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ABSTRACT: The effect of silicon nitride (Si3N4) as a thermally
conductive material on the mechanical, microstructural, and
physical properties as well as kinetics of the curing reaction of
styrene-butadiene rubber/butadiene rubber (SBR/BR) was inves-
tigated in this work. The results showed an improvement in tensile,
hardness, and compression features of the composite due to the
presence of Si3N4. The properties were enhanced with the filler
loading content; somehow, the composite including Si3N4 = 6
parts per hundred (phr) had the most significant performance, an
increase of ∼15 and 20% in the maximum strain and toughness of
the composite, respectively, an increase of almost 7% in the
hardness, and an ∼13% reduction in the compression set. Also, the
filler led to an increase in the crosslink density (calculated via the
Flory−Rehner equation using swelling test) by 7.12 × 10−5 mol/g, proving the increment of the covalent bonds between the
polymer chains during the curing reaction. The kinetic consideration revealed a reduction in the scorch and optimum curing times
by ∼40 and ∼25%, respectively. In order to describe the kinetics of curing reaction of SBR/BR-Si3N4, an autocatalytic model based
on the Kamal−Sourour model was applied on the rheometry results. The calculated kinetic parameters indicated that the thermally
conductive Si3N4 accelerated the curing reaction by ∼40%, particularly at Si3N4 = 6 phr. After 6 phr of Si3N4, agglomeration of the
filler particles decreased its performance.

1. INTRODUCTION
Nowadays, rubber has been playing a key role in the car, food
packaging, medical, and aerospace industrial fields.1 Natural
rubber (NR),2 styrene-butadiene rubber (SBR),3 butyl rubber
(PIB),4 nitrile rubber (NBR),5 neoprene rubber (CR),6 and
silicon rubber7 are just a few examples of industrial elastomers
that have been used in the aforementioned industries.8

Impermeability to both water and air,9 great resistance to
chemicals10 and abrasion,11 tearing and cutting over a wide
range of temperature,12 electrical insulation,13 and low cost
and lightweight1 have made rubber a fantastic candidate for
industries.
Tire manufacturing is one of the most widely known uses of

rubber in the automobile industry, which is so important for
the welfare of people.14 Tires are complex products made of
various rubbery sections, e.g., crown, tread, gum, beads, inner
layers, and side walls, which are usually made of SBR,
butadiene rubber (BR), NR, PIB, etc.15 It is estimated that 40−
50% of a tire is rubber.16 Usually, the rubbers of SBR and BR
form 60−70% of the rubbery parts of a tire.17 This is due to
their favorable properties, such as hardness and chemical and
water resistance.18 These two rubbers are usually blended to

achieve the appropriate rubber properties for optimal tire
performance. Polymer scientists have proved that a high SBR
loading results in a better-wet skid and traction properties;
however, it leads to an increase in the glass transition
temperature (Tg), which affects the tire performance at low
temperatures.19 In contrast, increasing the BR content in the
blend reduces the Tg amount of the compound.20 Therefore,
the SBR/BR ratio in a typical compound for a car tire should
be adjusted to control the Tg value.
In conjunction with the SBR/BR-based composites, some

studies have been conducted with respect to their morphology
and physicomechanical and thermal properties.17,20,21 Thermal
conductivity is one of the most essential characteristics, which
can change the final properties and quality of rubber-based
composites.22 Hence, increasing the rubber heat conductivity
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improves the vulcanization process economically and also leads
to dissipation of the generated heat in the cured composite
under operational conditions, causing the maintenance of the
operating temperature at a safe level.23 Incorporation of
thermally conductive inorganic fillers into the rubber matrix is
one of the best methods to enhancing the thermal conductivity
of rubbers.24 Silicon carbide,25 alumina,26 boron nitride,27

aluminum nitride,28 and different types of carbon derivatives29

as well as hybrid fillers30 are used as thermally conductive
fillers to improve the heat transfer into the polymeric matrix.
Silicon nitride (Si3N4) with an intrinsic thermal conductivity of
∼86−120 W/m·K is a type of ceramic material used for
numerous applications due to its high-temperature strength,
outstanding thermal shock resistance, low thermal expansion
coefficient, and high oxidation resistance.31,32 Belgacemi et
al.33 investigated the effect of surface-modified Si3N4 at
different amounts of the filler on the mechanical properties
of epoxy composites. They found that the surface modification
of Si3N4 led to better filler dispersion leading to the
improvement of tensile strength, bending, storage modulus,
and glass transition temperature features. Tai et al.34 developed
a new surface modification strategy with a macromolecular
coupling agent for nano-Si3N4 to increase dispersion of the
filler in the nonpolar and weak polar rubbery matrixes such as
SBR, BR, and NBR. In this regard, Derradji et al.35 also
reported that the onset decomposition temperature and
thermal stability of these rubber-based composites were highly
improved via adding Si3N4. In another study, the addition of
70% nano-Si3N4 enhanced the nanocomposite thermal
conductivity from 0.18 to 5.78 W/m·K.36
So far, few research works have been conducted concerning

the improvement of SBR/BR thermal properties while their
blend has great importance in the tire industry, particularly tire
tread. Moreover, highly thermally conductive materials as filler
can provide special performance to the SBR/BR-based
composite, especially kinetics of the vulcanization reaction of
the compound. The presence of a thermally conductive particle
in the composite media improves the thermal diffusivity of the
tire compound, which can create a perfect heat transfer within
a tire. In addition, the heat transfer prevents the tire explosion
while deriving due to the increment of the inside air
temperature of the tire, particularly in hot weather. The
Si3N4 filler has the ability to be a good candidate for these
missions. In this research work, we have a keen interest in
studying the effect of Si3N4 as a highly thermally conductive
filler on the SBR/BR-based composites for use in the tire
industry. This is because few research works have been
unfortunately conducted concerning the improvement of SBR/
BR properties so far. In this regard, different nano-Si3N4
loading contents are applied to deeply study the influence of
Si3N4 on the physical, mechanical, and crosslinking degree
properties as well as kinetics of the curing reaction of SBR/BR-
filled Si3N4 composites.

2. MATERIALS AND METHODS
2.1. Materials. SBR type 1500 was purchased from Bandar

Imam Petrochemical Co. (Khouzestan, Iran), and BR (high cis,
type 1210S) was provided by Shazand Petrochemical Co.
(Arak, Iran). The chemicals of zinc oxide (ZnO), stearic acid,
sulfur, and paraffin wax were purchased from Arian Tootia Co.
(Shahr-e Kord, Iran), Pars Pak Kimiya Co. (Tehran, Iran),
Parto Googerd Asia Co. (Tehran, Iran), and Tosan Petro
Energy Co. (Tehran, Iran), respectively. Also, antioxidant

4010NA (N-isopropyl-N′-phenyl-p-phenylenediamine) was
bought from Rongcheng Chemical General Factory Co., Ltd.
(Shandong, China). Accelerator CZ (N-cyclohexyl-2-benzo-
thiazolesulfenamide) and accelerator DM (2,2′-dibenzothiazo-
ledisulfde) were provided by Kemai Chemical Co., Ltd.
(Tianjin, China). Nano-Si3N4 (type US2038) with the purity
of 99%, particle size of 30 nm, density of 3.4 g·cm−3, and
special surface area of 120 m2/g was also supplied by US
Research Nanomaterials, Inc. (Florida, USA).

2.2. Preparation of SBR/BR-Filled Si3N4. In the present
work, the compound of SBR/BR-filled Si3N4 (SBR/BR-Si3N4)
was prepared in six steps: pre-blending, batch fusion,
masterbatch, resting, final, and forming steps. The steps of
pre-blending, masterbatch, and final were implemented by
using a lab-scale internal mixer (Brabender Plasticorder). Also,
the steps of batch fusion and forming were performed on a lab-
scale two-roll mill with the size of 6″ × 12″ (Farrel Pomini).
The preparing process of SBR/BR-filled Si3N4 is as follows:
(1) In the pre-blending step, the pure SBR and BR with the

blend ratio of 65/35 were added to the internal mixer.
The fill factor was adjusted to 75% of the maximum load
capacity of the mixer. Next, the blend was mixed for 60 s
at 50 rpm, as the mastication process. In this step, the
temperature controller was fixed at 50 °C. Next, the half
of the Si3N4 filler and paraffin wax were gently added to
the blend for 20 s and mixed for 60 s with the rotor rate
of 50 rpm. After a ram sweep for 30 s, and mixing for 60
s, the compound was discharged.

(2) In the batch fusion step, the pre-blended compound was
milled on the two-roll mill for 6 min. Then, the
compound was discharged and prepared for the
masterbatch step.

(3) In the masterbatch step, the sheet compound was
poured into the mixer and mixed for 60 s under 50 rpm.
After 60 s, the rest of the Si3N4 filler and paraffin wax
were added to the compound�similar to the conditions
of pre-blending step�and mixed for another 60 s. The
temperature controller was also set at 50 °C. After a
twice ram sweep for 30 s and mixing for 60 s, the
compound was discharged.

(4) In the resting step, the masterbatch was led to relax in
the ambient temperature for 24 h.

(5) In the final step, the rested masterbatch was poured into
the mixer and mixed for 60 s under 50 rpm. Then, the
remaining chemicals, i.e., ZnO, antioxidant 4010NA,
stearic acid, sulfur, accelerator CA, and DM (according
to Table 1) were slowly added to the compound for 30 s.
Next, the mixture was mixed for 60 s. After a twice ram
sweep for 30 s and mixing for 50 s, the final compound
was discharged from the mixer.

(6) In the forming step, the final compound was milled on
the two-roll mill and formed for 4 min. At the end, the
sheet compound was discharged from the two-roll mill.

It should be mentioned that the two-roll mill apparatus was
equipped with the water circulation (with the temperature of
30 °C) for cooling. Also, the maximum temperature at the
mixing procedure in the internal mixer was 120 °C. In this
work, the aforementioned preparation process was used for all
the compounds of SBR/BR-Si3N4 with the Si3N4 amounts of
0−10 phr (see Table 1).

2.3. Vulcanization of SBR/BR-Si3N4. The discharged
sheets from the two-roll mill of the sixth step (forming step)
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were compression molded in a hydraulic hot press at 160 °C
and 10 MPa pressure according to their respective cure times.
The curing time for each formulation was found by an
oscillating disk rheometer (Monsanto ODR 2000, Ohio, USA)
at 160 °C. After the curing process, the cured samples were
allowed to cool to ambient temperature under the mentioned
pressure.

2.4. Testing Performed on SBR/BR-Si3N4. 2.4.1. Tension
Test. To perform the tensile test on the cured SBR/BR-Si3N4,
an Instron 3366 universal testing machine was used according
to ASTM D412. Five different dumbbell-shaped samples (for
averaging the results) were cut for each formulation using a
Wallace die cutter. The tensile test was performed at ambient
temperature with the speed of 500 mm/min. The tension test
was carried out to obtain the tensile properties, i.e., tensile
strength, elongation at break, and tensile modulus of the cured
SBR/BR-Si3N4.
2.4.2. Scanning Electron Microscopy (SEM). A SEM

(TESCAN VEGA II, Czech Republic) image was taken from
the cross-section surface of the cured SBR/BR-Si3N4 using an
accelerating voltage of 30 kV. First, the samples were frozen in
liquid nitrogen and then broken followed by vacuum-drying.
Before taking the SEM image from the composites, each
sample was coated with a thin layer of gold.
2.4.3. Swelling Test. Swelling measurement at room

temperature was accomplished according to ASTM D471, in
order to determine the crosslinking degree of the cured SBR/
BR-Si3N4 based on an averaging on the five different samples
for each formulation. In the beginning, each sample was cut
into the volume of 20 × 20 × 6 mm3 followed by weighing.
Then, all the samples were put into toluene for 48 h. After this
period of time, the weight of the swelled samples was again
achieved. The crosslinking density is obtained based on the
samples’ weights after and before 48 h.
2.4.4. Compression Test. The compression test for the

cured SBR/BR-Si3N4 composites was accomplished according
to ASTM D3574. In the beginning, five samples (for averaging
the results) with the volume of 50 × 50 × 25 mm3 were cut for
each formulation. Then, the samples were placed between the
two plates of the compression machine and compressed to
50% of the original thickness of the samples. Afterward, the
samples were subjected to heat with the temperature of 70 °C
in a hot-air oven (BIOBASE, model no. HAS-T105, China) for
24 h. In the end, the final thickness of the samples was
measured after a recovery for 30 min at ambient temperature.
The compression set and recovery percentage were calculated

using the space bars and the initial and final thicknesses of the
samples.
2.4.5. Density Measurement. The density of the cured

SBR/BR-Si3N4 was calculated by the buoyancy method using a
DM 3000 densimeter (MonTech, Germany) according to
ASTM D297. The density was obtained based on an averaging
on five different samples for each formulation.
2.4.6. Hardness. The hardness of the SBR/BR-Si3N4

samples was determined by Shore A hardness using the
Zwick hardness tester according to DIN 53505.
2.4.7. Thermal Diffusivity Measurement. In the present

work, the continuous heating method presented by Hands and
Horsfall37 was used to determine the thermal diffusivity of the
SBR/BR-Si3N4 composites. The technical structure and
characteristics of the setup were clearly shown by Goyanes et
al.38 To obtain the thermal diffusivity, the test was repeated
five times for each sample and then the final value was
calculated based on an average over them.
2.4.8. Rheological Test. Rheological characteristics of the

cured SBR/BR-Si3N4 samples were obtained using an
oscillating disc rheometer (Monsanto ODR 2000, Ohio,
USA) according to ASTM D2084. This test was performed
to find the cure kinetics, i.e., the minimum torque, maximum
torque, curing rate, and optimum cure time, for each sample.

2.5. Theoretical Background of Statistical Analysis.
2.5.1. Kinetics of Vulcanization Reaction of SBR/BR-Si3N4.
Using the rheometry test, the kinetics of vulcanization reaction
can be obtained by detecting the rheometer torque during the
curing reaction of the SBR/BR-Si3N4 compound as a function
of time. According to the cure data achieved from the torque−
time curve, the state of cure or conversion of curing reaction
(α) can be calculated using the following equation:39

M M
M M

t L

H L
=

(1)

where Mt is the rheometer torque at time t and the terms of ML
and MH are the minimum and maximum torques, respectively.
In this work, an empirical kinetic model presented by

Kamal−Sourour40 and modified by Ferasat et al.41 is used to
predict the curing reaction of the SBR/BR-Si3N4 compounds.
According to this autocatalytic kinetic model, the vulcanization
reaction rate (dα/dt) during the curing process is defined as
follows:41

t
k k

C
d
d

( )(1 )
1 exp ( )

m n
1 2

c
= +

+ [ ] (2)

where k1 and k2 are the reaction rate constants, which are
measurable using the Arrhenius equation;42 m, n, and C are the
model constants as well. The term of αc indicates the critical
conversion.
In the presented kinetic model, the term (1 − α)n illustrates

the non-reaction substance.43 In the rubber curing, the
autocatalytic kinetic model is usually used to identify the
form of an additional complication of kinetics of the
vulcanization reaction via adding the term αm to the kinetic
model.44 Factually, the parameters of n and m indicate the
reaction and autocatalytic reaction orders, respectively.
In the present work, the statistical analysis related to the

kinetics of vulcanization reaction of SBR/BR-Si3N4 is
performed by using the Python programming language.45

Table 1. Composition of SBR/BR-Filled Si3N4 Compounds
(in phra)

sample code

ingredients S0 S1 S2 S3 S4 S5

SBR 65.0 65.0 65.0 65.0 65.0 65.0
BR 35.0 35.0 35.0 35.0 35.0 35.0
stearic acid 1.1 1.1 1.1 1.1 1.1 1.1
4010NA 2.0 2.0 2.0 2.0 2.0 2.0
ZnO 2 2 2 2 2 2
sulfur 1.85 1.85 1.85 1.85 1.85 1.85
paraffin wax 2.5 2.5 2.5 2.5 2.5 2.5
accelerator CZ 1.0 1.0 1.0 1.0 1.0 1.0
accelerator DM 0.5 0.5 0.5 0.5 0.5 0.5
Si3N4 0 2 4 6 8 10

aphr: parts per hundred.
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3. RESULTS AND DISCUSSION
In this work, the obtained results were discussed with respect
to the effect of the Si3N4 loading content on the mechanical,
microstructural, and physical properties as well as the kinetics
of the curing reaction of SBR/BR-Si3N4. The composite
samples were symbolized by S0-S6 containing 0−10 phr of
Si3N4, respectively.

3.1. Tensile Properties. The stress−strain curves for SBR/
BR-Si3N4 samples with different amounts of Si3N4 resulting
from the tensile test are illustrated in Figure 1.

Using Figure 1, the tensile characteristics, i.e., tensile
strength (TS), modulus (E), maximum strain (εmax), and
toughness for all the composites were calculated. The
mentioned tensile characteristics were achieved according to
the following definitions: TS is the maximum load that the
composite can support, E is the stress divided by the strain,
εmax is the ratio between the changed length and the primary
length after breakage, and toughness is the area under the
stress−strain curve, respectively. The calculated tensile features
for all the samples are reported in Figure 2. To create deep
knowledge into the effect of the Si3N4 loading content on the

tensile characteristics of the SBR/BR-Si3N4 composites, each
three characteristics were shown in one 3D (three-dimen-
sional) figure. The 3D curves of TS−E−εmax and tough-
ness−εmax−TS as a function of the Si3N4 content are shown in
Figure 2a and b, respectively.
As seen in Figure 2a, the increment of the Si3N4 loading

content led to an enhancement of the TS and εmax values, and
after the filler amount of 6 phr, the trend was changed to
descendant. Therefore, the SBR/BR-Si3N4 composite contain-
ing 6 phr of Si3N4 improved the tensile properties of the
composite more than the other formulations. According to
Figure 2a, the presence of the Si3N4 filler in the recipe reduced
the modulus of the composite down to 0.731 MPa at the filler
amount of 6 phr and, after that, the trend was changed to
ascending. In fact, the Si3N4 amount lower than 8 phr
improved the elasticity of the composite, which is desirable in
the tire industry. In addition, the same variation trend of the
tensile characteristics is also observed in Figure 2b. As shown
in Figure 2b, the toughness of the composites was raised with
the Si3N4 content and the trend was changed after the filler
amount of 6 phr. However, the composite containing Si3N4
had a higher toughness than the pure blend, particularly at 6
phr of Si3N4. According to the resultant data, the highly
thermally conductive Si3N4 with the content of 6 phr leads to
the increment of the TS, εmax, and toughness values of SBR/
BR-Si3N4 to ∼2, 15, and 20% more than the pure blend,
respectively. As seen, the used filler had a least effect on the TS
of the composite while the toughness was changed 1.2 times
the pure blend. Also, the optimum amount of Si3N4 (6 phr)
reduced the modulus of the composite by 15%. Despite the
fact that the presence of Si3N4 in the composite as a filler
improved the tensile properties, further increment of it reduced
the composite tensile characteristics. It can be attributed to the
particle agglomeration of the filler. This phenomenon can be
affected by the impact of the filler on the thermal conductivity
of the compound during the curing process followed by the
crosslinking degree of the cured composite. According to the
results, it seems that the SBR/BR-Si3N4 composite including 6
phr of Si3N4 is a good candidate from the mechanical point of
view for tire tread. This is because this amount of the filler
increases elasticity of the composite while improving its
properties.

3.2. Microstructural Properties. A SEM image was taken
from the cross section of the fractured samples after the
breakage in the tensile test to observe the microstructure and
Si3N4 agglomeration in the SBR/BR-Si3N4 composites. The
SEM images for all the samples are illustrated in Figure 3.
As seen in Figure 3, the enhancement of the filler loading

content in the composite caused the agglomeration of Si3N4
particles and increased their dimensions to larger sizes.
According to the SEM images with the 2.0 kx magnification,
the agglomeration was more severe after 6 phr of the filler.
This issue decreases the performance of the filler in the
composite. According to Figures 2 and 3, the good particle size
and optimum amount of Si3N4 were the main factors in the
improvement of the tensile properties of SBR/BR-Si3N4 with
the filler content of 6 phr. This amount of the filler due to the
creation of better heat distribution into the composite matrix
can probably increase the crosslinking degree of the composite.
To prove this hypothesis, the mentioned characteristic of the
samples should be determined.

3.3. Crosslink Density. Crosslink density is very important
in the quantification of vulcanization degree of elastomers.43

Figure 1. Stress−strain (tensile) curves of SBR/BR-Si3N4 samples as a
function of the Si3N4 loading content.

Figure 2. Three-dimensional figures of (a) tensile strength (TS)−
modulus (E)−maximum strain (εmax) and (b) toughness−tensile
strength (TS)−maximum strain (εmax) as a function of Si3N4 loading
content.
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Most of the SBR/BR-Si3N4 characteristics are strongly
dependent on the crosslinking degree of the composite.44

The crosslink density of the SBR/BR-Si3N4 composites with
different loading contents of Si3N4 is calculated using the
swelling method according to the Flory−Rehner equation
(FR) as follows:46,47

i
k
jjj y

{
zzz

i
k
jjj y

{
zzz ( )
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m m

m m m m
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i f
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i f
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e i
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M
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1
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=
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where Vp is the volume fraction of the polymer blend in the
swollen composite, which is calculated based on the weights of
the samples before (mi) and after (me) the swelling process,
presented in Section 2.4.3. It should be mentioned that the
mass of the filler (mf) was also involved in the calculation
procedure of crosslink density (CD). The terms ρp and ρs are
the SBR/BR blend and toluene densities with the values of
0.976 and 0.866 g/cm3, respectively. Also, the term Mc
indicates the physical crosslinking concentration and Vs with

the value of 106.4 cm3/mol is the molar volume of toluene.
The Flory−Huggins interaction parameter (χ) between
toluene and the polymer blend is also calculated using the
following equations:48,49

V

RT

( )s s p
2

= +
(6)

p 1 1 2 2= + (7)

where χβ with the value of 0.34 ± 0.0849 is the entropy
contribution to the Flory−Huggins interaction parameter. The
parameters δs = 18.35 (J/cm3)0.5, δ1 = 17.04 (J/cm3)0.5, and δ2
= 17.15 (J/cm3)0.5 are the toluene, SBR, and BR solubility
parameters, respectively. The solubility parameter of the
polymer blend (δp) was calculated to be 17.05 (J/cm3)0.5
according to eq 7 and the volume fractions (φi) of SBR and BR
in the composites. The terms T and R indicate the temperature
and gas constant (8.314 J/mol·K), respectively.
Furthermore, to measure the swelling level in the SBR/BR-

Si3N4 samples, the swelling ration (Sr) was determined for all
the samples via the following equation:50

S
m m

mr
e i

i
=

(8)

The achieved CD and Sr values for all the SBR/BR-Si3N4
composites are shown together in Figure 4.

Figure 3. SEM images taken from the cross section of the fractured samples in the tensile test for the SBR/BR-Si3N4 composites with the Si3N4
contents of (A) 0, (B) 2, (C) 4, (D) 6, (E) 8, and (F) 10 phr. The particle inside the yellow circle is Si3N4.
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According to Figure 4, increasing the amount of the Si3N4
filler in the SBR/BR-Si3N4 composite led to an enhancement
of the crosslinking degree. The crosslink density reached the
maximum value with the addition of 6 phr Si3N4 to the
compound. It can be attributed to a more uniform heat
distribution in the compound media during the curing process
due to the presence of a highly thermally conductive filler in
the polymer matrix, Si3N4.

50 This means that the presence of
Si3N4 leads to more crosslinking reactions between the
polymers chains, which results in a composite with a higher
level of crosslinking. After the addition of 6 phr Si3N4, the
crosslinking degree was significantly reduced due to Si3N4
agglomeration, although the further increment of the filler
caused a higher value for CD. This is because the amount of
Si3N4 in the composite at a higher level overcame the influence
of Si3N4 agglomeration. In fact, this phenomenon is the main
factor in the variations of the mechanical and physical
properties of the SBR/BR-Si3N4 composite.
Moreover, as seen in Figure 4, a higher level of crosslinking

degree led to a lower swelling ratio in the composite. This is
because the higher crosslinks between the polymer chains
prevented the network structure to swell. This behavior is so
favorable for the tire industry, particularly in the part of the tire
tread. Factually, it seems that the number of created covalent
bonds to construct the network structure in the SBR/BR-Si3N4
composite is a function of the Si3N4 amount. According to the
results, the highest amount of the crosslinking degree occurred
in the S3 sample. However, the presence of Si3N4 in the
composite improved the crosslinks between the polymer
chains compared to the pure SBR/BR blend. Therefore, the
SBR/BR-Si3N4 sample with the Si3N4 amount of 6 phr is a
great candidate for tire tread.

3.4. Compression Properties. Compression set is one of
the most important criteria to measure the returnability of
rubbery composites to their original shape and size after being
compressed.51 According to the space bars (L1), initial (L0)
and final (L2) thicknesses of the samples (see Section 2.4.4),
and the following equation,52 the CS for all the composite
samples was calculated and is reported in Figure 5.

L L
L L

CS(%) 1000 2

0 1
= ×

(9)

To find the relationship between the mechanical, micro-
structural, and physical properties of the SBR/BR-Si3N4

composite, the calculated toughness, crosslink density, and
CS of the samples are exhibited together in Figure 5.
As seen in Figure 5, the CS amount of the composite was

decreased with the Si3N4 loading content by 6 phr and, after
that, the trend was changed. Hence, the composite containing
the Si3N4 amount of 6 phr had the highest returnability, which
is desirable for the tire industry. According to Figure 5, the
highest amount of crosslinking degree led to the lowest
amount of the CS and the furthest toughness for the
composite. In fact, the presence of the Si3N4 filler in the
composite, particularly at the loading content of 6 phr, caused
a stronger network structure. Subsequently, when the pressure
was removed from the composite sample, the rubber chains
returned to their former positions more quickly than the other
samples. This issue was the origin of the reduction of the CS in
the composite with 6 phr of Si3N4. It should be noted that the
agglomeration of the Si3N4 particles had an undesirable effect
on the composite compression features, which caused to
enhance the CS value at Si3N4 > 6 phr.

3.5. Physical Properties. Figure 6 illustrates the density
and hardness (Shore A) of the cured SBR/BR-Si3N4 composite

as a function of Si3N4 content. As seen in the figure, the density
of the samples was raised with the loading content of the Si3N4
filler, due to the high innate density of Si3N4.
Hardness is an important physical characteristic for a car

tire, particularly the tread section, which is defined as the
composite resistance to indentation.53 Factually, the used
durometer is an instrument that measures the penetration of a
stress-loaded metal sphere into the SBR/BR-Si3N4 composite.
As shown in Figure 6, there is a significant increase in hardness
of the composite when the filler content increases to 4 phr.

Figure 4. Crosslink density (CD) (calculated according to the FR
equation) and swelling ratio (Sr) for the SBR/BR-Si3N4 samples as a
function of the Si3N4 loading content.

Figure 5. Three-dimensional figure of toughness-crosslink density
(CD)−compression set (CS) as a function of Si3N4 loading content.

Figure 6. Density and hardness (Shore A) of the SBR/BR-Si3N4
samples as a function of the Si3N4 loading content.
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This is because the increment of the filler in the composite
media led to an enhancement of the crosslink density and also
had a reinforcement impact on the polymer blend. However,
more increment of the Si3N4 content to the range of 4−6 phr
did not have any impact on the composite hardness. After this
range, the hardness was decreased from 45 to 44 in Shore A
because of the filler agglomeration. Generally, the reinforced
SBR/BR-Si3N4 composite exhibited improved physical proper-
ties than the unfilled vulcanized SBR/BR.

3.6. Thermal Diffusivity. In this work, to evaluate the
effect of Si3N4 on the thermal conductivity of SBR/BR-Si3N4,
thermal diffusivity was determined for each sample at the
temperature of 90 °C. The results are shown in Figure 7. As

seen in the figure, the thermal diffusivity of the SBR/BR-Si3N4
composite was increased with increasing the filler content up
to 6 phr. According to Figure 7, the presence of 6 phr Si3N4 in
the compound led to an enhancement of the thermal diffusivity
of the composite by ∼98%. This phenomenon is due to the
highly thermally conductive innate density of Si3N4, 86−120
W/m·K.36 The filler has helped to accelerate the heat transfer
into the composite. After the optimum level of the filler (6
phr), the trend of the diagram was changed due to the filler
agglomeration (see Figure 3). Indeed, manufacturing a tire
with good thermal diffusivity has great importance. This is
because the increment of heat transfer in the tire prevents the
tire explosion while deriving due to the increment of air
temperature within the tire, particularly in hot weather.
Accordingly, the applied filler can be useful in the tire industry.
Moreover, the results indicate that the presence of Si3N4 in the
compound media can accelerate the vulcanization reaction
because of increasing the thermal diffusivity in the compound.

3.7. Kinetics of Curing Reaction. In consideration of
rubber, rheometry analysis is usually used to investigate the
stiffness of a rubber during the vulcanization process. In fact,
the rubber stiffness is an indicator of the curing degree of the
rubber. In this work, rheometry evaluations were implemented
on the SBR/BR-Si3N4 compounds during the curing process
via obtaining the variations of the rheometer torque as a
function of time. The torque−time curves for all the SBR/BR-
Si3N4 samples as a function of Si3N4 loading content are
presented in Figure 8. In the present work, Figure 8 is utilized
to calculate the cure characteristics of the SBR/BR-Si3N4
compounds.
In order to determine the kinetic characteristics of curing

reaction of the SBR/BR-Si3N4 compounds, the scorch (ts) and
optimum curing (t90) times were computed, as shown in
Figure 8. All the obtained cure times are exhibited together in
Figure 9a.

As seen in Figure 9a, there is a descendant trend of scorch
and optimum curing times when the Si3N4 content is increased
in the formulations. The furthest decrease occurred in the
SBR/BR-Si3N4 compound with the Si3N4 loading content of 6
phr. This means that the presence of a highly thermally
conductive filler of Si3N4 in the SBR/BR-Si3N4 compound had
a catalytic effect on the curing reaction. This phenomenon led
to acceleration in the vulcanization reaction of SBR/BR-Si3N4.
Accordingly, among the different recipes, the compound
containing 6 phr of Si3N4 had the fastest curing reaction,
due to a better heat transfer in the polymer media resulted by
the Si3N4 particles. According to Figure 9b, addition of the
Si3N4 filler to the SBR/BR-Si3N4 compound not only reduced
the curing times but also enhanced the variation of ODR
torques. As seen in Figure 9b, the minimum (ML) and
maximum (MH) torques detected during the rheometry test
were increased with the Si3N4 loading content. This means that
the added filler to the compound improved the curing rate of
the compound and the crosslinking degree of the cured
composite, particularly at 6 phr of Si3N4. According to Figure

Figure 7. Thermal diffusivity (α) of SBR/BR-Si3N4 as a function of
Si3N4 loading content at the temperature of 90 °C.

Figure 8. Torque−vulcanization time curve for the SBR/BR-Si3N4
compound as a function of the Si3N4 loading content during the
curing process on ODR rheometry analysis.

Figure 9. (a) Scorch (ts) and optimum curing (t90) times and (b)
minimum (ML) and maximum (MH) torques for the SBR/BR-Si3N4
compound in the rheometry analysis versus the Si3N4 loading content
extracted from Figure 8.
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9, the variation trend was changed after the filler amount of 6
phr. It can be attributed to the agglomeration of the filler
particles followed by the reduction of the filler performance in
the polymer matrix.
For more clarification regarding the effect of Si3N4 on the

rate of the curing reaction of SBR/BR-Si3N4, the conversion of
vulcanization reaction was also quantified. The conversion of
curing reaction during the curing process was calculated using
eq 1. The resultant data with respect to the time of rheometry
test is shown in Figure 10.

As shown in Figure 10, the presence of the Si3N4 filler in the
compound led to an increase in the conversion of the curing
reaction of the SBR/BR-Si3N4 samples. Moreover, it helped to
complete the curing process at the lower times. Therefore, the
Si3N4 particles accelerated the curing reaction of the SBR/BR-
Si3N4 compounds because of the increase in the heat
distribution within the polymer bulk. As mentioned above,
this phenomenon can be expressed by the catalytic effect of
Si3N4 on the curing reaction of the compounds. In the
investigation procedure of the kinetics of the vulcanization
reaction of SBR/SBR-Si3N4, the conversion−time curves
presented in Figure 10 are used as basic data.
Figure 11 shows the experimental values of curing reaction

rate of the SBR/BR-Si3N4 compounds with the predicted
values by the presented kinetic model in eq 2. The figure
illustrates that the Kamal−Sourour kinetic model (modified by
Ferasat et al.41) can predict the entire process of the curing
reaction of SBR/BR-Si3N4 because of the R-squared value of
R2∼1 in the fitting process. As seen in Figure 11, the maximum
curing rate was increased with the Si3N4 loading content;
however, the trend was changed after the Si3N4 content of 6
phr. Accordingly, the SBR/BR-Si3N4 compound with the filler
content of 6 phr had the furthest curing rate compared to the
other samples.
The achieved parameters of the kinetic model are listed in

Table 2. Table 2 reveals that the addition of highly thermally
conductive Si3N4 to the SBR/BR blend leads to change in the
kinetic parameters of the curing reaction evidently.
This means that the filler causes a significant effect on the

curing reaction of SBR/BR-Si3N4. According to the results
listed in Table 2, the kinetic parameters obtained in the present
work can be used to describe the kinetics of vulcanization
reaction of SBR/BR-Si3N4 in the tire industry. These
parameters can be helpful to determine the curing degree of
SBR/BR-Si3N4 at certain amounts of the filler and time.

Furthermore, the maximum vulcanization rate [dα/dt]max�
obtained from Figure 11�versus the Si3N4 content was
calculated and is reported in Figure 12. As seen in the figure,
the catalytic impact in SBR/BR-Si3N4 with the Si3N4 content
of 6 phr is much further than the pure SBR/BR blend because
of a better heat distribution of Si3N4 in the compound media.
After this amount of filler, the catalytic impact of Si3N4 was
reduced because of the filler agglomeration.
Therefore, the presented kinetic model has great importance

from a practical point of view. According to the kinetic results,
the Si3N4 content of 6 phr can be a good candidate to enhance
the rate of the curing reaction of SBR/BR-Si3N4.
As seen in Figures 10−12, the addition of Si3N4 to the

composite led to an acceleration of the curing reaction due to
the filler catalytic effect on the vulcanization reaction. This
issue caused the reaction conversion to reach its maximum
amount rapidly at lower curing times with a higher
vulcanization rate. The calculated kinetic parameters using
the Kamal−Sourour-modified model can be helpful in the tire
industry to predict the vulcanization characteristics in the
composite manufacturing. Moreover, the obtained physical and
mechanical properties showed that the compound with the
maximum curing rate had the most improved tensile,
compression, crosslink density, and microstructural, thermal,
and physical properties, due to the best heat distribution and
thermal diffusivity resulted by Si3N4.

Figure 10. Conversion (α) of the curing reaction of the SBR/BR-
Si3N4 compound as a functions of rheometry time and Si3N4 loading
content.

Figure 11. Experimental rate (dα/dt) of the curing reaction of the
SBR/BR-Si3N4 compound with the obtained kinetic model for the
samples containing, (a) 0.0, (b) 2.0, (c) 4.0, (d) 6.0, (e) 8.0, and (f)
10.0 phr of Si3N4.
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4. CONCLUSIONS
In this work, the effect of a highly thermally conductive filler,
Si3N4, was studied on the mechanical, microstructural, and
physical properties as well as the kinetics of vulcanization
reaction of the SBR/BR-Si3N4 composite. It was found that the
presence of Si3N4 in the composite media led to improvement
in the tensile and compression properties of SBR/BR-Si3N4.
The sample with the Si3N4 content of 6 phr had the most effect
on the mechanical features of the composite (an increase of
1.14 and 1.2 times in the maximum strain and toughness, a
smooth increase in TS as a 13% reduction in CS of the
composite). Moreover, the calculated crosslink density using
the Flory−Rehner equation through the swelling test clearly
indicated that the presence of Si3N4 in the composite increased
the covalent bonds between the polymer chains during the
curing reaction. Among different formulations, the composite
containing 6 phr Si3N4 led to the most increase of the
crosslinking degree, from 6.51 × 10−5 to 7.12 × 10−5 mol/g. In
addition, the rheometry results illustrated that the Si3N4 filler
in the composite recipe decreased the scorch and optimum
curing times by ∼40 and ∼25% compared to the sample
without Si3N4, respectively. Moreover, an autocatalytic model
based on the Kamal−Sourour model was applied to describe
the kinetics of curing reaction of the compounds. The
calculated kinetic parameters using the rheometry results
indicated that the presence of a highly thermally conductive
filler within the SBR/BR-based compounds led to a change in
the kinetic parameters. According to the obtained kinetic
characteristics, it can be concluded that the Si3N4 particles
accelerated the curing reaction, because of enhancement in
heat transfer into the compound during the vulcanization
reaction, particularly at 6 phr; however, after that, the trend
was changed. This issue can help to reduce the required
amount of energy consumption in the tire industry to cure the
tire tread. According to the results, it seems that the composite

including 6 phr of Si3N4 is a good candidate for tire tread. This
is because it leads to improvement in the mechanical,
microstructural, physical, and kinetic features of the composite.
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