Appendix B: Glossary of
Polymer Materials

This glossary emphasises the individuality of polymers and polymer families,
historically, scientifically and technically. It complements the rest of the book,
in which polymer materials as a class are treated as a whole and by property.
Students may find the glossary useful in testing and reinforcing their knowledge of much of the material covered in chapters 1-6. Selected references to
the literature of individual polymers are included.

Acetal
See Polyoxymethylene
Aerylate elastomers
A small group of carbon-chain synthetic elastomers (ASTM class M) based on the
poly(ethyl acrylate) linear chain copolymerised with a small amount of
comonomer to allow chemical crosslinking. Acrylate rubbers have outstanding
resistance to oxidative degradation.
Hagman, J. F. and Crary, J. W., 'Acrylic elastomers', in Encyclopaedia of Polymer
Science and Engineering, vol. 1, 2nd edn, pp. 306-334 (Wiley, New York,
1985).
Acrylic ester polymers
A group of amorphous carbon-chain polymers of which by far the most important as a thermoplastic is poly(methyl methacrylate) PMMA. PMMA (customary
name: acrylic) is a colourless, highly transparent glassy polymer with outstanding
resistance to weathering. Its exceptional durability and resistance to attack by
inorganic substances is somewhat offset by its solubility in a variety of organic
solvents. However, dissolving PMMA or other acrylate ester polymers in a
well matched solvent such as methyl ethyl ketone (PMMA 9.4; MEK 9.3) produces a coating lacquer. Acrylics are in fact among the most important industrial
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coating resins, especially for motor vehicles. Many acrylic coatings are thermosets, in which a reactive comonomer is introduced into the polyacrylate chain to
allow crosslinking, for example, by epoxy or urethane chemistry. In recent
decades, pollution and safety pressures have driven the acrylic coatings industry
to develop water-based emulsion (latex) systems, and high-solids or powder
systems. The acrylic ester polymers illustrate nicely the variation of glass transition temperature with primary chain structure:
poly(methyl methacrylate)
poly(ethyl methacrylate)
poly(«-propyl methacrylate)
poly(n-butyl methacrylate)
poly(methyl acrylate)
poly(ethyl acrylate)
poly(«-propyl acrylate)
poly(«-butyl acrylate)

105°C
65
35
20
9
-22
-48
-54

Qualitatively, this trend shows that the bulkier side groups keep adjacent chains
somewhat further apart, thus making segmental chain motion easier at any
particular temperature. This systematic dependence on chain structure is
exploited to produce coating formulations of different hardness or flexibility for
different uses and service temperatures. Lightly crosslinked poly(ethyl acrylate)
has a sufficiently low glass transition temperature to be a successful elastomer
(see Acrylate elastomers).
Acrylonitrile-butadiene-styrene
The first of the ABS resins was brought into production by Borg-Warner in 1954.
ABS is a hybrid thermoplastic in which polybutadiene rubber particles are dispersed in a poly(styrene-co-acrylonitrile) SAN matrix. The dispersed rubber
phase gives ABS a much greater impact strength than SAN itself. The main
technical achievement in developing ABS lay in stabilising the BR dispersion by
chemically grafting the SAN copolymer at the particle surface. Recently, ABS
has itself been blended with PVC, with polycarbonate, with polyamides and
with polysulphone to produce further hybrid polymer materials.
The ABS/PVC hybrid is a four-component engineering polymer which has
evolved by a long development path from the homopolyniers polystyrene,
polyacrylonitrile, polybutadiene and poly(vinyl chloride). There are great
differences between the parent homopolymers: PS glassy and brittle, PAN
crystalline and fibre-forming, polybutadiene rubbery. Simple copolymerisation
allows some modification of properties. Each of the three possible two-component copolymers is an important commercial material: SAN as an improved
polystyrene; and the two synthetic rubbers, SBR and NBR. Each of these is a
single-phase random copolymer material. In the two-phase three-component
material ABS, the hybrid acquires some of the attributes of each of the phases
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and control of the morphology brings some degree of microstructural engineering to the development of new materials. In the four-component hybrids yet
another composition variable is introduced.
Annual production capacity for ABS worldwide is about 1 million tonnes.
Kulich, D. M,, Kelly, P. D. and Pace, J. E., 'Acrylonitrile-butadiene-styrene
polymers', in Encyclopaedia of Polymer Science and Engineering, vol. 1, 2nd
edn, pp. 388-426 (Wiley, New York, 1985).
Alkyd resins
Alkyds are long-used traditional resins of the paint industry, essentially polyesters, frequently modified with natural drying oils. Today, they are often
blended with other polymer types such as cellulosics and phenolics. The alkyds
remain the most important of the surface coating resins (see page 185).
Lanson, H. J., 'Chemistry and technology of alkyd and saturated reactive polyester resins', in R. W. Tess and G. W. Poehlein (Eds), Applied Polymer Science,
2nd edn, pp. 1181-1204 (American Chemical Society, Washington DC,
1985).

Amino resins
The amino thermosets are based on the reaction of melamine or urea with
formaldehyde. The manufacture and processing is similar to that of the phenolics.
They have an unspectacular but safe niche in the polymer materials market,
finding innumerable uses as adhesives, moulded products and laminates. Among
these, however, the largest volume by far goes to the wood products industry
as a binder for particle board. UF resins can be combined with blowing agents to
produce foams, especially for in situ thermal insulation. There has been some
concern since the mid 1970s about the toxicity of residual formaldehyde vapour.
Updegraff, I. H., 'Amino resins', in Encyclopaedia of Polymer Science and Engineering, vol. 1, pp. 752-789 (Wiley, New York, 1985).
Vale, C. P. and Taylor, W. G. K., Amino Plastics (Iliffe, London, 1964).
Williams, L. L., Updegraff, I. H. and Petropoulos, J. C, 'Amino resins', in R. W.
Tess and G. W. Poehlein (Eds), Applied Polymer Science, 2nd edn, pp.
1101-1115 (American Chemical Society, Washington DC, 1985).

Aramid
Aromatic polyamides (see table 5.7 for structure) with high temperature stability
and exceptional mechanical properties as fibres; discovered by Stephanie Kwolek
at Du Pont in 1968. The aramid chains are relatively rigid and form liquid
crystalline solutions from which the polymer may be produced as a highly
oriented fibre by spinning.
Preston, J., 'Aramid fibers', in M. Grayson (Ed.), Encyclopaedia of Composite
Materials and Components, pp. 97-126 (Wiley, New York, 1983).
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Butyl rubber
Butyl rubber IIR, a synthetic elastomer made by copolymerising isobutylene
with small amounts of isoprene, was brought into commercial production by
Standard Oil in 1943. The isoprene contributes the crosslinking sites to an otherwise saturated polyisobutylene chain. After vulcanising, the residual unsaturation
of IIR is very small and this leads to good resistance to oxidative degradation.
IIR (with its halogenated forms, chlorobutyl and bromobutyl rubber) has about
5 per cent of the total rubber market. The largest application of IIR is in making
tyre inner tubes, where its low gas permeability and oxidative stability are
valuable.
Kresge, E. N., Schatz, R. H. and Wang, H.-C, 'Isobutylene polymers', in
Encyclopaedia of Polymer Science and Engineering, vol. 8,2nd edn, pp.
423-448 (Wiley, New York, 1987).
Carbon fibre
A polymeric fibre produced from polyacrylonitrile by controlled thermal oxidation and used in high performance composites (see page 191).
Riggs, J. P., 'Carbon fibres', in Encyclopaedia of Polymer Science and Engineering, vol. 2, 2nd edn, pp. 640-685 (Wiley, New York, 1985).
Cellulose and its derivatives
Cellulose itself is a natural polymer which plays an essentially structural role in
plant tissue. It is found (in slightly different molecular forms) in cotton and in
wood. Natural cellulose is a highly crystalline linear polymer (built from glucose
units) which is generally found in a fibrillar morphology in biological materials.
The relative molecular mass is typically high, 0.5-1.5 x 106. Natural cellulose
fibres such as cotton are of course used directly, but apart from that the chemical
technology of cellulose depends on chemical modification since cellulose is
insoluble. The earliest modified cellulose was cellulose nitrate (celluloid), which
despite its flammability is still used, primarily as film and in coatings. Cellulose
acetate (and other organic esters such as the closely related cellulose acetatebutyrate CAB) are less flammable and of greater importance, mainly in the
coatings industry as high-quality lacquers. These cellulosics are insoluble in
water. In contrast, another group of cellulose derivatives, the cellulose ethers,
are water-soluble and are among the most important of the water-soluble
polymers as adhesives and thickeners.
Epichlorhydrin rubber
A minor special-purpose polyether elastomer (ASTM class O), somewhat
resembling nitrile rubber with excellent oil resistance but rather better heat and
ozone resistance; commercialised in 1970.
EPM/EPDM rubbers (ethylene-propylene rubbers)
An increasingly significant group of synthetic rubbers based on ethylene-
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propylene random copolymers. EPM is vulcanised by peroxides; EPDM with
sulphur through a small amount of diene incorporated into the linear chains.
These ethylene-propylene rubbers are very resistant to oxidative degradation.
They hold about 5 per cent of the synthetic rubber market. EPDM is alloyed
with polypropylene to form a thermoplastic elastomer {see Thermoplastic
elastomers).
Corbelli, L. 'Ethylene-propylene rubbers', in A. Whelan and K. S. Lee (Eds),
Developments in Rubber Technology, vol. 2, pp. 87-129 (Applied Science,
London, 1981).
Strate, G. V., 'Ethylene-propylene elastomers', in Encyclopaedia of Polymer
Science and Engineering, vol. 6,2nd edn, pp. 522-564 (Wiley, New York,
1986).
Epoxy resins
A large, chemically complicated class of thermosetting resins of great value as
adhesives, coatings and in composites. See page 30 for an outline of epoxy
chemistry. The epoxies have remarkable resistance to chemical attack and
combine adhesion and good mechanical properties (impact resistance, toughness,
elastic modulus and strength). Their existence has therefore greatly stimulated
the development of high-performance structural adhesives and composites, for
example in aerospace and construction engineering.
Lee, H. and Neville, K., Handbook of Epoxy Resins (McGraw-Hill, New York,
1967).
McAdams, L. V. and Gannon, J. A., 'Epoxy resins' in Encyclopaedia of Polymer
Science and Engineering, vol. 5,2nd edn, pp. 322-382 (Wiley, New York,
1985).
Ethylene-propylene rubbers
See EPM IEPDM rubbers
Fluorocarbon polymers
Replacement of hydrogen by fluorine in the C-H bond produces an increase in
chemical stability: compare PE and PTFE. PTFE is the leading member of the
fluorocarbon group which now also includes a considerable number of fluorinated thermoplastics and elastomers with small, specialist market niches. Besides
PTFE, the fully fluorinated thermoplastics include PCTFE and the fluorinated
ethylene-propylene copolymer FEP. The partially fluorinated poly(vinyl fluoride)
PVF and poly(vinylidene fluoride)' PVDF are less stable than their fully fluorinated counterparts but more stable than their chlorinated analogues. The fluorocarbon elastomers fall into the ASTM class M: FFKM designating fully fluorinated
materials and FKM the partially fluorinated types.
Interpenetrating Polymer Networks (IPNs)
A further variation on the theme of polymer hybridisation. The IPN concept
(mainly of scientific interest so far) envisages a polymer X (or its monomer)
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penetrating into an already crosslinked polymer network Y and then itself
becoming crosslinked. Ideally, the resultant XY hybrid is single-phase, the two
networks being inextricably interwoven. In practice, some phase separation
usually occurs but the domain size is small and may be controlled by the crosslink density. Numerous IPNs have been produced for scientific study but few are
produced commercially. One example is the blending of phenolic thermosetting
resins with SBR and NBR synthetic rubbers. The PF novolak with crosslinker is
blended with the elastomer before vulcanisation. No chemical reaction between
phenolic resin and elastomer occurs; the interpenetrating phenolic network acts
to stiffen and harden the rubber.
Klempner, D. and Berkowski, L., 'Interpenetrating polymer networks', in
Encyclopaedia of Polymer Science and Engineering, vol. 8,2nd edn, pp.
279-341 (Wiley, New York, 1987).
lonomer polymers
A group of linear chain thermoplastics containing up to 20 mol per cent (but
usually considerably less) of an acid monomer which is neutralised by a metal
or quaternary ammonium ion, thus achieving strong interchain bonding. Du Pont
introduced the first major material of this type in 1964, poly(ethylene-comethacrylic acid). It may be regarded as a modified polyethylene, having excellent optical clarity and better tensile properties than LDPE. There is evidence
that the ionic groups in ionomers tend to aggregate into clusters giving an
inhomogeneous microstructure. Du Pont later introduced another group of
ionic polymers, the Nafion resins. These may be regarded as modified PTFEs, in
which tetrafluorethylene is copolymerised with sulphonated fluoralkoxy comonomers. The polymer structure is therefore a heavily fluorinated linear
polymer with pendant fluoralkoxy groups terminating in a sulphonate salt group.
The sulphonate group reversibly binds a metal ion and Nafion resins are used as
ion-exchange resins in water purification. In addition, at least one thermoplastic
elastomer is ionic, the sulphonated EPDM.
Longworth, R., 'Structure and properties of ionomers', in A. D. Wilson and
H. J. Prosser (Eds), Developments in Ionic Polymers, vol. 1, (Applied Science,
London, 1983).
Lundberg, R. D., 'Ionic polymers', in Encyclopaedia of Polymer Science and
Engineering, vol. 8,2nd edn, pp. 393-423 (Wiley, New York, 1987).
Liquid crystalline polymers
Linear polymers with a stiff primary chain structure may spontaneously align
their molecular axes in solution or in the melt to form liquid crystals. Alignment
is enhanced in shear flow and much of the interest in these materials arises from
their unusual flow properties. Thus they have very low melt viscosities because
of the lack of chain entanglement, and may be spun from solution or from the
melt to give fibres with exceptional strength and modulus. A high degree of
chain alignment occurs in the extensional flow which occurs during spinning.
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Aramids are liquid crystalline in solution (lyotropic) — see Aramid; a number of
aromatic polyesters are liquid crystalline in the melt (thermotropic). None of
the thermotropic polyesters is yet well established commercially.
Dobb, M. G. and Mclntyre, J. E., 'Properties and applications of liquidcrystalline main-chain polymers'. Adv. Polymer Sci., 60/61 (1984) 61-98.
Natural rubber
The industrial use of natural rubber pre-dates the synthetic polymer industry by
a hundred years. The major synthetic rubbers were developed several decades
ago and the balance between NR and the synthetics is surprisingly stable:
NR 40 per cent, synthetics 60 per cent. Vehicle tyres are the dominant market
for both, talcing about 60 per cent of total rubber output. NR remains the
supreme general-purpose elastomeric material, its sensitivity to solvents and
chemical/atmospheric degradation being its main shortcomings. Scientifically,
the study of natural rubber has made several important contributions to polymer
science. First, the rapid deterioration of unstabilised rubber exposed to the
atmosphere stimulated a detailed molecular study of the role of oxygen and
ozone in chain degradation. Subsequently, stabilisers were developed to control
the reactivity of the polymer. Second, the high elasticity of natural rubber
attracted much scientific attention (including that of Staudinger, Mark and
Flory), from which the theory of rubber elasticity eventually emerged. This
theory is one of the cornerstones of polymer science itself and contains within
it much of the basic physics of the polymer chain and the polymeric network.
Third, the very precise stereoregularity of natural rubber (essentially stereochemically perfect poly(c/x-l ,4-isoprene)) set down a challenge for chemists
working on synthetic rubbers. In due course, the Ziegler-Natta catalysts provided a tool with which it became possible to achieve extraordinary steric
control and a number of synthetic stereo-rubbers were ultimately developed.
(See page 58. rubber elasticity; page 167, elastomer technology.)
Barlow, C, The Natural Rubber Industry: its Development, Technology and
Economy in Malaysia (Oxford University Press, 1978).
Elliott, D. J., 'Developments with natural rubber' in A. Whelan and K. S. Lee
(Eds), Developments in Rubber Technology, vol. 1, pp. 1 -44 (Applied
Science, London, 1979).
Roberts, A. D. (Ed.), Natural Rubber Science and Technology (Oxford
University Press, 1988).
Nitrite rubbers
NBR, poly(butadiene-co-acrylonitrile) elastomer, is one of the two important
synthetic rubbers developed in Germany around 1934 (the other being SBR).
NBR now holds less than 5 per cent of the world synthetic rubber market but
has many important uses because of its outstanding resistance to petroleum
solvents. The acrylonitrile content may vary from about 10 to 40 per cent, more
acrylonitrile bringing improved solvent resistance but with some loss of lowtemperature flexibility. NBR forms a single-phase blend with PVC.
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Bertram, H. H., 'Developments in acrylonitrile-butadiene rubber (NBR) and
future prospects', in A. Whelan and K. S. Lee (Eds), Developments in Rubber
Technology, vol. 2, pp. 51-85 (Applied Science, London, 1981).
Nylons
See Polyamides
Phenolic resins
The family of thermosetting resins of which phenol-formaldehyde was the first
(and remains the most important) example, discovered by Baekeland in 1907.
For the manufacture and processing of these resins, see page 165.
Knop, A. and Pilato, L. A. (Eds), Phenolic Resins, Chemistry, Applications, and
Performance (Springer, Berlin, 1985).
Polyacetylene
A hydrocarbon polymer of considerable research interest which is produced with
the aid of a Ziegler catalyst from acetylene gas, C2H2
n CH=CH

->

-(-CH=CH-)-„

The polymer has alternating double bonds in the main chain and has been
intensively studied in the search for polymers with high intrinsic electrical
conductivity. Stereoregular fra/is-polyacetylene is a semi-conductor with a
conductivity of about 1 0 - 3 (ohm m ) _ I . Its conductivity, however, is enormously
increased by doping with small quantities of electron-donor or acceptor species,
such as iodine. Iodine-doped fraws-polyacetylene has metallic conductivity of
10 s (ohm m) _ 1 . It was also discovered that polyacetylene could be polymerised
in the solid state by inducing the molecules in crystalline diacetylene to combine, thus producing very perfect fibrous polymer single crystals.
Chien, J. C. W., Polyacetylene: Chemistry, Physics and Materials Science
(Academic Press, New York, 1984).
Young, R. J., 'Polymer single crystal fibres', in I. M. Ward (Ed.), Developments
in Oriented Polymers, vol. 2 (Elsevier Applied Science, London, 1987).
Polyacrylamide
A water-soluble linear carbon-chain polymer which is a close structural relation
of the acrylic ester and acrylic acid polymers. It is not used as a solid material
but very widely employed in solution and in gel form, as a viscosifier and
thickening agent. Acrylamide may be copolymerised with a suitable bi-functional
comonomer to produce a crosslinked gel. The remarkable swelling properties of
such gels have been the subject of a number of studies by Tanaka (see page 125).
Polyamides (or Nylons)
The nylons are indelibly associated with the name of Wallace H. Carothers of
Du Pont who carried out the classic studies of step reaction polymerisation in
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the late 1920s and early 1930s which led to the commercial development of
nylon-66. (Carothers' work was enormously influential in the development of
polymer science because he used well known reactions of conventional organic
chemistry to construct novel polymeric structures. At a time when the polymer
concept was controversial, his work convinced many sceptics of the reality of
the polymer molecule.) Nylon-6 was developed by Paul Schlack at IG Farbenindustrie in Germany between 1937 and 1940. Worldwide, nylon-66 and nylon-6
are produced in roughly equal quantities and together account for about 9 0 per
cent of total nylon output. Other commercial materials are nylon-610, nylon-9,
nylon-11 and nylon-12.
Polyamides are tough crystalline polymers which have wide application as
fibres and engineering thermoplastics. First applications were as fibres but in the
1950s Du Pont pioneered the idea of 'engineering thermoplastics' with their
nylon moulding compounds. Subsequently, nylons reinforced with short glass
fibres were successfully introduced, providing greater stiffness than unreinforced
forms. More recently, polyamides have become important as components in
hybrid materials: for example, in block copolymers with polyethers such as
poly(ethylene glycol) to produce polyether block amides; or in alloys with
poly(phenylene oxide). In the 1970s, a new group of aromatic polyamides, the
aramids, were developed with remarkable fibre strength and temperature resistance (see pages 136-137 and 188-192).

Polyarylates
A wholly aromatic engineering thermoplastic introduced by Unitika (Japan) in
1974. The linear heterochain structure of this type
CH3

o

0 «
II _ \ _

,-®_l_®__!-@r 1
CH3

yields a tough, glassy material (T% around 200°C); with good high temperature
performance.
Polybenzimidazole
For molecular structure, see table 5.7. Polybenzimidazole is produced com-mercially in small quantities by Celanese mainly for applications which make use
of its outstanding high-temperature performance. Both the heat deflection
temperature and the glass transition temperature are quoted as 435°C. The
limiting oxygen index is around 40. Exposed to high temperatures in air, the
polymer does not melt but converts slowly to a carbon char without flaming.
It retains some useful strength at temperatures as high as 650°C. Remarkably,
polybenzimidazole can be spun into fibres from a concentrated solution of
prepolymer. The fibre proves to be quite suitable for weaving (elongation t o
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break of 30 per cent, tenacity about 3 g/denier), opening the way to applications in heat-resistant polymeric textiles.
Powers, E. J. and Serad, G. A. 'History and development of polybenzimidazoles'.
in R. B. Seymour and G. S. Kirshenbaum (Eds), High Performance Polymers:
their Origin and Development (Elsevier Applied Science, London, 1986).
Polybutadiene
Butadiene monomer is one of the polymer industry's key monomers, being used
in ABS thermoplastics, in the SBR and NBR synthetic rubbers, in styrenebutadiene copolymer thermoplastic elastomers and in latices. Cheap butadiene
and Ziegler-Natta catalysts stimulated the development of stereoregular homopolymer polybutadienes (both cis and trans). Polybutadiene BR now ranks
second among the synthetic rubbers (world capacity about 1.75 million tons
per year, roughly 15 per cent of total synthetic rubber). BR is almost entirely
used in physical blends with SBR and NR, mainly for tyres; and also as the
rubber phase in HIPS (see figure 6.1).
Tate, D. P. and Bethea, T. W., 'Butadiene polymers', Encyclopaedia of Polymer
Science and Engineering, vol. 2,2nd edn, pp. 537-590 (Wiley, New York,
1985).
Polybutene
The homopolymer is a very minor member of the polyolefin family, produced
commercially only in small quantities. However 1-butene is an important comonomer in the production of high-density polyethylene HDPE and linear lowdensity polyethylene LLDPE.
Chatterjee, A. M., 'Butene polymers', in Encyclopaedia of Polymer Science
and Engineering, vol. 2, 2nd edn, pp. 590-605 (Wiley, New York, 1985).
Rubin, I. D.,Poly( 1-butene) (Gordon and Breach, New York, 1968).
Polyfbutylene terephthalate)
A thermoplastic polyester currently enjoying very rapid market growth. World
consumption of PBTP is over 100000 tonnes (1987), increasing each year by
about 20 per cent. Its material properties are broadly similar to those of its older
sibling PETP. However, in injection moulding, it has an important advantage
over PETP, which is very slow to crystallise (so that cycle times are long and
indeed long-term crystallisation shrinkage may occur). PBTP crystallises
extremely easily and rapidly and has now established itself as an almost ideal
injection moulding thermoplastic. It is also one of the most versatile thermoplastics for use in polymer hybrids, notably with PC and PETP.
Polycarbonate
A linear heterochain polymer (see table 1.5 for structure), developed simultaneously by Bayer and General Electric. Structurally, it is a condensation
product of bisphenol A and carbonic acid, hence a carbonate. PC is usually
regarded as the second of the five major engineering thermoplastics (PA, PC,
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POM, PPO/PS and the thermoplastic polyesters PETP, PBTP) with an estimated
world market of about 400000 tons in 1986. Polycarbonates are tough, transparent materials. PC is increasingly valuable as a component in polymer hybrids,
notably PC/ABS and PC/PBTP.
Polychloroprene
Poly(2-chlorobutadiene), a long-established synthetic rubber, discovered by
W. H. Carothers who is more widely known for his work on polyamides, now
having less than 5 per cent of the total synthetic rubber market. CR has good oil
resistance but it is now challenged by many new special purpose elastomers.
Stewart, C. A., Jr, Takeshita, T. and Coleman, M. L., 'Chloroprene polymers',
in Encyclopaedia of Polymer Science and Engineering, vol. 3, pp. 441-462
(Wiley, New York, 1985).
Polyesters
The broad family name for the heterochain polymer materials with the ester
-CO-O- sequence in the main chain. The polyester family includes the saturated
polyesters, poly(ethylene terephthalate) PETP and poly(butylene terephthalate)
PBTP; the unsaturated polyester thermosets used in glass-fibre resin and composite technology {see page 29); the alkyds and drying oils used in surface coatings
(see page 184); and the new polyarylate engineering thermoplastics (see Polyarylates). In addition, polyester blocks are incorporated in polyurethanes and
thermoplastic elastomers (see page 173).
Meyer, R. W., Handbook of Polyester Molding Compounds and Molding Technology (Chapman and Hall, New York, 1987).
Polyetherester elastomers
A term used to describe the block copolymer thermoplastic elastomers with
ASTM designation YBPO (polyether soft block, aromatic polyester hard block).
These materials have oil resistance similar to nitrile rubber and better heat
resistance.
Polyetheretherketone
PEEK was developed by ICI and first offered commercially in 1978. It is one
(see table 5.7 for structure) of a group of linear heterochain polymers with
benzene ring (aromatic) units in the chain (others being poly(phenylene sulphide)
and the polysulphones). The melting temperature of PEEK is around 330°C
(Tg 145°C). It has outstanding thermal stability with a UL thermal index of
about 240°C, the highest of all the melt processable thermoplastics. The chain
structures of PES and PEEK are very similar, but PES is amorphous while PEEK
is crystalline.
Polyetherimide
See Polyimide
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Polyethers
The large family of linear heterochain polymers containing the -C-O-C- ether
group. The most important members are the thermoplastics polyoxymethylene
(acetal); poly(ethylene oxide) and poly(propylene oxide); poly(phenylene
oxide); and the polysulphones PSU, PPSU and polyetheretherketone PEEK.
Polyether blocks are important in polyurethane chemistry (see page 173) and
therefore are found in elastomers and thermosets. The ASTM class O elastomers
(including the epichlorohydrin rubbers CO and ECO and propylene oxide rubber
GPO) are polyethers. Finally, the sulphur analogues, the thioethers, may be
included, the most notable example being poly(phenylene sulphide) PPS.
Polyethersulphone
See Polysulphone
Polyethylene
The polyethylene family of commodity and engineering thermoplastics have an
unrivalled importance in the polymer materials industry. PE also has a singular
position in polymer science since its uniquely simple molecular structure has
made it the object of a vast number of fundamental physical and chemical
studies. (See, for example, page 37 for discussion of PE crystallinitx_and
morphology.) Although PE haTrje^rTa~TOrnmercial material for about 50 years,
itsnTaterials technology continues to develop extremely vigorously and PE
consumption still increases.
The following major groups of polyethylene materials are produced today:
Low-density polyethylene LDPE: the descendant of the original polyethylene
produced by ICI around 1939, synthesised by the high-pressure gas-phase freeradical process. Density range 915-930 kg/m3.
High-density polyethylene HDPE: the linear (unbranched) form of PE first
produced at low pressures with Ziegler catalysts but now mainly produced by
the Phillips process; includes ethylene copolymers with 1-butene or 1-hexene.
Density range: homopolymer, 960-970; copolymers 940-950 kg/m 3 .
Linear low-density polyethylene LLDPE: a rival to LDPE in which the degree of
crystallinity, the density and the number of small side branches are controlled
by deliberate copolymerisation with olefins such as 1-butene, 1-hexene or
1-octene; mainly Ziegler processes. Density range 915-940 kg/m3. Uniform
length of comonomer side-branches compared with LDPE gives rise to some
differences in properties: thus LDPE has lower melting temperature and modulus
than LLDPE of same density. (For example, at a density of 930 kg/m3, LDPE
melts at 112°C, LLDPE at 125°C; LDPE tensile modulus 300 MPa, LLDPE
400 MPa).
Ultra-high molecular weight polyethylene UHMWPE: a form of PE with exceptionally long, unbranched chains (relative molecular mass as h i g h a s 6 x l 0 6 ) :
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produces a polyethylene with remarkable toughness and abrasion resistance but
extremely high melt viscosity.
Polyethylenes may be modified after polymerisation by chlorination, chlorosulphonation and by chemical or radiation crosslinking.
Copolymerisation with other olefins has also generated materials of commercial value: the most important being the copolymers with propylene, particularly the ethylene-propylene-diene terpolymer elastomers, vinyl acetate (EVA),
vinyl alcohol and methacrylic acid (ionomer).
US consumption 1984 (millions of tonnes):
LLDPE
LDPE
EVA
HDPE

1.2
2.1
0.5
2.7.

World production total 1986,10.0.
Doak, K. W. et al., 'Ethylene polymers', in Encyclopaedia ofPolymer Science
and Engineering vol. 6, 2nd edn, pp. 383-564 (Wiley, New York, 1986)
Polyfethylene oxide)
A water-soluble polyether, known also as poly(ethylene glycol). PEO is a crystalline thermoplastic (Tt -55°C). In solution, small quantities of PEO greatly
reduce turbulent friction in shear flow. Addition of 0.01 per cent PEO to water
reduces by 80 per cent the friction factor of high Reynolds number turbulent
flow in pipes. Drag reduction by polymers is not well understood but is believed
to be linked with the way in which high-frequency turbulent eddies are modified by the presence of flexible polymer chains. The very high local energy in
turbulent flow may cause considerable chain stretching and chain breaking.
These are general phenomena of dilute polymer solutions, not specific to
aqueous PEO.
de Gennes, P. G., 'Towards a scaling theory of drag reduction', Physica, 140A
(1986)9-25.
Poly (ethylene terephthalate)
PETP is linear polyester, first used as a fibre but now significant also as a
thermoplastic material. Thermoplastic PETP achieved real prominence in the
1970s when blow-moulding techniques for bottle manufacture were mastered.
PETP preforms are biaxially oriented in the blow-moulding process, producing
a highly transparent, rigid material with low permeability to water and carbon
dioxide. Since 1978, the growth of the market for PETP bottles has been
spectacular.
PETP suffered as a moulding resin from the problem of very slow crystallisation (see page 48); these problems were ingeniously overcome in the late
1970s by Du Pont who stimulated the nucleation process chemically by
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blending PETP with a small quantity of ionomer and lowering the glass transition temperature with a plasticiser. Glass-fibre reinforced PETP is now a
well-established moulding resin with a world market.
Polyimide
A group of linear aromatic polymers resistant to very high temperatures but
rather intractable in processing. Many polyimide chain structures have been
investigated (see table 5.7 for a typical structure). Both thermoplastic and
thermosetting polyimides have been commercialised, at present in rather small
quantities. The polyimides are thermally stable (in the absence of oxygen) to
around 500°C.
Polyetherimide PEI is a related polymer in which the imide structure in
the chain is diluted with aromatic polyether units, producing greater chain
flexibility and somewhat improved processing properties. Thermoplastic PEI
(heat deflection temperature 220°C) was commercialised by General Electric
in 1982. A closely related polyajnideimide with an aromatic amide group in
the chain repeat unit has been developed by Amoco.
Mittal.K. L. (Ed.), Polyimides, Synthesis, Characterisation and Applications,
vols 1 and 2 (Plenum, New York, 1984).
Polyisobutylene
A carbon-chain homopolymer, a close structural relation of butyl rubber,
poly(iso-butylene-co-isoprene) IIR. The low chain length polyisobutylenes are
polymer liquids, the high chain length materials are elastomers. Long chain
polyisobutylene crystallises on stretching, the chains adopting the spectacular
helical structure shown in figure 2.4(c).
Polyisoprene
Synthetic poly(cw-l,4-isoprene) IR, structurally identical to natural rubber,
is synthesised with Ziegler catalysts. IR and NR are very similar in properties.
IR production capacity is about 1 million tonnes worldwide, approximately
10 per cent of total synthetic rubber.
Senyek, M. L., 'Isoprene polymers', in Encyclopaedia of Polymer Science and
Engineering, vol. 8, 2nd edn, pp. 487-564 (Wiley, New York, 1987).
Polymethylpentene
A hydrocarbon polymer unusual in being both crystalline and transparent. It
is a member of the polyethylene, polypropylene series, produced in only small
quantities. Its transparency probably arises from the fact that crystalline and
amorphous regions have the same density and hence the same refractive index.
The polymer has the lowest density of any commercial thermoplastic (0.83),
lower even than PP; it has a high melting point (250°C) but dissolves rather
easily in hydrocarbon solvents.
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Polynorbomene
A recently introduced hydrocarbon elastomer of very unusual chain structure:
the first polymer to incorporate a five-carbon ring in the main chain.

*s.

Polynorbornene has a high glass transition temperature, 35°C, and is heavily
plasticised with hydrocarbon oils to develop elastomeric properties at ambient
temperatures.
Palyolefins
Olefin is the chemist's name for the unsaturated hydrocarbons (such as ethylene,
propylene, butylene and so on) which are the monomers from which such
important polymers as polyethylene, polypropylene and polyisobutylene are
produced, commonly today by stereospecific addition polymerisation using
Ziegler-Natta type catalysts.
Polyoxymethylene
A linear heterochain polymer of very simple primary chain structure (see page
13). An easy polymerisation was known in the nineteenth century but POM was
not produced commercially until about 1959 when a means was found by Du
Pont to overcome the troublesome thermal instability of the polymer which
made melt-processing unsatisfactory. The solution lay in chemical modification
of the ends of the chains. An acetal copolymer with slightly lower processing
temperature (introduced by Celanese in 1962) competes with the homopolymer.
POM is interesting to polymer scientists because of its simple primary chain
structure which suggests a natural comparison with polyethylene.

Crystallinity (%)
Density (kg/m3)
Melting temperature (°C)
7-/C)
Relative permittivity
Heat of combustion (kJ/kg)
Tensile modulus (GPa)
Tensile strength (MPa)

POM homopolymer

linear PE

65
1420
180
-90/-10
3.6-4.0
16.9
2.6-3.4
65-72

80-90
950
138
-80/-90
2.3
46.5
0.4-1.0
18-33

POM is stiffer, stronger and higher melting than linear PE; its more polar chain
structure makes the intermolecular lattice energy somewhat greater. On the
other hand, the polar bond makes the polymer less resistant to attack by acids.
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Dolce, T. J. and Grates, J. A., 'Acetal resins', in Encyclopaedia of Polymer
Science and Engineering, vol. 1,2nd edn, pp. 42-61 (Wiley, New York, 1985).
Polypeptide
A class name for the bio'polymers formed by combination of naturally occurring
amino acids. The repeat unit in the chain is -CHR-CO-NH-, similar to that of
the synthetic polyamides. Whereas the synthetic polymer is formed by polymerisation of a single amino acid (or the copolymerisation of a diacid and a diamine),
biological polypeptides are formed by the controlled polymerisation of some 20
naturally occurring aminoacids in precise sequences determined directly by the
genetic material of the cell. Natural polypeptides fall broadly into two groups:
the fibrous proteins (notably keratin and collagen) which serve as' structural
materials; and the globular proteins which have a metabolic function, notably as
enzymes. The regular structure of peptide links in the main chain of the macromolecule allows a helical structure stabilised by H-bonds to develop in most
proteins. In globular proteins, the side-groups R which each aminoacid contributes to the linear chain interact, through H-bonds and disulphide bonds, to
produce elaborate twisting and folding of the helical macromolecular chain. This
overall chain conformation is of course identical in each molecule of a particular
polypeptide since each has the same aminoacid sequence. Consequently, many
globular proteins can be crystallised, the unit cell being built from entire globular
macromolecules (rather than the chain repeat units as in the crystalline synthetic
polymers described in chapter 2).
Polyfphenylene ether) —
See Polyfphenylene oxide)
Polyfphenylene oxide)
An essentially amorphous linear heterochain polymer developed by General
Electric in the mid 1960s. PPO has an exceptionally high glass transition temperature of 208°C (creating processing problems) but has the remarkable property
of being miscible in all proportions with polystyrene. The PPO-PS hybrids are
therefore one-phase blends. They have established themselves as among the most
successful of the new engineering thermoplastics. PPO is also modified by
copolymerisation with a polyamide.
Polyfphenylene sulphide)
A linear crystalline thermoplastic first produced by Phillips in 1973. It is a
sulphur heterochain near-analogue of PPO. In the very simple molecular structure, the six-carbon (aromatic) rings provide chain stiffness and temperature
stability. The melting point is around 285°C and the glass transition temperature
around 85°C. Temperatures as high as 350°C are necessary for injection moulding. An oddity of PPS is that the raw polymer can be 'cured' by heat-treatment
at 150-250°C, a process believed to cause an increase of chain length and
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perhaps some crosslinking. This thermoplastic therefore has some thermoset
character.
Brady, D. G. 'Poly(phenylene sulphide)',/. Appl. Polymer Sci.: Appl. Polymer
Symposia, 36, (1981) 231-239.
Hill, H. W. and Brady, D. G. 'Poly(phenylene sulphide)','in M. Grayson (Ed.),
Kirk-Othmer Encyclopaedia of Chemical Technology, 3rd edn (Wiley, New
York, 1984).
Polypropylene
PP has a special place in the history of polymers. The emergence of isotactic PP
in 1954 was unexpected yet so logical, given our present understanding of the
molecular and structural basis of polymer materials. Furthermore, the scientific
triumph of Guilio Natta was translated within three years into a commercial
triumph when Montecatini brought PP to the marketplace in 1957. The properties
of solid isotactic PP showed very vividly the rewards which might be gained by
control of stereoregularity during synthesis. It was exceptional that an outstanding contribution to the science of catalytic polymerisation should also yield a
polymer material of great commercial value; and that the laboratory synthesis
could be so effectively transferred to the industrial scale. Moreover, the original
success has been followed by a sustained development both of catalysts and of
PP materials and applications. The original PP homopolymer has now spawned a
variety of copolymers and hybrids which together form the PP family {see
page 156 for a description of these).
Galli, P., 'Polypropylene: a quarter of a century of increasingly successful
development', in F. Ciardelli and P. Giusti (Eds), Structural Order in
Polymers, pp. 63-92 (Pergamon, Oxford, 1981).
Polystyrene and other styrene polymers
Polystyrene is a commodity polymer with wide application but many deficiencies
in end-use properties, especially in its susceptibility to brittle fracture. Styrene is
a very versatile monomer and is very widely hybridised with other substances to
form important copolymers, blends and alloys. High-impact polystyrene HIPS
and acrylonitrile-butadiene-styrene ABS were the first such hybrids (see
Acrylonitrile-butadiene-styrene). In both these materials, the presence of a
grafted rubbery disperse phase radically modifies the propagation of fractures and
hence improves impact strength. Crazes which develop around the rubber
particles under fracture stress absorb energy and raise the fracture toughness.
More recently, the interesting combination of PPO-PS has been developed as a
high-performance engineering polymer.
Polysulphide elastomers
PoIy(ethylene polysulphide) is an interesting rubber with an unusual chain
structure containing sulphur-sulphur bonds. It has unique resistance to swelling
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by organic solvents. However it is a weak material and is mainly used as a sealant
and adhesive.
Polysulphone
Linear heterochain polymers containing the ~S0 2 - group. The first commercial
polysulphone was introduced by Union Carbide in 1965 (see table 1.5 for
structure); polyethersulphone, with a rather simpler chain structure, was commercialised by ICI in 1971:

Typically the polysulphones are tough, glassy polymers with J g in the region
of 200-250°C. They are very stable to thermal oxidation and to creep and are
suited to prolonged use under stress at high temperatures. They can be injection
moulded and extruded at melt temperatures around 350°C. PES has a UL
thermal index of 180°C.
Polytetrafluorethylene
The fully fluorinated analogue of polyethylene, which was unexpectedly
discovered by Roy Plunkett of Du Pont in 1938 in the course of his work on
refrigeration fluids. PTFE is a polymer of remarkable properties, many attributable
to the stability of the C-F bond. It is outstandingly useful as a high-frequency
dielectric; has an extraordinarily low coefficient of friction; is resistant to
chemical attack by almost all substances; and resists atmospheric degradation.
It presents some difficulties of processing (see page 165) because of its high
melting temperature (around 325°C) and very high melt viscosity, attributable
to the high molar mass and relatively inflexible linear chain (see section 2.8).
PTFE came into commercial production in 1950, although there were military
uses from about 1943. Several other fluorocarbon polymers (notably PCTFE
and the tetrafluorethylene-hexafluoropropylene copolymer FEP) offer most of
the advantages of PTFE combined with better melt processing characteristics.
Sperati, C. A., 'Polytetrafluorethylene: history of its development and some
recent advances', in R. B. Seymour and G. S. Kirshenbaum (Eds), High
Performance Polymers: their Origin and Development, pp. 267-278
(Elsevier Applied Science, London, 1986).
Polyurethanes
A most important and diverse class of chemically complicated polymers including
thermoplastic, thermoset and elastomer materials. For a brief survey of PUR
elastomer chemistry, see table 6.7. PUR materials are very widely used as foams,
both rigid and flexible; reaction injection moulding methods were developed
principally for PUR materials. 1985 US consumption of polyurethanes was
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about 1.0 million tonnes, similar to that of phenolics and just under one half
of that of polypropylene.
Hepburn, C.,Polyurethane Elastomers (Applied Science, London, 1982).
Oertel, G.,Polyurethane Handbook (Hanser, Munich, 1985).
Woods, G., FlexiblePolyurethane Foams (Applied Science, London, 1982).
Woods, G., The IC1Polyurethanes Book (Wiley, Chichester, 1987).
Poly(vinyl acetate)
A vinyl polymer produced by emulsion or suspension polymerisation as a latex
and widely used in coatings and adhesives. Like PVC it may be plasticised, often
temporarily in emulsion coating applications.
Polyvinyl alcohol)
A water-soluble vinyl polymer, produced by hydrolysis from PVAC. Water
solubility arises from strong H-bond interaction between hydroxyl groups on
the polymer chain and water molecules.
Polyvinyl butyral)
A vinyl polymer produced by post-polymerisation reaction of PVAL with
butyraldehyde. This reaction removes most of the hydroxyl groups from the
carbon chain, rendering the polymer insoluble in water. Poly(vinyl butyral)
has one predominant use: as the bonding layer in vehicle safety glass, for which
purpose it has a uniquely effective combination of stability, clarity and glassadhesion.
Poly(vinyl chloride)
One of the cheapest and most versatile commodity polymers, surpassed only by
polyethylene in production volume. Much of the PVC produced finds its way
into the construction industry. Unplasticised PVC has a glass transition tempera•ture of about 85°C. Commercial PVC is generally regarded as largely atactic with
sufficient syndiotactic sequences in its chain structure to allow slight crystallinity
to develop. PVC has a unique capacity to absorb a wide variety of organic
solvents which act as plasticisers and much of PVC technology centres on the
modification of PVC material properties by plasticisation, lowering Tg and
making the material more flexible. PVC decomposes readily above 200°C to
yield large amounts of hydrogen chloride gas. Commercial formulations are
stabilised with lead, cadmium, tin or antimony compounds to reduce thermal
decomposition during processing. PVC latices and organosols with controlled
particle size are produced by suspension and emulsion polymerisation and are
much used in the coatings industry. PVC copolymers with small amounts of vinyl
acetate or vinylidene chloride have improved processing properties. PVC may
also be post-chlorinated to produce a commercial thermoplastic more soluble
in organic solvents than PVC itself and with a lower softening point.
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Burgess, R. H. (Ed.), Manufacturing and Processing ofPVCX Applied Science,
London, 1982).
Gottesman, R. T. and Goodman, D. 'Poly(vinyl chloride)' in R. W. Tess and
D. W. Poehlein (Eds), Applied Polymer Science, 2nd edn (American
Chemical Society, Washington DC, 1985).
Titow, W. (Ed.) PVC Technology, 4th edn (Elsevier Applied Science, London,
1984).
Poly (vinyl fluoride)
A crystalline polymer with exceptional resistance to weathering and chemical
attack, used mainly as a coating, especially to control metallic corrosion in
aggressive environments. It is the fluorine analogue of.PVC, with structure
-(CH 2 -CHF)-.
Polyfvinylidene chloride)
A vinyl polymer widely used in food-packaging because of its extremely low
permeability to water vapour (see Vinyl polymers).
Polyfvinylidene fluoride)
A crystalline polymer with remarkable piezoelectric properties. On stretching,
the PVDF crystal structure changes from the nonpolar alpha to the polar beta
form. The electronegativity differences of H and F ensure that the unit cell as
a whole has a net dipole. The beta crystallites are oriented by 'poling' the
polymer film in a strong electric field (typically 1000 kV/cm) for some
minutes at 80°C. The frozen-in polarisation of the material is altered by
mechanical deformation, thus providing the piezoelectric property which can be
exploited in electromechanical transducers (see page 109). The piezoelectric
coefficient d(= (de/bE)a, where e is the strain, E the electric field and o the
stress) of PVDF is about 25 pC/N, much higher than other polymers and comparable with piezoceramics such as barium titanate (190 pC/N).
There are other less exotic uses of PVDF which mainly exploit its combination of inertness, resistance to chemical attack, good fire performance and
toughness: for example, in architectural coatings.
Lovinger, A. J., 'Poly(vinylidene fluoride)', in D. C. Bassett (Ed.), Developments
in Crystalline Polymers, vol. 1 (Applied Science, London, 1982).
Protein
See Polypeptide
Silicone polymers
A diverse group of polymers known primarily for their chemical inertness and
relatively good temperature stability. The main structural feature of the silicones
is the complete absence of carbon from the chain backbone which instead is
built from linear -Si-O-Si-O- sequences. Carbon-containing groups are usually
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present as side groups attached to the Si atoms. Many silicones are network
structures, crosslinked by -Si-0-Si- units. The thermal stability of silicones
is attributed to the strength of the Si-0 bond. Silicone polymers find numerous
relatively specialised uses (they are expensive): in coatings, as surfactants and
especially as special-purpose elastomers for aggressive, high-temperature and
low-temperature environments. Silicone elastomers may be heat-cured with
peroxides but especially important are the room-temperature vulcanised (RTV)
silicone rubbers. These are one or two-pack systems which cure in the cold and
are important as adhesives and sealants, especially in the construction industry.
They have good weathering performance and remain flexible at low temperatures. The partially fluorinated fluorosilicone rubbers combine the chemical
inertness of the silicones with even better flexibility at low-temperature.
Cush, R. J. and Winnan, H. W., 'Silicone rubbers', in A. Whelan and K. S. Lee
(Eds), Developments in Rubber Technology, vol. 2, pp. 203-231 (Applied
Science, London, 1981).
Warrick, E. L., Pierce, 0 . R., Polmanteer, K. E. and Saam, J. C , 'Silicone
elastomer developments',Rubber Chem. Technol., 52 (1979) 437-525.
Styrene polymers
See Acrylonitrile-butadiene-styrene, Polystyrene and other styrene polymers
and Styrene-butadiene rubber
Styrene-butadiene rubber
The styrene-butadiene random copolymer elastomer is the most important
of the synthetic rubbers (world production 1986, around 5 million tonnes,
60 per cent of total synthetic rubbers), exceeding natural rubber in production
volume. SBR competes with natural rubber in many applications, particularly
in vehicle tyres. Having a random chain structure, it does not crystallise at high
extensions; it requires reinforcing fillers to develop good mechanical properties.
Styrene-butadiene block copolymers have been developed as important thermoplastic elastomers (see Thermoplastic elastomers).
Thermoplastic elastomers
A large class of polymers which, by Hoffmann's excellent definition, "in the
ideal case, combine the service properties of elastomers with the processing
properties of thermoplastics." These are broadly those rubbers with the ASTM
class Y designation ("polymers having a block, graft, segmented or other structure that permits use of the rubber in the unvulcanized state at ordinary temperatures; for example YSBR..." [ASTM D1418]. These materials develop
elastomeric properties at normal temperatures because of their blocky twophase structure (see pages 173-175 for discussion). There are numerous commercial thermoplastic elastomers, which may be classified as follows (after
Hoffmann):
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Components

Soft block

Hard block

Styrene types
SBS, SIS
SEBS

butadiene or isoprene
ethylene/butadiene

styrene
styrenc

Elastomeric alloys
EPDM/PP
NR/PP
EVA/PVDC
NBR/PP

crosslinked EPDM
crosslinked natural rubber
EVA
crosslinked NBR

PP
PP
PVDC
PP

Polyurethanes

polyester
polyether

polyurethane
polyurethane

Polyetheresters

alklyene glycol

alkylene
terephthalate

Polyetheramides

etherdiols

amides

Hoffmann, W., Thermoplastic elastomers: classes of material and an attempt at
classification', Kunststoffe German Plastics, 77(8) (1987) 14-20.
Holden, G., Thermoplastic elastomers', in Encyclopaedia of Polymer Science
and Engineering, vol. 5,2nd edn, pp. 416-430 (Wiley, New York, 1986).
Legge, N. R., Holden, G. and Schroeder, H. E., Thermoplastic Elastomers: a
Comprehensive Review (Hanser, Munich, 1987).
Vinyl polymers
The family of polymers comprising poly(vinyl chloride), its copolymers with
vinyl acetate, vinylidene chloride, ethylene and propylene; poly(vinyl acetate);
poly(vinylidene chloride); poly(vinyl alcohol); and poly(vinyl butyral).

