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PREFACE

In recent years, the development of new and improved polymers and their applica-
tion in new and improved products have led to almost unlimited product opportuni-
ties. In fact, there are probably few who would not rate this area of product growth
as one of the most important industry growth areas. The impact of polymers-—plas-
tics, elastomers, and composites—in all of their material forms has been little short
of phenomenal. New polymers and improvements in established polymer groups
regularly extend the performance limits of plastics, elastomers, and composites.
These achievements in polymer and plastic technology offer major benefits and
opportunities for the myriad of products in which they can be used.

With all of these achievements, however, a major impediment exists to the suc-
cessful use of plastics, elastomers, and composites in products. This impediment is
the lack of fundamental understanding of plastics, elastomers, and compasites by
product designers. Along with this lack of understanding is the absence of a useful
consolidated source of information, data, and guidelines that can be practically used
by product designers, most of whom do not “speak plastics.” The usual practice is to
use random supplier data sheets and data tables for guidance. It is, therefore, the
object of this handbook to present, in a single source, all of the fundamental infor-
mation required to understand the large number of materials and materiai forms,
and to provide the necessary data and guidelines for optimal use of these materials
and forms in the broad range of industry products. At the same time, this handbook
will be invaluable to the plastics industry in acquainting its specialists with product
requirements for which they must develop, manufacture, and fabricate plastic mate-
rials and forms.

This Handbook of Plastics, Elastomers, and Composites has been prepared as a
thorough sourcebook of practical data for all ranges of interests. It contains an
extensive array of property and performance data, presented as a function of the
most important product variabies. Further, it presents all important aspects of appli-
cation guidelines, fabrication-method trade-offs, design, finishing, performance lim-
its, and other important application considerations. It also fully covers chemical,
structural, and other basic polymer properties. The handbook’s other major features
include thorough lists of standards and specifications sources, a completely cross-
referenced and easy-to-use index, a comprehensive glossary, useful end-of-chapter
reference lists, and several appendixes containing invaluable data and information
for product engineers.

The chapter organization and coverage of the handbook is equally well suited for
reader convenience. The opening chapter presents the fundamentals of plastics and
elastomers and provides an overall foundation for the book, thus enabling readers to
more fully understand the presentations in the following chapters.

The next six chapters deal with major plastic product forms that are so important
in product design. One chapter each is devoted to laminates and conventional com-
posites, advanced composites such as graphite-epoxy and others, liquid and low-
pressure resin systems, thermoplastic elastomers, protective and decorative coatings,
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and adhesives. Each of these subjects requires special treatment for product design,
and designers will find that these chapters provide excellent guidelines.

The following two chapters thoroughly cover the use of plastics and elastomers in
two of the largest application fields, namely packaging and automotive. A special
chapter is devoted to a clearly illustrated presentation of all of the important con-
siderations for the design and fabrication of molded plastic products.

The final chapter is an excellent presentation on a subject of increasingly vital
importance to all of those in all areas of plastics and elastomers—the recycling of
waste products.

The result of these presentations is an extremely comprehensive and complete
single reference and text—a must for the desk of anyone involved in any aspect of
product design, development, or application of plastics, elastomers, and composites.
This handbook will be invaluable for every reference library.

_Charles A. Harper
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CHAPTER 1

FUNDAMENTALS OF
PLASTICS AND ELASTOMERS

Joseph F. Meier
Industry Consultant
Export, Pennsylvania

1.1 INTRODUCTION

The Handbook of Plastics, Elastomers, and Composites will attempt to address
important application and use data and guidelines for the entire field of plastics and
elastomers. This initial chapter covers the nature of plastics and elastomers, includ-
ing the chemical nature of polymers,an overview of testing and the significance of
standard tests, primary characteristics of individual polymer classes, processing and
processed forms of plastics, and related subjects that are basic to the field of plastics
and elastomers. -

Subsequent chapters will cover in detail many important individual applications
of plastics and elastomers that have developed since the last edition of this hand-
book.! Thermoplastic elastomers (Chap. 5) and plastic and elastomer adhesives
(Chap. 7) are just two examples.

Because of the tremendous volume of data available and the limited space, refer-
ences at the end of each chapter will direct the interested reader to more in-depth
information.

1.2 THE NATURE OF PLASTICS

Practically stated, a plastic is an organic polymer, available in some resin form or
some form derived from the basic polymerized resin. These forms can be liquid or
pastelike resins for embedding, coating, and adhesive bonding; or they can be
molded, laminated, or formed shapes, including sheet, film, or larger mass bulk
shapes.

The number of basic plastic materials is large, and the list is increasing. In addition,
the number of variations and modifications to these basic plastic materials is also quite
large. Taken together, the resultant quantity of materials available is just too large to

11



1.2 CHAPTER ONE

be completely understood and correctly applied by anyone other than thos§ whose
day-to-day work puts them in direct contact with a diverse selection of mgtenals T.he
practice of mixing brand names, trade names, and chemical names of various plastics
only makes the problem of understanding these materials more troublesome.

Another variable that makes it difficult for those not versed in plastics to under-
stand and properly design with plastics is the large number of processes by which
plastics can be fabricated. Fortunately, there is an organized pattern on which an
orderly presentation of these variables can be based.

While there are numerous minor classifications for polymers, depending on how
one wishes to categorize them, nearly all can be placed into one of two major classi-
fications—thermosetting materials (or thermosets) and thermoplastic materials.
Likewise, foams, adhesives, embedding resins, elastomers, and so on, can be subdi-
vided into the thermoplastic and thermosetting classifications.

1.2.1 Thermosetting Plastics

As the name implies, thermosetting plastics, or thermosets, are cured, set, or hardened
into a permanent shape. Curing is an irreversible chemical reaction known as cross-
linking, which usually occurs under heat. For some thermosetting materials, curing is
initiated or completed at room temperature. Even here, however, it is often the heat
of the reaction, or the exotherm, that actually cures the plastic material. Such is the
case, for instance, with a room-temperature-curing epoxy or polyester compound.

The cross-linking that occurs in the curing reaction is brought about by the link-
ing of atoms between or across two linear polymers, resulting in a three-dimensional
rigidized chemical structure. One such reaction is shown in Fig. 1.1.> Although the
cured part can be softened by heat, it cannot be remelted or restored to the flowable
state that existed before curing. Continued heating for long times leads to degrada-
tion or decomposition.

1.2.2 Thermoplastics

Thermoplastics differ from thermosets in that they do not cure or set under heat as
do thermosets. Thermoplastics merely soften, or melt when heated, to a flowable
state, and under pressure they can be forced or transferred from a heated cavity into
a cool mold. Upon cooling in a mold, thermoplastics harden and take the shape of
the mold. Since thermoplastics do not cure or set, they can be remelted and then
rehardened by cooling. Thermal aging, brought about by repeated exposure to the
high temperatures required for melting, causes eventual degradation of the material
and so limits the number of reheat cycles. Most of the common thermoplastic mate-
rials are discussed in detail in a following section of this chapter.

1.3 POLYMER STRUCTURES AND
POLYMERIZATION REACTIONS

1.3.1 Polymer Structures

All polymers are formed by the creation of chemical linkages between relatively
small molecules, or monomers, to form very large molecules, or polymers. As men-
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Reaction A

One quantity of unsaturated acid reacts with two quanities of glycol to yied linear polyester { alkyd) polymer o
n polymer units

0 [+]
———a N r-—=—y
HO—CHZCH —O0IH + HO I—C—CH=CH—C-—0lH + HO —CH,— CH, —OH —*
2 Lo —J L 2 2
tthytene Maleic Acid Ethylene
Glycot Glycol
o] 0

It 1

HO CHZCHZ—O—-C—CH —CH—C—'O—CHZCZH2 OH + ZHZO
n

Ethylene Glycol Maleate Polyester

Reaction B

Polyester polymer units react { copolymerize) with styrene monomer in presence of catalyst and/or heat to yietd
styrene-polyester copolymer resin or, more simply. a cured polyester. { Asterisk indicates points capable of
further cross-linking, )

0 * 0
x T too *
—CHZCH —0—C-—CH —CH —( —O—CHZLH —_—
2 {_ 2
[ttt sl A
| C,"z i
! ’ [}
| Styrene
1 —CH :
| I
i I !

*
—CHZCHZ—O —C—C{ —CH ~—(C —0 — CHZCHZ__
[} | i
0 * 0
Styrene-Polyester Copolymer

FIGURE 1.1 Simplified diagrams showing how cross-linking reactions produce polyester resin
(styrene-polyester copolymer resin) from basic chemicals.

tioned, if the chemical linkages form a rigid, cross-linked molecular structure, a ther-
mosetting plastic results. If a somewhat flexible molecular structure is formed, either
linear or branched, a thermoplastic results. Illustrations of these molecular struc-
tures are presented in Fig, 1.2.!

1.3.2 Polymerization Reactions

Polymerization reactions may occur in a number of ways; four common techniques
are bulk, solution, suspension, and emulsion polymerization.'? Bulk polymeriza-
tion involves the reaction of monomers or reactants among themselves, without
placing them in some form of extraneous media as is done in the other types of
polymerization.

Solution polymerization is similar to bulk polymerization, except that whereas
the solvent for the forming polymer in bulk polymerization is the monomer, the sol-
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Linear Molecules

Cross-Linked Molecuies

O Carbon e Hydrogen @ Oxygen

FIGURE 1.2 Some possible molecular struc-
tures in polymers.

vent in solution polymerization is usually a chemically inert medium. The solvents
used may be complete, partial, or nonsolvents for the growing polymer chains.

Suspension polymerization normally is used only for catalyst-initiated or free-
radical addition polymerizations. The monomer is dispersed mechanically in a lig-
uid, usually water, which is a nonsolvent for the monomer as well as for all sizes of
polymer molecules that form during the reaction. The catalyst initiator is dissolved
in the monomer, and it is preferable that it does not dissolve in the water so that it
remains with the monomer. The monomer and the polymer that is formed from it
stay within the beads of organic material dispersed in the phase. Actually, suspension
polymerization is essentially a finely divided form of bulk polymerization. The main
advantage of suspension polymerization over bulk is that it allows cooling of the
exothermic polymerization reaction and maintains closer control over the chain-
building process. By controlling the degree of agitation, monomer-to-water ratios,
and other variables, it is also possible to control the particle size of the finished poly-
mer, thus eliminating the need to re-form the material into pellets from a melt, as is
usually necessary with bulk polymerization.

Emulsion polymerization is a technique in which addition polymerizations are
carried out in a water medium containing an emulsifier (a soap) and a water-
soluble initiator. Emulsion polymerization is much more rapid than bulk or solu-
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tion polymerization at the same temperatures and produces polymers with molec-
ular weights much greater than those obtained at the same rate in bulk polymer-

izations.

In emulsion polymerization, the monomer diffuses into micelles, which are small
spheres of soap film. Polymerization occurs within the micelles. Soap concentration,
overall reaction-mass recipe, and reaction conditions can be varied to provide con-
trol of the reaction rate and yield. ’

1.3.3 Raw-Material Sources of Major Plastic Materials

The primary raw-material sources of the major plastic and elastomer materials are
natural gas, coal, and crude oil. >4

1.4 PLASTIC-PROCESSING METHODS
AND DESIGN GUIDELINES

Although most users of plastics buy parts from plastic processors, they should still
have some knowledge of plastic processing, as such information can often be helpful
in optimizing product design. Also, an increasing number of user companies are
doing some in-house processing. For these reasons, some guideline information in
plastic processing and some guidelines on the design of plastic parts are presented
here. Further extensive and detailed guidelines are included in Chap. 9.

It should be mentioned that the information presented at this point applies
broadly to all classes of plastics and types of processing. Most plastic suppliers will
provide very specific data and guidelines for their individual products. This invalu-
able source of guidance is too often unused. It is strongly recommended that plastic
suppliers be more fully utilized for product-design guidance. However, the informa-
tion presented at this point will be valuable for making initial design and process
decisions.

Table 1.1° explains the major ways in which plastic materials can be formed into
parts, and the advantages, limitations, and relative cost of each processing method. In
general, a plastic part is produced by a combination of cooling, heating, flowing,
deformation, and chemical reaction. As noted previously, the processes differ,
depending on whether the material is a thermoplastic or a thermoset,

The usual sequence of processing a thermoplastic is to heat the material so that it
softens and flows, force the material in the desired shape through a die or in a mold,
and chill the melt into its final shape. By comparison, a thermoset is typically pro-
cessed by starting out with partially polymerized material, which is softened and
activated by heating (either in or out of the mold), forcing it into the desired shape
by pressure, and holding it at the curing temperature until final polymerization
reaches the point where the part hardens and stiffens sufficiently to keep its shape
when demolded.

The cost of the finished part depends on the material and the process used. A
very rough estimate of the finished cost of a part can be obtained by multiplying the
material cost by a factor ranging from 1.5 to 10. The cost factors shown in Table 1.1
are based on general industry experience.

Table 1.2 gives guidelines on part design for the various plastic-processing meth-
ods listed in Table 1.1. The design of a part frequently depends on the processing
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