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Preface to the Seventh Edition

I mentioned in the preface to the sixth edition that when I began preparation of
the first edition of this book in the early 1960s world production of plastics
materials was of the order of 9 million tonnes per annum. In the late 1990s it has
been estimated at 135 million tonnes per annum! In spite of this enormous
growth my prediction in the first edition that the likelihood of discovering new
important general purposes polymers was remote but that new special purpose
polymers would continue to be introduced has proved correct.

Since the last edition several new materials have been announced. Many of
these are based on metallocene catalyst technology. Besides the more obvious
materials such as metallocene-catalysed polyethylene and polypropylene these
also include syndiotactic polystyrenes, ethylene-styrene copolymers and cyclo-
olefin polymers. Developments also continue with condensation polymers with
several new polyester-type materials of interest for bottle-blowing and/or
degradable plastics. New phenolic-type resins have also been announced. As with
previous editions I have tried to explain the properties of these new materials in
terms of their structure and morphology involving the principles laid down in the
earlier chapters.

This new edition not only includes information on the newer materials but
attempts to explain in modifications to Chapter 2 the basis of metallocene
polymerisation. Since it is also becoming apparent that successful development
with these polymers involves consideration of molecular weight distributions an
appendix to Chapter 2 has been added trying to explain in simple terms such
concepts as number and molecular weight averages, molecular weight distribu-
tion and in particular concepts such as bi- and trimodal distributions which are
becoming of interest.

As in previous editions I have tried to give some idea of the commercial
importance of the materials discussed. What has been difficult is to continue to
indicate major suppliers since there have been many mergers and transfers of
manufacturing rights. There has also been considerable growth in manufacturing
capacity in the Pacific Rim area and in Latin America. However this has tended
to coincide with the considerable economic turmoil in these areas particularly
during the period of preparation for this edition. For this reason most of the

Xvii
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figures on production and consumption is based on 1997 data as this was felt to
be more representative than later, hopefully temporary, distortions.

In a book which has in effect been written over a period of nearly 40 years the
author would request tolerance by the reader for some inconsistencies. In
particular I am mindful about references. In the earlier editions these were
dominated by seminal references to fundamental papers on the discovery of new
materials, often by individuals, or classic papers that laid down the foundations
relating properties to structure. In more recent editions I have added few new
individual references since most announcements of new materials are the result
of work by large teams and made by companies. For this reason I have directed
the reader to reviews, particularly those by Rapra and those found in Kunstoffe
for which translations in English are available. I am also aware that some of the
graphs from early editions do not show data in SI units. Since in many cases the
diagram is there to emphasise a relationship rather than to give absolute values
and because changing data provided by other authors is something not to be
undertaken lightly 1 would again request tolerance by the reader.

JJA B
Brent Eleigh
Suffolk, 1999



Preface to the First Edition

There are at the present time many thousands of grades of commercial plastics
materials offered for sale throughout the world. Only rarely are the properties of
any two of these grades identical, for although the number of chemically distinct
species (e.g. polyethylenes, polystyrenes) is limited, there are many variations
within each group. Such variations can arise through differences in molecular
structure, differences in physical form, the presence of impurities and also in the
nature and amount of additives which may have been incorporated into the base
polymer. One of the aims of this book is to show how the many different
materials arise, to discuss their properties and to show how these properties can
to a large extent be explained by consideration of the composition of a plastics
material and in particular the molecular structure of the base polymer
employed.

After a brief historical review in Chapter 1 the following five chapters provide
a short summary of the general methods of preparation of plastics materials and
follow on by showing how properties are related to chemical structure. These
particular chapters are largely qualitative in nature and are aimed not so much at
the theoretical physical chemist but rather at the polymer technologist and the
organic chemist who will require this knowledge in the practice of polymer and
compound formulation.

Subsequent chapters deal with individual classes of plastics. In each case a
review is given of the preparation, structure and properties of the material. In
order to prevent the book from becoming too large I have omitted detailed
discussion of processing techniques. Instead, with each major class of material an
indication is given of the main processing characteristics. The applications of the
various materials are considered in the light of the merits and the demerits of the
material.

The title of the book requires that a definition of plastics materials be given.
This is however very difficult. For the purpose of this book I eventually used as
a working definition ‘Those materials which are considered to be plastics
materials by common acceptance’. Not a positive definition but one which is
probably less capable of being criticised than any other definition I have seen.
Perhaps a rather more useful definition but one which requires clarification is
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‘Plastics materials are processable compositions based on macromolecules’. In
most cases (certainly with all synthetic materials) the macromolecules are
polymers, large molecules made by the joining together of many smaller ones.
Such a definition does however include rubbers, surface coatings, fibres and
glasses and these, largely for historical reasons, are not generally regarded as
plastics. While we may arbitrarily exclude the above four classes of material the
borderlines remain undefined. How should we classify the flexible polyurethane
foams—as rubbers or as plastics? What about nylon tennis racquet filament?—
or polyethylene dip coatings? Without being tied by definition I have for
convenience included such materials in this book but have given only brief
mention to coatings, fibres and glasses generally. The rubbers I have treated as
rather a special case considering them as plastics materials that show reversible
high elasticity. For this reason I have briefly reviewed the range of elastomeric
materials commercially available.

I hope that this book will prove to be of value to technical staff who are
involved in the development and use of plastics materials and who wish to obtain
a broader picture of those products than they could normally obtain in their
everyday work. Problems that are encountered in technical work can generally be
classified into three groups; problems which have already been solved elsewhere,
problems whose solutions are suggested by a knowledge of the way in which
similar problems have been tackled elsewhere and finally completely novel
problems. In practice most industrial problems fall into the first two categories so
that the technologist who has a good background knowledge to his subject and
who knows where to look for details of original work has an enhanced value to
industry. It is hoped that in a small way the text of this book will help to provide
some of the background knowledge required and that the references, particularly
to more detailed monographs, given at the end of each chapter will provide
signposts along the pathways of the ever thickening jungle of technical
literature.

1965 J.A.B.
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Abbreviations for Plastics and Rubbers

Many abbreviations for plastics materials are in common use. Some of these have
now been incorporated into national and international standards, including:

ISO 1043 (1978) Plastics—Symbols.

BS 3502 Common Names and Abbreviations for Plastics and Rubbers.
Part 1 Principal commercial plastics (1978).
(The 1978 revision was carried out in accordance with IS 1043 although the
latter also deals with compounding ingredients.)

ASTM D 1600-83 Abbreviations of terms relating to plastics.

DIN 7728
Part 1 (1978) Symbols for terms relating to homopolymers, copolymers and
polymer compounds.
Part 2 (1980) Symbols for reinforced plastics.

In Table 1, drawn up by the author, of abbreviations in common use those in bold
type are in the main schedule of BS 3502. In this list the names given for the
materials are the commonly used scientific names. This situation is further
complicated by the adoption of a nomenclature by the International Union of
Pure and Applied Chemistry for systematic names and a yet further nomenclature
by the Association for Science Education which is widely used in British schools
but not in industry. Some examples of these are given in Table 2. Because many
rubbery materials have been referred to in this book, Tables 3 and 4 list
abbreviations for these materials.
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Table 1 Common abbreviations for plastics

Abbreviation

Material

Common name

ABS

ACS

EVAC

EVOH, EVAL, EVOL

FEP
FRP, FRTP

GRP

PBTP, PBT, PTMT
PC

PETP, PET

PCT

PCTFE
PE
PEBA
PEEK

Acrylonitrile—butadiene—styrene
polymer

Acrylonitrile—styrene and chlorinated
polyethylene

Acrylonitrile—styrene and ethylene—
propylene rubber
Acrylonitrile—styrene and acrylic rubber
Cellulose acetate

Cellulose acetate—butyrate

Cellulose acetate—propionate
Cellulose nitrate

Cellulose propionate

Chlorinated polyvinyl chloride
Cellulose triacetate

Casein

Ethylene—acrylic acid
Ethylene—ethyl acrylate

Epoxide resin
Tetrafluoroethylene—ethylene copolymer
Ethylene—vinyl acetate
Ethylene—viny! alcohot
Tetrafluoroethylene—
hexafluoropropylene copolymer
Thermoplastic material reinforced,
commonly with fibre

Glass-fibre reinforced plastic based on
a thermosetting resin
High-density polyethylene
High-impact polystyrene
Low-density polyethylene

Linear low-density polyethylene
Methacrylate—butadiene styrene
Medium-density polyethylene
Melamine—formaldehyde
Polyamide

Polyamideimide

Polybutylene terephthalate
Polycarbonate

Polyethylene terephthalate

Poly-
(1,4-cyclohexylenediaminemethylene
terephthalate)
Polychlorotrifluoroethylene
Polyethylene

Polyether block amide

Polyether ether ketone

ABS

Acetate

CAB, butyrate
CAP

Celluloid

CP, propionate

Triacetate
Casein

Dough moulding compound

(usually polyester)

Epoxy

EVA

Melamine
Nylon (some types)

Polyester

Polycarbonate
Polyester

Polythene
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XXV

Abbreviation

Material

Common name

PEEKK
PEG

PEI

PEK

PES

PETP, PET
PF

PFA

PI

PIB

PMMA, PMM
PMMI

POM

PP
PPG
PPO
PPO
PPS
PS
PS, PSU
PTFE
PUR
PVA
PVA
PVA
PVAC
PVB
PVC
PVDC
PVDF
PVF
PVF
pPVP
P4MP1
RF
SAN
SI
SMA
SMC

Polyether ether ketone ketone
Polyethylene glycol
Polyetherimide

Polyether ketone

Polyether sulphone
Polyethylene terephthalate
Phenol—formaldehyde

Tetrafluoroethylene—perfluoroalkyl
(usually propyl) vinyl ether copolymers

Polyimide
Polyisobutylene
Polymethyl methacrylate
Polymethylmethacrylimide
Polyacetal, polyoxymethylene,
polyformaldehyde
Polypropylene
Polypropylene glycol
Polyphenylene oxide
Polypropylene oxide
Polypropylene sulphide
Polystyrene
Polysulphone
Polytetrafluoroethylene
Polyurethane

Polyvinyl acetate
Polyvinyl alcohol
Polyvinyl acetal
Polyvinyl acetate
Polyviny! butyral
Polyvinyl chloride
Polyvinylidene chloride
Polyvinylidene fluoride
Polyvinyl fluoride
Polyvinyl formal
Polyvinyl pyrrolidone
Poly-4-methyl pentene-1
Resorcinol—formaldehyde
Styrene—acrylonitrile
Polysiloxane
Styrene—maleic anhydride

Toughened polystyrene
Urea—formaldehyde
Unsaturated polyester
Unplasticised PVC

Very low density polyethylene
Expanded polystyrene

Polyester
Phenolic

Acrylic
Acetal

Propylene, polyprop

Styrene

PTFE
Polyurethane, urethane

PVA

PVC, vinyl

SAN
Silicone

Sheet moulding compound

(usually polyester)

Urea
Polyester
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The Commission on Macromolecular Nomenclature of the International Union of
Pure and Applied Chemistry has published a nomenclature for single-strand
organic polymers (Pure and Applied Chemistry, 48, 375 (1976)). In addition the
Association for Science Education in the UK has made recommendations based
on a more general IUPAC terminology, and these have been widely used in
British schools. Some examples of this nomenclature compared with normal
usage are given in Table 2.

Table 2
Normal usage ASE IUPAC
Polyethylene Poly(ethene) Poly(methylene)
Polypropylene Poly(propene) Poly(propylene)
Polystyrene Poly(pheny! ethene) Poly(1-phenyl ethylene)
Polyvinyl chloride Poly(chloroethene) Poly(1-chloroethylene)
Polymethyl methacrylate
Poly(methyl 2-methyl Poly[1-(methoxycarbonyl)-
propenoate) 1-methyl ethylene]

In this book the policy has been to use normal usage scientific terms.

Table 3 Standard abbreviations for rubbery materials (based on ISO Recommendation and ASTM
D 1418)

ABR acrylate-butadiene rubber

ACM copolymers of ethyl or other acrylates and a small amount of a monomer which
facilitates vulcanization

ACSM alkyl chlorosulphonated polyethylene

AECO terpolymers of allyl glycidyl ether, ethylene oxide and epichlorohydrin

AEM copolymers of ethyl or other acrylate and ethylene

AFMU terpolymer of tetrafluoroethylene, trifluoronitrosomethane and
nitrosoperfluorobutyric acid

ANM copolymers of ethyl or other acrylate and acrylonitrile

AU polyester urethanes

BIIR bromo-isobutene—isoprene rubber (brominated butyl rubber)

BR butadiene rubber :

CFM rubber with chlorotrifluoroethylene units in chain

CIIR chloro-isobutene—isoprene rubber (chlorinated butyl rubber)

CM chlorinated polyethylene

Co epichlorhydrin rubber

CR chloroprene rubber

CSM chlorosulphonated polyethylene

ECO ethylene oxide and epichlorhydrin copolymer

EAM ethylene—vinyl acetate copolymer

EPDM terpolymer of ethylene, propylene and a diene with the residual unsaturated
portion of the diene in the side chain

EPM ethylene—propylene copolymer

EU polyether urethanes

FFKM perfluororubbers of the polymethylene type, having all substituent groups on
the polymer chain either fluoroperfluoroalkyl or perfluoroalkoxy

FKM fluororubber of the polymethylene type, having substituent fluoro and
perfluoroalkoxy groups on the main chain

FVMQ silicone rubber having fluorine, vinyl and methyl substituent groups on the
polymer chain

FZ polyphosphazene with fluorinated side groups

GPO polypropylene oxide rubbers
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Table 3 Continued

IIR isobutene—isoprene rubber (butyl rubber)

™M polyisobutene

IR isoprene rubber (synthetic)

MQ silicone rubbers having only methy! substituent groups on the polymer chain

NBR nitrile—butadiene rubber (nitrile rubber)

NIR nitrile—isoprene rubber

NR natural rubber

PBR pyridine—butadiene rubber

PMQ silicone rubbers having both methyl and phenyl groups on the polymer chain

PNR polynorbornene rubber

PSBR pyridine—styrene—butadiene rubber

PVMQ silicone rubbers having methyl, phenyl and vinyl substituent groups on the
polymer chain

PZ polyphosphazene with phenolic side chains

Q rubbers having silicon in the polymer chain

SBR styrene—butadiene rubber

T rubbers having sulphur in the polymer chain (excluding copolymers based on
CR)

VMQ silicone rubber having both methyl and vinyl substituent groups in the polymer
chain

XNBR carboxylic—nitrile butadiene rubber (carboxynitrile rubber)

XSBR carboxylic—styrene butadiene rubber

Y prefix indicating thermoplastic rubber

YBPO thermoplastic block polyether—polyester rubbers

In addition to the nomenclature based on ISO and ASTM recommendations
several other abbreviations are widely used. Those most likely to be encountered
are shown in Table 4.

Table 4 Miscellaneous abbreviations used for rubbery materials

ENR epoxidized natural rubber

EPR ethylene—propylene rubbers (either EPM or EPDM)
EVA ethylene-vinyl acetate copolymers (instead of EAM)
EVM ethylene-vinyl acetate rubber (instead of EAM or EVA)
HNBR hydrogenated nitrile rubber

PEBA thermoplastic polyamide rubber, polyether block amide
SBS styrene—butadiene—styrene triblock copolymer

SEBS hydrogenated SBS

SIR Standard Indonesian rubber

SIS styrene—isoprene—styrene triblock copolymer

SMR Standard Malaysian rubber

TOR polyoctenamer

TPO thermoplastic polyolefin rubber

TPU thermoplastic polyurethane rubber

During the World War IT the United States Government introduced the following
system of nomenclature which continued in use, at least partially, until the 1950s
and is used in many publications of the period.

GR-A Government Rubber— Acrylonitrile (modern equivalent NBR)
GR-I Government Rubber—Isobutylene (IIR)

GR-M Government Rubber-——Monovinyl acetylene (CR)

GR-P Government Rubber—Polysulphide )]

GR-S Government Rubber—Styrene (§BR)



The Historical Development of Plastics
Materials

1.1 NATURAL PLASTICS

Historians frequently classify the early ages of man according to the materials
that he used for making his implements and other basic necessities. The most
well known of these periods are the Stone Age, the Iron Age and the Bronze Age.
Such a system of classification cannot be used to describe subsequent periods for
with the passage of time man learnt to use other materials and by the time of the
ancient civilisations of Egypt and Babylonia he was employing a range of metals,
stones, woods, ceramics, glasses, skins, horns and fibres. Until the 19th century
man’s inanimate possessions, his home, his tools, his furniture, were made from
varieties of these eight classes of material.

During the last century and a half, two new closely related classes of material
have been introduced which have not only challenged the older materials for their
well-established uses but have also made possible new products which have
helped to extend the range of activities of mankind. Without these two groups of
materials, rubbers and plastics, it is difficult to conceive how such everyday
features of modern life such as the motor car, the telephone and the television set
could ever have been developed.

Whereas the use of natural rubber was well established by the start of the
twentieth century, the major growth period of the plastics industry has been since
1930. This is not to say that some of the materials now classified as plastics were
unknown before this time since the use of the natural plastics may be traced well
into antiquity.

In the book of Exodus (Chapter 2) we read that the mother of Moses ‘when she
could no longer hide him, she took for him an ark of bullrushes and daubed it
with slime and with pitch, and put the child therein and she laid it in the flags by
the river’s brink’. Biblical commentaries indicate that slime is the same as
bitumen but whether or not this is so we have here the precursor of our modern
fibre-reinforced plastics boat.

The use of bitumen is mentioned even earlier. In the book of Genesis (Chapter
11) we read that the builders in the plain of Shinar (i.e. Babylonia) ‘had brick for

1
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stone and slime they had for mortar’. In Genesis (Chapter 14) we read that ‘the
vale of Siddim was full of slimepits; and the Kings of Sodom and Gomorrah fled,
and fell there; and they that remained fled to the mountain’.

In Ancient Egypt mummies were wrapped in cloth dipped in a solution of
bitumen in oil of lavender which was known variously as Syrian Asphalt or
Bitumen of Judea. On exposure to light the product hardened and became
insoluble. It would appear that this process involved the action of chemical cross-
linking, which in modern times became of great importance in the vulcanisation
of rubber and the production of thermosetting plastics. It was also the study of
this process that led Niepce to produce the first permanent photograph and to the
development of lithography (see Chapter 14).

In Ancient Rome, Pliny the Elder (c. A.n. 23-79) dedicated 37 volumes of
Natural History to the emperor Titus. In the last of these books, dealing with
gems and precious stones, he describes the properties of the fossil resin, amber.
The ability of amber to attract dust was recognised and in fact the word electricity
is derived from elektron, the Greek for amber.

Further east another natural resin, lac, had already been used for at least a
thousand years before Pliny was born. Lac is mentioned in early Vedic writings
and also in the Kama Sutra of Vatsyayona. In 1596 John Huyglen von
Linschoeten undertook a scientific mission to India at the instance of the King of
Portugal. In his report he describes the process of covering objects with shellac,
now known as Indian turnery and still practised:

‘Thence they dresse their besteds withall, that is to say, in turning of the woode, they
take a peece of Lac of what colour they will, and as they turne it when it commeth to
his fashion they spread the Lac upon the whole peece of woode which presently, with
the heat of the turning (melteth the waxe) so that it entreth into the crestes and cleaveth
unto it, about the thickness of a mans naile: then they burnish it (over) with a broad
straw or dry rushes so (cunningly) that all the woode is covered withall, and it shineth
like glasse, most pleasant to behold, and continueth as long as the woode being well
looked unto: in this sort they cover all kind of household stuffe in India, as Bedsteddes,
Chaires, stooles, etc. ...’

Early records also indicate that cast mouldings were prepared from shellac by
the ancient Indians. In Europe the use of sealing wax based on shellac can be
traced back to the Middle Ages. The first patents for shellac mouldings were
taken out in 1868.

The introduction to western civilisation of another natural resin from the east
took place in the middle of the 17th century. To John Tradescant (1608—1662),
the English traveller and gardener, is given the credit of introducing gutta percha.
The material became of substantial importance as a cable insulation material and
for general moulding purposes during the 19th century and it is only since 1940
that this material has been replaced by synthetic materials in undersea cable
insulation.

Prior to the eastern adventures of Linschoeten and Tradescant, the sailors of
Columbus had discovered the natives of Central America playing with lumps of
natural rubber. These were obtained, like gutta percha, by coagulation from a
latex; the first recorded reference to natural rubber was in Valdes La historia
natural y general de las Indias, published in Seville (1535-1557). In 1731 la
Condamine, leading an expedition on behalf of the French government to study
the shape of the earth, sent back from the Amazon basin rubber-coated cloth
prepared by native tribes and used in the manufacture of waterproof shoes and
flexible bottles.
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The coagulated rubber was a highly elastic material and could not be shaped
by moulding or extrusion. In 1820 an Englishman, Thomas Hancock, discovered
that if the rubber was highly sheared or masticated, it became plastic and hence
capable of flow. This is now known to be due to severe reduction in molecular
weight on mastication. In 1839 an American, Charles Goodyear, found that
rubber heated with sulphur retained its elasticity over a wider range of
temperature than the raw material and that it had greater resistance to solvents.
Thomas Hancock also subsequently found that the plastic masticated rubber
could be regenerated into an elastic material by heating with molten sulphur. The
rubber—sulphur reaction was termed vulcanisation by William Brockendon, a
friend of Hancock. Although the work of Hancock was subsequent to, and to
some extent a consequence of, that of Goodyear, the former patented the
discovery in 1843 in England whilst Goodyear’s first (American) patent was
taken out in 1844.

In extensions of this work on vulcanisation, which normally involved only a
few per cent of sulphur, both Goodyear and Hancock found that if rubber was
heated with larger quantities of sulphur (about 50 parts per 100 parts of rubber)
a hard product was obtained. This subsequently became known variously as
ebonite, vulcanite and hard rubber. A patent for producing hard rubber was taken
out by Nelson Goodyear in 1851.

The discovery of ebonite is usually considered as a milestone in the history of
the rubber industry. Its importance in the history of plastics materials, of which
it obviously is one, is generally neglected. Its significance lies in the fact that
ebonite was the first thermosetting plastics material to be prepared and also the
first plastics material which involved a distinct chemical modification of a
natural material. By 1860 there was a number of manufacturers in Britain,
including Charles Macintosh who is said to have started making ebonite in 1851.
There are reports of the material having been exhibited at the Great Exhibition of
1851.

1.2 PARKESINE AND CELLULOID

While Hancock and Goodyear were developing the basic processes of rubber
technology, other important discoveries were taking place in Europe. Following
earlier work by Pelouze, Schonbein was able to establish conditions for
controlled nitration of cellulose. The product soon became of interest as an
explosive and in the manufacture of collodion, a solution in an alcohol—ether
mixture. In the 1850s the English inventor Alexander Parkes ‘observed after
much research, labour and investigation that the solid residue left on the
evaporation of the solvent of photographic collodion produced a hard, horny
elastic and waterproof substance’. In 1856 he patented the process of
waterproofing woven fabrics by the use of such solutions.

In 1862 the Great International Exhibition was held in London and was visited
by six million people. At this exhibition a bronze medal was awarded to Parkes
for his exhibit Parkesine. This was obtained by first preparing a suitable cellulose
nitrate and dissolving it in a minimum of solvent. The mixture was then put on
a heated rolling machine, from which some of the solvent was then removed.
While still in the plastic state the material was then shaped by ‘dies or pressure’.
In 1866 the Parkesine Co., Ltd was formed but it failed in 1868. This appears in
part due to the fact that in trying to reduce production costs products inferior to
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those exhibited in 1862 were produced. Although the Parkesine Company
suffered an economic failure, credit must go to Parkes as the first man to attempt
the commercial exploitation of a chemically modified polymer as a thermo-
plastics material.

One year after the failure of the Parkesine Company a collaborator of Parkes,
Daniel Spill, formed the Xylonite Company to process materials similar to
Parkesine. Once again economic failure resulted and the Company was wound up
in December 1874. Undaunted, Spill moved to a new site, established the Daniel
Spill Company and working in a modest way continued production of Xylonite
and Ivoride.

In America developments were also taking place in the use of cellulose nitrate,
In 1865 John Wesley Hyatt who, like Parkes and Spill, had had no formal
scientific training, but possessed that all-important requirement of a plastics
technologist—inventive ingenuity —became engrossed in devising a method for
producing billiard balls from materials other than ivory. Originally using
mixtures of cloth, ivory dust and shellac, in 1869 he patented the use of collodion
for coating billiard balls. The inflammability of collodion was quickly
recognised. In his history of plastics, Kaufman' tells how Hyatt received a letter
from a Colorado billiard saloon proprietor commenting that occasionally the
violent contact of the balls would produce a mild explosion like a percussion
guncap. This in itself he did not mind but each time this happened ‘instantly
every man in the room pulled a gun’.

Products made up to this time both in England and the United States suffered
from the high shrinkage due to the evaporation of the solvent. In 1870 J. W. Hyatt
and his brother took out US Patent 105338 for a process of producing a horn-like
material using cellulose nitrate and camphor. Although Parkes and Spill had
mentioned camphor in their work it was left to the Hyatt brothers to appreciate
the unique value of camphor as a plasticiser for cellulose nitrate. In 1872 the term
celluloid was first used to describe the product, which quickly became a
commercial success. The validity of Hyatts patents was challenged by Spill and
a number of court actions took place between 1877 and 1884. In the final action
it was found that Spill had no claim on the Hyatt brothers, the judge opining that
the true inventor of the process was in fact Alexander Parkes since he had
mentioned the use of both camphor and alcohol in his patents. There was thus no
restriction on the use of these processes and any company, including the Hyatts
Celluloid Manufacturing Company, were free to use them. As a result of this
decision the Celluloid Manufacturing Company prospered, changed its name to
the American Celluloid and Chemical Corporation and eventually became
absorbed by the Celanese Corporation.

It is interesting to note that during this period L. P. Merriam and Spill
collaborated in their work and this led to the formation in 1877 of the British
Xylonite Company. Although absorbed by the Distillers organisation in 1961,
and subsequently subjected to further industrial take-overs, this company
remains an important force in the British plastics industry.

1.3 1900-1930

By 1900 the only plastics materials available were shellac, gutta percha, ebonite
and celluloid (and the bitumens and amber if they are considered as plastics).
Early experiments leading to other materials had, however, been carried out. The
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first group of these to bear fruit were those which had been involved with the
milk protein, casein. About 1897 there was a demand in German schools for what
may only be described as a white blackboard. As a result of efforts to obtain such
a product, Krische and Spitteler were able to take out patents describing the
manufacture of casein plastics by reacting casein with formaldehyde. The
material soon became established under the well-known trade names of Galalith
and later Erinoid and today casein plastics still remain of interest to the button
industry.

The ability of formaldehyde to form resinous substances had been observed by
chemists in the second half of the 19th century. In 1859 Butlerov described
formaldehyde polymers while in 1872 Adolf Bayer reported that phenols and
aldehydes react to give resinous substances. In 1899 Arthur Smith took out
British Patent 16274, the first dealing with phenol—aldehyde resins, in this case
for use as an ebonite substitute in electrical insulation. During the next decade the
phenol—aldehyde reaction was investigated, mainly for purely academic reasons,
but, on occasion, in the hope of commercial exploitation. In due course Leo
Hendrik Baekeland discovered techniques of so controlling and modifying the
reaction that useful products could be made. The first of his 119 patents on
phenol-aldehyde plastics was taken out in 1907, and in 1910 the General
Bakelite Company was formed in the United States. Within a very few years the
material had been established in many fields, in particular for electrical
insulation. When Baekeland died in 1944 world production of phenolic resins
was of the order of 175000 tons per annum and today annual consumption of the
resins is still substantial.

Whereas celluloid was the first plastics material obtained by chemical
modification of a polymer to be exploited, the phenolics were the first
commercially successful fully synthetic resins. It is interesting to note that in
1963, by a merger of two subsidiary companies of the Union Carbide and the
Distillers organisations, there was formed the Bakelite Xylonite Company, an
intriguing marriage of two of the earliest names in the plastics industry.

The success of phenol-formaldehyde mouldings stimulated research with
other resins. In 1918 Hans John prepared resins by reacting urea with
formaldehyde. The reaction was studied more fully by Pollak and Ripper in an
unsuccessful attempt to produce an organic glass during the period 1920-1924.
At the end of this period the British Cyanides Company (later to become
British Industrial Plastics), who were in financial difficulties, were looking
around for profitable outlets for their products. E. C. Rossiter suggested that
they might investigate the condensation of thiourea, which they produced, with
formaldehyde. Although at the time neither thiourea—formaldehyde nor urea—
formaldehyde resins proved of value, resins using urea and thiourea with
formaldehyde were made which were successfully used in the manufacture of
moulding powders. Unlike the phenolics, these materials could be moulded
into light-coloured articles and they rapidly achieved commercial success. In
due course the use of thiourea was dropped as improvements were made in the
simpler urea—formaldehyde materials. Today these resins are used extensively
for moulding powders, adhesives and textile and paper finishing whilst the
related melamine—formaldehyde materials are also used in decorative
laminates.

During the time of the development of the urea-based resins, a thermoplastic,
cellulose acetate, was making its debut. The material had earlier been extensively
used as an aircraft dope and for artificial fibres. The discovery of suitable
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plasticisers in 1927 led to the introduction of this material as a non-inflammable
counterpart of celluloid. During the next ten years the material became
increasingly used for injection moulding and it retained its pre-eminent position
in this field until the early 1950s.

1.4 THE EVOLUTION OF THE VINYL PLASTICS

The decade 1930-1940 saw the initial industrial development of four of today’s
major thermoplastics: polystyrene, poly(vinyl chloride) (PVC), the polyolefins
and poly(methyl methacrylate). Since all these materials can be considered
formally as derivatives of ethylene they have, in the past, been referred to as
ethenoid plastics; however, the somewhat inaccurate term vinyl plastics is now
usually preferred.

About 1930 I.G. Farben, in Germany, first produced polystyrene, whilst at the
same time the Dow Chemical Company commenced their ultimately successful
development of the material.

Commercial interest in PVC also commenced at about this time. The Russian,
I. Ostromislensky, had patented the polymerisation of vinyl chloride and related
substances in 1912, but the high decomposition rate at processing temperatures
proved an insurmountable problem for over 15 years. Today PVC is one of the
two largest tonnage plastics materials, the other being polyethylene.

The discovery and development of polyethylene provides an excellent lesson
in the value of observing and following up an unexpected experimental resuit. In
1931 the research laboratories of the Alkali Division of Imperial Chemical
Industries designed an apparatus to investigate the effect of pressures up to 3000
atmospheres on binary and ternary organic systems. Many systems were
investigated but the results of the experiments did not show immediate promise.
However, E. W. Fawcett and R. O. Gibson, the chemists who carried out the
research programme, noticed that in one of the experiments in which ethylene
was being used a small amount of a white waxy solid had been formed. On
analysis this was found to be a polymer of ethylene.

In due course attempts were made to reproduce this polymer. It was eventually
discovered that a trace of oxygen was necessary to bring about the formation of
polyethylene. In the original experiment this had been present accidentally,
owing to a leak in the apparatus. Investigation of the product showed that it was
an excellent electrical insulator and that it had very good chemical resistance. At
the suggestion of B. J. Habgood its value as a submarine cable insulator was
investigated with the assistance of J. N. Dean (later Sir John Dean) and H. F.
Wilson of the Telegraph Construction and Maintenance Company (Telcon).

Polyethylene was soon seen to have many properties suitable for this purpose
and manufacture on a commercial scale was authorised. The polyethylene plant
came on stream on lst September 1939, just before the outbreak of World
War I

During this period, the ICI laboratories were also making their other great
contribution to the range of plastics materials—the product which they marketed
as Perspex, poly(methyl methacrylate). As a result of work by two of their
chemists, R. Hill and J. W. C. Crawford, it was found that a rigid transparent
thermoplastics material could be produced at a commercially feasible cost. The
material became invaluable during World War II for aircraft glazing and to a
lesser extent in the manufacture of dentures. Today poly(methyl methacrylate) is
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produced in many countries and used for a wide variety of applications
particularly where transparency and/or good weathering resistance are
important.

1.5 DEVELOPMENTS SINCE 1939

The advent of war brought plastics more into demand, largely as substitutes for
materials, such as natural rubber and gutta percha, which were in short supply. In
the United States the crash programme leading to the large-scale production of
synthetic rubbers resulted in extensive research into the chemistry underlying the
formation of polymers. A great deal of experience was also obtained on the large-
scale production of such materials.

New materials also emerged. Nylon, developed brilliantly by W. H. Carothers
and his team of research workers for Du Pont as a fibre in the mid-1930s, was
first used as a moulding material in 1941. Also in 1941 a patent taken out by
Kinetic Chemical Inc. described how R. J. Plunkett had first discovered
polytetrafluoroethylene. This happened when, on one occasion, it was found that
on opening the valve of a supposedly full cylinder of the gas tetrafluoroethylene
no gas issued out. On subsequently cutting up the cylinder it was found that a
white solid, polytetrafluoroethylene (PTFE), had been deposited on the inner
walls of the cylinder. The process was developed by Du Pont and, in 1943, a pilot
plant to produce their product Teflon came on stream.

Interesting developments were also taking place in the field of thermosetting
resins. The melamine—formaldehyde materials appeared commercially in 1940
whilst soon afterwards in the United States the first ‘contact resins’ were used.
With these materials, the forerunners of today’s polyester laminating resins, it
was found possible to produce laminates without the need for application of
external pressure. The first experiments in epoxide resins were also taking place
during this period.

The first decade after the war saw the establishment of the newer synthetics
in many applications. Materials such as polyethylene and polystyrene, origi-
nally rather expensive special purpose materials, were produced in large
tonnages at low cost and these started to oust some of the older materials from
established uses. The new materials were, however, not only competitive with
the older plastics but with the more traditional materials such as metals, woods,
glasses and leathers. In some instances the use of plastics materials was unwise
but in others the use of plastics was of great value both technically and
economically. The occasional misuse of plastics was damaging to the industry
and plastics became surrounded with an aura of disrepute for many years. In
due course it was appreciated that it was unfair to blame the plastics
themselves. Slowly there has developed an understanding of the advantages
and limitations of the individual plastics in the way that we have for many
years appreciated the good and bad features of our traditional materials. Wood
warps and rots, iron rusts and much glass is brittle yet no one disputes the
enormous value of these materials.

In the period 1945-1955, while there was a noticeable improvement in the
quality of existing plastics materials and an increase in the range of grades of
such materials, few new plastics were introduced commercially. The only
important newcomer was high-impact polystyrene and, at the time of its
introduction, this was a much inferior material to the variants available today.
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In the mid-1950s a number of new thermoplastics with some very valuable
properties became available. High-density polyethylenes produced by the
Phillips process and the Ziegler process were marketed and these were shortly
followed by the discovery and rapid exploitation of polypropylene. These
polyolefins soon became large tonnage thermoplastics. Somewhat more spe-
cialised materials were the acetal resins, first introduced by Du Pont, and the
polycarbonates, developed simultaneously but independently in the United States
and Germany. Further developments in high-impact polystyrenes led to the
development of ABS polymers.

The discovery and development of polypropylene, the one genuinely new large
tonnage thermoplastics material developed since World War 11, forms part of
what is arguably the most important episode in the history of polymer science.
For many years it had been recognised that natural polymers were far more
regular in their structure than synthetic polymers. Whilst there had been some
improvement in controlling molecular architecture, the man-made materials,
relative to the natural materials, were structurally crude.

The work which was eventually to put the structure of the synthetics within
striking distance of the natural polymers started as long ago as the late 1920s
when Karl Ziegler became interested in the then relatively obscure area of
organometallic chemistry. At that time the possibility of a connection with the
infant plastics industry was not even considered. In 1943 Ziegler was made
Director of the Max Planck Institute for Coal Research, a post he accepted
with some reluctance because of his wish to continue his research without
having to have regard for the relevance of this work to coal. In the event he
was allowed to pursue his studies and eventually he found that he was able
to grow long hydrocarbon chains by linking a series of ethylene molecules
onto aluminum alkyls. These materials had molecular weights up to about
1000, about one-thirtieth of that required for a useful polyethylene. At this
stage it appears that Ziegler and his colleagues believed that some impurity
was inhibiting further growth and in an attempt to track it down they found
quite fortuitously that if titanium tetrachloride was added there was an increase
in the reaction rate and furthermore it became possible to produce high
molecular weight materials.

Further investigation showed that these new polyethylenes had distinctive
properties compared with the older materials developed by ICI. They had a
higher softening point, were stiffer and had a higher density. This method of
using organometallic compounds in conjunction with a second material such as
a titanium halide was then developed by Giulio Natta working at the Polytechnic
Institute in Milan. He found that, by varying the detailed form of the catalyst,
varying types of polypropylene could be produced, one variety of which,
isotactic polypropylene, was found to exhibit particularly useful properties. In
addition Natta was able to polymerise several other monomers that had
previously been reluctant to polymerise, again into diverse structural forms. The
work also led to the production of polymers with a fine structure much closer to
that of the natural rubber molecule than had been hitherto achieved and to the
preparation of the now important ethylene—propylene rubbers. In due course
Ziegler and Natta were both awarded the Nobel Prize for Chemistry for the
development of what are now known as Ziegler—Natta catalysts.

In attempts to understand more fully the mechanism of Ziegler—Natta
polymerisations chemists came to develop what have become known as
metallocene catalysts for polymerisation. In due course it was found possible to
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control more closely polymer structure than with previous systems. This has
resulted in the appearance in the late 1990s of a number of interesting polymers
based, mainly, on ethylene, propylene and styrene. The potential of such
polymers has yet to be fully realised but intensive development work is currently
underway.

As the author pointed out in the first edition of this book, the likelihood of
discovering new important general purpose materials was remote but special
purpose materials could be expected to continue to be introduced. To date this
prediction has proved correct and the 1960s saw the introduction of the
polysulphones, the PPO-type materials, aromatic polyesters and polyamides, the
ionomers and so on. In the 1970s the new plastics were even more specialised in
their uses. On the other hand in the related fields of rubbers and fibres important
new materials appeared, such as the aramid fibres and the various thermoplastic
rubbers. Indeed the division between rubbers and plastics became more difficult
to draw, with rubbery materials being handled on standard thermoplastics-
processing equipment.

The lack of new plastics in the late 1960s did not deter the growth of the
plastics industries around the world and production reached levels an order of
magnitude higher than 20 years before. Then in 1973 came the first serious check
to growth that had been seen by the industry since the war. This arose from the
oil crisis and it is now pertinent to consider the dependence of plastics on oil and
other raw materials.

1.6 RAW MATERIALS FOR PLASTICS

Today, the plastics industry is heavily integrated with the oil industry. In fact a
popular view is that it would not be able to produce plastics if oil were not
available. This is very different from the situation 40-50 years ago when the
plastics industry was being described as a ‘scavenger of raw materials’.

Before World War II the most important class of thermoplastics, the
cellulosics, were produced from vegetable sources, cellulose being an important
constituent of vegetable matter. From waste oat husks were produced the furane
plastics whilst routes to the nylons were also developed from this raw material.
Henry Ford had experimented with soya bean plastics and several plastics had
been derived from natural rubber. After the war ICI produced a protein fibre,
Ardil, from ground nuts whilst vegetable oils became a source for producing
some of the acids used in nylon manufacture. Early grades of polyethylene were
obtained from sugar cane via molasses, ethyl alcohol and ethylene. Some of these
processes are still of importance but their relative significance has declined. On
the other hand they could be revived and extended should the need arise.

There is rather less scope for the re-emergence of the animal-based plastics
such as casein, shellac and the blood albumin products.

Until the mid-1950s the main raw material source for the European plastics
industry was coal. On destructive distillation coal yields four products: coal tar,
coke, coal gas and ammonia. Coal tar was an important source of aromatic
chemicals such as benzene, toluene, phenol, naphthalene and related products.
From these materials other chemicals such as adipic acid, hexamethylenedia-
mine, caprolactam and phthalic anhydride could be produced, leading to such
important plastics as the phenolic resins, polystyrene and the nylons.
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Reaction of coke with calcium oxide gives calcium carbide, which on
treatment with water produces acetylene. This was for many years an important
starting point for the production of acrylonitrile, vinyl chloride, vinyl acetate and
other vinyl monomers. Furthermore, during World War 11, Reppe developed
routes for many other monomers although these were not viable under normal
economic conditions.

The development of the petrochemical industry is probably the greatest single
contributing factor in the growth of the plastics industry, the two industries today
having a remarkable degree of interdependence. In the first instance the growth
potential of plastics stimulated research into the production of monomers and
other intermediates from petroleum. As a result there became available cheap and
abundant intermediates which in turn stimulated further growth of the plastics
industry in a way which would not have been possible if the industry had been
dependent on coal alone.

The petrochemical industry was founded shortly after the World War I to
produce solvents from olefins which were then merely waste-products of
‘cracking’—the process of breaking down higher molecular weight petroleum
fractions into lower molecular weight products, such as gasoline. By the advent
of World War II petrochemicals were also being used to produce ethylene
dichloride, vinyl chloride, ethylene glycol, ethylene oxide and styrene. During
World War II the large synthetic rubber industry created in the United States used
butadiene and styrene, the former entirely and the latter partly derived from
petroleum. Whilst in its early days polyethylene was produced from molasses via
ethyl alcohol and ethylene, today ethylene used for polymerisation, and for other
purposes, is obtained almost entirely from petroleum.

With each succeeding year in the 1950s and 1960s there was a swing away
from coal and vegetable sources of raw materials towards petroleum. Today such
products as terephthalic acid, styrene, benzene, formaldehyde, vinyl acetate and
acrylonitrile are produced from petroleum sources. Large industrial concerns that
had been built on acetylene chemistry became based on petrochemicals whilst
coal tar is no longer an indispensable source of aromatics.

There are three general routes for producing intermediates from petroleum:

(1) Separation of individual saturated hydrocarbons from the petroleum fractions
and subsequent conversion to more useful products. Important examples are
n-butane to butadiene and cyclohexane to nylon intermediates.

(2) Separation of olefins produced by cracking operations and subsequent
conversion. This is the major route to aliphatic petrochemicals.

(3) Formation of aromatic structures such as benzene and its homologues by
‘platforming’ and other processes. This route is of ever increasing
importance in the production of aromatic materials.

These three initial classes of product may then be converted to other chemicals
by oxidation, halogenation, alkylation, hydration, carbonylation, telomerisation
and many other reactions. There are nowadays few intermediates for plastics
that cannot be produced more cheaply from petroleum than from other
sources.

During the 1960s and early 1970s the choice was not so much petroleum
versus coal but which petroleum route to use. However, there has now arisen a
growing awareness of the fact that petroleum resources are not unlimited. This
led to substantial increases in petroleum prices.
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1.7 THE MARKET FOR PLASTICS

Some idea of the spectacular growth in the plastics industry may be obtained
from consideration of Tuble 1.1. Whilst growth in percentage terms was
greatest before 1973, it has remained high in tonnage terms up to the present
time.

Table 1.2, based on Modern Plastics sources, provides USA consumption
figures (based on sales data) for the main groups of plastics materials. The figures
probably underestimate the global importance of the major tonnage thermo-
plastics since these are also manufactured in quantity in developing countries and
OPEC countries.

The similarity between USA and Western Europe data is quite striking. In
recent years the dominance of these two areas, which traditionally accounted
for at least two-thirds of the market, has decreased and by 1998 was closer to
50% of the market. This was as a result of growth in production in petroleumn-
exporting countries, in Latin America and, particularly, in the Pacific Rim area.
However, the economic turmoil which particularly affected the latter from
1997 is in early 1999 having an influence whose consequences are not yet
clear.

One recurring problem has been that a perceived shortage of a particular
material has led to plans by more than one company to build large plants to
produce that material, so that a shortage is then followed by a period of severe
excess capacity and depressed polymer prices.

As already mentioned, much of the use for plastics just after World War Il was
as a cheap substitute for traditional materials, and in other cases the material was
used for its novelty value. In many instances the result was detrimental to the
industry and it required several years of painstaking work by the technical service
departments of the major plastics materials manufacturers before confidence was
regained in the use of plastics. Even today the public image of plastics is not
entirely positive and the significant contribution of plastics to raising the standard
of living and quality of life is not fully recognised.

Table 1.1 World and USA production of plastics materials (Much of the earlier data are based on
long tons; later data are in tonnes. The USA figures are based on estimates published in Modern
Plastics, apart from those for 1967, which are from US government sources. The global figures
are from various sources, with the 1992 figure being based on RAPRA statistics.)

Year World USA
1939 300000 90000
1951 2000000 810000
1957 4600000 1920000
1960 6200000 2480000
1963 8500000 3730000
1967 18 000 000 5567000
1973 - 13 182000
1980 50 000000 16 117 000
1986 - 22 522 000*
1992 91237000 29 890 000*
1998 135 000000 33500 000

*These figures are based on sales figures, not production.
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Table 1.2 Relative importance of major plastics materials in the USA and Western Europe.
Consumption data based on estimates published in Modern Plastics International.

Material 000 tonnes
USA Western
Europe
1987 1997 1997

Polyethylene (LD and LLD) 4322 } 7118 } 6219 }
Polyethylene (HD) 3560 | 7882 108 | 13226 3550 [10069
PVC and copolymers 3665 6395 5575
Polypropylene and copolymers 2945 5905 5801
Styrene polymers

Polystyrene 2210 2907 1989

ABS/SAN 589 2799 6640 ] 3547 580 } 3289

Other - - 720
Polyurethane 1220 2190 not available
Polyamides 214 533 532
Polyacetals - 167 140
Acrylics 303 277 256
Polycarbonates including blends 176 436 662
Thermoplastic polyesters 819 1844 1203
Polyesters (unsaturated) 598 760 449
Phenolics 1258
Aminoplastics 712
Epoxide resins 184

NB Data for the three important thermosetting materials (phenolics, aminoplastics and epoxide resins) were not covered in the
1998 review on which the 1997 data was based. The 1987 figures for these materials do include a substantial percentage of use in
adhesive, surface coating and laminate applications.

In some outlets plastics materials have been long established. A prime
example is in the electrical industries where the combination of excellent
insulation properties with toughness, durability and, where desired, flame
retardant characteristics have led to wide acceptance for plugs, sockets, wire
and cable insulation. The ability of polyethylene to act as an excellent insulator
at high frequencies was of great significance in the early development of radar.
In this area three recent trends are discernible. Firstly there has been increasing
acceptance of plastics for housing electrical and electronic equipment, leading
to increased use of the more general purpose plastics. Secondly the develop-
ment of microprocessors and the silicon chip has meant that components are
becoming smaller and thus less plastics materials per part are used and in some
cases even eliminated. Thirdly plastics are finding use in sophisticated
techniques. For example, the photoconductive behaviour of poly(vinyl carba-
zole) is made use of in electrostatic copying equipment and in the preparation
of holographs whilst the peculiar piezo-electric and pyro-electric properties of
poly(vinylidene fluoride) are being utilised in transducers, loudspeakers and
detectors.

In the building industry there was much emphasis in the early 1960s on the all-
plastics house although the raw material suppliers who sponsored their design
probably thought of them primarily as publicity exercises. As the plastics
industry has matured it has been realised that it is better to emphasise those
applications where plastics are preferable to traditional materials and this
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approach has led to widespread acceptance. Uses include piping, guttering and
conduit, damp course layers, flooring, insulation, wall cladding and window
frames. Quite rightly government organisations have been concerned about
possible fire risks and although regulations have seemed unduly restrictive to
some, others will feel that they have avoided unjustified excesses in the use of
plastics.

Plastics have been widely accepted as packaging materials. Plastics bottles
have been particularly appreciated in the bathroom, where breakage of glass
containers has led to many serious accidents. The ability of many materials to
withstand the most corrosive chemicals has been of benefit to the chemical and
related industries whilst the light weight compared with a glass bottle reduces the
energy required for transportation. Small containers are also widely made from
plastics and for medicines, particularly in tablet form, the use of closures that
cannot be prised open by young children is particularly valuable. The wide use
of plastics films for wrapping, for bags and sacks is almost too well known for
comment. The sheer quantity of plastics used in this area nevertheless attracts
critical comment, in particular that some goods are overpackaged and that waste
plastics film left lying around is likely to be an all-too-durable eyesore. In many
countries paper bag manufacturers have stressed the environmental desirability
of using their products and in turn this has stimulated research into biodegradable
plastics.

The automotive industry is now a major user of plastics, with the weight of
plastics being used per car increasing year by year. It has recently been stated that
in the early 1990s the average car contained some 75kg of plastics. For many
years the main uses were associated with car electrical equipment such as
batteries, flex, plugs, switches and distributor caps. Plastics then became
established in light fittings, seating upholstery and interior body trim. In recent
times there has been increased use in under-the-bonnet (under-the-hood)
applications such as radiator fans, drain plugs, petrol tubing and coolant water
reservoirs. In many applications the weight of material used is small. For
example, it has been stated that in one small European car there were 450
different parts made from polyacetal plastics but which had a total weight of only
one kilogram. The requirements of fuel economy demanding lighter cars and of
increased occupant safety have led to a substantially increased use of plastics
materials for bumpers, radiator grilles and fascia assemblies. Indeed if it were not
for the trend towards fabric rather than leathercloth upholstery most parts of the
car within reach of the driver other than the windows would be made from
rubbers and plastics, and even then the fabric and the glass are polymeric!

Plastics also find increasing use in vehicles for both water and air transport.
Glass-fibre-reinforced plastic boats are widely used as a result of their economy
in manufacture, ease of maintenance, lightness of weight and, for military
purposes, antimagnetic characteristics. The non-corrosive nature of plastics also
leads to their widespread use in boat fixtures and fittings. In aircraft, plastics are
particularly useful on account of their low density.

Domestic and commercial furniture and fittings form another important
market. Uses include stacking chairs, armchair body shells, foam upholstery and
desk and cupboard drawers, whilst chipboard and decorative laminates are very
widely used. The variety of finishes possible at a relatively low cost compared to
traditional materials as well as ease of maintenance are important in raising
standards of living around the world. As with other applications the use of
plastics in furniture is not without its detractors and in particular there is concern
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about the inflammability of those plastics that are used in a form which has a high
surface-to-volume ratio, such as polyurethane foams. Whilst most of the problem
appears to lie in the correct choice of covering fabric the matter continues to
require attention.

Industrial equipment is a continuing area of development for plastics. Pipes,
pumps, valves and sight glasses, made from such materials as PVC, PTFE and
poly-4-methylpent-1-ene, have become well established on account of their
corrosion resistance. The nylons are used for such diverse applications as mine
conveyor belts and main drive gears for knitting machines and paper-making
equipment. These and other materials are widely used where such features as
toughness, abrasion resistance, corrosion resistance, non-stick properties,
electrical insulation capability and transparency are of importance.

In the general area of medicine uses range from spare-part surgery, such as hip
Jjoints and heart valves, through catheters, injection syringes and other sterilisable
equipment, to more mundane but nevertheless desirable uses such as quiet-
running curtain rails.

In agriculture and horticulture plastics are most widely known in film form but
they also find use for water piping containers, automatic watering equipment and
potato chitting trays to name but a few uses.

What may loosely be described as the leisure industries are widespread users
of plastics. The photographic industry was of course one of the earliest users of
plastics, for photographic film. There has also been widespread use of plastics in
darkroom equipment for many years. More recently there has been increasing
acceptance of plastics in cameras, both inexpensive and expensive. It is now
recognised that well-designed camera bodies made from the correct plastics
materials are more able to withstand rough usage than metal camera bodies,
particularly in resistance to denting. In the audio field use of plastics for tapes
and compact discs is well-established whilst plastics are now almost standard for
the housings of reproduction equipment. Sports equipment makes increasing use
of glass- and even carbon-fibre-reinforced materials for such diverse articles as
fishing rods, canoes, racquets and so on. Toys and games (both for children and
adults!) make wide use of the materials that form the subject of this book.

The widespread use of plastics film for printing paper appears to be only a
remote possibility in the near future. There is, however, the prospect of the
establishment of polyethylene film for use in service manuals, maps and other
printed articles which are required to be resistant to water, oils and other
liquids.

Whilst natural and synthetic fibres will no doubt remain the major materials
for clothing, plastics will be more widely employed. Footwear will provide the
major outlet; not only are plastics likely to be used in soles and uppers but there
is an increasing use of the all-plastics moulded shoe, which although
unacceptable for general wear in Britain is in high demand in under-developed
regions of the world. In rainwear, plastics and rubbers will continue to be used
for waterproof lining and in the manufacture of the all-plastics packable
mackintosh. Polyurethane foam will find increased use as the insulation layer in
cold-weather apparel and for giving ‘body’ to clothing, whilst other plastics will
be widely used for stiffening of light fabrics.

The above paragraphs indicate some of the major uses of plastics materials,
but these materials also find applications in a variety of other areas. In addition,
closely related materials such as rubbers, fibres, surface coatings and adhesives
are of considerable importance.
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1.8 THE FUTURE FOR PLASTICS

This section was written for the fourth edition published in 1982 at a time when
there had just been a further sharp increase in the price of petroleum. At the time
I was optimistic about the future for plastics, although I did not anticipate the
slump in oil prices that has taken place since then. Oil remains a finite resource
and sooner or later prices will rise again. Apart from changing one word and
inserting one other for technical reasons, 1 see no reason to otherwise change
what 1 wrote then.

The advent of the oil crisis of 1973 led to dire predictions about the future of
plastics materials, which to date have not been realised. Before attempting to
predict what will happen in the next few years it is worthwhile to consider why
the growth of plastics was so spectacular during the period 1945-1973.

In essence the reason for the spectacular growth lay in the interaction of three
factors:

(1) A growing understanding of the characteristics and capabilities of plastics
materials.

(2) An improving capability of plastics due to the appearance of new materials,
improved qualities with existing types and better processing equipment.

(3) A steady reduction in the cost of basic plastics raw materials relative to the
cost of such traditional materials as leather, paper, metals and ceramics.

With respect to the first factor it is difficult in one paragraph to summarise the
properties of plastics because they are so diverse in their behaviour. It is,
however, possible to make a few rough generalisations on the characteristics of
plastics. They are:

(1) Because most plastics may be fabricated in the melt and at quite low
temperatures (e.g. 200°C) the energy requirements for processing are low.
Since plastics generally have low densities, costs of transportation and
general handling are also relatively low.

(2) Through the development of such techniques as injection moulding it is
possible to make highly complex parts in one operation without the need for
assembly work or the generation of more than a notional amount of scrap
material.

(3) Colouring is not usually restricted to the surface but is throughout the mass
so that damage due to scratching and abrasion is less obvious than with
coated metals.

(4) An extremely wide range of surface finishes is possible which may not only
simulate non-plastics materials but in addition produce novel effects.

(5) The materials are generally excellent thermal insulators, being particularly
useful in expanded form.

(6) Many plastics are superb electrical insulators including, in many instances,
good insulation characteristics at high frequencies.

(7) Plastics are available in a wide range of strengths, flexibilities and degrees of
toughness. Many fibre-reinforced grades have strength per unit weight
figures as high as those of many metals.

(8) Plastics are available in a wide range of chemical and solvent resistances.
Some materials are available that are water soluble whilst others will
withstand such aggressive materials as hydrofluoric acid.
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The above are of course only some of the most common characteristics.
Individual materials may have special properties such as photoconductivity, very
low coefficient of friction to steel, high dielectric constant, high ultraviolet light
transmission and so on.

The second factor listed above that affects the growth of plastics, namely
improved capability, is self-explanatory, but the third, the decrease in relative
costs for plastics, requires some explanation, particularly as this may have
relevance to future prospects.

It may be argued that there were four main reasons why in general the price
of plastics raw materials declined relatively, and often absolutely, between 1945
and 1973. These are:

(1) The world-wide growth of the petrochemical industry which enabled plastics
to be produced at lower cost than from other materials such as coal.

(2) The economies of scale that follow from large reactors producing more
economically than smaller ones.

(3) Improvements in the methods of making polymers and their intermediate
chemicals.

(4) Intensive world-wide competition as first the major chemical companies in
the main industrial countries entered the field of plastics manufacture, this
being followed by the policy of many less industrialised countries to become
involved in this area.

In the 1970s these reasons lost some of their force. Oil became more
expensive, economies of scale appear to have reached a limiting value,
improvements in manufacturing methods tend to have only a marginal effect
whilst in some, but not all, areas there has been some abatement in the
intensity of competition. This analysis does not, however, lead to a prediction
of a bleak future for plastics. Apart from the oil cost these factors largely
indicate that the plastics industry has become a mature industry, the future
growth of which will be increasingly dependent on the global economic
situation. In the case of oil a cost of 35 dollars a barrel is only equivalent to
about 10 cents or five pence a pound. The cost of converting this oil to plastics
materials and of transporting and processing them will often be much less than
for similar activities with traditional materials. Hence provided that the price
of plastics increases at a lower rate than for competitive alternative materials,
and there is reason to believe that this will be the case, plastics may be
expected to increase in their importance.

Another problem confronting the plastics industry, and in fact civilisation as
a whole, which first came to the foreground in the 1970s, was the concern for
the environment. There has been an increasing awareness of the need for
conservation of resources, of the evils of pollution and of the fact that it is the
quality of life rather than material possessions which is the criterion by which
civilisation should be judged. As a result of this the chemical industries of the
world have come under critical scrutiny and some of this has been reflected
on to plastics. Unlike many lower molecular weight chemicals, plastics do not
cause pollution, except where they may foul up water channels and underwater
machinery. Like glass, metals and many other materials of civilisation they can
be a litter problem. Because of their longevity, plastics packagings have
received much criticism as causes of litter and while there may be some
justification for this it is as well to realise the hazards of sharp metal and glass
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objects which are also liable to litter the surfaces of the earth. Slums, car
dumps and many older factories are much greater eyesores than plastics can
ever be. There are also areas where the use of plastics can make a positive
contribution in this connection. Every ton of metal removed from the earth
necessitates the removal of hundreds of tons of earth and a severe despoliation
of the landscape. Replacement by plastics made from petroleum taken from
below the sea-bed helps to preserve the countryside or at least helps to
conserve valuable metal resources for the future. There is also littie doubt that
the use of plastics has helped to raise the quality of life for very many people.
The telephone, the gramophone record, the tape recorder, the photographic
film, the radio and television which help us to see and hear things which few
of us could see or hear at first hand depend on the existence of plastics. Many
other objects which are common in industrialised societies, such as cars,
refrigerators and small boats, would be afforded by far fewer people were it
not for such materials as PVC, expanded and high-impact polystyrene and
glass-reinforced polyesters. The mass production possible with plastics has
enabled improvements in the standard of living in the much less wealthy areas
of the world, whilst the use of plastics in surgery and medicine should
eventually be of universal benefit.

A cautionary note is necessary here. Modern society has become highly
dependent on petroleum as a cheap source of energy and raw materials.
Progressive price increases and the growing shortage of this commodity occurring
before the effective development of alternative energy sources are bound to have
far-reaching effects on society in general and the plastics industry in particular. It is
perhaps fortunate that plastics may be made from such diverse renewable
vegetable products as cellulose, natural rubber, seaweed, oat husks, soya bean and
molasses. Nevertheless it is to be hoped that it will be some time before we have to
resort to such materials as our major sources of raw materials for plastics.

The widespread use of plastics has not been achieved without large-scale
investment in research and development by those concerned. Polymer properties
have been closely studied and slowly a relationship has been built up between
structure and properties of polymers. In some instances the properties of a
polymer were predicted before it was ever prepared. Studies of polymerisation
methods have enabled a greater control to be made of the properties and structure
of established polymers and have also led to the production of new polymers. It
is sometimes said that ‘once we polymerised monomers in solution, today we
polymerise the solvent’, for indeed polymers of acetone and tetrahydrofuran have
been prepared. Many polymers would have remained of academic interest had
not chemists devised new economic syntheses from raw materials. The polymers
produced have been investigated by the technologist and methods of processing
and compounding requirements developed. Mathematicians have assisted in
interpreting the rheological and heat transfer data important for processing,
engineers have developed machines of ever increasing sophistication, whilst
suggested new applications have been vigorously pursued by sales organisations,
often in conjunction with experts in aesthetics and design.

In this way chemist, physicist, mathematician, technologist, engineer,
salesman and designer have all played a vital part. In many instances the tasks of
these experts overlap but even where there is a clearer delineation it is important
that the expert in one field should have a knowledge of the work of his
counterparts in other fields. It is hoped that this volume will be of some
assistance in achieving this end.
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The Chemical Nature of Plastics

2.1 INTRODUCTION

Although it is very difficult and probably of little value to produce an adequate
definition of the word ‘plastics’, it is profitable to consider the chemical structure
of known plastics materials and try to see if they have any features in
common.

When this is done it is seen that in all cases plastics materials, before
compounding with additives, consist of a mass of very large molecules. In the
case of a few naturally occurring materials, such as bitumen, shellac and amber,
the compositions are heterogeneous and complex but in all other cases the
plastics materials belong to a chemical family referred to as high polymers.

For most practical purposes a polymer may be defined as a large molecule built
up by repetition of small, simple chemical units. In the case of most of the
existing thermoplastics there is in fact only one species of unit involved. For
example the polyethylene molecule consists essentially of a long chain of
repeating ——(CH,)—(methylene) groups, viz.

— CH,—CH,—CH,—CH,—CH,~—CH,—

The lengths of these chains may be varied but in commercial polymers chains
with from 1000 to 10000 of these methylene groups are generally encountered.
These materials are of high molecular weight and hence are spoken of as high
polymers or macromolecules.

As a further illustration of the concept of polymers Table 2.1 gives the
repeating units of a number of other well-known plastics.

In addition to plastics materials, many fibres, surface coatings and rubbers are
also basically high polymers, whilst in nature itself there is an abundance of
polymeric material. Proteins, cellulose, starch, lignin and natural rubber are high
polymers. The detailed structures of these materials are complex and highly
sophisticated; in comparison the synthetic polymers produced by man are crude
in the quality of their molecular architecture.

There are basically three ways by which polymers may be produced
synthetically from simple starting materials. These techniques are referred to as

19
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Table 2.1 Repeating units of some well-known polymers

Polymer Repeating unit
Poly(vinyl chloride) — CH, — CHCl —
Polystyrene —CH, — CH —
Polypropylene —CH, — ICH -

CH,
Nylon 66 — (CH,),CONH(CH,);NHOC —
Acetal resin —CH, —0—

addition polymerisation, condensation polymerisation and rearrangement
polymerisation.

In addition polymerisation a simple, low molecular weight molecule,
referred to in this context as a monomer, which possesses a double bond, is
induced to break the double bond and the resulting free valences are able to
join up to other similar molecules. For example poly(vinyl chloride) is
produced by the double bonds of vinyl chloride molecules opening up and
linking together (Figure 2.1).

nCH,=CH — » v (CH,—CH)pm
J I
Ci Cl

Monomer Polymerisation Polymer

Figure 2.1

In these cases the monomer is converted into polymer, and no side products are
formed. This approach is used with the major thermoplastics materials (Figure
2.2) such as polyethylene (a polymer of ethylene), polystyrene (a polymer of
styrene) and poly(methyl methacrylate) (a polymer of methyl methacrylate).

In the above examples the polymerisation takes place by the opening of a
carbon—carbon double bond. It is also possible to open carbonyl carbon—oxygen
double bonds and nitrile carbon-nitrogen triple bonds. An example of the former
is the polymerisation of formaldehyde to give polyformaldehyde (also known as
polyoxymethylene and polyacetal) (Figure 2.3).

One other variant in double-bond polymerisations may be mentioned here.
Many conjugated dienes may be polymerised in such a way as to generate long
chain molecules with residual double bonds in the chain. Well-known examples
of such dienes are buta-1,3-diene and isoprene, which yield 1,4-polybutadiene
and 1,4-polyisoprene respectively (Figure 2.4). Natural rubber has a formula
corresponding to the 1,4-polyisoprene.

An alternative technique is that of condensation polymerisation. A simple
example of this is seen in the manufacture of linear polyesters. Here a dibasic
acid is reacted with a dihydroxy compound, e.g. a glycol (Figure 2.5).
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nCH,=CH, ——» w~ (CH,—CH,)p~
Ethylene Polyethylene

nCH,=CH —»  ww(CH,—CH), v~

Styrene Polystyrene

<|2H3 ?Hg
nCH,= C ——— «~v(CH,— C)~

| |

COOCH, COOCH,

Methyl methacrylate Poly(methyl methacrylate)
Figure 2.2

H

C=0 —— wCH,—Owv

H
Figure 2.3

CH,=CH—CH=CH, —— «~ CH,— CH=CH—CH, ~~
Buta-1,3-diene

o ™
CH,= C—CH=CH, —— «~~ CH,— C=CH — CH,~~

Figure 2.4
__{HO!OCRCO !OHi+ HiO R, OH) [HO} OCRCO OH: __
— vwv OCRCOOR,00CRCO v +H,0

Figure 2.5

In this case each acid group reacts with a hydroxyl group with the elimination
of water to form an ester linkage. As each molecule has two ends that can react
in this way long chain molecules are progressively built up. Condensation
polymerisation differs from addition polymerisation in that some small molecule
is split out during the reaction. Furthermore, it is not essential that the monomer
should contain a double bond. Two further examples that may be given of
condensation polymerisation are in the manufacture of polyamides and of
polysulphides (Figure 2.6).

In the first case a dibasic acid is reacted with diamine to give a polyamide. A
specific example is the formation of nylon 66 by the reaction of adipic acid and
hexamethylenediamine.



22 The Chemical Nature of Plastics
HOOC R COOH + H,N R, NH, + HOOC R COOH
|——>VWOC R CONH R, NHOCR CO w + H,0O

nCl1-R-Cl +nNa,S, ——» v~ (R—S ) +2nNaCl
Figure 2.6

Although the small molecule most commonly split out is water this is not
necessarily the case. In the formation of polysulphides from dihalides and
sodium polysulphide, sodium chloride is produced.

The third approach to synthetic polymers is of somewhat less commercial
importance. There is in fact no universally accepted description for the route but
the terms rearrangement polymerisation and polyaddition are commonly used. In
many respects this process is intermediate between addition and condensation
polymerisations. As with the former technique there is no molecule split out but
the kinetics are akin to the latter. A typical example is the preparation of
polyurethanes by interaction of diols (di-alcohols, glycols) with di-isocyanates
(Figure 2.7).

HOROH + OCNR NCO + HOROH + OCNR NCO
I—» —OROOCNHR NHCOOROOCNHR,NHCO —

Figure 2.7

This reaction is of importance in the manufacture of urethane foams.

One variation of rearrangement polymerisation is ring-opening polymer-
isation. Important examples include the polymerisation of trioxane, ethylene
oxide and e-caprolactam (Figure 2.8 (a) to (c) respectively). It is to be noted that
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in these instances the kinetics are more akin to those of double bond
polymerisation. An interesting feature of the three examples cited is that the
polymer formed may also be produced by other methods, the first by addition
polymerisation and the second and third by condensation methods.

It may also be mentioned that a number of commercial polymers are produced
by chemical modification of other polymers, either natural or synthetic.
Examples are cellulose acetate from the naturally occurring polymer cellulose,
poly(vinyl alcohol) from poly(vinyl acetate) and chlorosulphonated polyethylene
(Hypalon) from polyethylene.

2.2 THERMOPLASTIC AND THERMOSETTING BEHAVIOUR

In all of the examples given so far in this chapter the product of polymerisation
has been a long chain molecule, a linear polymer. With such materials it should
be possible for the molecules to slide past each other under shear forces above a
certain temperature such that the molecules have enough energy to overcome the
intermolecular attractions. In other words above a certain temperature the
material is capable of flow, i.e. it is essentially plastic, whereas below this
temperature it is to all intents and purposes a solid. Such materials are referred
to as thermoplastics and today these may be considered to be the most important
class of plastics material commercially available.

It is, however, possible to produce other structures. For example, if phthalic

acid is condensed with glycerol, the glycerol will react at each point (Figure
2.9).

..................................

Figure 2.9

This will lead initially to branched chain structures such as indicated
schematically in Figure 2.10, G indicating a glycerol residue and P a phthalic
acid residue. In due course these branched molecules will join up, leading to a
cross-linked three-dimensional product.
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Figure 2.10
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It is quite easy to take such a reaction to the cross-linked stage in one step but
in practice it is often more convenient to first produce relatively low molecular
weight structures sometimes referred to as A-stage resins. These small branched
molecules, which are comparatively stable at room temperature, are first
deformed to shape and then under the influence of either heat or catalysts the
molecules join together and some cross-linking occurs to yield C-stage resins.
These materials are usually referred to as thermosetting plastics and important
commercial examples include the phenolics, the aminoplastics, epoxy resins and
many polyesters. Although in fact most of these commercial polymers are made
by condensation polymerisation this need not necessarily be the case. For
example, it is possible to polymerise diallyl phthalate (Figure 2.11) through both
of its double bonds and produce a thermoset polymer.

@: COO.CH,.CH=CH,
COO.CH,.CH=CH,
Diallyl Phthalate
Figure 2.11

Whilst the term thermosetting plastics arose out of the fact that early products
of this type were cross-linked by subjecting the intermediate-stage materials to
elevated temperature, the term is also widely used where cross-linking takes
place at normal ambient temperatures.

An alternative route to cross-linking is to start with a linear polymer and then
cross-link the molecules by ‘tying’ the molecule through some reactive group.
For example, it is possible to cross-link unsaturated polyesters by an addition
polymerisation across the double bond as shown schematically in Figure 2.12.

Figure 2.12

The vulcanisation of natural rubber, a long chain polyisoprene, with sulphur
involves a similar type of cross-linking.

2.3 FURTHER CONSIDERATION OF ADDITION POLYMERISATION

Addition polymerisation is effected by the activation of the double bond of a
vinyl monomer, thus enabling it to link up to other molecules. It has been shown
that this reaction occurs in the form of a chain addition process with initiation,
propagation and termination steps.



Further Consideration of Addition Polymerisation 25

The initiation stage may be activated by free-radical or ionic systems. In the
following example a free-radical system will be discussed. In this case a material
which can be made to decompose into free radicals on warming, or in the
presence of a promoter or by irradiation with ultraviolet light, is added to the
monomer and radicals are formed. Two examples of such materials are benzoyl
peroxide and azodi-isobutyronitrile, which decompose as indicated in Figure
2.13.

(0] @]
@c-o—o—c-@—» @COZ— + @ +CO,

Free Radicals
CH, CH, CH,
CN—(lj—N = N"(lz—CN-> ZCN—(I:—+N2
él-l] éH, (|:H3

Figure 2.13

Such free-radical formation may be generally indicated as
[—I—> 21—

The rate of formation of radicals will depend on a number of features,
including the concentration of initiator, temperature and the presence of other
agents. Since subsequent stages of polymer growth occur almost instantaneously
it is the relative slowness of this stage which causes the overall conversion times
in most polymerisations to be at least 30 minutes and sometimes much longer.

The radicals formed may then react with a monomer molecule by addition,
producing another radical.

I—+CH,= (|:H —— |— CH,— (|:H—
X X

This radical then reacts with a further molecule of monomer, generating yet
another free radical of the same order of reactivity.
[—CH,— $H— + CH, = |CH —1— CH,— ?H—- CH, — ICH—
X X X X

This reaction may then repeat itself many times so that several thousand
monomer units are joined together in a time of the order of 1 second, leading to
a long chain free radical. This is the propagation or growth stage.

Termination may be effected in a number of ways, including:

(1) Mutual combination of two growing radicals
w CHZ—(le-— + — (le — CH,w~ —»~ CH, —|CH —|CH— CH,
X X X X
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(2) Disproportionation between growing radicals
Aot CHZ—(IIH— + — (IZH — CH,vww~ —»(CH= (IZH + ICH2 — CH,»w
X X X X
(3) Reaction with an initiator radical
w~CH,~CH— + — ——»»~CH, —CH—1
X X
(4) Chain transfer with a modifier
wwCH,—CH— + RY——» v CH,~CH— Y +R —
X X

(This reaction terminates growth of a chain but there is no net loss in the
radical concentration and it does not therefore affect the velocity of the
reaction.)

(5) Chain transfer with monomer (Figure 2.14).

v CH, —(lfH'— + CH, =$H

X X
T ~CH, —CH, + CH, —C—
X X
Figure 2.14

(6) Reaction with a molecule to form a stable free radical, e.g. hydroquinone
(Figure 2.15).

~CH;~ <!:H—+ HO @— OH — ~CH,— ICH2+ —O@OH
X X

Stable
Figure 2.15

Termination by mechanisms (1) and (2) above are most common, whilst
mechanisms (4) and (6) are of particular technological importance. Although it is
generally possible to reduce molecular weight to some extent by increasing the
polymerisation temperature, there is a limit to the amount that this can be done.
In addition, raising the polymerisation temperature often causes undesirable side
reactions to occur. On the other hand, by incorporating small quantities of a
modifier a method of regulating the amount of chain growth is employed which
does not interfere with the rate of the reaction. Such materials are also spoken of
as chain transfer agents and regulators, and include chlorinated materials such as
carbon tetrachloride and trichlorethylene and mercaptans such as dodecyl
mercaptan.
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In the case of mechanism (6) there are materials available which completely
prevent chain growth by reacting preferentially with free radicals formed to
produce a stable product. These materials are known as inhibitors and include
quinone, hydroquinone and tertiary butylcatechol. These materials are of
particular value in preventing the premature polymerisation of monomer whilst
in storage, or even during manufacture.

It may be noted here that it is frequently possible to polymerise two monomers
together so that residues from both monomers occur together in the same
polymer chain. In addition polymerisation this normally occurs in a somewhat
random fashion and the product is known as a binary copolymer*. It is possible
to copolymerise more than two monomers together and in the case of three
monomers the product is referred to as a ternary copolymer or terpolymer. The
term homopolymer is sometimes used to refer to a polymer made from a single
monomer.

Other copolymer forms are alternating copolymers, block copolymers and
graft polymers.

Figure 2.16 illustrates some possible ways in which two monomers A and B
can be combined together in one chain.

a — AABAAABBABABBAAAB — b — ABABABABAB —
C — AAAAAAAAABBBBBBBAAA — d — AAAAAAAAAAAA—
E7)
&
L7

Figure 2.16. (a) Random copolymer, (b) alternating copolymer, (c) block copolymer, (d) graft
copolymer

Polymerisation may be carried out in bulk, in solution in a suitable solvent, in
suspension or emulsion. Detailed considerations with individual polymers are
given in later chapters but a number of general points may be made here. Bulk
polymerisation is, in theory, comparatively straightforward and will give
products of as good a clarity and electrical insulation characteristics as can be
expected of a given material. However, because polymerisation reactions are
exothermic and because of the very low thermal conductivity of polymers there
are very real dangers of the reactants overheating and the reaction getting out of
control.

Reactions in bulk are used commercially but careful control of temperature is
required. Polymerisation in a suitable solvent will dilute the concentration of
reacting material and this together with the capability for convective movement
or stirring of the reactant reduces exotherm problems. There is now, however, the
necessity to remove solvent and this leads to problems of solvent recovery. Fire
and toxicity hazards may also be increased.

An alternative approach to solving the exotherm problem is to polymerise in
suspension. In this case the monomer is vigorously stirred in water to form tiny
droplets. To prevent these droplets from cohering at the stage when the droplet
is a sticky mixture of polymer and monomer, suspension or dispersion agents

* Binary copolymers are commonly referred to simply as copolymers.
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such as talc, poly(vinyl alcohol) or gelatine are added to provide a protective
coating for each droplet. Polymerisation occurs within each droplet, providing a
monomer-soluble initiator is employed, and the polymer is produced as small
beads reasonably free from contaminants.

The reaction is considerably modified if the so-called emulsion polymerisation
technique is used. In this process the reaction mixture contains about 5% soap
and a water-soluble initiator system. The monomer, water, initiator, soap and
other ingredients are stirred in the reaction vessel. The monomer forms into
droplets which are emulsified by some of the soap molecules. Excess soap
aggregates into micelles, of about 100 molecules, in which the polar ends of the
soap molecules are turned outwards towards the water whilst the non-polar
hydrocarbon ends are turned inwards (Figure 2.17).
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Figure 2.17. Structures present during emulsion polymerisation

Monomer molecules, which have a low but finite solubility in water, diffuse
through the water and drift into the soap micelles and swell them. The initiator
decomposes into free radicals which also find their way into the micelles and
activate polymerisation of a chain within the micelle. Chain growth proceeds
until a second radical enters the micelle and starts the growth of a second chain.
From kinetic considerations it can be shown that two growing radicals can
survive in the same micelle for a few thousandths of a second only before mutual
termination occurs. The micelles then remain inactive until a third radical enters
the micelle, initiating growth of another chain which continues until a fourth
radical comes into the micelle. It is thus seen that statistically the micelle is active
for half the time, and as a corollary, at any one time half the micelles contain
growing chains.

As reaction proceeds the micelles become swollen with monomer and polymer
and they eject polymer particles. These particles which are stabilised with soap
molecules taken from the micelles become the loci of further polymerisation,
absorbing and being swollen by monomer molecules.

The final polymerised product is formed in particles much smaller
(50-500 nm) than produced with suspension polymerisation. Emuision polymer-
isation can lead to rapid production of high molecular weight polymers but the
unavoidable occlusion of large quantities of soap adversely affects the electrical
insulation properties and the clarity of the polymer.
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2.3.1 Elementary Kinetics of Free-radical Addition Polymerisation

Polymerisation kinetics will be dealt with here only to an extent to be able to
illustrate some points of technological significance. This will involve certain
simplifications and the reader wishing to know more about this aspect of polymer
chemistry should refer to more comprehensive studies.!™

In a simple free-radical-initiated addition polymerisation the principal
reactions involved are (assuming termination by combination for simplicity)

ko

I+ M—a y M—

Initiation

k
IM— +M Tp) IMM—— etc. Propagation
P

WM e 4+ — Mo L) wMM@wv - Termination
t

where M, I, M— and I— indicate monomers, initiators and their radicals
respectively, each initiator yielding two radicals.

The rate of initiation, V}, i.e. the rate of formation of growing polymer radicals,
can be shown to be given by

Vi = 2fk4[1] 2.0

where fis the fraction of radicals which initiate chains, i.e. the initiator efficiency,
and [I] is the initiator concentration.

The propagation rate is governed by the concentrations of growing chains
[M—1] and of monomers [M]. Since this is in effect the rate of monomer
consumption it also becomes the overall rate of polymerisation

R, = k,[M] [M—] 2.2)

In mutual termination the rate of reaction is determined by the concentration
of growing radicals and since two radicals are involved in each termination the
reaction is second order.

Vi = k[M—]? (2.3)

In practice it is found that the concentration of radicals rapidly reaches a
constant value and the reaction takes place in the steady state. Thus the rate of
radical formation V| becomes equal to the rate of radical disappearance V,. It is
thus possible to combine equations (2.1) and (2.3) to obtain an expression for
[M—1] in terms of the rate constants

1/2
kg
M—]= <2f n [1]) 249

This may then be substituted into equation 2.2 to give

1/2
k
R, = <2f;d> ko (M] [1]172 2.5)
t
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This equation indicates that the reaction rate is proportional to the square root
of the initiator concentration and to the monomer concentration. It is found that
the relationship with initiator concentration is commonly borne out in practice
(see Figure 2.18) but that deviations may occur with respect to monomer
concentration. This may in some cases be attributed to the dependency of f on
monomer concentration, particularly at low efficiencies, and to the effects of
certain solvents in solution polymerisations.
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Figure 2.18. Rate of polymerisation R, of methyl methacrylate with azobisisobutyronitrile at 60°C as
measured by various workers.” (Copyright 1955 by the American Chemical Society and reprinted by
permission of the copyright owner)

The average kinetic chain length r is defined as the number of monomer units
consumed per active centre formed and is given by R,/V; (or R,/V}).
Therefore combining equations (2.1) and (2.5)

L

"7 k)™ M

The number average degree of polymerisation %, is defined as the average
number of monomer units per polymer chain. Therefore if termination is by
disproportionation r = %, but if by combination r = .

It is seen from equations (2.5) and (2.6) that while an increase in concentration
of initiator increases the polymerisation rate it decreases the molecular weight.

In many technical polymerisations transfer reactions to modifier, solvent,
monomer and even initiator may occur, In these cases whereas the overall
propagation rate is unaffected the additional ways of terminating a growing chain
will cause a reduction in the degree of polymerisation.

The degree of polymerisation may also be expressed as

(2.6)

rate of propagation

n— . . . .
combined rate of all termination reactions

For modes of transfer with a single transfer reaction of the type

wM— + SH - wMH + S—
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the rate equation, where [S] is the concentration of transfer agent SH, is

V, = kIM—][S] Q@7
Thus

. R, R,

X = =

= — (2.8)

Thus the greater the transfer rate constant and the concentration of the transfer
agent the lower will be the molecular weight (Figure 2.19).
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Figure 2.19. Effect of chain transfer solvents on the degree of polymerisation of polystyrene. (After
Gregg and Mayo?®)

An increase in temperature will increase the values of k4, &, and k,. In practice
it is observed that in free-radical-initiated polymerisations the overall rate of
conversion is approximately doubled per 10°C rise in temperature (see Figure
2.20). Since the molecular weight is inversely related to k4 and k, it is observed
in practice that this decreases with increase in temperature.
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Figure 2.20. Rates of catalysed and uncatalysed polymerisation of styrene at different temperatures.
Catalysts used (all at 0.0133 mole/l). A, bis-(2,4-dichlorobenzoyl) peroxide: B, lauroyl peroxide: C,

benzoyl peroxide: D, bis-(p-chlorobenzoyl) peroxide: E, none. (After Boundy and Boyer®)

The most important technological conclusions from these kinetic studies may
be summarised as follows:

ey

)
3
C))

The formation of a polymer molecule takes place virtually instantaneously
once an active centre is formed. At any one time the reacting system will
contain monomer and complete polymer with only a small amount of
growing radicals. Increase of reaction time will only increase the degree of
conversion (of monomer to polymer) and to first approximation will not
affect the degree of polymerisation. (In fact at high conversions the high
viscosity of the reacting medium may interfere with the ease of termination
so that polymers formed towards the end of a reaction may have a somewhat
higher molecular weight.)

An increase in initiator concentration or in temperature will increase the rate
of conversion but decrease molecular weight.

Transfer reactions will reduce the degree of polymerisation without affecting
the rate of conversion.

The statistical nature of the reaction leads to a distribution of polymer
molecular weights. Figures quoted for molecular weights are thus averages
of which different types exist. The number average molecular weight takes
into account the numbers of molecules of each size when assessing the
average whereas the weight average molecular weight takes into account the
fraction of each size by weight. Thus the presence of 1% by weight of
mononer would have little effect on the weight average but since it had a
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great influence on the number of molecules present per unit weight it would
greatly influence the number average. The ratio of the two averages will
provide a measure of the molecular weight distribution.

In the case of emulsion polymerisation, half the micelles will be reacting at any
one time. The conversion rate is thus virtually independent of radical
concentration (within limits) but dependent on the number of micelles (or
swollen polymer particles).

An increase in the rate of radical production in emulsion polymerisation will
reduce the molecular weight since it will increase the frequency of termination.
An increase in the number of particles will, however, reduce the rate of entry of
radicals into a specific micelle and increase molecular weight. Thus at constant
initiator concentration and temperature an increase in micelles (in effect in soap
concentration) will lead to an increase in molecular weight and in rate of
conversion.

The kinetics of copolymerisation are rather complex since four propagation
reactions can take place if two monomers are present

woA— + A —Kaa A

oA + B —Ke s wi AB—
wB— + B — 2, BB
B + A b2y BA—

Since these reactions rarely take place at the same rate one monomer will usually
be consumed at a different rate from the other.

If k,,/k, is denoted by r, and ky,/k,, by r, then it may be shown that the
relative rates of consumption of the two monomers are given by

dfAl  [A] r.[A] + [B]
e (2.9)
d[B]  [B] ry[B] + [A]

When it is necessary that the same copolymer composition is maintained
throughout the entire reaction, it is necessary that one of the monomers in the
reaction vessel be continually replenished in order to maintain the relative rates
of consumption. This is less necessary where r; and r, both approximate to unity
and 50/50 compositions are desired.

An alternative approach is to copolymerise only up to a limited degree of
conversion, say 40%. In such cases although there will be some variation in
composition it will be far less than would occur if the reaction is taken to
completion.

2.3.2 Ionic Polymerisation

A number of important addition polymers are produced by ionic mechanisms.
Although the process involves initiation, propagation and termination stages the
growing unit is an ion rather than a radical.

The electron distribution around the carbon atom (marked with an asterisk in
Figure 2.21) of a growing chain may take a number of forms. In Figure 2.21 (a)
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there is an unshared electron and it acts as a free radical. Figure 2.21 (b) is a
positively charged carbonium ion, unstable as it lacks a shared pair of electrons
and Figure 2.21 (c) is a negatively charged carbanion, unstable as there exists an
unshared electron pair.

K H H
, > > >
) RSl Rt
X X X
(9) (b) (c)

Figure 2.21. (a) Free radical. (b) Carbonium ion. (¢) Carbanion

Both carbonium ions and carbanions may be used as the active centres for
chain growth in polymerisation reactions (cationic polymerisation and anionic
polymerisation respectively). The mechanisms of these reactions are less clearly
understood than free-radical polymerisations because here polymerisation often
occurs at such a high rate that kinetic studies are difficult and because traces of
certain ingredients (known in this context as cocatalysts) can have large effects
on the reaction. Monomers which have electron-donating groups attached to one
of the double bond carbon atoms have a tendency to form carbonium ions in the
presence of proton donors and may be polymerised by cationic methods whilst
those with electron-attracting substituents may be polymerised anionically. Free-
radical polymerisation is somewhat intermediate and is possible when sub-
stituents have moderate electron-withdrawing characteristics. Many monomers
may be polymerised by more than one mechanism.

Cationic polymerisation, used commercially with polyformaldehyde, poly-
isobutylene and butyl rubber, is catalysed by Friedel-Crafts agents such as
aluminium chloride (AICl,), titanium tetrachloride (TiCl,) and boron trifluoride
(BF;) (these being strong electron acceptors) in the presence of a cocatalyst.
High molecular weight products may be obtained within a few seconds at
—~100°C. Although the reactions are not fully understood it is believed that the
first stage involves the reaction of the catalyst with a cocatalyst (e.g. water) to
produce a complex acid

TiCl, + RH ———> TiCl,ROH®

This donates a proton to the monomer to produce a carbonium ion (Figure
2.22)

CH, CH,

H® + CH,=C — » CH,—C®

AN AN
CH, CH,

Figure 2.22
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In turn this ion reacts with a further monomer molecule to form another
reactive carbonium ion (Figure 2.23)

CH, CH, (|:H3 CH,
CH, —C® + CH, ==C ——» CH,—C—CH,—~C®
AN
CH, CH, CH, CH,
Figure 2.23

The reaction is repeated over and over again with the rapid growth of a long
chain ion. Termination can occur by rearrangement of the ion pair (Figure 2.24)
or by monomer transfer.

T i
w C®  ORTICI, ———>m|c + HRTiCl,

|
CH, CH,

Figure 2.24

The process of anionic polymerisation was first used some 60 or more years
ago in the sodium-catalysed production of polybutadiene (Buna Rubbers).
Typical catalysts include alkali metals, alkali metal alkyls and sodium
naphthalene, and these may be used for opening either a double bond or a ring
structure to bring about polymerisation. Although the process is not of major
importance with the production of plastics materials, it is very important in the
production of synthetic rubbers. In addition the method has certain special
features that make it of particular interest.

Today the term anionic polymerisation is used to embrace a variety of
mechanisms initiated by anionic catalysts and it is now common to use it for all
polymerisations initiated by organometallic compounds (other than those that
also involve transition metal compounds). Anionic polymerisation does not
necessarily imply the presence of a free anion on the growing polymer chain.

Anionic polymerisation is more likely to proceed when there are electron-
withdrawing substituents present in the monomer (e.g.—CN,—NO, and
phenyl). In principle initiation may take place either by addition of an anion to
the monomer, viz:

R®+CH, =CH —»R — CH,—CH®
X X
or by addition of an electron to produce an anion radical
. S =] .
CH2=C|H +e ———»l: CH,—CH <« CH,—C :|

l |
X X X
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The most common initiators are the alkyl and aryl derivatives of alkali metals.
With some of these derivatives the bond linking the metal to the hydrocarbon
portion of the molecule may exhibit a substantial degree of covalency whilst
others are more electrovalent. In other words the degree of attachment of the
counterion to the anion varies from one derivative to another. Where there is a
strong attachment steric and other factors can impose restrictions on the manner
in which monomer adds on to the growing chain and this can lead to more regular
structures than usually possible with free-radical polymerisations. It is also not
surprising that the solvent used in polymerisation (anionic polymerisations are
often of the solution type) can also influence the metal-hydrocarbon bond and
have a marked influence on the polymer structure. The considerable importance
of alkyl lithium catalysts is a reflection of the directing influence of the metal-
hydrocarbon bond. .

In the absence of impurities there is frequently no termination step in
anionic polymerisations. Hence the monomer will continue to grow until all
the monomer is consumed. Under certain conditions addition of further
monomer, even after an interval of several weeks, will cause the dormant
polymerisation process to proceed. The process is known as /living polymer-
isation and the products as living polymers. Of particular interest is the fact
that the follow-up monomer may be of a different species and this enables
block copolymers to be produced. This technique is important with certain
types of thermoplastic elastomer and some rather specialised styrene-based
plastics.

A further feature of anionic polymerisation is that, under very carefully
controlled conditions, it may be possible to produce a polymer sample which is
virtually monodisperse, i.e. the molecules are all of the same size. This is in
contrast to free-radical polymerisations which, because of the randomness of
both chain initiation and termination, yield polymers with a wide molecular size
distribution, i.e. they are said to be polydisperse. In order to produce
monodisperse polymers it is necessary that the following requirements be met:

(1) All the growing chains must be initiated simultaneously.

(2) All the growing chains must have equal growth rates.

(3) There must be no transfer or termination reactions so that all chains continue
to grow until all of the monomer is consumed.

It follows immediately that the number average degree of polymerisation is given
by:

} M]
X, = nx ——

il

where [M] and [I] are the monomer and initiator concentrations respectively, # is
equal to 1 or 2 depending on whether the initiator forms mono- or di-anions and
x is the fraction of monomer converted into polymer.

In principle it is possible to extend the method to produce block copolymers
in which each of the blocks is monodisperse but the problems of avoiding
impurities become formidable. Nevertheless, narrow size distributions, if not
monodisperse ones, are achievable.

Yet another feature of anionic polymerisation is the possibility of coupling
chains together at their ‘living ends’. Where the coupling agent is bifunctional
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a stable non-living linear polymer is produced which on average has
(approximately) twice the average length of the non-coupled molecules.
However, where the coupling agent is trivalent a T-shaped molecule will be
obtained whilst a tetrafunctional agent will produce X-shaped molecules.
Where agents of higher functionalities are used star-shaped polymers will be
produced. An example is the coupling of a butyl-lithium-initiated polystrene
with silicon tetrachloride:

Clil

@
3w~®.Li +8iCl, — 3LiCl+v~Sivv

Other coupling agents include the tri- and tetrachloromethylbenzenes and
divinylbenzene.

The system may be used for homopolymers and for block copolymers. Some
commercial SBS triblock thermoplastic rubbers and the closely related K-resins
produced by Phillips are of this type. Anionic polymerisation methods are of
current interest in the preparation of certain diene rubbers.

2.3.3 Ziegler—Natta and Metallocene Polymerisation

As a result of the work of Ziegler in Germany, Natta in Italy and Pease and
Roedel in the United States, the process of co-ordination polymerisation, a
process related to ionic polymerisation, became of significance in the late 1950s.
This process is today used in the commercial manufacture of polypropylene and
polyethylene and has also been used in the laboratory for the manufacture of
many novel polymers. In principle the catalyst system used governs the way in
which a monomer and a growing chain approach each other and because of this
it is possible to produce stereoregular polymers.

One way in which such stereospecificity occurs is by the growing polymer
molecule forming a complex with a catalyst which is also complexed with a
monomer molecule. In this way growing polymers and monomers are brought
together in a highly specific fashion. The product of reaction of the growing
polymer molecule and the monomer molecule is a further growing molecule
which will then again complex itself with the catalyst and the cycle may be
repeated.

The catalysts used are themselves complexes produced by interaction of alkyls
of metals in Groups I-III of the Periodic Table with halides and other derivatives
of Groups IV—VIII metals. Although soluble co-ordination catalysts are known,
those used for the manufacture of stereoregular polymers are usually solid or
adsorbed on solid particles.

A number of olefins may be polymerised using certain metal oxides supported
on the surface of an inert solid particle. The mechanism of these polymerisation
reactions is little understood but is believed to be ionic in nature.

Following the considerable commercial success of Ziegler—Natta polymer-
isation systems which made possible high density polyethylene, polypropylene,
ethylene-propylene rubbers and a number of speciality materials, a considerable
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body of research was devoted to attempt a better understanding of the
polymerisation mechanism. Cossee proposed that a metal atom in the catalyst
system formed a temporary bond simultaneously with a growing polymer chain
and with the double bond of the monomer. This caused the chain end to be
electrically attracted to the monomer resulting in fusion of chain end and
monomer generating a new chain end and allowing the process to repeat. The
Ziegler—Natta catalysts were, however, complex mixtures of solid and liquid
compounds and so attempts were made to produce model systems for study using
a catalyst of uniform structure containing a single metal atom. Such systems are
referred to as being single-sited and the Ziegler—Natta systems as multi-sited.

Research work eventually concentrated around what became known as
metallocene systems. At risk of considerable over-simplification these may be
regarded as consisting of a metal atom, usually titanium or zirconium, linked to
two rings of 5-carbon atoms and to two other groups, usually single carbon atoms
with attached hydrogens. The 5-carbon rings are hinged together by other atoms
in a form reminiscent of a partly opened clamshel! and these partly enclose the
metal atom. By varying the nature of the hinge atoms, by the use of substituents
on the 5-carbon rings, by modifying the symmetry of the ‘clam-shell’ by the
positioning of the substituents and by the use of cocatalysts such as methyl
aluminoxanes, the accessibility of monomer, and in due course, polymer chain to
the metal atom can be carefully controlled. In turn this can lead to control of the
following factors:

(a) what monomer can be polymerised (it may be possible to polymerise just one
of a mixture of monomers);

(b) the frequency of termination reactions leading to narrow molecular weight
distributions;

(c) the direction of approach of monomer to the chain end leading to closely
controlled stereoregular polymers. (The main types of stereoregular polymer
are discussed further in Section 4.3.)

An example of a metallocene catalyst (patented by Targor and of particular
interest for polymerising propylene) is illustrated in Figure 2.25.

rac.-Dimethylsilylenebis(2-methyl-1-benz{e]indenyl)zirconium dichloride

Figure 2.25 A metallocane catalyst
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2.4 CONDENSATION POLYMERISATION

In this form of polymerisation, initiation and termination stages do not exist and
chain growth occurs by random reaction between two reactive groups. Thus in
contradistinction to addition polymerisation an increase in reaction time will
produce a significant increase in average molecular weight. An increase in
temperature and the use of appropriate catalysts, by increasing the reactivity, will
also increase the degree of polymerisation achieved in a given time.

In the case of linear polymers it is often difficult to obtain high molecular
weight polymers. The degree of polymerisation £ will be given by

No. of groups available for reaction
£ = (2.10)
No. of groups not reacted

If p, the extent of reaction, is the fraction of groups that have reacted, then

1
i=— (2.11)
t-p

Thus when 95% of the groups have reacted (p = 0.95) the degree of
polymerisation will be only 20.

Even lower molecular weights will be obtained where there is an excess of one
reactive group, since these will eventually monopolise all the chain ends and
prevent further reaction. The presence of monofunctional ingredients will have
similar effects and they are sometimes added deliberately to control molecular
weight (see for example Section 20.4.1).

It is to be noted that only one condensation reaction is necessary to convert two
molecules with values of £ = 100 to one molecule with ¥ = 200. A similar
reaction between two dimers will produce only tetramers (¥ = 4). Thus although
the concentration of reactive groups may decrease during reaction, individual
reactions at later stages of the reaction will have greater effect.

As with addition polymers, molecules with a range of molecular weights are
produced. In the condensation of bifunctional monomers

=(1+p) (2.12)

where X, and %, are the weight average and number average degrees of
polymerisation respectively. Thus as the reaction goes towards completion the
ratio of the degrees of polymerisation and hence the molecular weights
approaches 2.

In the case of trifunctional monomers the situation is more complex. From the
schematic diagrams (Figure 2.26) it will be seen that the polymers have more
functional groups than the monomers.

A A
v )\r)\
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Figure 2.26
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It is seen that the functionality (no. of reactive groups = f) is equal to n+2
where 7 is the degree of polymerisation. Thus the chance of a specific 100-mer
(102 reactive groups) reacting is over 30 times greater than a specific monomer
(3 reactive groups) reacting. Large molecules therefore grow more rapidly than
small ones and form even more reactive molecules. Thus ‘infinitely’ large, cross-
linked molecules may suddenly be produced while many monomers have not
even reacted. This corresponds to the ‘gel point’ observed with many processes
using thermosetting resins. It may in fact be shown that at the gel point with a
wholly trifunctional system %, = oo whilst %, is only 4.

Appendix — A note on molecular weight averages and molecular weight
distribution

(Although the term molecular mass is now often preferred to the term molecular
weight the latter term is still commonly used in the context of polymers and the
author has decided to retain the latter term again for this edition.)

A mass of polymer will contain a large number of individual molecules which
will vary in their molecular size. This will occur in the case, for example, of free-
radically polymerised polymers because of the somewhat random occurrence of
chain termination reactions and in the case of condensation polymers because of
the random nature of the chain growth. There will thus be a distribution of
molecular weights; the system is said to be polydisperse.

The molecular weight distribution may be displayed graphically by plotting
the frequency at which each molecular weight occurs against that molecular
weight (or more practically the frequency within a narrow molecular weight
band). When this is done certain characteristics may be established. These
include:

(i) A measure of the central tendency of the distribution. While this could be
expressed using such statistical terms as a mode or median an average
(mean) molecular weight is more useful; but see below.

(ii) The breadth of distribution. It is common to refer to polymers having a
narrow- or a broad-molecular weight distribution. While this could be
quantified in terms of statistical parameters such as standard deviation,
mean deviation or inter-quartile range, such data is seldom made available
by the polymer supplier and is also of somewhat limited value if the
distribution deviates significantly from being symmetrical.

(iii)) The symmetry of the distribution. As pointed out in the previous section on
condensation polymerisation, large polymer molecules can grow rapidly,
particularly where there are trifunctional monomers. This can lead to a
positively skewed distribution, i.e. a distribution with a long high molecular
weight tail. Other polymerisation methods may leave a significant amount
of unreacted monomer which would give a negative skew.

(iv) The modality of the distribution. In the example given in the previous
sentence the distribution would probably have two peaks or modes, one
corresponding to the monomer molecular weight and the other related to an
average polymer molecular weight. Such a bimodal distribution can also
occur if two polymer samples of different average molecular weight are
blended together. Trimodal, tetramodal, pentamodal distributions, and so on,
could similarly be envisaged.
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While breadth, skewness and modality of a distribution are all of some interest
the most important parameter is the average molecular weight. This however can
be defined in a number of different ways. Conceptually the simplest is the
number average molecular weight, invariably given the symbol M,. This is
essentially the same as the arithmetic mean molecular weight where the sum of
the weights of all the molecules are divided by the number of molecules. This is
the same as saying that M,, is the sum of the product of the number fraction of
each molecular weight (n;) times the molecular weight (M;) i.e

Mn = Eﬂl‘Mi

For some purposes this average may be less useful than the weight average
molecular weight defined by M,, which considers the fraction by weight of each
molecular size i.e.

M, = SwM,

This can best be explained by taking a somewhat extreme theoretical example.
Let us consider a tiny sample of polymer consisting of 1 molecule with a
molecular weight of 100000 and 999 molecules with a molecular weight of 100.
In this case the number average molecular weight will be

(0.001) (100000) + (0.999)(100) = c.199

However, a moments consideration makes clear that over half the mass of the
polymer consists of the molecule with the molecular weight of 100000 and that
this would have an important influence on the properties of the polymer mass not
reflected in the number average figure which is in any case totally unrepresenta-
tive of any of the molecules. In this case the weight average molecular weight
will be

(100 000/199 900) (100000) + (99900/199 900) (100) = c. 50125

While this example shows an extreme difference in the two molecular weight
averages, the other extreme is where all of the molecules have the same size, i.e.
they are said to be monodisperse. In this case the two averages will have the same
value.

The molecular weight ratio M,,/M,, can thus be considered as a crude measure
of the breadth of the molecular weight distribution and is often used for this
purpose.

One further point might be made here. Although the example illustrates the
difference between the two types of molecular weight average, the weight
average molecular weight in this example cannot be said to be truly
representative, an essential requirement of any measure of central tendency. In
such circumstances where there is a bimodal, i.e. two-peaked, distribution
additional data should be provided such as the modal values (100 and 100 000 in
this case) of the two peaks.
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3

States of Aggregation in Polymers

3.1 INTRODUCTION

In the previous chapter the various methods of synthesising polymers were
briefly discussed. In this chapter the physical states of aggregation of these
polymers will be considered, whilst in the three subsequent chapters the effect of
molecular structure on the properties of polymers will be investigated.

Simple molecules like those of water, ethyl alcohol and sodium chloride can
exist in any one of three physical states, i.e. the solid state, the liquid state and the
gaseous state, according to the ambient conditions. With some of these materials it
may be difficult to achieve the gaseous state or even the liquid state because of
thermal decomposition but in general these three phases, with sharply defined
boundaries, are discernible. Thus at a fixed ambient pressure, the melting point and
the boiling point of a material such as pure water occur at definite temperatures. In
polymers, changes of state are less well defined and may well occur over a finite
temperature range. The behaviour of linear amorphous polymers, crystalline
polymers and thermosetting structures will be considered in turn.

3.2 LINEAR AMORPHOUS POLYMERS

A specific linear amorphous polymer, such as poly(methyl methacrylate) or
polystyrene, can exist in a number of states according to the temperature and the
average molecular weight of the polymer. This is shown diagrammatically in
Figure 3.1. At low molecular weights (e.g. M,) the polymer will be solid below
some given temperature whilst above that temperature it will be liquid. The
melting point for such polymers will be quite sharp and is the temperature above
which the molecules have sufficient energy to move independently of each other,
i.e. they are capable of viscous flow. Conversely, below this temperature the
molecules have insufficient energy for flow and the mass behaves as a rigid solid.
At some temperature well above the melting point, the material will start to boil
provided this is below the decomposition temperature. In high polymers this is
rarely, if ever, the case.

43
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Figure 3.1. Temperature—molecular weight diagrams for (a) amorphous and (b) moderately
crystalline polymers (with highly crystalline polymers the glass transition is less apparent)

At high molecular weights (e.g. M,) such a clearly defined melting point no
longer occurs and a rubbery intermediate zone is often observed. In this case two
transition temperatures may be observed; firstly a rigid solid—rubber transition
(usually known as the glass transition temperature) and secondly a generally very
indefinite rubber—liquid transition, sometimes referred to as the flow temperature.
(The term melting point will be reserved for crystalline polymers.)

It is instructive to consider briefly the three states and then to consider the
processes which define the transition temperatures. In the solid state the polymer
is hard and rigid. Amorphous polymers, under discussion in this section, are also
transparent and thus the materials are glass-like and the state is sometimes
referred to as the glassy state. Molecular movement other than bond vibrations
are very limited. Above the glass transition temperature the molecule has more
energy and movement of molecular segments becomes possible. It has been
established that, above a given molecular weight, movement of the complete
molecule as a unit does not take place. Flow will occur only when there is a co-
operative movement of the molecular segments. In the rubbery range such co-
operative motion leading to flow is very limited because of such features as
entanglements and secondary (or even primary) cross-linking. (In crystalline
polymers, discussed in the next section, crystalline zones may also restrict flow.)
In the rubbery state the molecules naturally take up a random, coiled
conformation as a result of free rotation about single covalent bonds (usually
C—C bonds) in the chain backbone. On application of a stress the molecules
tend to uncoil and in the absence of crystallisation or premature rupture the
polymer mass may be stretched until the molecules adopt the fully stretched
conformation. In tension, elongations as high as 1200% are possible with some
rubbery polymers. On release of the stress the free rotations about the single
bonds cause the molecule to coil up once again. In commercial rubbery materials
chain coiling and uncoiling processes are substantially complete within a small
fraction of a second. They are, nevertheless, not instantaneous and the
deformation changes lag behind the application and removal of stress. Thus the
deformation characteristics are somewhat dependent on the rate of stressing.
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Chain uncoiling, and the converse process of coiling, is conveniently
considered as a unimolecular chemical reaction. It is assumed that the rate of
uncoiling at any time after application of a stress is proportional to the molecules
still coiled. The deformation Dyg(¢) at time ¢ after application of stress can be
shown to be related to the equilibrium deformation Dyg() by the equation

Dyg(t) = Dygp() (1 —e™"™) @3.D

when T, a reaction rate constant, is the time taken for the deformation to reach
(1-1/e) of its final value (Figure 3.2). Since different molecules will vary in their
orientation time depending on their initial disposition this value is an average
time for all the molecuies.

Dug(°°) -------------------

("5 g“(

Dye(t)

T —
Figure 3.2. Application of stress to a highly elastic body. Rate of chain uncoiling with time

Whether or not a polymer is rubbery or glass-like depends on the relative
values of ¢ and T,,,. If ¢ is much less than 7, the orientation time, then in the time
available little deformation occurs and the rubber behaves like a solid. This is the
case in tests normally carried out with a material such as polystyrene at room
temperature where the orientation time has a large value, much greater than the
usual time scale of an experiment. On the other hand if ¢ is much greater than 7,
there will be time for deformation and the material will be rubbery, as is normally
the case with tests carried out on natural rubber at room temperature. It is,
however, vital to note the dependence on the time scale of the experiment. Thus
a material which shows rubbery behaviour in normal tensile tests could appear to
be quite stiff if it were subjected to very high frequency vibrational stresses.

The rate constant 7,,, is a measure of the ease at which the molecule can uncoil
through rotation about the C—C or other backbone bonds. This is found to vary
with temperature by the exponential rate constant law so that

1, = AeERT (3.2)

If this is substituted into equation (3.1), equation (3.3) is obtained.

—t
Dyg(t) = Dyg(®) [1 — exp (m)] (3.3)

In effect this equation indicates that the deformation can be critically dependent
on temperature, and that the material will change from a rubbery to a glass-like
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state over a small drop in temperature. Frith and Tuckett' have illustrated (Figure
3.3) how a polymer of 7, = 100 sec at 27°C and an activation energy E of 60 kcal
will change from being rubbery to glass-like as the temperature is reduced from
about 30°C to about 15°C. The time of stressing in this example was 100 s.

[/

04 /

02

290 300 310
TEMPERATURE IN °K

Figure 3.3. The ratio Dyg(f)/Dyg () and its variation with temperature. (After Frith and Tuckett,’
reproduced by permission of Longmans, Green and Co. Lid.)

It is now possible to understand the behaviour of real polymers and to interpret
various measurements of the glass transition temperature. This last named
property may be thus considered as the temperature at which molecular segment
rotations do not occur within the time scale of the experiment. There are many
properties which are affected by the transition from the rubbery to the glass-like
state as a result of changes in the molecular mobility. Properties which show
significant changes include specific volume, specific heat, thermal conductivity,
power factor (see Chapter 6), nuclear magnetic resonance, dynamic modulus and
simple stress—strain characteristics. The fact that measurements of the effect of
temperature on these properties indicate different glass transition temperatures is
simply due to the fact that the glass temperature is dependent on the time scale
of the experiment. This is illustrated by results obtained for a polyoxacyclobutane
(poly-3,3-bischloromethyloxacyclobutane), showing how transition temperatures
depend on the frequency (or speed) of the test (Table 3.1).2

It should be pointed out that the view of the glass transition temperature
described above is not universally accepted. In essence the concept that at the
glass transition temperature the polymers have a certain molecular orientation
time is an iso-elastic approach while other theories are based on iso-viscous,

Table 3.1 Influence of experimental time scale on the glass transition
point of a polyoxacyclobutane?

Frequency Glass temperature
(Hz) 4
Electrical tests 1000 32
Mechanical vibration 89 25
Slow tensile 3 15
Dilatometry 1072 7
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iso-free volume and statistical mechanical considerations. Of these the iso-free
volume approach is widely quoted and in the writer’s view® provides an
alternative way of looking at the glass transition rather than providing a
contradictory theory. The iso-free volume theory states that below the glass
transition temperature there is only a very small fraction of space in a polymer
mass which is unoccupied by the polymer molecules. Therefore polymer flow
and chain uncoiling will be negligible since such spaces are necessary to allow
polymer segments to move. At the glass transition temperature the free volume
begins to increase quite rapidly with temperature, the glass transition temperature
being characterised by the fact that all polymers have the same free volume at
this temperature. It has been found in practice that many polymers do appear to
have equal free volumes at their glass transition temperature although some
exceptions, such as the polycarbonate of bis-phenol A, have been found. Some
important semi-empirical consequences of the iso-free volume nature of the glass
transition temperature will be considered in Chapter 4.

Electrical and dynamic mechanical tests often reveal transition temperatures
additional to the glass transition temperature (and in the case of crystalline
polymers the crystal melting point). These occur because at temperatures below
the glass transition temperature, side chains, and sometimes small segments of
the main chain, require less energy for mobility than the main segments
associated with the glass transition temperature. Various types of nomenclature
are used, one of the most common being to label the transitions a, B, v, & and so
on in descending order of temperature, the a-transition normally corresponding
to the glass transition temperature. It must be stressed that simply to label a
transition as a [3-transition does not imply any particular type of mechanism and
the mechanism for a B-transition in one polymer could correspond to a
~y-transition in a second polymer.

Boyer* has suggested the use of the symbol T,, to indicate a transition due
to a crankshaft mechanism proposed by Schatzki.” Schatzki has postulated that,
in a randomly oriented polymer, potentially co-linear bonds will be separated
by four methylene groups; providing there is sufficient rotational energy and
free volume this segment can rotate between the co-linear bonds in the manner
of a crankshaft. A T, transition may be observed in many polymers containing
at least four linked methylene groups. To avoid any commitment to any
particular mechanism the transition is sometimes referred to as the ‘glass II
transition’.

3.2.1 Orientation in Linear Amorphous Polymers

If a sample of an amorphous polymer is heated to a temperature above its glass
transition point and then subjected to a tensile stress the molecules will tend to
align themselves in the general direction of the stress. If the mass is then cooled
below its transition temperature while the molecule is still under stress the
molecules will become frozen whilst in an oriented state. Such an orientation can
have significant effects on the properties of the polymer mass. Thus if a filament
of polystyrene is heated, stretched and frozen in this way a thinner filament will
be produced with aligned molecules. The resultant filament has a tensile strength
which may be five times that of the unoriented material because on application
of stress much of the strain is taken up by covalent bonds forming the chain
backbone. On the other hand the tensile strength will be lower in the directions
perpendicular to the orientation. The polymer is thus anisotropic.
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Anisotropic behaviour is also exhibited in optical properties and orientation
effects can be observed and to some extent measured by birefringence methods.
In such oriented materials the molecules are in effect frozen in an unstable state
and they will normally endeavour to take up a more coiled conformation due to
rotation about the single bonds. If an oriented sample is heated up the molecules
will start to coil as soon as they possess sufficient energy and the mass will often
distort. Because of this oriented materials usually have a lower heat distortion
temperature than non-oriented polymers.
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Figure 3.4. Biaxial orientation of polymethyl methacrylate. Variation of (a) brittle flexural strength
and (b) brittle flexural energy with percentage stretch. (After Ladbury®)

In addition to monoaxial orientation, biaxial stretching of amorphous
polymers is possible. For example if poly(methyl methacrylate) sheet is heated
above its glass temperature and stretched in two directions simultaneously there
will be a planar disposition of the molecules. It has been found that with
poly(methyl methacrylate) sheet such properties as tensile strength and brittle
flexural strength increase with increased orientation up to a percentage stretch of
about 70% (Figure 3.4).° Above this value there is a decrease in the numerical
value of these properties, presumably due to the increase in flaws between the
layers of molecules. Properties such as impact strength (Figure 3.5 )6 and solvent
crazing resistance, which are less dependent on these flaws than other properties,
continue to improve with increased orientation.
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Figure 3.5. Biaxial orientation of polymethyl methacrylate. Variation of impact strength with
percentage stretch. (After Ladbury®)
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In addition to the deliberate monoaxial or biaxial orientation carried out to
produce oriented filament or sheet, orientation will often occur during polymer
processing whether desired or not. Thus in injection moulding, extrusion or
calendering the shearing of the melt during flow will cause molecular orientation.
If the plastic mass ‘sets’ before the individual molecules have coiled then the
product will contain frozen-in orientation with built-in, often undesirable,
stresses. It is in order to reduce these frozen-in stresses that warm moulds and
fast injection rates are preferred in injection moulding. In the manipulation of
poly(methyl methacrylate) sheet to form baths, light fittings and other objects
biaxial stretching will frequently occur. Such acrylic products produced by
double curvature forming will revert completely to the original flat sheet from
which they were prepared if they are heated above their glass transition
temperature.

3.3 CRYSTALLINE POLYMERS

If a polymer molecule has a sufficiently regular structure it may be capable of
some degree of crystallisation. The factors affecting regularity will be discussed
in the next chapter but it may be said that crystallisation is limited to certain
linear or slightly branched polymers with a high structural regularity. Well-
known examples of crystalline polymers are polyethylene, acetal resins and
polytetrafluoroethylene.

From a brief consideration of the properties of the above three polymers it will
be realised that there are substantial differences between the crystallisation of
simple molecules such as water and copper sulphate and of polymers such as
polyethylene. The lack of rigidity, for example, of polyethylene indicates a much
lower degree of crystallinity than in the simple molecules. In spite of this the
presence of crystalline regions in a polymer has large effects on such properties
as density, stiffness and clarity.

The essential difference between the traditional concept of a crystal structure
and crystalline polymers is that the former is a single crystal whilst the polymer
is polycrystalline. By a single crystal is meant a crystalline particle grown
without interruption from a single nucleus and relatively free from defects. The
term polycrystallinity refers to a state in which clusters of single crystals are
involved, developed from the more or less simultaneous growth of many nuclei.
The resulting conglomerate may possess no readily discernible symmetry.
Polycrystallinity occurs not only in polymers but also in metals and, unless care
is taken, in the large-scale commercial crystallisation of materials such as sucrose
and sodium chloride.

There have been, over the years, profound changes in the theories of
crystallisation in polymers. For many years it was believed that the crystallinity
present was based on small crystallites of the order of a few hundred Angstrém
units in length. This is very much less than the length of a high polymer molecule
and it was believed that a single polymer molecule actually passed through
several crystallites. The crystallites thus consisted of a bundle of segments from
separate molecules which had packed together in a highly regular order. The
method of packing was highly specific and could be ascertained from X-ray
diffraction data. It was believed that in between the crystallites the polymer
passed through amorphous regions in which molecular disposition was random.
Thus there is the general picture of crystallites embedded in an amorphous matrix
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(Figure 3.6). This theory known as the fringed micelle theory or fringed
crystallite theory helped to explain many properties of crystalline polymers but
it was difficult to explain the formation of certain larger structures such as
spherulites which could possess a diameter as large as 0.1 mm.

Figure 3.6. Two-dimensional representation of molecules in a crystalline polymer according to the
fringed micelle theory showing ordered regions (crystallites) embedded in an amorphous matrix.
{After Bryant”)

As a result of work based initially on studies of polymer single crystals, it
became realised that the fringed micelle theory was not entirely correct. It was
found that in many circumstances the polymer molecules folded upon themselves
at intervals of about 100 A to form lamellae which appear to be the fundamental
units in a mass of crystalline polymer. Crystallisation spreads by the growth of
individual lamellae as polymer molecules align themselves into position and start
to fold. For a variety of reasons, such as a point of branching or some other
irregularity in the structure of the molecule, growth would then tend to proceed
in many directions. In effect this would mean an outward growth from the
nucleus and the development of spherulites. In this concept it is seen that a
spherulite is simply caused by growth of the initial crystal structure, whereas in
the fringed micelle theory it is generally postulated that formation of a spherulite
required considerable reorganisation of the disposition of the crystallites. Both
theories are consistent with many observed effects in crystalline polymers. The
closer packing of the molecules causes an increased density. The decreased
intermolecular distances will increase the secondary forces holding the chain
together and increase the value of properties such as tensile strength, stiffness and
softening point. If it were not for crystallisation, polyethylene would be rubbery
at room temperature and many grades would be quite fluid at 100°C.

The properties of a given polymer will very much depend on the way in which
crystallisation has taken place. A polymer mass with relatively few large
spherulitic structures will be very different in its properties to a polymer with far
more, but smaller, spherulites. It is thus useful to consider the factors affecting
the formation of the initial nuclei for crystallisation (nucleation) and on those
which affect growth.

Homogeneous nucleation occurs when, as a result of statistically random
segmental motion, a few segments have adopted the same conformation as they
would have in a crystallite. At one time it was considered that the likelihood of
the formation of such nuclei was greatest just above the transition temperature
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whilst the rate of growth was greatest just below the melting point. This provided
an explanation of the common observation that the overall crystallisation rate is
greatest at a temperature about half-way between the glass transition temperature
and the melting point. It is, however, now believed that both nucleation rates and
growth rates are dependent on temperature in the same way so that the overall
crystallisation rate—temperature curve is of the same form as the nucleation—
temperature and growth—temperature curve (Figure 3.7). By definition no
crystallisation occurs above the melting point.
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Figure 3.7. Rate of crystallisation of natural rubber as a function of temperature. (After Wood®)

There are certain differences between the properties of a polymer crystallised
under conditions of high nucleation/growth ratios as compared with those made
under the opposite conditions. In the latter case the polymer develops large
crystal structures which may be sufficiently large to interfere with light waves
and cause opacity. It may also be somewhat brittle. In the former case the
polymer mass, with smaller structures, is generally more transparent. The
properties of the polymer will also depend on the time available for cooling. In
the case of a polymer such as the bis-phenol A polycarbonate (Chapter 20) the
glass temperature is about 140°C. There is in this case little time for
crystallisation to develop in cooling from the melt after injection moulding and
extrusion and transparent polymers are usually obtained.

On the other hand crystalline polymers with a glass temperature below that of
the ambient temperature in which the polymer is to be used will continue to
crystallise until equilibrium is reached. For this reason nylon 66, which has a
glass temperature slightly below that of usual room temperature, will exhibit
after-shrinkage for up to two years after manufacture unless the sample has been
specially annealed. In the case of the polyacetals (polyformaldehydes) the
shrinkage is to all intents and purposes complete within 48 hours. The reason for
this is that the glass transition point for the polyacetals is as low as —13°C (some
authors also quote —73°C). Therefore at the common ambient temperatures of
about 20°C crystallisation rates are much faster for polyacetals than for nylon 66.
The problems of slow after-shrinkage of nylon 66 may be avoided by heating the
polymer for a short period at a temperature at which crystallisation proceeds
rapidly (about 120°C).

Because polymers have a very low thermal conductivity, compared with
metals, cooling from the melt proceeds unevenly, the surface cooling more
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rapidly than the centre. This will be particularly marked with thick injection
moulded sections and with piping and other extrusions which have been extruded
into cold water. In these cases the morphology (fine structure) of crystalline
polymers will vary across the cooled polymer mass and hence the physical
properties will also vary. One consequence of this is that a surface produced by
a machining operation may have quite different hardness, abrasion resistance and
coefficient of friction than a moulded surface.

In many polymer products it is desirable to have a high degree of crystallinity
but with small spherulite size. A high homogeneous nucleation rate, however,
requires the polymers to be held at a temperature midway between the glass
temperature and the melting point. Processing operations, however, demand a
quick ‘cooling’ operation and it would be desirable to speed up the freezing
operation. High nucleation rates can be achieved together with high growth if
heterogeneous nucleation is employed. In this case nucleation is initiated by
seeding with some foreign particle. This can be of many types but is frequently
a polymer of similar cohesive energy density (see Chapter 5) to that being
crystallised but of a higher melting point. Nucleating agents are now widely used
in commercial products. They have the overall effect of promoting rapid freezing,
giving a high degree of crystallisation, good clarity in polymer films, controlling
skin effects and reducing formation of voids which can occur in conjunction with
large morphological structures.

Mention may be made of the effect of the glass transition on the properties of
a crystalline polymer. In a highly crystalline polymer there is little scope for
segmental motion since most of the segments are involved in a lattice formation
in which they have low mobility. Such polymers are comparatively rigid in the
mass and there is little difference in properties immediately above and below the
glass transition. In fact with some highly crystalline polymers it is difficult to find
the glass temperature. With less crystalline materials some distinction may be
possible because of the greater number of segments in a less organised state.
Thus above the glass transition point the polymer may be flexible and below it
quite stiff.

3.3.1 Orientation and Crystallisation

If a rubbery polymer of regular structure (e.g. natural rubber) is stretched, the
chain segments will be aligned and crystallisation is induced by orientation. This
crystallisation causes a pronounced stiffening in natural rubber on extension. The
crystalline structures are metastable and on retraction of the sample they
disappear.

On the other hand if a polymer such as nylon 66 is stretched at some
temperature well below its melting point but above its transition temperature, e.g.
at room temperature, additional crystallisation will be induced and the crystalline
structure will generally be aligned in the direction of extension. As a result,
oriented crystalline filaments or fibres are much stronger than the unoriented
product. This is the basis of the ‘cold-drawing’ process of the synthetic fibre
industry. Poly(ethylene terephthalate) (e.g. Terylene) with a transition tem-
perature of 67°C has to be cold-drawn at some higher temperature. The tensile
strengths of nylon 66 and poly(ethylene terephthalate) fibres approach 10° Ibf/in?
(700 MPa), many times greater than those of the unoriented polymers.

Biaxial orientation effects are of importance in the manufacture of films
and sheet. Biaxially stretched poly(ethylene terephthalate) (e.g. Melinex),
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poly(vinylidene chloride) (Saran) and polypropylene films are strong films of
high clarity, the orientation-induced crystallisation producing structures which do
not interfere with the light waves.

Much of the success of the poly(ethylene terephthalate) bottle has arisen from
the control of the biaxial orientation that occurs during manufacture to give a
product both strong and of low gas permeability.

3.3.2 Liquid Crystal Polymers

When normal non-polymeric crystalline solids melt they do so abruptly and the
material becomes liquid. This is associated with both a collapse of the overall
positional order of the lattice array and the onset of what is, to all intents and
purposes, free rotation of the particles. There are, however, a number of non-
polymeric materials where this sharp transition does not occur and intermediate
stages are identifiable. Materials that show this behaviour are said to be
mesomorphic. Whilst a spectrum of mesomorphic states may be envisaged there
are two basic states which are usually identified, plastic crystals and liquid
crystals. In plastic crystals an overall solid condition is maintained with a general
retention of lattice order but the individual molecules have rotational and
diffusional mobilities approaching those of liquids. With liquid crystals the
materials flow like liquids but retain some long-range order due to restricted
rotational mobility of the molecules. Where the mesomorphic phase is brought
about by thermal changes, the phenomenon is known as thermotropic
mesomorphism. Where the solid lattice has been disturbed by the presence of
solvents, the phenomenon is known as lyotropic mesomorphism.

During the 1970s a number of polymers were produced which showed long-
range order in the melt analogous to that exhibited by non-polymeric liquid
crystals. Prominent amongst thermotropic materials are certain aromatic
polyesters which might be considered as copolymers based on p-hydroxybenzoic
acid, whilst lyotropic mesomorphism is shown by such materials as poly-
p-benzamide and poly(y-benzyl-L-glutamate) in appropriate solvents.

The liquid crystal polymers consist of rod-like molecules which, during shear,
tend to orient in the direction of shear. Because of the molecular order the
molecules flow past each other with comparative ease and the melts have a low
viscosity. When the melt is cooled the molecules retain their orientation, giving
self-reinforcing materials that are extremely strong in the direction of
orientation.

The homopolymers of p-hydroxybenzoic acid have such a high value for the
T., that they are somewhat intractable. Useful materials may, however, be made
by copolymerising with a view to introducing some molecular flexibility or
reducing chain packing or introducing some non-linear links. Commercially
important liquid crystal polyesters are discussed in Chapter 25.

3.4 CROSS-LINKED STRUCTURES
A cross-linked polymer can generally be placed into one of two groups:

(1) Lightly cross-linked materials.
(2) Highly cross-linked materials.
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In the lightly cross-linked polymers (e.g. the vulcanised rubbers) the main
purpose of cross-linking is to prevent the material deforming indefinitely under
load. The chains can no longer slide past each other, and flow, in the usual sense
of the word, is not possible without rupture of covalent bonds. Between the cross-
links, however, the molecular segments remain flexible. Thus under appropriate
conditions of temperature the polymer mass may be rubbery or it may be rigid.
It may also be capable of crystallisation in both the unstressed and the stressed
state,

However, if the degree of cross-linking is increased the distance between
cross-links decreases and a tighter, less flexible network will be formed.
Segmental motion will become more restricted as the degree of cross-linking
increases so that the transition temperature will eventually reach the decomposi-
tion temperature. In polymers of such a degree of cross-linking only the
amorphous rigid (glass-like) state will exist. This is the state commonly
encountered with, for example, the technically 1mportant phenolic, aminoplastic
and epoxide resins.

Most cross-linking carried out with commercial polymers involves the
production of covalent bonds to link the polymer molecules. Such a process
imposes certain limitations on the processing of the polymer. For example, the
shaping operation will have to be followed by a chemical cross-linking process
which may have to be undertaken on additional plant. Furthermore, once
polymers are covalently cross-linked, it is seldom possible to regenerate uncross-
linked polymers suitable for reprocessing by selectively breaking the cross-link
bonds but not breaking main chain bonds.

These and other considerations have led to attempts to produce materials
which effectively cross-link on cooling to room temperature after processing but
which on reheating appear to lose their cross-links. Several approaches to such
fugitive cross-linking have been made in recent years of which the following
have come to, or at least near to, commercial fruition:

(1) Ionic cross-linking. This technique was first developed by Du Pont and
resulted in the marketing of their Surlyn A ionomers in 1963. Ethylene is
copolymerised with a small amount of a monomer containing carboxyl
groups. On mixing the copolymer with a suitable metal salt, the carboxyl
group becomes ionised and ionic links between the metal cation and the
anionic carboxyl groups are formed. Such links are strong at normal ambient
temperatures but become weaker and progressively disappear on heating. On
cooling, new links form and the process may be repeated.

(2) Hydrogen bonding (see also Chapter 5). Many polymers such as the nylons,
poly(viny! alcohols) and cellulose exhibit a form of cross-linking by
hydrogen bonding. It is also probable that in a way PVC may be considered
to be cross-linked by hydrogen bonding via plasticisers such as tritolyl
phosphate. It is thought that some thermoplastic polyurethanes may involve
a hydrogen bonding type of cross-linking.

(3) Triblock copolymers.’ The most well-known example is provided by the
‘thermoelastomers’ developed by the Shell Company. A block copolymer is
produced comprising three portions, a middle portion consisting of a chain of
butadiene or isoprene segments with a glass transition temperature in the
case of the butadiene segments well below —40°C, and two end portions of
styrene segments with a glass transition temperature of about +80°C. The
polystyrene ends tend to congregate in glassy domains which act somewhat
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Figure 3.8. Schematic representation of the polystyrene domain structure in styrene-butadiene-

C))

styrene triblock copolymers. (After Holden, Bishop and Legge!®)

like end-of-chain cross-links (Figure 3.5). When the temperature is raised
above the glass transition of the polystyrene segments the glassy domains also
become rubbery and, providing the molecular weight is not too high, further
raising of the temperature enables flow to occur. On cooling, glassy domains
are re-formed and the material, once again, is effectively cross-linked. (Unlike
covalently cross-linked polymers such a system can, however, be dissolved
without degradation in appropriate solvents.) Further reduction of the
temperature below the glass transition temperature of the butadiene segments
will render the whole mass rigid. (See also Chapter 11.)

Multiblock systems. A somewhat similar approach is involved in the
production of thermoplastic polyurethane elastomers. In this case the chain
contains soft segments that are largely aliphatic polyether in nature and also
hard segments that are primarily polyurea (see Chapter 27).

In the 1970s the concept was extended to the thermoplastic polyether—
ester rubbers typified by the Du Pont product Hytrel. As with the
polyurethanes there are more than three blocks in the polymer. Some of these
are polyether and are highly flexible while others are aromatic polyester.
Although the T, of the polyester group is not high this is not so important
since the block, being regular in structure, is also crystallisable. As is normal
the T;, for the block is much higher than the T, and the ‘hard’ polyester
segments retain their identity until this point is reached.

(Thermoplastic elastomers are further reviewed in Chapter 31.)

3.5

POLYBLENDS

Whilst the volume production of completely new polymers which have achieved
commercial viability in recent years has been small, the development of polymer
blends has been highly significant. Of these the most important involve a glassy
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or near-glassy resin in conjunction with a rubbery polymer. When suitably
paired it has been possible to produce rigid compounds with a high degree of
toughness, particularly on impact, a combination of properties which tends to
be lacking in most polymers. Such compositions, frequently referred to as
polyblends, may be exemplified by such well-known products as high-impact
polystyrene, ABS and impact-modified PVC. In some cases the blends are
essentially physical mixtures but often the situation can be complex and
involve block and graft copolymers.

In most cases the rubbery component forms droplets in a continuous glassy
matrix and this results in a composition of enhanced toughness. Any explanation
of this phenomenon needs to take into account the following facts:

(1) Although the glassy resins form the continuous phase quite high extensions
are possible in tensile tests, particularly at high strain rates.

(2) Greatest improvements are obtained where the polymers are neither too
compatible nor too incompatible.

(3) Similar effects are not obtained with either gaseous or hard droplets
embedded into the resin.

(4) Crazing is observed at stresses below those at which cracking occurs. The
crazes are formed at right angles to the applied stress and consist of
microscopic interconnected voids interlaced with strands of polymer which
have been oriented in the direction of the stress. The term microfibrillation
would usefully describe this phenomenon. In glassy polymers the crazing
stress is only slightly less than the fracture stress whilst with polyblends the
crazing stress is much lower.

(5) The more the rubber present, the greater the reinforcing effect. The
toughening does, however, appear to depend more on the number of particles
of rubber than on the total volume of rubber present.

(6) There appears to be an optimum particle size of ‘rubber’ for a given system
(0.10-1.0 wm for ABS and 1-10 pm for high-impact polystrene).

For many years the rubber-bridge theory of Merz, Claver and Baer!' was
widely accepted. This stipulated that when the polybiend was stressed to an
extent to cause crack initiation, the propagating cracks reached a rubber particle
and passed through it. During cracking the fractured surfaces tended to separate
and the rubber particles became extended in tension. This extension of the rubber
particle absorbed energy and resisted further crack growth. Such a mechanism
required a good bond between resin and rubber, as otherwise the crack would
simply propagate round the resin—rubber interface. Such a theory could not,
however, explain the ductility of many blends and, furthermore, calculations
have shown that the energy absorbed in this way could not account for the large
increases in toughness observed.

Other theories!? proposed dissipation of energy through crack interaction;
localised heating causing the material to be raised to above the glass transition
temperature in the layers of resin between the rubber droplets; and a proposal that
extension causes dilation so that the free volume is increased and the glass
transition temperature drops to below the temperature of the polyblend.

At the present time it is generally accepted that the toughening effect is
associated with the crazing behaviour.!?~!5 Because of the presence of the low-
modulus rubber particles most of the loading caused when a polyblend is subject
to mechanical stress is taken up by the rigid phase (at least up to the moment of
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crazing). This high stress concentration will lead to a low craze initiation stress
(averaged out over the whole load area). At the same time the fracture initiation
stress is not reduced. The reason for this appears to be a consequence of the
following:

(1) Because the rubber is not too compatible it exists in droplets, rather than in
a molecular scale mixture with the glassy polymer.

(2) When a craze occurs around a rubber droplet the droplet is stressed not only
in a direction parallel to the applied stress but also in the plane of the craze
perpendicular to the applied stress (see Figure 3.9). Such a triaxial stress
leading to dilation of the particle would be resisted by the high bulk modulus
of the rubber, which would thus become load bearing. The fracture initiation
stress of a polyblend should not therefore be substantiaily different from that
of a glass.

RUBBER PARTICLE

CRAZE

Figure 3.9. Rubber particle straddling craze perpendicular to stress is subjected to triaxial stresses and
because of its high bulk modulus becomes load bearing. (After Bucknall'?)

The rubber particles should not be so small that they are completely embedded
in a craze. It is interesting to note that in high-impact polystyrene crazes tend to
be about 2 pm thick and the optimum particle sizes observed as a result of
experience are quoted in the range 1-10 um. For ABS the figures are about
0.5 pm and 0.1-1.0 pm respectively.

The presence of many crazes is considered to distribute stresses which would
otherwise be concentrated at the tip of a few growing cracks. Additionally there
is some evidence that when a propagating craze reaches a particle it often divides
so that if there is a large number of particles per unit volume there is a high
dissipation of energy.

3.6 SUMMARY

Polymers can exist in a number of states. They may be amorphous resins, rubbers
or fluids or they can be crystalline structures. The molecular and the crystal
structures can be monoaxially or biaxially oriented. Heterogeneous blends of
polymers in different states of aggregation enable materials to be produced with
combinations of properties not shown by single polymers.

The form which a polymer composition will take at any given temperature will
depend on:
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(1) The glass transition temperature.

(2) The ability of the polymer to crystallise.

(3) The crystalline melting point.

(4) Any orientation of molecules or crystal structures that may have been
induced.

(5) The type and extent of cross-linking (if any).

(6) Whether or not polymers in different states of aggregation have been
heterogeneously blended.

In the next chapter the structural features that control the first three of the above
factors will be considered.
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Relation of Structure to Thermal and
Mechanical Properties

4.1 INTRODUCTION

It is sometimes said that three factors determine whether a polymer is glassy,
rubbery or fibre-forming under a given set of conditions. These are the chain
flexibility, the interchain attraction and the regularity of the polymer. The
relationship has been expressed diagrammatically by Swallow! (Figure 4.1). The
importance of these parameters arises from their influence on the glass transition
temperature, the ability of a material to crystallise and, where relevant, the
crystalline melting point. In this chapter specific influences which have a bearing
on these last three properties will be discussed. At the end of the chapter there is
a short discussion of structural features which determine certain selected
properties.

4.2 FACTORS AFFECTING THE GLASS TRANSITION TEMPERATURE

There are a number of structural features which have a bearing on the value of
the glass transition temperature. Since this temperature is that at which molecular
rotation about single bonds becomes restricted, it is obvious that these features
are ones which influence the ease of rotation. These can be divided into two
groups:

(1) Factors which affect the inherent or intrinsic mobility of a single chain
considered on its own.

(2) Those factors whose influence is felt because of their effect on the proximity
and interaction of many polymer chains.

Before considering the special case of rotation about bonds in polymers it is
useful to consider such rotations in simple molecules. Although reference is often
made to the ‘free rotation’ about a single bond, in fact rotational energies of the
order of 2kcal/mole are required to overcome certain energy barriers in such
simple hydrocarbons as ethane. During rotation of one part of a molecule about
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Figure 4.1. Effect of structure regularity, molecular stiffness and intermolecular attraction on polymer
properties. (After Swallow!)

another part the proximity of specific groups or atoms on one part to groups or
atoms on the other part will vary. When the specific groups or atoms come close
to those on the adjacent carbon atom there is usually a repulsion effect due to
steric hindrance, the presence of dipole forces or because of the electronic
structure. In some cases intramolecular hydrogen bonding may cause attraction
rather than repulsion so that rotation away from this position may involve a large
energy requirement. Examples of some of these effects are given in Figure

Figure 4.3 depicts the change in height of rotational energy barriers with bond
rotation of methylsuccinic acid. This shows quite clearly the repulsion effect
which occurs when atoms or groups come into close proximity. This effect is
particularly great where the polar carboxyl groups come close together. Such a
position is less stable than others and is also the greatest barrier to rotation. The
comparative stability of the staggered position is to be noted. A consequence of
these rotational effects is that as the temperature is lowered certain conformations
(the trans position in methylsuccinic acid) become more likely.

This effect is also observed with some polymers. The frans form of a
hydrocarbon chain requires an energy about 0.8 kcal/mole less than the gauche.
The trans form leads to an extended molecule and in hydrocarbons this becomes
more favoured as the temperature is lowered. Linear polyethylenes take up this
conformation in the crystalline state.
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Figure 4.2. Rotational-energy barriers as a function of substitution. The small barrier (~ 2kcal) in

ethane (a) is lowered even further (~ 0.5kcal) if three bonds are ‘tied back’ by replacing three

hydrogen atoms of a methyl group by a triple-bonded carbon, as in methylacetylene (b). The barrier

is raised (4.2kcal) when methyl groups replace the smaller hydrogen atoms, as in neopentane (c).

Dipole forces raise the barrier further (~ 15 kcal) in methylsuccinic acid (d) (cf. Figure 4.3). Steric

hindrance is responsible for the high barrier (> 125 kecal) in the diphenyl derivative (e). (After
Gordon*)
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Figure 4.3. Energy versus bond rotation in methylsuccinic acid (schematic). The diagram shows the

greater stability of staggered as compared with eclipsed forms, and the effect of size and dipole

moment of substituents on the barriers. The slope of the curve at any point represents the force
opposing rotation there, (E = energy of activation of rotation.) (After Gordon?)
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From the preceding considerations it is appreciated that the intrinsic chain
flexibility is determined by the nature of the chain backbone and by the nature of
groups directly attached to the backbone.

It is generally considered that chains based on aliphatic C—C and C—O
bonds are quite flexible. On the other hand the introduction of ring structures
such as the p-phenylene group into the main chain has a marked stiffening effect.
The glass transitions of poly(ethylene terephthalate) and the polycarbonate from
bis-phenol A are much higher than those of their aliphatic counterparts because
of the presence of such phenylene groups. Rotation about a single C—C bond is
also impeded by the substitution of attached hydrogen atoms by methyl or other
hydrocarbon groups. Polypropylene and the polymers of highly branched olefins
have a higher glass transition than polyethylene for this reason. In the case of
polymers of unbranched or lightly branched olefins other factors come into
play.

The size of the group attached to the main chain carbon atom can influence the
glass transition point. For example, in polytetrafluoroethylene, which differs
from polyethylene in having fluorine instead of hydrogen atoms attached to the
backbone, the size of the fluorine atoms requires the molecule to take up a
twisted zigzag configuration with the fluorine atoms packed tightly around the
chain. In this case steric factors affect the inherent flexibility of the chain.

Inclusion of double bonds will stiffen the chain at the point of inclusion but at
the same time may increase the flexibility of adjacent bonds. The net effect may
therefore be to reduce the glass transition temperature and this appears to occur
in cis-1,4-polybutadiene when compared with polyethylene.

Segmental rotation is influenced by other polymer chains in the same region.
Secondary bonding due to dipole forces, induction forces and dispersion forces
or hydrogen bonding between chains can affect the mobility of a chain. The
presence of polar groups or atoms such as chlorine will be a factor tending to
raise the glass transition point. Thus the value for PVC is much higher than for
polyethylene. It is interesting to note that two identical polar groups attached to
the same chain atom may lead to a lower glass transition than in the case of
polymers with one polar group. This is the case with poly(vinylidene chloride) as
compared with poly(vinyl chloride). This has been attributed to the reduction in
dipole moment as a result of the symmetry of substitution.

Hydrogen bonding has a similar effect to that of polar groups. Thus nylon 6,
which differs from polyethylene by the presence of —CONH— groups, has a
higher transition point than the polyolefin because of its ability to form hydrogen
bonds. The forces of attraction, which cause a reduction of chain mobility, will
also be affected by the chain separation. Thus the introduction of n-alkyl groups
in separating the chains will decrease the interchain attraction, more than
offsetting the effect of increasing the inherent chain stiffness. However, the
presence of long side chains may cause entanglement and even permit some
crystallisation. In some polymers, such as those of butadiene and the substituted
butadienes, these effects cancel each other out. In the case of the methacrylates
chain separation is more important than entanglement up to poly(n-dodecyl
methacrylate), but with the higher substituted materials entanglement is the
predominating influence causing an increase in the glass transition.

The molecular weight of a polymer will have some effect on the glass
transition temperature. A low molecular weight polymer will have a greater
number of ‘chain ends’ in a given volume than a high molecular weight polymer.
The chain ends are less restrained and can become more active than segments in
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the centre of a molecule and cause the polymer mass to expand. This gives the
molecules greater mobility and they can be taken to a lower temperature before
the thermal energy of the molecules is too low for the segments to rotate.

It is reasonable to assume that the glass transition temperature T, drops
linearly with increase in chain-end concentration, that is with an increase in the
reciprocal of the molecular weight. This will give an equation of the form

1
T =T°°—K<——)
g g M

n

where T,™ is the glass transition temperature of a sample containing molecules
of infinite molecular weight, K is a positive constant and M, is the number
average molecular weight. Experimental data usually give a good fit to the above
equation.

The glass transition temperature of a random copolymer usually falls between
those of the corresponding homopolymers since the copolymers will tend to have
intermediate chain stiffness and interchain attraction. Where these are the only
important factors to be considered a linear relationship between T, and
copolymer composition is both reasonable to postulate and experimentally
verifiable. One form of this relationship is given by the equation

Cy = (Ty— TOIKTYL—Ty) + Ty — T}]

where C, is the weight fraction of the second component, T, Té and Tg are the
glass transition temperatures of the copolymer, the homopolymer of the first
component and the homopolymer of the second component respectively. K is the
ratio between the differences of the two expansion coefficients in the rubbery and
the glassy state of the two homopolymers. Styrene—butadiene copolymers
provide a good example of a system showing such a linear relationship.

It must be pointed out that deviations from such a simple relationship do occur.
For example, since random copolymerisation tends to promote disorder, reduce
molecular packing and also reduce the interchain forces of attraction, the T, of
copolymers is often lower than would be predicted by the linear relationship.
Examples are also known where the T, of the copolymer is higher than predicted.
This could occur where hydrogen bonding or dipole attraction is possible
between dissimilar comonomer residues in the chain but not between similar
residues, i.e. special interchain forces exist with the copolymers.

With block copolymers two types of effect have been observed. In some
instances a transition corresponding to each block is observable whilst in other
cases a single transition is observed, usually close to that predicted by a linear
relationship even where random copolymers show large deviations. This is
because the blocks reduce both the contacts between dissimilar comonomer
residues and also the disorder of the molecules which occurs in random
copolymer systems.

The restricting influence of cross-linking on segmental mobility was pointed
out in the previous chapter. The greater the degree of cross-linking the higher the
transition temperature. Table 4.1 shows how the transition temperature of natural
rubber is related to the percentage of combined sulphur (a rough measure of the
degree of cross-linking).?

On the other hand the addition of liquids to the polymer will cause separation
of the chains and increase their general mobility. This is the effect of
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Table 4.1 Dependence of the glass transition of
rubber on the sulphur content

Sulphur (%) T, (°C)
0 -65
0.25 64
10 -40
20 24

plasticisation, which will cause a marked reduction in the transition temperature.
The addition of about 40% of diethyl hexyl phthalate to PVC will reduce its glass
transition temperature by about 100°C.

The factors which affect the glass transition are thus as follows:

(1) Groups attached to the backbone which increase the energy required for

rotation.

(2) Rigid structures, e.g. phenylene groups, incorporated in the backbone of the
molecule.

(3) The packing of substituents around the main chain (c.f. PTFE with
polyethylene).

(4) Secondary bonding between chains, e.g. hydrogen bonding.
(5) Primary bonding between chains, e.g. cross-linking,.

(6) Length of side chains.

(7) Molecular weight.

(8) Copolymerisation.

(9) Plasticisation.

The glass transition temperatures of a number of polymers are given in Table
4.2.

4.3 FACTORS AFFECTING THE ABILITY TO CRYSTALLISE

In the case of an amorphous polymer the glass transition temperature will define
whether or not a material is glass-like or rubbery at a given temperature. If,
however, the polymer will crystallise, rubbery behaviour may be limited since the
orderly arrangement of molecules in the crystalline structure by necessity limits
the chain mobility. In these circumstances the transition temperature is of less
consequence in assessing the physical properties of the polymer.

The ability of a material to crystallise is determined by the regularity of its
molecular structure. A regular structure is potentially capable of crystallinity
whilst an irregular structure will tend to give amorphous polymers. Structural
irregularities can occur in the following ways:

(1) By copolymerisation.

(2) By introduction of groups in an irregular manner.
(3) By chain branching.

(4) By lack of stereoregularity.

(5) By differences in geometrical isomerism.
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Copolymerisation provides a very effective way of reducing the regularity and
hence the ability to crystallise. Polyethylene is a crystalline material but with
random ethylene—propylene copolymers crystallisation becomes a difficult
process and a rubbery material results. The introduction of side groups in a
random manner has a similar effect. If polyethylene is partially chlorinated, the
regularity of the structure is reduced and a rubbery polymer will result. A
chlorinated polyethylene which also contains a few sulphonyl chloride groups is
a commercially available rubber (Hypalon). The treatment of poly(vinyl alcohol)
with formaldehyde to give poly(vinyl formal) will also prevent crystallisation
because of the structural irregularities produced (Figure 4.4).

—CHZ—ClH——CHZ—(fH——CHz—ClH——CHZ—(iH—CHz—CH—
OH OH OH OH OH
—CHZ—CH—CHZ——(llH—CHZ——ClH——CHZ—CH——CHZ—CH—

| |
N2 N
= A as

Figure 4.4

OH

Branching can to some extent reduce the ability to crystallise. The frequent,
but irregular, presence of side groups will interfere with the ability to pack.
Branched polyethylenes, such as are made by high-pressure processes, are less
crystalline and of lower density than less branched structures prepared using
metal oxide catalysts. In extreme cases crystallisation could be almost
completely inhibited. (Crystallisation in high-pressure polyethylenes is restricted
more by the frequent short branches rather than by the occasional long
branch.)

In recent years the significance of stereoregularity has become more
appreciated. In vinyl compounds, for instance, different structures may arise for
similar reasons that optical isomers are produced in simple organic chemicals.
Covalent bonds linking one atom with others are not all in the same plane but
form certain angles with each other. A carbon atom attached to four hydrogen
atoms or to other carbon atoms has bonds subtended at angles of about 109
degrees. As conventionally represented on paper it would appear that linear
polypropylene can only take one form (Figure 4.5). If, however, it is remembered
that the actual molecule, even when fully extended, is not planar, then it will be
seen that different forms can arise.

H H H H H H

[ | I

C—C

I

H CH, H CH, H CH,
Figure 4.5



Table 4.2 Transitions in polymers and their probable origin

T side chain T, type T, T Other Features of interest affecting T,
°C) O 4] O Q)
Poly(dimethyl siloxane) -123 -85 to —65 Flexible backbone
cis-1,4-Polybutadiene -107 —4 Flexiblity enhanced by occasional
C==C bond
trans-1,4-Polybutadiene -107 +145 cis-trans effect
cis-1,4-Polyisoprene ~73 +25 +20 Stiffening effect of methyl group
trans-1,4-Polyisoprene 53 +65 +56 trans-isomer
Polyethylene -105 =20 +120 +80, + 130 Flexible backbone
Polypropylene —254 +5 +150 +60,-70 Stiffening effect of methyl group
Polybut-l-ene -150 ~123 -20 +20 Plasticising effect of alkyl side chain
Polyisobutylene =73 +10 Symmetry
Polypent-l-ene +24 +70 Plasticising effect of alkyl side group
Poly(3-methyl-but-l-ene) -123 —123* +60 +240 Branched side chain
Poly(4-methylpent-l-ene) —248, 123 —123* +55 +245 Branched side chain
Poly-n-heptylbutadiene -83 Long side chain
Poly-n-decylbutadiene -53 Interaction in long side chain
Polyoxymethylene =70 -13 +160 +120 Flexible backbone
Polytetrafluoroethylene -87 +115 +327 +19, +30 Stiff backbone
Polychlorotrifluoroethylene (PCTFE) =20 +52 +221 +150
Poly(vinyl alcohol) +70 Decomp. Polar interaction
below T,,
Poly(vinyl acetate) +30 Weak polar interaction
Poly(vinyl chloride) -253 -25 +80 Polar interaction
Poly(vinylidene chloride) -18 +190 Symmetry
Polyacrylonitrile +80 to +104 Decomp. +140 Polar interaction
Polystyrene (atactic) -230 -110 +90 to +100 — 0 to +35, Stiffening by benzene ring
+166 to +190

Polystyrene (isotactic) +100 +230 Regular structure
Poly(ethylene adipate) =70 Flexible backbone
Poly(ethylene terephthalate) =30 +67 +256 Stiffening by p-phenylene group
Polymethacrylates:

Methy! (free radical) -269, +20 +99 -100 Stiffening effect of methy! group



Table 4.2 Transitions in polymers and their probable origin (continued)

T side chain T, tpe T, T Other Features of interest affecting T,
O G O 0 O

Methyl (isotactic) +45 +160

Methyl (syndiotactic) +115 >200

Ethyl —223, +50 +65 Side-chain plasticisation

Isopropyl -150, +50 +81 Branched side chain

n-Butyl -150 +20 Side-chain plasticisation

Isobutyl +53 Branched side chain

n-Octyl =20 Side-chain plasticisation
Polyacrylates:

Methyl 0 Absence of a-CHj, c.f. poly(methyl

methacrylate)

Ethyl 24 Side-chain plasticisation

t-Butyl +40 +193 Side-chain branching

Isopropy! (isotactic) -11 +162 Side-chain branching
Polycarbonate of bis-phenol A +149 +225 -120 Stiffening by p-phenylene group
Polysulphone of bis-phenol A +195 -100 Stiffening by p-phenylene group
Polysulphone of norcamphor +250 Stiffening by norcamphor group
Polyacenaphthylene +214 Steric hindrance
Poly-N-vinylcarbazole +150 +320 Steric hindrance
Nylon 6 +50 +215 H-bonding
Nylon 66 -253 -120 +60 +264 =30 H-bonding
Polyvinyl ethers:

Methyl =31 +144 Flexible backbone

Ethyl +86 Side-chain plasticisation

n-Propyl +76 Side-chain plasticisation

n-Butyl +64 Side-chain plasticisation

Isobutyl -24 +165 Side-chain branching

t-Butyl +240 to +260 Side-chain branching
Poly(vinyl cyclohexane) +90 +372 Steric hindrance of side group
Poly(ethylene oxide) =55 +66 Flexible backbone
Poly(propylene oxide) -62 +65 Flexible backbone
Cellulose triacetate +107 +300 Stiff backbone
Poly(methy! isopropenyl ketone) +114 +243 Interchain attraction

*The transitions at — 123°C in the methyl butene and methyl pentene polymers have been ascribed to both side-chain and main-chain mechanisms.

Reproduced, with minor revisions in the light of data now available, from chapter on ‘The Glass Transition, Melting Point and Structure’ by the author in Polymer Science edited by Professor A. D. Jenkins,* with permission

of North-Holland Publishing Company.


Joe Sulton


Joe Sulton
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In Figure 4.6 three idealised cases are given. Figure 4.6 (a) depicts an isotactic
structure in which all of the methyl groups are on the same side of the main
chain. An alternating system is shown in Figure 4.6 (b) which is known as a
syndiotactic structure whilst Figure 4.6 (c) depicts a random system—known as
an atactic structure. Thus the isotactic and syndiotactic structures are regular
whilst the atactic is irregular. It is not possible to convert from one form to
another simply by rotating the molecule about a chain C—C bond. This is easier
to see using a molecular model rather than by looking at a formula written on a
piece of paper. Since the structures are dissimilar, it is to be expected that the bulk
properties of the polymer will differ. (In practice perfect isotactic and
syndiotactic structures are not usually obtained and a polymer molecule may be
part atactic and part isotactic or syndiotactic. Furthermore, in the mass,
molecules of differing tacticity may exist. In the case of isotactic polypropylene
in the crystalline state the molecules take up a helical arrangement which can
either have a clockwise or anticlockwise twist.)

(a) 1SOTACTIC

(b) SYNDIOTACTIC

(c) ATACTIC

Figure 4.6. Relationship between isotactic, syndiotactic and atactic forms in head-to-tail vinyl
polymers. (For simplicity of comparison the main chain in each case is shown stretched in the planar
all-trans zigzag form)

The regular syndiotactic and isotactic structures are capable of crystallisation
whereas the atactic polymer cannot normally do so. In the case of polypropylene
the isotactic material is a crystalline fibre-forming material. It is also an
important thermoplastic which can withstand boiling water for prolonged
periods. Atactic polypropylene is a ‘dead’ amorphous material. Polystyrene as
commonly encountered is atactic and glass-like but the syndiotactic material
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introduced in the late 1990s is crystalline. The only occasions when an atactic
polymer can crystallise are when the atoms or groups attached to the asymmetric
carbon atom are of a similar size. For example, poly(vinyl alcohol) is atactic but
as the hydroxy group is small enough for the polymer to pack into the same
lattice as polyethylene a crystalline material results. (Most commercial grades of
poly(vinyl alcohol) contain acetate groups so that crystallinity in these materials
is somewhat limited.)

Related to stereoregularity is the possibility of cis, trans isomerism. The
molecule of natural rubber is a cis-1,4-polyisoprene whilst that of gutta percha is
the trans isomer.

CH, H CH, CH,w~~
N, / N,/

c=C c=C
VRN 7\

w~ CH, CH,w~ wv CH, H

cis trans

Figure 4.7

These different forms (Figure 4.7) take up different crystalline structures and
consequently the bulk properties of the polymer differ. At room temperature gutta
percha is a stiff leathery material.

A further source of irregularity can arise from the mode of polymerisation;
radicals, or ions, can in theory add to a monomer in either a head-to-tail (a) or
head-to-head (b) fashion (Figure 4.8).

W\’CHZ—|CH—CH2—-|CHVW VWCH2——(|3H—(|3H—CHZVW

X X X X
(@ (b)

Figure 4.8

Itis an observed fact that with most synthetic polymers the head-to-tail structure
is formed. In the case of diene polymers differences may arise in the point of
addition. Reaction can take place at the 1 and 4 positions, the 1 and 2 positions or
the 3 and 4 positions to give the structures indicated in Figure 4.9.

1 2 3 4 1 2 3 4
w CH,— + CH,=CX—CH=CH, v CH,—CH,—CX=CH—CH,—
Radical 1,4 Addition

3 4
w~ CH—CH—CH,— | 2
v~ CH— CHZ——|CX~

2 CX
CH=CH,
1 CH, 3 4
3,4 Addition 1,2 Addition

Figure 4.9
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The presence of pendant reactive vinyl groups through 1,2 and 3,4 addition
provides a site for branching and cross-linking since these may be involved in
other chain reactions. Because of this a 1,4 polymer is generally to be desired.

4.4 FACTORS AFFECTING THE CRYSTALLINE MELTING POINT

To a large extent the factors which determine the position of the glass transition
temperature of a polymer (chain stiffness and intermolecular forces) also
determine the melting point of a crystalline polymer. In Figure 4.10 a rough
correlation is seen between the glass transition and melting points of a number of
crystalline polymers. The glass transition temperature of many polymers is about
two-thirds that of the crystalline melting point when measured in K. An
important exception to this occurs with copolymers.
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Figure 4.10. Relationship between glass transition temperature and melting point.
(Reproduced by permission of North-Holland Publishing Company*)

(1) Poly(dimethy! siloxane) (17) Isotactic poly(methyl

(2) cis-1,4-Polybutadienc

(3) trans-1,4-Polybutadiene

(4) cis-1,4-Polyisoprene

(5) trans-1,4-Polyisoprene

(6) Polyethylene

(7) Polypropylene

(8) Polybut-1-ene

(9) Polypent-l-ene
(10) Poly-3-methylbut-l-ene
(11) Poly-4-methylpent-l-ene
(12) Polyoxymethylene
(13) Polytetrafluoroethylene
(14) Polychlorotrifluoroethylene
(15) Isotactic polystyrene
(16) Poly(ethylene terephthalate)

methacrylate)
(18) Poly(t-butyl acrylate)
(19) Isotactic poly(isopropyl acrylate)
(20) Bis-phenol polycarbonate
(21) Poly(vinylcarbazole)
(22) Nylon 6
(23) Nylon 66
(24) Poly(vinyl methyl ether)
(25) Poly(vinyl isobutyl ether)
(26) Poly(vinyl cyclohexanone)
(27) Poly(vinylidene chloride)
(28) Poly(ethylene oxide)
(29) Poly(propylene oxide)
(30) Cellulose triacetate
(31) Poly(methyl isopropenyl ketone)

An interesting second-order effect on the melting point occurs with
condensation and rearrangement polymers where there are repeating segments of
methylene groups in the chain. While there is a tendency for the melting point to
decrease with the number of methylene groups in the repeat unit, i.e. with
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decrease in the concentration of polar (e.g. ester or amide) linkages it is
commonly found that where there is an even number of methylene groups in the
segment the melting point is higher than with adjacent polymers in the series with
odd numbers of methylene groups. This is illustrated in Figure 4.11(a) for
polyurethanes of general formula -(CH,),O0CNH(CH,),NHCOO- and in
Figure 4.11 (b) for polyamides of general formula -(CH,),CONH-. The effect is
further illustrated in Figure 18.10 (for polyamides) and Figure 25.14 for
polyesters.
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Figure 4.11 Zig-zag effect on melting points with increasing number of carbon atoms in (a)
polyurethanes of type -(CH,),O0CNH (CH,),NHCOO- and (b) polyamides of type -(CH,),CONH-
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Figure 4.12. Melting points of copolymers of hexamethyleneadipamide and -terephthalamide, and of
hexamethylenesebacamide and -terephthalamide. (After Edgar and Hill’)

Whereas the glass transition of a copolymer is usually intermediate between
those of the corresponding homopolymers this is not commonly the case with the
melting points. Figure 4.12 shows the effect of copolymerising hexamethylene-
sebacamide with hexamethyleneterephthalamide. Only when the monomer units
are isomorphous, so that the molecules can take up the same structure, is there a
linear relationship between melting point and composition (as with hexamethyi-
eneadipamide and hexamethyleneterephthalamide).

Further information on the effect of polymer structure on melting points has
been obtained by considering the heats and entropies of fusion. The relationship
between free energy change AF with change in heat content AH and entropy
change AS at constant temperature is given by the equation

AF = AH - TAS

In thermodynamic language it is said that a reaction will occur if there is a decrease
in the free energy, i.e. AF is negative. Since at the melting point melting and
crystallising processes are balanced AF is zero and the expression may be written

AH,,
AS,,

m

Where T,, is the melting point
AH_, the heat of fusion
AS,, the entropy of fusion

The entropy term is a measure of the degree of freedom of the molecules and
thus a measure of its flexibility. Measurement of the heats and entropies of fusion
has provided interesting information on the relative importance of various factors
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influencing the melting point of specific polymers. The linear aliphatic polyesters
have low melting points and this has been attributed to the high flexibility of the
C—O bond. This would suggest a high entropy of fusion but in fact it is
observed that both the heat and entropy terms are lower than in the case of
polyethylene. These observations remain to be fully explained.

4.5 SOME INDIVIDUAL PROPERTIES

By a knowledge of the glass transition, the ability to crystallise and, where
relevant, the crystalline melting point general statements may be made regarding
the properties of a given polymer at a specified temperature. From this
information it is possible to say that the material is either a rubber, a glass-like
resin, a melt, a hard crystalline solid (below T, or with a high degree of
crystallinity) or a flexible crystalline solid (polymer above T, and with a
moderate low degree of crystallinity). Each class of materials has character-
istically different properties. In the case of rubbers and glass-like amorphous
resins T, will indicate the range of minimum and maximum service temperatures
respectively. A polymer with T, close to room temperature might be expected to
have only a limited value as its properties would be liable to large changes with
changes in ambient temperature. Paradoxically many plasticised PVC com-
pounds are in such a position and yet they form one of the most important classes
of plastics materials.

In the case of a crystalline polymer the maximum service temperature will be
largely dependent on the crystalline melting point. When the polymer possesses
a low degree of crystallinity the glass transition temperature will remain of
paramount importance. This is the case with unplasticised PVC and the
polycarbonate of bis-phenol A.

4.5.1 Melt Viscosity

The melt viscosity of a polymer at a given temperature is a measure of the rate
at which chains can move relative to each other. This will be controlled by the
ease of rotation about the backbone bonds, i.e. the chain flexibility, and on the
degree of entanglement. Because of their low chain flexibility, polymers such as
polytetrafluoroethylene, the aromatic polyimides, the aromatic polycarbonates
and to a less extent poly(vinyl chloride) and poly(methyl methacrylate) are
highly viscous in their melting range as compared with polyethylene and
polystyrene.

For a specific polymer the melt viscosity is considerably dependent on the
(weight average) molecular weight. The higher the molecular weight the greater
the entanglements and the greater the melt viscosity. Natural rubber and certain
poly(methyl methacrylate) products (e.g. Perspex), which have molecular
weights of the order of 10°, cannot be melt processed until the chains have been
broken down into smaller units by mastication processes. Chain branching also
has an effect. In the case of polyethylene and the silicones the greater the
branching, at constant weight average molecular weight, the lower the melt
viscosity. However, in poly(vinyl acetate) the melt viscosity increases with an
increase in branching. It has been suggested that the branch length may be the
controlling influence in this. Factors affecting the viscous flow properties of
polymers are discussed more fully in Chapter 8.
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4.5.2 Yield Strength and Modulus

On comparison of the yield strengths and elastic moduli of amorphous polymers
well below their glass transition temperature it is observed that the differences
between polymers are quite small. Yield strengths are of the order of 8000 1bf/in?
(55MPa) and tension modulus values are of the order of 500000 Ibf/in?
(3450 MPa). In the molecular weight range in which these materials are used
differences in molecular weight have little effect.

In the case of commercial crystalline polymers wider differences are to be
noted. Many polyethylenes have a yield strength below 2000 ibf/in? (14 MPa)
whilst the nylons may have a value of 12 000 1bf/in? (83 MPa). In these polymers
the intermolecular attraction, the molecular weight and the type and amount of
crystalline structure all influence the mechanical properties.

4.5.3 Density

This, the mass per unit volume, is a function of the weight of individual
molecules and the way they pack. The hydrocarbons do not possess ‘heavy’
atoms and therefore the mass of the molecule per unit volume is rather low.
Amorphous hydrocarbon polymers generally have specific gravities of
0.86—1.05. Where large atoms are present, e.g. chlorine atoms, the mass per unit
volume is higher and so PVC, a substantially amorphous polymer, has a specific
gravity of about 1.4.

If a polymer can crystallise then molecular packing is much more efficient and
higher densities can be achieved. The high densities of PTFE (about 2.2) and
poly(vinylidene chloride) (about 1.7) are partially attributable to this fact.
Polyethylenes made by different processes often differ in the degree of branching
and thus can crystallise or pack to varying events. For this reason polyethylenes
produced by a high-pressure process have a lower density than those produced
using supported metal oxide catalysts. The amorphous ethylene—propylene
rubbers have lower densities than either polyethylene or isotactic polypropylene,
both of which are capable of crystallising.

The conformation adopted by a molecule in the crystalline structure will also
affect the density. Whereas polyethylene adopts a planar zigzag conformation,
because of steric factors a polypropylene molecule adopts a helical conformation
in the crystalline zone. This requires somewhat more space and isotactic
polypropylene has a lower density than polyethylene.

4.5.4 Impact Strength

Familiarity with a given plastics material under normal conditions of use leads to
it being considered as either a brittle or a tough material. Thus polystyrene,
poly(methyl methacrylate) and unmodified unplasticised PVC are normally rated
as brittle, breaking with a sharp fracture, whereas low-density polyethylene and
plasticised PVC are considered to be tough. Whether a material exhibits brittle
fracture or appears tough depends on the temperature and the rate of striking, that
is it is a function of the rate of deformation. One object of research into the
physical properties of plastics material is to determine the locations of tough—
brittle transitions for commerical polymers. As with other physical properties the
position of the glass transition temperature and the facility with which
crystallisation can take place are fundamental to the impact strength of a
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material. Well below the glass transition temperature amorphous polymers break
with a brittle fracture but they become tougher as the glass transition temperature
is approached. A rubbery state will develop above the glass transition and the
term impact strength will cease to have significance. In the case of crystalline
materials the toughness will depend on the degree of crystallinity; large degrees
of crystallinity will lead to inflexible masses with only moderate impact
strengths. The size of the crystalline structure formed will also be a significant
factor, large spherulitic structures leading to masses with low impact strength. As
indicated in the previous chapter spherulitic size may be controlled by varying
the ratio of nucleation to growth rates.

The valuable characteristics of polyblends, two-phase mixtures of polymers in
different states of aggregation, were also discussed in the previous chapter. This
technique has been widely used to improve the toughness of rigid amorphous
polymers such as PVC, polystyrene, and styrene—acrylonitrile copolymers.
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Relation of Structure to Chemical
Properties

5.1 INTRODUCTION

It is sometimes stated that a given material has ‘a good chemical resistance’, or
alternatively the material may be stated to be poor or excellent in this respect.
Such an all-embracing statement can be little more than a rough generalisation,
particularly since there are many facets to the behaviour of polymers in chemical
environments.

There are a number of properties of a polymer about which information is
required before detailed statements can be made about its chemical properties.
The most important of these are:

(1) The solubility characteristics.

(2) The effect of specific chemicals on molecular structure, particularly in so far
as they lead to degradation and cross-linking reactions.

(3) The effect of specific chemicals and environments on polymer properties at
elevated temperatures.

(4) The effect of high-energy irradiation.

(5) The aging and weathering of the material.

(6) Permeability and diffusion characteristics.

(7) Toxicity.

Before dealing with each of these aspects, it is useful to consider, very briefly,
the types of bonds which hold atoms and molecules together.

5.2 CHEMICAL BONDS

The atoms of a molecule are held together by primary bonds. The attractive
forces which act between molecules are usually referred to as secondary bonds,
secondary valence forces, intermolecular forces or van der Waals forces.
Primary bond formation takes place by various interactions between electrons
in the outermost shell of two atoms resulting in the production of a more stable

76
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state. The three main basic types of primary bond are ionic, covalent and co-
ordinate.

An ionic bond is formed by the donation of an electron by one atom to another
so that in each there is a stable number of electrons in the outermost shell (eight
in the case of most atoms). An example is the reaction of sodium and chlorine
(Figure 5.1).

Na.- + :Cl- ———» Na* + :Cl:

Figure 5.1

The stable sodium ion has a positive charge because it is short of one electron
and the chlorine atom is negatively charged for the converse reason. Ionic bonds
are seldom found in polymers of current interest as plastics materials although
the ionic bond is important in ion-exchange resins and in the ‘ionomers’ (see
Chapter 11).

The most important interatomic bond in polymers, and indeed in organic
chemistry, is the covalent bond. This is formed by the sharing of one or more
pairs of electrons between two atoms. An example is the bonding of carbon and
hydrogen to form methane (Figure 5.2).

. H
-C- + 4H- — > H: C:H
' H
Figure 5.2

In the case of carbon the stable number of electrons for the outer shell is eight
and for hydrogen, two. Thus all the atoms possess or share the number of
electrons required for stability. Where a pair of electrons is shared between two
atoms, it is stated that the atoms are bound by a single bond. If there are two pairs
a double bond is formed and if there are three pairs a triple bond.

The third main type of bond is the co-ordinate bond, in which both of the
shared electrons come from one atom. Examples of interest in polymer science
are the addition compounds of boron trifluoride (Figure 5.3).

:ﬁ: :'F.:
FB + :6:R—>:'F.:'B':61R
' F: R :F:R
Figure 5.3

In the covalent bond, the primary bond of greatest importance in high
polymers, the electron pair is seldom equally shared between the two atoms.
Thus one end of the bond has a small negative charge and the other end has a
slight positive charge. Such a bond is said to be polar and the strength and
direction of the polarity is determined by the atoms forming the bond.
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An estimate of the polarity of a bond between two atoms may be obtained by
reference to the electronegativity scale. The electronegativity values of some
common elements are given in Table 5.1. The higher the value the greater the
electronegativity.

Table. 5.1 Electronegativity values of some common elements

Element Electronegativity Element Electronegativity
Caesium 0.7 Todine 24
Potassium 0.8 Carbon 2.5
Sodium 0.9 Sulphur 2.5
Lithium 1.0 Bromine 2.8
Aluminium 1.5 Nitrogen 3.0
Silicon 1.8 Chlorine 3.0
Hydrogen 21 Oxygen 35
Phosphorus 21 Fluorine 4.0

The greater the difference in the electronegativity values of the atoms forming
the bond the greater the polarity of the bond. Where the electronegativity
difference is greater than 2, electrovalent bonds are commonly formed; where it
is less than 2 the bond is usually covalent but it may also be polar. Thus a carbon—
fluorine bond will be more polar than a carbon—hydrogen bond. The
electronegativity difference is approximately equal to the square root of the ionic
resonance energy in electron volts (eV).

As a result of many observations on the energetics of the formation and
dissociation of molecules it has been found possible to give typical bond energies
and bond lengths to a number of bonds. Some of these are given in Table 5.2.

Although the primary bonds are important when considering the chemical
reactivity and thermal stability of polymers, it is the secondary bonds which are

Table 5.2 Typical bond lengths and dissociation energies for
some selected primary bonds

Bond Bond length R Dissociation energy
(kcal/mole)
0—0 1.32 35
Si—Si 2.35 42.5
S—sS 1.9-2.1 64
C—N 1.47 73
c—Ci 1.77 81
Cc—C 1.54 83
Cc—0 1.46 86
N-—H 1.01 93
C—H 1.10 99
C—F 1.32-1.39 103-123
O—H 0.96 1
C=C 1.34 146
C=0 1.21 179
C=N 1.15 213
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of dominant importance in determining the solubility of polymers. Although
some of these secondary bonds act intramolecularly, it is the intermolecular
forces which are of greatest importance. The intermolecular forces can be of four
types: dipole forces, induction forces, dispersion forces and the hydrogen
bond.

Because of the polarity of many covalent bonds, different parts of a molecule
may carry equal and opposite charges. At molecular distances a charged grouping
of one polarity can attract a group of the opposite polarity on a neighbouring
molecule. The dipole interaction leading to dipole forces between two polar
molecules is shown in Figure 5.4. The extent of mutual dipole alignment will be
a predominant factor in determining the intermolecular attraction. Since this
alignment is opposed by thermal motion, dipole forces are critically dependent
on temperature.

(+ ) =)

Figure 54

A polar molecule can also induce a dipole on a neighbouring molecule that
possesses no permanent dipole. The resultant intermolecular attraction between
the permanent and the induced dipole is spoken of as the induction force. Its
magnitude is small and independent of temperature.

Although there are many molecules which appear to be non-polar, i.e. the
centres of positive and negative charges appear coincident, all molecules, even
the inert gases, have time-varying dipole moments which will depend on the
position of the electrons at any given instant. These varying dipole moments
average out to zero but they can lead to attractive forces between molecules.
These are referred to as dispersion forces and they represent the bulk of the
intermolecular forces which are present in the absence of strong permanent
dipoles. The magnitudes of these three intermolecular forces in a few selected
molecules are given in Table 5.3.

A special case is that of hydrogen bonding where the hydrogen atom attached
to a proton donor group (e.g. carboxyl, hydroxyl, amine or amide group) is
shared with a basic, proton-accepting group (e.g. the oxygen in a carboxyl, ether
or hydroxyl group or the nitrogen atom in amines or amides).

Table 5.3 Magnitude of various intermolecular forces in some simple molecules

Molecule Intermolecular energy (kcal/mole)

Dipole Induction Dispersion Total
A 0 0 2.03 2.03
CcO 0.0001 0.0002 2.09 2.09
HI 0.006 0.03 6.18 6.21
HCl1 0.79 0.24 4.02 5.05
NH; 3.18 0.37 3.52 7.07
H,0 8.69 0.46 2.15 11.30
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Intermolecular forces are generally less than 10 kcal/mole. In polymers, in the
absence of hydrogen bonding, the intermolecular force is primarily due to
dispersion effects.

5.3 POLYMER SOLUBILITY

A chemical will be a solvent for another material if the molecules of the two
materials are compatible, i.e. they can co-exist on the molecular scale and there
is no tendency to separate. This statement does not indicate the speed at which
solution may take place since this will depend on additional considerations such
as the molecular size of the potential solvent and the temperature. Molecules of
two different species will be able to co-exist if the force of attraction between
different molecules is not less than the forces of attraction between two like
molecules of either species. If the average force of attraction between dissimilar
molecules A and B is F,g and that between similar molecules of type B Fgg and
between similar molecules of type A F, 4 then for compatibility Fag = Fgg and
Fag 2 Faa. This is shown schematically in Figure 5.5 (a).

S rree &
TYPE B
Fan ® O

o © %®%®
OO 3

O
f@f{b@ %I
S o © O O
(@) (b)

Figure 5.5. Schematic representation of compatible and incompatible systems. (a) Fap 2 Faa;
Fag 2 Fgg. Mixture compatible. (b) Fas or Fgg > Fag. Molecules separate

If either F,, or Fgg is greater than F,p the molecules with the highest
intermolecular attraction will tend to congregate or cohere and they will expel the
dissimilar molecule with the result that two phases will be formed. These
conditions are shown in Figure 5.5 (b).

It now becomes necessary to find some suitable measure of the forces of
attraction holding molecules together. If we first consider like molecules we
might expect the latent heat of vaporisation L to provide a useful basis, but this
would exceed the value of interest to us by an amount corresponding to the
mechanical work done on evaporation, an amount approximating to RT where R
is the gas constant and T the absolute temperature. The value of L—RT, the
energy of vaporisation, will also clearly depend on the molecular size, a
parameter. which would not be expected to have large effect on the forces of
attraction between two dissimilar molecules. More relevant will be the terms
(L-RT)/M (a measure of the energy of vaporisation per unit weight) and

L -RT
M/D




Polymer Solubility 81

the energy of vaporisation per molar volume (where M is the molecular weight).
This latter term is known as the cohesive energy density and has often been
expressed in units of cal/cm®. However, these units are contrary to the SI system
where the units will be expressed as MPa. More commonly encountered in
qualitative studies is the square root of the cohesive energy density, which is
known as the solubility parameter and given the symbol 3, i.e.

12

L - RT

5= ( ) (cal/em®)'”? or MPal”?
M/D

The solubility parameter is thus an experimentally determinable property
although special methods are necessary with polymers, which canneot normally
be vaporised without decomposition. Such methods are discussed in Section
5.3.3.

It is the aim of this part of the chapter to show how certain predictions may be
made about the solubility of a given material such as a polymer in any given
solvent. We have seen that the solubility parameter has given us a measure of Fa5
and Fgp but the magnitude of Fsp will have to be considered separately for the
following systems:

(1) Amorphous non-polar polymers and amorphous non-polar solvents.
(2) Crystalline non-polar polymers and amorphous solvents.

(3) Amorphous non-polar polymers and crystalline solvents.

(4) Amorphous polar polymers and solvents.

(5) Crystalline polar polymers and solvents.

(6) Vulcanised rubber and thermosetting plastics.

Amorphous non-polar polymers and amorphous non-polar solvents

It is assumed in these circumstances, by analogy with gravitational and
electrostatic attraction, that F,p will be equal to the geometric mean of F,, and
Fygg. If by arbitrary definition we take Fy5 > Fap then

Fan > Fap > Fpg
Since we have already seen that solution will only occur when

then compatibility between amorphous non-polar polymers and solvents can only
occur when

Fan = Fap = Fpp

that is, when polymer and solvent have similar solubility parameters (in practice
within about 2 MPal/2).

Tables 5.4 and 5.5 predict that unvulcanised natural rubber (8 = 16.5) will be
dissolved in toluene (8 = 18.2) and in carbon tetrachloride (8 = 17.5) but not in
ethanol (3 = 26.0), all values being in units of MPa'/?. This is found to be true.
Similarly it is found that there is a wide range of solvents for polystyrene in the

solubility parameter range 17.2—19.7 MPa'/2,
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Table 5.4 Solubility parameters of polymers

Polymer 3

MPal”? (cal/cm?)12
Polytetrafluoroethylene 126 6.2
Polychlorotrifluoroethylene 14.7 7.2
Polydimethylsiloxane 14.9 73
Ethylene—propylene rubber 16.1 79
Polyisobutylene 16.1 79
Polyethylene 16.3 8.0
Polypropylene 16.3 8.0
Polyisoprene (natural rubber) 16.5 8.1
Polybutadiene 17.1 8.4
Styrene—butadiene rubber 17.1 8.4
Poly(t-butyl methacrylate) 16.9 8.3
Poly(n-hexyl methacrylate) 17.6 8.6
Poly(n-butyl methacrylate) 17.8 8.7
Poly(buty! acrylate) 18.0 8.8
Poly(ethyl methacrylate) 18.3 9.0
Polymethylphenyl siloxane 18.3 9.0
Poly(ethyl acrylate) 18.7 9.2
Polysulphide rubber 18.3-19.2 9.0-9.4
Polystyrene 187 9.2
Polychloroprene rubber 18.7-19.2 9.2-94
Poly(methyl methacrylate) 18.7 9.2
Poly(vinyl acetate) 19.2 9.4
Poly(vinyl chloride) 19.4 9.5
Bis-phenol A polycarbonate 19.4 9.5
Poly(vinylidene chloride) 20.0-25.0 9.8-12.2
Ethylcellulose 17.3-21.0 8.5-10.3
Cellulose di(nitrate) 21.6 10.55
Poly(ethylene terepthalate) 21.8 10.7
Acetal resins 22.6 11.1
Cellulose diacetate 23.2 11.35
Nylon 66 27.8 13.6
Poly(methyl a-cyanoacrylate) 28.7 14.1
Polyacrylonitrile 28.7 14.1

Because of difficulties in their measurement, published figures for a given polymer can range up
to 3% on either side of the average figure quoted. More comprehensive data are given in
reference 7.
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Table 5.5 Solubility parameters and partial polarities (P) of some common solvents

Polymer S P
MPal”? (calfem>)'?

Neo-pentane 12.8 6.3 0
Isobutylene 13.7 6.7 0
n-Hexane 14.9 7.3 0
Diethy! ether 15.1 7.4 0.3
n-Octane 15.5 7.6 0
Methylcyclohexane 15.9 7.8 0
Ethyl isobutyrate 16.1 7.9 —
Di-isopropyl ketone 16.3 8.0 03
Methyl amylacetate 16.3 8.0 —
Turpentine 16.5 8.1 0
Cyclohexane 16.7 8.2
2,2-Dichloropropane 16.7 8.2 —
sec-Amyl acetate 16.9 8.3 —
Dipentene 17.3 8.5 0
Amyl acetate 17.3 8.5 0.07
Methyl n-butyl ketone 17.6 8.6 0.35
Pine oil 17.6 8.6 —
Carbon tetrachloride 17.6 8.6 0
Methyl n-propyl ketone 17.8 8.7 0.4
Piperidine 17.8 8.7 —
Xylene 18.0 8.8 0
Dimethyl ether 18.0 8.8 —
Toluene 18.2 8.9 0
Butyl cellosolve 18.2 8.9 —
1,2-Dichloropropane 18.3 9.0 —
Mesityl oxide 18.3 9.0 —
Isophorone 18.6 9.1 —
Ethyl acetate 18.6 9.1 0.17
Benzene 18.7 9.2 0
Diacetone alcohol 18.7 9.2 —
Chloroform 19.0 9.3 0.02
Trichloroethylene 19.0 9.3 0
Tetrachloroethylene 19.2 9.4 0.0t
Tetralin 19.4 9.5 —
Carbitol 19.6 9.6 —
Methyl chloride 19.8 9.7 —
Methylene dichloride 19.8 9.7 —
Ethylene dichloride 20.0 9.8 0
Cyclohexanone 20.2 9.9 —
Cellosolve 20.2 9.9 —
Dioxane 20.2 9.9 0.01
Carbon disulphide 204 10.0 0
Acetone 204 10.0 0.69
n-Octanol 21.0 10.3 0.04
Butyronitrile 21.4 10.5 0.72
n-Hexanol 21.8 10.7 0.06
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Table 5.5 Continued

Polymer s P
MPa'!”? (cal/cm®)1?
sec-Butanol 22.0 10.8 0.11
Pyridine 222 10.9 0.17
Nitroethane 22.6 11.1 0.71
n-Butanol 23.2 11.4 0.10
Cyclohexanol 232 11.4 0.08
Isopropanol 234 11.5 —
n-Propanol 24,2 11.9 0.15
Dimethylformamide 24.7 12.1 0.77
Hydrogen cyanide 24,7 12.1 —
Acetic acid 25.7 12.6 0.30
Ethanol 26.0 12.7 0.27
Cresol 27.1 13.3 —
Formic acid 27.6 13.5 —
Methanol 29.6 14.5 0.39
Phenol 29.6 14.5 0.06
Glycerol 33.6 16.5 0.47
Water 47.7 234 0.82

A comprehensive list of solubility parameters is given in reference 7.

These tables are of greatest use with non-polar materials with values of 3 less
than 19.4MPa'? and where the polymers are amorphous. It will now be
necessary to discuss other systems.

Crystalline non-polar polymers and amorphous solvents

Most polymers of regular structure will crystallise if cooled below a certain
temperature, the melting point T,,,. This is in accord with the thermodynamic law
(see Section 5.3.4) that a process will only occur if there is a decrease in free energy
F in going from one state to another. This free energy change AF is related to the
heat of melting AH, the temperature T and the entropy change AS by the equation

AF = AH - TAS

Since on crystallising the AH is negative, the free energy change AF is also
negative. The process will reverse, i.e. melting will occur, only when TAS
becomes equal to AH. Immersing the crystalline polymer in a liquid of similar
solubility parameter at temperatures well below 7, will do little to change the
balance although the entropy term AS would increase slightly owing to an
increase in molecular disorder on dissolution.

There are thus no solvents at room temperature for polyethylene, polypropyl-
ene, poly-4 methylpent-1-ene, polyacetals and polytetrafluoroethylene. However,
as the temperature is raised and approaches T, the TAS term becomes greater
than AH and appropriate solvents become effective. Swelling will, however,
occur in the amorphous zones of the polymer in the presence of solvents of
similar solubility parameter, even at temperatures well below T,.
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Amorphous non-polar polymers and crystallising solvents

This situation is identical to the previous one and occurs for example when
paraffin wax is mixed into rubber above the melting point of the wax. On
cooling, the wax starts to crystallise, some of it forming a bloom on the rubber
surface. Such a bloom assists in protecting a diene rubber from ozone attack.

Amorphous polar polymers and solvents

As already mentioned molecules cohere because of the presence of one or more
of four types of forces, namely dispersion, dipole, induction and hydrogen
bonding forces. In the case of aliphatic hydrocarbons the dispersion forces
predominate. Many polymers and solvents, however, are said to be polar because
they contain dipoles and these can enhance the total intermolecular attraction. It
is generally considered that for solubility in such cases both the solubility
parameter and the degree of polarity should match. This latter quality is usually
expressed in terms of partial polarity which expresses the fraction of total forces
due to the dipole bonds. Some figures for partial polarities of solvents are given
in Table 5.5 but there is a serious lack of quantitative data on polymer partial
polarities. At the present time a comparison of polarities has to be made on a
commonsense rather than a quantitative approach.

An alternative approach, due to Hansen, is to partition the solubility parameter
into three components, 34, 8, and 8, due to contributions from dispersion
forces, dipole—dipole forces and hydrogen bonding forces respectively. The three
components may be represented by co-ordinates in three-dimensional space.
Partitioning can, at least in theory, be carried out for the solubility parameters of
both solvents and polymers. It may be argued that for each polymer there is a
characteristic radius originating from its point in space which encloses the points
for all liquids that are solvents for the polymer. As a very rough guide this radius
is about 2 SI units. Whilst data for many solvents have been presented there is
only limited information on polymers. Values for some solvents and polymers are
given in Table 5.6.

Table 5.6 Partitioned values of the solubility parameter (after Hansen!)

By 3, 3y )
(cal/cm?®)'2 (cal/fem?®)'”? (calfem?®)'? (cal/em?)1?

Hexane 8.18 0 0 8.18
Benzene 8.95 0.5 1.0 9.15
Tetrahydrofuran 822 2.8 39 9.52
Acetone 7.58 5.1 34 9.77
Dioxane 9.30 0.9 3.6 10.00
Dimethylformamide 8.52 6.7 5.5 12.14
Methanol 7.42 6.0 10.9 14.28
Ethylene glycol 8.25 54 12.7 16.30
Water 6.00 15.3 16.7 23.50
Polyethylene 8.1 0 0 8.1

Polystyrene 8.95 0.5 1.6 9.11
Poly(methyl methacrylate) 7.69 4.0 33 9.28

1. 87 =83 + 82 + 8
2. Data sources for Tables 5.5 and 5.6 were different. That the data do not always coincide is an indication of their imprecision.
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Crystalline polar polymers and solvents

It has already been pointed out that crystalline non-polar polymers do not
normally have solvents well below their crystalline melting point and the same
comment can apply to a large number of polar crystalline polymers.

It has, however, been possible to find solvents for some polar crystalline
polymers such as the nylons, poly(vinyl chloride) and the polycarbonates. This is
because of specific interactions between polymer and solvent that may often
occur, for instance by hydrogen bonding.

For example, nylon 66 will dissolve in formic acid, glacial acetic acid, phenol
and cresol, four solvents which not only have similar solubility parameters but
also are capable of acting as proton donors whilst the carbonyl groups on the
nylon act as proton acceptors (Figure 5.6).

=0 10 —O)

Figure 5.6

A more interesting example is given with PVC and the polycarbonate of bis-
phenol A, both slightly crystalline polymers. It is noticed here that whilst
methylene dichloride is a good solvent and tetrahydrofuran a poor solvent for the
polycarbonate the reverse is true for PVC yet all four materials have similar
solubility parameters. It would seem that the explanation is that a form of
hydrogen bonding occurs between the polycarbonate and methylene dichloride
and between PVC and tetrahydrofuran (Figure 5.7). In other words there is a
specific interaction between each solvent pair.

3 i
CH, CH,—CH, R H
| /S 0 |
Cl—C—H -+ O C=0 H—C—Cl
| AN 0 |
CH, CH,—CH, H Ci

Figure 5.7

Many studies have been made to try to assess the propensity to hydrogen
bonding of chemical structures. As a result the following broad generalisations
may be made:

(1) Proton donors include highly halogenated compounds such as choloroform
and pentachlorethane. Less halogenated materials are weaker donors.

(2) Polar acceprors include, in roughly descending order of strength, amines,
ethers, ketones, aldehydes and esters (with aromatic materials usually being
more powerful than aliphatics).
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(3) Some materials such as water, alcohols, carboxylic acids and primary and
secondary amines may be able to act simuitaneously as proton donors and
acceptors. Cellulose and poly(vinyl alcohol) are two polymers which also
function in this way.

(4) A number of solvents such as the hydrocarbons, carbon disulphide and
carbon tetrachloride are quite incapable of forming hydrogen bonds.

Vulcanised rubber and thermosetting plastics

The conventionally covalently cross-linked rubbers and plastics cannot dissolve
without chemical change. They will, however, swell in solvents of similar
solubility parameter, the degree of swelling decreasing with increase in cross-link
density. The solution properties of the thermoelastomers which are two-phase
materials are much more complex, depending on whether or not the rubber phase
and the resin domains are dissolved by the solvent.

5.3.1 Plasticisers

It has been found that the addition of certain liquids (and in rare instances solids)
to a polymer will give a non-tacky product with a lower processing temperature
and which is softer and more flexible than the polymer alone. As an example the
addition of 70 parts of di-iso-octyl phthalate to 100 parts of PVC will convert the
polymer from a hard rigid solid at room temperature to a rubber-like material.
Such liquids, which are referred to as plasticisers, are simply high boiling
solvents for the polymer. Because it is important that such plasticisers should be
non-volatile they have a molecular weight of at least 300. Hence because of their
size they dissolve into the polymer only at a very slow rate at room temperature.
For this reason they are blended (fluxed, gelled) with the polymer at elevated
temperatures or in the presence of volatile solvents (the latter being removed at
some subsequent stage of the operation).

For a material to act as a plasticiser it must conform to the following
requirements:

(1) It should have a molecular weight of at least 300.

(2) It should have a similar solubility parameter to that of the polymer.

(3) If the polymer has any tendency to crystallise, it should be capable of some
specific interaction with the polymer.

(4) It should not be a crystalline solid at the ambient temperature unless it is
capable of specific interaction with the polymer.

The solubility parameters of a number of commercial plasticisers are given in
Table 5.7

From Table 5.7 it will be seen that plasticisers for PVC such as the octyl
phthalates, tritolyl phosphate and dioctyl sebacate have solubility parameters
within 1 cgs unit of that of the polymer. Dimethyl phthalate and the paraffinic oils
which are not PVC plasticisers fall outside the range. It will be noted that tritolyl
phosphate which gels the most rapidly with PVC has the closest solubility
parameter to the polymer. The sebacates which gel more slowly but give products
which are flexible at lower temperatures than corresponding formulations from
tritolyl phosphate have a lower solubility parameter. It is, however, likely that
any difference in the effects of phthalate, phosphate and sebacate plasticisers in
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Table 5.7 Solubility parameters for some common plasticisers

Plasticiser 3
(calfem?)172 MPal”?

Paraffinic oils 7.5 approx. 15.3 approx.
Aromatic oils 8.0 approx. 16.4 approx.
Camphor 7.5 15.3
Di-iso-octyl adipate 8.7 17.8

Dioctyl sebacate 8.7 17.8
Di-isodecyl phthalate 8.8 18.0

Dibutyl sebacate 8.9 18.2
Di-(2-ethylhexyl) phthalate 8.9 18.2
Di-iso-octyl phthalate 8.9 18.2
Di-2-butoxyethyl phthalate 9.3 18.9

Dibuty! phthalate 9.4 19.2
Triphenyl phosphate 9.8 20.0

Tritolyl phosphate 9.8 20.0
Trixylyl phosphate 9.9 20.2
Dibenzyl ether 10.0 20.4
Triacetin 10.0 20.4
Dimethy! phthalate 10.5 214
Santicizer 8 11.0 approx. 224

Data obtained by Small’s method? expect for that of Santicizer 8 which was estimated from
boiling point measurements.

PVC is due more to differences in hydrogen bonding or some other specific
interaction. It has been shown by Small? that the interaction of plasticiser and
PVC is greatest with the phosphate and lowest with the sebacate.

Comparison of Table 5.4 and 5.7 allows the prediction that aromatic oils will
be plasticisers for natural rubber, that dibutyl phthalate will plasticise
poly(methyl methacrylate), that tritolyl phosphate will plasticise nitrile rubbers,
that dibenzyl ether will plasticise poly(vinylidene chloride) and that dimethyl
phthalate will plasticise cellulose diacetate. These predictions are found to be
correct. What is not predictable is that camphor should be an effective plasticiser
for cellulose nitrate. It would seem that this crystalline material, which has to be
dispersed into the polymer with the aid of liquids such as ethyl alcohol, is only
compatible with the polymer because of some specific interaction between the
carbonyl group present in the camphor with some group in the cellulose
nitrate.

The above treatment has considered plasticisers as a special sort of solvent and
has enabled broad predictions to be made about which plasticisers will be
compatible with which polymer. It has not, however, explained the mechanism
by which plasticisers become effective.

Before providing such an explanation it should first be noted that progressive
addition of a plasticiser causes a reduction in the glass transition temperature of
the polymer—plasticiser blend which eventually will be rubbery at room
temperature. This suggests that plasticiser molecules insert themselves between
polymer molecules, reducing but not eliminating polymer—polymer contacts and
generating additional free volume. With traditional hydrocarbon softeners as
used in diene rubbers this is probably almost all that happens. However, in the
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case of polar polymers such as PVC some interaction between polymers and
plasticisers occurs, offsetting the spacing effect. This interaction may be
momentary or permanent but at any one time and temperature an equilibrium
number of links between polymer and plasticisers still exist. One plasticiser
molecule may form links with two polymer molecules and act as a sort of cross-
link. The greater the interaction, the more the spacing effect will be offset. Whilst
some authors have suggested dipole and induction force interactions, Small? has
convincingly argued the case for hydrogen bonding as the main cause of
interaction. Both polar and H-bonding theories help to explain the fact that
tritolyl phosphate (highly polar and a strong proton acceptor) gels more rapidly
with PVC but has less effect on lowering T, and hardness than dioctyl sebacate
(weakly polar and a weak proton acceptor). Di-iso-octyl phthalate (moderately
polar and a moderate proton acceptor) not surprisingly has intermediate
effects.

There is no reason why interaction should not more than offset the spacing
effect and this is consistent with descriptions of antiplasticisation which have
recently found their way into a number of research publications.

5.3.2 Extenders

In the formulation of PVC compounds it is not uncommon to replace some of the
plasticiser with an extender, a material that is not in itself a plasticiser but which
can be tolerated up to a given concentration by a polymer—true plasticiser
system. These materials, such as chlorinated waxes and refinery oils, are
generally of lower solubility parameter than the true plasticisers and they do not
appear to interact with the polymer. However, where the solubility parameter of
a mixture of plasticiser and extender is within unity of that of the polymer the
mixture of three components will be compatible. It may be shown that

Smixture= X101 + X298,

where 8, and 8, are the solubility parameters of two liquids
X, and X, are their mole fractions in the mixture.

Because the solubility parameter of tritolyl phosphate is higher than that of
dioctyl sebacate, PVC—tritolyl phosphate blends can tolerate more of a low
solubility parameter extender than can a corresponding sebacate formulation.

5.3.3 Determination of Solubility Parameter

Since a knowledge of a solubility parameter of polymers and liquids is of value
in assessing solubility and solvent power it is important that this may be easily
assessed. A number of methods have been reviewed by Burrell® and of these two
are of particular use.

From heat of vaporisation data

It has already been stated that

. (AE>1/2 (AH—RT)I/Z
Ny /TN mp
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Where 9 is the solubility parameter
AE the energy of vaporisation
V the molar volume
AH the latent heat of vaporisation
R the gas constant
T the temperature
M the molecular weight
D the density.

At 25°C, a common ambient temperature,
AE25 = AH25 — 592, in cgs units.

Unfortunately values of AH at such low temperatures are not readily available
and they have to be computed by means of the Clausius—-Clapeyron equation or
from the equation given by Hildebrand and Scott*

AH,s = 23.7T, + 0.020T% - 2950
where T, is the boiling point.*

From this equation a useful curve relating AE and Ty, has been compiled and
from this the solubility parameter may easily be assessed (Figure 5.8).
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Figure 5.8. Relationship between AE and boiling point for use in calculating solubility parameters.
(After Burrell®)

* The Hildebrand equation and Figure 5.8, which is derived from it, yield values of AH,s in terms
of units of cal/g. The SI units of J/g are obtained by multiplying by a factor of 4.1855.
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From structural formulae

The solubility parameter of high polymers cannot be obtained from latent heat of
vaporisation data since such polymers cannot be vaporised without decomposi-
tion (there may be some exceptions to this generalisation for Jower molecular
weight materials and at very low pressures). It is therefore convenient to define
the solubility parameter of a polymer ‘as the same as that of a solvent in which
the polymer will mix in all proportions without heat effect, volume change or
without any reaction or specific association’. It is possible to estimate the value
of & for a given polymer by immersing samples in a range of solvents of known
3 and noting the & value of best solvents. In the case of cross-linked polymers the
d value can be obtained by finding the solvent which causes the greatest
equilibrium swelling. Such a method is time-consuming so that the additive
method of Small? becomes of considerable value. By considering a number of
stmple molecules Small was able to compile a list of molar attraction constants
G for the various parts of a molecule. By adding the molar attraction constants
it was found possible to calculate 8 by the relationship

DXG

M
where D is the density
M is the molecular weight.

When applied to polymers it was found that good agreement was obtained with
results obtained by immersion techniques except where hydrogen bonding was
significant. The method is thus not suitable for alcohols, amines, carboxylic acids
or other strongly hydrogen bonded compounds except where these form only a
small part of the molecule. Where hydrogen bonding is insignificant, accuracy to
the first decimal place is claimed. The § values given in Table 5.7 were computed
by the author according to Small’s method. The values in Tables 5.4 and 5.5 were
obtained either by computation or from a diversity of sources.

Some molar attraction constants compiled by Small are given in Table 5.8.

As an example of the use of Small’s table the solubility parameter of
poly(methyl methacrylate) may be computed as follows:

The formula for the polymer is shown in Figure 5.9.

N
—_CH, —C—
COOCH,
Figure 5.9

Small’s formula is 8 = DXG/M and the value of 2G/M will be the same for the
repeating unit as for the polymer.*

* Small’s method and constants yield values of & in units of (cal/cm;)"2. The SI value may be
obtained by multiplying by 2.04.
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Table 5.8 Molar attraction constants® at 25°C

Group Molar attraction
constant G
-——CH,3 214
—CH,—(single bonded) 133
—cHL 28
N~/
/ C\ 93
CH, = 190
——CH = (double bonded) 111
>C== 19
CH=C— 285
—C=C— 222
Phenyl 735
Phenylene (o,m,p) 658
Naphthyl 1146
Ring (5-membered) 105-115
Ring (6-membered) 95-105
Conjugation 20-30
H 80-100
O (ethers) 70
CO (ketones) 275
COO (esters) 310
CN 410
Cl single 270
Cl twinned as in »CCl, 260
Cl triple as in —CCl, 250
Br single 340
1 single: 425
gl;i} in fluorocarbons only ;2
S sulphides 225
SH thiols 315
ONO, nitrates ~440
NO, (aliphatic) ~440)
PO, (organic) ~500
18i (in silicones) ~ 38

+ Estimated by H. Burrell.

Now M (for repeating unit) = 100

D

2 CH; at 214 428
1 CH; at 133 133
1 COO at 310 310

/s
C  at-93-93

>G =778

M

D¥G  1.18 X 778

100

= 9.2 (calfem®)? = 18.7 MPa'”?
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In the case of crystalline polymers better results are obtained using an
‘amorphous density’ which can be extrapolated from data above the melting
point, or from other sources. In the case of polyethylene the apparent amorphous
density is in the range 0.84-0.86 at 25°C. This gives a calculated value of about
8.1 for the solubility parameter which is still slightly higher than observed values
obtained by swelling experiments.

5.3.4 Thermodynamics and Solubility

The first law of thermodynamics expresses the general principle of energy
conservation. It may be stated as follows: ‘In an energetically isolated system the
total energy remains constant during any change which may occur in it.” Energy
is the capacity to do work and units of energy are the product of an intensity
factor and a capacity factor. Thus the unit of mechanical energy (joule) is the
product of the unit of force (newton) and the unit of distance (metre). Force is the
intensity factor and distance the capacity factor. Similarly the unit of electrical
energy (joule) is the product of an intensity factor (the potential measured in
volts) and a capacity factor (the quantity of electricity measured in coulombs).
Heat energy may, in the same way, be considered as the product of temperature
(the intensity factor) and the quantity of heat, which is known as the entropy (the
capacity factor).

It follows directly from the first law of thermodynamics that if a quantity of
heat Q is absorbed by a body then part of that heat will do work W and part will
be accounted for by a rise in the internal energy AF of that body, i.e.

Q0 =AE+W
W= Q-AE

This expression states that there will be energy free to do work when Q
exceeds AE. Expressed in another way work can be done, that is an action can
proceed, if AE—Q is negative. If the difference between AE and Q is given the
symbol AA, then it can be said that a reaction will proceed if the value of AA is
negative. Since the heat term is the product of temperature 7 and change of
entropy AS, for reactions at constant temperature then

AA = AE — TAS G.1)

AA is sometimes referred to as the change in work function. This equation simply
states that energy will be available to do work only when the heat absorbed
exceeds the increase in internal energy. For processes at constant temperature and
pressure there will be a rise in the ‘heat content’ (enthalpy) due both to a rise in
the internal energy and to work done on expansion. This can be expressed as

AH = AE + PAH (5.2)

when AH is known as the change in enthalpy and AV the change in volume of
the system under a constant pressure P.
Combining equations (5.1) and (5.2) gives

AA + PAV = AH - TAS

or
AF = AH — TAS (5.3)
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This is the so-called free energy equation where AF (equal to AA + PAV) is
known as the free energy.

It has already been shown that a measure of the total work available is given
by the magnitude of -AA. Since some of the work may be absorbed in expansion
(PAV) the magnitude of —AF gives an estimate of the net work or free energy
available.

Put in another way, since in equation (5.3) we have in effect only added PAV
to each side of equation (5.1) it follows that energy will only be available to do
work when the heat absorbed (TAS) exceeds the change in enthalpy, i.e. when AF
has a negative value.

The free energy equation is very useful and has already been mentioned in the
previous chapter in connection with melting points. If applied to the mixing of
molecules the equation indicates that mixing will occur if TAS is greater than
AH. Therefore

(1) The higher the temperature the greater the likelihood of mixing (an observed
fact).

(2) The greater the increase in entropy the greater the likelihood of mixing.

(3) The less the heat of mixing the greater the likelihood of mixing.

Now it may be shown that entropy is a measure of disorder or the degree of
freedom of a molecule. When mixing takes place it is to be expected that
separation of polymer molecules by solvent will facilitate the movement of the
polymer molecules and thus increase their degree of freedom and their degree of
disorder. This means that such a mixing process is bound to cause an increase in
entropy. A consequence of this is that as AS will always be positive during
mixing, the term TAS will be positive and therefore solution will occur if AH, the
heat of mixing is zero or at least less than TAS.

It has been shown by Hildebrand and Scott* that, in the absence of specific
interaction

2
AH = Vm — -\ a,a,
Vi Vs

where V_, is the total volume of the mixture
AX is the energy of vaporisation
V the molar volume of each compound
a the volume fraction of each compound.

Since we have defined the expression (AX/V)!/? as the solubility parameter 5,
the above equation may be written

AH =V, (8; - 8§y)a,a;

If 3, and 3, are identical then AH will be zero and so AF is bound to be negative
and the compounds will mix. Thus the intuitive arguments put forward in Section
5.3 concerning the solubility of amorphous polymers can be seen to be consistent
with thermodynamical treatment. The above discussion is, at best, an over-
simplification of thermodynamics, particularly as applied to solubility. Further
information may be obtained from a number of authoritative sources.*~®
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5.4 CHEMICAL REACTIVITY

The chemical resistance of a plastics material is as good as its weakest point. If
it is intended that a plastics material is to be used in the presence of a certain
chemical then each ingredient must be unaffected by the chemical. In the case of
a polymer molecule, its chemical reactivity will be determined by the nature of
chemical groups present. However, by its very nature there are aspects of
chemical reactivity which find no parallel in the chemistry of small molecules
and these will be considered in due course.

In commercial plastics materials there are a comparatively limited number of
chemical structures to be found and it is possible to make some general
observations about chemical reactivity in the following tabulated list of
examples:

(1) Polyolefins such as polyethylene and polypropylene contain only C—C and
C—H bonds and may be considered as high molecular weight paraffins.
Like the simpler paraffins they are somewhat inert and their major
chemical reaction is substitution, e.g. halogenation. In addition the branched
polyethylenes and the higher polyolefins contain tertiary carbon atoms which
are reactive sites for oxidation. Because of this it is necessary to add
antioxidants to stabilise the polymers against oxidation Some polyolefins
may be cross-linked by peroxides.

(2) Polytetrafluoroethylene contains only C—C and C—F bonds. These are
both very stable and the polymer is exceptionally inert. A number of other
fluorine-containing polymers are available which may contain in addition
C—H and C—Ci bonds. These are somewhat more reactive and those
containing C—H bonds may be cross-linked by peroxides and certain
diamines and di-isocyanates.

(3) Many polymers, such as the diene rubbers, contain double bonds. These will
react with many agents such as oxygen, ozone, hydrogen halides and
halogens. Ozone, and in some instances oxygen, will lead to scission of the
main chain at the site of the double bond and this will have a catastrophic
effect on the molecular weight. The rupture of one such bond per chain will
halve the number average molecular weight.

(4) Ester, amide and carbonate groups are susceptible to hydrolysis. When such
groups are found in the main chain, their hydrolysis will also result in a
reduction of molecular weight. Where hydrolysis occurs in a side chain the
effect on molecular weight is usually insignificant. The presence of benzene
rings adjacent to these groups may offer some protection against hydrolysis
except where organophilic hydrolysing agents are employed.

(5) Hydroxyl groups are extremely reactive. These occur attached to the
backbone of the cellulose molecule and poly(vinyl alcohol). Chemically
modified forms of these materials are dealt with in the appropriate
chapters.

(6) Benzene rings in both the skeleton structure and on the side groups can be
subjected to substitution reactions. Such reactions do not normally cause
great changes in the fundamental nature of the polymer, for example they
seldom lead to chain scission or cross-linking.

Polymer reactivity differs from the reactivity of simple molecules in two
special respects. The first of these is due to the fact that a number of weak links
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exist in the chains of many polymer species. These can form the site for chain
scission or of some other chemical reaction. The second reason for differences
between polymers and small molecules is due to the fact that reactive groups
occur repeatedly along a chain. These adjacent groups can react with one another
to form ring products such as poly(vinyl acetal) (Chapter 14) and cyclised
rubbers (Chapter 30). Further one-step reactions which take place in simple
molecules can sometimes be replaced by chain reactions in polymers such as the
‘zipper’ reactions which cause the depolymerisation of polyacetals and
poly(methyl methacrylate).

5.5 EFFECTS OF THERMAL, PHOTOCHEMICAL AND HIGH-ENERGY
RADIATION

Plastics materials are affected to varying extents by exposure to thermal,
photochemical and high-energy radiation. These forms of energy may cause such
effects as cross-linking, chain scission, modifications to chain structure and
modifications to the side group of the polymer, and they may also involve
chemical changes in the other ingredients present.

In the absence of other active substances, e.g. oxygen, the heat stability is
related to the bond energy of the chemical linkages present. Table 5.2 gives
typical values of bond dissociation energies and from them it is possible to make
some assessment of the potential thermal stability of a polymer. In practice there
is some interaction between various linkages and so the assessment can only be
considered as a guide. Table 5.9 shows the value for T}, (the temperature at which
a polymer loses half its weight in vacuo at 30 minutes preceded by 5 minutes
preheating at that temperature) and Ksso the rate constant (in %/min) for
degradation at 350°C.

The high stability of PTFE is due to the fact that only C—C and C—F bonds
are present, both of which are very stable. It would also appear that the C—F
bonds have a shielding effect on the C—C bonds. Poly-p-xylene contains only
the benzene ring structure (very stable thermally) and C—C and C—H bonds
and these are also stable. Polymethylene, which contains only the repeating
methylene groups, and hence only C—C and C—H bonds, is only slightly less
stable. Polypropylene has a somewhat lower value than polymethylene since the
stability of the C—H at a tertiary carbon position is somewhat lower than that at
a secondary carbon atom. The lower stability of PVC is partly explained by the
lower dissociation energy of the C—CI bond but also because of weak points
which act as a site for chain reactions. The rather high thermal degradation rate
of poly(methyl methacrylate) can be explained in the same way. Oxygen-oxygen
and silicon-silicon bonds have a low dissociation energy and do not occur in
polymers except possibly at weak points in some chains.

There is much evidence that weak links are present in the chains of most
polymer species. These weak points may be at a terminal position and arise from
the specific mechanism of chain termination or may be non-terminal and arise
from a momentary aberration in the modus operandi of the polymerisation
reaction. Because of these weak points it is found that polyethylene,
polytetrafluoroethylene and poly(vinyl chloride), to take just three well-known
examples, have a much lower resistance to thermal degradation than low
molecular weight analogues. For similar reasons polyacrylonitrile and natural
rubber may degrade whilst being dissolved in suitable solvents.
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Table 5.9 Thermal degradation of selected polymers (Ref. 7)

Polymer T,(°C) K350(% /min)
PTFE 509 0.0000052
Poly-p-xylene 432 0.002
Polymethylene 414 0.004
Polypropylene 387 0.069
Poly(methyl methacrylate) 327 5.2
Poly(vinyl chloride) 260 170

Weak links, particularly terminal weak links, can be the site of initiation of a
chain ‘unzipping’ reaction.® A monomer or other simple molecule may be
abstracted from the end of the chain in such a way that the new chain end is also
unstable. The reaction repeats itself and the polymer depolymerises or otherwise
degrades. This phenomenon occurs to a serious extent with polyacetals,
poly(methyl methacrylate) and, it is believed, with PVC.

There are four ways in which these unzipping reactions may be moderated:

(1) By preventing the initial formation of weak links. These will involve,
amongst other things, the use of rigorously purified monomer.

(2) By deactivating the active weak link. For example, commercial polyacetal
(polyformaldehyde) resins have their chain ends capped by a stable
grouping. (This will, however, be of little use where the initiation of chain
degradation is not at the terminal group.)

(3) By copolymerising with a small amount of second monomer which acts as an
obstruction to the unzipping reaction, in the event of this being allowed to
start. On the industrial scale methyl methacrylate is sometimes copoly-
merised with a small amount of ethyl acrylate, and formaldehyde
copolymerised with ethylene oxide or 1,3-dioxolane for this very reason.

(4) By the use of certain additives which divert or moderate the degradation
reaction. A wide range of antioxidants and stabilisers function by this
mechanism (see Chapter 7).

The problems of assessment of long-term heat resistance are discussed further in
Chapter 9.

Most polymers are affected by exposure to light, particularly sunlight. This is
the result of the absorption of radiant light energy by chemical structures. The
lower the wavelength the higher the energy. Fortunately for most purposes, most
of the light waves shorter than 300nm are destroyed or absorbed before they
reach the surface of the earth and for non-astronautical applications these short
waves may be ignored and most damage appears to be done by rays of
wavelength in the range 300-400nm. At 350nm the light energy has been
computed to be equal to 82 kcal/mole and it will be seen from Table 5.2 that this
is greater than the dissociation energy of many bonds. Whether or not damage is
done to a polymer also depends on the absorption frequency of a bond. A C—C
bond absorbs at 195 nm and at 230-250nm and aldehyde and ketone carbonyl
bonds at 187 nm and 280—320 nm. Of these bonds it would be expected that only
the carbonyl bond would cause much trouble under normal terrestrial conditions.
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PTFE and other fluorocarbon polymers would be expected to have good light
stability because the linkages present normally have bond energies exceeding the
light energy. Polyethylene and PVC would also be expected to have good light
stability because the linkages present do not absorb light at the damaging
wavelength present on the earth’s surface. Unfortunately carbonyl and other
groups which are present in processed polymer may prove to be a site for
photochemical action and these two polymers have only limited light stability.
Antioxidants in polyethylene, used to improve heat stability, may in some
instances prove to be a site at which a photochemical reaction can be initiated.
To some extent the light stability of a polymer may be improved by incorporating
an additive that preferentially absorbs energy, at wavelengths that damage the
polymer linkage. It follows that an ultraviolet light absorber that is effective in
one polymer may not be effective in another polymer. Common ultraviolet
absorbers include certain salicylic esters such as phenyl salicylate, benzotriazole
and benzophenones. Carbon black is found to be particularly effective in
polyethylene and acetal resins. In the case of polyethylene it will reduce the
efficiency of amine antioxidants.

In analogy with thermal and light radiations, high-energy radiation may also
lead to scission and cross-linking. The relative stabilities of various polymer
structures are shown in Figure 5.10'°. Whilst some materials cross-link others
degrade (i.e. are liable to chain scission). Table 5.10 lists some polymers that
cross-link and some that degrade. It is of interest to note that whereas most
polymers of monosubstituted ethylene cross-link, most polymers of disubstituted
ethylenes degrade. Exceptions are polypropylene, which degrades, and PVC,
which either degrades or cross-links according to the conditions. Also of interest
is the different behaviour of both PTFE and poly(methyl methacrylate) when
subjected to different types of radiation. Although both polymers have a good
stability to ultraviolet light they are both easily degraded by high-energy
radiation.
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Figure 5.10 Relative stabilities of various polymers to exposure by high-energy sources. (After
Ballantine'?)
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Table 5.10 Behaviour of polymers subjected to high-energy radiation’’

Polymers that cross-link Polymers that degrade
Polyethylene Polyisobutylene
Poly(acrylic acid) Poly-a-methylstyrene
Poly(methyl acrylate) Poly(methyl methacrylate)
Polyacrylamide Poly(methacrylic acid)
Natural rubber Poly(vinylidene chloride)
Polychloroprene Polychlorotrifluoroethylene
Polydimethylsiloxanes Cellulose
Styrene—acrylonitrile copolymers PTFE

Polypropylene

5.6 AGING AND WEATHERING

From the foregoing sections it will be realised that the aging and weathering
behaviour of a plastics material will be dependent on many factors. The
following agencies may cause a change in the properties of a polymer:

(1) Chemical environments, which may include atmospheric oxygen, acidic
fumes and water.

(2) Heat.

(3) Ultraviolet light.

(4) High-energy radiation.

In a commercial plastics material there are also normally a number of other
ingredients present and these may also be affected by the above agencies.
Furthermore they may interact with each other and with the polymer so that the
effects of the above agencies may be more, or may be less, drastic. Since
different polymers and additives respond in different ways to the influence of
chemicals and radiant energy, weathering behaviour can be very specific.

A serious current problem for the plastics technologist is to be able to predict
the aging and weathering behaviour of a polymer over a prolonged period of
time, often 20 years or more. For this reason it is desirable that some reliable
accelerated weathering test should exist. Unfortunately, accelerated tests have up
until now achieved only very limited success. One reason is that when more than
one deteriorating agency is present, the overall effect may be quite different from
the sum of the individual effects of these agencies. The effects of heat and light,
or oxygen and light, in combination may be quite serious whereas individually
their effect on a polymer may have been negligible. It is also difficult to know
how to accelerate a reaction. Simply to carry out a test at higher temperature may
be quite misleading since the temperature dependencies of various reactions
differ. In an accelerated light aging test it is more desirable to subject the sample
to the same light distribution as ‘average daylight’ but at greater intensity. It is,
however, difficult to obtain light sources which mimic the energy distribution.
Although some sources have been found that correspond well initially, they often
deteriorate quickly after some hours of use and become unreliable. Exposure to
sources such as daylight, carbon arc lamps and xenon lamps can have quite
different effects on plastics materials.
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5.7 DIFFUSION AND PERMEABILITY

There are many instances where the diffusion of small molecules into, out of and
through a plastics material are of importance in the processing and usage of the
latter. The solution of polymer in a solvent involves the diffusion of solvent into
the polymer so that the polymer mass swells and eventually disintegrates. The
gelation of PVC with a plasticiser such as tritolyl phosphate occurs through
diffusion of plasticiser into the polymer mass. Cellulose acetate film is produced
by casting from solution and diffusion processes are involved in the removal of
solvent. The ease with which gases and vapours permeate through a polymer is
of importance in packaging applications. For example in the packaging of fruit
the packaging film should permit diffusion of carbon dioxide through the film but
restrain, as far as possible, the passage of oxygen. Low air permeability is an
essential requirement of an inner tube and a tubeless tyre and, in a somewhat less
serious vein, a child’s balloon. Lubricants in many plastics compositions are
chosen because of their incompatibility with the base polymers and they are
required to diffuse out of the compound during processing and lubricate the
interface of the compound and the metal surfaces of the processing equipment
(e.g. mould surfaces and mill roll surfaces). From the above examples it can be
seen that a high diffusion and permeability is sometimes desirable but at other
times undesirable.

Diffusion occurs as a result of natural processes that tend to equal out the
concentration of a given species of particle (in the case under discussion, a
molecule) in a given environment. The diffusion coefficient of one material
through another (D) is defined by the equation

dc
F=-D—
ox

where F' is the weight of the diffusing material crossing unit area of the other
material per unit time, and the differential is the concentration gradient in weight
per ml percm at right angles to the unit area considered.

Diffusion through a polymer occurs by the small molecules passing through
voids and other gaps between the polymer molecules. The diffusion rate will
therefore depend to a large extent on the size of the small molecules and the size
of the gaps. An example of the effect of molecular size is the difference in the
effects of tetrahydrofuran and di-iso-octyl phthalate on PVC. Both have similar
solubility parameters but whereas tetrahydrofuran will diffuse sufficiently
rapidly at room temperature to dissolve the polymer in a few hours the diffusion
rate of the phthalate is so slow as to be almost insignificant at room temperature.
(In PVC pastes, which are suspensions of polymer particles in plasticisers, the
high interfacial areas allow sufficient diffusion for measurable absorption of
plasticisers, resulting in a rise of the paste viscosity.) The size of the gaps in the
polymer will depend to a large extent on the physical state of the polymer, that
is whether it is glassy, rubbery or crystalline. In the case of amorphous polymers
above the glass transition temperature, i.e. in the rubbery state, molecular
segments have considerable mobility and there is an appreciable ‘free volume’ in
the mass of polymer. In addition, because of the segment mobility there is a high
likelihood that a molecular segment will at some stage move out of the way of
a diffusing small molecule and so diffusion rates are higher in rubbers than in
other types of polymer.



Table 5.11 Permeability data for various polymers values for P X 10'°cm® s mmem2 cmHg™

Polymer Permeability 90% R.H. Ratios to N, perm. = G value Nature of polymer
H,0(25°C)

N, (30°C) 0, (30°C) CO, (30°C) Po /Py, Pco, /P, Py,o/Px,
Poly(vinylidene chloride) 0.0094 0.053 0.29 14 5.6 31 1400 crystalline
PCTFE 0.03 0.10 0.72 2.9 33 24 97 crystalline
Poly(ethylene terephthalate) 0.05 0.22 1.53 1300 44 31 26 000 crystalline
Rubber hydrochloride (Pliofilm ND) 0.08 0.30 1.7 240 338 21 3000 crystalline
Nylon 6 0.10 0.38 1.6 7000 3.8 16 70000 crystalline
PVC (unplasticised) 0.40 1.20 10 1560 3.0 25 3900 slight crystalline
Cellulose acetate 2.8 7.8 68 75000 2.8 24 2680 glassy
Polyethylene (d = 0.954-0.960) 2.7 10.6 35 130 39 13 48 crystalline
Polyethylene (d = 0.922) 19 55 352 800 29 19 42 some crystalline
Polystyrene 29 11 88 1200 38 30 4100 glassy
Polypropylene — 23 92 680 — — — crystalline
Butyl rubber 3.12 13.0 51.8 — 4.1 16.2 — rubbery
Methyl rubber 4.8 21.1 75 — 44 15.6 — rubbery
Polybutadiene 64.5 191 1380 — 30 21.4 — rubbery
Natural rubber 80.8 233 1310 — 2.9 16.2 — rubbery
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Below the glass transition temperature the segments have little mobility and
there is also a reduction of ‘free volume’. This means that not only are there less
voids but in addition a diffusing particle will have a much more tortuous path
through the polymer to find its way through. About the glass transition
temperature there are often complicating effects as diffusing particles may
plasticise the polymers and thus reduce the effective glass transition
temperature.

Crystalline structures have a much greater degree of molecular packing and the
individual lamellae can be considered as almost impermeable so that diffusion
can occur only in amorphous zones or through zones of imperfection. Hence
crystalline polymers will tend to resist diffusion more than either rubbers or
glassy polymers.

Of particular interest in the usage of polymers is the permeability of a gas,
vapour or liquid through a film. Permeation is a three-part process and
involves solution of small molecules in polymer, migration or diffusion
through the polymer according to the concentration gradient, and emergence of
the small particle at the outer surface. Hence permeability is the product of
solubility and diffusion and it is possible to write, where the solubility obeys
Henry’s law,

P =DS

where P is the permeability, D is the diffusion coefficient and S is the solubility
coefficient.

Hence polyethylene will be more permeable to liquids of similar solubility
parameter, e.g. hydrocarbons, than to liquids of different solubility parameter but
of similar size. The permeabilities of a number of polymers to a number of gases
are given the Table 5.11.1%13

Stannett and Szwarc'? have argued that the permeability is a product of a
factor F determined by the nature of the polymer, a factor G determined by the
nature of gas and an interaction factor H (considered to be of little significance
and assumed to be unity).

Thus the permeability of polymer i to a gas k can be expressed as

Py = FiGy

Hence the ratio of the permeability of a polymer i to two gases k and 1 can be seen
to be the same as the ratio between the two G factors

P ik Gk

Py G
similarly between two polymers (i and j)

Py F

Py F;

From a knowledge of various values of P it is possible to calculate F values
for specific polymers and G values for specific gases if the G value for one of the
gases, usually nitrogen, is taken as unity. These values are generally found to be
accurate within a factor of 2 for gases but unreliable with water vapour. Some
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Table 5.12 F and G constants for polymers and gases'?

Polymer F Gas G
Poly(vinylidene chloride) (Saran) 0.0094 N, 1.0
PCTFE 0.03

Poly(ethylene terephthalate) 0.05 0, 3.8
Rubber hydrochloride (Pliofilm) 0.08 H,S 219
Nylon 6 0.1 CO, 242
Nitrile rubber (Hycar OR-15) 2.35

Butyl rubber 3.12

Methyl rubber 4.8

Cellulose acetate (+ 15% plasticiser) 5.0

Polychloroprene 11.8

Low-density polyethylene 19.0

Polybutadiene 64.5

Natural rubber 80.8

Plasticised ethyl cellulose 84

values are given in Table 5.12.. It will be realised that the F* values correspond
to the first column of Table 5.11 and the G values for oxygen and carbon dioxide
are the averages of the P /Py, and Pcg, /Py, ratios.

5.8 TOXICITY

No attempt will be made here to relate the toxicity of plastics materials to
chemical structure. Nevertheless this is a topic about which a few words must be
said in a book of this nature.

A material may be considered toxic if it has an adverse effect on health.
Although it is often not difficult to prove that a material is toxic it is almost
impossible to prove that a material is not toxic. Tobacco was smoked for many
centuries before the dangerous effects of cigarette smoking were appreciated.
Whilst some materials may have an immediate effect, others may take many
years. Some toxic materials are purged out of the body and providing they do not
go above a certain concentration appear to cause little havoc; others accumulate
and eventually a lethal dose may be present in the body.

Toxic chemicals can enter the body in various ways, in particular by
swallowing, inhalation and skin absorption. Skin absorption may lead to
dermatitis and this can be a most annoying complaint. Whereas some chemicals
may have an almost universal effect on human beings, others may attack only a
few persons. A person who has worked with a given chemical for some years
may suddenly become sensitised to it and from then on be unable to withstand the
slightest trace of that material in the atmosphere. He may as a result also be
sensitised not only to the specific chemical that caused the initial trouble but to
a host of related products. Unfortunately a number of chemicals used in the
plastics industry have a tendency to be dermatitic, including certain halogenated
aromatic materials, formaldehyde and aliphatic amines.

In addition many other chemicals used can attack the body, both externally
and internally, in many ways. It is necessary that the effects of any material
used should be known and appropriate precautions taken if trouble is to be
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avoided. Amongst the materials used in the plastics industry for which special
care should be taken are lead salts, phenol, aromatic hydrocarbons, isocyanates
and aromatic amines. In many plastics articles these toxic materials are often
used only in trace doses. Provided they are surrounded by polymer or other
inert material and they do not bleed or bloom and are not leached out under
certain conditions of service it is sometimes possible to tolerate them. This can,
however, be done with confidence only after exhaustive testing. The results of
such testing of a chemical and the incidence of any adverse toxic effects
should be readily available to all potential handlers of that chemical. There is,
unfortunately, in many countries a lack of an appropriate organisation which
can collect and disseminate such information. This is, however, a matter which
must be dealt with elsewhere.!*

Most toxicity problems associated with the finished product arise from the
nature of the additives and seldom from the polymer. Mention should, however,
be made of poly(vinyl carbazole) and the polychloroacrylates which, when
monomer is present, can cause unpleasant effects, whilst in the 1970s there arose
considerable discussion on possible links between vinyl chloride and a rare form
of cancer known as angiosarcoma of the liver.!?

5.9 FIRE AND PLASTICS

Over the years plastics users have demanded progressively improving fire
performance. By this is meant that plastics materials should resist burning and in
addition that levels of smoke and toxic gases emitted should be negligible. That
a measure of success has been achieved is the result of two approaches:

(1) The development of new polymers of intrinsically better performance.
(2) The development of flame retardants.

Although many improvements have been made on empirical bases, develop-
ments more and more depend on a fuller understanding of the process of
combustion. This is a complex process but a number of stages are now generally
recognised. They are:

(1) Primary thermal processes where energy from an external source is applied
to the polymer, causing a gradual rise in temperature. The rate of temperature
rise will depend on the rate of supply of energy and on the thermal and
geometrical characteristics of the material being heated.

(2) Primary chemical processes. The external heat source may supply free
radicals which accelerate combustion. The heating material might also be
activated by autocatalytic or autoignition mechanisms.

(3) Decomposition of the polymer becomes rapid once a certain temperature has
been reached and a variety of products such as combustible and non-
combustible gases and liquids, charred solids and smoke may also be
produced. Some of these products may accelerate further decomposition
whilst others may retard it and this may depend not only on the nature of the
compound but also on the environmental conditions.

(4) Ignition will occur when both combustible gases and oxygen are available in
sufficient quantity above the ignition temperature. The amount of oxygen
required for ignition varies from one polymer to another. For example, in an
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atmosphere of 15% oxygen, polyoxymethylenes (polyacetals) will burn
whereas 49% oxygen is required for PVC to continue burning.

(5) Combustion follows ignition and the ease of combustion is a function of the
cohesive energy of the bonds present.

(6) Such combustion will be followed by flame propagation and possibly by
non-flaming degradation and physical changes such as shrinkage, melting
and charring. A large amount of smoke and toxic gases may be evolved and
it is worth noting that the number of deaths due to such products is probably
greater than the number due to burning.

Over the years a very large number of tests have been developed to try and assess
the burning behaviour of polymers, this in itself being a reflection of the
difficulty of assessing the phenomenon. These tests can roughly be divided into
two groups:

(1) Simple laboratory tests on the basic polymers and their compounds.
(2) Larger scale tests on fabricated structures.

The first group, i.e. simple laboratory tests, is frequently criticised in that,
although results may be reproducible, they do not give a good indication of how
the material will behave in a real fire situation. On the other hand, the second
group is criticised because correlation between various tests proposed by
different regulatory bodies is very poor. In spite of these limitations there are,
however, a few tests which are very widely used and whose results are widely
quoted.

Perhaps the best known of these is the limited oxygen index test (described for
example in ASTM D2863—74). In this test the minimum oxygen fraction in an
oxygen/nitrogen mixture that will enable a slowly rising sample of the gas
mixture to support combustion of a candle-light sample under specified test
conditions is measured. Some typical figures are given in Table 5.13.

The reasons for the differences between the polymers are various but in
particular two factors may be noted:

(1) The higher the hydrogen to carbon ratio in the polymer the greater is the
tendency to burning (other factors being equal).
(2) Some polymers on burning emit blanketing gases that suppress burning.

Whilst the limiting oxygen index (LOI) test is quite fundamental, it does not
characterise the burning behaviour of the polymer. One way of doing this is the
ASTM D635—74 test for flammability of self-supporting plastics. In this test a
horizontal rod-like sample is held at one end in a controlled flame. The rate of
burning, the average burning time before extinction and the average extent of
burning before extinction (if any) is measured.

The most widely used flammability performance standards for plastics
materials are the Underwriters Laboratories UL94 ratings. These rate the ability
of a material to extinguish a flame once ignited. The ratings given depend on
such factors as rate of burning, time to extinguish, ability to resist dripping and
whether or not the drips are burning.

Tests are carried out on a bar of material 5 inches long and 0.5 inches wide and
are made both horizontally and vertically. In the horizontal test the sample is
held, horizontally, at one end, and a flame, held at about 45°, is applied to the
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Table 5.13 Collected data for limiting oxygen index for a variety of polymers

Polymer Limiting oxygen index (%)
Polyacetal 15
Poly(methyl methacrylate) 17
Polypropylene 17
Polyethylene 17
Poly(butylene terephthalate) 18
Polystyrene 18
Poly(ethylene terephthalate) (unfilled) 21
Nylon 6 21-34
Nylon 66 21-30
Nylon 11 25-32
PPO 29-35
ABS 29-35
Polycarbonate of bis-phenol TMC 24
Polycarbonate of bis-phenol A 26
Polysulphone 30
Poly(ethylene terephthalate) (30% G.E.) 31-33
Polyimide (Ciba-Geigy P13N) 32
Polyarylate (Solvay Arylef) 34
Lig. Xtal Polymer (Vectra) 34-50
TFE-HFP Copolymer (Teflon FEP) 34
Polyether sulphone 34-38
Polyether ether ketone 35
Phenol—formaldehyde resin 35
Poly(vinyl chloride) 23-43
Poly(vinylidene fluoride) 44
Polyamide—imides (Torlon) 42-50
Polyether—imides (Ultem) 44-47
Poly(phenylene sulphide) 44-53
Friedel—Crafts resins 55
Poly(vinylidene chloride) 60
Poly(carborane siloxane) 62
Polytetrafluoroethylene 90

Note % oxygen in air = 20.9. Polymers below the line burn with increasing difficulty as the LOI
increases.

Where a spread of figures is given, the higher values generally refer to grades with mineral or
glass-fibre filler and/or fire retardant. With most other materials, where only one figure is given, higher
values may generally be obtained with the use of such additives.

other end. To qualify for an HB rating the burning rate should be <76 mm/min for
samples of thickness <3 mm, and <38 mm/min for samples of thickness >3 mm.
This is the lowest UL94 flammability rating.

Greater attention is usually paid to the results of a vertical test, in which the
sample is clamped at the top end and a bunsen flame of height 19 mm is applied
to the lower end at a point 9.5 mm above the top of the bunsen burner (i.e. half-
way along the flame). The material is classified as V-2, V-1 or V-0 in increasing
order of flammability rating by reference to the conditions given in Table
5.14.

A much more severe test is that leading to UL-94-5V classifications. This
involves two stages. In the first stage a standard 5 X 0.5 inch bar is mounted
vertically and subjected to a 5 inch flame five times for 5 seconds duration with
an interval of 5 seconds. To pass the specification no specimen may burn with
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Table 5.14
Rating Explanation
V-0 No test specimens burn longer than 10 seconds after each removal from the flame. No

specimens exhibit flaming drip that ignites dry surgical cotton placed 12" below the test
specimen. Nor does afterglow persist for longer than 30 seconds.

V-1 This rating is essentially identical to V-0 except that specimens must extinguish within a
30 second interval after flame removal and there should be no afterglow persisting after
60 seconds.

V-2 Identical to V-1 except that the flaming drip from some specimens ignites the dry cotton

placed below the specimens.

flaming or glowing combustion for more than 60 seconds after the fifth flame
application. In addition, no burning drips are allowed that ignite cotton placed
between the samples. The total procedure is repeated with five bars.

In the second stage a plaque of the same thickness as the bars is tested in a
horizontal position with the same-sized flame. The total procedure is repeated
with three plaques. If this results in a hole being formed the material is given a
UL94-5VB rating. If no hole is formed the material is given the highest
classification, UL94-5VA.

The UL94 rating is awarded to a specific grade of material and may also vary
with the colour. It is also dependent on the thickness of the sample and this
should also be stated. Clearly, if two materials are given, for example, a V-0
rating, that which achieves the rating with a thinner sample will be the more fire
retardant.

The importance of specifying grade and thickness may be illustrated by taking
the example of two grades of poly(butylene terephthalate) compounds marketed
by General Electric. The grade Valox 325 is given an HB rating at 1.47 mm
thickness whereas Valox 310SEOQ is given a V-0 rating at 0.71 mm thickness and
a 5VA rating at 3.05 mm thickness.

Some UL94 flammability ratings are given by way of example in Table
5.15.

A test used to simulate thermal stresses that may be produced by sources of
heat or ignition such as overloaded resistors or glowing elements is the [EC
695-2-1 Glow Wire Test. In outline the basis of the test is that a sample of
material is held against a heated glowing wire tip for 30 seconds. The sample
passes the test if any flames or glowing of the sample extinguish within 30
seconds of removal of the glow wire. The test may be carried out at a variety of
test temperatures, such as 550, 650, 750, 850 or 960°C. Amongst materials that
pass the test at 960°C at 3.2 mm thickness are normal grades of poly(phenylene
sulphides) and polyether—imides and some flame-retardant-modified grades of
ABS, styrenic PPOs and poly(butylene terephthalates). Certain polycarbonate/
polyether—imides and polycarbonate/ABS grades even pass the test at the same
temperature but with thinner samples.

To simulate the effect of small flames that may result from faulty conditions
within electronic equipment, the JEC 695-2-2 Needle Flame Test may be used.
In this case a small test flame is applied to the sample for a specified period and
observations made concerning ability to ignite, extent of burning along the
sample, flame spread onto adjacent material and time of burning.



108 Relation of Structure to Chemical Properties

Table 5.15 Some collected UL94 flammability ratings

Polymer UL 94 Rating
Polycarbonate Lexan 101 V-2 at 1.04mm
Lexan 120* V-0 at 1.04 mm, 5VA at 3.05mm

Nylon 66
Polyphthalamide

Polysulphone
Polyethersulphone
Polybutylene terephthalate

Polyethylene terephthalate GF
PPO

Polyacetal

Polyphenylene sulphide GF
Liquid Xtal Polymer
Polyether—imide
Polyketones

ABS Standard Grades
ABS/polycarbonate alloy

Maranyl A100
Amodel AS-1133
Amodel AF-1145*
Udel P-1720
Victrex 200P
Pocan B1305
Pocan KL1-7835%
Pocan 4630*
Noryl N-110
Noryl N-190*
Delrin 500
Fortron grades
Vectra (30% GF)
Ultem 1000
PEEKK X941

Cycoloy C2800*

V-2

HB at 3.2mm

V-0 at 0.8 mm

V-0

V-0

HB at 0.84 mm

V-0 at 1.55mm

V-0 at 0.38 mm

HB at 1.65mm

V-0 at 1.52mm, 5VA at 3.12mm
HB

V-0 at 0.4 mm

V-0 at 0.4 mm

V-0 at 0.41 mm, 5VA at 1.60mm
V-0 at 0.8 mm

HB

V-0 at 1.50mm, 5VA at 2.50mm

* Indicates grade with flame retardant added.

Records show that more fatalities occur through victims being suffocated by
smoke or poisoned by toxic gases emitted during a fire than by being burnt to
death. This is particularly worrying when it is realised that many additives
incorporated into a polymer to retard its flammability are often found to increase
the amount of smoke emitted as the rate of flame propagation decreases. Most
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often the smoke emitted contains large amounts of carbon in the form of soot
which readily obscures light. For this reason, no programme of study of the fire
performance of a polymer or flame retardant additive should ignore studies on
smoke emission and smoke density. In addition the gases emitted during burning
should be subjected to chemical analysis and toxicological assessment.

One particularly widely used test is the National Bureau of Standards (NBS)
smoke chamber test. This provides a measure of the obscuration of visible light
by smoke in units of specific optical density. The NBS smoke test can be run in
either of two modes:

(1) Flaming, and
{2) Non-flaming (i.e. smouldering condition).

Figure 5.11 gives some comparative data for a selection of polymers subjected to
the flaming condition mode.
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Relation of Structure to Electrical and
Optical Properties

6.1 INTRODUCTION

Most plastics materials may be considered as electrical insulators, i.e., they are
able to withstand a potential difference between different points of a given piece
of material with the passage of only a small electric current and a low disstpation
energy. When assessing a potential insulating material, information on the
following properties will be required:

(1) Dielectric constant (specific inductive capacity, relative permittivity) over a
wide range of temperature and frequency.

(2) Power factor over a range of temperature and frequency.

(3) Dielectric strength (usually measured in V/0.001 in or kV/cm).

(4) Volume resistivity (usualty measured in lcm or {2 m).

(5) Surface resistivity (usually measured in ().

(6) Tracking and arc resistance.

Typical properties for the selection of well-known plastics materials are
tabulated in Table 6.1.

Some brief notes on the testing of electrical properties are given in the
appendix at the end of this chapter.

6.2 DIELECTRIC CONSTANT, POWER FACTOR AND STRUCTURE
The materials in Table 6.1 may be divided roughly into two groups:

(1) Polymers with outstandingly high resistivity, low dielectric constant and
negligible power factor, all substantially unaffected by temperature,
frequency and humidity over the usual range of service conditions.

(2) Moderate insulators with lower resistivity and higher dielectric constant and
power factor affected further by the conditions of the test. These materials
are often referred to as polar polymers.

110
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Table 6.1 Typical electrical properties of some selected plastics materials at 20°C

Polymer Volume Dielectric Dielectric constant Power factor
resistivity strength
(€2 m) (kV/cm) 60 Hz 10° Hz 60 H:z 10° Hz
(¢ in sample)

PTFE >10%° 180 2.1 2.1 <0.0003 | <0.0003
Polyethylene (LD) 0% 180 23 2.3 <0.0003 | <0.0003
Polystyrene 10%° 240 2.55 2.55 <0.0003 | <0.0003
Polypropylene >10" 320 2.15 2.15 0.0008 0.0004
PMMA 10'® 140 3.7 3.0 0.06 0.02
pPVvC 107 240 3.2 29 0.013 0.016
PVC (plasticised)® 10" 280 6.9 3.6 0.082 0.089
Nylon 66° 0% 145 4.0 34 0.014 0.04
Polycarbonate® 1013 160 3.17 2.96 0.0009 0.01
Phenolic? 10" 100 5.0-9.0 5.0 0.08 0.04
Urea formaldehyde? 10t 120 4.0 4.5 0.04 0.3

a PVC 59%, di-(2-ethylhexyl) phthalate 30%, filler 5%, stabiliser 6%.
b 0.2% water content.

¢ Makrolon.

d General purpose moulding compositions.

It is not difficult to relate the differences between these two groups to
molecular structure. In order to do this the structure and electrical properties of
atoms, symmetrical molecules, simple polar molecules and polymeric polar
molecules will be considered in turn.

An atom consists essentially of a positively charged nucleus surrounded by a
cloud of light negatively charged electrons which are in motion around the
nucleus. In the absence of an electric field, the centres of both negative and
positive charges are coincident and there is no external effect of these two
charges (Figure 6.1 (a)). In a molecule we have a number of positive nuclei
surrounded by overlapping electron clouds. In a truly covalent molecule the
centres of negative and positive charges again coincide and there is no external
effect.

If an atom or covalent molecule is placed in an electric field there will be a
displacement of the light electron cloud in one direction and a considerably
smaller displacement of the nucleus in the other direction (Figure 6.1 (b)). The
effect of the electron cloud displacement is known as electron polarisation. In
these circumstances the centres of negative and positive charge are no longer
coincident.
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Figure 6.1. (a) Atom not subject to external electric field. Centre of electron cloud and nucleus
coincident. (b) Electron cloud displacement through application of external electric field. (¢) Charged
condenser plates separated by vacuum. (d) Condenser plates separated by dielectric



112 Relation of Structure to Electrical and Optical Properties

Let us now consider a condenser system in which a massive quantity of a
species of atom or molecule is placed between the two plates, i.c., forming the
dielectric. The condenser is a device for storing charge. If two parallel plates are
separated by a vacuum and one of the plates is brought to a given potential it will
become charged (a conduction charge). This conduction charge will induce an
equal, but opposite charge on the second plate. For a condenser, the relationship
between the charge O and the potential difference V between the plates is given
by

Q=Cv ©.n

where the constant of proportionality C is known as the capacitance and is a
characteristic of a given condenser (see Figure 6.1 (c)).

If the slab of dielectric composed of a mass of atoms or molecules is inserted
between the plates, each of the atoms or molecules will be subject to electron
polarisation. In the centre of the dielectric there will be no apparent effect but the
edges of the slab adjacent to the metal plates will have a resultant charge, known
as a polarisation charge. Since the charge near each metal plate is of opposite
sign to the conduction charge, it tends to offset the conduction charge in
electrostatic effects (Figure 6.1 (d)). This includes the potential difference V
between the plates which is reduced when polarisation charges are present. In any
use of a condenser it is the conduction charge Q that is relevant and this is
unaltered by the polarisation. From equation (6.1) it will be seen that since the
insertion of a dielectric reduces the potential difference but maintains a constant
conduction charge the capacitance of the system is increased.

The influence of a particular dielectric on the capacitance of a condenser is
conveniently assessed by the dielectric constant, also known as the relative
permittivity or rarely specific inductive capacity. This is defined as the ratio of the
relative condenser capacity, using the given material as a dielectric, to the
capacity of the same condenser, without dielectric, in a vacuum (or for all
practical intents and purposes, air).

In the case of symmetrical molecules such as carbon tetrachloride, benzene,
polyethylene and polyisobutylene the only polarisation effect is electronic and
such materials have low dielectric constants. Since electronic polarisation may be
assumed to be instantaneous, the influence of frequency and temperature will be
very small. Furthermore, since the charge displacement is able to remain in phase
with the alternating field there are negligible power losses.

Many intra-atomic bonds are not truly covalent and in a given linkage one
atom may have a slight positive charge and the other a slight negative charge.
Such a bond is said to be polar. In a number of these molecules, such as carbon
tetrachloride, the molecules are symmetrical and there is no external effect. In the
case of other molecules, the disposition of the polar linkage is unbalanced, as in
the case of water (Figure 6.2).

In the water molecule, the oxygen atom has a stronger attraction for the
electrons than the hydrogen atoms and becomes negatively charged. Since the

-0
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+H H+

Figure 6.2
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angle between the O—H bonds is fixed (approx. 105 degrees) the molecule is
electrically unbalanced and the centres of positive and negative charge do not
coincide. As a consequence the molecule will tend to turn in an electric field. The
effect is known as dipole polarisation; it does not occur in balanced molecules
where the centres of positive and negative charge are coincident.

In the dielectric of a condenser the dipole polarisation would increase the
polarisation charge and such materials would have a higher dielectric constant
than materials whose dielectric constant was only a function of electronic
polarisation.

There is an important practical distinction between electronic and dipole
polarisation: whereas the former involves only movement of electrons the latter
entails movement of part of or even the whole of the molecule. Molecular
movements take a finite time and complete orientation as induced by an
alternating current may or may not be possible depending on the frequency of the
change of direction of the electric field. Thus at zero frequency the dielectric
constant will be at a maximum and this will remain approximately constant until
the dipole orientation time is of the same order as the reciprocal of the frequency.
Dipole movement will now be limited and the dipole polarisation effect and the
dielectric constant will be reduced. As the frequency further increases, the dipole
polarisation effect will tend to zero and the dielectric constant will tend to be
dependent only on the electronic polarisation (Figure 6.3). Where there are two
dipole species differing in ease of orientation there will be two points of
inflection in the dielectric constant—frequency curve.

The dielectric constant of unsymmetrical molecules containing dipoles (polar
molecules) will be dependent on the internal viscosity of the dielectric. If very hard
frozen ethyl alcohol is used as the dielectric the dielectric constant is
approximately 3; at the melting point, when the molecules are free to orient
themselves, the dielectric constant is about 55. Further heating reduces the ratio
by increasing the energy of molecular motions which tend to disorient the
molecules but at room temperature the dielectric constant is still as high as 35.

L0SS FACTOR ¢’—> DIELECTRIC CONSTANT ¢! —»

LOG (FREQUENCY)—b

Figure 6.3. The variation of dielectric constant €' and the loss factor €” with frequency. (After Frith
and Tuckett', reproduced by permission of Longmans, Green and Co. Ltd.)
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In addition to an enhanced dielectric constant dependent on temperature and
frequency, polar molecules exhibit quite high dielectric power losses at certain
frequencies, the maximum power loss corresponding to the point of inflection in
the dielectric constant—frequency curve (Figure 6.3). At very low frequencies, as
already mentioned, the dipole movements are able to keep in phase with changes
in the electric field and power losses are low. As the frequency is increased the
point is reached when the dipole orientation cannot be completed in the time
available and the dipole becomes out of phase. It is possible to have a mental
picture of internal friction due to out-of-step motions of the dipoles leading to the
generation of heat. Measures of the fraction of energy absorbed per cycle by the
dielectric from the field are the power factor and dissipation factor. These terms
arise by considering the delay between the changes in the field and the change in
polarisation which in turn leads to a current in a condenser leading the voltage
across it when a dielectric is present. The angle of lead is known as the phase
angle and given the symbol 0. The value 90— is known as the loss angle and is
given the symbol 8. The power factor is defined as cos 6 (or sin d) and the
dissipation factor as tan & (or cot 8). When 8 is small the two are equivalent. Also
quoted in the literature is the loss factor which is numerically the product of the
dissipation factor and the dielectric constant.

Atlow frequencies when power losses are low these values are also low but they
increase when such frequencies are reached that the dipoles cannot keep in phase.
After passing through a peak at some characteristic frequency they fall in value as
the frequency further increases. This is because at such high frequencies there is no
time for substantial dipole movement and so the power losses are reduced. Because
of the dependence of the dipole movement on the internal viscosity, the power
factor like the dielectric constant, is strongly dependent on temperature.

In the case of polar polymers the situation is more complex, since there are a
large number of dipoles attached to one chain. These dipoles may either be
attached to the main chain (as with poly(vinyl chloride), polyesters and
polycarbonates) or the polar groups may not be directly attached to the main
chain and the dipoles may, to some extent, rotate independently of it, e.g. as with
poly(methyl methacrylate).

In the first case, that is with dipoles integral with the main chain, in the
absence of an electric field the dipoles will be randoemly disposed but will be
fixed by the disposition of the main chain atoms. On application of an electric
field complete dipole orientation is not possible because of spatial requirements
imposed by the chain structure. Furthermore in the polymeric system the
different molecules are coiled in different ways and the time for orientation will
be dependent on the particular disposition. Thus whereas simple polar molecules
have a sharply defined power loss maxima the power loss—frequency curve of
polar polymers is broad, due to the dispersion of orientation times.

When dipoles are directly attached to the chain their movement will obviously
depend on the ability of chain segments to move. Thus the dipole polarisation
effect will be much less below the glass transition temperature, than above it
(Figure 6.4). For this reason unplasticised PVC, poly(ethylene terephthalate) and
the bis-phenol A polycarbonates are better high-frequency insulators at room
temperature, which is below the glass temperature of each of these polymers,
than would be expected in polymers of similar polarity but with the polar groups
in the side chains.

It was pointed out in Chapter 3 that the glass temperature is dependent on the
time scale of the experiment and thus will be allocated slightly different values
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Figure 64. Power factor—temperature curves for three polar polymers whose polar groups are
integral with or directly attached to the main chain. The rise in power factor above the glass transition
point is clearly seen in these three examples

according to the method of measurement. One test carried out at a slower rate
than in a second test will allow more time for segmental motion and thus lead to
lower measured values of the glass temperature. In the case of electrical tests the
lower the frequency of the alternating current the lower will be the temperature
at the maxima of the power factor—temperature curve and of the temperature at
the point of inflection in the dielectric constant—temperature curve (Figure

6.5).
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Figure 6.5. Electrical properties of poly(vinyl acetate) (Gelva 60) at 60, 120, 240, 500, 1000, 2000,
(Copyright 1941 by the American Chemical Society and reprinted by
permission of the copyright holder)
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Since the incorporation of plasticisers into a polymer compound brings about
a reduction in glass temperature they will also have an effect on the electrical
properties. Plasticised PVC with a glass temperature below that of the testing
temperature will have a much higher dielectric constant than unplasticised PVC
at the same temperature (Figure 6.6).
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Figure 6.6. Effect of temperature on the 1000Hz dielectric constant of stabilised poly(vinyl
chloride)—tritolyl phosphate systems.> (Copyright 1941 by the American Chemical Society and
reprinted by permission of the copyright holder)

In the case of polymer molecules where the dipoles are not directly attached
to the main chain, segmental movement of the chain is not essential for dipole
polarisation and dipole movement is possible at temperatures below the glass
transition temperature. Such materials are less effective as electrical insulators at
temperatures in the glassy range. With many of these polymers, e.g., poly(methyl
methacrylate), there are two or more maxima in the power factor—temperature
curve for a given frequency. The presence of two such maxima is due to the
different orientation times of the dipoles with and without associated segmental
motion of the main chain.

The above discussion in so far as it applies to polymers may be summarised
as follows:

(1) For non-polar materials (i.e. materials free from dipoles or in which the
dipoles are vectorially balanced) the dielectric constant is due to electronic
polarisation only and will generally have a value of less than 3. Since
polarisation is instantaneous the dielectric constant is independent of
temperature and frequency. Power losses are also negligible irrespective of
temperature and frequency.
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(2) With polar molecules the value of the dielectric constant is additionally
dependent on dipole polarisation and commonly has values between 3.0 and
7.0. The extent of dipole polarisation will depend on frequency, an increase
in frequency eventually leading to a reduction in dielectric constant. Power
factor-frequency curves will go through a maximum.

(3) The diclectric properties of polar materials will depend on whether or not the
dipoles are attached to the main chain. When they are, dipole polarisation
will depend on segmental mobility and is thus low at temperatures below the
glass transition temperatures. Such polymers are therefore better insulators
below the glass temperature than above it.

Finally mention may be made about the influence of humidity on the electrical
insulating properties of plastics. Once again the polymers may be classified into
two groups, those which do not absorb water and those which do. The non-
absorbent materials are little affected by humidity whereas the insulation
characteristics of the absorbent materials deteriorate seriously. These latter
materials are generally certain polar materials which all appear capable of
forming some sort of bond, probably a hydrogen bond, with water. Three reasons
may be given for the deleterious effects of the water.

(1) Tts higher electrical conductivity lowers the resistivity of the compound.

(2) Its higher dielectric constant raises the overall value of the polymer—water
mixture.

(3) lIts plasticising effect on some polymers which increases segmental mobility
and enhances the value of the dielectric constant of the polymer itself.

6.3. SOME QUANTITATIVE RELATIONSHIPS OF DIELECTRICS

There are a number of properties of molecules that are additive to a reasonable
approximation, i.e. the value of such a property of a given molecule is an
approximate sum of the values of the properties of either the atoms or bonds
present. It has been shown that the dielectric constant is related to some additive
properties and it is thus possible to make some estimate of dielectric properties
from consideration of molecular structure.

The total polarisation of a molecule in an electric field P is

P =Py +Py+Po (6.2)

where Py is the electronic polarisation
P, is the nuclear polarisation (considered to be negligible and hence
ignored in further discussion)
P the dipole or orientation polarisation
P itself is defined by the Clausius—Mosotti Equation

D-1\M
P=< )— (6.3)
D+27 p

where D is the dielectric constant
M is the molecular weight
p is the density
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It may be shown that for electron polarisation
Pg - inNag 6.4)

where N is the Avagadro number
o is the electron polarisability.

It has also been observed that

p (nZ—I)M 6.5
i n+2 P 6.5)

where 7 is the refractive index.

It is thus seen that for polymers in which polarisations other than electronic
ones are negligible (i.e. P = Pg) the dielectric constant is equal to the square of
the refractive index (Table 6.2).

Table 6.2

D n n?
Polyethelene 2.28 1.51 2.28
Polystyrene 2.55 1.60 2.56
PTFE 2.05 1.40 1.96
Polyisobutylene 2.30 1.51 2.28

Where dipole polarisation occurs it may be shown that

P = TN (6.6)
T \ sk

where . is the permanent dipole moment
K is the Boltzmann constant
T the absolute temperature

Hence
D-1\M u?
P= — =#nNag + iaN | — 6.7
D+2/ p 3KT

This expression is known as the Debye equation. It is therefore obvious that if
ag and p were to be additive properties then it would be possible to calculate the
dielectric constant from a knowledge of molecular structure.

Table 6.3 Refractions of some electron groups (measured by sodium D line)

Electron group Refraction Electron group Refraction
C—H 1.705 C=C 6.025
c—C 1.209 Cc—Cl 6.57
c=¢C 4.15 C—F 1.60
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Now Py is numerically equal to the molar refraction R which is an additive
property. It has been shown that R is a property which can be calculated by
adding the refractions of various electron groups. Six values for such partial
molar refractions are given in Table 6.3.

Assuming that in polyethylene the polarisation is solely electronic, that the
degree of polymerisation is r and that the repeating unit is as shown in Figure 6.7.

T

[ ]

H H
Figure 6.7

Then if M is the weight of the repeating unit

( ! ) —Mr =r[4R + 2R ] (6.8)
=7y _ _ .
0 C-H Cc-C

then for polyethylene of density 0.92 the calculated dielectric constant is equal to
2.27 (c.f. observed value of 2.28 + 0.01).

The calculated value for polypropylene (2.27) is also within the range of
observed values (2.15-2.30) but the calculated value for PTFE (1.7) is less than
the observed values of about 2.0.

The dipole moment of a molecule is another additive property since it arises
from the difference in electronegativity of two atoms connected by a double
bond. It should therefore be possible to associate a dipole moment with every
linkage. Eucken and Meyer* have suggested the following moments for various
linkages (in units of 107'® e.s.cm)

C—H 04 c—Cl 15
C—0 07 C=0 23
H—O 16

In each case the left-hand atom of the pair as written is the least electro—
negative. Since dipole moments have direction as well as magnitude it is
necessary to add the moments of each bond vertically. For this reason the
individual dipole moments cancel each other out in carbon tetrachloride but only
partially in chloroform. In other molecules, such as that of water, it is necessary
to know the bond angle to calculate the dipole moment. Alternatively since the
dipole moment of the molecule is measurable the method may be used to
compute the bond angle.

Computation of the dipole moment and hence the dielectric constant in
polymers becomes complex but consideration of the bond dispositions allows
useful qualitative prediction to be made.

6.4 ELECTRONIC APPLICATIONS OF POLYMERS

Whilst plastics materials have been associated with electrical and electronic
applications since the early days of the electrical industry, developments over the
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past 20 years have been particularly spectacular. Amongst applications that may
be mentioned are:

(1) Encapsulation of semiconductors. The usual material is epoxide resin (see
Chapter 26) and the preferred method transfer moulding. It has been
estimated that by 1980 annual production of such encapsulated parts
exceeded 10 billion units.

(2) Manufacture of semiconductors using lithographic techniques involving
either the selective degradaton or cross-linking of polymers with the
associated stages of etching, doping and passivation of the substrate using
the imaged protective coating or resist. Polymers used include cyclised
synthetic polyisoprene rubber and phenolic novolak resins.

(3) Printed circuit board component such as laminates, conformal coatings,
solder masks, masking tapes, component attachment adhesives, vibration
dampers and photoresists.

The technical requirements for such applications are highly specific, and the
technology is also highly specialised and beyond the scope of this book.

6.5 ELECTRICALLY CONDUCTIVE POLYMERS

For very many years it has been common practice to improve the electrical
conductivity of plastics and rubbers by the incorporation of certain additives like
special grades of carbon black. Such materials were important, for example, in
hospital operating theatres where it was essential that static charges did not build
up, leading to explosions involving anaesthetics.

During the past 30 years considerable research work has been undertaken that
has led to the appearance of electrically conducting polymers which do not
require the use of fillers. Most of the polymers produced in this work contain
conjugated double bonds and furthermore only become conductive when they
have been treated with oxidising or reducing agents; the process is referred to as
‘doping’. Such polymers are therefore of potential interest in such areas as
lightweight batteries, particularly for aerospace and medical applications.

The polymers which have stimulated the greatest interest are the poly-
acetylenes, poly-p-phenylene, poly(p-phenylene sulphide), polypyrrole and poly-
1.6-heptadiyne. The mechanisms by which they function are not fully
understood, and the materials available to date are still inferior, in terms of
conductivity, to most metal conductors. If, however, the differences in density are
taken into account, the polymers become comparable with some of the
moderately conductive metals. Unfortunately, most of these polymers also have
other disadvantages such as improcessability, poor mechanical strength,
instability of the doped materials, sensitivity to oxygen, poor storage stability
leading to a loss in conductivity, and poor stability in the presence of electrolytes.
Whilst many industrial companies have been active in their development
(including Allied, BSASF, IBM and Rohm and Haas,) they have to date remained
as developmental products. For a further discussion see Chapter 31.

6.6 OPTICAL PROPERTIES

In addition to the refractive index (already seen to be closely linked with
molecular structure) there are a number of other optical properties of importance
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with plastics materials.’ These include clarity, haze and birefringence, colour,
transmittance and reflectance.

In order to achieve a product with a high clarity it is important that the
refractive index is constant throughout the sample in the line of direction between
the object in view and the eye. The presence of interfaces between regions of
different refractive index will cause scatter of the light rays. This effect is easily
demonstrated when fine fillers or even air bubbles are incorporated into an
otherwise transparent polymer. Amorphous polymers free from fillers or other
impurities are transparent unless chemical groups are present which absorb
visible light radiation. Crystalline polymers may or may not be transparent,
dependent on a number of factors. Where the crystalline structures such as
spherulites are smaller than the wavelength of light then they do not interfere
with the passage of light and the polymer is transparent. This occurs with rapidly
quenched films of polyethylene. Where the structures formed are greater in
diameter than the wavelength of light then the light waves will be scattered if the
crystal structures have a different refractive index to that of the amorphous
regions. Since this property is dependent on density it follows that where the
crystalline and amorphous densities of polymers differ there will be a difference
in refractive index. In the case of thick polyethylene objects fast quenching is not
possible and as the spherulites formed have a significantly higher density (about
1.01) than the amorphous region (0.84—0.85) the polymer is opaque. In the case
of polypropylene the difference is less marked (crystal density = 0.94, amorphous
density = 0.85) (all in g/cm?) and mouldings are more translucent. With poly(4-
methylpent-1-ene) amorphous and crystal densities are similar and the polymer
is transparent even when large spherulites are present.

As the polarity across a molecule is different from the polarity along its length
the refractive index of crystal structures depends on the direction in which it is
measured (the crystal is said to be birefringent). Light scatter will then occur at
the interface between structures aligned in different directions. By biaxial
stretching, the crystal structures will be aligned into planes so that light travelling
through films so oriented will pass through in a direction generally at right angles
to the direction of the molecule. These light waves will thus not be affected by
large changes in refractive index and the films will appear transparent. This
phenomenon has been utilised in the manufacture of biaxially oriented
polypropylene and poly(ethylene terephthalate) films of high clarity.

For transparent plastics materials transparency may be defined as the state
permitting perception of objects through or beyond the specimen. It is often
assessed as that fraction of the normally incident light transmitted with deviation
from the primary beam direction of less than 0.1 degree.

Some polymers, although transparent, may have a cloudy or milky appearance,
generally known as haze. It is often measured quantitatively as the amount of
light deviating by more than 2.5 degrees from the transmitted beam direction.
Haze is often the result of surface imperfections, particularly with thin films of
low-density polyethylene.

When light falls on a material some is transmitted, some is reflected and some
absorbed. The transmittance is the ratio of the light passing through to the light
incident on the specimens and the reflectance the ratio of the light reflected to the
light incident. The gloss of a film is a function of the reflectance and the surface
finish of a material. Where transmittance and reflectance do not add up to unity
then some of the light waves are absorbed. This does not usually occur uniformly
over the visible spectrum but is selective according to the chemical structures
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present. The uneven absorption of incident light results in the material being
coloured. Comparatively few groupings present in commercial polymers are
affected by visible radiation and so in the absence of impurities polymers are
often water-white. Two important instances of the presence of colour-forming
groups in polymers occur in the curing of novolak resins and in the
dehydrochlorination of PVC. Although coloured polymers have been produced
by the deliberate use of monomers containing chromophoric groups it is
generally desirable to have a water-white polymer which may then be given any
desired colour by the appropriate addition of dyes or pigments.

APPENDIX—ELECTRICAL TESTING

In recent years test methods have been largely standardised by the International
Electrotechnical Commission (IEC) in close collaboration with the International
Standards Organisation (ISO). The most important tests are:

(1) Dielectric Strength IEC 243~-1. This is a measure of the dielectric breakdown
resistance of a material under an applied voltage. The applied voltage just
before breakdown is divided by the specimen thickness to give the value in
kV/mm. Since, however, the result depends on the thickness this should also
be specified.

(2) Volume Resistivity IEC 93 (ASTM D257). This is the electrical resistance
when an electrical potential is applied between the opposite faces of a unit
cube of material. It is usually measured in ohm.cm.

(3) Surface Resistivity IEC 93 (ASTM D257). If an insulating material is
subjected to a voltage, some portion of the resulting current will flow along
the surface if there is another conductor or ground attached to the same
surface. Surface resistivity is a measure of the ability to resist that surface
current. It is the resistance when a direct voltage is applied between two
surface-mounted electrodes of unit width and unit spacing. The value is
expressed in ohms.

(4) Relative Permittivity IEC 250. The term relative permittivity is currently
more commonly used than the term ‘dielectric constant’ used by the author
and most of the references quoted in this chapter. As explained in this
chapter, it is a ratio and thus dimensionless.

(5) Dissipation factor (loss tangent) IEC 250. As explained in the chapter, this is
the tangent of the dielectric loss angle and is now more commonly used than
the power factor, which is the sine of the loss angle. When the angle is small
the two are almost identical (e.g. for a loss angle of 10° the difference is
about 1.5%).

(6) Comparative Tracking Index IEC 112. The tracking index is the relative
resistance of electrical insulating materials to tracking when the surface is
exposed—under electrical stress—to contaminants containing water. In the
basic test the comparative tracking index (CTI) is defined as the maximum
voltage at which no failure occurs on exposure to 50 drops of ammonium
chloride in water in a standardised test rig.

(7) Arc Resistance ASTM D495. When an electric current is allowed to travel
across the surface of an insulator the surface will become damaged over time
and become more conductive. The arc resistance is a measure of the time (in
seconds) required to make an insulating surface conductive under a high-
voltage, low-current arc.
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Additives for Plastics

7.1 INTRODUCTION

The bulk properties of a polymer can often be altered considerably by the
incorporation of additives. Probably the most well-known examples of this occur
in rubber technology where variations in the choice of additives can produce such
widely differing products as tyres, battery boxes, latex foam upholstery, elastic
bands and erasers. It is also possible to achieve variations as extensive as this
amongst plastics materials, in particular with PVC from which rigid rainwater
piping, baby pants, conveyor belting, footballs and domestic insulating flex may
all be prepared.

In some cases an additive may be encountered in a variety of polymers for a
wide range of end uses, for example certain antioxidants. In other instances the
additive may be very specific to a certain polymer for a particular end use.

Physically, additives may be divided into four groups, solids, rubbers, liquids
and gases, the last of these being employed for making cellular polymers. In
terms of function there are rather larger numbers of groups, of which the
following are the most important:

(1) Fillers.

(2) Plasticisers and softeners.

(3) Lubricants and flow promoters.
(4) Anti-aging additives.

(5) Flame retarders.

(6) Colorants.

(7) Blowing agents.

(8) Cross-linking agents.

(9) Ultraviolet-degradable additives.

In general, additives should have the following features unless by virtue of their
function such requirements are excluded:

(1) They should be efficient in their function.
(2) They should be stable under processing conditions.

124
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(3) They should be stable under service conditions.

(4) They should not bleed or bloom.

(5) They should be non-toxic and not impart taste or odour.

(6) They should be cheap.

(7) They should not adversely affect the properties of the polymer.

Most of the above requirements are self-explanatory but the phenomena of
bleeding and blooming require some discussion. Bleeding of an additive into an
adjacent material occurs when the additive has a degree of solubility in the
polymer into which it is incorporated and also in the adjacent material, which
could be liquid or solid. Such bleeding could colour or otherwise contaminate the
adjacent material. When conditions causing bleeding are fulfilled the rates of
bleeding will be covered by the laws of diffusion. It will therefore depend on the
size of the ‘holes’ in the polymer, and on the size of the diffusing molecules and
on the concentration of these molecules in the original polymer. It is not
surprising to find that bleeding is much more extensive from polymers which are
above their T, (and melting point T, if crystalline) than from polymers below
this temperature. It is also quite common practice to replace small molecules,
with a propensity to bleed, with larger molecules of similar structure in order to
reduce the effect.

Blooming is a separate phenomenon but is again associated with solubility. It
occurs when an additive has totally dissolved in the polymer at the processing
temperature but is only partially soluble at ambient temperature. As a result some
of the additive is thrown out of solution on cooling and some of this may collect
on the surface of the polymer mass. If the additive is only partially soluble at the
processing temperature the residual material may form nuclei around which the
additive molecules, which are thrown out of solution, can congregate so that
much less of the additive will bloom on to the surface. It is also possible that
another additive might form suitable nuclei in each of the two above instances.
Blooming will not occur either if the additive is totally insoluble at processing
temperature or if it is totally soluble at room temperature. It should be pointed out
that solubility should be considered with respect to the polymer compound as a
whole, including, for example, plasticisers and lubricants and not just to the
polymer itself.

Table 7.1 summarises the blooming expectancies of additives in polymer
compounds but it should be stressed that there may be exceptions to these very
general rules.

Table 7.1 Blooming in polymer compounds

Example Concentration Solubility at Solubility at Expected effect
of additive ambient processing
temperature temperature
1 x 0 0 No blooming
2 X <X <x No blooming
3 X <x >x Blooming unless nucleated
in situ by another additive
4 x >X >x No blooming
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7.2 FILLERS

The term filler is usually applied to solid additives incorporated into the polymer
to modify its physical (usually mechanical) properties. Air and other gases which
could be considered as fillers in cellular polymers are dealt with separately. A
number of types of filler are generally recognised in polymer technology and
these are summarised in Figure 7.1.

FILLERS
PARTICULATE RUBBERY RESINS FIBROUS COR
FILLERS FILLERS ] FILLERS ORK
REINFORCING NON- NON- RANDOM,
FILLERS REACTIVE REACTIVE e.g. WOOD FLOUR,
WHISKERS
INERT FILLERS REACTIVE REACTIVE LAMINAR

ORGANIC INORGANIC

Figure 7.1. Classification of fillers in polymer compounds

Particulate fillers are divided into two types, ‘inert’ fillers and reinforcing
fillers. The term inert filler is something of a misnomer as many properties may
be affected by incorporation of such a filler. For example, in a plasticised PVC
compound the addition of an inert filler will reduce die swell on extrusion,
increase modulus and hardness, may provide a white base for colouring, improve
electrical insulation properties and reduce tackiness. Inert fillers will also usually
substantially reduce the cost of the compound. Amongst the fillers used are
calcium carbonates, china clay, talc, and barium sulphate. For normal uses such
fillers should be quite insoluble in any liquids with which the polymer compound
is liable to come into contact.

It is important to stress that with each chemical type of filler a number of
grades are usually available. Such grades may differ in the following ways:

(1) Average particle size and size distribution.
(2) Particle shape and porosity.

(3) Chemical nature of the surface.

(4) Impurities such as grit and metal ions.

When employed in elastomeric systems it is commonly observed that the finer
the particle size the higher the values of such properties as tensile strength,
modulus and hardness. Coarser particles will tend to give compounds less strong
than compounds with the filler absent, but if the particle size is sufficiently fine
there is an enhancement in the above-mentioned properties (at least up to an
optimum loading of filler) and the phenomenon is known as reinforcement. The
particle shape also has an influence; for example, the somewhat plate-like china
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clay particles tend to be oriented during processing to give products that are
anisotropic. Other particles tend to have an uneven surface and are difficult to
wet with polymer whilst others are porous and may absorb other additives and
render them ineffective.

The chemical nature of the surface can have a vital effect. Mineral fillers often
have polar groups, for example hydroxyl groups, on the surface which render
them attractive to water but not to organic polymer. To improve the wetting of
polymers to fillers and hence obtain better products mineral fillers are often
treated. For example, calcium carbonate may be treated with stearic acid, the acid
group attaching itself to the filler particles whilst the aliphatic chain is compatible
with the polymer. Some clays are amine-treated whilst others are coated with a
glycol or similar product. Besides improved wetting such treatment can have a
second function. Surface hydroxyl groups tend to H-bond to other additives such
as antioxidants and some cross-linking components, making them ineffective.
Preferential absorption by a less expensive additive such as a glycol can give
much improved results. The most recent developments are coupling agents such
as certain silanes which in effect form a polymer shell around the surface of the
particle and improve the wetting to the main polymer. These are discussed further
in the next section.

Impurities in mineral fillers can have serious effects. Coarse particles (grit) will
lead to points of weakness in soft polymers which will therefore fail under stresses
below that which might be expected. Traces of copper, manganese and iron can
affect the oxidative stability whilst lead may react with sulphur-containing
additives or sulphurous fumes in the atmosphere to give a discoloured product.

Reinforcing particulate fillers are effective primarily with elastomers although
they can cause an increase in tensile strength with plasticised PVC. Pure gum
styrene—butadiene rubber (SBR) vulcanisates have tensile strengths of about
3 MPa. By mixing in 50 phr of a reinforcing carbon black the tensile strength can
be increased to over 20 MPa. In a crystalline rubber such as natural rubber such
large increases in tensile strength are not observed but as with SBR an increase
in modulus, tear resistance and abrasion resistance can be seen. It is often found
that a property such as tensile strength usually goes through a maximum value
with change in carbon black loading. At first the increase in polymer—black
interfacial area is the dominating effect but if the black concentration becomes
too high the diminishing volume of rubber in the composite is insufficient to hold
the filler particles together. In general reinforcement appears to depend on three
factors:

(1) An extensity factor—the total amount of surface area of filler per unit
volume in contact with the elastomer.

(2) An intensity factor—the specific activity of the filler—polymer interface
causing chemical and/or physical bonding.

(3) Geometrical factors such as structure (aggregation) and porosity of the
particles.

For equivalent particle size the carbon blacks are the most powerful reinforcing
fillers. However, fine particle size silicas can be very useful in non-black
compounds whilst other fillers such as aluminium hydroxide, zinc oxide and
calcium silicate have some reinforcing effect.

Rubbery materials are often incorporated into rigid amorphous thermoplastics
to improve their toughness but it is a moot point whether or not they should be



128 Additives for Plastics

referred to as rubbery fillers. Attempts were made in Chapter 3 to explain the
mechanism by which such materials functioned. Well-known examples are SBR
and polybutadiene in polystyrene, butadiene—acrylonitrile rubbers in PVC and
ethylene—propylene rubbers in polypropylene. These materials will be discussed
further in the appropriate chapters.

Whilst the plastics technologist may incorporate rubber into his resins or
plastics materials the rubber technologist often incorporates synthetic resins or
plastics into his rubbers. Butadiene—styrene resins containing at least 50%
styrene may be blended with rubber to produce compounds for shoe soling and
for making car wash brushes. Phenolic resins which have a low viscosity at
processing temperatures may enhance the flow and hence processability of
rubber compounds but during the vulcanisation of the rubber will simultaneously
cross-link, leading to a comparatively rigid product.

Fibrous fillers have been long used in plastics materials. Wood flour, cotton
flock, macerated fabric, macerated paper and short lengths of synthetic organic
fibres such as nylon can improve the impact strength and often the rigidity and
toughness of moulding compositions. Inorganic fibres such as asbestos and glass
fibre are also used in moulding compositions, both thermoplastic and
thermosetting, where heat resistance and strength respectively are required. More
recently, chopped carbon fibre and whiskers (single crystals of high length—
diameter ratio of very high strength) have been used for highly specialised
purposes.

Fibrous fillers are often embedded in a laminar form. The fibres used have
higher moduli than the resins in which they are embedded so that when the
composite of resin plus fibre is strained in the plane of the fibrous layer the bulk
of the stress is taken up by the fibre. This results in an enhancement of both
strength and modulus when compared with the unfilled resin.

As a general rule woven fabrics give higher figures for strength and moduli
than papers and mats, an exception occurring with asbestos mats. Of the woven
fabrics in common use, those from glass fibres suitably treated to ensure good
wetting give the highest strength. Exceptionally high tensile strengths can
sometimes be obtained using carbon fibres but the resulting laminates have a low
interlaminar strength. Attempts to improve on this by stitching between layers
with carbon fibre have been described. Fibrous fillers are dealt with in further
detail in the chapters on phenolics, aminoplastics and polyesters.

7.2.1 Coupling Agents

A filler cannot be used to best advantage in a polymer unless there is good
adhesion between them. In particular the filler particle—polymer interface will
not be stress-bearing and therefore provides a point of mechanical weakness.

One way of improving the adhesion between polymer and filler is to
improve the level of wetting of the filler by the polymer. One approach, which
has been used for many years, is to coat the filler with an additive that may be
considered to have two active parts. One part is compatible with the filler, the
other with the polymer. Probably the best known example is the coating of
calcium carbonate with stearic acid. Such coated or ‘activated’ whitings have
been used particularly with hydrocarbon rubbers. It is generally believed that
the polar end attaches itself to the filler particle whilst the aliphatic
hydrocarbon end is compatible with the rubbery matrix. In a similar manner
clays have been treated with amines.
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A much more positive attempt to increase the adhesion between polymer and
filler was to link them by covalent bonds using coupling agents. The earliest of
these were the methacrylato-chrome chloride coupling agents introduced in the
mid-1940s. These materials were used primarily in conjunction with glass fibres
and marketed as Volan or, later, Volan A treatments for use in polyester-glass
reinforced plastics. They were believed to react as shown in Figure 7.2. Chemical
bonding to the surface of the glass fibre occurs through Cr—O—Si links.
Bonding to the unsaturated polyester resins occurs via a polymerisation reaction
involving double bonds in the polyester, in styrene monomer present as diluent
and in the methacrylato groups present in the coupling agent. Reaction is also
sometimes possible with saturated polymers via the hydroxyl, CrCl, CrOH and
carboxyl groups that are present.

CH,=C—CH, CH,=C—CH, CH,=C—CH, CH,=C—CH,
C C C C
& > = =
0” o 0oZ o HO o o o SSo
N et N e A S
T, I T, T Vv —Lr, r— —Lr, r— A
ca” No” Sa o Do Na ‘\o" |\0/‘
H H o H o o H o
OH OH OH OH | I l
| | | 1
Glass fibre surface Glass surface

Figure 7.2

The appearance of the methacrylato-chrome chloride treatments was soon
followed by glass fibre treatments involving silanes. One of the first such
materials was vinyltrichlorsilane. As can be seen in Figure 7.3 these are joined
to the glass via Si—O—Si (siloxane) linkages. As with the chrome complexes
the coupling agent may then be linked to an unsaturated polyester resin via the
unsaturated vinyl group.

CH=CH, |CH = CH,
Cl—Si—Cl Cl—Si—Cl _ HC =CH, CH=CH,

| |

Cl Cl —0—Si—0 —Si—0—
I |

OH OH (0] O

| I | l

Glass surface Glass surface
Figure 7.3

For the first few years after their introduction the main use for coupling agents,
and one of continuing great importance, was for coupling glass fibre to polyester
laminating resins. In due course coupling agents were developed to increase the
adhesion of other polymers to glass fibres and, later, to other fillers, particularty
particulate fillers and even to other types of additives. For example silane
coupling agents with epoxy or amino functional groups were used to couple glass
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fibre to epoxide resins and, in some cases phenolics. Coupling agents with
mercaptan groups were used in conjunction with diene rubbers. A number of
silanes, including some of the above, were also introduced for use with
thermoplastics. In many cases the materials were non-reactive but the presence
of saturated alkyl, haloalkyl, aryl or haloaryl groups, for example, improved the
level of wetting, and hence the adhesion, between polymer and glass fibre. It is
a debatable point as to whether such materials should be referred to as coupling
agents in these circumstances since covalent bonding to the polymer does not
occur. Nevertheless examples of this type are included in Table 7.2, which lists
some examples of coupling agents.

Table 7.2 Examples of silane coupling agents

Name Composition Used with
1. Trichlorovinyisilane CH,== CH—5iClL Polyester
2. Triethoxyvinylsilane CH,== CH—Si —(OCH,), Polyester
3. vy-Glycidoxypropyl- 0 Polyester
trimethoxysilane 7N . Epoxide
CH, —CH — O— (CH,), — Si — (OCH,),
M/F
P/F
4. y-Aminopropyltrimethoxysilane HN— (CH), — Si — (OCH,), Epoxide
M/F
P/F
5. [B-(3,4-Epoxycyclohexyl)- CH, — CH, — Si — (OCH,), Polyester
ethyl]trimethoxysilane o Epoxide
Polycarbonate
6. vy-Mercaptopropyl- HS — (CH,), — Si — OCH,), Diene rubbers
trimethoxysilane
7. Trichloromethoxysilane CH,—— §i —Cl,
8. Trimethoxyphenylsilane @—&—(OCHQK

It is perhaps worthwhile observing at this point that it is quite feasible to
couple a chemical onto the surface of a material such as glass to reduce wetting
and hence the level of adhesion by a polymer by incorporating some group
incompatible with or even repellent to the polymer.

In the 1960s and 1970s development with coupling agents was extended to use
with particulate fillers, in particular silicas, silicates and clays for use in rubber
compounds. One useful feature was that the coupling agent could be added
during the rubber compounding stage when rubber, filler and other additives
were being mixed together. Later, attention turned to fillers in PVC, hydrated
alumina fire retarders in unsaturated polyester resins and to fillers such as
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calcium carbonate in polypropylene. More recently there has been interest in
titanium coupling agents. The most important of these have the general form

(RO),—Ti—(0OX—R—Y),

typified by isopropyl tri(dioctyl pyrophosphate) titanate:

CH, 0 O OCGH,
I [V
CH—O —Ti—+0—P—0O—P
' AN
CH, OH OC,H,, |,

Use of as little as 0.1% of materials of this type on the total formulation can, it
is claimed, significantly reduce the viscosity of filled PVC plastisols (see Chapter
12). It is also claimed that when used in polypropylene or high molecular weight
polyethylene a “70% loading of titanium-treated calcium carbonate filler gives a
product with an impact strength some 7.5 times greater than obtained with
untreated polymer’. In addition to improving impact strength the flow properties
of the melts of filled polymers are also claimed to be improved. Thus it is
reported that a 90% loading of a titanium-treated ferric oxide in polypropylene
had similar flow properties to an unfilled polymer.

Another interesting innovation is that developed by the Malaysian Rubber
Producers Research Association. In this case the coupling agent is first joined to
a natural rubber molecule involving an ‘ene’ molecular reaction. The complex
group added contains a silane portion which subsequently couples to filler
particles when these are mixed into the rubber.

7.3 PLASTICISERS AND SOFTENERS

It has been common practice to blend plasticisers with certain polymers since the
early days of the plastics industry when Alexander Parkes introduced Parkesine.
When they were first used their function was primarily to act as spacers between
the polymer molecules. Less energy was therefore required for molecular bond
rotation and polymers became capable of flow at temperatures below their
decomposition temperature. It was subsequently found that plasticisers could
serve two additional purposes, to lower the melt viscosity and to change physical
properties of the product such as to increase softness and flexibility and decrease
the cold flex temperature (a measure of the temperature below which the polymer
compound loses its flexibility).

Today plasticisers are used in a variety of polymers such as polyvinyl acetate,
acrylic polymers, cellulose acetate and, most important of all, poly(vinyl
chloride).

It was pointed out in Chapter 5 that plasticisers were essentially non-volatile
solvents. Consequently they were required to have solubility parameters close to
that of the polymer and a molecular weight of at least 300. If the polymer or the
plasticisers had a tendency to crystallise then there would need to be some sort
of specific interaction between the polymer and the plasticiser. Tables 5.4 and 5.6
gave some figures for the solubility parameters of polymers and plasticisers.
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Of particular interest is the fact that two plasticisers of similar molecular
weight and solubility parameter can, when blended with polymers, lead to
compounds of greatly differing properties. Many explanations have been offered
of which the most widely quoted are the polar theory and the hydrogen bonding
theory.

The polar theory suggests that plasticisers do not simply act as spacers but
form links, albeit possibly momentary, with the polymer molecules. Dipole
interaction is said to occur between a polar group on the polymer molecule,
for example a chlorine atom forming part of a carbon—chlorine dipole, and a
polar group on the plasticiser, for example an ester group. Where there are
links from the plasticiser to two or more molecules a form of polar cross-
linking occurs. Some molecules not only contain polar groups but may also
contain polarisable groups such as benzene rings which reinforce the polar
linkage. A range of plasticisers therefore exist which have varying degrees of
polarity and polarisability. It is suggested that it is this difference that accounts
for the different effects of the highly polar and highly polarisable tritolyl
phosphate and the less polar diotyl sebacate when used as plasticisers in PVC.
The stronger linking of the phosphate tends to affect the spacing effect of a
plasticiser so that the resultant compounds have a greater modulus and
hardness and higher cold flex temperature than would be expected through a
spacing effect alone. With a sebacate the spacing effect is much less offset by
any polar linking.

Doubts have been cast as to whether differences in polarity could account for
such extensive differences in properties and the hydrogen bonding theory is
preferred by many. This suggests that links between plasticiser and polymer are
through hydrogen bonds. In the case of PVC the hydrogen on the same carbon
as the chlorine atom is activated so that the polymer molecule acts as a proton
donor. Certain chemical groups in plasticiser molecules are proton acceptors. In
general, phosphates are strong acceptors as also are esters and ethers. Aromatic
esters are more powerful acceptors than aliphatic ethers. The intermediate
position of general purpose phthalates compared to phosphates and sebacates can
be seen in this context.

In the rubber industry hydrocarbon oils are often used to reduce the softness
and facilitate the processing of hydrocarbon rubbers. These appear to have a
small interaction with the polymer but spacing effects predominate. Such
materials are generally referred to as softeners. The rubber industry, like the
plastics industry, commonly uses the term plasticisers to describe the phthalates,
phosphates and sebacates which are more commonly used with the more polar
rubbers.

It has already been mentioned in Chapter 5 that plasticisers are often replaced
in part by extenders, materials which in themselves are not plasticisers but which
can be tolerated up to a given concentration in a polymer—plasticiser system.
Refinery oils and chlorinated waxes are widely used in PVC for this purpose with
the prime aim of reducing cost although the chlorinated waxes may also be of use
as flame retardants (q.v.).

7.4 LUBRICANTS AND FLOW PROMOTERS

The term lubricant or lubricating agent is often encountered to describe certain
additives incorporated into plastics materials. There are, however, various types
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of lubricants with varying functions and it is important to distinguish between
them. The three main types are:

M

@

3

Materials which reduce the friction of mouldings and other finished products
when these are rubbed against adjacent materials which may or may not be
of the same composition. The most well-known examples here are graphite
and molybdenum disulphide used in quantities of the order of 1-2% in
nylons and other thermoplastics used in gear and bearing applications.
Materials which during processing exude from the polymer composition to
the interface between the molten polymer and the metal surfaces of the
processing equipment with which they are in contact. The resultant thin film
layer then helps to prevent the plastics composition from sticking to the
machinery and thus in the normal way facilitates processing. Such materials,
known commonly as external lubricants, have a low compatibility with the
polymer and in addition often possess polar groups to enhance their affinity
to metals. The choice of lubricant will depend not only on the type of
polymer but also on processing temperatures involved. With PVC typical
external lubricants are stearic acid and its calcium, lead, cadmium and
barium salts, myristic acid, hydrocarbons such as paraffin wax and low
molecular weight polythene and certain esters such as ethyl palmitate.

Because by their very nature these materials exude from the polymer mass
during processing, problems can occur in their use, particularly if employed
to excess (1% is a common maximum figure for PVC external lubricants
although in some cases it may be less). For example, the exudation may
contain traces of other additives such as colorants which contaminate, colour
or stain the processing equipment and hence contaminate subsequent batches
of material being processed. This is most common under conditions of high
shear and/or pressure such as occurs in high-speed calendering and in the
head of an extruder. The presence of such lubricants may also affect clarity
and haze of sheet and the ability to print on to or heat seal such sheet. A
further possible problem occurs when gelling PVC but this phenomenon will
be considered in Chapter 12.

The choice of lubricant for a particular composition and process can be
quite critical but beyond stating that such materials will normally be fluid at
processing temperature and should have a solubility parameter at least
3 MPa!/ different from the polymer, little further fundamental guidance can
be given and selection is normally made by an empirical trial and error
basis.

The third group of lubricants comprise low molecular weight materials
which promote the flow of the polymer in the melt but which unlike
plasticisers have little effect on the solid state properties—the term internal
lubricant has been applied here. Some external lubricants appear also to
function as internal lubricants but for this function incompatibility is not a
requirement and may be a disadvantage. Amongst internal lubricants used for
PVC are amine waxes, montan wax ester derivatives, glyceryl esters such as
glyceryl monostearate and long chain esters such as cetyl palmitate. As with
external lubricants the choice and amount of lubricant can be highly critical
and tests on laboratory scale equipment may well not reflect behaviour on
full scale plant.

It has been seen that internal lubricants are essentially low molecular
weight flow promoters which, unlike plasticisers, have little effect on the
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finished polymer. This realisation has led to the search for other materials,
quite different from traditional lubricant-like chemicals, which might
function in a similar way with perhaps additional desirable features being
conferred on the polymer. This has led to a number of polymeric flow
promoters being introduced, particularly for PVC. These materials generally
have similar solubility parameters to the base polymer but are much lower in
viscosity at processing temperature although not necessarily much softer at
room temperature. In some cases, however, the additives are somewhat
rubbery whilst in other instances, and as with the use of phenolic resin in
natural and syathetic rubbers, cross-linking of the flow promoter during
moulding can result in an increase in hardness. Polymeric flow promoters
have been developed to the greatest extent for unplasticised and often
transparent PVC compounds and include certain ethylene—vinyl acetate
copolymers, styrene—acrylonitrile copolymers, styrene-—methyl methacrylate
copolymers and chlorinated polyethylenes. It is interesting that other
polymers in these and related classes which are somewhat less compatible
with PVC are often used as impact modifiers, i.e. to enhance impact strength,
for PVC compositions.

7.5 ANTI-AGING ADDITIVES

The properties of most plastics materials change with the passage of time and
usually in an adverse manner. These property changes are a result of structural
modifications of which there are four main types:

(1) Chain scission—resulting in a loss in strength and toughness.

(2) Cross-linking which may lead to hardening, brittleness and changes in
solubility.

(3) Development of chromophoric groups leading to colour formation.

(4) Development of polar groups such as carbonyl groups in polyolefins causing
a deterioration in electrical insulation properties and also changes in
chemical activity.

Such structural changes are a consequence of chemical reactions of which the
most common are oxidation, ozone attack, dehydrochlorination and ultraviolet
attack. (Reactions due to high-energy radiation or to high temperature are not
considered here as causing natural aging.) Over the years many materials have
been introduced as antioxidants, antiozonants, dehydrochlorination stabilisers
and ultraviolet absorbers—originally on an empirical basis but today more and
more as the result of fundamental studies. Each of these additive types will be
considered in turn.

7.5.1 Antioxidants

The oxidation of hydrocarbons, including hydrocarbon polymers, takes the form
of a free-radical chain reaction. As a result of mechanical shearing, exposure of
ultraviolet radiation, attack by metal ions such as those of copper and manganese
as well as other possible mechanisms, a hydrocarbon molecule breaks down into
two radicals

R—-R—> 2R (7.1)
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Such hydrocarbon radicals (R ») rapidly combine with oxygen to form a peroxide
radical

R+ + 0, L5 RO,» (7.2)

Such a radical will then react with a hydrocarbon by the following propagation
reaction

RO,* + RH =2 ROOH + R+ (1.3)

Whilst the R+ radical again reacts as in equation (7.2) the hydroperoxide may
decompose by the following mechanisms

ROOH— RO+ + « OH ‘ (7.4a)
2ROOH -» RO« + RO, + H,0 (7.4b)

or react as follows
ROOH + RH &% RO« + R« + H,0 (7.4¢)

Reactions (7.2), (7.3) and (7.4) form a series of chain reactions, with reaction
(7.3) the rate-determining stage. The chain reaction terminates by the reactions

2R0O,+ — Non-radical product (7.5a)
RO,* + R+ —» RO,R (7.5b)
R« + R* > R-R (7.5¢)

It will be seen that reactions (7.5b) and (7.5c¢) if they occur more than once per
hydrocarbon molecule (radical) will lead to chain extension and, if on average
more than twice, to cross-linking. ’

It is also possible that reactions may occur which cause decomposition of the
peroxide radicals by reactions of schematic form

RO,+ — Breakdown products (7.6)
RO+ — Breakdown products

Whether decomposition or cross-linking occurs is therefore a function of both
the polymer type and the environmental conditions. If an antioxidant is to
function it must interrupt the above reaction sequence. It is usual to recognise
two types of antioxidant:

(1) Preventive antioxidants which prevent the formation of radicals by reactions
(7.1) and (7.3).

(2) Chain-breaking antioxidants which interrupt the propagation cycle by
reacting with the radicals Re and RO,e, introducing new termination
reactions.

In addition, other additives may exist which react with Re and RO, ¢, introducing
new propagation reactions which lead to a slower chain reaction. Such materials
would be referred to as oxidation retarders.
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In the past the greatest attention has been paid to the chain-breaking
antioxidants and oxidation retarders of general structure AH, which may function
in the following ways.

AH + O —— A+ + HO,» 17
AH + RO+ — A+ + ROOH (7.82)
A+ + RH 25 AQ,H + RO, (7.8b)
A — > A-A (7.92)
A+ + RO,» — AOOR (7.9b)

Reaction (7.7) is largely pro-oxidant; reactions (7.8a) and (7.8b) are
propagation reactions and reactions (7.9a) and (7.9b) termination reactions. For
chain breaking, reactions (7.8a), (7.9a) and (7.9b) should be preferred. In cases
where reaction (7.8a) is preferred to reaction (7.3) and when (7.8b) is rate
determining it is possible for the material to be an effective oxidation
retarder.

It will be noticed that with chain-breaking antioxidants the additive will be
consumed whilst if we assume that the AO,H molecule will regenerate Ae
radicals the oxidation retarder is not effectively consumed. The difference
between the two is illustrated schematically in Figure 7.4.

OXYGEN UPTAKE OF POLYMER —»

TIME ——»~

Figure 7.4. Schematic relationship showing effect of pro-oxidants, antioxidants and oxidation
retarders on the oxygen uptake of a polymer

The shape of the ‘curves’ is of some interest. An induction period is noted
during which no oxygen uptake, i.e. oxidation, is observed. At the end of this
induction period, when in effect antioxidant moieties have been consumed,
oxygen uptake is rapid unless some retardation mechanism is at work.



Table 7.3 Main types of chain-breaking antioxidants

Class Example Staining Comments
Amines
Ketone—amines Acetone—diphenylamine and acetone—aniline  (I) Yes Main use in rubber compounds for good heat aging.
Aldehyde—amines Aldol-naphthylamines Yes Not often used. Possibilities of carcinogenic hazard with some types.
Phenylnaphthylamines N-Phenyl-f-naphthylamine (ITy Yes Once widely used in rubber industry because of good all-round
effect in diene rubbers. Now almost obsolete.
Substituted 4,4'-Dioctyldiphenylamine (I Yes Moderate antioxidants. Some use in polychloroprene rubbers.
dipyhenylamines
Paraphenylene- N,N'-Diphenyl-p-phenylenediamine av) Yes Powerful antioxidants. Have been used in a variety of plastics
diamine derivatives N,N'-Di-f-naphthyl-p-phenylenediamine V) Yes materials. Tendency to bloom, bleed and stain mitigates against more
extensive use. Compound (V) now withdrawn by some suppliers.
Phenols
Substituted phenols 4-Methyl-2, 6-di-t-butylphenol [4%)) No Often used in non-toxic formulations. Very low level of staining.
Widely used to protect polymers during synthesis and fabrication.
Volatility restricts high-temperature and long-term use.
Phenylalkanes Bis-[2-hydroxy-5-methyl-3-(1- (VID) Very slight Most powerful phenolic antioxidants. Widely used in polyolefins and
methylcyclohexyl)phenyl]methane some usage in PVC.
1,1,3-Tris-(4-hydroxy-2-methyl-5-t- (VII) Very slight
butylphenyl)butane
Pheny! sulphides 4,4'-Thiobis-(6-t-butyl-m-cresol) (IX) Very slight Not so powerful as phenylalkanes as a class but synergistic with
carbon black.
Phosphites Tris-(p-nonylphenyl) phosphite (X) No Widely used in conjunction with conventional stabilisers (g.v.) in

PVC. Some types appear to be useful heat and light stabilisers in
polyolefins. Function primarily as peroxide decomposers rather than
chain-breaking antioxidants.
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Figure 7.5. Chemical formulae of typical antioxidants referred to in Table 7.3



Table 7.4 Reactions responsible for initiation of autoxidation. (After Scott')

Radical products
Reactant Heat Light Metal ions Ozone
M+ M*+

L. Saturated hydrocarbon RH Re+ H- Re+ H- - R RO+« + +O0OH
2. Unsaturated hydrocarbon RCH == CHCHR' + H+ RCH—CHCH,R’ or - RCHCHCH, R’ R’

RCH =CHCH,R’ RCH=CHCHR' + H-

RCH ==CHCHO-+ + +OOH
3. Chlorinated hydrocarbon RCl R+ + Cl» Re + Cl- - - -
4. Carbonyl compound RCOR’ RCO + R’ R\. o« . - - -
Y C—OorRCO +R’-
R’
5. Hydroperoxide ROOH RO- + «OH RO« + +OH RO- RO, -
ROO- + +OH + H,0

In the absence of added radical generators the relatively unstable hydroperoxides, which are themselves generated by the oxidation process, are the major source of chain

initiating radicals.

6¢l
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Two main classes of chain-breaking antioxidant have been developed over the
years, amines and phenols. The latter are usually preferred in polymers because
of their lower preponderance to staining, discoloration, blooming and bleeding.
Amines are still used, however, particularly in rubber tyres where such
disadvantages are outweighed by the favourable cost and high effectiveness of
some of these materials. The main types of chain-breaking antioxidants are
indicated in Table 7.3 and Figure 7.5. Such materials are used in quantities of the
order of 0.02—-1%. In excess they may show pro-oxidant tendencies, that is they
will facilitate oxidation.

Free-radical initiation of the chain reaction of oxidation can arise from the
action of heat, light, metal ions and, sometimes, ozone on a variety of chemical
moieties such as those indicated in Table 7.4.

Any agent which functions to prevent the formation of radicals by these
processes may be considered as a preventive antioxidant. In practice three classes
are generally recognised:

(1) Peroxide decomposers.
(2) Metal deactivators.
(3) Ultraviolet light absorbers.

Materials that promote the decomposition of organic hydroperoxide to form
stable products rather than chain-initiating free radicals are known as peroxide
decomposers. Amongst the materials that function in this way may be included
a number of mercaptans, sulphonic acids, zinc dialkylthiophosphate and zinc
dimethyldithiocarbamate. There is also evidence that some of the phenol and aryl
amine chain-breaking antioxidants may function in addition by this mechanism.
In saturated hydrocarbon polymers diauryl thiodipropionate has achieved a pre-
eminent position as a peroxide decomposer.

Phosphites are also believed to function, at least in part, in this way. Proposed
mechanisms for the thio and phosphite compositions are shown in Figure 7.6.

ROOH + [ch,g——@—o—}-JP

———» ROH + [CgH,g—@—O—}—3P=O
ROOH + [C,,H,;00CCH,CH,},S8

———» ROH + [C,,H,;00CCH,CH+#+ ,S=0
Figure 7.6

Manganese, copper, iron, cobalt and nickel ions can all initiate oxidation.
Untinned copper wire can have a catastrophic effect on natural rubber compounds
with which it comes into contact. Inert fillers for use in rubbers are usually tested
for traces of such metal ions, particularly copper and manganese. The problem is
perhaps less serious in saturated hydrocarbon polymers but still exists.

Where there is a danger of contamination of a hydrocarbon polymer with such
ions it is common practice to use a chelating agent which forms a complex with
the metal. It is, however, important to stress that a chelating agent which
effectively slows down oxidation initiated by one metal ion may have a pro-
oxidant effect with another metal ion. Table 7.5 summarises some work by
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Table 7.5 Catalytic and deactivating effects of ligands on metal-catalysed autoxidation of
petroleum. (After Pedersen?)

Metal oleate (1.6 X 1078 M) Deactivating efficiency, Ep
Chelating agent (0.002%) Mn Fe Co Ni Cu
OH HO

@ :@ -103 —43 —833 - 100

CH=NCH,CH,N=CH

@( — 0 -96 100 100
=N.

—OH

OH HO

OH
@i I@/ -84 100 96 -55 100
CH=N

OH HO

@( ;@ -73 100 - -124 100
N=N

@ } 100 100 100 100 100
CH=N—-CH;

Pedersen? on the effect of various chelating agents upon the autoxidation of

petroleum (a useful ‘model’ system) catalysed by various transition metals. The
deactivating efficiency Ey, is the percentage restoration of the original induction
period observed with a control sample of petroleum without metal or deactivator.
Only N,N',N", N"-tetrasalicylidenetetra(aminomethyl)methane was effective
against all of the metals, all others having a negative effect with at least one
ion.

Amongst other materials sometimes used as deactivators are, 1,8-bis(salicyli-
deneamino)-3,6-dithiaoctane and certain p-phenylenediamine derivatives. It is
interesting to note that the last named materials also function as chain-breaking
antioxidants and in part as peroxide decomposers.

Ultraviolet light absorbers will be discussed in more detail under another
section. Suffice it to say that their incorporation into a polymer can provide a
useful antioxidant function.

Antioxidants are today often used in combination. One reason for this is that
certain combinations can exhibit in a polymer an effect sometimes found with
other additives, that known as synergism. In these circumstances two antioxidants
may exhibit a co-operative effect and be more powerful than either antioxidant
used alone, even when the total antioxidant concentration is the same. Certain
terms are sometimes encountered here and these are defined in Table 7.6.
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Table 7.6 Definition of terms associated with combinations of additives

Description of effect Additive concentration Effect
(arbitrary units)

[x) [¥]

1 - X
1 y
2 2x
2y
X+ y
<(x+y)
>(x +y)
>(x + y) and also
> 2x and > 2y

Additive effect
Antagonism
Synergism
Practical synergism

—
—— e RO

In commercially practical terms it may be that although synergism occurs, one
additive may be sufficiently less expensive for more to be used to achieve the
required stability and still give the lowest overall cost.

In antioxidants, synergism appears to arise either from one antioxidant
effectively regenerating another so that the latter does not become consumed or
by the two antioxidants functioning by differing mechanisms. The latter is more
important and it is easy to see how effective a combination of peroxide
decomposer and chain-breaking antioxidant can be.

The peroxide decomposer will drastically reduce the number of radicals,
which can then be more effectively ‘mopped up’ by the chain-breaking materials.
A widely used combination is 4-methy!l-2,6,di-t-butylphenol and dilauryl
thiodipropionate. It is possible to envisage most powerful combinations where a
chain-breaking antioxidant, a regenerating agent, a peroxide decomposer, a metal
deactivator and an ultraviolet absorber are all employed together.

Two final points should be made while considering antioxidant synergism.
Firstly, some antioxidants which function by more than one mechanism are in all
probability autosynergistic. Secondly, certain additives which appear to act
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Figure 7.7. The synergism of sulphur antioxidants with carbon black as constrasted to the adverse
effect shown with conventional antioxidants (in polyethylene)
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synergistically with one antioxidant may be antagonistic to a second. The most
well-known and important example of this is carbon black, which has an adverse
effect with many phenols and amines but which is synergistic with some phenolic
sulphides. This is illustrated clearly in Figure 7.7.

Antioxidants may be assessed in a variety of ways. For screening and for
fundamental studies the induction period and rate of oxidation of petroleum
fractions with and without antioxidants present provide useful model systems.
Since the effect of oxidation differs from polymer to polymer it is important to
evaluate the efficacy of the antioxidant with respect to some property seriously
affected by oxidation. Thus for polyethylene it is common to study changes in
flow properties and in power factor; in polypropylene, flow properties and
tendency to embrittlement; in natural rubber vulcanisates, changes in tensile
strength and tear strength.

7.5.2 Antiozonants

When diene rubbers are exposed to ozone under stressed conditions cracks
develop which are perpendicular to the direction of stress. Whilst ozone must
react with unstressed rubber no cracking occurs in such circumstances nor when
such rubber is subsequently stressed after removal of the ozone environment. For
many years such rubbers were protected by waxes which bloomed on to the
surface of the rubber to form an impermeable film. This was satisfactory for
static applications but where the rubber was operating under dynamic conditions
the wax layer became broken and hence less effective.

Since the mid-1950s several materials have been found effective in combating
ozone-initiated degradation, in particular certain p-phenylenediamine derivatives.
The actual choice of such antiozonants depends on the type of polymer and on
whether or not the polymer is to be subject to dynamic stressing in service. Since
antiozonants are not known to have any use in plastics materials, even those which
may have certain rubber particies for toughening, they will not be dealt with further
here. Anyone interested further should consult references 3-5,

7.5.3 Stabilisers Against Dehydrochlorination

Whilst such stabilisers have found use in many chlorine-containing polymers
their main application has been with poly(vinyl chloride). These additives will be
considered in Chapter 12.

7.5.4 Ultraviolet Absorbers and Related materials

On exposure to ultraviolet light, particularly in an oxygen-containing atmos-
phere, physical and chemical processes may occur leading to such effects as
discolouration, surface cracking, hardening and changes in electrical properties.
Because polymers vary in their chemical nature the effects differ from one
polymer to another. For most purposes the effects are undesirable but
occasionally may be utilised in a positive manner—for example, to effect cross-
linking or deliberately to initiate degradation.

The greatest damage is caused by shorter wavelengths, i.e. less than 400 nm,
but as the earth’s atmosphere absorbs most light rays shorter than about 300 nm
the main damage is done, in terrestrial applications, by rays of wavelength in the
range 300-400nm (Figure 7.8).
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Figure 7.8. Relationship of energy absorbed by molecule to wavelength of incident light. Dissociation
energies of various bonds are indicated to show wavelength below which breakdown may occur.

(After Scott!)

When a molecule (A) absorbs a quantum of light it is activated to an
electronically excited state A, after which a number of process may occur. These
may be summarised as follows:

(1) Photophysical processes

(a) Emission of energy (e.g. phosphorescence or fluorescence)

Ax —— A, + Energy emitted

(b) Generation of heat (radiationless conversion)

Ax —— A, + Heat

(c) Energy transfer

A% + B—— Ay + Bx*

(2) Photochemical processes

{d) Consequent on energy transfer
Ax + B = Ag + Bx

L) Products

(e) Reaction of excited molecule equivalent to effect occurring with
thermally excited molecules

Reactions (d) and (e¢) occur much less frequently than reactions (a)—(c) but do so
at a sufficient rate to cause changes in most polymers. There are three methods
available for combating such effects; light screens, ultraviolet absorbers and

quenching agents.
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Light screens

Light screens function by absorbing damaging radiation before it reaches the
polymer surface or by limiting penetration of the radiation into the polymer mass.
Coatings including pigment-loaded paints have been long used to protect a natural
polymer composite, wood. It is also possible to coat a polymer with a layer of
polymer containing a high concentration of an ultraviolet absorber or alternatively
with a polymer which itself is capable of absorbing radiation without undergoing a
deleterious chemical change. In addition to coatings light screens may be dispersed
as powders into the polymers. Such materials should not scatter radiation and for
this reason carbon black, which is also something of a thermal antioxidant, is
uniquely effective. Such carbon black must, however, be of fine particle size
(15—-25 nm), used in concentrations of at least 2% and very well dispersed.

Ultraviolet absorbers

Ultraviolet absorbers are a form of light screen which absorb primarily in the
ultraviolet range. It is a requirement for most ultraviolet absorbers that absorption
in the visible range should be negligible; if this were not so the resultant instant
colour formation could be worse than that experienced after prolonged exposure
of the polymer.

The ultraviolet absorber could dispose of absorbed energy by radiation, by
conversion into heat or by chemical changes leading to stable products. The
most important commercial absorbers, such as the o-hydroxybenzophenones,
o-hydroxyphenylbenzotriazoles and salicylates, appear to function by conver-
sion of electronic energy into heat. The properties of the main types of
ultraviolet absorbers are summarised in Table 7.7.

Quenching agents

Such agents are not in themselves powerful absorbers of ultraviolet light. They
are, however, capable of reacting with activated polymer molecules by the
following mechanisms:

Ax + Q > A + Q=

Q

Ax + Q — [A ... Q]+ — De-excitation by photophysical process

In the above scheme A represents the excited polymer, Q the quenching agent
and [A......... QJ* an excited complex.

The use of quenching agents in polymers is a recent development. Of
particular interest are the nickel(IT) chelates in polypropylene film and fibre and
the even newer hindered amines which appear to combine the roles of antioxidant
and quenching agent.

7.6 FLAME RETARDERS

For some applications of plastics, such as in packaging where disposability has to
be considered, it may be desirable for plastics materials to burn without difficulty.
There are, however, a number of uses such as in building, furniture and fitting



Table 7.7.  Some commercial ultraviolet absorbers

Ultraviolet absorber Formula Type Comments

Phenyl salicylate OH I(') Salicylate Rather weak.
OREE)

Resorcinol monobenzoate Benzoate Converted in sunlight to a

@— €00 —@—-OH

dihydroxybenzophenone. Used in cellulosics.

2-Hydroxy- OH O Substituted monohydroxy- Negligible absorption in visible range.
4-methoxybenzophenone [l @ benzophenone
CHO— J}— C
2,2'-Dihydroxy- OH O OH Substituted Stronger than the monohydroxy compound but
4-methoxybenzophenone cHo d ﬂ _@ dihydroxybenzophenone some absorption in the visible range.
2-(2-Hydroxyphenyl)- HO Benzotriazole Powerful.

benzotriazole

78

N
©~

Substituted acrylonitrile

Some use in PVC and polyolefins.




Table 7.7 (continued)

Ultraviolet absorber Formula Type Comments
1,3,5-Tris- OH Triazine Powerful but some absorption in visible range
(2-hydroxyphenyl)-triazine C_N OH

7 N\

N C

AN /

@-— C=N
OH
cl Oxazine Excitation dissipated by radiation

6,13-Dichloro-3,
10-diphenyltriphenodioxazine

Ct

(fluorescence). Very effective in cellulose
acetate—butyrate but reddish brown in colour

CH,

Nickel(I) chelate

Appears to function as a quenching agent in
polypropylene
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applications where products from plastics materials should have an adequate
degree of fire resistance. Whilst such an adequate resistance is often shown by
products from unplasticised PVC, phenolic resins and aminoplastics, other
materials, notably the aliphatic polyolefins, polystyrene and polyurethanes, are
deficient. This has led to the progressively increasing use of flame retardants.

Whilst the development of flame retarders has in the past been largely based
on a systematic trial-and-error basis, future developments will depend more and
more on a fuller understanding of the processes of polymer combustion. This is
a complex process but a number of stages are now generally recognised and were
discussed in Chapter 5.

From what was said in that chapter it will be seen that flame retardants might
be capable of acting at several stages in the process and that a combination of
retardants might be employed, different components acting at different stages. In
industrial practice flame retardants may be divided into two classes, reactive
components and additives. The ‘reactives” are used primarily with thermosetting
plastics and are special intermediates which are inserted into the polymer
structure during cross-linking. Used largely with polyesters, epoxides and
polyurethanes, such materials are usually either highly halogenated or are
phosphorus compounds. Whilst such reactives do not lead to problems of
leaching, migration and volatility which can occur with additives they do suffer
from certain disadvantages. Firstly, it is often difficult to incorporate enough
bromine, chlorine or phosphorus into the structure to give sufficient flame
retardance; secondly, such systems are often lacking in flexibility; and thirdly,
such highly specialised chemicals produced in small quantities tend to be
expensive. For this reason the bulk of flame retardants are of the additive type
and these will be dealt with below. Reactives specific to a given class of polymer
will be considered in the appropriate chapter.

Flame retardants appear to function by one or more of four mechanisms:

(1) They chemically interfere with the flame propagation mechanism.

(2) They may produce large volumes of incombustible gases which dilute the air
supply.

(3) They may react, decompose or change state endothermically, thus absorbing
heat.

(4) They may form an impervious fire-resistant coating preventing access of
oxygen to the polymer.

In volume terms the most important class of fire retardants are the phosphates.
Tritolyl phosphate and trixylyl phosphate are widely used plasticisers which
more or less maintain the fire-retarding characteristics of PVC (unlike the
phthalates, which reduce the flame resistance of PVC products). Better results
are, however, sometimes obtained using halophosphates such as tri(chloroethyl)
phosphate, particularly when used in conjunction with antimony oxide, triphenyl
stibine or antimony oxychloride.

Halogen-containing compounds are also of importance. Chlorinated paraffins
have found use in PVC and in polyesters and like the halophosphates are most
effective in conjunction with antimony oxide. Bromine compounds tend to be
more powerful than chlorine compounds and a range of aromatic bromine-
containing compounds, including tribromotoluene and pentabromophenyl allyl
ether, is available. Such halogen-based systems appear to function through the
diluting effect of HC1, HBr or bromine.
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The role of antimony oxide is not entirely understood. On its own it is a rather
weak fire retardant although it appears to function by all of the mechanisms listed
above. It is, however, synergistic with phosphorus and halogen compounds and
consequently widely used. Other oxides are sometimes used as alternatives or
partial replacements for antimony oxide. These include titanium dioxide, zinc
oxide and molybdenic oxide. Zinc borate has also been used.

Where the polymer does not have to be subjected to high processing
temperatures aluminium trihydrate may be used. One very large area of use for
this material is in polyester laminating resins. An inorganic material which has
been particularly successful as a flame retardant in the nylons is, perhaps
surprisingly, red phosphorus. This material conferred a V-0 rating for the
Underwriters Laboratories UL 94 specification (see Chapter 5) even with glass-
filled grades (which are not self-existinguishing like unfilled nylons). Although
the mouldings were dark in colour there was little loss in toughness or electrical
insulation characteristics.

Also of interest are salts of melamine (see Chapter 24). In the nylons these can
be used with bright colours (unlike red phosphorus) and do not adversely affect
electrical properties. They do, however, decompose at about 320°C. Similar
materials are very important in giving flame-retardant properties to polyurethane
foams.

Many methods have been evolved in recent years for assessing flame
retardants and the combustion characteristics of plastics and these have been the
subject of comprehensive reviews.5~?

The use of fire retardants in polymers has become more complicated with the
realisation that more deaths are probably caused by smoke and toxic combustion
products than by fire itself. The suppression of a fire by the use of fire retardants
may well result in smouldering and the production of smoke, rather than
complete combustion with little smoke evolution. Furthermore, whilst complete
combustion of organic materials leads to the formation of simple molecules such
as CO,, H,0, N,, SO, and hydrogen halides, incomplete combustion leads to the
production of more complex and noxious materials as well as the simple
structured but highly poisonous hydrogen cyanide and carbon monoxide.

There has also been considerable concern at the presence of toxic and
corrosive halogen-containing fire degradation products in confined spaces such
as submarines, mines, subways and aircraft. This is beginning to restrict the use
of some chlorine-containing polymers in spite of the fact that they often have
good flame retardant properties. For this and other reasons several of the
halogen-containing flame retardants are no longer used with some polymers.

One possible solution to the problem is to make greater use of intumescent
materials which when heated swell up and screen the combustible material from
fire and oxygen. Another approach is to try to develop polymers like the phenolic
resins that on burning yield a hard ablative char which also functions by shielding
the underlying combustible material.

7.7 COLORANTS

There are basically four methods used for colouring polymers. These are surface
coating (e.g. painting), surface dyeing, introduction of colour-forming groups
into the polymer molecules and mass colouration. Surface coating involves extra
processing and can substantially increase the cost of the product and is avoided
where possible except in the case of fibres. Surface dyeing can be of limited use
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with some polar polymers such as the nylons where only a small quantity of
material is required to be coloured. Whilst academically interesting, the
deliberate introduction of chromophoric groups is an inflexible and expensive
method. Therefore, for most applications of rubbers and plastics the mass
colouration approach is favoured.

Colorants are sometimes divided into two classes, insoluble colorants
(pigments) and soluble colorants (dyestuffs). It should, however, be noted that
many colorants have a low but finite solubility so that such a rigorous
classification can be misleading. As explained previously, such a low solubility
may in certain circumstances lead to blooming. One way of reducing blooming
tendencies is to use colorants of high molecular weight. For a material to be a
successful colorant it should meet all the requirements listed on p. 120.

For example, to be efficient they should have a strong covering power
although in some circumstances a colorant of lower covering power than another
might be favoured if it was so much cheaper that more of the colorant could be
incorporated and still lead to a cheaper compound. Stability to processing covers
not only the obvious aspect of heat resistance but also resistance to shear.
Particles of some colorants break down under intensive shearing and as a result
may change colour. When colorants are added before polymerisation they should
not interfere with the polymerisation reaction nor should they be affected by the
presence of some of the polymerisation additives. Blooming and bleeding can
both be problems. Some colorants may also adversely affect polymer properties
such as oxidation resistance and electrical insulation behaviour. Anisotropic
pigments may become oriented during processing to give anomalous effects.

7.8 BLOWING AGENTS!

Many polymers are used in a cellular form in which the polymer matrix is filled
with gas-filled cells which may or may not be intercommunicating. Over the
years many methods have been devised for producing cellular polymers of which
the most important are the following:

(1) Incorporation of a chemical compound which decomposes at some stage of
the processing operation to yield volatile reaction products. These are known
as chemical blowing agents.

(2) Incorporation of low boiling liquids which volatilise during processing. Such
volatile blowing agents are important with polystyrene and polyurethanes
and will be dealt with in the appropriate chapters.

(3) Diffusion of gases into the polymer under pressure with subsequent
expansion of the composition at elevated temperatures after decompression.
Such a process can be employed with a wide variety of polymers.

(4) Incorporation of powdered solid carbon dioxide which volatilises at elevated
temperatures. This process has been used in conjunction with PVC pastes.

(5) Chemical reactions of polymer intermediate during polymerisation and/or
cross-linking. This is important with polyurethanes.

(6) Mechanical whipping of polymers in a liquid form and subsequent ‘setting’
in the whipped state. The manufacture of latex rubber foam is the best-known
example of this approach.

(7) Incorporation of hollow or expandable spheres of resin or of glass
(microballoons).

(8) Leaching out of soluble additives.



Table 7.8 Chemical blowing agents in commercial use

Blowing agent Class Volatiles Decomposition | Gas yield Comments
produced range (cm?/g)
O

Azocarbonamide (I) | Carbonamide N,, CO, CO, 190-230 220 Most widely used blowing agent in PVC and polyolefins.
High decomposition temperature reduced by a variety of
metal salts and oxides such as lead carbonate, lead phosphite
and zinc oxide. High gas yield. Reaction products show little
odour or discoloration*.

Dinitrosopentamethylene- (II) | Nitrosoamine N, NO,H,0, 160-200 210 Widely used in natural and synthetic rubbers. Some use in

tetramine CH;,NH, polyolefins.

Benzenesulphonohydrazide (III) | Hydrazide N,.H,O 146 170-250 | Blowing power affected by phthalate and phosphate
plasticisers.

4, 4'-Oxybis(benzenesulphono- (IV) | Hydrazide N,,H,0 150 120-180 | Faster decomposition rate than azodicarbonamide but low

hydrazide) blowing power limits use.

N,N'-Dimethyl-N,N’- (V) | Terephthalamide | N,,H,O, CO, 90-105 180 Low exotherm on decomposition but low decomposition

dinitrosoterephthalamide temperature restricts use largely to open-cell foams.

Azoisobutyronitrile (VD) | Azo N, 95-98 136 Effective but decomposition products are toxic.

Sodium bicarbonate (VI) | Inorganic CO, 100-130 125-130 | Low cost. Suitable for cellular rubber but insufficiently
powerful for most plastics. Erratic in decomposition.

Terephthalazide (VIID) | Acid azide N, 85-112 207-311 | Generates a di-isocyanate on decomposition which may
cross-link some polymer species. Subsidiary reactions may
increase blowing power.

Trihydrazinotriazine (IX) | Hydrazine N,,NH; 275 225 Used with high softening point polymers, e.g. polycarbonates,

nylons and glass-reinforced thermoplastics.

* Problems of corrosion and staining can occur under conditions of high melt pressure. Modified grades are now available that largely overcome these difficulties.



152 Additives for Plastics

In volume terms annual production of cellular plastics products is of the same
order as for non-cellular products and it is not surprising that the mechanisms of
cell nucleation, growth and stabilisation have been extensively studied. As a
result of this the texture and properties of cellular plastics can be widely
controlled through such variables as average cell size, cell size distributions
(including the possibility of some very large cells being present in a structure
largely composed of small cells), degree of intercommunication between cells
and the use of non-cellular skins. Such variables are in turn controlled by
processing conditions and by the use of cell nucleating agents and cell stabilisers
in addition to the blowing agent.

CH,—N——CH,
NH,CON =NCONH,

| | |
ON—N CH, N—NO

) CH,—N——-CH,
an

@— SO,NHNH, NH,NHSO, @—o —@—SOZNHNHz

(III) av)

_CH,
CONxo ?H |CH
CN—IC—N=N—|C—CN
o CH, CH,
/ 3
coN_ VD
NO
)
NHNH,
CON,
C
7 O\
N N
NaHCo, NH,NH lc ﬂ NHNH
2 - . 2
(VID CON, \N/
(VIID) (IX)

Figure 7.9. Formulae of blowing agents listed in Table 7.8
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A number of general comments may be made about chemical blowing agents.
In addition to the requirements common to all additives there are some special
requirements. These include:

(1) The need for gases to be evolved within a narrow but clearly defined
temperature range and in a controlled and reproducible manner.

(2) The decomposition temperature should be suitable for the polymer. For
example, a decomposition temperature for a blowing agent system for PYC
should not be above the maximum possible processing temperature that can
be used if significant degradation is not to occur.

(3) Gases evolved should not corrode processing equipment. Whilst many
hundreds of materials have been investigated as blowing agents the number
in actual use is very small. Some details of such materials are summarised in
Table 7.8 and Figure 7.9.

7.9 CROSS-LINKING AGENTS

In order to produce thermoset plastics or vulcanised rubbers the process of cross-
linking has to occur. Before cross-linking, the polymer may be substantially or
completely linear but contain active sites for cross-linking. Such a situation
occurs with natural rubber and other diene polymers where the double bond and
adjacent alpha-methylene groups provide cross-linking sites. Alternatively the
polymer may be a small branched polymer which cross-links by intermolecular
combination at the chain ends. The term cross-linking agents is a very general
one and covers molecules which bridge two polymer molecules during cross-
linking (Figure 7.10(a)), molecules which initiate a cross-linking reaction
(Figure 7.10(b)), those which are purely catalytic in their action (Figure 7.10(c)
and those which attack the main polymer chain to generate active sites (Figure
7.10(d)).

The first type includes vulcanising agents, such as sulphur, selenium and
sulphur monochloride, for diene rubbers; formaldehyde for phenolics; di-
isocyanates for reaction with hydrogen atoms in polyesters and polyethers; and
polyamines in fluoroelastomers and epoxide resins. Perhaps the most well-
known cross-linking initiators are peroxides, which initiate a double-bond

A=

c — c X X — + 20X
+
D—D
{c)

{d)

Figure 7.10. (a) Bridging agents. (b) Cross-linking initiators. (c) Catalytic cross-linking agents. (d)
Active site generators
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polymerisation type of cross-linking in unsaturated polyesters. Catalytic agents
include acids for phenolic resins and amino-plastics and certain amines in
epoxides. Peroxides are very useful active site generators, abstracting protons
from the polymer chains. With some polymers this leads to scission but in other
cases cross-linking occurs. Applications of cross-linking agents to specific
polymers are dealt with in the appropriate chapters.

7.10 PHOTODEGRADANTS

During the past two decades the quantity of plastics materials used in packaging
application has increased annually at a phenomenal rate. At the present time
something like 1000 square miles of polyethylene film are produced in the
United Kingdom alone each year. Even if a large percentage of the population
can be persuaded to take care against creating litter and even if litter-collection
systems are reasonably efficient, a quantity of unsightly rubbish is bound to
accumulate.

Whereas cellulose films are biodegradable, that is they are readily attacked by
bacteria, films and packaging from synthetic polymers are normally attacked at
a very low rate. This has led to work carried out to find methods of rendering
such polymers accessible to biodegradation. The usual approach is to incorporate
into the polymer (either into the polymer chain or as a simple additive) a
component which is an ultraviolet light absorber. However, instead of dissipating
the absorbed energy as heat it is used to generate highly reactive chemical
intermediates which destroy the polymer. Iron dithiocarbamate is one such
photo-activator used by G. Scott in his researches at the University of Aston in
Birmingham, England. Once the photo-activator has reduced the molecular
weight down to about 9000 the polymer becomes biodegradable. Some
commercial success has been achieved using starch as a biodegradable filler in
low-density polyethylene.'! With the introduction of auto-oxidisable oil
additives'? that make the polymer sensitive to traces of transition metals in soils
and garbage, film may be produced which is significantly more biodegradable
than that from LDPE itself.

It is important that any photodegradation should be controlled. The use of
photo-activators activated by light only of wavelengths shorter than that
transmitted by ordinary window glass will help to ensure that samples kept
indoors will not deteriorate on storage. Dyestuffs which change colour shortly
before the onset of photodegradation can also be used to warn of impending
breakdown.

The rate of degradation will depend not only on the type and amount of
photodegradant present and the degree of outdoor exposure but also on the
thickness of the plastics article, the amount of pigment, other additives present
and, of course, the type of polymer used. Special care has to be taken when
reprocessing components containing photodegradants and special stabilisers may
have to be added to provide stability during processing.

At the time of preparing the third edition of this book the author wrote:

At the time of writing photodegradants are in an early stage of development
and have not yet been fully evaluated. It is a moot point whether or not
manufacturers will put such materials into polymer compounds and thus increase
the price about 5% without legal necessity. However, if such legislation,
considered socially desirable by many, took place one might expect polyethylene
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film, fertiliser sacks and detergent containers to contain such photodegrading
additives.

In 1994, it is apparent that time has largely borne out these predictions. Where
there has been no legislation the use of photodegradants appears to be
diminishing. However, in at least one major industrial country legislation has
taken place which will prevent use of non-degradable packaging films.

7.11 2-OXAZOLINES

These materials, first introduced in the 1990s, do not fit into the conventional
pattern of additives and are used for three quite distinct purposes:

(1) To produce viable blends of incompatible polymers.

(2) To protect condensation polymers, in particular PET and PBT, against
hydrolysis by capping terminal groups.

(3) To increase the average molecular weight of somewhat degraded recycled
polymer. '3

2-Oxazolines are prepared by the reaction of a fatty acid with ethanolamine
(Figure 7.11).

ST

OH HO
2 - oxazoline

Figure 7.11

Examples of such materials are isopropenyl 2-oxazoline (IPO), which was one
of the earlier materials to be developed, and ricinoloxazolinmaleinate, with the
outline structure given in Figure 7.12.

j Where R = —CH CH,~CH=CH- (CH)),
o— CH O CH,,

Figure 7.12

Polymers containing oxazoline groups are obtained either by grafting the
2-oxazoline onto a suitable existing polymer such as polyethylene or poly-
phenylene oxide or alternatively by copolymerising a monomer such as styrene
or methyl methacrylate with a small quantity (<1%) of a 2-oxazoline. The
grafting reaction may be carried out very rapidly (3—5min) in an extruder at
temperatures of about 200°C in the presence of a peroxide such as di-z-butyl
peroxide (Figure 7.13).
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Figure 7.13

In turn the oxazoline-containing polymer may then react very rapidly (e.g. at
240°C) with such groups as carboxyls, amines, phenols, anhydrides or epoxides,
which may be present in other polymers. This reaction will link the two polymers
by a rearrangement reaction similar to that involved in a rearrangement
polymerisation without the evolution of water or any gaseous condensation
products (Figure 7.14).

N 0
+ HX—R —» [ NH—CH—CH;—X—R
O
Where X = —COO —
or —NR—
or —CH.O—
or —S8—

Figure 7.14

Such linking enables two distinct polymers which are normally incompatible
to mix intimately. As a result, the properties of blends of such materials may be
markedly improved, as shown in Table 7.9.

Table 7.9 Effect of use of isopropenyl 2-oxazoline on the properties of
ABS/PET blends (Based on data in Modern Plastics International,
February 1994)

ABS/PET ABS/PET/IPO
Impact strength (J/m) 80.1 170.8
Tensile strength (MPa) 41.4 55.6
Elongation at break (%) 1.8 2.5

2-Oxazolines may be used to react with terminal groups on condensation
polymers to improve stability, particularly against hydrolysis. This appears to be
of particular interest with poly(ethylene terephthalate).

Also of interest is the use of bis-2-oxazolines, which have molecular weights
in excess of 1000 and oxazoline groups at each end of the molecule. These can
then react with various terminal groups of condensation polymers to bring about



Bibliography 157

N N
— Polymer — COOH + [ >—R—< j + HOOC — Polymer —
o o}
0

—~P01ymer——C—O—CHZ—CHZ*NH—-—]C—R—(ﬁ—NH—CHZ-CHZ—O—C—Polymer—

o

Figure 7.15

chain extension by rearrangement polymerisation, as schematically indicated in
Figure 7.15.

This will help to enhance the molecular weight of recycled materials which
may have been subject to some molecular degradation.
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8

Principles of the Processing of Plastics

8.1 INTRODUCTION

A large part of polymer processing technology can be summed up in the
statement: get the shape then set the shape. The purpose of this chapter will be
to try to expand on this, showing how processing behaviour can be related to
fundamental polymer properties. We shall not at this instance concern ourselves
with compounding techniques but be primarily concerned with the production of
objects of definite shape and form.

Such objects may be shaped by the following general techniques:

(1) Deformation of a polymer melt—either thermoplastic or thermosetting.
Processes operating in this way include extrusion, injection moulding and
calendering, and form, in tonnage terms, the most important processing
class.

(2) Deformation of a polymer in the rubber state—of importance in vacuum
forming, pressure forming and warm forging techniques.

(3) Deformation of a solution usually either by spreading or by extrusion as used
in making cast film and certain synthetic fibres and filaments.

(4) Deformation of a suspension. This is of great importance with rubber latex
and other latices and with PVC paste.

(5) Deformation of low molecular weight polymer or polymer precursor
such as in the casting of acrylic sheet and preparation of glass-reinforced
laminates.

(6) Machining operations.

The first five of these techniques involve deformation and this has to be
foilowed by some setting operation which stabilises the new shape. In the case
of polymer melt deformation this can be affected by cooling of thermoplastics
and cross-linking of thermosetting plastics and similar comments can apply to
deformation in the rubbery state. Solution-cast film and fibre requires solvent
evaporation (with also perhaps some chemical coagulation process). Latex
suspensions can simply be dried as with emulsion paints or subjected to some

158
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coacervation process which separates the polymer particles from the liquid
(usually aqueous) phase. PVC pastes, which are basically suspensions of polymer
particles in plasticiser, will gel on heating by the absorption of plasticiser into the
particles. The casting of low molecular weight polymers and polymer precursors
is completed by polymerisation and/or cross-linking reactions.

8.2 MELT PROCESSING OF THERMOPLASTICS

The principles of thermoplastic melt processing can perhaps best be illustrated by
reference to Figure 8.1 illustrating extrusion, injection moulding, bottle blowing
and calendering operations. In order to realise the full potential of the process it
is necessary to consider the following factors:

(1) Hygroscopic behaviour of the polymer compound.

(2) Granule characteristics.

(3) Thermal properties that influence the melting of the polymer.
(4) Thermal stability.

(5) Flow properties.

(6) Thermal properties that affect the cooling of the polymer.
(7 Crystallisation.

(8) Orientation.

8.2.1 Hygroscopic Behaviour

It is essential that polymer compounds shall be free of water and other low
boiling solvents. A small volume of water can generate steam which will tend
to be trapped within the compound during the processing stage. This will
expand on decompression of the melt in latter stages of the process, leading
to voids in the finished product. Such voids are sometimes flattened out
through shear during the polymer flow, leading to reflecting surfaces known as
‘mica marks’. Sometimes the water may just be present on the surface of the
compound and is easily removed. In other cases the water may be absorbed
into the body of the polymer and long drying periods are necessary. Generally
speaking, the higher the processing temperature the lower is the tolerable level
of water in the compound, since higher temperatures will generate larger
volumes of steam with a fixed mass of water. For example, when poly-
carbonates are processed at about 300°C the water content should be less than
0.02% whilst with cellulose acetate processed at about 170°C up to 0.3% can
sometimes be tolerated.

Compounds based on polymers that are not themselves hygroscopic can
sometimes cause problems because of hygroscopic additives.

8.2.2 Granule Characteristics

At one time it was quite common practice to extrude and mould granules of
varying shape and size that had been obtained by breaking up sheet between
rotating and stationary cutting blades. It was subsequently found' that the use of
granules of more regular shape and even size can lead to much higher throughput
rates in extruders and much more even heating and hence better control in flow
properties in all of the processes. Granules are at present obtained either by
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Figure 8.1. (a) Extrusion—material is pumped, in the above case with a screw pump, through a die

to give a product of constant cross-section. (b) Injection moulding—material is pumped by a screw

pump to the front end of the injection cylinder with the screw moving to the rear in order to provide

space for the material; the screw then moves forward as a ram injecting molten material into a

relatively cool mould into which the material sets. (c) Extrusion blow moulding—the extruder tube

is inflated in the mould while still above softening point. (d) Calendering—softened material is
flattened out into sheet between rolls
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dicing using special granulators or by extruding strands which are then either cut
up cold to give ‘spaghetti-cut’ or ‘lace-cut’ granules or cut hot on the die to give
granules of a somewhat ellipsoidal shape.

8.2.3 Thermal Properties Influencing Polymer Melting

Polymer compounds vary considerably in the amount of heat required to bring
them up to processing temperatures. These differences arise not so much as a
result of differing processing temperatures but because of different specific heats.
Crystalline polymers additionally have a latent heat of fusion of the crystalline
structure which has to be taken into account.

In principle the heat required to bring the material up to its processing
temperature may be calculated in the case of amorphous polymers by multiplying
the mass of the material (W) by the specific heat (s) and the difference between
the required melt temperature and ambient temperature (AT). In the case of
crystalline polymers it is also necessary to add the product of mass times latent
heat of melting of crystalline structures (L). Thus if the density of the material is
D then the enthalpy or heat required (E) to raise volume V to its processing
temperature will be given by:

E = (WsAT + WL)/D

In earlier editions of this book the enthalpy requirements were estimated in this
way, although it was stressed that ‘these calculations, however, assume that the
specific heat is independent of temperature and this is far from being the case’.
It is now possible to obtain enthalpy data directly from differential scanning
calorimetry (DSC) measurements without making any assumptions about the
specific heat. Indeed it is now more common to obtain average specific heat data
over any chosen range from the enthalpy curves rather than the other way round.
In this edition, the data in Table 8. have been calculated using the data of
Whelan and Goff? which, it is understood, were largely based on DSC data.

The cooling requirements will be discussed further in Section 8.2.6. What is
particularly noteworthy is the considerable difference in heating requirements
between polymers. For example, the data in Table 8./ assume similar melt
temperatures for polystyrene and low-density polyethylene, yet the heat
requirement per cm? is only 295J for polystyrene but 543 J for LDPE. It is also
noteworthy that in spite of their high processing temperatures the heat
requirements per unit volume for FEP (see Chapter 13) and polyethersulphone
are, on the data supplied, the lowest for the polymers listed.

The heat for melting can be generated externally, in which case heat transfer
distances should be kept to a minimum and the temperature distribution will
depend on the thermal conductivity, or internally either by a high-frequency
heating process or by mechanical working. High-frequency heating is seldom
applicable to melt processing but frictional heat due to mechanical working can
provide a significant contribution. The amount of frictional heat generated
increases with the rate of working and with the polymer viscosity. Since the melt
viscosity decreases with increasing temperature the rate of frictional heat input
decreases with increase of temperature once the polymer is in the molten state.
In some polymer processing operations the frictional heat generated exceeds the
total requirement so that provision has to be made for cooling facilities around
the main heating chamber, be it an extruder barrel or an injection moulding
machine cylinder.



Table 8.1 Heat required (enthalpy required) to raise polymers to their processing temperatures from an ambient temperature of 20°C and the heat required to be removed
in cooling a polymer from the melt to mould temperature

Polymer Melt Mould SG Specific Heat required to Heat removed on
temperature temperature heat melt
O O Ukg'K™H ——
J/g J/em? Jg Jfcm?
FEP 350 220 22 1600 528 240 240 109
Polyethersulphone 360 150 1.37 1150 391 285 242 177
Polyether ether ketone 370 165 13 1340 469 361 275 212
Polyethylene terephthalate (crystalline) 275 135 1.38 2180 556 403 305 221
Polystyrene 200 20 1.05 1720 310 295 310 295
Polyacetal 205 90 1.41 3000 555 394 345 245
Polycarbonate 300 90 12 1750 490 408 368 307
ABS 240 60 1.04 2050 451 434 369 355
Polymethyl methacrylate 260 60 1.18 1900 456 386 380 322
Polyphenylene sulphide 320 135 1.4 2080 624 446 385 275
PPO (Noryl-type) 280 80 1.06 2120 551 520 434 409
Polysulphone 360 100 1.24 1675 570 459 436 351
Polyethylene terephthalate (amorphous) 265 20 1.34 1970 483 360 483 360
Nylon 11/12 260 60 1.03 2440 586 568 488 474
LDPE 200 20 0.92 2780 500 543 500 543
Nylon 6 250 80 1.13 3060 703 623 520 460
Nylon 66 280 80 1.14 3075 800 701 615 539
Polypropylene 260 20 0.91 2790 670 736 670 736
HDPE 260 20 0.96 3375 810 843 810 843

The melt and mould temperatures and the vatue of the heat removed per gram on cooling are taken from the paper by Whelan and Goff. The values for the amount of heat required to raise the temperature to the melting point
and the heat requirements per unit volume (both for heating and cooling) have been calculated from these data by the author.
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8.2.4 Thermal Stability

As has been mentioned in earlier chapters polymers vary enormously in their
thermal stability. Before attempting to process any specific polymer compound
its thermal stability characteristics should be considered. The most important
questions to be answered are:

(1) How stable is it at elevated temperatures when oxygen is absent, i.e. for how
long may it be heated at typical processing temperatures?

(2) How stable is it at elevated temperatures when oxygen is present?

(3) If the product is unstable how are the polymer properties affected?

(4) What degradation products, if any, are given off?

(5) Is degradation catalysed by any metals which could be present in the
processing machinery?

(6) Is degradation catalysed by any other materials with which the polymer
might come into contact?

Some materials are able to withstand quite lengthy ‘thermal histories’, a term
loosely used to describe both the intensity (temperature) and the duration of
heating. Polyethylene and polystyrene may often be reprocessed a number of
times with little more than a slight discoloration and in the case of polyethylene
some deterioration in electrical insulation properties.

Other polymers can be more troublesome. Poly(vinyl chloride) requires the
incorporation of stabilisers and even so may discolour and give off hydrochloric
acid, the latter having a corrosive effect on many metals. At the same time some
metals have a catalytic effect on this polymer so that care has to be taken in the
construction of barrels, screws and other metal parts liable to come into contact
with the polymer.

Some polymers such as the polyacetals (polyformaldehyde) and poly(methyl
methacrylate) depolymerise to monomer on heating. At processing temperatures
such monomers are in the gaseous phase and even where there is only a small
amount of depolymerisation a large number of bubbles can be formed in the
products.

Gaseous monomers may also be trapped within the processing equipment
and accidents have occurred as a consequence of the resulting pressure build-
up. In the case of the polyacetals and poly(vinyl chloride) it is reported that
at elevated temperatures these materials form a more or less explosive
combination so that it is important to separate these materials rigorously at the
processing stage.

8.2.5 Flow Properties

The flow properties of polymer melts are, to say the least, complex. This is only
to be expected when one is trying to deform variously entangled long chain
molecules of a distribution of molecular weights. During flow, stresses imposed
on the molecules will cause them partly to uncoil and possibly also to roll over
and over as they travel down the melt stream. When imposed stresses are released
there will be a tendency to re-coil. Furthermore, when convergent flow occurs, as
in many processing operations, significant tensile deformation occurs in addition
to the shear deformations normally considered in simple analyses. Flow may also
be affected by additives.
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8.25.1 Terminology

In spite of these problems, polymer melts have been sufficiently studied for a
number of useful generalisations to be made. However, before discussing these
it is necessary to define some terms. This is best accomplished by reference to
Figure 8.2, which schematically illustrates two parallel plates of very large area
A separated by a distance r with the space in between filled with a liquid. The
lower plate is fixed and a shear force F' applied to the top plate so that there is
a shear stress (1 = F/A) which causes the plate to move at a uniform velocity u
in a direction parallel to the plane of the plate.

VELOCITY OF PLATE = u
MOVING PLATE OF AREA A

—— SHEAR FORCE (F}
r

f
3

777

STATIONARY PLATE

Figure 8.2. Velocity distribution of a fluid between two parallel plates, one stationary, the other
moving

It is assumed that the liquid wets the plates and that the molecular layer of
liquid adjacent to the top plate moves at the same velocity as the plate whilst the
layer adjacent to the stationary plate is also stationary. Intermediate layers of
liquid move at intermediate velocities as indicated by the arrows in the diagram.
The term shear rate is defined as the rate of change of velocity with cross-section
(viz. du/dr) and is commonly given the symbol (). It is not altogether surprising
that with many simple liquids if the shear stresses are doubled then the shear rates
are doubled so that a linear relationship of the form

7 = w(du/dr) 8.1)

may be postulated, the constant of proportionality w being known as the
coefficient of viscosity. Liquids whose viscosity does not change with the time of
shearing and obey the above relationship are said to be Newtonian liquids.

At the same time it is not surprising that polymer melts are non-Newtonian and
do not obey such simple rules. Fortunately, if we make certain assumptions, it is
possible to analyse flow in certain viscometer geometries to provide measure-
ments of both shear stress (1) and shear rate (¥) so that curves relating the two
(flow curves) may be drawn.

For example, in a capillary the flow is of the form indicated by Figure 8.3. If
we assume that the fluid velocity of the capillary wall is zero, that the viscosity

Figure 8.3. Velocity flow profile in a tube for a fluid with zero yield stress and assuming no slip at
wall
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does not change with time, that flow is isothermal, that the fluid is
incompressible and that the flow pattern is constant all the way down the tube,
then for any time-independent fluid the shear stress at the wall (7,,) and the shear
rate at the wall v,, may be given by the following equations:

APR
. = (8.2)
2L
and
' ! <3 AP——dQ> (8.3)
— = — + .
JARPE Q dAP
3(4 d{4Q/mR?
=_( Q)+T_W (4Q/mR?) 5.4
4 “\gR3 4 dr,,
3(4 1{4 log (4Q/nR3
=_<_Q>+_< Q)dog(Qn ) 55)
4 “nR*/ 4 ‘nR3 d log T
3n +1) 4
=< nr )—Q (8.6)

4n’

where AP is the pressure drop between the ends of the capillary of length L and
radius R and Q is the volumetric output. The term #', the flow behaviour index,
is defined by

, dlog (RAP/2L)
n =

= 8.7
d log (4Q/nR>)

and is usually a function of shear rate. Equations (8.3) to (8.6) are forms of the
Rabinowitsch equation.

In practice n’ changes only slowly with changes in ¥ and it is possible to
postulate that over a range of shear rates it is constant. If equation (8.7) is
therefore integrated we obtain

a0\
7y =K' (—g) (8.8)

7R3

where K’ is a constant. This equation is similar in form to a power law
relationship between shear stress and shear rate which is often considered to give
quite good fits to polymer melt data. This latter equation is

T=K(®)" 8.9

where K and » are constants. Furthermore it may be shown that the shear rate at
the capillary wall 4, is uniquely related to 4Q/mR3.

In fact with a Newtonian liquid ¥ = 4Q/wR>. This latter expression, viz.
4Q/'n'R3, is obviously much easier to calculate than the true wall shear rate and,
since they are uniquely related and the simple expression is just as useful, in
design practice it is very common when plotting flow curves to plot T, against
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4Q/mR?. The latter expression is known as the apparent wall shear rate and
usually given the symbol v, ,.

The term apparent viscosity (u, or m) is often encountered but has been
defined by both of the following equations.

Ba = Tw/Vw (8.10)
Ma = Tw/Vwa (8.11)

which of course give slightly different solutions. In practice real materials have
flow curves which may be considered as variants of the types shown in Figure
8.4 and Figure 8.5.

DILATANT NEWTONIAN

FLUID FLUID
PSEUDOPLASTIC
FLUID

SHEAR STRESS, r—---»

SHEAR RATE ———

Figure 8.4. Shear stress—shear rate relationships for dilatant and pseudoplastic fluids compared with
a Newtonian material
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Figure 8.5. Apparent viscosity—shear rate curves for dilatant fluid, a Newtonian fluid and
pseudoplastic fluid which have the same apparent viscosity at zero shear rate

In the specific case of polymer melts these almost invariably are of the
pseudoplastic type. In such cases the flow behaviour index n’ is less than 1; the
greater the divergence from Newtonian behaviour the lower its value.

(As a complication some sources define a flow index as the reciprocal of that
defined above so that some care has to be taken in interpretation. In such cases
the values are greater than unity for polymer melts and the greater the value the
greater the divergence from Newtonian behaviour.)
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8.2.52 Effects of environmental and molecular factors on viscous flow
properties

The viscous shear properties at any given shear rate are primarily determined by
two factors, the free volume within the molten polymer mass and the amount of
entanglement between the molecules. An increase in the former decreases the
viscosity whilst an increase in the latter, i.e. the entanglement, increases
viscosity. The effects of temperature, pressure, average molecular weight,
branching and so on can largely be explained in the these terms.

Let us first consider temperature. An Arrhenius equation of the form

7 = AcERT (8.12)

where A is a constant and E the activation energy, has often been used to relate
viscosity and temperature. Whilst such an equation can be made to fit
experimental data quite well it does nothing to explain the difference between
polymers.

If we, however, consider that viscosity is inversely related to the fractional free
volume, which increases from a small value at the glass transition temperature T,
linearly with temperature above this figure, then it is possible’ to derive an
equation.

I
B0\ T 2303 £,((fyfan) + (T - Tp))

(8.13)
where f, is the fractional free volume at the T, and a, the temperature coefficient
of free volume given by the difference in the expansion coefficients above and
below T, (see also Chapter 9).

There is some evidence to show that f, and a, are constant for many polymers
so that the above equation may simplify to

Mr —1744(T - T,)
logio =

= (8.14)
516 + (T -T,)

A little computation shows two features:

(1) Melt viscosity is a function of 7'~ T, and a major cause of the difference
between the viscosity of poly(methyl methacrylate) at its processing
temperature (where T — T, = 100°C approx.) and the viscosity of
polyethylene at its processing temperature (where T — T, = 200°C approx.)
is explicable by the above relationship.

(2) Viscosity is more temperature sensitive with material processed closer to

their T, for example poly(methyl methacrylate), compared with nylon 6.

Whilst temperature rises at constant pressure cause a decrease in viscosity,
pressure rises at constant temperature cause an increase in viscosity since this
causes a decrease in free volume. It is in fact found* that within the normal
processing temperature range for a polymer it is possible to consider an increase
in pressure as equivalent, in its effect on viscosity, to a decrease in
temperature.
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For example, for most polymers an increase in pressure of 1000 atm is
equivalent to a drop of temperature in the range 30-50°C. It is also found that
those polymers most sensitive to temperature changes in their normal processing
ranges are the most sensitive to pressure.

It is a corollary to this that it is commonly found that

61])
—] =0 8.15
(aT y (8.15)

In other words if the volume and hence free volume are made constant by
increasing pressure as temperature is increased then the viscosity also remains
constant.

Having thus seen that enviromental factors determine viscosity largely by their
effect on free volume let us now consider the influence of molecular factors
which affect viscosity largely by entanglement effects.

The general effects of increasing molecular weight M have been well
documented in the past. In general it is found that for molecular weights below
a critical value M, of the order of about 5000-15 000, the viscosity is directly
proportional to the weight average molecular weight M,,. Above this point
viscosity depends on a higher power (Figure 8.6).° It has been found that for
many polymers a relation of the form

Mo = KM, 3433

where m, is the zero shear rate viscosity, holds quite well and Bueche® has argued
that this figure of 3.4-3.5 should be expected on theoretical grounds. Two
exceptions to this general rule appear to be low-density polyethylene®, a polymer
with long chain branching, and PVC’, which never seems to fit any patterns of
behaviour.

SLOPE~ 35

LOGn, —

SLOPE ~1

Mc
LOG M, —»

Figure 8.6. Relationship between molecular weight and zero shear rate viscosity for melts of linear
polymers
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It is tempting to see if it is possible to combine the equation relating viscosity
and molecular weight with that relating viscosity with temperature. This gives a
surprisingly simple answer of the form

_ 17.44(T - T,)
Y gL

log Mo = 3.4 log M,, — (8.16)
& Mo & 516+ T-T,

where C is a constant relative to K in the formula above and m is the viscosity
at zero shear rate.

It has already been mentioned that polymer melts are non-Newtonian and are
in fact under normal circumstances pseudoplastic. This appears to arise from the
elastic nature of the melt which will be touched on only briefly here. In essence,
under shear, polymers tend to be oriented. At low shear rates Brownian motion
of the segments occurs so polymers can coil up at a faster rate than they are
oriented and to some extent disentangled. At high shear rates such re-entangling
rates are slower than the orientation rates and the polymer is hence apparently
less viscous.

At extremely high shear rates, however, the degree of orientation reaches a
maximum so that a further decrease in effective viscosity cannot occur—the
polymer in this range again becomes Newtonian.

Generally speaking the larger the polymer molecule the longer the re-coiling
(re-entangling, relaxation) time so that high molecular weight materials tend to
be more non-Newtonian at lower shear rates than lower molecular weight
polymers.

Let us now consider two polymers A and B differing only in molecular weight
distribution. Polymer A has a very narrow molecular weight spread, let us say
typified by curve 3 in the diagram (Figure 8.7). Polymer B also contains some
low molecular weight material (curve 1) and high molecular weight material
(curve 2). Averaging these curves gives curve W which is more non-Newtonian
than curve 3.

MELT VISCOSITY ——

SHEAR RATE —=

Figure 8.7. The blend W of high and low molecular weight polymers (curves 1 and 2) becomes non-
Newtonian at a lower shear rate than a polymer of narrow molecular weight distribution



170 Principles of the Processing of Plastics

The third molecular factor which has a big effect on viscous flow properties is
the presence or otherwise of long chain branches. If we compare two molecules
of equal molecular weight, one linear and the other branched, we would expect
the linear polymer to entangle more with its neighbours and hence give a higher
viscosity—this we find to be the case. Branching can also be important to other
melt flow properties but care must be taken not to confuse experimental results.
By their very nature molecules containing long chain branches tend to have a
wide molecular weight distribution and one has to be careful in checking whether
an effect is due to the wide distribution or due to the branching.

§.2.5.3 Flow in an injection mould

The flow process in an injection mould is complicated by the fact that the mould
cavity walls are below the ‘freezing point’ of the polymer melt. In these
circumstances the technologist is generally more concerned with the ability to fill
the cavity rather than with the magnitude of the melt viscosity. In one analysis
made of the injection moulding situation,'* Barrie showed that it was possible to
calculate a mouldability index () for a melt which was a function of the flow
parameters K’ and n', the thermal diffusivity and the relevant processing
temperatures (melt temperature and mould temperature) but which was
independent of the geometry of the cavity and the flow pattern within the
cavity.

Some typical data for this mouldability index are given in Figure 8.8. One
limitation of these data is that they do not explicitly show whether or not a mould
will fill in an injection moulding operation. This will clearly depend on the
thickness of the moulding, the flow distances required and operational
parameters such as melt and mould temperatures. One very crude estimate that
is widely used is the flow path ratio, the ratio of flow distance to section
thickness. The assumption is that if this is greater than the ratio (distance from
gate to furthest point from gate)/section thickness, then the mould will fill. Whilst
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Figure 8.8. Mouldability index of some common moulding materials (after Barrie)
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Table 8.2 Some collected values for the flow path ratio of injection
moulding materials

Polymer Flow path ratio
ABS 80-150
Acrylic [poly(methyl methacrylate)] 100-150
Nylon 6 140-340
Nylon 66 180-350
Polyacetals 100-250
Poly(butylene terephthalate) 160-200
Polycarbonates 30-70
Polyether ether ketone up to 200
Polyethylene (HDPE) 150-200
Polyethylene (LDPE) 200-300
Poly(ethylene terephthalate) up to 350
Poly(phenylene sulphide) 150
Polypropylene 150-350
Polystyrene 150
Polystyrene (toughened) 130
Polysulphones 30-150
Poly(vinyl chloride) (plasticised) up to 180
Poly(vinyl chloride) (unplasticised) 60
Styrene—acrylonitrile 140

the ratio may be expected itself to be a function of section thickness, section
thicknesses do not vary greatly in normal injection moulding operations.
Providing it is also appreciated that the flow path ratio will also be higher at the
upper range of possible process temperatures, the ratio can be used to give
designers and moulders some idea of mouldability in a particular mould. Some
collected values for flow path ratios are given in Table 8.2. There is a good
(negative) correlation between the mouldability index and the flow path ratio, a
low value for the index corresponding to a high value for the flow path ratio (a
somewhat unusual example of a good correlation between a theoretically derived
property and a rule-of-thumb figure based on practice and experience). For four
of the six materials that are common to Table 8.2 and Figure 8.8 (polypropylene,
ABS, poly(methyl methacrylate) and SAN) a product of the average mouldability
index times average flow path ratio gives remarkably similar figures of 750, 748,
750 and 756; unfortunately this uniformity is not maintained by toughened
polystyrene (of low mouldability index) and polycarbonate (with a high
index).

8.2.5.4 Elastic effects in polymer melts

When polymer melts are deformed, polymer molecules not only slide past each
other, but they also tend to uncoil—or at least they are deformed from their
random coiled-up configuration. On release of the deforming stresses these
molecules tend to revert to random coiled-up forms. Since molecular entangle-
ments cause the molecules to act in a co-operative manner some recovery of
shape corresponding to the re-coiling occurs. In phenomenological terms we say
that the melt shows elasticity.

Such elastic effects are of great importance in polymer processing. They are
dominant in determining die swell and calender swell; via the phenomenon often
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known as melt fracture they limit extrusion output rates; they lead to frozen-in
stresses in mouldings and extrudates and are an important factor in controlling
the sag of parisons produced during bottle blowing. The phenomena have been
dealt with at length by the author elsewhere® and only the briefest comments will
be made here.

If we consider the total deformation (D,q,,;) occurring during flow to be almost
entirely composed of a viscous flow (D,;,.) and a high elastic deformation due
to chain uncoiling Dy then we may write

Diota1 = Dug + Dyie

Viscous deformations, at a fixed deforming stress, increase rapidly with
temperature whereas elastic deformations change much more slowly. For this
reason the high elastic deformation component tends to be more important at
lower processing temperatures than at high processing temperatures.

Viscous deformations, at a fixed deforming stress, are also very dependent on
molecular weight but in this case an increasing molecular weight, by increasing
viscosity, reduces the rate of viscous deformation and increases the proportion of
deformation due to chain uncoiling. Hence with high molecular weight materials
elastic effects tend to be more important than with low molecular weight
materials.

Thus it is found that extrusion die swell, when compared at equivalent shear
rates, tends to go down with an increase in temperature and go up with molecular
weight. As shear rates are increased, polymer uncoiling is increased and die swell
increases (Figure 8.9). A point is reached, however, where the die swell no
longer increases and in fact it can be argued that it goes down. At this point it is
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Figure 8.9. Swelling rates against shear rate for a low-density polyethylene at six temperatures. (After
Beynon and Glyde®)
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found that smooth extrudates are no longer formed and the extrudates show
perturbations which vary from helical extrudates through spirals and bamboo-
like forms to highly irregular and distorted shapes. The point at which this occurs
is often known as the critical point and the corresponding shear stress and shear
rate as the critical shear stress (7.) and critical shear rate () respectively.

Whilst the origin of such turbulence (melt fracture) remains a subject of debate
it does appear to be associated with the periodic relief of built-up elastic stresses
by slippage effects at or near polymer—metal interfaces.

Bearing in mind the general points made previously it is not unexpected that
the critical shear rate:

(1) Increases with increase in temperature (Figure 8.10).
(2) Decreases with molecular weight (it is commonly observed that the product
T.M,, is a constant) (Figure 8.11).
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8.2.6 Thermal Properties Affecting Cooling

It is the cooling operation that sets the shape of thermoplastics. The rate of
cooling affects the process in two ways:

(1) Tt is a factor influencing production rates.
(2) It is a factor influencing the properties of the product.

An example of the effect on production rates is provided by injection moulding.
The longer it takes after injection for solidification of the polymer to occur, the
longer will be the overall cycle. (Provided the moulding is not distorted on
ejection it will only be necessary to form a rigid ‘skin’ to the moulding.)

The solidification time for an amorphous polymer will be determined by:

(1) The difference between the temperature of the melt on injection into the
mould (7;) and the mould temperature (7).

(2) The glass transition temperature 7.

(3) The average specific heat over the range T;-T,

Optimum production rates may be obtained by moulding at the minimum
processing temperature and mould temperature consistent with mouldings of
satisfactory quality and by using a polymer of sufficiently high molecular weight
to give T, close to that expected of a polymer of infinite molecular weight.

It should be noted that polystyrene with a number average molecular weight of
50000 has a T, only about 2°C less than would be expected of a polystyrene of
infinitely high molecular weight. Hence increasing the molecular weight beyond
this point in order to raise the T, would not be very effective and at the same time
it would lead to large increases in melt viscosity.

In the case of crystalline polymers the solidification time will be determined
by:

(1) The value of T;—T,, as previously.

(2) The crystalline melting point T,,.

(3) The latent heat of fusion of the crystalline structures.
(4) The average specific heat over the range 7,-T,,.

Some data on the amount of heat required to reduce the temperature of a polymer
from a typical melt temperature to the temperature of the mould (in terms of both
per unit mass and per unit volume) are given in Table 8.1. Whilst a moulding will
usually by withdrawn at some temperature above the mould temperature, the data
do provide some comparison of the different heat requirements of different
polymers. It will be noticed that there is a more than 7-fold difference between
the top and bottom polymers in the table.

Cooling rates can affect product properties in a number of ways. If the polymer
melt is sheared into shape the molecules will be oriented. On release of shearing
stresses the molecules will tend to re-coil or relax, a process which becomes
slower as the temperature is reduced towards the T,. If the mass solidifies before
relaxation is complete (and this is commonly the case) frozen-in orientation will
occur and the polymeric mass will be anisotropic with respect to mechanical
properties. Sometimes such built-in orientation is deliberately introduced, such as
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with films, fibres and integrally hinged mouldings, but often the condition is
undesirable, leading to planes of weakness and low impact strength.

Cooling rates can affect the rate of crystalline growth and polymer masses
containing large crystalline structure will have quite different properties to those
with small structures. In thick mouldings where the low thermal conductivity of
the polymer leads to a very low cooling rate in the centre of the moulding the
morphology of centre and edge will be quite different. Machined nylon surfaces
often have quite different characteristics from moulded surfaces.

Too fast a cooling rate with thick sections leads at an early stage to the
formation of a solid shell with a soft centre. On further cooling the polymer tends
either to shrink away from the centre towards the solid shell, resulting in the
production of voids, or alternatively the shell tends to collapse with distortion of
the product.

8.2.7 Crystallisation

Crystallisation provides an efficient way of packing molecules. Such packing
raises the density and hence leads to much higher shrinkage on cooling from
the melt than is observed with amorphous polymers. (Moulding shrinkage of
crystalline polyolefins is in the range 0.015-0.060 cm/cm, whilst amorphous
polymers usually have values of about 0.005cm/cm.) The efficient packing
also increases interchain attraction so that mechanical properties may be
enhanced.

The extent and manner of packing will clearly influence both shrinkage and
mechanical properties. At the same time such packing will also be greatly
affected by the manner in which crystallisation occurs, i.e. by whether or not
nucleation is homogeneous or whether there are nucleating agents. Rates of
cooling will also have an influence. It is thus absolutely essential that if a
manufacturer wants to control his product he must strictly control his process.
Since successful processing greatly depends on this, further consideration will be
given to this aspect in the next section.

8.2.8 Orientation and Shrinkage

As previously stated, molecular orientation occurs during melt processing of
polymers. On removal of the deforming stresses the molecules start to coil up
again but the process may not go to equilibrium before the polymer cools to
below its T,. This leads to residual orientation (frozen-in strain) and
corresponding frozen-in stresses.

The resulting mouldings and extrudates are consequently anisotropic and
mouldings can be four to five times as strong in one direction as in another
direction. This can lead to planes of weakness and easy fracture when subject to
shock (impact) stresses. Generally such orientation is undesirable but there are at
least two instances of its being of value:

(1) The built-in hinge, particularly successful with polypropylene in which
molecules are frozen-in oriented at right angles to the axis of the hinge.

(2) Fibrillated tape, again particularly successful with polypropylene, in which
oriented film is stretched so much that fibrillation occurs.
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In general it may be said that the amount of frozen-in orientation will depend
on:

(1) The amount of initial orientation—a function of shear rate.

(2) The average polymer melt relaxation times between the processing
temperature T, and the solidifying temperature T (the T, in amorphous
polymers and somewhere between T, and T,, with polycrystalline
polymers).

(3) The time available for disorientation as the melt cools from T, to T;. This
will depend on the value of T,~7, where T, is the temperature of the
environment (the mould temperature in injection moulding) since this will
with the specific heat determine the rate of cooling. The time will also
depend on T,—T; since this will determine the extent of cooling.

A second persistent processing problem is that of shrinkage. During extrusion
and moulding, polymer melts are normally subject to intense hydrostatic
pressures which tend to cause compression. For example, in injection moulding
the melt is under compression at the moment following mould filling. If the
mould was suddenly opened at this stage the moulding would expand (slightly)
and also distort gruesomely. However, during cooling molecular movement
becomes less and the pressures exerted on the mould cavity walls decrease. In
most cases not only do they fall to zero but in addition the moulding shrinks. In
the case of amorphous polymers the shrinkage is very small and is about
0.005 cm/cm.

With crystalline polymers the more orderly molecular packing leads to much
greater shrinkage. Variations in moulding conditions can lead to large variations
in shrinkage and need to be closely controlled. The main factors which cause an
increase in shrinkage are:

(1) An increase in mould temperature (which allows more time for crystallisa-
tion to occur at a reasonable rate).

(2) A decrease of injection time (an increase of injection time—up to a limit—
would allow more material to be packed into the mould).

(3) A decrease of injection pressure (an increase of pressure will cause greater
packing of material).

Shrinkage is often different along the lines of flow and perpendicular to them.
It is commonly found that an increase in the melt temperature reduces the ‘along-
flow’ shrinkage but increases the shrinkage ‘across the flow’. Volumetric
shrinkage is, however, virtually unaffected by melt temperature.

After-shrinkage is an additional problem with crystalline polymers and
depends on the position of the ambient temperature relative to 7, and T,. This
was discussed in Chapter 3.

8.3 MELT PROCESSING OF THERMOSETTING PLASTICS

The setting of these materials after shaping occurs via a chemical process, that of
cross-linking. The most common process is moulding but some extrusion,
sintering and other miscellaneous processes are also used. A typical compression
moulding process is illustrated in Figure 8.12.
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Figure 8.12. Typical process for the compression moulding of thermosetting plastics. (a) Load. (b)
Mould. (c) Eject, stripper in. (d) (After Groves'!)

As soon as the heated mould is loaded with the thermosetting composition
based on a low molecular weight cross-linkable polymer, the polymer starts to
cross-link (cure). It is important that the composition completes the flow process
before cross-linking reaches such a state that flow is no longer possible. Owing
to the low thermal conductivity, the temperature of the moulding composition
and hence both viscosity and cure rate will vary with both time and position. The
viscosity may also vary with difference in shear rate, which will itself vary from
point to point in the mould cavity. Frictional heat from shear, which will affect
both viscosity and cure rate, will also vary from point to point—generally being
greatest close to the mould cavity wall. Pelleting and preheating of the moulding
composition before moulding will also be a variable. An analysis of flow in the
thermosetting moulding which accurately described the polymer behaviour
would be too complicated to be justified and it is generally preferable to rely on
generalisations and rules of thumb.

There are perhaps two generalisations that are both worth noting. The first is
that under conditions of constant temperature the viscosity of moulding
compositions does not change with time very much during the moulding process
until just before the point of hardening. The reason for this lies in the fact that
the low molecular weight polymers in the moulding compositions have a
functionality of at least three. For simplicity consider these molecules to have
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Figure 8.13. Schematic diagram of a trifunctional monomer (a) and its dimer (b) and trimer (c). The
monomer has three reactive points and the dimer and trimer four and five respectively. In general, an
n-mer has n + 2 reactive points

three reactive groups for cross-linking. Under appropriate conditions two of these
molecules will join to form a dimer with four reactive groups (Figure 8.13) and
this can in turn react with another dimer to form a tetramer with six reactive
groups. In general an n-mer will have n + 2 reactive groups so that a 100-mer will
have 102-reactive groups. Thus the chances of a 100-mer reacting are about 34
times the chances of a trimer reacting. In other words as a molecule grows so its
chances of growing faster increase so that very big molecules may suddenly be
formed while the number average molecular weight is quite low. Consequently,
viscosity changes with time at constant temperature are as indicated in Figure
8.14.
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Figure 8.14. Typical curve for viscosity against time of condensation of essentially trifunctional
monomer systems under isothermal conditions

The second generalisation relates to the effect of temperature on flow. An
increase in temperature increases the rate of flow. It also increases the rate of
cross-linking. Tt is commonly observed that at low temperatures the effect of
temperature on viscosity predominates and the fotal flow occurring before cross-
linking increases with temperature.

Temperatures may, however, be reached where a further increase in
temperature by so increasing the cure rate cuts down the total flow and curves of
the form shown in Figure 8.15 may be produced.

In thermosetting processing operations, cross-linking is never taken to
completion in the sense that cross-links are produced across all possible points of
cross-linking. There is in fact some evidence that the actual cross-linking may be
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Figure 8.15. The total flow (A) during moulding of a thermosetting material depends on the ease of
flow (B) and the time taken for the material to get to such a stage that it is incapable of flow (C).
Because of this, total flow goes through a maximum with temperature

only a small fraction of the potential cross-links in the case of phenolic resins.
Physical properties differ in their response to degree of cure. Some go down with
degree of cure (and hence time of cure), some go up whilst others may rise to a
peak and then fall back, the peak point varying with degree of cure (see, for
example, Figure 24.9). Hence the selection of a degree of cure should be
determined by a consideration of what properties are important in any given
application.

8.4 PROCESSING IN THE RUBBERY STATE

The most well-known examples of such processing are in the vacuum forming of
high-impact polystyrene disposable cups, ABS boats, vinyl chloride—vinyl
acetate chocolate-box trays and the pressure shaping of acrylic baths, light
fittings and signs. The stamping (coining) of PTFE and poly(methyl methacry!-
ate) blanks are techniques which have been known for a long time. In the late
1960s such stamping of blanks heated to the rubbery state was ‘rediscovered’ and
often called ‘cold forming’ although ‘warm forging’ would be a more suitable
term.

There are a number of polymers which in fact cannot be melt processed
because of their high molecular weights. These include PTFE, very high
molecular weight polyethylene and most grades of cast poly(methyl metha-
crylate). In such cases shaping in the rubbery phase is usually the best
alternative.

The processes are best understood by reference to Figure 3.1. Successful
forming requires working in the rubbery range, that is above the T, (or T}, in the
case of crystalline polymers) and below the temperature at which the polymer
either flows or decomposes. If the temperature range of rubberiness is narrow it
is important to have very close control of the operation and usually heating is
carried out at the point of moulding (as in typical vacuum forming operations).
If the range is wider then it is often possible to heat blanks in an oven and transfer
these to the shaping tools (as in typical operations for shaping poly(methyl
methacrylate) sheet).

In addition to differences in shaping range, polymers also vary in their
modulus or resistance to deformation in the rubbery state. If a polymer is to be
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Figure 8.16. Schematic diagram of modulus versus temperature for two materials A and B to be
shaped in the rubbery phase in the temperature range T,—T. In this range the modulus of A is above
a critical figure C above which atmospheric pressure is insufficient to shape sheet of a given
thickness. Such material could therefore not be vacuum formed. The type B material would, however,
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Figure 8.17. Shaping of sheet. (a) Application of vacuum. (b) and (c) Air prressure. (d) Mechanical
pressure. (e) Combination of methods (vacuum snap-back). (After Estevez and Powell'?)
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shaped by a vacuum forming technique then the sheet should have a sufficiently
low modulus in the shaping range to be deformed by atmospheric pressure
(Figure 8.16). Whilst this is achieved without great difficulty in the case of high-
impact polystyrene, ABS and vinyl chloride—vinyl acetate copolymers, more
serious problems can occur with poly(methyl methacrylate) and unplasticised
PVC, particularly with thicker gauges of sheet and with complex shaping (Figure
8.17). With these two latter materials, vacuum forming is therefore of limited
applicability and methods based on either mechanical plungers or positive air
pressure (and various combinations of these two, perhaps also with some
vacuum) are normally used.

As with thermoplastics melt processes, the setting is achieved by cooling. It
will be appreciated that such cooling is carried out while the polymer is under
stress so that there is considerable frozen-in orientation. This can be maintained
throughout the life of the article. It is possible with the higher molecular weight
materials to heat shapes made from blanks many years previously and see them
return to the original shape of the blank.

8.5 SOLUTION, SUSPENSION AND CASTING PROCESSES

Although much less important in tonnage terms than processing in the molten
and rubbery states, solution, suspension and polymerisation casting processes
have a useful role in polymer technology. The main problem in such processes is
to achieve a control of the setting of the shape once formed.

Solution processes are used mainly for coating, film casting and fibre spinning,
i.e. in processes where the distance the solvent has to diffuse out of the solution
once coated, cast or spun is short. Regulation of this diffusion process is
important if products of even quality are to be obtained.

In suspension processes the fate of the continuous liquid phase and the
associated control of the stabilisation and destabilisation of the system are the
most important considerations. Many polymers occur in latex form, i.e. as
polymer particles of diameter of the order of 1 wm suspended in a liquid, usually
aqueous, medium. Such latices are widely used to produce latex foams, elastic
thread, dipped latex rubber goods, emulsion paints and paper additives. In the
manufacture and use of such products it is important that premature destabilisa-
tion of the latex does not occur but that such destabilisation occurs in a controlled
and appropriate manner at the relevant stage in processing. Such control of
stability is based on the general precepts of colloid science. As with products
from solvent processes diffusion distances for the liquid phase must be kept
short; furthermore, care has to be taken that the drying rates are not such that a
skin of very low permeability is formed whilst there remains undesirable liquid
in the mass of the polymer. For most applications it is desirable that
destabilisation leads to a coherent film (or spongy mass in the case of foams) of
polymers. To achieve this the T, of the latex compound should not be above
ambient temperature so that at such temperatures intermolecular diffusion of the
polymer molecules can occur.

Suspensions other than those of traditional latex type also exist. For example,
particles of PVC suspended in plasticisers are widely used. After shaping, PVC
pastes, as they are known, are heated to above the T, of the PVC. At such
temperatures the plasticiser diffuses into the PVC particles and this is followed
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by interdiffusion of polymer molecules from separate particles to form a coherent
homogeneous mass. Success in the use of PVC pastes depends, amongst other
things, on the ability to keep plasticiser diffusion to a minimum at storage
temperatures but for it to be rapid at the ‘setting’ temperatures.

A third type of suspension is that in which polymer particles are suspended in
monomer which is then polymerised. This is, however, rather more a variant of
the casting process in which monomer or low molecular weight polymer is cast
into a mould and then polymerised in situ.

Polymerisation casting involves mixing monomer or low molecular weight
polymer with a polymerisation initiator, pouring the mix into the mould and
allowing polymerisation to occur in situ. A variation is to impregnate fibres with
initiated monomer or other low molecular weight material and polymerise to
produce composite structures. The main problem is due to the heat of
polymerisation. Unless heat transfer distances are kept short or unless the
reaction is carried out very slowly it can easily get out of hand.

An important development of polymerisation casting is that of reaction
injection moulding. Developed primarily for polyurethanes (and discussed
further in Chapter 27), the process has also found some use with polyamides and
with epoxide resins.

8.6 SUMMARY

A wide variety of methods is available for both shaping polymers and setting
the shapes once formed. In order to obtain the best products in the most
economic way processors need an understanding of the underlying polymer
science.

It is, however, much easier to write such statements than to achieve perfection
in practice. Some idea of the practical difficulties are vividly illustrated in Figure
8.18 due to Clegg'?® which shows the complex interrelations of process variables
in an extrusion process.
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Figure 8.18. Interrelationships of process variables in an extrusion process. (After Clegg'®)
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Principles of Product Design

9.1 INTRODUCTION

Successful product design requires knowledge, intelligence and flair. The
knowledge requirement may in turn be subdivided into:

(1) A knowledge of the requirements of the product.

(2) A knowledge of the behaviour of plastics materials.

(3) A knowledge of plastics processes.

(4) A knowledge of all relevant economic and psychological factors.

Intelligence is required to relate this knowledge, and flair to bring the design
to a successful reality. It is not a function of this book to consider points 1, 3 and
4 above but it is a function to consider those material properties that are relevant.
Probably enough has been said already about chemical, electrical and optical
properties but some additional thoughts on mechanical and thermal properties
relevant to design are worth considering.

For successful use a polymer must have appropriate:

(1) Rigidity.

(2) Toughness.

(3) Resistance to long-term deformation (creep).

(4) Recovery from deformation on release of stress.

(5) Resistance to thermal degradation adversely affecting properties.

over the range of operating conditions likely to be encountered. This chapter will
consider how the diverse properties of plastics in respect of the above properties
can be explained by reasonably elementary yet fundamental considerations.

9.2 RIGIDITY OF PLASTICS MATERIALS

The rigidity of a polymer is determined by the ease with which polymer
molecules are deformed under load. In a polymer at —273°C all load is taken by

184
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bond bending and stretching and for a polymer with no secondary transitions this
state of affairs more or less exists up to the region of the glass transition
temperature T,,. Several polymers do, however, show additional transitions below
the T, at Wthh point movement of small moieties in the polymer become
p0551ble This allows more response of the polymer to stress and there is a
decrease in modulus. Such decreases are usually small but the change at the T,
in an amorphous polymer is considerable as the modulus drops from values of the
order of 500000 1bf/in? (3500 MPa) to values of about 100 Ibf/in? (0.7 MPa).
Further heating of a polymer such as a commercial polystyrene would rapidly
cause a drop of the modulus towards zero but in a high molecular weight polymer
such as a cast poly(methy! methacrylate) the entanglements would enable the
material to maintain a significant rubbery modulus up to its decomposition
temperature. Similar effects are achieved when the polymer is cross-linked and,
as might be expected, the more the cross-linking, the higher the modulus.

Motlecular movement above the T, is restricted by crystallinity and, as with
chemical cross-linking, the more the crystallinity, the more rigid the polymer.
Some polymers tend to melt over a wide temperature range, in which case the
modulus may fall over a range of temperatures leading up to the melting point
T,,. The above effects are summarised in Figure 9.1.

Plastics materials, in general are blends of polymers with additives and the
latter may well affect the modulus. One simple law of use here relates the
modulus of the blend or composite E, to the modulus of the polymer £, and of
the additive E, by the equation

E.=VgE, + (1 - Vp)E, ©.1)
P

where VE is the volume fraction of polymer in the blend. Such a relationship only
holds when there is no real interaction between polymer and additive such as

[ SECONDARY TRANSITIONS_]

MODULUS ——»

DECOMPOSITION
TEMPERATURE

TEMPERATURE ——

Figure 9.1. Schematic illustration of dependence of the modulus of a polymer on a variety of factors.

A is an amorphous polymer of moderate molecular weight whereas B is of such a high molecular

weight that entanglements inhibit flow. Similar effects are shown in C and D, where the polymer is

respectively lightly and highly cross-linked. In E and F the polymer is capable of crystallisation, F
being more highly crystalline than E
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occurs between diene rubbers and carbon black where a form of cross-linking
may be considered to occur.

In practice one is basically concerned with the rigidity of the product and this
involves not only the modulus of the material but also the shape and size of the
product. From the points of view of weight saving, economics in material and
ease of processing, it is an important aim to keep section thicknesses down in
size. Since flat or singly curved surfaces have a minimum rigidity the designer
may wish to incorporate domed or other doubly curved surfaces or ribbing into
the product in order to increase stiffness. Corrugation can also enhance stiffness
but in this case the enhancement varies with position, being greatest when
measured at right angles to the corrugation.

9.2.1 The Assessment of Maximum Service Temperature

The design engineer often requires to know the maximum temperature for which
a polymer can be used in a given application. This depends largely on two
independent factors:

(1) The thermal stability of the polymer, particularly in air.
(2) The softening behaviour of the polymer.

Let us consider two polymers A and B. Let A ‘soften’ at 120°C but have long-
term thermal stability to 200°C. On the other hand polymer B softens at 200°C
but degrades ‘at a measurable rate’ above 90°C. Consideration of these figures,
even allowing for the loose terminology, indicates that material A could not be
used much above 90°C for either long or short periods. In the case of polymer B
short-term service might be possible up to about 160-170°C but it could not be
used for prolonged periods much above 70-80°C.

9.2.1.1 Assessment of thermal stability

Over the years many attempts have been made to provide some measure of the
maximum service temperature which a material will be able to withstand without
thermal degradation rendering it unfit for service. Quite clearly any figure will
depend on the time the material is likely to be exposed to elevated temperatures.
One assessment that is being increasingly quoted is the UL 746B Relative
Temperature Index Test of the Underwriters Laboratories (previously known as
the Continuous Use Temperature Rating or Index).

In order to obtain a temperature index rating a large number of samples are
subjected to oven aging at a variety of temperatures for periods up to a year.
During the course of this time samples are periodically withdrawn and tested. A
plot is then made of the percentage retention in the value of the property
measured {(compared to its original control value) against time. A note is then
made of the time, at each temperature tested, which gives a 50% reduction in
value of the property. Somewhat arbitrarily this is taken as the failure time at that
temperature. Using the data from experiments carried out after aging at various
temperatures, the logarithm of the failure time is plotted against 1/K (where X is
the temperature in kelvin). The resultant linear Arrhenius plot is then extrapolated
to the arbitrary time of 10000 hours. The temperature at which the failure time
(as defined above) is 10000 hours is known as the relative temperature index
(RTI).
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This long-term thermal performance of a material is tested alongside a second,
control, material which already has an established RTI and which exhibits a good
performance. Such a control is necessary because thermal degradation character-
istics are sensitive to variables in the testing programme. Since the control
material will also be affected by the same unique combination of these factors
during the tests, there is a valid basis for comparison of test and control
materials.

It is to be expected that the RTI obtained would depend on the property
assessed and in UL 746B three properties are assessed:

(1) ‘Mechanical with impact’—by measuring tensile impact strength.
(2) ‘Mechanical without impact’—by measuring tensile strength.
(3) ‘Electrical’—by measuring dielectric strength.

A value for the RTI is provided for each of these tests although in common
experience it is found that similar numerical values are obtained.

In addition, the RTI may be affected by the thickness of the sample, so this
should be given in any RTI specification.

Such a value for relative temperature index will be specific to a particular
grade of a polymer, sometimes even to a specific colour. The difference between
grades of a particular species of polymer can be substantial, depending both on
the variation in the inherent stability of a material between differing
manufacturing methods and also on the type and amount of additives used. It is
possible to obtain from the Laboratories a Generic Temperature Index to cover a
species of material but this will usually be considerably lower than for many of
the individual grades within that species.

Some collected values for RTI taken from the literature are given in Table 9.1.
(These are given for guidance only and should not be taken to imply official UL
ratings.)

Table 9.1 Some collected values for Relative Temperature Index (RTI) (Unless otherwise stated,
data are for ‘mechanical without impact’ and for unreinforced grades)

Polymer RTI (°C)
ABS 60-80
Nylons 75
Polyacetal (homopolymer and copolymer) 90
Styrenic PPO (Noryl 731) 105
Polycarbonate (Lexan 101) 125

(Lexan 3414R) 130 (40% glass filled)
Polyarylate (Ardel D100) 130
Poly(butylene terephthalate) (Pocan B1305) 140

(Pocan B3235) 140 (30% g/f)
Poly(ethylene terephthalate) (Petlon 4630) 150 (30% g/f)
Polysulphone 160
Polyetherimide (Ultem 1000) 170
Polyphthalamide (Amodel A1133HS) 180
Polyethersulphone (Victrex 200P) 180
Poly(phenylene sulphide) (Supec G401) 200 (40% g/f)
Aromatic polyester (Ekkcel 1-2000) 220
Liquid crystal polyester 220

Polyether ether ketone {Victrex PEEK) 240
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9.2.1.2 Assessment of softening point

As will be seen from curves A, B and C of Figure 9.1, the ‘softening point’ of
an amorphous polymer, i.e. the temperature at which the modulus drops
catastrophically, is closely associated with the T,. (Such softening does not of
course occur in highly cross-linked polymers, as in type D, unless degradation
also takes place.)

In the case of crystalline polymers such as types E and F the situation is
somewhat more complicated. There is some change in modulus around the T,
which decreases with increasing crystallinity and a catastrophic change around
the T,,,. Furthermore there are many polymers that soften progressively between
the T, and the T, due to the wide melting range of the crystalline structures, and
the value determined for the softening point can depend very considerably on the
test method used.

Two particular test methods have become very widely used. They are the Vicat
softening point test (VSP test) and the heat deflection temperature under load test
(HDT test) (which is also widely known by the earlier name of heat distortion
temperature test). In the Vicat test a sample of the plastics material is heated at
a specified rate of temperature increase and the temperature is noted at which a
needle of specified dimensions indents into the material a specified distance
under a specified load. In the most common method (method A) a load of 10N
is used, the needle indentor has a cross-sectional area of 1 mm?2, the specified
penetration distance is 1 mm and the rate of temperature rise is 50°C per hour.
For details see the relevant standards (ISO 306; BS 2782 method 120; ASTM
D1525 and DIN 53460). (ISO 306 describes two methods, method A with a load
of 10N and method B with a load of 50N, each with two possible rates of
temperature rise, 50°C/h and 120°C/h. This results in ISO values quoted as A50,
A120, BSO or B120. Many of the results quoted in this book predate the ISO
standard and unless otherwise stated may be assumed to correspond to A50.)

In the deflection temperature under load test (heat distortion temperature test)
the temperature is noted at which a bar of material subjected to a three-point
bending stress is deformed a specified amount. The load (F) applied to the
sample will vary with the thickness () and width (w) of the samples and is
determined by the maximum stress specified at the mid-point of the beam (P)
which may be either 0.45 MPa (66 1bf/in?) or 1.82 MPa (264 Ibf/in?).

The formula used for the calculation is:

F = 2Pwt*/3L

Where L is the distance between the outer supports (loading points). For details
see the relevant standards (ISO 75; BS 2782 method 121; ASTM D648; DIN
53461).

Whilst the Vicat test usually gives the higher values the differences are quite
modest with many polymers (e.g. those of types A, B and C). For example, in the
case of the polycarbonate of bis-phenol A (Chapter 20) the heat distortion
temperatures are 135-140°C and 140-146°C for the high and low stress levels
respectively and the Vicat softening point is about 165°C. In the case of an acetal
homopolymer the temperatures are 100, 170 and 185°C respectively. With nylon
66 the two ASTM heat distortion tests give values as different as 75 and 200°C.
A low-density polyethylene may have a Vicat temperature of 90°C but a heat
distortion temperature below normal ambient temperatures.



Rigidity of Plastics Materials 189

The differences in the assesement of softening point between the tests is
clearly largely a matter that the ‘end point’ of the test measures a different
modulus. Reference to Figure 9.1 shows that with some materials (e.g. of type A)
this will not be of great importance but with other types (e.g. types E or F) the
difference could be very large.

At the risk of oversimplification it might be said that the Vicat test gives a
measure of the temperature at which a material loses its ‘form stability’ whilst the
higher stress level heat distortion temperature (1.82 MPa) test provides a measure
of the temperature at which a material loses its load-bearing capacity. The lower
stress (0.45 MPa) heat distortion temperature test gives some rather intermediate
figures and it is perhaps not surprising that it is today less often quoted than the
other two tests.

Some interesting differences are noted between amorphous and crystalline
polymers when glass fibre reinforcement is incorporated into the polymer. In
Figure 9.2 (ref. 10) it will be seen that incorporation of glass fibre has a minimal
effect on the heat deflection temperature of amorphous polymers (polystyrene,
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Figure 9.2. Heat deflection temperatures under a load of 1.82 MPa for selected polymers. Note that
incorporation of glass fibre has a much greater effect with crystalline polymers than with amorphous
ones (after Whelan and Craft courtesy of British Plastics and Rubber)

ABS, polycarbonate and polysulphone) but large effects on crystalline polymers.
It is particularly interesting, as well as being technically important, that for many
crystalline polymers the unfilled polymer has a heat deflection temperature (at
1.82 MPa stress) similar to the T,, whereas the filled polymers have values close
to the T,, (Table 9.2).

Other tests occastonally quoted are the BS softening point test and the Martens
test. These involve the bending under load of samples held at one end as they are
subjected to a rise in temperature.
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Table 9.2 Comparison of T,, 7,, and heat deflection temperatures of polymers with and without
glass fibre reinforcement (All values in °C)

Polymer T, Th Heat deflection
temperature
(unfilled) (filled)

Polyether ether ketone 143 334 150 315
Polyether ketone 165 365 165 340
Polyphenylene sulphide 85 285 135 260
Polyethylene terephthalate 70 255 85 210
Polybutylene terephthalate 22-43 225 54 210

9.3 TOUGHNESS

For many applications the resistance to impact is the most important property of
a plastics material. It is also notoriously one of the most difficult to assess.

If a polymer with no secondary transitions is struck a blow at some
temperature well below its glass transitions temperature, deformation will be
very limited before fracture occurs. Nevertheless because of the high modulus
quite high tensile strengths will be recorded, of the order of 8000 Ibf/in®
(55 MPa). The energy to break will be given by the area under the stress—strain
curve and will not be very large (see Figure 9.3).

STRESS —»
STRESS —&

L e e = - =

STRAIN —— STRAIN —&
(a) (b}
Figure 9.3. Stress—strain curves for (a) rigid amorphous plastics material showing brittle fracture and

(b) rubbery polymer. The area under the curve gives a measure of the energy required to break the
test piece.

On the other hand, if an amorphous polymer is struck above the T, i.e. in the
rubbery state, large extensions are possible before fracture occurs and, although
the tensile strength will be much lower, the energy to break (viz. the area under
the curve) will be much more, so that for many purposes the material will be
regarded as tough.

A common requirement is to produce a rigid plastics material with the
toughness of a rubber. This can be achieved in a number of ways:

(1) By the use of a moderately crystalline polymer with a T, well below the
expected service temperature (e.g. polyethylene).
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(2) By block copolymerisation so that one component of the block copolymer
has a T, well below the expected service temperature range (e.g
polypropylene with small blocks of polyethylene or preferably polypropyl-
ene with small amorphous blocks of ethylene—propylene copolymer).

(3) By blending with semi-compatible materials which have a T, well below the
expected service temperature range (e.g. high-impact polystyrene—as
described in Chapter 3).

(4) By the use of a polymer which has effective transitions at or below the
expected service temperature range and which is able to respond to stress by
extensive deformation (e.g. polycarbonates).

(5) By plasticisation. This in effect reduces the T, and in the case of nylon which
has absorbed small quantities of water the toughening effect can be quite
substantial. It should, however, be noted that in the case of PVC small
amounts of plasticiser actually reduce the impact strength.

The above procedures will vary in their efficiency with the extent to which
they are employed. For example, too little of a stereoblock in case (2) or too little
rubber in case (3) may not be enough to make the material tough and there is thus
a somewhat critical tough—brittle transition range. In terms of a stress—strain
curve a brittle material may be considered to be one that breaks without a yield
whilst a tough material yields to give a substantial energy to break. (It is perhaps
worth noting that if a material has not broken after being struck simply because
it yielded irrecoverably the product may still be useless.)

What is important to realise is that a polymer may be tough when exposed to
tensile load but brittle when assessed by an Izod-type test where a notched
sample is subjected to a bending load. Table 9.3 attempts to summarise the
behaviour of typical polymers to different stresses.

Table 9.3

Type of stress Polymers ductile at 25°C and at
I min~! strain rate

1. Around Izod notch Low-density polyethylene
Ethylene—propylene block copolymers
Cellulose nitrate and propionate

ABS and high-impact polystyrene
Bis-phenol A polycarbonate

2. Tension Above materials plus:
High-density polyethylene
Polypropylene

Acetal polymers

Aliphatic polyamides (nylons)
PPO

Poly(ethylene terephthalate)
Polysulphones

3. Simple shear Above materials plus:
Poly(methyl methacrylate)

4. Compression Above materials plus:
Polystyrene
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Toughness is not simply a function of polymer structure or the mode of stressing.
It clearly will also depend on the temperature and the rate of striking but more
important still it will depend on the product design and method of manufacture.

Consider two products A and B (Figure 9.4) where the molecules are randomly
disposed as in A and aligned as in B. In A there will be no planes of weakness
whereas if B is struck a blow at point P failure is much more likely to occur along
XY than at any angle to this line (or plane if we consider a three-dimensional
system). For optimum toughness the aim of the processor must therefore be to
minimise such orientation. (It should be noted that in Chapter 3 it was found that
the impact strength increased to a limit with increasing biaxial orientation. This
would only apply when the impact blow was made at approximately right angles
to the plane of orientation.)

Figure 94

The presence of notches or sharp angles or of a few holes, voids, particle
inclusions or small inserts tends to concentrate the stress. Different polymers
vary in their ‘notch sensitivity’ and this is presumably a reflection of how close
they are to their tough-brittle transitions. The aim of the designer and processor
must be to reduce such stress concentration to a minimum.

9.3.1 The Assessment of Impact Strength'

It is probably most useful to consider toughness as a property of a plastics part
under some specified conditions of service. Whilst it is possible to devise impact
tests and to rank a series of plastics materials according to the results obtained in
such tests it remains almost impossible to use such tests to try to predict whether
or not an article made from a specific material will or will not be satisfactory in
service.

Amongst the factors that will influence service performance are the effect of
additives and impurities, temperature, detailed geometric size and shape,
orientation and morphology, surface condition, energy and speed of any
impacting blow, the shape of the impacting instrument, the environment, and
strains in the article due to external loads. For this reason it is desirable, but not
always feasible, to test prototype articles under conditions as close to service
conditions as possible.

Impact tests are, however, used to try to compare the impact strength of
different materials. Of these tests four require specific mention. These are the
1zod test, the Charpy test, the falling weight tests and the tensile impact test.

Of these the most well known is the Izod test. This consists of a bar, one end
of which is held in a vice, the sample being held vertically. The bar is then struck
by a striking device under controlled conditions at a specified point above the
vice. The energy required to break the sample is noted. It is common to have a
notch in the bar which is located during the test at the top of the vice and on the
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same side as the bar is struck. As a result of the stress concentrations around the
notch much lower impact strengths are recorded with notched specimens than
with unnotched specimens.

Whilst Izod tests are, perhaps surprisingly, generally reproducible it has been
found impossible to scale up the results and thus predict the energy required to
break a bar of large cross-section from results obtained with a bar of smaller
cross-section. This has led to some uncertainty in the method of quoting results
and the following approaches are used:

(1) Energy to break. This is quoted usually in joules or in ft1bf. The result will
only apply to one set of sample dimensions and it is not possible to allow for
any change in specimen dimensions.

(2) Energy to break per unit width of sample. (In notched specimens this is taken
as the energy to break unit width of notch. In this case the results are quoted
in such units as ft b per inch of notch or joules per millimetre. The values
obtained depend on the notch width. For example, it has been found that on
reducing the notch width from %" to %" the impact strength of a polycarbonate
increased by a factor of 5.4 and that of unplasticised PVC by 3.1.)

(3) The energy to break per fractured area. This will be the cross-sectional area
of the sample less the area of the notch (as projected on the cross-section).
The units used in this method are most commonly kJ/m?, kgf cm cm™ and ft
Ibfin~2. These are related by the factors

1 kJ/m? = 1.02 kgfcmem™ = 0.476 ftIbf in~2

Because of the diversity of the sources for this book the Izod data frequently
referred to are expressed in a variety of units according to the test method
used and no attempt has been made to convert the data to the use of a
common unit.
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Figure 9.5. Graph showing that there is an approximate correlation between 1zod and Charpy impact
test results. (After Vincent!)
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An alternative to the Izod test is the Charpy test in which a sample supported,
but not gripped, at each end is subject to an impact in the centre. According to
the test a notch may be present in the centre of the sample on the face opposite
to that subjected to impact. In spite of the differences between the tests there is
a surprisingly good correlation between Izod and Charpy test results as shown by
Figure 9.5 based on tests on several thermoplastics. !

The presence of notches, sharp angles, voids, particle inclusions and small
inserts tends to concentrate stress on impact. One way of studying the sensitivity
of a polymer or polymer compound to stress concentration is to carry out a series
of tests with different notch angles or notch tip radii. Materials vary enormously
in their nofch sensitivity as is shown in Figure 9.6' with materials like
unplasticised PVC, nylon, the polyacetals and the polycarbonates (not shown in
the diagram) being very sensitive to sharp notches. It is interesting to note that
the ABS material, although good at high stress concentrations, does not perform
so well, relatively, as PVC, nylon and the polyacetal material with the blunter
notched samples.

Other impact tests widely used are the falling weight tests where a weight
is allowed to fall onto a supported flat or domed surface and tensile impact
tests in which a sample is subjected to a sudden shock in tension. Whilst the
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Figure 9.6. Impact strength as a function of notch tip radius for samples of five different polymers
(after Vincent')
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last named test provides results more amenable to theoretical study, plastics
products are not commonly subjected to this type of impact and publisher data
are limited.

9.4 STRESS-STRAIN-TIME BEHAVIOUR

When a polymer mass is stressed, the resultant deformation Dy, may be
considered as the sum of three separate deformations:

(1) A deformation due to bond bending and stretching which is effectively
instantaneous and independent of temperature (ordinary elastic deformation,
Dog).

(2) A deformation due to chain uncoiling which is not instantaneous and whose
rate depends on temperature (high elastic deformation, Dyg).

(3) A deformation due to slippage of polymer molecules past one another
(viscous deformation D). It is often assumed that such viscous
deformation rates do not change with time if the applied stress is constant.
However, in long-term deformations chemical and morphological changes
may occur which affect the rate of chain slippage.

It is thus seen that the simple relationship
Dtotal = DOE + DHEDvisc (92)

can be used to analyse the deformation under a given stress.

In Figure 9.7 stresses are imposed on a body showing ordinary elastic
deformation only, a second body showing high elastic deformation only and a
third body showing viscous deformation only. The stress is imposed at time fg
and held at a constant value until time ¢;, when it is removed. Deformation
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Figure 9.7. Types of deformational response as a result of a fixed load being imposed betweem times
ty and ty (a). (b) Ordinary elastic material. (c) Highly elastic material. (d) Viscous material
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Figure 9.8. Deformation—time curves. (a) Material showing substantial ordinary elastic, high elastic
and viscous components of deformation. (b) Material in which high elastic deformation
predominates

responses are shown. Real polymers exhibit deformation—time curves which are
a combination of the three basic responses although the balance differs widely
among polymers. Figure 9.8 shows typical deformation—time curves.

It will be noticed that, given sufficient time, Dy will reach a constant value
whilst D,;,. continues to increase with time. On release of stress Dyg will
eventually disappear but D,;,. will remain constant.

One of the most important conclusions from this is that since both the viscous
and the high elastic components of deformation depend on both time and
temperature, the total deformation will depend on time and temperature. Since
this fact has been shown to be an important factor affecting many polymer
properties it is proposed to consider the background to this in greater detail in the
following section.

9.4.1 The WLF Equations

In order for molecules or segments of molecules to move from place to place it
is necessary that there should be some holes in the mass of material into which
these molecules or segments may move—and simultaneously leave other spaces
into which other molecules or segments may occupy. One interpretation of the
glass transition temperature is that it is a temperature below which the ‘free
volume’ is really too small for much molecular movement. However, at and
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above the T, there is sufficient energy for molecular movement, jostling occurs
and the free volume increases quite sharply with an increase in temperature. This
increase in the temperature dependence of the volume naturally causes an
increase in the coefficient of thermal expansion and it is usual to express the
temperature coefficient of the free volume as being the difference between the
thermal expansion coefficients above and below the T,. This may be expressed
mathematically by the equation

fefot@—a )T ~-Ty) =f, +aT~Ty) (9.3)

where f is the fractional free volume at temperature 7, f, the fractional free
volume at T, and a, and a, the coefficients of thermal expansion above and below
the 7, respectively. The value of a, is simply a—a,.

Now it has been argued that the viscosity is related to the fractional free

volume by an expression of the form

1

— =K A (9.4a)
Nr
so that
1
=K e (9.4b)
Nr,

g

where K and A are constants. Combining these we obtain

n 1 1
log, <—T> S 9.5)
nTg f fg
Substituting for f from equation (9.3) this expression leads to
" -(T-Ty)
logyo (—T) : 9.6)

vy, 2303, [(ylay) + (T - Ty)]

Data on a large range of polymers obtained by experimental methods have
indicated the approximate general validity of the equation

) - 1744T~T,)
logyo | — ) = —————— & 9.7)
nr,) 516+ (T —T,)

known as the Williams, Landel and Ferry equation (WLF equation). By solving
the pair of simultaneous equations (9.6) and (9.7) we obtain

Jfe=0.025
and

a, =48 X 107* deg ~!
Equation (9.7) implies that if we know the viscosity at some temperature T we
can estimate the viscosity at the T, and hence in turn estimate the viscosity at

another temperature 7'y, i.e. the WLF equation gives the effect of temperature on
viscosity.
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There are further ramifications of this observation. In essence if the value of
a material property changes with temperature and this change arises from
changes in the viscosity of the system then it may well be possible to apply the
WLF equation.

One example of this occurs with stress relaxation. If a polymer is deformed to
a fixed strain at constant temperature the force required to maintain that strain
will decay with time owing to viscous slippage of the molecules. One measure
of this rate of decay or stress relaxation is the relaxation time 0, i.e. the time taken
for the material to relax to 1/e of its stress on initial application of strain.

In this case it is found that

0r - 17447 - T,)

I (—):———————— 9.8
10\, /T S16+ (- Ty e

which is of the same form as equation (9.7).
For an experiment carried out in shear it is possible to define a shear relaxation
modulus at some time ¢ as

G = 3 9.9)

(¢}

where f, is the force required to maintain the strain at time ¢ after the initial
stretching operation to the strain Sy.

Clearly related to stress relaxation is creep, when a material is kept under
constant load and because of molecular slippage the material deforms
continuously with time of loading.

For small shear strains we can define a time-dependent compliance J,
(reciprocal modulus) by the equation

S
5= (9.10)
Jo

where S, is the strain at time ¢ under the load f;. There is a clear but rather
complicated relation between G,, and J, but if the slope of log G,, against log ¢
is — m then

sin mw
G, J, =—— .11)
mr

is a good approximation where 7<0.8.

Not only are the creep compliance and the stress relaxation shear modulus
related but in turn the shear modulus is related to the tensile modulus which itself
is related to the stress relaxation time 8. It is therefore in theory possible to
predict creep—temperature relationships from WLF data although in practice
these are still best determined by experiment.

9.4.2 Creep Curves

Major polymer manufacturers can usually supply creep data on those of their
polymers which are likely to be subjected to long-term loads. A typical set of
such curves is given in Figure 9.9. Sections through the creep curves at constant


