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Impact testing has allowed the toughness of PS blends to be correlated with the morphology
of the dispersed rubber phase, which was a natural rubber (NR) in particle form, coated with
a shell of polystyrene (PS) or polymethylmethacrylate (PMMA). PS subinclusions were also
introduced into the NR core. The impact resistance of the prepared PS blends began to rise
steeply at a particle content of about 18 wt%. Transmission electron microscopy (TEM) in

combination with osmium tetroxide staining techniques, allowed direct analysis of the
crazing and cavitation processes in the composite natural rubber particle-toughened PS
blends. Bulk samples were studied at high and slow deformation speeds. Different
deformation mechanisms were effective, depending on the location of the observed
stress-whitened zone relative to the notch tip. The apparent fracture mechanisms in
rubber-toughened PS blends were also studied by scanning electron microscopy. PS blends
containing polydisperse natural rubber-based particles or monodisperse
poly(n-butylacrylate)-based particles, and commercial high-impact polystyrene, were

compared.

1. Introduction

Many investigations in the field of polymer toughen-
ing deal with high-impact polystyrene (HIPS) which is
a classic example of a brittle thermoplastic polymer.
They often focus on rubber content and the particle-
size effect of the dispersed rubber phase on the tough-
ness of PS [1-5,32]. Another very important factor to
be considered is the morphology of the rubber phase.
Toughening particles must initiate a large number of
crazes in PS and at the same time control craze break-
down in order to avoid premature fracture. For
example, glass beads embedded in a PS matrix initiate
a large number of crazes but do not reinforce PS to
any degree [6]. This fact implies that controlled craze
growth is very important. In this paper the fracture
mechanisms of PS blends containing different com-
posite natural rubber-based latex particles are pre-
sented. Emulsion polymerization processes allowed
the microstructure of natural rubber-based latex par-
ticles to be varied [7]. A commercially available NR
seed latex was coated with a shell of cross-linked
polymethylmethacrylate or polystyrene. Rigid PS
subinclusions were also introduced into the NR core
in order to vary the mechanical properties of the
rubber phase. All model blends were prepared in a co-
rotating twin-screw extruder in order to ensure good
reproducibility.
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A novel continuous blend preparation method was
applied for the incorporation of wet latexes directly
into a co-rotating twin-screw extruder. The dispersion
of the latex particles within the matrix could be im-
proved and even tacky rubber particles, which do not
yield free-flowing powders for the weight feeders of
conventional polymer processing machines, could be
incorporated into a PS matrix. The continuous blend
preparation, the stress—strain properties and the frac-
ture toughness of these materials were the subject of
Parts I and II of this series [8, 9]. An important point
of this work was electron microscopic observations of
the failure mechanisms of PS blends containing NR-
based latex particles with different morphologies.
Failure processes in polymeric materials depend on
numerous complex interacting phenomena which are
not yet completely understood. The plastic deforma-
tion zone ahead of a sharp notch which served as
stress concentrator, was analysed. This approach is
often used for triaxial tension observations. Osmium
staining techniques [ 10—-14] allowed not only the rub-
ber particle morphology to be observed, but made it
possible to analyse crazing and cavitation processes in
a partially broken notched Charpy specimen by trans-
mission electron microscopy. In rubber-toughened
PS, most of the impact energy is absorbed by
the generation and growth of crazes in the matrix.
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A number of publications [13, 15, 16] deal with the
formation of crazes in PS, but they have some limita-
tions because the crazing of cast thin films of PS by
TEM was analysed at slow deformation speeds. Such
techniques imply the absence of stress field interac-
tions around dispersed rubber particles. In this paper,
the toughening mechanism in a massive standard
ASTM sample of the different PS blends was exam-
ined at high deformation speeds. Keskkula et al. [17]
described a similar method for analysing the craze
structure of stress-whitened high-impact polystyrene
by transmission and scanning electron microscopy.
High deformation speeds were particularly important,
as most of the prepared PS blends which were rein-
forced by different composite natural rubber-based
impact modifiers, could be deformed at slow strain
rates up to 60% (ASTM-based tensile testing) but were
not equally tough at high deformation speeds (ASTM-
based impact testing). Furthermore, rubber particle
damage at slow deformation speeds was studied in
order to demonstrate the importance of rigid subin-
clusions on cavitation processes which are associated
with crazing in standard ASTM-based tensile samples.

2. Experimental procedure

2.1. Materials

The PS matrix, Lacqréne 1240 (M, = 154700; M,, =
357600; M, = 601700; T, =100°C) was kindly do-
nated by EIf Atochem. A centrifuged, not cross-linked,
NR latex (Revertex AR) supplied by Revertex Ltd, was
used as a seed latex in a sequential emulsion polym-
erization. The detailed emulsion polymerization tech-
nique for the preparation of the composite natural
rubber latexes and their TEM characterization have
been described elsewhere [7]. All secondary polymers
in the NR-based latex particles were cross-linked by
0.25 wt % ethylene glycol dimethacrylate (EGDMA).
Furthermore, cross-linked (0.25wt% EGDMA)
poly(n-butylacrylate) (PBuA)-based composite latexes
were synthesized semicontinously by ammonium per-
sulphate initiation at 72 °C. Subinclusions were intro-
duced by AIBN initiation analogous to the NR-based
particles.

2.2. Mechanical tests

ASTM test samples were moulded on a Billon 150/150
injection-moulding machine at 210 °C and left at 23 °C
and 50% relative humidity for 1 wk.

The Izod impact resistance of V-notched samples
(based on ASTM D256) was obtained using a stand-
ardized Zwick pendulum impact testing machine. The
bar dimensions were 63 mm x 12.8 mm x 6 mm. Ten-
sile testing on dumb-bell samples (based on ASTM
D638) was performed on a hydraulic Instron 8031
machine at room temperature. The elongation (strain
rate 50 mmmin~!) was measured directly on the
sample using extensometer.

2.3. Electron microscopy
A Philips EM 300 transmission electron microscope
was used in order to observe ultramicrotome cuts of
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PS blends which were prepared in the following way.
First a smooth surface of a PS blend was exposed to
osmium tetroxide vapour for 48 h in order to stain the
NR phase [10-14]. The staining not only enhanced
the contrast for the microscopic viewing of the blend
morphology but also hardened the rubber phase. In
this way ultramicrotome cuts could be prepared with-
out altering the particle morphology of the no longer
soft natural rubber particles.

A Cambridge Instruments Stereoscan 120 scanning
electron microscope was used for the examination of
notched Izod fracture surfaces of the prepared PS
blends which were coated by gold-vapour deposition
before viewing. A Joel JSM 840 scanning electron
microscope was used for the observation of the frac-
ture surface of the commercial HIPS samples.

2.4. Investigation of toughening
mechanisms

A standardized Zwick pendulum impact testing ma-
chine was used at 23 °C and 50% relative humidity in
order to obtain partial crack propagation by adjusting
the hammer weight for incomplete break of a V-
notched ASTM D256-based specimen. In this way, it
was possible to analyse the formation of crazes and
the associated particle damage at a velocity of the
striking nose at the moment of impact of approxim-
ately 3.0 ms ™ !. A razor blade was introduced into the
notch and lightly tapped on it. The partially cracked
bar (still in one piece) was stained by osmium tetroxide
vapour in order to fix the craze structure and harden
the rubber particles prior to microtoming. Thin sec-
tions were cut with a diamond knife in a direction
perpendicular to the fracture surface as indicated in
Fig. 1. The arrows show how the sample was partially
broken.

Furthermore, injection-moulded ASTM standard
tensile samples were strained to break in a hydraulic
Instron 8031 machine at room temperature. The
strain rate was 50 mmmin~'. Sections were cut with
an ultramicrotome perpendicular to the principal
stress direction for TEM examination. Osmium tet-
roxide was used to stain and harden the rubber par-
ticles before microtoming.

Figure 1 Plane of section for transmission electron microscopy.



3. Results and discussion
3.1. Effect of particle morphology and
particle content
In order to study the effect of the particle morphology
on the fracture toughness of the prepared PS blends,
their standard ASTM notched Izod impact resistance
was measured. The incorporated composite NR par-
ticles are represented schematically beside the corres-
ponding graph of the impact energy in Fig. 2. The
particle mass fraction had been systematically varied.
A number of publications propose that polymer
blends are only toughened when a critical inter-par-
ticle distance, ., is attained. Wu [18, 19] reported that
the ligament thickness or distance between two rubber
particle surfaces, T, is a characteristic property of the
matrix polymer for a given mode, rate and temper-
ature of deformation.

The number of prepared PS blends insufficient
to determine precisely the brittle—ductile transition.
However, curves a, ¢ and d of Fig. 2 indicate that
a critical concentration of about 18 wt % composite
NR-based latex particles in the PS blends had to be
exceeded before the impact resistance began to rise
steeply. A plot of the impact resistance against the
rubber content in the PS blends and not against the
particle content as Fig. 2, indicates a common brittle
to ductile transition at about 11% rubber for all
reinforced PS blends. The toughness of the PS blends
determines how much material can be deformed be-
fore individual craze breakdown leads to cracks and
fracture of the blend. When the critical particle con-
centration is exceeded, no additional crazing is pos-
sible and the impact resistance cannot be improved
further. The plateau obtained for high particle con-
tents reflects this reasoning. PS blends containing less
than 10 wt % toughening particles were brittle. The
attained average inter-particle distance was large
enough to provoke free craze growth until craze
breakdown and premature fracture. More particles
permit initiated crazes to be stopped at the next par-
ticle before reaching catastrophic craze lengths. The
stress concentration factor at the particle equator can
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Figure 2 Comparison of the effectiveness of different natural-based
composite latex particles as impact modifiers for PS. The core—shell
particles (a, b, d) contain 25 wt % PMMA in the shell region, and
particle (c) contains 40 wt % PMMA. 15 wt % and 30 wt % cross-
linked PS subinclusions were introduced within the rubber core of
the latex particles (a) and (b).

reach, at most, a factor of 2. When the inter-particle
distance drops to smaller values, superposition of the
particle stress fields occurs, leading to an even higher
stress concentration between the particles. This effect
causes a thickening of interconnecting crazes and
more impact energy can be absorbed [20]. The deter-
mined critical particle concentration at about 18 wt %
particles in the PS blends is in accordance with the
literature [21] which reported a rubber volume con-
tent of more than 15% for effective rubber toughening
of PS. This finding was explained by the superposition
of the stress fields of neighbouring particles. Fig. 2
indicates that under testing conditions used, a com-
mon brittle-ductile transition occurred at the same
critical particle mass fraction for different composite
NR-based latex particles. In the case of the highly
occluded particles (curve b) grafting of NR chains
shifted 1. to lower values. This effect was more pro-
nounced when the rubber phase was purposely grafted
by a higher reaction temperature or an initiation sys-
tem which is known to graft NR during the prepara-
tion of the composite NR-based latex particles [9].
Many more rubber particles had to be incorporated in
this case before the impact resistance began to rise.

In Parts I and II of this series [8, 9], it was shown
that PS-grafted NR particles were ineffective for the
toughening of PS because of a high particle modulus.
The used emulsion polymerization procedures deter-
mine the latex particle morphology and whether or
not the NR chains are grafted. A core—shell arrange-
ment of the polymer phases resulted when the bipolar
redox initiation system tert.-butyl hydroperoxide/tet-
raethylene pentamine (tert.-BuHP/TEPA) in conjunc-
tion with a semicontinuous feeding process was used
[7,22,23]. Polar polymethylmethacrylate was much
more likely to produce the desired core—shell morpho-
logy than polystyrene. A large fraction of the styrene
monomer formed many very small microdomains
within the NR phase. The resulting modulus increase
of PS-grafted NR particles in relation to PMMA-
grafted rubber particles, impedes the craze preceding
cavitation of the NR core. Fig. 3 shows the morpho-
logy of a PS blend with 25 wt % NR particles contain-
ing 40 wt % cross-linked PS in the shell region.

A large fraction of the styrene monomer poly-
merized in very small microdomains within the NR

Figure 3 Transmission electron photomicrograph of a PS blend
containing 25 wt % natural rubber particles with 40 wt % cross-
linked PS in the shell region.
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core. The diffuse interface of the PS-grafted NR par-
ticle and the PS matrix indicates an external PS-rich
layer. Differences in the dispersion of NR particles
coated with a shell of PS or PMMA were not noticed.
However, changes in the shell composition can affect
the interfacial adhesion which is due to physical inter-
actions, such as surface free energy and molecular
entanglement at the particle/PS matrix interface.
Fig. 4 shows a scanning electron micrograph of the
notched Izod fracture surface of a PS blend containing
25 wt % PS-grafted natural rubber particles. The PS-
grafted rubber particles debonded from the PS matrix
at impact and the toughness of the prepared PS blend
could not be improved in relation to unmodified PS.

In the case of PS blends containing different
PMMA-coated NR-based latex particles, cohesive
failure of either the matrix or the incorporated NR
particles took place and the PMMA-grafted NR par-
ticles with or without subinclusions did not debond
[8,9]. Replacing the cross-linked PMMA shell by
cross-linked PS should have increased the adhesion
between the incorporated latex particles and the PS
matrix. However, Fig. 4 shows that the PS-coated NR
particles debonded. In fact, Gent [24] established that
the cavitation stress for polybutadiene and natural
rubber-type rubbers depends linearly on the Young’s
modulus of the elastomer. On the other hand, the
critical stress for debonding was found to decrease
with increasing Young’s modulus of the elastomer
[24]. This anomaly was explained by a decrease of the
interfacial adhesion caused by rheological effects. Im-
pact testing and SEM of PS blends indicate that the
degree of interfacial adhesion between the PS matrix
and the incorporated composite NR-based latex par-
ticles was not a critical factor, because a PMMA shell,
which is incompatible with the PS matrix, yielded very
effective impact modifiers. The mechanical properties
of the incorporated rubber phase, such as low
modulus and rubber fibrillating rigid subinclusions,
were crucial for the toughening of PS.

3.2. Fracture surfaces
In order to determine what role rubber particles play
a toughening PS at fast deformation speeds, further

Figure 4 Scanning electron micrograph of the notched Izod frac-
ture surface of a PS blend containing 25 wt % natural rubber
particles with 40 wt % cross-linked PS in the shell region.
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SEM investigations of fracture surfaces were conduc-
ted. The SEM analysis of fracture surfaces, which was
presented in Parts I and II [8, 9] always concerned the
centre of notched Izod test sample. SEM investiga-
tions can also give insight into the dependence of the
fracture mechanisms on the location of the observed
failure zone relative to the notch tip. The centre of
a notched Izod fracture surface of a PS blend rein-
forced by 13 wt % NR-based core—shell particles con-
taining 15 wt % PS subinclusions in the core and
25 wt % PMMA in the shell, is shown in Fig. 5. The
major failure mechanisms were crazing, fracture of
rubber particles and particle debonding. The high
magnification allows the occluded structure of the
NR/cross-linked PS semi-interpenetrating network
(semi-IPN) based core—shell particles, to be discerned.
Fig. 6 shows a view of the Izod fracture surface at
a distance of 100 um from the notch tip.

Because the PS blend was submitted to high stresses
at the notch root, the failure mechanisms changed.
Virtually no debonded or cavitated particles could be
found. It appears that the PS matrix had been more

Figure 5 High magnification scanning electron micrograph of the
notched Izod fracture surface of a PS blend reinforced by 13 wt %
natural rubber particles containing 15 wt % cross-linked PS in the
rubber core and 25 wt % cross-linked PMMA in the shell region.
(Centre of the notched Izod test bar.)

Figure 6 High-magnification scanning electron micrograph of the
notched Izod fracture surface of a PS blend containing 13 wt %
natural rubber particles with 15 wt % cross-linked PS in the rubber
core and 25 wt % cross-linked PMMA in the shell region. (100 pm
to the notch tip.)



extensively transformed into crazed matter. Similar
observations were made when high-impact PS blends
containing 27 wt % occluded core—shell particles were
analysed by SEM. The morphology of the fracture
surface near to the notch tip of PS blends containing
NR-based core—shell particles without rigid PS occlu-
sions, is shown in Fig. 7. The incorporated core—shell
particles contained as much secondary polymer as the
occluded core—shell particles, and the PS blends in
Figs 7 and 8 contained the same NR mass fraction
(10 wt %).

Figs 6 and 7 indicate intensified matrix deformation
in relation to the centre of the fractured Izod bar.
However, some of the core—shell particles debonded,
because rigid subinclusions, which fibrillate the rubber
phase at impact, were missing. The different deforma-
tion modes in the vicinity of the notch root and in the
centre of the fracture surface could not be clearly
detected at a low magnification, as shown in Fig. 8.
However, SEM analysis of fractured PS blends con-
taining excessively grafted NR-based core—shell par-
ticles or rubber particles without a shell, allowed to
different degrees of matrix deformation near the notch

tip and the centre of the Izod bar to be detected even
at low magnification. Fig. 9 is a typical example of the
fracture surface of a PS blend containing such ineffec-
tive toughening particles. Two distinct fracture zones
can be distinguished. In a 1.5 mm large zone adjacent
to the notch tip, the matrix has been extensively de-
formed followed by a surface which is characteristic
for a brittle fracture. Increasing the content of the
high-modulus NR particles to 27 wt % did not change
the morphology of the fracture surface. The restricted
size of the crazed zone explains why these PS blends
could not be toughened. PS blends which contained
only few toughening particles were not tough, either,
because the stress fields of the rubber particles did not
yet overlap. The morphology of the fracture surface of
such blends reflects this finding; for example a PS
blend containing only 7 wt % very effective occluded
NR-based core—shell particles was not reinforced to
any degree, as indicated in Fig. 2. Fig. 10 reveals
a brittle fracture mode for the notch region as well as
for the centre of such a broken Izod sample.

The high magnification view in Fig. 11 reveals frac-
tured and debonded rubber particles. The PS matrix
could not be transformed into crazed matter at such
a low particle content and the fracture surface in the

Figure 7 High-magnification scanning electron micrograph of the
notched Izod fracture surface of a PS blend reinforced by 17 wt %
natural rubber particles containing 40 wt % cross-linked PMMA in
the shell region. (100 um to the notch tip.)

Figure 9 SEM view of the notched Izod fracture surface of a PS
blend reinforced by 13 wt % grafted natural rubber particles con-
taining 15 wt % cross-linked PS in the rubber core and 25 wt %
cross-linked PMMA in the shell region.

Figure 8 SEM overview of the notched Izod fracture surface of a PS
blend reinforced by 13 wt % natural rubber particles containing
15wt % cross-linked PS in the rubber core and 25wt % cross-
linked PMMA in the shell region.

Figure 10 SEM overview of the notched Izod fracture surface of
a PS blend containing 7 wt % NR particles with 30 wt % PS subin-
clusions and 25 wt % PMMA in the shell.
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Figure 11 High-magnification scanning electron micrograph of the
notched Izod fracture surface of a PS blend containing 7 wt % NR
particles with 30 wt % PS subinclusions and 25 wt % PMMA in the
shell. (Centre of the Izod test bar.)

centre of the notched Izod bar resembles the
morphology of broken pure PS Izod test bars.

3.3. Toughening mechanisms in partially
fractured bulk PS samples

The importance of PS inclusions within the NR-based
core—shell particles on the fracture toughness of PS
blends has been established in Part IT of this series [9].
In order to understand the role of this type of rubber
particle on the toughness of PS blends, the nucleation
of crazes in these blends was analysed in detail by
transmission electron microscopy. The sharp notch
geometry used approximates the stress state at the tip
of a propagating crack. An ultramicrotomed section of
the notch tip of a partially broken Charpy test bar can
be seen in Fig. 12, in which 27 wt % core—shell par-
ticles based on 60 wt % natural rubber/40 wt % cross-
linked PS semi-IPNs had been incorporated. The
transmission electron micrograph shows that the ori-
ginally spherical composite NR particles were
200%—600% elongated in a zone immediately adjac-
ent to the crack. This finding is somewhat surprising.
Such high elongations of rubber particles imply that
the PS matrix has been submitted to similar deforma-
tions. No crazes are visible. The high strain rates
(impact conditions) at the notch root deformed the
matrix polymer plastically. Owing to the stress con-
centration at the crack tip and the presence of the soft
rubber particles, the toughening mechanism appears
to have changed in the closest vicinity of the crack to
a shear mechanism, as observed for some toughened
grades of PMMA [2]. Fig. 13 shows a view of the
propagated crack at a distance of 2 um from the crack
tip.

The transmission electronmicrographs of Figs 12
and 13 indicate that an important toughening mecha-
nism in composite NR particle-toughened PS was
crack deflection. Rigid subinclusions in the soft rubber
phase multiplied the deviation of the crack path. By
this means crack growth is limited below a critical rate
and premature fracture can be avoided. It appears that
the yielding mechanism of the PS matrix and the
crack—deflection mechanism give rise to a synergistic
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Figure 12 Transmission electron photomicrograph of a section of
the crack tip region of a partially broken notched Charpy test bar of
a PS blend toughened by NR-based core—shell particles containing
30 wt % PS subinclusions and 25 wt % PMMA in the shell region.
(27 wt % particles in the blend.)

—y

Figure 13 High-magnification TEM view of a section of the
propagated crack in a partially broken notched Charpy test bar of
a PS blend toughened by 27 wt % NR-based core—shell particles
containing 30 wt % PS subinclusions within the rubber core and
25 wt % PMMA in the shell. (2 pm to the crack tip.)

toughening effect. Fig. 14 gives a detailed view of the
yielded plastic zone 1 pm in front of the notch tip. The
composite NR particles contained 45 wt % natural
rubber which is much more in comparison with the
“salami-like” polybutadiene-based particles in com-
mercial HIPS.

The soft latex particles lowered the stress required
for shear yielding at the notch tip before the stress for
cavitation of rubber particles and subsequent crazing
of the matrix polymer chains was achieved. Once the
plastic yield zone was constituted, the resulting stress
redistribution induced an increased stress when mov-
ing away from the notch root. Finite element analysis
describes the stress redistribution when a plastic zone
is present ahead of a notch tip [26]. Movement of the
position of the stress maximum away from the notch
tip has been treated for other notch geometries [27].
The high-magnification transmission electronmicro-
graph of Fig. 15 indicates that the matrix yielding
mechanism was associated with cavitation processes
in the elongated rubber particles when the damage



Figure 14 High-magnification TEM view of a section of the yielded
zone of a partially broken notched Charpy test bar of a PS blend
toughened by 27 wt % NR-based core—shell particles containing
30 wt % PS subinclusions within the rubber core and 25wt %
PMMA in the shell. (1 um in front of the crack tip.)

Figure 15 High-magnification TEM view of a section of the yielded
zone at a distance of 5 um to the propagated crack of a partially
broken notched Charpy test bar of a PS blend toughened by
27 wt % NR-based core—shell particles containing 30 wt % PS
subinclusions within the rubber core and 25 wt % PMMA in the
shell region.

zone was analysed at a distance of about 5 um to the
propagated crack. In fact, the observed zone in Fig. 15
represents a transition region of a shear yielding
mechanism in the immediate vicinity of the
propagated crack to the very well-known crazing
mechanism of PS. TEM investigations around the
crack reveal that the composite NR particles were
only slightly elongated when the crack plane was
viewed further away from the damage zone. The
matrix deformation mechanism had changed. Fig. 16
shows a profuse array of crazes at NR-based
core—shell particles containing 40 wt % PS subinclu-
sions. The stress concentration at a distance of about
30 pum laterally to crack tip region had been sufficient
to initiate the classical crazing mechanism in PS. It
can be seen how the occluded rubber particles behave
at high deformation speeds in the bulk material near
to the crack tip during Izod impact. A region with
a profuse array of crazes and cavitated rubber par-

Figure 16 Transmission electron photomicrograph of a zone which
is located 30 um laterally to crack tip region of the notched Charpy
test bar of a PS blend toughened by NR-based core—shell particles
containing 30 wt % PS subinclusions within the rubber core and
25 wt % cross-linked PMMA in the shell. (27 wt % particles in the
blend.)

ticles was located in a zone which began approxim-
ately 30—40 um laterally to advanced crack tip. Crazes
with their length perpendicular to the loading direc-
tion grew predominately from the equatorial plane of
micrometre-sized particles. Even when the particles
were very close to each other, almost no crazes orig-
inated from the pole region of the particles. As the
particles were strained in the direction of the tensile
stress, the particles responded by internal rubber cavi-
tation in order to compensate the dimensional cha-
nges imposed upon them. The importance of the PS
inclusions within the rubber core can be deduced.
They constrain the rubber phase which cavitated in-
ternally and no large voids were formed at the inter-
face between the composite latex particle and the PS
matrix. In Part I of this series [8] it was shown that
pure NR latex particles debond from the matrix.
Donald and Kramer [15,16] established, by TEM
studies of thin HIPS films, that unoccluded poly-
butadiene particles contract in a direction laterally to
the stress field. The large voids which are formed
contribute significantly to failure to crazes. Inferior
mechanical properties of the PS blend result. Inter-
pretation of the effect of the morphology of HIPS
particles on the toughness of PS was complicated by
the inhomogenity of the dispersed rubber phase, be-
cause small particles tended to be homogeneous and
the larger particles contained subinclusions of the
glassy matrix polymer. The use of tailor-made emul-
sion latexes in this study ensured that small, as well as
large, particles contained rigid PS subinclusions which
fibrillate the natural rubber core.

It is known that particle size plays an important
role in polymer toughening [1, 2. Theoretical calcu-
lations show that the stress concentration at the par-
ticle surface is independent of the particle diameter
and the size of the stress concentration zone corres-
ponds to the particle radius. A minimum effective
particle diameter of 40 nm for the toughening of PS
was established, because the stress concentration zone
must not be smaller than the minimum craze thickness
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[21]. However, it is accepted that small particles
(<1 um) reinforce PS to a much lesser degree than
large particles (2-5 um) at a constant rubber content
[17,29]. The transmission electron micrograph in
Fig. 16 reveals that both large micrometre-sized and
small particles which are, in most cases, close to big
particles, caused extensive crazing of the PS matrix.
Large particles preferentially nucleated crazes, and
small particles in the vicinity of big particles allowed
the craze to grow in a bridge-like manner. These small
encountered particles act as initiators for multiple new
crazes which considerably increase the amount of the
crazed matter. This finding is very important in order
to understand the good mechanical properties of
HIPS with a dual population of rubber particle sizes
[29]. It should be noted, though, that isolated NR-
based composite latex particles, which are smaller
than 300 nm rarely nucleated crazes.

It appears that cavitation preferentially in large
micrometre-sized but also in small-sized (< 400 nm)
particles was the first step of the crazing mechanism in
PS. From uncavitated particles, considerably fewer
crazes originated. Several authors concluded that rub-
ber particle size controls cavitation. They established
that voids preferentially form in large-sized particles.
These findings are in accordance with our results.

A model of Bucknall et al. [30, 31] is based on the
principle that a particle cavitates when the strain en-
ergy released during cavitation is greater than the
energy needed to form a cavity within the rubber
particles. A similar model was developed by Dompas
et al. [33,34] and applied to poly(vinyl chloride)/
methyl methacrylate—butadiene—styrene graft
copolymer blends. Cavitation, in itself, cannot absorb
much energy. However, Fig. 16 indicates that the cre-
ated free surface in a NR-based latex particle provides
a very effective craze nucleation site, which usually is
situated close to a cavity within the natural rubber
core. Fig. 17 gives a detailed view on the craze initia-
tion site at a micrometre-sized composite NR-based
particle in the neighbourhood of two smaller-sized
rubber particles.The latex particles contain 40 wt %

Figure 17 High-magnification TEM view of the craze initiation site
at a micrometre-sized occluded NR-based core—shell particle in the
neighbourhood of two smaller-sized rubber particles. (40 pm
laterally to the propagated crack in a PS blend containing 27 wt %
latex particles.)
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rigid PS subinclusions and 25% PMMA in the shell
region. In addition to large-sized cavities (> 200 nm)
within the rubber core, very small voids (< 50 nm)
were found in the subsurface region of the rubber
particle. These tiny voids were always located at the
craze generation site on the surface of the incorpor-
ated rubber particles. The central cavity is formed
prior to craze initiation at the periphery of the rubber
particles. It is suggested that very small subsurface
voids form in order to compensate the high local
deformation at the particle surface where a craze orig-
inates. The localized subsurface voiding ensures that
the rubber particle is not separated from the PS
matrix. A decohesion would result in voids at the
particle/matrix interface. These voids would grow and
cause premature failure of the craze [15, 16].

Okamoto et al. [35] indicate that the improvement
of bimodal HIPS is due to longer crazes initiated
primarily at large rubber particles and not to an
increased number of crazes compared to monomodal
HIPS. Their model, which is based on a finite element
method, suggests that crazes are first nucleated at
large particles and then at small particles closest to
a large particle, because the stress is highly concen-
trated there. On the other hand, models of Hobbs [36]
and Wrotecki and de Charentenay [37] propose that
crazes initiate from small rubber particles near to
a large particle which stops the nucleated crazes. Our
results indicate that primarily large cavitated rubber
particles act as nucleation sites and terminators of
crazes. The Okamoto model seems to describe well the
crazing mechanism in PS blends toughened by com-
posite NR-based particles which are very polydisperse
in size.

The impact resistance of PS blends containing NR-
based core—shell latex particles without rigid subin-
clusions was considerably smaller compared to poly-
mer blends reinforced by occluded core—shell particles
containing the same PMMA mass fraction in the shell
or the same NR mass fraction in the latex particles [8].
A transmission electron micrograph of the damage
zone around the crack root of a PS blend containing
33 wt % NR-based core—shell particles without rigid
PS subinclusions is shown in Fig. 18. The PS blends
which are compared in this section contain equivalent
NR phase fractions; 20 wt % rubber phase (NR + PS
subinclusions) had been incorporated.

Fig. 19 shows the propagated crack at a distance of
20 um from the crack tip. The high-magnification view
indicates that perfect core—shell particles had not been
achieved during the emulsion polymerization [7].
Many very small-sized cross-linked PMMA microdo-
mains can be distinguished.

The contours of the elongated rubber particles in
Figs 18 and 19 clearly indicate the stress field in front
of the crack tip and adjacent to the propagating crack.
The incorporated composite latex particles contained
60% natural rubber instead of 45% in the case of
core—shell particles with PS subinclusions. It can be
seen that the softer rubber particles were elongated up
to more than 500%. This finding indicates that the PS
matrix underwent similar large-scale plastic deforma-
tions at the propagated crack. The deformation



Figure 18 Transmission electron micrograph of a section of the
crack-tip region of the notched Charpy test bar of a PS blend
toughened by 33 wt % NR particles containing 40 wt % cross-lin-
ked PMMA in the shell region.
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Figure 20 Transmission electron micrograph of a section which is
located 30 um laterally to crack tip region of the notched Charpy
test bar of a PS blend toughened by 33 wt % NR-based latex
particles containing 40 wt % cross-linked PMMA in the shell.

Figure 19 High-magnification TEM view of a section of the
propagated crack of the notched Charpy test bar of a PS blend
toughened by 33 wt % NR particles containing 40 wt % PMMA in
the shell region. (20 um to the crack tip.)

mechanism of the PS matrix in the immediate vicinity
of the crack tip did not change when core—shell par-
ticles without and with rigid PS subinclusions are
compared. However, core—shell particles without rigid
subinclusions did not promote crack deflection.

The failure mechanisms were also analysed further
away from the propagated crack. Fig. 20 clearly
shows that outside the yielded zone (30 um laterally to
the crack) the rubber particles were only slightly elon-
gated and the matrix had been deformed by crazing, as
already shown in Fig. 16 for a PS blend containing
occluded core—shell particles. The major difference
between Figs 16 and 20 is the craze preceding cavita-
tion of the rubber core. Most of the NR particles
without rigid PS subinclusions did not cavitate, as
shown in Fig. 20. It is apparent that the toughening
mechanism must have been dominated by rubber par-
ticle cavitation which could only be observed in the
case of core—shell particles with rigid subinclusions.
The particle morphology considerably affected the
toughness of the prepared PS blends even though the
matrix deformation mechanism by crazing did not

Ve A

Figure 21 Transmission electron micrograph of the centre of
a crazed standard ASTM tensile sample of a PS blend reinforced by
27 wt % natural rubber particles containing 30 wt % PS subinclu-
sions within the rubber core and 25wt % PMMA in the shell
region.

change. The breadth of the crazes was not altered
either. However, TEM suggests that the number of
crazes was increased in the case of rubber particles
containing rigid subinclusions. Hence, a higher impact
resistance of the PS blend resulted. Fig. 21 shows that
numerous cavities also developed within an NR par-
ticle containing PS subinclusions at slow deformation
rates (50 mmmin ! instead of 3ms~'). TEM indi-
cates that the PS subinclusion size had little effect on
the failure mechanisms of the rubber particles. The
incorporated rubber particles contained PS subinclu-
sions which are very polydisperse in size. Some par-
ticles carry very large 200400 nm sized occlusions,
other particles only small-sized (< 50 nm) ones. All
types of occluded particles had cavitated. This finding
is consistent with impact data of PS blends reinforced
with NR-based core—shell particles containing PS
subinclusions of different sizes.

In Part II of this series [9] it was demonstrated that
an increased mass fraction of PS within the NR phase
increased the subinclusions size but had no effect on
the fracture toughness of the prepared PS blends.
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A large number of small occlusions was most effective.
The impact resistance of PS blends containing the
same mass fraction of simple NR-based core—shell
particles without subinclusions was considerably de-
creased. Their mechanical properties could not be
correlated with PS blends containing occluded
core—shell particles. Furthermore, it was suggested
that 10-30 nm sized subinclusions in the case of PS-
grafted NR-based core—shell particles were ineffective
because of an increased particle modulus. The PS
subinclusions evenly distribute within the rubber
phase and the average extent of the rubber zone be-
tween the PS occlusions was reduced to less than
15 nm. A batch emulsion polymerization increased the
subinclusion size by a factor 6 when the same mass
fraction of styrene monomer was polymerized within
the NR seed latex [7]. TEM of fractured PS blends
suggests that the rigid subinclusions within the NR
phase must not be too small in order to leave a pure
rubber zone with a minimum size in between. Theoret-
ical models [30, 31, 33, 34] indicate a minimum par-
ticle size for rubber particle cavitation to occur. This
concept is not restricted to whole rubber particles but
can also be applied to composite rubber particles. It
appears that a critical size of a pure natural rubber
zone within the occluded core has to be exceeded
before voiding can occur. This assumption gives an-
other explanation why NR particles with a PS shell
and many small-sized subinclusions were ineffective in
reinforcing PS. Polymerizing more styrene within the
NR seed latex increases the PS subinclusions size, but
did not change the extent of the pure rubber zones
within the core. The resulting impact resistance of PS
blends containing such particles diminished, because
natural rubber had been substituted by the increased
mass fraction of PS in the particle. A linear depend-
ence between the impact resistance and the NR weight
fraction in PS blends containing different occluded
NR based core—shell particles has been established in
Part II of this series [9]. This result is consistent with
the proposal that a minimal pure rubber zone within
an occluded NR core is needed for cavitation to occur.
Very large-sized subinclusions (e.g. 400 nm) cannot
further change the toughening mechanism.

3.4. Particle damage at slow deformation
speeds

Injection-moulded standard ASTM samples were
craze-whitened to fracture in an hydraulic Instron
machine at a deformation speed of 50 mmmin~!.
Fig. 21 shows a typical micrograph of the ultramicro-
tome cut of such a crazed PS blend which was rein-
forced by 27 wt % NR particles containing 30 wt %
cross-linked PS subinclusions within the rubber core
and 25 wt % cross-linked PMMA in the shell region.
The section was cut from the centre perpendicular to
the deformation direction of the ASTM tensile speci-
men in order to observe rubber particle damage at
slow deformation speeds. No attempt was made to
keep the crazes in their extended state, as described by
Keskkula et al. [17]. Prior to microtoming, the rubber
phase was stained and hardened by osmium tetroxide
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vapour. Because the crazes were not fixed, as in the
case of partially broken notched Izod test bars, only
very few traces of crazes can be distinguished in
Fig. 21. However, the craze preceding cavitation of the
rubber phase is clearly visible. The tensile sample
which contained 27 wt % composite NR particles had
been strained to break. At slow deformation speeds
(tensile testing) the matrix polymer chains could easily
be transformed into crazed matter in order to attain
elongations up to 60%. Theoretical models predict
that the minimum particle diameter required for cavi-
tation decreases drastically with the applied relative
volume strain [31, 33]. Equation 1 relates the critical
particle size for rubber cavitation, d,, directly to the
applied relative volume strain A [34]

_ R + L)

dO - KrA4/3 (1)

I, is the energy per unit area associated with chain
scission, K, is the rubber bulk modulus and v, is the
van der Waals surface tension of the rubber. The
relative volume strain is calculated as the (1 — 2v,,)e
where v,, is the Poisson’s ratio of the glassy matrix and
¢ is the longitudinal strain. Large rubber particles will
cavitate first and small rubber particles will cavitate in
the later stages of the deformation process. For
example, at a relative volume strain of 1%, a critical
particle size of 200 nm is reached [34]. Hence, at the
high volume strain of the studied PS blend, no critical
minimal particle size for internal cavitation can be
determined for the NR-based core—shell particles. In
fact, composite natural rubber particles from less than
100 nm to 2 pum had cavitated. Similar observations
can be made at fast deformation speeds in a partially
fractured notched Izod test bar which is shown in
Fig. 16. Internal rubber cavitation was always asso-
ciated with crazes which originate from the surface of
a rubber particle near to a cavity. These observations
confirm that small-sized rubber particles are capable
of contributing to the toughening of PS. In the preced-
ing section it was established that the influence of the
morphology of the dispersed rubber phase is very
important at fast deformation speeds (impact testing).
Fig. 22 gives a detailed view how occluded NR-based
core—shell particles respond to an applied tensile
stress at slow deformation speeds. Figs 21 and 22
show that not only one central cavity is formed, but
several voids can be seen within occluded rubber par-
ticles. Thus, a separation of the rubber particle from
the PS matrix which causes premature craze break-
down can be avoided. The introduced PS subinclu-
sions constrained the soft rubber phase which failed,
because rigid occlusions within the NR phase cannot
be deformed, whereas the low-modulus rubber phase
responded to the externally applied strain. In particu-
lar, hard occlusions which entrap a rubber zone in
between, caused the rubber phase to cavitate in order
to relieve the stress.

PS blends which contained 20 wt % pure NR par-
ticles could only be deformed to less than half the
elongation at break of PS blends containing a compa-
rable amount of rubber phase (NR + PS sub-
inclusions) in core—shell particles with rigid PS



Figure 22 High-magnification TEM view of failure processes in
natural rubber particles containing 30 wt % cross-linked PS subin-
clusions within the rubber core and 25 wt % cross-linked PMMA in
the shell region. (Section of a crazed-whitened tensile sample of a PS
blend containing 27 wt % composite particles.)

Figure 23 Transmission electron micrograph of the centre of
a crazed standard ASTM tensile sample of a PS blend containing
20 wt % pure natural rubber particles.

subinclusions. At low deformation speeds, pure rubber
particles were considerably less effective. They were
completely ineffective at fast deformation speeds
(impact testing), as indicated in Fig. 2.

Fig. 23 shows a transmission electron micrograph
of a section of an ASTM dumb-bell sample which had
been elongated to 28 %, where it broke. Crazes cannot
be distinguished because they had not been fixed. The
fibril structure of the crazes might have been sup-
pressed during the sample preparation or during the
transmission electron microscopy. Virtually no
cavitated particles can be seen. On the other hand,
Figs 21 and 22 clearly show multiple cavities in the
dispersed-composite NR particles. Rubber cavitation
led to a reduction of constraint, allowing further
matrix deformation to occur. This toughening mecha-
nism was not effective in the case of PS blends contain-
ing pure rubber particles. Similar explanations have
been put forward to explain the toughness of ABS
[16] and toughened epoxy resins [38]. It should be
noted, though, that the increase of toughness due to
multiple crazing is much greater in magnitude. Fig. 2

indicates that the impact resistance of PS blends could
not be improved by pure rubber particles. However,
core—shell NR particles containing rigid PS subinclu-
sions increased the impact energy of PS by a factor of
more than 15. This result implies that the principal
morphological feature controlling the deformation be-
haviour at fast and slow rates is certainly the particle
morphology and not rubber particle size. Multiple
cavitation of the rubber phase must precede the craz-
ing process in tough PS blends.

A commercial impact modifier for polyvinyl chlor-
ide (KM 323B from Rohm and Haas) has also been
tested as a possible toughening agent for PS. The
particles are about 300 nm sized and have a core—shell
morphology with a poly(n-butylacrylate) (PBuA)-
based rubber core. Some PMMA microdomains are
also embedded in the rubber core. The PMMA shell
represents about 30% by volume and only 11% by
radius of the latex particle. PS blends which were
prepared by continuous extrusion, could not be
toughened at a particle content of 10, 20 or 30 wt % of
the commercial core—shell particles, due to a particle
size which is too small for effective toughening of PS.
A high cross-linking degree or an increased shear
modulus of the PBuA rubber phase which shifts the
craze preceding rubber cavitation to higher stresses
[30, 31, 39] could be other possible causes for the low
impact properties of the prepared blends. PS blends
containing other small-sized polybutylacrylate-based
core—shell particles are discussed in the following sec-
tion. The eclongation at break of all prepared PS
blends containing PBuA-based latexes was found to
be less than 5%. The deformation mechanisms in
polymer blends containing such small particles were
also studied. Even though small-sized latex particles
did not toughen PS at fast or slow deformation speeds,
they initiated crazes in a PS matrix, as shown in
Fig. 24. The transmission electron micrograph con-
tains a huge aggregate of latex particles which had
been formed during the blend preparation process.
Cavitation processes within the rubber particle ag-
glomeration can be clearly distinguished. On the other
hand, isolated rubber particles did not cavitate. This
finding is consistent with the reasoning of the preced-
ing paragraph. A latex particle aggregate can be repre-
sented as one large-sized rubber particle containing
many small-sized rigid subinclusions. The occlusions
in the latex agglomeration are formed by the rigid
PMMA phase in the shell of the commercial latex
particles. The latex particle aggregate shows multiple
internal cavitation. This failure mechanism is compa-
rable to occluded large-sized NR-based core—shell
particles which cavitated at fast and slow deformation
speeds.

Our results are consistent with real-time small-
angle X-ray scattering studies by Bubeck et al. [40, 41]
who concluded that non-crazing mechanisms occur
before crazing in HIPS and ABS. Their data indicate
that rubber particle cavitation and associated liga-
ment bending of the surrounding matrix take place.
Our TEM studies revealed internal cavitation in com-
posite NR particles both at high and at slow deforma-
tion speeds. Dilatation measurements during the

5201



r‘..-l

-_-""\.-uﬁhllf"'" =
_’N 3 g “u‘?‘“‘h.\m'—-.---\»..l'._.‘-. .
3 n

]

Figure 24 Transmission electron micrograph of crazes in the centre of a standard ASTM tensile sample of a PS blend containing 10 wt %

KM 323B core-shell latex particles from Rohm and Haas.

deformation of rubber-toughened thermoplastics can-

not precisely detect such non-crazing mechanisms
[42-44].

3.5. Comparison of natural rubber,
synthetic latex particles and HIPS

In Part I [8] we demonstrated that monodisperse
180 nm sized poly(n-butylacrylate) based core—shell
particles proved to be too small for effective rubber
toughening of a PS matrix. NR-based core—shell par-
ticles containing PS subinclusions could raise the im-
pact resistance of the same matrix by a factor of more
than 15 (supertough PS). In order to verify whether PS
subinclusions could improve the performance of small
and monodisperse PBuA-based toughening particles,
15 and 30 wt % cross-linked PS subinclusions were
introduced into the rubber core, as in the case of the
NR-based latex particles. However, PS blends con-
taining 27 wt % small poly(n-butylacrylate)-based
core—shell particles with rigid PS subinclusions were
equally brittle and the impact resistance could not be
improved. The prepared blends contained as much
PBuA-based latex particles as the natural rubber-
toughened PS blends. The z-average mean value of the
size of the poly(n-butylacrylate) rubber core was
350 nm as obtained by photon correlation spectro-
scopy performed on a Malvern Autosizer 11. Polydis-
perse natural rubber-based latex particles with a
z-average mean size of 500 nm and monodisperse
PBuA rubber-based particles are not directly compa-
rable, because the poly(n-butylacrylate)-based latex
did not contain large micrometre-sized particles.
However, our results confirm data about PBuA-based
core—shell particle-modified PS published by Cook
et al. [45] who pointed out that submicrometre par-
ticles cannot reinforce PS. The brittle notched 1zod
fracture surface of a PS blend containing PBuA-based
core—shell particles with 30 wt % cross-linked PS
subinclusions and 25wt % PMMA in the shell, is
shown in Fig. 25. The mass fraction of the secondary
polymers in PBuA-based composite latex particles
and their morphology precisely corresponds to the
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Figure 25 Scanning electron micrograph of the notched Izod frac-
ture surface of a PS blend containing cross-linked poly(n-butylac-
rylate)-based core—shell particles with 30 wt % cross-linked PS
subinclusions within the rubber core and 25wt % cross-linked
PMMA in the shell.

NR-based core—shell particles used, containing PS
subinclusions.

The achieved notched Izod impact resistance of
composite NR particle-toughened PS blends
(32.5kIJm™?) is about twice as high as the impact
resistance of commercial HIPS produced by free-rad-
ical polymerization of styrene containing dissolved
polybutadiene rubber. For example, the notched im-
pact energy of a supertough HIPS sample of EIf
Atochem (Lacqrene® 8350) was determined at only
14.0 kJ m™~2. The supertough HIPS contains an equiv-
alent rubber mass fraction. It had been transformed
and tested under the same conditions as the NR-
toughened PS blends and could be directly compared:
13.0 kJ m ™2 for the impact resistance, 55% elongation
at break and 21 MPa for the yield stress, are given in
the technical information note [46]. A view of the
notched Izod fracture surface of the commercial HIPS
is given in Fig. 26. The HIPS fracture surface exhibits
clearly less crazed material than fracture surfaces of
natural rubber-toughened PS blends. It can be seen
that the incorporated rubber particles of the tested
HIPS fracture at impact. The occluded structure of



Figure 26 Scanning electron micrograph of the notched Izod frac-
ture surface of a supertough HIPS (Lacqrene®™ 8350, EIf Atochem).

Figure 27 Scanning electron micrograph of the notched Izod frac-
ture surface of a medium impact HIPS (Lacqrene® 2551, EIf
Atochem).

classical HIPS particles can be distinguished. It ap-
pears that some of the polybutadiene-based rubber
particles were separated from the PS matrix on im-
pact. The very polydisperse particle-size distribution
ranges from less than 1 um to more than 8 um. Very
large-sized particles improve the crack resistance in
relation to standard HIPS. Fig. 27 indicates that rub-
ber particle/matrix separation is the predominant fail-
ure process in medium impact PS (Lacqrene® 2551,
Elf Atochem). The measured notched Izod impact
resistance of the medium-impact PS sample which
contains three times less polybutadiene than the
supertough HIPS, is 3.8 kJm~2; 4.0kJm™~? is given
for the notched Izod impact resistance of the medium
impact PS [47]. The occluded HIPS type particles of
the medium-impact sample are clearly less polydis-
perse. Rubber particles in the range of less than
0.5-3 pm can be distinguished in the fracture surface
of Fig. 27.

Similar failure observations in the fracture surface
of broken HIPS samples were made by Keskulla et al.
[17] and Schmitt [49]. On the other hand, NR-based
core—shell particles containing PS subinclusions fibril-
lated extensively at impact and stayed well embedded
in the matrix polymer. They cannot be distinguished

in the Izod fracture surface. No rubber particle/matrix
separation was detected in PS blends containing oc-
cluded NR-based core—shell particles. Very few of the
simpler NR-based particles core—shell particles con-
taining 40 or 25 wt % cross-linked PMMA in the shell
region were separated from the matrix at impact.
Nearly every pure NR particle debonded from the
matrix, as indicated in Part I of this series [8]. The
presented scanning electron micrographs of HIPS
samples suggest that a rubber particle/PS matrix sep-
aration is an important failure mechanism to be con-
sidered in high-impact polystyrene.

A better adhesion of PS-coated particles to the
matrix could not compensate the restricted toughen-
ing efficiency of high-modulus rubber particles. Fur-
thermore, too many PS inclusions in the NR core were
formed during the shell synthesis.

The superior performance of the different NR-based
impact modifiers in relation to commercial HIPS can
be further explained by the extremely high strain-
hardening capacity of natural rubber which is
unmatched by synthetic polymers. As the matrix is
deformed, the rubber particles cavitate and are forced
to stretch. When the rubber phase reaches extension
ratios of 3 or more, the stress in the rubber becomes
high enough to cause additional strain hardening. The
excellent strain-hardening capacity of NR prevents
premature failure of the PS blends.

4. Conclusions
Transmission electron microscopy proved to be
a powerful tool to substantiate and elucidate failure
mechanisms in toughened PS blends. Contrary to the
conclusions of several previous dilation-based studies,
electron microscopy revealed that rubber particle
cavitation in combination with crazing occur in
toughened PS blends. About 18 wt % composite natu-
ral rubber particles had to be incorporated into PS
before the impact resistance was steeply increased, due
to the superposition of the stress fields of neighbour-
ing particles. Interfacial bonding between the impact
modifier and the PS matrix was not required. All
effective natural rubber-based composite latex par-
ticles were coated by a cross-linked PMMA shell.
The predominant deformation mechanisms in the
bulk material of a partially fractured notched Izod bar
at fast deformation speeds in crazing of the PS matrix
and particle cavitation in occluded NR-based
core—shell particles. Rubber cavitation is suppressed
in craze-whitened PS blends containing simple
core—shell particles. The PS matrix was plastically
deformed in the immediate vicinity of the notch tip.
No crazes or cavitated particles could be detected. The
changed deformation mechanism is attributed to the
stress concentration at the notch tip and the presence
of soft, plastifying natural rubber particles. Subinclu-
sions within composite NR-based latex particles
multiply crack deflection, which is another important
toughening mechanism of the prepared PS blends.
There appears to be a direct relationship between the
particle morphology and the toughening mechanism
in the immediate vicinity of a propagated crack and
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bulk PS material. Rubber particle/PS matrix separ-
ation is an important failure mechanism in commer-
cial high-impact polystyrene. Occluded NR-based
core—shell particles do not debond. Scanning electron
microscopy revealed crazing, fracture of rubber par-
ticles and debonded rubber particles in the centre of
fractured notched Izod bars. The PS matrix had been
more intensively deformed into crazed matter in
a zone near to the notch root.

Occluded natural rubber-based latex particles also
failed by multiple rubber cavitation at slow deforma-
tion rates, because the PS subinclusions constrain
the soft rubber phase. Pure rubber particles do not
cavitate.

Rigid subinclusions did not improve the efficiency
of small-sized poly(n-butylacrylate)-based core—shell
particles to toughen PS. However, this approach to
reinforce PS seems to be transferable to larger-sized
industrial polybutadiene-based latex particles. The
considerable increase of the toughness of PS contain-
ing occluded NR-based core—shell particles is
attributed mainly to rubber cavitation. Rubber cavita-
tion alone has little effect in absorbing energy.
However, it initiates crazing, which is the main
energy-absorbing mechanism in rubber-toughened PS
blends.
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