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Abstract

Heat conductivity, curing rate and fatigue crack growth properties of carbon black-filled styrene butadiene rubber (SBR)/
butadiene rubber (BR) blend that is frequently used in passenger car tire treads were simultaneously improved by a hybrid
filler system of carbon black, high dispersible precipitated silica, modified layered silicate and ultra-light mixed filler of
alumina and aluminum sulfate. An optimum formulation was obtained and a study of mechanisms governing composite
properties has been performed according to the filler variables through the designing of experiments and the regression and
statistical analysis and with the aid of composite characterization techniques such as dynamic mechanical analysis (DMA)
and FE-SEM/EDX. Alumina could improve thermal conductivity, DeMatia crack growth, and the tensile strength of the
rubber composite, along with relative maintenance of hardness and modulus. The effects of statistically significant interac-
tions between silica and alumina on the abrasion behavior and thermal conductivity were observed, which was attributed
to the presence of the silane coupling agent and the effect of modifying the alumina surface with the ethoxysilanes groups.
The partial substitution of carbon black by high dispersible silica resulted in an increase in thermal diffusion coefficient, the
improvement of heat buildup, resilience and DeMatia crack growth, and relative maintaining of tensile properties as well as
a slight loss in abrasion and aging behavior of the tire tread composite. Through the increase of thermal diffusivity coefficient
and a slightly improvement in the aging behavior, modified layered silicate (organoclay) caused a significant reduction in the
optimum curing time of the tire tread composite. Some evidence has been provided for the interactions between modified
layered silicate and silane coupling agent. The improvement in crack growth and thermal conductivity of the elastomer com-
posite was attributed to smaller interparticle distances of hybrid filler system compared to those of carbon black filler system.

Keywords Transport phenomena - Thermal diffusivity coefficient - Tire tread composite - Silane coupling agent - Failure
properties

Introduction

Heat conductivity is one of the most important properties

of elastomers in influencing their vulcanization behavior,
productivity and quality. It is expected that by increasing

Electronic supplementary material The online version of this rubber heat conductivity, its curing process is improved
article (https://doi.org/10.1007/s13726-020-00854-0) contains which is economically significant. Low thermal conductivity
supplementary material, which is available to authorized users. of polymers is attributed to their low atomic density, weak
54 Seyyede Sacede Akhtari interactions or chemical coupling, complex crystal struc-

ss_akhtari @yahoo.com ture and high anharmonicity in their molecular vibrations

[1, 2]. The thermal conductivity is the result of an expan-
sion of thermal wave in the direction of temperature gradient
that is passed from one molecule to another [3, 4]. Phonon
transport is considered to be the main mechanism of ther-
mal conductivity in most polymers [1, 3]. Guo et al. have
recently reviewed factors affecting thermal conductivity of
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polymers and polymer composites [4]. They stated that lim-
ited understanding of heat transfer in polymer composites
imposes restrictions on the design and fabrication of better
thermally conductive polymers and polymer composites [4].

Thermal conductivity of polymers and rubbers is
improved by adding fillers such as carbon black, graph-
ite, graphene, carbon fiber, nanodiamond, metal particles
and metal oxides [1, 3]. However, the amount of filler, the
method of filler incorporation, the state of filler dispersion
and its alignment as well as the filler/rubber interactions
are critical factors affecting the ultimate heat conductivity
of a filled rubber composite [4]. In addition, the develop-
ment of the formula in rubber parts requires consideration
of a wide range of engineering properties. It would be worth
noting that today there is a growing tendency to use environ-
mentally friendly fillers in polymer and rubber composites.
Therefore, the choice of useful filler for polymer and rubber
should be considered from several technical and environ-
mental aspects. Concerning the case of a technical piece
such as tire tread, this issue becomes more complicated.
Carbon black is a classical reinforcing filler for most rub-
ber composites, including tire treads. But the use of this
filler is environmentally challenging. Precipitated silica,
modified layered silicates and alumina are addressed as
environmentally friendly mineral fillers and potential alter-
natives to carbon black in rubber composites such as tire
tread [5]. The compatibility of mineral fillers with polymer
matrix can increase by their modifications [5, 6]. Today,
highly dispersible precipitated silica is widely used along
with silane coupling agents which enhance dynamic perfor-
mance of polymer composites, including tire tread [7, 8].
Highly dispersible silica gives greater amount of available
surface which is the result of better dispersion in rubber
matrix. Therefore, the improvement in filler/rubber interac-
tions results in the improvement of the final properties such
as tread wear resistance, tear resistance, rolling resistance
and wet grip of the tire [9, 10].

The structure, preparation and thermal and mechani-
cal properties of modified layered silicate or organoclay
(nanoclay) as fillers within the rubber polymer matrix
have been well reviewed [11, 12]. Nanotechnology is an
interesting area of research due to its cost-effectiveness
and ease of access to natural resources [11]. Kim et al.
developed a ternary hybrid filler system including car-
bon black, silica and modified layered silica in styrene
butadiene rubber that showed the most excellent dynamic
viscoelasticity, abrasion resistance and mechanical prop-
erties, which is considered to be the excellent tire tread
composite for passenger cars [13]. In addition, one of
the significant features of modified layered silicates, in
particular those modified with ammonium salts, is their
increasing impact on the rate of sulfur curing of rubbers
[14, 15]. Thermal conductivity of polymers is increased
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using alumina as filler [16, 17]. The use of this filler in
rubbers, along with surface modification agents, as the
competitor of carbon black and silica has been addressed
in a number of articles but requires further study [18, 19].
Li et al. reported thermally conductive emulsion styrene
butadiene rubber (ESBR) composites filled with alumina
particles [16]. Wang et al. showed that alumina can greatly
enhance thermal conductivity, and meanwhile, it performs
well in the reinforcing EPDM rubber [17]. A surface modi-
fication mechanism of alumina with silane coupling agent
was reported similar to that of silica [17, 20].

Carbon black is nanostructured it, i.e., is made by aggre-
gates of spherical primary nanoparticles that cannot be sep-
arated by thermomechanical mixing [11]. Highly dispers-
ible precipitated silica is also a nanostructure filler. On the
contrary, as the most important novelty in the rubber field,
nanofillers such as organoclay and nanosized alumina have
primary particles with at least one dimension below 100 nm
that can be individually dispersed in the rubber matrix [11].
However, as already stated by Galimberti et al. currently it
is clear that in large-scale applications such as tyre treads,
nanofillers can hardly replace the nanostructured fillers [11].
So, the combination of both families of fillers can lead to
some remarkable properties. The challenging goal of the
research activity on hybrid filler systems is to develop syn-
ergistic effects between different fillers to achieve substantial
improvement of material properties such as different proper-
ties of tyre treads that should be balanced [11].

While, the potential of a hybrid system of nanostructure
fillers such as silica/carbon black [9, 10] and carbon black/
silica/meta-kaolin [21] as well as a hybrid system of nano-
structure fillers and nanofillers such as carbon black/modi-
fied layered silicates [11] and silica/carbon black/modified
layered silicates [13] in SBR-based tire tread formulations
has been well addressed, but so far the use of a quaternary
hybrid filler system, alumina in ternary system and the
interaction and synergism effects of these fillers on different
properties of tire tread composite has not been investigated.
In addition, based on literature review of organoclay appli-
cation in rubber technology, no direct thermal conductivity
improvement of elastomer composite has been reported in
gum stocks when it is employed as a single filler or in the
presence of carbon black as binary filler. As it is the same
for silica application in elastomer composite [22], it should
be of immense interest to study silica and organoclay syner-
gistic effects on thermal conductivity of carbon black-filled
rubber composites in the presence of more conductive fillers
such as alumina.

In this research, we have studied the potential of increas-
ing thermal conductivity and improving mechanical proper-
ties of carbon black-filled tire tread composite in the pres-
ence of highly dispersible silica, modified layered silicate
and an ultra-light alumina-aluminum sulfate filler.
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Experimental
Materials

cis-Butadiene rubber (BR) with a Mooney viscosity of
45-47 (ML1 +4 at 100 °C) and a density of 0.9 g/cm?
was provided by Arak Petrochemical Co. Styrene buta-
diene rubber (SBR) with a Mooney viscosity of 46-49
(ML1 +4 at 100 °C) and a density of 0.93 g/cm® was pro-
vided by Bandar-Emam Petrochemical Co. Carbon black
N339 was supplied by Carbon Iran Co., and aromatic oil
was also provided by Behran Oil Co. The modified layered
silicate (organoclay) used was kindly supplied by Kava
Sannat Payvar Co. of Iran with a pycnometer density
of 1.07 g/cm® and pH 6.19. This filler is the product of
the treated and surface modified montmorillonite miner-
als that was obtained from the bentonite mines of South
Khorasan, Iran, whose composition is similar to Cloisite
30B. Ultra-light alumina-aluminum sulfate filler with a
pH of 3.57, a density (toluene solvent) of 0.93 g/cm? and
a pour density of 0.037 g/cm® was purchased from Iran
Azarshahr Research Center and prepared by spray pyroly-
sis method from treatment of nepheline syenite mineral
with sulfuric acid and aluminum sulfate-18-hydrate pre-
cursor. The FTIR, XRD and SEM characteristics of this
kind of alumina as well as those of the used organoclay
are presented in Supplementary Material. Highly dispers-
ible silica (HDS) with a commercial name of silica W/C
1165MP and with pH of 6.7, Brunauer Emmet Teller
(BET) surface of 165 m?/g, pycnometer density of 2.06 g/
cm?, cetyl trimethyl ammonium bromide (CTAB) surface
area of 156 m?/g and dibutyl phthalate (DBP) absorption
of 235 mL/100 g was obtained from Huang Yan ZheDong
Co. Bis (triethoxysilylpropyl) tetrasulfide (TESPT) or Si69
silane coupling agent was purchased from the Degussa
Corporation. Other materials including sulfonamide and
guanidines accelerators, anti-degradants, stearic acid,
zinc oxide and sulfur were supplied by Ding Yuan Co.
(China), Shandong Sunsine Co. (China), Southern Acids
Co. (Malaysia), Sepid Oxide Shokuhieh Co. (Iran) and
Teskdoc Iran Co., respectively.

Preparation of rubber composite

The base formula used is a blend of styrene-butadiene and
cis-butadiene rubber filled with carbon black. The carbon
black amount is 53 phr and the total amount of oil in the
formula is equivalent to 27 phr. Zinc oxide, stearic acid,
accelerator, sulfur, antioxidant and anti-ozonant agents are
other materials added to the radial passenger tire tread for-
mulations (Table 1). Three factors two levels full factorial

Table 1 Formulation of samples

Code Highly dispersible Alumina, aluminum Organoclay
silica sulfate oC
HDS AL (phr)
(phr) (phr)
Mix1 0 0 1
Mix2 0 3 1
Mix3 0 3 0
Mix4 20 0 0
Mix5 0 0 0
Mix6 20 3 0
Mix7 20 3 1
Mix8 20 0 1

Styrene butadiene rubber (SBR): 85 phr; cis-butadiene rubber (BR):
15phr; carbon black: 53 phr; oil: 27 phr; HDS: 0 or 20 phr; TESPT:
0 or 2 phr; activators: 3.3 phr; protectors: 3 phr; accelerators: 1.3 phr;
DPG: 0 or 0.4 phr; sulfur: 1.5 phr; PVI: 0.1 phr

design of experiments (FFDOE) were used to study the
effect of modified layered silicates, precipitated silica and
alumina incorporation into the base formula. Variable lev-
els were selected as follows:

High dispersible silica (HDS): 0 and 20 phr.

Alumina (AL): 0 and 3 phr.

Modified layered silicate (OC): 0 and 1 phr.

For the two-level three factorial experimental designs, a
total number of eight experimental runs, shown in Table 1
were performed. The composite marked with Mix5 is the
carbon black-filled reference formula. In the above design,
silica was used as an alternative in an amount equivalent to
the amount of carbon black. However, organoclay and alu-
minum additives were added to the formula without reduc-
ing carbon black. The DPG accelerator and silane coupling
agent were also used in the formulations containing silica.
Concerning the weight, the amount of silane was equivalent
to 10% of used silica and the diphenylguanidine accelera-
tor (DPG) amount was equivalent to 2% of used silica. The
composites were prepared by adding rubbers, chemicals
(antioxidant, antiozonants, stearic acid and zinc oxide), fill-
ers and oil under the same conditions and according to the
specified instructions in a 2-1 internal mixer of tangential
type (Pomini, Italy). The mixer rotor speed was selected at
40 rpm and the discharge temperature was 150 °C. The com-
posites were finalized on a two-roll mill (under the condition
of 50-60 °C roll surface temperature and 40 rpm of rotor
speed) by adding sulfur and accelerators. Two mixtures were
prepared and characterized for each composition.

Characterization

The density of uncured rubber composites was measured
by a Brabender Elatest rubber composite density measuring
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device (Germany). Curing properties include optimal cur-
ing time (T90), scorch time (TS2), minimum torque (ML),
maximum torque (MH), delta torque (DH) and curing rate
(Pr) were measured at 145 °C for 45 min by an oscillat-
ing die rheometer (ODR 2000 E, Alpha technologies). To
investigate the thermal and mechanical properties of rubber
composites (after 24 h of storage) they were vulcanized at
145 °C in a 20-ton curing press device. The vulcanization
time of the composites corresponded with optimum cure
time (T90) derived from curing curves of ODR 2000E. The
tensile stress (TS), elongation-at-break (EAB) and modulus
(M300) of rubber composites were determined as per ASTM
D412 using a tensile tester device (5—10 K-S, Hounsfield,
UK) and standard dumb-bell test pieces.

The DeMatia crack growth rate (DCG) was measured by a
flexing fatigue tester (Hounsfield, UK). Abrasion was deter-
mined by a DIN abrasion tester (Zwick 6104-H04, Germany)
according to ISO 4649. The total volume loss of samples was
reported. The hardness of vulcanizates was measured using
a Shore-A durometer (Zwick 3100, Germany) according to
ASTM D2240. The resilience of vulcanizates was deter-
mined by Wallace UK Dunlop Tripsometer R according
to DIN 53512. A Goodrich flexometer (FT-1110, Ueshima
Seisakusho Co., Japan) was used to test the heat buildup
of cylindrical specimens. The final sample temperature was
reported after 30 min from the start of the test. To determine
the aging behavior of composites, the dumb-bell shape sam-
ples of tensile test were placed at 100 °C for 72 h and the
tensile behavior was measured before and after aging. Then,
the aging coefficient (K) was calculated according to the
formula presented by Pan et al. [23] (Eq. 1):

K = -, 1

7 ey
where K is the aging coefficient, f, and f are the perfor-
mance functions before and after aging conditions, in which
f and f, are obtained from the following equation:

f=EAB X TS, )

where EAB is the elongation-at-break of rubber samples
and TS is the tensile strength. The bigger and closer to 1 as
value for K, the better aging behavior of the rubber sample
will be expected [23].

It is important to note that all tests for each composite
have been repeated three or four times and the final results
are average of data for each property.

To take FE-SEM images, white fillers (alumina, silica,
and organoclay) in the absence of carbon black and only
in the presence of curing agents (zinc oxide, stearic acid,
sulfur and accelerator) were added to the SBR/BR blend on
a two-roll mill. The specimen was then cured at 145 °C for
1 h in a suitable mold used to test hardness and resilience.
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After breaking the sample in liquid nitrogen and gold coat-
ing treatment, the hybrid filler morphology (dispersion) in
rubber composite was exhibited along with an elemental
analysis by field emission scanning electron microscopy
(FE-SEM) coupled with energy dispersive X-ray analysis
(EDX), MIRA3 FE-SEM/EDX (Tescan, Czech Republic).
The structure and dispersion state of fillers in rubber vul-
canizates in the presence of carbon black were also stud-
ied using an optical microscope, Dispergrader 1000 (Opti-
GRADE, Sweden).

The dynamic mechanical property analyses of some vul-
canizates were performed by a DMA1 dynamical mechani-
cal analyzer (Mettler Toledo, Switzerland) in tension mode
with constant frequency of 1 Hz and sweeping temperature
of =70 °C to 70 °C. Test samples were used with the length
of 14 mm, the width of 11 mm and the thickness of 1.5 mm.

To study the heat diffusivity behavior, a wire embedded
rectangular sample (Fig. 1) with a 5x5x2 cm? dimension
was cured for each composite. The cured samples were then
immersed in a silicon oil bath at temperature of 135+2 °C.
The temperature change of a point at the center of the sam-
ples was determined using a temperature recorder. In the
next step, the temperature—time data were used to calcu-
late the coefficient of thermal diffusion of rubber composite
(Alpha) using ABAQUS software. The three-dimensional
transient heat conduction equation (Eq. 3) was considered
for the problem simulation [24, 25]. In Eq. (3), the sample
temperature is based on the time variable (7), the location
(x, y, z) in the Cartesian coordinates and the thermal dif-
fusion coefficient of the rubber composite obtained from
Eq. 4, where £ is the thermal conductivity coefficient, C is
the thermal capacity and p is the density of the rubber com-
posite. After defining the problem in ABAQUS software, a
hypothesized amount was considered for heat conduction
coefficient and heat capacity, and the problem was solved.
The simulated temperature profile in the sample center was
compared with the experimental data for the thermocouple

Fig. 1 Heat diffusivity measurement sample
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test for the sample center. This process was repeated with
different values of k and C so that the simulation and experi-
mental profiles became as close as possible to each other.
The values of k and C which resulted in the best temperature
profile were used to calculate a:

0*T(x,y,z,t)  0°T(x,y,z,1)  0°T(x.y,z.1) _10T(x,y,z.1)
0x2 0y? 072 T a oT
3)
a= X “
pC

Statistical analysis and development of optimal
formulas

Data from full factorial design were used for determining
the regression coefficients of first-order model of Eq. (5)
[26, 27]:

Y = fy+ f; x HDS + p, Xx AL + 3 x OC
+ f, x HDS X AL + p5 x HDS x OC )
+ fs X AL X OC,

where Y is the predicted response (17 properties in the
present study), f, model constant, HDS, OC and AL are
the coded value of silica, organoclay and alumina, respec-
tively, f,, f, and ;5 are the linear coefficients and f,, 5
and p are the cross product or interaction coefficients. A
computer analysis has been done using commercially avail-
able package (MINITAB 17) to compute the equation con-
stants (f,—p¢) and their corresponding statistics. Fisher’s
analysis was used to examine the statistical significance of
the developed models. The confidence level was 90%. The
importance of the statistical model in MINITAB software is
investigated based on P statistics. If P calculated for a model
is < 0.1 (P model <0.1), then this model is statistically sig-
nificant. In the MINITAB software, P statistics are also used
to check the importance of each factor in the model. If the
value of P for each coefficient is < 0.1, then the coefficient
is statistically significant. Finally, a multi-objective optimi-
zation approach has been used in MINITAB17 software to
develop an optimum formula based on regression models.

Results and discussion
Filler dispersion
Figure 2 shows the FE-SEM images related to disper-

sion of hybrid filler system (HDS, AL and OC) in SBR/
BR based rubber matrix along with an elemental analysis

through EDX spectrum. Very fine nanoparticles of alumina
are hardly detected in elemental mapping images (Fig. 2¢)
placed next to larger agglomerates. The silica aggregates
along with larger agglomerates are also detected. The dis-
persion of HDS/AL, AL and OC alone in SBR/BR rubber
matrix is also presented in Figure S4 of Supplementary
Material. Figure 3 presents optical pictures of filler disper-
sion by Dispergrader in SBR/BR rubber matrix. The good
dispersion state of alumina filler system, organoclay filler
system, silica/alumina binary filler system, silica/alumina/
carbon black ternary filler system and carbon black filler
system have been shown in rubber matrix.

Properties of rubber composite

The formulations of the composites and the properties
obtained from the experiments are given in Tables 1 and 2,
respectively. The model fitting assessment based on several
statistics including the variance, the coefficients of multiple
determination (R* and Ri dj) and analysis of variance P model

statistics is presented in Table 3.

In this study, the regression models of the properties with
a P value of < 0.1 are considered to be statistically sig-
nificant. They include seven properties: scorch time (TS2),
optimal curing time (T90), curing rate (Pr), thermal diffu-
sion coefficient (Alpha), heat buildup (HBU), DeMatia crack
growth (DCG) and abrasion. The coefficients of fitted equa-
tion for statistically significant properties (responses) and
their percent significance in the form of P value are shown in
Table 4. Wherever the P statistic is < 0.1, the corresponding
term is statistically significant at 90% confidence level. The
interaction effects curve is plotted for properties with sta-
tistically significant interaction terms. For other properties,
only the main effects curve is plotted. DOE-based regression
models have been also employed by other researchers in rub-
ber compounding studies, for example by Ghasemi et al. [28]
and Balachandran et al. [29].

Density and curing characteristics of composites

The effect of the formula factors on the rubber compos-
ite density is shown in Fig. 4. The density of composites
increases by changing the formula factors based on the
experimental design. This is mainly due to higher particle
density of silica (2.1 g/cm®) than carbon black (1.8 g/cm?)
and higher particle density of alumina (0.93 g/cm?) and
organoclay (1.07 g/cm?) than gum rubber (0.92 g/cm?) as
well as the presence of silane coupling agent along with
silica. Figure 4 also shows the dependence of the curing
properties of the rubber composite including the minimum
torque (ML), the maximum torque (MH), the delta torque
(DH) and MH-ML to the three variables of silica (HDS),

gBlpPI @ Springer
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Fig.2 a FESEM images of HDS/AL/OC ternary hybrid filler system in SBR/BR composite at 500x (b) EDX spectrum and (c) elemental map-

ping analysis

alumina (AL) and organoclay (OC) in the form of the main
effects curves, which demonstrates that ML decreases by
replacing part of the carbon black with silica. On the other
hand, the DH increases, so that the MH will eventually be
remarkably unchanged. ML increases in the presence of
alumina and DH remains unchanged, while MH slightly

gslppl @ Springer

increases. The reduction of ML (melt viscosity) through
partial substitution of carbon black with HDS demonstrates
lower filler/rubber interaction of silica compared to carbon
black. However, the increase of ML with AL at fixed load-
ing of carbon black may be due to high interactions between
alumina particles and rubber chains. After loading 1 phr of
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Fig. 3 Dispergrader pictures of filler dispersion in SBR/BR composite (a) gum vulcanizate, (b) AL (3 phr), (¢) OC (3 phr), (d) HDS/AL (20/1.5
phr), (e) carbon black/HDS/AL (33/20/1.5 phr) and (f) carbon black (53 phr)

OC, small changes can be observed in ML, as well as a slight
increase in MH and DH indicating a slight increase in sulfur
crosslink density.

Enhancement of DH with HDS may be attributed to the
increasing effect of silane coupling agent on the crosslink
density of the composites, because new covalent bonds may
be formed between silica surface and rubber chains through
silane bridges during curing period. In addition, every mole-
cule of TESPT contains about four sulfur atoms and elemen-
tal sulfur can be detached from the silane coupling agent by
heating. In general, the increase in the amount of elemental
sulfur in a rubber composite causes the increase of crosslink
density and the content of polysulfide crosslinks [30].

Figure 5 shows the interaction effects curve for the three
curing properties including TS2, T90 and Pr. Statistical anal-
ysis (Table 3) shows that the dependence of all three proper-
ties is significant (P values for TS2, T90 and Pr model are
0.032, 0.068 and 0.026 < 0.1, respectively). Table 4 shows

the model coefficients for these three properties. Silica and
OC significantly reduce the composite TS2, while alumina
shows a minor incremental impact on TS2. Optimum cur-
ing time (T90) significantly decreases in the presence of
OC, as contrarily, it increases in the presence of alumina.
In general, the effect of silica on the optimal curing time is
negligible. Pr decreases in the presence of alumina and silica
and it increases in the presence of OC. The negative effect
of alumina on the curing behavior, which is reflected in the
reduction of Pr and the increase of T90 of rubber composite,
is related to the acidic nature of these particles. The pres-
ence of surface OH groups of alumina has been observed in
the FTIR spectrum (Figure S1 in Supplementary Material).

Silica also shows an acidic nature due to the presence of
silanol groups. When silica is used alone, the replacement
of some of it with carbon black has a negative effect on
the curing system of rubber. Using appropriate amounts of
the silane coupling agent and mixing them at appropriate

gglppl @ Springer
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Table 2 Rheometry properties at 145 °C and other properties

Properties Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8
Density (g/cm?) 1.132 1.141 1.138 1.139 1.128 1.145 1.149 1.141

ML (Ib-in) 7.28 8.05 8.01 6.91 7.79 6.98 7.25 6.92

MH (Ib-in) 31.41 33.39 31.61 31.85 32.29 32.26 32.1 32.22

DH (Ib-in) 24.13 25.34 23.60 24.94 24.49 25.28 24.85 25.30

TS2 (min) 9.52 9.48 11.18 9.13 11.31 9.46 9.02 8.47

T90 (min) 21.26 22.84 28.56 24.34 26.45 28.28 25.73 23.04

Pr (Ib-in/min) 3.80 3.29 2.30 3.10 2.89 2.19 2.40 3.29

TS (MPa) 1526+1.06 16.56+08 15.96+0.6 1550+12  1503+0.9  1643+1.1 14.46+1.1 14.73+0.7
EAB% 381.9+1.3 411.52+0.8 395.77+0.6 383.16£12 378.53+0.58 422.19+1.3 385.74+0.9 388.59+0.7
M300 (MPa) 8.07+0.8  8.05+1.05 8.15+12  825+0.7 8.26+0.4 774083  7.66x12 7.58+0.66
Aged TS (MPa) 1294403 1255+1.1 1141+05 1257+07  13.78+1.1 13.38+0.9 13.74+12  12.88+0.6
Aged EAB (%) 200.16+3.6 190.51+23 215.30+2.1 179.99+1.45 233.17+3.8 148.64+13 185.10+£1.28 219.26+3.1
Abrasion (mm?) 76+0.6 105+0.57 97+0.9 96+ 1.1 80+0.4 93+0.5 100+0.6 90+0.8
Hardness (SHORE A) 59+1.2 60+0.7 60+0.6 58+0.57 60+0.9 61+1.05 61+0.5 60+0.8

K 0.4 0.4 0.4 0.4 0.5 0.3 0.4 0.5

DCG (mm/kc) 0.90 0.86 0.60 0.63 0.84 0.39 0.43 0.52
Resilience (%) 24.9 24.9 24.9 27.1 27.1 24.9 24.9 27.1
Alpha(a) (m?%s) 2.1x1077  23x1077 1.6x1077  2.1x1077 1.5%1077 26%x1077  24x1077 1.9%1077
HBU (°C) 85 88 87 78 82 84 84 79

ML minimum torque, MH maximum torque, DH delta torque, 752 scorch time, 790 optimum curing time, Pr curing rate, 7S tensile strength,

EAB elongation-at-break, DCG DeMatia crack growth, HBU heat buildup

Table 3 Statistical analysis results for the properties

No. Property S R? R: i P model
1 Density 0.00106 99.64 97.50 0.112
2 ML 0.10253 99.36 95.45 0.150
3 MH 1.12784 49.23 0.00 0.953
4 DH 1.02177 62.06 0.00 0.896
5 TS2 0.04596 99.97 99.80 0.032
6 T90 0.25456 99.87 99.07 0.068
7 Pr 0.02121 99.98 99.86 0.026
8 TS 0.55508 92.58 48.06 0.486
9 EAB 19.18380 78.39 0.00 0.754
10 M300 0.19092 93.15 52.06 0.469
11 K 0.03536 95.65 69.57 0.380
12 DCG 0.01768 99.89 99.21 0.063
14 Abrasion 0.35355 99.98 99.87 0.025
15 Hardness 1.06066 83.64 0.00 0.680
16 Resilience 0.77782 93.33 53.33 0.463
17 HBU 0.35355 99.86 99.00 0.071
18 Alpha 0.035355  99.88 99.14 0.066

temperature and time conditions, the process of modifying
the silica can be accomplished well through the silaniza-
tion reaction inside the internal mixer [10, 20]. This effect,
along with the use of minor amounts of DPG accelerators
prevents significant change in curing time and the T90 of the
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rubber composite in the presence of silica. Guanidine-type
accelerators are commonly recommended with a thiazole or
sulfonamide primary accelerators [9, 10].

The increasing effect of OC on Pr and its decreasing
effect on T90 and TS2 of the rubber composite are due to the
alkaline nature of the organoclay produced by modification
with ammonium salts. The presence of these surface groups
is observed by the FTIR spectrum of OC (Figure S1 in Sup-
plementary Material). The band of 1467 cm™! is assigned to
the ammonium salt [14]. Improvement of curing behavior in
the presence of OC (ammonium salts-modified montmoril-
lonite) has been addressed in several articles [14, 15].

The interaction plots for TS2 (Fig. 5a), T90 (Fig. 5b)
and Pr (Fig. 5c) also show that there is an interaction effect
between OC and HDS. The f35 coefficient of Eq. 5 is statisti-
cally significant for above properties from P value <0.1 of
HDS X OC term as presented in Table 4. According to the
interaction plots demonstrated in Fig. 5, the rubber com-
posites including 1 phr of OC exhibits a severe decrease of
TS2 and T90 and a severe increase of Pr in the absence of
HDS (0 phr). However, the slope of the curves decreases
in the presence of HDS (20 phr). This effect may also be
explained according to the presence of silane coupling agent
and its interactions by OC as it has already been addressed
by some researchers [5, 31]. Clay which has a surface com-
posed of Si—-OH and Al-OH functionalities is capable of
covalent bond formation with silane coupling agent [5].
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Table 4 Regression coefficients and statistical significance of the coefficients (Eq. 5)

ﬁOa ﬁl ﬂZ ﬂS ﬂ4 ﬁS ﬂﬁ
(P value) (P value) (P value) (P value) (P value) (P value) (P value)
TS2 9.6963 (- 0.001) — 0.6762 (- 0.0887 (= 0.115) —0.5738 (- 0.2625 (- 0.078) 0.5975 (= 0.035) 0.0775 (— 0.253)
0.015) 0.018)
T90 25.0625 0.2850 1.2900 — 1.8450 0.3675 0.8825 —0.2225
(0.002) (0.195) (0.044) (0.031) (0.153) (0.065) (0.245)
Pr 2.90750 —0.16250 —0.36250 0.28750 —0.08750 —0.18750 0.01250
(0.002) (0.029) (0.013) (0.017) (0.054) (0.025) (0.344)
DCG 0.64625 —0.15375 —0.07625 0.03125 — 0.00625 — 0.04875 0.04375
(0.006) (0.026) (0.052) (0.126) (0.500) (0.081) (0.090)
Abrasion 92.125 2.625 6.625 0.625 —4.875 —-0.375 3.125
(0.001) (0.030) (0.012) (0.126) (0.016) (0.205) (0.025)
HBU 83.375 —2.125 2.375 0.625 0.375 —-0.375 —-0.375
(0.001) (0.037) (0.033) (0.126) (0.205) (0.205) (0.205)
Alpha 2.0625 0.1875 0.1625 0.1125 0.0875 —0.2125 0.0125
(0.004) (0.042) (0.049) (0.070) (0.090) (0.037) (0.500)
Y = B, + B; X HDS + f, X AL + B, X OC + , x HDS X AL + f5 x HDS X OC + f; X AL x OC
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Fig.4 Main effects plots of filler concentration for (a) density, (b) minimum torque (ML), (¢) maximum torque (MH) and (d) delta torque (DH)
of rubber composites

Silanol groups on the clay surface and ethoxy group of silane
coupling agent interact with the release of ethanol to provide
the chemical anchorage on the clay surface [32]. So, the
catalytic activity of OC for sulfur curing of rubber may be
decreased due the presence of silane macromolecules which

are attached to the clay surface and their inhibition effects
for quaternary ammonium groups of OC. However, this topic
needs further study. The presence of Si—-OH group on OC
may be confirmed by FTIR (Figure S1 in Supplementary
Material). The bands at 3630 cm™! are associated with the
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Fig. 5 Interaction plots of filler concentration for (a) scorch time (TS2), (b) optimum curing time (T90) and (c) curing rate (Pr) of rubber com-

posites

stretching modes of Si—OH group. It is interesting that the
interaction effects between HDS and OC have been also pre-
sented in other properties such as DCG and HBU which are
more sensitive to the changes of sulfur crosslinks (refer to
the following sections).

Hardness and resiliency behavior of rubber
composites

The variation of hardness (Shore-A) and rebound resilience
with content of HDS, AL and OC is shown in Fig. 6 as
main effects plot. The filler loading directly affected the
polymer—filler interaction, which in turn, is reflected in the
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<C
@
S 625
e
L
@ 600~m._.___.-0,,,,,,,,m/ ,,,,,,,, —t
2
T 575
©
I
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hardness and rebound resilience of composites [7]. In this
study, the variation of hardness is the same as the maximum
torque variation. Alumina shows an incremental effect on
this property. On the other hand, alumina shows a decreasing
effect on resilience, while silica shows a slight incremen-
tal effect. The greater rebound resilience of the composites
in the presence of silica is due to the weaker rubber/filler
interaction which meant that less energy was dissipated by
friction of the rubber on the filler surface [7]. The hard-
ness main effects plot for silica shows that weaker silica/
rubber interaction may be compensated through the increase
of crosslink density by adding TESPT to obtain the same
hardness as carbon black. The reinforcing effect of AL may

HDS AL oC

28.0
272
o 264
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24.8
24.0
232

—_—
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Resilienc

Fig.6 Main effects plots of filler concentration for (a) hardness and (b) resilience of rubber composites
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be also confirmed by its increasing effect on the hardness
and its decreasing effect on the resilience of the compos-
ites. Introduction of reinforcing filler caused the reduction
of resilience or the increase of hysteresis due to the energy
consumed by polymer/filler friction [7].

Tensile and aging behavior of rubber composite

The change in tensile properties including tensile strength,
elongation-at-break and modulus, as well as aging coef-
ficient (K) profiles with respect to HDS, AL and OC con-
tents, as main effects, is shown in Fig. 7. The changes
are not great and highly considerable based on statisti-
cal analysis (Table 3). However, the presence of alumina
seems to cause the increase of tensile strength and elon-
gation-at-break of the composite. All three factors show a
slight reduction in rubber composite modulus. According
to the tensile and modulus results, HDS shows slightly less
reinforcing effects than carbon black. Similar results have
been presented by Custodero and Tardivat who have com-
pared the effects of carbon black, high dispersible silica
(Z1165) and alumina on mechanical properties of SBR
rubber composites [33]. This comparison has been also
done by Gherib et al. [34]. Galimberti et al. stated that in
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SBR-based composites with 60 phr of carbon black, the
replacement of carbon black with the same volume frac-
tion of OC (5 and 10 phr) led to the reduction of modulus,
elongation-at-break and tensile strength of rubber com-
posite [11]. This study also demonstrated the same results
when 1 phr of OC was loaded. As stated by Jeon et al.,
the decrease in tensile strength by OC can be attributed
to the decrease in homogeneity of the composites due to
increasing in curing rate (Pr) [35]. The increase in tensile
strength by AL can also be addressed through the increase
in composite homogeneity as a consequence of the signifi-
cant decrease in composite curing rate.

As an indirect method, it might be beneficial to study
aging coefficient (Fig. 7d) to examine the types of crosslinks
in the presence of different fillers. The aging behavior of
sulfur-cured rubber composites depends on crosslink distri-
bution. In addition, higher curing rate of rubber composite
favors the formation of monosulfide rather than polysulfide
bonds, accordingly better aging properties may be obtained
[36]. The above results can be interestingly confirmed by
comparing the plots of Fig. 5c (curing rate according to the
HDS, AL and OC) and Fig. 7d (K according to the HDS, AL
and OC); OC shows an improving effect (higher K values)
on aging property along with the increase in curing rates,
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Fig. 7 Main effects plots of filler concentration for (a) tensile strength force (TS), (b) elongation-at-break (EAB), (¢) modulus 300% (M300) and

(d) aging coefficient (K) of rubber composites
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while AL and HDS show a decreasing effect on K by the
decreases of curing rate.

Failure properties and rubber composites hysteresis

Figure 8 shows the interaction effects plot for DeMatia crack
growth of rubber composite. The developed model for this
property is significant based on statistical analysis; the cal-
culated P values of the model for DCG is 0.063 (Table 3).
The coefficients of the regression model and the importance
of each coefficient are also presented in Table 4.

It is evident from Fig. 8 that both silica and alumina
show significant improving effects on the DeMatia crack
growth. The DeMatia crack growth of elastomer composite
depends on the modulus. Aure et al. showed that DeMatia
crack growth resistance of carbon black-filled SBR com-
posites decreases linearly with increase of modulus 300%

Fig. 8 Interaction plots of filler

[37]. So, part of this improvement behavior may be due to
the reduced impact of these two mineral fillers on the rub-
ber composite modulus. However, the changes in modulus
are not significant compared to the significant improvement
of DCQG in the present study. The capacity to dissipate the
stress concentration around the cracks is important for crack
growth behavior of filled elastomers. Grosch et al. found that
the hysteresis property is useful in estimating the relative
strength of rubbers [38]. Dizon et al. showed that DeMa-
tia crack growth of carbon black-filled SBR rubbers is very
dependent on the carbon black structure and higher structure
carbon blacks exhibited a significantly higher energy dissi-
pative capacity and improved DeMatia crack growth behav-
ior than their low structure counterparts [39]. Therefore, in
the next step of the present study a dynamical mechanical
analysis was conducted to better investigate the energy dis-
sipative behavior of carbon black-filled composites in the
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presence of mineral fillers. Figure 9 presents the tempera-
ture dependence of storage modulus and tan & of compos-
ites filled with carbon black, carbon black/HDS and carbon
black/HDS/AL. Tan § is the ratio between loss modulus and
elastic modulus. The loss modulus represents the viscous
component of modulus and includes all the energy dissipa-
tion processes during dynamic strain. According to Fig. 9a,
all composites show similar behavior in storage modulus at
higher temperatures (rubbery state). The storage modulus of
the vulcanizates in the rubbery state can be used to evaluate
filler/filler interaction [6]. Figure 9a shows that compared
to the carbon black-filled vulcanizate no severe agglomera-
tion of filler nanoparticles or strong filler network structure
may be formed in carbon black/HDS-filled and carbon black/
HDS/AL-filled vulcanizates in the presence of silane cou-
pling agent. Also, according to Fig. 9b, the tan & peaks of the
carbon black/HDS and carbon black/HDS/AL vulcanizates
are higher than those of the carbon black vulcanizate, indi-
cating that the filler network structure of carbon black/HDS
and carbon black/HDS/AL vulcanizates are weaker than that
of the carbon black vulcanizate. Because, it is well-known
that in the glass transition zone, the main source of energy
dissipation and hysteresis loss is from the polymer matrix
and the filler network cannot be easily broken, so the weaker
filler network structure leads to the higher tan & peak [40]. In
addition, according to Wang, at higher temperatures, where
the polymer is in its rubbery state with very high entropic
elasticity and low hysteresis, the cause of energy dissipation
is related to the change of filler network structure during
cyclic strain [8]. Therefore, at above 50 °C, where filler/filler
interactions play dominant role in dissipative behavior of
elastomer composites, carbon black/HDS/AL vulcanizates
show again higher tan d values, meaning that there are lower
interparticle distances between fillers in this hybrid filler
system compared to carbon black single filler system due to
the presence of alumina particles along with high dispers-
ible silica aggregates. So, better crack growth behavior of
carbon black/HDS/AL ternary hybrid filler system may be
attributed to its higher energy dissipative behavior compared
to carbon black alone.

However, carbon black/HDS-filled composite (in the
absence of alumina) exhibits less energy dissipative behav-
ior, because lower values of loss factor at higher temper-
atures (above 50 °C, Fig. 9b) compared to carbon black-
filled counterpart. Therefore, other mechanisms should be
involved in improving crack growth behavior in the presence
of silica, although, further study is needed to better under-
stand the crack growth behavior of elastomer composites
in the presence of mineral fillers: (1) by reducing curing
rate due to loading silica and alumina, rubber fracture can
be suppressed by a non-uniform stress distribution. It hap-
pens as a consequence of extended curing which results in a
more homogeneous rubber composite as stated by Jeon et al.

[35]; (2) crack growth resistance property of silica (and may
be also alumina particles) as described by Bhattacharyya
et al. which the silica particles due to their surface structure
help to crack arresting [7] and (3) as stated in the previ-
ous sections, the improving effect of HDS and alumina on
DCG may also be considered from the viewpoint of higher
polysulfide crosslink density, which shows improving effects
on crack growth behavior of the composites. The effect of
crosslink density on fatigue crack growth behavior of rubber
composites has been well described by Tse et al. [41]. The
polysulfide crosslinks show better fatigue performance due
to the breaking and reforming capability of cyclic deforma-
tions [41]. The statistical analysis of Table 4 for DCG shows
that HDS X OC interaction term is statistically significant
(P value=0.081). The interaction plots of Fig. 8 show that
the crack growth of the composites is not influenced by OC
in the presence of HDS, but it increases in the absence of
HDS, although the modulus of the composite decreases
by OC. This behavior may be also described through the
effects of filler and silane coupling agent on the curing rate
and type of sulfur crosslinks. The increasing effect of OC
on DCG in the absence of HDS may be explained through
the decreasing effect of OC on composite homogeneity and
its increasing effect on the monosulfide crosslink density
based on the increasing effect of OC on Pr. However, in the
presence of silica/silane system with lower curing rates and
higher content of polysulfide crosslinks and crack arresting
capability of silica particles, the negative effect of OC on
DCG is reduced.

The effect of the formula factors on the abrasion behavior
of the rubber sample is shown in Fig. 10a and Table 4 (abra-
sion model). Interaction effects are statistically significant
(P values for g, and p4 coefficients are 0.016 and 0.025,
respectively, which are lower than 0.1, as in Table 4), and it
complicates abrasion behavior. Abrasion resistance is a test
of great importance as it can be related to the durability of
tires. The effect of OC on abrasion behavior is not statisti-
cally significant (P value of $;=0.126>0.1, see Table 4).
Mohanty et al. showed that partial replacement of carbon
black with OC (3 and 5 phr) results in decreased resistance
to abrasion of SBR composites [42]. Despite the use of a
highly dispersible silica with high surface area and the pres-
ence of silane coupling agent as an efficient surface modifier,
a relatively slight increase (but statistically significant) in
DIN abrasion by silica may be confirmed by the regression
model for abrasion (P value of ; =0.03<0.1, Table 4) and
interaction plots of Fig. 10a.

The observed decrease in abrasion resistance is in agree-
ment with the change in glass transition temperature (7},)
of carbon black-filled SBR composite in presence of min-
eral fillers as shown in Fig. 9b. The T, of carbon black/
HDS and carbon black/HDS/AL filler systems has increased
compared to the T, of carbon black counterpart. Keinel and
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Fig. 10 Interaction plots of filler
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Dizon showed that the polymers with higher 7, give greater
abrasion loss or poorer abrasion resistance [43].

A good comparison between high dispersible silica
(Z1165 MP) and carbon black performance on the abrasion
behavior of SBR and SBR/BR tread tire composites pre-
sented by Wu showed that carbon black-filled rubber was
more susceptible to smearing wear than the silica-filled rub-
ber, and during mechano-chemical degradation a sticky layer
was generated on the rubber surface [44]. This behavior is
called “smearing wear” with an improving effect on abrasion
behavior [44].

Alumina shows an increasing effect on abrasion
(Fig. 10a). This effect may be due to some large agglomer-
ates that are formed along with very fine nanoparticles as
depicted in Fig. 2c. Figure 10a also shows that the negative
effect of alumina on the abrasion decreases in the presence
of silica. The abrasion behavior of the rubber is significantly
dependent on the dispersion degree of the filler and rub-
ber composite modulus [45, 46]. Because minor amounts of
silane have been used in silica formulas, it is likely that the
silane coupling agent would improve the alumina surface
and its dispersion [17]. These interaction effects were more
reflective in the abrasion properties. Wang et al. proposed
a modification plan of the alumina surface during mixing
with the silane coupling agent [17]. Under the shear stress
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and high temperature of mixing process, the silane coupling
agent TESPT will be firstly grafted on the surface of alu-
mina particles through the condensation reaction between
the hydroxyl group on the alumina surface and ethoxy group
of silane. In the next step, the reaction between surface-mod-
ified alumina and rubber chains occurs through the sulfur
coupling during the curing process. So, possibly better dis-
persion and strong chemical coupling between alumina and
rubber can have a beneficial effect on abrasion behavior [47].

The Goodrich heat buildup of composites is presented
in Fig. 10b. The regression model based on factor variables
and their significance is presented in Table 4. Alumina incre-
mental behavior and silica reduction behavior on HBU are
both statistically significant according to the coefficients of
f, and 3, for HBU (Eq. 5) which are —2.125 and 2.375 with
corresponding P values of 0.037 and 0.033 <0.1, respec-
tively. However, the coefficient of B; for HBU model (Eq. 5)
is 0.625 with corresponding P value of 0.126 > 0, indicat-
ing the increasing effect of OC which is not significantly
important.

Silica reduces the rubber composite heat buildup. This
is the expected behavior of silica in the replacement of car-
bon black, which has been addressed at several references
[10, 48]. The heat buildup result of silica is in agreement
with the loss factor (Tan O) result at temperatures above
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50 °C (Fig. 9b). Both behaviors may be due to lower filler/
filler interactions as discussed previously according to the
Wang statements [8]. In addition, it is important to note that
improvement of the rubber heat build-up by partial substi-
tution of carbon black with highly dispersible silica in the
presence of silane coupling agent is better to be explained by
the reduction of filler/rubber interactions rather than filler/
filler interactions, as discussed by Byers [10]. He stated that
the primary contributor to make differences in Payne effect
in filled rubber systems is the adsorption/desorption of pol-
ymeric chains at the interface (filler/polymer interaction)
rather than a filler network effect.

In agreement with Tan 8 results at temperatures above
50 °C (Fig. 9b), alumina shows an incremental effect on the
heat build-up behavior, that confirms again the increase of
energy dissipative behavior of the composites in presence of
alumina particles. The OC shows a slight incremental behav-
ior on rubber heat build-up. Statistical analysis of Table 4
does not consider this behavior to be statistically signifi-
cant. The increase of HBU in SBR tire tread formulation
as the carbon black is increasingly replaced by OC is also
reported by Mohanty et al. [42], because the possibility of
fillers-OC interface formation should be increased, leading
to increase in inter-filler friction which ultimately results
in loss of energy in the form of heat as stated by Mohanty
et al. [42]. The increasing effect of OC on hysteresis of SBR
and BR rubber composites has been also reported by Ganter
etal. [31].

Thermal conductivity behavior

Figure 11 shows the dependence of thermal diffusion coef-
ficient (Alpha) on three variables, OC, silica and alumina
contents by which all three factors have incremental effects
on this coefficient. Statistical analysis of Table 4 shows that
the effect of all three variables is statistically significant

Fig. 11 Interaction plots of

(f,=0.1875 with P value=0.042<0.1, §,=0.1625 with P
value=0.049<0.1 and $;=0.1125 with P value=0.07 <0.1
for Alpha regression model). Also, the interaction effects
of silica-organoclay and silica-alumina are significant
($,=0.0875 with P value=0.09 <0.1 and f5=-0.2125 with
P value=0.037<0.1).

The size and shape of the filler, the thermal conduc-
tivity of the filler, the filler/polymer interaction, the filler
agglomeration and free volume influence the thermal con-
ductivity behavior of the polymer nanocomposites as stated
by Tsekmes et al. [3]. Therefore, in the present study, the
improving effect of mineral fillers on heat conductivity may
be described according to the following interconnected
important phenomena: (1) the distance between filler parti-
cles that depends on filler content and filler dispersion and
agglomeration state in rubber matrix and (2) phonon scat-
tering phenomena that it is very dependent on filler/rubber
interactions. As it is clearly presented in Fig. 3, comparing
with carbon black-filled composites (Fig. 3f), the distance
between fillers has been decreased in a mixture of carbon
black and mineral fillers (Fig. 3e). Gua et al. in their review
article stated that the use of a hybrid filler (two or more fill-
ers alongside each other) has a significant synergistic effect
in increasing the thermal conductivity of the polymer [1],
and the presence of alumina particles along with coarse fill-
ers has led to a significant increase in composite thermal
conductivity. The finer particles can be located between the
coarse particles and cause uniformity in the direction of heat
conduction [1, 4]. Increasing the rubber thermal conductiv-
ity with the presence of alumina particles can be attributed
to the high thermal conductivity of these particles and their
appropriate morphology in the rubber matrix (Fig. 2b). The
improvement of rubber thermal conductivity in the pres-
ence of alumina has been reported by some researchers [16,
17]. Li et al. have shown that the heat conductivity of gum
ESBR can be increased by 60% by adding 100 phr of micro
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size alumina particles [16]. Compared to 20% by volume
of carbon black- and silica-filled EPDM composites, a 50%
increase in thermal conductivity of EPDM rubber has been
reported in the presence of 20% by volume of alumina nano-
particles [17]. Han et al. also reported a 20% of increase in
the thermal conductivity of the epoxy composite in the pres-
ence of alumina filler agglomerates [49]. The relatively simi-
lar improvements of heat conductivity behavior (about 50%
increase of Alpha) are evidenced in the present study with
quaternary hybrid filler system of alumina besides carbon
black, HDS and OC. It has been reported that the agglomera-
tion of the filler particles increases the composite thermal
conductivity [3]. Evans et al. modeled the role of agglomer-
ates in thermal conductivity behavior [50]. So, increasing
the rubber thermal conductivity by replacing part of the
carbon black with silica can be attributed to the creation of
more agglomerates or a filler network with closer particles
by this filler (Figs. 2, 3d, e), which increases the conduction
paths of heat. According to DMA and microscopic results of
the present study, there is no severe agglomeration in carbon
black/HDS/AI hybrid filler system, but the fillers are closer
to each other compared to carbon black filler system.

Ghoreyshy and Abbassi-Sourki have shown the impor-
tant contribution of silica dispersion to rubber thermal dif-
fusion coefficient [22]. The use of solution SBR instead of
emulsion SBR results in better silica dispersion and reduces
rubber thermal conductivity, probably due to the decrease
of heat conductive paths. It is worth mentioning that in the
above article [22], the Alpha of carbon black-filled emulsion
SBR composite (measured at 130 °C) has been improved
by about 25% using HDS/carbon black binary filler system.
However, an improvement of more than 50% in heat diffu-
sivity coefficient of carbon black-filled emulsion SBR com-
posite is observed in the presence of quaternary hybrid filled
system of the present study.

Regarding the improving effect of OC on the rubber
thermal diffusion coefficient as presented in Fig. 11, it can
also be noted that, according to the references [50, 51], the
high-aspect ratio plate fillers show a positive effect on the
thermal conductivity behavior of the polymer. Because the
high aspect ratio can favor the formation of heat conduc-
tion networks by reducing the percolation threshold and the
interfacial thermal resistance [50, 51]. The impact of the
clay filler on the free volume of rubber or in other words the
thermal conductivity coefficient has also been reported. Roy
et al. studied three different modes of polymer—clay nano-
composite, in which the free volume was reduced [52]. It is
believed that the filler/rubber interactions affect the thermal
conductivity [1, 3]. Better adhesion and bonding between
the filler and the polymer can reduce the phonon scattering
and improve thermal conductivity [1, 4]. The effect of using
coupling agents to improve the thermal conductivity of filled
composites is well reviewed [1, 3]. The interaction effects

gslppl @ Springer

curve presented in this article suggests that in the presence
of a silane coupling agent, alumina is more effective on ther-
mal conductivity. Basically, according to existing references
[10, 17], the modification of the silica and alumina with the
silane coupling agent causes a better filler/rubber interac-
tion, which has a positive effect on the thermal conductivity
behavior by reducing the phonon scattering [1, 4]. Sarkawi
et al. portrayed voids in the silica-rubber interfaces during
the study of silica dispersion in the NR matrix without a
coupling agent that was carried out by TEM [53]. These
voids are the result of a weak interaction of silica/rubber,
which can have a negative effect on rubber thermal conduc-
tivity. Therefore, the role of the silane coupling agent fac-
tor and the modification of silica or alumina surface, which
increases the interaction of filler/rubber and the reduction of
cavities, is very important [53]. Also, the correction of the
nanoparticle surface provides the potential for reducing the
free volume of the composite, since the formation of chemi-
cal bonds at the surface of the filler/rubber contact reduces
the interfacial density and minimizes imperfections such as
microcavities [53].

Optimal formula development

The results from Table 2 show that Mix 6 composite includ-
ing ternary filler system (carbon black =33, HDS =20,
AL =3 and OC=0 phr) and Mix 7 composite including qua-
ternary filler system (carbon black =33, HDS =20, AL=3
and OC =1 phr) have the highest heat diffusivity coefficients
and the best crack growth behavior, keeping the same val-
ues of modulus, hardness, HBU and resilience. However,
T90 for Mix 6 composite is higher than the reference carbon
black-filled composite (Mix 5) with a slight increase in DIN
abrasion. T90 for Mix 7 composite is decreased due to the
presence of OC, whereas its DIN abrasion is high. Here-
after, a multi-objective optimization on the basis of desir-
ability function approach has been conducted with the aid of
factorial response optimizer tools of MINITAB software to
achieve the best conditions of HDS, AL and OC according
to regression models for key composite properties. The use
of optimization algorithms in DOE studies on the basis of
regression polynomial models has been well addressed [27,
54]. The approach of desirability function is widely used in
industry for the optimization of multiple response processes
[54].

The optimal formulation has been presented in Table 5
that proposes the replacement of 20 phr of carbon black by
20 phr of silica, besides adding 0.5 phr of modified layered
silicate and 1.2 phr alumina filler. Five key properties with
statistically significant regression model were considered
to develop an optimal formulation. The expected properties
as well as the experiment results for the proposed optimal
formula are presented in Table 5. In the last column of the



Iranian Polymer Journal (2020) 29:957-974

973

Table 5 Formula optimization

Optimum formula® Reference
HDS (phr) 20 0
AL (phr) 1.2 0
OC (phr) 0.5 0
Abrasion (mm?®) 93 (94.374 +£0.2299) 80
DCG (mm/ke) 0.50 (0.51071+0.11493) 0.84
HBU (°C) 81 (80.649 +0.2299) 82
Alpha (m%s) 2 (2.1967 £0.2299) 1.5
T90 (min) 24.7 (24.996 +0.1655) 26.45

#The values in parentheses are data predicted from regression models

table, the properties of the reference composite are given
for comparison (Mix 5). The results of Table 5 (experi-
ments and predicted values) show that the optimal formula
has much better DeMatia crack growth than carbon black
reference formula, and only a slight decrease is observed in
the abrasion behavior. The thermal diffusion coefficient of
the composite is higher than that of the reference sample and
the optimal curing time of the composite is lower than that
of the carbon black reference. Kim et al. stated that com-
posites manufactured by ternary filler system using carbon
black, silica (HDS) and OC based on 100 phr SBR have a
potential for tire tread applications [13]. The present study
also reveals the potential to develop a heat conductive tire
tread composite using the above ternary filler system along
with heat conductive reinforcing filler such as nanoalumina.

Conclusion

The effects of quaternary filler composite including carbon
black, high dispersible silica, modified layered silicate and
alumina alongside the silane coupling agent in SBR/BR
blend used in a tread tire were studied. An optimum formu-
lation was developed with better crack growth properties,
higher thermal conductivity and lower sulfur curing time
compared to carbon black tire tread composite.

From the viewpoint of transport phenomena, the SBR/BR
composite thermal conductivity coefficient was improved
significantly by applying this new filler system. Therefore,
it is expected that the temperature of the thick parts, such as
tread, will increase faster during the sulfur curing process,
which will decrease the time required to cure the piece and
also will result in the more uniform distribution of the prop-
erties in different points of the rubber parts.

From the sulfur curing kinetics point of view, the faster
sulfur curing of this composite is the other advantage of the
use of quaternary filler blend, which is again in line with the
goals of reducing the rubber curing time, reducing produc-
tion costs along with maintaining product quality. It is also

important to reduce the rubber curing time from the environ-
mental point of view, as well as to reduce the carbon black
contribution in the filler system and replacing it with white
ecofriendly fillers which is the other positive environmental
aspect of this composite.

Finally, from a performance viewpoint, a composite with
improved crack growth and a rather weaker abrasion behav-
ior has been developed that it is meant to further study and
predict its performance on road.
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