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Abstract

Rapidly developments in international transportation inevitably lead to an increase in the
consumption of energy and resources. Minimizing the rolling resistance of tires i this
scenario is a pressing challenge. To lower the rolling resistance of tires, enhancing the
interaction between fillers and rubber molecules while improving the dispersion of fillers
are required to reduce the internal mutual friction and viscous loss of rubber composites.
In this study, graphene oxide (GO) was  modified using Y-
mercaptopropyltrimethoxysilane (MPTMS) with thiol groups. A modified GO/natural
rubber (MGO/NR) masterbatch with a fine dispersion of MGO was then introduced into
solution-polymerized styrene butadiene rubber (SSBR) to create an MGO/SiO2/SSBR
composite. During the crosslinking process at high temperatures, a strong chemical
mterface interaction between the MGO and rubber molecules was formed by the thiol-
vinyl click reaction. The MGO sheets also act as crosslinks to enhance the crosslnking
network. The results showed that the rolling resistance of the MGO SiO2/SSBR composite
was superior by 19.4% and the energy loss was reduced by 15.7% compared with that of
the base SiO2/SSBR composite. Strikingly, the wear performance and wet skid resistance
improved by 19% and 17.3%, respectively. These results showed a strong interface that
not only improved rolling resistance performance but also contributed to balancing the
“magic triangle” (the combination of wear resistance, fuel efliciency, and traction)

properties of tires.
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1. Introduction

At present, the consumption of nonrenewable energy is a worldwide problem that
requires heightened attention in the international transportation industry. This is because
worldwide transportation energy consumption accounts for more than 20% of the total
energy dissipated, whereas the energy consumed by automobiles accounts for
approximately 6.6% of the total energy [1]. It has been reported [2-4] that rolling
resistance of the tires accounts for 40% of the fuel consumption of an automobile. It is
estimated that every 10% reduction in tire rolling resistance will reduce fuel consumption
by approximately 2% [5]. Consequently, it is of paramount importance to save non-
renewable energy by reducing the rolling resistance of the tires.

According to the “Tire Labelling Regulation (EC NO. 1222/2009)” [6], the rolling
resistance of tires is heavily associated with the energy dissipation induced by the cyclic
deformation of the tire during driving [1, 7]. The energy dissipated during tire
deformation is primarily generated by the dynamic hysteresis loss of rubber composites,
which mainly includes the mutual friction between rubber molecule chains, between
rubber molecule chains and nanoparticles, and between nanoparticles and nanopartic les
[8, 9].

In general, the improvement in tire rolling resistance has been considered from the
following three perspectives: (1) the mutual friction between the fillers can be reduced by
immproving their dispersion; (2) the mutual friction between fillers and rubber molecules
can be reduced by enhancing the iterfacial interaction between them; and (3) the
entanglements and mutual friction between molecules can be decreased by moderately
increasing the crosslinking degree of rubber molecules.

Currently, silica nanoparticles are mainly used to reinforce rubber composites for
green tires owing to their excellent performance i improving wet skid resistance and
reducing rolling resistance [9-12]. Therefore, research on the dispersion and mterfacial
mteractions of silica in rubber matrices has attracted significant attention. Zhai et al. [4]
reported the successful synthesis of a series of novel silane coupling agents by
transesterification of the fatty alcohol polyoxyethylene ether-9 (AEO-9) with Si69. Novel

silane coupling agents were used to enhance the mterfacial interaction of silica in the



rubber matrix. As a result, the rolling resistance of the rubber composites was reduced by
12.1% compared to that of traditional samples. Tang et al. [7] utilized a phosphonium
ionic liquid (PIL) as a novel catalyst to increase the silanization of silica with bis(3-
triethoxysilylpropyl)-tetrasulfide (TESPT). The interfacial adhesion of silica and rubber
molecules was greatly enhanced, resulting in a 36.78% reduction in energy loss during
vehicle operation.

Graphene oxide (GO) with a high specific surface area and abundant reactive
functional groups has been introduced into rubber composites [13-16]. It was found that
the addition of lamellar GO was beneficial to enhance the dispersion of spherical fillers
in a rubber matrix, leading to a reduction in the mutual friction between fillers and an
improvement in the rolling resistance of rubber composites. For example, Yang et al [17]
studied the effects of substituting GO for carbon black (CB) on the structure and
performance of CB/NR composites. The results showed that the addition of a small
amount of GO was beneficial to improving the CB dispersion and decreasing filler friction
during dynamic loading in service. Zhang et al. [18] investigated the influence of the
partial substitution of CB with GO on the crosslink structure and properties of NR
composites. The results showed that the dispersion of CB was improved by introducing a
few GO nanosheets, thereby improving the dynamic and static mechanical properties.
However, it is noted that most rubber composites filled with silica or GO were prepared
by melt compounding [19]. As a consequence, it was difficult to further improve the filler
dispersion in the rubber matrix, leading to problems when attempting to modify the
rolling resistance of silica/rubber composites. In addition to the interfacial mteraction
between the filler and the rubber molecules, it is also important to reduce the mutual
friction between them. Therefore, it remains a challenge to improve the rolling resistance
of rubber composites by simultaneously achieving a fine filler dispersion and a strong
filler/rubber mterface.

In this study, GO was functionalized with y-mercaptopropyltrimethoxysilane
(MPTMS) containing thiol groups. The modifitd GO (MGO) was compounded with
natural rubber (NR) via latex compounding and subsequent coagulation. The MGO/NR

masterbatch with finely dispersed MGO was further introduced mto solution-polymerized



styrene butadiene rubber (SSBR) to obtain an MGO/SiO2/SSBR composite. During the
crosslinking process at high temperature, strong chemical interface interactions between
MGO and SSBR molecules were developed by the thiol-vinyl click reaction, resulting in
MGO sheets constituting part of the network crosslinking points. This novel dispersion
and interfacial structure led to the wear performance and wet skid resistance of the
MGO/Si02/SSBR composite being improved by 19% and 17.3%, respectively, and the
rolling resistance and energy loss of the MGO/SiO2/SSBR decreased by 19.4% and 15.7%,

respectively, compared with those of the SiO2/SSBR composite.

2. Experimental section
2.1 Materials

GO was synthesized using a modified Hummers method. NR latex (solid content:
60%) was purchased from Thr Latex Co., Ltd. Solution polymerized styrene-butadiene
rubber (SSBR, Kumho 6270) was purchased from Kumho Petrochemical Co., LTD. y-
mercaptopropyltrimethoxysilane (MPTMS) was providled by Beiing Mairuida
Technology Co., LTD (China). Zinc oxide (ZnO), stearic acid (SA), N-1,3-dimethylbutyl-
N'-phenyl-p-phenylenediamine  (6ppd), silica  (SiO2, VN3), N-Cyclohexyl-2-
benzothiazolesulfenamide (CZ), and sulfur were all commercially available and used
without any treatment.
2.2 Samples preparation
2.2.1 Preparation of MGO

A 2 mg/mL GO suspension was prepared by sonication for 30 mn. MPTMS
deionized water/ethanol (1/8, v/v) was sonicated for 1 h untl it was completely
hydrolyzed. Then, the hydrolysate of MPTMS in deionized water/ethanol was added to
the GO suspension. The reaction was carried out at 68 °C for 6 h. Then, the mixture was
washed several times using a centrifuge to remove the unreacted MPTMS. After Soxhlet
extraction, the modified GO was again mixed with deionized water to form a 2 mg/mL
suspension, which was labeled as MGO.
2.2.2 Preparation of MGO/Si02/SSBR composites

GO was easily aggregated owing to the strong hydrogen bonding and van der Waals



forces, resulting in the deterioration of the dynamic and static mechanical properties of
the rubber nanocomposites. Thereafter, the GO/natural rubber (NR) masterbatch was
prepared as described in our previous report [20]. To characterize the dispersion of GO in
NR, the GO/NR masterbatch was further compounded with SSBR to obtain SiO2/SSBR,
GO/Si02/SSBR, and MGO/Si02/SSBR compounds.

Table 1 shows the main composition of SSBR composites. The parts by weight per
hundred-part rubber (phr) of rubber integrates are listed in Table 1. These raw materials
were mixed on a two-roll mill to obtain the compounds. Then, the compounds were cured
at 150 °C under a pressure of 15 MPa to obtain SiO2/SSBR, GO/SiO2/SSBR and
MGO/S102/SSBR composites.

Table 1. The formula of the rubber composites

Materials (phr) Si02/SSBR GO/Si02/SSBR MGO/SiO2/SSBR
SSBR 85 85 85
NR 15 15 15
SiO2 65 65 65
GO 0 2 0
MGO 0 0 2
Zn0O 3 3 3
SA 2 2 2
RD 2 2 2
6ppd 2 2 2
NS 2 2 2
sulfur 1.8 1.8 1.8

2.3 Characterization

The dispersion of the filler in the rubber composites was observed using a G220 S-TWIN
transmission electron microscope (TEM; FEI Co., USA). The surface regularity of GO
and MGO was characterized via Raman spectroscopy (Renishaw Co., England). The laser
wavelength was 514 nm, and the laser mntensity was 10%. The spectra were recorded
within wavenumbers ranging from 240 to 2500 cmr'!. Elemental analysis of GO and MGO
was performed using an ESCALAB 250 X-ray photoelectron spectrometer (XPS; Thereto
Electron Co., USA). C, O, N, and Si were scanned using an Al-Ka X-ray source (1486.6



eV). The exfoliated structures of GO and MGO were characterized using D/Max2500 X-
ray diffraction analysis (XRD, Rigaku Co., Japan). The scan range was 5-90°, and the
scan rate was 5° min'!. The chemical structures of GO and MGO were recorded using a
Tensor 27 Fourier-transform infrared (FTIR) spectrometer (Bruker Optik Gmbh Co.,
Germany). The spectra were recorded within wavenumbers ranging from 400 to 4000 cnr
I. The weight losses of GO and MGO were identified using a TGA-1 thermogravimetric
analyzer (Mettler-Toledo Co., Switzerland). Thermogravimetric Analysis (TGA) was
performed at a heating rate of 10 °C /min under a nitrogen atmosphere. The filler network
and dynamic performance of the rubber composites were characterized using an RPA
2000 (Alpha Technologies Co., USA). For rubber compounds, the strain range was 0.1-
200%, the test frequency was set to 1 Hz, and the test temperature was set to 60 °C. For
the cured rubber composites, the strain range was 0.1-42%, the test frequency was set to
10 Hz, and the test temperature was set to 60 °C. The dynamic mechanical properties of
all rubber composites were investigated using a VA3000 dynamic mechanical thermal
analyzer (DMTA, METRAVIB Corporation, France). The test was performed in tensile
mode at 10 Hz. The temperature ranged from -65 to 65 °C at a heating rate of 3 °C /min.
Three samples of each composite were prepared for the DMTA testing. The static
mechanical performance of the rubber composites was characterized using a CTM4104
electrical tensile tester (Shenzhen SANS Test Machine Co., China), according to the ISO
37:2005 standard. The abrasion performance ofall the rubber composites was tested using
a GT-7012-D DIN abrasion machine (Mingzhu Machinery Co., Ltd.,, China) in
accordance with ISO 4649. The crosslinking densities of the rubber composites were
measured by nuclear magnetic resonance (NMR) spectroscopy (VIMR20-010V-1,
Suzhou Nmumag Corporation, China). A rubber wheel rolling resistance test was
performed using an RSS-II model rolling resistance testing machine (Beijing WANHUI
Technology Co., Ltd., China). The load and rotation speed were 30 kg and 600 rpm

(revolutions per minute), respectively.



3. Results and discussion
3.1 Design and preparation of M GO/SiO2/SSBR composites

The design and preparation of the MGO/SiO2/SSBR composites are illustrated in
Figure 1. The thiol groups were grafted onto the surface of GO in the aqueous phase by
MPTMS modification, resulting in exfoliation of the GO sheets. Thereafter, an MGO/NR
masterbatch was prepared to enhance the dispersion of MGO in the rubber composites.
Furthermore, the thiol groups of MGO reacted with the vinyl groups of the rubber
molecules by thermal treatment during the crosslinking reaction, thereby strengthening
the mterfacial interaction between the MGO and SSBR molecule chains (see the

“Experimental Section” for a detailed process).
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Figure 1. Schematic of the preparation process of MGO/SiO2/SSBR composites



3.2 Characterizations of GO and M GO
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Figure 2. (a) FTTIR spectra, (b) Raman spectra,
(c) XRD patterns, and (d) TGA curves of GO and MGO

The FTIR spectra in Figure 2a were used to verify the modification of GO with
MPTMS. In the spectrum of GO, the peaks at 3430 and 1723 cm! are attributed to -OH
and C=O0 stretching vibrations, respectively [21]. The peaks at 1620 and 1441 cm! are
attrbuted to the C=C stretching vibrations of the aromatic ring skeleton and C-OH
deformation vibrations, respectively [22]. These peaks were characteristic of GO. The
characteristic peaks of GO appeared in the spectrum of MGO. The Si-C and Si-O
stretching vibrations of MPTMS also appeared at 1248 cm! and 1101 cnr!, respectively
[23], indicating that MPTMS was successfully grafted onto the surface of the GO sheets.

The Raman spectra in Figure 2b show that the D and G bands of GO and MGO are
located at 1349 and 1599 cmr!, respectively [24]. The D band indicates a C-atom lattice
defect on the GO surface. The higher the mtensity of the D band, the greater the
occurrence of lattice defects of the C atom on the GO. After GO was modified by MPTMS,
the ratio of Ip/lg increased from 0.825 for GO to 1.211 for MGO. This was attributed to

the grafling of MPTMS on the GO surfaces, resulting in an increase in the C atom lattice



defects on the GO.

The XRD patterns in Figure 2c show that the diffraction peak of GO was located at
11.8° [25]. After modification by MPTMS, the diffraction peak of MGO decreased and
moved to 9.4°. According to the calculation using the Bragg equation, the nterplanar
crystal spacings on the 002 crystallographic plane of GO and MGO are 7.43 A and 10.09
A, respectively. The enlarged space was caused by the intercalation of MPTMS into the
GO sheets, resulting in exfoliation of the GO sheets.

The TGA curves in Figure 2d show the TGA curves of GO and MGO. The weight
losses of GO and MGO were 47.6% and 37.5%, respectively, indicating that the thermal
stability of GO was improved after modification by MPTMS.
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Figure 3. XPS spectra of (a) element survey of GO and MGO, C1s analysis
of (b) GO, and (c) MGO
Figure 3 shows the XPS spectra of GO and MGO. Figure 3a shows that the
characteristic peaks of S2p and Si2p originate from MPTMS. The C/O ratio decreased
from 2.69 (GO) to 2.01 (MGO), indicating that more carboxyl groups were consumed
during the esterification reaction. Figures 3b and ¢ showed that the ntensities ofthe C-O,
C=0, and O-C=0 groups of GO decreased after MPTMS modification. Also, Figure 3c
showed the new peaks for C-O-Siand C-S appearing at 284.7 eV and 285.9 ¢V in the



curves of MGO [26, 27], indicating that the MPTMS was successfully grafted onto the

surface of GO.
3.3 The thiol-vinyl click reaction between M GO and SSBR molecules
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Figure 4. (a) ATR-FTIR spectra of MGO/SSBR composites without sulfur and

vulcanizing accelerators. The samples were obtained at room temperature and 150 °C,
respectively; (b) the NMR crosslinking densities of SiO2/SSBR, GO/Si02/SSBR and
MGO/Si02/SSBR composites; the reaction process of (c) dehydration condensation
between GO and MPTMS, and (d) the grafting reaction between SSBR and MGO
ATR-FTIR was employed to verify that the thiol groups of MGO reacted with the
vinyl groups of rubber molecules. In Figure 4a, the peaks at 725 and 910 cm! are

attributed to the planar vibrations ofthe styrene rings and vinyl stretching vibrations [28].



After the reaction at a high temperature, the styrene ring content was stable, and the
relative absorption mtensity of styrene was 0.12. However, the relative absorption
mtensity of vinyl decreased from 0.053 to 0.044, indicating that some of the vinyl groups
of the SSBR reacted with the thiol groups of the MGO. Therefore, a thiol-vinyl click
reaction was successfully achieved during the crosslinking reaction at high temperatures.
As shown in Figure 4b, the crosslinking density of MGO/Si02/SSBR was higher than that
of the other two composites, indicating that the MGO sheets acted as crosslinking points
and enhanced the crosslinking network. The reaction mechanism between MPTMS and
GO is shown i Figure 4 (c, d).

3.4 Dispersion of filler in the SSBR matrix

Figure 5. TEM images of (a) SiO2/SSBR, (b) GO/ Si02/SSBR and (c)
MGO/Si02/SSBR composites

EM was employed to verify the dispersion of nanofillers i the rubber matrix. In
Figure 5a, for the SiO2/SSBR composite, the distribution of SiO2 is not uniform in the
rubber matrix, and there are a large number of agglomerations of SiO2. As shown in
Figure 5b, for the GO/SiO2/SSBR composite, the GO sheets penetrated the SiO2
aggregates and improved the dispersion of SiO2 nanoparticles. However, numerous
unaffected areas remained in the matrix. As shown in Figure 5c, for the MGO/SiO2/SSBR
composites, the dispersion of the SiO2 and GO sheets was improved. This was attributed
to the reduction in the oxygen-containing functional groups of GO after MPTMS

modification, which prevented aggregation of the GO sheets.



3.5 The dispersion state of MGO and the filler networks in SSBR composites
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Figure 6. Energy storage moduli-strain curves of SiO2/SSBR, GO/SiO2/SSBR and
MGO/Si02/SSBR compounds

Figure 6 shows the dependence of the storage energy moduli (G’) of different SSBR
compounds on strain. The G’ values of all SSBR compounds initially increased at low
strains before declining as the strain increased. The reason for the high values of G’ at
low strains was the agglomeration of the filler in the compound [29]. As the strain
increased, the filler network was gradually destroyed, leading to lower G’ values for the
compound. Compared with the SiO2/SSBR compound, the G’ valie for the
GO/Si02/SSBR compound was lower, indicating that the GO sheets broke up the
agglomerations of SiO2 and increased the dispersion of SiO2 in the rubber matrix.
Compared with the SiO2/SSBR compound, the G’ value of the MGO/SiO2/SSBR
compound was higher. This was attributed to the MGO sheets acting as crosslinking
points, which enhanced the crosslinking of the network. Meanwhile, the enhanced

mterface between GO and rubber molecules contributed to the higher values of G’.



3.6 Interfacial interaction between M GO and SSBR molecules
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Figure 7. Young’s modulus maps of (a) SiO2/SSBR, (b) GO/SiO2/SSBR and (c)
MGO/Si02/SSBR composites and their corresponding modulus profiles across the
mterface

To further characterize the nterface between the fillers and rubber matrices, the peak
force-quantitative nanoscale mechanical (PF-QNM) technique was used to measure the

gradient change in the Young’s modulus of different SSBR composites. The thicknesses



of the mterphases between the filler and rubber molecular chains were evaluated
quantitatively [30]. Figure 7 shows that the MGO/SiO2/SSBR composite had the broadest
average mterface thickness (89.89+7.6 nm) among the three composites. This indicates
that MGO exerted a strong restriction on the rubber molecules, leading to a reduction in
the internal friction between the filler and rubber molecules and lowering the rolling

resistance of the composites.
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Figure 8. (a) Loss factor-temperature curves of SiO2/SSBR, GO/SiO2/SSBR and

MGO/Si02/SSBR composites; (b) heat build-up of Si02/SSBR, GO/SiO2/SSBR and
MGO/Si02/SSBR composites;(c) a schematic of the rolling resistance tester; (d)
infrared thermal images of wheels after rolling for 90 min; (e) energy loss of wheels
constructed from SiO2/SSBR, GO/SiO2/SSBR and MGO/Si02/SSBR composites
Table 2. Loss factors of SiO2/SSBR, GO/Si02/SSBR and MGO/SiO2/SSBR composites

Temperature  Sj02/SSBR  GO/Si02/SSBR  MGO/Si02/SSBR

0°C 0.489 0.565 0.574
60 °C 0.134 0.127 0.108

The viscoelasticity of rubber composites also indicates their rolling resistance [31].
Specifically, tan o values at 0 °C and 60 °C were used to predict the wet skid resistance
and rolling resistance, respectively [32, 33]. Therefore, DMA was employed to determine

the dynamic mechanical properties of rubber composites. Figure 8a and Table 1 show that



the tan o values at 0 °C of the MGO/Si02/SSBR composite were increased by 17.3%,
while the tan 6 values at 60 °C decreased by 19.4%, compared with those of the
SiO2/SSBR composite. These results indicate that the wet skid resistance and rolling
resistance of the MGO/SiO2/SSBR composite improved, and this improvement was
attributed to three factors. (1) The GO sheets promoted the dispersion of SiO2, thereby
reducing the mutual friction between the fillers. (2) The interfacial interaction between
GO and rubber molecules was enhanced, thereby reducing the mutual friction between
the filler and molecular chains. (3) The crosslinking density of the MGO/SiO2/SSBR
composite increased, thereby reducing the entanglement and mutual friction between the
rubber chains.

Furthermore, to confirm the practical application ofthe MGO/SiO2/SSBR composite
as atread material, the heat build-up and energy loss of the composites were investigated.
Figure 8b shows that the heat build-up temperature of the GO/SiO2/SSBR composite
increased by 2.4 °C compared with that of the SiO2/SSBR composite, suggesting that
there is significant mutual friction between GO sheets and SiO: particles. However, the
heat build-up temperature of the MGO/SiO2/SSBR composite decreased by 5.1 °C
compared with that of the GO/SiO2/SBR composite, indicating that the strong interfacial
mteraction of fillers and rubber contributed to the reduction i friction between all
components. Figure 8c provides a schematic of the rolling resistance tester. A load of 30
kg was applied to the wheel at a rotational velocity of 600 rpm. The mfrared thermal
images in Figure 8d show that the nternal temperature (73.6 °C) of the MGO/SiO2/SSBR
wheel was lower than that of the SiO2/SSBR wheel (80.1 °C). Accordingly, the
corresponding energy loss of the MGO/SiO2/SSBR wheel was measured at 3.61 J/,
indicating the energy saving was improved by 15.7% compared with the SiO2/SSBR
wheel. These results indicate that the chemical interface interaction between MGO and
rubber molecules hinders the mternal mutual friction in rubber composites [34-36],
leading to low rolling resistance and heat build-up in the MGO/SiO2/SSBR composite.
Figure 9 depicts the mechanism diagram of the internal mutual friction in the SiO2/SSBR

and MGO/SiO2/SSBR tire composites when a vehicle is driven.



A measure of the energy-saving efficiency of the tread rubber composites was
obtained from the DMA and rollng resistance tester. The quantitative relationship
between the energy loss (H) and tand of the tread rubber composites is given by Eq. 1
[37]:

H= / e ds (t) = M0, E,8INb ~ o, e, tand

(1

where  is the angular frequency; o.is the stress amplitude; &, is the strain amplitude;

t is the time; o is the phase difference between the strain and stress; and fand is the loss

factor. The energy loss of the MGO/SiO2/SSBR composite was calculated to be 3.38 Ji,
which was lower than the calculated 4.39 J/r for the SiO2/SSBR composite.
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Figure 9. Internal mutual friction mechanism schematic of the SiO2/SSBR and

MGO/Si102/SSBR tire composites when a vehicle is driven
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Figure 10. Stress-strain curves of different SSBR composites

Table 3. Mechanical property parameters of different SSBR composites

100% 300% Tensile  Elongation Tear
Shore A
Samples Modulus  Modulus  strength at break strength
hardness
(MPa) (MPa) (MPa) (MPa) (kKN/m)

SiO2/SSBR 59+1 2.9+0.2  12.1£0.1 19.1+0.3 436+18 38.1+1
GO/Si02/SSBR 63=+1 2.6£0.3  12.9+0.1 20.4+0.2 440422 39.3+1
MGO/SiO2/SSBR  66+1 3.5¢£0.2 15.9+0.2 22.7+0.3 414+19 41.2+1

Figure 10 and Table 2 show the static mechanical properties of different SSBR
composites. Compared to the SiO2/SSBR composite, the 300% modulus and tensile
strength of the MGO/SiO2/SSBR composite increased by 31.4% and 18.8%, respectively.
This was attributed to the strong chemical mnterface between MGO and rubber molecules.
However, the elongation at break of the MGO/SiO2/SSBR composite decreased,
indicating that the rubber molecules were constrained to slip and reorient because of the
strong chemical interfaces. In addition, the tear strength of the MGO/SiO2/SSBR
composite was higher than those of the other two composites, attributable to the
mtroduction of MGO with large aspect ratios and strong iterface interactions, which
efficiently hindered the propagation of microcracks.

3.7 Abrasion performance of MGO/SiO,/SSBR composites
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Figure 11. Abrasion performance of SiO2/SSBR, GO/SiO2/SSBR, and
MGO/Si102/SSBR composites
Figure 11 shows the abrasion resistance of the SiO2/SSBR, GO/SiO2/SSBR, and
MGO/Si102/SSBR composites. The wear performance of the MGO/SiO2/SSBR composite
is 19% higher than that for the SiO2/SSBR composite. This was probably due to the MGO
sheets contributing to the network crosslinking points, resulting in a high crosslinking
density in the MGO/SiO2/SSBR composite. Therefore, the slip and migration of rubber
molecular chains were restricted, and the strength of the MGO/SiO2/SSBR composite was
enhanced, leading to an improvement in the abrasion resistance of the MGO/SiO2/SSBR

composites.

4. Conclusions

In this study, functionalized GO was evenly dispersed in SSBR composites, which
promoted the dispersion of SiO2 in rubber matrices, thereby reducing the mutual friction
between silica and silica. The strong chemical interface between GO and the rubber
molecules was formed by the thiol-vinyl click reaction at high temperatures. The MGO
sheets also acted as crosslinking points and enhanced the crosslinking of the network. The
fine filler dispersion and chemical interfaces reduce the mutual friction in the composites,
further improving the rollng resistance and energy-saving properties of the rubber
composite. The results showed that the rolling resistance of the MGO/SiO2/SSBR
composite increased by 19.4% relative to that of the SiO2/SSBR composite. The wet skid



and abrasion resistances of the MGO/Si02/SSBR composite increased by 17.3% and 19%,
respectively, relative to the SiO2/SSBR composite. Overall, these results provide a
feasible strategy for balancing the “magic triangle” properties and manufacturing green

tires with energy-saving properties.
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