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Preface,
acknowledgement

The proliferation of plastic products in all aspects of modern society
continues unabated. New products are more demanding in their
applications and require a higher level of design that addresses both
mechanical design aspects for product performance as well as the plastic
engineering aspects of design for manufacturing. A cross-fertilization of
these two disciplines is required to address both aspects. This book will
address the analytical approach for traditional mechanical design within
the mechanical engineering field, and at the same time, point out
behavior and constraints that arise because of specific plastic material,
plastic processing and plastic product design limitations that would
reduce part quality or process efficiency.

Using the first principles of physics and mechanics, as well as plastic
material behaviors and properties that are time and temperature
dependent, design problems will be illustrated showing the loading
analysis for static and dynamic conditions. Engineering practices that
extend material behavior from the simple application of Hooke’s Law
to short and long term loading as a function of time, temperature, and
environmental conditions such as humidity. Application of superposition
will be illustrated to accomplish this task. Problems will also consider
applications such as for static and dynamic loads in different situations.
In cach case the underlying assumptions of the problem analysis are
given. Basic principles point out the undcrlying fundamentals, while
more advanced mathematical, analytical, or computer based techniques
of interpretation highlight the value of refined analysis, if warranted by
economic benefits.

True insight into the field of plastics product design will be gained from
the dual approach that has been outlined and the use of appropriate
laws of physics, mechanics, and material science. For the mechanical
engineer the book will be a valuable asset because it treats plastic
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material selection for end use applications where factors such as
thermal, chemical, electrical, optical, and environmental properties are
important. The mechanical engineer will also gain an understanding of
the manufacturing constraints imposed by mold and die designs as well
as the processes used to manufacture plastic products. The plastic
engineer will gain a better understanding of the principles of stress
analysis, failure modes in structures, and the use of computer based
finite element methods for in depth stress and deformation calculations.
This book will provide the means that both can expand their expertise
from the synergistic effect of combining both disciplines.

This book will provide many fundamentals with their required details so
that the reader can become familiar and put to use the different design
approaches. Reviews relate to fabricating over 35,000 plastics available
worldwide to produce the many millions of different products that are
used worldwide.

Information is concise and comprehensive. Enginecring and non-
engineering principles reviewed have been in use worldwide and are
published in many different forms that are included in the bibliography.
The book also lists commercial software sources as well as material
databases. The reader, with or without design or engineering
experience, can understand these principles. It will be invaluable to the
most experienced designers or engineers, as well as providing a firm
basis for the novice. It meets the designer’s goal that is essentially an
exercise in predicting product performances.

Its unique approach will expand and enhance your knowledge of plastic
technology. Plastic ranges of behavior are presented to enhance one’s
capability in fabricating products to meet different performances, low
cost requirements, and profits. Important basic concepts are presented
such as understanding the advantages of different materials and product
shapes. This full presentation provides the background needed to
understand performance analysis and the design methods useful to the
designer. It provides an important tool for approaching the target “get-
to-market-right-the-first-time.”

Patents or trademarks may cover information presented. No
authorization to utilize these patents or trademarks is given or implied;
they are discussed for information purposes only. The use of general
descriptive names, proprictary names, trade names, commercial
designations, or the like does not in any way imply that they may be
used freely.

A practical approach was used to obtain the information contained in
this book. While information presented represents useful information



Preface, acknowledgement xv

that can be studied or analyzed and is believed to be true and accurate,
neither the authors nor the publisher can accept any legal responsibility
for any errors, omissions, inaccuracies, or other factors. The authors
and contributors have taken their best effort to represent the contents
of this book correctly.

In preparing this book to ensure its completeness and the correctness of
the subjects reviewed, use was made of the authors’ worldwide
personal, industrial, and teaching experiences totaling about a century.
Use was also made of worldwide information from industry (personal
contacts, material and equipment suppliers, conferences, books, articles,
etc.) and major trade associations. The authors have taken their best
effort to represent the contents of this book correctly.

The Rosatos
2003
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experienced graphics art director specializing in marketing, product
promotion, advertising, and public relations. He handles the design and
production services for a number of consumer and business-to-business
accounts.






About the authors

Dominick V. Rosato

Since 1939 has been involved worldwide principally with plastics from
designing-through-fabricating-through-marketing products from toys-
through-commerecial electronic devices-to-acrospace & space products
worldwide. Experience includes Air Force Materials Laboratory (Head
Plastics R&D), Raymark (Chief Engineer), Ingersoll-Rand (International
Marketing Manager), and worldwide lecturing. Past director of seminars
& in-plant programs and adjunct professor at University Massachusetts
Lowell, Rhode Island School of Design, and the Open University (UK).
Has received various prestigious awards from USA and international
associations, societies (SPE Fellows, etc.), publications, companies, and
National Academy of Science (materials advisory board). He is a member
of the Plastics Hall of Fame. Received American Society of Mechanical
Engineers recognition for advanced engineering design with plastics.
Senior member of the Institute of Electrical and Electronics Engineers.
Licensed professional engineer of Massachusetts. Involved in the first all
plastics airplane (1944 /RP sandwich structure). Worked with thousands
of plastics plants worldwide, prepared over 2,000 technical and marketing
papers, articles, and presentations and has published 25 books with major
contributions in over 45 other books. Received BS in Mechanical
Engineering from Drexel University with continuing educaton at Yale,
Ohio State, and University of Pennsylvania.

Donald V. Rosato

Has extensive technical and marketing plastic industry business
experience from laboratory, testing, through production to marketing,
having worked for Northrop Grumman, Owens-Illinois, DuPont/
Conoco, Hoechst Celanese, and Borg Warner/G.E. Plastics. He has



xviii About the authors

written extensively, developed numerous patents within the polymer
related industries, is a participating member of many trade and industry
groups, and currently is involved in these areas with PlastiSource, Inc.,
and Plastics FALLO. Received BS in Chemistry from Boston College,
MBA at Northeastern University, M.S. Plastics Enginecering from
University of Massachusetts Lowell (Lowell Technological Institute),
and Ph.D. Business Administration at University of California, Berkeley.



OVERVIEW

Introduction

——

This book provides information on the behavior of plastics that
influence the application of practical and complex engineering
equations and analysis in the design of products. For over a century
plastics with its versatility and vast array of inherent plastic properties as
well as high-speed /low-energy processing techniques have resulted in
designing and producing many millions of cost-effective products used
worldwide. The profound worldwide benefits of plastics in economics
and modern living standards have been brought about by the intelligent
application of logic with modern chemistry and engineering principle.

Today’s plastics industry is comprised of both mature practical and
theoretical technology. Improved understanding and control of materials
and manufacturing processes have significantly increased product per-
formances and reduced their variability. Performance requirements for
these products can be characterized in many different ways. Examples
meeting different commercial and industrial market requirements
worldwide include:

light weight,

flexible to high strength,

provide packaging aesthetics and performances,
excellent appearance and surface characteristics without using
secondary operations,

degradation resistance in different environments,
performance in all kinds of environments,

adapt well to mass production methods,

wide range of color and appearance,

high impact to tear resistance,

decorative to industrial load bearing structures,

Ll
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2 Plastics Engineered Product Design

11. short to very long service life, degradable to non-degradable,

12. process virgin with recycled plastics or recycled alone,

13. simple to complex shapes including many that are difficult or
impossible to form with other materials,

14. breathable film for use in horticulture,

15. heat and ablative resistance,

16. and so on.

There is a plastic for practically any product requirements, particularly
when not including cost for a few products. One can say that if plastics
were not to be used it would be catastrophic worldwide for people,
products, communications, and so on with a major economic crisis
because much more expensive materials and processes would be used.

Materials can be blended or compounded to achieve practically any
desired property or combination of properties. The final product
performance is affected by interrelating the plastic with its design and
processing method. The designer’s knowledge of all these variables is
required otherwise it can profoundly affect the ultmate success or
failure of a consumer or industrial product. When required the designer
makes use of others to ensure product success.

Plastic plays a crucial and important role in the development of our
society worldwide. With properties ranges that can be widely adjusted
and case of processing, plastics can be designed to produce simple to
highly integrated conventional and customized products. While it is
mature, the plastics industry is far from having exhausted its product
design potential. The worldwide plastics industry offers continuous
innovations in plastic materials, process engineering, and mechanical
engineering design approaches that will make it possible to respond to
ever more demanding product applications (Fig. 1.1).

Innovation trends emerging in plastics engineering designs are
essentially combinations and improvements of different processes,
combinations and improvements of different materials, integration of a
wide range of functions within a single product, reduced material
consumption, and recyclability of the materials employed. At the same
time, rising requirements are being placed on design efficiency, product
quality, production quality, and part precision, while costs are expected
to be reduced wherever possible. This combination of objectives is
achievable by factors such as process-enginecering innovations that
reduce the number of process steps.

The basic and essential design exercisc in product innovation lies in
predicting performances. This includes the process of devising a
product that fulfills the total requirements of the end user and satisfies
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Flow-chart from raw materials to products (Courtesy of Plastics FALLO)
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the needs of the producer in terms of a good return on investment
(ROI). The product designer must be knowledgeable about all aspects
of plastics such as behavioral responses, processing, and mechanical and
environmental load stresses. Product loads range from short-time static,
such as tensile, flexural, torsion, etc., to long time dynamic, such as
creep, fatigue, high speed loading, motion control, and so on. In this
book, plastics design concepts are presented that can be applied to
designing products for a range of behaviors.

An inspired idea alone will not result in a successful design. Designing
is, to a high degree, intuitive and creative, but at the same time
empirical and technically influenced. Experience plays an important part
that requires keeping up to date on the endless new developments in
materials and processes. An understanding of one’s materials and a
ready acquaintance with the relevant processing technologies are
essential for converting an idea to an actual product. In addition,
certain basic tools are needed, such as those for computation and
measurement and for testing of prototypes and/or fabricated products
to ensure that product performance requirement are met. A single
individual designer may not have all of these capabilities so inputs from
many reliable people and/or sources are required.
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Inputs from many disciplines, both engineering and non-engineering,
may be required when designing a product such as a toy, flexible package,
rigid container, medical device, car, boat, underwater device, spring, pipe,
building, aircraft, missile, or spacecraft. The conception of such products
usually requires coordinated inputs from different specialists. Input may
involve concepts of man-machine interfaces (ergonomics), shape, texture,
and color (aesthetics). Unless these are in balance, the product may fail
in the market place. The successful integrated product is the result of
properly collecting all of the required design inputs.

While plastic product design can be challenging, many products seen in
everyday life may require only a practical, rather than rigorous approach.
They arc not required to undergo sophisticated design analysis because
they are not required to withstand high static and dynamic loads
(Chapter 2). Their design may require only the materials information in
conventional data sheets from plastic material suppliers. Examples
include containers, cups, toys, boxes, housings for computers, radios,
televisions, electric irons, recreational products, and nonstructural or
secondary structural products of various kinds like the interiors in
buildings, automobiles, and aircraft. The design engineer will need to
know when to use the practical approach, the rigorous approach, or a
combination approach.

Plastics do not only have advantages but also have disadvantages or
limitations. Other materials (steel, wood, ctc.) also suffer with dis-
advantages or limitations. Unfortunately there is no one material
(plastic, steel, etc.) that can meet all requirements thus these limitations
or faults are sometimes referred to incorrectly as disadvantages. Note
that the faults of materials known and utilized for hundreds of years are
often overlooked; the faults of the new materials are often over-
emphasized.

Iron and steel are attacked by the elements of weather and fire [815°C
(1500°F)] but the common practice includes applying protective
coatings (plastic, cement, etc.) and then forgetting their susceptibility
to attack is all too prevalent. Wood is a useful material yet who has not
seen a rotted board, wood on fire, etc. There is cracked concrete and so
on. Regardless of these and many other disadvantages, lack of perfection
does not mean that any steel, wood, or concrete should not be used.
The same reasoning should apply to plastics. In many respects, the
gains made with plastics in a short span of time far outdistance the
advances made in these other materials.

Recognize that modern design engineering has links with virtually every
technical area; material, mechanical, electrical, thermal, processing, and
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packaging to name a few. Any attempt to explain engineering by
referring to the special rules for each area would mean that the engineer
would need to have a thorough knowledge of each special field. This is
not possible in the current state of technology. It is the case, however,
that there are certain common concepts behind these specialized areas.
Similar features exist among many consumer and industrial products.
These features can be described by using a standard procedure, and the
fundamental laws of engineering apply to all products, irrespective of
the different forms of materials and equipment involved. Proper
applications are required.

Mqteri_gls of construction B

—_— — =5 = = e — i

Plastics comprise many different materials based on their polymer
structure, additives, and so on. Practically all plastics at some stage in their
fabrication can be formed into simple to extremely complex shapes that
can range from being extremely flexible to extremely strong. Polymers,
the basic ingredients in plastics, are high molecular weight organic
chemical compounds, synthetic or natural substances consisting of
molecules. Practically all of these polymers use virtually an endless array
of additives, fillers, and reinforcements to perform properly during
product fabrication and/or in service. There are many compounded base
polymer combinations so that new materials are always on the horizon to
meet new industry requirements that now total over 35,000 plastics
worldwide. Table 1.1 provides examples of their manufacturing stages
from raw materials to products. Examples of the diversified use of
different plastics are shown in Figs. 1.2 and 1.3.

Plastic, polymer, resin, elastomer, and reinforced plastic (RP) are some-
what synonymous terms. The most popular term worldwide is plastics.
Polymer denotes the basic material. Whereas plastic pertains to polymers
or resins (as well as elastomers, RDPs, etc.) containing additives, fillers,
and /or reinforcements. An elastomer is a rubber-like material (natural
or synthetic). Reinforced plastics (also called plastic composites) are
plastics with reinforcing additives such as fibers and whiskers, added
principally to increase the product’s mechanical properties but also
provides other benefits such as increased heat resistance and improved
tolerance control.

There are thermoplastics (TPs) that melt (also called curing) during
processing. Cure occurs only with thermoset plastics (TSs) or when a
TP is converted to a TS plastic and in turn processed. The term curing
TPs occurred since at the beginning of the 20th century the term
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Table 1.7 Examples of stages in plastic manufacturing

Basic Chemicals
Petroleum is converted to petrochemicals such as ethylene, benzene, propylene and
Acetylene.

Monomers
Petrochemicals plus other chemicals are converted into monomers such as styrene,
ethylene, propylene, vinyl chloride, and acrylontrile.

Polymerization
One or more monomers are polymerized to form polymers or copolymers such as
polyethylene, polystyrene, polyvinyl chloride, and polypropylene.

Compounding

Additives, fillers, andfor reinforcements are mixed with polymers (referred to as plastics)
providing different properties and/for different fabricating methods for plastics. Hundreds
of different materials are used such as heat stabilizers, color pigments, antioxidants,
inhibitors, and fire retardants.

Processing

Plastics are formed into different shapes such as sheets, films, pipes, buckets, primary and
secondary structures (boats, cars, airplanes, bridges, etc.), toys, housings, and many
thousand more products. Basically heat and pressure are used to shape these products
that usually are in finished form. Processes used include extrusion, injection molding,
blow molding, thermoforming, compression molding, spraying, rotational moldings,
reaction injection molding, and filament winding.

Finishing

In certain applications a finishing step is required on the fabricated part such as printing,
bonding, machining, etc.

curing was accurately used for TSs. At that time TSs represented
practically all the plastic used worldwide. Thus TPs took on the
incorrect term curing even though there is no chemical reaction or
curing action.

Appreciate the polymer chemist’s ability to literally rearrange the
molecular structure of the polymer to provide an almost infinite variety
of compositions that differ in form, appearance, properties, cost, and
other characteristics. One must also approach the subject with a
completely open mind that will accept all the contradictions that could
make it difficult to pin common labels on the different families of
plastics or even on the many various types within a single family that are
reviewed in this book. Each plastic (of the 35,000 available) has specific
performance and processing capabilities.
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Figure 1.2 Use of plastics in recreational products range from unsophisticated types to high
performance types such boats (Courtesy of Plastics FALLO)
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! Boeing 777 uses different types of plastics that include high performance
reinforced plastics
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trailing-edge panels
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Rudder Fin torque box Stabilizer torque box

There are many different routes that the starting materials for plastics
can take on the way to the user. In this book, we are concerned with
those plastics that are supplied to the processor in the form of granules,
powder, pellets, flake, or liquids and in turn they are transformed into
plastic products. However, the same starting materials used to make
these plastics can take other routes and end up in the textile industry
(nylon fibers share common roots with a molded nylon gear; acrylic
fibers share common roots with acrylic sheet for glazing; ctc.), paint
industry, adhesives industry, and other industries meeting their special
requirements.

Worldwide total plastic consumption is over 154 million ton (340
billion 1b) with about 90wt% thermoplastics (TPs) and 10% thermoset



1 - Overview

(TS) plastics. USA and Europe consumption is about one-third each of
the world total.

These two major classifications of thermoplastics (TPs) and thermosets
(TSs) in turn have different classifications such as virgin or recycled
plastics. Virgin plastics have not been subjected to any fabricating process.
NEAT plastics identify plastics with Nothing Else Added To. They are
true virgin polymers since they do not contain additives, fillers, etc.
However they are rarely used since they do not provide the best
performances. Thus the technically correct term to identify the materials
is plastics. Of the 35,000 types available worldwide there are about 200
basic types or families that are comumercially recognized with less than 20
that are popularly used. Examples of these plastics are shown in Table 1.2.

Summation of the plastic families with their abbreviations

Acetal (POM)
Acrylics
Polyacrylonitrile (PAN)
Polymethylmethacrylate
(PMMA)
Acrylonitrile butadiene styrene
(ABS)
Allyl diglycol carbonate
Alkyd
Diallyl isophthalate (DAIP)
Diallyl phthalate (DAP)
Aminos
Melamine formaldehyde (MF)
Urea formaldehyde (UF)
Cellulosics
Cellulose acetate {CA)
Cellulose acetate butyrate (CAB)
Cellulose acetate propionate
(CAP)
Cellulose nitrate
Ethyl cellulose (EC)
Chlorinated polyether
Epoxy (EP)
Ethylene vinyl acetate (EVA)
Ethylene vinyl alcohol (EVOH)
Fluorocarbons
Fluorinated ethylene propylene
(FEP)

Polytetrafluoroethylene (FTFE)
Polyvinyl fluoride (PVF)
Polyvinylidene fluoride
(PVDF)
lonomer
Liquid crystal polymer (LCP)
Aromatic copolyester (TP
polyester)
Melamine formaldehyde (MF)
Nylon (or Polyamide) (PA)
Parylene Phenolic
Phenolic
Phenol formaldehyde (PF)
Polyamide-imide (PAI)
Polyarylether
Polyaryletherketone (PAEK)
Polyaryl sulfone (PAS)
Polyarylate (PAR)
Polycarbonate
Polyester
Saturated polyester (TS
polyester)
Thermoplastic polyesters (TP
polyester)
Polybutylene terephthalate
(PBT)
Polyethylene terephthalate
(PET)
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[able 7.2 continued

Polyetherketone (PEK) Styrene

Polyetheretherketone (PEEK) Acrylic styrene acrylonitrile (ASA)
Polyetherimide {PEl) Acrylonitrile butadiene styrene
Polyimide (PI) (ABS)

Thermoplastic Pl
Thermoset Pl
Polymethylmethacrylate (or
acrylic) (PMMA)
Polyolefin (PO)
Chlorinated PE (CPE)
Cross-linked PE (XLPE)
High-density PE (HDPE)
Linear LDPE (LLDPE)
Low-density PE (LDPE)
Polyallomer
Polybutylene (PE)
Polyethylene (PE)
Polypropylene (PP)
Ultra-high molecular weight PE

General-purpose PS (GPPS)
High-impact PS (HIPS)
Polystyrene (PS)
Styrene acrylonitrile (SAN)
Styrene butadiene (SB)
Sulfone
Polyether sulfone (PES)
Polyphenyl sulfone (PPS)
Polysulfone (PSU)
Urea formaldehyde (UF)

Vinyl

Chlorinated PVC (CPVC)
Polyvinyl acetate (PVAc)
Polyvinyl alcohol (PVA)

Polyvinyl butyrate (PVB)

(UHMWPE) Polyvinyl chloride (PVC)
Polyurethane (PUR) Polyvinylidene chloride (PVDC)
Sificone (SI) Polyvinylidene fluoride (PVF)

Within these 20 popular plastics there are five major TP types that
consume about two-thirds of all TPs. Approximately 20wt% are low
density polyethylenes (LDPEs), 15% polyvinyl chlorides (PVCs), 10%
high density polyethylenes (HDPEs), 15% polypropylenes (PPs), 8%
polystyrenes (PSs). Each has literally many thousands of different
formulated compounds and different processing and performance
behaviors. These basic types, with their many modifications of different
additives /fillers /reinforcements, catalyst systems, grafting, and/or
alloying provide different processing capabilities and /or product per-
formances. As examples there are the relatively new generation of high
performance metallocene and elastomeric plastics providing different
modifications.

Thermoplastics

TPs are plastics that soften when heated and upon cooling harden into
products. TPs can be repeatedly softened by reheating. Their morphology,
molecular structure, is crystalline or amorphous. Softening temperatures
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vary. The usual analogy is a block of ice that can be softened (turned
back to a liquid), poured into any shape mold or die, then cooled to
become a solid again. This cycle repeats. During the heating cycle care
must be taken to avoid degrading or decomposition of the plastic. TPs
generally offer easier processing and better adaptability to complex
designs than do TS plastics.

There are practical limits to the number of heating and cooling cycles
before appearance and/or mechanical properties are drastically affected.
Certain TPs have no immediate changes while others have immediate
changes after the first heating/cooling cycle.

Crystalline & Amorphous Polymers

The overall molecular physical structure of a polymer identifies its
morphology. Crystalline molecular structures tend to have their
molecules arranged in a relatively regular repeating structure such as
acetal (POM), polyethylene (PE), polypropylene (PP), nylon (PA),
and polytetrafluoroethylene plastics. The structures tend to form like
cooked spaghetti. These crystallized plastics have excellent chemical
resistance. They are usually translucent or opaque but they can be made
transparent with chemical modification. They generally have higher
strength and softening points and require closer temperature/time
processing control than the amorphous TDs.

Polymer molecules that can be packed closely together can more easily
form crystalline structures in which the molecules align themselves in
some orderly pattern. Commercially crystalline polymers have up to
80% crystalline structure and the rest is amorphous. They are identified
technically as semicrystalline TPs. Polymers with 100% crystalline
structures are not commercially produced.

Amorphous TPs have no crystalline structure. Their molecules form no
patterns. These TPs have no sharp melting points. They are usually
glassy and transparent, such as acrylontrile-butadiene-styrene (ABS),
acrylic (PMMA), polycarbonate (PC), polystyrene (PS), and polyvinyl
chloride (PVC). Amorphous plastics soften gradually as they are heated
during processing. If they are rigid, they may become brittle unless
modified with certain additives.

During processing, all plastics are normally in the amorphous state with
no definite order of molecular chains. TPs that normally crystallize need
to be properly quenched; that is, the hot melt is cooled to solidity the
plastic. If not properly quenched, they become amorphous or partially
amorphous solids, usually resulting in inferior properties. Compared to
crystalline types, amorphous polymers undergo only small volumetric
changes when melting or solidifying during processing. This action
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influences the dimensional tolerances that can be met after accounting
for the heating/cooling process and the design of molds or dies.

Crystalline plastics require tighter process control during fabrication.
They tend to shrink and warp more than amorphous types due to their
higher melting temperatures, with their relatvely sharp melting point,
they do not soften gradually with increasing temperature but remain
hard until a given quantity of heat has been absorbed, then change
rapidly into a low-viscosity liquid. If the correct amount of heat is not
applied properly during processing, product performance can be
drastically reduced and/or an increase in processing cost occurs. With
proper process control this is not a problem.

During the melting process as the symmetrical molecules approach each
other within a critical distance, crystals begin to form. They form first in
the areas where they are the most densely packed. This crystallized area
becomes stiff and strong. The noncrystallized, amorphous, area is
tougher and more flexible. With increased crystallinity, other effects
occur such as with polyethylene (crystalline plastic) there is increased
resistance to creep.

Liguid Crystalline Polymers

A special classification of TPs are liquid crystalline polymers. They are
self-reinforcing because of densely packed fibrous polymer chains. Their
molecules are stiff, rod-like structures organized in large parallel arrays
in both the melt and solid states. They resist most chemicals, weathers
oxidation, and can provide flame resistance, making them excellent
replacements for metals, ceramics, and other plastics in many product
designs. They are exceptionally inert and resist stress cracking in the
presence of most chemicals at elevated temperatures, including the
aromatic and halogenated hydrocarbons as well as strong acids, bases,
ketones, and other aggressive industrial products. Regarding
tflammability, LCPs have an oxygen index ranging from 35 to 50%
(ASTM). When exposed to an open flame, they form an intumescent
char that prevents dripping.

When injection molded or extruded the molecules align into long, rigid
chains that in turn align in the direction of flow. Thus the molecules act
like reinforcing fibers giving LCPs both very high strength and stiffness.
LPCs with their high strength-to-weight ratios are particularly useful for
weight-sensitive products (Table 1.3). They have outstanding strength at
extreme temperatures, excellent mechanical property retention after
exposure to weathering and radiation, good dielectric strength as well as
arc resistance and dimensional stability, low coefficient of thermal
expansion, excellent flame resistance, and easy processability.
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Liquid crystal polymer properties compared to other thermoplastics

Property Crystalline Amorphous Liquid
crystalline

Specific gravity Higher Lower Higher
Tensile strength Higher Lower Highest
Tensile modulus Higher Lower Highest
Ductility, elongation Lower Higher Lowest
Resistance to creep Higher Lower High
Maximum usage temperature Higher Lower High
Shrinkage and warpage Higher Lower Lowest
Chemical resistance Higher Lower Highest

Their UL (Underwriters Laboratory) continuous-use rating for
electrical properties is as high as 240°C (464°F), and for mechanical
properties it is 220°C (428°F) permiting products to be exposed to
intermittent temperatures as high as 315°C (600°F) without affecting
performance properties. Their resistance to high-temperature flexural
creep is excellent, as are their fracture-toughness characteristics.

Because of their structure they provide special properties such as greater
resistance to most solvents and heat. They have the lowest warpage and
shrinkage of all the TPs. Unlike many high-temperature plastics, LCPs
have a low melt viscosity and are thus more easily processed resulting in
faster cycle times than those with a high melt viscosity thus reducing
processing costs.

Thermosets

Outstanding properties of TS plastic products are their substandally
infusible and insoluble characteristic along with resistance to high
temperatures, greater dimensional stability, and strength. TSs undergo a
crosslinking chemical reaction by techniques such as the action of heat
(exothermic reaction), oxidation, radiation, and /or other means often in
the presence of curing agents and catalysts. However, if excessive heat is
applied, degradation rather than melting will occur.

TSs are not recyclable because they do not melt when reheated,
although they can be granulated and used as filler in other TSs as well
as TPs. An analogy of TSs is that of a hard-boiled egg that has turned
from a liquid to a solid and cannot be converted back to a liquid. As
shown in Fig. 1.4, TSs are identified by A-B-C-stages during the curing
process. A-stage is uncured, B-stage is partially cured, and C-stage is
fully cured. Typical B-stage is TS molding compounds and prepregs,
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Figure 1.4 Thermoset A-B-C stages from melt to solidification
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which in turn are processed to produce C-stage fully, cured plastic
material products.

TSs generally cannot be used alone in primary or secondary structural
applications; they must be filled with additives and/or reinforcements
such as glass or wood fibers, etc. These compounds provide dimensional
product precision and certain other desirable properties for use in
certain products. There are TSs particularly suitable as substitutes for
metals in products that have to meet severe demands such as high
temperature with the added advantage of offering a very good cost
reduction. Applications include kitchen appliances, heat-shield for an
electric iron, collectors and a wide variety of circuit breaker housings in
electrical devices, and automotive parts including headlamp reflectors,
brake servo units, brake pistons, pump housings, valve caps, pulleys,
and so on. Compression and transfer molding (CM and TM) are the
two main methods used to produce molded products from TSs.

Within the TS family there are natural and synthetic rubbers, elastomers,
such as styrene-butadiene, nitrile rubber, millable polyurethanes, silicone,
butyl, and neoprene. They attain their properties through the process of
vulcanization. Vulcanizaton is the process by which a natural rubber or
certain plastic elastomer undergoes a change in its chemical structure
brought about by the irreversible process of reacting the materials with
sulfur and/or other suitable agents. The crosslinking action results in
property changes such as decreased plastic flow, reduced surface
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tackiness, increased elasticity, greater tensile strength, and considerably
less solubility.

Crosslinked Thermoplastics

TPs can be converted to TSs to improve or change properties. TPs can
be crosslinked by different processes such as chemical and irradiation.
Polyethylene (PE) is a popular plastic that can be crosslinked; it is
identified as XLPE or PEX. Crosslinking is an irreversible change that
occurs through a chemical reaction, such as condensation, ring closure,
addition, and so on. Cure is usually accomplished by the addition of
curing (crosslinking) agents with or without heat and pressure.

For TP systems such as PE, chemical or irradiation techniques have
been used as the crosslinking technology; this is the recognized standard
for manufacturing industrial materials such as cable coverings, cellular
materials (foams), rotationally molded articles, and piping.

Enhancement of properties is the underlying incentive for the com-
mercial development of crosslinked TPs. Crosslinking improves
resistance to thermal degradation, cracking by liquids and other harsh
environments, and creep and cold flow, among other improvements.
The primary commercial interest has been in aliphatic polymers, which
includes the main olefins polyethylene and polypropylene, also popular
are polyvinyl chloride (PVC) and acrylates. Crosslinked films with low
shrinkage and high adhesion properties have been used in such
applications as pressure-sensitive adhesives, glass coatings, and dental
enamels.

Reinforced Plastics

The term reinforced plastic (RP) refers to composite combinations of
plastic, matrix, and reinforcing materials, which predominantly come in
chopped and continuous fiber forms as in woven and nonwoven fabrics.
Other terms used to identify an RP include: glass fiber reinforced plastic
(GFRP), aramid fiber reinforced plastic (AFRP), boron fiber reinforced
plastic (BFRP), carbon fiber reinforced plastic (CFRP), graphite fiber
reinforced plastic (GFRP), etc.

In addition to fabrics, reinforcements include other forms such as
powders, beads, and flakes. Both TP and TS plastics are used in
reinforced plastics. At least 90wt% use glass fiber materials. At least
55wt% use TPs. RDPs using primarily TS polyester plastics provides
significant property and/or cost improvements compared to other
composites. Primary benefits of all RPs include high strength, directional
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strength, lightweight, high strength-to-weight ratio, creep and fatigue
endurance, high dielectric strength, corrosion resistance, and long term

durability.

Both reinforced TSs (RTSs) and reinforced TPs (RTPs) can be charac-
terized as engineering plastics, competing with engineering unreinforced
TPs. When comparing processability- of RTSs and RTDPs, the RTDs are
usually casier to process and permit faster molding cycles with efficient
processing such as during injection molding. Higher performing fibers
that are used include high performance glass (other than the usual
E-glass), aramid, carbon, and graphite. Also available are whisker
reinforcements with exceptional high performances (Fig. 1.5).

I.5 High performance whisker reinforcements compared to other materials
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Fiber orientations have improved to the extent that 2-D and 3-D RDPs
can be used to produce very high strength and stiff products with long
service lives. RTPs even with their relatively lower properties compared
to RTSs are used in about 55wt% of all RP products. Practically all RTDs
with short glass fibers are injection molded at very fast cycles, producing
high performance products in highly automated environments.

RPs can be characterized by their ability to be molded into either
extremely small to extremely large structurally loaded shapes well beyond
the basic capabilities of other materials or processes at little or no
pressure. In addition to shape and size, RPs possess other characteristics
that make them very desirable in design engineering. The other



characteristics include cost reduction, ease of fabrication, simplified
installation, weight reduction, aesthetic appeal, and the potential to be
combined with many other useful qualities.

Their products have gone worldwide into the deep ocean waters, on
land, and into the air including landing on the moon and in spacecraft.
In USA annual consumption of all forms of RPs is over 3.9 billion Ib
(1.8 billion kg). Consumption by market in million Ib is aerospace at
24, appliances/business machines at 210, building/construction at
775, consumer at 253, corrosion at 442, clectrical /electronic at 390,
marine at 422, transport at 1268, and others at 116.

The form the RP takes, as with non-reinforced plastics, is determined
by the product requirements. It has no inherent form of its own; it
must be shaped. This provides an opportunity to select the most
efficient forms for the application. Shape can help to overcome limitations
that may exist in using a lower-cost material with low stiffness. As an
example underground fuel tanks can include ribs to provide added
strength and stiffness to the RP orientation in order to meet required
stresses at the lowest production cost.

The formability of these products usually leads to one-piece
consolidation of construction products to eliminate joints, fasteners,
seals, and other potential joining problems. As an example, formed
building fascia panels eliminate many fastenings and seals. Examples of
design characteristics gained by using RP materials are presented as
follows:

Thermal Expansions

Nonreinforced plastics generally have much higher coefficients of linear
thermal expansion (CLTE) than conventional metal, wood, concrete,
and other materials. CLTEs also vary significantly with temperature
changes. There are RPs that do not have these characteristics. With
certain types and forms of fillers, such as graphite, RPs can eliminate
CLTE or actually shrink when the temperature increases.

Ductilities

Substantial yielding can occur in response to loading beyond the limit
of approximate proportionality of stress to strain. This action is referred
to as ductility. Most RPs do not exhibit such behavior. However, the
absence of ductility does not necessarily result in brittleness or lack of
flexibility. For example, glass fiber-TS polycster RPs do not exhibit
ductility in their stress-strain behavior, yet they are not brittle, have
good flexibility, and do not shatter upon impact. TS plastic matrix is
brittle when unreinforced. However, with the addition of glass or other
fibers in any orientation except parallel, unidirectional, the fibers arrest
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crack propagation. This RP construction results in toughness and the
ability to absorb a high amount of energy. Because of the generally high
ratio of strength to stiffness of RPs, energy absorption is accomplished
by high elastic deflection prior to failure. Thus ductility has been a
major factor promoting the use of RPs in many different applications.

Toughness

The generally low-specific gravity and high strength of reinforcement
fibers such as glass, aramid, carbon, and graphite can provide additional
benefits of toughness. For example, the toughness of these fibers allows
them to be molded into very thin constructions. Each fiber has special
characteristics. For instance, compared to other fiber reinforcements,
aramid fibers can increase wear resistance with exceptionally high
strength or modulus to weight.

Tolerances/Shrinkages

TSs combined with all types of reinforcements and/or fillers are
generally more suitable for meeting tight dimensional tolerances than
are TPs. For injection molded products they can be held to extremely
close tolerances of less than a thousandth of an inch (0.0025 cm)
effectively down to zero (0.0%). Achievable tolerances range from 5%
for 0.020 in. (0.05 cm), to 1% for 0.500 in. (1.27 cm), to 1/2% for
1.000 in. (2.54 cm), to 1 /4% for 5.000 in. (12.70 cm), and so on.

Some unreinforced molded plastics change dimensions, shrink,
immediately after molding or in a day or a month due to material
relaxation and changes in temperature, humidity, and /or load application.
RPs can significantly reduce or even eliminate this dimensional change
after molding.

When comparing tolerances and shrinkage behaviors of RTSs and RTPs
there is a significant difference. Working with crystalline RTPs can be
yet more complicated if the fabricator does not understand their
behavior. Crystalline plastics generally have different rates of shrinkage
in the longitudinal, melt flow direction, and transverse directions. In
turn, these directional shrinkages can vary significantly due to changes
in processes such as during injection molding (IM). Tolerance and
shrinkage behaviors are influenced by factors such as injection pressure,
melt heat, mold heat, and part thickness and shape. The amorphous
type materials can be easier to balance.

Compounds

Commercial RP compounds are available in several forms: pellets for
injection molding or extrusion, unidirectional tape for filament winding
and similar applications, sheets for stamping and compression molding,
bulk compounds for compression molding, and so on. There are RTP



elastomeric materials that provide special engineered products such as
conveyor belts, mechanical belts, high temperature or chemical resistant
suits, wire and cable insulation, and architectural designed shapes.
Common categories of RP compounds are reviewed.

Prepregs

Preimpregnated materials usually are a compound of a reinforcement
and a hot melt or solvent system. Prepreg also includes wet systems
without solvent using TS polyester. They are stored for use at a latter
time either in-house or to ship to a fabricator. The plastic is partially
cured, B-stage, ready-to-mold material in web form that may have a
substrate of glass fiber mat, fabric, roving, paper, cotton cloth, and so
forth. With proper temperature storage conditions, their shelf life can
be controlled to last at least 6 months.

Sheet Molding Compounds

A ready-to-mold material, SMC represent a special form of a prepreg. It
is usually a glass fiber-reinforced TS polyester resin compound in sheet
form. The sheet can be rolled into coils during its continuous fabricating
process. A plastic film covering, usually polyethylene, separates the layers
to enable coiling and to prevent contamination, sticking, and monomer
evaporation. This film is removed before the SMC is charged into a
mold, such as a matched-die or compression mold.

Depending on product performance requirements, the SMC consists of
additional ingredients such as low-profile additives, cure initiators,
thickeners, and mold-release agents. They are used to enhance the
performance or processing of the material. Glass fibers are usually
chopped into lengths of 12 mm (0.5 in.) to at least 50 mm (2 in.). The
amount can vary from 25 to 50wt%. The usual ratio is based on
performance requirements, processability, and cost considerations.

Bulk Molding Compounds

Also called dough molding compounds (DMCs), bulk molding
compounds (BMCs) are mixtures usually of short 3 mm to 3 cm (Y% to
1Yin.) glass fibers, plastic, and additives similar to the SMC compound.
This mixture, with the consistency of modeling clay, can be produced in
bulk form or extruded in rope-like form for easy handling. The
extrudate type is called a “log” that is cut to specific lengths such as 0.3
cm (1 ft).

BMC is commercially available in different combinations of resins,
predominantly TS polyesters, additives, and reinforcements. They meet
a wide variety of end-use requirements in high-volume applications
where fine finish, good dimensional stability, part complexity, and good
overall mechanical properties are important. The most popular method
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of molding BMCs is compression. They can also be injection molded in
much the same way as other RTS compounds using ram, ram-screw,
and, for certain BMC mixes, conventional reciprocating screw.

Commodity & Engineering Plastics

About 90wt% of plastics can be classified as commodity plastics (CPs),
the others being engineering plastics (EPs). The EPs such as
polycarbonate (PC) representing at least 50wt of all EPs, nylon,
aceral, etc. are characterized by improved performance in higher
mechanical properties, better heat resistance, and so forth (Table 1.4).

Talile 1.4 Thermoplastic engineering behaviors

Crystalline Amorphous
Acetal Polycarbonate
Best property balance Good impact resistance
Stiffest unreinforced thermoplastic Transparent
Low friction Good electrical properties
Nylon Modified PPO
High melting point Hydrolytic stability
High elongation Good impact resistance
Toughest thermoplastic Good electrical properties

Absorbs moisture
Polyester (glass-reinforced)
High stiffness
Lowest creep
Excellent electrical properties

The EPs demand a higher price. About a half century ago the price per
pound was at 20¢; at the turn of the century it went to $1.00, and now
higher. When CPs with certain reinforcements and/or alloys with other
plastics are prepared they become EPs. Many TSs and RPs are EPs.

Elastomers/Rubbers

In the past rubber meant a natural thermoset elastomeric (TSE)
material obtained from a rubber tree, hevea braziliensis. The term
clastomer developed with the advent of rubber-like synthetic materials.
Elastomers identify natural or synthetic TS elastomers (TSEs) and
thermoplastic elastomers (TPEs). At room temperature all elastomers
basically stretch under low stress to at least twice in length and snaps
back to approximately the original length on release of the stress, pull,
within a specified time period.
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The term elastomer is often used interchangeably with the term plastic
or rubber; however, certain industries use only one or the other
terminology. Different properties identify them such as strength and
stiffness, abrasion resistance, oil resistance, chemical resistance, shock
and vibration control, electrical and thermal insulation, waterproofing,
tear resistance, cost-to-performance, etc.

Natural rubber with over a century’s use in many different products
and markets will always be required to attain certain desired properties
not equaled (to date) by synthetic elastomers. Examples include trans-
portation tires, with their relative heat build-up resistance, and certain
types vibrators. However, both synthetic TSE and TPE have made
major inroads in product markets previously held only by natural
rubber. Worldwide, more synthetic types are used than natural. The
basic processing types are conventional, vulcanizable, elastomer,
reactive type, and thermoplastic elastomer.

Plastic behaviors

T — e E e e [ N

e — = ——

A knowledge of the chemistry of plastics can be used to help with the
understanding of the performance of designed products. Chemistry is
the science that deals with the composition, structure, properties and
transformations of substances. It provides the theory of organic
chemistry, in particular our understanding of the mechanisms of
reactions of carbon (C) compounds.

The chemical composition of plastics is basically organic polymers. They
have very large molecules composed of connecting chains of carbon
(C), generally connected to hydrogen atoms (H) and often also oxygen
(O), nitrogen (N), chlorine (Cl), fluorine (F), and sulfur (S). Thus,
while polymers form the structural backbone of plastics, they are rarely
used in pure form. In almost all plastics other useful and important
materials are added to modify and optimize properties for each desired
process and /or product performance application.

The chemical and physical characteristics of plastics are derived from the
four factors of chemical structure, form, arrangement, and size of the
polymer. As an example, the chemical structure influences density.
Chemical structure refers to the types of atoms and the way they are
joined to one another. The form of the molecules, their size and
disposition within the material, influences mechanical behavior. It is
possible to deliberately vary the crystal state in order to vary hardness
or softness, toughness or brittleness, resistance to remperature, and so



22 Plastics Engineered Product Design

on. The chemical structure and nature of plastics have a significant
relationship both to properties and the ways they can be processed,
designed, or otherwise translated into a finished product.

Morphology/ Molecular Structure/Mechanical Property

Morphology is the study of the physical form or chemical structure of a
material; that is, the physical molecular structure. As a result of
morphology differences among polymers, great differences exist in
mechanical and other properties as well as processing plastics.

Knowledge of molecular size and flexibility cxplains how individual
molecules behave when completely isolated. However, such isolated
molecules are encountered only in theoretical studies of dilute
solutions. In practice, molecules always occur in a mass, and the
behavior of each individual molecule is very greatly affected by its
intermolecular relationships to adjacent molecules in the mass. Three
basic molecular properties affect processing performances, such as flow
conditions, that in turn affect product performances, such as strength
or dimensional stability. They are (1) mass or density, (2) molecular
weight (MW), and (3) molecular weight distribution (MWD).

Densities

Absolute density (d) is the mass of any substance per unit volume of a
material. It is usually expressed in grams per cubic centimeter (g/cm?)
or pounds per cubic inch (Ib/in®) (Table 1.5). Specific gravity (s.g.) is
the ratio of the mass in air of a given volume compared to the mass of
the same volume of water. Both d and s.g. are measured at room
temperature [23°C (73.4°F)]. Since s.g. is a dimensionless quantity, it is
convenient for comparing different materials. Like density, specific
gravity is used extensively in determining product cost vs. average
product thickness, product weight, quality control, and so on. It is
frequently used as a means of setting plastic specifications and
monitoring product consistency.

In crystalline plastics, density has a direct effect on properties such as
stiffness and permeability to gases and liquids. Changes in density may
also affect other mechanical properties.

The term apparent density of a material is sometimes used. It is the
weight in air of a unit volume of material including voids usually
inherent in the material. Also used is the term bulk density that is
commonly used for compounds or materials such as molding powders,
pellets, or flakes. Bulk density is the ratio of the weight of the
compound to its volume of a solid material including voids.



1 - Overview 23

able 1.5 Comparing densities of different polyethylene thermoplastics

Type Density, gfem? (Ib/ft3)

LDPE 0.910-0.925 (56.8-57.7)

MDPE 0.926-0.940 (57.8-58.7)

HDPE 0.941-0.959 (58.7-59.9)

HMWPE 0.960 & above (59.9 & above)
Molecular Weights

MW is the sum of the atomic weights of all the atoms in a molecule.
Atomic weight is the relative mass of an atom of any element based on a
scale in which a specific carbon atom (carbon-12) is assigned a mass
value of 12. For polymers, it represents a measure of the molecular
chain length. MW of plastics influences their properties. With
increasing MW, polymer properties increase for abrasion resistance,
brittleness, chemical resistance, elongation, hardness, melt viscosity,
tensile strength, modulus, toughness, and yield strength. Decreases
occur for adhesion, melt index, and solubility.

Adequate MW is a fundamental requirement to achieve desired
properties of plastics. If the MW of incoming material varies, the
fabricating and fabricated product performance can be altered. The
greater the differences, the more dramatic the changes that occur
during processing.

Molecular Weight Distributions

MWD is basically the amounts of component polymers that make up a
polymer (Fig. 1.6). Component polymers, in contrast, arc a convenient
term that recognizes the fact that all polymeric materials comprise a
mixture of different polymers of differing molecular weights. The ratio
of the weight average molecular weight to the number average
molecular weight gives an indication of the MWD.

One method of comparing the processability with product per-
formances of plastics is to use their MWD. A narrow MWD enhances
the performance of plastic products. Wide MWD permits easier
processing. Melt flow rates are dependent on the MWD. With MWD
differences of incoming material the fabricated performances can be
altered requiring resetting process controls. The more the difference,
the more dramatic changes that can occur in the products.

Viscosities and Melt Flows

Viscosity is a measure of resistance to plastic melt flow. It is the internal
friction in a melt resulting when one layer of fluid is caused to move in
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Figure 1.6 Examples of narrow and wide molecular weight distributions
T _a— NARROW MWD
z
o
g WIDE MW
z _a— WIDEMWD
@
e
g
=
LOW INCREASING MOLECULAR WEIGHT HIGH
WIDTH

relationship to another layer. Thus viscosity is the property of the
resistance of flow exhibited within a body of material. It is the constant
ratio of shearing stress to the rate of shear. Shearing is the motion of a
fluid, layer by layer, like playing cards in a deck. When plastics flow
through straight tubes or channels they are sheared: the viscosity
expresses their resistance.

The melt index (MI) or melt flow index (MFI) is an inverse measure of
viscosity. High MI implies low viscosity and low MI means high
viscosity. Plastics are shear thinning, which means that their resistance
to flow decreases as the shear rate increases. This is due to molecular
alignments in the direction of flow and disentanglements.

Newtonian/non-Newtonian

Viscosity is usually understood to mean Newtonian viscosity in which
case the ratio of shearing stress to the shearing strain is constant. In
non-Newtonian behavior, typical of plastics, the ratio varies with the
shearing stress. Such ratios are often called the apparent viscosities at the
corresponding shearing stresses. Viscosity is measured in terms of flow
in Pa's (P) with water as the base standard (value of 1.0). The higher
the number, the less flow.

Melt Index

The melt indexer (MI; extrusion plastometer) is the most widely used
rheological device for examining and studying plastics (principally TPs)
in many different fabricating processes. It is not a true viscometer in the
sense that a reliable value of viscosity cannot be calculated from the
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measured flow index. However, the device does measure isothermal
resistance to flow, using standard apparatus and test methods that are
standard throughout the world. The standards used include ASTM D
1238 (U.S.A.), BS 2782-105°C (U.K.), DIN 53735 (Germany), JIS
K72 10 (Japan), ISO RI 133 /R292 (international), and others.

The standard apparatus is a ram type plasticator which at specified
temperatures and pressure extrudes a plastic melt through the die exit
opening. The standard procedure involves the determination of the
amount of plastic extruded in 10 minutes. The flow rate, expressed in
g/10 min., is reported. As the flow rate increases, viscosity decreases.
Depending on the flow behavior, changes are made to standard
conditions (die opening size, temperature, etc.) to obtain certain
repeatable and meaningful data applicable to a specific processing
operation. Table 1.6 lists typical MI ranges for the certain processes.

1.6 Examples of melt index for different processes.

Process Ml range
injection Molding 5-100
Rotational Molding 5-20
Coating Extrusion 0.1-1
Film Extrusion 0.5-6
Profile extrusion 0.1-1
Blow molding 0.1-1

Rheology & Mechanical Analysis

Rheology and mechanical analysis are usually familiar techniques, yet
the exact tools and the far-reaching capabilities may not be so familiar.
Rheology is the study of how materials flow and deform, or when
testing solids it is called dynamic mechanical thermal analysis (DMTA).

During rheometer and dynamic mechanical analyses instruments
impose a deformation on a material and measure the material’s response
that gives a wealth of very important informadon about structure and
performance of the basic polymer. As an example stress rheometers are
used for testing melts in various temperature ranges. Strain controlled
rheology is the uldmate in materials characterization with the ability to
handle anything from light fluids to solid bars, films, and fibers.

With dynamic testing, the processed plastic’s elastic modulus (relating
to energy storage) and loss modulus (relative measure of a damping
ability) are determined. Steady testing provides information about
creep and recovery, viscosity, rate dependence, etc,
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Viscoelasticities

Understanding and properly applying the following information to
product design equations is very important. A material having this
property is considered to combine the features of a so-called perfect
elastic solid and a perfect fluid. It represents the combination of elastic
and viscous behavior of plastics that is a phenomenon of time-dependent,
in addition to elastic deformation (or recovery) in response to load.

This property possessed by all fabricated plastics to some degree,
indicates that while plastics have solid-like characteristics such as
elasticity, strength, and form or shape stability, they also have liquid-like
characteristics such as flow depending on time, temperature, rate, and
amount of loading. The mechanical behavior of these viscoelastic
plastics is dominated by such phenomena as tensile strength, elongation
at break, stiffness, rupture energy, creep, and fatigue which are often
the controlling factors in a design.

Processing-to-Performance Interface

Different plastic characteristics influence processing and properties of
plastic products. Important are glass transition temperature and melt
temperature.

Glass Transition Temperatures

The T_ relates to temperature characteristics of plastics (Table 1.7). It is
the reversible change in phase of a plastic from a viscous or rubbery
state to a brittle glassy state (Fig. 1.7). T is the point below which
plastic behaves like glass and is very strong and rigid. Above this
temperature it is not as strong or rigid as glass, but neither is it brittle as
glass. At and above Tg the plastic’s volume or length increases more
rapidly and rigidity and strength decrease. As shown in Fig. 1.8 the
amorphous TPs have a more definite T, when compared to crystalline
TPs. Even with variation it is usually reported as a single value.

The thermal properties of plastics, parmcularly its T, influence the
plastic’s processability performance and cost in different ways. The
operating temperature of a TP is usually limited to below its T . A more
expensive plastic could cost less to process because of its T, location
that results in a shorter processing time, requiring less energy for a
particular weight, etc. (Fig. 1.9).

The T, generally occurs over a relatively narrow temperature span. Not
only go hardness and brittleness undergo rapid changes in this
temperature region, but other properties such as the coefficient of
thermal expansion and specific heat also change rapidly. This pheno-
menon has been called second-order transition, rubber transition, or
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Table 1.7 Range of T, for different thermoplastics

Plastic °C °F
Polyethylene -120 -184
Polypropylene -22 -6
Polybutylene -25 -13
Polystyrene 95 203
Polycarbonate 150 302
Polyvinyl Chioride 85 185
Polyvinyl Fluoride -20 -4
Polyvinylidene Chloride -20 -4
Polyacetal -80 -12
Nylon 6 50 122
Polyester 10 230
Polytetrafluoroethylene -115 -175
Silicone -120 -184

Figure 1.7 Thermoplastic volume or length changes at the glass transition temperature
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Figure 1.9 Modules behavior with increase in temperature (DTUL = deflection temperature
under load). (Courtesy of Bayer)
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rubbery transition. The word transformation has also been used instead
of transition. When more than one amorphous transition occurs in a
plastic, the one associated with segmental motions of the plastic
backbone chain, or accompanied by the largest change in properties, is
usually considered to be the T,.

Important for designers to know that above T,, many mechanical
properties are reduced. Most noticeable is a reduction that can occur by
a factor of 1,000 in stiffness.

Melt Temperatruves

Crystalline plastics have specific melt temperatures (T,,) or melting
points. Amorphous plastics do not. They have softening ranges that are
small in volume when solidification of the melt occurs or when the solid
softens and becomes a fluid type melt. They start softening as soon as
the heat cycle begins. A melting temperature is reported usually
representing the average in the softening range.

The T of crystalline plastics occurs at a relatively sharp point going
from solid to melt. It is the temperature at which melts softens and
begins to have flow tendency (Table 1.8). They have a true T, with a
latent heat of fusion associated with the melting and freezing process,
and a relatively large volume change during fabrication. Crystalline
plastics have considerable order of the molecules in the solid state
indicating that many of the atoms are regularly spaced. The melt
strength of the plastic occurs while in the molten state. It is an
engineering measure of the extensional viscosity and is defined as
the maximum tension that can be applied to the melt without
breaking.
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Table 1.8 Crystalline thermoplastic melt temperatures

Plastic °C °F
Low Density Polyethylene 16 240
High Density Polyethylene 130 266
Polypropylene 175 347
Nylon 6 215 419
Nylon 66 260 500
Polyester 260 500
Polyarylamide 400 755
Polytetrafluoroethylene 330 626

The T, is dependent on the processing pressure and the time under
heat, particularly during a slow temperature change for relatively thick
melts during processing. Also, if the melt temperature is too low, the
melt’s viscosity will be high and more costly power required processing
it. If the viscosity is too high, degradation will occur. There is the
correct processing window used for the different melting plastics.

Processing and Moisture

Recognize that properties of designed products can vary, in fact can be
destructive, with improper processing control such as melt temperature
profile, pressure profile, and time in the melted stage. An important
condition that influence properties is moisture contamination in the
plastic to be processed. There are the hygroscopic plastics (PET, etc.)
that are capable of retaining absorbed and adsorbed atmospheric
moisture within the plastics. The non-hygroscopic plastics (PS, etc.)
absorb moisture only on the surface. In the past when troubleshooting
plastic’s reduced performance was 90% of the time due to the damaging
effect of moisture because it was improperly dried prior to processing.
At the present time it could be at 50%.

All plastics, to some degree, are influenced by the amount of moisture
or water they contain before processing. With minimal amounts in
many plastics, mechanical, physical, electrical, aesthetic, and other
properties may be affected, or may be of no consequence. However,
there are certain plastics that, when compounded with certain additives
such as color, could have devastating results. Day-to-night temperature
changes is an example of how moisture contamination can be a source
of problems if not adequately eliminated when plastic materials are
exposed to the air. Moisture contamination can have an accumulative
effect. The critical moisture content that is the average material
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moisture content at the end of the constant-rate drying period, is a
function of material properties, the constant-rate of drying, and particle
size.

Although it is sometimes possible to select a suitable drying method
simply by evaluating variables such as humidities and temperatures
when removing unbound moisture, many plastic drying processes do
not involve removal of bound moisture retained in capillaries among
fine particles or moisture actually dissolved in the plastic. Measuring
drying-rate behavior under control conditions best identifies these
mechanisms. A change in material handling method or any operating
variable, such as heating rate, may effect mass transfer.

Drying Operations

When drying at ambient temperature and 50% relative humidity, the
vapor pressure of water outside a plastic is greater than within. Moisture
migrates into the plastic, increasing its moisture content until a state of
equilibrium exists inside and outside the plastic. But conditions are very
different inside a drying hopper (etc.) with controlled environment. At
a temperature of 170°C (350°F) and 40°C (—40°F) dew point, the
vapor pressure of the water inside the plastic is much greater than the
vapor pressure of the water in the surrounding area. Result is moisture
migrates out of the plastic and into the surrounding air stream, where it
is carried away to the desiccant bed of the dryer.

Target is to keep moisture content at a designated low level, particularly
for hygroscopic plastics where moisture is collected internally. They
have to be carefully dried prior to processing. Usually the moisture
content is >0.02 wt%. In practice, a drying heat 30°C below the
softening heat has proved successful in preventing caking of the plastic
in a dryer. Drying time varies in the range of 2 to 4 h, depending on
moisture content. As a rule of thumb, the drying air should have a dew
point of —-34°C (-30°F) and the capability of being heated up to 121°C
(250°F). It takes about 1 ft? min™! of plastic processed when using a
desiccant dryer.

The non-hygroscopic plastics collect moisture only on the surface.
Drying this surface moisture can be accomplished by simply passing
warm air over the material. Moisture leaves the plastic in favor of the
warm air resulting in dry air. The amount of water is limited or
processing can be destructive.

Determine from the material supplier and/or experience the plastic’s
moisture content limit. Also important is to determine which procedure
will be used in determining water content. They include equipment
such as weighing, drying, and/or re-weighing. These procedures have
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definite limitations based on the plastic to be dried. Fast automatic
analyzers, suitable for use with a wide variety of plastic systems, are
available that provide quick and accurate data for obtaining the in-plant
moisture contro] of plastics.

—

Fabricating processes

Designing good products requires some familiarity with processing
methods. Until the designer becomes familiar with processing, a
qualified fabricator must be taken into the designer’s confidence early
in development. The fabricator and mold or die designer should advise
the product designer on materials behavior and how to simplify the
design in order to simplify processing and reducing cost.
Understanding only one process and in particular just a certain narrow
aspect of it should not restrict the designer.

There are dozens of popular different basic processes with each having
many modifications so that there are literally hundreds of processes
used. The ways in which plastics can be processed into useful end products
tend to be as varied as the plastics themselves. However only a few basic
processes are used worldwide for most of the products produced.
Extrusion consumes approximately 36wt% of all plastics. IM follows by
consuming 32wt%. Consumption by other processes is estimated
10wt% blow molding, 8% calendering, 5% coating, 3% compression
molding 3%, and others 3%. Thermoforming, which is the fourth major
process used (considered a secondary process, since it begins with
extruded sheets and films where extrusion is the primary process),
consumes principally about 30% of the extruded sheet and film that
principally goes into packaging.

It is estimated that there are in USA about 80,000 injection molding
machines (IMMs) and about 18,000 extruders operating. This
difference in the amount of machines is due the fact that there is more
acuvity (product design, R&D, fabrication, etc.) required with injection
molding (IM).

If an extruder can be used to produce products it has definite operating
and economical advantages compared to IM. It requires detailed
process control. IM requires more sophisticated process control to
fabricate many thousands of different complex and intricate products.

While the processes differ, there are elements common to many of
them. In the majority of cases, TP compounds in the form of pellets,
granules, flake, and powder, are melted by heat so they can flow.
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Pressure is often involved in forcing the molten plastic into a mold
cavity or through a die and cooling must be provided to allow the
molten plastic to harden. With TSs, heat and pressure also are most
often used, only in this case, higher heat (rather than cooling) serves to
cure or harden the TS plastic, under pressure, in the mold. When liquid
TPs or TSs plastics incorporate certain additives, heat and /or pressure
need not necessarily be used.

Understanding, controlling, and measuring the plastic melt flow
behavior of plastics during processing is important. It relates to a plastic
that can be fabricated into a useful product. The target is to provide the
necessary homogeneous-uniformly-heated melt during processing to
have the melt operate completely stable and working in equilibrium.
Unfortunately the perfect melt does not exist. Fortunately with the
passing of time where improvements in the plastics and equipment
uniformity continues to occur, melt consistency and melt flow behavior
continues to improve, simplifying the art of processing.

An important factor for the processor is obtaining the best processing
temperature for the plastics used. A guide is obtained from past
experience and /or the material producer. The set-up person determines
the best process control conditions (usually requires certain temperature,
pressure, and time profiles) for the plastic being processed. Recognize
that if the same plastic is used with a different machine (with identical
operating specifications) the probability is that new control settings will
be required for each machine. The reason is that, like the material,
machines have variables that are controllable within certain limits that
permit meeting the designed product requirements including costs.

The secondary operations fabricating methods can be divided into three
broad categories: the machining of solid shapes; the cutting, sewing,
and sealing of film and sheeting; and the forming of film and sheet. The
machining techniques used are quite common to metal, wood, and
other industries. Plastic shapes can be turned into end products by such
methods as grinding, turning on a lathe, sawing, reaming, milling,
routing, drilling, and tapping.

The cutting, sewing, and sealing of film and sheet involve turning
plastic film and sheeting into finished articles like inflatable toys,
garment bags, shower curtains, aprons, raincoat, luggage, and literally
thousands of products. In making these products, the film or sheet is
first cut to the desired pattern by hand, in die-cutting presses, or by
other automatic methods. The pieces are then put together using such
assembly techniques such as sewing, heat bonding, welding, high
frequency vibration, or ultrasonic sealing.
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There are post-finished forming methods. Film and sheet can be post-
embossed with textures and letterpress, gravure, or silk screening can
print them. Rigid plastic parts can be painted or they can be given a
metallic surface by such techniques as metallizing, barrel plating, or
electroplating. Another popular method is hot-stamping, in which heat,
pressure, and dwell time are used to transfer color or design from a
carrier film to the plastic part. Popular is the in-mold decorating
that involves the incorporation of a printed foil into a plastic part
during molding so that it becomes an integral part of the piece and is
actually inside the part under the surface. There are applications, such
as with blow molded products, where the foil provides structural
integrity reducing the more costly amount of plastic to be used in the
products.

Extrusions

Extrusion is the method employed to form TPs into continuous films,
sheeting, tubes, rods, profile shapes, filaments, coatings (wire, cable,
cord, etc.), etc. In extrusion, plastic material is first loaded into a
hopper using upstream equipment, then fed into a long heating
chamber through which it is moved by the action of a continuously
revolving screw. At the end of this plasticator the molten plastic is
forced through an orifice (opening) in a die with the relative shape
desired in the finished product. As the extrudate (plastic melt) exits the
die, it is fed downstream onto a pulling and cooling device such as
multiple rotating rolls, conveyor belt with air blower, or water tank with
puller.

The multi-screw extruders are used as well as the more popular single-
screw extruders. Multiscrew extruders are primarily used for
compounding plastic materials. Each has benefits primarily based on the
plastic being processed and the products to be fabricated. At times their
benefits can overlap, so the type to be used would depend on cost
factors, such as cost to produce a quality product, cost of equipment,
cost of maintenance, etc.

Size of the die orifice initially controls the thickness, width, and shape
of any extruded product dimension. It is usually oversized to allow for
the drawing and shrinkage that occur during conveyor pulling and
cooling operations. The rate of takeoff also has significant influences on
dimensions and shapes. This action, called drawdown, can also
influence keeping the melt extrudate straight and properly shaped, as
well as permitting size adjustments. Drawdown ratio is the ratio of
orifice die size at the exit to the final product size.



Each of the processes (blown film, sheet, tube, etc.) contains secondary
equipment applicable to their specific product lines such as
computerized fluid chillers and temperature control systems.
Equipment has become more energy-efficient, reliable, and cost-
effective. The application of microprocessor and computer compatible
controls that can communicate within the extruder line results in the
more accurate control of the line.

A major part of film, sheet, coating, pipe, profile, etc. lines involve
windup rolls. They include winders, dancer rolls, lip rolls, spreader rolls,
textured rolls, engraved rolls, and cooling rolls. All have the common
feature that they are required to be extremcly precisc in all their
operations and measurements. Their surface conditions include com-
mercial grade mirror finishes, precision bearings and journals are used,
and, most important, controlled variable rotating speed controls to
ensure uniform product tension control.

Orientations

Systems have been designed to increase the degree of orientation
(stretching) in order to obtain films of improved clarity, strength, heat
resistance, etc. Except for special applications, where greater strength in
one direction may be needed, films are normally made with balanced
properties.

Postformings

Various methods can be used for postforming products after the hot
plastic melt leaves the extruder die. Examples are netting products that
are flat to round shapes, rotated mandrel die makes perforated tubing,
spiral spacer web around a coated wire or tube, varying tube or pipe
wall thickness, and different perforated tubing or pipe pattern.

Coextrusions

There is the important variation on extrusion that involves the
simultaneous or coextrusion of multiple molten layers of plastic from a
single extrusion system. Two or more extruders are basically joined
together by a common manifold through which melts flow before
entering the die face. The plastics can include the same material but
with different colors. There are also systems sometimes used where one
material with two melts is made from one plasticator whereby certain
advantages develop vs. the usual single melt such as reducing pin holes,
and/or strengthening the product.

Many advantages exist in coextrusion. The different materials used in
the coextruded structure meets different performance requirements
based on their combinations. A single expensive plastic could be used to
meet performance requirements such as permeability resistance,
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however with the proper combinations of plastics cost reductions will
occur.

Injection Moldings

The process of IM is used principally for processing unreinforced or glass
fiber reinforced TPs however it also processes TSs. Examples of the
importance of using different mold design approaches are reviewed in Fig.
1.10 concerning product openings and Fig. 1.11 highlighting different
ways with or without a parting line on the threads. These are examples
that molds have to be properly designed to meet proper operations of
product requirements. Where possible design of product shapes should
make use of simplifying the design of molds.

The machines used for molding TSs are basically the same system as in
molding TPs. Temperatures differ, as does the design of the screw.
Unlike TPs that just melt in the plasticator and solidify in the cooled
mold, the TSs melt in the plasticator and cure to a harden state in the
mold that operates at a higher temperature than the plasticator.

Coinjections

The review in coextrusion also applies with coinjection providing
similar advantages. Two or more injection molding barrels are basically
joined together by a common manifold and nozzle through which
melts flow before entering the mold cavity by a controlled device such

Figure 1.70 Examples of simplifying mold construction to produce openings without side action
movements
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1 Examples of molding with or without parting line on a product.
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as an open-closed valve system. The plastics can include the same
material but with different colors. There are also systems sometimes
used where one material with two shots is made from one plasticator
whereby certain advantages develop vs. the usual single shot IM such as
reducing pin holes, and/or strengthening the product. The nozzle is
usually designed with a shutoft feature that allows only one melt to flow
through at a controlled time.

The usual coinjection with two or more different plastics is bonded/
laminated together. Proper melt flow and compatibility of the plastics is
required in order to provided the proper adhesion. Some of the melt
flow variable factors can be compensated by the available plasticator and
mold process control adjustments.

Gas-Assist Moldings

There are different gas-assist injection molding (GAIM) processes.
Other names exist that include injection molding gas-assist (IMGA),
gas injection molding (GIM), or injection gas pressure (IGP). Most of
the gas-assisted molding systems are patented. This review concerns the
use of gas, however there are others such as water-assist injection
molding.

The processes use a gas that is usually nitrogen with pressures up to 20
to 30 MPa (2,900 to 4,400 psi). Within the mold cavity the gas in the
melt forms channels. Gas pressure is maintained through the cooling
cycle. In effect the gas packs the plastic against the cavity wall. Gas can
be injected through the center of the IMM nozzle as the melt travels to
the cavity or it can be injected separately into the mold cavity. In a



properly designed tool run under the proper process conditions, the
gas with its much lower viscosity than the melt remains isolated in the
gas channels of the part without bleeding out into any thin-walled areas
in the mold. The gas produces a balloon-like pressure on the melt.

The gas-assist approach is a solution to many problems associated with
conventional IM and structural foam molding. It significantly reduces
volume shrinkage that can cause sink marks in injection molding.
Products are stiffer in bending and torsion than equivalent conventional
IM products of the same weight. The process is very effective in
different size and shape products, especially the larger molded products.
It offers a way to mold products with only 10 to 15% of the clamp
tonnage that would be necessary in conventional injection molding.

Micromoldings

As reviewed, the basic processes have many different fabricating
systems. An example for IM is micromolding; precision molding of
extremely small products as small as one mm3. Products usually weigh
less than 20 milligrams (0.020g) with some even as low as 0.0lg.
Products are measured in microns and have tolerances of +10 microns
or less. A micron (um) is one-millionth of a meter; 25.4 pm make up
one-thousandth of an inch. In comparison a human hair is 50 to 100
pm in diameter. A mil, that is about 25 times smaller than a micron, is
one-thousandth of an inch.

Molding machines and tooling for small parts are not just smaller
versions of their regular larger molding counterparts. Tooling is often
created using electrical-discharge machining or diamond turning. It can
be created with surface features below the wavelength of light by using
lithographic and electrodeposition techniques. Proper venting usually
has to include precision venting in the cavity as well as possibly
removing air prior to entering the cavity.

Blow Moldings

Generally used only with thermoplastics, this process is applicable to the
production of hollow plastic products such as bottles, gas tanks, and
complex shaped containers/devices. The two basic systems to melt the
TP are extruding (Fig. 1.12) or injection molding (Fig. 1.13). BM
involves the melting of the TDs, then forming it into a tube-like or test
tube shape (known as a parison when using an extruder or preform when
injection molding), sealing the ends of the tube, and injecting air (through
a tube or needle inserted in the tube or an opening in the preform core
pin). The parison or preform, in a softened state, is inflated inside the
mold and forced against the walls of the mold’s female cavity. On cooling,
the product, now conforming to the shape of the cavity, is solidified, and
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Figure 1.12 Schematic of the extrusion BM process
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ejected from the mold as a finished piece. The coextrusion and coinjection
already reviewed also applies to BM products.

Complex Consolidated Structural Products

BM provides designers with the capability to make products ranging
from the simple to rather complex 3-D shapes. Designers should
become aware of the potentials BM offers since intricate and complex
structural shapes can be fabricated. There are different techniques for
BM these shapes (Fig. 1.14). The techniques involve moving the
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14 Examples of complex BM products
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preform or parison, moving the mold, or a combination of moving
both the hot melt and mold.

BM permits combining in one product different parts or shapes that are
to be assembled when using other processes. Result is simplifying the
product design and significantly reducing cost. Some of the
consolidating functions include hinges, inserts, fasteners, threads, non-
plastic parts, and others somewhat similar to those used in injection
molding. Hinges include the different mechanical types as well as
integral hinges.

Thermoformings

Thermoforming consists of uniformly heating TP sheet or film to its
softening temperature. Next the heated flexible plastic is forced against
the contours of a mold. Force is applied by mechanical means (tools,
plugs, solid molds, etc.) or by pneumatic means (differentials in air
pressure created by pulling a vacuum between plastic and mold or using
the pressures of compressed air to force the sheet against the mold).

Almost any TP can be thermoformed. However certain types make it
casier to meet certain forming requirements such as deep draws without
tearing or excessive thinning in areas such as corners, and /or stabilizing
of uniaxial or biaxial deformation stresses. Ease of thermoforming
basically depends on stock material’s thickness tolerance and forming
characteristics. This ease of forming is influenced by factors such as to
minimize the variation of the sheet thickness so that a uniform heat
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occurs in the film or sheet material thicknesswise, ability of the plastic
to retain uniform and specific heat gradients across its surface and
thickness, elimination or minimizing pinholes in the plastic, and
stabilizing of uniaxial or biaxial deformation.

Many forming techniques are used. Each has different capabilities
depending on factors such as formed product size, thickness, shape,
type plastic, and/or quantity. Mold geometry with their different
complex shapes vs. type of plastic material being processed will
influence choice of process.

Foams

The manufacture of foam plastic products cuts across most of the
processing techniques used. Foams can be fabricated during extrusion,
injection molding, blow molding, casting, calendering, coating,
rotational molding, etc. Typical requirements in such instances can be
the incorporation of blowing agents in the plastic. They can be those
that decompose under heat to generate the gasses needed to create the
cellular structure. Various controls to accommodate the foaming action
are used.

There are, however, some techniques unique to foamed plastics. When
working with expanded polystyrene (EPS) beads, for example, to
produce cups, picnic dishes, etc., various steam-chest molding methods
are used. Based on the blowing agent used (pentane gas, etc.) the
application of steam causes the beads to expand and fuse together in a
perforated mold.

When working with polyurethane foams, it is possible to use spray guns
or mixing metering machines to mix the liquid ingredients together and
direct them into a product cavity, mold, etc. The mixed ingredients
with their chemical reaction start to foam after leaving the dispensing
equipment.

There is a unique technology of molding structural foam, foams with
integral solid skins, and a cellular core resulting in a high strength-to-
weight ratio. When processing structural foams, several techniques are
used with most related to injection molding and extrusion.

Reinforced Plastics

Different fabricating processes and materials of construction are
employed to produce RP products that represent about 5wt% of all
plastic products produced worldwide. They range in fabricating
pressures from zero (contact), through moderate, to relatively high
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pressure [14 to 207 MPa (2,000 to 30,000 psi)], at temperatures based
on the plastic’s requirements that range from room temperature and
higher. Equipment may be simple/low cost with labor costs high, to
rather expensive specialized computer control sophisticated equipment
with very low labor costs for the different processes. Each process
provides capabilities such as meeting production quantity (small to
large), performance requirements, proper ratio of reinforcement to
matrix, fiber orientation, reliability /quality control, surface finish, and
so forth versus cost (equipment, labor, utilities, etc.).

The plastic may be either reinforced TSs (RTSs) or reinforced TPs
(RTPs). The RTSs were the first major plastics to be adapted to this
technology. The largest consumption of RTPs are processed by
different methods such as injection molding (over 50wt%), rotationally
molding, or extruded on conventional equipment. There are even RTP
sheets that can be “cold” stamped into shape using matching metal
molds that form the products. It is called cold stamping because the
molds are kept at or slightly above room temperature. The sheets,
however, must be pre-heated.

Calenders

Calenders can be used to process TPs into film and sheeting, and to
apply a plastic coating to textiles or other supporting/substraight
materials. In calendering film and sheeting, the plastic compound is
passed between a series of three or four large, heated, revolving rollers
that squeeze the material between them into a sheet or film. An analogy
in this case might be flattening out a pasty dough mixture with a rolling
pin. The thickness of the finished material is controlled primarily by the
space between the rolls. The surface of the plastic film or sheeting may
be smooth or matted, depending on the surfacing on the rollers. When
large quantites of particularly PVC film and sheet are to be manufactured,
this process can provide lower cost products than extrusion.

Castings

Casting may be used with TPs or TS plastics to make products, shapes,
rods, tubes, film, sheet, etc. by basically pouring a liquid monomer-
polymer solution into an open or closed mold where it finishes
polymerizing and/or cooled into a solid. This liquid is often a
monomer rather than the polymer used in most molding compounds.
In turn the polymer with heat polymerizes into a solid plastic. An
essential difference between casting and molding is that pressure need
not be used in casting (although large-volume, complex parts can be
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made by low pressure-casting methods). A variation on casting is known
as liquid injection molding (LIM) and involves the proportioning,
mixing, and dispensing of liquid components and directly injecting the
resultant mix into a mold that is clamped under pressure.

Coatings

TPs or TS plastics may be used as a coating. The materials to be coated
may be plastic, metal, wood, paper, fabric, leather, glass, concrete,
ceramics, etc. Methods of coating are varied and include knife or spread
coating, spraying, roller coating, dipping, brushing, and extrusion.
Calendering of a film to a supporting material is also a form of coating.

Special methods can use powdered plastics for coatings. As an example
the fluidized bed coating system. The object to be coated is heated and
then immersed in a dense-phase fluidized bed of powdered plastic; the
plastic adheres to the heated object and subsequent heating provides a
smooth, pinhole-free coating. The electrostatic spray system is based on
the fact that most plastic powders are insulators with relatively high
volume resistivity values. Therefore, they accept a charge (positive or
negative polarity) and are attracted to a grounded or oppositely charged
object (which is the one being coated).

Compression Moldings

CM is the most common method of forming TS plastics. Until the
advent of injection molding, it was the most important of plastic
processes. CM is the compressing of a material into a desired shape by
application of heat and pressure to the material in a mold cavity.
Pressure is usually at 7 to 14 MPa (1000 to 2000 psi). Some TSs may
requirc pressures down to 345 kPa (50 psi) or even just contact (zero
pressure). The majority of TS compounds are heated to about 150 to
200°C (302 to 392°F) for optimum cure; but can go as high as 650°C
(1200°F).

Reaction Injection Moldings

The RIM process predominantly uses TS polyurethane (PUR) plastics.
Others include nylon, TS polyester, and epoxy. PUR offers a large range
of product performance properties. As an example PUR has a modulus
of elasticity in bending of 200 to 1400 MPa (29,000 to 203,000 psi)
and heat resistance in the range of 90 to 200°C (122 to 392°F). The
higher values are obtained when glass-fiber reinforces the PUR (also
with nylon, etc.). The reinforced RIM process is called RRIM or
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structural RIM (SRIM). Large and very thick RIM products can be
molded with or without reinforcements using fast cycles.

When compared to injection molding (IM) that processes a plastic
compound (polymer plus additives, etc.), RIM uses two liquid PUR
chemical monomer components (polyol and isocyanate) that are mixed
to produce the polymer (plastic). Additives such as catalysts,
surfactants, fillers, reinforcements, and/or blowing agents are also
incorporated. Their purpose is to propagate the reaction and form a
finished product possessing the desired properties

Mixing is by a rapid impingement in a chamber (under high pressure in
a specially designed mixing head) at relatively low temperatures before
being injected into a closed mold cavity at low pressure. An exothermic
chemical reaction occurs during mixing and in the cavity requiring less
energy than the conventional IM system. Polymerization of the
monomer mixture in the mold allows for the custom formulation of
material properties and kinetics to suit a particular product application.

RIM is the logical process to consider at least for molding large and /or
thick products. With RIM technology, cycle times of 2 min and less
have been achieved in production for molding large and thick [10 ¢m
(3.9 in.)] products. It is less competitive for small products. Capital
requirements for RIM processing equipment are rather low when
compared with injection molding equipment (includes mold) that
would be necessary to mold products of similar large size.

Rotational Moldings

This method, like blow molding, is used to make hollow one-piece TP
parts. RM consists of charging a measured amount of TP into a warm
mold cavity that is rotated in an oven about two axes. In the oven, the
heat penetrates the mold, causing the plastic, if it is in powder form, to
become tacky and adhere to the mold female cavity surface, or if it is in
liquid form, to start to gel on the mold cavity surface. Since the molds
continue to rotate during the heating cycle, the plastic will gradually
become distributed on the mold cavity walls through gravitational
force. As the cycle continues, the plastic melts completely, forming a
homogeneous layer of molten plastic. After cooling, the molds are
opened and the parts removed.

RM can produce quite uniform wall thicknesses even when the product
has a deep draw of the parting line or small radii. The liquid or
powdered plastic used in this process flows freely into corners or other
deep draws upon the mold being rotated and is fused /melted by heat
passing through the mold’s wall.
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This process is particularly cost-effective for small production runs and
large product sizes. The molds are not subjected to pressurc during
molding, so they can be made relatively inexpensively out of thin sheet
metal. The molds may also be made from lightweight cast aluminum
and electroformed nickel, both of them light in weight and low in cost.
Large rotational machines can be built economically because they use
inexpensive gas-fired or hot air ovens with the lightweight mold-
rotating equipment.

Variables

Even though equipment operations and plastic compounded materials
have understandable and controllable variables that influence
processing, the usual most uncontrollable variable in the process can be
the plastic material. The degree of properly compounding or blending
by the plastic manufacturer, converter, or in-house by the fabricator is
important. With the passing of time and looking ahead, existing
material and equipment variabilities are continually reduced due to
improvement in their manufacturing and process control capabilities.
However they still exist.

FALLO Approach

Conditions that are important in making plastic products the success it
has worldwide are summarized in Fig. 1.15. All designs, processes, and
materials fit into this overall FALLO (Follow ALL Opportunities)
approach flow chart that produces products meeting required
performance and cost requirements.

Designers and processors, needing to produce qualified products at the
lowest cost have used the basic concept of the FALLO approach. This
approach makes one aware that many steps are involved to be
successful, all of which must be coordinated and interrelated. It starts
with the design that involves specifying the plastic and specifying the
manufacturing process. The specific process (injection, extrusion, blow
molding, thermoforming, and so forth) is an important part of the
overall scheme.
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DESIGN
OPTIMIZATION

!ntroduction_

To design successful plastic products meeting factors such as quality
requirements, consistency, designated life, and profitability, what is
needed is understanding and applying the behavior of plastics such as
service temperature, load, and time in optimizing the design. Similar
action is required for other materials (steel, glass, wood, etc.).

When compared to other materials such as steel and certain other
metals their data are rather constant, at least in the temperature range in
which plastics are used. When the design engineer is accustomed to
working with metals, the same computatons are used in order to
obtain a plastic product with sufficient strength and deformation under
a given load that must not exceed a definite limit for proper
performance. One will probably include safety factors of 1.5 to 2 or
even more if not too familiar when designing with plastics. That means
the designer initially does not utilize the full strength of the material
and /or significantly increases product cost.

Terminology

In this book different terms are used. To provide an introduction and
ensure a better understanding of these terms, descriptions are presented
here with details to follow.

Strength It represents the stress required to break, rupture, or cause a
failture of a substance or the property of a material that resists
deformation induced by external forces where maximum stress can
resist without failure for a given type of loading.

Stress The intensity, at a point in a product, material, etc. of the
internal forces (or components of forces) that act on a given plane
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through the point causing deformation of the body. It is the
internal force per unit area that resists a change in size or shape of a
body. Stress is expressed in force per unit area and reported in MPa,
psi, etc. As used in tension, compression, or shear, stress is normally
calculated on the basis of the original dimensions of the appropriate
cross section of the test specimen. This stress is sometimes called
engineering stress; it is different from true stress.

Stvess, alternating amplitude A stress varying between two
maximum values that are equal but with opposite signs, according
to a law determined in terms of the time.

Stress amplitude Ratio of the maximum applied force, measured
from the mean force to the cross sectional area of the unstressed
test specimen.

Stress amplitude, alternaring A test parameter of a dynamic fatigue
test. One half the algebraic difference between the maximum and
minimum stress in one cycle.

Stress, component It is the stress that is perpendicular to the plane
on which the forces act.

Stress crack Appearance of external and /or internal cracks in the
material as a result of stress that is lower than its short-term
mechanical strength frequently accelerated by the environment to
which the plastic is exposed.

Stress-cyacking failure Failure of a material by cracking or crazing
some time after it has been placed under load. Time-to-failure can
range from minutes to many years.

Stress, elastic limit The greatest stress that a material is capable of
sustaining without any permanent strain remaining upon complete
release of stress. A material passes its elastic limit when the load is
sufficient to initiate non-recoverable deformation.

Stress, engineering The stress calculated on the basis of the original
cross sectional dimensions of a test specimen. See Stress, true.

Stress, frozen-in Undesirable frozen-in or residual stresses
developed during processing.

Stress, initial Also called instantaneous stress. The stress produced
by strain in a specimen before stress relaxation occurs.

Stress, nominal The stress at a point calculated on the net cross
section without taking into consideration the effect on stress of
geometric discontinuities, such as holes, grooves, slots, fillets, etc.

Stress, normal, principal The principal normal stress is the
maximum or minimum value of the normal stress at a point in a
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plane considered with respect to all possible orientations of the
considered plane. On such principal planes the shear stresses are
zero. There are three principal stresses on three (x-, y-, and z-axes)
mutually perpendicular planes. The states of stress at a point may
be, (1) uniaxial — a state of stress in which two of the three principal
stresses are zero; (2) biaxial — a state of stress in which only one of
the three principal stresses is zero, and (3) triaxial- a state of stress
in which none of the principal stresses is zero. There is also a
multiaxial condition that refers to either biaxial or triaxial.

Stress, offset yield Also called engineering yield strength. The stress
at which the strain exceeds by a specified amount (the offset, such
as 0.1% of strain) or extension of the initial proportional part of the
stress-strain curve. It is the force per unit area (MPa, psi, etc.). This
measurement is useful for materials whose S-S curve (stress-strain)
in the yield range is of gradual curvature.

Stress velaxation Also called stress relieving or stress decay. It is the
decrease in stress after a given time at constant strain that can cause
warpage, dimensional changes, or complete damage to the part.
The result of changes in internal and /or external conditions relates to
the time-dependent decrease in stress in a solid material /product.

Stress velieving Also called annealing. Heating a plastic to a suitable
temperature, holding it long enough to reduce residual stresses,
and then cooling slow enough to minimize the development of new
stresses.

Stress, residnal It is the stress existing in a body at rest, in equilibrium,
at uniform temperature, and not subjected to external forces. Often
caused by the stresses remaining in a plastic part as a result of thermal
and /or mechanical treatment during product fabrication. Usually they
are not a problem in the finished product. However, with excess
stresses, the product could be damaged quickly or afterwards in
service from a short to a long time depending on amount of stress and
the environmental (such as remperature) conditions around the
product.

Stress rupture strength It is the unit stress at which a material breaks
or rupftures.

Stress softening The smaller stress required straining a material to a
certain strain, after a prior cycle of stressing to the same strain
followed by removal of the stress. Primarily observed in filled
elastomers (when it is known as the Mullen effect), where it results
from the detachment of some plastic molecules from filler particles
in the first cycle and which therefore cannot support the stress on
subsequent straining to the same strain.
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Stress, specific The load divided by the mass per unit length of the
test specimen.

Stress, static Stress in which the force is constant or slowly
increasing with time such as a test without shock.

Stress-strain Stiffness at a given strain.

Stress-strasm curve Also called a S-S curve or stress-strain diagram,
Simultaneous readings of load and deformation converted to stress
and strain, plotted as ordinates and abscissas, respectively. The S-S
relationship applies under test conditions such as tension,
compression, or torsion. The area under this curve provides
valuable information regarding the characteristics of a plastic such
as (usually) toughness where the larger the area the tougher the
plastic. An exception is with reinforced plastics (RPs).

Stress, true Stress along the axis calculated on the actual cross
section at the time of the observed failure instead of the original
cross sectional area. Applicable to tension and compression testing.

Stress whitening Also called crazing. It is the appearance of white
regions in a plastic when it is stressed. Stress whitening or crazing is
damage that can occur when a TP is stretched near its yield point.
The surface takes on a whitish appearance in regions that are under
high stress. For practical purposes, stress whiting is the result of the
formation of microcracks or crazes that is a form of damage. Crazes
are not basically true fractures because they contain supporting
string-like supports of highly oriented plastic that connect the two
flat surfaces of the crack. These fibrils are surrounded by air voids.
Because they are filled with highly oriented fibrils, crazes are
capable of carrying stress, unlike true fractures. As a result, a heavily
crazed part can carry significant stress even though the part may
appear fractured. It is important to note that crazes, microcracking,
and stress whitening represent irreversible first damage to a material
that could ultimately cause failure. This damage usually lowers the
impact strength and other properties. In the total design evaluation,
the formation of stress cracking or crazing damage should be a
criterion for failure based on the stress applied.

Stress yield point It is the lowest stress at which strain increases
without increase in stress. Only a few materials exhibit a true yield
point. For other materials the term is sometimes used as
synonymous with yield strength.

Stress yield strength It is the unit stress at which a material exhibits a
specified permanent deformation. It is a measure of the useful limit
of materials, particularly of those whose stress-strain curve in the
region of yield is smooth and gradually curved.
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Stress, proportional limir It is the greatest stress that a material is
capable of sustaining without deviation from the proportionality of
the stress-strain straight line.

Strain It is the per unit change, due to force, in the size or shape of a
body referred to its original size and shape. Strain is non-
dimensional but is usually expressed in unit of length per unit of
length or percent. It is the natural logarithm of the ratio of gauge
length at the moment of observation instead of the original
cross-sectional area. Applicable to tension and compression
tests.

Strain amplitude Ratio of the maximum deformation measured
from the mean deformation to the free length of the unstrained test
specimen. Strain amplitude is measured from zero to peak on one
side only.

Strain and elasticity A plastic where its elasticity permits recovery
of its shape and size after being subjected to deformation exhibits a
Hookean or ideal elasticity.

Strain, critical The strain at the yield point.

Strain extensometer A device for determining elongation of a test
specimen as it is strained when conducting tests.

Strain, flexure of fiber The maximum strain in the outer fiber
occurring mid-span in a reinforced plastic (RP) test specimen.

Strain hardening An increase in hardness and strength caused by
plastic deformation shear strain at temperatures lower than the
crystallization range of the plastic (Chapter 1).

Strain, initial The strain produced in a plastic by given loading
condition before creep occurs.

Strain, linear During testing (tensile, compression, etc.) change
per unit length or percent deformation due to an applied force in
an original linear dimension to the applied load.

Strain, logarithm decrement The natural logarithm of the ratio of
the amplitude of strain in one cycle to that in the succeeding cycle
during a free vibration.

Strain, nominal The strain at a point calculated in the net cross
section by simple elastic theory without taking into account the
effect on strain produced by geometric discontinuities such as
holes, grooves, filters, etc.

Strain rate It is the rate of change with time.

Strain, residual The strain associated with residual stress.
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Strain, true It is defined as a function of the original diameter to
the instantaneous diameter of the test specimen.

Modulus The constant denoting the relationship (ratio) between a
physical effect and the force producing it.

Modulus and stiffness It is a measure of modulus with its
relationship of load to deformation or the ratio between the applied
stress and resulting strain. It is identified as stiffness (EI) = modulus
(E) times moment of inertia (I). The term stiffness is often used
when the relationship of stress-strain does not follow the modulus
of elasticity’s straight-line ratio.

Modulus, apparent The concept of apparent modulus is a
convenient method of expressing creep because it takes into
account initial strain for an applied stress plus the amount of
deformation or strain that occurs with time.

Modulus, dissipation factor Also called loss tangent. It is the ratio of
the loss modulus to static modulus of a material under dynamic
load. It is proportional to damping capacity.

Modulus, dynamic Ratio of stress to strain under cyclic conditions
that is calculated from either free or forced vibration tests in shear,
compression, or tension.

Modulus, flexural The ratio, within the elastic limit, of the applied
stress in flexure to the corresponding strain in the outermost area of
the specimen.

Modulus, initinl The slope of the initial straight portion of a stress-
strain or load-elongation curve.

Modulus, loss A damping term describing the dissipation of energy
into heat when a material is deformed. It is a quantitative measure
of energy dissipation defined as the ratio of stress at 90° out of
phase with oscillating strain to the magnitude of strain. It can be
measured in tension, compression, flexure, or shear.

Modulus of elasticity Also called modulus, Young’s modulus,
coefficient of elasticity, or E. It is the ratio of normal stress to
corresponding strain (straight line) for stresses below the proportional
limit of the material (Hooke’s law); the ratio of stress to strain in a test
specimen (tensile, compression, etc.) that is elastically deformed.

Modulus of vesilience The energy that can be absorbed per unit
volume without creating a permanent distortion. Calculated by
integrating the stress-strain diagram from zero to the elastic limit
and dividing by the original volume of the test specimen.

Modulus of rigidity Also called shear modulus or torsional
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modulus. It is the ratio of stress to strain within the elastic region
for shear or torsional stress.

Modulus of rupture Also called torsional strength. Modulus of
rupture (MOR) is the strength of a material as determined by
flexural or torsional test.

Modulus, secant The slope of a line drawn from the original to a
point on the stress-strain curve for a material that corresponds to a
particular strain. Used in designing parts subjected to short term,
infrequent, intermittent stress of plastics in which the stress-strain is
nonlinear.

Modulus, static Ratio of stress-to-strain under static conditions. It
is calculated from static S-S tests in shear, tension, or compression.
Expressed in force per unit area.

Modulus, storage A quantitative measure of elastic properties defined
as the ratio of the stress, in-phase with strain, to the magnitude of the
strain. It can be measured in tension, flexure, compression, or shear.

Modulus, stress velaxation Ratio of the time-dependent stress to a
fixed strain during stress relaxation of a viscoelastic (plastic)
material.

Modulus, tangent The slope of the line at a predefined point on a
static-strain curve, expressed in force per unit area per unit strain.
This tangent modulus is at the point of shear, tension, or
compression.

Modulus, tension The ratio of tensile stress to the strain in the
material over the range for which this value is constant.

Mohv civcle A graphical representation of the stresses acting on the
various planes at a given point.

Mobr circle of stress A graphical representation of the components
of stress, and strain, acting across various planes at a given point,
drawn with reference to axes of normal stress (strain) and shear
stress (strain).

Shear An action of stress resulting from applied forces that causes or
tends to cause two contiguous parts of a body to slide relative to
each other in a direction parallel to their plane of contact. It is the
stress developed because of the action of layers in a material
attempting to glide against or separate in a parallel direction.

Shear failure Also called failure by rupture. It is the movement
cause by shearing stresses that is sufficient to destroy or seriously
endanger a structure.
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Shear heating Heat produced within the plastic melt as the plastic
layers slide along each other or along the surfaces in a plasticating
chamber of the processing machine (Chapter 1).

Shear modulus The ratio of shearing stress to shearing strain within
the proportional limit of the material.

Shear strain Also called angular strain. The tangent of the angular
change, caused by a force between two lines originally
perpendicular to each other through a point in a body. With this
strain, there is a change in shape.

Shear stremgth It is the ability of a material to withstand shear stress
or the stress at which a plastic fails in shear. It is calculated from the
maximum load during a shear or torsional test and is based on the
original cross sectional area of the test specimen.

Shear stress 1t is the component of stress tangent to the plane on
which the forces act. Shear stress is equal to the force divided by the
area sheared, yielding MPa (or psi). During processing it is the
stress developed in a plastic melt when the layers in a cross section
are sliding along each other or along the wall of the channel or
cavity in laminar flow.

Shear stress-strain The shear mode involves the application of load
to a specimen in such a way that cubic volume elements of the
material comprising the specimen become distorted, their volume
remaining constant, but with the opposite faces sliding sideways
with respect to each other. Shear deformarion occurs in structural
elements subjected to torsional loads and in short beams subjected
to transverse loads. Shear stress-strain data can be generated by
twisting a material specimen at a specified rate while measuring the
angle of twist between the ends of the specimen and the torque
exerted by the specimen on the testing machine. Maximum shear
stress at the surface of the specimen can be computed from the
measured torque and the maximum shear strain from the measured
angle of twist.

Toughness Property of a material indicating its ability to absorb energy
by plastic deformation rather than crack or fracture. Toughness
tends to relate to the area under the stress-strain curve for
thermoplastic (TP) materials. The ability of a TP to absorb energy
is a function of strength and ductility, which tends to be inversely
related. For high toughness, a plastic needs both the ability to
withstand load and the ability to elongate substantially without
failing. An exception is in the case of reinforced thermoset plastics
that have high strength and low elongation.
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Toughness deformation See Deformation and toughness

Deformation It is any part of the total deformation of a body that
occurs immediately when the load is applied but that remains
permanently when the load is removed.

Deformarion and toughness Deformation or elasticity is an
important attribute in most plastics providing toughness. However,
there are some plastics with no deformation that are extremely
tough. This is particular true for reinforced plastics (RPs). For
designs requiring such capabilities as toughness or elasticity, this
characteristic has its advantages, but for other designs it is a
disadvantage. However, there arec materials that are normally tough
but may become embrittled due to processing conditions, chemical
attack, prolonged exposure to constant stress, and so on. A high
modulus and high strength, with ductility, is a desired combination
of performances. However, the inherent nature of most plastics is
such that their having a high modulus tends to associate them with
low ductility, and the steps taken to improve one will cause the
other to deteriorate — except RDPs.

Deformation, anelastic 1t is any portion of the total deformation of
a body that occurs as a function of time when load is applied, and
which disappears completely after a period of time when the load is
removed. In practice the term also describes viscous deformation.

Deformation, elastic A deformation in which a material returns to
its original dimensions on release of the deforming load/stress.

Deformation, immediate set It is determined by the measurement
immediately after the removal of the load causing the deformation.

Deformation, inelastic The portion of deformation under stress
that is not annulled by removal of the stress.

Deformation, permanent set The deformation remaining after a
specimen has been stressed a prescribed amount in tension,
compression, or shear for a specified time period and released for a
specified time period.

Deformation, plastic The change in dimensions of a part under load
that is not recovered when the load is removed.

Torque It is a force, energy, or moment, that produces or tends to
produce rotation or torsion. The twisting force consists of the load
applied multiplied by the distance perpendicular to the center of
rotational vertical axis. Torque is very useful to designers where
some type of torque action occurs in a product deign such as center
roller supports, etc.
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Torsion Twisting a material causing it to be stressed.

Torsional deformation The angular twist of a specimen produced by
a specific torque in the torsion test. This deformation as calculated
(radian/in.) by dividing observed total angular twist, the twist of
one end of the gauge length with respect to the other, by the
original gauge length.

Torsional modulus of elasticity Also called modulus of rigidity. It is
approximately equal to the shear modulus.

Torsional strength Also called modulus of rupture in torsion and
sometimes in shear strength. It is a measure of the ability of a
material to withstand a twisting load.

Brittleness 1t is that property of a material that permits it to be only
slightly deformed without rupture. Brittleness is relative, no
material being perfectly brittle, that is, capable of no deformation
before rupture. Many materials are brittle to a greater or less
degree, glass being one of the most brittle of materials. Brittle
materials have relatively short stress-strain curves.

Damping capacity/hystevesis Observations show that when a tensile
load is applicd to a specimen, it does not produce the complete
clongation immediately; there is a definite time lapse that depends
on the nature of the material and the magnitude of the stresses
involved. Upon unloading, complete recovery of energy does not
occur. This phenomenon is called elastic hysteresis or, for vibratory
stresses, damping. The area of this hysteresis loop, representing the
encrgy dissipated per cycle, is a measure of the damping properties
of the material. Under vibratory conditions the energy dissipated
varies approximately as the cube of the stress.

Ductility It is the ability of a material to sustain large permanent
deformations in tension.

Dynamic stress It occurs where the dimensions of time is necessary in
defining the loads. They include creep, fatigue, and impact stresses.

Creep stress 1t occurs when either the load or deformation
progressively varies with time. They are usually associated with
noncyclic phenomena.

Fatigue stress It occurs when type cycle variation of cither load or
strain is coincident with respect to time.

Impact stress It occurs from loads that are transient with time. The
duration of the load application is of the same order of magnitude
as the natural period of vibration of the test specimen.
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Havdness It is the ability to resist very small indentations, abrasion,
and plastic deformation. There is no single measure of hardness, as
it is not a single property but a combination of several properties.

Moment of inertia Also called rotational inertia or EI. EI is the sum of
the products formed by multiplying the mass (or sometimes the
area) of each element of a figure by the square of its distance from a
specified line. See Modulus and stiffness.

Residual deflection Permanent deformation after complete or partial
removal of applied force on a product, component, structure, etc.

Resonance Mechanically it is the reinforced vibration of a body
exposed to the vibration at about the frequency of another.

Rupture A break or cleavage resulting from physical stress. Work of
rupture is the integral of the stress-strain curve between the origin and
the point of rupture.

Rupture strength The true value of rupture strength is the stress of a
material at failure based on the original ruptures cross-sectional area.

Stiffness It is the ability to resist deformation under stress. As reviewed
the modulus of elasticity is the criterion of the stiffness of the
material.

Hysteresis See Damping capacity/bysteresis

Viscoelasticity It is the plastics respond to stress with elastic strain. In
the material, strain increases with longer loading times and higher
temperatures. A material having this property is considered to
combine the features of a perfectly elastic solid and a perfect fluid;
representing the combination of elastic and viscous behavior of
plastics.

Viscoelastic creep When a plastic material is subjected to a constant
stress, it undergoes a time-dependent increase in strain. This behavior
is called creep. It is a plastic for which at long times of applied stress,
such as in creep, a steady flow is eventually achieved. Thus in a
generalized Maxwell model, all the dashpot viscosities must have
finite values and in generalized models must have zero stiffness.

Maxwell model Also called Maxwell fluid model. A mechanical model
for simple linear viscoelastic behavior that consists of a spring of
Young’s modulus (E) in series with a dashpot of coefficient of
viscosity (N). It is an isostress model (with stress 8), the strain (g)
being the sum of the individual strains in the spring and dashpot.
This leads to a differential representation of linear viscoelasticity as
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de/dt = (1/E) dd/dt + (§/m). This model is useful for the
representation of stress relaxation and creep with Newtonian flow
analysis,

Boltzmann superposition principle This principle provides a basis for
the description of all linear viscoelastic phenomena. Unfortunately,
no such theory is available to serve as a basis for the interpretation
of nonlinear phenomena, i.¢., to describe flows in which neither the
strain or the strain rate is small. As a result, there is no general valid
formula for calculating values for one material function on the basis
of experimental data from another. However, limited theories have
been developed.

Test Testing yields basic information about plastic materials and
products, its properties relative to another material, its quality with
reference to standards, and applied to designing with plastics. They
are usually destructive tests but there are also nondestructive tests
(NTD). Most of all, it is essential for determining the performance
of plastic materials to be processed and of the finished products.
Testing refers to the determination by technical means properties
and performances. This action, when possible, should involve
application of established scientific principles and procedures. It
requires specifying what requirements are to be met. There are
many different tests that can be conducted that relate to practically
any requirement. Many different tests are provided and explained in
different specifications and standards.

Test destructive/nondestructive Any test performed on a part in an
attempt to destroy it; often performed to determine how much
abuse the part can tolerate without failing. There are also non-
destructive tests where a part does not change or is not destroyed.

x-axis The axis in the plane of a material used as 0° reference; thus the
y-axes is the axes in the plane of the material perpendicular to the x-
axis; thus the z-axes is the reference axis normal to the x-y plane.
The term plane or direction is also used in place of axis.

y-axis A line perpendicular to two opposite parallel faces.
z-axis The reference axis perpendicular to X and y axes.

Engineering Optimization

The physical and mechanical properties of plastics, including reinforced
plastics (RPs) have some significant difference from those of familiar
metallic materials. Consequently in the past those not familiar with
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designing plastic products may have had less confidence in plastics and
in their own ability to design with them. Thus, plastic material selection
and optimization was confined to the familiar steel materials approach
resulting in overdesign, or failures that may have occurred in service.

Engineering-wise for plastics there are the basic approaches of theory of
elasticity and strength of materials with the value of one approach over
the other depending on the particular application. In most engineering
problems, both methods assume homogeneous, isotropic solid, linearly
elastic material. A very important requirement for both approaches is
that equilibrium of loads/forces be satisfied. These conditions being
mct to a reasonable degree, one would expect the elasticity solution to
be superior to the strength of materials. Theories exist that provide a
unifying principle that explains a body of facts and the laws that is based
on those facts.

Strength of material refers to the structural engineering analysis of a
part to determine its strength properties. There is also the important
empirical approach that is based on experience and observations rather
than theory. The basic optimization design theory can be related to the
systematic activity necessary, from the identification of the market/
user need, to the selling of the successful product to satisfy that need. It
is an activity that encompasses product, process, people and
organization.

Design Foundation

The target of the integration of technological or non-technological
subject material in an effective and efficient manner is greatly enhanced
by having a visible operational structure ranging from field service
studies to analysis by computers. Some type of visibility is a crucial
factor in bringing about integration. Visibility helps everyone find out
what people are doing and why. With this approach, design may be
construed as having a central foundation of activities, all of which are
imperative for any design.

This foundation includes product conceptual design, design specif-
ication, dertail design, manufacture, and sales. All design starts, or
should start, with a need that, when satisfied, will fit into an existing
market or create a market of its own. From the statement of the need a
specification, or equivalent, must be formulated of the product to be
designed. Once this is established, it acts as the envelope that includes
all the subsequent stages in the design. It becomes the theoretical
control for the total design activity, because it places the boundaries on
the subsequent design approaches. Fig. 2.1 provides an example of an
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Sigure 2.1 Flow chart for designing a product from concept to fabricating the product
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overall flow chart that goes from the product concept to product
release.

Use is made of the optimization theory and its application to problems
arising in engineering that follows by determining the material and
fabricating process to be used. The theory is a body of mathemarical
results and numerical methods for finding and identifying the best
candidate from a collection of alternatives without having to specify and
evaluate all possible alternatives. The process of optimization lies at the
root of engineering, since the classical function of the engineer is to design
new, better, more efficient, and less expensive products, as well as to devise
plans and procedures for the improved operation of existing products.

To optimize this approach the boundaries of the engineering system are
necessary in order to apply the mathematical results and numerical
techniques of the optimization theory to engineering problems. For
purposes of analysis they serve to isolate the system from its
surroundings, because all interactions between the system and its
surroundings are assumed to be fixed /frozen at selected, representative
levels. However, since interactions and complications always exist, the
act of defining the system boundaries is required in the process of
approximating the real system. It also requires defining the quantitative
criterion on the basis of which candidates will be ranked to determine
the best approach. Included will be the selection system variables that
will be used to characterize or identify candidates, and to define a
model that will express the manner in which the variables are related.

Use is made of the optimization methods to determine the best con-
dition without actually testing all possible conditions, comes through
the use of a modest level of mathematics and at the cost of performing
repetitive numerical calculations using clearly defined logical procedures
or algorithms implemented on computers. This composite activity
constitutes the process of formulating the engineering optimization
problem. Good problem formulation is the key to the success of an
optimization study and is to a large degree an art. This knowledge is
gained through practice and the study of successful applications. It is
based on the knowledge and experience of the strengths, weaknesses,
and peculiarities of the techniques provided by optimization theory.

Unfortunately at times this approach may result in that the initial choice
of performance boundary/requirements is too restrictive. In order to
analyze a given engineering system fully it may be necessary to expand the
performance boundaries to include other sub-performance systems that
strongly affect the operation of the model under study. As an example, a
manufacturer finishes products that are mounted on an assembly line and
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decorates. In an initial study of the secondary decorating operation one
may consider it separatc from the rest of the assembly linc. However, one
may find that the optimal batch size and method of attachment sequence
are strongly influenced by the operation of the plastic fabrication
department that produces the fabricated products (as an example
problems of frozen stresses, contaminated surface, and other detriments
in the product could interfere with applying the decoration).

Required is selecting an approach to determine a criterion on the basis
of which the performance requirements or design of the system can be
evaluated resulting in the most appropriate design or set of operating
conditions being identified. In many engineering applications this
criterion concerns economics. In turn one has to define economics such
as total capital cost, annual cost, annual net profit, return on investment,
cost to benefit ratio, or net present worth. There are criterions that
involve some technology factors such as plastic material to be used,
fabricating process to be used, minimum production time, number of
products, maximum production rate, minimum energy utilization,
minimum weight, and safety.

Problem/Solution Concept

In the art of the design concept there is the generation of solutions to
meet the product requirements. It represents the sum of all of the
subsystems and of the component parts that go to make up the whole
system. During this phase, one is concerned with ideas and the
generation of solutions.

In practice, even with the simplest product design, one will probably
have ideas as to how you might ultimately approach the problem(s).
Record these ideas as they occur; however avoid the temptation to start
engineering and developing the ideas further. This tendency is as
common with designers as it is with other professionals in their
respective areas of interest. So, record the ideas but resist the
temptation to proceed.

Target as many ideas as you can possibly generate where single
solutions are usually a disaster. While it is recognized that you may have
limited experience and knowledge, both of technological and non-
technological things, you must work within limits since design is not an
excuse for trying to do impossible things outside the limits.
Notwithstanding these facts, you need to use what you know and what
you can discover. You will need to engineer your concepts to a level
where each is complete and recognizable, and technically in balance
within the limits and is feasible in meeting product requirements.



62 Plastics Engineered Product Design

Design Approach

The acquisition of analytical techniques and practical skills in the
engineering sciences is important to the design system. Through a
study of engineering of any label based on mathematics and physics
applied through elemental studies, one acquires an all-round
engineering competence. This enables, for example, one to calculate
fatigue life, creep behavior, inertia forces, torsion and shaft stresses,
vibration characteristics, etc.

The list of calculations is limitless if one considers all the engineering
disciplines and is therefore generally acceptable as the basis for any
engineering review. However, the application of such skills and
knowledge to engineering elements is partial design. To include the
highly optimized, best material and/or shape in any design when it is
not essential to the design may involve engineering analysis of the
highest order that is expensive and usually not required.

Limitations, shortcomings, or deficiencies have to be recognized
otherwise potentially misdirected engineering analysis give rise to a
poor design. What has been helpful in many design teams is to include
non-engineers or non-technologists (Fig. 2.1). However, this needs a
disciplined, structured approach, so that everyone has a common view
of total design and therefore subscribes to a common objective with a
minimum of misconceptions. Participants should be able to see how
their differing partial design contributions fit into the whole project.

Model Less Costly

When possible the ideal approach is to design products that rely on the
formulation and analysis of mathematical models of static and/or
dynamic physical systems. This is of interest because a model is more
accessible to study than the physical system the model represents.
Models typically are less costly and less time-consuming to construct
and test. Changes in the structure of a model are easier to implement,
and changes in the behavior of a model are easier to isolate and
understand in a computer system (Chapter 5).

A model often provides an insight when the corresponding physical
system cannot, because experimentation with the actual system could be
too dangerous, costly, or too demanding. A model can be used to answer
questions about a product that has not yet been finalized or realized.
Potential problems can provide an immediate solution.

A mathematical model is a description of a system in terms of the
available equations that are available from the engineering books. The
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desired model used will depend upon: (1) the nature of the system the
product represents, (2) the objectives of the designer in developing the
model, and (3) the tools available for developing and analyzing the
model.

Because the physical systems of primary interest are static and/or
dynamic in nature, the mathematical models used to represent these
systems most often include difference or differential equations. Such
equations, based on physical laws and observations, are statements of
the fundamental relationships among the important variables that
describe the system. Difference and differential equation models are
expressions of the way in which the current values assumed by the
variables combine to determine the future values of these variables. As
reviewed later it is important to relate static and /or dynamic loads on
plastic products to operating temperatures.

Model Type

A variety of models are available that can meet the requirements for any
given product. The choice of a particular model always represents a
compromise between the accuracy in details of the model, the effort
required in model formulation and analysis, and usually the time frame
that has to be met in fabricating the product. This compromise is
reflected in the nature and extent of simplifying assumptions used to
develop the model.

Generally the more faithful or complete the model is as a description of
the physical system modeled, the more difficult it is to obtain useful
general solutions. Recognize that the best engineering model is not
necessarily the most accurate or precise. It is, instead, the simplest
model that yields the information needed to support a decision and
meet performance requirements for the product. This approach of
simplicity also involves the product’s shape to the fabricating method
used. Most designed products do not complicate fabricating them,
however there are those that can complicate the fabrication resulting in
extra cost not initially included and the possibility of defective parts.

Recognize that simpler models frequently can be justified, particularly
during the initial stages of a product study. In particular, systems that
can be described by linear difference or differential equations permit
the use of powerful analysis and design techniques. These include the
transform methods of classical theory and the state-variable methods of
modem theory.

Target is to have more than one model in the evaluation. Simple
models that can be solved analytically are used to gain insight into the
behavior of the system and to suggest candidate designs. These designs
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are then verified and refined in more complex models, using computer
simulation. If physical components are developed during the course of a
study, it is often practical to incorporate these components directly into
the simulation, replacing the corresponding model components.

Computer Software

Mathematical models are particularly useful because of the large body
of mathematical and computational theory that exists for the study and
solution of equations. Based on this theory, a wide range of techniques
has been developed. In recent years, computer programs have been
written that implement virtually all of these techniques. Computer
software packages are now widely available for both simulation and

computational assistance in the analysis and design of control systems
(Chapter 5).

Design Analysis Approach

Plastics have some design approaches that differ significantly from those
of the familiar metals. As an example, the wide choice available in
plastics makes it necessary to select not only between TPs, TSs,
reinforced plastics (RPs), and elastomers, but also between individual
materials within each family of plastic types (Chapter 1). This selection
requires having data suitable for making comparisons which, apart from
the availability of data, depends on defining and recognizing the
relevant plastics behavior characteristics. There can be, for instance,
isotropic (homogeneous) plastics and plastics that can have different
directional properties that run from the isotropic to anisotropic. As an
example, certain engineering plastics and RPs that are injection molded
can be used advantageously to provide extra stiffness and strength in
predesigned directions.

It can generally be claimed that fiber based RPs offer good potential for
achieving high structural efficiency coupled with a weight saving in
products, fuel efficiency in manufacturing, and cost effectiveness during
service life. Conversely, special problems can arise from the use of RPs,
due to the extreme anisotropy of some of them, the fact that the
strength of certain constituent fibers is intrinsically variable, and
because the test methods for measuring RPs’ performance need special
consideration if they are to provide meaningful values.

Some of the advantages, in terms of high strength-to-weight ratios and
high stiffness-to-weight ratios, can be seen in Figs. 2.2 and 2.3, which
show that some RPs can outperform steel and aluminum in their
ordinary forms. If bonding to the matrix is good, then fibers augment
mechanical strength by accepting strain transferred from the matrix,
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Tensile stress-strain curves for different materials
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which otherwise would break. This occurs until catastrophic debonding
occurs. Particularly effective here are combinations of fibers with plastic
matrices, which often complement one another’s properties, yielding
products with acceptable toughness, reduced thermal expansion, low
ductility, and a high modulus.

Viscoelasticity

Viscoelasticity is a very important behavior to understand for the
designer. It is the relationship of stress with elastic strain in a plastic.
The response to stress of all plastic structures is viscoelastic, meaning
that it takes time for the strain to accommodate the applied stress field.
Viscoelasticity can be viewed as a mechanical behavior in which the
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relationships between stress and strain are time dependent that may be
extremely short or long, as opposed to the classical elastic behavior in
which deformation and recovery both occur instantaneously on
application and removal of stress, respectively.

The time constants for this response will vary with the specific
characteristics of a type plastic and processing technique. In the rigid
section of a plastic the response time is usually on the order of
microseconds to milliseconds. With resilient, rubber sections of the
structure the response time can be long such as from tenths of a second
to seconds. This difference in response time is the cause of failure under
rapid loading for certain plastics.

By stressing a viscoelastic plastic material there are three deformation
behaviors to be observed. They are an initial elastic response, followed by
a time-dependent delayed elasticity that may also be fully recoverable, and
the last observation is a viscous, non-recoverable, flow component. Most
plastic containing systems (solid plastics, melts, gels, dilute, and
concentrated solutions) exhibit viscoelastic behavior due to the long-chain
nature of the constituent basic polymer molecules (Chapter 1).

This viscoelastic behavior influences different properties such as
brittleness. To understand why the possibility for brittle failure does
exist for certain plastics when the response under high-speed stressing is
transferred from resilient regions of a plastic, an analysis of the response
of the two types of components in the structure is necessary. The
elastomeric regions, which stay soft and rubbery at room temperature,
will have a very low elastomeric modulus and a very large extension to
failure. The rigid, virtually crosslinked regions, which harden together
into a crystalline region on cooling, will be brittle and have very high
moduli and very low extension to failure, usually from 1 to 10%.

If the stress rate is a small fraction of the normal response time for the
rubbery regions, they will not be able to strain quickly enough to
accommodate the applied stress. As a consequence for the brittle type
plastics, virtually crosslinked regions take a large amount of the stress,
and since they have limited elongation, they fail. The apparent effect is
that of a high stretch, rubbery material undergoing brittle failure at an
elongation that is a small fraction of the possible values.

A fluid, which although exhibits predominantly viscous flow behavior,
also exhibits some elastic recovery of the deformation on release of the
stress. To emphasize that viscous effects predominate, the term elastico-
viscous is sometimes preferred; the term viscoelastic is reserved for
solids showing both elastic and viscous behavior. Most plastic systems,
both melts and solutions, arc viscoelastic due to the molecules
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becoming oriented due to the shear action of the fluid, but regaining
their equilibrium randomly coiled configuration on release of the stress.
Elastic effects are developed during processing such as in die swell, melt
fracture, and frozen-in orientation.

Polymer Structure

The viscoelastic deviations from ideal elasticity or purely viscous flow
depend on both the experimental conditions (particularly temperature
with its five temperature regions and magnitudes and rates of application
of stress or strain). They also depend on the basic polymer structure
particularly molecular weight (MW), molecular weight distribution
(MWD), crystallinity, crosslinking, and branching (Chapter 1).

High MW glassy polymer [an amorphous polymer well below its glass
transition temperature (T;) value (Chapter 1)] with its very few chain
motions are possible so the material tends to behave elastically, with a
very low value for the creep compliance of about 10 Pal. When well
above the T value (for an elastomer polymer) the creep compliance is
about 104 Pa’l| since considerable segmental rotation can occur.

The intermediate temperature region that corresponds to the region of
the T, value, is referred to as the viscoelastic region, the leathery
region, or the transition zone. Well above the T, value is the region of
rubbery flow followed by the region of viscous flow. In this last region
flow occurs owing to the possibility of slippage of whole polymer
molecular chains occurring by means of coordinated segmental jumps.

These five temperature regions give rise to the five regions of
viscoelastic behavior. Light crosslinking of a polymer will have little
effect on the glassy and transition zones, but will considerably modify
the tlow regions.

Viscoelasticity Behavior

There is linear and nonlinear viscoelasticity. The simplest type of
viscoelastic behavior is linear viscoelasticity. This type of rheology
behavior occurs when the deformation is sufficiently mild that the
molecules of a plastic are disturbed from their equilibrium configuration
and entanglement state to a negligible extent. Since the deformations
that occur during plastic processing are neither very small nor very slow,
any theory of linear viscoelasticity to date is of very little use in
processing modeling. Its principal utility is as a method for character-
izing the molecules in their equilibrium state. An example is in the
comparison of different plastics during quality control.
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In the case of oscillatory shear experiments, for example, the strain
amplitude must usually be low. For large and more rapid deformations,
the linear theory has not been validated. The response to an imposed
deformation depends on (1) the size of the deformation, (2) the rate of
deformation, and (3) the kinematics of the deformation.

Nonlinear viscoelasticity is the behavior in which the relationship of
stress, strain, and time are not linear so that the ratios of stress to strain
are dependent on the value of stress. The Boltzmann superposition
principle does not hold (Appendix B). Such behavior is very common
in plastic systems, non-linearity being found especially at high strains or
in crystalline plastics.

Relaxation/Creep Analysis

Theories have been developed regarding linear viscoelasticity as it
applies to static stress relaxation. This theory is not valid in nonlinear
regions. It is applicable when plastic is stressed below some limiting
stress {(about half the short-time yield stress for unreinforced plastcs);
small strains are at any time almost linearly proportional to the imposed
stresses. When the assumption is made that a timewise linear
relationship exists between stress and strain, using models it can be
shown thar the stress at any time 7 in a plastic held at a constant strain
(relaxation test), is given by:

6 = o,e-tT (2-1)
where: & = stress at any time t

O, = initial stress

e = natural logarithmic base number

Y = relaxation time

The total deformation experienced during creep loading (with the
sample under constant stress G) is given by:

e =(0/E) + (/B (1 - e-") + (ot/n) (2-2)
where: &£ = total deformation,

£, = initial modulus of the sample

E = modulus after time ¢,

11 = viscosity of the plastic

Excluding the permanent set or deformation and considering only the
creep involved, equation (2-2) becomes:

e=(c/H+ (/B -etN (2-3)

The term vy in Eqs. (2-1) and (2-2) has a different significance than that
in equation (2-3). In the first equations it is based on static relaxation
and the other on creep. A major accomplishment of this viscoelastic
theory is the correlation of these quantities analytically so that creep
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deformation can be predicted from relaxation data and relaxation data
from creep deformation data as shown in the following equation:

{0,/0) relaxation = (efe,) creep (2-4)
Creep strains can be calculated using equation (2-4) in the form of:
€ = & (6,/0) = (6,/0) (6,/E,) (6,/0) (2-5)

where (1/E,) (6,/0) may be thought of as a time-modified modulus,
i.e., equal to 1/E, from which the modulus at any time z, is:

E=E, (0,/0) (2-6)

that is the value to replace E in the conventional elastic solutions to
mechanical problems.

Where Poisson’s ratio, y, appears in the elastic solution, it is replaced in
the viscoelastic solution by:

y=(3B-F) 68 (2-7)

where B is the bulk modulus, a value that remains almost constant
throughout deformations.

Stress relaxation and creep behavior for plastics are closely related to
each other so that one can be predicted from knowledge of the other.
Therefore, such deformations in plastics can be predicted by the use of
standard engineering elastic stress analysis formulas where the elastic
constants E and y can be replaced by their viscoelastic equivalents given
in equations (2-2) and (2-3).

If data are not available on the effects of time, temperature, and strain
rate on modulus, creep tests can be performed at various stress levels as
a funcuon of temperature over a prescribed period of time. As an
example, for rocket and missile stress relaxations data obtained over a
time period of 4 to 5 sec to an hour provide the essential information.
For structural applications, such as pipelines, data over a period of years
are required. Data from relatively short-term tests can be extrapolated
by means of theory to long-term problems. However this approach can
have its inherent limitations.

Another method used involves the use of the rate theory based on the
Arrhenius equation. In the Arrhenius equation the ordinate is the log of
the material life. The abscissa is the reciprocal of the absolute
temperature. The linear curves obtained with the Arrhenius plot over-
come the deficiency of most of the standard tests, which provide only
one point and indicate no direction in which to extrapolate. Moreover,
any change in any aspect of the material or the environment could alter
the slopes of their curves. Therein lies the value of this method.
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This method requires extensive test data but considerably more latitude
is obtained and more materials obey the rate theory. The method can

also be used to predict stress-rupture of plastics as well as the creep
characteristics of a material.

The assumption is made that the physical and chemical properties of the
material are the same before and after failure (so that the concentration
of material undergoing deformation is related to the rate constant, K by
x = Kt, where t is time) then it can be shown, as in the following
equation, that for plastics:

AR =K =[TT/(T, - T] (20+log §) (2-8)
where: A = activation energy for the process

R = gas constant

K' = constant

T = absolute temperature of the process

T, = absolute temperature at which the material has no strength

t =time

Failure curves can be computed for all values of T related to the
magnitude of the stress applied. For design purposes, if the required
time and operating temperature are specified, K! can be computed and
the value of stress required to cause rupture at that time and temperature
can be obtained.

Stress divided by the modulus of the material results in the creep
deformation. The deformation observed in a short-term tensile test at
an elevated temperature is related to the deformation that takes place at
a lower temperature over a longer period of time. The short-term data
obtained can be used to obtain long-term modulus data through the
development of a master modulus curve. Being able to determine the
modulus at any time ¢ and knowing the constant value of stress to
which a material is subjected, it is possible to predict the creep which
will have been experienced at time £ by simply dividing the stress by the
modulus using conventional elastic stress analysis relationships.

Summary

A combination of viscous and elastic properties in a plastic exists with the
relative contributdon of each being dependent on time, temperature,
stress, and strain rate. It relates to the mechanical behavior of plastics in
which there is a time and temperature dependent relatdonship between
stress and strain. A material having this property is considered to combine
the features of a perfectly elastic solid and a perfect fluid; representing the
combination of elastic and viscous behavior of plastics.

In the plastic, strain increases with longer loading times and higher
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temperatures. It is a phenomenon of time-dependent, in addition to
elastic, deformation (or recovery) in response to load. This property
possessed by all plastics to some degree, dictates that while plastics have
solid-like characteristics such as elasticity, strength, and form-stability,
they also have liquid-like characteristics such as flow depending on
time, temperature, rate, and amount of loading. These basic
characteristics highlight: (a) simplified deformation vs. time behavior,
(b) stress-strain deformation vs. time, and (¢) stress-strain deformation
vs. time (stress-relaxation).

A constitutive relationship between stress and strain describing
viscoelastic behavior will have terms involving strain rate as well as stress
and strain. If there is direct proportionality between the terms then the
behavior is that of linear viscoelasticity described by a linear differential
equation. Plastics may exhibit linearity but usually only at low strains.
More commonly complex non-linear viscoelastic behavior is observed.

Thus viscoelasticity is characterized by dependencies on temperature
and time, the complexities of which may be considerably simplified by
the time-temperature superposition principle. Similarly the response to
successively loadings can be simply represented using the applied
Boltzmann superposition principle. Experimentally viscoelasticity is
characterized by creep compliance quantified by creep compliance (for
example), stress relaxation (quantified by stress relaxation modulus),
and by dynamic mechanical response.

The general design criteria applicable to plastics are the same as those
for metals at elevated temperature; that is, design is based on (1) a
deformation limit, and (2) a stress limit (for stress-rupture failure}.
There are cases where weight is a limiting factor and other cases where
short-term properties are important. In computing ordinary short-term
characteristics of plastics, the standard stress analysis formulas may be
used. For predicting creep and stress-rupture behavior, the method will
vary according to circumstances. In viscoelastic materials, relaxation
data can be used to predict creep deformations. In other cases the rate
theory may be used.

Viscosity

= - = —

In addidon to its behavior in viscoelastic behavior in plastic products,
viscosity of plastics during processing provides another important
relationship to product performances (Chapter 1). Different terms are
used to identfy viscosity characteristics that include methods to detcrmine
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viscosity such as absolute viscosity, inherent viscosity, relative viscosity,
apparent viscosity, intrinsic viscosity, specific viscosity, stoke viscosity, and
coefficient viscosity. Other terms are reduced viscosity, specific viscosity,
melt index, rheometer, Bingham body, capillary viscometer, capillary
rheometer, dilatancy, extrusion rheometer, flow properties, kinematic
viscosity, laminar flow, thixotropic, viscometer, viscosity coefficient,
viscosity number, viscosity ratio, viscous flow, and yield value.

The absolute viscosity is the ratio of shear stress to shear rate. It is the
property of internal resistance of a fluid that opposes the relative
motion of adjacent layers. Basically it is the tangential force on a unit
area of either of two parallel planes at a unit distance apart, when the
space between the planes is filled and one of the planes moves with unit
velocity in its own plane relative to the other. The Bingham body is a
substance that behaves somewhat like a Newtonian fluid in that there is
a linear relation between rate of shear and shearing forces, but also has a
yield value.

Inherent viscosity refers to a dilute solution viscosity mecasurement
where it is the ratio of the natural logarithm of the relative viscosity
(sometimes called viscosity ratio) to the concentration of the plastic in
grams per 100 ml of a solvent solution.

Relative viscosity (RV) is the ratio of the absolute solution viscosity (of
known concentration) and of the absolute viscosity of the pure solvent
at the same temperature. [UPAC uses the term viscosity ratio.

Apparent viscosity is defined as the ratio berween shear stress and shear
rate over a narrow range for a plastic melt. It is a constant for
Newtonian materials but a variable for plastics that are non-Newtonian
materials (Chapter 1).

Intrinsic viscosity (IV) data is used in processing plastics. It is the
limiting value at an infinite dilution of the ratio of the specific viscosity
of the plastic solution to the plastic’s concentration in moles per liter; it
is a measure of the capability of a plastic in solution to enhance the
viscosity of the solution. IV increases with increasing plastic molecular
weight that in turn influences processability. An example is the higher
IV of injection-grade PET (polyethylene terephthalate) plastic can be
extruded blow molded; similar to PETG (PET glycol) plastic that can
be casily blow molded but is more expensive than injection molded
grade PET and PVC for blow molding.

Specific viscosity is the relative viscosity of a solution of known
concentration of the plastic minus one. It is usually determined for a
low concentration of plastics such as 0.5g,/100 ml of solution or less.
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Stoke viscosity is the unit of kinetic viscosity. It is obtained by dividing
the melt’s absolute viscosity by its density. A centipoise is 0.01 of a
stoke.

Coefficient viscosity is the shearing stress necessary to induce a unit
velocity gradient in a material. In actual measurement, the viscosity
coefficient of a material is obtained from the ratio of shearing stress to
shearing rate. This assumes the ratio to be constant and independent of
the shearing stress, a condition satisfied only by Newtonian fluids. With
non-Newtonian plastics, values obtained are apparent and represent one
point in the flow chart.

Rheology and mechanical properties

Rheological knowledge combined with laboratory data can be used to
predict stresses developed in plastics undergoing strains at different
rates and at different temperature; rheology is the science of the
deformation and flow of matter under force. The procedure of using
laboratory experimental data for the prediction of mechanical behavior
under a prescribed use condition involves two rheological principles.
There is the Boltzmann’s superposition principle that enables one to
utilize basic experimental data such as a stress relaxation modulus in
predicting stresses under any strain history. The second is the principle
of reduced variables, which by a temperature-log time shift allows the
time scale of such a prediction to be extended substantially beyond the
limits of the time scalc of the original experiment.

Regarded as one of the cornerstones of physical science, is the
Boltzmann’s Law and Principle that developed the kinetic theory of
gases and rules governing their viscosity and ditfusion. This important
work in chemistry is very important in plastics (Ludwig Boltzmann
born in Vienna, Austria, 1844-1906). It relates to the mechanical
properties of plastics that are time-dependent.

The rheology of solid plastics within a range of small strains and within
a range of linear viscoelasticity, has shown that mechanical behavior has
often been successfully related to molecular structure. It shows the
mechanical characterization of a plastic in order to predict its behavior
in practical applications and how such behavior is affected by
temperature. It also provides rheological experimentation as a means for
obtaining a greater structural understanding of the material that has
provided knowledge about the effect of molecular structure on the
properties of plastics, particularly in the case of amorphous plastics in a
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rubbery state as well as extending knowledge concerning the complex
behavior of crystalline plastics. Studies illustrate how experimental data
can be applied to a practical example of the long-time mechanical
stability.

As reviewed, a plastic when subjected to an external force part of the
work done is elastically stored and the rest is irreversibly dissipated.
Result is a viscoelastic material. The relative magnitudes of such elastic
and viscous responses depend, among other things, on how fast the
material is being deformed. It can be seen from tensile stress-strain
(S-S) curves that the faster the material is deformed, the greater will be
the stress developed since less of the work done can be dissipated in the
shorter time.

Hooke's Law

When the magnitude of deformation is not too great viscoelastic
behavior of plastics is often observed to be linear, that is the elastic part
of the response is Hookean and the viscous part is Newtonian.
Hookean response relates to the modulus of elasticity where the ratio of
normal stress is proportional to its corresponding strain. This action
occurs below the proportional limit of the material where it follows
Hooke’s Law (Robert Hooks 1678). Result is a Newtonian response
where the stress-strain curve is a straight-line.

From such curves, however, it would not be possible to determine
whether the viscoelasticity is in fact linear. An evaluation is needed
where the time effect can be isolated. Typical of such evaluation is stress
relaxation. In this test, the specimen is strained to a specified magnitude
at the beginning of the test and held unchanged throughout the
experiment, while the monotonically decaying stress is recorded against
time. The condition of linear viscoelasticity is fulfilled here if the
relaxation modulus is independent of the magnitude of the strain. It
follows that a relaxation modulus is a function of time only.

There are several other comparable rheological experimental methods
involving linear viscoelastic behavior. Among them are crecp tests
(constant stress), dynamic mechanical fatigue tests (forced periodic
oscillation), and torsion pendulum tests (free oscillation). Viscoelastic
data obtained from any of these techniques must be consistent data
from the others.

If a body were subjected to a number of varying deformation cycles, a
complex time dependent stress would result. If the viscoelastic behavior
is linear, this complex stress-strain-time relation is reduced to a simple
scheme by the superposition principle proposed by Boltzmann. This
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principle states in effect that the stress at any instant can be broken up
into many parts, each of which has a corresponding part in the strain
that the body is experienced. This is illustrated where the stress is
shown to consist of two parts, each of which corresponds to the time
axis as the temperature is changed.

It implies that all viscoelastic functions, such as the relaxation modulus,
can be shifted along the logarithmic time axis in the same manner by a
suitable temperature change. Thus, it is possible to reduce two
independent variables (temperature and time) to a single variable
(reduced time at a given temperature). Through the use of this
principle of reduced variables, it is thus possible to expand enormously
the time range of a viscoelastic function to many years.

The relaxation modulus (or any other viscoelastic function) thus
obtained is a means of characterizing a material. In fact relaxation
spectra have been found very useful in understanding molecular
motions of plastics. Much of the relation between the molecular
structure and the overall behavior of amorphous plastics is now known.

Mechanical properties of crystalline plastics are much more complex
than those of amorphous plastics. Viscoelastic data, at least in theory,
can be utilized to predict mechanical performance of a material under
any use conditions. However it is seldom practical to carry out the
necessarily large number of tests for the long time periods involved.
Such limitations can be largely overcome by utilizing the principle of
reduced variables embodying a time-temperature shift. Plastic usually
exhibits not one but many relaxation times with each relaxation affected
by the temperature.

St;_:tic stress

The mechanical properties of plastics enable them to perform in a wide
variety of end uses and environments, often at lower cost than other
design materials such as metal or wood. This section reviews the static
property aspects that relate to short term loads.

As reviewed thermoplastics (TPs) being viscoelastic respond to induced
stress by two mechanisms: viscous flow and elastic deformation. Viscous
flow ultimately dissipates the applied mechanical energy as frictional
heat and results in permanent material deformation. Elastic deform-
ation stores the applied mechanical energy as completely recoverable
material deformation. The extent to which one or the other of these
mechanisms dominates the overall response of the material is determined
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by the temperature and by the duration and magnitude of the stress or
strain. The higher the temperature, the most freedom of movement of
the individual plastic molecules that comprise the TP and the more easily
viscous flow can occur with lower mechanical performances.

With the longer duration of material stress or strain, the more time for
viscous flow to occur that results in the likelihood of viscous flow and
significant permanent deformation. As an example when a TP product
is loaded or deformed beyond a certain point, it yields and immediate
or eventually fails. Conversely, as the temperature or the duration or
magnitude of material stress or strain decreases, viscous flow becomes
less likely and less significant as a contributor to the overall response of
the material; and the essentially instantaneous elastic deformation
mechanism becomes predominant.

Changing the temperature or the strain rate of a TP may have a
considerable effect on its observed stress-strain behavior. At lower
temperatures or higher strain rates, the stress-strain curve of a TP may
exhibit a steeper initial slope and a higher yield stress. In the extreme,
the stress-strain curve may show the minor deviation from initial
linearity and the lower failure strain characteristic of a brittle material.

At higher temperatures or lower strain rates, the stress-strain curve of
the same material may exhibit a more gradual initial slope and a lower
yield stress, as well as the drastic deviation from initial linearity and the
higher failure strain characteristic of a ductile material.

There are a number of different modes of stress-strain that must be
taken into account by the designer. They include tensile stress-strain,
flexural stress-strain, compression stress-strain, and shear stress-strain.

Tensile Stress-Strain

In obtaining tensile stress-strain (S-S) engineering data, as well as other
data, the rate of testing directly influence results. The test rate or the
speed at which the movable cross-member of a testing machine moves
in relation to the fixed cross-member influences the property of
material. The speed of such tests is typically reported in ¢m/min.
(in./min.). An increase in strain ratc typically results in an increase yield
point and ultimate strength.

An extensively used and important performance of any material in
mechanical engineering is its tensile stress-strain curve (ASTM D 638).
It is obtained by measuring the continuous elongation (strain) in a test
sample as it is stretched by an increasing pull (stress) resulting in a
stress-strain (S-S) curve. Several useful qualities include the tensile
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strength, modulus (modulus of elasticity) or stiffness (initial straight-
line slope of the curve following Hooke’s law and reported as Young’s
modulus), yield stress, and the length of the elongation at the break
point.

Stress is defined as the force on a material divided by the cross sectional
area over which it initally acts (engineering stress). When stress is
calculated on the actual cross section at the time of the observed failure
instead of the original cross sectional area it is called true stress. The
engineering stress is reported and used practically all the time.

Strain is defined as the deformation of a material divided by a
corresponding original cross section dimensions. The units of strain are
meter per meter (m/m) or inch per inch (in./in.). Since strain is often
regarded as dimensionless, strain measurements are typically expressed
as a percentage.

Tensile strength is the maximum tensile stress sustained by a specimen
during a tension test. When a maximum stress occurs at its yield point it
is designated as tensile strength at yield. When the maximum stress
occurs at a break, it is its tensile strength at break. In practice these
differences are frequently ignored.

The ultimate tensile strength is usually measured in megapascals (MPa)
or pounds per square inch (psi). Tensile strength for plastics range from
under 20 MPa (3000 psi) to 75 MPa (11,000 psi) or just above, to
more than 350 MPa (50,000 psi) for reinforced thermoset plastics
(RTPs).

The area under the stress-strain curve is usually proportional to the
energy required to break the specimen that in turn can be related to the
toughness of a plastic. There are types, particularly among the many
fiber-reinforced TSs, that are very hard, strong, and tough, even
though their area under the stress-strain curve is extremely small.

Tensile elongation is the stretch that a material will exhibit before break
or deformation. It is usually identified as a percentage. There are
plastics that elongate (stretch) very little before break, while others such
as elastomers have extensive elongation.

On a stress-strain curve there can be a location at which an increase in
strain occurs without any increase in stress. This represents the yield
point that is also called yield strength or tensile strength at yield. Some
materials may not have a yield point. Yield strength can in such cases be
established by choosing a stress level beyond the material’s elastic limit.
The yield strength is generally established by constructing a line to the
curve where stress and strain is proportional at a specific offset strain,
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usually at 0.2%. Per ASTM testing the stress at the point of intersection
of the line with the stress-strain curve is its yield strength at 0.2% offset.

Another important stress-strain identification is the proportional limit.
It is the greatest stress at which the plastic is capable of sustaining an
applied load without deviating from the straight line of an S-S curve.

The elastic limit identifies a material at its greatest stress at which it is
capable of sustaining an applied load without any permanent strain
remaining, once stress is completely released.

With rigid plastics the modulus that is the initial tangent to the S-S
curve does not change significantly with the strain rate. The softer TPs,
such as general purpose polyolefins, the initial modulus is independent
of the strain rate. The significant time-dependent effects associated with
such materials, and the practical difficulties of obtaining a true initial
tangent modulus near the origin of a nonlinear S-S curve, render it
difficult to resolve the true elastic modulus of the softer TPs in respect
to actual data.

The observed effect of increasing strain is to increase the slope of the
early portions of the S-S curve, which differs from that at the origin.
The elastic modulus and strength of both the rigid and the softer
plastics each decrease with an increase in temperature. Even though the
effects of a change in temperature are similar to those resulting from a
change in the strain rate, the effects of temperature are much greater.

Modulus of Elasticity

Many unreinforced and reinforced plastics have a definite tensile
modulus of elasticity where deformation is directly proportional to their
loads below the proportional limits. Since stress is proportional to load
and strain to deformation, stress is proportional to strain. Fig. 2.4 shows
this relationship. The top curve is where the S-S straight line identifies a
modulus and a secant modulus based at a specific strain rate at point C’
that could be the usual 1% strain. Bottom curve secant moduli of
different plastics are based on a 85% of the inital rangent modulus.

There are unreinforced commodities TPs that have no straight region
on the S-S curve or the straight region of this curve is too difficult to
locate. The secant modulus is used. It is the ratio of stress to the
corresponding strain at any specific point on the S-S curve. It is the line
from the initial S-S curve to a selected point C on the stress-strain curve
based on an angle such as 85% or a vertical line such as at the usual 1%
strain.

Hooke’s Law highlights that the straight line of proportionality is
calculated as a constant that is called the modulus of elasticity (E). It is
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Figure 2.4 Examples of tangent moduli and secant moduli
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the straight-line slope of the initial portion of the stress-strain curve:
Stress/Strain = Constant (2-9)

The modulus of elasticity is also called Young’s modulus, elastic modulus,
or just modulus. E was defined by Thomas Young in 1807 although
others used the concept that included the Roman Empire and Chinese-
BC. It is expressed in terms such as MPa or GPa (psi or Msi). A plastic
with a proportional limit and not loaded past its proportional limit will
return to its original shape once the load is removed.
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With certain plastics, particularly high performance RPs, there can be
two or three moduli. Their stress-strain curve starts with a straight line
that results in its highest E, followed by another straight line with a
lower S, and so forth. To be conservative providing a high safety factor
the lowest E is used in a design, however the highest E is used in
certain designs where experience has proved success.

Standard ASTM D 638 states that it is correct to apply the term
modulus of clasticity to describe the stiffness or rigidity of a plastic
where its S-S characteristics depend on such factors as the stress or
strain rate, the temperature, and its previous history as a specimen.
However, D 638 still suggests that the modulus of elasticity can be a
useful measure of the S-S relationship, if its arbitrary nature and
dependence on load duration, temperature, and other factors are taken
into account.

Interesting straight-line correlations exist of the tensile modulus of
elasticity to specific gravity of different materials (Fig. 2.5). In this
figure, the modulus/specific gravity of reinforced plastics with its high
performing fibers (graphite, aramid, carbon, etc.) continues to increase
in the upward direction.

Flexural Stress-Strain

Flexural stress-strain testing according to ASTM D 790 determines the
load necessary to generate a given level of strain on a specimen typically
using a three-point load (Fig. 2.6). Testing is performed at specified
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Example of a three-point ASTM D 790 flexural test specimen
l £

'
T

constant rate of crosshead movement based on material being tested. A
solid plastic is usually at 0.05 in./min., foamed plastic at 0. 1 in./ min.,
ctcC.

Simple beam equations are used to detcrmine the stresses on specimens
at different levels of crosshead displacement. Using traditional beam
equations and section properties in Fig. 2.5, the following relationships
can be derived where Y is the deflection at the load point:

Bending stress where ¢ = 3FL/2bh? (2-10)
Bending or flexural modulus where E = FL3/4bh3Y (2-11)

Using these relationships, the flexural strength (also called the modulus
of rupture) and the flexural modulus of elasticity can be determined.
Table 2.1 provides examples of the flexural modulus of elasticity for
polypropylene with nothing added (NEAT /Chapter 1) and reinforced
with glass fibers and talc.

Polypropylene NEAT and filled flexural modulus of elasticity data

NEAT plastic 180,000 psi (1,240 MPa)
40wt% glass fiber 1,100,000 psi (7,600 MPa)
40wt% talc 575,000 psi

A flexural specimen is not in a state of uniform stress on the specimen.
When a simply supported specimen is loaded, the side of the material
opposite the loading undergoes the greatest tensile loading. The side of
the material being loaded experiences compressive stress (Fig. 2.7).
These stresses decrease linearly toward the center of the sample.
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Figure 2.7 Tensile-compressive loading occurs on a flexural specimen
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Theoretically the center is a plane, called the neutral axis, that
experiences no stress.

In the flexural test the tensile and compressive yield stresses of a plastic
may cause the stress distribution within the test specimen to become
very asymmetric at high strain levels. This change causes the neutral axis
to move from the center of the specimen toward the surface that is in
compression. This effect, along with specimen anisotropy due to
processing, may cause the shape of the stress-strain curve obtained in
flexure to differ significantly from that of the normal S-S curve.

The S-S behavior of plastics in flexure generally follows that of tension
and compression tests for either unreinforced or reinforced plastics. The
flexural E tends to be the average between the tension and compression
Es. The flexural yield point follows that observed in tension.

For the standard ASTM flexural strengths most plastics are higher than
their ultimate tensile strengths, but may be either higher or lower than
compressive strengths. Since most plastics exhibit some yielding or
nonlinearity in their tensile S-S curve, there is a shift from triangular
stress distribution toward rectangular distribution when the product is
subject to bending. This behavior with plastics is similar to that when
designing in steel and also for ultimate design strength in concrete.
Shifts in the neutral axis resulting from differences in the yield strain
and post-yield behavior in tension and compression usually affect the
correlation between the modulus of rupture and the uniaxial strength
results. The modulus of rupture reflects in part nonlinearities in stress
distribution caused by plastification or viscoelastic nonlinearities in the
cross-section.

Plastics such as short-fiber reinforced plastics with fairly linear stress-
strain curves to failure usually display moduli of rupture values that are
higher than the tensile strength obtained in uniaxial tests; wood
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behaves much the same way. Qualitatively, this can be explained from
statistically considering flaws and fractures and the fracture energy
available in flexural samples under a constant rate of deflection as
compared to tensile samples under the same load conditions. These
differences become less as the thickness of the bending specimen
increases, as would be expected by examining statistical considerations.

The cantilever beam is another flexural test that is used to evaluate
different plastics and structures such as beam designs. It is used in creep
and fatigue testing and for conducting testing in different environments
where the cantilever test specimen under load is exposed to chemicals,
moisture, etc.

Compressive Stress-Strain

A test specimen under loading conditions located between the two flat,
parallel faces of a testing machine is compressed at a specified rate
(ASTM D 695). Stress and strain are computed from the measured
compression test, and these are plotted as a compressive stress-strain
curve for the material at the temperature and strain rate employed for
the test.

Procedures in compression testing are similar to those in tensile testing.
However in compression testing particular care must be taken to specify
the specimen’s dimensions and relate test results to these dimensions. If
a sample is too long and narrow buckling may cause premature failure
resulting in inaccurate compression test results. Buckling can be avoided
by examining different size specimens. Consider a test specimen with a
square cross-section and a longitudinal dimension twice as long as a side
of the cross-section.

At high stress levels, compressive strain is usually less than tensile strain.
Unlike tensile loading, which usually results in failure, stressing in
compression produces a slow, indefinite yielding that seldom leads to
failure. Where a compressive failure does occur, the designer should
determine the material’s strength by dividing the maximum load the
sample supported by its initial cross-sectional area. When the material
does not exhibit a distinct maximum load prior to failure, the designer
should report the strength at a given level of strain that is usually at
10%.

The compression specimen’s ends usually do not remain rigid. They
tend to spread out or flower at its ends. Test results are usually very
scattered requiring close examination as to what the results mean in
reference to the behavior of the test specimens. Different clamping
devices (support plates on the specimen sides, etc.) are used to
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Stress-strain tensile and compressive response tends to be similar
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eliminate the flowering action that could provide inaccurate readings
that in turn influence results by usually making them stronger.

The majority of tests to evaluate the characteristics of plastics are
performed in tension and/or flexure because compression data could be
misleading. The result is that compressive stress-strain behavior of many
plastics is not well described. Generally, the behavior in compression is
different from that in tension, but the S-S response in compression is
usually close enough to that of tension so that possible differences can be
neglected. Fig. 2.8 compares tensile and compression data of TPs.

The compressive strength of a non-reinforced plastic or a mat-based RP
laminate is usually greater than its tensile strength (unidirectional fiber-
reinforced plastic is usually slightly lower than its tensile strength).
However, this is not generally true for reinforced TSs (RTSs). Different
results are obtained with different plastics. As an example the
compression testing of foamed plastics provides the designer with the
useful recovery rate. A compression test result for rigid foamed
insulating polyurethane (3.9 1b/ft?) resulted in almost one-half of its
total strain recovered in one week.

Shear Stress-Strain

Shear deformation occurs in structural elements such as those subjected
to torsional loads and in short beams subjected to transverse loads.
Shear S-S data can be generated by twisting (applying torque) a
specimen at a specified rate while measuring the angle of twist between
the ends of the specimen and the torque load exerted by the specimen
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on the testing machine (ASTM D 732). Maximum shear stress at the
surface of the specimen can be computed from the measured torque
that is the maximum shear strain from the measured angle of twist.

The shear mode involves the application of a load to a material
specimen in such a way that cubic volume elements of the material
comprising the specimen become distorted, their volume remaining
constant, but with opposite faces sliding sideways with respect to each
other. Basically, shearing stresses are tangential stresses that act parallel
to the planes they stress. The shearing force in a beam provides shearing
stresses on both the vertical and horizontal planes within the beam. The
two vertical stresses must be equal in magnitude and opposite in
direction to ensure vertical equilibrium. However, under the action of
those two stresses alone the element would rotate.

Another couple must counter these two stresses. If the small element is
taken as a differential one, the magnitude of the horizontal stresses
must have the value of the two vertical stresses. This principle is
sometimes phrased as cross-shears are equal that refers to a shearing
stress that cannot exist on an element without a like stress being located
90 degrees around the corner.

Fig. 2.9 schematic diagram is subjected to a set of equal and opposite
shearing force/load (Q). The top view represents a material with equal
and opposite shearing forces and the bottom view is a schematic of a
theoretical infinitesimally thin layers subject to shear stress. As shown at
the bottom with the infinitesimally thin layers there is a tendency for
one layer of the material to slide over another to produce a shear form
of deformation or failure if the force is great ecnough. The shear stress
will always be tangential to the area upon which it acts. The shearing
strain is the angle of deformation as measured in radians. For materials
that behave according to Hooke’s Law, shear strain is proportional to
the shear stress. The constant G is called the shear modulus, modulus of
rigidity, or torsion modulus.

G is directly comparable to the modulus of elasticity used in direct-
stress applications. Only two material constants are required to
characterize a material if one assumes the material to be linearly elastic,
homogeneous, and isotropic. However, three material constants exist:
the tensile modulus of elasticity (E), Poisson’s ratio (v), and the shear
modulus (G). An equation relating these three constants, based on
enginecring’s elasticity principles is as follows:

EG=2(1+vV) (2-12)

This calculation that is true for most metals, is generally applicable to
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Figure 2.9 Theoretical approaches to shear stress behavior
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plastics. However, this calculation does not apply with the inherently
nonlinear, anisotropic nature of most plastics, particularly the fiber-
reinforced and liquid crystal ones.

Torsion Stress-Strain

Shear modulus can be determined by a static torsion test or by a
dynamic test using primarily a torsional pendulum (ASTM D 2236).
Also used is an oscillatory rheometer test. The torsional pendulum is
applicable to virtually all plastics and uses a simple specimen readily
fabricated by all commercial fabricating processes or easily cut from
fabricated part. The moduli of elasticity, G for shear and E for tension,
are ratios of stress to strain as measured within the proportional limits
of the material. Thus the modulus is really a measure of the rigidity for
shear of a material or its stiffness in tension and compression. For shear
or torsion, the modulus analogous to that for tension is called the shear
modulus or the modulus of rigidity, or sometimes the transverse
modulus.

Diyect Load Shear Strength

Unlike the methods for tensile, flexural, or compressive testing, the
typical procedure used for determining shear properties is intended
only to determine the shear strength. It is not the shear modulus of a
material that will be subjected to the usual type of direct loading
(ASTM D 732). When analyzing plastics in a pure shear situation or
when the maximum shear stress is being calculated in a complex stress
environment, a shear strength equal to half the tensile strength or that
from shear tests is generally used, whichever is less.

The shear strength values are obtained by such simple tests using single
or double shear actions. In these tests the specimen to be tested is
sheared between the hardened edges of the supporting block and the
block to which the load is applied. The shearing strength is calculated as
the load at separation divided by the total cross-sectional area being
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sheared. The maximum short-term shear stress (strength) of a material
can also be determined from a punch shear test.

The test fixtures in these test devices indicates that bending stresses
exist and the stress cannot be considered as being purely that of shear.
Therefore, the shearing stress calculated must be regarded as an average
stress. This type of calculation is justified in analyzing bolts, rivets, and
any other mechanical member whose bending moments are considered
negligible. Note that tests of bolts and rivets have shown that their
strength in double shear can at times be as much as 20% below that for
single shear. The values for the shear yield point (MPa or psi) are
generally not available; however, the values that are listed are usually
obtained by the torsional testing of round test specimens.

The data obtained using the test method reviewed should be reported
as direct shear strength. These data can only be compared to data
determined by the same direct-shear methods. This test cannot be used
to develop shear S-S curves or determine a shear modulus, because
bending or compression rather than pure shear transfer a considerable
portion of the load. The test results depend on the susceptibility of the
material to the sharpness of load faces.

It is important to note material such as certain plastics, concrete, or wood
that are weak in either tension or compression will also be basically weak
in shear. For example, concrete is weak in shear because of its lack of
strength in tension. Reinforced bars in the concrete are incorporated to
prevent diagonal tension cracking and strengthen concrete beams. Similar
action occurs with RPs using fiber filament structures.

Although no one has ever been able to determine accurately the
resistance of concrete to pure shearing stress, the matter is not very
important, because pure shearing stress is probably never encountered
in concrete structures. Furthermore, according to engineering
mechanics, if pure shear is produced in one member, a principal tensile
stress of an equal magnitude will be produced on another plane.
Because the tensile strength of concrete is less than its shearing
strength, the concrete will fail in tension before reaching its shearing
strength. This action also occurs with plastics.

Residual Stress

It is the stress existing in a body at rest, in equilibrium, at uniform
temperature, and not subjected to external forces. Often caused by the
stresses remaining in a plastic part as a result of thermal and/or
mechanical treatment in fabricating parts. Usually they are not a
problem in the finished product. However, with excess stresses, the
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product could be damaged quickly or after in service from a short to
long time depending on amount of stress and the environmental
conditions around the product.

Dynamic stress
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Knowledge in such behavioral responses of plastics as those ranging
from short time static (tensile, flexural, etc.) to long time dynamic
(creep, fatigue, impact, etc.) mechanical load performances in different
environments arc important to product designs subjected to those
loads. Dynamic loading in the present context is taken to include
deformation rates above those achieved on the standard laboratory-
testing machine (commonly designated as static or quasi-static). These
slower tests may encounter minimal time-dependent effects, such as
creep and stress-relaxation, and therefore are in a sense dynamic. Thus
the terms static and dynamic can be overlapping.

Long time dynamic load involves behaviors such as creep, fatigue, and
impact. Two of the most important types of long-term material
behavior are more specifically viscoelastic creep and stress relaxation.
Whereas stress-strain behavior usually occurs in less than one or two
hours, creep and stress relaxation may continue over the entire life of
the structure such as 100,000 hours or more.

In many applications, intermittent or dynamic loads arise over much
shorter time scales. Examples of such products include chair seats,
panels that vibrate and transmit noise, engine mounts and other
antivibration products, and road surface-induced loads carried to
wheels and suspension systems. Plastics’ relevant properties in this
regard are material stiffness and internal damping, the latter of which
can often be used to advantage in design. Both properties depend on
the frequency of the applied loads or vibrations, a dependence that
must be allowed for in the design analysis. The possibility of fatigue
damage and failure must also be considered.

Mechanical loads on a structure induce stresses within the material such
as those shown in Fig. 2.10. The magnitudes of these stresses depends
on many factors, including forces, angle of loads, rate and point of
application of each load, geometry of the structure, manner in which
that structure is supported, and time at temperature. The behavior of
the material in response to these induced stresses determines the
performance of the structure.
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Static and dynamic loads {courtesy of Plastics FALLO)
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Table 2.2 on p. 90 provides examples of reinforced thermoplastics
flexural data.

Dynamic/Static Mechanical Behavior

Mechanical tests measure the response or deformation of a material to
periodic or varying forces. Generally an applied force and its resulting
deformation both vary sinusoidally with time. From such tests it is
possible to obtain simuitaneously an elastic modulus and mechanical
damping, the latter of which gives the amount of energy dissipated as
heat during the deformation of the material.

Description of material behavior is basic to all designing applications.
Many of the problems that develop may be treated entirely within the
framework of plastic’s viscoelastic material response. While even these
problems may become quite complex because of geometrical and
loading conditions, linearity, reversibility, and rate independence
generally applicable to elastic material description certainly eases the
task of the analyst for dynamic and static loads that include conditions
such as creep, fatigue, and impact.

Many plastic products seen in everyday life are not required to undergo
sophisticated design analysis because they are not required to withstand
high static and dynamic loads. However, we are increasingly confronted
with practical problems that involve material response that is inelastic,
hysteretic, and rate dependent combined with loading which is
transient in nature. These problems include structural response to
moving or impulsive loads, all the areas of ballistics (internal, external,
and terminal), contact stresses under high speed operations, high speed
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ble 2.2 Examples of reinforced thermoplastics flexural creep data.

Apparent modulus
Reinforcement Strain (%) hours (10° psi) hours
Plastic and % content  Stress, psi 10 100 1,000 10 100 1,000

Nylon 6/6 Glass fiber 15, 2,500 0.555 0.623 0.709 450 401 353

mineral 25 5,000 0.823 0.967 1.140 607 517 439
Polyester Glass fiber 15, 2,500 0.452 0.470 0.482 553 532 519
(PBT) mineral 25 5,000 0.693 0.742 0.819 721 674 610
Nylon 6/10 Ferrite 83 2,500 0.463 0.507 0.568 540 493 440

5,000 0.638 0.732 0.952 784 683 525

Polypropylene Carbon powder 2,500 1.100 1.140 1970 114 87 63

5,000 6.230 6.920 8.660 40 36 29

Nylon 6/6 Glass fiber 15, 2,500 2.160 2.400 2.510 116 104 100
carbon powder 5,000

Nylon 6 Glass beads 30 1,250 0.140 0.320 0.368 893 391 340

5,000 0.290 0.650 0.750 862 385 333

fabricating processes (injection molding, extrusion, blow molding,
thermoforming, etc.), shock attenuation structures, seismic wave
propagation, and many others of equal importance.

From past problems it became evident that the physical or mathematical
description of the behavior of materials necessary to produce realistic
solutions did not exist. Since at least the 1940s, there has been
considerable effort expended toward the generation of both experimental
data on the dynamic and static mechanical response of materials (steel,
plastic, etc.) as well as the formulation of realistic constitutive theories.
As a plastic is subjected to a fixed stress or strain, the deformation
versus time curve shows an initial rapid deformation followed by a
continuous action.

As reviewed dynamic loading is taken to include deformation rates
above those achieved on the standard laboratory-testing machine that
are designated as static or quasi-static. These slower tests may
encounter minimal time-dependent effects, such as creep and stress-
relaxation, and therefore are in a sense dynamic. This situation shows
that the terms static and dynamic can be overlapping. The behavior of
materials under dynamic load is of considerable importance and interest
in most mechanical analyses of design problems where these loads exist.
The complex workings of the dynamic behavior problem can best be
appreciated by summarizing the range of interactions of dynamic loads
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that exist for all the different types of materials. Dynamic loads involve
the interactions of creep and relaxation loads, vibratory and transient
fatigue loads, low-velocity impacts measurable sometimes in
milliseconds, high-velocity impacts measurable in microseconds, and
hypervelocity impacts.

An interesting point is that metals are unique under both dynamic and
static loads that can be cited as outstanding cases. The mechanical
engineer and the metallurgical engincer have both found these
materials to be most attractive to study. When compared to plastics,
they are easier to handle for analysis. However there is a great deal that
is still not understood about metals, even in the voluminous scientific
literature available. The importance of plastics and reinforced plastics
(RPs) has been growing steadily, resulting in more dynamic mechanical
behavior data becoming available.

Summarization of all material behaviors can be by classifications. They
include (1) creep, and relaxation behavior with a primary load environ-
ment of high or moderate temperatures; (2) fatigue, viscoelastic, and
elastic range vibration or impact; (3) fluidlike flow, as a solid to a gas,
which is a very high velocity or hypervelocity impact; and (4) crack
propagation and environmental embrittlement, as well as ductile and
brittle fractures.

Energy and Motion Control

Elastomers are frequently subjected to dynamic loads where heat energy
and motion control systems are required. One of the serious dynamic
loading problems frequently encountered in machines, vehicles, moving
belts, and other products is vibration-induced deflection. Such effects
can be highly destructive, particularly if a product resonates at one of
the driving vibration frequencies.

One of the best ways to reduce and in many cases eliminate vibration
problems is by the use of viscoelastic plastics. Some matcrials such as
polyurethane plastics, silicone elastomers, flexible vinyl compounds of
specific formulations, and a number of others have very large hysteresis
effects (Chapter 3). By designing them into the structure it is possible
to have the viscoelastic material absorb enough of the vibration
inducing energy and convert it to heat so that the structure is highly
damped and will not vibrate.

In each case the plastic is arranged in such a way that movement or
flexing of the product results in large deflections of the viscoelastic
materials so that a large hysteresis curve is generated with a large
amount of energy dissipated per cycle. By calculating the energy to heat
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it is possible to determine the vibration levels to which the structure can
be exposed and still exhibit critical damping.

Plastics exhibit a spectrum of response to stress and there are certain
straining rates that the material will react to almost elastically. If this
characteristic response corresponds to a frequency to which the
structure is exposed the damping effect is minimal and the structure
may be destroyed. In order to avoid the possibility of this occurring, it
is desirable to have a curve of energy absorption vs. frequency for the
material that will be used.

The same approach can be used in designing power transmitting units
such as moving belts. In most applications it is desirable that the belts
be elastic and stiff enough to minimize heat buildup and to minimize
power loss in the belts. In the case of a driver which might be called
noisy in that there are a lot of erratic pulse driven forces present, such as
an impulse operated drive, it is desirable to remove this noise by the
available damping action of plastics and obtain a smooth power curve.
This is easily done using a viscoelastic belt that will absorb the high rate
load pulses.

Making one gear in a gear train or one link in a linear drive mechanism
an energy absorber can use the same approach as the belt. The
viscoelastic damping is a valuable tool for the designer to handle
impulse loading that is undesirable and potentially destructive to the
product.

There is another type of application that has a long history where the
damping effect of plastic structures can be used to advantage. The early
airplanes used doped fabric as the covering for wings and other
acrodynamic surfaces. The cellulose nitrate and later cellulose acetate is
a damping type of plastic. Consequently, surface flutter was a rare
occurrence. It became a serious problem when aluminum replaced the
fabric because of the high elasticity of the metal surfaces. The
aerodynamic forces acting on the thin metal coverings easily induce
flutter and this was a difficult design problem that was eventually
corrected for minimizing the effect.

Isolator

When products are subjected to dynamic loads where energy and
motion controls are required use is made of thermoplastic elastomer
(TPE) components. These products involve buildings (Fig. 2.11),
bridges, highways, sporting goods, home appliances, automobiles,
boats, aircraft, and spacecraft.
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Schematic of a building isolator

Elastomer

In a building, TPE controls vibration and noise from motors and
engines that is generated to the building itself. For rapid transit TPE
supports the rail and the vehicle reducing noise and vibration to
adjacent buildings. For ships TPE absorb their berthing energies used
in vibration units that are as large as 3 m (9.9 ft.) high and weighing up
to 19 tons. For all these and other applications, TPEs are used either in
shear, compression, tension, torsion, buckling, or a combination of two
or more load conditions depending on the needs of the specific
application. The particular application will dictate which would be best.

When berthing a vessel the structure has to be designed to withstand
the energy developed by the vessel. The more rigid the system, the
higher the reactive forces must be to absorb the vessel’s kinetic energy.
The area under the structure’s load as against its deflection response
curve is typical to that shown in Fig. 2.12.

Load-deflection energy absorbed behavior in these type isolators
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An eclastomer is ideal in the vessel environment because it will not
corrode. Metal components are protected by being totally encapsulated
in an elastomer and then bonded to all-metal surfaces. In examining the
load-deflection characteristics of shear, compression, and buckling
systems, the one that results in the lowest reaction force generally also
produces the lowest-cost structure. Figs 2.13 to 2.15 show six results
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that could be obtained compared to an ideal hydraulic system with
100% energy efficiency.

In Fig. 2.13 the energy capacity is approximately 50% efficient,
requiring 100% more deflection or load, if the deflection or load of a
100% efficient curve is required. Fig. 2.14 shows an energy capacity
approximately 35% efficient, requiring 300% higher deflection or a
350% higher load if the deflection or load of a 100% efficient curve is
required. The energy capacity shown in Fig. 2.15 is approximately 75%
efficient, requiring a 25% higher deflection or a 20% higher load if the
deflection or load of a 100% efficient curve is required.

The buckling column was selected because it produces the lowest
reaction load and the lowest deflection (deflection controls the
projection of the berthing system out from the structure).When
designing to support structures and allow the horizontal input of an
earthquake or to allow the structural movement needed on a structure
such as a bridge pier, the vertical and horizontal stiffnesses must be
calculated, then a system can be designed. Take, for example, a
rectangular elastomeric section with a length of 762 c¢m, a width of 508
cm, and a thickness of 508 cm (305 x 203 x 203 in.). Table 2.3 lists the
formulas used to calculate the respective compression and shear
stiffnesses for these data. For the elastomeric section of the example use
the following formula:

K - (k) x 508)(E) K- (k{762 x 508)(Gy (2-13)
< 508 ST 508
=762k.E. = 762k,G,

 Data required for formulas.
Direction Compression (K. Shear (KJ
Formula (kJ(LAJED (kJ(LANGY

t t

Variable & Factor of geometry Factor of geometry
Variable LA. Load area Load area
Variable £, Compression modulus -
Variable G -
Variable t Elastomer thickness Elastomer thickness

The calculations for k, and k; adjust for such design parameters as strain,
bulk compression, and bending by the elastomer section, as developed
over many years of sample testing. A way to forego the pain of getting
there is to let &£, = 0.98 and %, = 1.0, using a 0.69 MPa shear-modulus
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elastomer as follows:
K.=762E.and K; = 747G,

For compression, the shape factor (SF), which is the projected load area
of the product divided by the elastomer area that is free to move
(known in the industry as the bulge area, or BA), is the major design
parameter. For this example the shape factor is calculated thus:

Load area/Bulge area = (726){508)/(762 + 508)(2)(508) = 0.3 (2-14)

Using SF = 0.3 and a G, = 0.69MPa, and E,, = 2.42-MPa is obtained,
Therefore K, =1. 8-MN/m and K, =0.5-MN/m.

Applying a 20% maximum compression strain to the product results in a
maximum compression deflection of 102 c¢m (41 in.). This allows a
maximum compression load of only 19 kg (42 1b.), hardly sufficient to
support a building or a bridge.

Given that shear stiffness K cannot change, the sole remaining option
is to change the compression stiffness, by adjusting the shape factor.
Designing the product as two units each 762 x 508 x 254 c¢m (305 x
203 x 102 in.) thick will not change the shear characteristic, but it does
change the shape factor to 0.060. In this instance, E, = 3.03 MPa and
K, becomes 4.6 MN/m per section. With two sections in series the
spring rate is 2.3 MN/m, which now allows for 24.3 kg of compression
load. Dividing each of these sections into a total of four sections each
762 x 508 x 127 cm (305 x 203 x 51 in.) thick yields a shape factor of
1.2 and an E, equal to 151.7 MPa. An individual section K, will be 46
MN/m, with a series of four being 115 MN/m, allowing a
compression load of about 120 kg. It always maintains a shear spring
rate of about 0.5 MN/m. This is the basic design philosophy for
obtaining high-compression loads while maintaining the soft shear
stiffness needed for seismic considerations or for thermal expansion and
contraction. Continued thinning of the individual elastomer sections
will drive the compression load-carrying capacity upward.

In the rapid transit industry, wherever there is an elevated structure or
subway tunnel, noise and vibration caused by the vehicles can generate
unrest among those living along the route. There are three areas that
can be adjusted to reduce annoying frequencies: the vehicles’ sus-
pension system; the trackbed, including the tie-to-rail interface and the
floating slab; and various acoustic barriers. For the vehicle suspension
system and trackbed techniques, good elastomeric product design and
application are generally sufficient. The product design requires
including the design considerations mentioned previously of the com-
pression and shear curve and shape factor, but also introduces new
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combinations of compression and shear. These occur either by shear
and compression in planes 90 degrees to each other or shear with
compression, as in seismic and thermo designs, only installed at angles
to the horizontal.

We have now looked at the more common types of single-axis load-
deflection characteristics possible with elastomeric products, as well as
various methods to change the stiffness in one direction while main-
taining an initial stiffness in a plane that is 90 degrees from the
reference plane. The angular considerations in different directions can
now yield an unlimited number of design-configuration options.

Torsion Load

The next six typical concepts will allow motion through an elastomer in
three or more directions. First, Fig. 2.16 would be a typical design for
seismic concerns and bridge-bearing pads. It is capable of supporting
high compressive loads while allowing for soft lateral (shear) and
torsional characteristics. Although the part shown is a circular unit,
square and rectangular products are more common in the construction
industry.

Fig. 2.17 shows another high shape factor design, which in this case
takes the elastomer in compression (that is, radially), with the shear
modes being axial and torsional.

Fig. 2.18 is similar to Fig. 2.17 except that its metal components have a
spherical contour, allowing for torsion about the center line and radial
axis. For each of these directions the radial-load deflection characteristic

Axial compression concept with two shear modes
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Figure 2.17 Radial compression concept with two shear modes
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is quite stiff. The axial characteristic is indeed stiffer than the shear in
the previous configuration. The torsion about the axial axis is also
similar, but the torsion about the radial axial axis is soft.

Figure 2.19 shows a product similar to one used in the rapid-transit and

Figure 2.78 Radial compression concept with three shear modes
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! Radial and axial compression concept with one shear mode

F Axial

Torsional

railroad industry that is, however, of a conical configuration as opposed
to a chevron configuration. This product exhibits high axial and radial
characteristics while maintaining soft torsional characteristics.

Fig. 2.20 shows another variation of Fig. 2.19, which produces high
radial and axial load-deflection characteristics but maintains a soft
torsional nature. This design is basically a combination of the flat, high
shape-factor part described in Fig. 2.18, and the circular part described
in Fig. 2.19.

Fig. 2.21 shows a spherical bearing, a configuration that allows for high
compressive loads in the axial direction while maintaining soft torsion

101 Radial and axial compression with one shear mode and high deflection
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Axial compression with three shear modes

Axial

Pitch

about the axial axis and torsion perpendicular to that axis. This
configuration is a combination of Figs. 2.20 and 2.21.

For auxiliary generators and compressors any of these configurations
would be viable. However, each individual application has its own
design requirements.

One of the parameters to consider when applying an elastic suspension
system to an energy-producing device is the degree of motion that will
be acceptable to the installation.

The performance of elastomers is of major interest and concern to the
design engineer. The readily available data concern the tensile-
elongation factor, the compression set, results from durometer tests,
and information on oil resistance, heat aging, and the static modulus.
In designing for a given environment, certain information makes the
designer’s job easier and the actual results closer to that predicted.
These types of data are normally generated at the designer’s facility with
in-house-developed test equipment and procedures. They include: (1)
dynamic modulus at various strains, frequencies, and temperatures; (2)
ozone resistance at different concentration levels; (3) loss factor at
various strains, frequencies, and temperatures; (4) fatigue of various
shape factors and cyclic strains and temperatures; (5) effects of different
ingredients such as carbon black; (6) drift and set characteristics at
various initial strains and temperatures; and (7) electrical resistance.
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Rapid loading

Different behavioral characteristics for a wide range of loading rates
have been reviewed. This review concerns load or strain duration that
are much shorter than those reviewed that are usually referred to as
being rapid impact loading. They range from a second or less (Fig.
2.22). There are a number of basic forms of rapid impact loading or
impingement on products to which plastics react in a manner different
from other materials. These dynamic stresses include loading due to
direct impact, impulse, puncture, frictional, hydrostatic, and erosion.
They have a difference in response and degree of response to other
forms of stress.

The concept of a ductile-to-brittle transition temperature in plastics is
well known in metals where notched metal parts cause brittle failure
when compared to unnotched specimens. There are differences such as
the short time moduli of many plastics compared with those in metals
that may be 200 MPa (29 x 106 psi). Although the ductile metals often
undergo local necking during a tensile test, followed by failure in the
neck, many ductile plastics exhibit the phenomenon «called a
propagating neck.

Rapid loading velocity {Courtesy of Plastics FALLO)
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Impact

Impact loading analysis may take the form of design against impact
damage requiring an analysis under high-rate loading or design for
acceptable energy absorption, or a combination of the two. Impact
resistance of a structure is defined as its ability to absorb and dissipate
the energy delivered to it during relatively high speed collisions with
other objects without sustaining damage that would damage its
intended performance.

To determine whether failure will occur the acceptable energy absorption
case requires an analysis of the stress and strain distribution during the
impact loading followed by comparison with materials impact failure data.
Whenever a product is loaded rapidly, it is subjected to impact loading.
Any product that is moving has kinetic energy. When this motion is
somehow stopped because of a collision, its energy must be dissipated.
The ability of a plastic product to absorb energy is determined by such
factors as its shape, size, thickness, type of material, method of processing,
and environmental conditions of temperature, moisture, and /or others.

Temperature conditions effect impact strength. The impact strength of
plastics is reduced drastically at low temperatures with the exception of
fibrous filled materials that improve in impact strength at low
temperature. The reduction in impact strength is especially severe if the
material undergoes a glass transition where the reduction in impact
strength is usually an order of magnitude.

From a design approach several design features affect impact resistance.
For example, rigidizing elements such as ribs may decrcase a part’s impact
resistance, while less-rigid sections may absorb more impact energy
without damage by deflecting elastically. Dead sharp corners or notches
subjected to tensile loads during impact may decrease the impact resistance
of a product by acting as stress concentrators, whereas generous radii in
these areas may distribute the tensile load and enhance the impact
resistance. This factor is particularly important for products comprised of
materials whose intrinsic impact resistance is a strong function of a notch
radius. An impact resistance that decreases drastically with notch radius
characterizes such notch sensitive materials. Wall thickness may also affect
impact resistance. Some materials have a critical thickness above which the
intrinsic impact resistance decreases dramatically.

There are different methods used to determine the impact resistance of
plastics. They include pendulum methods (I1zod, Charpy, tensile impact,
falling dart, Gardner, Dynatup, etc.) and instrumented techniques. In
the case of the Izod test, what is measured is the energy required to
break a test specimen transversely struck (the test can be done either



with the specimen notched or unnotched). The tensile impact test has a
bar loaded in tension and the striking force tends to elongate the bar.

Impact strengths of plastics are widely reported, these properties have
no particular design value. However, they are important, because they
can be used to provide an initial comparison of the relative responses of
materials. With limitations, the impact value of a material can broadly
separate those that can withstand shock loading from those that are
poorly in this response. The results provide guidelines that will be more
meaningful and empirical to the designer. To eliminate broad general-
izations, the target is to conduct impact tests on the final product or, if
possible, at least on its components.

An impact test on products requires setting up an approach on how it
should be conducted. The real test is after the product has been in
service and field reports are returned for evaluation. Regardless, the
usual impact tests conducted on test samples can be useful if they are
properly related with product requirements.

Test and service data with PVC both rate low in notched Izod impact
tests and performs well in normal service applications that involve
impact loading. Another example is with some grades of rubber-
modified high impact PSs that show up well in the Izod test fail
on impact under field test conditions. These results have led to
continual reexamination of the tests used to determine the toughness of
plastics.

There are thermoplastics that tend to be very notch sensitive on impact.
This is apparent from the molecular structure of the TP that consist of
random arrangements of plastic chains (Chapter 1). If the material
exists in the glassy state at room temperature the notch effect is to cut
the chains locally and increase the stress on the adjacent molecular chains
which will scission and propagate the effect through the material. At the
high loading rate encountered in impact loading the only form of
molecular response is the chain bending reaction which is limited in
extent and generally low in magnitude compared to the viscoelastic
response which responds at longer loading times.

TPs impact properties can be improved if the material selected does not
have sufficient impact strength. One method is by altering the com-
position of the material so that it is no longer a glassy plastic at the
operating temperature of the product. In the case of PVC this is done
by the addition of an impact modifier which can be a compatible plastic
such as an acrylic or a nitrile rubber. The addition of such a material
lowers the T, (glass transition temperature) and the material becomes a
rubbery viscoelastic plastic with improved impact properties (Chapter 1).
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Molecular orientation can improve impact TP properties. As an
example nylon has a fair impact strength but oriented nylon has a very
high transverse impact strength. The intrinsic impact strength of the
nylon comes from the polar structure of the material and the fact that
the polymer is crystalline. The substantial increase in impact strength as
a result of the orientation results from the molecular chains being
aligned. This makes them very difficult to break and, in addition, the
alignment improves the polar interaction between the chains so that
even when there is a chain break the adjacent chains hold the broken
chain and resist parting of the structure. The crystalline nature of the
nylon material also means that there is a larger stress capability at rapid
loading since the crystalline areas react much more elastically than the
amorphous glassy materials.

Other methods in which impact strength can be substantially improved
are by the use of fibrous reinforcing fillers and product design. With
reinforcements materials act as a stress transfer agent around the region
that is highly stressed by the impact load. Since most of the fibrous
fillers such as glass have high elastic moduli, they are capable of
responding elastically at the high loading rates encountered in impact
loading. Designwise prevent the formation of notched areas that act as
stress risers. Especially under impact conditions the possibility of
localized stress intensification can lead to product failure. In almost
every case the notched strength is substantially less than the unnotched
strength.

Impulse

Impulse loading differs from impact loading. The load of two billiard
balls striking is an impact condition. The load applied to an automobile
brake shoe when the brake load is applied or the load applied to a
fishing line when a strike is made is an impulse load. The time constants
are short but not as short as the impact load and the entire structural
element is subjected to the stress.

It is difficult to generalize as to whether a plastic is stronger under
impulse loading than under impact loading. Since the entire load is
applied to the elastic elements in the structure the plastic will exhibit a
high elastic modulus and much lower strain to rupture. For example
acrylic and rigid PVC (polyvinyl chloride) that appear to be brittle
under normal loading conditions, exhibit high strength under impulse
loading conditions. Rubbery materials such as TP polyurethane
elastomers and other elastomers behave like brittle materials under
impulse loading. This is an apparently unexpected result that upon
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analysis is obvious because the elastomeric rubbery response is a long
time constant response and the rigid connecting polymer segments that
are brittle are the ones that respond at high loading rates.

Impact loading implies striking the object and consequently there is a
severe surface stress condition present before the stress is transferred to
the bulk of the material. The impact load is applied instantly limiting
the straining rate only by the elastic constants of the material being
struck. A significant portion of the energy of impact is converted to
heat at the point of impact and complicates any analytically exact
treatment of the mechanics of impact. With impulse loading the load is
applied at very high rates of speed limited by the member applying the
load. However, the loading is not generally localized and the heat
effects are similar to conventional dynamic loading in that the hysteresis
characteristics of the material determines the extent of heating and the
effects can be analyzed with reasonable accuracy.

Plastics generally behave in a much different manner under impulse
loading than they do under loading at normal straining rates. Some of
the same conditions occur as under impact loading where the primary
response to load is an elastic one because there is not sufficient time for
the viscoclastic elements to operate. The primary structural response in
thermoplastic is by chain bending and by stressing of the crystalline
arcas of crystalline polymers. The response to loading is almost com-
pletely elastic for most materials, particularly when the time of loading
is of the order of milliseconds.

Improvements made with respect to impact loading for structures such
as fibers and orientations apply equally to impulse loading conditions.
Crystalline polymers generally perform well under impulse loading,
especially polar materials with high interchain coupling.

To design products subjected to impulse loading requires obtaining
applicable data. High-speed testing machines are used to determine the
response of materials at millisecond loading rates. If this type data is not
available evaluation can be done from the results of the tensile impact
test. The test should be done with a series of loads below break load,
through the break load, and then estimating the energy of impact under
the non-break conditions as well as the tensile impact break energy.
Recognize that brittle plastics perform well and rubbery materials that
would seem to be a natural for impulse loading are brirtle.

Puncture

Puncture loading is very applicable in applications with sheet and film
as well as thin-walled tubing or molding, surface skins of sandwich
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panels, and other membrane type loaded structures. The test involves a
localized force that is applied by a relatively sharp object perpendicular
to the plane of the plastic being stressed. In the case of a thin sheet or
film the stresses cause the material to be (1) displaced completely away
from the plane of the sheet (compressive stress under the point of the
puncturing member) and (2) the restraint is by tensile stress in the sheet
and by hoop stress around the puncturing member (part of the hoop
stress is compressive adjacent to the point which changes to tensile
stress to contain the displacing forces). Most cases fall somewhere
between these extremes, but the most important conditions in practice
involve the second condition to a larger degree than the first condition.

If the plastic is thick compared to the area of application of the stress, it
is effectively a localized compression stress with some shear effects as
the material is deformed below the surface of the sheet.

Plastics that are biaxially oriented have good puncture resistance.
Highly polar polymers would be resistant to puncture failure because of
their tendency to increase in strength when stretched. The addition of
randomly dispersed fibrous filler will also add resistance to puncture
loads.

Anisotropic materials will have a more complicated force pattern.
Uniaxially oriented materials will split rather than puncture under
\puncturing loading. To improve the puncture resistance materials are
needed with high tensile strength. In addition, the material should have
a high compression modulus to resist the point penetration into the
material. Resistance to notch loading is also important.

Friction

Friction is the opposing force that develops when two surfaces move
relative to each other. Basically there are two frictional properties
exhibited by any surface; static friction and kinetic friction. The ranges of
friction properties are rather extensive. Frictional properties of plastics
are important in applications such as machine products and in sliding
applications such as belting and structural units such as sliding doors. In
friction applications suggested as well as in many others, there are
important areas that concern their design approach.

It starts in plastic selection and modification to provide either high or
low friction as required by the application. There is also determining
the required geometry to supply the frictional force level needed by
controlling contact area and surface quality to provide friction level. A
controlling factor limiting any particular friction force application is
heat dissipation. This is true if the application of the friction loads is



either a continuous process or a repetitive process with a high duty cycle.
The use of cooling structures either incorporated into the products or
by the use of external cooling devices such as coolants or airflow should
be a design consideration. For successful design the heat generated by
the friction must be dissipated as fast as it is generated to avoid
overheating and failure.

The relationship between the normal force and the friction force is used
to define the coefficient of static friction. Coefficient of friction is the
ratio of the force that is required to start the friction motion of one
surface against another to the force acting perpendicular to the two
surfaces in contact. Friction coefficients will vary for a particular plastic
from the value just as motion starts to the value it attains in motion.
The coefficient depends on the surface of the material, whether rough
or smooth. These variations and others make it necessary to do careful
testing for an application which relies on the friction characteristics of
plastics. Once the friction characteristics are defined, however, they are
stable for a particular material fabricated in a prescribed method.

The molecular level characteristics that create friction forces are the
intermolecular attraction forces of adhesion. If the two materials that
make up the sliding surfaces in contact have a high degree of attraction
for each other, the coefficient of friction is high. This effect is modified
by surface conditions and the mechanical properties of the materials. If
the material is rough there is a mechanical locking interaction that adds
to the friction effect. Sliding under these conditions actually breaks oft
material and the shear strength of the material is an important factor in
the friction properties. If the surface is polished smooth the governing
factor induced by the surface conditions is the amount of area in
contact between the surfaces. In a condition of large area contact and
good adhesion, the coefficient of friction is high since there is intimate
surface contact. It is possible by the addition of surface materials that
have high adhesion to increase the coefficient of friction.

If one or both of the contacting surfaces have a low compression
modulus it is possible to make intimate contact between the surfaces
which will lead to high friction forces in the case of plastics having good
adhesion. It can add to the friction forces in another way. The dis-
placement of material in front of the moving object adds a mechanical
element to the friction forces.

In regard to surface contamination, if the surface is covered with a
material that prevents the adhesive forces from acting, the coefficient is
reduced. If the material is a liquid, which has low shear viscosity, the
condition exists of lubricated sliding where the characteristics of the
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liquid control the friction rather than the surface friction characteristics
of the plastics.

The use of plastics for gears and bearings is the area in which friction
characteristics have been examined most carefully. As an example highly
polar plastic such as nylons and the TP polyesters have, as a result of the
surface forces on the material, relatively low adhesion for themselves
and such sliding surfaces as steel. Laminated plastics make excellent
gears and bearings. The typical coefficient of friction for such materials
is 0.1 to 0.2. When they are injection molded (IM) the skin formed
when the plastic cools against the mold tends to be harder and
smoother than a cut surface so that the molded product exhibit lower
sliding friction and are excellent for this type of application. Good
design for this type of application is to make the surfaces as smooth as
possible without making them glass smooth which tends to increase the
intimacy of contact and to increase the friction above that of a fine
surface.

To reduce friction, lubricants are available that will lower the friction
and help to remove heat. Mixing of slightly incompatible additive
materials such as silicone oil into an IM plastic are used. After IM the
additive migrates to the surface of the product and acts as a renewable
source of lubricant for the product. In the case of bearings it is carried
still further by making the bearing plastic porous and filling it with a
lubricating material in a manner similar to sintered metal bearings,
graphite, and molybdenum sulfide are also incorporated as solid lubricants.

Fillers can be used to increase the thermal conductivity of the material
such as glass and metal fibers. The filter can be a material like PTFE
(polytetrafluoroethylene) plastic that has a much lower coefficient of
friction and the surface exposed material will reduce the friction.

With sliding doors or conveyor belts sliding on support surfaces
different type of low friction or low drag application is encountered.
The normal forces are generally small and the friction load problems are
of the adhering type. Some plastics exhibit excellent surfaces for this type
of application. PTFEs (tetrafluoroethylene) have the lowest coefficient
of any solid material and represent one of the most slippery surfaces
known. The major problem with PTFE is that its abrasion resistance is
low so that most of the applications utilize filled compositions with
ceramic filler materials to improve the abrasion resistance.

In addition to PTFE in reducing friction using solid materials as well as
films and coatings there are other materials with excellent properties for
surface sliding. Polyethylene and the polyolefins in general have low
surface friction, especially against metallic surfaces. UHMWPE (ultra
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high molecular weight polyethylene) has an added advantage in that it
has much better abrasion resistance and is preferred for conveyor
applications and applications involving materials sliding over the
product. In the textile industry loom products also use this material
extensively because it can handle the effects of the thread and fiber
passing over the surface with low friction and relatively low wear.

There are applications where high frictions have applications such as in
torque surfaces in clutches and brakes. Some plastics such as poly-
urethanes and plasticized vinyl compositions have very high friction
coefficients. These materials make excellent traction surfaces for
products ranging from power belts to drive rollers where the plastics
either drives or is driven by another member. Conveyor belts made of
oriented nylon and woven fabrics are coated with polyurethane elastomer
compounds to supply both the driving traction and to move the objects
being conveyed up fairly steep inclines because of the high friction
generated. Drive rollers for moving paper through printing presses, copy
machines, and business machines are frequently covered with either
urethane or vinyl to act as the driver members with minimum slippage.

Erosion

Friction in basically the effect of erosion forces such as wind driven sand
or water, underwater flows of solids past plastic surfaces, and even the
effects of high velocity flows causing cavitation effects on material
surfaces. One major area for the utilization of plastics is on the outside
of moving objects that range from the front of automobiles to boats,
aircraft, missiles, and submarine craft. In each case the impact effects of
the velocity driven particulate matter can cause surface damage to
plastics. Stationary objects such as radomes and buildings exposed to
the weather in regions with high and frequent winds are also exposed to
this type of effect.

Hydyostatic

In applications where water is involved if the water does not wet the
surface, the tendency will be to have the droplets that do not impact
close to the perpendicular direction bounce off the surface with
considerably less energy transfer to the surface. Non-wetting coatings
reduce the effect of wind and rain erosion. Impact of air-carried solid
particulate matter is more closely analogous to straight impact loading
since the particles do not become disrupted by the impact. The main
characteristic required of the material, in addition to not becoming
brittle under high rate loading is resistance to notch fracture.

The ability to absorb energy by hysteresis effects is important, as is the
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case with the water. In many cases the best type of surface is an
elastomer with good damping properties and good surface abrasion
resistance. An example is polyurethane coatings and products that are
excellent for both water and particulate matter that is air-driven.
Besides such applications as vehicles, these materials are used in the
interior of sand and shot blast cabinets where they are constantly
exposed to this type of stress. These materials are fabricated into liners
in hoses for carrying pneumatically conveyed materials such as sand
blasting hoses and for conveyor hose for a wide variety of materials such
as sand, grain, and plastics pellets.

The method of minimizing the effects of erosion produced when the
surface impact loading by fluid-borne particulate matter, liquid or solid,
or cavitation loading is encountered, relates to material selection and
modification. The plastics used should be ductile at impulse loading
rates and capable of absorbing the impulse energy and dissipating it as
heat by hysteresis effects. The surface characteristics of the materials in
terms of wettability by the fluid and frictional interaction with the solids
also play a role. In this type of application the general data available for
materials should be supplemented by that obtained under simulated use
conditions since the properties needed to perform are not readily
predictable.

Cavitation

Another rapid loading condition in underwatcr applications is the
application of external hydrostatic stress to plastic structures (also steel,
etc.). Internal pressure applications such as those encountered in pipe
and tubing or in pressure vessels such as acrosol containers are easily
treated using tensile stress and creep properties of the plastic with the
appropriate relationships for hoop and membrane stresses. The
application of external pressure, especially high static pressure, has a
rather unique effect on plastics. The stress analysis for thick walled
spherical and tubular structures under external pressure is available.

The interesting aspect that plastics have in this situation is that the
relatively high compressive stresses increase the resistance of plastic
materials to failure. Glassy plastics under conditions of very high
hydrostatic stress behave in some ways like a compressible fluid. The
density of the material increases and the compressive strength are
increased. In addition, the material undergoes sufficient internal flow to
distribute the stresses uniformly throughout the product. As a
consequence, the plastic products produced from such materials as
acrylic and polycarbonate make excellent view windows for undersca

vehicles that operate at extreme depths where the external pressures are
7MPa (1000 psi) and more.
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With increasing ship speeds, the development of high-speed hydraulic
equipment, and the variety of modem fluid-flow applications to which
metal materials are being subjected, the problem of cavitation erosion
becomes more important since it was first reported during 1873
(Chapter 8). Erosion may occur in either internal-flow systems, such as
piping, pumps, and turbines, or in external ones like ships’ propellers.

This erosion action occurs in a rapidly moving fluid when there is a
decrease in pressure in the fluid below its vapor pressure and the
presence of such nucleating sources as minute foreign particles or
definite gas bubbles. Result is the formation of vapor bubble that
continues to grow until it reaches a region of pressure higher than its
own vapor pressure at which time it collapses. When these bubbles
collapse near a boundary, the high-intensity shock waves (rapid loading)
that are produced radiate to the boundary, resulting in mechanical
damage to the material. The force of the shock wave or of the
impinging may still be sufficient to cause a plastic flow or fatigue failure
in a material after a number of cycles.

Materials, particularly steel, in cavitating fluids results in an erosion
mechanism that includes mechanical erosion and electrochemical
corrosion. Protection against cavitation is to use hardened materials,
chromium, chrome-nickel compounds, or elastomeric plastics. Also
used are methods to reduce the vapor pressure with additives, add air to
act as a cushion for the collapsing bubbles, reduce the turbulence, and/
or change the liquid’s temperature.

Rain

As it has been reported since the 1940s as one walks through a gentle
spring rain one seldom considers that raindrops can be small destructive
“bullets” when they strike high-speed aircraft. These rapid loaded
bullet-like raindrops can erode paint coatings, plastic products, and
even steel, magnesium or aluminum leading edges to such an extent
that the surfaces may appear to have been sandblasted. Even the
structural integrity of the aircraft may be affected after several hours of
flight through rain. Also affected are commercial aircraft, missiles, high-
speed vehicles on the ground, spacecraft before and after a flight when
rain is encountered, and even buildings or structures that encounter
high-speed rainstorms. Critical situations can exist in flight vehicles,
since flight performance can be affected to the extent that a vehicle can
be destroyed.

First reports on rain erosion on aircraft were first reported during WW
II when the B-29 bomber was flying over the Pacific Ocean.
Acrodynamic RP radar wing-type shaped structure on the B-29 was
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flying at a so called (at that time) high-speed was completely destroyed
by rain erosion (DVR was a flight engineer on B-29). The “Eagle
Wing” radome all-weather bomber airplanes were then capable of only
flying at 400 mph. The aluminum aerodynamic leading edges of wings
and particularly of the glass-fiber-reinforced TP polyester-nose radomes
were particularly susceptible to this form of degradation. The problem
continues to exist, as can be seen on the front of commercial and
military airplanes with their neoprene protective coated RP radomes;
the paint coating over the rain erosion elastomeric plastic erodes and
then is repainted prior to the catastrophic damage of the rain erosion
elastomeric coating.

Extensive flight tests conducted to determine the severity of the rain
erosion were carried out in 1944. They established that aluminum and
RP leading edges of airfoil shapes exhibited serious erosion after
exposure to rainfall of only moderate intensity. Inasmuch as this
problem originally arose with military aircraft, the U.S. Air Force
initiated research studies at the Wright-Patterson Development
Center’s Materials Laboratory in Dayton, Ohio (DVR department
involved; young lady physicist actually developed the theory of rain
erosion that still applies). It resulted in applying an elastomeric
neoprene coating adhesively bonded to RP radomes. The usual 5 mil
coating of elastomeric material used literally bounces off raindrops,
even from a supersonic airplane traveling through rain. Even though a
slight loss (1%/mil of coating) of radar transmission occurred it was
better than losing 100% when the radome was destroyed.

To determine the type of physical properties materials used in this
environment should have, it is necessary to examine the mechanics of
the impact of the particulate matter on the surfaces. The high kinetic
energy of the droplet is dissipated by shattering the drop, by indenting
the surface, and by frictional heating effects. The loading rate is high as
in impact and impulse loading, but it is neither as localized as the
impact load nor as generalized as the impulse load. Material that can
dissipate the locally high stresses through the bulk of the material will
respond well under this type of load. The plastic should not exhibit
brittle behavior at high loading rates.

In addition, it should exhibit a fairly high hysteresis level that would
have the effect of dissipating the sharp mechanical impulse loads as
heat. The material will develop heat due to the stress under cyclical
load. Materials used are the elastomeric plastics used in the products or
as a coating on products.



2 - Design Optimization 113

High performance
As reviewed throughout this book the high performance materials are
engineering plastics such as polycarbonate, nylon, acetal, and reinforced
plastic (RP). Data on these plastics are provided throughout this book.
In this section information on RPs is presented since they can provide a
special form of high performance material that provides a designer with
different innovative latitudes of performances than usually reviewed in
textbooks.

Reinforced Plastic

They are strong, usually inert materials bound into a plastic to improve
its properties such as strength, stiffness/modulus of elasticity, impact
resistance, reduce dimensional shrinkage, etc. (Figs 2.2, 2.23, & 2.24).
They include fiber and other forms of material. There are inorganic and
organic fibers that have the usual diameters ranging from about one to
over 100 micrometers. Properties differ for the difterent types,
diameters, shapes, and lengths. To be effective, reinforcement must
form a strong adhesive bond with the plastic; for certain reinforcements
special cleaning, sizing, etc. treatments are used to improve bonds. A
microscopic view of an RP reveals groups of fibers surrounded by the
matrix.

In general adding reinforcing fibers significantly increases mechanical
properties. Particulate fillers of various types usually increase the
modulus, plasticizers generally decrease the modulus but enhance
flexibility, and so on. These reinforced plastics (RPs) can also be called
composites. However the name composites literally identifies thousands
of different combinations with very few that include the use of plastics.
In using the term composites when plastics are involved the more
appropriate term is plastic composite.

Figure 2.23 RPs tensile S-S data {Courtesy of Plastics FALLO)
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Figure 2.24 Properties of RPs and other materials {Courtesy of Plastics FALLO)
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Types of reinforcements include fibers of glass, carbon, graphite, boron,
nylon, polyethylene, polypropylene, cotton, sisal, asbestos, metals,
whiskers, etc. Other types and forms of reinforcements include
bamboo, burlap, carbon black, platelet forms (includes mica, glass, and
aluminum), fabric, and hemp. There are whiskers that are metallic or
nonmetallic single crystals (micrometer size diameters) of ultrahigh
strength and modulus. Their extremely high performances (high
modulus of elasticity, high melting points, resistance to oxidation, low
weights, etc.) are attributed to their near perfect crystal structure,
chemically pure nature, and fine diameters that minimize defects. They
exhibit a much higher resistance to fracture (toughness) than other
types of reinforcing fibers (Chapter 1).

The advanced RP (ARP) refers to a plastic matrix reinforced with very
high strength, high modulus fibers that include carbon, graphite, aramid,
boron, and S-glass. They can be at least 50 times stronger and 25 to 150
times stiffer than the matrix. ARPs can have a low density (1 to 3
g/cm3), high strength (3 to 7 GPa) and high modulus (60 to 600 GPa).

It can generally be claimed that fiber based RPs offer good potential for
achieving high structural efficiency coupled with a weight saving in
products, fuel efficiency in manufacturing, and cost effectiveness during
service life. Conversely, special problems can arise from the use of RPs,
due to the extreme anisotropy of some of them, the fact that the
strength of certain constituent fibers is intrinsically variable, and
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because the test methods for measuring RPs’ performance need special
consideration if they are to provide meaningful values.

Orientation of Reinforcement

RPs behavior is dominated by the arrangement and the interaction of
the stiff, strong reinforcing fibers with the less stiff, weaker plastic
matrix. The fiber arrangement determines the behavior of RPs where a
major advantage is that directional properties can be maximized.
Arrangements include the use of woven (with different weaves) and
nonwoven (with different lengths and forms) fabrics.

Design theories of combining actions of plastics and reinforcement
arrangements have been developed and used successfully. Theories are
available to predict overall behavior based on the properties of fiber and
matrix. In a practical design approach, the behavior can use the original
approach analogous to that used in wood for centuries where individual
fiber properties are neglected; only the gross properties, measured at
various directions relative to the grain, are considered. This was the
initial design evaluation approach used during the 1940s.

Orientation Terms
Orientation terms of RP directional properties include the following:

Anisotropic construction RP properties are different in different
directions along the laminate flat plane.

Balanced construction RP in which properties are symmetrical along
the laminate flat plane.

Bidirectional construction RP with the fibers oriented in various
directions in the plane of the laminate usually identifying a cross
laminate with the direction 90° apart.

Heterogeneous construction RP material’s composition varies from point
to point in a heterogeneous mass.

Homogeneous construction Uniform RP.

Isotropic construction RPs having uniform properties in all directions
along the laminate flat plane.

Nonisotropic construction RP does not have uniform properties in all
directions.

Orthotropic construction RP having mutually perpendicular planes of
elastic symmetry along the laminate flat plane.
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Unidirectional, construction Refers to fibers that are oriented in the
same direction (parallel alignment) such as filament-winding,
pultrusion, unidirectional fabric laminate, and tape.

RPs can be constructed from a single layer or built up from multiple
layers using fiber preforms, nonwoven fabrics, and woven fabrics. In
many products woven fabrics are very practical since they drape better
over 3-D molds than constructions that contain predominantly straight
fibers. However they include kinks where fibers cross. Kinks produce
repetitive variations and induce local stresses in the direction of
reinforcement with some sacrifice in properties. Regardless, extensive
use of fabrics is made based on their advantages.

The glass content of a part has a direct influence on its mechanical
properties where the more glass results in more strength. This relates to
the ability to pack the reinforcement. Fiber content can be measured in
percent by weight of the fiber portion (wt%) or percent by volume
(vol%). (Fig. 2.25) When content is only in percent, it usually refers to
wt%. Depending on how glass fibers are arranged content can range
from 65 to 95.6 wt% or up to 90.8 vol%. When one-half of the strands
are placed at right angles to each half, glass loadings range from 55 to
88.8 wt% or up to 78.5 vol% (Fig. 2.26).

Basic Design Theory

In designing RPs, certain important assumptions are made so that two
materials act together and the stretching, compression, twisting of
fibers and of plastics under load is the same; that is, the strains in fiber
and plastic are equal. Another assumption is that the RP is elastic, that
is, strains are directly proportional to the stress applied, and when a
load is removed the deformation disappears. In engineering terms, the
material obeys Hooke’s Law. This assumption is a close approximation
to the actual behavior in direct stress below the proportional limit,
particularly in tension, where the fibers carry essentially all the stress.
The assumption is possibly less valid in shear where the plastic carries a
substantial portion of the stress.

In this analysis it is assumed that all the glass fibers are straight;
however, it is unlikely that this is true, particularly with fabrics. In
practice, the load is increased with fibers not necessarily failing at the
same time. Values of a number of elastic constants must be known in
addition to strength properties of the resins, fibers, and combinations.
In this analysis, arbitrary values are used that are low for elastic
constants and strength values. Any values can be used; here the theory
is illustrated.
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Any material, when stressed, stretches or is otherwise deformed. If the
plastic and fiber are firmly bonded together, the deformation is the
same. Since the fiber is more unyielding, a higher stress is developed in
the glass than the plastic. If the stress-strain relationships of fiber and
plastic are known, the stresses developed in each for a given strain can
be computed and their combined action determined. Fig. 2.27 stress-
strain ($-§) diagrams provide the basis for this analysis; it provides
related data such as strengths and modulus.

These S-S diagrams may be applied to investigate a rod in which half of
the volume is glass and the other half is plastic. If the fibers are parallel
to the axis of the rod, at any cross-section, half of the total is fiber with
half plastic. If the rod is stretched 0.5%, the S-S diagrams show that the
glass is stressed to 50,000 psi (345 MPa), resin B at 7,500 psi (52
MPa), and resin C at 2,500 psi (17 MPa). If the rod has a total cross-
section of V2 in?, the glass is ¥4 in?. The total load on the glass is ¥4 X
50,000 or 12,500 Ib. Similarly resin B is 1,875 Ib and resin C is 625 1b.

The load required to stretch the rod made of resin B becomes the sum
of glass and resin load or 14,375 Ib. With resin C the load is 13,125 Ib.

The foregoing can be put into the form of an equation:

OA = CAr+ CA, (2-15)
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igure 2

27 Analysis of RPs stress-strain curves (Courtesy of Plastics FALLO)
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If the moduli of elasticity, as measured by the tangents to the S-S
diagrams, are known the following equations are obtained:

o _L iy (2-16)
o; Ef’ or o, = Efo'f
E, = modulus of elasticity of resin

E¢ modulus of elasticity of fiber

Substituting (2-16) in (2-15) results in:

OA = of (A, +%A,) (2-17)

Referring to Fig. 2.27, the tangent to the S-S curve for glass gives a
value of Ep= 10 x 10° psi. The resin tangents are given for B and C at
1.5 x 109 psi and 0.5 x 108 psi, respectively. Substituting these values in
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Eq. (2-17) results in:

Resin B oA = 50,000 (0_25 +%.0_25) (2-18)
= 1437516
or ¢ = 28,750 psi

ResinC  GA = 50,000 (0,25 J%’,o,zs) (2-19)
= 13,1251b
o = 26.250 psi

Average values of modulus of elasticity of the entire cross-section may
be computed by dividing ¢ by the strain. The strain is 0.5%, therefore
the two average values of E of the rod, incorporating resins B and C,
are 5.75 x 108 psi and 5.35 x 106- psi, respectively.

For a cross-section made up of a number of different materials, Eq. (2-
15) may be generalized to:

1=n
oA = X, GA (2-20)
i=1
in which o is the tensile strength and A, the cross-sectional area of any

component of the cross-section. This equation can be stll further
generalized to include tension, compression, and shear:

=n
SA= Y SA (2-21)
i=1

in which §; is the strength property of the cross-sectional area A;, and S
is the mean strength property over the entire cross-section A.

Similar to finding the overall modulus of a cross-section, the equation
becomes:

i=n
EA = Y EA (2-22)
=1

in which E is the overall modulus of elasticity, A the total cross-section,
and E; the modulus of elasticity corresponding to the partial cross-
sectional area A;. For shear modulus G the equation becomes:

GA = Y, GA (2-23)
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Fiber Strength Theory

The deformation and strength of filamentary structures subjected to
combined loading can be theoretically predicted using experimentally-
determined intrinsic stiffnesses and strength of the individual constituent
layers. In order to have an integrated material and structure design, the
gross properties as functions of the micromechanical parameters represent
an important issue on the continuing and expanding use of RPs. It has
been established, both in theory and experiment, that four principal
elastic moduli and three principal strengths govern the deformation and
strength of unidirectional fiber RPs. With the aid of a yield condition, the
initial failure of filamentary structures can be predicted. After the initial
failure, the structure may carry additional loads. An analysis of a partially
failed or degraded structure can be used to predict the ultimate
deformation and strength.

With an understanding of the gross behavior of a filamentary structure,
a proper assessment of the mechanical and geometric properties of the
constituent materials is possible. In particular, the use of fiber strength,
the binding resin matrix, and the interface may be placed in a
perspective based on the results of a mathematical analysis. They
provide accurate guidelines for the design of RPs.

A better understanding exists of the elastic stiffness of filamentary
materials than of the strengths. The generalized Hooke’s law is usually
accepted as the governing equation of the linear elastic deformation of
RP materials. The simultaneous or sequential modes of deformation and
fracture are difficult to describe from the phenomenological standpoint.
In general a strength theory on one criterion will not be sufficient to
cover the entire range of failure modes of RP. In addition, fabrication
variables and test methods are also known to introduce uncertainties in
strength data that makes the verification of theories more difficult.

A macroscopic theory of strength is based on a phenomenological
approach. No dircct reference to the mode of deformation and fracture
is made. Essentially, this approach employs the mathematical theories of
elasticity and tries to establish a yield or failure criterion. Among the
most popular strength theories are those based on maximum stress,
maximum strain, and maximum work. The maximum stress theory
states that, relative to the material symmetry axes x-y, failure of the RP
will occur if one of three ultimate strengths is reached. There are three
inequalities, as follows:

o, <X (2-24)
6, <Y (2-25)
6,<S (2-26)
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With negative normal stress components, compressive strengths
designated by X and 7" must be used:

G,<X (2-27)
6,<Y (2-28)

Shear strength § has no directional property and it retains the same
value for both positive and negative shear stress components.

The maximum strain theory is similar to the maximum stress theory.
Associated with each strain component, relative to the material
symmetry axes, e, €, Or ¢, there is an ultimate strain or an arbitrary
proportional limit, X,, 7, or §,, respectively. The maximum strain
theory can be expressed in terms of the following inequalities:

e<X. (2-29)

e,<Ye (2-30)

e<S. (2-31)
Where e.and y, are negative, use the following inequalities:

e <X, (2-32)

e, <Y (2-33)

The maximum work theory in plane stress takes the following form:

6)? ([o.\(o 6\ . [05)? _ (2-34)
G- GG - (- () -
If 6, and ©, are negative, compressive strengths X" and 1 should be
used in Eq. 2-34, respectively.

In the following reviews, the tensile and compressive strengths of
unidirectional and laminated RDPs, based on the three theories, is
computed and compared with available data obtained from glass fiber-
epoxy RPs. The uniaxial strength of unidirectional RPs with fiber
orientation 6 can be determined according to the maximum theory.
Strength is determined by the magnitude of each stress component
according to Eqgs. 2-24, 2-25, and 2-26 or Eqs. 2-27 and 2-28. As fiber
orientation varies from 0° to 90°, it is only necessary to calculate the
variation of the stress components as a function of 6. This is done by
using the usual transformation equations of a second rank tensor, thus:

G, =G, cos? (2-35)
o, =0, sin? 0 (2-36)
G, = G, sin B cos 6 (2-37)

where o,, 6, o, are the stress components relative to the material
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symmetry axes, i.e., o, is the normal stress along the fibers, o, transverse
to the fibers, o,, the shear stress; 6; = uniaxial stress along to the test
specimen. Angle 8 is measured between the 1-axis and the fiber axis. By
combining Eqs. 2-35, 2-36, and 2-37 with 2-24, 2-25, and 2-26, the
uniaxial strength is determined by:

G, £ X/cos? 6 (2-38)
< Ysin2 @ (2-39)
< S/(sin @ cos? 6) (2-40)

The maximum strain theory can be determined by assuming that the
material is linearly elastic up to the ultimate failure. The ultimate strains
in Eqgs. 2-29, 2-30, and 2-31 as well as 2-32 and 2-33 can be related
directly to the strengths as follows:

Xe = X/En (2-41)
Ye = X/Ep (2-42)
Se = S/G (2-43)
The usual stress-strain relations of orthotropic materials is:

1 2-44
€& = E— (Gx - Vlzoy) ( )

n

1 (2-45)
e, =— lo, - v50
Y E22 Yy 12 x)

1 (2-46)

€

G~

Substituting Eq. 2-35, 2-36, and 2-37 into 2-44, 2-45, and 2-46
results in,

e = 1 (cos? - vy, sin? o, (2-47)
E11

e = T (sin2 @ - vy, cos? B)o, (2-48)
£y
1 (2-49)

(sin 8 cos H)o,

“f'b
Il

G

Finally, substituting Eqs. 2-47, 2-48, and 2-49 and 2-41, 2-42, and
2-43 into Eqgs. 2-29, 2-30, and 2-31, and after rearranging, one obtains
the uniaxial strength based on the maximum theory:

71 < X/(cos? 8 - v,,sin? 0) (2-50)
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<Y/(sin? @ - v,,cos? 6) (2-51)
< X/(sin @ - cos 6) (2-52)

The maximum work theory can be obtained directly by substituting Eq.
2-35, 2-36, and 2-37 into Eq. 2-34:

1 cos?0 1 1 20 2 sin%@ (2-53)
+(§ —72) cos’8sin‘d + —

Y2

N

Determining the strength of laminated RPs is no more difficult
conceptually than determining the strength of unidirectional RPs. It is
only necessary to determine the stress and strain components that exist
in each constituent layer. Strength theories can then be applied to
ascertain which layer of the laminated composite has failed. Stress and
strain data is obtained for E-glass-epoxy, and cross-ply and angle-ply
RPs. Under uniaxial loading, only N, is the nonzero stress resultant and
when temperature effect is neglected, the calculations become:

€; =(A ’“ + ZB’[1)N1 (2—54)
oW = ¥ [A; + zBLIN, (2-55)

where A’ and B’ matrices are the in-plane and coupling matrices of a
laminated anisotropic composite.

The stress and strain components can be computed from Egs. 2-54 and
2-55. They can then be substituted into the strength theories, from
which the maximum N7, the uniaxial stress resultant can be determined.
Uniaxial tensile strengths of unidirectional and laminated composites
made of E-glass-epoxy systems are obtained. Also, uniaxial axial-com-
pressive strengths are obtained. The three strength theories can be
applied to the glass-epoxy RP by using the following material coefficients:

7.8 x 108 psi (2-56)
2.6 % 108 psi

= 0.25

1.25 % 108 psi

150 ksi
150 ksi
4 ksi
20 ksi
8 ksi

i

0o

N<XX ®< mm
NN
]

The maximum stress theory is shown as solid lines in Fig. 2.28. On the
right-hand side of the figure is the uniaxial strength of directional RPs
with fiber orientation € from 0° to 90°; on the left-hand side, laminated
RPs with helical angle o from 0° to 90°. Both tensile and compressive
loadings are shown. The tensile data are the solid circles and the com-
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7 Maximum stress theory
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pressive are squares. Tensile data are obtained from dog-bone specimens.
Compressive data are from specimens with uniform rectangular cross-
sections.

Figure 2.29 shows the comparison between the maximum strain theory
and the same experimental data shown in Fig. 2.28. The formats are
similar. Fig. 2.28 shows a comparison between the maximum work
theory of the same experimental data as shown in Figs 2.29 and 2.30.

Based on a Tsai review, it shows that the maximum work theory is more
accurate than the maximum stress and strain theories. The maximum
work theory encompasses the following additional features.

1.

3.

4.

There is a continuous variation, rather than segmented variation, of
the strength as a function of cither the fiber orientation 6 or helical
angle o.

. There is a continuous decrease as the angles 6 and a deviate from

0°. There is no rise in axial strength, as indicated by the maximum
stress and strain theories.

The uniaxial strength is plotted on a logarithmic scale and an error
of a factor of 2 exists in the strength prediction of the maximum
stress and strain theories in the range of 30°.

A fundamental difference between the maximum work and the
other theories lies in the question of interaction among the failure
modes. The maximum stress and strain theories assume that there is
no interaction among the three failure modes (axial, transverse, and
shear failures).
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Maximum strain theory
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5. In the limit, when:
X =Y=13S (2-57)

which corresponds to isotropic materials, equation 2-53 becomes,

01 = X (2—58)
This means that the axial strength is invariant. If equation 2-57 is
substituted into equation 2-38, 2-39, and 2-40 thus:

0, < X[cos28 (2-59)

< X/[sin20
< X/N3sin6 cosd
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The angular dependence does not vanish, that should not be the case
for an isotropic material.

Fiber Geometry on Strength

Various investigators have developed mathematical means for
determining the efficiency of glass-fiber RPs. In order to analyze the
effect of fiber geometry on strength, the fundamental mechanics of RP
theory is reviewed. Relationships have been derived to relate the load
distribution in an RP to the properties of the individual materials. The
derivations are based on the following: (1) stress is proportional to the
strain in both materials; (2) resin-fiber bond is efficient, so that resin
and fiber are strained an equal amount under load; (3) fibers are
straight, continuous, and aligned with the axis of the applied load; and
(4) material components are isotropic and homogeneous. The
nomenclature used is as follows:

Ac Area of comosite, inches?
Ax Total fiber area, inches?
Af Area of fiber in load direction, inches?

Area of matrix, inches?

Fiber diameter, inches

Modulus of elasticity of composite, psi {tension)
Modulus of elasticity of fiber, psi (tension)
Modulus of elasticity of matrix, psi (tension)
Base strength of the fiber, psi

Base strength of the matrix, psi

Theoretical composite strength, psi

Height of shear plane, inches

Length of shear plane and required overlap of fibers
Load of composite, pounds

Load on fiber, pounds

Load on matrix, pounds

Unit stress in composite, psi

"gn st*pnt""\ }l:ngm;nsmgﬁﬁm DSL

S¢ Unit stress in fiber, psi

Sm Unit stress in matrix, psi

IR Unit strain of composite, inchesfinches
& Unit strain of fiber, inchesfinches

emn Unit strain of matrix, inches/inches

The derivations are as follows:
s = Ee (2-60)

where E is the proportionality constant or the modulus of elasticity. For
RPs

Se = Ee€e (2—61)
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and the stress in the fiber and matrix is
s = Eer (2-62)
m€m (2-63)

Sm

By assumption

€ = € = € (2-64)
Thus Eq. 2-62 and 2-63 can be written as

se = Epe. (2-65)

sp = Emee (2-68)

Since the load is equal to unit stress times area, the load on the fiber is:

Pr = sir = EeAf (2-67)
and the load on the matrix is:
Pm = SwAm = En€An (2-68)

The load applied to the composite, P,is resisted by the resisting loads in
the fiber and matrix; therefore the following equation exists:

P. = Pe+ P, (2-69)
The ratio of the load carried by the fibers to the applied load is

P P (2-70)

P. Pit+ P,

and substituting for Prand P,,
Pf _ EfAf (2-71)

Pe  EfAf+ EAn
Equation 2-71 can be further simplified by assuming the composite to
have an area of one¢ squarce inch. Thus:
A+ Ap=Ap=1 (2-72)
Equation 2-71 can now be written as:
P 1 (2-73)

Pe 1+%"—(%—1)
' f

The ratio of fiber stress to composite stress can be determined by
dividing the fiber and composite loads by their respective area, thus
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S¢ P[/Af AC EfAf (2-74)

se  PJA. ~ Ar EA+E,(1-A)

and since A, =1

st 1 (2-75)

Se A,+li__L(1 -A)
f

It can be concluded from equation 2-73 that the percentage of the
applied load carried by the fiber is a function of the relative moduli of
matrix and fiber and also a function of the area fiber resisting the
applied load. The same statement is true for the ratio of the stress and
the fibers to the stress in the composite. By equation 2-75, it is
determined that the stress in the fiber increases as E,,/Edecreases and
Apdecreases.

Continuous fibers, such as those in filament winding, cross laminates,
and cloth laminates, can transmit the applied load or stress from the
point of application to the rcaction via a continuous load path. If the
fibers are not continuous between the load and the reaction, the matrix
must transfer the load from one fiber to the next at the points of
discontinuity. Fiber continuity also affects the type of failure of the
composite.

With continuous fibers, it can be assumed that the failure will ultimately
occur by fracture of the fibers. Discontinuous fibers, on the other hand,
can have three other types of failures: (1) fracture of the resin at a weak
net section; (2) shear failure in the matrix at the points of discontinuity
of the fiber; and (3) failure of the bond between the fibers and the
matrix.

The theoretical composite strength is defined as the sum of the
strengths of the fiber and matrix materials. This can be written as

Pc = Afth + AmFm (2-76)
Fo = AnFr + ApFm (2-77)
(where Ap and A,, are part of a unit area) when the composite is
assumed to have a unit area. The composite efficiency is the ratio of the

composite strength as tested to the simple composite theoretical
strength expressed in percent. Thus,

test strength of the composite
theoretical composite strength

(2-78)

composite efficiency = X 100
The effective fiber stress can be determined from the load in the fiber
and the fiber arca. The percentage of the applied load that is carried by
the fiber is dependent on E,/Erand A. This load divided by the fiber
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area is the effective fiber stress. Thus,

s/ (effective) = %{ o lest strengf: composite (2-79)
c f

Fiber efficiency can now be defined as the ratio of the developed fiber
stress to the base strength of the fibers. Thus,

developed fiber stress
basic fiber strength

x 100 (2-80)

fiber efficiency =

RP efficiency is based on the total glass content plus the total resin
matrix content, and fiber efficiency is based on the glass area oriented in
the load direction. The average tensile strength of glass fibers in their
several common forms are about 500 000 psi for a virgin single filament,
40 000 psi for single glass roving, and 250 000 psi for glass strands (as
woven into cloth). As a basis for comparing fiber gcometrics, the basce
glass strength will be assumed as 400 000 psi for glass roving. Single-
glass filaments are not practical to handle, and glass strands that are
used in cloth have undergone the first phase of fabrication.

Stiffness-Viscoelasticity

The stiffness response of RPs can be identified as viscoelasticity. RPs are
nearly elastic in behavior and tend to reduce the importance of the
time-dependent component of viscoelastic behavior. Also, the stiffness
of fiber reinforcements and the usual TS resin matrices are less sensitive
to temperature change than most unreinforced plastics. The stiffness of
both the fibers and the matrices are frequently more stable on exposure
to solvents, oils, and greases than TPs although for certain composites
water, acids, bases, and some strong solvents still may alter stiffness
properties significantly.

Stiffness properties of RPs are used (as with other materials) for the
usual purposes of estimating stresses and strains in a structural design,
and to predict buckling capacity under compressive loads. Also, stiffness
properties of individual plies of a layered “flat plate approach” may be
used for the calculation of overall stiffness and strength properties. The
relationship between stress and strain of unreinforced or reinforced
plastics varies from viscous to elastic. Most RPs, particularly RTSs are
intermediate between viscous and elastic. The type of plastic, stress,
strain, time, temperature, and environment all influence the degree of
their viscoelasticity.

Creep and Stress Relaxation
Properties of unreinforced plastics are strongly dependent on temperature
and time. This is also true, to a lesser degree, for RPs, particularly RTSs,
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compared with other materials, such as steel. This strong dependence of
properties on temperature and how fast the material is deformed, based
on a time scale, is a result of the viscoelastic nature of plastics.
Consequently, it is important in practice to know how the product is
likely to be loaded with respect to time.

In structural design, it is important to distinguish between various
modes in the product. The behavior of any material in tension, for
example, is different from its behavior in shear, as with plastics, metals,
concrete, etc. For viscoelastic materials such as plastics, the history of
deformation also has an effect on the response of the material, since
viscoelastic materials have time- and temperature-dependent material
properties.

Conceptual design approach

A skilled designer blends knowledge of materials, an understanding of
manufacturing processes, and imagination of new or innovative designs.
It is the prediction of performance in its broadest sense, including all
the characteristics and properties of materials that are essential and
relate to the processing of the plastic. To the designer, an example of a
strict definition of a design property could be one that permits cal-
culating of product dimensions from a stress analysis. Such properties
obviously are the most desirable upon which to base material selections.
These correlative properties, together with those that can be used in
design equations, generally are called cngineering properties. They
encompass a variety of stress situations over and above the basic static
strength and rigidity, such as impact, fatigue, high and low temperature
capability, flammability, chemical resistance, and arc resistance.

Recognize that there are many stresses that cannot be accurately
analyzed in plastics, metals, aluminum, etc. Thus one relies on properties
that correlate with performance requirements. Where the product has
critical performance requirements, such as ensuring safety to people,
production prototypes will have to be exposed to the requirements it is
to meet in service.

Design Analysis

The designer starts by one visualizing a certain family of material, makes
approximate calculations to see if the contemplated idea is practical to
meet requirements that includes cost, and, if the answer is favorable,
proceeds to collect detailed data on a range of materials that may be



considered for the new product. When plastics are the candidate
materials, it must be recognized from the beginning that the available
test data require understanding and proper interpretation before an
attempt can be made to apply them to the initial product design. For
this reason, an explanation of data sheets is required in order to avoid
anticipating product characteristics that may not exist when merely
applying data sheet information without knowing how such information
was derived. The application of appropriate data to product design can
mean the difference between the success and failure of manufactured
products made from any material (plastic, steel, etc.).

In structural applications for plastics, which generally include those in
which the product has to resist substantial static and /or dynamic loads,
it may appear that one of the problem design areas for many plastics is
their low modulus of clasticity. The moduli of unfilled plastics are usually
under 7 x 103 MPa (1 X 10° psi) as compared to materials such as metals
and ceramics where the range is usually 7 to 28 x 10* MPa (10 to 40 x
10% psi). However with reinforced plastics (RPs) the high moduli of
metals are reached and even surpassed as summarized in Fig. 2.3.

Since shape integrity under load is a major consideration for structural
products, low modulus plastic products are designed shapewise for
efficient use of the material to atford maximum stiffness and overcome
their low modulus. These type plastics and products represent most of
the plastic products produced worldwide.

With the structural analysis reviewed characteristics or behaviors of
plastics are included. These characteristics or behaviors are reviewed
throughout this book. The following information provides examples of
what could apply in a design.

The value of heat insulation is fully appreciated in the use of plastic
drinking cups and of plastic handles on cooking utensils, electric irons,
and other devices where heat can cause discomfort or burning. In
electrical devices the plastic material’s application is extended to provide
not only voltage insulation where needed, but also the housing that
would protect the user against accidental electrical grounding. In
industry the thermal and electrical uses of plastics are many, and these
uses usually combine additional features that prove to be of overall
benefit.

Corrosion resistance and color are extremely important in many
products. Protective coatings for most plastics are not required owing
to their inherent corrosion-resistant characteristics. The eroding effects
of rust are well known with certain materials, and materials such as
certain plastics that do not deteriorate offers distinct advantages. Colors
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for esthetic appearance are incorporated in the material compound and
become an integral part of the plastic for the life of the product.

Those with transparency capabilities provide many different products
that include transportation vehicle lighting, camera lenses, protective
shields (high heat resistance, gunfire, etc.), etc. When transparency is
needed in conjunction with toughness and safety, plastic materials are
the preferred candidates. Add to the capability of providing simple to
very complex shapes.

Other important properties for certain products include coefficient of
friction, chemical resistance, and others. Many plastic materials
inherently have a low coefficient of friction. Other plastic materials can
incorporate this property by compounding a suitable ingredient such as
graphite powder into the base material. It is an important feature for
moving products, which provides for self-lubrication. Chemical
resistance is another characteristic that is inherent in most plastic
materials; the range of this resistance varies among materials.

Materials that have all these favorable properties also have their
limitations. As with other materials, every designer of plastic products
has to be familiar with their advantages and limitations. It requires
being cautious and providing attention to all details — nothing new
since this is what designers have been doing for centuries with all kinds
of materials if they want to be successful.

Pseudo-Elastic Method

As reviewed viscoclastic behavior relates to deformations that are
dependent on time under load and the temperature. Therefore, when
structural components are to be designed using plastics it must be
remembered that the standard engineering equations that are available
(Figs 2.31 and 2.32) have been derived under the assumptions that (1)
the strains are small, (2) the modulus is constant, (3) the strains are
independent of the loading rate or history and are immediately
reversible, (4) the material is isotropic, and (5) the material behaves in
the same way in tension and compression.

These equations cannot be used indiscriminately. Each case must be
considered on its merits, with account being taken of the plastic
behavior in time under load, mode of deformation, static and/or
dynamic loads, service temperature, fabrication method, environment,
and others. The traditional engineering equations are derived using the
relationship that stress equals modulus times strain, where the modulus
is a constant. The moduli of many plastics are generally not a constant.
Several approaches have been reviewed permitting use of these type
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plastics. The drawback is that these methods can be quite complex,
involving numerical techniques that may not be attractive to designers.
However, one method has been widely accepted, the so-called pseudo-

clastic (PE) design method.

In the PE method time-dependent property values for the modulus
(include secant modulus) are selected and substituted into the standard
equations. This approach is sufficiently accurate if the value chosen for
the modulus takes into account the projected service life of the product
and/or the limiting strain of the plastic. This approach is not a
straightforward solution applicable to all plastics or even to one plastic
in all its applications. This type of evaluation takes into consideration
the value to use as a safety factor (SF). If no history exists a high value
will be required. In time with service condition inputs, the SF can be

reduced if justified (Chapter 7).
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Determining a secant modulus is usually based on 1% strain or that is
0.85% of the inidal tangent modulus (Fig. 2.4). However, for many
plastics, particularly the crystalline TPs, this method is too restrictive, so
in most practical situations the limiting strain is decided in consultation
between the designer and the plastic material’s manufacturer. Once the
limiting strain is known, design methods based on its static and/or
dynamic load becomes rather straightforward.
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Theory of Combined Action

Overview

The following sections attempt only to set forth the elements of design
theory of reinforced plastics (RPs). Fibrous RPs differ from most other
cngineering materials because they combine two essendally different
materials, fibers and synthetic resin, into a single composite. In this they
are somewhat analogous to reinforced concrete which combines concrete
and steel, but in RPs the fibers are generally much more evenly
distributed throughout the mass and the ratio of fibers to resin is much
higher than the ratio of steel to concrete.

In their design it is necessary to take into account the combined action
of fiber and resin. Sometimes the combination can be considered to be
homogencous and, therefore, to be similar to engineering materials like
metal but in other cases, homogeneity cannot be assumed and it is
necessary to take into account the fact that two widely dissimilar
materials have been combined into a single unit.

In designing these reinforced plastics, certain important assumptions
are made. The first and most fundamental is that the two materials act
together and that the stretching, compression, and twisting of fibers
and of resin under load is the same, that is, the strains in fiber and resin
are equal. This assumption implies that a good bond exists between
resin and fiber to prevent slippage between them and to prevent
wrinkling of the fiber.

The second major assumption is that the material is elastic, that is,
strains are directly proportional to the stresses applied, and when a load
is removed the deformation disappears. In engineering terms the material
is assumed to obey Hooke’s Law. This assumption is probably a close
approximation of the actual behavior in direct stress below the pro-
portional limit, particularly in tension, if the fibers are stiff and clastic in
the Hookean sense and carry essentially all of the stress. The assumption is
probably less valid in shear where the resin carries a substantial portion
of the stress. The resin may undergo plastic flow leading to creep or to
relaxation of stress, especially when stresses are high.

More or less implicit in the theory of materials of this type is the
assumption that all of the fibers are straight and unstressed or that the
initial stresses in the individual fibers are essentially equal. In practice it
is quite unlikely that this is true. It is to be expected, therefore, that as
the load is increased some fibers reach their breaking points first. As
they fail, their loads are transferred to other as yet unbroken fibers, with
the consequence that failure is caused by the successive breaking of
fibers rather than by the simultancous breaking of all of them. The
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effect is to reduce the overall strength and to reduce the allowable
working stresses accordingly, but the design theory is otherwise largely
unaffected as long as essentially elastic behavior occurs. The
development of higher working stresses is, therefore, largely a question
of devising fabrication techniques to make the fibers work together to
obtain maximum strength.

Design theory shows that the values of a number of elastic constants
must be known in addition to the strength properties of the resin,
fibers, and combination. Reasonable assumptions are made in carrying
out designs. In the examples used, more or less arbitrary values of
elastic constants and strength values have been chosen to illustrate the
theory. Any other values could be used.

As more experience is gained in the design of these materials, and as
more complete experimental data are forthcoming, the design proce-
dures will no doubt be modified. This review can be related to the
effects of environment.

Stress-Strain Analysis

Any material when stressed stretches or is deformed. If the resin and the
fiber in RPs are firmly bonded together, the deformation is the same in
both. For efficient structural behavior high strength fibers are employed,
but these must be more unyielding than the resin, therefore for a given
deformation or strain, a higher stress is developed in the fiber than in
the resin. If the stress to strain relationships of fiber and resin are known
from their stress-strain diagrams, the stresses developed in cach for a
given strain can be computed, and their combined action determined.

In Fig. 2.27 stress-strain diagrams for glass fiber and for two resins are
shown. Curve A, typical of glass, shows that stress and strain are very
nearly directly proportional to each other to the breaking point. Stifthess,
or modulus of elasticity, as measured by the ratio of stress to strain, is high.
Curve B represents a hard resin. Stress is directly proportional to strain
when both are low, but stress gradually levels off as strain increases.
Stiffness, or modulus of elasticity, is much lower than that of glass. The
tangent measures it to the curve, usually at the origin. Curve C represents
a softer resin intermediate between the hard resin and the very soft plastics.
Stress and strain are again directly proportional at low levels, but not when
the strains become large. Modulus of elasticity, as measured by the tangent
to the curve, is lower than for the hard resin.

These stress-strain diagrams may be applied, for example, in the
investigation of a rod in which half the total volume is glass fiber and
half is resin. If the glass fibers are laid parallel to the axis of the rod, at
any cross section, half of the total cross-sectional area is glass and halfis



2 - Design Optimization 137

resin. If the rod is stretched 0.5%, the glass is stressed at an intensity of
345 MPa (50,000 psi) and the resin, if resin B, at 52 MPa (7500 psi),
or if resin C, at 17 MPa (2500 psi). If;, for example, the rod has a total
cross section of one-half square inch, the glass is one-quarter square
inch, and the total stress in the glass is Y4 times 50,000 or 5,675 kg
(12,500 Ib). Similarly, the stress in the resin, if resin B, is 850 kg (1875
Ib), and in resin C is 280 kg (625 Ib). The load required to stretch the
rod made with resin B is therefore the sum of the stresses in glass and
resin, or 6,526 kg (14,375 1b). Similarly, for a rod utilizing resin C, the
load is 5,960 kg (13,125 1b). The average stress on the one-half square
inch cross section is therefore 198 MPa (28,750 psi) or 180 MPa
(26,250 psi), respectively.

An analogous line of reasoning shows that at a strain of 1.25% the stress
intensity in the glass is 860 MPa (125,000 psi), and in resins B and C it
is 87 and 31 MPa (12,600 and 4,500 psi), respectively. The corres-
ponding Joads on rods made with resins B and C are 237 and 223 MPa
(34,400 and 32,375 Ib), respectively.

Lalyie 2.4 Examples of loading conditions

Deflections
Loading Beam ends at K., K,
Uniformly distributed Both simply supported Midspan 5/384 1/8
Uniformly distributed Both clamped Midspan 1/384 1/8
Concentrated at midspan Both simply supported Midspan 1/48 1/4
Concentrated at midspan Both clamped Midspan 1/192 1/4
Concentrated at outer
quarter points Both simply supported Midspan 11/768 1/8
Concentrated at outer
quarter points Both simply supported Load point 1/96 1/8
Uniformly distributed Cantilever, 1 free,
1 clamped Free end 1/8 1/2
Concentrated at free end Cantilever, 1 free,
1 clamped Free end 1/3 1
The foregoing can be put into the form of an equation
OA = A+ GA, (2-81)
where
O = mean stress intensity on entire cross section
Oy = stress intensity in fiber
o, = stress intensity in resin

A total cross-sectional area
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A = cross-sectional area of fiber
A, = cross-sectional area of resin

If the moduli of elasticity, as measured by the tangents to the stress-
strain diagrams are known, the following relationships hold:

o/os= E ks or o,=(E/E) of (2-82)

E, = modulus of elasticity of resin
Er = modulus of elasticity of fiber

Substituting (2-82) in (2-81)

oA = oy (Af L A,) (2-83)
E

Referring to Fig. 2.27, the tangent to the stress-strain curve for glass

gives a value of modulus of elasticity E,= 10 x 106 psi. The tangents to

the two resin curves give values of E,equal to 1.5 x 106 psi and 0.5 x 106

psi, respectively. Substituting these values in Eq. 2-83 and solving for

the stresses in the one-half square inch rod of the previous example, gives

Resin B oA = 50,000 (0.25 + ]135 0.25)
= 143751b
o = 28,750 psi
. 0.5
Resin C o©A = 50,000 (0.25 + 0 0.25)
= 13,125 1b
o = 26,250 psi

Average values of modulus of elasticity of the entire cross section may
be computed by dividing ¢ by the strain. The strain is 0.5%, therefore
the two average values of E of the rod, incorporating resins B and C,
are 5.75 x 109 psi and 5.35 x 10° psi, respectively.

For a cross section made up of a number of different materials, Eq.
2-81 may be generalized to

=n
oA = X oA (2-84)
i=1

in which o; is the tensile strength and A; the cross-sectional area of any
component of the cross section. This equation can be still further
generalized to include tension, compression, and shear
i=n
SA = Y, SA (2-85)

i=1
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in which §; is the strength property of the cross-sectional area A; of
component z, and S is the mean strength property over the entire cross
section A.

Similarly, to find the overall modulus of elasticity of a cross-section, the
equation becomes

i=n
EA = D EA (2-86)
i=1

in which E is the overall modulus of elasticity, A the total cross section,
and E; the modulus of elasticity corresponding to the partial cross-
sectional area A; For shear modulus G the equation becomes

GA = 3, GA (2-87)

Plain Reinforced Plates

Fibrous reinforced plates, flat or curved, are commonly made with mat,
fabrics, and parallel filaments, either alone or in combination. Mat is
usually used for good strength at minimum cost, fabrics for high
strength, and parallel filaments for maximum strength in some
particular direction.

Because the fibers in mat are randomly oriented, mat-reinforced
materials have essentially the same strength and elastic properties in all
directions in the plane of the plate, that is, they are essentially isotropic
in the plane. Consequently, the usual engineering theories and design
methods employed for isotropic engineering materials may be applied.
It is only necessary to know strength, modulus of elasticity, shearing
modulus, and Poisson’s ratio of the combined mat and resin. These can
be obtained from standard stress-strain measurements made on
specimens of the particular combination of fiber and resin under
consideration.

In fabric and roving-reinforced materials the strength and elastic
properties are different in different directions, that is, they are not
isotropic, and the usual engineering equations must accordingly be
modified. Because fabrics are woven with yarns at right angles (warp
and fill directions), a single layer of fabric-reinforced material has two
principal directions or natural axes, longitudinal (warp) and transverse
(fill) at right angles to each other. This structure is called orthotropic
(right-angled directions). Parallel strands of fiber, as in a single layer of
roving-reinforced or unidirectional fabric-reinforced plates, also result
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in orthotropic materials, with one direction parallel, and one at right
angles to the fibers. Muldlayer plates, in which layers of fabric or of
roving are laid up parallel or perpendicular to each other, are also
orthotropic. If the same number of strands or yarns is found in each
principal direction (balanced construction), the strength and elastic
properties are the same in those directions but not at intermediate angles;
if the number of strands or yarns is different in the two principal
directions (unbalanced construction), the strength and elastic properties
are different in those directions as well as at all intermediate angles.

In the foregoing discussion the direction perpendicular to the plane of
the plate has been neglected because the plate is assumed to be thin and
the stresses are assumed to be applied in the plane of the plate rather
than perpendicular to it. This assumption, which considerably simplifies
the theory, carries through all of the following discussion. It is true, of
course, that properties perpendicular to the plane of the plate are
undoubtedly different than in the plane of the plate, and in thick plates
this difference has to be taken into account, particularly when stresses
are not planar.

For isotropic materials, such as mat-reinforced construction, it E is the
modulus of elasticity in any reference direction, the modulus E; at any
angle to this direction is the same, and the ratio E;/E is therefore unity.
Poisson’s ratio » is similarly a constant in all directions, and the shearing
modulus G = E/2 (1 + »). If », for example, is 0.3, G/E = 0.385 at all
angles. These relationships are shown in Fig. 2.33.

The following familiar relationships between direct stress ¢ and strain,
g, and shearing stress T and strain v hold:

e=o/E (2-88)

y=1/G (2-89)
A transverse strain (contraction or dilation) €ris caused by ¢ equal to

€r=-VE (2-90)

For orthotropic materials, such as fabric and roving-reinforced
construction, E;and Ep are the elastic moduli in the longitudinal (L)
and transverse (T) directions, G;r is the shearing modulus associated
with these directions, v;ris the Poisson’s ratio giving the transverse
strain caused by a stretr in the longitudinal direction, and v is
Poisson’s ratio giving the longitudinal strain caused by a stress in the
transverse direction. The modulus at any intermediate angle is E; and if
0 is a stress applied in the 1-direction at an angle o with a longitudinal
direction (Fig. 2.34, top), the stress ¢, causes a strain g
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Modulus of elasticity, shear modulus, and Poisson's ratio for isotropic material such
as mat-reinforced plastics
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g = 0y/E; (2-91)
in which E; may be found from

By B ! -
E, = C0S 0(+Er sin o+ GL 2v;7| sin? 2a. (2-92)

This relationship is plotted as E;/E; in Fig. 2.34, in which 0° corres-
ponds to the longitudinal direction and 90° to the transverse direction.
A transverse strain & is caused by o}

£ = Vo€, (2-93)

In which (Fig. 2.34)

Vig = % {VLT' % ( 1+2vr+ g gLT) sin? 20<J} (2-94)

Unlike isotropic materials, stress o), when applied at any angle except
0° and 90°, causes shear distortion and the shear strain y;, is found

from

ha =moi/E, (2-95)
in which (Fig. 2.34)

m;=sin2a { Vir+ E—;— ;— g_LLr -cos? o (1 +2Vr+ E—LT _(g—tr )} (2-96)
A shearing stress Ty, applied in the 1-2 directions causes a shear strain
Y12

N2 = T2l Gra (2-97)

in which (Fig. 2.34)

5= & {( EL) ( z ) }
== =1 +2vp+=|-11+2vy+ = - cos?2 2-98
G, & TR "UE T Gy (2-58)

This relationship is plotted as Gy,/ Gy rin Fig. 2.34.
Unlike isotropic materials, stress 7;, causes a strain g; in the 1-direction
£ =-mT/E (2-99)
and a strain g, in the 2-direction
€ = - myT/E (2-100)
in which (Fig. 2.34)

my=sin2 ¢ { Vir+ E_1 A -sin? a(1 +2Vir+ £ —Cf,— )} (2-101)
r Gir



2 - Design Optimization 143

Figure 2.35 Elastic constants of balanced orthotropic material. Constants and angles have same
meaning as previous figure
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The two values of Poisson’s ratio are related :
Vil vir = E/Er (2-102)

In plotting Fig. 2.34 the following values were used:

£, = 5,000,000 psi
E = 500,000 psi
Gy = 550,000 psi

VLT = Von = 0450
VTL = Vgo'* = 0045

These values, for example, might correspond to a parallel glass filament
reinforced panel employing an intermediate polyester resin.

When the orthotropic material is balanced, the longitudinal and
transverse properties arc the same, that is, E; = Ey and v, = vy 7= V.
The properties are symmetrical about the 45° angle, as shown in Fig.
2.35, in which the following values were used:
E, = E; = 3,000,000 psi
Gy = 500,000 psi
Vig=vy = 020



These values might correspond, for example, to a square-weave or sym-
metrical satin-weave fabric-reinforced construction.

As an example of the application of the foregoing equations, the tensile
stress oy acting on the small plate at the top of Fig. 2.34 is 10,000 psi,
the shear stress 7y, is 4000 psi, and the angle « is 30°. Then from Fig.
2.34,

E,/E, = 0.367 or E, =0.367 x 5,000,000 = 1,830,000 psi
Gy,/Gr = 0.81 or Gy, = 0.81 X 550,000 = 445,000 psi
Vi, = -0.0286 m, = 4.66 m,=4.98

Then, strains caused by o) are

g = 10,000/1,830,000 = 5.45 x 103 (2-103)

g = -(-0.0286) 5.45x 103 = 0.16 x 1073 (2-104)

12 = —4.66 x 10,000/5,000,000 = -9.32 x 1073 (2-105)
and strains caused by 1;; are

%12 = 4,000/550,000 = 7.28 x 1073 (2-106)

g, = -4.66 % 4,000/5,000,000 = -3.73 x 1073 (2-107)

€, = —4.98 x 4,000/5,000,000 = -3.98 x 103 (2-108)

Total strains, therefore, are

Vg = -2.04 %1073
& = 1.72% 107
g = -3.82x 1073

Problems involving Fig. 2.35 can be solved in an analogous manner.

It must be kept in mind that Egs. 2-92, 2-94, 2-96, 2-98, and 2-101
are valid and useful if the fibers and the resin behave together in
accordance with the assumptions upon which their derivation is based.
If only the values of E;, Ey, Gy 1, and vy 7 are available, the intermediate
values of E;, G, V13, and the values of m, and m, can be estimated by
means of these equations.

Composite Plates

Fibrous reinforced plates in practice are often made up of several layers,
and the individual layers may be of different construction, such as mat,
fabric, or roving. Furthermore, the various layers may be oriented at
different angles with respect to each other in order to provide the best
combination to resist some particular loading condition. Outside loads
or stresses applied to a composite plate of this type result in internal
stresses which are different in the individual layers. External direct
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Composite panel with layers a and b of different orthotropic materials oriented at
arbitrary angles o and B with respect to applied stresses 6;, G, and ¥y,

a1
1/ — ¢
> T2 —)l
b

| ple |
la L |
| 8 o
g9 ~<—— H T, —>0s —ta3
Ta |
|

l

T12 o

N Y

fa= oy + fap + g
2y =ly; + 1ty
a1 t=tatty

stresses may result not only in internal direct stresses but in internal
shear stresses, and external shear stresses may result in internal direct
stresses as well as internal shear stresses.

Fig. 2.36 depicts a small composite plate made up of materials # and &
having principal longitudinal and transverse directions L, and T,, and
L, and Ty, respectively. Several layers of each are present but their total
thicknesses are z, and #;, respectively, and the overall thickness is 2.
Outside stresses 01, 03, and 7y, are applied in the 1 and 2 directions, as
shown. The 1-direction makes an angle a with L3 and a reverse angle 3
with L, The angle « is considered to be positive and the angle f
negative.

The internal stresses Oy,, Gz, T122, and Oy, Gy, Tiap in the individual
layers can be found by observing that the sums of the internal stresses
in the 1 and 2 directions must equal the external stresses in these
directions, and that the strains must be the same in all layers. These
relationships may be written in the following forms:

Oy t- Oy,

G'Iata+01btb=01t,' Gy = .—1—_—{[)1# (2-109)
Oy t- Oy,t,

Oaqly + Opty = Oat; O = % (2-110)
Tiat- Ty2at,

Tizele + Tagply = Tioti  Tigp= _1_2___t;_12§_a (2-1m)

Eg=Ep=8& (2-112)
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Eg=Ep =& (2-113)
Y120 = Yi2b = N2 (2-114)

Strains and stresses are induced in each layer. Because the layers are
firmly bonded together the strains are the same in the 2 and & layers,
and are equal to the strains in the whole plate:

Oig O2q T12g
Eg = E'I - Vag E2 LT EL
a a a
& = (2-115)
g, = Oy Om o T
Ey Ex s
ola O2q T2
€4 = ~ Vg £ + £ wr E. <
1a 20 la
& = - - . (2-118)
1b 20 120
Ep = = Voo 7 t - T~ My £
Ew * B i
O1g O2¢ T2
N2¢= — Mg E. Mg E + G o
La La 12a
N2 = (2-117)
Nag= — My To Map G2 + T2
a
Eip Ew = G

Solution of the foregoing Eqs. 2-109 to 2-117 leads to the following
simultaneous equations:

t (o o T
A A,,C A =— | 2 - vy, =2 - my, 22 -
101a + A12020 + AiaTigg oG (Ew 20 E 0 E, (2-118)
t o3 O T
A0y + A0y + ApTing = — ( Vib E_1 + Fz_ = My #) (2-119)
toly 16 2b )
t o o T
A AgyGry + AgsTrigg = —— | -myy & -m,, &2 4+ T2 2-
3101g + A32024 + A33Tize tatb( My E, My E, ' G (2-120)
in which:
Ay ! 1 1.._m_m 13=_ﬂ_ﬂ2
Eigts  Enpty Exots  Expty Egty  Epety
A2| _ M _ Vigp 1 1 A23 My, _ M
Eiots  Ersty Exats  Eapty Ets  Epty
where A, = Ay, numerically.
1 1
Ay =Ag Ay = Ay Az =
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/' Fibrous glass-reinforced plastic thin-wall cylinder. (a) internal pressure alone and
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Example:

The application of the foregoing expressions may be illustrated by a
cylindrical pressure vessel as shown in Fig. 2.37a. The wall of this vessel,
having an external radius of 5 in., and wall thickness of 0.20in., may be
considered to be a thin plate. It is subjected to an internal pressure of
800 psi. the circumferential stress oy and the longitudinal stress o, in
the wall are calculated

oy = B? = 19,200 psi
oy = %'t‘? = 9,600 psi

The stresses acting on a small part of the wall are therefore as shown in
Fig. 2.37a.
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Three types of construction will be investigated as shown in Fig. 2.37
(1), (2), (3). All three employ the balanced fabric having the
characteristics shown in Fig. 2.35. In (1) the fabric is simply wrapped in
layers # and & with the Land T directions laid in the circumferential and
axial directions. In (2) the layers are laid at 45° to the axis of the
cylinder, and in (3) they are laid at alternate 30° angles in left-hand and
right-hand spirals as shown. In each instance r,= 1, = 0.10 in.

Referring to Fig. 2.35, it is seen that for Case 1

Eig= Ep= By = Ep= 3 x 108 psi
Viga = Vara = Vizp = 0.20

Mg = Mp= Myg= My =0

Ay = Azz, A = Ay

Aig= An = Ap = Aypy=10

Egs. 2-118 to 2-120 therefore become

t (o7} Gy
0 = — - Vyp =— + 0
AnGig + AppOyg + tt, (Ew 216 29 + )
t O, (o)
0= — — +=+ 0
AnGig + Ay + L, ( Vig £, + By + )

Ay3Tizq = 0

Solution of these equations and reference to Eqs. 2-109 to 2-111 show
that

O-‘|a = O-‘|b = 61 = 19,200 pSl
Oy = Ogp = oy = 9,600 pSI
Tiza = Tizp = 0

This proves what might have been expected intuitively; because of
symmetry with respect to the 1-2 directions chosen; the internal direct
stresses Oy, Oy, Oz, and 0y, are equal to the imposed stresses o7 and
0, and there is no internal shear stress.

The same result is found for Case 2. In this balanced fabric m; = m, = 0
at 45°, there is no shear distortion caused by direct stress, and shear
therefore is zero. In Case 3:

Evg=Ep = b0 = Eoor = E20 = Eap

= 0.597 x 3 x 10% = 1.78 x 108 psi

Gi9q = Gigp = 1.82x0.5x 108 = 0.91 x 108
Vizg = Viop = Veor = Veor = Vaig = Vy2p=0.523
Mg = Mgee = 0775, = My = -my, = -0.775
Myg = Mgy = 0.775, = myy = -my, = -0.775

The values of m,, and my, are negative because the 30° angles of
orientation of the longitudinal direction L, of layers & is measured in
the negative direction whereas it is positive for the a-layers.
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Equations 22 become

AnOig + Ay + 0 =

|
~
Q
~
S |
—

AnGi, + AnGy + 0

t (9] () )
Ll Sy 2,9
taty ( " Ery o Ep

t O O
O+O+A3JT1ZG_ t b(—mlb—1—m2b—2 + O)
a

~

The first two of these equations are exactly like the first two equations
for Cases 1 and 2 and show that the internal direct stresses are equal to
the imposed, that is

Oy, = Oyp = 0y = 19,200 psi
Oy9 = Opp = Oy = 9,600 psi

The third equation, however, is not equal to zero, and its solution,
together with equation 19¢, shows that

Ty2q = 6750 psi
Ty26 = 6750 psi

Appreciable shear stresses are set up within the body of the cylinder wall
when layers are oriented as in Case 3, even though no shear forces are
applied to the cylinder itself. The shear stresses in layers & are oriented
in the direction opposite to the shear stresses in layers a.

The difference in the shear stresses between the two layers must be
taken up by shear in the adhesive bond between them, that is, in the
layer of resin that holds the fiber-reinforced layers together. The
difterence is

6750 - ( - 6750) = 13,500 psi

This shear stress in the resin bonding the layers together is therefore
seen to be high.

In Cases 1 and 2 the orientation of the fibers with respect to the 1-2
directions chosen resulted in zero shear stresses associated with those
directions, whereas in Case 3 the shear stresses were not zero. In all
three cases, symmetry of the fiber orientations with respect to the stress
directions resulted in internal stresses equal to the external stresses.
These are special cases. In the more general case the internal direct
stresses in the individual layers are not necessarily equal to the external
direct stresses, nor are they the same in the various layers. Furthermore,
even symmetrical Case 3 leads to internal shear stresses when external
shear stresses are absent. In the more general case it is still more true
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that internal shear stresses may be appreciable, or they may be absent,
depending upon the magnitude of the external stresses and the
orientation of the 1-2 directions with respect to the external stresses.

A more general case in shown in Fig. 2.37b in which the same cylinder
is chosen as in Fig. 2.37a except that torsional effect equal to a twisting
couple of 25,000 in.-Ib has been added. The construction of the wall
has also been changed. Layers 2 of unbalanced material having the
properties of Fig. 2.34 are a total of 0.13 in. thick, and are oriented at
15° to the circumferential direction as shown. Layers &, of balanced
material having the properties of Fig. 2.35, are a total of 0.07 in. thick
and are oriented at 45° as shown. Referring to Fig. 2.35, the properties
are found to be

a-layers b-layers
t, = 0.13in. t, = 0.07 in.
a =15 a = 45
E;, = 0.703 x5 x 108 Ep, = Ep = 0.526x3x 106
= 3.515 x 108 psi = 1.578 x 108 psi
E, = 0.109 x 5x 10° Vigp = Vap = 0.579
= 0.545 x 108 psi My = My =0
Vipe = 0.193 Gy = 25%x0.5x 108
mg = 2.63 =1.250 x 108 psi
my, = 2.94

Gipa = 093 0.5 x 108
= 0.465 x 108 psi

Solving for the various constants and substituting in Eqs. 2-118 to
2-120

11.24120,, - 5.66410,, - 4.0461t,, = +190,180
-5.66410,, + 23.203003, - 4.5156T;,, = -21,150
4046107, - 4.51560,, + 26.46687;,, = +16,190

The solution of the forgoing simultaneous equations leads to the
following results for stresses in the a-layers:

010 = 21,100 psi
Oy, = 5,200 psi
Tiza = 4,740 psi

When these results are employed with Egs. 2-109 to 2-111 it is found
that stresses in the &-layers are:

O1p = 15,700 psi
Oy, = 17,800 psi
Tya6 = —6,150 psi
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Bending of Beams and Plates

Plates and beams of fibrous glass reinforced plastics may be homogeneous
and isotropic or composite and nonisotropic depending upon their
structure. Mat-reinforced plates may be considered to be essentially
isotropic and the wusual engineering formulas may be applied.
Composite structures require suitably modified formulas but otherwise
the procedures for computing bending stresses, stiffness, and bending
shear stresses are essentially the same as for isotropic materials. The
differences and similarities may be brought out by considering two
beams of identical overall dimensions, one isotropic and the other
composite. Two such cross sections are shown in Fig. 2.38. For each
cross section it is necessary to know the stiffness factor EI to compute
deflection, the section modulus to compute bending stresses, and the
statical moments of portions of the cross section to compute shear
stresses. For isotropic materials (2) the neutral axis of a rectangular
cross section is at middepth, and the familiar formulas are

Moment of inertia /| = % , stiffness factor = E/ (2-121)
Section modulus =7// = %{2 for outermost fiber (2-122)
Bending stress = o = MLI/ = % for outermost fiber (2-123)
Shear stres = yg = % é for maximum shear at the neutral axis (2-124)

For composite materials the neutral axis is not necessarily at middepth
of a rectangular section, and it must first be found.

Neutral axis x = JEAx/IEA; {2-125)

in which E;, A, x; are the modulus of elasticity; cross-sectional area
(bd;); and distance from some reference line, such as the bottom of the
cross section, to the center of gravity of any particular layer.

Stiffness factor = E/ = YE, (2-126)

in which E;and I; are, for any particular layer, the modulus of elasticity
and the moment of inertia about the neutral axis.

Bending stress 6 = ME,y/E; (2-127)

in which y is the distance from the neutral axis to any point, and E, is
the modulus of elasticity of the layer at that point. The maximum
bending stress does not necessarily occur at the outermost (top or
bottom) fiber, as it does in isotropic materials.
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Shear stress T = VQ'/bEl (2-128)

in which Vis the total shear on the cross section, z is the shear stress
intensity along some horizontal plane, and Q’is the weighted statical
moment, E;A;y about the beam’s neutral axis, of the portion of the
cross section between the horizontal plane in question and the outer
edge (top or bottom) of the cross section.

An example of the forgoing is illustrated in Fig. 2.38¢ in which a
composite beam is made up of five layers having three different moduli
of elasticity, and three different strengths, as shown.

The neutral axis, found by applying Eq. 2-125 is 0.415 in. from the
bottom of the cross section. Distance from the neutral axis to the
centers of the individual layers are computed, and the stiffness factor EI
calculated by means of Eq. 2-126. This is found to be

El = YEl = 0.174x 108 b in.2

Bending stresses are next computed for the top and bottom edges of
the cross section and for the outer edge of each layer, that is, the edge
of each layer farther from the neutral axis. From these, the bending
moment the cross section is capable of carrying can be computed. This
may be done for example by applying a bending moment M of one
in—lb and computing the unit bending stresses. These unit bending
stresses divided into the strengths of the individual layers give a series of
calculated resisting moments, the smallest of which is the maximum
bending moment the beam is capable of carrying without exceeding the
strength of any portion of the cross section.

For a unit bending moment M = 1 in.—lb,

G, = % from Eq. 2-127

Plane y E, o,/inlb c = M
o,/in.lb
a-a 0.385in. 5x 108 1.1 psi 40,000/11.1 = 3,600 in.-lb
b-b 0.185 in. 3 x 108 3.19 psi 25,000/3.19 = 7,800in.-lb
c-C 0.085in. 1 x 108 0.49 psi 5,000/0.49 = 10,200 in.-lb
d-d 0.115in. 1x 108 0.66 psi 5,000/0.66 = 7,600in.-lb
e-e 0.3151n. 5x 108 9.07 psi 40,000/9.07 = 4,400 in.-Ib
f-f 0.415in. 3% 108 7.16 psi 25,000/7.16 = 3,500 in.-lb

If, for example, the beam were a simple beam carrying a load W on a
10-in. span, as shown in Fig. 2.38, the bending moment at the center
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Flgure 2.38 Cross section of: (a) isotropic beam (b) composite beam made in layers of different
materials, and (c} composite beam having properties (where all E are x 106 psi)
E,=5E, =3 E3=1,E; =5 and E5 = 3; also (where ¢ are 10° psi) 6, = 40, &, 25,
G;=5,0,=40,and 5 = 25
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E,=50X 10 psi o, = 40,000 pai
E.=30 X 10° pai 9 = 25,000 peai
E,=10X10ps as= 5,000 pai
E.=50X 10° pai o= 40,000 pei
Ee=3.0X10°pai s = 25,000 pai

of the span would be WL/4. Setting this equal to 3,500 in.-lb gives the
load W as 1400 Ib. Shear V is W/2 or 700 Ib. Using this value, the
shear stress intensity at various horizontal planes in the beam may be
computed by means of Eq. 2-128.

For planes 4-b, c-c, and d-d, for example:

Piane Layers EA; y’ Q T
b-b 1 0.2 x 5% 106 0.285" 0.285x 108 1150 psi
1 0.2 x 5% 108 0.285
c-¢ 0.326 x 108 1315 psi
2 +0.1x 3 x 108 0.135
4 0.2 x 5x 108 0.215 )
d-d 0.324 x 108 1310 psi
5 +0.1x3x 108 0.365

These would be the critical planes because they represent planes
between layers of different materials, and consequently the resin alone
would largely carry the stress. The shear stress at the neutral axis would
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be slightly higher and might or might not represent the critical plane,
depending upon the structure of the material in layer 3.

Structural Sandwiches

In usual construction practice, a structural sandwich is a special case of a
laminate in which two thin facings of relatively stiff, hard, dense, strong
material are bonded to a thick core of relatively lightweight material
considerably less dense, stiff, and strong than the facings.

With this geometry and relationship of mechanical properties, the
facings are subjected to almost all of the stresses in transverse bending
or in axial loading, and the geometry of the arrangement provides high
stifthess combined with lightness because the stiff facings are at
maximum distance from the neutral axis, similar to the flanges of an I-
beam. The continuous core takes the place of the web of an I-beam or
box beam, it absorbs most of the shear, and it also stabilizes the thin
facings against buckling or wrinkling under compressive stresses. The
bond between core and facings must resist shear and any transverse
tensile stresses set up as the facings tend to wrinkle or pull away from
the core.

Stiffness
For an isotropic material with modulus of elasticity E, the bending
stiffness factor EI of a rectangular beam & wide and # deep is

El = HbR12) (2-129)

In a rectangular structural sandwich of the same dimensions as above
whose facings and core have moduli of elasticity Erand E,, respectively,
and a core thickness C, the bending stiffness factor EI is

_Ep Eb
El = ﬁ (h‘?—(J) + ﬁ(‘? (2—130)

This equation is exact it the facings are of equal thickness, and
approximate if they are not, but the approximation is close if facings are
thin relative to the core.

If, as is usually the case, E is much smaller than Eg, the last term in the
equation can be ignored.

For unsymmetrical sandwiches with different materials or different
thicknesses in the facings, or both, the more general equation for YEI
given in the previous section may be used.

In many isotropic materials the shear modulus G is high compared to
the clastic modulus E, and shear distortion of a transversely loaded
beam is so small that it can be neglected in calculating deflection. In a
structural sandwich the core shear modulus G, is usually so much
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smaller than Ef of the facings that shear distortion of the core may be
large and therefore contribute significantly to the deflection of a
transversely loaded beam. The total deflection of a beam is therefore
composed of two factors: the deflection caused by bending moment
alone, and the deflection caused by shear, that is

6 =06,+ & (2-131)
where

8 = total deflection

8, = moment deflection

8q = shear deflection

Under transverse loading, bending moment deflection is proportional
to the load and the cube of the span and inversely proportional to the
stiffness factor EI. Shear deflection is proportional to the load and span
and inversely proportional to a shear stiffness factor N whose value for
symmetrical sandwiches is

(h+c)b

N ==

G, {2-132)

where

G, = core shear modulus

The total deflection may therefore be written

KaWVI KWL

5= g N

(2-133)

The values of K,, and Kg depend on the type of load. Values for several
typical loading conditions are given as shown in Table 2 .4.

Stresses in Sandwich Beams
The familiar equation for stresses in an isotropic beam subjected to
bending

5, = 572 (2-134)

must be modified for sandwiches to the form

ME y
o, = —E/Y— (2-135)

where y = distance from neutral axis to fiber at y

E, = elastic modulus of fiber at y

El = stiffness factor
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For a symmetrical sandwich the stress in the outermost facing fiber is
found by setting

y = h/2

E = E
and the stress in the outermost core fiber by setting

y =¢/2

E = E.
The mean stress in the facings of a symmetrical sandwich can be found
from

M
O = m (2-136)

where t = facing thickness

Similarly the general equation for the shear stresses in a laminate (see
preceding section)

Vo
T = BE (2-137)
can be used for any sandwich. For the symmetrical sandwich the value

of T can be closely approximated by

2v

T T Bhrd

(2-138)

Axzially-Loaded Sandwich

Edge-loaded sandwiches such as columns and walls are subject to
failure by overstressing the facings or core, or by buckling of the
member as a whole. Direct stresses in facings and core can be calculated
by assuming that their strains are equal, so that

P = GA + A (2-139)
E
= Of Af+ AC _E—f (2—1393)

where

P = total load

or = facing stress

O, = core stress

Af = cross-sectional area of facings
A. = cross-sectional area of core

Usually the elastic modulus E, of the core is so small that the core
carries little of the total load, and the equadon can be simplified by
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ignoring the last term, so that for a sandwich & wide with facings
thick,

P = 20t (2-140)
The column buckling load of a sandwich L long simply supported at
the ends is given by

m2El

P= —
L2(1 nQEI)2

{2-141)
TN

This variation of the Euler equation takes into account the low shear

stiffness of the core.

For wall panels held in line along their vertical edges an approximate

buckling formula is
47?El

mEl)2
b2(1 +w

P - (2-142)

provided the length L of the panel is at least as great as the width & and
provided the second term in the bracket of the denominator is not
greater than unity.

Filament-Wound Shells, Internal Hydrostatic Pressure

Basic Equations

Cylindrically symmetric shells are considered which are of the form »=r
(z) in a system of cylindrical polar coordinates (7 6, z). Inextensible
fibers are wound on and bonded to this shell in such a way that at any
point on it equal numbers of fibers are inclined at angles o and 7-o to
the line of latitude (z=constant) passing through that point. At a point
(r 6, z) of the shell there are ny, n); ... n, fibers, per unit length
measured perpendicular to the length of the fibers, with positive
inclinations oj, 05 ... 0, and an equal number of fibers with
inclinations 7 -0y, T =0 ... -0, to the line of latitude passing through
(. 8, z). The number ny, n; ... n, and angles a;, a, ... o, are
independent of 6 and, since 7 is a function of z, they may be regarded as
functions of z only.

The shell is subjected to internal hydrostatic pressure P and all resulting
forces are carried by the fibers, which are considered to constitute an
undeformable membrane. 7} and 7, are the normal components of
stress in the latitudinal and longitudinal directions at a point (7 6, z).
Because of cylindrical symmetry, 77 and 75 are independent of 6; and
because there are equal numbers of fibers inclined at o; and w—o; (7 =
1,2, ... p), the shearing components of stress are zero.
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Let 75, T, ... T, be the tensions at (7 6, 2) in the fibers inclined at oy, o

. 0. Then because of symmetry, 7 (i=1, 2, ...p) must also be the
tensions in the fibers inclined at m—a;. The number of fibers with
inclination o; per unit length measured along a line of longitude (6 =
constant) is #; cos ;. Resolving the tensions in the fibers in the
latitudinal direction the latitudinal tension 7; is obtained

T, =2 i T; N;COS%0; (2-143)
i=1

Similarly, the number of fibers inclined at o; per unit length measured
along a line of latitude (z = const) in #;sin o, and resolving the tensions
in fibers parallel to the longitudinal direction, the longitudinal tension
T, is obtained

T, =2 i T;5in24; (2-144)
i=1

If &, and %, are the curvatures of the membrane in the latitudinal and
longitudinal directions

1 dz d (dz

k| = _f F and kz = Ef (%) (2-145)
where 7 is the distance from the equator, measured along a line of
longitude.

The equations of equilibrium for the membrane are

kT, ="2P  equilibrium in direction normal to membrane
kT, + k,T, = P _equilibrium along a line of longitude (2-146)

Solving for T} and T, and combining

D>
ﬁ‘, T;ncos’e; =1—(2 - é)

i=1 4k ki

f: T;nsina; = Plak, (2-147)

=1
Since 7; and #; must be positive, and P and k; are inherently positive
2%, > ky

Weight of Fiber

Consider a ring lying between z and z + dz. A single fiber with
inclination « to the latitudinal direction has a length 4o/sin o, where
do is the width of the ring measured along a line of longitude. The
number of fibers at inclination 4; per unit length of a line of latitude is
n; sin o,;. The total length of fiber in the ring is therefore 4m,.



(m+ny...n) do

If the mass per unit length of fiber is m, the total mass of fiber covering
the surface is

M= 4npgr(n,+ ny+...ny) —‘Z;—g dz (2-148)
Minimum Weight
If cach fiber supports its maximum tensile force 7; the minimum weight
of fiber required to withstand the internal pressure Pis simply related to
the volume of the vessel V by the following relationship

M= GBrPVv (2-149)

For example, for an ellipsoid of revolution in which Zis the semi-axis of
revolution, and R is the semiaxis at right angles to Z, V = (4/3) nR2Z,
and

M = 4nr PR2Z/t (2-150)

Isotensoid Design

In isotensoid design every fiber is at the same tension 7 and if 7is at the
same time the maximum stress the fiber is permitted to carry, this also
becomes the minimum weight design. For this to be true, the
inequalities must become equalities in which 7, = 7.

Rewriting:

221 ncos?o,; = 4_,15/(1(2 - i—‘:‘)

é nsin?e; = Pl4tk, (2-151)
Adding these together

Any choice of #; cos? o; and #;sin? a, both functions of z which satisfy
the equation, provides an isotensoid design of minimum mass M.

Geodesic-Isotensoid Design
On a surface of revolution, a geodesic satisfies the following equation

rcos @ = Rcos B (2-153)
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in which o is the inclination of the geodesic to the line of latitude that
has a radial distance » from the axis, and B is the inclination of the
geodesic to the line of latitude of radius R. Attention here is restricted
to shells of revolution in which » decreases with increasing 22, an
equator occurs at z = 0, all geodesics cross the equator, and all
geodesics have an equation with R the radius at the equator.

If »R cos B, then cos o> 1 and a is imaginary. Therefore » = R cos 8
gives the extreme lines of latitude on the shell reached by the geodesic.

If N (B) sin Bdf is the number of fibers per unit length of the equator
with inclinations to it lying between and 8 + 4, it can be shown that
for a sphere

MB) = PR/m (2-154)

The fiber distribution is independent of the angle B. For a cone with
half-vertex angle y

_ 3PRcos B
Mp) = W (2-155)
For an ellipsoid of revolution
_ PR+ (/2 veos?B 3 1-(-v) "2 cos [3]
N = wmZL 1+ vcos?B *3 (-v) V2 cosB1n1 +(-v) T2 cos B (2-156)

in which v+ = (2 — R?)/R? and provided that v2 0.
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Loads on a fabricated product can produce different types of stresses
within the material. There are basically static and dynamic stresses (Fig.
3.1). The magnitude of these stresses depends on many factors such as
applied forces/loads, angle of loads, rate and point of application of
each load, geometry of the structure, manner in which the structure is
supported, and time at temperature. The behavior of the material in
response to these induced stresses determines the performance of the
structure.

Examples of stresses due to loads (Courtesy of Plastics FALLO)

LOAD
I |
STATIC DYNAMIC
TENSILE = b CREEP
MODULUS == b FATIGUE
FLEXURAL = —TORSION
COMPRESSIVE = —PRAPID
SHEAR = b MOTION
TORSION = —= COMBINED STRESSES
OTHERS — — OTHERS




The behavior of materials (plastics, steels, etc.) under dynamic loads is
important in certain mechanical analyses of design problems. Unfort-
unately, sometimes the engineering design is based on the static loading
properties of the material rather than dynamic properties. Quite often
this means over-design at best or incorrect design resulting in failure of
the product in the worst case.

The complex nature of the dynamic behavior problem can be seen from
Fig. 3.1, which depicts a wide range of interaction of dynamic loads
that occurs with various materials (metals, plastics, etc.). Ideally, it
would be desirable to know the mechanical response to the full range of
dynamic loads for each material under all types of conditions. However,
certain load-material interactions have more relative importance for
engineering design, and significant as well as sufficient work on them exists
already. The mechanical engineers, civil engineers, and metallurgical
engineers have always found materials (includes plastic, steel, aluminum,
etc.) to be most attractive to study. Even so, there is a great deal that we
do not understand about these materials in spite of voluminous scientific
literature existing worldwide. Each type of load response, e.g., creep,
fatigue /vibratory, or impact, is a major field in itself. Data on cach
response is available. However there is always a desire to obtain more
data.

The nature and complexity of applied loads as well as the shape requires
the usual engineering calculations. For a simple enginecring form like a
plate, beam, or box structure the standard design formulas can be used
with appropriate parameters relating to the factors of short- and long-time
loadings, creep, fatigue, impact, and applying the viscoelastc plastic
material behavior (Chapter 2). The term engineering formulas refers to
those equations in engineering handbooks by which the stress analysis can
be accomplished.

In a product load analysis the structure as a whole and each of its elements
together are in a state of equilibrium. There are no unbalanced forces of
tension, compression, flexure, or shear acting on the structure at any
point. All the forces counteract one another, which results in equilibrium.
When all the forces acting on a given element in the same direction are
summed up algebraically, the net effect is no load. However the product
does respond to the various forces internally.

These forces could deform the product due to internal stresses of
varying types and magnitudes. This action could be immediate or to
some time-temperature period based on its viscoelastic behavior and
underestimating potential internal stresses. To overcome this situation
different approaches are used, as explained in the enginecring books.



An example is when the cross-sectional area of a product increases for a
given load, the internal stresses are reduced, so make it thicker. Design
is concerned with determining the stresses for a given shape and subse-
quently adjusting the shape until the stresses are neither high enough to
risk fracture nor low enough to suggest that material is being wasted
(costly).

The stress analysis design involves various factors. It requires the
descriptions of the product’s geometry, the applied loads and displace-
ments, and the material’s properties including its viscoelastic behavior.
The result is to obtain numerical expressions for internal stresses as a
function of the stress’s position within the product and as a function of
time-temperature as well.

With the more complex shapes the component’s geometry complicates
the design analysis for plastics (and other materials) and may make it
necessary to carry out a direct analysis, possibly using finite element
analysis (FEA) followed with prototype testing (Chapter 5).

Loads applied on products induce tension, compression, tlexure,
torsion, and/or shear, as well as distributing the loading modes. The
product’s particular shape will control the type of materials data
required for analyzing it. The location and magnitude of the applied
loads in regard to the position and nature of such other constraints as
holes, attachment points, and ribs are important considerations that
influences its shape. Also influencing the design decision will be the
method of fabricating the product (Chapter 1).

Loads will generally fall into one of two categories, directly applied
loads and strain-induced loads (Chapter 2. Isolator). Directly applied
loads are usually easy to understand. They are defined loads that are
applied to defined areas of the product, whether they are concentrated
at a point, line, or boundary or distributed over an area. The magnitude
and direction of these loads are known or can easily be determined. An
example of a strain-induced load is when it is required that a product be
deflected. The load developed is directly related to the strain that
occurs. Unlike directly applied loads, strain-induced loads are
dependent on the modulus of elasticity; when comparing TPs with TSs,
the TPs will generally decrease quicker in magnitude over time. Many
assembly and thermal stresses could be the result of these strain-
induced loads.

Time-dependent applied loading effects the materials viscoelasticity
(Chapter 2). Loads applied for short times and at normal rate cause
material response that is essentially elastic in character. However, under
sustained load plastics, particularly TDs, tend to creep, a factor that is
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qure 3.2 Example of intermittent loading  Figure 3.2 Loading and unloading examples
of creep changes for engineering TPs
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included in the design analysis.

Intermittent loading can involve creep and recovery over relatively long
time periods. Creep dcformation during one loading can be partly
recovered in the unloading cycle, leading to a progressive accumulation
of creep strain as the continuous intermittent load action continues
(Figs. 3.2 and 3.3). This action in an improperly designed product will
probably result in creep rupture. An analogue of creep behavior is the
stress-relaxation cycle that can occur under constant strain. This
behavior is particularly relevant with push-fit assemblies and bolted
joints that rely on maintaining their load under constant strain. Special
design features or analysis may be required to counteract excessive
stress-relaxation.

There are intermittent or dynamic loads that occur over short time
periods that can cause failure due to creep and possibly fatigue. This
type loading condition applies to products such as motion control
isolators, engine mounts, and other antivibration products; panels that
vibrate and transmit noise; chairs; and road surface-induced loads
carried to vehicle wheels and suspension systems. Plastics’ relevant
properties in this regard are material stiffness and internal damping, the
latter of which can often be used to advantage in design (Chapter 2).
Both propertics depend on the frequency of the applied loads or
vibrations, a dependence that must be allowed for in the design analysis.
Design engineers unfamiliar with plastics’ behavior will be able to apply
the information contained in this book to applicable equations that
involve such analysis as multiple and complex stress concentrations. The
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various machine-design texts and mechanical engineering handbooks
review this subject.

Products can be stressed in a manner that is more complex than simple
tension, compression, flexure, or shear. Because yielding will also occur
under complex stress conditions, a yield criterion can be specified that
will apply in all stress states. Any complex stress state can be resolved
into the usual engineering three normal components acting along three
mutually perpendicular (X, Y, Z) axes and into three shear components
along the three planes of those axes. By making a proper choice it is
possible to find a set of three axes along which the shear stresses will be
zero. These are the principal axes, with the normal stresses along them
being called the principal stresses.

Design analysis process
The nature of design analysis obviously depends on having product-
performance requirements. The product’s level of technical sophistication
and the consequent level of analysis that can be justified costwise
basically control these requirements. The analysis also depends on the
design criteria for a particular product. If the design is strength limited,
to avoid component failure or damage, or to satisfy safety requirements,
it is possible to confine the design analysis simply to a stress analysis.
However, if a plastic product is stiffness limited, to avoid excessive
deformation from buckling, a full stress-strain analysis will likely be
required. Even though many potential factors can influence a design
analysis, each application fortunately usually involves only a few factors.
For example, TPs’ properties are dominated by the viscoelasticity
relevant to the applied load. Anisotropy usually dominates the behavior
of long-fiber RPs and so on.

The design analysis processes for metals, plastics, and RDPs are essentially
the same, However due to a certain degree of differences, they some-
times appear to be drastically different. Experience of design analysis
can be misleading if applied without consideration to plastics and RPs
behaviors. The design analysis process is composed essentially of the
three main steps: (a) assessment of stress and strain levels in the proposed
design; (b) comparison of critical stress and /or deformation values with
design criteria to ensure that the proposed design will satisfy product
requirements and materials limitations; and (c¢) modification of the pro-
posed design to obtain optimum satisfaction of product requirement.

For metallic materials, component design is usually strength limited so



that the design criteria in step (b) are often defined in terms of materials
strength values, that is, in terms of a maximum permissible stress. Even
when the design criterion is avoidance of plastic flow, rather than
avoidance of material failure, the criterion is specified by the limiting
yield stress. In these cases, step (a) is only required to provide an
analysis of the stress distribution in the component, and the strain and
deformation distributions are of little practical interest. ‘These
conclusions are a consequence of the relatively high stiffness of metals,
and the principal exception is the deformation of thin sections that may
lead to buckling.

A further simplification can often arise if the stress analysis problem
required in step (a) is statically determinate. In particular, this requires
that the externally applied constraints (or boundary conditions) can all
be expressed in the form of applied loads and not in terms of imposed
relative displacements. The stress distribution depends on the applied
loads and on the component geometry, but not on the material stiffness
properties. Thus, it is identical for all materials, whether they be elastic,
rigid, or any other form, provided only that the material is sufficiently
stiff for satisfaction of the assumption that the applied loads can be
considered to be applied to the undeformed, rather than deformed,
component geometry.

Thus, for metallic materials in many idealized practical situations, the
design process is simplified to a stress (but not strain or displacement)
analysis followed by comparison and optimization with critical stress
values. When the problem is not statically determinate, the stress
analysis requires specification of material stiffness values, but the
associated strain and deformation values are usually not required. Since
the material behavior is usually represented adequately by linear
isotropic elasticity, the stress analysis can be limited to that form, and
there are many standard formulae available to aid the designer.

For plastics (unreinforced), the emphasis is somewhat different. Due to
their relatively low stiffness, component deformations under load may
be much higher than for metals, and the design criteria in step (b) are
often defined in terms of maximum acceptable deflections. Thus, for
example, a metal panel subjected to a transverse load may be limited by
the stresses leading to yield and to a permanent dent. Whereas a plastics
panel may be limited by a maximum acceptable transverse deflection
even though the panel may recover without permanent damage upon
removal of the loads. Even when the design is limited by material
failure, it is usual to specify the materials criterion in terms of a critical
failure strain rather than a failure stress. Thus, it is evident that strain
and deformation play a much more important role for plastics than they
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do for metals. As a consequence, step (a) is usually required to provide
a full stress/strain/deformation analysis and, because of the viscoelastic
nature of plastics, this can pose a more difficult problem than for metals.

A particular distinction between the mechanical behaviors of metals and
plastics is explaincd in order to avoid a possible confusion that could
have arisen from the preliminary review. A typical stress/strain curve for
a metal, exhibits a linear elastic region followed by vield at the yield
stress, plastic flow, and ultimately failure at the failure stress. Yield and
failure occur at corresponding strains, and one could define yield and
failure in terms of these critical strains. This is not common practice
because it is simpler in many cases to restrict step (a) to a stress analysis
alone. By comparison, it may appear strange that it was stated above
that plastics failure criteria are usually defined in terms of a critical strain
(rather than stress) and, by comparison with the metals case, switching
back from strain to stress may appear to be a minor operation.

Explanation of this apparent fallacy depends on recognition of the fact
that stress and strain are not as intimately related for plastics as they are
for metals. This is demonstrated by a set of stress/strain curves for a
typical plastic where their loading rates increase. This emphasizes that
the stress/strain curve for a plastic is not unique, but depends on the
loading type, that 1s, also on time, frequency, or rate. For example, the
stress/strain curves obtained at different loading rates and for metals
these curves would essentially coincident. However, the behavior of
plastics can be very different at low and high rates, and there is no
unique relation between stress and strain since this depends on the
loading rate too. It is evident that characterization of failure through a
unique failure strain cannot be valid in general, but it can be a good
approximation in certain classes of situations such as, for example, at
high rates or under creep conditions.

Reinforced Plastic Analysis

For RPs, the emphasis and difficulty in the design analysis depends on
the nature of the RPs. For a thermoplastic reinforced with short fibers,
the viscoelastic nature of the matrix remains an important factor, and
the discussion given above for unreinforced plastics is relevant. In
addition, there may be a significant degree of anisotropy and/or
inhomogeneity due to processing that could further complicate the
analysis (Chapter 2). For thermosets reinforced with short fibers (for
example, BMC; Chapter 1) there may be only a low level of visco-
elasticity, anisotropy, and inhomogeneity, and metals-type design analysis
may be a reasonable approximation. However, thermosets reinforced
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with long fibers can have a high degree of anisotropy (depends on lay up
of reinforcement), and this must be taken into account in the design
analysis. When thermoplastics are reinforced with long fibers there may
be significant anisotropy and viscoelasticity, and this creates a potentially
complex design analysis situation. In all cases, RPs failure characteristics
may be specified in terms of a critical strain, and this requires the design
analysis to be performed for stress and strain.

Long-fiber materials can often be tailored to the product requirements,
and therefore materials design analysis and component design analysis
interact strongly. If the component design analysis is statically
determinate (stresses independent of materials properties) then this can
be carried out first, and then the material can be designed to carry the
stresses in the most efficient manner. However, if the analysis is not
statically determinate, then the component stresses depend on material
anisotropy, and material and product design have to be carried out and
optimized at the same time. This is also the case if component shape is
regarded as one of the variable design parameters.

In summary, it can be seen that plastics and RPs design analysis follows
the same three steps (a) to (c) as that for metals, but there are some
differences of emphasis and difficulty. In particular, step (a) is usually
more substantial for the newer materials, partly because a full
stress/strain /deformation analysis is required and partly because of the
need to take account of viscoelasticity, inhomogeneity, and /or anisotropy.
For long fiber materials, the component design analysis may need to
contain the associated material design analysis.

Stress Analysis

Different nondestructive techniques are used to evaluate the stress level
in products. They can predict or relate to potential problems. There is
the popular electrical resistance strain gauges bonded on the surface of
the product. This method identifies external and internal stresses. The
various configurations of gauges are made to identify stresses in
different directions. This technique has been extensively used for over

half a century on very small to very large products such as toys to
airplanes and missiles.

There is the optical strain measurement system that is based on the
principles of optical interference. It uses Moire, laser, or holographic
interferometry. Another very popular method is using solvents that
actually attack the product. It works only with those plastics that can be
attacked by a specific solvent. Immersed products in a temperature
controlled solvent for a specific time period identifies external and
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internal stresses. After longer time periods products will self-destruct.
Stress and crack formations can be calibrated using different samples
subjected to different loads.

With the brittle coating system that is applied on the surface of a
product one identifies conditions such as stressed levels, cracks, etc. A
lacquer coating is applied, usually sprayed on the surface of the product.
It provides experimental quantitative stress-strain measurement data. As
the product is subjected to a load simulating the load that would be
encountered in service, cracks begin to appear in the coating. The
extent of cracks is noted for each increment of load. Prior to this action,
the coating is calibrated by applying the coating on a simple beam and
observing the strain at which cracks appear and relating them to the
stress behavior of the beam.

Photoelastic measurement is a popular and useful method for identifying
stress in transparent plastics. Quantitative stress measurement is possible
with a polarimeter equipped with a calibrated compensator. It makes
stresses visible. The optical property of the index of refraction will
change with the level of stress (strain). When the photoelastic material
is stressed, the plastic becomes birefringent identifying the different
levels of stress via color patterns.

This photoelastic stress analysis is a technique for the nondestructive
determination of stress and strain components at any point in a stressed
product by viewing a transparent plastic product. If not transparent, a
plastic coating is used such as certain epoxy, polycarbonate, or acrylic
plastics. This test method measures residual strains using an automated
electro-optical system.

The photoelastic technique relates to the Brewster’s Constant law. It
states that the index of refraction in a strained material becomes
directional, and the change of the index is proportional to the
magnitude of the strain present. Thus a polarized beam in a clear plastic
splits into two wave fronts (X and Y directions) that contain vibrations
oriented along the directions of principal strains. The index of refraction in
these directions is different and the difference (or birefringence) is
proportional to the stress level. Result is the colorful patterns seen
when stressed plastic are placed between two polarized filters providing
qualitative analysis. Observed colors correspond to different levels of
retardation at that point, which in turn correspond to stress levels.
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Stress-strain behavior

The information presented throughout this book is used in different
loading equations. As an example stress-strain data may guide the
designer in the initial selection of a material. Such data also permit a
designer to specify either design stresses or strains safely within the
proportional /elastic limit of the material. However for certain products
such as a vessel that is being designed to fail at a specified internal pressure,
the designer may choose to use the tensile yield stress of the material in
the design calculations.

Designers of most structures specify material stresses and strains well
within the proportional /elastic limit. Where required (with no or limited
experience on a particular type product materialwise and /or processwise)
this practice builds in a margin of safety to accommodate the effects of
improper material processing conditions and/or unforeseen loads and
environmental factors. This practice also allows the designer to use design
equations based on the assumptions of small deformation and purely
elastic material behavior. Other important properties derived from stress-
strain data that are used include modulus of elasticity and tensile
strength.

Rigidity (EI)

Tensile modulus of elasticity (E) is one of the two factors that deter-
mine the stiffness or rigidity (EI) of structures comprised of a material.
The other is the moment of inertia (I) of the appropriate cross section,
a purely geometric property of the structure. In identical products, the
higher the modulus of elasticity of the material, the greater the rigidity;
doubling the modulus of elasticity doubles the rigidity of the product.
The greater the rigidity of a structure, the more force must be applied
to produce a given deformation.

It is appropriate to use E to determine the short-term rigidity of
structures subjected to clongation, bending, or compression. It may be
more appropriate to use the flexural modulus to determine the short-
term rigidity of structures subjected to bending, particularly if the
material comprising the structure is non-homogeneous, as foamed or
fiber-reinforced materials tend to be. Also, if a reliable compressive
modulus of elasticity is available, it can be used to determine short-term
compressive rigidity, particularly if the material comprising a structure is
fiber-reinforced. The room temperature E for several plastics and some
other materials are presented in Chapter 2.
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Hysteresis Effect

Hysteresis relates to the relation of the initial load applied to a material
and its recovery rate when the load is released. There can be a time
lapse that depends on the nature of the material and the magnitude of
the stresses involved. This plastic behavior is typically nonlincar and
history dependent. This incomplete recovery of strain in a material
subjected to a stress during its unloading cycle is due to energy
consumption. Upon unloading, complete recovery of energy does not
occur. During a static test this phenomenon is called elastic hysteresis;
for vibratory stresses it is called damping. The area of this hysteresis
loop, representing the energy dissipated per cycle, is a measure of the
damping properties of the material. Under vibratory conditions the
energy dissipated varies approximately as the cube of the stress.

This energy is converted from mechanical to frictional energy (heat). It
can represent the difference in a measurement signal for a given process
property value when approached first from a zero load and then from a
full scale as shown in Figs. 3.4 and 3.5. They provide examples of
recovery to near zero strain. It shows that material can withstand stress
beyond its proportional limit for a short time, resulting in different
degrees of the hysteresis effect.

The hysteresis heating failure occurs more commonly in plastic members
subject to dynamic loads. An example is a plastic gear. With the gear teeth
under load once per revolution, it is subjected to a bending load that
transmits the power from one gear to another. Another example is a link
that is used to move a paper sheet in a copier or in an accounting machine

Figure 3.4 Hysteresis recovery effects
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= Hysteresis loop related to cyclic loading

from one operation to the next. The load may be simple tensile or com-
pressive stresses, but more commonly it is a bending load.

Poisson's Ratio

Poisson’s ratio is a required constant in engineering analysis for deter-
mining the stress and deflection properties of materials (plastics, metals,
etc.). It is a constant for determining the stress and deflection
properties of structures such as beams, plates, shells, and rotating discs.
With plastics when temperature changes, the magnitude of stresses and
strains, and the direction of loading all have their effects on Poisson’s
ratio. However, these factors usually do not alter the typical range of
values enough to affect most practical calculations, where this constant
is frequently of only secondary importance. The application of
Poisson’s ratio is frequently required in the design of structures that are
markedly 2-D or 3-D, rather than 1-D like a beam. For example, it is
needed to calculate the so-called plate constant for flat plates that will
be subjected to bending loads in use. The higher Poisson’s ratio, the
greater the plate constant and the more rigid the plate.

When a material is stretched, it’s cross-sectional area changes as well as
its length. Poisson’s ratio (v) is the constant relating these changes in
dimensions. It is defined as the ratio of the change in lateral width per
unit width to change in axial length per unit length caused by the axial
stretching or stressing of a material. The ratio of transverse strain to the
corresponding axial strain below the tensile proportional limits.

For plastics the ratio falls within the range of 0 to 0.5. With a O ration
there is no reduction in diameter or contraction laterally during the
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elongation but would undergo a reduction in density. A value of 0.5
would indicate that the specimen’s volume would remain constant
during elongation or as the diameter decreases such as with elastomeric
or rubbery material. Plastic range is usually from about 0.2 to 0.4,
natural rubber is at 0.5 and reinforced TPs at 0.1 to 0.4. In mathe-
matical terms, Poisson’s ratio is the diameter of the test specimen
before and after elongation divided by the length of the specimen
before and after clongation. Poisson’s ratio will have more than one
value if the material is not isotropic. (Table 3.1)

Poisson's ratios (and shear data) for different thermoplastics

Poisson’s Shear modulus Shear stress

Plastic ratio MPa MPa
ABS 0.35 965 51.2

0.36 660 300
Acetal homopolymer 0.35 1340 65.5
Acetal copolymer 0.35 1000 53.0
Nylon (0.2 wt%) 0.34-0.43 66.4
Polycarbonate 0.37 785 415
Polymethy! methacrylate 0.35 446

Brittleness

Brittleness identifies material easily broken, damaged, disrupted, cracked,
and/or snapped. Brittleness can result from different conditions such as
from drying, plasticizer migration, etc. Brittle materials exhibit tensile
S-S behaviors different from the usual S-S curves. Specimens of such
materials fracture without appreciable material yielding. They lack
toughness. Their brittle point is the highest temperature at which a
plastic or elastomer fractures in a prescribed impact test procedure.

Plastics that are brittle frequently have lower impact strength and
higher stiffness properties. A major exception is reinforced plastics. The
tensile S-S curves of brittle materials often show relatively little
deviation from the inital linearity, relatively low strain at failure, and no
point of zero slope. Different materials may exhibit significantly
different tensile S-S behavior when exposed to different factors such as
the same temperature and strain rate or at different temperatures.

A brittleness temperature value is used. It is the temperature statistically
calculated where 50% of the specimens would probably fail 95% of the
time when a stated minimum number are tested. The 50% failure
temperature may be determined by statistical calculations.
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There is a Griffith design failure theory. It expresses the strength of a
material in terms of crack length and fracture surface energy. Brittle
fracture is based on the idea that the presence of cracks determines the
brittle strength and crack propagation occurs. It results in fracture rate
of decreased elastically stored energy that at least equals the rate of
formation of the fracture surface energy due to the creation of new
surfaces.

Ductile

Ductility is the amount of strain that a material can withstand before
fracture. In turn the fracture behavior of plastics, especially micro-
scopically brittle plastics, is governed by the microscopic mechanisms
operating in a heterogeneous zone at their crack or stress tip because of
internal or external forces. In TPs, craze zones can develop that are
important microscopic features around a crack tip governing strength
behavior. Fracture is preceded by the formation of a craze zone, which
is a wedge shaped region spanned by oriented microfilms. Methods
of craze zone measurements include optical emission spectroscopy,
diffraction techniques, scanning electron beam microscopy, and
transmission electron microscopy.

Fig. 3.6 is an example of the ductile plastic tensile stress-strain curve.
This curve identifies behavior so that as the strain increases, stress
initially increases approximately proportionately (from point 0 to point
A). Point A is called the proportional limit. From point 0 to point B,
the behavior of the material is purely elastic /stretches; but beyond point
B, the material exhibits an increasing degree of permanent
deformation/stretch. Point B is the clastic limit of the material. At
point C the material is yielding and so its coordinates are called the
yield strain and stress (strength) of the material. Point D relates to the
S-S elongation at break/failure. Table 3.2 provides these type data at
room temperature for different materials.

Temperature influences the S-S curve. With a decrease in temperature
the yield stress and strain usually decreases or the strain rate decreases.
Point D corresponds to specimen fracture/failure. It represents the
maximum clongation of the material specimen; its coordinates are
called the ultimate, or failure strain and stress. As temperature decreases
the ultimate elongation usually decreases or the strain rate increascs.

Crazing

Crazing is also called hairline craze. They can be finc, thin, tiny type
cracks that may extend in an unreinforced or reinforced plastic network
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Figure 3.6 Tensile stress-strain behavior of ductile plastics
o]
P
B8
A
v Strain
Table 3.2 Tensile data
Modulus Yield stress Elongation Elongation
Plastic MPa MPa atyield, % at break, %
ABS 2,700 55 25 75
Acetal homopolymer 3,100 69 12 75
Acetal copolymer 2,800 61 12 60
Acrylic 3,000 72 5.4
Nylon 2,400 82 5 60
Phenolic 19,300 62 8 90
Polyethylene 1,200 30 20 600
Polypropylene 1,400 35 12 400
Polystyrene 3,100 25 8 60
Polysulfone 2,500 70 6 100

on or under the surface or through a layer of a plastic material.
Different conditions and effects occur depending on the type plastic,
load conditions, and environment. The formation of crazes are like
cracks in that they are wedge shaped and formed perpendicular to the
applied stress. They differ from cracks by containing plastic that is
stretched in a highly oriented manner perpendicular to the plane of the
craze. They are parallel to the applied stress direction. Another major
distinguishing feature is that unlike cracks, crazes are able to support
stress.

With the application of static loading, the strain at which crazes start to
form decreases as the applied stress decreases. In constant strain-rate
testing crazes always start to form at a well-defined stress level. Crazes
start sooner under high stress levels. When tensile stress is applied to an



amorphous (Chapter 1) plastic such as acrylics, PVCs, PS, and PCs,
crazing may occur before fracturing. Crazing occurs in crystalline
plastics, but in those its onset is not readily visible. It also occurs in
most fiber-reinforced plastics, at the time-dependent knee in the stress-
strain curve.

Environmental stress cracking is the cracking of certain plastic products
that becomes exposed to a chemical agent while it is under stress. This
effect may be caused by exposure to such agents as cleaners or solvents.
The susceptibility of affected plastics to stress cracking by a particular
chemical agent varies considerably among plastics, particularly the TPs.

The resistance of a given plastic to attack may be evaluated by using
cither constant-deflection or constant-stress tests in which specimens
are usually coated with the chemical or immersed in the chemical agent.
After a specified time the degree of chemical attack is assessed by
measuring such properties as those of tensile, flexural, and impacts. The
results are then compared to specimens not yet exposed to the
chemical. In addition to chemical agents and the environment for
testing may also require such other factors as thermal or other energy-
intensive conditions.

It is possible with solvents of a particular composition to determine
quantitatively the level of stress existing in certain TP products where
undesirable or limited fabricated-in stresses exist. The stresses can be
residual (internal) stresses resulting from the molding, extrusion, or
other process that was used to fabricate the plastic product. Stresses can
also be applied such as bending the product. As it has been done for
over a half century, the product is immersed in the solution that attacks
the plastic for various time periods. Any initial cracks or surface
imperfections provide information that stresses exist. Other tests
conducted can be related to the stress-time information. Information
on the solvent mixtures suitable for this type of test and how to
interrupt them are available from plastic material suppliers or can be
determined from industry test data which show solvents that effect the
specific plastic to be evaluated.

TP cracking develops under certain conditions of stress and environ-
ment sometimes on a microscale. Because there are no fibrils to connect
surfaces in the fracture plane (except possibly at the crack tip), cracks do
not transmit stress across their plane. Cracks result from embrittlement,
which is promoted by sustained elevated temperatures and ultraviolet,
thermal, chemical, and other environments.

For the designer it is not important whether cracking develops upon
exposure to a benign or an aggressive medium. The important
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considerations are the embrittlement itself and the fact that apparently
benign environments can cause serious brittle fractures when imposed
on a product that is under sustained stress and strain, which is true of
certain plastics.

Crazing or stress whiting is damage that can occur when a TP is
stretched near its yield point. The surface takes on a whitish appearance
in regions that are under high stress. Crazing is usually associated with
yielding. For practical purposes stress whiting is the result of the
formation of microcracks or crazes, which is another form of damage.
Crazes are not true fractures, because they contain strings of highly
oriented plastic that connect the two flat faces of the crack. These fibrils
are surrounded by air voids. Because they are filled with highly oriented
fibrils, crazes are capable of carrying stress, unlike true fractures. As a
result, a heavily crazed product can still carry significant stress, even
though it may appear to be fractured.

[t is important to note that crazes, microcracking, and stress whiting
represent irreversible first damage to a material, which could ultimately
cause failure. This damage usually lowers the impact strength and other
properties of a material compared to those of undamaged plastics. One
reason is that it exposes the interior of the plastic to attack and
subsequent deterioration by aggressive fluids. In the rtotal design
cvaluation, the formation of stress cracking or crazing damage should
be a criterion for failure, based on the stress applied.

Stress Whitening

It is the appearance of white regions in a TP when it is stressed. A
stress-whitening zone may be a sign of crazing in some plastics where
individual fine crazes may be difficult to detect. Stress whitening occurs
fairly late in the rupture stage, just prior to yielding. The surface takes
on a whitish appearance in regions that are under high stress. It is
usually associated with vielding. For practical purposes, stress whiting is
the result of the formation of microcracks or crazes that is a form of
damage.

Cc_m_1 b_i ned stresses
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In the direct design procedure the assumption is made that no abrupt
changes occur in cross-section, discontinuities in the surface, or holes
through the member. This is not the case in most structural parts. The
stresses produced at these discontinuities are different in magnitude
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from those calculated by various design methods. The effect of the
localized increase in stress, such as that caused by a notch, fillet, hole,
or similar stress raiser, depends mainly on the type of loading, the
geometry of the product, and the material. As a result, it is necessary to
consider a stress-concentration factor. In general it will have to be
determined by the methods of experimental stress analysis or the theory
of elasticity, and by a simple theory without taking into account the
variations in stress conditions caused by geometrical discontinuities
such as holes, grooves, and fillets. For ductile materials it is not
customary to apply stress-concentration factors to members under static
loading. For brittle materials, however, stress concentration is serious
and should be considered.

There are conditions of loading a product that is subjected to a
combination of tensile, compressive, and/or shear stresses. For
example, a shaft that is simultaneously bent and twisted is subjected to
combined stresses, namely, longitudinal tension and compression, and
torsional shear. For the purposes of analysis it is convenient to reduce
such systems of combined stresses to a basic system of stress coordinates
known as principal stresses. These stresses act on axes that differ in
general from the axes along which the applied stresses are acting and
represent the maximum and minimum values of the normal stresses for
the particular point considered. There are different theories that relate
to these stresses. They include Mohr’s Circle, Rankine’s, Saint Venant,
Guest, Hencky-Von Mises, and Strain-Energy.

Surface Stresses and Deformations

It can be said that the design of a product involves analytical, empirical,
and/or experimental techniques to predict and thus control mechanical
stresses. Strength is the ability of a material to bear both static
(sustained) and dynamic (time-varying) loads without significant
permanent deformation. Many non-ferrous materials suffer permanent
deformation under sustained loads (creep). Ductile materials withstand
dynamic loads better than brittle materials that may fracture under
sudden load application. As reviewed, materials such as plastics often
exhibit significant changes in material properties over the temperature
range encountered by a product.

There are examples where control of deflection or deformation during
service may be required. Such structural elements are designed for
stiffness to control deflection but must be checked to assure that
strength criteria are reached. A product can be viewed as a collection of
individual elements interconnected to achicve an overall systems
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function. Each element may be individually modeled; however, the
model becomes complex when the elements are interconnected.

The static or dynamic response of one clement becomes the input or
forcing function for elements adjacent or mounted to it. An example is
the concept of mechanical impedance that applies to dynamic environ-
ments and refers to the reaction between a structural clement or
component and its mounting points over a range of excitation frequencies.
The reaction force at the structural interface or mounting point is a
function of the resonance response of an element and may have an
amplifying or damping effect on the mounting structure, depending on
the spectrum of the excitation. Mechanical impedance design involves
control of element resonance and structure resonance, providing
compatible impedance for interconnected structural and component
clements.

As an example view a 3-D product that has a balanced system of forces
acting on it, F; through Fsin Fig. 3.7, such that the product is at rest.
A product subjected to external forces develops internal forces to
transfer and distribute the external load. Imagine that the product in

Figure 2. Example of stresses in a product

FORCE VECTORS
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Fig. 3.7 is cut at an arbitrary cross-section and one part removed. To
keep the body at rest there must be a system of forces acting on the cut
surface to balance the external forces. These same systems of forces exist
within the uncut body and are called stresses. Stresses must be
described with both a magnitude and a direction. Consider an arbitrary
point, P, on the cut surface in the figure where the stress, S, is as
indicated. For analysis, it is more convenient to resolve the stress, S,
into two stress components. One acts perpendicular to the surface and
is called a normal or direct stress, 6. The second stress acts parallel to
the surface and is called a shear stress, 1.

Plastic materials subjected to a constant stress can deform continuously
with time and the behavior under different conditions such as temper-
ature. This continuous deformation with time is called creep or cold flow.
In some applications the permissible creep deformations are critical, in
others of no significance. But the existence of creep necessitates info-
rmation on the creep deformations that may occur during the expected life
of the product. Materials such as plastic, RP, zinc, and tin creep at room
temperature. Aluminum and magnesium alloys start to creep at around
300°F. Stecls above 650°F must be checked for creep.

There are three typical stages. The initial strain takes place almost
immediately, consisting of the elastic strain plus a plastic strain near its
end, if the deformation extends beyond the yield point. This initial
action in the first stage shows a decreasing rate of elongation that can
be called strain hardening (as in metals). The action most important to
the designer’s working area concerns the second stage that is at a
minimum strain rate and remains rather constant. In the third stage a
rapid increase in the creep rate occurs with severe specimen necking/
thickness reduction and ultimately rupture. It is important for the
designer to work in the second stage and not enter the third stage.
Thus, after plotting the creep vs. time data of a 1,000 h test, the second
stage can be extrapolated out to the number of hours of desired
product life.

These test specimens may be loaded in tension or flexure (with some in
compression) in a constant temperature environment. With the load
kept constant, deflection or strain is recorded at regular intervals of
hours, days, weeks, months, or years. Generally, results are obtained at
different stress levels.
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In conducting a conventional creep test, curves of strain as a function of
time are obtained for groups of specimens; each specimen in one group
is subjected to a different constant stress, while all of the specimens in
the group are tested at one temperature. In this manner families of
curves are obtained. Important are the several methods that have been
proposed for the interpretation of such data.

The rate of viscoelastic creep and stress relaxation at a given temperature
may vary significantly from one TP to another because of differences in
the chemical structure and shape of the plastic molecules (Chapter 1),
These differences affect the way the plastic molecules interact with cach
other. Viscoelastic creep and stress relaxation tests are generally con-
ducted up to 1,000 hours. Time-temperature super-positioning is often
used to extrapolate this 1,000 hours of data to approximately 100,000
hours (= 12 years). Basically with TDPs subjected to heat there is an
increase in the rate of creep and stress relaxation. The TSs and
particularly reinforced thermosets (RTSs) remains relatively unaftected
until a high temperature is encountered.

Usually the strain readings of a creep test can be more accessible if they
are presented as a creep modulus that equals stress divided by strain. In
the viscoelastic plastic, the strain continues to increase with time while
the stress level remains constant. Result is an appearance of a changing
modulus. This creep modulus also called the apparent modulus or
viscous modulus when graphed on log-log paper, is a straight line and
lends itself to extrapolation for longer periods of time.

Plastic viscoelastic nature reacts to a constant creep load over a long
period of time by an ever-increasing strain. With the stress being
constant, while the strain is increasing, result is a decreasing modulus.
This apparent modulus and the dara for it are collected from test
observations for the purpose of predicting long-term behavior of
plastics subjected to a constant stress at selected temperatures.

The creep test method of loading and material constituents influences
creep data. Increasing the load on a part increases its creep rate.
Particulate fillers provide better creep resistance than unfilled plastics
but are less effective than fibrous reinforcements. Additives influence
data such as the effect of a flame-retardant additive on the flexural
modulus provides an indication of its effect on long-time crecp.
Increasing the level of reinforcement in a composite increases its
resistance to creep. Glass-fiber-reinforced amorphous TP RPs generally
has greater creep resistance than glass fiber-reinforced crystalline TP RDs
containing the same amount of glass fiber. Carbon-fiber reinforcement is
more cffective in resisting creep than glass-fiber reinforcement.
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Figure 3.8 Mechanical Maxwell model
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For the designer there is generally a less-pronounced curvature when
creep and relaxation data are plotted log-log. Predictions can be made
on creep behavior based on creep and relaxation data. This usual
approach makes it easier to extrapolate, particularly with creep modulus
and creep-rupture data.

To relate the viscoelastic behavior of plastics with an S-S curve the
popular Maxwell model is used, this mechanical model is shown in Fig.
3.8. This model is useful for the representation of stress relaxation and
creep with Newtonian flow analysis that can be related to plastic’s non-
Newtonian flow behavior. It consists of a spring [simulating modulus of
elasticity (E)] in series with a dashpot of coefficient of viscosity (7). It is
an isostress model (with stress &), the strain (€) being the sum of the
individual strains in the spring and dashpot.

Based on this mechanical loading system a differential representation of
linear viscoelasticity is produced as:

deldt = (1/E) d&/dt + (5/n) (3-1)

When a load is applied to the system the spring will deform. The
dashpot will remain stationary under the applied load, but if the same
load continues to be applied, the viscous fluid in the dashpot will slowly
leak past the piston, causing the dashpot to move. Its movement
corresponds to the strain or deformation of the plastic material.

When the stress is removed, the dashpot will not return to its original
position, as the spring will return to its original position. The result is a
viscoelastic material behavior as having dual actions where one is of an
elastic material (spring), and the other like the viscous liquid in the



dashpot. The properties of the elastic phase is independent of time, but
the properties of the viscous phase are very much a function of time,
temperature, and stress (load). A thinner fluid resulting from increased
temperature under a higher pressure (stress) will have a higher rate of
leakage around the piston of the dashpot during the time period. A
greater creep occurs at this higher temperature that caused higher stress
levels and strain.

The Maxwell model relates to a viscoelastic plastic’s S-S curve. The
viscoelasticity of the plastic causes an initial deformation at a specific
load and temperature. It is followed by a continuous increase in strain
under identical test conditions until the product is cither dimensionally
out of tolerance or fails in rupture as a result of excessive deformation.

Test data using the apparent creep modulus approach is used as a method
for expressing creep. It is a convenient method of expressing creep
because it takes into account initial strain for an applied stress plus the
deformation or strain that occurs with time. Because parts tend to deform
in time at a decreasing rate, the acceptable strain based on service life of
the part must be determined. The shorter the duration of load, the
higher the apparent modulus and the higher the allowable stress.

When plotted against time, they provide a simplified means of pre-
dicting creep at various stress levels. It takes into account the initial
strain for an applied stress plus the amount of deformation or strain that
occurs over time. Fig. 3.9 shows curves of deformation versus time.
Beyond a certain point, creep is small and may safely be neglected for
many applications.

1.9 Apparent creep modulus vs. log time with increased load (Courtesy of Mobay/Bayer)
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The acceptable strain based on the desired service life of a product can
be determined since they deform under load in time at a decreasing
rate. Short duration results in the higher apparent modulus and in turn
a higher allowable stress. The apparent modulus is most casily explained
with an example. The apparent modulus E, is calculated in a very
simplified approach as:

E, = Stress/Initial strain + Creep (3-2)

As long as the stress level is below the elastic limit of the material, its E
can be obtained from the usual equation:

E = Stress/Strain (3-3)

If a compressive stress of 10,000 psi (69 MPa) is used, the result is a strain
of 0.015 in./in. (0.038 cm/cm) for FEP plastic at 63°F (17°C). Thus:

E =10,000/0.015 = 667,000 psi (4,600 MPa) (3-4)

If this stress level remains for 200 hours, the total strain will be the sum
of the initial strain plus the strain due to time. This total strain can be
obtained from a creep-data curve. With a total deformation under a
tension load for 200 hours of 0.02 in./in., the result is:

E=10,000/0.02 = 5,000,000 psi (3,500 MPa) {3-5)

An E can then be determined for one year. Extrapolating from the
straight-line creep-data curve gives a deformation of 0.025 in./in. the E
becomes:

E =10,000/0.025 = 400,000 psi (2,800 MPa) (3-6)

Different attempts have been used to create meaningful formulas for
the apparent modulus change with respect to time. However the factors
in the formulas that would fit all conditions are more complicated to
use than presenting test data in a graph form and using it as the means
for predicting the strain (elongation) at some distant point in time.
Log-log test data usually form a straight line and lend themselves to
casy extrapolation by the designer. The slope of the straight line
depends on the material being tested such as its rigidity and
temperature of heat deflection with the amount of stress in relation to
tensile strength.

Long term behavior of plastics involves plastic exposure to conditions
that include continuous stresses, cnvironment, excessive heat, abrasion,
and/or continuous contact with liquids. Tests such as those outlined by
ASTM D 2990 that describe in detail the specimen preparations and
testing procedure are intended to produce consistency in observations
and records by various manufacturers, so that they can be correlated to
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provide meaningful information to product designers. The procedure
under this heading is intended as a recommendation for uniformity of
making setup conditions for the test, as well as recording the resulting
data. The reason for this move is the time consuming nature of the
test (many years’ duration), which does not lend itself to routine
testing. The test specimen can be round, square, or rectangular and
manufactured in any suitable manner meeting certain dimensions. The
test is conducted under controlled temperature and atmospheric
conditions.

The requirements for consistent results are outlined in detail as far as
accuracy of time interval, of readings, etc., in the procedure. Each
report of test results should indicate the exact grade of material and its
supplier, the specimen’s method of manufacture, its original dimensions,
type of test (tension, compression, or flexure), temperature of test,
stress level, and interval of readings. When a load is initially applied to a
specimen, there is an instantaneous strain or elongation. Subsequent to
this, there is the time-dependent part of the strain (creep), which resuits
trom the continuation of the constant stress at a constant temperature.
In terms of design, creep means changing dimensions and deterioration
of product strength when the product is subjected to a steady load over
a prolonged period of time.

All the mechanical properties described in tests for the conventional
data sheet properties represented values of short-term application of
forces. In most cases, the data obtained from such tests are used for
comparative evaluation or as controlling specifications for quality
determination of materials along with short-duration and intermittent-
use design requirements. The visualization of the reaction to a load by the
dual component interpretation of a material is valuable to the under-
standing of the creep process, but meaningless for design purposes. For
this reason, the designer is interested in actual deformation or part failure
over a specific time span. The time segment of the creep test is common
to all materials, strains are recorded until the specimen ruptures or the
specimen is no longer useful because of yielding. In either case, a point
of failure of the test specimen has been reached, this means making
observations of the amount of strain at certain time intervals which will
make it possible to construct curves that could be extrapolated to
longer time periods. The initial readings are 1, 2, 3,5, 7, 10, and 20 h,
tfollowed by readings every 24 h up to 500 h and then readings every
48 h up to 1,000 h.

The strain readings of a creep test can be more convenient to a designer
if they are presented as a creep modulus. In a viscoelastic material, strain
continues to increase with time while the stress level remains constant.
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Since the modulus equals stress divided by strain, there is the
appearance of a changing modulus.

The method of obtaining creep data and their presentation have been
described; however, their application is limited to the exact same
material, temperature use, stress level, atmospheric conditions, and type
of test (tensile, compression, flexure) with a tolerance of £10%. Only
rarely do product requirement conditions coincide with those of the
test or, for that matter, are creep data available for all grades of material.
In those cases a creep test of relatively short duration such as 1,000 h
can be instigated, and the information can be extrapolated to the long-
term needs. It should be noted that reinforced thermoplastics and
thermosets display much higher resistance to creep (Chapter 4).

The stress-strain-time data can be plotted as creep curves of strain vs.
log time (Fig. 3.10 top view). Different methods are also used to meet
specific design requirements. Examples of methods include creep curves
at constant times to yield isochronous stress versus strain curves or at a
constant strain, giving isometric stress versus log-time curves, as shown
in the bottom views in Fig. 3.10.

To date the expected operating life of most plastic products designed to

Figure 3.10 Examples of different formatted creep vs. log time curves (Courtesy of
Mobay/Bayer)
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withstand creep is usually at least ten to twenty years. Available data at
the time of designing will not be available so one uses available creep
test-data based on at least 1,000 hours that is the recommended time
specified in the ASTM standard. These long-time data have been
developed and put to use in designs for over a half-century in designing
plastic materials. An example is the engineering design and fabrication
of the first all-plastic airplane.

Crecp information is not as readily available as that from short-term
property data sheets. From a designer’s viewpoint, it is important to
have creep data available for products subjected to a constant load for
prolonged periods of time. The cost of performing or obtaining the test
in comparison with other expenditures related to product design would
be insignificant when considering the element of safety and confidence
it would provide. Furthermore, the proving of product performance
could be carried out with a higher degree of favorable expectations as
far as plastic material is concerned. Progressive material manufacturers
can be expected to supply the needed creep and stress-strain data under
specified use conditions when requested by the designer; but, if that is
not the case, other means should be utilized to obtain required
information.

In conclusion regarding this subject, it can be stated that creep data and
a stress-strain diagram indicate whether plain plastic properties can lead
to practical product dimensions or whether a RP has to be substituted
to keep the design within the desired proportions. For long-term
product use under continuous load, plastic materials have to be
considered with much greater care than would be the case with metals.

Preparing the important creep rupture data for the designer is similar to
that for creep except that higher stresses are used and the time is
measured to failure. It is not necessary to record strain. The data are
plotted as the log stress vs. log time to failure. In creep-rupture tests it
is the material’s behavior just prior to the rupture that is of primary
interest. In these tests a number of samples are subjected to different
levels of constant stress, with the time to failure being determined for
each stress level.

The overall behavior is the time-dependent strain at which crazing,
stress whitening, and rupture decrcases with a decreasing level of
sustained stress. The time to develop these defects increases with a
decreasing stress level.

Thermoplastic fiber RPs display a degree of creep, and creep rupture
compared to RPs with thermoset plastics. TS plastic RPs reinforced
with carbon and boron is very resistant to deformation (creep) and
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failure (creep rupture) under sustained static load when they are loaded
in a fiber-dominated direction. The creep and creep rupture behavior of
aramid fiber is not as good but still rather high. Creep and creep
rupture with RPs has to take into consideration the stresses in matrix-
dominated directions. That is fiber oriented directional properties
influence the data.

In service products may be subjected to a complex pattern of loading
and unloading cycles that is represented by stress relaxation. This
variability of intermittent loading can cause design problems in that it
would clearly not be feasible to obtain experimental data to cover all
possible loading situations, yet to design on the basis of constant
loading at maximum stress would not make efficient use of materials or
be economical. In such cases it is useful to have methods for predicting
the extent of the accumulated strain that will be recovered during the
no load periods after cyclic loading.

Tests have been conducted that provide useful stress relaxation data.
Plastic products with excessive fixed strains imposed on them for
extended periods of time could fail. Data is required in applications
such as press fits, bolted assemblies, and some plastic springs. In time,
with the strain kept constant the stress level will decrease, from the
same internal molecular movement that produces creep. This gradual
decay in stress at a constant strain (stress-relaxation) becomes important
in these type applications in order to retain preloaded conditions in
bolts and springs where there is concern for retaining the load.

The amount of relaxation can be measured by applying a fixed strain to
a sample and then measuring the load with time. The resulting data can
be presented as a series of curves. A relaxation modulus similar to the
creep modulus can also be derived from the relaxation data, it has been
shown that using the creep modulus calculated from creep curves can
approximate the decrease in load from stress relaxation. From a
practical standpoint, creep measurements are generally considered more
important than stress-relaxation tests and are also easier to conduct.

The TPs are temperature dependent, especially in the region of the
plastics’ glass transition temperature (Tg). Many unreinforced
amorphous types of plastics at temperatures well below the T, have a
tensile modulus of elasticity of about 3 x 1019 dynes/cm? [300 Pa
(0.04 psi)] at the beginning of a stress-relaxation test. The modulus
decreases gradually with time, but it may take years for the stress to
decrease to a value near zero. Crystalline plastics broaden the
distribution of the relaxation times and extend the relaxation stress to
much longer periods. This pattern holds truc at both the higher and
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low extremes of crystallinity. With some plastics, their degree of
crystallinity can change during the course of a stress-relaxation test.

Stress-relaxation test data has been generated for the designer. Plastic is
deformed by a fixed amount and the stress required maintaining this
deformation is measured over a period of time. The maximum stress
occurs as soon as the deformation takes place and decreases gradually
with time from this value.

Creep data in designing products has been used for over a century;
particularly since the 1940s. Unfortunately there is never enough data
especially with the new plastics that are produced. However,
relationships of the old and new are made successfully with a minor
amount of testing.

Fatigu
When reviewing fatigue one studies their behaviors of having materials
under cyclic loads at levels of stress below their static yield strength.
Fatigue test, analogous to static creep tests, provides information on the
failure of materials under repeated stresses. The more conventional
short-term tests give little indication about the lifetime of an object
subjected to vibrations or repeated deformations. When sizing products
so that they can be modeled on a computer, the designer needs a
starting point until feedback is received from the modeling. The stress
level to be obtained should be less than the yield strength. A starting
point is to estimate the static load to be carried, to find the level of
vibration testing in G levels, to assume that the part vibrates with a
magnification of 10, and to multiply these together to get an equivalent
static load. The computer design model will permit making design
changes within the required limits.

If the loading were applied only once the magnitude of the stresses and
strains induced would be so low that they would not be expected to
cause failure. With repeated constant load amplitude tests, maximum
material stress is fixed, regardless of any decay in the modulus of
elasticity of the material. Constant deflection amplitude fatigue testing
is less demanding, because any decay in the modulus of elasticity of the
material due to hysteretic heating would lead to lower material stress at
the fixed maximum specimen detlection.

Material fatigue data are normally presented in constant stress (S)
amplitude or constant (s) strain amplitude plotted vs. the number of
cvcles (N) to specimen failure to produce a fatigue endurance S-N
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Figure 3.17 Typical S-N curve
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curve for the material (Fig. 3.11). The test frequency for plastics is
typically 30 Hz, and test temperature is typically conditioned and tested
in an environment of 23°C (73°F). The behavior of viscoelastic materials
is very temperature and strain rate dependent. Consequently, both test
frequency and test temperature has a significant effect upon the observed
fatigue behavior. The fatigue testing of TPs is normally terminated at 107
cycles.

S-N curve provides information on the higher the applied material
stresses or strains, the fewer cycles the specimen can survive. It also
provides the curve that gradually approaches a stress or strain level
called the fatigue endurance limit below which the material is much less
susceptible to fatigue failure. A curve of stress to failure vs. the number
of cycles to this stress level to cause failure is made by testing a large
number of representative samples of the material under cyclical stress.
Each test made at a progressively lowered stress level. This S-N curve is
used in designing for fatigue failure by determining the allowable stress
level for a number of stress cycles anticipated for the product. In the
case of materials such as metals, this approach is relatively uncompli-
cated. Unfortunately, in the case of plastics the loading rate, the
repetition rate, and the temperature all have a substantial effect on the
S-N curve, and it is important that the appropriate tests be conducted.

There is the potential for having a large amount of internal friction
generated within the plastics when exposed to fatigue. This action
involves the accumulation of hysteretic energy generated during each
loading cycle. Because this energy is dissipated mainly in the form of
heat, the material experiences an associated temperature increase. When
heating takes place the dynamic modulus decreases, which results in a
greater degree of heat generation under conditions of constant stress.
The greater the loss modulus of the material, the greater the amount of
heat generated that can be dissipated. TPs, particularly the crystalline
type that are above their glass-transition temperatures (T,), will be
more sensitive to this heating and highly cross-linked plastics or glass-



reinforced TS plastics (GRTSs) are less sensitive to the frequency of
load.

If the TP’s surface area of a product is insufficient to permit the heat to
be dissipated, the plastic will become hot enough to soften and melt.
The possibility of adversely affecting its mechanical properties by heat
generation during cyclic loading must therefore always be considered.
The heat generated during cyclic loading can be calculated from the
loss modulus or loss tangent of the plastics.

Damping is the loss of energy usually as dissipated heat that results
when a material or material system is subjected to fatigue, oscillatory
load, or displacement. Perfectly elastic materials have no mechanical
damping. Damping reduces vibrations (mechanical and acoustical) and
prevents resonance vibrations from building up to dangerous amplitudes.
However, high damping is generally an indication of reduced dimensional
stability, which can be very undesirable in structures carrying loads for
long time periods. Many other mechanical properties are intimately
related to damping; these include fatigue life, toughness and impact,
wear and coefficient of friction, etc. Measuring damping capacity is
equal to the area of the elastic hysteresis loop divided by the
deformation energy of a vibrating material. It can be calculated by
measuring the rate of decay of vibrations induced in a material.

This dynamic mechanical behavior of plastics is important. The role of
mechanical damping is not as well known. Damping is often the most
sensitive indicator of all kinds of molecular motions going on in a
material. Aside from the purely scientific interest in understanding the
molecular motions that can occur, analyzing these motions is of great
practical importance in determining the mechanical behavior of plastics.
For this reason, the absolute value of a given damping and the
temperature and frequency at which the damping peaks occur can be of
considerable interest and use.

High damping is sometimes an advantage, sometimes a disadvantage.
For instance, in a car tire high damping tends to give better friction
with the road surface, but at the same time it causes heat buildup,
which makes a tire degrade more rapidly. Damping reduces mechanical
and acoustical vibrations and prevents resonance vibrations from
building up to dangerous amplitudes. However, the existence of high
damping is generally an indication of reduced dimensional stability,
which can be undesirable in structures carrying loads for long periods
of time.

To improve fatigue performance, as with other properties of other
properties use is made of reinforcements. RPs are susceptible to fatigue.
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Figure 3,12 High-performance fatigue properties of RPs and other materials
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However, they provide high performance when compared to
unreinforced plastics and many other materials (Fig. 3.12). With a TP
there is a possibility of thermal softening failures at high stresses or high
frequencies. However, in general the presence of fibers reduces the
hysteretic heating effect, with a reduced tendency toward thermal
softening failures. When conditions are chosen to avoid thermal
softening, the normal fatigue process takes places as a progressive
weakening of the material from crack initiation and propagation.

Plastics reinforced with carbon, graphite, boron, and aramid are stiffer
than the glass-reinforced plastics (GRP) and are less vulnerable to
fatigue. (E-glass is the most popular type used; S-glass improves both
short- and long-term properties.) In short-fiber GRPs cracks tend to
develop easily in the matrix, particularly at the interface close to the
ends of the fibers. It is not uncommon for cracks to propagate through
a TS matrix and destroy the material’s integrity before fracturing of the
fabricated product occurs. With short-fiber composites fatigue life can
be prolonged if the fiber aspect ratio of its length to its diameter is
large, such as at least a factor of five, with ten or better for maximum
performance.

In most GRPs debonding can occur after even a small number of cycles,
even at modest load levels. If the material is translucent, the buildup of
fatigue damage can be observed. The first signs (for example, with
glass-fiber TS polyester) are that the material becomes opaque each
time the load is applied. Subsequently, the opacity becomes permanent
and more pronounced, as can occur in corrugated RP translucent
roofing panels. Eventually, plastic cracks will become visible, but the
product will still be capable of bearing the applied load until localized
intense damage causes separation in the components. However, the first
appearance of matrix cracks may cause sufficient concern, whether for
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safety or aesthetic reasons, to limit the useful life of the product. Unlike
most other materials, GRPs give visual warning of their fatigue failure.

Since GRPs can tend not to exhibit a fatigue limit, it is necessary to
design for a specific endurance, with safety factors in the region of 3 to
4 being commonly used. Higher fatigue performance is achieved when
the data are for tensile loading, with zero mean stress. In other modes
of loading, such as flexural, compression, or torsion, the fatigue
bchavior can be more unfavorable than that in tension due to potential
abrasion action between fibers if debonding of fiber and matrix occurs.
This is generally thought to be caused by the setting up of shear stresses
in sections of the matrix that are unprotected by some method such as
having properly aligned fibers that can be applied in certain designs. An
approach that has been used successfully in products such as high-
performance RP aircraft wing structures, incorporates a very thin, high-
heat-resistant film such as Mylar between layers of glass fibers. With
GRPs this construction significantly reduces the self-destructive action
of glass-to-glass abrasion and significantly increases the fatigue
endurance limit.

Fatigue data provides the means to design and fabricate products that
are susceptible to fatigue. Ranking fatigue behavior among various
plastics should be conducted after an analysis is made of the application
and the testing method to be used or being considered. It is necessary
to also identify whether the product will be subjected to stress or strain
loads. Plastics that exhibit considerable damping may possess low fatigue
strength under constant stress amplitude but exhibit a considerably
higher ranking in constant deflection amplitude and strain testing. Also
needing consideration is the volume of material under stress in the
product and its surface area-to-volume ratio. Because plastics are
viscoelastic, this ratio is critical in that it influences the temperature that
will be reached. At the same stress level, the ratio of stressed volume to
arca may well be the difference between a thermal short-life failure and
a brittle long-life failure, particularly with TDs.

Like in metal and other material in any design books, factors should be
eliminated or reduced such as sharp corners or abrupt changes in their
cross-sectional gecometry or wall thickness should be avoided because
they can result in weakened, high-stress areas. The arcas of high loading
where fatigue requirements are high need more generous radii,
combined with optimal material distribution. Radii of ten to twenty
times are suggested for extruded parts, and one quarter to one half the
wall thickness may be necessary for moldings to distribute stress more
uniformly over a large area.
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Figure 3.13 Carbon fiber-epoxy RPs fatigue data
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In evaluating plastics for a particular cyclic loading condition, the type
of material and the fabrication variables are important. As an example,
the tension fatigue behavior of unidirectional RPs is one of their great
advantages over other plastics and other materials. In general the
tension S-N curves (curves of maximum stressed plotted as a function
of cycles to failure) of RPs with carbon, boron, and aramid fibers are
relatively flat. Glass fiber RPs show a greater reduction in strength with
increasing number of cycles. However, RPs with high strength glass
fiber are widely used in applications for which fatigue resistance is a
critical design consideration, such as helicopter blades.

Fig. 3.13 shows the cycles to failure as a function of maximum stress for
carbon fiber-reinforced epoxy laminates subjected to tension and
compression fatigue. The laminates have 60% of their layers oriented at
0°, 20% at +45°, and 20% at —45°. They are subjected to a fluctuating
load in the 0° direction. The ratios of minimum stress-to-maximum
stress for tensile and compressive fatigue are 0.1 and 10, respectively.
One observes that the reduction in strength is much greater for
compression fatigue. However as an example, the RPs compressive
fatigue strength at 107 cycles is still considerably greater than the
corresponding tensile value for aluminum.

Metals are more likely to fail in fatigue when subjected to fluctuating
tensile rather than compressive load. This is because they tend to fail by
crack propagation under fatigue loading. However, the failure modes in
RPs are very different and more complex. One consequence is that RPs
tend to be more susceptible to fatigue failure when loaded in com-
pression.



Fiber reinforcement provides significant improvements in fatigue with
carbon fibers and graphite and aramid fibers being higher than glass
fibers. The effects of moisture in the service environment should also be
considered, whenever hygroscopic plastics such as nylon, PCs, and
others are to be used. For service involving a large number of fatigue
cycles in TDs, crystalline-types offer the potential of more predictable
results than those based on amorphous types, because the crystalline
ones usually have definite fatigue endurance. Also, for optimum fatigue
life in service involving both high-stress and fatigue loading, the
reinforced high-temperature performance plastics like PEEK, PES, and
Pi are recommended.

Reinforcement performance

——— = — == —

Reinforcements can significantly improve the structural characteristics
of a TP or TS plastic. They are available in continuous forms (fibers,
filaments, woven or non-woven fabrics, tapes, etc.), chopped forms
having different lengths (Fig. 3.14), or discontinuous in form
(whiskers, flakes, spheres, etc.) to meet different properties and/or
processing methods. Glass fiber represents the major material used in
RPs worldwide. There are others that provide much higher structural
performances, etc. The reinforcements can allow the RP materials to be
tailored to the design, or the design tailored to the material.

To be effective, the reinforcement must form a strong adhesive bond
with the plastics; for certain reinforcements special cleaning, sizing,
finishing, etc. treatments are used to improve bond. Also used alone or
in conjunction with fiber surface treatments are bonding additives in
the plastic to promote good adhesion of the fiber to the plastic.

Figure 214 Fiper strength vs. fiber length (Courtesy of Plastics FALLO)
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Applicable to RPs is the aspect ratio of fibers. It is the ratio of length to
diameter (I./D) of a fiber. In RP fiber 1. /D will have a dircct influence
on the reinforced plastic performance. High values of 5 to 10 provide
for good reinforcements. Theoretically, with proper lay-up the highest
performance plastics could be obtained when compared to other
materials. To maximize strength and modulus of RPs the long fiber
approach is used.

Different types of reinforcement construction are used to meet
different RP properties and /or simplify reinforcement layup for certain
fabricating processes to meet design performance requirements. They
include woven, nonwoven, rovings, and others (Table 3.3). These
different constructions are used to provide different processing and
directional properties.

Example of E-glass constructions used in TS polyester RPs

Bulk Sheet  Chopped
Molding Molding  Strand  Woven Unidirectional Unidirectional
Compound Compound Mat  Roving Axial Transverse
Glass content 20 30 30 50 70 70
(wt %)
Tensile 9(1.3) 13(19) 7.7(1.1) 16(23) 42(6.1) 12 (1.7)
modulus GPa
(Msi)
Tensile strength 45 (6.5) 85(12) 95(14) 250(36) 750 (110) 50 (7)
MPa (Ksi)

There are certain types of so-called nonwoven fabric that are directly
formed from short or chopped fiber as well as continuous filaments.
They are produced by loosely compressing together fibers, yarns,
rovings, etc. with or without a scrim cloth carrier; assembled by
mechanical, chemical, thermal, or solvent methods. Products of this
type include melted and spun-bonded fabrics. The nonwoven spun-
bonded integrates the spinning, lay-down, consolidation, and bonding
of continuous filaments to form fabrics. Felt is the term used to
describe nonwoven compressed fabrics, mats, and bats prepared from
staple fibers without spinning, weaving, or knitting; made up of fibers
interlocked mechanically.

A fibrous material extensively used in RDPs are the mat constructions.
They consist of different randomly and uniformly oriented products:
(1) chopped fibers with or without carrier fibers or binder plastics; (2)
short fibers with or without a carrier fabric; (3) swirled filaments looscly
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held together with a plastic binder; (4) chopped or short fiber with
long fibers included in any desired pattern to provided addition
mechanical properties in specific directions; (5) and so on.

There are reinforcement preform constructions. A preform is a method
of making chopped fiber mats of complex shapes that are to be used as
reinforcements in different RP molding fabricating processes (injection,
etc.). Oriented patterns can be incorporated in the preforms.

When conventional flat mats are used, they may tear, wrinkle, or give
uneven glass distribution when producing complex shapes. To alleviate
this problem, it is necessary to take great care in tailoring the mat and
in placing it properly in the mold cavity. Otherwise, mats may cause
poor products or poor production rates. Preforms are used to overcome
these problems. They are slightly more expensive for short production
runs. However they are used when mats are considered impractical, or a
relatively high production run exists that offsets the higher cost.

Fiber-reinforced plastics differ from many other materials because they
combine two essentially different materials of fibers and a plastic into a
single plastic composite. In this way they are somewhat analogous to
reinforced concrete, that combines concrete and steel. However, in the
RPs the fibers are generally much more evenly distributed throughout
the mass and the ratio of fibers to plastic is much higher.

In designing fibrous-reinforced plastics it is necessary to take into
account the combined actions of the fiber and the plastic. At times the
combination can be considered homogeneous, but in most cases
homogeneity cannot be assumed (Chapter 2).
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Plastics offer the opportunity to optimize designs by focusing on
material composition as well as product structural geometry to meet
different product requirements. In structural applications for plastics,
which generally include those in which the product has to resist
substantial static and/or dynamic loads, it may appear that one of the
problem design areas for many plastics is their low modulus of elasticity.
Since shape integrity under load is a major consideration for structural
products, low modulus type plastic products are designed shapewise
and/or thicknesswise for efficient use of the material to afford
maximum stiffness and overcome their low modulus. This type of plastics
and products represent most of the plastic products produced
worldwide.

Throughout this book as the viscoelastic behavior of plastics has been
described, it has been shown that deformations are dependent on such
factors as the time under load and the temperature. Therefore, when
structural components are to be designed using plastics it must be
remembered that the extensive amount of standard equations that are
available (Figs 2.31 and 2.32) for designing springs, beams, plates, and
cylinders, and so on have all been derived under certain assumptions.
They are that (1) the strains are small, (2) the modulus is constant, (3)
the strains are independent of the loading rate or history and are
immediately reversible, (4) the material is isotropic, and (5) the material
behaves in the same way in tension and compression.

Since these assumptions are not always justifiable when applied to
plastics, the classic equations cannot be used indiscriminately. Each case
must be considered on its merits, with account being taken of such
factors as the time under load, the mode of deformation, the service



temperature, the fabrication method, the environment, and others. In
particular, it should be noted that the traditional equations are derived
using the relationship that stress equals modulus times strain, where the
modulus is a constant. As reviewed in Chapters 2 and 3 the modulus of
a plastic may not be a constant.

There are different design approaches to consider as reviewed in this
book and different engineering textbooks concerning specific products.
They range from designing a drinking cup to the roof of a house. As an
example consider a house to stand up to the forces of a catastrophic
hurricane. Low pitch roofs arc less vulnerable than steeper roofs
because the same aerodynamic factors that make an airplane fly can lift
the roof off the house. The roof also requires being properly attached
to the building structure.

Example of a product design program approach follows:

1. Define the function of the product with performance requirements.
2. Identify space and load limitations of the product if they exist.

3. Define all of the environmental stresses that the product will be
exposed to in its intended function.

4. Select several materials that appear to mecet the required
environmental requirements and strength behaviors.

5. Do several trial designs using different materials and geometries to
perform the required function.

6. Evaluate the trial designs on a cost effectiveness basis. Determine
several levels of performance and the specific costs associated with
each to the extent that it can be done with available data.

7. Determine the appropriate fabricating process for the design.

8. Based on the preliminary evaluation select the best apparent
choices and do a detailed design of the product.

9. Based on the detailed design select the probable final product
design, material, and process.

10. Make a model if necessary to test the effectiveness of the product.
11. Build prototype tooling.

12. Make prototype products and test products to determine if they
meet the required function.

13. Redesign the product if necessary based on the prototype testing.
14. Retest.
15. Make field tests.

16. Add instructions for use.

4 - Product design 199
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Reinforced Plastic

More extensively used are the conventional engineering plastics that are
not reinforced to maximize mechanical performances of plastics.
However there are reinforced plastics (RPs), as reviewed throughout
this handbook, that offer certain important structural and other
performance requirements. These requirements provides the designer
great flexibility and provides freedom practically not possible with most
other materials. However, it requircs a greater understanding of the
interrelations to take full advantage of RPs. It is important to understand
that RPs has an extremely wide range of properties, structural responses,
product performance characteristics, product shapes, manufacturing
processes, and influence on product performances.

The usual approach is that the designer is involved in “making the
material.” RP designed products have often performed better than
expected, despite the use of less sophisticated fabricating tools in their
design. Depending on construction and orientation of stress relative to
reinforcement, it may not be necessary to provide extensive data on
time-dependent stiffness properties since their effects may be small and
can frequently be considered by rule of thumb using established
practical design approaches. When time dependent strength properties
are required, creep, fatigue, and other data are used most effectively.
These type data are available.

The arrangement and the interaction of the usual stiff, strong fibers
dominate the behavior of RPs with the less stiff, weaker plastic matrix
[thermoset (TS) or thermoplastic (TP)]. A major advantage is that
directional properties can be maximized in products by locating fibers
that maximize mechanical performances in different directions.

When compared to unreinforced plastics, the analysis and design of RPs
is simpler in some respects and more complicated in others.
Simplifications are possible since the stress-strain behavior of RPs is
frequently fairly linear to failure and they are less time-dependent. For
high performance applications, they have their first damage occurring at
stresses just below their high ultimate strength properties. They are also
much less temperature-dependent, particularly RTSs (reinforced TSs).

When constructed from any number and arrangement of RP plies, the
stiffness and strength property variations may become much more
complex for the novice. Like other materials, there are similarities in
that the first damage that occurs at stresses just below ultimate
strength. Any review that these types of complications cause unsolvable
problems is incorrect. Reason being that an RP can be properly
designed, fabricated and evaluated to take into account any possible
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variations; just as with other materials. The variations may be
insignificant or significant. In either casc, the designer will usc the
required values and apply them to an appropriate safety factor; similar
approach is used with other materials. The designer has a variety of
alternatives to choose from regarding the kind, form, amount of
reinforcement to use, and the process versus requirements.

With the many different fiber types and forms available, practically any
performance requirement can be met and molded into any shape.
However they have to be understood regarding their advantages and
limitations. As an example there are fiber bundles in lower cost woven
rovings that are convoluted or kinked as the bulky rovings conform to
the square weave pattern. Kinks produce repetitive variations in the
direction of reinforcement with some sacrifice in properties. Kinks can
also induce high local stresses and early failure as the fibers oy to
straighten within the matrix under a tensile load. Kinks also encourage
local buckling of fiber bundles in compression and reduce compressive
strength. These effects are particularly noticcable in tests with woven
roving in which the weave results in large-scale reinforcement.

Fiber content can be measured in percent by weight of the fiber portion
(wt%). However, it is also reported in percent by volume (vol%) to
reflect better the structural role of the fiber that is related to volume (or
area) rather than to weight. When content is only in percent, it usually
refers to wt%.

Basic behaviors of combining actions of plastics and reinforcements
have been developed and used successtully. As an example, conventional
plain woven fabrics that are generally directional in the 0° and 90°
angles contribute to the highest mechanical strength at those angles.
The rotation of alternate layers of fabric to a layup of 0°, +45°, 90°, and
—45" alignment reduces maximum properties in the primary directions,
but increases in the +45° and —45° directions. Different fabric and/or
individual fiber patterns are used to develop different property
performances in the plain of the molded RPs. These woven fabric
patterns CAN include basket, bias, cowoven, crowfoot, knitted, leno,
satin (four-harness satin, eight-harness satin, etc.), and twill.

For almost a century many different RP products have been designed,
fabricated, and successfully operated in service worldwide. They range
from small to large products such as small insulators for high voltage
cable lines to large 250 ft diameter deep antenna parabolic reflectors.
RPs have been used in all types of transportation vehicles, different
designed bridges, road surfacing such as aircraft landing strips and
roads, mining equipment, water purification and other very corrosive
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environmental equipment, all types of electrical /electronic devices, etc.

Monocoque Structure

With the flexibility in shaping and fabricating plastics provides an easy
approach to designing monocoque structures. This is the type of
construction in which the outer skin carries all or a major part of the
stresses. Different applications take advantage of this design approach
such as automotive body, motor truck, railroad car, aircraft fuselage and
wings, toys, houses, rockets, and so on. This load bearing construction
can integrate the product body and support/chassis into a single
structure.

Geometric shape

—

Design analysis is required to convert applied loads and other external
constraints into stress and strain distributions within the product, and
to calculate associated deformations (Chapters 1 and 2). The nature
and complexity of these calculations is influenced strongly by the shape
of the component. It is most convenient if the component approximates
to some simple idealized form, such as a plate or shell (for example a
body panel), a beam or tube (for example a chassis member or bumper),
or a combination of idealized forms (for example a box structure). In
these cases, standard design formulae can be provided into which
appropriate parameters can be substituted for a particular application.

However, there are many more cases where the component shape does
not approximate to a simple standard form (for example a wheel, pump
housing, or manifold) or where a more detailed analysis is required for
part of a product (for example the area of a hole, boss, or attachment
point). In these cases, the geometry complicates the design analysis and
it may be necessary to carry out a direct analysis, possibly using finite
element analysis.

One of plastics’ design advantages is its formability into almost any
conceivable shape. It is important for designers to appreciate this
important characteristic. Both the plastic materials and different ways to
fabricate products provide this rather endless capability. Shape, which
can be almost infinitely varied in the early design stage, is capable for a
given volume of materials to provide a whole spectrum of strength
properties, especially in the most desirable areas of stiffness and bending
resistance. With shell structures, plastics can be either singly or doubly
curved via the different fabricating processes.
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Modulus of Elasticity

There are different techniques that have been used for over a century to
increase the modulus of elasticity of plastics. Orientation or the use of
fillers and /or reinforcements such as RPs can modify the plastic. There
is also the popular and extensively used approach of using geometrical
design shapes that makes the best use of materials to improve stiffness
even for those that have a low modulus. Structural shapes that are
applicable to all materials include shells, sandwich structures, dimple
sheet surfaces, and folded plate structures (Fig. 4.1).

El theory

In all materials (plastics, metals, wood, etc.) elementary mechanical
theory demonstrates that some shapes resist deformation from external
loads. This phenomenon stems from the basic physical fact that
deformation in beam or sheet sections depends upon the mathematical
product of the modulus of elasticity (E) and the moment of inertia (I),
commonly expressed as EI (Chapter 3, Stress-strain behavior). It is
applied to all types of constructions such as solids, foams, and sandwich
structures. In many applications plastics can lend themselves in the form
of a sophisticated lightweight stiff structure and the requirements are
such that the structure must be of plastics. In other instances, the
economics of fabrication and erection of a plastics lightweight structure
and the intrinsic appearance and other desirable properties make it
preferable to other materials.

This theory has been applied to many different constructions including
many plastic products. In each case displacing material from the neutral
plane makes the improvement in flexural stiffness. Use of this engineering
principle that has been used for many centuries relates to the basic

Figure 4.1 Examples of shapes to increase stiffness
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physical fact that deformation in beams or sheets depends upon the
mathematical product of E and I, more commonly expressed as EIL

The EI principle applies to the basic beam structures as well as hollow
channel, I-shape, T-shape, etc. where it imparts increased stiffness in
one direction much more than in the other. Result is more efficient
strength-to-weight products and so forth. While this construction may
not be as efficient as the sandwich panel, it does have the advantage
that it can be ecasily fabricated (molded, extruded, etc.) directly in the
required configuration at a low cost and the relative proportions be
designed to meet the load requirements.

Plate

o e e e e e e e — =

e — T

Methods for the design analysis in the past for plastics were based on
models of material behavior relevant to traditional metals, as for
cxample elasticity and plastic yield. These principles were embodied in
design formulas, design sheets and charts, and in the modern
techniques such as those of CAD using finite element analysis (FEA).
Design analyst was required only to supply appropriate elastic or plastic
constants for the material, and not question the validity of the design
methods. Traditional design analysis is thus based on accepted methods
and familiar materials, and as a result many designers have little, if any,
experience with such other materials as plastics, wood, and glass.

Using this approach it is both tempting and common practice for
certain designers to treat plastics as though they were traditional
materials such as steel and to apply familiar design methods with what
seem appropriate materials constants. It must be admitted that this
pragmatic approach does often yield acceptable results. However, it
should also be recognized that the mechanical characteristics of plastics
are different from those of metals, and the validity of this pragmatic
approach is often fortuitous and usually uncertain.

It would be more acceptable for the design analysis to be based on
methods developed specifically for the materials, but this action will
require the designer of metals to accept new ideas. Obviously, this
acceptance becomes easier to the degree that the newer methods are
presented as far as possible in the form of limitations or modifications
to the existing methods discussed in this book.

Table 4.1 provides examples of mechanical property data of different
materials (GN/m? = kPa). A review is presented concerning the four
materials in Table 4.1, where the exact values used are unimportant.
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Higher performance types could be used for the metals and plastics but
those in this table offer a fair comparison for the explanation being
presented. This review identifies the need for using design analysis
methods appropriate for plastics. It also indicates the uncertainty of
using with plastics methods derived from metals, and demonstrates the
dangers of making generalized statements about the relative merits of
difterent classes of materials.

Mechanical properties of materials

Glass-fiber

reinforced

Polypropylene  plastics

Property Aluminum  Mild steel (PP) (GRP)

Tensile modulus (£) 108 GN/mZ (psi) 70 (10) 210 (30) 1.5 (0.21) 15(2.2)
Tensile strength (5) 103 MN/m? (pSi) 400 (58) 450 (65) 40 (5.8) 280 (40.5)
Specific gravity (9) 27 7.8 09 1.6

Based on the usual data on metals, they are much stiffer and significantly
stronger than plastics. This initial evaluation could eliminate the use of
plastics in many potential applications, but in practice it is recognized by
those familiar with the behavior of plastics that it is the stffness and
strength of the product that is important, not its material properties.

The proper approach is to consider the application in which a material
is used such as in panels with identical dimensions with the service
requirements of stiffness and strength in flexure. Their flexural
stiffnesses and strengths depend directly on the respective material’s
modulus and strength. Other factors are similar such as no significantly
different Poisson ratios. The different panel properties relative to
stiffness and strength are shown in Fig. 4.2. The meral panels are stiffer
and stronger than the plastic ones because the panels with equal
dimensions use equal volumes of materials.

By using the lower densities of plastics it allows them to be used in
thicker sections than metals. This approach significantly influences the
panecl’s stiffnesses and strengths. With equal weights and therefore
difterent thickness (#) the panels are loaded in flexure. Their stiffnesses
depend on (E#%) and their strength on (6#?) where E and ¢ are the
material’s modulus and its strength. For panels of equal weight their
relative stiffnesses are governed by (E/s*) and their relative strengths by
(0/52) where s denotes specific gravity. As shown in Fig. 4.3, the plastics
now are much more favorable. So depending on how one wants to
present data or more important apply data either Figs. 4.2 or 4.3 or
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Figure 4.2 Open bar illustrations represent stiffness and shaded illustrations represent strength
with panels having the same dimensions
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Flgure 4.3 Open bar illustrations represent stiffness and shaded illustrations represent strength
with panels having the equal weights
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Table 4.1 is used. Thus the designer has the opportunity to balance out
the requirements for stiffness, strength, and weight saving.

Recognize that it is casy to misinterpret property data and not properly
analyze the merits of plastics. No general conclusions should be drawn
on the relative merits of various materials based on this description
alone. In comparing materials in Table 4.1 a designer can easily obtain
different useful data. As an example the GRP panel has 2.4 times the
thickness of a steel pancl for the same flexural stiffness. It has 3.6 times
its flexural strength and only half its weight. The tensile strength of the
GRP panel would be 50% greater than that of the steel panel, but its
tensile stiffness is only 17% that of the steel panel.

Similar remarks could be made with respect to various materials’ costs
and energy contents, which can also be specified per unit of volume or
weight. General statements about energy content or cost per unit of
stiffness or strength, as well as other factors, should be treated with
caution and applied only where relevant. If these factors are to be
treated properly, they too must relate to final product values that
include the method of fabrication, expected lifetime, repair record, and
in-service use.

This review shows what the veteran plastic designer knows; that plastic
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products are often stiffness critical, whereas metal products are usually
strength critical. Consequently, metal products are often made stiffer
than required by their service conditions, to avoid failure, whereas
plastic products are often made stronger than necessary, for adequate
stiffness. In replacing a component in one material with a similar
product in another material is not usually necessary to have the same
product stiffness and strength.

Folded Plate

Capability in fabricating simple to complex folded products makes
designing them easy based on analysis such as beams with rectangular,
triangular, spherical, or other shapes. Products vary from those with
spring actions to movable contoured walls and ceilings to bottles and
outer-space structures. Elementary beam equations are used. When
assemblies are plates whose lengths are large relative to their cross-
sectional dimensions (thin-wall beam scctions, ribbed panels, and so
on) and are in large plates whose fold lines deflect identically, such as
the interior bays of roofs or bridge structures, they can be analyzed as
beams. More elaborate documented procedures are used to determine
transverse multi-bending stresses in assembilies.

An example of folded plate technology are bellows-style collapsible
plastic containers such as blow molded bottles that are foldable. The
foldable shaped containers in contrast to that of the usual shaped
bottles provides advantages and conveniences. Examples include
reduced storage as the container’s content is reduced, transportation
volume and weight costs relate to the collapsed size, and disposal space;
prolonged product freshness by reducing oxidation and loss of carbon
dioxide; and provides extended life via continuous collapsing surface
access to foods like mayonnaise and jams.

Figs 4.4 and 4.5 show the bellows of collapsible containers that overlap
and fold to retain their folded condition without external assistance,
thus providing a self-latching feature. The views show uncollapsed
bottle, collapsed bottle, and top view of the bottle. This latching is the
result of bringing together under pressure two adjacent conical sections
of unequal proportions and different angulations to the bottle axis. On
a more technical analytical level the latching is created basically by the
swing action of one conical section around a fixed pivot point, from an
outer to an inner, resting position. The two symmetrically opposed
pivot points and rotating segments keep a near-constant diameter as
they travel along the bottle axis. This action explains the bowing action
of the smaller, conical section as it approaches the overcentering point.
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jure 4.4 Views of a collapsible bottle (Courtesy of Collapsible Bottle of America Co.)
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Figure 4.5 Geometric concepts to the collapsible bottle (Courtesy of Collapsible Bottle of
America Co)
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A characteristic in molding some products that are designed to include
collapsing, living hinge, etc. action requires them to be subjected to the
action as soon as possible after processing. This initial action is used to
create permanent fold rings and completely orient the plastic molecules.
In most disposable applications these bottles would undergo three
changes of volume: an initial collapsing of the container before
shipment and storage; expansion of the container at its destination,
before or during filling; and finally gradually collapsing the bottle for
reuse or disposal.
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As the engineering books explain, a beam is a bar or structural member
subjected to transverse loads that tend to bend it. Any structural
members act as a beam if external transverse forces induce bending. A
simple beam is a horizontal member that rests on two supports at the
ends of the beam. All parts between the supports have free movement
in a vertical plane under the influence of vertical loads.

There are fixed beams, constrained beams, or restrained beams rigidly
fixed at both ends or rigidly fixed at one end and simply supported at
the other. A continuous beam is a member resting on more than two
supports. A cantilever beam is a member with one end projecting
beyond the point of support, free to move in a vertical plane under the
influence of vertical loads placed between the free end and the support.

When a simple beam bends under its own weight, the plastic or fibers in
a plastic on the upper or concave side is shortened, with the stress
acting on them is compression. The fibers on the under or convex side
are lengthened, and the stress acting on them is tension. In addition,
shear exists along each cross section, the intensity of which is greatest
along the sections at the two supports and zero at the middle section.
When a cantilever beam bends under its own weight the fibers on the
upper or convex side are lengthened under tensile stresses. The fibers
on the under or concave side are shortened under compressive stresses,
the shear is greatest along the section at the support, and zero at the
free end.

The neutral surface is that horizontal section between the concave and
convex surfaces of a loaded beam, where there is no change in the
length of the fibers and no tensile or compressive stresses acting upon
them. The neutral axis is the trace of the neutral surface on any cross
section of a beam. The elastic curve of a beam is the curve formed by
the intersection of the neutral surface with the side of the beam, it
being assumed that the longitudinal stresses on the fibers are within the
clastic limit.

The reactions, or upward pressures at the points of support, are
computed by applying certain conditions necessary for equilibrium of a
system of vertical forces in the same plane. They are the algebraic sum
of all vertical forces that must equal zero; that is, the sum of the
reactions equals the sum of the downward loads. There is also the
algebraic sum of the moments of all the vertical forces that equals zero.

The first condition applies to cantilever beams and to simple beams
uniformly loaded, or with equal concentrated loads placed at equal
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distances from the center of the beam. In the cantilever beam, the
reaction is the sum of all the vertical forces acting downward,
comprising the weight of the beam and the superposed loads. In the
simple beam each reaction is equal to one-half the total load, consisting
of the weight of the beam and the superposed loads. The second
condition applies to a simple beam not uniformly loaded. The reactions
arc computed separately, by determining the moment of the several
loads about each support. The sum of the moments of the load around
one support is equal to the moment of the reaction of the other
support around the first support.

The fundamental laws for the stresses at any cross-section of a beam in
equilibrium are: (1) sum of the horizontal tensile stresses equal sum of
horizontal compressive stresses, (2) resisting shear equal vertical shear,
and (3) resisting moment equal bending moment. Bending moment at
any cross-section of a beam is the algebraic sum of the moments of the
external forces acting on cither side of the section. It is positive when it
causcs the becam to bend convex downward, thus causing compression
in upper fibers and tension in lower fibers of the beam. When the
bending moment is determined from the forces that lie to the left of the
section, it is positive if they act in a clockwise direction; if determined
from forces on the right side, it is positive if they act in a counter-
clockwise direction. If the moments of upward forces are given positive
signs, and the moments of downward forces are given negative signs,
the bending moment will always have the correct sign, whether
determined from the right or left side. The bending moment should be
determined for the side for which the calculation will be the simplest.

The deflection of a beam as computed by the ordinary formulas is that
due to flexural stresses only. The deflection in honeycomb and short
beams due to vertical shear can be high, and should always be checked.
Because of the nonuniform distribution of the shear over the cross
section of the beam, computing the deflection due to shear by exact
methods is difficult. It may be approximated by:

vs = M/AE, (4-1)

where y, = deflection, inch, due to shear; M = bending moment, Ib-in,
at the section where the deflection is calculated; A = area of cross
section of beam, square inches; and E, = modulus of elasticity in shear,
psi; For a rectangular section, the ratio of deflection due to shear to the
deflection due to bending, will be less than 5% if the depth of the beam
is less than one-eighth of the length.

In designing a beam an approach is: (1) compute reactions; (2) deter-
mine position of the dangerous section and the bending moment at
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that section; (3) divide the maximum bending moment (lb-in) by the
allowable unit stress (psi) to obtain the minimum value of the section
modulus; and (4) select a beam section with a section modulus equal to
or slightly greater than the section modulus required.

Assumptions are made in simple beam-bending theory that involve (1)
all deflections are small, so that planar cross-sections remain planar
before and after bending; (2) the beam is initially straight, unstressed,
and symmetrical; (3) its proportional limit is not exceeded; and (4)
Young’s modulus for the material is the same in both tension and
compression. In the analysis maximum stress occurs at the surface of
the beam farthest from the neutral surface (Fig. 2.32), as given by the
following equation:

o = Mc/l=M/Z (4-2)

where M = the bending moment in in./Ibs., ¢ = the distance from the
neutral axis to the outer surface where the maximum stress occurs in
in., I = the moment of inertia in in.#, and Z = I/c-, the section modulus
in in.%. Observe that this is a geometric property, not to be confused
with the modulus of the material, which is a material property.

Rib___

Plastic

When discussion problems in minimizing or increasing load-bearing
requirements in wall thickness of plastics, ribbing is recommended if it
is determined that space exist for adding ribs (Figs. 4.6 and 4.7). If
there is sufficient space, the use of ribs is a practical, economic means of
increasing the structural integrity of plastic products without creating
thick walls. Table 4.2 shows how a rib structure rigidity (2 in. rib
spacings) compares with non-ribbed panels where each are 1 x 2 ft. The
rib height is 0.270 in. with a thickness of 0.065 in. If it is determined
after a product is produced that ribbing is required adding ribs after the
tool is built is usually simple and relatively inexpensive since it involves
removing steel in the fabricating tool. With thinner walls a major cost
saving could develop since processing them reduces processing time
and provides more heat uniformity during processing.

Handbooks reviewing Stress and Deflections in Beams and Moments of
Inertia provide information such as the moment of inertia and
resistance to deflection that expresses the resistance to stress by the
section modulus. By finding a cross section with the two equivalent
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1.5 Example of a design where thin wall with ribbing supports high edge loading

w (piate
thickness) t(skin) l
c(wh)r——i ;..,, *

Primary nib
Section A-A

Secondary rib
Section B-B

factors, one ensures equal or better performance of the fabricated
product. The moment of inertia can be changed substantially by adding
ribs and other shapes such as gussets as well as their combinations.

There are available basic engineering rib-design guidelines. The most
general approach is to make the rib thickness at its base a minimum of
one-half the adjacent wall’s thickness. With ribs opposite appearance
areas, the width should be kept as thin as possible. In areas where
structure is more important than appearance, or with very low
shrinkage materials, ribs are often 75 or even 100% of the outside wall’s
thickness. A goal in rib design is to prevent the formation of a heavy
mass of material that can result in a sink, void, distortion, long cycle
time, or any combination of these problems.

. Example where ribbing is beneficial

Property Steel Solid plastic Structural foam
Thickness (in.) 0.040 0.182 0.196

E (psi) 3% 107 3.2x 105 2.56 % 105

I (in.4) 0.000064 0.006 0.0075

E x| (rigidity) 1,920 1,920 1,920

Weight (lbs.) 3.24 198 1.78
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 Comparing a rib design strengthwise and weightwise with other materials
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E=10.3x10°% E=2.0x10° E=1.2x 10°
I = 0.0049 I =0.0254 I = 0.0424

4 N g 4
EI = 5.08 x 10° EI = 5.08 x 10 EI = 5.08 x 10

Area = 0.283 in. Area = 0,489 Area = 0.170

Wt/in = 0.446 oz. HWt/in = 2.0l oz Wt/in = 0.149 oz

Reinforced/Foamed Plastic

Frequently cases arise in which ribs are used to reinforce plastic (RD)
plates such as in tanks, boat hulls, bridges, floors, towers, buildings, and
so on. The design of ribbed plates such as these is somewhat analogous
to reinforced concrete and T-beam design. In view (a) of Fig. 4.8, for
example, a construction is shown consisting of a platc composed of
balanced fabric RP 0.15 in. thick and mat RP 0.05 in. thick, combined
with a rib, making a structurc whose overall depth is 1.500 in. The rib
is formed of a cellular material such as foamed plastic, plus a cluster of
resin-bonded parallel fibers such as roving, at the bottom. The mat is
carried around the rib and serves to tie the rib and plate together.

The construction of a plate and rib form a T-beam. The principal
design problem is to determine how much of the plate can be
considered to be acting as a flange with the rib, that is, the magnitude
of 4in Fig. 4.8 (a). For purposes of illustration, & is taken as 5 in. If the
T-beam is loaded in bending so as to induce compression at the top and
tension at the bottom, the balanced fabric and the mar will be in
compression at the top, and the roving and mat will be in tension at the
bottom. Because the roving is much stronger than the mat, it is evident
that the mat adjacent to it will break before the roving reaches its
maximum stress. That is if the roving were stressed 50,000 psi the
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adjacent mat would be stressed 10,000 psi, which is double its strength.
Consequently, in finding the neutral axis and computing the strength of
the cross-section, the mat is neglected on the tension side. Above the
neutral axis the mat is in compression, but in order to simplify the
computations, only the mat in the flange of the T is considered.

The foamed plastic has such a low modulus of elasticity and such low
strength that it contributes little to either the stiffness or the bending
strength of the T-beam. It must, however, be stiff enough to prevent
buckling or wrinkling of the mat or the roving.

The active elements of the T-beam are therefore as shown in Fig. 4.8
(b). The flange consists of balanced fabric 5.000 in. wide and 0.150 in.
thick plus mat 4.200 in. wide and 0.050 in. thick. The web consists of
the bundle of roving 0.800 in. wide and 0.200 in. thick. By the
application of equation 4.32, the neutral axis is found to be 1.105 in.
from the bottom, or 1.055 in. above the lower edge of the roving.

The basic assumptions discussed in the introduction imply that when
this beam is bent, strains at any point in both tension and compression
are proportional to the distance from the neutral axis, and that stress is
equal to strain multiplied by modulus of elasticity. As an example, the
stress in the lower-most roving fiber is 50,000 psi, the stress in the
topmost fiber of the flange is 50,000 (3 x 10%/5) (0.395,/1.055) or
11,250 psi. Similarly, the stresses in the upper edge of the bundle of
rovings, at the lower edge of the balanced fabric, and at the upper and
lower edges of the balanced fabric, and at the upper and lower edges of
the mat in the flange are as shown in Fig. 4.8 (¢). These are all less than
the corresponding values of 7y, 0;, and o3 listed.

The internal resisting moment, or resistance to outside bending forces,
can be found by computing the total resultant compression C; in the
balanced fabric, total resultant compression C, in the mat, finding the
distances o and @, between the lines of action of these two resultants
and the line of action of the total resultant tension T in the roving,
computing the values Cy ¢ and G0, and adding.

Resultant C; acts at the centroid of the trapezoidal stress area la,
resultant C, at the centroid of area 2a, and resultant T at the centroid
of area 3a. Solving for these centroids, the distance ¢ is found to be
1.285 in. and distance &, is 1.179 in. These are the internal moment
arms of the two resultant compressive forces C; and C,.

G, = [(11250 + 7000}/2][5.000 x 0.150] = 6,840 Ib (4-3)
G, = [(2330 + 1850)/2][4.200 x 0.05] 440 b
Total C = 7,280
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Cross-section of a rib applied to a plate

0.15° Lb/z 04_.1 l__b/;_()‘__.)

— -——Balanced fobric
Mat

Neutral axis

o.os - .
1.500° 4 20° |NQICI- Cellvtar
filler  1.105°

0.15° 5.0°
Il" e 42— | 0245° 0.195°
_LY_FA_ ), S Vil
0,039 ( 0.395° J/
Neviral axis
0.20° 0.8 1.058
i R22y 108 40,600 psi
Oro—t Z
T b) Strain 50,000 psi
( distribution Steass (C)
distribution
Ap =5x015=0.75in? a, = 20,000 psi
Ey=3x10% psi g, = 5,000 psi
Az =42x005=021in? gy = 50,000 psi

Ey=1x10°% psi

A3;=02x08=016in2

Ey=5x10% pi
A check on the accuracy of the computations is afforded by the fact that
T must equal C.

T = [(40,600 + 50,000}/2][0.800 x 0.200] = 7,250 Ib (4-4)

The initial resisting moment is Cya , Cy0n

Cioy = 6840 % 1.285 = 8790 in-lb (4-5)
G, = 440x1.179 = 520
M. = 9310 in-lb

res:

Evidently, if the mat in the flange had been left out of the computation
(C), the error in the calculated result would have been approxi-
mately 5%. Omitting the mat in the rib between the flange and the
neutral axis affected the result much less.

It a shear force is imposed on the rib, two critical planes of internal
shear stress occur, one at the neutral axis and one at the plane between
the mar and the fabric in the flange [Fig. 4.8 (a)]. Shear stresses are
computed by equation,

va’ (4-6)

HaT]

For example, suppose the T-beam is 30 in. long (L) and carries a



216 Plastics Engineered Product Design

uniformly distributed load W. Then M = wL/8 =9310 in-lb and W=
2500 Ib. The maximum shear V'is half the total load or 1250 Ib.

At the neutral axis the statistical moment ' is the weighted moment of
the flange or of the roving about the neutral axis; E/ is the stiftness
factor of flange plus roving; and & is the total thickness of the mat at the
neutral axis plus the effective thickness of the cellular filler. This
effective thickness may be computed in accordance with the principles
set forth on combined action. If, for example, the shear modulus of the
cellular core 1s 1 /15 the shear modulus of the mat-reinforced material,
the effective width of the core is 0.8/15 or 0.053 in. The total effective
width of the mat and the core at the neutral axis is therefore 0.05 +
0.05 + 0.053 =0. 153 in.

The computed value of Q”is 0.725 x 10° lb-in, and the value of El is
0.968 x 106 psi. The shear stress intensity in the mat at the neutral axis is:

1250 x 0.725 . (4-7)
Tm = 5153x 0968 ~ 000 Ps

The shear stress intensity in the cellular core is
7. = 6100/15 = 410 psi (4-8)

If either 7, or 7, is excessive it is necessary to increase the rib thickness
at the neutral axis, probably by increasing the thickness of the mat.

Properties of the cellular core may not be known well enough or may
be too low to warrant inclusion with the mat in calculating shear. If the
core is not included, the thickness at the neutral axis is that of the mat

alone, or 0.10 in. The shear stress 7,, then becomes 9400 psi instead of
6100 psi.

At the interface between mat and fabric in the flange of the T-beam, the
value of Q’ #s that of the fabric alone. This is found to be 0.720 x 106
psi. The width &4 is 4.2 in. (neglecting the width of the cellular core).
Therefore:

_ 1250% 0720 _ , (4-9)
T Zaxo09e8 - 20

In all probability the shear stress intensity is actually higher adjacent to

the rib, and lower near the outer ends of the flange, but in any event it

is not likely to be excessive.

Column

A column or strut is a bar or structural member under axial com-



pression, which has an unbraced length greater than about eight or ten
times the least dimension of its cross section. Because of its length, it is
impossible to hold a column in a straight line under a load. A slight
sidewise bending always occurs, causing flexural stresses in addition to
the compressive stresses induced directly by the load. The lateral
deflection will be in a direction perpendicular to that axis of the cross
section about which the moment of inertia is the least. Thus in a
complex shape such an H-column will bend in a direction perpendicular
to its major axis. In a square shape it will bend perpendicular to its two
major axes. With a tubular shape it is likely to bend in any direction.

The radius of gyration of a column section with respect to a given axis is
equal to the square root of the quotient of the moment of inertia with
respect to that axis, divided by the area of the section, that is:

I (4-10)
k =/ AR

where [ is the moment of inertia and A is the sectional area. Unless
otherwise mentioned, an axis through the center of gravity of the
section is the axis considered. As in beams, the moment of inertia is an
important factor in the ability of the column to resist bending, but for
purposes of computation it is more convenient to use the radius of
gyration. The length of a column is the distance between points
unsupported against lateral deflection. The slenderness ratio is the
length / divided by the least radius of gyration .

Various conditions may exist at the ends of columns that usually are
divided into four classes. (1) Columns with round ends; the bearing at
either end has perfect freedom of motion, as there would be with a ball-
and-socket joint at each end. (2) Columns with hinged ends; they have
perfect freedom of motion at the ends in one plane, as in compression
members in bridge trusses where loads are transmitted through
endpins. (3) Columns with flat ends; the bearing surface is normal to
the axis of the column and of sufficient area to give at least partial fix to
the ends of the columns against lateral deflection. (4) Columns with
fixed ends; the ends are rigidly secured, so that under any load the
tangent to the elastic curve at the ends will be parallel to the axis in its
original position.

Tests prove that columns with fixed ends are stronger than columns
with flat, hinged, or round ends, and that columns with round ends are
weaker than any of the other types. Columns with hinged ends are
equivalent to those with round ends in the plane in which they have
movement; columns with flat ends have a value intermediate betrween
those with fixed ends and those with round ends. Usually columns have
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one end fixed and one end hinged, or some other combination. Their
relative values may be taken as intermediate between those represented
by the condition at cither end. The extent to which strength is
increased by fixing the ends depends on the length of column; fixed
ends have a greater effect on long columns than on short ones.

There is no exact theoretical formula that gives the strength of a
column of any length under an axial load. Different formulas involving
the use of empirical coefficients have been deduced, however, and they
give results that are consistent with the results of tests. These formulas
include the popular Euler’s formula, different eccentric formulas, cross-
bend tormulas, wood and timber column formulas, and general
principle formulas.

Euler's Formula

The Euler’s formula developed during 1759 by Leonard Euler (Swiss
mathematician, 1707 to 1783) is used in product designs and also in
designs using columns in molds and dies that processes plastic. Euler’s
formula assumes that the failure of a column is due solely to the stresses
induced by sidewise bending. This assumption is not true for short
columns that fail mainly by direct compression, nor is it true for
columns of medium length. The failure in such cases is by a
combination of direct compression and bending.

Column formulas are found in most machine and tooling hand books
as well as strength of materials textbooks. Euler first published this
critical-load formula for columns in 1759. For slender columns it is
usually expressed in the following form:

e mr 2kl mm’EA (4-11)
N (T

where F = Collapsing load on the column in pounds, I = length of the

column in inches, A = area of the section in square inches, £ = least

radius of gyration, which = I/A, E = modulus of elasticity, I = the least

moment of inertia of the section, # =a constant depending on the end

conditions of the column,

Euler’s formula is strictly applicable to long and slender columns, for
which the buckling action predominates over the direct compression
action and thus makes no allowance for compressive stress. The
slenderness ratio is defined as the ratio of length / to the radius of
gyration k, represented as //k.

When the slenderness ratio exceeds a value of 100 for a strong slim
column, failure by buckling can be expected. Columns of stiffer and
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4 Moments of inertia and radii of gyration

MOMENT OF | RADIUS OF/; _
INERTIA | GYRATION =k

Lo | x| o D _ .t
' 64 4 )

-
: n- °1_’]2' D~ 02890
o< 12

: LIS D
-%1 128 8 5.66

more brittle materials will buckle at lower slenderness ratios. The
constant factor # in Euler’s critical-load formula clearly shows that the
failure of a column depends on the configuration of the column ends.
The basic four types with their respective m are:

1. Both ends pivoted or hinged (m =1)

2. One end fixed and the other free (m = 14)

3. One end fixed and, the other pivoted (m =2)
4. Both ends fixed (m =4)

Table 4.3 shows cross sections of the three common slender column
configurations. Formulas for each respective moment of inertia I and
radius of gyration k are given. With the above formulas buckling force F
can be calculated for a column configuration. Table 4.4 lists values of
slim ratios (I/k) for small-nominal-diameter column lengths.

{able 4.4 Slenderness ratio //k of round columns

Diameter (in.)
Column length (in.) 0031 0047 00625 0078 0083 0.125 0.1875

1.0 128 85 64 51 43 32 21
1.5 192 128 96 77 64 48 32
1.75 224 149 12 90 75 56 37
20 256 171 128 102 85 64 43
2.25 288 192 144 15 96 72 48
2.5 320 213 160 128 107 80 53
3.0 384 256 192 154 128 96 64
3.25 416 277 206 166 139 104 69

Most failures with the slender columns occur because the slenderness
ratio exceeds 100. The prudent designer devises ways to reduce or limit
the slenderness ratio.
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In the following formula P = axial load; / = length of column; I = least
moment of inertia; £ = least radius of gyration; E = modulus of
clasticity; y = lateral deflection, at any point along a larger column, that
is caused by load P. If a column has round ends, so that the bending is
not restrained, the equation of its elastic curve is:

¢y (4-12)
[

dx? Fy
When the origin of the coordinate axes is at the top of the column, the
positive direction of x being taken downward and the positive direction
of yin the direction of the deflection. Integrating the above expression
twice and determining the constants of integration give:

P-on 5 (4-13)
which is Euler’s formula for long columns. The factor £2 is a constant
depending on the condition of the ends. For round ends Q = 1; for
fixed ends Q = 4; for one end round and the other fixed 2= 2.05. Pis
the load at which, if a slight deflection is produced, the column will not
return to its original position. If P is decreased, the column will
approach its original position, but if P is increased, the deflection will
increase until the column fails by bending.

For columns with value of //k less than about 150, Euler’s formula
gives results distinctly higher than those observed in tests. Euler’s
formula is used for long members and as a basis for the analysis of the
stresses in some types of structural parts. It always gives an ultimate and
never an allowable load.

Torsiqn

= e

A bar is under torsional stress when it is held fast at one end, and a
force acts at the other end to twist the bar. In a round bar (Fig. 4.9)
with a constant force acting, the straight-line 244 becomes the helix ad,
and a radial line in the cross-section, 0b, moves to the position ad. The
angle bad remains constant while the angle bod increases with the
length of the bar. Each cross section of the bar tends to shear off the
one adjacent to it, and in any cross section the shearing stress at any
point is normal to a radial line drawn through the point. Within the
shearing proportional limit, a radial line of the cross section remains
straight after the twisting force has been applied, and the unit shearing
stress at any point is proportional to its distance from the axis.
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I Round bar subject to torsion stress

P

/‘ a .

The twisting moment, 7, is equal to the product of the resultant, P, of
the twisting forces, multiplied by its distance from the axis, p. Resisting
moment, 7, in torsion, is equal to the sum of the moments of the unit
shearing stresses acting along a cross section with respect to the axis of
the bar. If 4A is an elementary area of the section at a distance of z units
from the axis of a circular shaft [Fig. 4.9 (b)], and ¢ is the distance from
the axis to the outside of the cross section where the unit shearing stress
is 7, then the unit shearing stress acting on 4A is (7z/c) dA, its moment
with respect to the axis is (122/c¢) 4A, and the sum of all the moments
of the unit shearing stresses on the cross section is f (72°/c) dA. In this
expression the factor fz? dA is the polar moment of inertia of the
section with respect to the axis. Denoting this by J, the resisting
moment may be written 7J/c.

The polar moment of inertia of a surface about an axis through its
center of gravity and perpendicular to the surface is the sum of the
products obtained by multiplying each elementary area by the square of
its distance from the center of gravity of its surface; it is equal to the
sum of the moments of inertia taken with respect to two axes in the
plane of the surface at right angles to each other passing through the
center of gravity section of a round shaft.

The analysis of torsional shearing stress distribution along noncircular
cross sections of bars under torsion is complex. By drawing two lines at
right angles through the center of gravity of a section before twisting,
and observing the angular distortion after twisting, it has been found
from many experiments that in noncircular sections the shearing unit
stresses are not proportional to their distances from the axis. Thus in a
rectangular bar there is no shearing stress at the comers of the sections,
and the stress at the middle of the wide side is greater than at the
middle of the narrow side. In an elliptical bar the shearing stress is
greater along the flat side than at the round side.
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It has been found by tests as well as by mathematical analysis that the
torsional resistance of a section, made up of a number of rectangular
parts, is approximately equal to the sum of the resistances of the
separate parts. It is on this basis that nearly all the formulas for
noncircular sections have been developed. For example, the torsional
resistance of an I-beam is approximately equal to the sum of the
torsional resistances of the web and the outstanding flanges. In an I-
beam in torsion the maximum shearing stress will occur at the middle
of the side of the web, except where the flanges are thicker than the
web, and then the maximum stress will be at the midpoint of the width
of the flange. Reentrant angles, as those in 1-beams and channels, are
always a source of weakness in members subjected to torsion.

The ultimate /failure strength in torsion, the outer fibers of a section
are the first to shear, and the rupture extends toward the axis as the
twisting is continued. The torsion ula for round shafts has no
theoretical basis after the shearing stresses on the outer fibers exceed
the proportional limit, as the stresses along the section then are no
longer proportional to their distances from the axis. It is convenient,
however, to compare the torsional strength of various materials by
using the formula to compute values of T at which rupture takes place.

S@@wich _

e e e e g A =

The same or different materials are combined in the form of sandwich
structures (Fig. 4.10). They can be used in products with an irregular
distribution of the different materials, and in the form of large
structures or sub-structures. A sandwich material composed of two
skins and a different core material is similar to RP laminates. Overall
load-carrying capabilities depend on average local sandwich properties,
but materials failure criteria depend on local detailed stress and strain
distributions. Design analysis procedures for sandwich materials
composed of linear elastic constituents are well developed. In principle,
sandwich materials can be analyzed as composite structures, but
incorporation of viscoelastic properties will be subject to the limitations
discussed throughout this book.

Structures and sub-structures composed of a number of different
components and/or materials, including traditional matcrials, obey the
same principles of design analysis. Stresses, strains, and displacements
within individual components must be related through the character-
istics (anisotropy, viscoelasticity, and so on) relevant to the particular
material, and loads and displacements must be compatible at component
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tjure 4 Honeycomb core sandwich structure {Courtesy of Plastics FALLO)

Bonding materiai Camoleted tandwich structure

interfaces. Thus, each individual component or sub-component must
be treated.

Load and support conditions for individual components depend on the
complete structure (or system) analysis, and are unknown to be deter-
mined in that analysis. As an example, if a plastic panel is mounted into
a much more rigid structure, then its support conditions can be
specified with acceptable accuracy. However, if the surrounding
structure has comparable flexibility to the panel, then the interface
conditions will depend on the flexural analysis of the complete structure.
In a more localized context, structural stiffness may be achieved by
ribbing and relevant analyses may be carried out using available design
formulae (usually for elastic behavior) or finite element analysis, but
necessary anisotropy or viscoelasticity complicate the analysis, often
beyond the ability of the design analyst.

Design

A structural sandwich is a specially shaped product in which two thin
facings of relatively stitt, hard, dense, strong material is bonded to a
relatively thick core material. With this geometry and relationship of
mechanical properties, facings are subjected to almost all the stresses in
transverse bending or axial loading. The geometry of the arrangement
provides for high stiffness combined with lightness, because the stiff
facings are at a maximum distance from the neutral axis, similar to the
flanges of an I-beam. Overall load-carrying capabilities depend on
average local sandwich properties, but material failure criteria depend on
local detailed stress and strain distributions. Design analvsis procedures
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and fabricating procedures for sandwich materials composed of linear
elastic constituents are well developed and reported in the literature. In
principle, sandwich materials can be analyzed as RP composites.

The usual objective of a sandwich design is to save weight, increase
stiffness, use less expensive materials, or a combination of these factors,
in a product. Sometimes, other objectives are also involved such as
reducing tooling and other costs, achieving smooth or aecrodynamic
smoothness, reducing reflected noise, or increasing durability under
exposure to acoustic energy. The designers consider factors such as
getting the loads in, getting the loads out, and attaching small or large
load-carrying members under constraints of deflection, contour,
weight, and cost. To design properly, it is important to understand the
fabrication sequence and methods, use of the correct materials of
construction, the important influcnce of bond between facing materials
and core, and to allow a safety factor that will be required on original,
new developments. Use of sandwich panels are extensively used in
building and, construction, aircraft, conrainers, etc.

The primary function of the face sheets is to provide the required
bending and in-plane shear stitfhess, and to carry the axial, bending,
and in-plane shear loading. In high-performance structures, facings
most commonly chosen are RPs (usually prepreg), solid plastic,
aluminum, titanium, or stainless steel.

The primary function of a core in structural sandwich parts is that of
stabilizing the facings and carrying most of the shear loads through the
thickness. In order to perform this task efficiently, the core must be as
rigid and as light as possible, and must deliver uniformly predictable
properties in the environment and meet performance requirements.
Several different materials are used such as plastic foam, honeycomb
[using RD, film (plastic, steel, aluminum, paper, etc.), balsa wood, ctc.].

Different fabricating processes are used. These include bag molding,
compression molding, reinforced reaction rejection molding (RRIM),
filament winding, corotational molding, etc. There is also the so-called
structural foam (SF) that is also called integral skin foaming or reaction
injection molding. It can overlap in lower performance use with the
significantly larger market of the more conventional sandwich. Up until
the 1980s in the U.S., the RIM and SF processes were kept separate.
Combining them in the marketplace was to aid in market penetration.
During the 1930s to 1960s, liquid injection molding (LIM) was the
popular name for what later became RIM and SF (Chapter 1).

These structures are characterized as a plastic structure with nearly
uniform density foam core and integral near-solid skins (facings). When
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these structures are used in load-bearing applications, the foam bulk
density is typically 50 to 90% of the plastic’s unfoamed bulk density.
Most SF products (90wt%) are made from different TPs, principally PS,
PE, PVC, and ABS. Polyurethane is the primary TS plastic. Unfilled
and reinforced SFs represents about 70% of the products. The principal
method of processing (75%) is modified low-pressure injection
molding. Extrusion and RIM account for about 10% each.

In a sandwich design, overall proportions of structures can be
established to produce an optimization of face thickness and core depth
which provides the necessary overall strength and stiffness requirements
for minimum cost of materials, weight of components, or other desired
objectives. Competing materials should be evaluated on the basis of
optimized sandwich section properties that take into account both the
structural properties and the relative costs of the core and facing materials
in each combination under consideration. For each combination of
materials being investigated, thickness of both facings and core should
be determined to result in a minimum cost of a sandwich design that
provides structural and other functional requirements.

Sandwich configurations are used in small to large shapes. They
generally are more efficient for large components that require significant
bending strength and/or stiffness. Examples of these include roofs, wall
and tloor panels, large shell components that are subject to compressive
buckling, boat hulls, truck and car bodies, and cargo containers. They
also provide an efficient solution for multiple functional requirements
such as structural strength and stiffness combined with good thermal
insulation, or good buoyancy for flotation.

Sandwich materials can be analyzed as composite structures. Structures
and sub-structures composed of a number of different components
and/or materials, including traditional materials, obey the same
principles of design analysis. Stresses, strains, and displacements within
individual components must be related through the characteristics
(anisotropy, viscoelasticity, etc.) relevant to the particular material; also
loads and displacements must be compatible at component interfaces.
Thus, cach individual component or sub-component must be treated
using the relevant methods.

Load and support conditions for individual components depend on the
complete structure (or system) analysis. For example, if a panel is
mounted into a much more rigid structure, then its support conditions
can be specified with acceptable accuracy. However, if the surrounding
structure has comparable flexibility to the panel, then the interface
conditions will depend on the flexural analysis of the complete structure.
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In a more localized context, structural stiffness may be achieved by
ribbing, and relevant analyses may be carried out using available design
formulae (usually for clastic behavior) or finite element analysis. But
necessary anisotropy or viscoelasticity complicate the analysis, often
beyond the ability of the design analyst.

Primary structural role of the face/core interface in sandwich con-
struction is to transfer transverse shear stresses between faces and core.
This condition stabilizes the faces against rupture or buckling away
from the core. It also carries loads normally applied to the panel
surface. They resist transverse shear and normal compressive and tensile
stress resultants. For the most part, the faces and core that contain all
plastics can be connected during a wet lay-up molding or, thereafter, by
adhesive bonding. In some special cases, such as in a truss-core pipe,
faces and core are formed together during the extrusion process,
resulting in an integral homogeneous bond/connection between the
components. Fasteners are seldom used to connect faces and core
because they may allow erratic shear slippage between faces and core or
buckling of the faces between fasteners. Also, they may compromise
other advantages such as waterproofing integrity and appearance.

For RP-faced sandwich structures the design approaches includes both
the unique characteristics introduced by sandwich construction and the
special behavior introduced by RP materials. The overall stiffness
provided by the interaction of the faces, the core, and their interfaces
must be sufficient to meet deflection and deformation limits set for the
structures. Overall stiffness of the sandwich component is also a key
consideration in design for general instability of elements in
compression.

In a typical sandwich constructions, the faces provide primary stiffness
under in-plane shear stress resultants (N,,), direct stress resultants (N,,
N,), and bending stress resultants (M,, M,). Also as important, the
adhesive and the core provide primary stiffness under normal direct
stress resultants (N), and transversc shear stress resultants (Q,, Q,).
Resistance to twisting moments (7., T,,), which is important in certain
plate configurations, is improved by the faces. Capacity of faces is
designed not to be limited by either material strength or resistance to
local buckling.

The stiffness of the face and core elements of a sandwich composite
must be sufficient to preclude local buckling of the faces. Local
crippling occurs when the two faces buckle in the same mode (anti-
symmetric). Local wrinkling occurs when either or both faces buckle
locally and independendy of cach other. Local buckling can occur
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under either axial compression or bending compression. Resistance to
local buckling is developed by an interaction between face and core that
depends upon the stiffness of each.

With the structural foam (SF) construction, large and complicated parts
usually require more critical structural evaluation to allow better
prediction of their load-bearing capabilities under both static and
dvnamic conditions. Thus, predictions require careful analysis of the
structural foam’s cross-section.

The composite cross-section of an SF part contains an ideal distribution
of material, with a solid skin and a foamed core. The manufacturing
process distributes a thick, almost impervious solid skin that is in the
range of 25% of overall wall thickness at the extreme locations from the
neutral axis where maximum compressive and tensile stresses occur
during bending.

When load is applied flatwise the upper skin is in compression while the
lower one is in tension, and a uniform bending curve will develop.
However, this happens only if the shear rigidity or shear modulus of the
cellular core is sufficiently high. It this is not the case, both skins will
deflect as independent members, thus eliminating the load-bearing
capability of the composite structure. In this manner of applying a load
the core provides resistance against shear and buckling stresses as well as
impact (Fig. 4.11). There is an optimum thickness that is critical in
designing this structure.

When the SF cross-section is analyzed, its composite nature still results
in a twofold increase in rigidity, compared to an equivalent amount of
solid plastic, since rigidity is a cubic function of wall thickness. This

Core thickness vs. density impact strength
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4,172 Sandwich and solid material construction
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increased rigidity allows large structural parts to be designed with only
minimal distortion and deflecion when stressed within the recommended
values for a particular core material. When analyzing rigidity and the
moment of inertia (I) can be evaluated three ways. In the first

approach, the cross-section is considered to be solid material (Fig.
4.12).

The moment of inertia (1,) is then equal to:
I, = bh3/12 (4-14)
where & = width and 4 = height.

This commonly used approach provides acceptable accuracy when the
load-bearing requirements are minimal. An example is the case of
simple stresses or when time and cost constraints prevent more exact
analysis.

The second approach ignores the strength contribution of the core and
assumes that the two outer skins provide all the rigidity (Fig. 4.13).

The equivalent moment of inertia is then equal to:
Io=b{r - 12) (4-15)

This formula results in conservative accuracy, since the core does not
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contribute to the stress-absorbing function. It also adds a built-in safety
factor to a loaded beam or plate element when safety is a concern.

A third method is to convert the structural foam cross-section to an
equivalent I-beam section of solid resin material (Fig. 4.14).

The moment of inertia is then formulated as:
L =[bh® = (b-b,)(h-2t)%] [12 (4-16)

where b, = b(E_)/(E]), E.= modulus of core, E; = modulus of skin,
t, = skin thickness, and h; = core height

This approach may be necessary where operating conditions require
stringent load-bearing capabilities without resorting to overdesign and
thus unnecessary costs. Such an analysis produces maximum accuracy
and would, therefore, be suitable for finite element analysis (FEA) on
complex parts. However, the one difficulty with this method is that the
core modulus and the as-molded variations in skin thicknesses cannot
be accurately measured.

The following review relates to the performance of sandwich
constructions such as those with RP skins and honeycomb core. For an
isotropic material with a modulus of elasticity ( E), the bending stiffness
tactor ( EI) of a rectangular beam & wide and 4 deep is:

El = E(bh*/12) (4-17)
A rectangular structural sandwich with the same dimensions whose
facings and core have moduli of elasticity Efand E,, respectively, and a
core thickness ¢, the bending stiffness factor EI becomes:

El= (Eb/12)(h - &) + (Eb12) & (4-18)

This equation is OK if the facings are of equal thickness, and
approximate or approximately equal, but the approximation is close if
the facings are thin relative to the core. If; as is usually the case, E, is
much smaller than Eg the last term in the equation is deleted.
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Asymmetrical sandwich structures with different materials or different
thicknesses in their facings, or both, the more general equation for E/
may be used. With isotropic materials, the shear modulus G is high
compared to the elastic modulus E, and the shear distortion of a
transversely loaded beam is so small that it can be neglected in calculating
deflection. Sandwich core shear modulus G is usually so much smaller than
Ey of the facings that the shear distortion of the core may be large and
therefore contribute significantly to the deflection of a transversely load.
The total deflection of a sandwich beam involves the two factors of the
deflection caused by the bending moment alone and the deflection
caused by shear, that is;

b= 6y + 0 (4-19)
where & = total deflection, &,, = moment deflection, and & = shear deflection.
Under transverse loading, bending moment deflection is proportional

to the load and the cube of the span and inversely proportional to the
stiffness factor, EI

e e — e e e e T T S T

Gear
Designing gears can be very complex since many interfacing load
factors are involved. There are bending, shear, rolling, tension, and
sliding stresses all acting upon a mechanism whose purpose is to
transmit uniform motion and power. This situation is well understood
by those designing gears. For over a century plastic gears have been
extensively used in all industries worldwide and with time passing the
plastic industry has provided lightweight and quieter operating gears.
They provide a means of cutting cost, weight, and noise without
reducing performance.

Information on designing gears is extensive. Knowledge of gear funda-
mentals is a prerequisite for the understanding of applying appropriate
plastic information into the gear formulas so that the application results
in favorable operation. Textbooks, technical handbooks, and industrial
literature of gear suppliers provide information such as teeth load
requirements, transmitting motion and power by means of gears, their
construction, and derail performance requirements. Reviews on teeth of
heavily loaded gears require tip relief to reduce effects of deflection, and
have full fillet radii to reduce stress concentrations. If the pinion in a
pair of gears has a small number of teeth, undercutting may result.
Undercutting weakens teeth, causes undue wear, and may affect
continuity of action.
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Designing gears involves ribbing, coring, and shaping material. When
going from a metal to a plastic gear it is redesigned to meet the
behaviors of plastics. The popular injection molded plastic gear saves
material, eliminates stresses from having thick and thin sections,
provides uniform shrinkage in teeth and the remainder of the gear, and
provides a full load-carrying capacity for the teeth. Plastic gears are
dimensioned so that they will provide sufficient backlash at the highest
temperatures likely to be encountered in service.

Wear, scoring, material flow, pitting, fracture, creep, and fatigue cause
plastic and metal gears to fail. Continuous lubrication can increase the
allowable bending stress by a factor of at least 1.5. However there are
plastics (acetals, nylons, fluoropolymers, and others) that operate
efficiently with no lubrication. There are plastics with wear resistance
and durability of plastic gears makes them exceptionally useful.

The bending stress in engineering TPs is based on fatigue tests run at
specific pitch-line velocities. A velocity factor should be used if the
operating pitch-line velocity exceeds the test speed. Plastic gears should
have a full fillet radius at the tooth root, so they are not subjected to
stress concentration as are metal gears. If a gear is lubricated, bending
stress will be important to evaluate. As with bending stresses, calcu-
ladng surface-contact stress requires using a number of correction
factors. As an example, a velocity factor is used when the pitch-line
velocity exceeds the test velocity. A correction factor is also used to
account for changes in operating temperature, gear materials, and the
pressure angle. Stalled torque, another important factor, could be
considerably more than the normal loading torque.

A damaging situation for gears is to operate over a specified
temperature for the plastic used. Reducing the rate of heat generation
or increasing the rate of heat transfer will stabilize the gear’s
temperature so that they will run indefinitely until stopped by fatigue
failure. Using unfilled engineering plastics usually gives them a fatigue
life on an order of magnitude higher than metal gears.

Plastic gears are subject to hysteresis heating, particularly at high speeds
(Chapter 3). If the proper plastic is not used to meet the gears service
requirements the hysteresis heat may be severe enough that the plastic
melts. Avoid this failure by designing the gear drive so that there is
favorable thermal balance between the heat that is generated and that
which is removed by cooling processes. Hysteresis heating in plastics
can be reduced by several methods, the usual one being to reduce the
peak stress by increasing the tooth root area available for torque
transmission. Another way to reduce stress on the teeth is by increasing
the gear’s diameter.
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Materials used such as stiffer plastics can reduce hysteresis heating.
Crystalline TPs for example (the popularly used acetal and nylon) can
be stiffened by 25 to 50% with the addition of fillers and reinforce-
ments. Others used include ABS, polycarbonates, polysulfones, phenylene
oxides, polyurethanes, and thermoplastic polyesters. Additives, fillers,
and reinforcements are used in plastics gears to meet different
performance requirements (Chapter 1), Examples include glass fiber for
added strength, and fibers, beads, and powders for reduced thermal
expansion and improved dimensional stability. Other materials, such as
molybdenum disulfide, polytetrafluoroethylene (PTFE), and silicones,
may be added as lubricants to improve wear resistance.

Choice of plastics gear material depends on requirements for size and
nature of loads to be transmitted, speeds, required life, working
environment, type of cooling, lubrication, and operating precision. The
strength of these TPs varies with temperature. If the incorrect plastic is
used, the higher temperatures can reduce root stress and permit tooth
deformation. In calculating powcer to be transmitted by spur, helical,
and straight bevel gearing, the following formulas should be used with
the factors given in Table 4.5.

For internal and cxternal spur gears:

. Sshv (4-20)
55(600 + WPC,

For internal and external helical gears,

W (4-21)
423(78 + W)P,C,

For straight bevel gears,

_ SAvC-A (4-22)
" 55(600 + WPCC,

where § = safe stress in bending (Table 4.5a); F = face width in inches;
Y= tooth form factor (Table 4.5b); C = pitch cone distance in inches; C,
= service factor (Table 4.5¢); P = diarnetral pitch; P. = normal diametral
pitch; and V = velocity at pitch circle diameter in ft/min.

The surrounding condition, whether liquid, air, or oil (most efficient)
will have substantial cooling effects. A fluid like oil is at least ten times
better at cooling than air. Agitating these mcdiums increases their
cooling rates, particularly when employing a cooling heat exchanger.

Methods of fabricating gears involve cutting/hobbing from processed
blocks or sheet plastics, compression molding laminated (RP) material,
or the most popular injection molding. Use is made of unfilled and
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Plastic gear (a) safe bending stress (psi), (b) tooth form examples of Y factors, and (c)
service factors

(a)

Safe Stress

Plastics Type Unfilled Glass-filled
ABS 3,000 6,000
Acetal 5,000 7,000
Nylon 6,000 12,000
Polycarbonate 6,000 9,000
Polyester 3,500 8,000
Polyurethane 2,500 -
)]
Numberof  14'/-deg 20-deg Full 20-deg Stub 20-deg Internal
Teeth Involute or Depth Tooth Full Depth

Cycloidal Involute Involute Pinion  Gear
12 0.210 0.245 0311 0.327
13 0.220 0.261 0.324 0.327
14 0.226 0.276 0.339 0.330
15 0.236 0.289 0.348 0.330
16 0.242 0.259 0.361 0.333
17 0.251 0.302 0.367 0.342
18 0.261 0.308 0.377 0.349
19 0.273 0.314 0.386 0.358
20 0.283 0.320 0.393 0.364
21 0.289 0.327 0.399 0.371
22 0.292 0.330 0.405 0.374
24 0.298 0.336 0.415 0.383
26 0.307 0.346 0.424 0.393
28 0.314 0.352 0.430 0.399 0.691
30 0.320 0.358 0.437 0.405 0.679
50 0.352 0.480 0.474 0.437 0.613
100 0.371 0.446 0.506 0.462 0.565
150 0.377 0.459 0.518 0.468 0.550
300 0.383 0471 0.534 0.478 0.534
Rack 0.390 0.484 0.550
(c)
Type of load  8-10 hr/day 24 hr/day Intermittent Occasional

3 hr/day 'f> hr/day

Steady 1.00 1.25 0.80 0.50
Light shock 1.25 15 1.00 0.80
Medium shock 1.5 1.75 125 1.00

Heavy shock 175 2.00 15 1.25
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filled or reinforced laminated TPs or TSs. Phenolic laminated gears are
in a class of their own. One can make all the perfect calculations and
insert the necessary values for plastic gears, but if molding conditions
and molding materials are not processed properly one may end up with
mediocre or even unsatisfactory results.

Being not as strong as steel, plastics perform far closer to their design
limits than do metal gears. Metal and plastic in gear design differ.
Designs for metal are based on the strength of a single tooth, but
plastic shares the load among the various gear teeth to spread it out. In
plastics the allowable stress for a specific number of cycles to failure
increases as the tooth size decreases to a pitch of about 48. Very little
increase is seen above a 48 pitch, because of the effects of size and other
considerations.

Contact Stress

Stresses caused by the pressure between two elastic contacting parts are
of importance in design such as gears and bearings. Centuries ago H.
Hertz developed the mathematical theory for the surface stresses and
the deformation produced by pressure between curved parts, and the
results of this analysis are supported by research. Formulas based on this
theory give the maximum compressive stresses that occur at the center
of the surfaces of contact, but do not consider the maximum subsurface
shear stresses or the maximum tensile stresses that occur at the
boundary of the contact area.

Bearing

——— ———

Plastic used in bearings, as in gears, have many success stories because
certain plastics have the required properties to meet different product
application performances. Similarly to plastic gears, plastic bearings
have a long history of successful performance. Small to large bearings
are used in applications requiring light to heavy duty. Some TPs have
inherent lubricating characteristics and additives such as molybdenum
disulfide, polytetrafluoroethylene (PTFE), and others enhance other
TPs as well as TSs. Other TPs, as well as TSs, by the addition of PTFE
and/or molybdenum disulfide, become excellent candidates for bearing
materials.

There are high performance laminated (RP) fabric, bonded with
phenolic plastic incorporating antifriction ingredients. They have given
excellent service when properly applied in various applications particularly
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in the past. This group of bearings has a low coefficient of friction,
antiscoring properties, and adequate strength for use in steel mills and
other heavy-duty applications.

PV Factor

Bearings are designed to keep their frictional heat at a low value and
have conditions that lead to dissipation of such generated heat. Major
heat contributors are the magnitude pressures P exerted on the
projected area of the bearing and the velocity V or the speed of the
rotating bearing. Experience has set limits on this PV value. Limits
within PV factors have been developed for specific plastics that provide
the industries with successful bearings. Other heat contributors are
coefficient of friction of mating materials, lubrication, clearances between
bearing and shaft, rusted shaft, surrounding temperature, surface finish,
hardness of the mating materials, contaminants, and bearing wall
thickness that relates to heat dissipation.

The basic rule is that neither the pressure or the velocity should exceed
a value of 1000 (psi or ft/min). As an example with a PV limit for acetal
of 3000, the PV factor could be 1000 ft/min times 3 pounds or 1000
pounds times 3 ft/min at the extreme, provided heat conditions
resulted in uniform rate of wear. The coefficient of friction data,
available from suppliers, can also provide guidelines to the efficiency in
comparing the different materials.

The limit of the PV factor for each material or the internally lubricated
materials for the constant wear of bearing is usually available from the
supplier of the plastic. Lubrication whether incorporated in a plastic or
provided by feeding the lubricant to the bearing will raise the PV limit
2.5 or more times over the dry system.

G_rommei

Damping designed products may be required. As an example, large flat
areas may require damping so that they do not act like loudspeakers.
The damping action can quiet a cabinet that resonates. Various plastics
have helped alleviate problems in all types of noisemakers. Different
damping approaches can be used, such as applying plastic foam sound
insulator or plastic panels that have low damping characteristics.

A popular approach is to use plastic grommets where applicable.
Sound-absorbing grommets are used on equipment such as motors’
bolt attachments and trash compactors. Testing and all other types of
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re 415 Grommet replaces a five individual metal assembly (Courtesy of Mobay/Bayer)

r’F:"

Rod
f Polyurethane grommet
/
Nylon bushing -1 Steel washer
Rubber grommet
Metal linkage assembly Plastic grommet

equipment can take advantage of grommets or be redesigned to use
plastic. Grommets provide their greatest noise reduction through
damping in the octave frequency bands above 500 Hz where the ear is
most sensitive and sound most annoying.

Grommets have replaced assembled linkages (Fig. 4.15). In addition to
reducing noise, the usual injection molded polyurethane (PUR)
grommet ecliminated the time consuming/costly metal assembly.
During assembly it is snapped into a hole in the steel lever, then a
grooved rod is inserted into the grommet. The grommet isolates
vibration from the metal parts and eliminates the hardening and
cracking that used to shorten the life of the old assembly. The plastic
design mechanically is at least as strong as the metal assembly that
includes withstanding high load pull-outs and can withstand high cyclic

loads applied at different degrees off the rod axis at temperatures up to
300°F (149°C).

To quiet a noise-gencrating mechanism, the first impulse is often to
enclose it. Enclosure can be the best solution, but not always. By
determining what is causing the noise, appropriate action can be taken
to be more specific and provide a cost-effective fix. A plastic enclosure
can be used to suppress noise. Recognize that with a metal enclosure a
small noise is transmitted to the metal structure that serves to amplify
the sound.
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Gasket
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Different plastics are used to meet different gasket and seal require-
ments. An example is PTFE (polytetrafluoroethylene) that provides a
virtually inert exposure to all kinds of elements and has outstanding
high-temperature performance. Unreinforced PTFE can be vulnerable
to creep and stress relaxation. However, reinforced PTFE modifies
these limitations.

Gaskets are designed to meet different requirements such as retaining
loads or meeting stress relaxation requirements, chemical or heat
resistance, severe environments, and containment of liquids, greases,
and so on. There are different industry tests and standards to meet
many different service requirements. There are tests for applying com-
pressive stress simulating the way many gaskets and seals are stressed in
service (ASTM F 38). They measure the effects of such pertinent
variables as stress relaxation in regard to time and environment.

Stress analysis is used to determine their capability to seal against
leakage resulting from the pressure of a confined fluid. Generally high
pressures or stress relates to increasing the tendency of a gasket to
creep. Stress relaxation data to the designer provides a guide to
developing a suitable design compromise, without overdesigning.
These data show that the thinner the gasket, the less stress relaxation
occurs. A gasket is redesign to be stronger and more expensive in
construction. In material evaluations, stress relaxation can be related
with geometric variables by means of a shape factor such as:

Shape factor = Annular areaftotal lateral area = (0D - ID)/4t (4.23)
where OD = outside diameter, ID = inside diameter, and z = thickness.

The trend of this factor is generally consistent with plastics’ behaviors as
reviewed in Chapters 1 & 2. The relaxation-test data has to be deter-
mined for the plastic to be used. Individual behavior of one plastic is
usually different when compared to another plastic.

Shape

Overview

In addition to what has been reviewed in meeting structural
requirements, analyses of product shapes also includes factors such as
the size available equipment can handle including thicknesses and
product complexity and capability to package and ship to the customer
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(Chapters 1 and 2). The ability to achieve specific shapes and design
details is dependent on the way the process operates and plastics to be
processed. Generally the lower the process pressure, the larger the
product that can be produced. With most labor-intensive fabricating
methods, such as RP hand lay-up with TS plastic there is virtually no
limit on size.

An important requirement concerns meeting dimensional tolerances of
shaped products. Reported are different shrinkages for different plastics
per standard tests that may have a relation to the designed product. The
probability is that experience with prototyping will only provide the
true shrinkage conditions of the shaped products. Minimum shrink
values are included in the design of mold cavities and die openings so
that if the processed plastic does not meet required dimensions all that
is required is to cut the metal in the tools.

If the reverse occurs, expensive tool modifications may be required, if
not replacing the complete tool. It is vital to set up a complete checklist
of product requirements, to preclude the possibility that a critical
requirement may be overlooked initially. Fortunately there are
occasions where changes in process control during fabrication can be
used to produce the required dimensional product.

Filament Wound Shape

Filament winding (FW) shapes are principally circular (cylinders, pipes,
tubing, etc.) or enclosed vessel (storage tanks, oxygen tanks, etc.). They
produce spherical, conical, and geodesic shapes. The fabricating process
permits tightly controlled fiber netting orientation and exceptional
quality control in different fiber-resin matrix ratios required by design.
Structures can be fabricated into shapes such as rectangular or square
beams or boxes, longitudinal leaf or coil springs, etc. Filaments can be
set up in a part to meet different design stresses.

There are two basic patterns used by industry to produce FW
structures, namely, circumferential winding and helical winding. Each
winding pattern can be used alone or in various combinations in order
to meet different structural requirements. The circumferential winding
pattern involves the circumferential winding at about a 90" angle with
the axis of rotation interspersed with longitudinal reinforcements.
Maximum strength is obtainable in the hoop direction. This type of
pattern generally does not permit winding of slopes over 20° when
using a wet winding reinforcement or 30° when using a dry winding
process. It also does not result in the most efficient structure when end
closures are required. With end closures and/or steep slopes, a com-
bination of helical and circumferential winding is used.



With helical winding, the reinforcements are applied at any angle from
25° to 85° to the axis of rotation. No longitudinal filament need be
applied because low-winding angles provide the desired longitudinal
strength as well as the hoop strength. By varying the angle of winding,
many different ratios of hoop to longitudinal strengths can be obtained.

Two different techniques of applying the reinforcements in helical
windings are used by industry. One technique is the application of only
one complete revolution around the mandrel from end to end. The
other technique involves a multi-circuit winding procedure that permits
a greater degree of flexibility of wrapping and length of cylinder.

Netting Analysis

Continuous reinforced filaments should be used to develop an efficient
high-strength to low-weight FW structure. Structural properties are
derived primarily from the arrangement of continuous reinforcements
in a netting analysis system in which the forces, owing to internal
pressure, are resisted only by pure tension in the filaments (applicable to
internal-pressure systems).

There is the closed-end cylinder structure that provides for balanced
netting of reinforcements. Although the cylinder and the ends require
two distinctly different netting systems, they may be integrally
fabricated. The structure consists of a system of low helix angle windings
carrying the longitudinal forces in the cylinder shell and forming integral
end closures which retain their own polar fittings. Circular windings are
also applied to this cylindrical portion of the vessel, yielding a balanced
netting system. Such a netting arrangement is said to be balanced when
the membrane generated contains the appropriate combination of
filament orientations to balance exactly the combination of loadings
imposed.

The girth load of the cylindrical shell is generally two times the axial
load. The helical system is so designed that its longitudinal strength is
exactly equal to the pressure requirement. Such a low-angle helical
system has a limited girth strength. The circular windings are required
in order to carry the balance of the girth load.

The end dome design contains no circular windings since the profile is
designed to accommodate the netting system generated by the terminal
windings of the helical pattern. It is termed an ovaloid: that is, it is the
surface of revolution whose geometry is such that fiber stress is uniform
throughout and there is no secondary bending when the entire internal
pressure is resisted by the netting system.

There is the ovaloid netting system that is the natural result of the
reversal of helical windings over the end of the vessel. The windings
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become thicker as they converge near the polar fittings. In order to
resist internal pressure by constant filament tension only, the radius of
curvature must increase in this region. It can also be equal to one half
the cylinder radius when the helix angle @ = 0°, and equal to the
cylinder radius when o = 45°. The profile will also be affected by the
presence of an external axial force.

In the application of bidirectional patterns, the end domes can be
formed by fibers that are laid down in polar winding patterns. The best
geometrical shape of the dome is an oblated hemispheroid.
Theoretically, the allowable stress level in the two perpendicular
directions should be identcal. However, the efficiency of the
longitudinal fibers is less than that of the circumferential fibers. It is
possible to estimate an optimum or length-to-diameter ratio of a
cylindrical casc for a given volume.

The filament-wound sphere design structure provides another example
of a balanced netting analysis system. It is simpler in some respects than
the closed-end cylinder. The sphere must be constructed by winding
large circles omni-directionally and by uniform distribution over the
surface of the sphere. In practice, distribution is limited so that a small
polar zone is left open to accommodate a connecting fitting.

The netting pattern required generates a membrane in which the
strength is uniform in all directions. The simplest form of such a
membrane would have its structural fibers running in one direction and
the other half at right angles to this pattern. This layup results in the
strength of the spherical membrane being one-half of the strength of a
consolidated parallel fiber system.

The oblated spheroid design structure relates to special spherical shapes.
Practical design parameters have shown that the sphere is the best
geometric shape when compared to a cylinder for obtaining the most
efficient strength-to-weight pressure vessel. The fiber RPs is the best
basic constituents. Certain modifications of the spherical shape can
improve the efficiency of the vessel. One modification involves
designing the winding pattern of the fibers so that unidirectional
loading can be maintained. In this type of structure, it is generally
assumed that the fibers are under equal tension. This type of structure
is identified as an isotensoid. The geometry of this modified sphere is
called oblated spheroid, ovaloid, or ellipsoid.

The term isotensoid identifies a pressure vessel consisting entirely of
filaments that are loaded to identical stress levels. The head shape of an
isotensoid is given by an elliptical integral, which can most readily be
solved by a computer. Its only parameter is the ratio of central opening
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to vessel diameter. This ratio determines the variation of the angle of
winding for the pressure vessel. During pressurization the vessel is
under uniform strain; consequently, no bending stresses or discontinuity
stresses are induced.

A short polar axis and a larger perpendicular equatorial diamcter
characterize the vessel. The fibers are oriented in the general direction
of a polar axis. Their angle with this axis depends on the size of the pole
openings {end closures). For glass fiber-TS polyester RP vessels levels of
200,000 psi (1.4 GPa) can be obtained.

The toroidal design structure is a pressure vessel made with two sets of
filaments symmetrically arranged with respect to the meridians. They
meet two basic requirements: (1) static equilibrium at each point,
which determines the angle between the two filaments, and (2) stability
of the filaments on the surface, which requires the filaments to follow
geodesic paths on the surface. When the equation of the surface is
given, these two requirements are generally incompatible. One way to
reconcile the correct angularity of the filaments (equilibrium) with the
correct paths of the filaments (stability) is to take some freedom in
determining the geometry of the surface.

Cylinder

Standard engineering analysis can be used. Consider a cylinder of inside
radius 7, outside radius R, and length L containing a fluid under
pressurc p. The circumferential or hoopwise load in the wall (¢ =
thickness) is proportional to the pressure times radius = p7, and the
hoop stress:

f, = hoopwise load/cross sectional area = pr/tor = pd/2t (4-24)

similarly, the longitudinal stress:

f, = pd/4t (4-25)
assuming 7 (R? —#2) = 277zt for a thin-walled tube.
Thus this condition of the hoop stress being twice the longitudinal
stress is normal for a cylinder under internal pressure forces only. The
load in pounds acts on the tube at a distance from one end and a

bending moment M is introduced. This produces a bending stress in
the wall of the cylinder of :

fo = My/l (4-26)
where ¥ = R and I= moment of inertia. For a cylinder:
| =7 (D* - d*)/64 in? (4-27)
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This stress must then be considered in addition to the longitudinal
stress already presented because of internal pressure. If the end closures
are in the form of flat plates, bending stresses due to the internal
pressure are introduced as:

Fy=1.25 (pr?/t) (4-28)

where #; = thickness of end. This necessitates the wall of a flat disc-type
end being extremely thick compared with a hemispherical end which is
found to be the most efficient shape where the stress in the wall is:

pd/at (4-29)

Fig. 4.16 compares the thicknesses and corresponding volumes of the
two types of ends for varying values of » (assuming p = 2,000 psi and
ultimate stress in the wall material of 100,000 psi).

The volume of the flat end is found to be approximately four times the
volume of the hemispherical end for any given radius of tube, resulting
in increased weight and material cost. Other end shapes such as ellipse
will have a volume of weight somewhere between the two, depending
on the actual shape chosen.
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Sphere

Circumferential load in the wall of all the spheres under internal
pressure is equal to the pressure times the internal cross-sectional area,
and the hoop stress, using the previous engineering assumption, is
found to be:

f, = pa/at (4-30)

It will readily be seen that no matter which section is chosen, provided
the plane of the section passes through the center of the sphere, the
condition will be the same, and it can be said that the hoop stress will
be the same in all directions.

When it is assumed that:
w(R2 -~ =27 rrt (4-31)

it is determined that for wall thicknesses up to approximately 3 inches,
the error is negligible. It can also be determined that the percent of
error decreases as the ratio 7/t increases. Table 4.6 provides size vs.
weight of RP spheres.

Data for 3000 psi glass fiber-epoxy spheres

Capacity, Outside Nominal Maximum Overall
cubic diameter, weight, weight, length,
inches inches pounds pounds inches

50 54 1.50 1.60 558
100 6'2 2.50 2.63 6'516
200 8/ 4.44 462 812
300 9V, 6.25 6.56 953
400 10"s 8.06 8.48 10%6
500 1051 9.87 10.35 11516
650 11916 12.56 13.18 12516
880 1316 16.00 16.80 1338

1,070 14 20.06 21.07 14379
1,325 15778 24.50 25.73 1576
1,675 157/ 28.75 30.15 1674
1,800 1658 32.75 34.42 1656
2,500 18172 44.81 47.06 1871
3,200 20 56.50 59.32 2071s

For a sphere with the stresses uniform in all directions, it follows that
the fibers require equal orientation in all directions. The problem of
orientation resolves itself purely into one of practical application of the
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fibers. In the cylinder, the fibers are specifically oriented to meet any
condition of stressing. The simplest method of doing this is to employ a
single helical pattern.

Theory shows that this is highly sensitive to variations in the
longitudinal hoop-stress ratio and also the accuracy of the angle wound.
The addition of pure hoop windings to the helix gives a theoretical gain
in stability with no loss of strength or efficiency. In order to develop the
most satisfactory orientation, the winding is performed so those two
different helix angles are used.

Tank

Fabricating RP Tank

Classical engineering stress analysis shows that hoop stress (stress trying
to push out the ends of the tank) is twice that of longitudinal stress. To
build a tank of conventional materials (steel, aluminum, etc.) requires
the designer to use sufficient materials to resist the hoop stresses that
results in unused strength in the longitudinal direction. In RP, however,
the designer specifies a laminate that has twice as many fibers in the
hoop direction as in the longitudinal direction.

An example is a tank 0.9 m (3 ft) in diameter and 1.8 m (6 ft) long with
semi-spherical ends. Such a tank’s stress calculations (excluding the
weight of both the product contained in it, and the support for the
tank) are represented by the formulas:

S

pdf2t for the hoop stress (4-32)

and:

s = pd/at for the end and longitudinal stresses (4-33)

where s = stress, p = pressure, 4 = diameter, and ¢ = thickness.

Tensile stresses are critical in tank design. The designer can assume the
pressure in this application will not exceed 100 psi (700 Pa) and selects
a safety factor of 5. The stress must be known so that the thickness can
be determined. The stress or the strength of the final laminate is
derived from the makeup and proportions of the resin, mat, and
continuous fibers in the RP composite material.

Representative panels must be made and tested, with the developed
tensile stress values then used in the formula. Thus, the calculated tank
thickness and method of lay-up or construction can be determined
based on:

t, = pdf2syor t, = pdfas, (4-34)
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where:
g, = 100X3X12 4 450in. (4-35)
2 % 20x 10°
5
t, = 1/2 t, =0.225 in. (or the same thickness with haif the load or stress
t, = hoop thickness
t; = longitudinal thickness
s, = hoop stress
s; = longitudinal stress

s, = 20 % 10% psi (140 MPa)
safety factor=5

p 100 psi (700 Pa)

d = 3ft(0.9m)

il

It the stress values had been developed from a laminate of alternating
plies of woven roving and mat, the lay-up plan would include sufficient
plies to make 1 cm (0.40 in.) or about four plies of woven roving and
three plies of 460 g/m? (1% o0z) mat. However, the laminate would be
too strong axially. To achieve a laminate with 2 to 1 hoop to axial
strength, one would have to carefully specify the fibers in those two
right angle directions, or filament wind the tank so that the vector sum
of the helical wraps would give a value of 2 (hoop) and 1 (axial), or
wrap of approximately 54 from the axial.

Another alternative would be to select a special fabric whose weave is 2
to 1, wrap to fill, and circumferentially wrap the cylindrical sections to
the proper thickness, thus getting the required hoop and axial strengths
with no extra, unnecessary strength in the axial (longitudinal) direction,
as would inevitably be the case with a homogeneous metal tank.

As can be seen from the above, the design of RP products, while
essentially similar to conventional design, does differ in that the
materials are combined when the product is manufactured. The RP
designer must consider how the load-bearing fibers are placed and
ensure that they stay in the proper position during fabrication.

Undergronnd Stovage Tank

GFRP (glass fiber-TS polyester RP) underground tanks for storing
gasoline and other materials have been in use worldwide since at least
the 1950s. Experience with them initiated many tank standards for
different materials. RPs provided much longer life than their steel
counterparts. In fact, steel tanks previously had no “real life” or no
requirement standards until the RPs entered the market. It has been
estimated that more than 200,000 GFRP tanks were installed in the
USA from 1960-1990. A previous study by the Steel Tank Institute
(Lake Zurich, IL) reported 61% were of steel and 39% of GFRP. At
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present, at least 50% of all tanks are GFRP. This RP vs. steel debate
escalated when the EPA gave service stations and fleet refueling areas
10 years to remove steel tanks that leaked.

Historically a Chicago service station documented the long life of RPs.
A May 1963 installation remained leak tight and structurally sound
when unearthed in May 1988. After testing the vessel, engineers buried
it at another gas station. This tank was one of sixty developed by
Amoco Chemical Co. It was fabricated in two semi-cylinder sections of
glass fiber woven roving and chopped strand mat impregnated by an
unsaturated isophthalic TS-polyester resin selected for its superior
resistance to acids, alkalis, aromatics, solvents, and hydrocarbons. Two
sections were bonded to each other and to end caps with RP lap joints.
Today, the tanks are fabricated by using chopped glass fiber mixed with
the isophthalic resin. This mixture is dropped from above onto a
rotating steel mandrel. The glass-resin mix is sprayed to make the end
caps.

Demand for this type of pctrolcum storage tank has grown rapidly as
environmental regulations have become more stringent. Marina
installation have taken advantage of these RP tanks. They permit for
boat owners to purchase gasoline at the pier. Before they were installed,
gasoline either had to be carried to the marina or purchased elsewhere,
because of corrosive conditions underground for metal or other tanks,
particularly ones next to salt water.

Standards require that today’s underground tanks must last thirty or
more years without undue maintenance. To meet these criteria, they
must be able to maintain structural integrity and resist the corrosive
effects of soil and gasoline, including gasoline that has been contami-
nated by moisture and soil. The tank just mentioned that was removed
in 1991 mct these requirements, but two steel tanks unearthed from
the same site at that time failed to meet them. One was dusted with
white metal oxide and the other showed signs of corrosion at the weld
line. Rust had weakened this joint so much that it could be scraped
away with a pocketknife. Tests and evaluations were conducted on the
RP tank that had been in the ground for 25 years; tests were also
conducted on similarly constructed tanks unearthed at 51 and 71 years
that showed the RP tanks could more than meet the service
requirements.

Prior to the development of the GFRP tanks, no standards were
required for buried tanks such as loads or loading conditions, minimum
depths of earth cover, or structural safety factors were available. At that
time, sizes were 22,704 to 45,408 liter (6,000 to 12,000 gal), with a
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nominal width and height of 2.44 m (8 ft) for truck shipments to local
gasoline stations. Standards have developed listing requirements for
stored fluid type, environmental resistance, minimum earth cover,
ground water submerged limits, and surface wheel load over tank.
Increasing acceptance of buried GFRP tanks has widened the size range
from 2,081 to 181,632 liter (550 to at least 48,000 gal) and the range
in typical diameters from about 1.22 to 3.35 m (4 ft to at least 11 ft).

The tank configuration is basically cylindrical, in order to provide the
required design volumes within the established envelope of heights and
widths. Length ranges are from 5.5 to 11 m (18 to 36 ft); they are well
within practical truck shipment limits. A circular shape is required to
support the substantial internal and external fluid and earth pressures
with good structural efficiency. Other considerations in selection of an
efficient configuration are used.

With a vertical axis, tank underlay requires that much less land area than
with axis horizontal, but very deep excavation is required where
expensive ledge or ground water conditdons will frequently be
encountered. Both internal and external pressures are large, requiring a
substantial increase in wall thickness and rib stiffness, compared with a
horizontally-placed tank. With axis horizontal, maximum external and
internal pressures do not vary with size (length), and can be resisted with
economically feasible wall thickness and rib proportions. Tanks underlay
a larger ground area. Uniform bedding is more difficult to attain.

Hemispherical shells, low rise dished-shaped heads and flat plate closures
were all considered. Hemispherical shells were found structurally very
efficient because of good buckling resistances under external fluid and
carth pressure; good strength under internal pressure, no requirement
for edge ring, and low discontinuity stresses at the junction with the
cylinder. Flat end closures result in excessive deflections and large edge
bending moments on the cylinder. Sandwich construction could be
used to improve structural efficiency of flat ends. Sandwich wall
construction was also investigated for attaining necessary buckling
resistance of spherical shell end closures and found to be feasible but
less cost effective.

Use of rib stiffening was required. It was found necessary to stiffen the
cylindrical shell against buckling under external pressure from ground
water and dimpling from local earth pressure due to surface wheel
loads. Sandwich wall construction was investigated as an alternative to
use of stiffening ribs and found to be feasible but less cost effective.

Shape-wise, a hollow trapezoid provides efficient bending strength and
stiffness, a wide base for proper spacing of cylinder shell support against
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Figure 4,77 Example of a design for 10,000 gallon gasoline RP storage tank
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local buckling, and a narrower top to resist local buckling with high
circumferential flange forces. Fig. 4.17 provides a design concept for a
tank with hollow trapezoidal ribbing.

Base width and clear spacing between ribs are established to minimize
the number of ribs while providing adequate local buckling resistance
for a cylinder wall of approximately the minimum practical shell thick-
ness. Clear spacing must also be sufficient to permit installation of
sleeves or nozzles for fill pipes and vents between ribs.

The RPs selected for detailed consideration are designed to provide
both structural and liquid-sealing qualities. For example, a smooth
liquid tight inner surface is obtained with a resin rich surface layer
reinforced with glass filament surfacing veil. It is backed up by a 3.2
mm (1/8 in.) thick liquid seal layer of chopped glass/polyester spray-
up. Discontinuous fibers are provided to avoid a continuous path for
liquid migration into and along the reinforcement. Additional thickness
for structural purposes is provided, either by adding more chopped
fiber reinforced spray-up, or by filament winding. An outer resin rich
surface layer is reinforced with a surfacing veil. A silica sand filler may
be used of bulk, improved compressive stiffness and economy.
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Minimum practical total RP thickness is established as 4.8 mm (%6 in.)
for the combined spray-up liquid seal and filament wound structural
layers and 6.4 mm (% in.) for an all-chopped fiber spray-up laminate
with sand filler. The choice for any construction is made on the basis of
comparative design thickness, weight, and fabrication costs. The all-
chopped fiber reinforced construction using somewhat greater wall
thickness than the composite filament wound-chopped fiber wall is
determined to provide the lowest tank cost; filament winding provides
lower weight.

Hopper Rail Car Tank

In the past (1973) a severe shortage of railroad covered hopper cars for
the transportation of grain developed. Cargill, Inc. provided a contract
to Structural Composites, Inc. for determine feasibility studies on the
potential of using RP in the design and fabrication of these cars. Test
results showed structural deficient existed. By 1978 an acceptable design
resulted fabricating the Glasshopper (registered name). It was used in rail
service March 1981. Cargill Inc., Southern Pacific Transportation Co.,
and ACF Industries, Inc. (Fig. 4.18). It was larger and lighter in weight
than the conventional steel covered hopper car resulting in being able
to deliver more commodity per fuel dollar. Other advantages included
corrosion resistance, and lower maintenance costs.

The first to be built was Glasshopper 1. It successfully passed all of the

Fioure @12 RPrailroad covered hopper car
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required American Association of Railroads (AAR) tests including the
454,000 kg (1,000,000 Ib) static end compression test and the
568,000 kg (1,250,000 Ib) coupler force impact test in the laboratory,
and then successfully completed a round trip between St. Louis, MO
and Oakland, CA [9700 km (6000 mile)].

From outward appearance, the RP designs were very similar to the
standard ACF steel-covered hopper car. The first RP prototype,
Glasshopper I that was in grain service, had four compartments. The
car had a rotal capacity of 142 m3 (5000 ft3) and an overall length of
about 16 m (53 ft). Its basic specifications are shown in Table 4.7.

" Glasshopper | basic specifications

Length inside 50 ft 3'21in
Length over end sills 51 ft 55 in
Length over strikers 52 ft 1Min
Length over coupler pulling face 55 ft6'21in
Length over running boards 53 ft7igin
Length between truck centres 42 ft3in
Extreme width 10ft8in
Height, rail to top of running boards 15 ft 1 277321in
Height, rail to bottom of outlet 121in

Extreme height, rail to top of hatch bumper 15ft6in
Number of discharge outlets 4

Roof hatch opening, continuous 201in x 44 ft 73/ in
Curve negotiability, uncoupled 150 ft

Cubic capacity 500 ft3

Tare weight 59,000 lb
Gross rail load 263,000 Ib
AAR clearance diagram Plate 'C’

The second prototype car Glasshopper II that was later put into service
had three compartments. The tare weight of the second car was 24,600
kg (54,200 lb), which was 4000 kg (8800 Ib) lighter than a standard
steel car weight of 28,600 kg (63,000 1b).

Construction details for Glasshopper I consist of a filament wound
(FW) RP car body, RP/balsawood core sandwich panel bulkheads and
slope sheets, steel side sills and shear plates, steel bolster webs, and RP
hatch covers. Standard running gear and safety appliances were utilized,
as were standard gravity outlets. Several changes in construction details
such as the use of single laminate slope sheets were made in the design
of Glasshopper II to reduce weight and manufacturing costs.
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Table 4.8, shows the weight percentages of steel or RP materials. A
significant amount (30 wt%) of the RP car structure is fabricated using
RP materials. By subtracting the trucks steel weight, the remaining
structure is RP. This construction allows the significant weight
reduction to be possible. Finite element analysis (FEA) modeling was
used throughout the design stages of the program to aid the structural
analysis effort. The structural response in both static and dynamic
loading conditions was characterized prior to initiation of the car
construction.

“t.5 Glasshopper | component weight summary

Component Material Weight Component weight <100
1bs Total weight
Car body RP 6800 1.5
Sandwich panels RP 4410 7.5
Wide flange beams RP 640 1.1
Stiffeners RP 2910 49
Top sill RP 460 0.8
Rooffside angles RP 510 09
Adhesive/bonding strip RP 1070 1.8
Hatches RP 860 15
Outlets Steel 1800 3.0
End arrangement Steel 9640 16.3
Side sills Steel 4420 75
Running boards/safety appin. Steel 1650 28
Brake system Steel 1570 27
Misc. hardware Steel 1060 1.8
Trucks Steel 21200 359
Total weight 59000 100.0

Y. RP component percentages = 30
Y., Steel component percentages = 70

FW process was used to fabricate both Glasshopper car bodies. It was
determined that this process afforded the best mechanical properties for
the lowest cost. Fabricating processes exist that can be highly
automated which would help towards having RP-covered hopper cars
compete economically with conventional steel-covered hopper cars in
the marketplace.

Resin matrix material system chosen for fabrication of the car bodies
was a proprietary isophthalic polyester resin system developed by
Cargill specifically for the Glasshopper project. PPG, Certain Teed, and



252 Plastics Engineered Product Design

OCEF supplied the reinforcement of E-glass rovings. Both OCF 450 and
675 vyield glass was used successfully in conjunction with the Cargill
resin during FW operation. To provide adequate mechanical properties
in the directions required to withstand the externally applied service
loads, the FW apparatus was programmed to provide the multi-axial
filament directional orientation capability.

Secondary bonding operations involving the attachment of stiffeners,
etc., for the first RP car, used Hysol’s epoxy adhesive (EA 919). This
same adhesive was used in joints where both bonding and bolting with
mechanical fasteners were employed. Lord Corp.’s acrylic adhesive
system (TS 3929-70) was used successfully for Glasshopper II. Hat
section stiffeners and wide flange beams were fabricated using the hand
lay-up and pultrusion processes, respectively. The material used in the
construction of the hat stiffeners included 12 oz mat, 24 oz woven
rovings, 22Y2 oz unidirectional fabric, and the isophthalic polyester
resin. Pultrusions were purchased finished, and were fabricated using
standard pultrusion processes.

In order to demonstrate structural adequacy, Glasshopper I was tested
in the ACF test laboratory located in St. Charles, MO. The test
program was designed to show that the car meets and exceeds all
requirements as specified by the AAR. Both static and dynamic tests
were included in the testing. To determine the car’s structural response
under various applied loading conditions, Glasshopper I was instru-
mented with a total of 224 strain gauges, located at various areas
determined through structural analysis to be of greatest importance and
to provide maximum information. Glasshopper II, instrumented with
310 strain gauges, successfully completed the test program in 1983.

A series of six different static tests were successfully passed by
Glasshopper 1, including end compression, draft, vertical coupler-up,
vertical coupler-down, coupler shank, and torsional jacking. The end
compression test consisted of “squeezing” the car, while empty, with a
hydraulic ram until a coupler force of 1,000,000 Ib was measured. The
draft test was conducted on the loaded car (105.9 tons) and consisted
of pulling on the coupler until a force of 630,000 1b was experimentally
observed. The remaining static rests were all conducted on the loaded
car and involved using calibrated hydraulic rams to:

1. Jack the car upward with a vertical force of 22,700 kg (50,000 Ib)
applied at the coupler pulling face.

2. Jack the car downward with a vertical force of 22,700 kg (50,000
Ib) applied at the coupler pulling face.



3. Lift the car free of the truck bolster by jacking at the coupler shank,
a vertical force of 50,400 kg (111,0001b) was required.

4. Lift the car free of the truck bolster by jacking at the lifting
lug/jacking pad assembly to verify torsional rigidity and stability, a
vertical force of 31,780 kg (70,000 1b) was required.

An analysis of test results show the experimentally observed strains to
be very close to those predicted using FEA techniques and “hand”
calculations. This fact made it possible to use these techniques to
further optimize the Glasshopper II design.

After successfully passing all required static tests, Glasshopper I was
subjected to a series of impact tests. For these tests, the car that was
tully loaded was pulled by cable up an inclined ramp and released to
impact another fully loaded standing car that had its brakes released.
Velocity of the car at impact was controlled by its height on the ramp at
the time of release. Car’s velocity was incrementally increased until an
experimentally measured coupler force of 113,500 kg (250,000 1b) was
developed during the impact.

Velocity of 14.9 km/h (9.24 m/h) was required to obtain the AAR
specified load. It is noted that this velocity is significantly higher than
the velocity required to reach the specified force with conventional steel
covered hopper cars, which is about 12.1 km/h (7.5 m/h). Glasshopper
I, with modified bulkhead joints, successfully passed the AAR impact
test required and was subsequently prepared for the extended road test.

Following completion of laboratory testing, Glasshopper I was tested
over a 9700 km (6000 m) route on the Southern Pacific system. Fully
loaded car with 9,600 kg (211,000 lb) made the trip from St. Charles,
MO to Oakland, CA and back to Houston, TX. The car was unloaded
at the Cargill export grain terminal in the Houston area and then
returned empty to the facility in St. Charles, MO. The car was
accompanied on the trip by the fully instrumented ACF test car used
for data acquisition that monitored key strain gauges and load cells
throughout the trip. All test results and visual observations showed the
car performed well, and as predicted. During certain segments of the
testing, speeds of 113 km/h (70 m/h) were reached with no dynamic
problems (flutter, hunting, etc.) being observed.

It was determined that two major advantages of the RP covered hopper
rail car are its tare weight and its corrosion resistance. As a result of its
significantly lower weight and large size, the car is capable of carrying
more payload per fuel dollar. This fact is extremely important in today’s
conditions of escalating and high fuelled prices. Glasshopper is able to
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carry many highly corrosive commodities (salts, potash, fertilizer, ore,
etc.) without the need for expensive linings and with significantly
reduced car maintenance costs. Also, the car’s service lifetime would be
greatly extended in these scvere service environments. Other
advantages include the potential to eliminate painting requirements,
reduced labor costs in manufacturing, lower center of gravity in the
unloaded condition, ability to easily adapt to internal pressure designs,
and rapid production changeover to alternate capacity cars.

Highway Tank

RP tanks on firm ground have been holding corrosive materials safely
since the 1940s. Later the same technology, with some enhancements
material-wise and design-wise, was applied to over-the-road tankers.
Some rtankers fabricated by Comptank Corp., Bothwell, Ontario,
Canada have been on the road in the USA and Canada carrying a wide
range of corrosive and hazardous liquids. These RP tank trailers are
coded 312 for hauling corrosive and hazardous materials; special
designed models haul acids or other corrosive chemicals; they unload
by pressure, vacuum, or gravity.

The tankers are filament wound using E-glass rovings with polyester
resin (Reichhold Atlac 4010 AC) and surfacing veil. RP moldings are
integrated parts of the shell that is usually 15.88 mm (0.625 in.) thick.
These parts include external rings/ribs, covers for steel rollover guards,
spill dam, catwalk, hose trays, etc.

Very Lavge Tank

Large filament wound 150,000 gal (568 m?3) rank has been fabricated
by the Rucker Co. for Acrojet-General (1966). An example is shown
schematically in Fig. 4.19 of the so-called racetrack-fabricating
machine. A fabricated 56 m (22 ft) high, 152 m (60 ft) wide, 318 m
(125 ft) long that weighed 32 ton, of all RP, large tank is shown in Fig,.
4.20.

Just the mandrel for this FW machine weighed 100 ton all of mertal.
Total weight of the steel-constructed machine was 200 ton. The tank
contained about 251 million km (158 million miles) of glass fiber, used
8 ton of textile creel containing 60 spools of glass fiber moving up to
7.24 km/h (4)2 mph), and took three weeks to manufacture the
epoxy-glass fiber RP tank in the Todd shipyard in Los Angeles,
California.

Corrosive Resistant Tank

Chemical and corrosive resistant property of many plastics make them
useful to contain different liquids ranging from water to acids. They are
used extensively in water treatment plants and piping to handle
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Fipure 41 Tank's fabricating process

Flgure 20 RP 150,000 gal tank
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Figure 4.27 Large water filtration tank with 6 ft opening

drainage, sewage, and water supply. Glass fiber TS polyester R water
filtration tank is shown in Fig. 4.21. It is a 20 ft diameter, 32 ft high
structure made in sections by a low pressure RP fabricating method.
This bonded, assembled tank was shipped on a water barge to its
destination. Structural shapes such as this tank for use under corrosive
conditions often takes advantage of the properties of RPs and other
plastics.

Pipe

Thermoplastic Pipe

Extensive amount of plastic pipe is used worldwide to move different
types of liquids, gases, and solids. With the different properties of
plastics (such as corrosion resistance, toughness, and strength), pipes
can be fabricated to handle practically any type of material. A major and
important market for plastics is in producing pipe (tube) for use such as
on the ground, underground, in water, and electrical conduits. The
largest use is in transporting water, gas, waste matter, industrial mining,
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Pipe wall thickness determination based on internal pressure

HOOP STRESS
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etc. Use of thermoplastic, such as HDPE, PVC, and PP, provide most
of the world using extruders. Plastic pipe represents about 30% of the

dollar share compared to other materials (iron/steel at 45%, copper at
12%, concrete at 8%, aluminum at 4%, etc.).

Fig. 4.22 provides a method to determine pipe thickness subjected to
uniform internal pressure P using the standard engineered thin-wall-
tube hoop-stress equation. Top view provides an equation that is
approximately accurate for ¢ <d/10. However when the wall thickness
increases the error becomes large. It is useful in determining an
approximate wall thickness, even when condition (z<4/10) is not met.
Bottom view provides an equation for the maximum hoop stress that
occurs on the surface of the inside wall of the pipe. After the thin-wall
stress equation is applied, the thick-wall stress equation can be used to
verify the design.

RP Pipe

An important product even though it represents a small portion of the
market is reinforced TS (RTS) plastic; also called reinforced thermoset
resin  (RTR) according to ASTM standards. Its major material
construction is glass fiber with TS polyester plastic that uses fabricating
methods ranging from bag molding to filament winding (Chapters 1
and 2). These RTR pipes provide high load performance both
internally and externally.

There are large diameter filament-wound pipes (RTRs) used and
accepted in underground burial because they provide conditions such as
corrosion resistance and installation-cost savings. Pipe design equations
have been used that specifically provide useful information to meet
internal and/or external prcssure loads. More recently finite element
analysis (FEA) has been used to design RP pipes and other structural
products. These design approaches utilize performance standards based
upon internal pressures and pipes’ stiffness. Other requirements must
be met such as longitudinal effects of internal pressure, temperature
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gradients, and pipe bridging.

When compared to steel pipes there are similarities and dissimilarities.
They both differ from concrete (includes asbestos filled type) pipe
which is a rigid pipe that cannot tolerate bending or deflection to the
same extent as RTR and steel pipe. The following review provides
information on the design approach and results of tests conducted on
these type pipes (rigid RTR, rigid steel, and flexible concrete). They
were buried in trenches under 25 ft of the same dirt and subjected to
actual load testing. Specific pressures varied from installation to
installation, but the relationship in the way these pipes react to thc same
burial condition generally remains constants.

As shown in Fig. 4.23 the load on the surface of the (a) rigid pipe
(concrete) is higher at the crown and is transmitted through the pipe
directly to the bed of the trench in which the pipe rests and using some
side support. The RTR or steel flexible conduit (b) deflects under
covering load of earth, this deflection transfers portions of the load to
the surrounding envelope of soil that increases the strength of the
flexible conduit. Analyzing the type and consolidation of backfill
materials is to be considered an intcgral part of the design process.
Because less of a load on the trench bed occurs the trench requires less
bedding bearing strength reducing the installed cost.

Steel pipe is considered a homogeneous isotropic material (equally
strong in both hoop and longitudinal directions) where RTR is an
anisotropic material (different strength in both the hoop and
longitudinal directions). These directional behavior results in the
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' Cross-section of filament wound layup of the RTR pipe

trength longitiudinal
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modulus of elasticity (E) to be equal in all directions for steel and not
equal for RTR.

The RTR pipe structure is shown in Fig. 4.24 where the glass fibers are
filament wounded at a helix angle that is at 55 to 65° to the horizontal
to maximize hoop and longitudinal stress efficiency. Glass fiber content
is at a minimum of 45wt%. An internal corrosion resistant leak proof
barrier liner is usually included that is not included in the stress analysis.

Required is to design a pipe wall structure of sufficient stiffness and
strength to meet the combined loads that the pipe will experience in
long time service. One design is a straight wall pipe in which the wall
thickness controls the stiffness of the pipe. Another way is to design a
rib-wall pipe on which reinforcement ribs of a specific shape and
dimension are wound around the circumference of the pipe at precisely
designed intervals. As previously reviewed (RIB section) the advantage
of a rib wall pipe is that the wall thickness of the pipe can be reduced
(also reducing costs) while maintaining or even increasing its overall
strength-to-weight ratio. Where burial conditions are extreme or
difficult underwater installations exist a rib-wall pipe design should be
considered.

Maximum allowable pipe deflection should be no more than 5% using
the Fig. 4.25 equation where AX = deflection. This value is the standard

Pipe deflection equation
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of the pipe industry for steel conduit and pipe (AWWA M-11, ASTM,
and ASME). Deflection relates to pipe stiffness (El), pipe radius,
external loads that will be imposed on the pipe, both the dead load of
the dirt overburden as well as the live loads such as wheel and rail
traffic, modulus of soil reaction, differendal soil stress, bedding shape,
and type of backfill.

To meet the designed deflection of no more than 5% the pipe wall
structure could be cither a straight wall pipe with a thickness of about
1.3 cm (0.50 in.) or a rib wall pipe that provides the same stiffness. It
has to be determined if the wall structure selected is of sufficient
stiffness to resist the buckling pressures of burial or superimposed
longitudinal loads. The ASME Standard of a four-to-one safety factor
on critical buckling is used based on many years of field experience. To
calculate the stiffness or wall thickness capable of meeting that design

criterion one must know what anticipated external loads will occur (Fig.
4.26).

As reviewed the strength of RTR pipe in its longitudinal and hoop
directions are not equal. Before a final wall structure can be selected, it
is necessary to conduct a combined strain analysis in both the
longitudinal and hoop directions of the RTR pipe. This analysis will
consider longitudinal direction and the hoop direction, material’s
allowable strain, thermal contraction strains, internal pressure, and
pipe’s ability to bridge soft spots in the trench’s bedding. These values
are determinable through standard ASTM tests such as hydrostatic
testing, parallel plate loading, coupon test, and accelerated aging tests.

Stress-strain  (S-S) analysis of the materials provides important
information. The tensile S-S curve for steel-pipe material identifies its
yield point that is used as the basis in their design. Beyond this static
loaded vyield point (Chapter 2) the steel will enter into the range of
plastic deformation that would lead to a total collapse of the pipe. The
allowable design strain used is about two thirds of the yield point.

&2 Buckiing analysis based on conditions such as dead loads, effects of possible
flooding, and the vacuum load it is expected to carry

Al Cround
Leve)

= Confined Soil

Vacuvum Load ~  Media



4 - Product design 261

RTR pipe designers also use a S-S curve but instead of a yield point,
they use the point of first crack (empirical weep point). Either the
ASTM hydrostatic or coupon test determines it. The weep point is the
point at which the RTR matrix (plastic) becomes excessively strained so
that minute fractures begin to appear in the structural wall. At this
point it is probable that in time even a more elastic liner on the inner
wall will be damaged and allow water or other liquid to weep through
the wall. Even with this situation, as is the case with the yield point of
steel pipe, reaching the weep point is not catastrophic. It will continue
to withstand additional load before it reaches the point of ultimate
strain and failure. By using a more substantial, stronger liner the weep
point will be extended on the S-S curve.

The filament-wound pipe weep point is less than 0.009 in./in. The
design is at a strain of 0.0018 in./in. providing a 5 to 1 safety factor.
For transient design conditions a strain of 0.0030 in./in. is used
providing a 3 to 1 safety factor.

Stress or strain analysis in the longitudinal and hoop directions is
conducted with strain usually used, since it is easily and accurately
measured using strain gauges, whereas stresses have to be calculated.
From a practical standpoint both the longitudinal and the hoop analysis
determine the minimum structural wall thickness of the pipe. However,
since the longitudinal strength of RTR pipe is less than it is in the hoop
direction, the longitudinal analysis is first conducted that considers the
effects of internal pressure, expected temperature gradients, and ability
of the pipe to bridge voids in the bedding. Analyzing these factors
requires that several equations be superimposed, one on another. All
these longitudinal design conditions can be solved simultaneously, the
usual approach is to examine each individually.

Poisson’s ratio (Chapter 3) can have an influence since a longitudinal
load could exist. The Poisson’s effect must be considered when
designing long or short length of pipe. This effect occurs when an
open-ended cylinder is subjected to internal pressure. As the diameter
of the cylinder expands, it also shortens longitudinally. Since in a buried
pipe movement is resisted by the surrounding soil, a tensile load is
produced within the pipe. The internal longitudinal pressure load in the
pipe is independent of the length of the pipe.

Several equations can be used to calculate the result of Poisson’s effect
on the pipe in the longitudinal direction in terms of stress or strain.
Equation provides a solution for a straight run of pipe in terms of
strain. However, where there is a change in direction by pipe bends and
thrust blocks are eliminated through the use of harness-welded joints, a
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different analysis is necessary. Longitudinal load imposed on either side
of an elbow is high. This increased load is the result of internal pressure,
temperature gradient, and/or change in momentum of the fluid.
Because of this increased load, the pipe joint and elbow thickness may
have to be increased to avoid overstraining.

The extent of the tensile forces imposed on the pipe because of cooling
is to be determined. Temperature gradient produces the longitudinal
tensile load. With an open-ended cylinder cooling, it attempts to
shorten longitudinally. The resistance of the surrounding soil then
imposes a tensile load. Any temperature change in the surrounding soil
or medium that the pipe may be carrying also can produce a tensile
load. Engineering-wise the effects of temperature gradient on a pipe
can be determined in terms of strain.

Longitudinal analysis includes examining bridging if it occurs where the
bedding grade’s elevation or the trench bed’s bearing strength varies,
when a pipe projects from a headwall, or in all subaqueous installations.
Design of the pipe includes making it strong enough to support the
weight of its contents, itself, and its overburden while spanning a void
of two pipe diameters.

When a pipe provides a support the normal practice is to solve all
equations simultaneously, then determine the minimum wall thickness
that has strains equal to or less than the allowable design strain. The
result is obtaining the minimum structural wall thickness. This
approach provides the designer with a minimum wall thickness on
which to base the ultimate choice of pipe configuration. As an example,
there is the situation of the combined longitudinal analysis requiring a
minimum of ¥8 in. (1.59 cm) wall thickness when the deflection
analysis requires a %2 in. (1.27 cm) wall, and the buckling analysis
requires a ¥4 in. (1.9 cm) wall. As revicwed the thickness was the ¥4 in.
wall. However with the longitudinal analysis a %8 in. wall is enough to
handle the longitudinal strains likely to be encountered.

In deciding which wall thickness, or what pipe configuration (straight
wall or ribbed wall) is to be used, economic considerations are involved.
The designer would most likely choose the %4 in. straight wall pipe if
the design analysis was complete, but it is not since there still remains
strain analysis in the hoop direction. Required is to determine if the
combined loads of internal pressure and diametrical bending deflection
will exceed the allowable design strain.

There was a tendency in the past to overlook designing of joints. The
performance of the whole piping system is directly related to the
performance of the joints rather than just as an internal pressure-seal



4 - Product design 263
pipe. Examples of joints are bell-and-spigot joints with an elastomeric
seal or weld overlay joints designed with the required stiffness and
longitudinal strength. The bell type permits rapid assembly of a piping
system offering an installation cost advantage. It should be able to
rotate at least two degrees without a loss of flexibility. The weld type is
used to eliminate the need for costly thrust blocks.

There is a difference when comparing the plastic to metal spring shape
designs. With metals shape options are the usual torsion bar, helical
coil, and flat-shaped leaf spring. The TPs and TSs can be fabricated into
a variety of shapes to meet different product requirements. An example
is TP spring actions with a dual action shape (Fig. 4.27) that is injection
molded. This stapler illustrates a spring design with the body and
curved spring section molded in a single part. When the stapler is
depressed, the outer curved shape is in tension and the ribbed center
section is put into compression. When the pressure is released, the
tension and compression forces are in turn released and the stapler
returns to its original position.

Other thermoplastics are used to fabricate springs. Acetal plastic has
been used as a direct replacement for conventional metal springs as well
providing the capability to use different spring designs such as in zigzag
springs, un-coil springs, cord locks with molded-in springs, snap fits,
etc. A special application is where TP replaced a metal pump in a PVC
plastic bag containing blood. The plastic spring hand-operating pump
(as well as other plastic spring designs) did not contaminate the blood.

RP leaf springs have the potential in the replacements for steel springs.
These unidirectional fiber RPs have been used in trucks and automotive

suspension applications. Their use in aircraft landing systems dates back
to the early 1940s taking advantage of weight savings and

7 TP Delrin acetal plastic molded stapler (Courtesy of DuPont}

SECTION
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performances. Because of the material’s high specific strain energy
storage capability as compared to steel, a direct replacement of multileaf
steel springs by monoleaf composite springs can be justified on a
weight-saving basis.

The design advantages of these springs is to fabricate spring leaves
having continuously variable widths and thicknesses along their length.
These leaf springs serve multiple functions, thereby providing a
consolidation of parts and simplification of suspension systems. One
distinction between steel and plastic is that complete knowledge of
shear stresses is not important in a steel part undergoing flexure,
whereas with RP design shear stresses, rather than normal stress
components, usually control the design.

Design of spring has been documented in various SAE and ASTM-STP
design manuals. They provide the equations for evaluating design
parameters that are derived from geometric and material considerations.
However, none of this currently available literature is directly relevant
to the problem of design and design evaluation regarding RP
structures. The design of any RP product is unique because the stress
conditions within a given structure depend on its manufacturing
methods, not just its shape. Programs have therefore been developed
on the basis of the strain balance within the spring to enable suitable
design criteria to be met. Stress levels were then calculated, after which
the design and manufacture of RP springs became feasible.

Leaf Spring

RP /composite leaf springs constructed of unidirectional glass fibers in a
matrix, such as epoxy resin, have been recognized as a viable replace-
ment for steel springs in truck and automotive suspension applications.
Because of the material’s high specific strain energy storage capability
compared with steel, direct replacement of multi-leaf steel springs by
mono-leaf composite springs is justifiable on a weight saving basis.
Other advantages of RP springs accrue from the ability to design and
fabricate a spring leaf having continuously variable width and/or
thickness along its length. Such design features can lead to new suspension
arrangements in which the composite leaf spring will serve muldple
functions thereby providing part consolidation and simplification of the
suspension system.

The spring configuration and material of construction should be
selected so as to maximize the strain energy storage capacity per unit
mass without exceeding stress levels consistent with reliable, long life
operation. Elastic strain energy must be computed relative to a
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particular stress state. For simplicity, two materials are compared, steel
and unidirectional glass fibers in an epoxy matrix having a volume
fraction of 0.5 for the stress state of uniaxial tension. If a long bar of
either material is loaded axially the strain energy stored per unit volume
of material is given by

U =(842/26) (in-Ibfin3) (4-36)

where 8,4 is the allowable tensile stress and E is Young’s modulus for the
material.

In Table 4.9 the appropnate E for each material has been used and a
conservative value selected for §4. On a volume basis the RP is about
twice as efficient as steel in storing energy; on a weight basis it is about
eight times as efficient.

Glass fiber-epoxy RP leaf spring design

Material G 4lksi) U(lb/in?) uw*(in)
Steel 90 135 470
Glassfepoxy 60 325 4880

® w = specific weight

The RP has an advantage because it is an anisotropic material that is
correctly designed for this application whereas steel is isotropic. Under
a different loading condition (such as torsion) the results would be
reversed unless the RP were redesigned for that condition. The above
results are applicable to the leaf spring being reviewed because the
principal stress component in the spring will be a normal stress along
the length of the spring that is the natural direction for fiber
orientation.

In addition to the influence of material type on elastic energy storage, it
is also important to consider spring configuration. The most efficient
configuration (although not very practical as a spring) is the uniform
bar in uniaxial tension because the stresses are completely homogeneous.
If the elastic energy storage efficiency is defined as the energy stored per
unit volume, then the tensile bar has an efficiency of 100%. On that
basis a helical spring made of uniform round wire would have an
efficiency of 32% (the highest of any practical spring configuration)
while a leaf spring of uniform rectangular cross section would be only
11% efficient.

The low efficiency of this latter configuration is due to stress gradients
through the thickness (zero at the mid-surface and maximum at the
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upper and lower surfaces) as well as along the length (maximum at mid-
span and zero at the tps). Recognition of this latter contribution to
inefficiency led to development of so-called constant strength beams
which for a cantilever of constant thickness dictates a geometry of
triangular plan-form. Such a spring would have an energy storage
efficiency of 33%. A practical embodiment of this principle is the multi-
leaf spring of constant thickness, but decreasing length plates, which for
a typical five leaf configuration would have an efficiency of about 22%.

More sophisticated steel springs involving variable leaf thickness bring
improvements of energy storage efficiency, but are expensive since the
leaves must be forged rather than cut from constant thickness plate.
However, a spring leaf molded of the RP can have both thickness and
width variations along its length. For instance, a practical RP spring
configuration having a constant cross-sectional areca and appropriately
changing thickness and width will have an energy storage efficiency of
22%. This approaches the efficiency of a tapered multi-leaf configuration
and is accomplished with a material whose inherent energy storage
efficiency is eight times better than steel.

In this design, the dimensions of the spring are chosen in such a way
that the maximum bending stresses (due to vertical loads) are uniform
along the central portion of the spring. This method of selection of the
spring dimensions allows the unidirectional long fiber reinforced plastic
material to be used most effectively. Consequently, the amount of
material needed for the construction of the spring is reduced and the
maximum bending stresses are evenly distributed along the length of
the spring. Thus, the maximum design stress in the spring can be
reduced without paying a penalty for an increase in the weight of the
spring. Two design equations are given in the following using the
concepts described above.

To develop design formulas for RP springs, we model a spring as a

gure 4.28 RP spring model

/5:‘/’55/ ]..__ 3, ———ed 7




circular arc or as a parabolic arc carrying a concentrated load 2F, at
mid-length (Fig. 4.28).

The governing equation for bending of the spring
1 1 M (4-37)

where R = radius of curvature of unloaded spring; p = radius of
curvature of deformed spring; M = bending moment, E = Young’s
modulus; and I = moment of inertia of spring cross section.

Using the coordinate system shown in Fig. 4.28, equation 4-37 is
rewritten as

Py Fl-RA 1 (4-38)
e

where the coordinate y is used to denote the deformed configuration of
the spring. Once the maximum allowable design stress in the spring is
chosen, equation 4-38 will be used to determine the load carrying
capability of the spring. Due to the symmetry of the spring at x = 0,
only half of the spring needs to be analyzed. It should be noted that
equation 4-38 is only an approximate representation of the deformation
of the spring. However, for small values of A/ it is expected to give
reasonably good prediction of the spring rate. Here A is the arc height
and 27/1is the chord length of the spring. Although a nonlinear relation
can be used in place of equation 4-38, it would be difficult to derive
simple equations for design purposes.

For this particular design, the thicknesses of the spring decreases front
the center to the two ends of the spring. Hence, the cross-sectional area
of the spring varies along its length. The maximum bending stresses at
every cross section of the spring from x =0 to x = ¢, are assumed to be
identical (Fig. 4.28). The value of «, is a design parameter that is used
to control the thickness and the load carrying capability of the spring. If
a, is the maximum allowable design stress, then the thickness of the
spring for 0 <x < @, is determined by equating the maximum bending
stress in the spring to «,, thus:

S

{4-39)
where v is Poisson’s ratio, and & and » are the width and thickness of
the spring, respectively.

The factor (I —»,) is introduced to account for the fact that & could be
scveral times larger than 4. If 4 and » are of the same order of
magnitude, a zero value of v is suggested to be used with equation 4-
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39. This equation shows that the thickness of the spring should be a
function of F, 0,, /, and 4. Once F,, 6,, and / are fixed, then the value of
b is inversely proportional to the square root of the width of the spring.

For x >0,, the thickness of the spring is assumed to remain constant.
The minimum value of 4is governed by the ability of the unidirectional
composite to carry shear stresses. Using equation 4-38 and the
appropriate  boundary and continuity conditions, the following
equation for the determination of the spring rate is obtained,

B 16R203
27(1 - VJAIAE?

[2P2 - (1 - )22 (4-40)

b
where £, is the spring rate per unit width of the spring in Ib per in. of
vertical deflection. In deriving equation 4-40, the maximum bending
stress 0, is assumed to develop when y = 0 at which the center of the
spring rate has undergone a deflection equal to A. If the actual design
value of 2F, is less than or greater than bk, the appropriate value of g,
to be used in equation 4-74 can be determined easily from the
maximum design stress by treating G, as a linear function of 2 F,.

A constraint on the current fabricating method of the RP leaf spring is
that the cross-sectional area of the spring has to remain constant along
the length of the spring. This imposes a restriction on the use of
variable cross-sectional area design since additional work is required to
trim a constant cross-sectional area spring to fit a variable cross-
sectional area design. Unless the design stresses in the spring are
excessively high, it is preferable to use the less labor-intensive constant
cross-sectional area spring. This section describes the design formulae
for this type of spring design.

Using the same coordinate system and symbols as shown in Fig. 4.28,
equations 4-37 and 4-38 remain valid for the constant cross-sectional
area spring. The mid-section thickness of the spring 4, is related to the
maximum bending stress o, by:
6(1 - vIF,|

h =
0 by Gy

(4-41)

where 4, is the corresponding mid-section width of the spring.
Imposing the constant cross-sectional area constraint,

boho = bh (4'42)
the thickness of the spring at any other section is given by:

_ 60 - V)Rl - X

h bohoOy

(4-43)

The corresponding width of the spring is then obtained from equation
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4-42. Based on equations 4-42 and 4-43 that the width of the spring
will continue to increase as it moves away from the mid-section. In
general there is a limitation on the maximum allowable spring width.
Using 4,, to denote the maximum width, the value of x beyond which
tapering of the spring is not allowed can be determined by imposing
the constant cross-sectional area constraint. One can use ¢, to denote
this value of x, then:

oy =1/ [1 —%;] (4-44)

Thus, equation 4-43 holds only for x <. Beyond x = 4,, the thickness of
the spring remains constant and is given by:
_ 6(1 — VZ)FV(I ao) B

h = —bohoa_o—, XZ(XO (4 45)
An implication of equations 4-43 and 4-44 is that the maximum
bending stresses will remain constant along the length of the spring for
[x] 2o, Equation 4-38 with the appropriate boundary and continuity
conditions, the spring rate, &, can be shown to be:

K= R =Vl + 201 < 6al00)

(4-46)

where I, is the moment of inertia of the cross-section of the spring at
mid-section. In the design of a spring, the values of 4,,, /, R, A, and £
are usually given and it is required to determine the values of 4, for a
desirable value of o,. The following equation has been obtained for the
determination of 4,

,_4Roghd  BRKAI - v2) _

n £ bE 0 (4-47)

Once ko is determined, the corresponding value of 4, is then obtained
from equation 4-37. In equation 4-47, the value of &, corresponds to a
center deflection equal to A. If the actual design value of 2F,, is less
than or greater than kA, the appropriate value of o, to be used in
equation 4-47 can be determined easily from the maximum design
stress by treating o, as a linear function of 2F,.

Consider, as an example, the design of a pair of longitudinal rear leaf
springs for a light truck suspension. The geometry of the middle
surface of the springs is given as:

I = 23in

A =6in

R = 4408in
b, = 45in

Q



270 Piastics Engineered Product Design

The design load per spring is 2200 Ib and a spring rate of 367 lb/in. is
required. If g, is set equal to 53 ksi in equation 4-47, two possible design
values of 4, are obtained. Using equation 4-41, the corresponding values
of b,are determined. Thus, there are two possible constant cross-sectional
area designs for this particular spring: (S) #,=1.074 in, 4, = 2.484 in. and
(8S) 4, = 1.190 in., 4, = 2.023 in. A value of Young’s modulus of 5.5 x
106 psi is used in the design of these springs. This corresponds to the
modulus of a unidirectional RP with 50vol% of glass fibers. If a value of g,
less than 53 ksi is used in the design, negative and complex values of 4,
are obtained from equation 4-47.

This indicates that it is impossible to design a constant cross-sectional
area spring to fit the given design parameters with a maximum bending
stress of less than 53 ksi. If a constant width design is required, it can be
shown from equation 4-40 that a spring with a constant width of 2.484
in. and a maximum thickness of 1.074 in. will satisfy all the design
specifications. The corresponding value of #, is 18 in. If a constant
width of greater than 2.484 in. is allowed, then a maximum design
stress of less than 53-ksi can be obtained.

The above example shows that two plausible constant cross-sectional
area designs are obtained to satisfy all the design requirements. If the
spring were subjected only to vertical loading, the second design would
be selected since it involves less material. However, if the spring is
expected to expericnce other loadings in addition to the vertical load,
then it is necessary to investigate the response of the spring to these
loadings before a decision can be made.

‘The effects of these loadings can be determined easily using Castigliano’s
Theorem, together with numerical integration. For illustration, a com-
parison summation of the responses of the two constant cross-sectional
area spring designs are reviewed:

1. Rotation due to axle torque, M7 : The rate of rotation of the center
portion of the spring due to the axle torque, My, is: design (S) =
1.901 x I 05 in-lb/radians and design (SS) = 1.895 x 105 in-lb/
radians.

If an axle torque of 15,000 in-Ib is used for My, the rotation and
the maximum bending stresses for these two springs are in table
form:

Rotation, degree Maximum stress
design (9) 45 15.7
design (SS) 45 15.7
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The responses of these two designs to the axle torque are, for all
practical purposes, identical. As in the case of transverse loading,
the maximum bending stresses are uniform along the springs for [x]
<a,

. Effect of longitudinal force, F;: The longitudinal force Fj, will
produce a longitudinal and vertical displacement of the spring.
Using k; and £, to denote the corresponding spring rate associated
with Fy, results in:

kL kv
design (S) 2663 1bfin. 1033 Ibfin.
design (SS) 2516 Ibfin. 1008 Ibfin.

Assuming that a maximum value of F; equal to the design load is
expected to be carried by the spring, the deflection and the
maximum stress experienced by the spring are:

Longitudinal Vertical Maximum

disp., in. disp,, in. stress, ksi
design (5) 0.83 213 13.8
design (SS) 0.87 2.18 13.8

The responses of the two designs to the longitudinal force are
essentially identical, The maximum bending stresses are uniform
along the springs for [x] < a,,.

. Effect of twisting torque, M;: In the usual suspension applications,
leaf springs may be subjected to twisting, for example, by an
obstacle under one wheel of an axle. For the two springs studied
here, the rate of twist is: design (S) = 1.47 x 10* in-1b/radians and
design (SS) = 1.23 x 10* in-1b/radians.

In addition, due to the geometry of the spring, the twisting torque
M; will cause the spring to deflect in the transverse direction. The
rate of transverse deflection is: design (S) = 3319 in-lb/in.and
design (8S) = 2676 in-lb/in.

If a maximum total angle of twist of 10 degrees is allowed, the
response of the spring will be:

Twisting torque  Lateral deflection Maximum shear

in-lb in. stress, ksi
design () 2559 0.77 2.55
design (SS) 2150 0.80 2.58

In calculating the effect of the twisting torque, the transverse shear
modulus of the unidirectional RP has been used. For an RP with
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50vol% of glass fibers, the modulus has a value of 4.6 x 105-psi. The
maximum shearing stress occurs at [x] = «, For designs (S) and
(SS), the values of @, are 10.3 in. and 12.66 in., respectively. The
values of the bending stresses associated with the twisting torque are
negligibly small.

4. Effect of transperse force, Fr: As in the case of the twisting torque,
the transverse force, Fr, will cause the spring to twist as well as to
deflect transversely. The spring rates associated with the transverse

force are:
Twist (in-Ib/radian)  Deflection {Ib/in)
design (S) 3319 600
design (S 2676 458

Assuming that a maximum value of Fr is equal to 0.5 times the
design load expected to be carried by the spring, the deflection and
the maximum stress experienced by the spring will be:

Angle of Transverse Max. bending Max. shear

twist (degree) deflection (in.) stress (ksi) stress (ksi)
design (S 19 1.83 15 6.05
design (SS) 23.6 2.40 15.6 7.38

The angle of twist and the maximum shear stresses associated with
this lateral force are rather high. In practice, the spring will have to
be properly constrained to reduce the angle of twist and the
maximum shear stress to lower values. Assuming that a maximum
angle of twist of no more than 10 degrees is allowed, the deflection
and the maximum stresses experienced by the spring are:

Angie of Transverse Max. bending Max. shear

twist (degree) deflection (in.) stress (ksi) stress (ksi)
design (S) 10 1.14 N5 393
design (SS) 10 1.31 15.6 4,09

The maximum bending stresses occur at the center of the spring
while the maximum shear stresses occur at the ends of the spring.
Based on the above numerical simulations, it appears that both
designs respond approximately the same to all different types of
loadings. However, design (S) will be preferred since it provides a
better response to the lateral and twisting movement of the vehicle.

The maximum bending stress that will be experienced by the spring is
obtained by assuming a simultaneous application of the vertical and the
longitudinal forces together with the axle torque. A maximum bending
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stress of 82.5 ksi is obtained. This bending stress is uniform along the
spring for [x] < @, In view of the infrequent occurrence of this
maximum bending stress, it is expect that the service life of the spring is
guaranteed to be long in service. However, a maximum shearing stress
close to 6.3 ksi can be reached when the spring is subjected to both
twisting torque and transverse force at the same time. The value of this
shearing stress may be too high for long life application. However, a
more complete assessment of the suitability of the design can only be
obtained through interaction with the vehicle chassis designers.

Special Spring

As RP leaf springs find more applications, innovations in design and
fabrication will follow. As an example, certain processes are limited to
producing springs having the same cross-sectional area from end to
end. This leads to an efficient utilization of material in the energy storage
sense. However, satisfying the requirement that the spring become
increasingly thinner towards the tips can present a difficulty in that the
spring width at the tip may exceed space limitations in some
applications. In that case, it will be necessary to cut the spring to an
allowable width after fabrication. There arc special processes such as
basic filament winding that can fabricate these type structures.

A similar post-molding machining operation is required to produce
variable thickness/constant width springs. In both instances end to end
continuity of the fibers is lost by trimming the width. This is of
particular significance near the upper and lower faces of the spring that
are subject to the highest levels of tensile and compressive normal
stresses. A practical compromise solution is illustrated in Fig. 4.29. Herc
excess material is forced out of a mid-thickness region during molding
that maintains continuity of fibers in the highly stressed upper and

Spring with a practical loading solution
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Figure 4.30 Spring has a bonded bracket
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lower face regions. A further advantage is that a natural cutoff edge is
produced. The design of such a feature into the mold must be done
carefully so that the molding pressure (desirable for void-free parts) can
be maintained.

An area of importance is that of attaching the spring to the vehicle.
Since the RP spring is a highly anisotropic part especially designed as a
flexural element, attachments involving holes or poorly distributed
clamping loads may be detrimental. For example, central clamping of
the spring with U bolts to an axle saddle will produce local strains
transverse to the fibers that in combination with transverse strains due
to normal bending may result in local failure in the plastic matrix. The
use of a hole for a locating bolt in the highly stressed central clamped
region should also be avoided.

Load transfer from the tips of the RP spring to the vehicle is particularly
difficult if it is via transverse bushings to a hanger bracket or shackles
since the bushing axis is perpendicular to all the reinforced fibers. One
favorable design is shown in Fig. 4.30. This design utilizes a molded
random fiber RP (SMC; Chapter 1) bracket that is bonded to the
spring. Load transfer into this part from the spring occurs gradually
along the bonded region and results in shear stresses that are
conservative for the adhesive as well as both composite parts.

Cantilever Spring

The cantilever spring (unreinforced or reinforced plastics) can be
employed to provide a simple format from a design standpoint.
Cantilever springs, which absorb energy by bending, may be treated as
a series of beams. Their deflections and stresses are calculated as short-
term individual beam-bending stresses under load.

The calculations arrived at for multiple-cantilever springs (two or more
beams joined in a zigzag configuration, as in Fig. 4.31) are similar to,
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Multiple-cantilever zigzag beam spring (Courtesy of Plastics FALLO)

Load on multiple spring
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but may not be as accurate as those for a single-beam spring. The top
beam is loaded ( F) either along its entire length or at a fixed point. This
load gives rise to deflection y at its free end and moment M at the fixed
end. The second beam load develops a moment M (upward) and load F
(the effective portion of load F, as determined by the various angles) at
its free end. This moment results in deflection y, at the free end and
moment M, at the fixed end (that is, the free end of the next beam).
The third beam is loaded by M, (downward) and force F, (the effective
portion of F;). This type action continues.

Total deflection, y, becomes the sum of the deflections of the individual
beams. The bending stress, deflection, and moment at each point can
be calculated by using standard engineering equations. To reduce stress
concentration, all corners should be fully radiused. The relative lengths,
angles, and cross-sectional areas can be varied to give the desired spring
rate F/y in the available space. Thus, the total energy stored in a
cantilever spring is equal to:

E = n2F, (4-48)
where F = total load in b, y = defiection in., and E, = energy
absorbed by the cantilever spring, in-lbs,

Torsional Beam Spring

Torsional beam spring design absorbs the load energy by its twisting
action through an angle zero. Fig. 4.32 is an example of its behavior is
that of a shaft in torsion so that it is considered to have failed when the
strength of the material in shear is exceeded.

For a torsional load the shear strength used in design should be the
value obtained from the industry literature (material supplicrs, etc.) or
one half the ultimate tensile strength, whichever is less. Maximum shear
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“iqure 4,22 Example of a shaft under torque

Hinge

Q:
stress on a shaft in torsion is given by the following equation using the
designations from Fig. 4.32:

T=TJJ (4-49)
where T = applied torque in in-Ib, ¢ = the distance from the center
of the shaft to the location on the outer surface of shaft where the
maximum shear stress occurs, in. and J = the polar
moment of inertia, in.%.

Using mechanical engineering handbook information the angular
rotation of the shaft is caused by torque that is developed by:

0 = TL/GJ (4-50)
where [ =length of shaft, in., G = shear modulus, psi = £/2 (1 + v},
E = tensile modulus of elasticity, psi, and v = Poisson's ratio.

The energy absorbed by a torsional spring deflected through angle 6
equals:
E;="2Myx 6 (4-51)
where Mg =the torque required for deflection 8 at the free end of the
spring, in-lb.

T _——e .

Since many different plastics are flexible (Chapter 1) they are used
to manufacture hinges. They can operate in different environ-
ments. Based on the plastic used they can meet a variety of load
performance requirements. Land length to thickness ratio is usually at
least 3 to 1.

Hinges can be fabricated by using different processes such as injection
molding, blow molding, compression molding, and cold worked. So
called “living hinges” use the TP’s molecular orientation to provide the
bending action in the plastic hinge. With proper mold design (proper
melt flow direction, eliminate weld line, etc.) and process control
fabricating procedures these integral hinge moldings operate efficiently.
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Otherwise problems in service immediately or shortly after initial use
delamination occurs. Immediate post-mold flexing while it is still hot is
usually required to ensure its proper operation.

Hinges depend not only on processing technique but using the proper
dimensions based on the type plastic used. Dimensions can differ if the
hinge is to move 45° to 180°. If the web land length is too short for the
180° it will self-destruct due to excessive loads on the plastic’s land.

Press fit
Press fits that depend on having a mechanical interface provide a fast,
clean, economical assembly. Common usage is to have a plastic hub or
boss that accepts either a plastic or mectal shaft or pin. Press-fit
procedure tends to expand the hub, creating tensile or hoop stress. If
the interference is too great, a high strain and stress will develop. Thus
it may fail immediately, by developing a crack parallel to the axis of the
hub to relieve the stress, which is a typical hoop-stress failure. It could
survive the assembly process, but fail prematurely in use for a variety of
reasons related to its high induced-stress levels. Or it might undergo
stress relaxation sufficient to reduce the stress to a lower level that can
be maintained (Chapter 2).

Hoop-stress equations for press-fit situations are used. Allowable design
stress or strain will depend upon the particular plastic, the temperature,
and other environmental considerations. Hoop stress can be obtained
by multiplying the appropriate modulus. For high strains, the secant
modulus will give the initial stress; the apparent or creep modulus
should be used for longer-term stresses. The maximum strain or stress
must be below the value that will produce creep rupture in the material.
There could be a weld line in the hub that can significantly affect the
creep-rupture strength of most plastics.

Complications could develop during processing with press fits in that a
round hub or boss may not be the correct shape. Strict processing
controls are used to eliminate these type potential problems. There is a
tendency for a round hub to be slighty elliptical in cross-section,
increasing the stresses on the part. For critical product performance and
in view of what could occur, life-type prototyping testing should be
conducted under actual service conditions in critical applications.

The consequences of stress occurring will depend upon many factors,
such as temperature during and after assembly of the press fit, modulus
of the maung material, type of stress, usage environment and probably
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the most important is the type of material being used. Some substances
will creep or stress relaxes, but others will fracture or craze if the strain
is too high. Except for light press fits, this type of assembly design can
be risky enough for the novice, because a weld line might already
weaken the boss.

Associated with press fit assembly methods are others such as molded-in
inserts usually used to develop good holding power between the insert
and the molded plastic.

Snap fit
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Snap fits are used in all kinds of products ranging from toys to highly
loaded mechanical tools. There are both temporary and permanent
assemblies, principally in injection and blow molded products. The
following guidelines are recommended regarding the position of the
snap joint to the injection molded gate and the choice of the wall
thicknesses in the area of flow to the place of joining: (1) there should
be no binding seams at critical points; (2) avoid binding seams created
by stagnation of the melt during filling; (3) the plastic molecules and
the filler should be oriented in the direction of stress; and (4) any
uneven distribution of the filler should not occur at high-stress points.

Use of snap fits provides an economical approach where structural and
nonstructural members can be molded simultaneously with the finished
product and provide rapid assembly when compared with such other
joining processes as screws. As in other product design approaches
(nothing is perfect), snap fits have limitations such as those described in
Table 4.10.

Snap fits can be rectangular or of a geometrically more complex cross-
section. The design approach for the snap fit beam is that either its
thickness or width tapers from the root to the hook. Thus, the load-
bearing cross-section at any location relates more to the local load.
Result is that the maximum strain on the plastic can be reduced and less
material will be used. With this design approach, the vulnerable cross-
section is always at the root.

Geometry for snap joints should be chosen in such a manner that
excessive increases in stress do not occur. The arrangement of the
undercut should be chosen in such a manner that deformations of the
molded product from shrinkage, distortion, unilateral heating, and
loading do not disturb its functioning

Snap fits can be applied to any combination of materials, such as plastic
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Snap fit behaviors

Advantages

Compact, space-saving form

Takes over other functions like bearing, spring cushioning, fixing

Higher forces can also be transmitted with proper designing

Small number of individual parts

Assembly of a construction system with little expenditure of production facilities and time
Can be easily integrated into the structural member

Disadvantages

Influence of environmental effects (such as distortion due to temperature differences) on
the functioning

Effects of processing on the properties of the snap joints (orientation of the molecules
and of the filler, distribution of the filler, binding seams, shrinkage, surface, roughness and
structure)

The fixing of the joined parts is weaker than in welding, bonding, and screw joining

The conduct of force at the joining place is lesser than in areal joining {bonding, welding)

and plastic, metal and plastics, glass and plastics, and others. All types of
plastics can be used. Their strength comes from its mechanical
interlocking, as well as from friction. Pullout strength in a snap fit can
be made hundreds of times larger than its snap in force. In the assembly
process, a snap fit undergoes an energy exchange, with a clicking sound.
Once assembled, the components in a snap fit are not under load,
unlike the press fit, where the component is constantly under the stress
resulting from the assembly process. Therefore, stress relaxation and
creep over a long period may cause a press fit to fail, but the strength of
a snap fit will not decrease with time. They compete with screw joints
when used as demountable assemblies. The loss of friction under
vibration can loosen bolts and screws where as a snap fit is vibration
proof.

The interference in a snap fit is the total deflection in the two mating
members during the assembly process. Note that too much interference
will create difficulty in assembly, but too little will cause low pullout
strength. A snap fit can also fail from permanent deformation or the
breakage of its spring action components. A drastic change in the
amount of friction., created by abrasion or oil contamination, may ruin
the snap. These conditions influence the successful designing of snap
fits that basically depend on observing their shape, dimensions,
materials, and interaction of the mating parts.
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Most common snaps are the cantilever type, the hollow-cylinder type
(as in the lids of pill bottles) and the distortion type. Cantlever
category includes any leaf-spring components, and the cylinder type is
used also to include noncircular section tubes. These snaps include
those in any shape that is deformed or deflected to pass over
interference. The shapes of the mating parts in a hollow cylinder snap is
the same, but the shapes of the mating parts in a distortion snap are
different, by definition.

Snap fits flex like a spring and quickly return, or at least nearly return to
its unflexed position. Target is to provide sufficient holding power
without exceeding the elastic limits of the plastcs. Using the
engineering beam equations one can calculate the maximum stress
during assembly. If it stays below the yield point of the plastic, the
flexing beam will return to its original position. However, for certain
designs there will not be enough holding power, because of the low
forces or small deflections. It has been found that with many plastics
the calculated flexing stress can far exceed the yield point stress if the
assembly occurs too rapidly. The flexing finger will just momentarily
pass through its condition of maximum deflection or strain, and the
material will not respond as if the yield stress had been greatly
exceeded.

Another popular approach to evaluate the design of snap fits is to
calculate their strain rather than their stress. Then compare this value
with the allowable dynamic strain limits for the particular plastics. In
designing the beams it is important to avoid having sharp comers or
structural discontinuities that can cause stress risers, Tapered finger
provides a more uniform stress distribution, which makes it advisable to
use where possible.

Tape
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Plastic tapes are used to meet many different requirements that range
from being flexible to strong, water to chemical and other environ-
mental resistance, soft to wear resistance, and so on. This review is on
the overall performance of tapes. Even though tape is a market in its
own, there are other markets such as for belts that have some similar
features that they both meet rigid and versatile requirements.

One of many different performing types is a low-profile long conveyor
belts with prolonged high-speed operating life and minimal maintenance
for use in plants, in underground mines, ctc. The conveyors can have



different belts for different applications including part accumulation, hot
or cold processes, or chemical resistance. Closed-top and open-mesh
versions are available. There are accumulation belts that use a blend of
acetal and Teflon and meets FDA standards. It can withstand
temperatures up to 180°C. For higher temperatures, a flat or cleated
line of nylon belts operates at temperatures as high as 375°F. Chemical-
resistant applications can use a flat, side walled, or cleated belt that
resists bleaches and acids while functioning. For electronic applications,
the flat or cleated static-conductive belt made from polypropylene
meets FDA standards for Class 11 type charges.

This review on tapes highlights the historically Du Pont’s research
leading to Dymetrol® elastomeric tape that began in 1974. The
General Motors Corp. in the USA had developed a new lightweight
window regulator, to replace the heavy metal segment window
regulators, but cold not make it work adequately with the metal and
plastic tapes used at that time. Using its plastics processing know-how,
Du Pont developed what is now known as highly engineered oriented
elastomeric tape, or as the Dymetrol mechanical drive tape, and General
Motors have been using it since 1979 in manual and electric window
car regulators. Today this tape with its applications has evolved into a
multi-tape /multi-application proposition that include safety passive
restrainers, windshield wiper linkages, sliding car roofs, garage door
openers, vending machines, etc.

This high modulus material composition provides tape with stcep
stress /strain characteristics. In other words higher dimensional stability
under applied loads or higher tensile loading capability at the same
elongation (vs. the standard material composition tapes). High modulus
material composition tapes also have higher stiffness, resulting in a
much-improved push vs. pull load transfer efficiency. In practice this
means for instance that window regulator mechanisms can be
constructed with tape lifting the window as well in the compressive as
in the tension mode which provides the automotive design engineer
with more possibilities and flexibility to conceive car doors with
optimum cost, performance and design characteristics.

Another novelty is the abrasion resistant material composition option
that confers much improve abrasion resistance and somewhat lower
coefficient of friction. The mechanical drive tape will also transfer
tension and compressive forces when used in non-linear directions.
Contributing factors are not only the tape’s axial stiffness, providing the
push and pull, but also its torsional and edge-bend flexibility.

Fig. 4.33 shows the flexibility of high modulus vs. standard tape
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173 Dymetrol mechanical drive tape: (a) flexural modules and (b) beam flexure versus
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materials and also the effect of punching and of temperature on tape
stiffness. Naturally tape thickness and width also affect a tape’s stiffness.
The obvious user benefit of this tape flexibility is greater versatility in
the design of energy transfer mechanisms, since allowing for push/pull
in non-linear modes, thereby advantageously replacing more complex
movement transmission devices such as lever arm systems, pulleys, or
gear systems. By using this feature, a cigarette vending machine offers a
50% increase in brand choice without increase in machine dimensions.
Metal wire cable may rapidly fail in energy transfcr mechanisms due to
its frequently inadequate alternate flex cycle life, and spiral metal cable
due to its spiral collapse, these mechanical drive tapes have proved to be
extremely tough.

From these data, taken from various points of the tape’s stress/strain
curve, it can be concluded that the strength of the mechanical drive
tapes. and in particular of the high modulus materials composition, is
appreciable and adequate indeed for the low to medium load transfer
service applications to which it addressed itself, and more than what is
needed for window regulators for instance. The user benefit here
naturally is long-term performance dependability or tape driven energy
transfer mechanisms and proved for instance by the low GM car after-
sale replacement rates of tape driven window regulators. Another
example is the. use of tape to drive outdoor venetian blinds in which
the previous drive device failed frequently causing expensive repair.

Contributing significantly to this tape toughness is its property to
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recover from strain caused by permanent or intermittent operating
stress, even after exposure to temperatures as high as 80°C.

There is virtually no creep and very little permanent deformation.
Similar tests have furthermore shown that there is not much more
deformation even after 8000 hours exposure to 4000 psi. The added
benefit of this low creep and strain recovery characteristic of tape is that
it confers operating shock absorbency and smoothness to energy
transfer mechanisms, not or less provided by other energy transmission
devices since featuring steeper stress/strain characteristics or no stress
elasticity at all.

Packaging
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Plastics are used to package many different forms and shapes of products.
Their performance requirements are very diversified ranging from
relatively no strength to extremely high strength, flexible to rigid, non-
permeable to permeable (in many different environments), and so on.
They require design performance requirements that include many
reviewed in this book. There is cxtensive literature on the subject of
packaging and all their ramifications.

Packaging industry and its technology is the major outlet for plastics
where it consumes about 30wt% of all plastics (yearly sales above $40
billion) with building and construction in second place consuming
about 20wt%. If plastic packaging were not used, the amount of
packaging contents (food, soaps, ctc.) discarded from USA houscholds
would morc than double. Plastics are the most efficient packaging
materials due to their higher product-to-package ratio as compared to
other materials. One ounce of plastic packaging can hold about 34
ounces of product. A comparison of product delivered per ounce of
packaging material shows 34.0 plastics, 21.7 aluminum, 6.9 paper, 5.6
steel, and 1.8 glass.

When packaging problems are tough, plastics often are the answer and
sometimes the only answer. They can perform tasks no other materials
can and provide consumers with products and services no othcr
materials can provide. As an example plastics have extended the life of
vegetables after they are packaged.

If plastic packaging were not uscd, the amount of packaging contents
(food, etc.) discarded from USA households would more than double.
Plastics are the most efficient packaging materials due to their higher
product-to-package ratio as compared to other materials. One ounce of



284 Plastics Engineered Product Design
plastic packaging can hold about 34 ounces of product. A comparison

of product delivered per ounce of packaging material shows 34.0
plastics, 21.7 aluminum, 6.9 paper, 5.6 steel, and 1.8 glass.

Different designs and processing techniques are used to produce many
different packaging products. These different products show how
innovative designs have created different products based on plastic
behaviors and they’re processing capabilities. Most of these products
are extruded film and sheet that are usually thermoformed. Other
processes are used with injection molding and blow molding being the
other principal types used.

The largest market at 35% of the total is for carded blister packs. The
second major product is window packaging at 24%. The others are
clamshell packaging at 20%, skin packaging at 18%, and others at 3%.
The following information provides examples of packaging products
that meet different performance requirements that relates to the
capability of the plastic used: aseptic in food processing; bag-in-box
refers to a sealed, sprouted plastic film bag inside a molded rigid
container; beverage can with aluminum cans dominating the USA
market for soft drink containers with about 70% of the market, PET
plastic and glass compete for second place-note that most aluminum
cans have an inside coating, usually epoxy, to protect its contents from
the aluminum; beverage container with carbonated soft drinks being the
largest market at about 50% followed by beer at about 25%, fruit juices
and drinks, and milk; beer bortle potential in bioriented stretched plastic
bottles in USA is on the horizon using coinjection or coextruded
plastics such as PET plastic and/or PEN plastic using various barrier
plastics or systems; biological substance that are classified as hazardous
requiring specialty packaging where plastics play an important role to
meet strict requirements; blister also called blister carded packaging;
bubble pack is plastic cushioning material used in packaging; contour
packaging is also called skin packaging; dual-ovenable tray are used for
frozen foods; electronic packaging with plastic ease of processing and
low cost has given them a wide application in solving problems in
electronic packaging; film breathable identified as controlled-
atmospheric packaging (cap); food packaging with plastics provides the
most efficient packaging materials due to their higher product-to-
package ratio as compared to other materials; food oxygen scavenger
impregnated plastics with chemically reactive additives that absorb
oxygen, ethyl, and other agents of spoilage inside the package once it
has been sealed; grocery bag, hot fill package injection & blow molded
bottles, thermoformed containers, etc.; modified atmosphere packaging
(mat) is a packaging method that uses special mixtures of gases (carbon
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dioxide, nitrogen, oxygen, or their combinations; hermetically sealed
mat extends the shelf life of red meat, skinless turkey breast, chicken,
half-baked bread, pizza’s crust, bagels, etc.; peelable film for case-ready
ground beef package add color and shelf life; pouch heat-sealed, wrap,
and reusable container help keep food fresh and free of contamination;
and retortable pouch has superior flavor retention and long shelf life.

Permeability

There are different approaches for providing permeability resistance in
plastic packaging. The more extensively used is barrier plastics with
nonbarrier types to meet cost-to-performance requirements. Most
plastics can be considered barrier types to some degree, but as barrier
properties are maximized in one area (as gases such as 0,, N,, or C0,),
other properties as permeability and moisture resistance diminish. This
is achieved through coextrusion, coinjection, corotation, and other
such processes. The other chemically modifies the plastics’ surfaces.

There are plastics that have different behaviors to protect and preserve
products in storage and distribution. They provide different diffusion
(transport) action of gases, vapors, and other low molecular weight
species through the materials. Important selection in packaging (food,
etc.) is based on the permeability of the materials to factors such as
oxygen and water vapor. There are special applications such as packaging
bananas where an cthylene gas remains in a package is used to artificially
ripen the bananas. There is other industrial gas separation systems that
use the selective permeability of plastics to separate their constituents.

This diffusion rate is related to the resistance, within the plastic wall, to
the movement of gases and vapors. Important aspects of the diffusion
process are permeability and migration of additives. Possible migrants
from plastics can include the many different additives and fillers used
(Chapter 1).

The conditions inside and outside packages relate to the gas and vapor
pressure forces penetrating or diffusing through permeable packages.
As the engineering handbooks report diffusing substance’s transmission
rate is expressed by mathematical equations commonly called Fick’s
First and Second Laws of Diffusion very popular in the industry:

F = D(dCldX) (4-52)

dC/dt = D(a*CldX?) (4-53)
where: F = flux (the rate of transfer of a diffusing substance per unit area),

D = diffusion coefficient, C = concentration of diffusing substance,

t = time, and X = space coordinate measured normal to the section.
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Different test methods are used to conduct permeability behaviors of
plastics to measure gas, water, and other material vapor permcability.
Permeability test procedures used to measure the permeability of plastic
films include those identified as the absolute pressure method, the
isostatic method, and the quasi-isostatic method. Basic approach
mounts a plastic film sample between two cell chambers of a perme-
ability cell (two piece closed container). One chamber holds the gas or
vapor to be used as the permeant. The permeant then diffuses through
the film into a second chamber, where a detection method such as
optical devices, infrared spectroscopy, a manometric, gravimetric, or
coulometric method; isotopic counting; or gas-liquid chromatography
provides a quantitative measurement.

The absolute pressure method (ASTM D1434, Gas Transmission Rate
of Plastic Film and Sheeting) is used when no gas other than the
permeant in question is present. In this test the change in pressure on
the volume of the low-pressure chamber measures the permeation rate.
Between the two chambers a pressure differential provides the driving
force for developing permeation.

Isostatic testing equipment has been used for measuring the oxygen
and carbon dioxide permeability of both plastic films and complete
plastic packages. Pressure in each test chamber are held constant by
keeping both chambers at atmospheric pressure. With gas permeability
measurement, there must be a difference in permeant partial pressure or
a concentration gradient between the two cell chambers. Gas that
permeates through the film into the lower-concentration chamber is then
conveyed to a gas scnsor or detector by a carrier gas for quantification.

A variation of the isostatic method is the quasi-isostatic method where
at least one chamber is completely closed and no exposure to
atmospheric pressure. However, there is a difference in penetrant partial
pressure or a concentration gradient between the two cell chambers.
The concentration of permeant gas or vapor that has permecated
through into the lower-concentration chamber can be quantified by a
technique such as gas chromatography.

There is the chemically modifying approach. It changes the plastic’s
surface during or after fabrication permiting the control of the
permeation behavior of such products as film, sheets, diaphragms, and
containers. These techniques are becoming increasingly important.
There is an endless search for better barrier materials for packaging
applications. As an example in blow-molded gasoline containers/tanks,
the amount of gasoline permeation through HDPE even though it is
very low, is still excessive per the standard requirements, thus has
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required some type of barrier. Including a barrier in a multilayer
construction has created a satisfactory solution. The approach to
functonalized PE formed tanks on the inside wall is by a chemical
reaction, mostly by exposing the surface to sulfonation or fluorination.

Oxifluorination has the fluorine gas combined with nitrogen to which
several percent of oxygen by volume have been added. Subjecting PE to
fluorine and oxygen at the same time leads to functionalization of the
PE making it impermeable. This method permits substantially reducing
the required amount of fluorine, resulting in a cost-to-performance
improvement. Barrier plastics using oxifluorination are used for foods.
They provide barriers that are needed to protect them against spoilage
from oxidation, moisture loss or gain, and changes or losses in favor,
aroma, or color.

Cushioning

Different plastic foams are used in many different products meeting
different performance requirements (Chapter 1). In the packaging
industry they provide different performances that includes cushioning.
They are used in different weights to meet different product require-
ments. Regarding cost and performance it is sometimes believed that
the lower density closed-cell foams that are usually priced lower provide
superior cushioning performance. This assumption is usually incorrect
as shown in Fig. 4.34. Even though it contains less plastic, the
fabricating rates, the amount and cost of the blowing agent, and the
amount and cost of the base plastic all influence the final cost. As a
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result, very low-density foams can actually be more costly to make than
others. Cost of a foam is usually not proportional to its density.

The same type and thickness closed-cell polyethylene foams with
differing densities have been subjected to dynamic static load cushioning
conditions during impact. Curves relate mechanical shock experienced
during an impact where the lower the curve goes, the greater the
cushioning efficiency. Curves for foam densities above 6 pcf (Ib/ft3) the
maximum cushioning efficiency of each material is not significantly
different, however a dramadc change occurs with a change in the
applied load.

If a 40 g package were to be designed according to Fig. 4.34 using a
6.0 pcf foam, the foam would measure 3 in. thick resulting in 40 g
shock. If a similar package were then produced using a 2.2 pcf foam, its
shock performance would not go as low as 40 g but would instead
produce about 60 g’s, or 50% more shock or a 50% loss in shock
efficiency.

To meet 40 g’s, the 2.2 pcf package would need to be redesigned.
Greatly increasing the thickness of the pads constructed from the lower
density foam can be used to provide adequate protection. However the
result would of increasing the package size, impair handling and
shipping efficiency, and possibly result in higher costs. The 6.0 pcf foam
could, however, be reliably used.

To be at 40g level and keep the 2.2 pcf foam thickness the same, reduce
loading from 1.35 to 0.87 psi can be used. Although this approach
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180

150
1.7 jpct

1.2[pct / 1.8|pcf

90 ,
o v/ /// 2.2|pct

60

120

\
\
\

Peak Deceleration (g)

30

0 03 06 09 12 15 18 21 24 27
Static Loading (psi)



4 - Product design 289

keeps the package size the same, nearly twice as much foam must be
used to meet the lower loading. Lowering the density produces a
considerably higher deceleration and reduces cushioning performance.
Fig. 4.35 compares the effect of density. The lower density foam cost
less than half on a cost-per-unit volume basis resulting in a cost savings.
Below a density of about 2.2 pcf the cushioning efficiency can begin to
change with the density.

Significant in this figure is the narrower range of usable static loadings
at the bottoms of the curves that resulted when the density is reduced.
Important consideration in comparing foams of different densities is
their compressive creep resistance, and their ability to resist undergoing
a permanent thickness loss during their time under load. As the density
decreases, so does the creep resistance.

Building

There are many applications of structural and nonstructural plastics
being used in the building and construction industry worldwide. Plastic
use continues to expand in present and new products in homes, bridge
structures, ¢tc. They continue to be based on a combination of factors

Figure 426 All-plastic GE house in Pittsfield,
MA (Courtesy of GE)
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that include understanding building requirements, reliable static and
dynamic testing of products, material reliability, public acceptability,
feasibility, keeping up-to-date on customer problems, product
identification, quality control establishment of engineering standards,
approval of regulatory agencies, supervise installations, accurate cost and
time estimation, organizational responsibility defined, meeting delivery
schedule, development of proper marketing and sales approach,
resolution of profit potential based on careful selection of application,
economics, and acknowledge competition exists. The trend is to resist
change in appearance so that plastic originally had to look like
something else. With time passing the beauty and aesthetic of plastic
was accepted and at the same time usually at lower costs and more
benefits developed to the consumer (Fig. 4.36).

This industry consumes about 20wt% of all plastics produced. It is the
second-largest consumer of plastics following packaging. This amount
of plastics only represents about 5% of all materials consumed. Plastics
will eventually significantly expand in this market. Its real growth will
occur when plastic performance is understood by the building industry
(meeting their specifications, etc.) and more important when the price
is right in order to compete with other materials. Interesting that due
to the destruction caused by wars, particularly WW II, use of plastics in
most of those countries significantly escalated due to their desire to
change specifications and standards allowing the use of plastics where it
was technically beneficial.

The present and growing large market for plastics in building and
construction is principally due to its suitability in different internal and
external environments. The versatility of different plastics to exist in
different environments permits the ability for plastics to be maintenance-
free when compared to the more conventional and older materials such
as wood. So it is said (factual) if wood did not have its excellent record
of performances and costs for many centuries, based on present laws
and regulations they could not be used. They burn, rot, etc. Regardless
it would be ridiculous not to use wood. The different plastics inherently
have superior properties that make them useful in other markets such as
high strength and stiffness, durability, performances, insulaton, cosmetics,
etc. so eventually their use in building and construction will expand.

The plastic industry understands that the subjects important to the
architect and builder includes information such as code requirements,
setting up building standards and logical identification of over 25,000
plastics, static and dynamic load capabilities in structural parts, use of
multifunctional parts, products provide new or better solutions to the
myriad problems that plaguing the construction industry, performance
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data rather than sales type data, realistic and understandable technical
data, limits on service life, fire safety, educating labor on benefits in
using plastics, consumer acceptance, legal risk, competitive products,
and costs.

Regarding codes unfortunately, particularly in the past, USA codes and
other standards would contain requirements that certain plastics could
meet with flying colors except those that would specify a specific
material such as steel could only be used. So plastics could not be used
until other materials such as plastics would be included or no specific
material was specified. Outside USA the changes in most cases were
immediate.

House of the Future

Engineering ideas using unconventional approaches to building houses
have evolved since at least the 1940s. Designers have applied spray- and
solid-foamed homes that were originally introduced by the US Army
during the 1950s. At the October 1965 annual National Decorative
and Design Show in New York City products were on display of entire
rooms and furnishings molded-in-place were found appealing and
could survive the environment. Latter all structures (wall, roof, etc.)
buildings were successfully built from interlocking extruded PVC

Figure 4.37 Monsanto house in Disneyland, California designed by MIT (Courtesy of Monsanto)
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hollowed sandwich-ribbed panels that were filled with insulation
material (PUR foam, etc.), concrete, or other materials. Also building
structures were made from extruded PS foam logs that were heat-
bonded wrapped in dome shaped structures, RP filament wound room
structures and support pillars, and so on Fig 4.37 and 4.38.

Monsanto’s house of the future (Fig. 4.37) located in Disney Land, FL
was built during 1957 of practically all glass fiber-TS polyester RP;
other plastics also used and reinforced concrete (foundation). MIT
professors designed it. View (a) shows the four U-shaped monocoque
structural cantilever beams ecach 16 ft from the square center
foundation. View (b) shows load bearing requirements of the cantilever
beams. View (¢) is a sectional view of the house.

This main attraction was subjected to winds, tornadoes, earthquakes,
and subjected to the movement of people that simulated a century of
use. After two decades it was replaced to locate another scene. At that
time it was determine the structure remained in tact as it was produced
initially. It basically did not deflect. It was almost impossible to destroy
by the conventional wrecking procedures. They had to actually cut it up

Figure 4.28 Dow house of the future
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into small sections and then use wrecking balls, etc.

The Dow’s house of the future (Fig. 4.38) located in Lafayette, IN was
built during 1966 of practically all polystyrene foam board patented
spiral generation technique producing high structurally loaded self-
supporting domes. They provided their own insulation. View (a) is a
model of what the finished building complex resembled. View (b)
shows the lay up procedure where the PS boards are heated on site
using a heating device. The operation starts on a support circular steel
foundation room. These layers bonded to each other with the applied
heat formed the required contours with a continuous board structure.

These self-supporting domes required no internal or external support
during or after manufacture. View (c) shows the easc in cutting
windows, doors, connecting hallways from dome to dome, etc. The
exterior of each dome was covered with steel wire mesh and concrete
followed with waterproofing. Unfortunately its limitation in building
structures was its potential fire hazard. However this basic concept with
appropriate plastic foam material protection provides anothcr approach
to the low cost plastic house, etc.

House Top

House top and top of other buildings is designed to take static loads
and endure the outside environment such as sunlight, rain, wind, falling
objects, temperature changes, hurricanes, and/or snow. It must also
support loads imposed by people walking on it. This house top structure
represents a simple type of a design project in static loading in that the
loads are clearly long term and well defined. Creep effects can be easily
predicted and the structure can be designed with a sufficiently large
safety factor such as 3 to avoid the probability of failure. These type data
(static, creep, etc.) are available of the material suppliers (Chapter 7).

A roof design could use a translucent corrugated RP panel structure.
This construction material has been used for roofs to admit daylight on
a porch, shanty, canopy, and patio, shelter tops such as those used at a
bus stop, industrial building, etc. Also used on transportation vehicles
such as a boat, truck, airplane, bus, and train. Corrugated materials are
available in sheets of different sizes such as from 4 ft x 8 ft to as large as
10 ft x 20 ft. A typical material is 0.1 in. thick with 2 to 4 in.
corrugations and a corrugation depth of 1 to 4 in. The usual material of
construction is glass fiber-TS polyester RP. Standardized panels are used
that have specific physical and mechanical properties. Usual attachment
is by using nails or screws to wooden or pultruded plastic supports.

Design approach takes into account the weight of the material that is
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the major static load applied to the structure itself. Other weight such
as snow is available from experience obtained in the area where the
structure is to be used. Similarly, weights due to wind load and people
load can be determined from experience factors that are generally
known.

Main stress caused by the wind is at the anchorage points of the roof to
the rest of the structure. They should be designed to take lifting forces
as well as bearing forces. By using a lower anglc of top structure, the
less wind lifting stress. Proper anchorage of the support structure to the
ground is also essendal.

Localized loads represented by people walking on the roof can be
solved by assuming concentrated loads at various locations such as
between supports and by doing a short time solution to the bending
problem and the extreme fiber stress condition. The local bearing loads
and the localized shear should also be examined since it may cause
possible local damage to the structure.

Requirements for the design of the structure included factors such as
building and fire codes, and those that are reported by the owner of the
property. As an example the material selected is to take the required
loads without severe sagging (amount to be specified) for a 20 year
period with no danger that the structure will collapse due to excessive
stress on the material. One typical way in which excessive loading for a
single section is handled is to bond two layers of the corrugated panel
together with the corrugations crossed. This approach result in a very
stiff section capable of substantially greater weight bearing than a single
sheet and it will meet the necessary requirements. It also provides
thermal insulation because of the trapped air space between the two
layers particularly if they are edged sealed.

When using a large surface area of the RP panels expansion with a
temperature rise occurs. Recognize that very few of the traditional
building materials, such as wood, have significant expansion under
normal temperature shifts. The RP materials, when compared to wood,
does not have a problem because of its low thermal coefficients of
expansion. What also keeps the dimensional changes low is that the
corrugated shape can flex and accommodate the temperature changes.
When compared to plastic materials such as polyvinyl chloride (PVC)
siding, the expansion factor becomes significant and is an important
consideration in the PVC method of fastening.

Data on rthe material (from the material supplier and/or data
determined) will have been determined that it meets the static and
dynamic loads required based on engineering analysis. Exposure to the
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environment (includes water and sunlight) can have a significant effect
on the properties of the materials. In this example it is assumed that a
50% or more drop in the mechanical properties is expected to occur in
10 years. Based on knowledge of the materials behavior in service this
loss of property levels off to a low rate of deterioration so that any
potential failure will not occur in 20 years. If necessary increasing the
panel strength requirements can compensate loss of properties by a
suitable factor of safety that could be 3 in this example. However one
knows that with a protective coating on the panel will minimize the
effects of weathering so that only 20% loss in properties occurs after 10
years so that initial requirements for the panel performance will be
reduced accordingly. The preferred type of coating could be a
fluoropolymer that has the best resistance to sunlight and other
weathering factors of all of the plastics and will last 20 years. If a coating
is applied there usually is a requirement that the panel be recoat after a
specified period in service,

ransportation

= N

Plastics and RPs offer a wide variety of benefits to the different trans-
portation vehicles (automobiles, trucks, motorcycles, boats, airplanes,
and so on). They range from assembling separate parts to providing
safety (impact, etc.), aesthetics, lightweight, durability, corrosion
resistance, recyclability, and fuel savings. Growth in the use of plastics
tends to be a continuous process.

Structural analysis methods coupled with composite mechanics play a
unique role during design in that they are used to formally evaluate
alternative design concepts prior to committing some of these design
concepts to costly testing or fabrication. Important material properties
are not known during design in many cases. Frequently, some of these
properties are assumed and structural analyses are performed to assess
their effects on the design as well as their eftects on the structural
performance of the designed vehicle component. Also structural
analysis methods are used to establish acceptable ranges of key factors
(parameters) in a given design.

With RPs there can be the intraply hybrid composites have two kinds of
fibers embedded in the matrix in general with the same ply providing
different orientation performances. They have evolved as a logical
sequel to conventional composites and to interply hybrids. Intraply
hybrid composites have unique features that can be used to meet
diverse and competing design requirements in a more cost eftective way
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than either advanced or conventional composites. Some of the specific
advantages of intraply hybrids over other composites are balanced
strength and stiffness, balanced bending and membrane mechanical
propertics, balanced thermal distortion stability, reduced weight and /or
cost, improved fatigue resistance, reduced notch sensitivity, improved
fracture toughness and/or crack-arresting properties, and improved
impact resistance. With intraply hybrids, it is possible to obtain a viable
compromise between mechanical properties and cost to meet specified
design requirements.

Structural mechanics analyses are used to determined design variables
such as displacements, forces, vibrations, buckling loads, and dynamic
responses, including application of corresponding special areas of
structural mechanics for simple structural elements. General purpose
finite element programs such as NASTRAN are used for the structural
analysis of complex structural shapes, large structures made from simple
structural elements, And structural parts made from combinations of
simple elements such as bars, rods and plates.

Composite mechanics in conjunction with structural mechanics can be
used to derive explicit equations for the structural response of simple
structural elements. These explicit expressions can then be used to
perform parametric studies (sensitivity analyses) to assess the influence
of the hybridization ratio on structural response. For example the

Loads related to flexural modulus

et
T i
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structural response (behavior variables) equations for maximum
deflection, buckling load and frequency of a simply supported beam
made from intraply hybrids are summarized in Fig. 4.39 Flexural
modulus is used to determine the maximum deflection, buckling load,
and frequency of a simple supported beam made from intraply hybrids.

The notation in these equations and others that follow are as follows:

oy, 0; Correlation coefficients for longitudinal compressive strength.

B.1. « Buckling limit (buckling behavior constraint) due to loading condition
k.

Bk Strength limit (strength behavior constraint) due to loading condition
k.

B'c3, k  Interply delamintion limit (delamination constraint) due to loading
condition k.

Er Flexural modulus.

Etn, Er»  Longitudinal and transverse fibre moduli.
Enni Emo In situ matrix longitudinal and transverse moduli.

Epe Modulus primary composite.
Esc Modulus secondary composite.
Gn2 Fibre shear modulus.

G2 Matrix shear modulus.

H, Matrix interply layer effect.

/ Moment of inertia.

Ki120p Correlation coefficients in the combined-stress failure criterion; a, 8
= T or Cdenoting stress direction.

ke Fiber volume ratio.

k, Void volume ratio.

k K =1, 2, 3, denotes loading condition index.
/ Length.

N Number of plies.

Ny Ny Inplane loads - x and y directions corresponding to k.

P Load.

P Buckling load.

Pero Buckling load of reference composite.

Sk Fiber tensile strength.

Spc Strength primary composite.

See Strength secondary composite.

Vi Volume fraction secondary composite..

w Panel cost units per unit area.

BB Correlation coefficients in composite micromechanics to predict ply
elastic behavior.

Bael Interply delamination factor.

S Displacement.

I Displacement of reference composite

€mpo S, T In situ allowable matrix strain for compression, shear and tension.
o Ply angle measured from x-axis.
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ure 440 Effects of hybridizing ratio and constituent composites on center deflection of

intraply hybrid composite beams
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jure 4.47 Effects of hybridizing ratio and constituent composites on buckling load of intraply
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Vi Matrix Poisson's ratio, numerical subscripts denote direction.
w, Frequency of the nth vibration mode.
Wpo Frequency of the nth vibration mode of the reference composite.

The equations are first expressed in terms of Eg the equivalent flexural
modulus, and then in terms of the moduli of the constituent com-
posites (E,, and E.) and the seccondary composite volume ratio (V).
These equations were used to generate the parametric nondimensional
plots shown in Figs 4.40 to 4.42.

The nondimensionalized structural response is plotted versus the
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hybridizing ratio V. for four different intraply hybrid systems. These
figures show that small amounts of secondary composite (V,, 0.2) have
negligible effect on the structural response. However, small amounts of
primary composite (V. 0.8) have a substantial effect on the structural
response. A parametric plot of Izod-type, impact energy density is
illustrated in Fig. 4.43. This parametric plot shows also negligible
effects for small hybridizing ratios (V,, 0.2) and substantial effects for
hybridizing ratios (V. 0.2).

The parametric curves in Figs 4.40 to 4.43 can be used individually to
select hybridization ratios to satisfy a particular design requirement or
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+4 Schematic of strip hybrids
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they may be used jointly to satisfy two or more design requirements
simultaneously, for example, frequency and impact resistance.
Comparable plots can be generated for other structural components.
such as plates or shells. Also plots can be developed for other behavior
variables (local deformation, stress concentration, and stress intensity
factors) and/or other design variables, (different composite systems).
This procedure can be formalized and embedded within a structural
synthesis capability to permit optimum designs of intraply hybrid
composites based on constituent fibers and matrices.

Low-cost, stiff, lightweight structural panels can be made by
embedding strips of advanced unidirectional composite (UDC) in
selected locations in inexpensive random composites. For example,
advanced composite strips from high modulus graphite /resin, intcr-
mediate graphite modulus/resin, and Keviar-49 resin can be embedded
in planar random E-glass/resin composite. Schematics showing two
possible locations of advanced UDC strips in a random composite are
shown in Fig. 4.44 to illustrate the concept. It is important to note that
the embedded strips do not increase either the thickness or the weight
of the composite. However, the strips increase the cost.

It is important that the amount, type and location of the strip
reinforcement be used judiciously. The determination of all of these is
part of the design and analysis procedures. These procedures would
require composite mechanics and advanced analyses methods such as
finite clement. The reason is that these components are designed to
meet several adverse design requirements simultaneously. Henceforth,
planar random composites reinforced with advanced composite strips
will be called strip hybrids. Chamis and Sinclair give a detailed
description of strip hybrids. Here, the discussion is limited to some
design guidelines inferred from several structural responses obtained by
using finite e¢lement structural analysis. Structural responses of panels
structural components can be used to provide design guidelines for
sizing and designing strip hybrids for aircraft engine nacelle, windmill
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Structural responses of strip hybrid plates with fixed edges

20% BY VOL, 20 BY 20 BY Q.05 in.
L0 4

2
DISPLACEMENT, o

in, A
=3
w

ol 1 ] 0

CONCENTRATED LOAD AT CENTER, 10 b

20 ~ 0
x
BUCKLING LOAD, 5

Iblin, 10 / zZ 5
=2
2
o
(VY

0 0 a0 0 0
REINFORCING STRIP MODULUS, msi
BUCKLING LOAD LOWEST FREQ

blades and auto body applications. Several examples are described
below to illustrate the procedure.

The displacement and base material stress of the strip hybrids for the
concentrated load, the buckling load, and the lowest natural frequency
are plotted versus reinforcing strip modulus in Fig. 4.45. As can be seen
the displacement and stress and the lowest natural frequency vary
nonlinearly with reinforcing strip modulus while the buckling load
varies linearly. These figures can be used to select reinforcing strip
moduli for sizing strip hybrids to meet several specific design
requirements. These figures are restricted to square fixed-end panels
with 20% strip reinforcement by volume. For designing more general
panels. suitable graphical data has to be generated.

The maximum vibratory stress in the base material of the strip hybrids
due to periodic excitations with three different frequencies is plotted
versus reinforcing strip modulus in Fig. 4.46. The maximum vibratory
stress in the base material varies nonlinearly and decreases rapidly with
reinforcing strip modulus to about 103 GPa (15 x 100 psi). It decreases
mildly beyond this modulus. The significant point here is that the
modulus of the reinforcing strips should be about 103 GPa (15 x 106
psi) to minimize vibratory stresses (since they may cause fatigue
failures) for the strip hybrids considered. For more general strip
hybrids, graphical data with different percentage reinforcement and
different boundary conditions are required.

The maximum dynamic stress in the base material of the strip hybrids
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46 Maximum stress in base material die to periodic vibrations
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due to an impulsive load is plotted in Fig. 4.47 versus reinforcing strip
modulus for two cases: (1) undamped and (2) with 0.009% of critical
damping. The points to be noted from this figure are: (a) the dynamic
displacement varies nonlinearly with reinforcing strip modulus and (b)
the damping is much more effective in strip hybrids with reinforcing
strip moduli less than 103 GPa (15 x 10% psi). Corresponding
displacements arc shown in Fig. 4.48. The behavior of the dynamic
displacements is similar to that of the stress as would be expected.
Curves comparable to those in Figs 4.46 and 4.47 are needed to size
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and design strip hybrid panels so that impulsive loads will not induce
displacements or stresses in the base material greater than those
specified in the design requirements or are incompatible with the
material operational capabilities.

The previous discussion and the conclusions derived thercfrom were
based on panels of equal thickness. Structural responses for panels with
different thicknesses can be obtained from the corresponding responses
in Fig. 4.47 as follows (let ¢ = panel thickness):

1 The displacement due to a concentrated static load varies inversely
with #¥ and the stress varies inversely with #2,

2. The buckling load varies directly with #°.
3. The natural vibration frequencies vary directly with z.

No simple relationships exist for scaling the displacement and stress due
to periodic excitation or impulsive loading. Also, all of the above
responses vary inversely with the square of the panel edge dimension.
Responses for square panels with different edge dimensions but with all
edges ftixed can be scaled from the corresponding curve in Fig. 4.45.
The significance of the scaling discussed above is that the curves in Fig.
4.45 can be used directly to size square strip hybrids for preliminary
design purposes.

The effects of a multitude of parameters, inherent in composites, on the
structural response and/or performance of composite structures,
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and/or structural components are difficult to assess in general. These
parameters include several fiber properties (transverse and shear
moduli), in situ matrix properties, empirical or correlation factors used
in the micromechanical. equations, stress allowables (strengths),
processing variables, and perturbations of applied loading conditions.
The difficulty in assessing the effects of these parameters on composite
structural response arises from the fact that each parameter cannot be
isolated and its effects measured independently of the others. Of
course, the effects of single loading conditions can be measured
independently. However. small perturbations of several sets of com-
bined design loading conditions are not easily assessed by measurement.

An alternate approach to assess the effects of this multitude of
parameters is the use of optimum design (structural synthesis) concepts
and procedures. In this approach the design of a composite structure is
cast as a mathematical programming problem. The weight or cost of
the structure is the objective (merit) function that is minimized subject
to a given set of conditions. These conditions may include loading
conditions, design variables that are allowed to vary during the design
(such as fiber type, ply angle and number of plies), constraints on
response (behavior) variables (such as allowable stress, displacements,
buckling loads, frequencies, etc.) and variables that are assumed to
remain constant (preassigned parameters) during the design.

The preassigned parameters may include fiber volume ratio, void ratio,
transverse and shear fiber properties, in situ matrix properties, empirical
or correlation factors, structure size and design loads. Once the
optimum decsign for a given structural component has been obtained,
the effects of the various preassigned design parameters on the optimum
design are determined using sensitivity analyses. Each parameter is
perturbed about its preassigned value and the structural component is
re-optimized. Any changes in the optimum design are a direct measure
of the effects of the parameter being perturbed. This provides a formal
approach to quantitatively assess the effects of the numerous parameters
mentioned previously on the optimum design of a structural component
and to identify which of the parameters studied have significant effects
on the optimum design of the structural component of interest. The
sensitivity analysis results to be described subsequently were obtained

using the angle plied composite panel and loading conditions as shown
in Fig. 4.49.

Sensitivity analyses are carried out to answer, for example, the following
questions:

1. What is the influence of the preassigned filament elastic properties
on the composite optimum design?



Figure 4.49 Schematic of composite pane! used in structural synthesis
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2. What is the influence of the various empirical factors/correlation
cocfficients on the composite optimum design?

3. Which of the preassigned parameters should be treated with care or
as design variables for the multilayered-filamentary composite?

4. What is the influence of applied load perturbations on the
composite optimum design?

The load system for the standard case consisted of three distinct load
conditions as specified in Fig. 4.49. The panel used is 20 in. x 16 in.
made from an [(+0),];. angle plied laminate. The influence of the
various preassigned parameters and the applied loads on optimum
designs is assessed by sensitivity analyses. The sensitivity analyses consist
of perturbing the preassigned parameters individually by some fixed
percentage of that value which was used in a reference (standard) case.
The results obtained were compared to the standard case for comparison
and assessment of their effects.

Introductory approaches have been described to formally evaluate
design concepts for select structural components made from composites
including intraply hybrid composites and strip hybrids. These approaches
consist of structural analysis methods coupled with composite micro-
mechanics, finite element analysis in conjunction with composite
mechanics, and sensitivity analyses using structural optimization. Specific
cases described include:

1. Hybridizing ratio effects on the structural response (displacement,
buckling, periodic excitation and impact) of a simply supported
beam made from intraply hybrid composite.

2. Strip modulus effects on the structural response of a panel made
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Graphite fiber RP automobile (Courtesy of Ford Co.)
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from strip hybrid composite and subjected to static and dynamic
loading conditions.

3. Various constituent material properties, fabrication processes and
loading conditions effects on the optimum design of a panel subject
to three different sets of biaxial in-plane loading conditions.

Automobile

Plastics play a very important role in vital areas of transportation
technology by providing special design considerations, process
freedom, novel opportunities, economy, aesthetics, durability, corrosion
resistance, lightweight, fuel savings, recyclability, safety, and so on.
Designs include lightweight and low cost principally injection molded
thermoplastic car body to totally eliminate metal structure to support
the body panels such as the concept in Fig. 4.50. Other processes
include thermoforming and stamping. With more fuel-cfficiency
regulation new developments in lightweight vehicles is occurring with
plastics. Plastics used include ABS, TPO, PC, PC/ABS, PVC,
PVC/ABS, PUR, and RPs.

Difterent cars, worldwide have been designed and fabricated such as
those that follow. (1) Chrysler’s light-weight (50wt% reduction)
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Composite Concept Vehicle (CCV) uses large injection molded glass
fiber-TP structural body panels with only a limited amount of metal
underneath/assembled by adhesive bonding or fusion welding. (2)
Ford has plastic parts in its 2001 Explorer Sport Trac sport utility
vehicle replaces the steel open cargo area with RP (SMC), and other
cars. (3) Daimler-Benz’s (Stuttgart, Germany) light-weight 2-seat
coupe, called the Smart car, has injecion molded outer body
panels/unitizes TP body ties together the front fender, outer door
panels, front panels, rear valence panels, and wheel arch in one wrap-
around package. (4) GM focusing with plastics in their electric vehicle.
(5) Asha/Taisun of Singapore producing taxi cabs for China with
thermoformed body panels mounted on a tubular stainless steel space
frame. NA Bus Industries of Phoenix is delivering buses in USA and
Europe with all RP bodies. Brunswick Tech. Inc. of Brunswick, ME
produces-weight30 ft RP buses except for the metallic engine. Sichuan
Huatong Motors Group’s (Chengdu, China) 4-door/5-passenger
midsize vehicle all-plastic car, called Paradigm, has glass fiber-TS
polyester RP sandwich chassis and thermoformed coextruded ABS
body panels/chassis features single thermoformed lower tub and an
upper skeleton X-brace roof/monocoque structure where body panels
are stitched-bonded to the chassis, forming a unitized structure.

Truck

Since mid 1040s plastics and RPs have been used in trucks and trailers.
In use are long plastic floors, side pancls, translucent roofs, aeronautical
over-the-cabin structures, insulated refrigerated trucks, etc. (that were
initially installed on Strick Trailers by DVR during the late 1940s). The
lighter weight plastic products permitted trailers to carry heavier loads,
conserve fuel, refrigerated trucks traveled longer distance (due to
improved heat insulation), etc. Different plastics continued to be used
in the different truck applications to meet static and dynamic loads that
includes high vibration loads. Pickup trucks make use of 100 Ib box
containers using TPs and for the tougher requirements RPs are used.

Aircraft

Plastics continue to expand their use in primary and secondary
aeronautical structures that include aircraft, helicopters, and balloons,
to missiles space structures. Lightweight durable plastics and high
performance reinforced plastics (RPs) save on fuel while resisting all kinds
of static and dynamic loads (creep, fatigue, impact, etc.) in different and
extreme environments. Certain military planes contain up to 60wt%
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McDonald-Douglas AV-8B Harrier plastic parts (Courtesy of McDonald-Douglas)
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plastics. Other airplanes take advantage of plastics performances such as
the McDonald-Douglas AV-8B Harrier with over 26 % of this aircraft’s
weight using carbon fiber-epoxy reinforced plastics; other plastics also
used (Fig. 4.51). Aircraft developments at the present time are
extensively using cost-effective reinforced plastics and hybrid composites.

A historical event occurred during 1944 at U. S. Air Force, Wright-
Patterson AF Base, Dayton, OH with a successful all-plastic airplane
(primary and secondary structures) during its first flight. This BT-19
aircraft was designed, fabricated, and flight-tested in the laboratories of
WPEFB using RPs (glass fiber-TS polyester hand lay-up that included
the use of the lost-wax process sandwich constructions for the
fabrication of monocoque fuselage, wings, vertical stabilizer, etc.
Sandwich (cellular acetate foamed core) construction provides meeting
the static and dynamic loads that the aircraft encountered in flight and
on the ground. This project was conducted in case the aluminum that
was used to build airplanes became unavailable. The wooden airplane,
the Spruce Goose built by Howard Hughes was also a contender for
replacing aircraft aluminum.

Extensive material testing was conducted to obtain new engineering
data applicable to the loads the sandwich structures would encounter;
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' Example of orientation of fibers (fabrics) in the all-plastic airplane wing
construction
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data was cxtrapolated for long time periods. Short term creep and
fatigue tests conducted proved to be exceptionally satistactory. Later 50
of this type of aircraft were built by Grumman Aircraft that also resulted
in more than satistactory technical performance going through
different maneuvers.

In order to develop and maximize load performances required in the
aircraft structures, glass fabric reinforcement laminated construction
(with varying thickness) was oriented in the required patterns (Chapter 2).
Fig. 4.52 shows an example of the fabric lay-out pattern for the wing
structure. It is a view of a section of the wing after fabrication and ready
for attachments, etc.

Developments of aircraft turbine intake engine blades that started
during the carly 1940s may now reach fulfillment. Major problem in
the past has been to control the expansion of the blades that become
heated during engine operation. The next generation of turbine fan
blades should significantly improve safety and reliability, reduce noise,
and lower maintenance and fuel costs for commercial and military
planes because engineers will probably craft them from carbon tiber RP
composites. Initial feasibility tests by University of California at San
Diego (UCSD) structural engineers, NASA, and the U.S. Air Force
show these carbon composite fan blades are superior to the metallic,
titanium blades currently used.

Turbine fan blades play a critical role in overall functionality of an
airplane. They connect to the turbine engine located in the nacelle, a
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large chamber that contains wind flow to generate more power. These
usually 6 ft long blades create high wind velocity and 80% of the plane’s
thrust.

It is reported that the leading cause of engine failure is damaged fan
blades. Failure may occur from the ingestion of external objects, such as
birds, or it may be related to material defects. If it’s a metallic blade and
it breaks, it can tear through the nacelle as well as the fuselage and
damage fuel lines and control systems. When this happens, the safety of
the aircraft and its passengers is threatened, and the likelihood of a
plane crash increases.

In contrast, if an RP blade breaks, it simply crumbles to bits and does
not pose a threat to the structure of the plane. However, breakage is
less likely because composite materials are tougher and lighter than
metallic blades and exhibit better fatigue characteristics. A multiengine
plane can shut down an engine and continue to fly if a blade is lost and
no other damage has occurred. A composite blade disintegrates into
many small pieces because it is really’just brittle graphite fibers held
together in a plastic. A titanium blade, however, will fail at the blade
root, causing large, 4- to 6-foot blades to fly through the air.

As designed, the RP blades are essentially hollow with an internal rib
structure. These rib like vents direct, mix, and control airflow more
effectively which reduces the amount of energy needed to turn the
blades and cuts back on noise. Most engine noise actually comes from
wind turbulence that collides with the nacelle. By directing air out the
back of the fan blades, the noise can be reduced by a factor of two. And

by drawing more air into the blades, engine efficiency is improved by
20%.

There also exists embedded clastic dampening materials in the blades,
which minimizes vibrations to improve resiliency. Because the blade is
lighter and experiences lower centrifugal forces, further enhanced the
blade’s durability occurs. Small-scale wind tunnel tests show they last
10 to 15 times longer than any existing blade. The No. 1 maintenance
task is the constant process of taking engines apart to check the blades.

These new blades should lend themselves to more efficient production
techniques. If you use titanium, you need to buy a big block of it and
machine it down to size, wasting a lot of material. As reported, this is
very time consuming, and one has to worry about thermal warping.
The RD allows for mass production. It is fabricated into a mold, making
the process more precise and ensuring the blades are identical. NASA
will test the new blades in large-scale wind tunnels at the NASA Glenn
Research Center in Cleveland. If successful, they could see installation
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by 2004.

Over the years innovations in aircraft designs have given rise to more
new plastic developments and have kept the plastics industry profits at a
higher level than any other major market principally since they can meet
different load and environmental conditions. Virtually all plastics have
received the benefit of the aircraft industry’s uplifting influence.

Marine Application

From ships to submarines to mining the sea floor worldwide, certain
plastics and RPs can survive the sea environment. This environment can
be considered more hostile than that on earth or in space. For water
surface vehicles, many different plastics have been used in designs in
successful products in both fresh and the more hostile seawater. Boats
have been designed and fabricated since at least the 1940s. Anyone can
now observe that practically all boats, at least up to 9 m (30 ft) are
made from RPs that are usually hand lay-up moldings from glass
rovings, chopper glass pray-ups, and/or glass fiber mats with TS
polyester resin matrices. Because of the excellent performance of many
plastics in fresh and sea water, they have been used in practically all
structural and nonstructural applications from ropes to tanks to all
kinds of instrument containers.

Boat

In addition to their use in boat hull construction, plastics and RPs have
been used in a variety of shipboard structures (internal and external).
They are used generally to save weight and to eliminate corrosion
problems inherent in the use of aluminum and steel or other metallic
constructions.

Plastic use in boat construction is in both civilian and military boats [28
to 188 ft. (8.5 to 55 m)]. Hulls with non-traditional structural shapes
do not have longitudinal or transverse framing inside the hull. Growth
continues where it has been dominating in the small boats and
continues with the longer boat boats. The present big boats that are at
least up to 188 ft long have been designed and built in different
countries (USA, UK, Russia, Italy, etc.). In practically all of these boats
low pressure RP molding fabrication techniques were used.

Examples of a large boat are the U.S. Navy’s upgraded minchunter
flect, the “Osprey” class minehunter that withstands underwater
explosions. Design used longitudinal or transverse framing inside the
piece hull. It has a one piece RP super structurec. Material of
construction used was glass fiber-TS polyester plastic. The designer and
fabricator was Interimarine S.P.A., Sarzana, Italy. The unconventional,
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& 4.53 Examples of materials for deep submergence vehicles
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unstiffened hull with its strength and resiliency was engineered to
deform elastically as it absorbs the shock waves of a detonated mine. Its
design requirements included to simplify inspection and maintenance
from within the structure.

Underwater Hull

On going R&D programs continue to be co