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The rubber particle size and its volume fraction are recognised as being important factors

in determining the yield and fracture behaviour of high impact polystyrene (HIPS).

However, correlations between the average particle size and cavitation in the rubber

with toughening efficiency have only recently been established theoretically. This work

provides further evidence on how the deformation kinetics in HIPS are affected by

variations in the average rubber particle size highlighting along the way the role of

rubber cavitation in the process. Variations in the average particle size were achieved by

melt blending different proportions of two commercial grades of HIPS that had the

traditional multiple inclusion particle morphology. Tensile and impact properties of the

blends were measured and correlated to morphological parameters determined by

quantitative image analysis. It was found that yield and fracture behaviour in tensile and

impact test were strongly dependent on the amount of sub-micron particles in the

blend. At high rates, toughness drops steeply with particle size. It was proposed that

stress at yield and post yield strain hardening are controlled by particle size and rubber

stretching respectively. Microfracture analysis by transmission electron microscopy lent

support to the arguments presented.
1. Introduction
The tendency of many polymers to undergo brittle
failure, especially in notched impact tests, has made
the rubber toughening of plastics and its relationship
with polymer composition and morphology a major
issue in polymer science. In general, the fracture resist-
ance of glassy and brittle polymers, can be markedly
improved by incorporating a dispersed rubber phase.
This important industrial procedure leads to a class of
materials named rubber toughened plastics (RTP’s).
Well known commercial examples in large use are
high impact polystyrene (HIPS) and acrylonitrile—
butadiene—styrene terpolymer (ABS). A number of
factors, related to rubber component, have been iden-
tified as affecting the toughness of these systems. These
factors include the volume fraction of the rubber
phase, its chemical composition, degree of crosslink-
ing, particle morphology, adhesion to the matrix and
the rubber particle size and its size distribution [1].

1.1. Morphological aspects in rubber
toughening

Recent advances in polymer chemistry have allowed
the manufacture of rubber toughened plastics with
different kinds of rubber morphology. In the particu-
lar case of HIPS, the rubber phase is a composite
structure consisting of bulk rubber with polystyrene
0022—2461 ( 1997 Chapman & Hall
(PS) subinclusions. In most cases the rubber used is
polybutadiene (PBd) although SBR and EPDM are
also recommended according to the intended applica-
tion. Particle size and morphology are determined
during the phase inversion in the polymerization pro-
cess and mass polymerization tends to lead to a quite
broad distribution of multiple inclusion particles. On
the other hand, emulsion polymerization leads to
the so-called onion or core-shell structures, usually
from block copolymers of styrene—butadiene—styrene,
which present a smaller particle size and a less disper-
sed distribution. Another physical method used for
controlling the morphology and at the same time
improving interface properties, is the addition of block
co-polymers to the system. Depending on their com-
position, chemical structure and dispersion condi-
tions, different types of particle morphology can be
attained, as has been reviewed by Echte [2].

The effects of the average rubber particle size on the
toughness of rubber modified polymers have been
reviewed by Wu [3], who commented on the contra-
dictory information to be found in the literature.
While in polymers such as HIPS an increase in
toughening is attained by increasing the average par-
ticle size, in ductile polymers such as polyamides and
polycarbonates, a higher toughness correlates with
a decreasing average particle size and particularly to
the interparticle distance, Wu [4, 5] and Borggreve
et al. [6]. Therefore, the best approach is to present
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a maximum in toughness associated with an optimum
particle size range. In HIPS this has been quoted to be
2—5 lm, Bucknall [1]; Donald and Kramer [7] and
Cigna et al. [8].

Although it is very difficult to isolate the particle
size effect on toughening — without changing other
factors such as rubber morphology, crosslinking and
particle-matrix interface — in recent studies by Cook
et al. [9] on latex modified polystyrene with mono-
dispersed particle distributions no toughening was
found below 2 lm in particle diameter. Also, accord-
ing to the authors, an optimum impact strength in
monodispersed particle size HIPS is found in the
region of 2—3 lm at 8 wt% rubber content in the
mixture.

The particle size distribution or the particle size
spectrum has also been related to toughening efficien-
cy, Hobbs [10]. Optimization of the particle size and
particle size distribution, such as in blends with bi-
modal particle distributions, were suggested to im-
prove toughening in HIPS by Okamoto et al. [11],
and rubber toughened epoxies by Kinloch and Hous-
ton [12]. The advantages due to reducing particle size
without lowering the impact strength are related to
gloss and transparency properties of RTP’s in general
regarding the toughening process operating in the
material.

1.2. Rubber cavitation
Early studies of rubber toughening in polymers have
highlighted a close relationship between the magni-
tude of the hydrostatic pressure on the particle and
its shear modulus, Bragaw [13]. Basically the source
of the hydrostatic stress is the difference in the Pois-
son’s ratio between the rubber and the matrix (rubber
+0.5 and matrix+0.4), although thermal misfit,
which is related to differences in the thermal coeffi-
cients of the matrix and the rubber, can also con-
tribute to the hydrostatic stress. Further, although
the shear modulus of the rubber can be negligible
in comparison to that of the matrix, the rubbery
inclusion could still support a significant negative
pressure (G) due to its high bulk modulus (K ) (For
polybutadiene; G+0.62 GPa and K+1.94 GPa),
Boyce et al. [14].

More recent studies of nylon-rubber blends have
shown that the stress fields surrounding rubber par-
ticles are hardly affected by the mechanical properties
of the elastomer, and are more likely to be explained
by differences in cavitation stresses of different types of
rubber, Dijkstra [15]. This effect has also been re-
ported in HIPS and PS-PBd block copolymers irra-
diated with gamma rays. Gamma radiation seems to
increase the crosslink density in the rubber and conse-
quently changes the matrix yield properties, Schwier
et al. [16] and Birkinshaw et al. [17].

Following those findings, an energy-balance cri-
terion for rubber cavitation in RTP’s was advanced by
Lazzeri and Bucknall [18]. Their model was based on
the fact that the rubber cavitation should be governed
by the particle volume strain and a balance between
stored volume energy, void surface energy, and the
6540
work required to stretch the rubber surrounding the
void biaxially. Accordingly, rubber cavitation should
become unlikely with a decreasing particle size and an
increasing rubber crosslink density. Further refine-
ments in the model, accounting for morphological
aspects, have been presented in two recent papers by
Bucknall and co-workers [19, 20]. In line with these
findings. Guild and Young [21] have suggested that
the hydrostatic stresses required for rubber cavitation
in rubber modified epoxies is dependent on the void
size and may vary from 0.4 to 40 MPa for 0.1 and
0.01 lm voids, respectively.

The idea of rubber particle cavitation in rubber
toughened systems is now becoming more accepted
with recent advances in rubber toughening research.
To complement the theoretical basis, electron micro-
scopy has provided further evidence that craze
phenomena in HIPS is usually related to rubber cavi-
tation [31]. The observations suggest that rubber
particles in RTP’s are not only mere stress concentra-
tors — as suggested by many studies based on finite
element analysis — but rubber cavitation during the
deformation process that leads to a relief of triaxial
stress with extensive yielding in the surrounding
matrix. This is particularly evident ahead of notches
where the size of a whitening zone can be related to
the ability of the rubber component to balance the
high strains in the surrounding matrix after it has
cavitated, Schwier et al. [22]. It is also currently
accepted that the effect of rubber particle size itself
correlates with matrix ductility and that the rubber
intrinsic properties play an important role if cavita-
tion of the rubber determines the yield conditions
in the matrix. Independent of the rubber toughening
mechanism, rubber particle cavitation has been identi-
fied in many RTP’s, including PVC, Breuer et al. [23],
rubber modified epoxies, Yee and Pearson [24, 25],
and nylon rubber blends, Ramsteiner and Heckmann
[26], Borggreve et al. [6], Bucknall et al. [27] and
Speroni et al. [28]. In the literature, cavitated particles
in HIPS are often reported in connection with crazes,
while in nylon rubber blends, voiding in the rubber
phase should be more closely related to localized shear
bands.

A key experiment carried out by Bubeck et al. [29]
using real-time small angle X-ray scattering (SAXS)
in tensile impact testing, shed some light on the con-
troversial subject of deformation mechanisms in
RTP’s. They found that a substantial volume increase
observed in tensile loading is due to cavitation with-
in rubber particles, which in many RTP’s precedes
multiple crazing and/or shear yielding in the matrix.
These findings contradict many previous con-
clusions based on volumetric dilatational analysis
which regarded deformation and yielding in HIPS as
occurring basically by crazing rather than any other
micromechanism.

After the SAXS experiments, the real sequence of
events leading to crazing and failure in HIPS has been
reopened for investigation. In this work more evidence
is presented to confirm that rubber cavitation is
actually determined by particle size and that it should
be preceded by crazing in the matrix. After rubber



cavitation, the elastic energy stored within the particle
is released once a critical strain volume is attained. We
propose that many aspects of this sequence of events
can be derived from a typical stress—strain plot in
a tensile test. On this basis, yield stress would be
determined by average particle size while post-yield
strain hardening should be related to rubber stretch-
ing and stiffening, using concepts of the non-linear
rubber elasticity theory. Therefore, the rubber is re-
garded as a load-bearing structure — rather than mere
stress concentrators — sharing a substantial part of the
load with the matrix. In our study, correlations be-
tween the effect of average particle size and its volume
fraction on the tensile and impact properties of HIPS
is fully investigated and discussed in the light of the
new developments in the field.

2. Experimental details
2.1. Materials
Two commercial grades of HIPS supplied by Dow
Chemical, Netherlands and Basf, Germany, H472 and
H576H respectively were chosen as the parental com-
positions for this study. The choice considered differ-
ences in rubber particle average size and distribution,
while the particle internal morphology was the same
— the well characterized multiple inclusion or salami
particles. Image analysis of scanning electron micro-
scopy (SEM) micrographs were used to characterize
the selected grades in terms of their rubber particle
apparent volume fractions, '

A
, and particle average

diameter, D
/
.

Variations in the average rubber particle size, the
shape of the particle spectrum and particle volume
fraction were achieved by blending both the HIPS and
a standard PS grade for extrusion (Basf 143-E) at
varying '

A
levels. These values were determined nom-

inally, i.e., by considering the determined particle vol-
ume fraction in the parental compositions and the
weight per cent of each component plus the polysty-
rene added. The processing was carried out in a
¸eistritz 30 mm co-rotational twin screw extruder at
10 r.p.m. and barrel temperatures ranging 195 to
220 °C along 8 zones.

After being compounded all the HIPS compositions
were injection moulded into standard ASTM D638
type I specimens for tensile testing. Sheets of 6 mm
thickness were compression moulded at 200 °C in
a 20 min cycle including 10 min for homogenizing.
The moulding was completed by switching off the
power and allowing the plates to cool down naturally
to room temperature. The sheets were used in the
preparation of notched bars for impact tests according
to ASTM D256.

2.2. Uniaxial tensile tests
The main parameters from tensile tests were deter-
mined from stress—strain diagrams, as shown in Fig. 1.
The equipment for testing was a fully automated
Instron IX series machine. The tests were performed
using a crosshead speed of 10 mmmin~1 in a control-
led room temperature of 23 °C. Tests at a constant
Figure 1 A typical stress—strain plot for HIPS in uniaxial tension
illustrating the main parameters obtained from the tests.
A (r

):
"higher yield); B (r

-:
"lower yield or flow stress);

C (r
&
"fracture) and H (strain hardening).

stress rate of 10 MPamin~1 were also performed for
the two basic HIPS used as parental compositions in
this study. An average of 10 specimens were taken for
each sample.

The lower yield, r
-:
, has been taken to be the flow

stress of polystyrene fibrils after a craze has been
formed but has not yet been fully extended to its
maximum draw ratio. The term strain hardening, H, is
related to the increase in stiffness observed after yield
with increasing deformation and it is given by the
slope of the post-yield stress—strain curve.

2.3. Instrumented impact tests
The test consists of hitting the upper position of a ver-
tically clamped v-notched specimen with a standard
instrumented hammer. The impact strength is ob-
tained in terms of the energy absorbed by the speci-
men, in Joules, which is divided by the specimen
thickness in the notch region (Jm~1). Diagrams of
force versus displacement are used to calculate the
energy for crack initial growth (taken at the maximum
force) and fracture (area under the curve or total
energy). The equipment used to evaluate the impact
strength was an instrumented pendulum from Ceast
model Resil 50, configured for IZOD testing accord-
ing to ASTM D256.

The main set-up parameters were defined according
to the materials fracture behaviour and are listed in
Table 1.

The specimen dimensions followed the ASTM
D256-Method A for single edge notched bars of size
60]12]6 mm. The impact conditions were defined in
terms of energy and velocity according to the hammer
height. An average of five specimens were tested for
each sample while the results were presented in terms
of force and energy versus time diagrams.

2.4. Morphological and fracture analysis
The morphological parameters were determined by
quantitative image measurements in terms of average
particle size and volume fraction. Cryo-fractured and
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T A B L E I Main set up parameters used in instrumented impact
tests

Neat polystyrene HIPS-PSblends

Number of points 500 50
Sampling time (ls) 5.0 8.0
Test time (ls) 2.5 4.0
Strike range (kN) 3.600 3.600
Working range (kN) 3.600 3.600
Hammer mass (kg) 0.670 0.670
Hammer length (m) 0.330 0.330
Starting angle (deg) 40 63
Impact velocity (m s~1) 1.23 1.88
Energy (J) 0.51 1.18

cromic acid etched surfaces of the parental composi-
tions were used in sample preparation. Quantitative
measurements were performed using a Leica Quanti-
ment 600 image analyser. Fracture analysis in regions
around the crack tip of the notched bars after impact
were performed in order to investigate the toughening
mechanism in the damaged area. Ultrathin films from
these areas were prepared in a RMC ultramicrotome.
Blocks from compression moulded plates were stained
with osmium tetraoxide. The films were aproximately
100 nm thick and were observed in a Zeiss 912 Omega
energy filtering transmission electron microscope (EF-
TEM).

3. Results and discussion
3.1. SEM characterization and quantitative

particle analysis
In Fig. 2 (a and b) the typical morphologies of H472
and H576H are illustrated as observed by scanning
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Figure 3 Schematic diagram showing HIPS blends composition
prepared in a Leistritz co-rotational twin screw extruder.

electron microscopy of cryofractured and etched sur-
faces. The corresponding histograms of the particle
diameter distribution are depicted in Fig. 2c and d.

According to Fig. 2(a—d) the results of the particle
analysis were '

A
"35% and D

/
"1.15 lm for HIPS

H472 and '
A
"18% and D

/
"0.45 lm for HIPS

576H. These values have been used as a reference to
derive the compositions shown in Fig. 3.

3.2. Tensile properties
The tensile properties of the HIPS were first investi-
gated by considering the variations in volume fraction
of two HIPS grades after blending the two parental
compositions with the neat polystyrene. The results
are summarized in Table II for both HIPS 472 and
576H diluted series. The corresponding stress—strain
diagrams are depicted in Fig. 4 (a and b).

Considering that previous studies have shown no
major changes in the particle spectra of HIPS-PS
Figure 2 SEM cryo-fractured and etched surfaces with corresponding particle size histogram of the two parental HIPS grades.



T A B L E I I The effect of volume fraction on the tensile properties of HIPS H472 and 576H diluted series

HIPS-472 r
):

e
):

r
-:

e
-:

r
&

e
&

E
D

/
"1.15 lm (MPa) (%) (MPa) (%) (MPa) (%) (GPa)

'
A
"35 16.16$0.11 1.31$0.04 13.25$0.10 6.30$0.83 18.31$0.47 56.83$4.81 1.79$0.16

'
A
"18 21.69$0.40 1.16$0.04 16.57$0.19 4.91$0.29 20.70$0.20 38.99$0.91 2.17$0.09

'
A
"12 25.03$0.39 1.18$0.05 18.33$0.27 4.56$0.40 21.98$0.23 31.12$1.81 2.40$0.18

'
A
"8 27.74$0.42 1.22$0.02 19.79$0.26 4.36$0.26 23.23$0.20 27.34$1.81 2.70$0.15

HIPS-576H r
):

e
):

r
-:

e
-:

r
&

e
&

E
D

/
"0.45 lm (MPa) (%) (MPa) (%) (MPa) (%) (GPa)

'
A
"18 25.11$0.36 1.39$0.06 18.96$0.22 11.21$1.90 19.95$0.52 26.22$8.45 1.99$0.09

'
A
"12 27.58$0.31 1.38$0.04 20.19$0.17 10.42$0.92 21.05$0.34 27.07$2.33 2.25$0.11

'
A
"8 29.05$0.85 1.39$0.06 21.25$0.40 7.97$0.98 22.31$0.37 26.09$2.49 2.96$0.22

e
-:
"lower yield or strain at flow stress; e

&
"strain at failure
Figure 4 (a) The effect of '
A

on the tensile plots of HIPS 576H blended with neat PS and (b) the effect of '
A

on the tensile plots of HIPS 472
blended with neat PS.
diluted series by melt blending [29], the effect of
changes in the average particle size on tensile proper-
ties were also investigated by testing blends of HIPS
472/576H/PS at different HIPS proportions and par-
ticle volume fractions. Accordingly, the variations in
average particle size shown in Table III were cal-
culated in terms of average particle size in the parental
compositions and weight proportions of each com-
ponent in the blend. In spite of this approximation, the
results shown in Table III were quite consistent with
those shown in Table II.

The main differences presented in the tensile dia-
grams are related to average particle size and rubber
particle volume fraction. Fig. 4 (a and b) show that the
yield stress (r

):
), flow stress (r

-:
), and yield strain (e

):
)

are increased by reducing the average particle size
independently of the rubber particle volume fraction.
Analogously, within HIPS blends, as the amount of
small particles is increased the same trend is observed
at equivalent levels of '

A
(Table III). These results are

consistent with observations reported by other
authors for HIPS [29] and also recent studies in
rubber toughened polyamides carried out by Borg-
reeve et al. [6] that correlated an increase in yield
stress to the inability of small particles to cavitate in
the same deformation levels of large particles. Such
evidence would also explain the increase in yield
strain, (e

):
), with decreasing average rubber particle
size as shown in Table II for HIPS diluted series. An
equivalent value of e

):
for all tensile plots independent

of '
A

in the HIPS dilution series suggests that the
average particle size, i.e. a critical particle volumetric
strain, determines whether or not cavitation takes
place. According to the energy-balance cavitation cri-
terion proposed by Bucknall et al. [20], changes in the
particle volume strain depend on the particle size and
they correlate with the stored energy required to over-
come the surface tension to form a microvoid in the
rubber. Thus, by reducing the particle size, the change
in particle volume strain required to produce a stable
void is higher as suggested by a decrease in the yield
stress with average particle size. However, the fracture
stresses, r

&
, for both HIPS diluted series remain at the

same levels implying that fracture in HIPS might be
related to the failure in the rubber (Tables II and III;
Fig. 5).

On the other hand, the strain at failure e
&
is a func-

tion of '
A

and at high particle concentrations it in-
creases with increasing average particle size. However,
for HIPS 472/576H blends, differences in e

&
tend to

become independent of the average particle size at
lower '

A
as is depicted in Fig. 6.

By comparing the two tensile diagrams shown as
Fig. 4 (a and b) it is clear that the strain hardening
effect is more pronounced in HIPS with a larger aver-
age particle size (HIPS 472 diluted series). Assuming
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T A B L E I I I The effect of average particle size on the tensile properties of HIPS 472/576H/PS blends

Blends r
):

e
):

r
-:

e
-:

r
&

e
&

E
472/576H! (MPa) (%) (MPa) (%) (MPa) (%) (GPa)

B5050-18 22.63$0.10 1.25$0.09 17.72$0.07 5.53$0.65 20.60$0.41 39.60$4.54 2.01$0.10
(D*

/
"0.80 lm)

B2575-18 23.61$0.51 1.38$0.07 18.36$0.29 7.26$0.95 19.98$0.17 33.61$1.71 2.12$0.13
(D*

/
"0.62 lm)

B1090-18 24.09$0.10 1.40$0.06 18.60$0.06 11.47$1.23 19.45$0.28 27.70$4.06 2.29$0.09
(D*

/
"0.52 lm)

B5050-12 25.50$0.22 1.25$0.05 19.36$0.17 5.74$0.59 21.60$0.26 33.11$1.89 2.70$0.20
(D*

/
"0.80 lm)

B2575-12 25.81$0.26 1.26$0.02 19.46$0.15 6.84$0.8 20.93$0.28 28.39$2.71 2.62$0.12
(D*

/
"0.62 lm)

B1090-12 26.20$0.10 1.28$0.07 19.78$0.09 8.46$1.30 21.08$0.11 30.36$0.88 2.61$0.21
(D*

/
"0.52 lm)

B5050-8 28.34$0.31 1.23$0.03 20.80$0.11 5.04$0.52 22.87$0.52 28.32$1.21 3.05$0.13
(D*

/
"0.80 lm)

B2575-8 29.00$0.14 1.27$0.03 21.23$0.10 6.04$0.90 22.85$0.15 26.91$2.06 3.02$0.09
(D*

/
"0.62 lm)

B1090-8 29.39$0.19 1.29$0.05 21.40$0.16 6.56$0.7 22.55$0.12 25.25$1.07 3.11$0.15
(D*

/
"0.52 lm)

!BXXYY-'
A
-B"Blend; XX"wt% of HIPS 472; YY"wt% of HIPS 576; '

A
"Apparent particle volume fraction; D*

/
"Estimated

average particle diameter
Figure 5 Variation in stress at yield and fracture with volume
fraction '

A
for HIPS 472 and 576H diluted series. Key:

(j) H576H-yield, (d) H472-yield, (m) H576H-fracture and
(r) H472 fracture.

Figure 6 Variations on the strain at failure with estimated average
particle diameter and particle volume fraction '

A
for HIPS 472 and

576H blends.
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that the strain hardening is introduced by rubber
stretching after yield, at failure the applied load is
shared between the matrix and the stretched rubber.
A simple relationship to account for the amount of
load transfered from the matrix to the particle can be
expressed as follows:

r
&
"r

PS
(1!'

A
)#r

R
('

A
) (1)

where r
&
"stress at failure; r

PS
"r

-:
and r

R
"stress

in the rubber.
Substituting the values in Table II for HIPS 472

(Fig. 4b) into Equation 1, the failure stress in the
rubber can be calculated to vary from 5 to 9 MPa
depending on '

A
. These estimates comply with recent

developments in rubber toughening research, where
the rubber component is regarded as being a load
bearing element, rather than a mere stress concentra-
tor, withstanding a substantial part of the load as the
deformation increases. The characteristic stress—strain
behaviour of the rubber can be simulated using non-
Gaussian expressions such as the inverse Langevin
function thereby accounting for the effects of the rub-
ber crosslink density and shear modulus shown in the
rubber stress—strain diagrams [31].

Further evidence, for the suggested behaviour, can
be obtained by comparing the values of e

&
found for

HIPS in the HIPS 472 and 576H diluted series at
equivalent levels of '

A
(Fig. 6). From this comparison

it is clear that the failure in HIPS is basically due to
a collapse of rubber fibrils that is independent of
the rubber particle size. Recent studies using irra-
diated samples of HIPS have shown that an increase
in the rubber crosslink density, produced by an in-
crease in the radiation dose, tends to increase the
yield and flow stresses and reduce the strain at failure
by suppressing the cavitation in the rubber [19].
Accordingly, rubber extension is constrained by re-
ducing the particle size and increasing the rubber



Figure 7 Effect of constant stress rate loading on stress—strain
diagrams of (a) HIPS 472 and (b) HIPS 576H. Stress
rate"10 MPa min~1

crosslink density, which tends to increase the yield
stress and suppress the characteristic strain hardening
after yield. This suggests that strain hardening induced
by rubber stiffness is limited by the rubber stress at
failure.

The results of tensile tests at a constant stress rate
have provided further support for the arguments pre-
sented above and illustrate the main differences in the
kinetics of deformation related to particle size in
HIPS. Fig. 7 shows that the HIPS 576H grade with
a smaller average particle size exhibits a much higher
yield stress, with a much lower strain at failure than
the HIPS 472 that has double the average particle size.
Further, the suppression of strain hardening in HIPS
576H at stresses higher than those verified in HIPS
472 reinforces the point that rubber may fail before
being extended.

3.3. Impact properties
The main aspects observed in the impact diagrams are
basically those related to the amount of energy ab-
sorbed after the maximum force has been achieved. In
typically brittle materials such as neat polystyrene
there is a steep drop in the energy after the peak
(Fig. 8a). However, in efficiently toughened samples
such as the HIPS 472 a gradual drop in the energy
absorbed with time was observed following extensive
whitening along the crack path (Fig. 8b). The samples
with a lower average particle size, HIPS 576H and the
blend B1090, show a brittle—ductile transition with
crack propagation in several stages. Thus, in these
Figure 8 Force and energy versus time plots for (a) polystyrene,
(b) HIPS 472 and (c) HIPS 576H (notched bars with 6 mm thick-
ness).

compositions, despite the energy drop to zero after the
peak, there was a slight increase in energy related to
a transient stress whitening before complete failure
(Fig. 8c).

The results of the instrumented impact tests are
summarized in Table IV. The samples with equivalent
'

A
illustrate the effect of particle size distribution on

the energy for initial crack growth and total failure.
Most importantly the peak energy, or the energy

required for the initial crack growth does not seem to
T A B L E I V Results of instrumented impact tests-Resil 50-Ceast ASTM D256-A (23 °C)

Sample (D
/
) Maximum force (N) Initiation energy (Jm~1) Fracture energy (Jm~1)

Polystyrene 205.56$ 7.36 11.67$2.93 13.33$ 3.33
H472-35 (1.15 lm) 260.70$13.20 60.00$3.60 91.67$ 5.50
H472-17 (1.15 lm) 311.70$11.12 50.00$3.35 83.33$ 5.83
H576-18 (0.45 lm) 304.56$19.69 53.33$6.69 58.33$10.49
B5050-18 (0.80 lm) 309.96$17.33 55.00$6.60 96.67$12.56
B2575-18 (0.62 lm) 302.76$11.76 48.33$3.33 78.33$ 5.40
B1090-18 (0.52 lm) 313.56$16.00 50.00$1.67 60.00$ 2.54
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Figure 9 Diagram showing the variation of the energy absorbed in
the impact tests as a function of estimated average particle size in
HIPS 472 and 576H blends ('

A
"18%) ASTM D256-A (23 °C).

vary extensively with morphology within the range of
samples tested (Fig. 9).

The impact tests disclose important information
about the dependence of the particle size distribution
on the kinetics of deformation, particularly at very
high rates. The results shown in Fig. 9 suggest that
the efficiency of the rubber toughening process is
strongly related to the material’s ability to withstand
crack growth after maximum load. Thus, while in
‘‘quasi static’’ tests such as the uniaxial tensile test
the stress at yield tends to increase linearly with de-
creasing average particle size, at high rates there is
a brittle—ductile transition that is clearly related to
the average particle size. The brittle—ductile transition
is a very important process in rubber toughened
plastics and should be monitored with respect to
temperature.

3.4. Fracture analysis
The TEM micrographs presented in Fig. 10 (a and b)
lend support to the arguments discussed in earlier
sections. According to the micrographs, the crazing
process in HIPS blends are more likely to be asso-
ciated with larger particles as illustrated for blend
B1090-18. The pictures suggest that the crazes may
have been triggered after the stored elastic energy was
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relieved in the matrix by cavitated particles. This fits
our proposed mechanism that a critical volumetric
change of the particle has to be attained before cavita-
tion takes place. Thus, sub-micron particles tend to
cavitate in the later stages of deformation thereby
assuming a more passive role as energy absorbers
rather than toughening precursors. Actually, by form-
ing an interconnected network of particles and crazes
the structure may remain stable before any craze col-
lapses. In this case, the average particle size and test
speed settle the conditions for the occurrence of the
brittle—ductile transitions. These results are in line
with the results of the mechanical properties that
correlated the yield and fracture with the average
particle size and test conditions, i.e., uniaxial tension
and impact. The study, carried out in HIPS with only
multiple inclusion particles, reinforces earlier findings
using bimodal systems with varying particle morpho-
logy [31].

4. Conclusions
The present work yields further insights into the
role of rubber particles in the rubber toughening of
HIPS. The study has shown that during tensile
loading, the yield and failure processes are strongly
related to the average rubber particle size which seems
to be consistent with the ability of the rubber to
cavitate. After yield, the rubber fibrils formed in
the cavitated sites produce the observed strain harden-
ing. The post-yield behaviour indicates that a substan-
tial part of the load is being transferred from the
matrix to the rubber at large deformations. The obser-
vations explain the relatively higher efficiency of
large particles compared to sub-micron particles in
toughening the PS matrix. The higher efficiency of
large particles to toughen polystyrene is more evident
for materials tested in impact. At high rates the large
particles in the blend were responsible for the sig-
nificant improvements observed in the energy
absorbed at failure. EFTEM fracture studies carried
out on these systems provided the data required to
verify that the average rubber particle size in HIPS is
the key factor for efficient rubber toughening of these
materials.
Figure 10 Evidence of rubber cavitation and crazing initiation in HIPS blends; (a) tensile specimen; (b) notch region of impacted specimen.
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