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ABSTRACT: The physicomechanical properties, curing
characteristics, and morphological behaviors of styrene–
butadiene rubber/graphite powder composites were eval-
uated. Different weight fractions and particle sizes of
graphite powder were used. An increase in the graphite
content increased the maximum torque, reinforcing fac-
tor, and tensile strength and decreased the elongation at
break and equilibrium swelling. Also, a decrease in the
particle size of the graphite increased the tensile strength

and decreased the equilibrium swelling. Moreover, the
dielectric properties were measured at about 30�C and
100 Hz. The values of permittivity and dielectric loss
were found to increase with increasing graphite content.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120: 298–304,
2011
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INTRODUCTION

Elastomers are important polymeric materials
because of their unique elastic properties. However,
the reinforcement of these elastomers is essential for
the realization of the required properties for many
different practical applications. Rubber is an elasto-
mer, and the characteristic of rubber elasticity for
practical application is provided by vulcanization
and the formation of compounds with fillers.1,2 A
vast number of products with specific properties of
elasticity, stretching, tear resistance, and abrasion re-
sistance can be made of rubber. These properties can
be achieved by the addition of various types of fill-
ers and/or reinforcing additives. Gum natural rub-
ber vulcanizates, although they have high physical
strength, are suitable for only very few commercial
applications. Fillers are extensively used in the rub-
ber industry, not only to reinforce the polymer ma-
trix but also to improve the rubber processing and,
in some cases, to reduce the price of the final mate-
rial.3,4 In the case of amorphous polymer-like sty-
rene–butadiene rubber (SBR), which does not
undergo strain-induced crystallization, the use of
fillers can improve the processability and mechanical
properties and reduce the cost of rubber articles.5,6

In rubber reinforcement, the most important charac-
teristic of the reinforcing filler is that its size must be
small, so that the filler particles have a large surface
area to interact with rubber.7,8 In addition to the par-
ticle size, the particle structure and surface chemis-
try are also influential factors in determining the fill-
er’s reinforcing efficiency. Fillers are usually made
up of primary particles at the smallest size scale;
these are strongly bound to other primary particles
to form an aggregated structure. These aggregates
can interact with other aggregates through weaker
secondary bonds to form agglomerates. The interac-
tions between fillers and rubber have a significant
effect on the reinforcing properties of a filled rubber,
particularly on the filler–filler and filler–rubber inter-
actions.9–11 Carbon black is the most widely used fil-
ler in rubber technology.12 In addition to reinforcing
effects caused by the fractal nature of both carbon
black aggregates and larger scale filler networks in
the rubber matrix, the surface activity plays a key
role in controlling the polymer–filler interactions
and, therefore, the overall reinforcement.13–16

The effects of reinforcing carbon black on the net-
work structure, technical properties, failure mode,
and dielectric properties of natural rubber have been
reported.17–20 Studies on the physicomechanical
and/or dielectric properties of SBR were reported in
refs. 21–27.
Graphite is a widely used solid lubricant.28 Graph-

ite is naturally abundant and used as a conducting
filler in the preparation of conducting polymer com-
posites. Graphite-filled rubber materials have a small
compression set.29
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The aim of this study was to study the effect of
different concentrations and different particle sizes
of graphite filler on the physicomechanical and rheo-
metrical properties of general purpose rubbers such
as SBR.

EXPERIMENTAL

Materials

SBR 1502, with a specific gravity of 0.945, supplied by
ESSO Chemie (Hamburg, Germany) was used. 2-
Graphite was used as a filler with different particle
sizes (<53, 53–90, 90–125, and 125–150 lm). The cur-
ing system selected contained various compounds,
such as N-cyclohexyl benzothiazyle sulfonamide

(CBS) and sulfur. The activators were zinc oxide
(ZnO) and stearic acid. The plasticizer used was naph-
thenic processing oil (specific gravity ¼ 0.94–0.96). All
of the rubber ingredients were supplied by Aldrich
Co. (Munich, Germany) and are listed in Table I.

Preparation of the rubber compounds

Rubber was premixed with all of the compounding
ingredients according to ASTM D 3182-07. Mixing
was done on a laboratory two-roll mill (Florida, USA).
The speed of the slow roll was 24 rev/min, with a
gear ratio of 1 : 1.4. The compounded rubbers were
left overnight before vulcanization. The vulcanization
was carried out at 152 6 1�C for the predetermined

TABLE I
SBR/Graphite Composite Formulations with Different Concentrations of Graphite with Various Particle Sizes (<53,

53–90, 90–125, and 125–150 lm)

SBR (phr) 100 100 100 100 100 100 100 100
ZnO (phr) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Stearic acid (phr) 1.5 1.5 1.5 1.5 1.5 1.5
Graphite powder (phr) 0 10 30 50 70 90 110 140
Processing oil (phr) 3 3 3 3 3 3 3 3
CBS (phr) 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
Sulfur (phr) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

TABLE II
Curing Properties of SBR/Graphite Composites with Different Concentrations of Graphite with Various Particle Sizes

(<53, 53–90, 90 –125, and 125–150 lm) at 152 6 1�C

Curing property

Graphite loading (phr)

0 10 30 50 70 90 110 140

<53 lm
ML (dN m) 8 8 8 8 10 12 12 12
MH (dN m) 63 82 90 96 107 116 126 136
MH � ML (dN m) 55 74 82 88 97 104 114 124
tc90 (min) 27 24 20 18 16 15 16 16
ts2 (min) 14.5 13.5 10.5 11 10 9.5 9 7.5
CRI (min�1) 8 9.5 10.5 14.3 16.7 18.2 14.3 11.8

53–90 lm
ML (dN m) 8 6.5 7.75 8 12 11 13 13
MH (dN m) 63 76 87.5 95 104 113 122 134
MH � ML (dN m) 55 69.5 79.75 87 92 102 109 121
tc90 (min) 27 25 22 22 23 19 19 17
ts2 (min) 14.5 14 11.5 11 11.5 9.5 9.1 8
CRI (min�1) 8 7.17 9.5 9.1 8.7 10.5 10 11.1

90–125 lm
ML (dN m) 8 8 10 10 10 11 14 14
MH (dN m) 63 73 8 9 99 111 116 127
MH � ML (dN m) 55 65 70 83 89 100 102 113
tc90 (min) 27 24 19 17.5 18 17 16 17
ts2 (min) 14.5 13 10.5 9.5 9 9 8.5 8.5
CRI (min�1) 8 9.1 11.8 12.5 11.1 12.5 13.3 11.8

125–150 l
ML (dN m) 8 8 8 10 10 12 12 14
MH (dN m) 63 66 76 87 90 102 106 116
MH � ML (dN m) 55 58 68 77 80 90 94 102
tc90 (min) 27 23 22.5 21.5 18.5 18 18 16
ts2 (min) 14.5 15.5 14 12.5 11.5 11 10 8
CRI (min�1) 8 13.3 11.8 11.1 14.3 14.3 12.5 12.5

SBR/GRAPHITE POWDER COMPOSITES 299

Journal of Applied Polymer Science DOI 10.1002/app



optimum cure time (tc90) samples in an electrically
heated press under a pressure of about 4 MPa to get
vulcanized rubber sheets 2 mm thick.

Techniques

Determination of the cure characteristics

Minimum torque (ML), maximum torque (MH), tc90,
scorch time (ts2), and curing rate index (CRI) were
determined according to ASTMD 2084-07 with aMon-
santo oscillating disc rheometer (model 100, Akron,
OH). Themeasurements were carried out at 1526 1�C.

Mechanical properties

The tensile strength and elongation at break meas-
urements were carried out at room temperature on a
tensile testing machine (Zwick 1425, Ulm) according
to ASTM D 412-06.

Swelling study

We carried out the swelling tests by putting the
samples in toluene at room temperature for 24 h.

The equilibrium swelling in toluene (Q; %) was
measured according to the standard method (ASTM
D 471-06). Q was calculated according to

Q% ¼ ½ðws � wdÞ=wd� � 100

where ws is the weight of the swelled specimen and
wd is the weight of the dried specimen.

Scanning electron microscopy (SEM)

A scanning electron microscope (JEOL JSM-T20,
Tokyo, Japan) was used. Nonconductive samples,
which include most polymers, are coated with
evaporated heavy metal to make an electrical con-
nection between the sample and the specimen stage.
Our samples were coated with gold film.

Dielectric measurements

Measurements of the permittivity (e0) and dielectric
loss (e00) for the various vulcanizates were carried
out at fixed frequency (100 Hz) and at room temper-
ature (� 30�C) with an Inductance, Resistance,

Figure 1 Rheographs of SBR vulcanizates filled with
graphites of different particle sizes (53–150 lm).

Figure 2 af versus the graphite loading with different
particle sizes (53–150 lm).

TABLE III
Mechanical Properties of SBR/Graphite Composites with Different Concentrations of Graphite with Various Particle

Sizes (<53, 53–90, 90 –125, and 125–150 lm)

Mechanical property

Graphite loading (phr)

0 10 30 50 70 90 110 140

<53 lm
Tensile strength (MPa) 1.03 1.35 2.15 2.55 2.9 3.45 4 4.35
Elongation at break (%) 235 225 205 177 155 130 104 80

53–90 lm
Tensile strength (MPa) 1.03 1.27 1.95 2.37 2.68 3.17 3.86 121
Elongation at break (%) 235 206 176 158 140 120 95 74

90–125 lm
Tensile strength (MPa) 1.03 1.19 1.77 2.13 2.35 2.8 3.6 3.85
Elongation at break (%) 235 205 160 149 130 110 83 70

125–150 lm
Tensile strength (MPa) 1.03 1.15 1.57 1.92 2.14 2.3 2.8 3.25
Elongation at break (%) 235 187 154 142 120 100 80 67
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Capacitance (LRC) meter (digital bridge type AG-
4311B, from ANDO Electric Co., Ltd., Tokyo, Japan).

For dielectric measurements, a guard-ring capacitor
(type NFM 5/T, WTW, Ulm, Germany) was used.
The thickness and capacitance of the sample were
measured in a single compression. The cell tempera-
ture were controlled with an ultrathermostat.

The cell was calibrated with plates of known e0

values, such as air, trolitul, and glass with different
thicknesses ranging from 2 to 7 mm. The errors in e0

and e00 amounted to 62 and 65%, respectively. The
samples were prepared in the form of discs 50 mm
in diameter and 3 mm thick.

RESULTS AND DISCUSSION

Curing characteristics

MH, ML, and the difference between MH and ML

increased with the addition of graphite powder (Ta-
ble II). The difference between MH and ML is a
rough measure of the crosslink density in the sam-
ples and is usually known as the state of cure.30 The
state of cure increased with the loading of the graph-
ite in all cases (Fig. 1). This was an indication of the
improvement in the graphite filler–SBR matrix adhe-
sion. CRI was proportional to the average slope of
the curing curve [100/(tc90 � ts2)] in the step region.
The higher the value of CRI was, the faster the cur-
ing process was. ts2 increased, tc90 decreased, and
CRI increased with the addition of graphite. Also,
the state of cure depended on the particle size (Fig.
1). As the particle size increased, the state of cure
decreased; ts2, tc90, and CRI did not change very
much with particle size.

The changes in the rheometric torque with filler
loading were used to characterize the filler–matrix
interaction or reinforcement, that is, the reinforcing
factor (af), which was calculated from the rheo-
graphs:31

af ¼ DLmaxðfilledÞ � DLmaxðgumÞ=DLmaxðgumÞ

where DLmax(filled) and DLmax(gum) are the changes
in torque during vulcanization for the filled and
gum compounds, respectively. The plots are given
in Figure 2; clearly, as shown in Figure 2, the af val-
ues increased with increasing graphite content. Also,
af increased with smaller particle sizes; this indi-
cated a large reinforcement. tc90 of the samples filled
with graphite was lower than that of the unfilled
sample and also decreased with increasing graphite
concentration. That is, graphite accelerated the reac-
tion between the sulfur and rubber compounds.32

Mechanical properties

The mechanical properties of graphite-powder-filled
SBR are summarized in Table III and are illustrated
in Figures 3 and 4. Figure 3 shows a remarkable

Figure 3 Variation of the tensile strength of the SBR vul-
canizates with the graphite loading with different particle
sizes (53–150 lm).

Figure 4 Variation of the elongation at break of the SBR
vulcanizates with the graphite loading with different parti-
cle sizes (53–150 lm).

Figure 5 Variation of Q of the SBR vulcanizates with the
graphite loading with different particle sizes (53–150 lm).
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increase in the tensile strength with increasing
graphite content. This shows that graphite acted as a
reinforcing filler in the SBR matrix. On the other
hand, the elongation at break decreased with
increasing graphite loading (Fig. 4). As also shown
in these two figures, as the particle size of the graph-
ite increased, the tensile strength and elongation at
break of the SBR/graphite composites decreased.
This increase in elongation at break was attributed
to the sliding effect of fine graphite particles, which
could be taken as a plasticization effect.

Q and crosslinking density (m)

Figure 5 shows the swelling resistance of the rubber
vulcanizates filled with graphite powder at different
concentrations and different particle sizes. The val-
ues obtained for the SBR vulcanizates filled with
graphite were lower than that of the gum SBR com-
pound. This indicated that the graphite-filled SBR
vulcanizates had more resistance than the unfilled
SBR vulcanizate. As the concentration of graphite
increased, the swelling decreased because of the
good dispersion of graphite and strong interactions
between the graphite and polymer matrix.

We also noticed that the swelling index values
increased with increasing of particle size, while they
decreased with increasing of graphite content. This
observation indicated an increase in m for the filled
compounds and that graphite was a good reinforce-
ment in the SBR vulcanizates.

m (m ¼ 1/2Mc) was determined with the following
Flory–Rehner relation:23,33

Mc ¼ �qVsV
1=3
r =½lnð1� VrÞ þ Vr þ vV2

r �

where Mc, is the molecular weight between two suc-
cessive crosslinks, q is the density of SBR (q ¼ 0.94
g/cm3), Vs is the molar volume of the solvent (tolu-
ene; Vs ¼ 106.35 cm3/mol), Vr is the volume fraction
of the swollen rubber, which can be obtained from
the mass and densities of the rubber samples and

TABLE IV
Swelling Properties and m Values of SBR/Graphite Composites with Different Concentrations of Graphite with

Various Particle Sizes (<53, 53–90, 90 –125, and 125–150 lm)

Swelling property

Graphite loading (phr)

0 10 30 50 70 90 110 140

<53 lm
Qm, maximum equilibrium swelling 3.85 3.65 2.89 2.14 1.54 1.33 1.14 0.93
m � 105 (mol/cm3) 5.95 6.62 14.5 18.9 35.3 46.1 60.5 85.4
Mc (g/mol) 8397 7548 3454 2635 1416 1085 826 585

53–90 lm
Qm 3.85 3.7 2.52 2.21 1.54 1.59 1.24 0.96
m � 105 (mol/cm3) 5.95 6.45 13.8 17.8 33.2 42.0 52.2 81.1
Mc (g/mol) 8397 7756 3621 2804 2804 1189 967 617

90–125 lm
Qm 3.85 3.76 2.57 2.3 1.64 1.51 1.27 1
m � 105 (mol/cm3) 5.95 6.24 13.3 16.5 31.4 36.6 50.1 75.7
Mc (g/mol) 8397 8009 3763 3029 1590 1365 999 660

125–150 lm
Qm 3.85 3.8 2.68 2.37 1.84 1.56 1.32 1.07
m � 105 (mol/cm3) 5.95 6.11 12.2 15.6 26.4 34.5 46.4 67.5
Mc (g/mol) 8397 8181 4086 3212 1894 1450 1070 741

Figure 6 Variation of e0 and e00 of the SBR vulcanizates
with the graphite loading with different particle sizes (53–
150 lm) at 100 Hz.
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solvent, and v is the interaction parameter between
the rubber and toluene (� 0.446 for SBR).

The variation of m as a function of the graphite
loading is given in Table IV. As shown in this table,
increased with increasing graphite content and it
was also high with smaller particle size; this indi-
cated rubber-filler interaction.

Dielectric properties

The e0 and e00 values of SBR filled with different con-
centrations and particle sizes of graphite were meas-
ured at room temperature (� 30�C). The data
obtained are illustrated graphically in Figure 6 at 100
Hz. As shown in Figure 6, clearly, the values of e0

and e00 increased with increasing graphite content.
This increase in the complex e0 is a typical response
in any heterogeneous system where the conductivity
and relative e0 of the constituent phases differ and is
a result of an interfacial polarization phenomenon
that occurs at the interfaces of dissimilar materials at
low frequency. Moreover, it is interesting to observe
that for samples containing up to 70 phr graphite, e0

was inversely proportional to the particle size; that is,
e0 increased with decreasing graphite particle size.

Surface morphology studies

The surface morphology of the SBR/graphite com-
posites was studied with SEM. The obtained SEM
photomicrographs for 10, 30, 50, and 70 phr graph-
ite-filled SBR composites are shown in Figure 7(a–d),
respectively. The photographs show the homogeneity
and good dispersion of the graphite filler throughout
the samples. The observed change in the morphology
of micrographs depended on the amount of graphite
present. The domain size of the filler increased with
increasing filler content; this may have been due to
an increase in the filler–filler interaction or agglomer-
ation of graphite filler [Fig. 7(c,d)]. It was clear from
the morphology study that the particle size of graph-
ite had no observable effect. This may have been due
to the overlapping between the values of the particle
sizes used.

CONCLUSIONS

In this study, graphite powder fillers with different
concentrations and sizes were mixed with SBR rub-
ber. It was found that

1. The rheometric characteristics showed that MH

increased with increasing graphite concentra-
tion and decreasing particle size. This indicated
that there was an improvement in the filler–
rubber interaction. This was also supported by
SEM photographs, the increase in af and the
decrease in swelling

2. The mechanical properties registered an
increase with increasing graphite concentration
and decreasing particle size. This indicated that
graphite had a reinforcing effect in the SBR
matrix.

3. e0 and e00 increased sharply with increasing
graphite content. Also, e0 was inversely propor-
tional to the particle size.

Figure 7 SEM micrographs of the SBR/graphite compo-
sites with different graphite contents (500�): (a) 10, (b) 30,
(c) 50, and (d) 70 phr.
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