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Preface to the first edition
Our purpose in writing this book has been to prepare a text which is
•

an integrated, complete, and stimulating introduction to polymer
engineering,

•

suitable for the core course in mechanical or production engineering,
and
• directed at undergraduates in their third or fourth year.

The integrated course includes elements of polymer chemistry and
physics which today are classed as materials science. The level of treatment assumes a preliminary standard in this subject which would be
reached after an introductory course based on, for example, Van Vlack's
Elements of Materials Science and Engineering. Other prerequisite courses
include introductory elasticity, strength of materials, thermodynamics, and
fluid mechanics.
A materials science framework is essential because of the need to
master a new vocabulary and to acquire a conceptual underpinning for the
later chapters in polymer processing and design. This is the modern
educational route in engineering metallurgy, in which physical metallurgy
is taught in parallel with the macroscopic, phenomenological theories of
metal plasticity and fracture. This is a far more attractive route than that
in favour until forty years ago, in which the teaching was entirely practical
and was based on tables of properties and selection rules for materials. In
our view, undergraduates, having been taught engineering metallurgy by
the modern route, will anticipate and respond to the same method in the
teaching of polymer engineering.
The eight main chapters present a logical development from materials
science to polymer technology. The purpose of this treatment, in a book of
400 pages, is not to train specialists but to present a short, integrated
course which will stimulate and be attractive to all mechanical and production engineers, including, of course, the small number who will later go on
to specialize as polymer engineers and who will require specialist courses
such as will be found in the books by Middleman or by Tadmor and Gogos.
Our overriding purpose is to implant an understanding of the scope and
promise of the polymer revolution by describing polymer science and
technology as it exists today together with insights into what is to come.
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In writing the book we have laid emphasis on describing phenomena in
depth, or not at all. For example, linear viscoelasticity is described in some
depth because
•

•
•

it brings into one framework the fundamental polymer phenomena of
creep, stress relaxation, and mechanical damping and shows clearly the
relationship between them;
it is rapidly accepted by engineers, being intimately related to electrical
network theory; and
it yields valuable insights into non-linear viscoelasticity.

The theory of rubber elasticity is described in depth because
•

the nature of the force between cross-links in rubber is of fundamental
interest and gives to rubbers and polymer melts their unique and
extraordinary properties;

•

it leads to a 3-D closed-form relationship between principal stresses
and strains; and
it is a condensed-phase analogue of the kinetic theory of gases, which is
normally part of introductory engineering courses in thermodynamics.

•

In this way we hope the book will be entirely satisfying in that the
treatment is everywhere complete up to an appropriate level. This has
meant that some topics—for example heat transfer in polymer
forming—are not discussed at all. The problem is one of selection and we
hope that our choice, particularly in the balance between polymer science
and polymer technology, will be found to be correct.
A note system is used to bring the real commercial world into the book
in an incisive way which does not break up the flow of each chapter. For
example, when the polymerization of polypropylene, and its molecular
structure, are described in Chapter 1 the relevant note—placed at the end
of the chapter—details the strengths and deficiencies of the plastic,
its relative position in the hierarchy, and examples of its application. The
note system is occasionally used to insert theory or an extended footnote
which—for one reason or another—would break up the flow of the
chapter. The text can be read without using the notes, but preliminary
trials have shown that undergraduates will find it a most useful system,
particularly at a second reading. We have made use of worked examples
and each chapter has over twenty study problems.
1986

N.G.M.
C.P.B.
C.B.B.

Preface to the second edition
Some eight years have passed since the first edition appeared. During this
time we have used the first edition extensively in our own teaching at
Oxford, UMIST, and Cranfield, and it has been widely used elsewhere. We
have been delighted with the reception it has received. In particular, the
distinctive style of the book—developing the principles of polymer engineering from a base of the underlying materials science, and aiming to
treat topics at a self-contained quantitative level or not at all—seems to
have worked well. In our experience it has engaged the interest and
enthusiasm of student engineers. The large number of end-of-chapter
problems has proved a particularly useful feature to instructors and
students, as a means of exercising and testing an understanding of the text,
expecially since the separate Solutions Manual was published (OUP, 1989).
Over the intervening years polymers have become even more firmly
embedded in the university engineering curriculum, alongside traditional
engineering materials. No engineering course can now afford to neglect
the engineering properties of polymers or their important role in manufacturing. It is to serve this continuing teaching need that we have revised
Principles of Potymer Engineering.
The original format is retained, but we believe we have strengthened the
treatment in key areas. We find today's students much better attuned to
the wider aspects of engineering decision-making, especially with respect
to the environment, than used to be the case. We want to encourage this
and have revised Chapter 0 substantially, to include a discussion of the
environmental impact of polymers. Whether in providing lighter automobile components for fuel-saving, or in the ability of thermoplastics to be
remelted and recycled, or in the recovery of heat by clean incineration,
polymers seem set to play a vital role in the more environmentally aware
engineering of the future. We have tried to give a taste of the important
issues involved. A continuing trend has been the growth in the variety of
grades of polymer available, tailored for different applications: many of
them are toughened grades. There is now increased understanding of the
mechanisms by which toughening is achieved in polymers, and of how to
accommodate it in fracture test methods, and we have extended Chapter 5
on yield and fracture to reflect the improved state of knowledge. Another
significant revision is an enlargement of Chapter 7 on processing, especially to include a treatment of heat transfer. Although the underlying
theory will be familiar already to many students, it is so central a topic in
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polymer forming processes that we believe readers will prefer having it
presented together with other aspects of processing in the same book. We
have also added to the end-of-chapter problems, particularly on manufacturing and design, Chapters 7 and 8. The book now contains some 195
problems, and a revised edition of the Solutions Manual will be published
shortly. Finally we have taken the opportunity to clarify some points and to
make other minor improvements.
There are several areas of polymer science and technology that have
seen recent dramatic advances but are not included. We continue to aim
to provide a treatment that is self-contained and quantitative within a
book of reasonable length, and this means that hard choices must be
made. Examples of topics not discussed are liquid crystal polymers and
electrical properties of polymers. Some excellent monographs are available
on these topics and are included in our extensive list of Further Reading
for students who are interested.
We trust our readers will find the revised book a stimulating introduction to a fascinating subject.
Oxford
Cranfield
June 1997

N.C.M.
C.P.B.
CB.B.
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Structure of the molecule

1.1 Introduction
A polymer (from the Greek poly, meaning many, and meros, meaning part)
is a long molecule consisting of many small units (monomers) joined end to
end. Polyethylene,

the simplest hydrocarbon polymer, will serve in this introduction as an
example of a typical synthetic polymer. The number of ethylene monomers,
n in (I), which join together to form the molecule is usually of order 104
but may be as high as 106 or as low as 103. The small end-groups <£i and
<f>2 occur in very small concentration. They have no effect on the mechanical properties of the polymer except in so far as they influence chemical
stability: for some polymers an unstable end-group when heated or irradiated with light can initiate the degradation of the molecule (Note 1.N.1).
Apart from this factor, the end-groups are of no consequence and we shall
confine attention in this chapter to the mechanically significant characteristics of the molecule.
There are two molecular factors that govern the mechanical properties
of a polymer. The first is the length of the molecule, which is proportional
to n and which is therefore proportional to the molecular size, or relative
molecular mass. The second is the shape of the molecule. For example,
the first polymerization of polyethylene (in 1935) produced a molecule
with small side branches containing a few carbon atoms, most often two or
four (Figure 1.1). The number of side branches may be varied by changing
the polymerization conditions. Even small variations in the number of side
branches can be of technological significance, and cause appreciable
changes in, for instance, elastic modulus, creep resistance, and toughness.
The commercial forms of side-branched polyethylene have approximately
three side branches per 100 main-chain carbon atoms. These forms are
produced by heating ethylene gas at ~200°C at a high pressure of ~2000
atmospheres (1.N.2) in the presence of a suitable polymerization initiator.
An almost entirely unbranched form of polyethylene may be synthesized
without heating or pressurizing the gas (1.N.3). This simpler process dates
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1.1 Side-branched polyethylene.

from the early 1950s. Ethylene gas is merely bubbled through a suitable
liquid containing a Ziegler-Natta catalyst. The polymer forms on the
surface of the catalyst. This form of polyethylene has less than one side
branch per 100 carbon atoms and, for this reason, is frequently known as
linear polyethylene.
Both linear and side-branched polyethylenes are of technological interest. As the number of side branches per 100 carbon atoms is increased
from zero there are pronounced changes in physical properties (see
Chapter 4), but the linear and side-branched polymers are identical in one
respect, which is that they may be reversibly heated to melt and then
cooled to crystallize time and time again. On melting they flow as does a
liquid and are thus thermoplastic (or thermal-flow) polymers. In this they
are distinguished from cross-linked polyethylene, which when heated will
not flow.
In a cross-linked polymer the chains are joined chemically at tie points.
There are many ways of preparing a cross-linked network. For polyethylene the simplest way is to irradiate the molten polymer with ionizing
radiation, such as /3- or y-rays. The chains then cross-link so that the
entire specimen is one giant molecular network (see Figure 1.2). In the
liquid state the cross-links inhibit flow: they cause the polymer to be
form-stable and to possess properties typical of rubbers. Once the specimen is cross-linked its natural shape is fixed: it can be deformed under
stress when heated and forced into a different shape, which can be 'frozen
in' by cooling to a sufficiently low temperature; but if the specimen is
reheated it will revert to the shape it had when the cross-links were
introduced. That shape can be changed only by degrading the network, for
example by burning.

1.2 Addition polymers
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12 Illustration of the molecular structure of cross-linked polyethylene in the liquid state. The
spaces between the sketched net are filled with other parts of the network.

Many cross-linked networks are produced by chemical reactions triggered by heating. After heating, the network (and consequently the specimen shape) are 'set': this is the origin of the term thermoset.
There are a vast number of monomers that may be polymerized. The
resulting polymers fall broadly into two categories, addition polymers and
condensation polymers, depending on the mechanism of polymerization.
These two methods of polymerization will be illustrated in the following
section, using as examples polymers of technological interest. It is important to keep in mind that the synthesized polymer—whether produced by
an addition or a condensation reaction—may be linear (or linear but with
small side-branches) or, on the other hand, cross-linked.

1.2 Addition polymers
Addition polymers are synthesized by the addition of unsaturated
monomers to the growing chain. The synthesis of polyethylene from
ethylene is formally represented by
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The number of atoms in the polymer equals the number of atoms in the n
monomers from which it is synthesized: no small molecule, such as water,
is split off in the reaction. The double bond of the monomer opens. The
synthesis of a vinyl polymer is represented by

in which for polypropylene X is CH3 (1.N.4), polystyrene X is C 6 H 5
(1.N.5), polyCvinyl chloride) X is CI (1.N.6). Disubstituted polymers such as
polydnethyl methacrylate) (1.N.7),

are also synthesized by addition reactions.
The addition of the n monomers to form the polymer occurs in n
separate but identical steps. For instance, suppose a polyethylene molecule
to have been initiated at end-group 4>lt and to have reached the stage in
its growth indicated in Figure 1.3. The growing end of the molecule has an
unpaired electron (or free-radical structure), represented by a dot; this

1.3

One stage in the synthesis of a polyethylene molecule by a free-radical mechanism.

