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Physical and thermal properties of acid-graphite/styrene-butadiene-rubber nanocomposites
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Abstract—In general, carbon-based materials play a major role in today’s science and technology and are required
to advance with better properties to meet new requirements or to replace existing materials. We fabricated rubber com-
posites reinforced with 5-weight% acid-graphite. The structural, mechanical and thermal properties of these composites
were studied and compared. XRD studies indicated that the structure of the acid treated pristine-graphite (acid-graphite)
did not change that of pristine graphite. Tensile properties of the composites indicated higher modulus, tensile strength
and elongation in comparison with composites of pristine graphite, carbon black. Also, the composites were found to
be in improving tendency with thermal properties and fatigue properties. The acid-graphite was investigated for surface
morphology by scanning electron microscopy (SEM) and defects or purity by Raman spectroscopy. In this article, we
discuss the influence of acid-graphite on rubber with high mechanical and thermal properties.
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INTRODUCTION

In recent years, polymer based nanocomposites reinforced with
graphite-nanoplates have shown substantial improvement in mechan-
ical, electrical conductivity and barrier properties over the unmodi-
fied polymer [1-7]. These excellent properties may be enhanced at
the nanoscale if graphite can be separated down to that plane to a
nanometer thickness [8]. They would form high aspect ratio and
high modulus graphite nanosheets. Furthermore, the graphite nano-
sheets could have an enormous surface area because both sides of
the sheets are accessible. Therefore, the dispersion of such nano-
sheets in a matrix will play a key role in the improvement of both
physical and thermal properties of the resultant nanocomposites.

There are no reactive ion groups on the graphite layers. It is dif-
ficult to incorporate organic molecules or rubbers directly into the
interlayer of graphite through an ion exchange reaction to prepare
the rubber/graphite composites. Therefore, pristine graphite is first
converted to intercalated or expandable graphite through chemical
oxidation in the presence of concentrated HNO, acid. And then a
coupling agent is added to facilitate both physical and chemical inter-
actions between acid treatment graphite and rubber. In other words,
we proposed a modified expandable graphite to achieve homoge-
neous nanodispersion and to increase the reinforcement of graphite
in rubber matrix.

Recently, several groups [9-12] reported their work on blending
the expanded graphite with polymer via either the in situ polymer-
ization or the solution compounding to achieve nanocomposites of
polymer with graphite. The results reported were significant in that
a markedly low volume fraction of expanded graphite was needed
to satisfy the percolation threshold of conductivity in the as-pre-
pared PMMA [9], nylon-6 [10], PS [11] and PS-PMMA [12].

However, there are not many studies on fabrication methods of
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rubber-based graphite nanocomposites and their influence on physi-
cal and thermal properties.

Therefore, we used modified expandable graphite to reinforce
styrene butadiene rubber (SBR) in the present work. SBR is a high
performance rubber with a combination of excellent mechanical
properties, abrasion resistance, adhesion to fabrics and thermal aging
resistance, which can be used in many diverse applications.

In this work, we fabricated composites that contain reinforcing
graphite platelets in the SBR matrix and evaluated their morphol-
ogy, curing, physical, thermal and fatigue properties.

EXPERIMENTAL

1. Materials

The matrix material was a styrene butadiene rubber (SBR) from
Kumho Petrochem. The SBR1500 consisted of 23% styrene and
77% butadiene. The chemical structure of this material is shown in
Fig. 1. The reinforcing particles were pristine graphite supplied by
Timcal. The properties of the as-received graphite platelets are sum-
marized in Table 1. This graphite consists of thin hexagonal plates
or distorted clusters of flaky plates from the SEM image. It was dif-
ficult to measure the thickness of as-received graphite platelets from
SEM. The surface area of pristine graphite is ~8.6 m’/g as meas-
ured by gas adsorption technique (BET), and the thickness was cal-

CHy~ CH=CH— CH2)~ CH— CH;

m n

Fig. 1. The chemical structure of styrene butadiene rubber.
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Table 1. Properties of graphite platelets

Composition Carbon

Color Dark gray to black
Scott density (g/cm®) 0.23

Surface area BET (m%/g) 8.6

Oil adsorption (DBP) 112

Mean particle size (Wm) 22

culated by using the formula,
A=2/pt M

Where, A is the specific surface area per unit mass, m*/g; o is the
density, g/cc; t is the platelet thickness, nm.

The thickness of as-received graphite platelets was as high as
1,011 nm when calculated from Eq. (1).

2. Sample Preparation

Acid-graphite flakes were chemically prepared by HNO, treatment
(Graphite/HNO;=1 g/10 ml). Briefly, a concentrated HNO; was
mixed with graphite flakes at room temperature and stirred contin-
uously for 18 h. The acid-graphite was then washed thoroughly with
water until the solution became neutral, and dried at 100 °C to re-
move the remaining moisture. The surface area of acid-graphite is
~10.6 m*/g, and the thickness was as high as 820 nm from Eq. (1).
This means that the specific surface area is broader and the thick-
ness of acid-graphite is thinner than that of natural graphite by the
acid-treatment.

Generally, it is also reported that the acid treatment of natural
graphite generates oxygen containing functional groups (-OH and
-COOR) that facilitate both physical and chemical interactions be-
tween graphite and polymer [12,13].

3. Composition Fabrication

The graphite/SBR composites were prepared following standard
procedures. First, the SBR was mixed with 50 phr (parts per hun-
dred rubber by weight) carbon black in a banbury mixer. And then,
the SBR compounds with 5 phr pristine-graphite, acid-graphite, car-
bon black and 0.8 phr coupling agent were prepared. The additives
and vulcanization agent were added at the end since it helped to
start the curing process of the mixture. The compounds were placed
in the aluminum mold and cured at 160 °C for T,, by rheometer
under pressure. The formulations of the graphite/SBR composites

Table 2. Formulation of the graphite platelet/SBR composites

(Unit: phr)
1 2 3 4 5 6
Control C/B P/G A/G P/C A/C
SBR 100 100 100 100 100 100
Pure-graphite - - 5 - 5 -
Acid-graphite - - - 5 - 5
Coupling agent - - - - 0.8 0.8
ZnO 3 3 3 3 3 3
Stearic acid 1 1 1 1 1 1
Carbon black 50 55 50 50 50 50
Sulfur 1.75 .75 175 175 175 175
TBBS 1 1 1 1 1 1

are summarized in Table 2.
4. Characterization and Measurements

Scanning electron microscopy (SEM, JEOL JSM-6490LV) was
used to observe the morphology of the graphite platelets. Since gra-
phite is conductive, the particles could be examined at 20 KV ac-
celerating voltage without gold coating. X-ray diffraction was used
to verify the structure of the graphite platelets. X-ray measurements
were conducted on an X-ray diffractometer Bruker, Germany using
CuK ¢ radiation at 40 KV and 40 mA. The scanning range was 10-
80° with a scanning speed of 5°/min. Raman spectroscopy was mainly
used to verify the nature of the graphite and the overall homogene-
ity of the sample. The Raman spectra, obtained in the range 1,000-
2,000 cm™', show a band at 1,588 cm™ (G-band) due to the vibra-
tion mode, and a band at 1,357 cm™ (D-band) arising from the dis-
ordered-induced mode.

The electrical resistance of these manufactured composites was
examined using the two-prove method in the TERAOHM, MI2077
at room temperature, and the thermal conductivity was character-
ized by thermal conductivity analyzer (QTM-500).

Curing characteristics were measured over 30-min period at 160 °C
using a moving-die theometer (DRM-100(LP-171)). Tensile tests
were carried out in an Instron tensile machine (Intron Co., UK) at
a crosshead speed of 300 mm/min. The dumbbell-shaped samples
were 100 mm in length, 1 mm in thickness and 5 mm in width. At
least four tests were carried out for each case.

Shore A hardness was measured by using a hand-held shore A
durometer according to TECLOCK. The fatigue properties of com-
posites were characterized by using Demmattia (UESHIMA).

RESULTS AND DISCUSSION

1. Materials Characterization

Table 3 shows the Raman spectroscopy of pristine-graphite and
acid-graphite. The main features in the Raman spectroscopy of gra-
phite are the so-called G and D bands, which lay at around 1,560
and 1,360 cm™ respectively. The G band of the acid-graphite appeared
almost the same as that of the pristine-graphite, but the acid-graph-
ite demonstrated an increased D-band. In other words, the I(D)/1(G)
ratio of acid-graphite is higher than that of pristine-graphite. Since
the D-band is proportional to the defects of graphite, this result
indicates significant devastation of acid-graphite. The acid treatment
of pristine-graphite generates functional groups that facilitate both
physical and chemical interactions between graphite and polymer.

Fig. 2 shows the powder XRD pattern of pristine-graphite and
acid-graphite. The XRD profiles are dominated by peaks at 26° and
54°, of the same intensity in the samples, which is characteristic of
highly structured graphite carbon (002) and (004). Also, a weak peak
and a shoulder were observed at 42.5° and 44°, indicating (100) and
(101) graphene layers, respectively. Corresponding to (101) and
(012) reflection, the additional peaks are also indexed to a rhombo-

Table 3. Raman spectroscopy results of pure-graphite and acid-

graphite
D-band G-band I(D)1(G)
Pristine-graphite 0.00206 0.00099 208%
Acid-graphite 0.00240 0.00091 264%
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Fig. 2. XRD patterns of pristine-graphite and acid-graphite.

1

hedral phase of graphite. The acid-treatment does not substantially
modify the crystallographic properties of the graphite.

The pristine-graphite and acid-graphite were examined by SEM
and are shown in Fig. 3. Graphite samples consist of thin polygon
plates and disordered clusters of flaky plates. But, acid-graphite is
more finely smashed than pristine-graphite and has a crinkled paper
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Fig. 4. Curing curves of graphite/SBR compound at 160 °C.

shape, consisting of balloon segments. The specific surface area of
the graphite is increased from 8.6 m*/g to 10.6 m*/g, but thickness
is thinner than from 1,011 nm to 820 nm by acid treatment.
2. Characterization of Graphite/Rubber Composites

The curing curves of graphite/rubber composites are shown in
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Fig. 3. SEM image of graphite (A) Pristine-graphite (B) Acid-graphite.
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Table 4. Curing characteristics of graphite/SBR composites

1 2 3 4 5 6
Control C/B P/G A/G P/IC A/C

T, (min) 81 75 81 78 78 175
T, (min) 150 146 149 148 147 143

Min Torque (M, dNm)  19.1 19.6 18.6 16.6 188 17.8
Max Torque (M,;, dNm) 546 569 53.6 53.8 55.1 55.6

A Torque 355 373 35 372 363 378

Table 5. Hardness and tensile properties of graphite/SBR compos-
ites

1 2 3 4 5 6
Control C/B P/IG A/G PIC A/C

Hardness 710 720 720 740 730 740
300%-Modulus(MPa) 219 263 225 226 231 253
Tensile strength(MPa)  25.7 269 277 290 283 300
Elongation (%) 342.0 341.0 371.0 397.0 381.0 395.0

Fig. 4 and some parameters of curing properties are reported in Table
4. Three regions are observed in Fig. 4. The first region is the scorch
delay or induction period where the torque of compounds decreased.
The second region is where the curing reaction occurred. The net-
work structure was formed in this period, leading to the sharp in-
crement of the torque. In third region, curing curves reached to a
plateau when the network was matured by equilibrium. The cure time
of rubber composite using acid-graphite and coupling agent (A/C)
is faster than other rubber composites. The reason for the shorter
cure time of the rubber composite using A/C is probably due to the
increase of thermal transition of SBR in the presence of A/C which
could promote the fulfillment of vulcanization. That is, the A/C in-
creases the specific surface by the acid treatment, and then the ther-
mal transition of the composite using A/C is improved by increas-
ing the filler-filler and filler-matrix interactions.

M, is the lowest torque and M,, is the highest torque at curing
curves. M,~M, represents the crosslink density of vulcanization.
M,-M, slightly increases after loading A/C. This indicates that the
addition of A/C has little effect on the crosslink density of rubber
vulcanization.

The hardness and the tensile properties of graphite composites
are summarized in Table 5. From this table, shore A hardnesses of
the composites are slightly increased, indicating that small additions
of filler do not largely influence the rubber matrix. The composite
reinforced with A/C showed about 15% increase over control and
about 12% increase over P/G in modulus. And incorporation of A/
C in SBR leads to an increase in both tensile strength and elonga-
tion at break. The tensile strength of the A/C composite increased
roughly 15% and the elongation also increased approximately 15%
compared with the control. It is obvious that A/C has a great rein-
forcing effect on SBR with respect to small filler loadings.

The reason why mechanical property is increased is that the spe-
cific surface area is higher and the physical and chemical interac-
tion between graphite and polymer is facilitated.

The fatigue properties of graphite/rubber composites are shown
in Table 6.

Table 6. Fatigue properties of graphite/SBR composites
(Unit: cm)

1 2 3 4 5 6
Control C/B  P/G A/G P/IC AC

2000 3 5.02 8.03 545 528 590 526
6000 3] 982 1436 955 8.66 9.06 947
10000 3  13.88 1843 11.27 991 1136 11.66

dc/dn 4.74 6.56 423 374 417 415

Table 7. Thermal properties of graphite/SBR composites
(Unit: W/mK)

1 2 3 4 5 6
Control C/B  P/G A/G P/IC AC

Thermal ) 3005 03101 0.3311 03425 03444 03694
conductivity

Fatigue crack growth (dc/dn) of A/G is lower than of any other
composites.

de/dn=AG" @

Where, c is the crack length, n is the cycles, G is the tear energy.

This equation means that fatigue crack growth is proportional to
the tear energy and indicates that the tearing energy is decreased
and fatigue life is increased from Eq. (2). Generally, several groups
proposed that good dispersion and complete exfoliation are achieved
by a combination of both synthesis and processing techniques. The
synthesis of expanded graphite as well as graphite nanosheets is
well documented in the literature [1,5,12]. Accordingly, we estimate
that it is probably that fatigue crack growth of composite using acid-
graphite is decreased because the acid-graphite is uniformly dis-
persed in SBR due to the functional groups.

Thermal properties of graphite/rubber composites are shown in
Table 7. Thermal conductivity of A/C is higher than that of any other
composites, and is increased approximately 19% compared with
control.

Therefore, the reasons which are increased thermal conductivity
of A/C are increased the specific surface area and improved the in-
teractions between rubber and graphite.

The reason is that the specific surface area is increased, where-
fore the interactions between rubber and graphite are enhanced.

CONCLUSIONS

Graphite/SBR composites were prepared and their mechanical,
thermal and fatigue properties were evaluated according to the fillers.
The acid graphite of large surface area did not substantially modify
the crystallographic properties and was more finely smashed. The
addition of acid-graphite into the SBR was shorter curing time and
had a remarkable effect on the physical properties. The tensile strength
of the A/C composite increased roughly 15% and the elongation
also increased approximately 15%. In fatigue properties, fatigue
crack growth of composite using acid-graphite was decreased
because the acid-graphite is uniformly dispersed in SBR due to the
functional groups. And the thermal conductivity of A/C was also
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higher than any other composites, about 19%. In other words, cur-
ing, physical, thermal and fatigue properties which were originated
by A/C were highly improved due to wide specific surface and to
facilitate both physical and chemical interactions between graphite
and polymer and to disperse in SBR.
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