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SUMMARY

CGHEMICAL AND MECHANICAL PROPERTIES OF THIOL MODIFIED ABS

MOSA GHAEMY

Submitted for the Degree of PhD June 1980

The oxidative degradation (photo and thermal) of unstabilised and
stabilised acrynonitrile-butadiene-styrene graft copolymer (ABS)
has been studied using a viscoelastomeric technique (Rheovibron),
falling weight impact tester and infra-red spectrometry to measure
mechanical and chemical changes occurring in the polymer. Linear
correlations were obtained between the loss of umsaturation in
the polybutadiene segment of the polymer and loss of impact
resistance. The parameters were also correlated with decrease in
tan § at -80°C.

Stabilisers containing the thiol group, notably 3,5-di-tert-butyl-
4-hydroxybenzyl mercaptan (BHBM), an antioxidant, and 4-benzoyl-3-
hydroxyphenyl-0O-ethyl thioglycollate (EBHPT), a uv stabiliser, have
been bound to ABS in latex and during processing in a high
temperature mixing operation through the thiol group by free radical
addition to the double bond. The bound stabilisers produced in
concentrated form (masterbatches) have been diluted to normal
concentration (1%) with unstabilised ABS and their stabilising
properties followed by the above techniques. The adducts were
effective thermal and photo-oxidative stabilisers and their
effectiveness was not substantially reduced by solvent extraction
of the polymer. The presence of bound stabilisers in normal
concentration did not effect the initial mechanical properties

of ABS compared with unstabilised ABS. Furthermore, ABS
containing synergistic combinations of the two stabilisers showed
remarkable synergism in stabilising the mechanical properties of
ABS towards photodegradation.
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CHAPTER ONE

INTRODUCTION

1.1 Chemistry and Structure of ABS Polymer

Commercial acrylonitrile-butadiene-styrene (ABS) resins have been
characterised as two phase systems. The polybutadiene (PB)
constitutes a rubber phase and exists as particles in a glassy

matrix of - poly(styrene-co-acrylonitrile), ie SAN(I’Z).

The development of this styrene based polymer dates back almost
one hundred years, to the discovery of polystyrene (PS). The
increase in production and use of PS has been due to its low cost,
ease of processing and useful physical properties, such as
hardness, rigidity, high refractive index, good electrical
properties and good resistance to water. The chief defect of PS

is brittleness, manifested as low resistance to impact(s].

Attempts to overcome this deficiency have culminated in the
development of the so-called 'impact-resistant polystyrene',
wherein an elastomer is incorporated in the polymerised styrene

(4)

to improve greatly the impact resistance of the plastic

Polybutadiene (PB) can be blended with PS to give only a
marginal improvement in impact strengthts). However, if the

rubber is first dissolved in styrene monomer and then polymerised



a graft copolymer of short PS side chains attached to SBR is
obtained which gives a great improvement in the reistance to

impact of the plastic(ﬁ).

One of the methods used to make ABS polymer is copolymerisation
of styrene and acrylonitrile to give a resinous copolymer and then
mixing this copolymer with a minor proportion of a rubbery
copolymer of butadiene and acrylonitrile. It was considered
necessary in producing this type of product that the resinous
copolymer be mixed with a butadiene-acrylonitrile rubber in

order to obtain satisfactory compatibility of the ingredients.

The resinous copolymer and the rubbery copolymer must be mixed

at high temperatures and then worked on a cold mill. The
resulting blend is always a mixture capable of mechanical

(7

separation

Another method used commercially to make ABS polymers is 'graft

((8)

copolymerisation A mixture of styrene-acrylonitrile

monomers are polymerised in the presence of polybutadiene latex

)

to form a grafted polymer A water soluble initiator such
as potassium persulphate is added to polymerise styrene and
acrylonitrile. The resultant material will be a mixture of PRD,
PBD-grafted with acrylonitrile and styrene and styrene-

acrylonitrile copolymer(lo).

Therefore ABS plastics are classified into two different types.

Type A is a nitrile rubber modified styrene-acrylonitrile resin



made by blending the two copolymers. Type B is a graft-modified
styrene-acrylonitrile resin, produced by copolymerising styrene
and acrylonitrile in the presence of PBD. The following
information regarding the structure of graft copolymerised ABS

is now available:

(1) It has a two-phase structure.

(2) Of the two phases, the matrix (SAN) is soluble in most
solvents and can be separated from the insoluble graft
polymer by centrifugation.

(3) The addition sequence of the substrate polymer, PBD is
exclusively 1,4 and 1,2 and not 1,2, 1,2.

4) Tertiary allylic hydrogen and vinylic double bonds are
common in the graft copolymer.

(5) There is an appreciable number of cross-links in the
graft copolymer which are randomly distributed.

1.2 Mechanism Responsible for Toughness in Rubber Toughened Plastics

In general the toughness of a polymer can be explained in terms
of the fracture growth process which occurs by the initiation
of a crack in some microscopic region of the surface. Crack
initiation is followed by a very rapid propagation in a point
perpendicular to the maximum tensile stress. This crack may
fork into a number of directions, thus shattering the material

into several pieces.

(2]



In toughened thermoplastics such as ABS which contains a
rubbery component, when the propagating crack meets a rubber
particle an increase in energy is required to keep the crack

moving.

One of the first hypotheses advanced to explain rubber toughening
was that the rubber absorbs impact energy by mechanical

damping. Buchdahl and Nielsen had observed the secondary loss
peak due to the rubber(ll). However, whilst damping might
explain some of the energy absorption in impact, it did not
account for stress-whitening. The first theory of toughening
was published in 1956 by Merz et aI[IZJ. The basic idea was
that the rubber particles held together the opposite faces of a
propagating crack, so that the energy absorbed on impact was the
sum of the energy to fracture the glassy matrix and the work
required to break the rubber particles. The multiple crazing
theory, advanced by Bucknall and Smith(® in 1965 was a
development of the microcrack theory of Merz et al. The
important new feature was that stress-whitening was attributed
not to cracks but to crazes. Electron microscope studies on
crazing in toughened plastics confirmed that crazes are formed

(14’15). These studies revealed that the

in ABS polymer
spherical rubber particles in ABS became spheroidal as a result
of craze formation in the adjacent SAN matrix material and that
Crazes tended tobranch in rubber-toughened plastics. These
results imply that the presence of rubber particles favours

Craze initiation and propagation thus bringing about a large



number of straight crazes in glassy polymers.

The theories so far proposed as explanation of rubber toughening

have been classified into four categories by Boyer and Keskkula(lﬁ):

(1) Energy absorption by rubber particles

(2) Craze initiation by rubber particles

(3) Rubber particles acting by reinforcement and craze
termination
(4) Rubber particles acting as obstacles to crack propagation

Toughness in a rubber toughened plastic therefore depends on
several factors; the amount of the dispersed rubber phase in
the system, the particle size of the dispersed rubber phase, the
adhesion of the rubbery phase to the rigid matrix. Therefore,

the rubber dispersed phase must possess the following properties:

(1) Some incompatibility with the rigid phase
(2) The ability to absorb energy
(3 Good adhesion with the rigid phase

(4) Optimum particle size and distribution
(5) A low glass transition temperature, preferable below
-50°C

The adhesion between two phases should be strong and the rubber
should be broken down into small particles without becoming

too finely dispersed to be effective in toughening the rigid



polymer. Grafting is an important method for obtaining a strong
bond between rubber particles and the surrounding resin. It is
also necessary to produce and maintain phase separation between
the rubber and rigid polymer in order to make a product that

combines stiffness with toughness.

Rubber
component

SAN copolymer

Rubber component broken
Propagating ,/’// after stretching

crack

Fixed

Fig 1.1 A schematic diagram illustrating mechanism of breakage

in an ABS polymer[lz)



1.3 Mechanical Properties of Toughened Polymers

Rubbers are added to plastics to improve flexibility and impact
resistance. Plastics are also added to rubbers to modify their

processing characteristics and physical properties.

1.3.a Impact Properties

Impact tests are designed to measure the toughness or the
resistance to breakage materials under high velocity of impact
conditions. The field of impact is very complex for a number

of reasons(17}.

(1) There are a large number of impact tests which all measure
somewhat different quantities.

(2) Tests are made on specimens of various sizes and shapes.

(3) The specimens are broken under different kinds of stress
distributions and under different speeds of impact.

(4) Variations in the specimens themselves, for example,
different behaviours from the surface to the interior
and the degree of molecular orientation, make it difficult

to obtain reproducible results.

Fig 1.2 shows the change of impact strength with temperature for

graft and blend ABS containing the same (20% by weight) amount

(18)

of rubber The impact strength of the graft ABS in the useful

temperature range is far superior to the polyblend of the same
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composition. Grafting the SAN glassy phase to the PBD rubbery
phase increases the interfacial strength or adhesion between

the two phases resulting in higher impact strength. Cross-linking
of the rubber phase will increase the amount of energy which can
be absorbed without fracture during impact. Fig 1.3 shows the
effect of cross-linked and uncross-linked rubber on the impact
strength of the ABS polyblend(lo’lg).

Temperature has a profound influence upon the impact behaviour
of all plastics including rubber-toughened polymers. At very
low temperatures, the rubber phase is hard and glassy and the
rubber-toughened polymer is brittle. At high temperatures,
the rubber is able to relax even in the rapidly forming stress
field ahead of the travelling crack. Fig 1.4 shows the effect
of temperature on the impact strength of high impact

polystyrene (HIPS)[ZO).

The glass transition temperature (Tg) of rubber has a significant
effect on the impact strength of toughened polymers. Dynamic
mechanical measurements on two HIPS polymers, one based on
polybutadiene and the other on poly(butadiene—co-styrene)(21],
showed Tg at -98 and -16°C respectively for the two rubbers.

The low temperature impact data correlates well with these Tg
values. The impact strength begins to rise at -90°C in the

HIPS containing PBD and at about -20°C in the HIPS containing
copolymer rubber. It is explained that the PBD is able to

control rapid crack growth at temperatures above 10°C whilst
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poly(butadiene-co-styrene) is ineffective in this respect at

temperatures below SOOC, owing to its higher Tg.

The effect of rubber content on impact strength over a range of
temperatures is illustrated in Fig 1.6, which compares SAN with
a series of ABS polymers containing respectively 6, 10, 14 and
203 of pep(?2)

There are several methods for the measurement of impact strength.
The Izod and Charpy impact tests measure the energy required to
break the specimen from the loss in kinetic energy of the weight,
The falling weight test measures the amount of energy required
to break the sheet or plate of material from the weight of the
ball and the height from which it is dropped. High speed
stress-stain tests, in which the area under a stress-strain
curve is proportional to the energy required to break a material,
this area should be directly proportional to the impact strength

of the plastic at a high enough rate.

1.3.b Dynamic Mechanical Properties

Dynamic mechanical tests measure the response or deformation of
a material to periodic or varying forces. Generally the applied
force and the resulting deformation both vary simultaneously with

time.

Perfectly elastic materials have no mechanical damping. Nearly

11



perfectly elastic materials, such as steel spring or a rubber
band, store energy as potential energy when they are stretched.
This energy is converted to kinetic energy when the applied load
is removed and the material snaps back to its original
dimensions. Viscous liquids are examples of the other extreme
which cannot store potential energy and all the energy which is
to deform them is dissipated as heat, thus they have high
damping. High polymers are examples of viscoelastic materials
which have the characteristics of both viscous liquids and

elastic springs(17).

Viscoelasticity of plastic materials can
be represented by the use of a sufficiently elaborate system of
spring and dashpot modulus. The dynamic mechanical properties of
this model are shown in Fig 1.7. Assume that the viscosity of
the dashpots decrease with temperature and the viscosity of the
single dashpot”]; is greater than that of the middle one7,. At
very low temperatures, the viscosity will be so high that the
dashpots are frozen and will not respond to a force, so only the
single springf%_stretches and the damping will be very low. At

a higher temperature, the viscosity will have decreased enough
for the middle dashpot“?2 in parallel with the second spring E,
to respond to a stress. Now a stress, initially stretches the
single spring but the middle spring and dashpot also will stretch

as the stress continues. The middle section lags behind the applied
stress, and when the periodic external stress again becomes zero,
the middle section will still be partly stretched and will

continue to decrease in length. Thus, the stress and strain are

not in phase. The motion of the viscous dashpot“?2 dissipates

energy into heat and in this temperature interval the damping will be

12
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high. At somewhat higher temperatures the viscosity of the single
dashpot ] ; is still too great for it to respond much to a stress but

the visotisity of the middle dashpot will be very low. Now both springs
readily respond to a stress so the modulus will be lower. The damping
will also be fairly small since the viscosity of the dashpot is too

low to dissipate much energy in spite of its large motion. At still
higher temperatures well above the damping peak the damping can again
increase when the viscosity of the single dashpot has decreased enough
so that it can respond to the external stress. The 4-element model now
behaves similar to a molten polymer with viscosity controlled by molecular
shippage. Therefore when such materials are deformed, part of the
energy is stored (E') is called the elastic modulus, as potential energy
and part is dissipated (E') is called the imaginary modulus as damping
and the ratio of E"/E' is called the dissipation factor and shown by

tang , 1t will be discussed in detail in Section 2.11.b

There are several methods for measuring the dynamic mechanical
properties of polymers including torsion pendulum, vibrating
reed and cyclic tension tests. Each of these methods consists
in measuring medulus and loss tangent {tané) over a range of
temperatures in small-amplitude oscillation. One of the best
instruments which is capable of measuring dynamic mechanical
properties of plastics over a wide range of temperatures is

Rheovibron whose function will be explained in Section 2.11.

The damping (dissipation factor E'/E') goes through a maximm
and then a minimm as the temperature is rasied for a material
such as the polymer shown in Fig 1.9. At low temperatures,

molecular motion of the chain segments is frozen in thus there

is not dissipation of the energy and damping is low. At

14
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temperatures above the glass transition region, rubber like a
weak spring stores energy without dissipating it into heat, the
damping is low. Thus, if chain segments are completely frozen
in or are completely free to move, damping is low. In the
transition region, the damping is high because some of the

molecular chain segments are free to move while others are not.

Molecular weight in general does not affect the dynamic mechanical
properties of polymers at temperatures below the glass transition
region. The damping above the glass transition is strongly
dependent upon molecular weight, the minimum in damping

decreases as the molecular weight increases due to chain
entanglements which delay the onset of viscous flow. The width
of the damping curve in the neighbourhood of the minimum used

to estimate the distribution in molecular weights. As the ratio
of weight average to number average molecular weight increases,

(23’24). Cross-links prevent much

the damping minimum bvoodens
of the viscous flow from taking place and damping of highly
cross-linked rubbers is relatively insensitive to temperature
and there is also shift in glass temperature with cross-linking.
Plasticisers lower the temperature of maximum damping in the
same way they lower the glass transition temperature. In order
that a liquid lower the glass transition, it must be
soluble in the polymer. The amount of lowering of the Tg depends
upon the Tg of the pure plasticiser. If two polymers are

insoluble in one another so that the two phases exist, the

polyblend will have two glass transitions instead of the usual

16



single one. The two transitions occur at nearly the same

temperatures as the individual transitions of the pure polymers
making up the mixture[zs). The concentration of the components
in a polyblend may be estimated from the heights of the damping
peaks. The greater the concentration of a polymer, the larger

(46290 table 1.1/1i5ts the maximm deming

is its damping pea
of a rubber as a function of its concentration in a polystyrene
polyblend. There are other factors which influence the damping
to some extent; the extent of solubility and the size of the
particles of the dispersed material. The behaviour of two-

(14) in terms of

phase systems was studied by Matsue
compatibility and molecular interaction between two phases,
using both electron microscopy and dynamic mechanical tests.

In this study, blends of PVC/PBD and PVC/NBR were studied, the
first blend showed a sharp separated peak due to the lack of
compatibility between two phases, while the damping peak of
NBR disappeared with increasing rubber content in the polyblend
which indicates the rubber component is molecularly dissolved

in the PVC matrix.

Graft polymers are similar to polyblends in their dynamic
behaviour but the loss peak in the graft polymers is
considerably greater than that in a blend containing the same
concentration of rubber component. This difference is connected
with the difference in the volume fraction of the rubber
particles in the two polymers. Polystyrene sub-inclusions

greatly increases the volume fraction of the rubber phase in

P



Table 1.1 Maximum damping of the rubber phase in polystyrene-

butadiene/styrene mixtures

Percent Rubber in Polyblend Maximum Damping

0 0.04
10 0.12
26 0.28
40 0.58

18



the graft polymer. Wagner and Robeson{3o) prepared two HIPS
containing 22% by volume of rubber particles, one was a blend
of polystyrene with 22% polybutadiene and 0.5% sulphur. The
other was a graft polymer containing 6% polybutadiene, the
remaining 16% by volume of rubber phase consisting of
polystyrene-sub-inclusions. The results are shown in Fig 1.10.
The peaks are similar but not identical in area and the loss
tangent maximum is approximately 10°C higher in the graft
polymer than in the bulk.

Dynamic mechanical behaviour of ABS was rep@rted(SI)

using the
Rheovibron, showing two remarkable transitions, one at 115°C
due to ST-AN copolymer and the other at about -82°C due to the
PBD. The decrease in modulus and the area of the loss peak are
both proportional to the volume fraction of the rubber particles,
which depend in turn upon the amount of rubber added initially
and upon the amount of grafting occurring during polymerisation.
Grafting tends in general to increase the volume fraction of

the rubber and to shift its glass transition to higher
temperatures but there is an important difference between the

two effects(zo): the volume fraction of the rubber depends on
the total weight of grafted chains, whereas the transition
temperature depends on the number of points at which these

chains are attached - a small number of long side-chains has

less effect on the mobility of a rubber molecule than a large
number of short ones. The model which was suggested by TurleycSZ}

to explain the behaviour of toughened polymers is that the
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rubber particles acts as a two-component body having a core of
PBD and a shell of graft rubber. A second model was suggested
by Bucknall(ss) that the HIPS is treated as a two-phase
composite containing only polystyrene and PBD, with no distinct
region of graft copolymer. The rubber particles are represented
as random dispersions of polystyrene-sub-inclusions in a
continuous PBD matrix. This model has the advantage of being
based on electron microscope studies of morphology and is

potentially of considerable value of predicting properties.

It is now generally accepted that a two-phase structure is
necessary and a good adhesion between phases is pre-requisite to
the dispersed phase toughening action. Good interfacial
adhesion is usually achieved by grafting the glassy polymer to
the rubber particles. To what extent and the way in which these
have to be grafted in order to obtain the maximum toughening
efficiency seems to be still one of the points requiring
clarification. Ricco(gg) has reported that

the amplitude of the transition (tan )max and the transition
temperature decreases as the degree of grafting increases, in

a series of ABS resins. Since the weight fraction of PBD was
kept constant such a reduction of (tang) nax Was interpreted as
due to a progressive immobilisation of the rubber particles

at least on their outer shells when they are increasingly

grafted.
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1.4 General Mechanism of Oxidative Degradation of Polymers

In the degradation of a polymer, there is an induction period
during which oxygen up-take is slight and build-up of various

hydroperoxides is slcw(sa).

This induction period will vary

in length depending on the chemical structure of the polymer,
the presence of impurities, antioxidants and the temperature of
oxidation. The induction period is followed by an autocatalytic
stage in which hydroperoxides formed as the primary product of
the oxidation, decompose to produce free radicals. This stage
is usually regarded as the process responsible for further
rapid oxidation. The following stages can be recognised during

auto-oxidation of a polymer(ss).

1 Initiation
ROOH ——~ RO- + OH (1)
2RO0H —— RO: + ROO- + H,0 (2)

2

Cleavage of C-C (335 KJ/mole) or C-H (418 KJ/mole) bound in the
initiation stage to produce (R+) alkyl radical is dependent on

the substitution of the carbon atom(36).

Macromolecular hydroperoxides can decompose homolytically due
to thermal energy, uv irradiation and catalysts such as transition
(37)

metal ions As oxidation progresses, the bimolecular

reaction (2) assumes greater importance.
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2 Propagation

RO- + RH ——3% ROH + R- (3)
ROO* + RH —— ROOH + R- (4)
R- +0, fast . poo. R ROOH + R- (5)
B —— H,0 + R- (6)
3 Termination
2R ——— R=R (7N
ROO+ + R* —— ROOR (8)
2R0O0 - ——— Non-radical products + 02 (9)

Reaction (9) is the only important one in the termination in

the absence of an effective antioxidant[35) .

1.5 Oxidative Degradation of Rubber Toughened Plastics

Most rubber toughened plastics (HIPS, ABS) are based on PBD,
although other diene rubbers are used. Unsaturated rubbers are
not entirely satisfactory as toughening agents, as they are
easily oxidised, especially upon exposure to sunlight, with the
result that the toughened plastics become brittle.

The oxidation of rubber toughened polymers, such as HIPS(SQ)
and ABS(#07*%) phas been studied by several groups. They all

reported a decrease in the rubber component of the plastics.
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Fig 1.11 Oxygen uptake for PBD, grafted PBD, methacrylonitrile-
butadiene-styrene (MABS), ABS and SAN copolymer (ref 46)



The oxidation of individual constituents in ABS resin was

(42)

reported to confirm the vulnerability of the rubber

component to oxidation (Fig 1.11).

Theoretically, 'pure' PBD should not absorb light in the solar
wavelength region, the fact that it does is evidence of the
presence of absorbing impurities present on the surface and

in the bulk of the polymer(46).

Such impurities are formed
during the manufacture and/or as a result of high-temperature
processing, and the two most important species invoked as
photodegradable chromophores in polyolefin systems are carbonyl

(43) (44,45).

and hydroperoxides Which of these is the

gTroups
most important is an unresolved question in polydienes systems
such as PBD, but hydroperoxides have been championed as the

(47

major precursor Thermally produced hydroperoxide,

however, was reported by A Scott(48)

to be directly responsible
for subsequent oxidative reactions in photo-oxidation of HIPS.
It was also reported that photo-initiation by carbonyl
compounds did not appear to be important under conditions
encountered in industrial fabrication operations. The work

to date concerning the oxidation of PBD has shown(48) that the
two oxidation mechanisms possible (thermal and photo) lead to
similar products, and that the mechanism may well be the same.

The mechanism of oxidation of trans-1,4-polybutadiene will be

discussed in Chapter 3.
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