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The effectsof incorporation of rubber particles on the environmental stress cracking (ESC) behaviour of
rubber modifiedpolystyrene (PS) and styrene–acrylonitrilecopolymer (SAN) in Freon vapour have been
investigatedin viewof the rubberyparticle sizeand rubber content. Core–shellparticlessuchas poly(n-butyl
acrylate) rubber core/PS or poly(methylmethacrylate) shellparticles of 0.2–2pm in rubbery core diameter
were prepared, and these particles were incorporated into a PS or SAN matrix. The larger particles, about
1–2pm, showedthe higher ESC resistancefor rubber modifiedPS, whereasfor SAN alloys small particles
around 300nm were the most effectivein ESC resistance.Microscopicexamination on the Freon-exposed
specimensurfacerevealedthat the surfacedamageiswelldevelopedcraze in homo PS, and the development
of craze is suppressedwith increasingrubber content. The yieldedlineswere observed in homo SAN, and
they becamevagueand diffusewith increasingrabber content. From these results, it was concludedthat the
role of rubber particles in the ESC process of rubber modified styrenic polymers in Freon vapour is to
promote surface plasticization and to suppress the developmentof local damage on the specimensurface.
~ 1997ElsevierScienceLtd.
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INTRODUCTION

Environmental stress cracking or crazing (ESC) of
polymers has been a serious problem in practical
applications, because it causes severe mechanical
damage and reduces the service life time of polymers.

In the ESC process, the critical stress for initiation of
crazesor cracksdecreasesdramaticallyl–6.Basically,ESC
is a result of a combination of environmentalagent and
stress, i.e. result of enhanced craze or crack growth and
breakdown under load and under the intluence of an
aggressiveagent. The stresscan be external stresscaused
by external loads or internal residualstressresultingfrom
fabrication processes.As an ESC agent, organicfluidand
organic vapour are known to be the most aggressive
agents7–’8.Inert gases such as N2, 02, C02, and Ar are
also proved to be harmful on thermoplasticsnear their
boilingpoints’9-23.

ESC can be explained in terms of either plasticization
theory or surface energy reduction mechanism. Based

9,16,X25,ESC occurs by theon plasticization theory
plasticization of a stress concentration point due to
diffusion of small environmental molecules. Surface

2,7,8 that ESC agentsenergy reduction theory suggests
having a low surface tension adhere on a polymer surface
and reduce the surface energy, which initiatescrazing or
cracking of the material easily. The degree of ESC was

*Dedicatedto ProfessorTae Oan Ahn on the occasionof his 65th
Birthday
tTo whomcorrespondenceshouldbeaddressed

found to be closely related to the volubilityparameter
difference between polymer and the ESC agent2>26.
According to that, the critical stress for the environ-
mental crazing or cracking shows a minimum when the
volubilityparameter of the environmental agent matches
that of the polymer27)28.

Several approaches have been carried out to enhance
ESC resistancesuch as increasingthe molecularweightof
polymers,decreasingthe compatibilitybetweenpolymers
and the ESC agent by controlling the composition and
microstructure of polymers, and reducing residual stress
in processing, etc. One approach, rubber modification,
has been known to be a very effectivemethod to increase
critical strain for craze or crack formation26.

Consideringthe practical application of ESC resistant
rubber modified styrenic polymers, high impact poly-
styrene (HIPS) and acrylonitrile butadiene styrene
copolymer (ABS) are typical ones. HIPS and ABS are
widely used in liners and inner doors of refrigerators.
Freon is still the main foaming agent of polyurethane
insulation in refrigerators. Thus, some possible absorp-
tion may occur during the manufacturing process, or in
service, which sometimes causes severe mechanical
damage on the liner or inner panel. Knowledgeof failure
behaviour in this environment is required. However,
littlework has been reported on the environmentaleffect
of Freon vapour on styrenicpolymers27–29.

Works on ESC of rubber modifiedthermoplasticshad
been performed by Henry26and others4,101330in a liquid
environment. They found that the critical strain for
crazingincreasessignificantlywith the addition of rubber
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Figure 1 Schematic diagram of test device for craze or crack
formation in Freon 11 vapour

particles. However, there are still so many open ques-
tions such as the role of rubber particles, rubber particle
sizeeffect, and the deformation mechanism,etc.

In this paper, a systematic model study has been
carried out to understand the ESC behaviour of rubber
modified styrenic polymers in a Freon vapour environ-
ment as a model study of HIPS and ABS. For this
purpose, core–shell particles with uniform size were
prepared by emulsionpolymerizationand these particles
were incorporated into PS and SAN matrix as a simple
model for HIPS and ABS. The effect of particle size,
rubber phase content, and deformation mechanismhave
been investigated using bending tests and microscopic
examination.

EXPERIMENTAL
Materials

PS and SAN as matrix materials were supplied by
Cheil Industries. The MWof PS is 260000gmol-1 (&/
~ = 2.2). The MWof SAN is 150000gmol-’ (MW/
M, = 2.0)and the acrylonitrilecontent is 28.5wt%. The
liquid Freon 11(CFC13,bp 23.7”C)was purchased from
Ulsan Petrochemical Company.

Preparation of rubber particles and test specimens
The core–shell particles were prepared by sequential

31 The rubbery core consists ‘femulsion polymerization .
poly(n-butyl acrylate) (PBA) and it was slightly cross-
linked by 0.5wt% of 1,4 butanediol diacrylate to retain
its spherical morphology and size during melt blending
with matrix materials and during subsequent moulding
of the blends. The glass transition temperature (T~) of
the core material was about –40”C by dynamic
mechanical measurements. As shell materials, slightly
crosslinked PS and PMMA were used for PS and SAN
matrix, respectively.PMMA is known to be compatible
with SAN-2832.Good interracial adhesion, therefore, is
expectedbetween the matrix SAN and the PMMA shell.
The degree of crosslinking of the shell materials was
minimized to be about 0.2wtO/Oof crosslinkingagent to
minimize the effect of rigid shell. PS and PMMA were
crosslinked by divinyl benzene and 1,4 butandiol
diacrylate, respectively.The composition ratio of rub-
bery core and glassy shellmaterials was 4/6 by weight.

The particle sizes and morphologies of the PBA–PS
and PBA–PMMA core–shell particles were determined
by scanning electron microscope (SEM) and transmis-
sion electron microscope (TEM). The size of rubbery
core particles was varied from 0.2 to 2pm. The shape of
the rubbery core and core–shellparticleswas found to be
quite spherical and the distribution of particle size was

relativelynarrow. Two apparent loss peaks of PBA and
PS were detected at –40”C and 105”C,respectivelyfor
synthesized PBA–PS core–shell particles by dynamic
mechanical measurements. From these results it is
believed that core–shell particles were well-produced
and have uniform size. The prepared particles were
isolated by filtration, washed thoroughly with distilled
water and then dried at 50°Cin vacuum for 1week. The
dried particles were blended with matrix materials in a
melt blender (Brabender) for IOmin at 180°C. The
blends were compression moulded into sheets of 6mm
thickness at 180”C for IOmin, and they were slowly
cooled down to room temperature under low pressure to
minimizeresidual stress. In the preliminary experiment,
the moulded homoPS annealed at 110”Cfor 1 day did
not showany marked differencein critical stressfrom the
moulded specimen without annealing, so the annealing
step was ignored. The test specimens of desired size
(6mm x 3mm x 60mm) were obtained by sawing and
polishingof the sheet.

Determination of critical stress and relaxation
experiment

The critical stress (oC)and strain (CC)at which craze or
crack initiates on the specimensurface were determined
by a three-point bending test (span 48mm). The
schematicdiagram of the test device is shown in Figure
Z. The test specimen was stressed to a fixed load value
using a bendingjig by universal testingmachine (Instron
4206) in an environmental chamber. The chamber was
maintained at 32”C,which is a sufficientlyhigh tempera-
ture for evaporation of liquid Freon. After 1min loading
which is enough time to stabilizethe loading condition, a
large amount of liquid Freon was injected to the bottom
of the chamber apart from the specimen. The liquid
Freon was then vaporized rapidly, and the test specimen
was surrounded by the Freon vapour. The Freon vapour
pressure was believed to be saturated. After 1min of
exposure, the test specimen was taken out from the
chamber and the specimen surface was examined by
opticalmicroscopyto seewhether there was any damage.
If crazes or cracks had not occurred on the surfaceof the
specimen, the exposed specimen was discarded and a
somewhathigher stresswas applied to the new specimen.
By the repeated procedure of this test, the values of
critical stress or strain below which surface damage
(crack or craze) could not be detected were determined.

Using thisbending test, the stressrelaxation behaviour
of rubber-modified PS and SAN alloys was also
investigated in Freon vapour. For PS alloys about
IOMPa stress was applied and for SAN alloys about
30MPa stress was applied in the relaxation test. The
applied stresswas a littlehigher than the critical stressof
the relevant homopolymer. Like the critical stress
measurements, Freon was introduced in an environ-
mental chamber after 1min of loading. The relaxation of
the stress was monitored for about 2–3 min after Freon
exposure.

Microscopy and other tests
SEM observation was performed to examine surface

damage developedby Freon vapour. For this purpose a
thin sheet,of thickness0.2mm, was bent and fixedwith a
metal plate to keep the bending state. The specimenwas
exposedto Freon vapour in the environmental chamber,
like the critical stressmeasurements.After exposure, the
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specimen was dried in vacuum and the damaged zone
was examined using SEM. Using this technique, it could
be possibleto examinethe surfacedamage under stressed
conditions.

To quantify the amount of the vapour absorption, a
sheet of 2mm thick was cut into strips of
IOmm x 50mm. The test piece was placed in saturated
Freon vapour at room temperature and the weight of
specimen was measured with time. A creep device was
used to verify the stress effecton absorption rate in that
condition. In order to measure the T~ of Freon-invaded
styrenic polymers, the dynamic mechanical measure-
ments were carried out for the Freon-vapour-absorbed
specimen using a dynamic mechanical thermal analyser
(d.m.t.a., Polymer Laboratory MKII). The absorbed
specimen was immediately clamped into the d.m.t.a.
chamber, which had been already cooled to –1OO”C,to
minimizethe evaporation of Freon from the specimen.

RESULTS AND DISCUSSION
Surface damage of PS alloys

Above the critical stress, the development of damage
lines on the specimen surface was almost simultaneous
with exposure of Freon vapour. In optical microscopic
observations of the damage on the specimensurface, the
surface damage was changed from a narrow single
straight lineto a diffusedamage band in the PS matrix by
the addition of rubber particles (Figure 2). At a low
rubber content, only one or two damage lineswerefound
around critical stress. The shape of the damage line for
PS alloy containing 2wt% rubber particles looks like a
straight line (Figure 2a), and the damage line grew deep
in the specimensurface. However, as the rubber content
increases, the damage line becomesa zigzagfeature, and
has some tiny branches (Figures 2b and 2c). By the
addition of 20wtO/Oof large size particles such as l-~m
particles, the narrow damage line was not detected, and
only a diffuse damage band was suddenly developed
above a critical stress (Figure 24. The critical stress also
jumped to high values at that rubber content. For small
size particle inclusions, however, the damage lines did
not exhibit such a broad band, even in the 20wtO/O
content (Figure 2b). The diffusedamage band observed
at high rubber content and large rubber particles was
quite different in shape with the narrow damage lines at
low rubber content.

To make a more detailed examination on surface
damages of PS alloy, SEM observation was carried out
on the surface of the highly bent specimen containing
large particles (Figure 3). By contrast to homoPS, of
which the damage was a well-structured single craze
(Figure 3a), the damage on the surface of the specimen
containing 10wt% rubber particles contains relatively
short craze fibrils, and the fibril elongation seems to be
much hindered (Figure 3b). For the specimencontaining
20wt% of large size particles, the broad damage lines
shownin Figure 2dlook likea bundle of smallcrazesnear
the critical stress. However, they do not have craze
fibrils,i.e. a flock of concave lines (Figure 3c). When the
applied stress is much above the critical stress, the broad
damage was confirmed to be a flock of small crazes
(Figures 3d and 3e). In that case, the crazes were spread
broadly on the surface, rather than penetrating into the
bulk. From this SEM observation, it is suggestedthat the

(a) (b)

Figure 2 Optical micrographs of PS alloys showing surface damage by
Freon vapour. (a) 300nm, 2wt%; (b) 300nm, 20wt%; (c) 1pm, 15wtO/~;
(d) 1pm, 20 wt%. (Particle size represents the diameter ofrubberycore)

rubber particles suppress the development of well
structured craze, and induce bundles of small crazes
broadly on the surface region in PS matrix. This
tendency becomes more apparent in larger particle
inclusion. The higher stress is, therefore, needed to
produce a flock of small size crazes over a relatively
broad surface, which results in much increase of critical
stress.

Surface damage of SAN alloys
Above the critical stress, the development of the

damage line on the specimen surface of homoSAN was
also simultaneous with exposure of Freon vapour like
PS, although SAN is more resistant to Freon than PS28.
However, the shape of the damage line was rather short
and dim compared with that of homoPS.

For SAN alloys, the surface damage by Freon
exposurewas not welldetectedusing opticalmicroscopy,
because the damage was not clear. Therefore, SEM
observation was performed on the highly bent specimen
(Figure 4). In homoSAN, the damage lines were long
yieldedbands with no voids. However, the line does not
seemto be a shear-yieldedband, because the direction of
the damage line was perpendicular to the applied stress.
The damage lines become narrow and short with
increasing rubber content. In the micrographs, many
holes can be seenbesidesthe damage lineson the rubber
modified specimen surfaces (Figure 4b). The holes were
the traces of rubber inclusions,which were influencedin
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3 SEM micrographs of surface damage of PS alloy containing 2 pm PBA rubber particles. (a) 2wt%; (b) IOwt%; (c) 20wt% rubber content,
near critical stress; (d) 20 wtO/Orubber content, far above critical stress; (e) higher magnification of (d). Micrographs were taken under the bent state

their dimension by Freon vapour, since they could also
be seen after Freon exposure in the case of unstressed
conditions. Thus these holes were not considered as
damage due to ESC. Therefore, the important damage is
the band lines.At 20wt% rubber content, the band lines
disappeared and it was hard to detect damage lines
(Figure4c).

The Freon vapour did not induce well-developed
crazes in SAN alloys. The damage lines did not
propagate into the bulk and they were only placed on
the surface region. This microscopicobservation was in
good agreementwith SAN beingmore resistant to Freon
vapour than PS, due to a larger differencein volubility
parameter between Freon and SAN*8.

Critical stress and strain of PS alloys
It is known that the craze or crack developmentby an

organic medium needssomeinduction time in the case of
mild conditions7)’6>30.However, above the critical stress,
the development of damage lines on the surface of PS
alloys occurred almost simultaneouslywith exposure of
Freon vapour, since Freon 11 is a very aggressiveagent
to PS. On the other hand, below the critical stress, only
surface softening was observed instead of damage lines
even for long exposure time. Therefore, 1min was
enough to cause damage on the surface of the specimen.

The variation of critical stress and critical strain at

which crazes start to form is plotted against the rubber
content for PS alloys containing three different sizes of
(PS-PBA) core-shell particles in Figure .5.It can be seen
that the critical stress decreases as the rubber content
increases until 15wt”%, and above that content the
critical stress increases again, except for the 300nm
particle size, at which the critical stress stabilizes. This
trend of increase of critical stress at high rubber content
becomesmore apparent at larger particle sizes.

The particle sizeeffectbecomesclear when the critical
stress values are plotted for 20wtO/Orubber content
(Figure 6). At 300nm particle size, the value of critical
stress was slightly lower than that of homoPS. Above
600nm the critical stress increased rapidly. From these
results it seems that the rubber particle size of 1pm is
quite effective for improving the environmental stress
cracking resistance to Freon vapour for PS alloy when
the rubber content is relativelyhigh, say 20wtO/O.

However,when the rubber content is lessthan 15wt%,
the critical stress decreases with inclusion of rubber
particles(Figure5), i.e. ESC resistanceof rubber-modified
PS alloy containing a small amount of rubber particles
becomesworse than homo PS. From the optical micro-
scopicexaminationof the surfaceof the testedspecimen,it
was observedthat the craze or crack is alwaysinitiatedat
the rubber inclusion site. This observation may be
reasonable, because the applied stress is concentrated
around a rubber particle. So it is considered that the
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(a)
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(b)
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Figure 4 SEM micrographs of surface damage of SAN alloy contain-
ing 300 nm rubber particles with different rubber content. (a) Homo
SAN; (b) 5wtYo; (C)20wt%

rubber particle site on the surface acts as a defect for
initiation of crazes at low rubber content.

By contrast to the result of critical stress, the critical
strain did not decrease much at low rubber content
(Figure 5). The increase of critical strain at high rubber
content was also higher in large particles than in small
particles. Up to now, in the study of ESC of rubber-
modified polymers critical strain has been suggested412G
as a criticalvalue for craze or crack formation, instead of
critical stress. This approach seems to have some
limitations in considering rubber effectin ESC, because
the modulus of a polymeralloy is reducedwhen rubber is
added, and then the matrix polymer experienceslower
stress in the same straining condition compared with
neat polymer. Thus the critical strain was not much
reduced, but the critical stress decreased further with
addition of rubber particles. Therefore, the effect of
rubber inclusion in ESC should be studied in a view of
critical stress together with critical strain.

From the morphological observation, as already seen
in Figure 2, the transition of damage shape from well-
developed singleor two damage lines to diffusedamage
lines seems to be the main reason for the increase of the
critical stress at 20wtO/Oinclusion,sincethe stress should
be higher to induce the diffuseddamage band rather than
a narrow singledamage line.
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Figure 5 Critical stress and strain as a function of rubber content for
PS alloy containing PBA rubber particles with different rubbery core
sizes. (a) 300nm; (b) 600 nm; (c) 1pm

Critical stress and strain of SAN alloys
In the case of SAN alloys, the critical stress measure-

ment with rubber content was not possible above
IOwt%, unlike PS alloys, because the craze or other
damage was not detected in optical microscopicobserva-
tion until the applied stressreached breaking stressof the
relevant SAN alloys in air. Therefore, the experimental
result for critical values were obtained only for 5wtO/O
rubber content and the criticalvaluesare plotted against
rubber particle size (Figure 7). The critical stress showsa
maximum around 300nm. The effect of inclusion of
rubber particles on ESC for PS and SAN alloys will be
discussedfurther in the followingrelaxation results,

Stress relaxation of PS alloys
In the critical stress measurement the mechanical

failure with time was not examined. Therefore, in order
to study the mechanical failure with time the stress
relaxation experiment in the Freon environment was
performed. To compare the stress relaxation behaviour
in the air and in the Freon environment, Freon vapour is
exposedto the specimenafter loading for 1min in the air.
As can be seen in Figure 8, the stressrelaxed very rapidly
with time right after Freon exposure.The relaxation rate
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Figure 6 Critical stress and strain as a function of rubbery core size for
PS alloy containing 20wt% of PBA rubber particles
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Figure7 Criticalstressand criticalstrainof SANalloycontaining
5wt% PBArubberparticles.(Particlesizerepresentsthe diameterof
the rubberycore)

in the air was rather slow, and it was almost negligible
compared with the relaxation rate in Freon vapour for
the experimental time scale for all polymer alloys,
irrespective of particle size and rubber content. There-
fore the relaxation behaviour of PS or SAN alloys in a
Freon environment can be compared without consider-
ing relaxation in the air.

The stress relaxation curves of PS alloy with different
rubber content after exposure of Freon vapour are
shown in Figures 9a and 9b for 300nm and 2pm rubber
particles, respectively.The imposed stresslevelfor all PS
alloyswas fixedat 9.8MPa, which is higher than critical
ESC stress of homo PS in Freon vapour. The trend of
stressrelaxation with particle sizeis almost the samewith
critical stress results as already shown in Figures 5 and 6.
For small size particles such as 300nm particles only
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Figure 8 Relaxation behaviour of styrenic polymers in Freon vapour.
(a) Homo PS; (b) PS containing 20 wt% of 1pm PBA rubber particles;
(c) SAN containing 20wt% of 300nm PBA rubber particles. Dotted
line represents relaxation curve of relevant polymers in the air

20wt% rubber content showed a slight improvement in
stress relaxation behaviour in Freon vapour (Figure 9a),
whereas large size particles such as 2~m showed much
improvement in resistance above 15wtO/Oinclusion
(Figure 9b).
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Figure 9 Stress relaxation of PS alloy after Freon exposure with
different rubber content. (a) 300nm; (b) 2~m rubber particles

The effect of particle size can be clearly seen for
20wtO/oinclusion (Figure 10). In Freon vapour environ-
ment, the stress relaxes rapidly in the case of small
particle inclusions, whereas for the inclusion of large
particles above 1pm the stress does not relax much with
time. From this result it is inferred that large particles of
1–2pm are large enough to improve the ESC resistance
to Freon vapour for PS alloys.

In the stress relaxation process for PS alloys of low
rubber content, the developed craze on the surface of
specimen penetrated into bulk very rapidly with time to
an appreciable depth, right after exposure of Freon
vapour (Figure 3a), which caused the rapid relaxation
of the stress. This is due to the successivepenetration of
Freon molecules from the surfa~ of the specimen to
the craze tip through the voids of developed crazes.
However, with increase of rubber content, especiallyin
large particles, the damage was limited near the surface
region, and the damage becomessmallpre-mature craze
bundles with no void in the broad region (Figure 3c).

1-

A Homo PS
■ 300 nm
❑ 600 nm
● 1000 nm
O 2000 nm

7

t
6~

o 30 60 90

Exposure time (see)

Figure 10 Stress relaxation of PS alloy containing 20wt% PBA rubber
content with different particle sizes after Freon exposure

Moreover the craze does not penetrate into the bulk side,
which results in a slow relaxation rate. Considering the
permeation processof Freon molecules,Freon molecules
need a long time to permeate into the bulk through the
dense structure of pre-mature craze bundles, rather than
well developed craze structure with many voids, which
affects the relaxation rate of PS alloy, i.e. the stress
relaxation rate for homo PS or PS alloy with a low
content of smallparticles is much faster than that for PS
alloy containing large particles.

Stress relaxation of SAN alloys
The stress relaxation behaviour of SAN alloy in Freon

vapour shows quite different results from that of PS alloy
in aspect of rubber particle size. For SAN alloys,
inclusion of about 300 nm particles shows the best
resistance to Freon vapour, but inclusion of large size
particles did not show good resistance (Figures 11 and
12). Moreover the relaxation rate is sensitive to the
content of rubber particles. The relaxation rate for low
rubber content was faster than that for homo SAN, like
PS alloy, which suggeststhat small amount of included
rubber particlesbecomesstressconcentration points and
induce damage lines rather than suppressing the devel-
opment of damage. In the microscopicobservations, the
damage lineswere initiated at the rubber inclusionsiteof
the surface. The stress relaxation results of SAN alloys
shown in Figures 11 and 12 also implies that the
improvement of ESC by rubber modification needs
someamount of rubber, as already shown in the result of
critical stressesof PS alloys.

In the caseof SAN, the retardation of stressrelaxation
by rubber inclusion is also attributed to the change in
shape of damage lines on the specimen surface, i.e. the
damage linesgradually disappeared with the increase of
rubber content (Figure 4). Consequently, the retardation
of stress relaxation by rubber inclusion is mainly due to
the difficulty of penetration of the damage into bulk,
which is related to the permeation of Freon moleculesto
the craze tip.
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Figure 11 Stress relaxation of SAN alloy after Freon exposure with
different rubber content. (a) 200nm; (b) 1.2pm PBA rubber particle

Plasticization of PS and SAN alloys
It is important to know how much of the T~s of the

alloys are reduced by the Freon vapour and how the
rubber particles affect that, sinceit has been known that
the critical strain for craze initiation in an ESC
experiment is closely related with the depression of T~
by plasticization3.The critical strain, generally,becomes
a lowervalue as the T~of the plasticizedpart decreasesin
ESC of glassypolymers.

The tan 6 of plasticizedhomoPS was –30”C, measured
by dynamic mechanical measurements. The T~ of the
rubber particle decreaseda little by absorption of Freon
vapour. The T~of matrix PS in a plasticizedstate was not
much influencedby the incorporation of rubber particles.
Considering that the depression of a matrix’s T~ is
mainly determined by the interaction betweenthe matrix
polymer itself and the ESC agent, the result does not
seem to be strange. From these results, it was confirmed
that the increase of critical stress by the addition of

rubber particles as already shown in Figure 4 is not
related to the T~variation of the plasticizedregion of the
matrix itself.Therefore, the increaseof critical stressmay
be related to the change of deformation mode as already
shown in the micrographs (Figures 2 and 3).

The plasticization effect in SAN alloy was also
observed in morphological observations, but the T~ of
the plasticized part was hard to detect, because the
degree of plasticizationwas very small in Freon vapour,
i.e. the specimen surface was still rigid at room
temperature after a long time exposure. It is presumed
that the T~ of plasticizedpart is somewhat above room
temperature. More work is needed to study the
plasticization effecton SAN alloys.

Rubber particle size eflect
In this experiment, the effectof rubber particle sizeon

critical stress (Figures 6 and 7) and stress relaxation
behaviour (Figures 10 and 12) was nearly the same as
that for the toughening behaviour of PS or SAN, i.e. the
optimum rubber particle size for toughening of PS and
SAN is known to be around 2pm and 0.3~m,
respectively33–36.

In toughening of PS by rubber particles, rubber
particles below 1pm are not very effectivein developing
multiple crazing, which is known to be the main
toughening mechanism of rubber-modified PS35136.
Therefore, there is some similarity of particle size effect
in inert and in aggressivefracture modes. The important
feature is that the large rubber particles suppress craze
development rather than initiation of crazes in this
environmental condition, i.e. higher critical stress was
needed to develop craze bundles over the broad surface
at high rubber content.

Considering the inert fracture behaviour of ABS resin
in aspect of particle size, the fracture toughness of
rubber modified SAN alloys shows maximum tough-
nessaround 300-nmparticles33134.In the deformation of
ABS in inert conditions, small particles are prone to
induce shear deformation and large particles above 1pm

33,37. However, consideringare likely to induce crazing
the ESC damage developedon the specimensurface, it is
not proper to apply the deformation mechanism of inert
conditions to these ESC phenomena. In the case of SAN
alloys, it seems that the improvement of fracture
resistance in Freon vapour by the incorporation of
rubber particles is induction of diffuse surface damage
over the specimen surface, instead of localized damage
like crazes or cracks.

It ispresumed that the particle sizeeffectin the ESC of
styrenic polymer alloys depends on the deformation
mode of matrix in Freon vapour, i.e. crazing or shear
yielding.For homo PS, the deformation mode by Freon
vapour was crazing. To prevent craze propagation the
particle size must be large enough to bridge the
developed craze, so large particles are effectiveon this
viewpoint. In microscopicexamination, it was observed
that the large rubber particles hinder craze growth by
bridging the cleavage (Figure 13b). But small particles
did not bridge the large size craze. Instead, small size
particles are sometimes observed inside the craze fibril
(Figure 13a). From these morphological observations,
for PS alloys large particles seem to be more effectiveto
depress the initiation and propagation of craze in Freon
vapour, sincethe sizeof rubber particles was larger than
the thicknessof dry-craze by nearly one or two orders.
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In the case of SAN, the deformation mode in Freon
vapour was a yielded line, so the effect of bridging a
cleavage by large rubber particles cannot be applied to
this ESC deformation. At the moment, a reasonable
explanation for the particle size effect is not possible.
However,consideringsmallparticlessuch as 0.3pm were
more effective in ESC resistance than large particles
(Figure 7), it is speculated that the thickness of the
damage line is influencedby the particle size,becausethe
site of rubber particles on the surface is the initiation
point of damage line. The other speculation is that the
inclusion of a large number of small particles can
effectivelydistribute applied stressevenlyon the surface,
in contrast to the inclusion of a relativelysmall number
of large particles when the rubber content is fixed.
However, the particle size effect is not clear in this
environmental cracking.

Role of rubber particles
Addition of rubber particles alters the stress states in

the neighborhood of rubber particles when the speci-
men is stressed. This alteration affects the deformation
behaviour, i.e. the balance between the tendenciesof the
matrix to craze or to undergo shear flow.In addition, the
stress state on the surface of the specimenis also greatly
altered by the Freon absorption of the rubber particles.

Considering the absorption behaviour of poly(butyl
acrylate)rubber itself,the amount of Freon absorbed for
200min was 2.7 x 10-4gmm-2 for homo PS and
3.1 x 10’4gmm-2 for IOwt% rubber modifiedPS alloy
in our experimentalconditions. This is attributed to the
polar interaction between Freon 11 and butyl acrylate38.
Furthermore, the rubbery poly(butyl acrylate) has more
free volume and mobile chains than glassy PS, which
facilitates the diffusion of small molecules. Therefore,
Freon molecules diffuse in the rubber particles more
rapidly than the matrix PS. In the caseof SAN alloys,the
amount of Freon absorbed was negligible,even though
the exposure time is long enough, since SAN itself has
little interaction with Freon 11.Thus, the Freon vapour
only attacks the rubber particles on the surface. There-
fore, it is inferred that the surface of the specimencan be
easily plasticized by Freon molecules with increase of
rubber content.

Comparing the relaxation curves of homo PS and PS
alloys, the relaxation rate of homo PS was not changed
much after Freon exposure below the critical stress.
However, above the critical stress of homo PS, the
relaxation rate was increased rapidly after Freon expo-
sure. Therefore, the increase of relaxation rate in homo
PS was attributed to craze developmenton the specimen
surface. At a high rubber content ( >15 wt”%), even
though the applied stress was below the critical stress, a
clear increaseof relaxation rate was observedafter Freon
exposure. However, no clear damage line was developed
in that case (Figure 8b). Microscopicobservation reveals
that the damage lines were vague and diffuse on the
surface for large particle inclusions. This experimental
observation assisted the enhancement of surface soften-
ing on the surface of stressedspecimenby Freon absorp-
tion of rubber particles, rather than developingcracking.

In the case of SAN alloys, the critical stress could not
be measured for high rubber content specimens, say
IOwtO/O,since it was hard to detect damage lines,
although the applied stress was near to fracture stress
in inert condition. However, the stress relaxed very
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Figure 12 Stress relaxation of SAN alloy containing 20wt% PBA
rubber content with different particle sizes after Freon exposure
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Figure 13 Craze structure of rubber-modified PS alloy containing (a)
300nm and (b) 2pm PBA particles (lOwt% rubber content)

rapidly after Freon exposure, even though there are no
visibledamage lineson the specimensurface (Figure 8c).

Based on the experimental results, it is suggestedthat
two processes, i.e. cracking and surface softening, com-
pete with each other when an ESC agent contacts the
surfaceof a stressedspecimen.At higher rubber content,
rubber particleson the specimensurfaceenhance surface
softening due to Freon absorption rather than inducing
local damage such as craze or deformed band. However,
the polymer alloy with low rubber content does not
exhibit ESC resistancebecause the rubber inclusion site
acts mainly as an initiation point of local damage.

It is concluded, therefore, that the role of rubber
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particlesis to suppressthe developmentof localdeformat-
ion and enhance surface plasticizationover the surface.
The concept of surfaceplasticizationwas also mentioned
by Imai and Brown20in their work on polycarbonatein a
COZ gas environment. They insisted that the general
yielding which is produced by plasticization of the
polymer surface by the environment would inhibit the
growth of crazes. In our experiment the rubber particles
also enhance plasticizationof the polymersurface,which
results in inhibition of the growth of damage lines and
reduction of surface stress.

This paper mainly focused on the effect of rubber
particle size and content. The diffusion process of
environmental agent and the physical properties of
rubber particles, such as degree of crosslinking and
chemicalcomposition are also important parameters for
the ESC resistance of styrenic polymer alloys. Further
systematic experiments are needed to address these
questions.

CONCLUSIONS

The addition of rubber particles to styrenic polymers
improves the environmental stresscracking resistancein
Freon vapour. But at low rubber content, the rubber
particle site behaves as a defect and causes surface
damage easily. However, above 15wt% rubber content
the critical stress increases with increasing rubber
content.

For PS alloys, the larger particles above 1#m were
more effectivefor the ESC resistance than the smaller
particles. The larger particles were found to prevent the
craze formation more effectivelydue to enhanced surface
plasticization, and hinder craze growth by bridging the
crazes. The surface damage was changed from a well-
structured singlecraze line to a flock of small sizecrazes
over a broad surface with increasingrubber content.

For SAN alloys,the rubber particlesof around 300nm
were the most effective for the ESC resistance. The
surfacedamage of SAN was a yieldedlinebut the damage
linebecomesvagueoverthe surfacewith increasingrubber
content. From the above results, it is presumed that the
role of rubber particles in ESC is to promote surface
plasticization and to suppress local deformation on the
surface of the specimen.
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