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ABSTRACT

hermoplastic vulcanizates (TPVs) were prepared based on polypropylene (PP) and polybutadiene rubber

(PBR) at different PP/PBR compositions (70/30 and 60/40). PP-grafted-maleic anhydride (PP-g-MA) was
introduced into the TPVs at different concentrations (10 and 20%). The compatibilizing effect of PP-g-MA was
demonstrated through cross-sectional morphology. PP-g-MA exhibited a suppressing impact on the coalescence
of the rubber domains, leading to a finer and more uniform distribution of the PBR phase. Due to the higher
rubber content, the compatibilizing effect was more pronounced for the 60/40 composition, which was on the
verge of forming a co-continuous morphology. However, it was found that a higher PP-g-MA content is needed to
effectively compatibilize the TPVs. Rheological results revealed opposing effects on the viscoelastic response of
the system. However, the elastic response was intensified once higher content of PP-g-MA was used, suggesting its
compatibilizing role. Dynamic mechanical analysis results proved the existence of opposing effects and revealed
the profound compatibilizing effects of PP-g-MA, especially at higher content (20%). Izod impact strength
exhibited moderate and notable enhancements in both TPV compositions by adding 10% and 20% of PP-g-MA,
respectively, attributed to the highly increased compatibility of the PP/PBR TPVs, especially at higher levels of
PP-g-MA content. Polyolefins J (2024) 11: 137-148
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INTRODUCTION

Thermoplastic vulcanizates (TPVs) are polymer blends
with interesting properties since they simultaneously

high elasticity, and suitable processability [2]. Above
their glass transition temperature (Tg), TPVs act as

present the mechanical properties of a cross-linked
elastomer and the good processability of a thermoplastic
[1]. In the mixing process, the elastomer phase is cross-
linked, which leads to a polymer phase inversion due to
the considerable change in the viscoelastic response of
the elastomer. TPVs have gained tremendous attention,
especially in the electronics, building, and automotive
industries, due to their excellent mechanical properties,
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a thermoplastic polymer and can be melted above
their melting point (T ). Therefore, traditional plastic
processing methods, such as extrusion and injection
molding, can be employed to manufacture TPVs.
Due to its good physical and mechanical properties
and processability, polypropylene (PP) has been
utilized in numerous applications [3-6]. One of PP’s
major drawbacks is its poor impact strength, which
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has been the reason for blending it with rubbers and
producing thermoplastic elastomers [7,8]. In one study,
EPDM was added to the PP phase to produce TPVs
with increased mechanical properties for automotive
applications [9]. Polybutadiene rubber (PBR) is a
proper candidate to be added to PP and produce high-
quality TPV materials due to its excellent elasticity,
good wear resistance, and low price [10,11]. PBR
exhibits a higher wear resistance and lower rolling
resistance than styrene-butadiene rubber and natural
rubber due to its lower glass transition temperature
(~ -100°C) [12,13]. Therefore, PP/PBR blends
possess a promising potential to produce TPVs
commercially. However, their large-scale production
has been limited by the high level of incompatibility
between the elastomeric and plastic phases, which
triggers the phase separation process [14]. Such a high
incompatibility in PP/PBR TPVs leads to an unstable
morphology, even though both PP and PBR polymers
are nonpolar. Therefore, to increase the potential
of PP/PBR TPVs for large-scale production, their
compatibility level should be enhanced. It is well-
established that compatibilizers play a key role in
homogenizing the mixtures and achieving the desired
properties [15-19]. In the case of PP/rubber blends,
one effective method is to increase their compatibility
via incorporating a proper compatibilizer [20-
24]. Saiwari et al. [20] demonstrated the potential
of maleic anhydride to compatibilize TPVs based
on PP and recycled rubber. In another study, an
epoxidized natural rubber/maleic anhydride-grafted
polypropylene blend was utilized as a compatibilizing
agent for PP/NR blends [23]. In one of the few studies
on PP/PBR systems, Sheng et al. [25] have used an
acrylate-modified PBR to compatibilize the PP/
PBR blends, which resulted in a notable reduction in
the size of the PBR phase. In another study, in-situ
compatibilization was employed to compatibilize PP/
PBR blends [26]. In the current research, we produced
PP/PBR thermoplastic vulcanizates via a melt-mixing
method and used polypropylene-grafted-maleic
anhydride (PP-g-MA) as a compatibilizing agent. The

Table 1. List of the prepared samples and their coding.

Samples PP (wt.%) | PBR (wt.%) | PP-g-MA (% wiw)
PP 100 - -
P7B3 70 30 -
P7B3-10 70 30 10
P7B3-20 70 30 20
P6B4 60 40 -
P6B4-10 60 40 10
P6B4-20 60 40 20
138

effects of different compatibilizer contents and blend
ratios on morphological, rheological, and dynamic
mechanical properties were also studied.

EXPERIMENTAL

Materials

Polypropylene (PP), with a melt flow index of 0.3 g/10
min, and polybutadiene rubber, with cis content of
97%, were supplied from the Shazand Petrochemical
Company (Arak, Iran). Stearic acid (Wilfarin SA-
1865) (Wilfarin Company, India) and zinc oxide
(Sigma-Aldrich, USA) were used as activator of sulfur
vulcanization. The employed processing aid for PBR
masterbatch was paraffinic oil and supplied by Behran
Oil Company (Iran). The vulcanization accelerator was
N-tert-butyl-2-benzothiazyl sulfenamide (TBBS) and
supplied from Jing Xian Yuelong Company (China).

Samples preparation

PBR and PP granules were first dried at 80°C for 16 h.
A masterbatch was prepared using PBR, stearic acid,
zinc oxide, and paraffinic oil. After roll-milling, it was
mixed with various amounts of PP to obtain 30/70
and 40/60 PBR/PP compositions. The selected blend
ratios were based on the preliminary experiments,
which revealed their better mechanical properties. The
temperature of the melt-mixing process was 180°C,
and the rotor speed was 60 rpm. The PBR masterbatch
was first mixed for 10 minutes and then mixed with PP
for 5 minutes. Sulfur, as the curing agent, was added
to the mixture along with TBBS as an accelerator.
Once a curing peak appeared in the torque-time curve,
the mixing process continued for another 10 minutes.
Finally, the mixtures were molded under a pressure of
15 MPa at 180°C to prepare the sheets. The formulation
of prepared samples is reported in Table 1.

Characterization.

Scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray (EDX) spectroscopy
(VEGA//TESCAN instrument, Czech Republic) was
employed to evaluate the cross-sectional morphology
of the prepared samples at the voltage of 25 kV. To
this end, the samples were cryogenically fractured
in liquid nitrogen, followed by immersion in xylene
to etch out the PBR phase preferentially. Before
the scanning, all the samples were coated with gold
to prevent any electric charging (K450; Emitech,
Kent, UK). To study the rheological behavior, an
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MCR300 strain-controlled rheometer (Anton Paar)
was employed in oscillation mode. The parallel plate
geometry, with a diameter of 25 mm, was used to
conduct the experiments under a nitrogen atmosphere
at 200°C. To determine the linear viscoelastic region
of the samples, strain amplitude sweeps were first
performed from 0.0001% to 10% at an angular
frequency of 1 rad/s. After that, the frequency sweeps
were conducted on the samples within the frequency
range of 0.01-628 rad/s. Eventually, the steady-state
shear tests were carried out at the same temperature
within the shear rate range of 0.001-30 s™!. Dynamic
mechanical analysis (DMA) was performed on a
Triton Technology DMA (TTDMA) from Tritron
Technology Ltd., Keyworth, UK. Measurements of
storage modulus (E') and tan 6 were performed at a
heating rate of 5°C/min and a frequency of 1 Hz in a
strain of 0.02 mm from -120°C to 100°C. To assess
the toughness of the prepared samples, the values of
notched Izod impact strength were measured. A Zwick
impact test instrument was used to perform the notched
specimens according to the ISO 180 test procedure at
room temperature for a notch tip radius of 1 mm. The
impact test was repeated at least five times, and the
average of the obtained results was reported.

The degree of crosslinking in the samples was
assessed by measuring the gel content in accordance
with ASTM D 2765. Each sample was enclosed in
a cellulose bag with an accurate weight of about 0.2

)

T SO NG

g. This bag was then subjected to a 24-hour Soxhlet
extraction process using p-xylene as the extracting
solvent. After extraction, the bags were dried in an
oven at 80°C until constant weight. The gel content
was subsequently calculated using the following
method [27]:

Weight after extraction « 100

Gel content(%) = — ;
Initial weight

The measurement of tensile properties was conducted
using the INSTRON Universal Testing Machine,
following ASTM D638 standards. This was carried
out at a crosshead speed of 50 mm/min, utilizing dog-
bone-shaped test specimens.

RESULTS AND DISCUSSION

The cross-sectional SEM images of the prepared
samples are reported in Figure 1. All the samples’
surfaces exhibited a rough surface, suggesting the
occurrence of a tough fracture [28]. Also, all the
samples demonstrated a very fine droplet-in-matrix
morphology, with the PBR phase playing the role of
the dispersed phase. In many of the rubber/plastic
blend systems, the size of the rubber droplets is in
the range of 0.5 to several micrometers [29]. In the
traditional TPV systems, the plastic phase is first

Figure 1. Cross-sectional SEM image for aI the prepared samples t the magnificaﬁon of 1000x.
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dispersed within the rubber phase due to the high
rubber content. Then, a phase inversion occurs
during the dynamic vulcanization [2]. In the current
research, the plastic phase contents (70 and 60%) were
higher than the rubber phase contents (30 and 40%).
Therefore, the rubber phase remained as the dispersed
phase during the dynamic vulcanization.

To better evaluate the impact of compatibilizer
content on the morphology of TPVs (70/30 blend
ratio), the SEM images are reported at higher
magnifications in Figure 2. The obtained results for
the uncompatibilized TPV reveal that the PBR phase
has been distributed at the submicron scale within
the PP matrix; however, some irregular and larger
domains were also formed (marked in Figure 2),
which are the result of the coalescence of the finer
PBR domains. Under shear stress, the rubber phase
is broken up into submicron-scale droplets, followed
by an inhomogeneous vulcanization process. As a
result, the coalescence phenomenon may be impeded
for those submicron-scaled domains with a higher
crosslink density. In contrast, those submicron-
scaled domains with a lower crosslink density can
coalesce and form irregular rubber domains with the
size of several micrometers. The main reason for the
enhanced coalescence in the case of rubber domains
with a low crosslink density can be ascribed to their
lower viscosity and ease of chain mobility during the

S P , \\_Sjum . ,\.

25 T

vulcanization process [2].

Upon the addition of 10% of PP-g-MA as the
compatibilizer, the cross-sectional morphology became
more uniform, leading to a reduced coalescence of
PBR domains. As the PP-g-MA content increased to
20%, the morphology became more uniform, and no
coalescence occurred, based on a large SEM scanning.
These results imply that the addition of PP-g-MA has
been highly influential on the compatibility level of
the TPV with a blend ratio of 70/30. The observed
compatibilizing effect of PP-g-MA can be attributed
to the localization of PP-g-MA in the interface region,
leading to improved interfacial adhesion between the
TPV components [30,31].

Figure 3 shows the cross-sectional morphology
of the TPVs prepared at the blend ratio of 60/40,
loaded by 10 and 20% of PP-g-MA as compatibilizer.
Comparing Figure 3 and Figure 2, the coalescence
of PBR domains increased upon increasing the PBR
content from 30 to 40 wt.%. This is the reason for
the increased phase separation in the case of P6B4-
10, i.e., reduced blend compatibility. However, the
level of coalescence is not high enough to cause a
co-continuous morphology for the TPVs at a blend
ratio of 60/40. As the PP-g-MA content increased to
20%, the cross-sectional morphology became more
uniform, suppressing PBR phase coalescence. This
phenomenon resulted in a distribution of fine and

o —_~
e’

Figure 2. Effect of compatibilizer content on the cross-setional morphology of TPVs at blend ratio of 70/30. The top and bottom

row images were taken at magnifications of 5000% and 10000x.
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Figure 3. Effect of compatibilizer content on the cross-sectional morphology of TPVs at blend ratio of 60/40. The top and bottom

row images were taken at magnifications of 5000% and 10000x.

discreet PBR domains within the PP matrix. Overall,
one can conclude that the addition of PP-g-MA as a
compatibilizer, especially at a concentration of 20%,
results in improved compatibility between the TPV
components.

Table 2 shows the gel content of the developed
samples. The table clearly indicates that the gel
content of the TPVs increased with the increase
in the concentration of PP-g-MA. This trend
could be attributed to the role of PP-g-MA as a
compatibilizer. It likely facilitates better interaction
and crosslinking between the PP and PBR phases. At
0% PP-g-MA, the gel content was the lowest for both
compositions (40.4% for 70/30 and 51.5% for 60/40),
suggesting minimal crosslinking in the absence of a
compatibilizer. With 10% and 20% PP-g-MA, the gel
content increased significantly, indicating enhanced
crosslink density due to the compatibilizing effect.

On the other hand, the composition of PP/PBR shows
a substantial impact on the gel content. For the 60/40
PP/PBR blend, the gel content was consistently higher
across all levels of PP-g-MA concentration compared
to the 70/30 blend. This observation could be related
to the higher rubber content in the 60/40 blend, which
naturally has a higher tendency to form cross-linked
structures, thereby increasing the gel content. The
obtained results are consistent with previous studies
reported in the literature [32,33].

Polyolefins Journal, Vol. 11, No. 3 (2024)

As it is clear, thermoplastic vulcanizates (TPVs)
are dynamic vulcanizable blends that are mainly
composed of fully cured unsaturated rubber particles
in a polypropylene (PP) matrix. Our blend also has
the same components as TPV, and positive changes in
measured properties such as modulus, ultimate tensile
strength, gel content, etc., indicating crosslinking and
the formation of such a material.

To assess the processability and determine the
viscoelastic response of the prepared TP Vs, theological
properties were evaluated. At first, we needed to prove
the time independency of the prepared samples, and
the results are depicted in Figure 4. According to
Figure 4a, which depicts the damping factor (tan 6 =
G"/G") versus time, the tan ¢ values remained nearly
constant within the time period of the experiment (2
h). Another observation from time sweep results is that
the tan o curves for 60/40 blends lay notably below the
curves of 70/30 blends due to the higher PBR content

Table 2. Get content of the developed sample.

Sample code Gel content (%)
P7B3 404
P7B3-10 449
P7B3-20 53.7
P6B4 51.5
P6B4-10 59.2
P6B4-20 64.7
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Figure 4. (a) Tan & versus time curves obtained from the time sweep rheological experiments for all the samples. G' versus
strain curves obtained from the strain sweep rheological experiments for the neat PP and TPVs at blend ratios of (b) 70/30 and

(c) 60/40.

and increased system elasticity.

The variation of G' values in terms of the applied
strain is illustrated in Figures 4b and 4c to determine
the linear viscoelastic (LVE) region, characterized by
the critical strain, y, corresponding to the onset of
nonlinearity. Based on Table 3, the y_ value reduced
from 0.3% for the neat PP sample to 0.25% and 0.15%
for P7B3 and P6B4, respectively. Such a result is
quite expected since the addition of a rubbery phase
increases the complexity of the system’s internal
structure, leading to a shorter LVE region [31]. It was
also observed that adding different contents of the
compatibilizer caused no significant changes in the
length of the LVE region.

The storage and loss modulus curves are depicted in
Figure 5 in terms of angular frequency for the neat PP
and its corresponding TPVs. In contrast to the neat PP
sample, for which a dominating viscose response was
detected, all the TPVs exhibit a dominating elastic
response. The cross-over point, below which the
viscose response dominates the rheological behavior
of the neat PP samples, has disappeared for all the
TPVs, implying an increased elastic response resulting
from PBR addition. Based on Figure 5, the vertical
difference between the G' and G" curves became
more profound in the case of 60/40 TPVs, implying a
profound elastic response. It can also be stated that the
G'values for all the TPVs are independent of frequency
within the low-o region, implying a pseudo-solid-like
behavior for the TPV samples.

The G' curves of all the samples are compared in

Figure 6a. The profound influences of PBR addition
and the fabrication of thermoplastic vulcanizates on
the viscoelastic response are evident. As mentioned
earlier, the G' curves of all TPV's exhibit a non-terminal
behavior, which can be attributed to a network structure
formed by rubber particle agglomerates [34]. Figure
6a shows a notable difference between the G' curves
of TPVs prepared at blend ratios of 70/30 and 60/40.
The slope values of G' curves at the low-o region
(0<0.1) are reported in Table 3. The G' curve slope was
significantly decreased from 1 in the case of the neat
PP sample to 0.04 and -0.01 upon incorporating 30 and
40 wt.% of PBR, respectively. The obtained negative
G' slope for P6B4 can be attributed to an upturn in
the G' values at the terminal region. One may infer
that increasing the rubber content led to a profoundly
interconnected network structure resulting from the
rubber particle interactions. Since the appearance of
G' upturn within the low-o region may be associated
with the formation of a co-continuous morphology
[24], it can be inferred that the P6B4 sample is on the
verge of forming a co-continuous morphology and
adding PP-g-MA made the droplet-in-matrix more
stable, preventing the change of morphology to co-
continuous.

In the case of the 30/70 blend ratio, adding 10% of
compatibilizer increased the G'slope from 0.04 t0 0.12,
indicating a decline in the elastic response of P7B3 as
a result of compatibilizer incorporation. On the one
hand, adding a compatibilizer increases the system
flowability, which leads to increased viscose response.

Table 3. Critical strain values obtained from strain sweep and slope of G' curves obtained from frequency sweet experiments

for all the samples.

Samples PP P7B3 P7B3-10 P7B3-20 P6B4 P6B4-10 P6B4-20
Y, (%) 0.3 0.25 0.2 0.22 0.15 0.17 0.21
Slope of G' curve 1 0.04 0.12 0.13 -0.01 0.02 0.02
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Figure 5. Storage and loss modulus curves in terms of angular frequency for all the samples.

On the other hand, the compatibilizing effect of PP-g-
MA results in an increase in the elastic response due
to the uniform and fine distribution of rubber domains
within the plastic matrix. Considering the increased
viscose behavior for P7B3-10, the former mechanism
dominates upon adding 10% of compatibilizer.
According to the magnified view of the low-m region
in Figure 6a, the G' curve shifted to lower values as a
result of increasing the PP-g-MA content to 20%. This
result can be ascribed to the induced flowability upon
adding a compatibilizer, which reduces the storage
modulus values within the terminal region. However,
Table 3 reveals that adding 20% of PP-g-MA made no
discernible changes in the slope of G' curve. The fact
that adding 20% of a compatibilizer did not result in a
higher G' slope value, i.e., a higher viscose response,
indicates that the improved compatibility of the
system might have come to play a role in the system’s

viscoelastic response. Therefore, one can attribute the
obtained result to the enhanced elastic response of
the system, as a result of better compatibility, which
counterbalanced the aforementioned mechanism,
leading to the same G' curve slope for P7B3-10 and
P7B3-20 samples. The improved compatibility of
P7B3-20 has been earlier demonstrated in Figure 2.

In the case of 60/40 TPVs, a similar trend can be seen
for the G' curves within the low-o region, according to
the magnified view in Figure 6a. The addition of 10%
PP-g-MA into P6B4 increased the G' slope from -0.01
to 0.02; however, further increment of compatibilizer
content to 20% caused no changes in the G' slope.
Similar to the 70/30 TPVs, increasing the PP-g-MA
content to 20% decreased the G' values. This result
can be used as a hint for the compatibilizing role of
PP-g-MA at higher concentrations and conforms with
the obtained SEM results.
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Figure 6. (a) G'-w curves for the neat PP sample and all the prepared TPVs. The inset is a magnified view of the curves within

the low-w region. (b) Han plots for all the samples.
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According to Figure 6b, which depicts the Han
plots for all the samples, the only sample with a curve
below the G'=G" line is the neat PP, which implies a
viscose response. On the other hand, the Han plots
for all the prepared TPVs lie above the G'=G" line,
indicating a significant elastic behavior enhancement
upon the PBR phase inclusion. The two series of
prepared TPVs (70/30 and 60/40) show distinctly
different curves, with the 60/40 TPVs having the most
deviation from the G'=G" line. For the TPV samples,
the deviation phenomenon appears within the low-m
region, and results from the phase separation in
blend systems [35]. Therefore, one can infer that in
both series of TPVs, inclusion of 20% of PP-g-MA
as compatibilizer reduced the extent of the deviation,
indicating an improved level of compatibility in the
system.

Figure 7 shows the storage modulus (E') values for
all the samples obtained from the dynamic mechanical
analysis. According to Figure 7a, at temperatures
below -90°C, which is below the glass transition region
of the PBR phase, an interesting trend can be observed
in E' values. It is seen that adding 10% of PP-g-MA
caused a reduction in the E' values, whereas increasing
its content to 20% resulted in an enhancement in the E'
values even beyond the uncompatibilized TPV (P7B3).
These results perfectly corroborate our findings from
SEM and rheological experiments. At lower content
of PP-g-MA (10%), the dominating mechanism is
the induced flowability due to the low viscosity of
the compatibilizer. The increased chain mobility in
P7B3-10 could increase the free volume, leading to
lower E' values within the glassy region. With this
logic in mind, increasing the compatibilizer content is

103 .
=
=¥
=
i
—=—P7B3
1004 —e—P7B310
—A—P7B3-20
-120 -80 —40 0 40 80

Temperature (°C)

(a)

expected to decrease the E' values further. Still, as we
see in Figure 7a, the E' values were notably increased
in the case of P7B3-20, which are even higher than
the uncompatibilized TPV. Here, the dominating
mechanism is the improved compatibility between PP
and PBR, which counterbalances the aforementioned
mechanism. In fact, 20% of PP-g-MA has successfully
led to a finely distributed PBR phase within the PP
matrix, which is responsible for the enhanced elastic
response. Interestingly, with the start of the glass
transition region of the PBR phase (>90°C), the E'
curve for P7B3-10 is first superimposed and then lies
above that of P7B3. This phenomenon may be the
compatibilizer’s diminishing effect on the system’s
chain mobility as temperature increases, resulting
in the domination of the compatibility improvement
mechanism for P7B3-10.

According to Figure 7b, a nearly similar trend can
also be observed for 60/40 TPVs. Within the glassy
region, the E' values first show a reduction upon
adding 10% compatibilizer and then an enhancement
as the compatibilizer content increases to 20%. This
is also in agreement with our previous observations
from morphology and rheology results. It can be
concluded that once the PP-g-MA content is 20%, the
TPV compatibility is highly improved. One difference
between the results of 60/40 and 70/30 TPVs is that
the E' curve for P6B4-10 lies below the P6B4 curve
within all the studied temperature range. Because
the compatibilizing effect of PP-g-MA at 10%
concentration for 60/40 TPVs is somehow weaker
than that for the 70/30 TPVs. The reason for this is
the higher extent of coalescence of the rubber phase
for 60/40 TPVs, for which 10% of PP-g-MA is not
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Figure 7. E' curves in terms of temperature for (a) 70/30 and (b) 60/40 TPVs.
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enough to create a profound compatibilizing effect. As
a result of a weaker compatibilizing effect, the viscose
response has increased within all the temperature
range and shifted the E' curve downward.

One of the aims of blending PP with rubbers is to
improve its impact strength. In the current study, the
notched Izod impact strength of the prepared samples
was measured and depicted in Figure 8. It is well-
established that the impact strength of plastic/rubber
blends can be improved by reducing the size of the
dispersed rubber phase and improving the interfacial
compatibility [36,37]. In fact, the larger rubber
domains may increase crack propagation at the blend
interface, which leads to brittle behavior. The obtained
results revealed that the impact strength increased from
5.3+£0.9 kJ/m? for the neat PP sample to 31.2+2.2 kJ/
m? for P7B3, exhibiting a fivefold enhancement upon
the addition of 30 wt.% of PBR. During the impact
test, stress concentration first occurs in the PP phase
and then develops to form a crack. The PBR phase
impedes the crack expansion by absorbing energy
[38]. In other words, PP/PBR interface delivers the
impact stress from the PP matrix to PBR domains.

Quite unexpectedly, further increment of PBR
content to 40 wt.% led to an insignificant increase in
the impact strength (33.1£1.9 kJ/m?). It can be inferred
that increasing the rubber concentration increases
the impact strength only provided that the rubber
phase distribution remains uniform with fine particle
size. But the obtained SEM results earlier revealed
the increased coalescence of the rubber domains at
60/40 composition, which leads to counterbalancing
the effect of increased rubber concentration. Thus,
no significant improvement in impact strength was
obtained for P6B4. In the case of 70/30 TPVs, the
addition of 10% of PP-g-MA increased the impact
strength from 31.242.2 kJ/m? to 37.4+2.1 kJ/m?
equal to ~20% enhancement. This result suggests
that 10% of compatibilizer has been rather successful
in reducing the coalescence of PBR domains and
improving the PP/PBR compatibility, as demonstrated
earlier in SEM and rheological experiments. However,
as the PP-g-MA content increased to 20%, the impact
strength increased significantly (47.7£1.6 kJ/m?),
indicating a 52% enhancement with respect to the
uncompatibilized TPV (P7B3). This result suggests
that 20% of PP-g-MA has successfully suppressed the
coalescence of rubber domains and improved the PP/
PBR compatibility.

In the case of 60/40 TPVs, adding 10% of PP-g-
MA increased the impact strength to 37.9+1.7 kJ/m?
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Figure 8. Izod impact strength values for all the samples.

(14% enhancement), which is lower than that for the
70/30 TPV (20% enhancement). It was previously
noted that 10% of PP-g-MA is not a suitable
concentration to efficiently compatibilize the 60/40
TPVs, due to the increased rubber content and the
higher tendency of the PBR domains for coalescence.
In contrast, increasing the PP-g-MA content to 20%
significantly improved the impact strength to 54.2+2.5
kJ/m? (64% enhancement). Quite unexpectedly, the
influence of 20% compatibilizer for the 60/40 TPV
is more pronounced than that for the 70/30 TPV
(64% versus 52% enhancement in impact strength).
One may conclude that adding 20% of PP-g-MA
deviated the system from being on the verge of co-
continuity to a stable and finely distributed droplet-
in-matrix morphology. This is the main reason for
the considerable improvement in the impact strength
of TPVs at 60/40 composition. Considering the
obtained results, we may also highlight the role of the
interfacial layer in stress transfer to the rubber phase,
as previously noted in other works [39].

The tensile properties of  polypropylene/
polybutadiene rubber (PP/PBR) blends, both with
and without maleic anhydride grafted polypropylene
compatibilizer (PP-g-MA), were investigated to
understand their mechanical behavior. Table 4 shows
the mechanical properties of the developed samples.

The Young's modulus, indicating material stiffness,
varied across the samples. P7B3 (70% PP and 30%
PBR) showed a modulus of 820.7 MPa, while P7B3-
10 and P7B3-20 (containing 10% and 20% PP-g-
MA, respectively) exhibited slightly higher moduli of
832.5 MPa and 845.7 MPa. This increment suggests
that the addition of PP-g-MA enhances the stiffness of
the blend, likely due to improved interfacial adhesion
between PP and PBR phases. Conversely, P6B4 (60%
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Table 4. Mechanical properties of the developed samples.

Sample Young’s UItlm.a te Elongation-
code modulus tensile at-break (%)
(MPa) strength (MPa)
P7B3 820.7+8.7 24.2+1.9 430.8+9.4
P7B3-10 832.5+10.2 26.8+2.1 441.4+10.7
P7B3-20 845.7+7.9 28.2+2.7 457.5£12.2
P6B4 780.1+9.4 20.4+1.1 498.41+8.4
P6B4-10 791.6+8.4 23.4+1.5 520.4+8.7
P6B4-20 802.7+11.2 25.5+1.7 552.8+10.1

PP and 40% PBR) showed a lower modulus (780.1
MPa) compared to P7B3, which could be attributed
to the higher rubber content leading to increased
flexibility. The addition of PP-g-MA (P6B4-10 and
P6B4-20) again increased the modulus to 791.6 MPa
and 802.7 MPa, respectively, following the same trend
observed in P7B3 blends.

The Ultimate Tensile Strength (UTS) followed a
similar trend to the Young's modulus. P7B3 exhibited
a UTS of 24.2 MPa, which increased with the addition
of PP-g-MA (26.8 MPa for P7B3-10 and 28.2 MPa for
P7B3-20). This increase can be linked to the enhanced
compatibility and dispersion of the rubber phase
in the PP matrix. P6B4 showed a lower UTS (20.4
MPa) compared to P7B3, supporting the idea that a
higher rubber content results in lower tensile strength.
However, the addition of PP-g-MA improved the UTS
to 23.4 MPa and 25.5 MPa for P6B4-10 and P6B4-20,
respectively.

P7B3 had an elongation-at-break of 430.8%, which
slightly increased with the addition of PP-g-MA
(441.4% for P7B3-10 and 457.5% for P7B3-20). This
indicates that PP-g-M A not only improves stiffness and
strength but also maintains or enhances the ductility
of the blend. For the P6B4 series, the elongation-at-
break was notably higher (498.4% for P6B4) than
that of P7B3, reflecting the higher flexibility due
to more rubber content. The elongation-at-break
further increased with PP-g-MA addition (520.4% for
P6B4-10 and 552.8% for P6B4-20), demonstrating
the effectiveness of the compatibilizer in enhancing
flexibility alongside mechanical strength.

CONCLUSION

In this study, thermoplastic vulcanizates were prepared
based on PP/PBR at different blend compositions
(70/30 and 60/40). The prepared TPVs demonstrated a
non-uniform droplet-in-matrix morphology due to the
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coalescence of the rubber phase. This situation was
more severe for the 60/40 composition, which was
on the verge of forming a co-continuous morphology.
To stabilize the blend structure and produce a more
uniform morphology with finer PBR domains, we
added PP-g-MA at different contents (10 and 20%)
and studied its compatibilizing effects on the prepared
TPVs. The SEM results revealed the compatibilizing
effects of PP-g-MA in both contents for the 70/30
TPVs. However, only the 20% content of PP-g-MA
exhibited a great compatibilizing effect for the 60/40
TPVs, due to the higher PBR content, which indicated
a higher tendency for coalescence. Rheological results
revealed a greatly enhanced elastic response for the
60/40 TPVs compared to the 70/30 TPVs, due to
the higher PBR content. Viscoelastic response of
the system was governed by two opposing effects;
namely, the compatibilization effect of PP-g-MA,
which increases the elastic response, and the PP-
g-MA induced flowability, which increases the
viscose response. It was found that the later effect
dominates at higher PP-g-MA content, which proves
the compatibilizing role of PP-g-MA. DMA results
proved the existence of such opposing effects because
the storage modulus values were distinctly governed
by the former and later effects at low and high PP-
g-MA contents, respectively. The impact strength
values were also measured and correlated with other
analyses. Results showed moderate and notable
enhancements in the impact strength once low and
high contents of PP-g-MA were used, respectively.
The highly increased impact strength was attributed
to the uniform and fine distribution of PBR domains
within the PP matrix, facilitating the stress transfer
from the plastic to the rubber phase.
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