles for beverages such as fruit juice and drinking water are cov-
ered by the expanded deposit legislation in Maine and in California. PET beer bottles are
covered by deposits in all deposit states. However, non-beverage containers such as peanut
butter jars and shampoo bottles are not covered by deposits anywhere in the U.S.A. 

The introduction of PET bottles in colors other than green and clear has introduced new
complications into PET recycling. For example, the blue color of some bottled water has
sparked criticism. It appears that as long as the blue color remains a small fraction of col-
lected materials, it can be incorporated into the green PET stream with no problem. How-
ever, larger amounts would create problems. Many of the other colors of PET are handled
by diverting the containers into disposal rather than recycling.

The recent introduction of PET bottles for beer has sparked a new round of concern.
The amber color of some of these containers means they must be separated from the clear
and green PET. Furthermore, these bottles contain additional materials to provide the re-
quired level of protection against oxygen permeation. When ethylene vinyl alcohol
(EVOH) is used as the barrier, the resulting structure is very similar to bottles for ketchup
and some other foods. When the PET/EVOH ketchup bottle structure was introduced, it
was shown that the bottle, which is designed to delaminate, is compatible with normal
PET recycling systems, at least at current use and recovery levels. Most of the EVOH is
removed during the washing and rinsing stages, and the small fraction that remains does
not cause performance problems. For PET beer bottles containing a nylon barrier layer, es-
timates are that 30 to 40 percent of the barrier layer will be removed during processing,
leaving the recycled PET containing about 3 percent nylon by weight. Manufacturers of
some other bottle variants, such as those using an activated carbon coating, also claim ei-
ther that the barrier material will be removed during the recycling operation or that the tiny
amount of material used in a bottle will not be enough to interfere with end uses of the re-
covered material.47

12.3.3 Mechanical Recycling of PET Bottles

Most PET recycling processes use mechanical processing to convert the collected bottles
into a usable form. While precise designs are proprietary, most operate similarly to the pi-
lot recycling facility developed at Rutgers University under the sponsorship of the Plastics
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Recycling Foundation. This process begins with color separation, followed by shredding
the whole bottles, usually in two steps with initial shredding, followed by a finer granula-
tion step. Next, the shredded material is sent through an air classifier to blow off the light
particles, which consist primarily of fines and label fragments. The material is then
washed in hot detergent to remove product residues and soften and remove adhesive.
Washing is followed by screening and rinsing. Next, a density-based separation using hy-
drocyclones separates the heavier-than-water PET from the lighter-than-water polyolefins,
which consist predominantly of polypropylene from caps and, to a lesser extent, from la-
bels. The PET is dried and then sent through a metal removal process, often using an elec-
trostatic separator.

The Rutgers process was originally developed to handle beverage bottles at a time when
nearly all bottles had paper labels, HDPE base cups, and aluminum closures. The disap-
pearance of the base cups and change from aluminum to PP closures has greatly facilitated
the recycling process. Aluminum, in particular, was difficult to remove and caused serious
performance problems in the recycled material. Metal caps are still used on a few PET con-
tainers, but nearly all now use plastic caps and lids. A remaining source of aluminum in re-
cycled PET is fragments of inner seal materials containing a foil layer, which are sealed to
the container during the packaging process and may not be removed completely when the
consumer opens the container. Voluntary design guidelines discourage the use of aluminum
inner seals that are not readily removed when the container is opened, but not all manufac-
turers adhere to these guidelines.48 Change of the labels from paper to plastic has also fa-
cilitated recycling. In current processes, the PP label fragments that are not removed during
previous process steps will be removed with the PP caps in the hydrocyclone.

12.3.4 Recycling of Non-bottle PET

While most PET recycling processes in the U.S.A. handle only bottles, facilities in Ger-
many handle mixed PET packaging, including bottles, tubs, dishes, and film, from yellow
bag or bin collection of plastics through the Duales System Deutschland (DSD). Most
PET recycling in Germany has utilized feedstock recycling (see Sec. 12.2.6), but the plan
is to significantly increase mechanical recycling beginning in 2001.49

PET x-ray film represents another source of recycled material. Since these materials
generally are coated with silver, there has long been a potent economic incentive for their
recovery, and silver from x-ray film has been recovered since the early 1900s.50 In such
processes, recovered PET can be obtained as a by-product of silver recovery. Its recycling
is complicated by the fact that it is generally coated with PVDC. Gemark is reported to
have a proprietary process to remove the PVDC.51 In the U.S.A., one recycler of x-ray
film is United Resource Recovery Corp. (URRC) of Spartanburg, SC.52

DuPont operated a feedstock recycling facility, using its “Petretec” process to recover
PET materials such as x-ray film, from 1995 to 1998 but discontinued the operation due to
poor market conditions.53

12.3.5 Feedstock Recycling of PET

Recovered PET can be chemically broken down into small molecular species, purified,
and then repolymerized. The two major processes for tertiary recycling of PET are glycol-
ysis and methanolysis. Both result in PET that is essentially chemically identical to virgin
resin and has been approved by the U.S. Food and Drug Administration for food contact
applications. However, PET produced by these processes is more costly than virgin resin,
which significantly limits its use.

In 1991, Goodyear obtained a letter of no objection from the U.S. FDA for the use of its
“Repete” tertiary recycled PET in food contact applications. The process, later sold to
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Shell Chemical Co., used glycolysis to partially break down PET, followed by purification
and repolymerization. In tests using model contaminants, the contaminants were removed
down to a 50- to 100-ppm level. That same year, both Eastman Chemical Co. and Hoechst-
Celanese Corp. received letters of no objection from FDA for their methanolysis-based
PET depolymerization processes.54 Eastman’s “Superclean” process reportedly can han-
dle PET bottles of any color, and including multilayer bottles such as those containing ox-
ygen barriers, producing new PET equivalent to virgin.55 Methanolysis processes provide
full depolymerization and can remove colorants and certain impurities that cannot be re-
moved by glycolysis.

Petrecycle Pty. Ltd., of Melbourne, Australia, announced in February 2001 that it would
install a chemical recycling system capable of processing more than 22 million pounds of
post-consumer PET a year in the M&G Finanziaria Industriale SpA virgin PET production
facility in Point Pleasant, WV. Petrecycle’s “Renew” technology will enable M&G to pro-
duce a blend of virgin and recycled PET, reportedly for lower costs than those associated
with other recycling technologies.56

Other tertiary recycling processes include a Freeman Chemical Corporation process to
convert PET bottles and film to aromatic polyols used for manufacture of urethane and
isocyanurates.54 Glycolized PET, preferably from film, since it is often lower in cost than
bottles, can be reacted with unsaturated dibasic acids or anhydrides to form unsaturated
polyesters. These can then be used in applications such as glass-fiber-reinforced bathtubs,
shower stalls, and boat hulls. United States companies that have been involved include
Ashland Chemical, Alpha Corporation, Ruco Polymer Corporation, and Plexmar.51 Unsat-
urated polyesters have also been used in polymer concrete, where the very fast cure times
facilitate repair of concrete structures. Basing polymer concrete materials, for repair or
precast applications, on recycled PET reportedly leads to 5 to 10 percent cost savings and
comparable properties to polymer concrete based on virgin materials. However, they are
still approximately 10 times the cost of portland cement concrete.57

12.3.6 Food-Grade Mechanically Recycled PET

A variety of processes have received official non-objection from the U.S. FDA for use of
mechanically recycled PET in food packaging. The earliest processes relied on insensitive
uses or on imposition of a physical barrier between the food and the recycled plastic. For
example, the first approval was in 1989 for use of recycled PET in egg cartons.51 Continen-
tal PET Technologies received approval in 1993 for a coinjected multilayer PET bottle with
a 1-mil (0.001-in) layer of virgin PET between the core layer of recycled PET and the con-
tainer contents. The approach was used initially for soft drink bottles in Australia, New
Zealand, and Switzerland.58–60 In 1994 and 1995, Wellman, Inc., obtained approval for use
of mechanically recycled PET in multilayer packaging for a variety of food products.61

The first U.S. approval for use of mechanically recycled PET in direct contact with food
came in 1994, for Johnson Controls’ Supercycle recycled PET. In 2000, 6 of the 20 operat-
ing PET recycling plants used technologies that have received letters of non-objection
from FDA for direct contact with foods and beverages.35 These processes rely on intensive
cleaning, often in combination with control over the source material, and have been vali-
dated by challenge with known amounts of model contaminants.

In 1999, Phoenix Technologies LP became the first company to receive FDA approval
for use of 100 percent curbside recycled PET in food containers. In 2001, the company
gained approval for use of this material in hot-filled bottles. Commercial production of
food-grade curbside recycled PET began in December, 2000. The process is in use in Aus-
tralia to make 25 percent recycled-content bottles for Coca-Cola.62

United Resource Recovery Corporation (URRC) of Spartanburg, SC, became the sec-
ond U.S. company to get approval for food-grade recycled PET from curbside collection
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in 2000, for its “Hybrid-UnPET” technology. While Phoenix Technologies was expected
to focus on the soft drink market, URRC was targeting the bottled water market, particu-
larly in Europe. A plant in Frauenfeld, Switzerland, is licensed to use the technology.52

The process reportedly involves mechanical recycling without hot water followed by a
thermal treatment using sodium hydroxide and a final stage for removal of residual con-
taminants.63 The treatment with caustic soda results in a solid-phase reaction in which the
outer surface of the PET chips is stripped off, and the resulting ethylene glycol and tereph-
thalic acid are recovered as by-products. Any contamination adhering to the outer surface
is removed during this stage. Residual contaminants are removed using a combination of
air blowing and controlled temperature. The resultant mixture of salt and clean PET gran-
ules is separated by mechanical filtration followed by washing and then removal of any
small metal particles by a metal separator.40 This process, therefore, could be regarded as a
mix of mechanical and feedstock recycling.

Another process producing food-grade recycled PET is the “Stehning BtoB Process,”
developed by OHL Apparatebau & Verfahrenstechnik GmbH, of Limburg, Germany,
which received U.S. FDA approval in 1999. The first production unit began operation in
October 1999 at PET Kunststoffrecycling GmbH (PKR) in Beselich, Germany. Two other
facilities are also in operation, worldwide, using this technology. In this process, the clean
PET bottle flakes, without preliminary drying, are fed into a modified twin screw extruder
where it is dried and degassed and then melt-filtered and pelletized. The amorphous PET
chips are fed into a discontinuous solid-stating process for crystallization and condensa-
tion/decontamination under vacuum. Reportedly, the sensory characteristics of the recy-
cled material are superior to those of virgin PET. In particular, acetaldehyde and ethylene
glycol levels are lower. The German facility has a production capacity of 7,500 tonnes per
year.64

12.3.7 Properties of Recycled PET

Mechanically recycled PET in general retains very favorable properties. Some reduction
in intrinsic viscosity is usual, but it can be reversed by solid-stating. Residual adhesives
from attachment of labels are a common contaminant concern. Some of the adhesive resi-
due can become trapped in the PET granules and is not removed by washing. Since these
adhesives often contain rosin acids and ethylene vinyl acetate, the rosin acids plus acetic
acid from ethylene vinyl acetate hydrolysis can catalyze hydrolysis of the PET during pro-
cessing. A similar problem can be caused by residues of caustic soda or alkaline detergents
from the wash step. Considerable loss of molecular weight can result, and darkening of the
adhesive residues can cause discoloration.

PET is very susceptible to damage from PVC contamination, and vice versa. Contami-
nation in the range of 4 to 10 ppm can cause serious adverse effects.65 Because the densi-
ties of PET and PVC overlap, density-based separation methods are ineffective.
Technologies have been developed for very effective sorting of whole-bottle PVC and
PET. PVC contamination from materials such as coatings, closure liners, labels, etc., is
more difficult to handle. Appropriate package design to avoid the use of PVC or PVDC
with PET containers is the most effective strategy. The Association of Post-Consumer
Plastic Recyclers issued a report detailing the effect of PVC contamination of PET, in
which they estimated that the cost to the domestic PET recycling industry of addressing
PVC contamination in 1998 totaled $6.5 million. Sorting accounted for 37 percent of the
cost, with depreciated equipment, laboratory labor, and maintenance also representing ma-
jor costs. The average cost was 1.67 cents per pound of PET produced. Because costs were
lower in larger reclaimers, as well as in those specializing in deposit containers, the
weighted average was 0.86 cents per pound.66

Repolymerized PET is essentially identical in performance to virgin PET.
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12.3.8 Markets for Recycled PET

One of the earliest large-volume uses for recycled PET was as polyester fiberfill for appli-
cations such as ski jackets and sleeping bags. The range of applications has grown enor-
mously and now includes items as diverse as carpet, automobile distributor caps, produce
trays, and soft drink bottles. Fiber applications remain the largest market and continue to
grow (see Table 12.3). In fact, Aoki International, of Tokyo, introduced an all-recycled
men’s suit made from recycled soft drink bottles. The company also promised to recycle
used suits returned to their stores into buttons and linings for new suits.67

The first 100 percent recycled PET container in the U.S.A. was introduced in 1988 by
Proctor & Gamble for household cleanser. Bottles, including those for food and beverages,
are now a significant market for recycled PET, and pressure for bottle-to-bottle recycling
continues to grow.

Other markets for recycled PET include strapping, sheet, and film. A number of high-
performance engineering alloys and compounds utilizing recycled PET have been devel-
oped, especially for the automotive industry.51 Recycled PET is being used in manufacture
of a drainage filtration mesh for roadways by Viy Plastics, an Australian joint venture.68 A
German company, Remaplan Anlagenbau BmbH, has developed a plastic pallet made
from 75 percent post-consumer PET, 20 percent post-consumer polyolefins, and 5 percent
additives. It claims the pallets will sell for $10 to $12 each, about the same as wood pal-
lets. The company can also produce boxes, crates, trays, and similar items.69

As is generally the case for recycled materials, the market situation is strongly affected
by the supply and demand situation for virgin resin. When virgin PET supply is low and
prices are up, demand for recycled resin is strong. During the last half of the 1990s, there
was a significant downturn in recycled PET demand caused by a large increase in produc-
tion capacity for virgin resin that drove down price. The situation was exacerbated by a
temporarily plentiful supply of off-spec resin from new facilities entering production.
Some PET recyclers did not survive the lean years. Markets recovered somewhat as de-
mand grew but have not returned to the 1995 situation where baled PET bottles sold for
$0.27 to $0.35 per pound.70 Prices in 2000 ranged from $0.07 to $0.20 per pound.35

12.4 High-Density Polyethylene Recycling

The sources of high-density polyethylene (HDPE) in the U.S. MSW stream are shown in
Fig. 12.21. HDPE is the second most recycled plastic but has been steadily closing the gap

TABLE 12.3 Uses of Recycled PET in the 
U.S.A. (Millions of Pounds)35,54

1990 2000

Fiber 165 452

Strapping   12 101

Sheet and film     2   65

Food and beverage bottles     0   54

Non-food bottles     1   40

Other   21   32

Plastics Recycling

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.



724 Chapter Twelve

on PET. In the U.S.A., the recycling rate for HDPE milk and water bottles reached 31.4
percent in 1998, for a total of 440 million pounds. Other HDPE containers were recycled at
a rate of 12.3 percent, for an overall bottle and container recycling rate of 19.3 percent. The
recycling rate for HDPE packaging as a whole was 10.3 percent. The recycling rate for
HDPE in durable goods was 8.2 percent, and in nondurables was negligible, for an overall
HDPE recycling rate of 8.9 percent.1 While the recycling rates for HDPE are lower than for
PET in some cases, the total amount of HDPE recycled exceeds that of PET in all relevant
major categories: durables, bottles & containers, all packaging, and all MSW (Fig. 12.22). 

The American Plastics Council (APC) reported a 1998 recycling rate for HDPE bottles
of 25.2 percent, for a total of 734 million pounds, higher than the 24.4 percent reported for
PET bottles.71 APC reported rates of 24.4 percent in 1996 and 24.7 percent in 1996.71,72

Recovery rates for HDPE fell somewhat in 1999, with the rate for natural HDPE bottles
(milk and water, primarily) falling to 30 percent from 31 percent in 1998.73

HDPE bottle recycling in the U.S.A. is dominated by KW Plastics of Troy, AL, with a
capacity of 600 million pounds per year. The next largest companies are USPLC, with fa-
cilities in Los Angeles, Chicago, and Auburn, MA, for a combined capacity of 125 million
pounds per year, and Clean Tech of Dundee, MI, with 90 million pounds per year.36

12.4.1 Recycling of HDPE Bottles

Unpigmented HDPE milk and water bottles are the most valuable type of HDPE for recy-
cling. They are made from a high-quality fractional melt index homopolymer HDPE, usu-
ally unpigmented, that is suitable, when recycled, for a wide variety of uses. Considering
that these bottles are generally not covered by deposits, their 31.4 percent recycling rate in
the U.S.A. in 1998 compared favorably with the 35.4 percent rate for PET soft drink bot-
tles.1 Extrusion blow molded HDPE bottles, both pigmented and unpigmented, are ac-
cepted for recycling in most community recycling programs. Injection blow molded
bottles, which are made from a high-melt-flow HDPE, are undesirable contaminants.
Other containers that are unacceptable in many programs include motor oil bottles and

Figure 12.21 Sources of HDPE in U.S. municipal solid waste, 1998.1
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those that contained caustic cleansers, insecticides, or other materials where product resi-
dues could pose a risk.

Ontario, Canada, has had a deposit system for HDPE milk bottles for a number of
years, charging 25 cents per bottle, which is one of the reasons milk sold in flexible
pouches is popular. When the government considered discontinuing the system in 1999,
Ontario milk producers, retailers, and packaging suppliers objected.74

The Alberta (Canada) Dairy Council launched a voluntary recycling program in 1999 in
an effort to increase the 35 percent recycling rate for HDPE milk containers to 70 percent.
Municipalities and recycling programs receive a payment for collected and densified
HDPE, subsidized by the Dairy Council, in the form of a guaranteed price of $400 (Cana-
dian) per tonne. The three Alberta milk processors voluntarily pay two cents for each four-
liter milk bottle and one cent for each two-liter bottle into a Container Recovery Fund to
support the program. In its first year of operation, July 1, 1999, to June 30, 2000, the pro-
gram collected 1,197 tonnes of material, a 32 percent increase over the previous year,
bringing the province-wide recovery rate to 40 percent. Sixteen communities and recy-
cling authorities achieved recovery rates of 70 percent or more.75

Motor oil bottle recycling is a significant issue, not only because of the volume of bot-
tles involved but because of the potential adverse environmental consequences and the
value of the oil remaining in the bottles. Honeywell Federal Manufacturing & Technolo-
gies, of Kansas City, has developed a system for recycling motor oil bottles and recovering
both plastic and oil. The system is licensed to ITec International Technologies, Inc., a sub-
sidiary of Beechport Capital Inc., which is marketing the systems worldwide. ITec esti-
mates that about two billion plastic motor oil containers are discarded each year in the
U.S.A., each containing, on average, an ounce of oil, for a total of 250 million pounds of
plastic and more than 15 million gallons of motor oil. ITec announced in 2001 that it had
received an order for two of its systems from OPT Srl in Italy.76

Some programs for used oil recovery also recover oil bottles. For example, in Canada,
the Alberta Used Oil Management Association (AUOMA) has developed a program for

Figure 12.22 Amounts of recycled HDPE and PET from U.S. MSW, by product category,
1998.1
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used oil recycling that also includes recycling of oil filters and motor oil containers under
30 liters in size. Participating companies pay an Environmental Handling Charge (EHC)
of $0.05 (Canadian) per liter of container size, at the wholesale level. The collectors of the
used materials receive payment through the program for the returned materials.
Saskatchewan and Manitoba are implementing similar programs, and British Columbia is
considering doing so.77

12.4.2 Recycling of Other HDPE

While most recycled HDPE comes from bottles, limited recycling of other HDPE materi-
als also occurs. Some recovery of HDPE film occurs along with LDPE when retail bags
are collected for recycling. This collection has declined substantially in the last several
years. DuPont operates a recycling program for its Tyvek envelopes. As mentioned above,
some recycling of HDPE in durable goods also occurs, according to the U.S. EPA.

12.4.3 Recycling Processes for HDPE

Recycling processes for HDPE bottles are similar to those for PET. First, the collected
HDPE is typically sorted to separate the higher-value unpigmented containers. In some
cases, the pigmented HDPE is further separated into color families. Sorting of the unpig-
mented bottles is often done prior to initial baling but may be done at a later stage.

At the plastics processor, the baled HDPE containers are typically shredded, washed,
and sent through either a float-sink tank or a hydrocyclone to separate heavy contami-
nants. Air classification may be done prior to washing. The clean materials are dried and
then usually pelletized in an extruder equipped with a melt filter to remove residual non-
plastic contaminants. If mixed colors are processed, the result from typical curbside or
drop-off programs is a grayish-green color, which is most often combined with a black
color concentrate to produce black products. 

Several types of contamination are a concern in HDPE recycling. The first is contami-
nants that add undesired color to natural HDPE. A prime culprit is caps on bottles. While
consumers are generally told to remove caps before turning the bottles in for recycling, a
significant number arrive with the caps still in place, and the caps are generally brightly
colored. Most of these are polypropylene, with the next largest fraction polyethylene. Nei-
ther of these materials are separable in the usual recycling systems, and hence they usually
remain with the HDPE, where they result in discoloration of the resin. Typically, the
amounts are low enough that mechanical properties are not affected, but they do impart a
grayish color to the material. The introduction of pigmented HDPE milk bottles, which
seem to periodically pop up in various places, is a concern to recyclers since, if they were
widely adopted, they could significantly cut into the use of the more valuable natural bot-
tles. Pigmented HDPE recycled resin typically sells for only 60 percent of the price of nat-
ural HDPE.78

A second type of contamination is mixing of high melt flow injection-molding grades
of HDPE with low melt flow blow-molding grades. The result can be a resin with interme-
diate flow properties that is not desired by either injection or blow molders. Since the cod-
ing system for plastic bottles (see Sec. 12.18) does not differentiate between the two, it is
difficult to convey to consumers in any simple fashion which bottles are desired in the re-
cycling system and which are not. The recycling process does not separate the two grades,
since their densities and most other properties are equivalent. Some programs simply ac-
cept the resulting contamination, while others try to get the message to consumers, some-
times by specifying bottles “with a seam.” Fortunately, the vast majority of HDPE bottles,
especially in larger sizes, are extrusion blow molded.
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Mixing of polypropylene into the HDPE stream is also a concern. As discussed above,
much of this arises from bottle caps left in place. Some also arises from fitments on deter-
gent bottles and from inclusion of PP bottles in the recycling stream. Since both PP and
HDPE are lighter than water, the density-based separation systems commonly employed
will not separate the two resins. Fortunately, in most applications, a certain level of PP
contamination can be tolerated. However, particularly in the pigmented HDPE stream, lev-
els of PP contamination are often high enough to limit the amount of the recycled material
that can be used, forcing manufacturers to blend the post-consumer materials with other
scrap that is free of PP, or with virgin (often off-grade) HDPE. While triboelectric systems
for separating chipped PP from HDPE are now available, most recycling facilities do not
have such systems.

Finally, contamination of the HDPE with chemical substances that may later migrate
from a container with recycled content to the product can present problems. This is a more
serious issue with HDPE than with PET for two primary reasons. First, the solubility of
foreign substances of many types is greater in HDPE than in PET. Thus, the level of con-
tamination that may be present is higher. Second, the diffusion of most substances is faster
in HDPE than in PET. Combined, these factors create a significantly greater potential for
migration of possibly hazardous contaminants out of recycled HDPE into container con-
tents. Nevertheless, use of some types of recycled HDPE for limited food contact applica-
tions has been approved by the U.S. FDA.

The strategies for dealing with potential migration of hazardous substances from recy-
cled HDPE are essentially the same as with PET. First, a combination of selection of start-
ing materials and processing steps can be used to minimize the contamination levels that
are present. The first company to obtain a letter of non-objection from FDA for recycled
HDPE in direct food contact was Union Carbide, which later sold the technology to Eco-
plast, who also received a letter of non-objection.79

Recycled HDPE can also be used in a multilayer structure that provides a layer of virgin
polymer as the product contact phase. This is the standard approach for laundry products,
where FDA approval is not an issue, but where consumer acceptability issues associated
with objectionable odors in the product surfaced early in the development stage. In this
case, the multilayer bottles used have a layer of virgin polymer on the outside of the bottle
as well as on the inside. This not only solved appearance problems that were also associ-
ated with the use of recycled plastic, it permitted a significant savings in the amount of
fairly expensive colorants that are required. The middle layer in such structures is com-
posed of a blend of recycled HDPE with process regrind. An additional benefit from the
inner layer of virgin polymer is the better environmental stress crack resistance of the co-
polymer virgin HDPE as compared with the regrind/recycle mix.

12.4.4 Markets for Recycled HDPE

A major early market for recycled HDPE was agricultural drainage pipe. Pipe continues to
be a significant market, but a number of additional markets have developed as well. In par-
ticular, coextruded bottles containing an inner layer of recycled HDPE have developed
into a major market. Nearly all laundry products sold in plastic bottles in the U.S.A. use
this structure, typically incorporating about 25 percent recycled content. Motor oil is often
sold in single-layer bottles made from a blend of virgin and recycled HDPE. Figure 12.23
shows the proportion of recycled HDPE going into various market categories in the U.S.A.
in 1996.

As can be seen, another significant market for recycled HDPE is plastic lumber, 25 per-
cent of total HDPE markets in 1996.2 Use of plastic lumber is increasing, as its benefits of
long life compared to treated wood, freedom from the hazardous chemicals often used in
outdoor grades of lumber, and maintenance of color without painting, are recognized.
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Plastic lumber does carry a higher initial purchase price than wood equivalents, but life cy-
cle costing generally shows substantial benefits for plastic. Composites of wood fiber and
plastic, either HDPE or LDPE, are also growing in use. Plastics lumber is discussed in
more detail in Sec. 12.18.

Recycled HDPE is also used in manufacture of film, especially for merchandise bags.
Often, the material used is recycled milk bottles. Recycled milk bottles are being used in
manufacture of milk crates in Australia.80 They are also often used in production of curb-
side recycling bins.

United States companies that are major users of recycled HDPE include Procter &
Gamble, which uses 25 to 100 percent recycled HDPE in most of their household prod-
ucts, Clorox, and DowBrands.81 DuPont uses 25 percent recycled HDPE in its Tyvek en-
velopes.82 Hancor, which manufactures drainage pipe, was one of the first large-scale
users of recycled HDPE and continues to be a major user.

12.5 Recycling of Low-Density Polyethylene 
and Linear Low-Density Polyethylene

Because of the similarity in properties and uses of low-density polyethylene (LDPE) and
linear low-density polyethylene (LLDPE), and because they are often blended in a variety
of applications, use and recycling of LDPE and LLDPE are often reported and carried out
together. Therefore, we will use the term LDPE to refer to both LDPE and LLDPE.

Approximately half of the LDPE found in municipal solid waste originates in packag-
ing, as shown in Fig. 12.24.1 Another sizable fraction comes from nondurable goods, espe-
cially trash bags. The two main sources of recycled LDPE are both in the bags, sacks, and
wraps category: stretch wrap and merchandise bags. In contrast to PET and HDPE, curb-
side recycling is not a significant factor in recycling of LDPE in the U.S.A. Stretch wrap is
collected primarily from establishments such as warehouses and retailers, where large
quantities of goods arrive in pallet loads unitized with the wrap. Sending such material to

Figure 12.23 Uses of recycled HDPE bottles in the U.S.A., 1996.2
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be recycled, rather than paying to dispose of it, often makes economic sense for the com-
panies involved.

Recycling of grocery and other merchandise sacks is generally carried out at drop-off
locations. At one time, there was a wide network of such sites across the U.S.A., but many
merchants discontinued the program due to contamination and other concerns. Bag recy-
cling through schools is also available in a significant number of locations. 

In 1997, New Jersey had a pilot recycling program targeted at nursery and greenhouse
film. In the three month project period, it collected nearly 450,000 lb of film, about 45 per-
cent of the total used by growers in the state. The biggest problem encountered was the
dirt in the film. The program was successful enough to expand in 1998.83 Chevron oper-
ated a pilot project for agricultural film in Vermont in 1997 and 1998.84

Toro Ag Irrigation, based in El Cajon, CA, began a program in 1999 to recycle its Aqua-
Traxx thin-walled drip irrigation hose, made from linear low-density polyethylene. The
used irrigation tape could be delivered to Toro dealers and was then sent for recycling.
Toro estimated that more than 1 billion feet of drip irrigation tape is sold each year in Cal-
ifornia.85

The U.S. EPA calculated that 120 thousand tons of LDPE/LLDPE bags, sacks, and
wraps were recovered in 1998, for a recycling rate of 5.2 percent. About 20 thousand tons
of LDPE and LLDPE were recovered from durable goods, a rate of 3.3 percent. The over-
all recycling rate for LDPE in MSW was 2.6 percent, up from 1.9 percent in 1997.1

In Canada, the Plastic Film Manufacturers Association of Canada and the Environment
and Plastics Institute of Canada (EPIC) have sponsored curbside recycling programs for
plastic film of all types. By 1996, the program had grown to 146 communities in Ontario
and 19 in the Montreal, Quebec, area. In 1998, EPIC published The Best Practices Guide
for the Collection and Handling of Polyethylene Plastic Bags and Film in Municipal
Curbside Recycling Programs.86

Processing of film plastics is more difficult than processing of containers. The lower
bulk density of the film leads to difficulty in handling the material, and it is more difficult

Figure 12.24 Sources of LDPE/LLDPE in U.S. municipal solid waste,
1998.1
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to remove contaminants. Historically, a large fraction of merchandise bags collected in the
U.S.A. were shipped to the Far East, where low labor costs permitted hand sorting. Stretch
wrap is less contaminated, especially if paper labels are not used, and is often handled do-
mestically. 

The Environment and Plastics Industry Council, of Mississauga, Ontario, has devoted
considerable effort to identifying processing systems capable of handling post-consumer
polyethylene film, as well as to collection of the material, as mentioned above. They chose
to focus on dry processing as key to keeping the cost of pelletizing the materials down.
EPIC found that pneumatic separation of polyethylene film can remove 98 percent of con-
taminants from film that has first been chopped, shredded, or granulated. For agglomerat-
ing the shredded material, continuous-feed agglomeration was found to be generally
superior to pellet mill processing and batch-style agglomeration. While the equipment was
more costly than batch agglomeration, labor costs were lower, and product quality was
higher.87

A major market for recycled plastic film and bags is manufacture of trash bags, typi-
cally in a blend with virgin resin. Recycled plastic has also been used in manufacture of
new bags, bubble wrap, housewares, and other applications. A rapidly growing application
is use of recycled LDPE in plastic lumber, as a composite with wood fibers. The leading
company in this area is Trex Co., of Winchester, VA, which has production facilities in
both Nevada and Virginia. The company was cited by Industry Week in 2000 as one of the
most successful small manufacturers in the U.S.19 Boise-Cascade of Boise, Idaho, and
Louisiana-Pacific of Portland, Oregon, also manufacture wood/plastic composites from
wood fiber and recovered LDPE, primarily from pallet wrap. Trex also recycles contami-
nated agricultural film and some material recovered from MRFs.73

12.6 Recycling of Polypropylene

Sources of polypropylene (PP) in MSW in the U.S.A. are shown in Fig. 12.25. Packaging
represents 33 percent of the total, and durable goods represent 40 percent. There is little
recycling of PP from packaging, a rate of only 3.2 percent in 1998, nearly all from the
“other plastics packaging” category. Most recycled PP comes from durable goods, where
the recycling rate was 12.4 percent in 1998. A significant amount of this material comes
from recycling of PP automotive battery cases. The overall recycling rate for PP in U.S.
MSW in 1998 was 6 percent.1

Lead-acid automotive batteries are prohibited from MSW disposal facilities in 37 U.S.
states, primarily due to concern about the effects of lead. Several states impose deposits on
batteries. Effective recycling programs for these batteries have existed for a number of
years. The Battery Council International reports a 1996 recycling rate of 96.5 percent for
lead-acid batteries. PP makes up about 7 percent of the battery, by weight, and is recov-
ered along with the lead. The primary market for the recovered PP is new battery cases. A
typical battery contains 60 to 80 percent recycled PP.88

PP spools and wheel counters in disposable cameras are recovered for reuse in pro-
grams for recycling these cameras, as will be discussed further in Sec. 12.7. Polypropylene
hangers from department stores are also sometimes recycled, and some PP is recycled
from appliances.

12.7 Recycling of Polystyrene

Nondurable goods represent by far the largest category of polystyrene (PS) in U.S. MSW,
63 percent, with plastic plates and cups alone representing 39 percent (Fig. 12.26). Dura-
ble goods account for about 27 percent, with packaging amounting to about 10 percent.1 A
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substantial amount of PS is used in the building and construction industry, mostly for insu-
lation materials, but these wastes are not considered part of the U.S. MSW stream.

The EPA reports recovery of about 10 thousand tons of PS from durable goods in 1998,
a recycling rate of only 1.7 percent. No significant recovery of nondurable goods was re-
ported. Another 10 thousand tons were recovered from the packaging category, for a 4.8
percent recycling rate, resulting in an overall recycling rate for polystyrene of only 0.9
percent.1

Figure 12.25 Sources of PP in U.S. municipal solid waste, 1998.1

Figure 12.26 Sources of PS in U.S. municipal solid waste, 1998.1
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There is very little recycling of food-service PS in the U.S.A. In 1989, the National
Polystyrene Recycling Company (NPRC) was formed by several PS producers, with a
goal of achieving a 25 percent recycling rate for food-service PS by 1995. It focused on in-
stitutional generators of such wastes, primarily schools, and other cafeterias. However, the
operation was plagued by high levels of contamination with food wastes and was unable to
operate profitably. Recycling rates and amounts for PS food-service items, including pack-
aging, declined after an initial period of growth. In 1999, NPRC and its remaining two re-
cycling facilities were sold to Elm Packaging Company and its name changed to
Polystyrene Recycling Company of America.89 By late 2000, the company evidently
stopped accepting PS food packaging for recycling.90

Nearly all recycling of PS from packaging in the U.S.A. now comes from recycling of
foam cushioning materials. Such recycling has been much more successful than recycling
of food-service PS. Recycling rates have, for the most part, been at the 9 to 10 percent
level for the last several years (Fig. 12.27). The American Plastics Council reported a recy-
cling rate for EPS packaging of 9.6 percent in 1999, up from 9.5 percent in 1998. The
amount recycled increased by 1 million pounds, reaching 20.2 million pounds in
1999.91,92 The Alliance of Foam Packaging Recyclers reports availability of more than
200 collection sites in the U.S.A. and Canada for post-consumer EPS protective packag-
ing. The organization web site includes information for consumers about collection loca-
tions available in their area.91 Much of the collected material is used in manufacture of
new EPS packaging, often in a blend with virgin resin. Cushioning materials made with
100 percent recycled PS are also available.

In addition to recycling, there is considerable reuse of expanded polystyrene loose fill.
The Plastic Loose Fill Council operates a toll-free “Peanut Hotline” to provide informa-
tion to consumers about where to take EPS loose fill for reuse. The organization reports
that over 30 percent of all EPS loose fill is reused, and more than 1,500 collection sites for
the material are available in the U.S.A. In addition, post-consumer recycled-content loose
fill is widely available.93

One of the leaders in EPS recycling in the U.S.A. is FR International, which recycled
10.9 million pounds of expanded polystyrene in 2000, an increase of nearly 2 million

Figure 12.27 Recycling of EPS cushioning, U.S.A.91,92
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pounds over 1999. The company, which began PS recycling in 1990, now has five recy-
cling operations in the U.S.A. and also has a UK subsidiary that recycled over 2.5 million
pounds of polystyrene in 2000.94

One of the problems in recycling EPS is the very low bulk density of the material,
which makes shipping it over long distances uneconomical. International Foam Solutions,
Inc. (IFS), of Delray, FL, has developed a process that dissolves EPS in a citrus-based sol-
vent, producing a gel and eliminating 90 percent of the volume. The “Polygel” is stored in
drums and shipped to IFS for processing. IFS further dilutes the gel, filters out contami-
nants, and produces new PS products. Contaminant levels are reportedly reduced to less
than 1 ppm.95 In addition to cushioning materials, the system can successfully recycle PS
from food service use. The company sells or leases its “IFS Solution Machine” to custom-
ers and has several food service operations as customers.96 Sony Corporation Research
Center, in Yokohama, Japan, has also developed a solvent-based PS recycling system that
uses d-limonene.97

Another company attempting to use food-service PS is Rastra Technologies, Inc. It
manufactures wall panels made of recycled PS and cement. In 1999, it participated in a pi-
lot with a Florida school district to recycle used PS foam lunch trays. In the early 1990s,
five McDonalds restaurants were constructed using the company’s insulated concrete form
(ICF) panels containing recycled PS hamburger boxes.98

Kodak operates a recycling program for PS in disposable camera bodies, and also recy-
cles film containers. Recovered camera bodies are ground, mixed with virgin resin, and
used in the production of new disposable cameras. The PS internal frame and chassis of
the cameras are recovered intact and reused in new cameras. The cameras are collected
from photofinishers, who are reimbursed for the cameras they return. The company’s pro-
gram is active in over 20 countries, and achieves a recycling return rate of over 70 percent
in the U.S.A. and approximately 60 percent worldwide. Kodak reports that by weight, an
average of 86 percent of Kodak one-time-use cameras are recycled or reused.99,100

While there appears to be no current commercial use of the system, some years ago, the
Toyo Dynam company, in Japan, developed a prototype system for feedstock recycling of
PS in which foam PS was ground and sprayed with styrene monomer to dissolve it and
separate it from contaminants. The solution was then cracked and vaporized in a heated re-
flux vessel.101

Some PS is also recycled from appliances.
In Japan, one of the goals of the Japan Expanded Polystyrene Recycling Association

(JEPSRA) is to increase recycling of expanded PS. The organization reports that 53.6 per-
cent of EPS in Japan is used in containers, 32.5 percent in transport packaging, and 13.9
percent in building materials and civil engineering applications. With a network of more
than 1000 recycling sites, Japan achieved a 35 percent recycling rate for EPS in 2000 (Fig.
12.28). JEPSRA has a goal of a 40 percent rate by 2005.102

Korea reports a recycling rate of 48.8 percent for EPS in 1999, excluding building insu-
lation and food containers, for a total of 24,371 tonnes. The growth in EPS recycling is
shown in Fig. 12.29.103

The Canadian Polystyrene Recycling Association (CPRA) reports that more than a mil-
lion households in Ontario and Manitoba can recycle polystyrene at curbside. The CPRA
recycling plant in Mississauga, Ontario, has a capacity of up to 3,500 tonnes of PS a year.
It accepts both food service PS and cushioning materials.104

Europe also has some recycling of PS food service items as well as cushioning. In the
UK, the Expanded Polystyrene Packaging Group (EPS) reports that 4,500 tonnes of ex-
panded polystyrene packaging were recycled in 2000, for a recycling rate of nearly 15 per-
cent. This was a significant increase from the 3,000 tonnes recycled in 1999, a rate of 10
percent. The growth was attributed to interest in wood replacement products and an in-
crease in the price for virgin PS resin as well as efforts by the group to develop recycling
processes and raise awareness about the potential benefits of EPS recycling.105
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In October 2000, producers of expanded polystyrene from Asia, Europe, and North
America, representing 28 countries, met in Malaysia to form the International EPS Alli-
ance (INEPSA) with a major goal of enhancing EPS recycling.106

Products manufactured from recycled polystyrene include cushioning materials, horti-
cultural trays, video and audio cassette housings, rulers and other desktop accessories,
clothes hangers, and other items.

Figure 12.28 Recycling of EPS, Japan.102

Figure 12.29 Recycling of EPS, Korea.103
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12.8 Recycling of Polyvinyl Chloride

Polyvinyl chloride (PVC) in U.S. MSW comes mostly from nondurable goods, followed
closely by packaging and durable goods (Fig. 12.30). The U.S. EPA reports no significant
recycling of PVC from municipal solid waste in the U.S.1 The PVC bottle recycling rate in
1997 was estimated to be only 0.1 percent in 1997, down from 2 percent in 1996 after dis-
continuation of a subsidized program by Occidental Chemical Corporation for buyback of
PVC bottles.107 There is limited recycling of PVC from other waste streams, especially
construction and demolition material, which is not classified as MSW. Since non-MSW
waste streams account for considerably more PVC and tend to be more uniform than
MSW PVC waste streams, most efforts have focused on these materials.

In the U.S.A., the Vinyl Institute publishes a directory of North American companies
involved in vinyl recycling, which is also available in searchable on-line form.108 The
2000 edition lists about 270 U.S. and Canadian companies, with the type of scrap they ac-
cept. Nearly 100 are listed as accepting post-consumer materials. The directory also lists
companies manufacturing products from recycled PVC. A study commissioned by the In-
stitute reported that about 18 million pounds of post-consumer PVC were recycled in 1997
from sources such as carpet backing, medical products, windows and siding, and packag-
ing. Recycling of post-industrial materials was a much larger amount, representing about
78 percent of all recycled vinyl. Since nearly 70 percent of PVC production goes into
products expected to last 10 years or more, recycling of post-consumer materials is ex-
pected to be more important in the future.109 The report found that demand for rigid post-
consumer vinyl was smaller than the supply, despite the low recovery rates. The situation
was somewhat better for flexible materials, but these were valued mostly for their plasti-
cizer content, not the PVC itself.110

PVC has been criticized by Greenpeace and also by the Association of Postconsumer
Plastic Recyclers, which in 1998 labeled PVC a recycling contaminant, pointing to the
failure of a year-long effort to find markets for recycled PVC and the fact that many of
their members had to landfill recovered PVC bottles because they could find no markets
for them.111 After that report, the Vinyl Institute funded a pilot project aimed to jump-start

Figure 12.30 Sources of PVC in U.S. municipal solid waste,
1998.1
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the PVC recycling market,107 but recycling of PVC bottles in the U.S.A. remains ex-
tremely rare. 

In 1999, the National Electronic Distributors Association developed an industry posi-
tion paper in which they recommended recycling of PVC tubes used for packaging semi-
conductor devices.112 In 2001, a consortium of New Hampshire circuit board assemblers
reported success in doing so. One company reported saving $1000 per year while diverting
over 25,000 lb of integrated circuit chip tubes at just one of the company facilities. The re-
cycled tubes are made into a variety of products including new circuit chip tubes and
drainage pipe.113

There is some recycling of PVC intravenous bags from hospitals. Beth Israel Medical
Center, in New York City, was one of the pioneers in these efforts.114 Baxter Healthcare
Corporation, of Round Lake, IL, participated in a pilot collection program for hospital IV
bags. Products from the recycled material included floor tiles manufactured by Turtle Plas-
tics of Cleveland, OH.109 Conigliaro Industries, of Massachusetts, recycled PVC from
more than 60 hospitals and biotech firms, accepting IV bags, sterile packaging, employee
ID cards, and other medical plastics. It also handles roofing membrane, siding, and indus-
trial scrap, for a total of 500,000 lb per year.109

A number of projects have focused on recycling of vinyl siding, usually on scrap origi-
nating during building construction or remodeling, and often with financial support from
the Vinyl Institute. As a result of one such pilot project in Grand Rapids, MI, recycling of
vinyl siding waste is included in the EPA-funded publication Residential Construction
Waste Management: A Builders’ Field Guide.115 Among the most high-profile pilot
projects are those involving Habitat for Humanity, which builds housing for low-income
families. The Vinyl Institute and other PVC-related industry organizations have donated
money and materials to some of these projects in addition to supporting recycling efforts
for the PVC scrap generated during construction. In 1997, Polymer Reclaim and Ex-
change, in Burlington, NC, was recycling about 300,000 lb per month of vinyl siding scrap
through drop-off sites located at landfills and near manufacturers of mobile and manufac-
tured homes.116 A common market for recycled siding is skirting for mobile homes, con-
taining between 30 and 100 percent recycled content. Other markets include gutters and
pipe.109

Other recycling efforts targeted building-related PVC wastes have focused on window
profiles, carpet backing, and pipe. Often, these, along with vinyl siding scrap, are pre-con-
sumer rather than post-consumer wastes. For example, Mikron Industries, of Kent, WA,
and Richmond, KY, buys back its customers’ window scrap and uses the material, along
with their own process scrap, in new vinyl window extrusions containing 15 to 25 percent
recycled content. Excess scrap is used in the manufacture of vinyl fencing, drain channels,
and window packaging.109

Several firms recycle PVC wire and cable insulation, primarily from the telecommuni-
cations industry. The recovered material typically contains small amounts of metal, so it is
suitable only for applications that do not require high purity, such as truck mud flaps,
flower pots, traffic stops, and reflective bibs for construction workers. The source of most
of the material is phone and business equipment wiring that is being replaced by fiber op-
tic cable.117 One such company is Philip Environmental, in Hamilton, Ontario, which re-
cycles about 125 million pounds per year of the approximately 500 million pounds of wire
and cable scrap generated in North America. It purifies the material and resells it for use in
products such as car floor mats, truck mud flaps, and sound-deadening panels for cars.109

Some post-consumer recycled PVC comes from carpet recycling programs, and carpet
backing is also a market for recycled PVC. Collins & Aikman Floorcoverings manufac-
tures a vinyl carpet backing made of 100 percent recycled PVC. While the material can ac-
commodate 100 percent post-consumer PVC, lack of supply means current levels are only
20 to 25 percent post-consumer, with the remainder being industrial scrap, mostly from
the manufacture of automotive products.118
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There is also considerable interest in recycling of both pre-consumer and post-con-
sumer automotive scrap, especially in Europe, with legislative requirements for automo-
bile recycling. For example, in France, the Autovinyle recycling program for PVC
automotive scrap recycled 1,740 tonnes of PVC in its first year of operation, 1997–1998,
and reported a goal of 5000 by 2000.119 It appears this goal was not met, since its most
current report is that 2200 tonnes were recycled in 1999. It focuses on plasticized PVC
used in dashboard, seat, door panel, and carpet coatings.120

Delphi Automotive Systems, working with the University of Wuppertal, in Germany,
developed a recycling method for PVC insulation on automotive wiring that avoids con-
tamination of plastic by wiring by not shredding the wiring. Instead, a physical/chemical
process including a solvent is used to soften the insulation on the cable so that it falls off
the wires. The solvent is removed and the PVC regranulated and used for new cable insu-
lation. The copper wire is also recovered. As of 2000, Delphi was producing approxi-
mately 400 metric tons of recycled PVC annually.121

Recycling of post-consumer PVC is more common in Europe than in the U.S.A. For ex-
ample, the Vinyl Institute estimates that about half of the 4 billion PVC mineral water bot-
tles used in France each year are recycled.109

European PVC producers, through the European Council of Vinyl Manufacturers
(ECVM), have committed to recycling of PVC. The organization has initiated recycling
programs for products that are easy to identify and separate from the waste stream or
which can be kept relatively clean, so that a high quality recycled resin can be produced.
Products included are bottles, flooring, pipes, roof covering membranes, and window pro-
files. Target markets for bottles are non-food bottles, pipes, profiles, fittings, sweaters, and
shoe soles. Flooring, pipes, and window profiles can be recycled into new products of the
same type. The target market for roof covering membranes is waterproofing liners. Some
take-back recycling programs have also been initiated for blister packs, ID cards, and sta-
tionery items. Some programs for PVC from cable and leather cloth have been initiated,
where markets for these materials, which cannot be separated into pure PVC, have been
identified. Cable is made into industrial flooring, and leather cloth is made into mats and
carpet backing.122

The European PVC Flooring group is investigating mechanical recycling of PVC floor-
ing. Currently, only about 1,500 tonnes of such materials are recycled each year, due to
quality issues. The European PVC Window Profiles and related building Products Associ-
ation (EPPA) has initiated a project to examine and implement collection and recycling
systems for PVC window frames.123 VEKA AG has operated a PVC recycling facility in
Behringer, Germany, since 1994, which recycles scrap from manufacture of vinyl win-
dows, roller blinds, sheet products, and profiles.109

ECVM also proposes recycling of PVC through feedstock recycling processes, prima-
rily those treating mixed plastics packaging with up to 10 percent PVC. Pretreatment of
the wastes is required to get halogen content down to the required ppm range. Thermal de-
halogenation can be used, either in a liquid or fluidized bed hydrolysis, to produce hydro-
chloric acid, which is either neutralized or recovered. For materials in which the PVC
content is 30 percent or more, processes need to be designed primarily for the recovery of
hydrochloric acid. ECVM reports that there are a number of such processes that have been
proposed, but all are at early stages of development.122

ECVM is funding a pilot plant at Solvay, in Tavaux, France, for feedstock recycling of
PVC. The system uses a molten slag bath containing silicates to decompose PVC to hy-
drogen chloride, hydrogen, and carbon monoxide. The initial feedstock is cable scrap and
packaging, with other potential sources pharmaceutical blister packs, flooring, and car
dashboards.121 The products will be used in production of new PVC. Capacity of the pilot
plant is 2,000 tonnes per year. Another feedstock recycling trial is taking place in Schko-
pau, Germany, using a rotary kiln incineration process to recover HCl and energy. A facil-
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ity at Stigsnaes, in Denmark, is investigating recycling of mixed rigid and flexible PVC in
a two-step process involving thermal hydrolysis followed by pyrolysis. The aqueous salt
solution produced in the first step will be purified and then discharged into the Baltic Sea.
The hydrocarbons, fillers, and heavy metals generated in the second stage will be recov-
ered for reuse.123

Solvay is also involved in a consortium building a plant for mechanically recycling
PVC in Ferrara, Italy, that is designed for PVC from cable insulation and packaging. The
facility will use a process, called Vinyloop, in which the PVC is first separated from other
plastics using biodegradable solvents and then filtered and precipitated, and the solvent is
recovered. The recycled PVC is reported to be equal in quality to virgin material.125 The
facility, expected to begin production in November 2001, is designed to handle 10,000
tonnes of post-consumer PVC waste per year, mostly composite materials that also contain
non-PVC substances.123

IBM reports that, in the UK, it has successfully recycled more than 500,000 lb of PVC
since 1993, using recycled PVC monitor housings to make 100 percent recycled content
computer keyboard backs.109

In Japan, the Vinyl Environmental Council, Japan PVC Environmental Affairs Council,
and the Plastic Waste Management Institute are involved in developing PVC recycling
technologies. Many efforts are directed toward removing PVC from mixed plastics from
municipal solid waste so that the remaining materials can be used in energy generation,
such as in blast furnaces and cement kilns, without the problems presented by chlorine
content. There are also efforts to mechanically recycle construction scrap, producing drain
pipes and also coextruded window sashes with about 70 percent recycled PVC by weight
in a buried inner layer.126

In fall 2000, Australia announced initiation of nationwide plastic bottle recycling,
which is expected to capture more than 20 million PVC bottles per year when fully imple-
mented. In 2000, recycling rates for PVC bottles were only about 5 percent. Recycling
rates for building materials were about 50 percent.127

A variety of products can be made from recycled vinyl. Some have already been men-
tioned. Re-New Wood, Inc., of Wagoner, OK, uses recycled PVC and wood to make roof-
ing shingles that are claimed to be fire, wind, and hail resistant. The Eco-Shake shingles
are made from 100 percent recycled post-industrial PVC from manufacture of IV bags,
along with sawdust. The company claims the shingles themselves can be recycled at the
end of their 50-year expected life.128,129

Rhoyl, a French clothing manufacturer, is producing sweaters, scarves, and socks from
70 percent recycled PVC mineral water bottles blended with 30 percent wool. About 27
bottles are needed to produce one sweater.109

12.9 Recycling of Nylon and Carpet

Nylon recycling has been growing rapidly, with most efforts focused on recovery of car-
pet. Estimates are that the U.S.A. produces 450,000 tonnes per year of nylon 6 carpet
waste, about 25 percent of all waste carpet.130

BASF Corp. claims to have initiated the first comprehensive recycling program for used
commercial carpet in the U.S.A. and Canada. Its 6ix Again program, which began in 1994,
provides recycling of BASF nylon 6 carpet manufactured after Feb. 1, 1994, and contain-
ing 100 percent Zeftron nylon 6 yarn. Carpets must not contain halogenated SBR latex;
polyester, jute, PVC, or polyurethane backing, nor can it contain arsenic-containing treat-
ments, and it must not be contaminated with any hazardous substances. Carpets are sent to
collection centers located throughout the U.S.A. and Canada. BASF recycles the carpet
using chemical depolymerization into caprolactam and repolymerization and uses the ma-
terial in new carpet, resulting in closed-loop recycling. In 1997, BASF expanded carpet re-
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cycling to customers replacing ineligible carpets with qualifying carpet. This program
accepts all carpet yarn types and backing systems, and it recycles them if a viable method
is available or incinerates the old carpet if recycling is not available. The expanded pro-
gram, unlike the 6ix Again program, assesses a fee to the customers to cover the costs of
recycling or disposal of the old carpet. The program was recently expanded again to in-
clude products containing Ultramid nylon 6 plastic with recycled content.131,132

DSM and Honeywell (formerly Allied Signal) formed a joint venture, Evergreen Nylon
Recycling (ENR), to recycle nylon 6 carpet. Like the BASF process, the nylon 6 is depoly-
merized to caprolactam. The $85 million ENR plant, in Augusta, GA, began operation in
November 1999 with a capacity of more than 200 million pounds of carpet waste per year,
producing over 100 million pounds of caprolactam. About 140 million pounds of the 200
million pounds processed each year is post-consumer carpet. The recovered caprolactam is
used partly for production of new nylon 6 for carpet and other products and partly as a
feedstock for production of other engineering plastics. Honeywell calculates that the pro-
cess saves about 700,000 barrels of oil each year. The program accepts nylon 6 carpet
made by any manufacturer.133,134 In 2000, DSM and Honeywell announced plans to set up
carpet recycling ventures in Europe and Asia, but that first an economically feasible way to
collect the old carpet needed to be established.135 The Evergreen process involves feeding
entire carpets into the reactor. Polypropylene and latex backing and calcium carbonate
filler from the carpets exit as a sticky brown substance that is sent to a cement kiln for in-
cineration. The calcium carbonate in the mix becomes part of the cement.132 One cus-
tomer for repolymerized nylon produced by Honeywell is Ford Motor Co, which is using
the Infinity nylon in throttle-body adaptors for more than 250,000 of its vehicles.136

DuPont has also developed a patented process for recycling nylon, with the focus on
nylon 6,6 rather than nylon 6. The ammonolysis process produces hexamethyldiamine and
adiponitrile from nylon 6,6 and caprolactam from nylon 6, which then are used to produce
new polymer, for a closed-loop recycling system. In 2000, DuPont built a demonstration
plant in Maitland, Ontario, a scale-up of the pilot-scale facility in Kingston, Ontario, that it
had been operating since 1993. DuPont has been mechanically recycling old carpet since
1991, with collection through a network of about 80 carpet installation facilities. A facility
in Chattanooga, TN, strips the carpet fiber from the backing and grinds it into nylon fluff,
which has found use compounded with virgin nylon in air cleaner housings, as carpet un-
derpadding, and in soundproofing materials. DuPont intends to begin sending this material
to the Maitland plant for feedstock recycling.132

Other companies involved in nylon recycling, primarily for carpet, include Rhodia and
Polyamid 2000 A.G. The Polyamid 2000 plant in Premnitz, Germany, mechanically recy-
cles nylon 6,6 and depolymerizes nylon 6.132

Collins & Aikman Floorcoverings, of Dalton, GA, recycles vinyl-backed carpet, includ-
ing nylon, from its customers, making mixed plastic products, including recycled nylon-
reinforced carpet backing for its modular tile carpet products. These products can them-
selves be recycled. The company prides itself on recycling 100 percent of the recovered
carpet rather than just some of the components.137,138

Wellman, Inc., of Johnsonville, SC, recycles nylon 6 and nylon 66 carpet, using a pro-
prietary process and formulates the product into moldable engineered nylon resins, with
both filled and unfilled grades. Product purity is about 98 percent, but the company is
working on improving that by reducing levels of dirt, calcium carbonate, and PP.19

The Midwestern Workgroup on Carpet Recycling was established in the U.S.A. to ad-
dress concerns about the growing amounts of carpet entering the disposal system. The fi-
nal outcome was a Memorandum of Understanding signed January 8, 2001. Governments
and the carpet industry agreed to establish reuse and recycling rates for discarded carpet,
and the carpet industry agreed to create, fund, and manage a third-party organization to be
responsible for achieving the negotiated targets as well as to establish model procurement
guidelines for adoption by public entities.139
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12.10 Recycling of Polyurethane

Recycling of polyurethane is more difficult than recycling of thermoplastics, since the
thermoset polyurethane cannot be melted and reformed. Some mechanical recycling of
polyurethane, using ground-up material as a filler in new materials, has been attempted.
Most efforts, however, are devoted at chemical treatment to break down the material into
polyol, which can then be used in production of new plastics.

BASF teamed with Philip Services to open the first facility in North America for recy-
cling rigid and semi-rigid polyurethane, in 1997. This plant used a BASF-patented glycol-
ysis process and was designed first for automotive waste, with the intention to expand to
other waste streams.140 However, the facility appears to be no longer in operation.141,142

Similarly, United Technologies Automotive, of Dearborn, MI, announced in 1998 that it
planned to regrind and reuse the polyurethane core in the automotive headliners it manu-
factures.143 The company does not appear to have continued this practice.144

In 1999, NV Salyp, of Ieper, Belgium, began building the Salyp ELV Center in Bel-
gium, which uses technology licensed from the Argonne National Laboratory of Illinois to
recover polyurethane foam and other plastics from auto shredder residue, along with tech-
nology licensed from a German firm, KUTEC, for separating different types of thermo-
plastics from the Argonne technology reject stream. About five percent of automotive
shredder residue, the material remaining after metals are recovered, is polyurethane. The
Argonne technology separates the fluff into three streams: fines, foam, and a thermoplas-
tic-rich stream. The foam stream is cleaned and sold for markets such as rebond foam in
carpet underlay and for padding in automobiles. The thermoplastic stream is sorted further
for recovery of a variety of pure resins. Even the fines stream may be recovered for appli-
cations such as cement, substituting for iron or mill scales that are now used to provide the
needed iron.31,32,144 Salyp reports that the process can also recover PUR foam from shred-
ded mattresses.27

Dow Chemical Company announced in April 2001 that it has entered into an agreement
with Mobius Technologies to promote polyurethane foam recycling technology developed
by Mobius. This system pulverizes scrap foam into powder of less than 50 microns, which
can be mixed into polyols and used as a filler in production of new foam, replacing up to
10 to 12 percent of the new polyol and thus lowering costs. The scrap can be from either
flexible or molded sources and can be production scrap or scrap from post-consumer ap-
plications such as old automobile seats.146

ISOLA claims to be the largest rigid polyurethane recycling company in Europe, recy-
cling 5,000 tonnes of rigid polyurethane waste each year, including production waste from
polyurethane panel and block industries and polyurethane recovered from end-of-life re-
frigerators in Germany, the Netherlands, Switzerland, Austria, and Scandinavia.147

The St. Vincent de Paul Society, of Lane County, in Eugene, OR, in collaboration with
the International Sleep Products Association, opened a mattress components recycling fa-
cility in Alameda County, CA, designed to recycle about 500,000 lb of polyurethane foam
a year. The facility can handle 250 to 500 mattresses a day. It is designed to recover steel,
wood, and cotton from the mattresses, as well as polyurethane. The system first slices the
incoming mattresses so that layers of polyurethane foam and cotton fiber can be removed
from the steel framework. In the future, whole mattresses will be shredded.148

In August 2001, Conigliaro Industries, of Framingham, MA, received a grant from the
Massachusetts Dept. of Environmental Protection for development and start-up of a mat-
tress shredding and recycling facility.149

12.11 Recycling of Polycarbonate

Some recycling of polycarbonate (PC) from products such as automobile bumpers, com-
pact discs, computer housings, and telephones has been carried out.
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General Electric carried out pilot programs for recycling five-gallon polycarbonate wa-
ter bottles, parts from automobiles, and other materials made from GE PC resins.150

Bayer built Europe’s first polycarbonate CD recycling facility in Leverkusen, Germany,
in 1995. The PC was separated from aluminum coatings, protective layers, and imprinting.
The product was blended with virgin PC for use in a variety of products.151 In 1998, Bayer
reported the facility had recycled 350 million unused compact discs since 1994.152

Nisim Corp., in Ohio, reprocesses metallized CDs using a batch washing system to re-
cover PC. It uses a hot caustic solution to remove and recover metallized coatings, such as
gold, from the CDs. The company recently added a batch solution process to recover PC
from laminated and printed signs.27

Polycarbonate winding levers and outer covers on disposable cameras are recovered for
reuse.99

12.12 Recycling of Acrylonitrile/Butadiene/
Styrene Copolymers

Most acrylonitrile/butadiene/styrene (ABS) recycling is focused on appliances. British
Telecommunications plc recovers and recycles telephones, using the recovered ABS from
the housing in molded products such as printer ribbon cassettes and car wheel trims.153

AT&T Bell Laboratories recycles ABS phone housings into mounting panels for business
telephone systems.154 GE Specialty Chemicals recycles ABS from refrigerator liners.155

Hewlett-Packard recycles computer equipment and uses recovered ABS in manufacture
of printers. The recycled content in the printer cases is reported to be 25 percent or more.156

HM Gesellschaft für Wertstoff-Recycling recovers ABS from vacuum cleaners.157

Siemens Nixdorf Informationsysteme (SNI), of Munich, Germany, recycles a variety of
its equipment, recovering blends of ABS and PC along with other materials. The recov-
ered resins are used in manufacture of equipment housings.157

12.13 Recycling of Other Plastics

A few other types of plastics are recycled in small amounts. For example, Arco Chemical
Company developed a process for recycling glass-reinforced styrene maleic anhydride
from industrial scrap.158

The University of Nottingham has worked on developing recycling for thermoset mate-
rials, including glass and carbon-fiber reinforced materials.159 The Fraunhofer Institute in
Teltow has also worked on thermoset recycling.160

Imperial Chemical Industries plc and Mitsubishi Rayon Co. Ltd. have investigated re-
cycling of acrylics through depolymerization.161 Nisim Corporation in Ohio recovers
acrylic from laminated and printed signs.27

AECI Ltd. of South Africa built a pilot plant for recycling of polymethyl methacrylate
(PMMA) and using it in production of acrylic sheet. The process uses microwaves to de-
polymerize PMMA through thermal decomposition, and replaces existing molten-bath re-
cycling reactors.162

Additional examples could also be cited.

12.14 Commingled Plastics and Plastic 
Lumber

When mixed plastics streams are collected, separation by resin type may not be feasible or
economical. Similarly, heavily contaminated plastics streams may not be suitable for high-
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value end markets. Use of plastics in a commingled form, typically in applications where
plastics replaces wood or concrete, offers relatively low value end uses that are much more
tolerant of contamination than traditional plastic resin markets. In addition, the plastic
substitutes for lumber and concrete tend to be considerably more durable than the materi-
als they replace. This is especially true for plastics lumber, where the plastics also have the
benefit of not employing some of the toxic chemical systems used to protect wood from
degradation in moist outdoor environments. Many companies have been into and out of
the commingled plastics business. The products typically sell for more than the wood or
concrete items they replace, and convincing people to buy the products, even when they
will last considerably longer than the cheaper alternatives, has been difficult. 

As mentioned, one application for recycled commingled plastics is in plastics lumber.
The plastics lumber business has grown rapidly in the last five years. Not all plastics lum-
ber is made using recycled plastics, but much of it is. Some companies using recycled
plastics for plastics lumber use mixed plastics, and others use relatively pure streams of
material. Some use primarily post-consumer materials, while others use mostly industrial
scrap. Many manufacturers make composite plastic lumber out of wood fiber, with HDPE,
LDPE, or PVC serving as the plastic component.

From 1992 to 1997, the U.S. Army Construction Engineering Research Laboratory
(CERL) and Rutgers University, along with several RPL manufacturers, carried out a
project to optimize the production process for RPL and develop demonstration projects.163

In 1998 to 2000, the Plastic Lumber Trade Association and Battelle, with four RPL manu-
facturers, several government agencies, and others, completed a three-year cooperative ef-
fort to develop the use of RPL in structural applications in decking, marine waterfront, and
material handling.164 As a result of these and other projects, the usefulness of plastic lum-
ber in several types of applications is now accepted.

In 1999, the Plastic Lumber Trade Association reported that recycled plastic lumber
(RPL) was growing at a 30 percent annual rate. Growth of plastic lumber has been fueled
by growing knowledge about performance properties of the material and how they relate
to composition, as well as by the development of performance standards such as the stan-
dard test methods developed by ASTM.163 By the end of 2000, eight ASTM test methods
for RPL had been established, and several others were at various stages of the develop-
ment process. The Association has also participated in a number of demonstration
projects.164

Residential decking is a large component of plastic lumber sales. Major manufacturers
using recycled plastics include Trex and Advanced Environmental Recycling Technologies
(AERT) with plastic/wood fiber composites, and U.S. Plastic Lumber Corp. with both
structurally foamed HDPE and plastic/wood composites.165 Some major forest product
companies are beginning to market RPL products or to introduce their own.164 A 1999 es-
timate was that plastic/wood composites had 2 percent of the residential decking market,
and plastic-only had 1 percent.165 In 2000, the combined market share for plastic and
wood/plastic composite decking was estimated at 5 percent, with a forecast that it could
grow to half the market. Plastic decks cost about 15 percent more than standard wood
decks.166

Recycled plastic railroad ties have very large scale potential. A number of test projects
with a few ties each were carried out between 1996 and 1997. In 1998, the Chicago Transit
Authority became the first commercial purchaser, buying 250 ties for a test on its elevated
train line.167 U.S. Plastic Lumber has been one of the major producers of these materials,
and it claims that they have twice the life span of wood ties. Polywood produces RPL for
railroad ties as well as for bridges and boardwalks from a blend of polyethylene and poly-
styrene.164,168 TieTek, Inc., a subsidiary of North American Technologies Group, Inc.,
produces railroad ties from a mixture of recycled plastics and recycled rubber, with a total
recycled content of 75 percent. The company’s plant facility in Houston, TX, began pro-
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duction in July 2000. In 2001, TieTek announced plans to build a production facility in
New Zealand.168,169

Plastics lumber has been used in constructing bridges, walkways, and piers. One of the
first major uses was a bridge at Fort Leonard Wood, in St. Robert, Mo., that used 13,000 lb
of commingled recycled plastics from a number of different suppliers. The bridge is pri-
marily for pedestrian use but can support light trucks. It is expected to last 50 years with-
out maintenance, significantly longer than the 15-year life span of a treated wood
equivalent.170 Manufacturers include Polywood, as well as U.S. Plastic Lumber, which
manufactures fiberglass reinforced RPL as well as foamed HDPE lumber.164

As mentioned, several companies have combined recycled plastic with wood fiber, saw-
dust, or recovered paper fiber. For example, Advanced Environmental Recycling Technol-
ogies Inc. (AERT), of Springdale, AR, has been producing window frames from recycled
LDPE film (mostly pallet wrap) and wood fiber for a number of years.171 Trex Company
of Winchester, VA, which also has production facilities in Nevada, manufactures recycled
plastic/wood composites, primarily for decking, from LDPE and HDPE, originating in
pallet wrap and grocery bags, and waste wood fiber. Trex was selected by Industry Week as
one of the 25 most successful small manufacturers in the U.S.19,172 Atma Plastics Pvt.
Ltd., of Chandigarh, India, produces a recycled PE/PP/wood composite for use as a wood
substitute, or as a filler in cast polyester for furniture.173 Natural Fiber Composites Inc., of
Baraboo, WI, commercialized a pelletized wood fiber-filled plastic using recovered paper
or wood fibers with PP, HDPE, or PS.174 Mikron Industries manufactures a wood-plastic
composite for window frames using an undisclosed mixture of plastics.175

Conigliaro Industries, in addition to recycling mixed plastics from computers and elec-
tronics and using them in cold-patch adhesive, as discussed in Sec. 12.15, has developed
concrete blocks using mixed plastics as a substitute for some of the aggregate. The blocks
weigh only half as much as conventional concrete blocks and nest into each other when
the wall is erected, providing additional strength.149

12.15 Recycling Plastics from Computers 
and Electronics

Consumer electronics is getting increasing attention as a waste problem, as the boom in
personal computers and their short lives before obsolescence result in a burgeoning num-
ber entering the waste stream. The hazardous heavy metals, such as lead and cadmium,
present in some computer components make their disposal problematic, so there is a grow-
ing movement toward instituting recycling programs for these materials in particular. In
Europe, manufacturers will be held responsible for the ultimate recycling of these items,
so they have an added financial incentive to improve the products’ recyclability and to de-
velop recycling systems. In the U.S.A., several computer manufacturers have instituted
voluntary take-back programs for computers. However, most charge customers for taking
back the items, which significantly limits recovery.

In 2001, a group of manufacturers, recyclers, and government representatives in the
U.S.A. formed the National Electronics Product Stewardship Initiative, with the major
goal of creating a framework for product stewardship for electronics in the United States.
Other product stewardship initiatives were previously initiated in the Northeast and the
Western regions of the U.S.176 The Electronic Industries Alliance operates a web site that
directs consumers to electronics recycling and reuse opportunities.177

Because computers and electronics contain 15 to 20 different types of plastics, in turn
containing a variety of plasticizers, colorants, flame retardants, and fillers, recovery of
plastics from these materials is complex.178 Much of the research has been directed toward
development of some of the microsorting techniques discussed in Sec. 12.2.3. Other ef-
forts have been devoted toward design of computers and electronics to facilitate recycling,
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incorporating guidelines such as minimizing the use of different types of plastic resins,
providing for identification of the types of resins used in computer parts, and designing
items to be easily disassembled. Electronics manufacturers have also increased use of re-
cycled materials in their products.

In 1992, IBM became the first major computer maker to code plastic parts for ease in
identification for recycling. In 1999, IBM reported that 675,000 lb of PVC, ABS, and PC/
ABS resins recovered from old computers were reused in its products in 1998.179 Nearly
all the internal plastic parts in IBM PCs now have recycled content.19

Sony Electronics Incorporated in cooperation with the State of Minnesota and Waste
Management, Inc., initiated a five-year program in 2000 to take back all Sony electronic
products in Minnesota, at no cost to consumers.180

Butler-MacDonald Inc., of Indianapolis, has recovered plastics from computer electron-
ics for many years, initially concentrating on ABS and other plastics from telephones.
They have relied primarily on density-based separation systems but are adding new sepa-
ration technologies.181

MBA Polymers, of Richmond, CA, with funding from the American Plastics Council,
developed automated sortation techniques for plastics from computers and electronics.178

The company processes several million pounds of plastic each month.182

In Japan, Kobe Steel Ltd. developed a sandwich technique to apply virgin resin to a
core of recovered plastic, permitting increased use of recycled plastics in computers and
other products.183

3M developed recycling-compatible label materials to enhance the recyclability of du-
rable goods, including computers and electronics, by permitting the label to remain in
place when the equipment housing is recycled, without detracting from resin perfor-
mance.184

Mixed recycled plastics from computers and other electronics equipment are being used
by Conigliaro Industries of New England in an asphalt road-paving mix.185 The company
also developed a system for recycling the plastic equipment housings from computer and
electronic products, and a unique cold patch asphalt/recycled plastic mix for filling pot-
holes.186

Dell announced in 1997 that the computers in its OptiPlex PC line, sold to business,
government, and education customers, would be designed to be recyclable by using an
ABS chassis without fillers or coatings and would also be designed to make the computer
easier to maintain and upgrade.187

Several computer companies have minimized the number of types of plastics used in
computers. Panasonic once used 20 different polystyrene resin grades but has cut that to 4.
Hewlett-Packard (HP) tries to use a single polymer in products, if possible, preferably
HIPS or ABS. HP also codes any piece of plastic that weighs more than 25 g with a resin
identification number.188

Another design change is to facilitate disassembly by using standard screws, and quick-
release connections, and by minimizing the number of fasteners. Molded-in ornamental
components or information has replaced some painted decorations and adhesive labels.
Many manufacturers are identifying the hazardous materials used in products and working
toward reducing or eliminating them. On the other hand, some of the new, vibrant colors
being used in electronics will make recycling more difficult. Also, smaller and less expen-
sive products, while achieving source reduction, can make repair, reuse, and upgrade more
difficult.188

In 2000, the American Plastics Council published a report on recycling of plastics from
residential electronics equipment. Plastics accounted for about one-third of materials col-
lected in two pilot residential electronics recycling programs, which operated during 1997
and 1998 in Somerville, MA, and Binghamton, NY. Only about 25 percent of the plastics
fraction was “clean plastics,” homogeneous and free of contaminants. The report identifies
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16 different generic plastic resins sold into the electrical and electronics sector (excluding
wire and cable) in significant amounts in 1995. The six most common were polystyrene,
acrylonitrile/butadiene/styrene (ABS), PP, PU, PC, and phenol formaldehyde (PF) (Fig.
12.31). Of plastic materials collected during a two-week period in Hennepin County, MN,
through its curbside and drop-off collection programs for electronics, only 35 percent
were found acceptable for further processing for recycling. Of these materials, high-im-
pact polystyrene (HIPS) was the most common material, followed by ABS and polyphe-
nylene oxide (PPO), as shown in Fig. 12.32. There was considerable variation between
categories of consumer electronics. Televisions had 75 percent HIPS, while computers
contained mostly ABS and PPO. A similar project in San Francisco showed that recovered
fans contained mostly polypropylene. APC concluded that, while televisions accounted for
nearly half the electronics recovered, they were not a rich source of high-value engineer-

Figure 12.31 Plastic resins in electronics, 1995.188

Figure 12.32 Recyclable plastics from consumer electronics.188
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ing plastics. Computers, however, were and hence had a better chance of being effectively
recycled.189

A recent report by researchers from Stockholm University drew attention to the prob-
lem of release of potentially toxic flame retardants during dismantling of consumer elec-
tronics. Airborne levels of flame-retardant additives were found to be two to three orders
of magnitude higher in such facilities than in other work environments, and flame retar-
dants were found in the blood of plant workers. Some of these compounds tend to bioac-
cumulate. Sweden has proposed banning polybrominated diphenyl ethers (PBDEs), which
evidence suggests may act as endocrine disruptors.190 This may to lead to additional de-
sign changes in the future.

12.16 Recycling Automotive Plastics

As is the case for electronics, regulations have spurred interest in recycling plastics from
automobiles as well as in using recycled plastics and designing to facilitate recycling. Eu-
ropean regulations are a major factor, as manufacturers will be responsible for achieving
95 percent recovery and 85 percent recycling of end-of-life vehicles by 2015.27 All major
automobile manufacturers are working on design changes to improve recyclability and on
incorporating more recycled materials in automobiles. For example, in late 1998, Daimler-
Chrysler set standards for recycled content that including asking suppliers of plastics parts
to provide at least 20 percent recycled content in 2000, increasing to 30 percent beginning
in 2002.191 In 1999, it demonstrated two Dodge Stratus sedans developed with 26 supplier
companies to show the potential for use of recycled materials. More than 500 parts were
modified to increase recycled content, and up to 40 percent of the plastic materials used
were from recycled materials. DaimlerChrysler is working toward making its vehicles 95
percent recyclable within the next few years.192

One of the problems with recycling automotive plastics is paint removal. This applies
not only to end-of-life vehicles but also to thermoplastic olefin (TPO) painted parts, which
have a high scrap rate. Polymer Sciences Inc. announced plans in late 1999 to build recy-
cling facilities in Duncan, SC, and somewhere in Europe, using the company’s mechanical
process for stripping paint from TPO parts before they are ground and pelletized. The
South Carolina plant was to be completed by mid 2000, but the company’s web site, as of
mid 2001, still referred to the facility as “under construction.”193,194

A mechanical paint-removal process is also used by American Commodities Inc., based
in Flint, MI, and it is reported to be the largest recoverer of post-consumer automotive
plastics in North America. The company has capacity to recycle 40.5 million pounds of
TPO a year. One user of the American Commodities process is Visteon, which recycles 1
million pounds of painted TPO parts each year, using about 15 percent recycled old TPO
bumpers in manufacture of new bumpers. Even higher amounts of scrap can be used when
available, as the company is approved to use 100 percent scrap. Visteon’s Milan plant in-
creased scrap use to 60,000 lb per week of recycled TPO in 2000.193,195,196

Visteon’s Berlin plant reports that it converts 99.3 percent of all purchased plastic into
usable products: radiator grills, consoles, instrument panels, and door linings. It deals with
the relatively high rate of production of scrap in auto manufacturing by carefully collect-
ing the scrap segregated by type and color, which permits it to be reused. The facility re-
ports that it avoids production of almost 2,000 tons of waste plastic each year.197

In early 2000, American Commodities, in a joint venture with Wipag Polymer Tech-
nique of Neuberg, Germany, began recycling scrap instrument panels, which contain sty-
rene maleic anhydride (SMA), polyurethane foam, and PVC. The process separates the
three materials so that each can be recovered. It can also be employed on door panels,
where it also separates the textile inserts. Wipag has been using the process on instrument
panels in Europe, where it has facilities in Neuberg, Germany, and Kent, England. Materi-
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als are returned to 99.98 percent purity, at a cost savings of about 30 percent as compared
with virgin material. Recovered plastic is used in production of new automotive
parts.196,198

While many automotive recycling processes target disassembled components, includ-
ing scrap parts produced during the manufacturing process, others are directed toward the
more complex problem of recovering usable plastics from the residue from automobile
shredder operations designed primarily for metals recovery. Auto shredder residue typi-
cally contains 15 to 27 percent plastics. The plastics fraction contains thermosets and ther-
moplastics. The thermosets, in addition to rubber are mostly rigid polyurethane and
fiberglass/polyester composites. The thermoplastics fraction includes nearly 50 different
resins, but about 80 percent is PP and ABS.27 One of the systems that has been developed
for recovery of plastics from ASR was discussed in Sec. 12.10, since its major recovery
target is polyurethane foam.

In fall 2000, DaimlerChrysler announced that it was working with two other companies
in testing recycling technology developed by Recovery Plastics International (RPI), of Salt
Lake City, for recovery of plastics from auto shredder residue (ASR) using an automated
skin flotation process. In this process, fiber and lint (about 50 percent of ASR by volume)
are removed in an aspirator tower. The remaining materials go to a float/sink system main-
tained at a density of 1.4 g/cc using a suspension of fine iron ore in water. The rubber and
thermoset plastics, along with wire and metal, sink, and the thermoplastics float. The ther-
moplastic fraction is ground to 0.5-in flake and washed in a strong hot sodium hydroxide
solution. A surfactant plus aeration causes the PE and PP, including talc-filled PP, to float
to the surface, and ABS, PC, and PUR foam sink to the bottom. The PE and PP are not fur-
ther separated but are used as a blend. In a subsequent washing step, the foam is floated
off. Another froth flotation step, using a low concentration of plasticizer, causes ABS and
ABS/PC flakes to float so they can be recovered. The remaining heavy materials are a
complex mixture of thermoplastic rubber, wood, and trace amounts of many other thermo-
plastics.199 RPI’s technology is expected to reach full-scale commercial status by 2002.200

Another company working on recovery of plastics from ASR is Galloo Plastics in
France. Galloo crushes the ASR into 1-in granules at the shredder and then shreds then to
less than 0.5-in size at the recycling facility. Ferrous and nonferrous metals and small glass
particles are removed, and then the ASR is aspirated to remove PUR foam. A drum tum-
bler removes wire and metal waste, leaving a plastics wood mix. A proprietary float/sink
process recovers filled and unfilled PP. The PUR foam fluff has been tested for sound-
deadening applications but was not found to be economically viable. The PP is sold, and
the company plans to add PE and ABS as products.199

12.17 Design Issues

As has been mentioned, the design of items made of plastics can affect their recyclability.
Obviously, design can also affect other environmental impacts associated with the item.

12.17.1 Life Cycle Assessment

There is general agreement that, if one seeks to minimize the environmental consequences
of a product, it is necessary to examine the entire life cycle of the product, since decisions
based on a single factor, such as recyclability, may be erroneous. For example, a plastic
product that is more easily recycled may or may not have a net overall environmental ben-
efit as compared with an alternative plastic product that cannot be recycled effectively but
uses significantly less material. The technique of life cycle assessment has been developed
in part to aid in such tough decisions. There is considerable interest in life cycle assess-
ment (LCA), but applying it effectively remains very difficult. The fundamental problem is
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that using it to make decisions often requires comparing very different types of impacts,
and impacts that may be location dependent. For example, what amount of benzene emit-
ted into the air is better/worse than 1 g of lead emitted into the water? Does it matter where
the air and water are located? While LCA is continuing to develop and standardize, very
difficult questions remain. In general, the more alike the two alternatives are, the easier it
is to use life cycle assessment in decision making; the more dissimilar they are, the more
difficult LCA is to use. A thorough discussion of LCA is beyond the bounds of this chap-
ter. The Society of Environmental Toxicology and Chemistry (SETAC) has a number of
publications in this area.201 The U.S. EPA has sponsored research and published a number
of reports.202 The Association of Plastics Manufacturers in Europe (APME) has published
a series of eco-profiles of plastics that are now available online.203 A number of other re-
sources are also available.

12.17.2 Design for Recycling

As mentioned, design features can either improve or reduce the recyclability of products
when they reach the end of their useful lives. Several guides have been produced to aid
manufacturers in building in recyclability to products at the design stage. 

One of these guides was produced through the Plastic Redesign Project, a coalition of
government agencies and regional associations, funded by the U.S. EPA and the states of
Wisconsin, New York, and California. The Project presented a set of general guidelines for
design of plastic bottles.204 The Association of Postconsumer Plastic Recyclers has pub-
lished a set of specific guidelines for PET, HDPE, PP, and PVC bottles.205 The American
Plastics Council with the Society of the Plastics Industry published a set of design guide-
lines for information and technology equipment.206 The EPA is addressing design issues
as part of their product stewardship initiatives.207 These are only some examples of guid-
ance that is available.

12.17.3 Environmental Certification Programs

Another influence on design is the existence of programs to certify, in some fashion, the
“environmental goodness” of a product or packaging. While recycling is not the only crite-
rion, inclusion of recycled content is sometimes the basis for such certification.

Environmental certification programs include Green Cross and Green Seal in the
United States, the Blue Angel program in Germany, the EcoMark in Japan, and the Envi-
ronmental Choice label in Canada.

In all these programs, manufacturer participation is voluntary, with a fee generally
charged to cover the cost of the program. The impetus for manufacturer participation is the
marketing benefit derived from the eco-label.

12.17.4 Green Marketing

Significant marketing advantages can be derived from presenting products as having some
positive environmentally related attributes, including recyclability or use of recycled con-
tent. When this phenomenon started, there was a great deal of misleading advertising.
Such claims are subject to requirements under general legislation related to deceptive ad-
vertising, but, in a number of places, specific laws have been enacted to regulate environ-
mental marketing claims. Companies considering making environmental claims about
products need to be aware of the legal requirements. In the U.S.A., laws differ somewhat
from state to state. General guidance has been provided by the Federal Trade Commission
with its document Complying with the Environmental Marketing Guides.208 One of the re-
quirements is that a claim of recyclability cannot be made about a product or package un-
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less a substantial majority of consumers in the locations where the claim is made have
access to recycling programs that accept the item for recycling.

12.18 Legislation

One way to increase recycling of end-of-life plastics, and thus reduce their burden on dis-
posal systems, is to institute legal requirements in the form of specific laws designed to aid
recycling in some manner. Deposits on plastic bottles, discussed in Sec. 12.12.1, fall in
this category. Several U.S. states and a large number of municipalities have instituted man-
datory recycling for certain products, and plastic bottles are sometimes included. Many
states have target levels for recycling or for reduction of waste going to disposal.

Another way to increase recycling is to require target levels of recycling and mandate
that the producers of the items take responsibility for ensuring that this occurs, and that
they bear the costs for doing so. This version of the “polluter pays” principle is known as
extended producer responsibility (EPR). A variant, also denoted EPR, is extended product
responsibility. The difference between the two is that extended product responsibility
spreads the burden past the producer to government entities and to users of the products
involved, stating that they all must bear some of the responsibility. Most often, EPR is in-
terpreted to mean extended producer responsibility in Europe and extended product re-
sponsibility in the U.S.A. A term that is being used increasingly in the U.S.A. and Canada
is product stewardship, which is essentially equivalent to extended product responsibility.
It has the benefit of avoiding the confusion of the two different meanings that have been
associated with EPR.

12.18.1 Resin Coding

The majority of U.S. states have requirements for coding of plastic bottles and other con-
tainers so that the resin they are made from can be identified. The coding system used was
developed by the Society of the Plastics Industry (SPI) and assigns number codes 1 to 6
for PET, HDPE, PVC, LDPE, PP, and PS, respectively, with other plastics coded 7. A
number of other countries have adopted this or similar systems. The U.S. Federal Trade
Commission has held that conspicuous display of the resin codes constitutes a claim of re-
cyclability, while inconspicuous use does not.208,209

12.18.2 Recycling Rates and Recycled Content

Wisconsin, Oregon, and California have laws related to recyclability and recycled content
of rigid plastic containers. In Wisconsin, plastic containers, except those for food, bever-
ages, drugs and cosmetics, are required to contain 10 percent recycled content. The ex-
emptions do not apply if the U.S. FDA has approved the use of recycled content. However,
the law allows “remanufactured” material (regrind, etc.) to be counted as recycled, and it
has had little effect.

Oregon requires that rigid plastic containers contain at least 25 percent recycled con-
tent, be recycled at an aggregate rate of at least 25 percent, be made of plastic that is recy-
cled in Oregon at a rate of at least 25 percent, or be a reusable container that is made to be
reused at least 5 times. Containers for medical foods, drugs, and devices, and containers of
food other than beverages, are exempt, as are packages that have been reduced in weight
by at least 10 percent as compared with packaging for the same product used 5 years ear-
lier. Since the law went into effect, the recycling rate for covered containers has exceeded
the 25 percent requirement, so no action by companies has been required. However, in de-
termining the projected rate for 2000, the state warned that the recycling rate had been de-
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clining and might fall below the target 25 percent level as early as 2002. In the projection
for 2001, the Oregon Department of Environmental Quality reported a continued decline
and reiterated the warning that the rate might be below 25 percent in 2002, thus putting
manufacturers of non-exempt products on warning.210

California has a law that is very similar to that in Oregon, except the law sets a higher
recycling target for PET—55 percent. However, for the last several years, California’s
overall rigid plastic packaging container (RPPC) recycling rate has been below the 25 per-
cent required. Therefore, companies manufacturing, distributing, or importing non-exempt
products in RPPCs have had to comply with the law in some other way. Another difference
in California is that the state does not yet forecast rates, so manufacturers may not know
ahead of time whether they will have to comply through something other than the recy-
cling rate provisions. This was especially critical when the rate first fell below 25 percent,
since manufacturers were caught unaware and found themselves in the position of having
to certify compliance with the law two years after the fact. Since most manufacturers had
assumed they would comply automatically under the 25 percent provision, most had not
taken other action to come into compliance. Noncompliance with the law remains a signif-
icant issue. Between April and August, 2001, the California Integrated Waste Management
Board (CIWMB) reached compliance agreements with at least 59 companies that had not
been in compliance in 1997, 1998, and/or 1999, in which the businesses committed to take
action to come into compliance.211

12.18.3 Extended Producer Responsibility and Product Stewardship

Extended producer responsibility got its start in Germany with take-back and recycling re-
quirements for packaging. The government instituted requirements that the producers of
products be responsible for recovery and recycling of product packages. The government
set targets that must be met but left it up to industry to decide how to do so. What emerged,
for consumer packages, was the Duales System Deutschland (DSD) or Green Dot System.
It is an industry-funded system to collect and recycle packaging for consumer products.

This system, while widely criticized at first, became policy for the whole European
Union and is also in place in several countries that are working toward becoming EU
members. The EPR approach has also spread far beyond the borders of Europe. It has also
spread beyond packaging. The EU has adopted EPR for automobiles and is in the process
of finalizing EPR requirements for electronics.

Canada adopted a National Packaging Protocol that required a 50 percent reduction in
packaging waste going to disposal by 2000. The target was actually achieved ahead of
schedule. Canadian provinces have taken different tactics to achieve this goal, and volun-
tary efforts by industry have also been a significant factor.

In the U.S.A., extended producer responsibility has not yet been a major factor. Product
stewardship, however, has been officially adopted as state policy in Minnesota, and other
states are considering the approach. In Minnesota, product stewardship is currently being
implemented for electronics, paint, and carpet. The state has set up voluntary programs to
test collection strategies and recycling for household electronics waste and for paint. It has
gone a step farther for carpet, negotiating to set national recovery and recycling goals, and
has been instrumental in the carpet industry, setting up a third-party organization to
achieve those goals. In all cases, cooperation and voluntary agreements with industry have
been involved.212 While the product stewardship approach is still relatively uncommon, it
seems likely that this approach to waste management and prevention will increase in the
future.

EPR and product stewardship are being adopted in many other countries around the
world. Examples include Japan, Korea, Brazil, Australia, and many more. In many cases,
the systems are imposed by regulation. In others, governments and businesses are forging
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voluntary agreements to head off mandatory requirements. It seems certain that industry
will be called on increasingly to assume some of the consequences of handling the wastes
from the products they manufacture, and this means, of course, that industry will increas-
ingly be paying attention to the disposal-related consequences of their product and pack-
age design decisions.
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