
The effect of dynamic cross-linking on processability, mechanical properties, water
absorption, aging process and morphology of rice husk powder (RHP)/polystyrene
(PS) / styrene butadiene rubber (SBR) blends were studied.  The blends were pre-

pared using a Brabender plasticoder at 170°C and rotor speed of 50 rpm. Dynamic vul-
canization resulted in an increased in the tensile strength, impact strength and a
decrease in percentage of elongation-at-break of RHP/PS/SBR composites. It was also
found that dynamic cross-linking gives composites with better resistance to aging process
and swelling in water through better dispersion of matrices and filler/matrix adhesion.
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Blending of two polymers is a possi-
ble way to tailor their individual
properties in a single material.  Over
the past two decades this method has
undergone an extensive growth in
production. One of them is known as
TPE. Thermoplastic elastomers

(TPE�s) are a combination of rubber
and plastic.  The material would per-
form processing characteristic of
thermoplastics and technical proper-
ties of elastomers.

Polystyrene is characterized by
poor impact behaviour because of its
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brittle material.  The incorporation of elastomer parti-
cles offers a classical solution of these problems.   The
incorporation of fillers in TPE�s produced a new class
of material known as thermoplastic elastomer compos-
ites (TPE�s composite). Fillers are incorporated mainly
to improve service properties or to reduce material cost
depending on the source of filler, type of filler, method
of preparation and treatment.

Cross-linking or vulcanization is the process in
which mainly polymer is converted from a plastic state
to an elastic state or a hard rubber state.  The process is
brought about by linking of macromolecules at their
reactive sites, thus forming a 3-dimensional network
[1].  The best way to produce TPE’s, which consists of
cross-linked elastomer in melt processable plastic
matrices, is by dynamic vulcanization. Dynamic vul-
canization is a process of cross-linking the elastomer
during its melt mixing with molten plastic [2]. It can
improve properties such as mechanical properties [3],
resistance to heat and resistance to attack by fluid [4].
It is quite obvious that the cross-link density of the dis-
persed rubber phase plays a key role in achieving high-
er strength [3-7].

In this work, the effect of dynamic vulcanization on
processing, mechanical properties, water absorption,
morphology, and influence of thermo-oxidative aging
on tensile properties of rice husk powder (RHP) filled
polystyrene (PS)/styrene butadiene rubber (SBR)
blends is reported.

EXPERIMENTAL

Materials
Polystyrene used in this study was from Petrochemical
(M) Sdn. Bhd., Johor, Malaysia (grade HH35) with a
MFI value of 5.8 g/10 min at 200�C. Styrene butadiene
rubber (Buna huls, 1502) and all rubber chemicals were
obtained from Bayer (M) Ltd., Penang. The rice husk
powders which have particle size in the range of 1.23-
8.30 �m were obtained from Bernas Perdana Sdn.
Bhd., Penang.

Compounding and Processing
The formulation used is shown in Table 1. The prepa-
ration of composite was carried out in a Brabender
Plasticoder model PLE 331 at temperature of 170�C
and rotor speed of 50 rpm for about 10 to 11 min.

Polystyrene was preheated for 2 min before rotor start-
ed and was melted in the mixer for 2 min.  RHP was
added to the molten PS and the mixing was continued
for another 2 min. Then SBR was added as a last com-
ponent and left for 4 min for further mixing. In dynam-
ic vulcanized system, curative system is added after
SBR loading and mixing continues for another 5 min.
Mixing sequence is shown in Table 2. The torque
development was recorded during mixing.

Mechanical Testing of the Composites
Tensile properties were tested with a Tensometric ten-
someter M 500 according to ASTM D 412 at 50
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Table 1. Formulation used in unvulcanized and dynamic vul-

canized RHP filled PS/SBR blends.

Note:  (phr)-part per hundred rubber, (php)-part per hundred polymer.

Ingredient
Dynamic vulcanized

system

Unvulcanized

system

PS (php)

SBR (php)

RHP (php)

Curative system 

Zinc oxide (phr)

Stearic acid (phr)

CBS (phr)

TMTD (phr)

Sulphur (phr)

80

20

0, 15, 30, 45, 60

5

2

2

2.5

0.3

80

20

0, 15, 30, 45, 60

-

-

-

-

-

Table 2. Mixing sequences of components in preparation of

the composites.

Unvulcanized system Dynamic vulcanized system

Time

(min)
Operation

Time

(min)
Operation

0

2

4

6

10

Loading of PS

Rotor started

Addition of RHP

Addition of SBR

Dump

0

2

4

6

7

11

Loading of PS

Rotor started

Addition of RHP

Addition of SBR

Addition of curative

Dump
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mm/min cross-head speed. The moulded samples of 1
mm thick were cut into standard test pieces using a
Wallace die cutter.  The tensile strength, elongation-at-
break and Young�s modulus were reported.  Izod impact
strength was measured on a Zwick testing machine
operating with a 7.5 J pendulum (ASTM D256).  A min-
imum of five samples was tested in each series.

Aging Studies
Thermo-oxidative aging was conducted in an air-circu-
lating oven operating at 70�C for 7 days periods.  After
being cooled down and conditioned at room tempera-
ture in the desiccators, the dimensions of each speci-
men were measured. The tensile properties of these
samples as a function of aging were determined using
the procedures mentioned above.

Water Absorption Test
Specimens, having 1 mm thickness, were used for
studying the water absorption. The samples were
immersed in distilled water and the percentage weight
change was determined until the equilibrium value was
reached.  After immersion in distilled water, specimens
were removed at different times, wiped with tissue
paper to remove excess water and weighed with an ana-
lytical balance with 0.1 mg resolution. The percentage
of weight gain was then calculated as follows:

Where, Wt is the percentage of weight gain, Wo is weight
of the dry sample and  Wl is weight of wet sample.

Morphology Study
Examination of the tensile fracture surfaces was per-
formed using a scanning electron microscope model
Leica Cambridge S-360. All the surfaces were exam-
ined after first sputter coating with gold to avoid elec-
trostatic charging and poor image resolution.

RESULTS AND DISCUSSION

Processability
Figure 1 shows the torque versus time at different filler
loadings which represent the processability of dynami-

cally vulcanized RHP/PS/SBR composites. Generally,
it can be seen that the torque increases sharply as PS
granules, are charged into mixer chamber after preheat-
ing for 2 min.  PS undergoes melting as the mixing time
increases which results in a drop of torque. When the
second component (RHP) was added to the molten PS
(4th minutes), it shows sudden drop in torque due to the
instant lubricant action from the fine RHP particles.
The torque then steadily increases as the RHP is dis-
persed in PS matrix.  Once the dispersion was complet-
ed, the mixture was homogenized and the torque start-
ed to decrease. SBR was added as a last component to
RHP/PS mixture at the 6th minute.  It can be seen that
the torque increases due to the higher viscosity of SBR
and this was contributed to the higher viscosity of the
mixture. Then the torque again gradually decreases as a
mixing time continues. At 7th minute of mixing process
the curative was added.  It can be seen that the sudden
drop in torque occurs after the addition of curatives due
to its lubricating effect. A similar observation was
reported by Ismail et al. [4] in their study on dynamic
vulcanization of rubber wood filled polypropylene/nat-
ural rubber blends. The torque then increases immedi-
ately as cross-linking takes place until a stable torque
value is achieved. For unfilled samples the drop occurs
earlier since the processing time excludes the mixing
time of RHP. Figure 2 shows the stabilization torque at
the end of mixing process (10 min) versus filler loading
for uncured and dynamic cured composites. It can be
seen that the torque values are higher in cured samples
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Figure 1. Brabender torque-time curves for dynamically

cured RHP/PS/SBR composites with different filler loadings.
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compared to uncured samples particularly below 45
php of filler. It should be noted that increasing in filler
loading increases the viscosity of the composites thus
higher torque values were registered as in uncured sam-
ples. On the other hand, curing increases the torque val-
ues because of the formation of cross-linked rubber
particles which increases the viscosity thus giving
higher resistance to brabender torque [3]. In dynami-
cally cured RHP/PS/SBR composites the effect of
cross-linked rubber particles is compensated by the
effect of filler loading.  With the increasing filler load-
ing the effect of cross-linked rubber particles is almost
negligible due to lesser amount of rubber in each com-
position thus giving less resistance to Brabender torque
due to less cross-linked rubber particles. That is why
the stabilization torque decreases as filler loading
increases in cured composites and similar torque values
were registered at higher filler loading (40-60 php),
since the cured composites are dominant by the effect
of filler loading than the cross-linked rubber particles.
Siriwardena et al. [8] reported the similar observation
in the system of  EPDM/PP/WRHA composite. From
this observation it clearly indicated that dynamic curing
does not affect the processability of RHP/PS/SBR com-
posites at higher RHP loading (40-60 php).

Mechanical Properties
Tensile Properties

Figures 3, 4 and 5 show the tensile properties as a func-
tion of filler loading for cured and uncured
RHP/PS/SBR composites. The plot shows that cured
samples have higher tensile strength and slightly lower
elongation-at-break compared to uncured samples.

This indicates that higher applied stress is required to
rupture the composites consisting of cross-linked rub-
ber, thus increasing the tensile strength. Therefore,
from this observation it can be concluded that the vul-
canization processes of SBR are not affected by the
existence of RHP as filler. The slightly lower elonga-
tion-at-break values for cured samples reveal that
cross-linked rubber particles decreased the deformabil-
ity of a rigid interface between filler and the matrix
material thus maintaining the brittle fracture behaviour
of the composites. Normally dynamic curing will trans-
form the thermoplastic elastomer material (TPE) into a
thermoplastic vulcanizate (TPV), which have the prop-
erties of vulcanized elastomer [8]. But, in this work the
RHP/PS/SBR composites still maintain the brittle
behaviour of plastic materials after curing since the
composites are PS dominant system.  As it can be seen
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Figure 2. Equilibrium torque at 10th min for cured and

uncured RHP/PS/SBR composites.
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Figure 3. The effect of filler loading on the tensile strength of

cured and uncured RHP/PS/SBR composites.
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Figure 4. The effect of filler loading on the elongation-at-

break of cured and uncured RHP/PS/SBR composites.

Filler loading (php)
0 15 30 45 60

0

1

2

3

4

5

6

7
Uncured Cured

Archive of SID

www.SID.ir



in Figure 5, Young�s modulus is higher for cured sam-
ples until 15 php filler loading.  At higher filler loading
(30-60 php) the Young�s modulus is lower for cured
samples compare to uncured samples.  This may be due
to the morphology of the composites itself [8], where at
higher filler loading the morphology of the composites
could be destabilized due to less wetting of RHP by
matrix especially rubber chains since rubber have
become extra rigid particles in the form of vulcanized
elastomer particles in addition to RHP particles that
exist in the PS matrix [7]. There may be no sufficient
matrix to carry both filler particles and vulcanized rub-
ber particles in the composites thus destabilizes the
macrostructure of the composites.

Impact Strength

The Izod impact strength versus filler loading for cured and
uncured RHP/PS/SBR composites are shown in Figure 6.
From the plot it can be seen that the impact strength
decreases sharply at 15 php of filler loading.  After this

loading the impact strength decreases slightly with
increasing filler loading. Dynamic cross-linked sam-
ples show higher impact strength compared to uncured
samples at each composition.  Increase in filler loading
will weaken the interfacial regions. The fillers cannot
resist crack propagation as effectively as the polymer
region and hence the impact strength is reduced [9,10].
Uncured samples having rubber droplets formed during
blend preparation, coalesce during cooling which
increases the irregularity size rubber domains that are
larger than the critical size desired for impact toughen-
ing. This size enlargement and irregularity also reduce
the stress concentration sites and the interfacial adhe-
sion thus giving a low impact value [5]. Whereas, in the
cured samples, rubber particles are cross-linked and
their size is greatly reduced [5,7]. The discrete particles
inhibit the probability of rubber cohesion during cool-
ing thus improve the interfacial adhesion, which is
more effective to resist the crack propagation when
impact is applied to the samples compared to uncured
samples 

Water Absorption
Figure 7 shows the plots for percentage of water
absorption versus time immersed in water for cured and
uncured samples at different filler loadings. It can be
seen that the percentage of water absorbed increases
with increasing filler loading. This was due to the
increase in polarity of the composites as filler loading
increases. The cellulosic fillers are known as a
hydrophilic material compared to polymer matrices
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Figure 5. The effect of filler loading on the Young’s modulus

of cured and uncured RHP/PS/SBR composites.
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Figure 6. The effect of filler loading on the impact strength of

cured and uncured RHP/PS/SBR composites.
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Figure 7. Absorption of water at ambient temperature in

cured and uncured RHP/PS/SBR composites.
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which are hydrophobic in nature [11]. The plots also
show that cured samples reach saturated point earlier
than uncured samples and the equilibrium state (Figure
8) in cured samples is lower compared to uncured sam-
ples.  This was due to the compact structure (stiffer) in
cured samples (Figures 9 and 10) compared to uncured
samples (Figures 11 and 12) as shown in SEM micro-
graphs.  As mentioned in morphology study, dynamic
cross-linking improved filler/matrix adhesion and
matrix distribution which reduce void and gap between
the filler and matrix (Figures 9 and 10), thus reduced
the penetration of water molecules into cured samples.
H. Ismail et al. [5] found that, as cross-linking density
increases within the NR phases, the blend becomes
stiffer and less penetrable by the water molecules.   

Morphology
Examination of the fractured surfaces of the compos-
ites by SEM shows the difference of two systems
(cured and uncured).  The cured samples (Figures 9 and
10) have smooth surfaces compared to the uncured
samples (Figures 11 and 12), which have rough sur-
faces.  These indicated that the cured samples have bet-
ter dispersion of matrices compared to uncured sam-
ples.  It can also be seen that in cured samples the fillers
are embedded in the PS/SBR matrices and less filler
pull-out (Figure 10). However, in uncured samples,
most of the filler protrude and more filler bundles pull-
out from PS/SBR matrices can be seen (Figure 12).
This indicated that the filler/matrix adhesion has been
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Figure 8. Equilibrium swelling at 40 days immersion in water

for cured and uncured RHP/PS/SBR composites.
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Figure 9. Scanning electron micrograph of tensile fracture

surface of cured RHP/PS/SBR composite (15 php of RHP) at

magnification of 300X.

Figure 10. Scanning electron micrograph of tensile fracture

surface of cured RHP/PS/SBR composite (60 php of RHP) at

magnification of 300X.

Figure 11. Scanning electron micrograph of tensile fracture

surface of uncured RHP/PS/SBR composite (15 php of RHP)

at magnification of 300X.
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improved by cross-linking, the rubber phase and so it
supported the tensile properties result of dynamically
cured RHP/PS/SBR composites as illustrated in Figure 3.

Effect of Thermo-Oxidative Aging
Tensile Properties

Figures 13, 14 and 15 show the influence of thermo-
oxidative aging on the tensile properties of dynamical-
ly cured RHP/PS/SBR composites as a function of
filler loading.  It can be seen that tensile strength
decreased and Young�s modulus increased after ther-
mo-oxidative aging, whereas, the value of elongation-
at-break shows no significant difference before and
after aging which indicated that the composite still
maintain the brittle behaviour of composites material.
A slight reduction in tensile properties after aging could
be explained by the degradation of matrices in the com-

posites during aging process.  At any filler loading, the
Young’s modulus of aged samples is slightly higher
than the unaged samples.  This increment may be due
to the increasing stiffness that occurred in matrices and
RHP after prolonged aging.  

The comparison of tensile strength between the
aged RHP/PS/SBR composites and the aged dynami-
cally cured RHP/PS/SBR composites is shown in
Figure 16.  It shows that the tensile strength for aged
cured composites is higher than the aged uncured com-
posites. At lower filler loading (0-15 php) the differ-
ence in tensile strength is greater than at higher filler
loading (30-60 php). This was due to the amount of the
rubber phase in each composition. Increase in filler
loading will decrease the amount of rubber used in each
composition. More rubber phase will produce more
cross-linked rubber particles, which enhance the resist-
ance to aging process thus reducing its effect on the
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Figure 12. Scanning electron micrograph of tensile fracture

surface of uncured RHP/PS/SBR composite (60 php of RHP)

at magnification of 300X.

Figure 13. The effect of thermo-oxidative aging (at 70°C for

7 days) on tensile strength of cured RHP/PS/SBR compos-

ites.
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Figure 14 . The effect of thermo-oxidative aging (at 70°C for

7 days) on elongation-at-break of cured RHP/PS/SBR com-

posites.
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Figure 15. The effect of thermo-oxidative aging (at 70°C for

7 days) on Young’s modulus of cured RHP/PS/SBR compos-

ites.
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tensile strength of cured composites. This observation
confirmed that cross-linked rubber particle, has influence
on the resistance to aging process (heat) [2, 4, and 6]. 

CONCLUSION

The following conclusions can be drawn from this
study:
- At higher filler loading, dynamically cured RHP/

PS/SBR composites show better processability than
uncured composites. 

- Dynamic vulcanization process has increased the ten-
sile strength and Izod impact strength but it has
reduced the percentage of elongation-at-break of
RHP/PS/SBR composites

- Dynamic vulcanization of ternary system (RHP/PS/
SBR) shows that RHP has no adverse effect on the
vulcanization process of SBR.

- The existence of cross-linked rubber particles in RHP/
PS/SBR composites has given a better resistance
toward aging process and swelling in water.

- Based on SEM micrograph, dynamic vulcanization
process has produced better results.

- Dispersion of matrices and better filler/matrix adhe-
sion in RHP/PS/SBR composites.
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