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Abstract
In the present work, a comparative study of the mechanical behavior of two series of elasto-
meric composites, based on carboxylated styrene butadiene rubber (X-SBR) and reinforced 
with rice bran carbon (RBC) and graphite, is reported. Hybrid composites of X-SBR filled 
with RBC-graphite were also investigated in terms of the cure characteristics, hardness, 
tensile properties, abrasion resistance, and swelling. It was observed that the cure times 
decreased with the incorporation of a carbon filler whereas the torque difference, tensile 
strength, tensile modulus, hardness, and swelling resistance increased compared to the neat 
X-SBR revealing a favorable characteristic of crosslinking. Dynamic rheological analy-
sis showed that the G' values of the composites, upon the addition of RBC-graphite, were 
changed to some extent. This demonstrates that the presence of a strongly developed net-
work of fillers will ensure a reinforcing characteristic in a polymer matrix.

Key words: rice bran carbon, graphite, mechanical properties, composites, carboxylated 
styrene butadiene rubber 

1. Introduction

The incorporation of a filler into elastomeric materials can improve reinforcement, process-
ability, and economic benefits. Fillers are used as one of the most significant additives in the rub-
ber industry. The reinforcement efficiency depends greatly on the particle size and surface area 
of the fillers [1]. Carbon fillers, especially carbon black as a reinforcing filler, are widely used 
to enhance the physical and mechanical properties of rubber vulcanizates [2]. Although carbon 
black is still commonly used in the rubber industry, it is produced from petroleum which results 
in high energy consumption and environmental problems. Consequently, the use of other carbon 
fillers as alternatives for reinforcing rubber is currently being investigated.

Various fillers such as carbon nanotubes [3], carbon fibers [4], and SiC [5] have been added 
to polymer composites, which meet the needs for practical applications of polymer composites. 
Among these, graphene and graphene oxide have been found to be a significant reinforcing ma-
terial due to their high mechanical strength, nano size effects, and unique physical properties 
[6,7]. Moreover, much attention has been given to the fabrication of graphene-based nanoparticle 
hybrids fillers offering additional unique physicochemical properties and functions compared to 
the use of either material alone [8]. As reported in the literature, Lin et al. [9] fabricated silica/re-
duced graphene oxide hybrids via an electrostatic assembly, which was incorporated into styrene 
butadiene rubber to enhance the mechanical performances of the composites. Song and Zhang 
[10] showed in their study that carbon nanotube/reduced graphene oxide hybrid simultaneously 
enhanced the thermal conductivity and mechanical properties of styrene-butadiene rubber. Lin et 
al. [11] used graphene as a reinforcement filler for fabricating rubber composites and studied the 
effect of ZnO nanoparticles doped graphene on the mechanical properties of natural rubber com-
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filler. The effects of the graphite loading on the various proper-
ties, cure characteristics, hardness, abrasion resistance, tensile 
properties, and swelling resistance of the X-SBR vulcanizates 
were systematically studied.

2. Experimental

2.1. Materials

X-SBR latex KSL 103 was provided by the KumHo Petro-
chemical Company, Korea. RBC with a particle size of 53 μm 
was obtained from the Sanwa-yushi Company, Japan. Graphite 
(flake type) with a particle size of under 5 μm was purchased 
from the Eport Trading Co., Korea. The other reagents were all 
available commercially in Korea, including zinc oxide, stearic 
acid, n-cyclohexyl-2-benzothiazole sulfonamide (CBS), sulfur, 
and 2,2'-dibenzothiazolyl disulfide (DD).

2.2. Preparation of the X-SBR composites

The X-SBR/RBC composites were fabricated by a latex 
compounding method. The X-SBR latex and RBC aqueous sus-
pension were directly compounded with vigorous stirring for a 
given period to achieve a well-dispersed suspension. Then, the 
mixed emulsion was immediately co-coagulated using a 0.5% 
CaCl2 solution. Thereafter, the product was dried in an oven at 
60°C for 2 d. For comparison, the total filler content was kept 
constant at 30 phr (parts per hundred of rubber), and X-SBR 
latex filled with graphite was also prepared. Composites of the 
X-SBR with the hybrid fillers based on RBC and graphite at 
ratios of 25:5, 20:10, and 15:15 were prepared following a simi-
lar procedure, respectively. Finally, the X-SBR composites were 
compounded with rubber ingredients in an open two-roll mill 
and submitted to compression at 150°C for the optimum curing 
time examined by a rubber process analyzer (RPA). The sheet 
thickness of the compounds was about 2 mm and cut into speci-
mens for the tensile test. The vulcanizates were designated as X-
SBR/RxGy which represents the X-SBR composites containing 
x phr RBC and y phr graphite. For example, the abbreviation of 
X-SBR/R25G5 represents the composites filled with 25 phr RBC 
and 5 phr graphite. The basic formula of the composite is as fol-
lows (Table 1): X-SBR, 100 phr; zinc oxide, 5 phr; stearic acid, 
1 phr; CBS, 2 phr; DD, 1.3 phr, and sulfur, 1.5 phr.

posites. Varghese et al. [12] used unfunctionalized few layer gra-
phene nanoplatelets and carbon black as fillers and compared the 
effects of its hybrid fillers on the reinforcement of acrylonitrile bu-
tadiene rubber. More recently, Mondal and Khastgir [13] reported 
on hybrid composites of acrylonitrile butadiene that were filled with 
graphene nanoplatelets-carbon black and graphene nanoplatelets-
multiwall carbon nanotubes which have a strong synergistic effect 
on the properties of the composites.

Although considerable research involving graphene-filled hy-
brid composites and graphene functionalized composites has been 
reported regarding the enhancement of the mechanical properties of 
rubber composites, most of this work was performed on graphene-
based materials [14,15]. Carbon/carbon composites with tailorable 
thermal and mechanical properties are currently receiving much 
interest as a unique class of materials for various applications in a 
wide variety of fields [16]. Graphite, as the precursor of graphene 
oxide, is naturally abundant and oil-independent. However, reports 
on the reinforcing ability of graphite-based hybrid filler systems in 
rubber are scarce. Therefore, efforts should be made toward devel-
oping graphite as a reinforcing filler for rubber along with other 
carbon fillers. Additionally, driven by concerns for environmental 
pollution, oil resource depletion, sustainability in manufacturing, 
and lack of resources, it has been a challenge for the rubber industry 
to improve the performance of composites by only using environ-
ment-friendly reinforcing fillers derived from renewable resources. 
As a result, rice bran carbon (RBC), as a sustainable and green filler, 
is derived from agriculture residue because it is an efficient, low 
cost carbon source which is rich in both carbon as well as carbon 
black. It can be used as an eco-friendly filler in rubber and is ex-
pected to have good mechanical properties as well.

Carboxylated styrene butadiene rubber (X-SBR) has many 
unique properties, such as good processability, high binding 
force, and favorable aging resistance, which make it one of the 
most important polymers in terms of versatility and application. 
Using a latex compounding method can improve the dispersion 
of a filler while solving the problem of incompatibility between 
the rubber and the fillers. This method can be done easily and 
can be used to prepare high-performance composites [17]. In 
the present work, X-SBR composites incorporated with RBC 
and graphite were fabricated by a latex compounding method. 
RBC and graphite were used as fillers to improve the mechani-
cal properties of X-SBR. Additionally, a comparative study was 
done on the effect of the hybrid filler systems in which RBC was 
used as the main filler and coupled with graphite as a secondary 

Table 1. X-SBR/RBC/graphite compound formulations

Ingredient phra) RBC Graphite Zinc oxide Stearic acid DD CBS Sulfur

X-SBR 0 0 5 1 1.3 2 1.5

X-SBR/R30 30 0 5 1 1.3 2 1.5

X-SBR/R25G5 25 5 5 1 1.3 2 1.5

X-SBR/R20G10 20 10 5 1 1.3 2 1.5

X-SBR/R15G15 15 15 5 1 1.3 2 1.5

X-SBR/G30 0 30 5 1 1.3 2 1.5
a)Parts per hundred of rubber.
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uted to C-H (seen in Fig. 1b). The FTIR spectra of the X-SBR 
composites are compared in Fig. 1c. As for the X-SBR, the 
2917 and 2842 cm–1 bands were due to the stretching vibra-
tion of the -CH2 , while the peak at 1738 cm–1 was associated 
with the C=O band. The peaks at 1600, 1500, and 1445 cm–1 
were attributed to the C=C stretching bonds of the aromatic 
ring. Clearly, the X-SBR composites showed a similar back-
bone with different intensities, revealing the effect of the 
composition of the different hybrid fillers.

2.3. Characterization

The ATR–FTIR spectra of the samples were recorded on 
a Perkin Elmer Spectrum 100S in the 4000–400 cm–1 region. 
The morphology of the fracture surfaces of the X-SBR com-
posites was analyzed by SEM (JSM-7500 FE-SEM, JEOL, 
Japan). The dynamic rheological properties of the uncured 
compounds were measured with a rubber processing analyzer 
(RPA2000, Taiwan) to obtain the vulcanization properties of 
the rubber composites. The frequency and temperature were 
to 1.67 Hz and 60°C, respectively. The curing characteristics 
were determined at 150°C by the RPA. The curing rate index 
(CRI), which expresses the curing rate of rubber compounds, 
was calculated as follows:

, where t90 and tS2 (min) are the optimum curing time and scorch 
time, respectively. The tensile tests of the X-SBR composites 
were measured using a Tinius Oisen (H5KT-0401) (according 
to ASTM D412) with a crosshead speed of 500 mm min–1 to 
obtain the mechanical properties. The shore A hardness of the 
specimens was tested with a Shore Durometer Type A (accord-
ing to ASTM D2240). Abrasion tests were performed to measure 
wear loss with a Taber abrasion tester with a rotation speed of 80 
r min–1 (according to ASTM D1044). The thermal properties of 
the composites were measured using a Perkin Elmer TGA 4000 
by heating from 30 to 800°C at a rate of 20°C/min under a nitro-
gen flow of 20 cm3 min–1. The swelling degree of the vulcanized 
samples was measured through a swelling test. The weight of 
the specimens was determined after they were impregnated in 
toluene for 1, 2, 3, 6, 9, 12 and 24 h at room temperature. The 
equilibrium swelling ratio (S) of the composites was computed 
as follows:

, where Ws is the weight of the swollen specimens; Wu is the 
original weight of the specimens in air; ρs is the density of tolu-
ene (0.867 g cm–3), and ρr is the density of the specimens.

3. Results and Discussion

3.1. ATR-FTIR analysis

The spectra of the RBC are shown in Fig. 1a. The broad 
peak at 3434 cm–1 was attributed to the stretching vibration 
of -OH. The peaks located at 2984, 2623, and 2283 cm–1 cor-
respond with the C-H stretching vibration. A peak was ob-
served at 1737 cm–1, which belongs to the C=O stretching 
vibration. The bands at 1435 and 1364 cm–1 were associated 
with the C-H vibration, while the peak at 1213 cm–1 was as-
signed to C-O groups. The peaks at 1095 and 906 cm–1 were 
attributed to the characteristics of the Si-O-Si and Si-O bond, 
respectively. This suggests that the RBC is a carbon material 
which contains some functional groups. The spectrum of the 
graphite, which exhibited peaks at 3219, was related to -OH, 
whereas the peaks at 2605, 2178, and 2034 cm–1 were attrib-

Fig. 1. FTIR spectra of the RBC (a), graphite (b), and X-SBR composites (c).
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matrix. The morphologies of the pristine RBC and graphite are 
shown in Fig. 2g and h. The RBC particles have an irregular 
shape. As well documented, the average particle size of RBC 
was 15.2 μm [18]. Compared with RBC, spherical particles were 
observed in the graphite. Additionally, energy dispersion spec-
troscopy was used to analyze the elemental composition. RBC 
was derived from the carbonization of a mixture of rice bran and 
phenol resin (composed of carbon, oxygen, phosphorus and me-
tallic elements), whereas the graphite had a high carbon content. 
This indicates that both fillers were carbon materials containing 
a high carbon element.

3.3. Vulcanization characteristics

The vulcanization curves of the X-SBR composites are de-
picted in Fig. 3. As seen in Fig. 3, the scorch time (Ts2), optimum 
cure time (T90), minimum torque (ML) and maximum torque 
(MH) were obtained in the X-SBR filled with RBC, graphite, 
and a hybrid filler of the two. The vulcanization properties of 
the X-SBR composites are listed in Table 2. The value of ML 
during vulcanization increased when the graphite contents were 
increased in the hybrids of the RBC and graphite-filled X-SBR 
composites. This is attributed to the increased effective graphite 
contents enhanced by the interaction among the graphite par-
ticles. As shown in Table 2, the ML and MH of the neat X-SBR 
compounds were 2.84 and 9.24 N m, respectively. The incor-

3.2. Fracture surfaces of the X-SBR composites

The tensile-fractured surfaces of the X-SBR composites were 
characterized by SEM images. As shown in Fig. 2a, the neat 
X-SBR has a relatively smooth surface. In contrast, a rough 
surface was observed in the X-SBR composites (seen in Fig. 
2b-f), indicating the successful introduction of the carbonaceous 
fillers on the surface of the rubber matrix despite their slight 
aggregation. Regarding the X-SBR filled with the RBC and 
graphite hybrid fillers, as the graphite loading increased, more 
small graphite particles became embedded in the rubber matrix. 
Because of this, the X-SBR filled with the RBC and graphite 
hybrid fillers acquired a more uneven surface (seen in Fig. 2c-e), 
suggesting a strong interfacial adhesion between the filler and 

Fig. 2. SEM images of (a) X-SBR; (b) X-SBR/R30; (c) X-SBR/R25G5; (d) X-SBR/
R20S10; (e) X-SBR/R15G15; (f ) X-SBR/G30; (g) RBC particles, and (h) graphite 
particles.

Fig. 3. Vulcanization curves of X-SBR, X-SBR/R30, X-SBR/R25G5, X-SBR/
R20S10, X-SBR/R15G15 and X-SBR/G30.

Table 2. Vulcanization properties of the X-SBR/RBC/graphite composites

Sample ML (N m) MH (N m) ΔH (N m) ts2 (min) t90 (min) CRI (min–1)

X-SBR 2.84 9.24 6.4 3.03 10.88 12.74

X-SBR/R30 8.26 23.18 14.92 2.12 8.85 14.86

X-SBR/R25G5 7.32 17.56 10.24 2.03 9.55 13.30

X-SBR/R20G10 7.74 18.70 10.96 2.23 9.92 13

X-SBR/R15G15 8.39 22.18 13.79 2.3 10.03 12.94

X-SBR/G30 5.98 18.90  12.92 3.2  11.58 11.93
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strength (MPa) and elongation at break (%) could be obtained 
(summarized in Table 3). For the neat X-SBR, its modulus 
at 100%, tensile strength and elongation at break were 1.83 
MPa, 7.90 MPa and 465%, respectively. Compared with the 
neat X-SBR, the X-SBR/R30 exhibited reinforcements of the 
mechanical properties; this observation indicated that RBC 
can be used as a reinforcing filler due to its high carbon 
content. Meanwhile, the effect of the hybrid filler systems, 
X-SBR/R25G5, X-SBR/R20G10, and X-SBR/R15G15, was also 
studied in which RBC was used as the main filler and cou-
pled with graphite as the secondary filler at different ratios. 
Although all of the samples did not exhibit a synergistic ef-
fect, the X-SBR filled with RBC and graphite hybrid fillers 
exhibited a higher reinforcement compared to the X-SBR/
R30. This suggests that the addition of graphite can further 
improve the mechanical properties of the X-SBR. From these 
results, the X-SBR/R20G10 showed a better reinforcing effect. 
Further increased proportions of graphite incorporated with 
RBC into the X-SBR resulted in a decrease in the tensile 
strength; this phenomenon can be explained by the situa-
tion in which the poor dispersion of small-sized particles at a 
higher filler concentration easily led to aggregation and weak 
interfacial bonding. For comparison, the mechanical proper-
ties of the X-SBR/G30 are also included. It was noted that the 
X-SBR/G30 showed a stronger reinforcing effect, proving that 
graphite has a greater reinforcement ability due to its higher 
carbon content and smaller particle size. In addition, another 
important observation was the rise in hardness of the X-SBR 
composites compared with the neat X-SBR. This was likely 
due to the incorporation of carbon materials in the soft ma-
trix, reducing the elasticity of the X-SBR. This agrees with a 
report that the inclusion of a rigid phase is able to increase the 
polymer stiffness [21].

Additionally, the well-known Mooney–Rivlin equation was 
further used to analyze the connection between the tensile and 
strain behavior of the orientation of the rubber chains to obtain 
information about the interfacial interaction and the rubber net-
work [22]. The equation can be expressed as follows:

, where σ is the tensile stress, andλis the extension ratio. C1 is 
directly proportional to the elastically active network chains per 
unit volume of the rubber, and C2 is related to the number of 
elastically effective trapped entanglements and the number of 
steric obstructions and other network defects [23]. The reduced 
stress (σ*) versus the reciprocity of the extension ratio (λ) for 
the X-SBR composites are illustrated in Fig. 5. Because of the 

poration of RBC, graphite, and its hybrid filler into the X-SBR 
matrix increased the value of MH compared to that of the unfilled 
X-SBR vulcanizates because of the absorption of the X-SBR 
chains onto the surface of the carbon. As was reported, MH relied 
on chain entanglement and crosslink density [19]. The values of 
ΔH obtained were the difference between the ML and MH values, 
which represents the crosslink density of the cured compound. 
This result is indicative of the network that was formed by the 
filler, which can be used as an effective reinforcing filler. In ad-
dition, it was found that T90 increased as the graphite contents 
were increased because there were hydroxyl groups on the sur-
face of the graphite powders, and vulcanizers were absorbed 
by the excess graphite. As a consequence, the curing rate was 
lowered during the vulcanization, which was consistent with an 
earlier report [20]. Generally, the crosslink density is optimum at 
T90 for most rubber composites, and the CRI values are inversely 
proportional to the difference between T90 and Ts2, indicating the 
curing rate of the composites. In this case, compared with the 
neat X-SBR, the value of the X-SBR composites containing 
RBC and graphite exhibited higher CRI values. However, as for 
X-SBR/R15G15, the value of CRI became lower. This was proba-
bly due to filler aggregation, which was caused by the resistance 
to the polymer chain mobility.

3.4. Mechanical properties

The mechanical properties of the X-SBR composites are 
shown in Fig. 4. From the stress-strain curves, the related 
parameters such as the modulus at 100% (MPa), tensile 

Table 3. Mechanical properties of the X-SBR composites

Sample X-SBR X-SBR/R30 X-SBR/R25G5 X-SBR/R20G10 X-SBR/R15G15 X-SBR/G30

Hardness (shore A) 70 78 80  81 83 80

Modulus at 100% (MPa) 1.83 4.63 4.98 5.11 5.22 5.10

Tensile strength (MPa) 7.90 11.20 12.04 13.37 13.14 14.43

Elongation at break (%) 465 291 319 369 334 368

Fig. 4. Stress-strain curves of X-SBR, X-SBR/R30, X-SBR/R25G5, X-SBR/
R20S10, X-SBR/R15G15 and X-SBR/G30.
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In particular, X-SBR/R15G15 had the highest initial modulus, 
which means a significant Payne effect and implies that the 
filler network of the X-SBR was strong. It shows that RBC 
and graphite have a synergistic effect in reinforcing the net-
work. This confirms that the presence of a strongly developed 
network of fillers in the polymer matrix contributes to its re-
inforcing character. This fact corroborates the analysis results 
of the vulcanization properties. It has been well documented 
that filler networks can be classified into three types: flex-
ible, rigid, and mixed [27]. In this work, the filler network of 
the X-SBR/R30 and X-SBR/G30 composites were of the mixed 
variety while the filler network of the hybrid filler with RBC 
and graphite were of the rigid variety, in which the particles 
interact with each other directly leading to a higher initial 
storage modulus.

3.6. Abrasion resistance

The abrasion test of the vulcanizates was performed to 
measure wear loss with a Taber abrasion tester, and the wear 
loss was recorded at both 500 and 1000 cycles of rubbing for 

Payne effect, σ* decreases during stretching at small extension 
ratios (λ–1 > 0.8). Notably, an upturn in σ* can be observed for 
the X-SBR composites; this observation indicates the strongest 
interaction between the filler and matrix, which favored the 
chain orientation when deformation was applied. It is significant 
to realize the chain orientation in rubber composites for rubber 
reinforcement [24]. However, for the X-SBR composites, the 
downturn point occurred at high extension ratios. It was accept-
ed that the poor interfacial bonding resulted in these observed 
downturn behaviors. Thus, the Mooney–Rivlin plots proves 
that the interfacial bonding was gradually deteriorated with the 
increased particle loading. This may possibly be due to a high 
proportion of the fillers forming aggregations, which affected 
the uneven stress distribution. Another hypothesis is that when 
the extension ratio reached a certain value, the filler-matrix bond 
would break down [25].

3.5. Dynamic rheological properties of the X-
SBR compounds

Dynamic rheological measurement with strain sweep of 
the X-SBR compounds was performed to analyze the filler 
network structure in the composites using the RPA2000 at 
60°C and 1.67 Hz. The relationship between the storage 
modulus (G´) and strain are shown in Fig. 6, in which the 
dependence of the storage modulus on the strain can be seen. 
As the strain amplitude increased, the storage modulus de-
creased (which is widely known as the Payne effect) [26]. 
By comparing the neat X-SBR with the X-SBR composites, 
the neat X-SBR showed that the initial storage modulus was 
relatively low and did not exhibit any significant changes. 
In this case, individually adding either the RBC or graphite 
filler into the X-SBR matrix led to a larger storage modulus 
at smaller strains. It can be observed that X-SBR in the pres-
ence of RBC or graphite can be effectively enhanced. This 
revealed the formation of the filler network. In terms of the 
hybrid filler systems, X-SBR/R25G5, X-SBR/R20G10 and X-
SBR/R15G15, as the graphite content was increased, the ini-
tial modulus of the compound appeared to further increase. 

Fig. 5. Mooney-Rivlin plots of X-SBR, X-SBR/R30, X-SBR/R25G5, X-SBR/
R20S10, X-SBR/R15G15 and X-SBR/G30.

Fig. 6. Dynamic strain sweep of X-SBR, X-SBR/R30, X-SBR/R25G5, X-SBR/
R20S10, X-SBR/R15G15 and X-SBR/G30.

Fig. 7. Abrasion test results of X-SBR, X-SBR/R30, X-SBR/R25G5, X-SBR/
R20S10, X-SBR/R15G15 and X-SBR/G30.
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3.8. Swelling Properties of the X-SBR composites

In the swelling test, the swelling curves of the vulcanized neat 
X-SBR and X-SBR composites were determined. As shown in 
Fig. 9, the swelling ratio of the vulcanized neat X-SBR was 
280%, which was much higher than that of the X-SBR com-
posites. As expected, it easily expanded in the organic solvent 
due to its low crosslinking density and hydrophobicity. Appar-
ently, RBC, graphite, and its hybrid fillers were added during the 
preparation because the reduction in the volume fraction of the 
rubber results in a decreased swelling ratio. X-SBR/R30 had a 
lower swelling ratio (160%) compared with X-SBR/G30 (173%), 
showing a better dispersion of RBC in the matrix. The effect 
of the different contents of graphite in the presence of RBC on 
the swelling of the X-SBR/RBC/graphite composites was also 
tested. It can also be seen that the composites containing hybrid 
fillers had a similar swelling behavior to that of the X-SBR/G30 

composites. The swelling degree of the vulcanized samples in 
the presence of graphite increased slowly with the increasing 
of the graphite content, which was related to an increase in the 
interaction between the fillers and the rubber molecular chain to 
reinforce the swelling resistance.

4. Conclusions

A simple latex method was used to prepare X-SBR compos-
ites containing RBC, graphite, and its hybrid fillers, for which 
RBC was used as the main filler and coupled with graphite as a 
secondary filler, with the aim to compare the mechanical, dy-
namic rheological, and thermal behaviors of X-SBR. The RBC 
and graphite acted as good reinforcing fillers for the X-SBR. 
Graphite as a reinforced filler showed excellent abrasion re-
sistance and thermal properties. A hybrid filler (a combination 
of 20 phr RBC and 10 phr graphite) improved the mechanical 
properties, but no such synergism behavior was observed. The 
interaction between the filler and the X-SBR molecules was 
characterized with Fourier transform infrared, TGA and RPA; 
the results confirmed such networks are present in the polymer 
matrix, which ensured a reinforcing character.

each specimen to calculate the different mass losses of the 
samples; the results are given in Fig. 7. It is accepted that 
abrasion resistance tests can be used to evaluate the service 
lifetime and safety of tires. As seen in the figure, the neat 
X-SBR has good abrasion resistance due to its nature. The 
composites that incorporated RBC had an inferior abrasion 
resistance compared with the composites that had incorpo-
rated graphite. It was also found that as the graphite content 
was increased in the hybrid system, the abrasion resistance of 
the composites improved to some extent. This shows that the 
strong interaction could have contributed to the improvement 
of the abrasion resistance of the composites [28]. Surprising-
ly, the composite X-SBR/G30 showed a much more outstand-
ing abrasion resistance because of the better reinforcement 
and higher crosslink density. This phenomenon is in agree-
ment with the work by Choi et al. [29].

3.7. Thermal properties of the X-SBR composites

The thermal property of the X-SBR composites was ana-
lyzed by thermogravimetric analysis (TGA). The weight loss 
and its derivative curves of the X-SBR composites measured 
in a N2 atmosphere are compared in Fig. 8. From the TGA 
curves, it can be seen that the thermal decomposition tem-
perature of the RBC and graphite were 421 and 635°C, re-
spectively. At 800°C, the residue of the RBC and graphite 
tended to be 29 and 46%, respectively. Graphite as a rein-
forcing agent revealed a better thermal stability. Overall, a 
similar general shape was observed for the degradation of 
the X-SBR composites. Compared with the X-SBR compos-
ites, the neat X-SBR exhibited a poor thermal stability, im-
plying a strong interaction between the fillers and the matrix 
which ensured an improvement in the thermal properties. As 
described in the inset of Fig. 8, the hybrid filler based on the 
RBC and graphite was incorporated into the X-SBR, and the 
initial decomposition temperature values increased with the 
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