
18.5 Stoneware

Introduction

Owing to their almost complete resistance to corrosion, stoneware and
porcelain occupy a unique position as materials in the chemical industry.
Stoneware bodies can be compounded from many different raw materials to
give the properties required and to permit the manufacture of articles up to
a considerable size. Porcelain, on the other hand, is not generally used for
very large articles, but owing to its completely vitreous nature it normally
shows a much greater resistance to corrosion than does stoneware.

The composition of stoneware can vary very widely. In its simplest form
it may consist simply of a clay, or a clay mixed with a pre-fired inert material
known as grog. This grog may be clay which has been fired to a high tempera-
ture and then crushed and sieved to give the correct grading. On the other
hand, the body may be compounded from clays, felspar, quartz, etc. all
materials which are in normal use in the ceramic industry. This type of body
normally has improved strength over the simple type. The grog may be of
a special nature, such as alumina, silicon carbide or zircon, according to the
service conditions to which the material will be subjected in use. The appro-
priate type of body mix must be decided on in relation to materials which
will be in contact with the ware, any thermal shock to which the ware may
be subjected, and the mechanical forces the ware will have to withstand.

Mechanical and Physical Properties

While mechanical properties of ceramic materials are usually quite adequate
for the duties which they have to perform, it is essential to realise the limita-
tions of the material, and to design and install any articles made from it in
such a way as to minimise any weakness. Table 18.12 gives typical values for
the mechanical properties of the different materials which are available.

Tensile Strength

This depends very largely on the composition of the body and the temper-
ature to which it is fired. The addition of a clay grog will normally reduce
the tensile strength but the degree of reduction depends on the proportion
used, the grain-size distribution of the grog, and the particle shape. The



Table 18.12 Some typical values for the physical and mechanical properties of available
stoneware and porcelain bodies

Property

Body

Porcelain

Stoneware:
Porous
Vitreous

Thermal-
shock-
resisting
stoneware

High alumina

Tensile
strength

(MN/m2)

34

7
21

14

117

Com-
pressive
strength

(MN/m2)

690

103
207

138

1 380

Modulus
of rupture
(MN/m2)

90

34
70

55

276

Apparent
porosity

W

O

0-5-0-3
0-0-5

0-1-0

O

Thermal
conductivity
(Wm-1K-1)

0-0047

0-0035
0-0047

0-0035

0-013

Young's
modulus
(GN/m2)

69

55
69

83

276

Thermal
expansion
coefficient
0-50O0C

(mm/mm°C)

7 x l O ~ 6

5 x 10~6

6 x 10~6

6 x 10~6

7 x 10~6

degree of vitrification also affects the tensile strength. By using special grogs
it is possible to produce a body which has a reasonably high strength.

Since all ceramic materials are weaker in tension than in compression, it is
good practice in design to avoid tensile forces wherever possible, and where
they are unavoidable to reduce them to a minimum and to distribute them
evenly over the article, e.g. a circular tank is better than a rectangular one.

Compressive Strength

This is usually about ten times greater than the tensile strength and once
again depends on the properties of the grog and the degree of vitrification
of the body.

Modulus of Rupture

All ceramic materials are elastic, and hence show very little bending under
load. They do not exhibit any creep under load. The modulus of rupture type
of test l is the routine test most commonly used in the ceramic industry, and
gives the figure generally quoted for the strength of the material. It must be
remembered that the value obtained for any particular body depends on the
cross-sectional area of the test piece; thus figures quoted from test results
may be higher than those obtained on actual articles, which usually have a
thicker section than the test piece.

Young's Modulus

This is normally very high and very little can be done by the manufacturer
to vary it. An important related property is the critical strain, defined as the



ultimate tensile strength divided by the elasticity. Most ceramic materials
have similar values for critical strain (approx. 0-001), and this must always
be remembered whenever a combination of stoneware and other materials
is being considered.

Porosity

This is very important as several other properties are dependent upon it. If
the porosity is too high, the article will be weak and will not retain liquid.
The pore structure should also be taken into account. When a ceramic
material is fired, although the internal surface area decreases as the material
approaches zero porosity, the mean radius of the pores increases. Thus,
when the internal surface area is 3 mVg the mean pore radius may be of the
order of 10~7 m, while when the internal surface has dropped to 0-5 mVg
the mean pore radius may be about 4-5 X 10~7m. The mean pore radius
may reach a value as high as 9 x 10~7m as the ware approaches zero
porosity during firing. It is thus obvious that at some point the pores must
start to close up. This closing of the pores with the approach of vitrification
is borne out by results of permeability measurements.

It is generally true that the lower the porosity the higher the mechanical
strength and the acid resistance of the body, but unfortunately low porosity
also usually results in reduced thermal shock resistance.

Thermal Shock Resistance

The thermal shock resistance of any stoneware material depends partic-
ularly upon thermal expansion, strength, Young's modulus and thermal
conductivity.

Many of these properties depend upon others which may themselves be
governed by yet other factors. Thus, as mentioned above, increased porosity
usually gives better thermal shock resistance, but it may be necessary for
reasons of watertightness to employ a body with a very low porosity. The size
of an article is also closely related to the degree of thermal shock which it
will withstand. For this reason it is very difficult to give accurate figures for
the thermal shock resistance of stoneware bodies. In practice, if precautions
are taken to heat up any stoneware articles slowly and evenly no trouble will
be experienced. This is a matter on which the ceramic manufacturer should
be consulted.

Dimensional Accuracy

All ceramic articles (except those for highly specialised uses) exhibit high
shrinkage, usually varying between 7 and 15%, during manufacture. During
the firing process the rate of shrinkage of different parts of an article may
vary, and the body may slump under its own weight at the maximum
temperature attained. Thus it can be seen that the manufacture of an article
to a close dimensional specification is a very difficult task. Manufacturers



will normally contract to supply to dimensions with a tolerance of ±2%. If
greater accuracy than this is required, it is necessary to grind the article,
which will increase the price.

Abrasion Res/stance

This property is very hard to define, as articles may be subjected to very
varied forms of abrasion, and in general a given ceramic body will react quite
differently to different types of abrasion. This is a question on which the
manufacturer should be able to give considerable guidance. Many types of
standard abrasion test have been proposed, but none has proved satisfactory
and experience must continue to be the main guiding factor.

Thermal Expansion

The thermal expansion coefficient of ceramic material can vary from
2 x 10 ~6 to 7 x 10 ~6mm/mm°C. The values obtained for bodies normally
supplied are about 5 x 10 ~6 to 6 x 10~6mm/mm°C; values outside this
range will be obtained only from special bodies.

Impact Strength

This is another property for which it is very difficult to obtain a reliable
figure. In general, ceramic materials are not very resistant to impact and
should be guarded to prevent breakage by accidental blows.

Chemical Resistance

Stoneware and porcelain are attacked only by hydrofluoric acid and hot con-
centrated caustic alkalis and are almost completely unaffected by all con-
centrations of mineral and organic acids, acid salts and weak alkalis2. The
degree of susceptibility depends upon composition, firing temperature and
porosity.

As stoneware and porcelain can be given a glazed finish on both interior
and exterior surfaces, articles made from these materials can be very easily
cleaned, even after years of use. The glaze also has an effect on the strength
of the ware, increasing it by up to 20%, but certain types of body are difficult
to glaze satisfactorily.

Jointing

In the majority of stoneware constructions some form of joint has to be
provided, and in runs of piping there will be very many joints, which fre-
quently fail owing to failures in the jointing material. It is essential that all



joints should be able to withstand corrosion to the same extent as the stone-
ware, and that they should be leakproof and capable of withstanding any
conditions of mechanical or thermal shock which may be present. For these
reasons, very careful thought must be given to the type of joint employed and
to the jointing media. It should also be remembered that any joints should
be made by skilled operatives, as in most cases one badly made joint could
cause failure of the whole installation.

Various methods of jointing are discussed below.

Hydraulic Cement

Three types of hydraulic cement are in use, viz. Portland, supersulphated
and high-alumina. Portland cement is satisfactory in solutions with a pH
of 7 and upwards, high-alumina will withstand solutions of pH 5-5 and
upwards but will be attacked by alkaline solutions greater than pH 9, while
supersulphated cement is resistant to solutions of pH 3 and upwards and also
to alkaline solutions. All these cements are resistant to solvent solutions.
Another advantage in the use of high-alumina cements is that they will attain
their maximum strength in about 24 h. If Portland cement is used for the
foundations of acid plants, care should be taken to insulate it from the sur-
rounding earth.

Acid-resisting Cement

This class of cement, which will withstand acids of all concentrations, with
the exception of hydrofluoric acid, consists of an inert aggregate bonded
with either potassium or sodium silicate solution, with the addition of a
setting agent, e.g. sodium silicofluoride or ethyl acetate. The aggregate may
consist of graded quartz, acid-resisting brick, etc. It is important to remem-
ber that this type of cement will be attacked by water and dilute alkalis,
and therefore an acid solution must be kept in contact with the cement during
use. Sodium silicate is the normal bond used, mainly on account of its
cheapness. In the presence of sulphuric acid, however, potassium silicate is
preferable, since if sodium silicate is used, there is a danger that the
decahydrate of sodium sulphate will be formed, with a consequent large
increase in volume. Many trials of the use of sodium silicate in contact with
sulphuric acid have however shown very little evidence that this disintegra-
tion will actually take place.

Rubber Latex and Resin Cements

Rubber latex cement Rubber latex cement consists of mixtures of sand and
other fillers which are gauged with rubber latex solution. These cements are
suitable for dilute acid conditions and are particularly useful in conditions
where dilute acid alternates with water or dilute alkalis. They remain very
slightly resilient and adhere very well to stoneware. They are not of course



resistant to organic solvents which would normally attack rubber, nor to
strongly oxidising acid solutions which cause ageing of the rubber.

Resin cements Many different resin cements are now available, and types
which give satisfactory service under most conditions can be obtained3.

Many formulae have been suggested for cement using sulphur, e.g.
sulphur and sand, sulphur bitumen and sand, etc. These materials are heated
in a vat until molten and then poured into the joints where they set to a hard,
strong solid. They are usually very brittle and contract considerably on cool-
ing, which may give rise to cracks. They are, however, resistant to acid, water
and dilute alkalis.

Lutes

This class of material does not set and must be held in position by a rigid
cement or some mechanical means. A material commonly used is asbestos
fibre mixed with various other substances such as china clay, sand, etc. and
plasticised with some form of oil or tar.

Fixed-flange Piping

In this method of jointing stoneware piping, the joint is formed by a gasket
between ground ends of the pipe, the joint being put under compression
by a metal clamp. The choice of gasket material will of course depend upon
service conditions.

Rubber Sleeves

This is a fairly modern development in which the joint is formed from a
rubber sleeve which rolls along the pipe as it is pushed into the spigot of the
next pipe, to form a very strong joint, which is highly resistant to vibration*.

Chief Applications

Stoneware is used mainly for storage, transportation and processing, where
its great resistance to corrosion is important. As it can be glazed and is com-
pletely non-reactive, it is also used in situations where cleanliness is impor-
tant, as in the food industry.

Storage vessels can be made in a large variety of shapes and sizes. Absorp-
tion and distillation towers are available in several different forms and
many sizes. Reaction vessels such as coppers, stills and Cellarius receivers
can be supplied in the special materials to withstand thermal shock. Valves
and pumps of many types are available to suit all conditions. Piping can be

* Flexadrain Joint, developed by the National Salt Glazed Pipe Man. Assn. and British Ceramic
Research Assn.



supplied in a great number of bore sizes, complete with the necessary bends,
and with any desired form of joint.

Porous articles for filtration, aeration, diffusion, etc. can also be made
from materials having the same chemical inertness as those used for the low-
porosity articles such as storage vessels. The pore size of these articles can
be controlled to suit the operating conditions encountered.

Costs

Costs of stoneware articles are usually lower than those of competitive
materials. The cost per pound is always much lower, but the degree of com-
plexity of the required article and its availability or otherwise in standard
stock sizes will, of course, influence the total cost. Owing to the manufac-
turing methods employed for stoneware, special designs may easily be pro-
duced, and hence mould charges may be very low.

G. S. SHIPLEY
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18.6 Plastics and Reinforced

Plastics

For very many years organic materials have been used for coating metals
to protect them against corrosion. During the present century two com-
plementary trends may clearly be discerned. The first is the progressive
replacement of natural materials with synthetic materials of high molecular
weight belonging to a chemical class referred to as polymers. The second is
the increased use of these materials, not simply as a protective coating for
some material of construction, but as a material of construction itself. Thus
such materials have extended from two-dimensional applications as surface
coatings to three-dimensional forms, which are referred to as plastics.

Hence whilst in the past corrosion control has involved, in the main,
the use of metal alloys, protective coatings, inhibitors, etc. corrosion prob-
lems may now often be circumvented by the use of self-supporting organic
polymers in the form of either rubbers or plastics. It must however be
immediately stressed that such materials are not invariably inert to chemicals
and they display their own particular response to such materials. A con-
sideration of such behaviour will be a prior object of this section.

Definition of 'Plastics'

It is in fact exceedingly difficult to provide a satisfactory definition of the
term plastics, since attempts at reasonably concise definitions tend to include
certain materials such as rubbers, adhesives, fibres, glasses and surface coat-
ings that are not usually considered as plastics, and to exclude a number of
somewhat non-typical materials such as bituminous plastics, shellac and
polytetrafluorethylene which usually are. In reality then, the term becomes
bounded by common usage rather than by a physical-chemical description.
However, in general, it may be said that plastics are usually high polymers
that at some stage in their existence are capable of flow, but may also be
brought into a non-fluid form in which they have sufficient toughness
and strength to be useful in self-supporting applications. Although they may
be self-supporting this does not exclude the possibility of reinforcing the
plastics with fibres or of laminating them with other materials. Sometimes
metals are coated with plastics but usually at a greater thickness than is com-
mon with traditional surface coatings such as paint films. (See Section 16.2.)



The rapid rise of the plastics industry since World War II may be attri-
buted to a number of factors. Foremost has been the fact that whilst many
materials of construction have been subjected to continual increases in their
price, the development of the petrochemicals industry and economies of
scale have, for most of the time, led to reductions in the prices of plastics
materials. With the passage of time more and more products constructed
from traditional materials have become cheaper to produce from plastics.
Whilst economies of scale have probably almost reached their limits, and
whilst the low profitability of many plastics-producing plants may cause
companies to retard increases in plant and production, the trend of increased
plastics usage seems bound to continue.

Such an increase also requires that plastics possess properties suitable for
the end-use envisaged. Whilst it is today possible, by chemical modification
or the selective use of additives, to make products varying widely in their pro-
perties, certain properties are common to the vast bulk of plastics materials.
These include:

1. Tenacity. Whilst some plastics are rigid and others flexible, all com-
mercial materials show a degree of strength and toughness superior to
simple crystals and common glass when rapidly stressed.

2. Low thermal conductivity.
3. Low electrical conductivity.
4. Low heat resistance compared with common metals. The vast bulk of

plastics produced will not withstand 10O0C and only a very few highly
specialised products will withstand 40O0C.

The Chemical Nature of Plastics

Most plastics are based on polymers, which may be prepared by a variety of
techniques that are briefly as follows.

Double-bond polymerisation In this case the double bond in a small
molecule opens up and allows it to join to another similar molecule, e.g. with
ethylene:

^CH2=CH2-> [-CH2-CH2-Jn

The molecules join together to form a long chain-like molecule which may
contain many thousands of ethylene units. Such a molecule is referred to
as a polymer, in this case polyethylene, whilst in this context ethylene is
referred to as a monomer. Styrene, propylene, vinyl chloride, vinyl acetate
and methyl methacrylate are other examples of monomers which can poly-
merise in this way. Sometimes two monomers may be reacted together so
that residues of both are to be found in the same chain. Such materials are
known as copolymers and are exemplified by ethylene-vinyl acetate copoly-
mers and styrene-acrylonitrile copolymers.

Condensation polymerisation In this case reaction between two groups
occurs which leads to the production of a polymer and also a simple
molecule, e.g. reaction between adipic acid and hexamethylene diamine
yields nylon 66 and water:



rtHOOC(CH2)4COOH + HH2N(CHj6NH2

-" [-OC(CH2)4CONH(CH2)6NH-L + InH2O

Most nylons, polyesters, phenolics and a number of other plastics are pro-
duced by this route.

Rearrangement polymerisation Here the mechanism resembles condensa-
tion polymerisation but no small molecule is split out. In the first example,
l:4-butane diol reacts with hexamethylene di-isocyanate to give 6,4-poly-
urethane:

In the second, e-caprolactam, a ring compound, opens up to give nylon 6:

The polymerisation of e-caprolactam is sometimes known as a ring-
opening polymerisation, a technique also used with ethylene oxide, tetra-
hydrofuran and a number of other monomers.

Polymers may also be obtained from another source—nature. Cellulose,
the principal constituent of cotton and a major constituent of wood, is a
polymer. So also are lignin, natural rubber, gutta percha and proteins. Sand
(silica) may be considered as an inorganic polymer. Whilst many of these are
of value unmodified, some, like cellulose, cannot be considered as plastics
in their natural state, but if chemically modified by man useful plastics mate-
rials such as cellulose acetate, celluloid and ethyl cellulose may be obtained.

The Physical Nature of Plastics

Many polymers such as polystyrene consist of long chain-like molecules
of very high molecular weight. A typical molecular weight for a polystyrene
molecule is about 200 000, and since the molecular weight of the monomer
is 104 there may well be 2 000 monomer units joined together in this way.
Since the backbone carbon-carbon bonds can rotate freely, such molecules
are most unlikely to be stretched out in straight lines but are more likely to
be coiled up into a random configuration.

In the case of polystyrene the molecules at room temperature do not have
enough energy to twist and move around and so in the mass the polymer
is rigid. On heating above a certain temperature range sufficient energy
for movement is obtained and on application of a shearing stress the poly-
mer molecules partly uncoil, slip past each other and, in the mass, flow
occurs. On cessation of stress, slippage ceases, the chains again coil up and



on cooling the mass again hardens. If desired, the whole process of heating,
shearing and cooling may be repeated and materials which behave in this
way are known as thermoplastics. Two points should, however, be noted.
Firstly, if cooling precedes chain recoiling then a frozen-in molecular orien-
tation will result which can grossly affect the polymer properties, in some
cases adversely. Secondly, repeated heating and shearing may be accom-
panied by changes such as oxidation and polymer degradation which will
limit in practice the number of times heating and cooling can be undertaken
on a particular polymer sample.

Fig. 18.6 Joining up of (a) long-chain molecules or (b) branched molecules to produce (c) a
cross-linked polymer

In terms of tonnage the bulk of plastics produced are thermoplastics, a group
which includes polyethylene, polyvinyl chloride (p.v.c.), the nylons, poly-
carbonates and cellulose acetate. There is however a second class of mate-
rials, the thermosetting plastics. They are supplied by the manufacturer
either as long-chain molecules, similar to a typical thermoplastic molecule or
as rather small branched molecules. They are shaped and then subjected to
either heat or chemical reaction, or both, in such a way that the molecules
link one with another to form a cross-linked network (Fig. 18.6). As the
molecules are now interconnected they can no longer slide extensively one
past the other and the material has set, cured or cross linked. Plastics mate-
rials behaving in this way are spoken of as thermosetting plastics, a term
which is now used to include those materials which can in fact cross link with
suitable catalysts at room temperature.



Important thermosetting plastics include the phenolics, melamine-
formaldehyde, epoxides and polyester resins used in glass-reinforced plas-
tics. (See also Sections 14.5 and 14.9.)

Thermoplastics

Thermoplastics may themselves be considered in four sub-classes: (a) amor-
phous thermoplastics, (b) rubber-modified amorphous thermoplastics, (c)
plasticised amorphous thermoplastics and (d) crystalline thermoplastics.

Amorphous thermoplastics These are made from polymers which have a
sufficiently irregular molecular structure to prevent them from crystallising
in any way. Examples of such materials are polystyrene, polymethyl metha-
crylate and polyvinyl chloride.

At very low temperatures these materials are glass-like and rigid. On
heating, a temperature is eventually reached when the material softens. If
the polymer is of sufficiently high molecular weight it does not melt but
becomes rubbery. The temperature at which this occurs is known as the glass
transition (Tg)9 and is in effect the point at which the molecules have suffi-
cient energy to be able to coil and uncoil; however, chain entanglements pre-
vent flow. At higher temperatures there are two possibilities. Polymers of
moderate molecular weight may achieve such energy that they can flow,
whilst high molecular weight materials may decompose before the flow point
is reached. This is shown schematically in Fig. 18.7 which indicates the
phases in which this type of polymer can occur. It should be stressed that the
boundary lines will change position with change of polymer species.

It will be seen that a polymer of molecular weight M1 may be processed
either as a liquid (by injection moulding, extruding, etc.) or as a rubber (by
vacuum forming, sheet blowing, warm forging). In the case of the polymer

Molecular weight

Fig. 18.7 Temperature-molecular weight phase diagram for amorphous polymers

Rigid

Rubbery

Leathery
to rigid

Viscous
liquid

Viscp-
elastic
zone

Te
m

pe
ra

tu
re



of molecular weight M2 it will be seen that it can only be shaped in the
rubbery state, and if it is intended to process it by say injection moulding
then the molecular weight will first have to be reduced. An important illustra-
tion of this is with the well known acrylic materials such as Perspex and
Oroglas which have too high a molecular weight to be injection moulded.
However, lower molecular weight polymers (e.g. of molecular weight Af1 in
Fig. 18.7) of similar chemical structure are available (e.g. Diakon) which are
suitable for this purpose.

It is possible to make some generalisations about the properties of amor-
phous thermoplastics:

1. The T% will determine the maximum temperature of use of the mate-
rial as a rigid thermoplastic. For amorphous rubbers the Tg will deter-
mine the minimum temperature.

2. Below T8 most amorphous polymers show a more or less linear stress-
strain curve with no yield point (Fig. 18.8)

Fig. 18.8 Typical stress-strain curve of amorphous thermoplastics below their glass transition
temperature. Area under the curve is small compared with many crystalline plastics and hence

the impact strength is usually low

The tensile strengths are about 55 MN/m2, the elongations at break
usually less than 10% and the modulus of elasticity about 2-7 GN/m2.
Since the area under the curve provides a measure of the energy required
to break the bonds, and since this area is small such polymers will have
a low impact strength (which is closely related to energy to break) and
will break with a brittle fracture.

3. They are generally more permeable to gases than crystalline polymers,
more so above T% than below (see later).

4. They usually have a much wider range of solvents than crystalline
polymers (see later).

Rubber-modified amorphous polymers The brittleness of amorphous poly-
mers has been a hindrance in their commercial development. Fortunately,
for reasons still not fully understood, the addition of rubbery polymers as
dispersed droplets, or sometimes in a network form, into the glassy polymer
can often lead to substantial increases in impact strength, albeit usually at
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some cost to tensile strength and, in many cases, clarity. Such materials
still, however, have a phase diagram similar to Fig. 18.7 except that the terms
'glassy' and 'glass-transition' temperature are no longer strictly accurate.

The most important polymers of this important class are:

1. High-impact polystyrene (polystyrene modified with styrene-butadiene
rubber (SBR) or polybutadiene rubber).

2. ABS-A complex polymer based on acrylonitrile, butadiene and
styrene.

3. Methacrylate-butadiene-styrene polymers (MBS) and related materials
chemically similar to ABS but often available in transparent form.

4. High-impact p.v.c. —in this case the impact modifiers are not always
rubbers but the mechanism of their action is probably similar.

Plasticised amorphous thermoplastics Certain plastics may be mixed with
high-boiling low-volatility liquids to give products of lower T%. The most
important example occurs with p.v.c. which is often mixed with liquids such
as di-iso-octyl phthalate, tritolyl phosphate or other diesters to bring the Tg
below room temperature. The resultant plasticised p.v.c. is flexible and to
some degree quite rubbery. Other commonly plasticised materials are cellu-
lose acetate and cellulose nitrate.

It is essential to appreciate that such plasticisers will considerably modify
the chemical properties of the plastics material since the plasticiser may be
readily extracted by certain chemicals and chemically attacked by others
whilst the base polymer may be unaffected.

Crystalline thermoplastics Whilst polymers such as polyethylene and nylon
66 do not show any regular external form which is characteristic of crystals,
closer examination reveals that they have many properties common to
crystalline materials. Although the exact nature of this crystallinity is still
a matter of dispute it would appear that segments of polymer molecules at
least pass through zones in which molecular arrangement is highly ordered,
i.e. crystalline. In some ways these zones act like knots or cross-links holding
the materials together.

The effect of heating crystalline polymers from low temperatures is more
complex than with amorphous polymers. Initially the material is rigid and
hard. As the temperature goes through the 7"g, lightly crystalline material
softens slightly and becomes leatherlike, but highly crystalline materials
show little change in properties. Further heating results in the crystals melt-
ing over a temperature range and the polymer becomes rubbery. Whether
or not it melts or decomposes first on further increases in temperature will
depend on molecular weight as with amorphous polymers.

A typical phase diagram for such polymers is given in Fig. 18.9. With such
crystalline polymers the melting point Tm replaces the Tg as the factor
usually determining the maximum service temperature of thermoplastics and
minimum service temperature of rubbers. However, being more complicated
than amorphous polymers it is more difficult to make generalisations about
properties. The following remarks may, however, be pertinent for crystalline
polymers:

1. Below Tg tensile strengths are usually at least as strong for crystalline
polymers as for amorphous polymers. Between Tm and T8 the strength
and rigidity will be very dependent on the degree of crystallinity and



Molecular weight

Fig. 18.9 Temperature-molecular weight phase diagram for crystalline polymers

to some extent on molecular weight, e.g. tensile strengths can range
from? to 84MPa2.

2. In most cases crystal densities differ from the densities of amorphous
polymers. This leads to differences in refractive index, which in turn
cause scatter of light at boundaries between amorphous and crystalline
zones. Such materials are opaque except in certain instances where the
crystal structure can be carefully oriented to prevent such scatter of
light.

3. The close molecular packing makes diffusion more difficult than with
amorphous polymers compared in similar circumstances, i.e. both
below Tg or both above TB (but below TM of the crystalline polymer).

4. Thermodynamic considerations lead to considerable restriction in the
range of solvents available for such polymers.

Thermosetting Plastics

If glycerol is reacted with phthalic anhydride three ester links can be made
from each glycerol unit. Continued reaction will eventually cause the mole-
cules to link up in a three-dimensional network in which, theoretically at
least, the whole polymer mass becomes one giant molecule.

For reasons of production feasibility such cross-linked plastics are nor-
mally prepared in two stages. In the first stage either a low molecular weight
branched polymer or a higher molecular weight linear (unbranched) polymer
is produced. Such materials are thermoplastic and in most cases soluble in
appropriate solvents. By activation of heat and/or additional chemical reac-
tants, the branched molecules join together, or the linear polymers cross
link, to produce an infusible, insoluble material. Since, in the early days of
the plastics industry, the cross-linking processes required heat these mate-
rials became known as thermosetting plastics. Today this term is commonly
extended to materials which can cross link at room temperature.
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Because thermosetting plastics have an irregular form they are amorphous
and because of the network structure are invariably rigid. They do not dis-
solve without decomposition but may swell in appropriate solvents, the
amount of swelling decreasing with increased cross-link density.

Well-known thermosetting plastics include the phenolics, urea-formalde-
hyde and melamine-formaldehyde plastics, polyesters and epoxides.

Reinforced Plastics

The mechanical properties of plastics materials may often be considerably
enhanced by embedding fibrous materials in the polymer matrix. Whilst such
techniques have been applied to thermoplastics the greatest developents have
taken place with the thermosetting plastics. The most common reinforcing
materials are glass and cotton fibres but many other materials ranging from
paper to carbon fibre are used. The fibres normally have moduli of elasticity
substantially greater than shown by the resin so that under tensile stress
much of the load is borne by the fibre. The modulus of the composite is inter-
mediate to that of the fibre and that of the resin.

In addition to the nature of resin and fibre, the laminate properties also
depend on the degree of bonding between the two main components and the
presence of other additives including air bubbles. Because of this some parts,
fabricated by simple hand building techniques, may exhibit strengths no bet-
ter or even worse than unreinforced materials. This problem is often worst
with glass fibres which are therefore normally treated with special finishes to
improve the resin-glass bond.

The highest mechanical strengths are usually obtained when the fibre
is used in fine fabric form but for many purposes the fibres may be used
in mat form, particularly glass fibre. The chemical properties of the
laminates are largely determined by the nature of the polymer but capillary
attraction along the fibre-resin interface can occur when some of these
interfaces are exposed at a laminate surface. In such circumstances the
resistance of both reinforcement and matrix must be considered when
assessing the suitability of a laminate for use in chemical plant. Glass
fibres are most commonly used for chemical plant, in conjunction with
phenolic resins, and the latter with furane, epoxide and, sometimes,
polyester resins.

Polymer Orientation

It is not very difficult to appreciate that if polymer molecules are aligned as
in Fig. 18.10 then a much higher tensile strength will be obtained if a test is
carried out in the X-X direction as opposed to the Y-Y direction. It is also
not difficult to understand why such a, material has a lower impact strength
than a randomly coiled mass of molecules (Fig. 18.10) because of the ease
of cleavage of the material parallel to the X-X direction.

Similar remarks may also be made where crystal structures or fibre rein-
forcements rather than the individual molecules are aligned.



Fig. 18.10 Polymer alignment, (a) Parallel and (b) random

For fibres and filaments such orientation is desirable, but for solid objects
where impact strength is often more important than tensile strength such
orientation is usually unwelcome. It can also have further unwanted effects.
This arises from the fact that oriented molecules are basically unstable
and will at the first opportunity try to coil up. Thus on heating samples
up to temperatures near TB severe distortion can occur leading to warped
mouldings.

Another serious effect occurs witli liquids which are not in themselves
solvents but which may wet the polymer surfaces. These facilitate relief of
frozen-in stresses by surface cracking which can be a severe problem in using
many injection and blow mouldings with specific chemicals. Examples of this
are white spirit with polystyrene, carbon tetrachloride with polycarbonates
and soaps and silicone oils with low molecular weight polyethylenes.

In addition to orientation in one direction (mono-axial orientation),
biaxial orientation is possible. This is achieved when sheet is stretched in two
directions resulting in layering of the molecules. This can increase the impact
strength, tensile strength and solvent cracking resistance of polymers and
with crystalline plastics the polymer clarity may also be improved.

To summarise this section let it be said that it is necessary for the techno-
logist to control orientation, not the least because of the effect that this might
have on stress-cracking that may occur in aggressive chemical environments.

The Chemical Properties of Polymers

It is common practice to talk about the chemical resistance of polymers
without it always being appreciated that this can mean different things. To
avoid this it is probably wiser to differentiate between:

1. Resistance of a polymer to chemical attack resulting in breakdown of
some covalent bonds and formation of new ones. This could involve
breakdown initiated by heat and radiation including u.v. light.

2. Resistance to dissolution by liquids.
3. Resistance to cracking in aggressive environments.
4. Permeability to gases and liquids.

It is also important to bear in mind that, for end use, polymers may be
mixed with a number of additives such as plasticisers, stabilisers, anti-
oxidants, fillers, fire-retardants, pigments and so on, and thit this may well



have an important influence on chemical properties. The following discus-
sion will however confine itself to pure polymers.

Resistance to Chemical Attack

Expressed simply the resistance of a polymer to chemical attack may be said
to be determined by the following factors:

(d) Nature of the chemical bonds present.
(b) Interaction between chemical groups which occur repeatedly along the

molecular chain.
(c) Presence of occasional 'weak-links'.

In commercial polymers there are a rather limited number of chemical
bonds to be found and it is possible to make a number of general observations
about the chemical reactivity in the following tabulated list of examples1:

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 addi-
tion, the branched polyethylenes and all 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-Cl 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 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 pre-
sence of benzene rings adjacent to these groups may offer some protec-
tion 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 polyvinyl alcohol.

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, e.g. they
seldom lead to chain scission or cross linking. (N.B. The phenolic resins
provide an important exception here.)



There are numerous examples of chemical reactions consequent upon
chemical groups which occur repeatedly along a chain. In some cases the
reaction occurs randomly between adjacent pairs of groups such as in the
reaction between aldehydes and polyvinyl alcohol and of zinc dust with
polyvinyl chloride:

In other instances the reactions appear to occur in sequence down the chain,
for example in the depolymerisation reaction of polyformaldehyde (poly-
acetal) and polymethyl methacrylate which are referred to as zippering or
sometimes unzippering reactions. In other cases cyclisation reactions can
occur such as on heating poly aery lonit rile:

and



It is commonly found that polymers are less stable particularly to mole-
cular breakdown at elevated temperatures than low molecular weight mate-
rials containing similar groupings. In part this may be due to the constant
repetition of groups along a chain as discussed above, but more frequently
it is due to the presence of weak links along the chain. These may be at the
end of the chain (terminal) arising from specific mechanisms of chain initia-
tion and/or termination, or non-terminal and due to such factors as
impurities which becomes built into the chain, a momentary aberration in
the modus operandi of the polymerisation process, or perhaps, to branch
points.

The combination of weak links and unzipping can be catastrophic and has
been a particular problem in the commercial development of some polymers,
in particular polyacetals.

Polymer Solubility

The solution properties of polymers have been subjected to intensive study,
in particular to highly complex mathematical treatment23. This section
will, however, confine discussion to a qualitative and practical level1'6.

One chemical will be a solvent for another if the molecules are able to
co-exist on a molecular scale, i.e. the molecules show no tendency to sepa-
rate. In these circumstances we say that the two species are compatible.
The definition concerns equilibrium properties and gives no indication of the
rate of solution which will depend on other factors such as temperature, the
molecular size of the solvent and the size of voids in the solute.

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. This is shown more clearly by
reference to Fig. 18.11 which shows two types of molecules, A and B. The
average forces between the like molecules are FAA and FBB, and the average
forces between dissimilar molecules are FAB. If FAA was the largest of these
three forces then the A molecules would tend to congregate or cohere,
pushing away the B molecules. A similar phase separation would occur if
FBB was the greatest.

Fig. 18.11 Two different molecular species will be compatible if FAB ^ FAA and /^6 ^ FBB.
In other circumstances the molecules will tend to separate if they have sufficient energy for

molecular movement



It is therefore seen that only when

/7AB > ^AA . . . (18.6)

and

/7A8^F88 ...(18.7)

will co-existence or compatibility be possible. Obviously if it is possible
to obtain some measure of these forces it should be possible to make pre-
dictions about polymer solubility. What then is a suitable measure of the
forces holding like molecules together? One would expect the latent heat of
vaporisation L to exceed that cohesion energy by an amount corresponding
to the mechanical work done by evaporation, an amount approximating to
RTwhere R is the gas constant and Tthe absolute temperature. Such a figure
of (L—R T) might be a sufficient measure if all of the molecules were of about
the same size.

Fig. 18.12 Polymer molecules, (a) Short and (b) long

However, it is reasonable to suppose that compatibility should not be
greatly affected by molecular size and that the shorter polymer molecules in
Fig. 18.12 should be just as compatible as the longer molecules in Fig. 18.12b,
although their latent heats of vaporisation will be greatly different. In such
circumstances a reduced figure of (L — RT)/M will give a measure of inter-
molecular energy per unit weight. Similarly, a measure of the intermolecular
or cohesion energy per unit volume will be given by the expression:

L-RT
M/D

This expression is known as the cohesive energy density and in S.I. is
expressed in units of megapascals. The square root of this expression is more
commonly encountered in quantitative studies and is known as the solubility
parameter and given the symbol 6, i.e.:

*-M™*
The solubility parameter is thus an experimentally determinable property,

at least for low molecular weight materials, and a number of methods have
been reviewed by Burrell4. In the case of polymers which cannot normally



be vaporised without decomposition, a method of calculating from a know-
ledge of structural formula has been devised by Small5. An excellent review
of the whole subject is given by Gardon6.

It is now possible to provide an estimate of F^ and FBB, but the magni-
tude of FAB will have to be considered separately for different systems.

Amorphous non-polar polymers and amorphous non-polar solvents It is
assumed in these circumstances, by analogy with gravitational and electro-
static attraction, that FAB will be equal to the geometric mean of F^ and
FBB. If by definition we take F^ > FBB then:

/7AA > ^AB > ^BB • • .(18.8)

If we now consider the inequalities given in equations 18.6 to 18.8 it will
be seen that compatibility can only occur between amorphous non-polar
polymers and solvents when:

^7AA = ^AB = ^BB

i.e. when polymer and solvent have similar solubility parameters (in practice
within about 2 MPa172.

Reference to the values of d in Tables 18.13 and 18.14 provides a number
of examples of this. For example, natural rubber (unvulcanised) (d = 16-5)
is dissolved by toluene (6 = 18-2) and carbon tetrachloride (6 = 17-5), but
not ethanol (6 = 25-9). Cellulose diacetate (6 = 23-2) is soluble in acetone
(6 = 20-4), but not methanol (6 = 29-6) or toluene (6 = 18-2).

It should be noted that apart from the problem of achieving a molecular
level of dispersion it is not necessary for the solvent to be liquid— it may be
an amorphous solid.

Such tables are of greatest use with non-polar materials with values of 6
not exceeding 19-4 and when the polymers are amorphous. It is now neces-
sary to consider other systems.

Table 18.13 Solubility parameters of polymers

Polymer

Polytetrafluorethylene
Polychlorotrifluorethylene
Polydimethyl siloxane
Ethylene-propylene rubber
Polyisobutylene
Polyethylene
Polypropylene
Polyisoprene (natural rubber)
Polybutadiene
Styrene-butadiene rubber
Poly-f-butyl methacrylate
Poly-H-hexyl methacrylate
Poly-w-butyl methacrylate
Polybutyl acrylate
Polyethyl methacrylate
Polymethylphenyl siloxane

6MPa2"

12-6
14-7
14-9
16-1
16-1
16-3
16-3
16-5
17-1
17-1
16-9
17-5
17-7
18-0
18-4
18-4

Polymer

Polyethyl acrylate
Polysulphide rubber
Polystyrene
Polychloroprene rubber
Polymethyl methacrylate
Polyvinyl acetate
Polyvinyl chloride
Bisphenol A polycarbonate
Polyvinylidene chloride
Ethylcellulose
Cellulose dinitrate
Polyethylene terephthalate
Acetal resins
Cellulose diacetate
Nylon 66
Polymethyl a-cyanoacrylate
Polyacrylonitrile

6 MPa^

18-8
18-4-19-2

18-8
18-8-19-2

18-8
19-2
19-4
19-4

20-0-24-9
17-3-21-0

21-5
21-8
22-6
23-1
27-7
28-8
28-8

Note: because of difficulties in their measurements, 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 6.



Table 18.14 Solubility parameters and partial polarities (P) of some common solvents

Neo-pentane
Isobutylene
w-hexane
Diethyl ether
/i-octane
Methyl cyclohexane
Ethyl isobutyrate
Di-isopropyl ketone
Methyl amyl acetate
Turpentine
Cyclohexane
2,2-dichloropropane
Sec. amyl acetate
Dipentene
Amyl acetate
Methyl /i-butyl ketone
Pine oil
Carbon tetrachloride
Methyl w-propyl ketone
Piperidine
Xylene
Dimethyl ether
Toluene
Butyl cellosolve
1 ,2-dichloropropane
Mesityl oxide
Isophorone
Ethyl acetate
Benzene
Diacetone alcohol
Chloroform
Trichloroethylene

5MPaT

12-9
13-7
14-9
15-1
15-5
15-9
16-1
16-3
16-3
16-5
16-7
16-7
16-9
17-3
17-3
17-5
17-5
17-5
17-7
17-7
18-0
18-0
18-2
18-2
18-4
18-4
18-6
18-6
18-8
18-8
19-0
19-0

P

O
O
O
0-03
O
O

0-3

O
O

O
0-07
0-35

O
0-4

O

O

0-17
O

0-02
O

Tetrachlorethane
Tetralin
Carbitol
Methyl chloride
Methylene chloride
Ethylene dichloride
Cyclohexanone
Cellosolve
Dioxane
Carbon disulphide
Acetone
/i-octanol
Butyronitrile
/i-hexanol
Sec. butanol
Pyridine
Nitroethane
rt-butanol
Cyclohexanol
Isopropanol
/7-propanol
Dimethyl formamide
Hydrogen cyanide
Acetic acid
Ethanol
Cresol
Formic acid
Methanol
Phenol
Glycerol
Water

6MPaT

19-2
19-4
19-6
19-8
19-8
20-0
20-2
20-2
20-2
20-4
20-4
21-0
21-4
21-8
22-0
22-2
22-6
23-3
23-3
23-4
24-3
24-7
24-7
25-7
25-9
27-1
27-5
29-6
29-6
33-7
47-7

P

0-01

O

0-01
O
0-69
0-04
0-72
0-06
0-11
0-17
0-71
0-10
0-08

0-15
0-77

0-30
0-27

0-39
0-06
0-47
0-82

Note: a comprehensive list of solubility parameters is given in Reference 6.

Crystalline non-polar polymers and amorphous solvents Most polymers of
regular structure will crystallise if cooled below a certain temperature, i.e.
the melting point TM . This is in accordance with the thermodynamic law
that a process will only occur if there is a decrease in Gibbs free energy
(-AF) in going from one state to another. Such a decrease occurs on
crystallisation as the molecules pack regularly.

Since a process only occurs when accompanied by a decrease in free energy
there is no reason why a crystalline non-polar polymer should dissolve in
a solvent at temperatures well below the melting point. However, as the
melting point is approached the TAS term in the equation:

AF=AH- TAS

increases (where T is the absolute temperature, AS the entropy change and
AH the enthalpy change) so AF can become negative and solution may occur.

Hence at room temperature there are no solvents for polyethylene, poly-
propylene, poly-4-methyl-pentene-l, polyacetal or polytetrafluoroethylene,
but at temperatures of about 3O0C below their melting point solvents of



similar solubility parameter are effective. It should also be noted that at room
temperature swelling may occur in the amorphous zones of the polymer in
the presence of solvents of similar solubility parameter.

Amorphous non-polar polymers and crystalline solvents This situation is
identical to the previous one and occurs, for example, when paraffin wax is
mixed into rubber above its melting point. On cooling the paraffin wax tends
to crystallise, some of it on the surface of the rubber. Such a bloom is one
way of protecting a diene rubber from ozone attack.

Amorphous polar polymers and solvents Molecules are held together by
one or more of four types of forces, viz. dispersion, dipole, induction and
hydrogen bonding. In the case of aliphatic hydrocarbons the so-called
dispersion forces predominate. However, with many chemicals certain of
the covalent bonds present are unevenly balanced, with one end being posi-
tively charged and the other negatively charged. Such dipoles, as they are
called, can interact, with dipoles on other molecules and lead to enhancement
of the total inter-molecular attraction. Molecules which possess such dipoles
and interact in this way by dipole forces are said to be polar. Many well-
known solvents and polymers are polar, and it is generally considered that
for interaction both the solubility parameter and their degrees of polarity
should match. This is usually expressed in terms of partial polarity6 which
expresses the fraction of total forces due to dipole bonds. Some figures for
partial polarities of solvents are given in Table 18.14 but there is a serious
lack of quantitative data on the partial polarities of polymers. At the present
time a comparison of polarities has to be made by a common sense rather
than a quantitative approach. For example, hydrocarbon polymers would be
expected to have a negligible polarity and would then be more likely to
dissolve in toluene rather than diethyl ketone, although both have similar
solubility parameters.

Crystalline polar polymers and solvents It has already been pointed out
that at temperatures well below their melting point crystalline non-polar
polymers will not interact with solvents, and similar considerations can apply
to a large number of polar crystalline polymers. It has, however, been possi-
ble to find solvents for some polar, crystalline polymers such as the nylons,
polyvinyl chloride and the polycarbonates. This is because of specific inter-
actions between polymer and solvent that may often occur, e.g. 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 para-
meters but also are capable of acting as proton donors whilst the carbonyl
groups on the nylon act as proton acceptors:



A more interesting example is given with p.v.c. and the polycarbonate of
bis-phenoM, both slightly crystalline polymers. It is noticed here that whilst
methylene chloride is a good solvent and tetrahydrofuran a poor solvent for
the polycarbonate, the reverse is true for p.v.c. 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
chloride and between p.v.c. and tetrahydrofuran. In other words there is a
specific interaction between each solvent pair.

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

1. Proton donors include highly halogenated compounds such as chloro-
form and pentachlorethane. Less halogenated materials are weaker
donors.

2. Polar acceptors include, in roughly descending order of strength,
amines, ethers, ketones, aldehydes and esters, with aromatic materials
usually being more powerful than aliphatic.

3. Some materials such as water, alcohols, carboxylic acids and primary
and secondary amines may be able to act simultaneously as proton
donors and acceptors. Cellulose and polyvinyl alcohol are two polymers
which also function in this way.

4. A number of solvents such as the hydrocarbons, carbon disulphides and
carbon tetrachlorides are quite incapable of forming hydrogen bonds.

Rubbers 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 proper-
ties of the thermoelastomers which are two-phase materials are much more
complex and dependent on whether or not the rubber phase and the resin
domains are dissolved by the solvent.

Resistance to Cracking in Aggressive Environments

It has been found with many rigid plastics materials that under stresses well
below the normal yield stress, cracking occurs in environments where when
free of stress the polymer will be unaffected. The mechanism for this stress-
cracking phenomenon is not well understood and indeed there may well be



many different mechanisms in different circumstances. There do, however,
appear to be four main types:

1. 'Solvent' cracking of amorphous polymers.
2. 'Solvent' cracking of crystalline polymers.
3. Environmental stress cracking.
4. Thermal cracking.

Of the instances of so-called 'solvent' cracking of amorphous polymers
known to the author, the liquid involved is not usually a true solvent of the
polymer but instead has a solubility parameter on the borderline of the
solubility range. Examples are polystyrene and white spirit, polycarbonate
and methanol and ethyl acetate with polysulphone. The propensity to solvent
stress cracking is however far from predictable and intending users of a
polymer would have to check on this before use.

In the case of crystalline polymers it may be that solvents can cause crack-
ing by activity in the amorphous zone. Examples of this are benzene and
toluene with polyethylene. In polyethylene, however, the greater problem is
that known as 'environmental stress cracking', which occurs with materials
such as soap, alcohols, surfactants and silicone oils. Many of these are highly
polar materials which cause no swelling but are simply absorbed either into
or on to the polymer. This appears to weaken the surface and allows cracks
to propagate from minute flaws.

Thermal cracking appears to be similar, but in this case air is the aggressive
environment, becoming active at 70-8O0C with some polyethylenes.

The whole of this important subject is reviewed in detail by Howard7.

Diffusion

The efficacy of polymers when used to protect metals from corrosive
environments is influenced by their efficiency as barrier materials. When
applied to metals by some techniques, such as fluidised bed coating, there is
always the danger of 'macro-diffusion' through 'pinholes' which are gross
imperfections in the surface and which do not have to be visible to be very
much greater than the dimension of penetrating molecules.

Assuming, however, that the film is continuous then the concern is with
the permeability of the polymer to the corrosive fluids. This involves both
the dissolution of fluid into the polymer, which will be determined by the
conditions discussed previously, and the rate of diffusion of the fluid through
the polymer. This has been discussed elsewhere1'8 in detail, but may be
summarised as follows:

1. The lowest diffusion rates occur with crystalline polymers below the
T8, since there is very little space through which diffusing molecules
may pass.

2. Amorphous polymer below the Tg has a somewhat higher permeability,
but diffusion is still difficult.

3. For amorphous polymers above the T8, i.e. in the flexible and rubbery
states there is more space available through which diffusing molecules
may pass, and so these materials show comparatively high diffusion
rates with diffusing fluids.



4. For crystalline polymers between Tg and TM the diffusion rate is very
dependent on the degree of crystallisation.

Review of Commercial Plastics19

Amorphous Thermoplastics

Polyvinyl chloride (p.v.c.) P.V.C. is one of the two most important
plastics in terms of tonnage and shows many properties typical of rigid amor-
phous thermoplastics. More individually, it softens at about 7O0C, burns
only with difficulty and is thermally unstable. To reduce this instability,
stabilisers are invariably compounded into the polymer.

Being slightly crystalline, there are few good solvents, the best known of
which are nitrobenzene, cyclohexanone and tetrahydrofuran. When mixed
with certain non-volatile solvents such as some phthalates, adipates and
phosphates, flexible materials are obtained and which are referred to as
plasticised p.v.c.

In order to improve toughness many rubbers and other soft polymers
may be used as additives to modify the compound. Some copolymers based
on vinyl chloride are available of which the most important are the vinyl
chloride-vinyl acetate materials used in gramophone records, flooring com-
positions and surface coatings.

Polystyrene (PS) The volume of expanded polystyrene produced prob-
ably exceeds the volume production of all other plastics (excluding the poly-
urethanes) put together. At least half the weight of polystyrene produced is
in the form of high impact polystyrene (HIPS) —a complex blend containing
styrene-butadiene rubber or poly butadiene.

Styrene-acrylonitrile has improved heat resistance, oil resistance and
slightly better impact strength.

Acrylonitrile-styrene-butadiene polymers (ABS) These are complexes of
blends and copolymers of excellent toughness. Some recent modifications
show a degree of transparency.

Poly(methyl methacrylate) Used mainly where high light transmission and
excellent weathering properties are of greatest importance. This polymer is
the most well known of a very wide range of acrylic polymers which find uses
as rubbers, fibres, plastics, adhesives and surface coatings. The sheet forms
(Perspex, Plexiglas, Oroglas) are often of high molecular weight and dissolve
only with some difficulty.

Methacrylates are components of AMBS and MBS plastics which are
similar to ABS; they have improved clarity.

Polyvinyl acetate and derivatives Polyvinyl acetate is used largely for coat-
ing applications, but the derivative polyvinyl alcohol, will, providing there
are some residual acetate groups, dissolve in water. Reaction products of
polyvinyl alcohol with aldehydes such as polyvinyl formal and polyvinyl
butyral are highly specialised materials.

Cellulose plastics These old established materials have limited chemi-
cal resistance. Ethyl cellulose is, however, often used in conjunction with



mineral oil for hot melt strippable coatings for protecting metal parts against
corrosion and marring during shipment and storage.

Crystalline Plastics

Polyethylene With p.v.c., polyethylene vies as the most important plastics
material in terms of tonnage. It is attacked by only a few chemicals, it is not
swollen by water or solvents, but it is susceptible to environmental stress-
cracking in the presence of certain detergents, esters, alcohols and silicones.
Commercial materials vary in the regularity of their structure, the more
regular grades having a higher density, rigidity and a lower gas permeability.

Polypropylene It has similar chemical properties to polyethylene but is less
susceptible to environmental stress cracking. It may also be used at some-
what higher temperatures.

Other polyolefins A variety of other crystalline polyolefins are available
such as polybutene-1 (improved creep resistance over polyethylene), poly-
4-methyl pentene-1 (excellent temperature deformation resistance) and
ethylene-vinyl acetate (greater flexibility).

Polytetrafluorethylene (p.t.f.e.) This polymer does not absorb water, has
no solvents and is almost completely inert to chemical attack; molten alkali
metals and sodium in liquid ammonia are the rare exceptions. Furthermore
it does not soften below 32O0C, is electrically inert and has a very low coeffi-
cient of friction. It is more expensive than general purpose plastics, requires
special fabrication techniques, is degraded by high energy radiation, and has
a low creep resistance.

Other fluorine-containing plastics These materials, in general, attempt to
compromise between the exceptional end-use properties of p.t.f.e. and the
processability of ordinary thermoplastics. Examples include polychlor-
trifluorethylene, tetrafluorethylene-hexafluorpropylene copolymers (FEP
resins) and polyvinylidene fluoride. Polyvinyl fluoride is available in film
form (Tedlar) with excellent weathering resistance.

Polyamides (nylons) The main types of nylon are oil and petrol resistant,
but on the other hand susceptible to high water absorption and to hydrolysis.
There are a few solvents such as phenol, cresol and formic acid. Special
grades include a water-soluble nylon, amorphous copolymers and low
molecular weight grades used in conjunction with epoxide resins.
Transparent amorphous polyamides are also now available.

Polyformaldehydes (polyoxymethylenes, polyacetals) These are physically
similar to general purpose nylons but with greater stiffness and lower water
absorption. There are no solvents, but swelling occurs in liquids of similar
solubility parameter. Poor resistance to u.v. light and limited thermal
stability are two disadvantages of these materials.

Other polyethers The chlorine-containing polyether 'Penton' has excellent
resistance to mineral acids, strong alkalis and most common solvents. It is
not recommended for use with oxidising acids such as fuming nitric acid.



Poly-2,6-dimethyl phenylene oxide (PPO) and certain related materials
are similar to the nylons but have superior heat resistance. These polymers
are somewhat liable to stress-cracking problems.

Several polyethers are used as intermediates in the preparation of poly-
urethane foams whilst others such as polyethylene glycol are water soluble.

Linear polyesters Polyesters may be obtained in a wide variety of forms
including rubbers, fibres, films, laminating resins, surface coatings and ther-
moplastic moulding powders. The last named are somewhat similar to the
nylons but are more rigid. Chemical applications, would appear to be limited
because of their sensitivity to alkaline solutions and hot water.

Polycarbonates and polysulphones These are tough materials with heat
resistance better than most thermoplastics. They are resistant to attack by
acids and alcohols but the polycarbonates are sensitive to alkalis.

Thermosetting Resins

These materials often have better heat resistance than thermoplastics. Ther-
mosetting resins are used in a variety of guises including surface coatings,
but as plastics they are most frequently used in moulding compositions and
in laminates. The tensile strength of unfilled rigid thermosetting resins is
of the same order as for amorphous thermoplastics, i.e. about 55 MPa, but
this figure may be greatly affected by the choice of fillers. For example,
polyester-glass chopped-mat laminates often have tensile strengths in excess
of 100 MPa whilst figures several-fold higher may be achieved by using
carbon or boron fibres with epoxide resins.

Phenol-formaldehyde (phenolic) plastics The chemical resistance is
affected by the phenol used, cresols giving the best acid resistance whilst
xylenols are often used to obtain the best alkali resistance. For chemical-
resistant applications the fillers used in moulding powder and reinforcing
material in laminates should be inorganic, e.g. asbestos or glass. The resins
are usually dark in colour.

Aminoplastics In this group, melamine-formaldehyde resins with their
good heat resistance, scratch resistance and stain resistance, are usually
preferred to urea-formaldehyde resins where chemical resistance is impor-
tant. Unlike the phenolics these materials are not restricted to dark colours.

Polyesters It is possible to prepare polyester-based laminates without
application of external heat and pressure thus facilitating the manufacture
of large objects using simple equipment. The laminates have somewhat
limited chemical resistance, being attacked by many acids, alkalis and
organic solvents. Glass fibre is the common reinforcing agent and in some
products there is a tendency for capillary action to occur up the bunches of
fibre strands. Distilled water in general is more active in this respect than
aqueous salt solutions including sea-water.

Epoxide and furan resins These materials, somewhat more expensive than
the polyesters, may also be fabricated without the use of pressure, and at



ambient temperatures if so desired. They have markedly superior chemical
resistance to the polyesters, particularly to alkalis.

Silicones This term is given to a wide range of polymers including fluids,
rubbers and thermosetting resins. Although rather expensive relative to most
other plastic they are particularly noted for their thermal stability and their
water repellency.

Polyurethanes These are another class of polymers that are availble in a
wide range of forms, including rigid and flexible rubbers, surface coatings
and adhesives. The solid polymers including the rubbers have particularly
good abrasion resistance. The polyurethanes as a class are somewhat lack-
ing in resistance to acids and alkalis, and the prolonged action of water and
steam.

Polymers with Enhanced Heat Resistance

Very often a desirable feature of a plastics material is its low softening point
which enables it to be melt processed at temperatures much lower than those
normally used for metals and inorganic glasses. The more sophisticated uses
to which plastics materials have been put have, however, led to the demand
for newer polymers with improved heat resistance to supplement those
materials already available such as p.t.f.e. and the polycarbonates.

The maximum service temperature for which a polymer may be used in a
given application depends largely on two independent factors:

1. the thermal stability of the polymer, particularly in air;
2. the softening behaviour of the polymer.

Two other factors which also often need to be taken into account are:

1. the flammability of the polymer, or a compound from it;
2. the smoke evolution characteristics of the polymer or its compound.

Thermal stability is largely concerned with chemical reactivity which may
involve oxygen, u.v. radiation or depolymerisation reactions. The presence
of weak links and the possibility of chain reactions involving polymer chains
may lead to polymers having lower thermal stability than predicted from
studies of low molecular weight analogues.

The softening behaviour of a thermoplastic material depends to a large
extent on the flexibility of the chain and the ability to crystallise. Significant
cross-linking of a reasonably stiff-chained polymer will lead to material that
is unlikely to soften below its decomposition temperature. Intermediate to
the linear and cross-linked polymers are various 'ladder polymers' in which
the polymer molecule consists of a pair of more-or-less parallel chains
bridged in a manner analogous to the rungs of a ladder.

Resistance to burning depends on many factors. It is, however, to be
noted that those polymers that only burn in air enriched with oxygen tend
to have high carbon:hydrogen ratios and/or may also emit materials during
degradation, such as hydrogen chloride, that are inherent flame-retardants.

Low smoke emission is also often associated with a high carbon:hydrogen
ratio. Table 18.15 gives some collected data for the limiting oxygen index,



Table 18.15 Collected data for limiting oxygen index for a variety of polymers (unfilled)

Polymer

Polyacetal
Poly(methyl methacrylate)
Polypropylene
Polyethylene
Poly(butylene terephthalate)
Polystyrene
Polyethylene terephthalate (unfilled)
Nylon 6
Nylon 66
Nylon 1 1
PPO
ABS
Polycarbonate of bisphenol A
Polysulphone
Polyethylene terephthalate (30% G. F)
Polyimide (Ciba-Geigy P 13N)
Polyarylate (Solvay Arylef)
Polyether sulphone
Polyether ether ketone
Phenol-formaldehyde resin
Polyvinyl chloride
Polyvinylidene fluoride
Polyamide-imides (Torlon)
Polyphenylene sulphide
Polyvinylidene chloride
Polytetrafluoroethylene

Limiting oxygen index (% )

15
17
17
17
18
18
21

21-34
21-30
25-32
29-35
29-35

26
30

31-33
32
34

34-38
35
35

23-43
44

42-50
44-53

60
90

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

the minimum percentage of oxygen in an oxygen/nitrogen mixture that will
sustain combustion under a specified set of test conditions.

Polyimides obtained by reacting pyromellitic dianhydride with aromatic
amines can have ladder-like structures, and commercial materials are avail-
able which may be used to temperatures in excess of 30O0C. They are,
however, somewhat difficult to process and modified polymers such as the
polyamide-imides are slightly more processable, but with some loss of heat
resistance. One disadvantage of polyimides is their limited resistance to
hydrolysis, and they may crack in aqueous environments above 10O0C.

The polyether imides show much better hydrolytic stability with little
change in tensile strength after exposure to water at 10O0C for 1 year. These
materials also show exceptional resistance to mineral acids, and are
unharmed by most hydrocarbons including gasoline (petrol) and oils.

Polyethersulphone is the term given to certain polysulphones of improved
heat resistance introduced by ICI. (In fact all commercial polysulphones are
polyethersulphones.) Commercial polymers now have values of Tg ranging
from 190 to 2850C, but the cost generally increases sharply with T8, and
those at the higher end of the range may only be available to special order.

Polyether ether ketones (PEEK) have been developed using polyether-
sulphone technology. These materials crystallise, unlike the polysulphones,
and have higher maximum service temperatures. They also have better
resistance to hydrolysis at elevated temperatures than the polymides.



Poly ether ketones were introduced in 1986. These materials have the
highest operational temperatures of any thermoplastic material.

Polyarylates are highly aromatic linear polyesters with high values of Tg
(up to 1940C has been quoted) and which are self-extinguishing.

Polyphenylene sulphides, when glass-fibre filled, have high temperature
ratings, second only to poly ether ether ketones amongst thermoplastics.
These materials often have better resistance to environmental stress cracking
than the polysulphones and have found use in automotive applications
because of their resistance to corrosive engine exhaust gases, ethylene glycol
and petrol (gasoline).

Thermoplastic Rubbers

These materials have characteristics of both rubbers and thermoplastics. At
room temperature they behave like cross-linked rubbers, but at elevated
temperatures the cross-links effectively disappear (they are said to be heat
fugitive) and the material may be processed as a thermoplastic. Unlike truly
cross-linked (vulcanised) rubbers, these materials may be capable of disolu-
tion in solvents, although not necessarily at room temperature.

S-B-S Triblocks are block copolymers consisting of a block of butadiene
units flanked by blocks of styrene. Below the T8 of polystyrene blocks from
different chains congregate into domains which act both as cross-links and
reinforcing fillers. The polymers will dissolve in hydrocarbon solvents.
Hydrogenated S-B-S materials have better resistance to ageing.

Thermoplastic polyester rubbers are also block copolymers of polyethers
and polyesters. The polyester groups are capable of crystallisation and
the crystal structures act like cross-links. These materials have good hydro-
carbon resistance. Similar thermoplastic polyamide rubbers are also now
available.

Thermoplastic polyolefin rubbers are usually blends based on poly-
propylene and ethylene-propylene rubbers. They are not resistant to
hydrocarbons.

J. A. BRYDSON
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