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ABSTRACT
Mechanical properties and deformation behaviour of two high- impact polystyrenes, named 0.45S and 0.84S
that have salami-structured rubber particles of 0.45 m and 0.84 m in diameter, respectively, were studied
as a function of strain rate ranging from 2.8 10-3 s-1 to 1.8 10 s-1 . Comparison of fracture energies
obtained from force-displacement curves suggested that values for 0.84S were slightly higher than those for
0.45S under strain rates up to 1.6 10-1 s-1 . However, the difference was significantly increased at the
highest strain rate, mainly because the values for 0.84S remarkably increased while those for 0.45S
decreased. Transmission electron microscopic observation showed that at the highest strain rate, crazes
were generated only from a few rubber particles in 0.45S while many crazes were generated from rubber
particles in 0.84S. It is concluded that the fracture energy difference at the highest strain rate was caused by
the difference in the number of crazes generated from each of the rubber particles.
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INTRODUCTION
Mechanical properties of polymers strongly depend on time and temperature due to their viscoelastic nature
of deformation behaviour. In general, brittleness of polymers is known to increase with the increase of the
strain rate. However, for high- impact polystyrene (HIPS) Vu-Khanh [1], based on results from three-point
bending tests on notched specimens, reported the increase of fracture energy for crack initiation at a loading
speed above 1 m/s. We also reported a similar fracture energy increase for un- notched HIPS specimens
under a high strain rate [2].
It is yet to be certain if the above toughness increase at the high strain rate is universal for HIPS of different

compositions, as many parameters, such as molecular weight of the matrix, rubber content, rubber particle
size, rubber particle structure, and rubber cross- link density, affect the mechanical properties. The most
significant factor for HIPS fracture resistance is believed to be the size of the rubber particles, as only HIPS
with a certain range of particle size shows the optimum mechanical properties [3-7].
In this paper, effects of the strain rate on mechanical properties for two HIPSs that have different rubber
particle size are studied.

EXPERIMENTAL
Materials
Two HIPS materials were used in the study (named 0.45S and 0.84S). Composition of styrene (St) and
butadiene (Bd), weight average molecular weight of polystyrene (PS), average size of rubber particles and
morphology of rubber particles are given in Table 1. The main difference between the two materials is
rubber particle size, 0.45 m and 0.84 m for 0.45S and 0.84S, respectively. TEM micrographs showed
that particles of salami structure with polystyrene occlusions were well dispersed in the polystyrene matrix
for each material.
Mechanical Tests
Mechanical tests were carried out on un-notched tensile specimens using a servo-hydraulic tensile machine
for lower strain rates and a falling weight type impact tensile test machine [8] for higher strain rates. Strain
was measured using an optical-fibre extensometer [9] constructed in our laboratory [8].
Examination of Deformation Behaviour
Fractured specimens were studied by transmission optical microscopy and transmission electron microscopy
(TEM). Regions near the fracture surface were selected for the TEM study. The TEM specimens were
firstly stained in the vapour of an OsO 4 solution of 2 weight percent before being sliced by an
ultramicrotome equipped with a diamond knife. Hitachi H7100 TEM, operated at 75 kV, was used for the
observation.

RESULTS AND DISCUSSION
Mechanical Tests
Fig. 1 shows typical stress-strain curves at different strain rates. At the highest strain rate of 1.8 10 s-1 ,
oscillation was observed in the curves for both 0.45S (Fig.1 (a)) and 0.84S (Fig. 1 (b)). The oscillation is an
indication of the dynamic loading effect, due to vibration and stress wave propagation. When the
oscillation occurred, the maximum stress was determined based on the “oscillation-centre”, defined as the
mean value of the adjacent maximum oscillating stress values. The curves also provide mechanical
properties such as Young’s modulus and strain at fracture.

TABLE 1 Characteristics of the HIPSs.
Material
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Figure 1: Typical stress-strain curves under various strain rates.
Both materials showed that the maximum stress increased with the increase of strain rate. The maximum
stress values of 0.45S were always higher than those of 0.84S at all strain rates. Young's modulus of the
former was also slightly higher than that of the latter at all strain rates. However, the modulus values
showed little change with the increase of the strain rate. For the strain at fracture, 0.45S showed a
continuous decrease with the increase of the strain rate; but 0.84S firstly showed the decrease with the
increase of the strain rate up to 1.6 10-1 s-1 , and then a remarkably increase by ca. 61 % with a further
increase of the strain rate to 1.8 10 s-1 . It should be noted that the fracture strain of 0.84S at the highest
strain rate of 1.8 10 s-1 is even higher than that at the lowest strain rate of 2.8 10-3 s-1 . Comparing the
fracture strains at the same strain rate, 0.84S was always higher than 0.45S.
Fig. 2 shows fracture energy as a function of strain rate. Fracture energy was calculated based on the total
area under the force-displacement curve. The values of 0.45S continuously decreased with the increase of
the strain rate. On the other hand, the values of 0.84S firstly showed a decrease with the increase of the
strain rate from 2.8 10-3 s-1 to 2.5 10-2 s-1 ; a slight increase with a further increase of the strain rate to 1.6
10-1 s-1 , and a significant increase by ca. 83 % for a further increase of the strain rate to 1.8 10 s-1 . The
fracture energy of 0.84S was always higher than that of 0.45S at the same strain rates. The value of 0.84S
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Figure 2: Fracture energy as a function of strain rate.
at the highest strain rate of 1.8 10 s-1 was the highest obtained from the study. We also noticed that the
difference of fracture energy between the two materials increases with the increase of the strain rate, and the
difference is remarkable at the highest strain rate of 1.8 10 s-1 .
As the fracture energy variation is dominated by the energy absorption after the point of the maximum stress,
as shown in Fig. 1, the fracture energy variation follows very closely the variation of the fracture strain.
Therefore, the fracture energy variation is mainly dominated by the strain energy for plastic deformation
after the maximum stress point.
Deformation Behaviour
The deformation mechanisms in the post- fracture specimens were examined in order to facilitate the
understanding of the significant difference in the fracture energy between 0.45S and 0.84S at the highest
strain rate.
Results of the transmission optical microscopy showed that the size of the stress-whitening zone in 0.84S
increased with the increase of the strain rate from 1.6 10-1 s-1 to 1.8 10 s-1 , while that in 0.45S decreased.
This is consistent with the variation of the fracture energy between the two materials.
Fig. 3 shows TEM micrographs for specimens fractured at the lowest strain rate of 2.8 10-3 s-1 . Figs. 3 (a)
and 3 (b) represent the micrographs of 0.45S and 0.84S, respectively. The micrographs were taken in
regions just beneath the fracture surface. An arrow on the micrographs indicates where the fracture surface
is. The arrow is also oriented to be parallel to the direction of the tensile loading. Many highly deformed,
widely open crazes are shown in both micrographs, in which some of the craze fibrils have already broken
down. Such deformation behaviour suggests that crazes have been well developed in the specimens and
that fracture was initiated by coalescence of the crazes. Little difference was found in width and number of
the crazes in these two micrographs.
Fig. 4 shows TEM micrographs for specimens fractured at the highest strain rate of 1.8 10 s-1 . The
micrograph of 0.45S (Fig. 4 (a)) shows that crazes are generated only from some of the rubber particles. On
the other hand, the micrograph of 0.84S (Fig. 4 (b)) shows many crazes being generated from each rubber
particle. There is a remarkable difference between 0.45S and 0.84S in the number of crazes. Compared to
the micrographs from specimens tested at the lowest strain rate, Fig. 3, the number of crazes in Fig. 4 (a) has
largely decreased with the increase of the strain rate, while that in Fig. 4 (b) has significantly increased.

(a) 0.45S

(b) 0.84S
Figure 3: TEM micrographs for specimens fractured at the lowest strain rate of 2.8

10-3 s-1 .

TEM observation showed that crazing was the dominant deformation mechanism in all specimens. At the
lowest strain rate, there was no significant difference in the width and number of crazes between the two
HIPSs. However, at the highest strain rate, a small number of crazes occurred in the 0.45S and were
generated only from a few rubber particles; while many more crazes were generated in the 0.84S and were
found from every rubber particle in the micrograph. Therefore, the difference in number of crazes has
caused the significant difference in the fracture energy at the highest strain rate.

CONCLUSIONS
It is concluded that the particle size has strongly affected the fracture energy of the HIPS, especially at the
highest strain rate. This is mainly because at the highest strain rate, the rubber particle size has affected the
number of crazes generated from each rubber particle.
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Figure 4: TEM micrographs for specimens fractured at the highest strain rate of 1.8
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