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ARTICLE INFO ABSTRACT

Keywords: The hazard to the ecosystem caused by rubber microparticles generated from tire abrasion has been a constant
Rubber concern. Therefore, to protect this ecosystem, the development of a tire tread with high abrasion resistance is
Graphene oxide especially significant. Herein, y-aminopropyltriethoxysilane (APTES) was used to modify graphene oxide (GO)
]I;:‘)r:sc;n and silica (SiO2) to obtain GO and SiO, with positive charges (NG and NS). Furthermore, NG and NS were

electrostatically self-assembled by using maleic anhydride (MAH) hydrolysis, thereby obtaining composite
particles (NG-NS) with “bridged structures”. Also, the NG-NS/styrene butadiene rubber (SBR) compounds pos-
sessing fine dispersion of NG-NS were prepared by the aqueous compounding method. During the crosslinking
process, the vinyl groups in NG-NS reacted with the vinyl groups of the SBR molecule chains, thus forming strong
chemical interfacial interactions between the NG-NS and rubber macromolecules. Compared with an SiO2/SBR
composite, the 300 % modulus, tensile strength, abrasion resistance of the NG-NS/SBR composite were improved
by 125 %, 122 %, 83.3 %, respectively. Compared with a GO/SiO2/SBR composite, heat build-up in the NG-NS/
SBR was decreased by 8.2 °C.

Abrasion resistance

1. Introduction

At present, the hazard of microplastics to ecosystem has attracted
more and more attention in many countries [1]. Rubber particles
generated from tire abrasion are the major contributor to the total
microplastic release [2-4]. According to reports, 0.96 + 0.35 kg/capita
of rubber particles were discharged into the natural environment in
2008 [5]. 74 % of these rubber particles were deposited into the soil, 22
% of them flowed into surface water and 4 % of them floated in the air
[5]. Predominantly in research into this phenomenon, toxic metals and
organic compounds were detected from filtrate of tire abrasion particles
[6], including zinc, polycyclic aromatic hydrocarbons (PAHs), poly-
chlorinated biphenyls (PCBs), benzothiazoles, chlorinated paraffins
[7-13]. PAHs are considered by the European Chemicals Agency
(ECHA) as persistent organic pollutants, and give rise to properties such
as carcinogenic, bioaccumulative toxicity [14]. Tire abrasion plastics
input to the environment has been quantified in several studies

[3,6,7,15]. Without development of new tire materials, it is evident that
the environmental pollution caused by tire abrasion particles will
continue to accumulate in the ecosystem. Consequently, the preparation
of tires with high abrasion resistance is of great significance for pro-
tecting the ecosystem.

The abrasion resistance of rubber composites is determined by
several factors which primarily comprise two aspects: (1) Hysteresis and
heat build-up of rubber composites [16], as during the driving of a
vehicle, tire temperatures rise sharply due to the internal friction of
rubber composites during repeated deformation. This results in a large
number of unsaturated double bonds and active allyl hydrogens being
degraded under the attack of thermo-oxidation [17-19]. (2) Dispersion
of nanofillers in rubber matrices and interfacial interaction between
nanofillers and rubber molecules [20] where the rubber molecule chains
are fixed on the surface of the nanofillers to form adsorption layers,
which is beneficial in enhancing the strength and abrasion resistance of
these rubber composites [21-23]. The strength of the adsorption layer
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Fig. 2. (a) Zeta potential, (b) TGA curves, (c) FTIR spectra of GO, SiO2, NG, NS, NG-NS and (d) Raman spectra of GO and NG-NS.

mainly depends on the interfacial interaction between nanofillers and
rubber molecular chains. Consequently, it is crucial to improve these
properties to heighten the abrasion resistance of tires.

Until now, nano-silica was generally used to strengthen static me-
chanical properties and abrasion resistance of rubber composites
[24-26], so unsurprisingly, the surface modification of silica has gained
the attention of numerous researchers. Tian et al. [27]. used hexamethyl
disilazane (HMDS) to modify nano-silica by employing the liquid phase
in-situ method. HMDS-capped nano-silica has improved dispersibility in
rubber matrices as well as enhancing compatibility and interfacial
interaction with the rubber molecular chains. This research exhibited an

improvement of abrasion resistance in the rubber composites of 18.4 %.
Zhu et al. [28] prepared silica grafted sodium xanthate (SSX) by cata-
lyzed hydroxyl groups in silica. SSX was homogeneously dispersed in a
natural rubber (NR) matrix compared with the traditional aggregated
silica. The abrasion resistance performance of the rubber composites
was improved by more than 50 %, when the SSX content was 0.9 phr.
Two-dimensional layered graphene oxide (GO), has a large specific
surface area [29]. Compared with spherical SiOy, the movement of
rubber molecular chains is more easily constrained by GO sheets.
Meanwhile, GO provides excellent mechanical and wear properties for
rubber composites. Jin et al. [30] synthesized zinc-free coupling agents
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Fig. 3. (a) XPS survey scans of GO, NG and NG-NS (b) the C1s XPS spectrum of GO, (c) the C1s XPS spectrum of Ng-NS, (d) the N1s XPS spectrum of NG-NS, and (e)

the Si2p XPS spectrum of NG-NS.

(ZFCs) and ZFCs-functionalized graphene (GZFCs), and fabricated
GZFCs-embedded SBR. In high-speed endurance testing, the pneumatic
tires made with the GZFCs/SBR composite showed high abrasion resis-
tance and low rolling resistance, due to high dispersity and strong
interfacial interaction of CZFCs in the silica/rubber matrix. Yang et al.
[31] designed a covalent interface in a graphene/elastomer by intro-
ducing tea polyphenols (TP) modified and reduced GO (TP-rGO). The
DIN abrasion of the TP-rGO/SBR composite was improved by up to 40 %
due to the excellent dispersion and strong covalent interface provided by
the TP-rGO. The research projects discussed here all focused on
improving the filler-dispersion and interfacial interaction of rubber
composites merely filled by silica or graphene. As such, silica and gra-
phene are both required to enhance the abrasion properties of rubber
composites. Therefore, creating a fine filler dispersion and chemical
interface in rubber composites filled with silica and graphene simulta-
neously is crucial to improving abrasion properties.

In our previous research [32], the SBR masterbatch containing
highly dispersed GO was prepared by the emulsion compounding
method. Thereafter, a further compound with SiO5 was fabricated by the
mechanical blending method to provide a GO/SiOy/SBR composite.
Compared with the SiO2/SBR composite, the abrasion resistance and
rolling resistance of the GO/SiO2/SBR composite were both improved
which can be attributed to the fine dispersion and strong interfacial
interaction of GO, as opposed to silica in the rubber matrix. Therefore, it
is still a difficult challenge to simultaneously achieve a fine dispersion
and strong interfacial interaction caused by GO and SiOj to result in the
high abrasion resistance and reduction in heat build-up that is required.

In this research, the novel composite particles (NG-NS) with “bridged
structures”, composed of maleic anhydride (MAH), surface modified
graphene oxide (NG) and silica (NS) with positive charges, were fabri-
cated. NG-NS was further introduced into SBR matrix to obtain NG-NS/
SBR composites. The NG and NS with negative charges were well
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Fig. 4. TEM images of (a) SiO2/SBR, (b) GO/SiO5/SBR and (c) NG-NS/SBR composites.
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Fig. 5. Energy storage modulus-strain curves of SiO2/SBR, GO/SiO/SBR and
NG-NS/SBR compounds.

dispersed in the SBR matrix due to the repulsive force between the two
fillers. Importantly, the NG-NS particles with C—=C bonds in MAH were
further grafted into the rubber molecule chain to strengthen the inter-
facial interaction between the NG-NS and SBR molecules. The new
structure of NG-NS composite endows the NG-NS/SBR composites
possessed excellent mechanical properties, high wear properties and low
heat build-up.

2. Experimental Section
2.1. Materials

GO was synthesized by a modified Hummers method. y-amino-
propyltriethoxysilane (APTES) was provided by Beijing Mairuida
Technology Co., 1td (China). Styrene-butadiene rubber latex (SBR, 1502)
was purchased from Shandong Xianyuan Technology Co., ltd (China).
The solid content of SBR was 21 wt%. Zinc oxide (ZnO), Stearic acid
(SA), N-1,3-dimethylbutyl-N’-phenyl-p-phenylenediamine  (6ppd),

polymerized 2,2,4-trisilica (VN3), N-Cyclohexyl-2-benzothiazolesulfe-
namide (CZ) and sulfur were all commercially available and used
without any treatment.

2.2. Samples preparation

2.2.1. Preparation of NG and NS

A 2 mg/ml GO suspension was prepared by sonication for 30 min.
The APTES deionized water/ethanol (1/9, v/v) was added to the GO
suspension (mgo/mapres = 1/2.5). Then the mixture was stirred for 1 h,
resulting in hydrolysis of the ethoxy groups on the APTES to generate
highly reactive silanol groups. After reaction at 68 °C for 6 h, the mixture
was washed several times by using a centrifugal machine to remove the
unreacted APTES. After Soxhlet extraction, the modified GO was again
mixed with the deionized water to form a 2 mg/ml suspension which
was labeled NG.

Silica suspension with smaller particle sizes were prepared by
placing the silica dispersions in a colloid mill at 1200 r/min for 20 min.
Subsequently, silica was also modified by APTES. A 100 g/L suspension
was prepared by a similar procedure with GO suspension, and labled NS.

2.2.2. Preparation of NG-NS

The homogeneous suspension of NG and NS was mixed and sonicated
for 1 h. After MAH was completely hydrolyzed, the MAH hydrolysate
solution (molyag/molapres = 0.5:1) was added to the mixture of NG and
NS. After reaction at 90 °C for 6 h, the mixture was washed several times
by using a centrifugal machine to remove the unreacted MAH hydro-
lysate. The mixture of NG and NS was again mixed with deionized water
to obtain a homogeneous suspension, which was labled NG-NS.

2.2.3. Preparation of rubber composites

A controlled amount of SiO; (45 phr), GO/SiO5 (48 phr) and NG-NS
(48 phr) were mixed with the SBR latex by agitation for 20 min, and then
the mixture was flocculated by CaCly solution (1.5 wt%). After the
flocculated mixture was washed several times using deionized water, the
SiO2/SBR, GO/SBR and NG-NS/SBR compounds were obtained. After-
wards, the SiO5/SBR, GO/SBR and NG-NS/SBR compounds were com-
pounded with 3 parts per hundred rubber (phr) ZnO, 2 phr SA, 2 phr
6ppd, 2 phr poly(1,2-dihydro-2,2,4-trimethyl-quinoline) (antioxidant
RD), 2 phr N-cyclohexylbenzothiazole-2-sulphenamide (Accelerator CZ)
and 1.8 phr sulfur on a two-roll mill to obtain the SiO2/SBR, GO/SBR
and NG-NS/SBR compounds. Finally, the SiO,/SBR, GO/SBR and NG-
NS/SBR composites were obtained after curing at 151 °C under a
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Table 1

Vulcanization Properties of SiO,/SBR, GO/SiO5/SBR and NG-NS/SBR

composites.
Sample Too (min) MH (dN-m) ML (dN-m) MH-ML
SiO,/SBR 4.28 13.36 1.96 11.40
GO/SiO2/SBR 8.29 16.83 2.69 14.14
NG-NS/SBR 9.11 18.52 3.43 15.09

pressure of 15 Mpa.

2.3. Characterization

The morphologies of GO, SiO2, NG-NS and the dispersion of different
fillers in SBR composites were observed using G220 S-TWIN trans-
mission electron microscopy (TEM, FEI Co., USA). Surface regularity of
GO and NG-NS was characterized by an Invia Raman (Renishaw Co.,
England). The laser wavelength was 514 nm and the laser intensity was
10 %. Spectra were recorded within wavenumbers ranging from 500 to
2000 cm . Elemental analysis of GO and NG-NS was performed by
using an ESCALAB 250 X-ray photoelectron spectroscope (XPS, Thereto
Electron Co., USA). C, O, N and Si, were scanned using an Al Ko X-ray
source (1486.6 €V). The chemical structures of GO, SiO5, NG-NS were
recorded by a Tensor 27 Fourier transform infrared (FTIR) spectrometer
(Bruker Optik Gmbh Co., Germany). Spectra were recorded within
wavenumbers ranging from 400 to 4000 cm™!. Zeta potential of all
samples was characterized by a Laser particle analyzer (Malvern In-
struments Co., England). The weight loss of all samples was identified
using a TGA-1 thermal gravimetric analyzer (Mettler-Toledo Co.,
Switzer-land). The TGA test was performed at a heating rate of 10 °C
/min under a nitrogen atmosphere. The filler network structure of all
rubber compounds was characterized by 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 temperature of the test was set at
60 °C. The dynamic mechanical properties of rubber composites were
investigated using a VA3000 dynamic mechanical thermal analyzer
(DMTA, METRAVIB Corporation, France). The tests were performed in
tensile mode at 10 Hz. The temperature ranged from —80 to 80 °C at a
heating rate of 3 °C/min. The rectangular samples used in this testing
had dimensions of approximately 10 mm x 6 mm x 1 mm. Three
samples for each composite were prepared for DMA testing. The static
mechanical performances of rubber composites were characterized by a
CTM4104 electrical tensile tester (Shenzhen SANS Test Machine Co.,
China), in accordance with ISO 37:2005 standard. Abrasion perfor-
mance of rubber composites was tested using a GT-7012-D DIN abrasion

machine (Mingzhu Machinery Co., Itd., China) in accordance with ISO
4649: 2002. Heat build-up of rubber composites was characterized by a
Goodrich flexometer (BF Goodrich Co., USA). The heat build-up samples
were 25 mm in height and 18 mm in diameter. The ambient temperature
of the heat build-up samples was 55 °C. The compression frequency
experienced by the heat build-up samples was 55 Hz and the stroke was
4.45 mm. The temperature rise at the specimen base was recorded.

3. Results and discussion
3.1. Design and preparation of NG-NS/SBR composites

The design and preparation of the NG-NS/SBR composites are
schematically illustrated in Fig. 1. The GO and silica possessing positive
charges were obtained in the aqueous phase by the modification of
y-aminopropyltriethoxysilane (APTES), resulting in a repulsive force
between the two fillers and avoiding filler aggregation. Thereafter, MAH
hydrolysis, having negative charge, was introduced to bridge silica and
GO by electrostatic self-assembly, forming NG-NS composite particles in
the aqueous phase. Further, NG-NS aqueous dispersion was com-
pounded with SBR latex particles to obtain a mixture solution with fine
NG-NS dispersion. Subsequently, the NG-NS/SBR composites with fine
dispersion were prepared by co-coagulation. During the vulcanization
process, the NG-NS particles with C=C bonds in MAH were further
grafted into the rubber molecule chain to strengthen the interfacial
interaction between the NG-NS and SBR molecules (see the “Experi-
mental Section” for a detailed process).

3.2. Characterizations of NG-NS

To verify the success of electrostatic assembly between NG, NS and
MAH, the zeta potential tests in Fig. 2a was used to examine the surface
charges of GO, SiO2, NG, NS and NG-NS. All samples are negatively
charged. Compared with that of GO and SiO», the increased zeta po-
tential values of NG and NS indicated the silanol groups of APTES hy-
drolysate reacted with negatively charged groups on the surface of GO
and SiO. The hydrolysate product of MAH was maleic acid, which
ionizes in the aqueous solution to form —COO™ groups. Therefore, the
potential of the aqueous solution of MAH was negative. However, the
zeta potential value of NG-NS was much higher than that of NG and NS,
suggesting that the strong electrostatic bonding resulted in a reduction
in negative charges and formation of NG-NS composite particles with a
sandwich-like structure.

Fig. 2b shows the TGA curves of GO, SiO3, NG, NS and NG-NS. SiO5
exhibits extremely high thermal stability and its slight weight loss is
mainly attributed to the evaporation of bound water [33]. The 8.0 %
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the interphase, respectively.

weight loss of NS was largely attributed to the evaporation of bound
water and the decomposition of silane molecules. The thermal decom-
position of GO was divided into three stages: [34] The first was the water
evaporation stage at 40-160 °C. The bound water adsorbed by the
oxygen-containing functional groups on the surface of GO was evapo-
rated in this stage. The second was the decomposition of oxygen-
containing groups at 160-240 °C. The third was the rearrangement of
the unstable carbocyclic structure and the disintegration of the carbon
skeleton in GO at 240-700 °C. Finally, the GO weight loss was 47.6 %. In
the case of NG, the main weight loss was due to the decomposition of
oxygen-containing groups and silane molecules at 140-550 °C. The
weight loss (13.7 %) of NG-NS is lower than that (38.4 %) of NG, which

is mainly due to the presence of SiO3 in NG-NS.

Fig. 2¢ shows that the FTIR spectra of GO, SiO2 and NG-NS. In the
spectrum for GO, the peaks at 3426, 1744 and 1622 cm ™! are attributed
to the O—H, C=0 and C—C stretching vibrations, respectively [35]. In
the spectrum for SiO,, the peaks at 1107 and 868 cm ™! are both ascribed
to the stretching and bending vibration of Si-O [36,37]. In addition, the
peak at 958 cm™! is attributed to the Si-OH stretching vibration. By
comparison with GO and SiOs, the new peaks for NS, NG and NG-NS at
1378-1637 cm ™ are attributed to the N—H, G—H and C—N stretching
or bending vibrations, indicating their successful functionalization
[36,38,39]. In addition, the peak of -NHj; variable angle vibration of
NG-NS was shifted from1577 to 1565 cm™!, suggesting a faint
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Table 2
The loss factors of SiO,/SBR, GO/SiO,/SBR, and NG-NS/SBR composites at
60 °C and 0 °C.

Temperature SiO,/SBR GO/Si05/SBR NG-NS/SBR
0°C 0.156 0.160 0.161
60 °C 0.076 0.066 0.064

Table 3

The constrained region (C) of SiO»/SBR, GO/SBR, and NG-NS/SBR composites.
Samples Si0O/SBR GO/Si03/SBR NG-NS/SBR
C values 0.031 0.050 0.069
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Fig. 9. Stress-strain curves of SiOy/SBR, GO/SiO»/SBR, and NG-NS/
SBR composites.

electrostatic interaction between -NH5 and -COOH|[ 36,40]. It was noted
that the peak at 3464 cm ™! was wider and higher due to the overlapping
of the O—H and NHj, stretching vibration.

Chemical Engineering Journal 452 (2023) 139113

Fig. 2d shows that the Raman spectra of GO and NG-NS. The spectra
of GO and NG-NS showed peaks located at 1344 and 1593 cm ! for the D
band and G band, respectively [41]. The ratio of Ip/Ig increases from
0.76 for GO to 1.12 for NG-NS, illustrating that the structural integrity of
GO sheets was destroyed after electrostatic self-assembly with SiOs.

XPS spectra in Fig. 3 were employed to characterize the surface
chemical composition of GO, NG and NG-NS. Fig. 3a shows that the full
spectra of GO, NG and NG-NS, indicating that the characteristic peaks of
silicon and nitrogen elements appear in NG and NG-NS. Fig. 3b and ¢
show the XPS C1s spectra of GO and NG-NS. Three fitted peaks of NG-NS
at 285.8, 288.4 and 289.3 eV correspond to C—0, C=0 and O-C=0,
respectively [42]. For NG-NS, the intensity of peaks of C—0, C=0 and
0O-C=O0 decreased sharply compared with NG, due to the GO surface
being covered by SiO, particles. Fig. 3d shows that the peak of
—NH3"00C appeared in the N1s XPS spectra, indicating that the elec-
trostatic attraction between carboxyl groups on the MAH hydrolysate
and amino groups on the NG and NS [38]. Si2p spectra in Fig. 3e shows
the peak of O-Si-O appeared in NG-NS particles, suggesting that NS was
attached to the surface of NG [43].

3.3. Dispersion of NG-NS in SBR matrix

To explore the dispersion of fillers in rubber composites, TEM was
performed on the surface of the samples. As shown in Fig. 4a and b, SiO2
particles and GO sheets appeared to undergo severe stacking and
agglomeration in the rubber composites. As for NG-NS/SBR in Fig. 4c,
the agglomeration of SiO, particles and the stacking of GO sheets were
significantly reduced, suggesting that electrostatic repulsion between
fillers promoted the dispersion of fillers in the SBR matrix.

3.4. Filler network in the NG-NS/ SBR composite

Fig. 5 shows the filler networks in SiO3/SBR, GO/SiO5/SBR and NG-
NS/SBR compounds. The SiO2/SBR compound had the lowest energy
storage modulus among the three compounds. This is because there was
a large amount of agglomeration of SiO, particles in the SBR matrix,
resulting in the reduction of the specific surface area of SiO5, and the
poor interfacial interaction between SiO3 particles and rubber molecular
chains. The energy storage modulus of GO/SiO2/SBR compounds was
higher than that of SiO2/SBR composites, indicating that the constraint
effect of GO sheets on rubber molecular chains was much greater than
that of the SiO4 particles. NG-NS/SBR has the highest storage modulus,
attributed to GO sheets and SiO, particles both having a fine dispersion
in the SBR matrix. The constrictions on the movement of SBR molecules
by GO and SiO; were stronger than those in the other compounds [44].
Therefore, the dispersibility of the fillers and the shape of the filler play a
crucial role in the construction of the filler network.

Curing tests of different SBR composites were performed at 150 °C on
different SBR composites and the resulting curves are presented in
Fig. 6a and Table 1. The torque of the NG-NS/SBR composite changed
maximally within 20 min and then increased slightly compared to GO/
SiO4/SBR, indicating the crosslinking reaction between NG-NS and SBR
occurred and a weak three-dimensional crosslinking network formed.
Fig. 6b shows that crosslinking density of NG-NS/SBR composite is
higher than that of SiO3/SBR and GO/SiO,/SBR composites, revealing
that a grafting reaction may occur between the vinyl groups in maleic
anhydride (MAH) and C—C bonds in the rubber molecules.

3.5. Interfacial interaction between NG-NS and SBR molecules

The PF-QNM technique was used to measure the gradient change of
Young’s modulus of the SiOy/SBR, GO/SiO2/SBR, and NG-NS/SBR
composites. The thickness of interphases between nanofiller and SBR
molecule chains was evaluated quantitatively. Fig. 7 shows the average
interphase thicknesses of NG-NS/SBR composite (109.5 + 10.3 nm)
were much higher than those of SiO5/SBR (65.4 + 8.5 nm), GO/SiOy/
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Table 4
Mechanical properties of SiO/SBR, GO/SiO»/SBR, and NG-NS/SBR composites.
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Samples Shore A hardness 100 % Modulus (Mpa) 300 % Modulus (Mpa) Tensile strength (Mpa) Elongation at break (%) Tear strength (kN/m)
SiO2/SBR 66 +1 1.8+ 0.1 5.7+04 129 +0.3 437 £ 15 316 £1.1
GO/SiO2/SBR 75+1 24+0.1 8.7+0.3 14.6 £ 0.4 399 +18 45.4+1.3
NG-NS/SBR 67 £1 25+0.1 128 £0.1 28.7 £ 0.6 476 + 19 55.7 £1.2
SBR (82.1 + 6.8 nm), respectively. The high interphase modulus and
Table 5 thickness are beneficial for transferring the external forces and distrib-

Comparison of mechanical properties with different SBR composites filled with
silica and GO (or rGO).

Samples 300 % Tensile Elongation at Tear
Modulus strength break (%) strength
(Mpa) (Mpa) (kN/m)
NG-NS/SBR 12.8 28.7 476 55.7
TP-rGO/SBR 11.8 21.5 530 35.1
[31]
SBR/SG [38] 2.7 17.6 850 32.0
1 %rGO/SiO, 12.5 24.8 442 47.5
[29]
CBSi5 [48] - 12.6 752 35.7
SBR/DeVulcNR/ - 12.7 828 32.6
Si05(30)/GO
(3) [49]

_7" | 0.22+0.007
0.25 0.18+0.009

0.12+0.006

/ ) y
y y
y i = 4

T R T R T
SiO,/ESBR GO/SiO,/ESBR NG-NS/ESBR

Fig. 10. DIN abrasions and NG-NS/

SBR composites.

of SiOy/SBR, GO/SiO»/SBR

Abrasion

uting the stress, subsequently enhancing the abrasion resistance [45].

DMA was used to investigate the interfacial interaction between the
filler and SBR molecules. Fig. 8 shows that the peak value of the loss
factor of the NG-NS/SBR composite was the lowest among the three
samples, and the glass transition temperature of the NG-NS/SBR com-
posite moved to a higher temperature compared with that of SiO,/SBR
composite. This is because the vinyl group of MAH hydrolysates in NG-
NS was grafted with the vinyl groups of SBR in the presence of sulfur
during the curing process at high temperature. The graft reaction pro-
moted the formation of strong interfacial interaction between the NG-NS
and SBR matrix and limited the movement of SBR molecules. Table 2
shows the NG-NS/SBR composite had the lowest loss factor at 60 °C and
the highest loss factor at 0 °C, indicating that the rolling resistance and
wet skid resistance of the NG-NS/SBR composite were superior among
the three samples [45].

As reported, SBR composites exhibited linear viscoelasticity at high
nanofiller content [46]. The linear viscoelasticity behavior was repre-
sented by the relationship between the volume fraction of the con-
strained region (C) and the loss factor (tand). The dynamic viscoelastic
equation is as follows:

C=1—(1-Cy)W/W, @

where Cy and Wy represent the energy fraction loss and volume fraction
of the constrained region for pure SBR, respectively. Here, Cy is taken to
be 0 and W is the energy loss fraction of the composites, calculated using
the following equation: [47].

W = mtand//(ntand + 1) (2)

The C values of the composites containing different kinds of fillers
were calculated and compared in Table 3. The C values of the NG-NS/
SBR (0.069) composite was much higher than that of SiO;/SBR
(0.031) and GO/SiO2/SBR (0.050), suggesting the NG-NS filler effec-
tively limited rubber molecules and promoted the interfacial interaction
with the rubber matrix.

Immobilization

Fig. 11. The mechanism diagram of abrasion resistance of GO/SiO,/SBR and NG-NS/SBR composites.
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Fig. 12. SEM images of the DIN abrasion surfaces of (a) SiO2/SBR, (b) GO/SiO2/SBR and (c) NG-NS/SBR composites.

40
30-
e
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Fig. 13. Heat build-up SiO»/SBR, GO/SiO2/SBR, NG-NS/SBR composites.

3.6. Static mechanical properties of NG-NS/SBR composite

Fig. 9 and Table 4 show the static mechanical properties of different
SBR composites. The 300 % tensile modulus, tensile strength of NG-NS/
SBR composite were increased by 125 %, 122 %, respectively, compared
with those of SiO2/SBR composite. This improvement was due to the
fine dispersion of NG-NS filler and the chemical interface constructed by
the graft reaction between NG-NS and SBR molecules. Thus, stronger
and more solid interaction sites between filler and rubber molecules
were formed, which was beneficial to the force transmission, and
improved the mechanical properties of the NG-NS/SBR composite. In
addition, it was found the 300 % modulus, tensile strength, elongation at
break and tear strength of NG-NS/SBR were higher than those of other
similar systems filled with silica and GO (or rGO) in Table 5, attributing
to the fine dispersion of NG-NS and the chemical interface in NG-NS/
SBR composites.

3.7. Abrasion resistance and abrasion surface topography of NG-NS/SBR
composites

Fig. 10 shows the DIN abrasion resistances of different SBR com-
posites. The abrasion resistance of the NG-NS/SBR composite showed an
improvement 45.5 %, compared with that of the SiO2/SBR composite.
Fig. 11 shows the improvement mechanism of abrasion resistance for
SBR composites. During the abrasion process of the rubber composites,
rubber molecules slipped and were migrated and broken when subjected
to the external forces [50-52]. Therefore, the improvement in the
abrasion resistance of NG-NS/SBR was attributed to two factors: (1) The
contact area between nanofiller and rubber molecules was increased due
to the high dispersion of the GO and SiO; in the SBR matrix, resulting in
the movement of most of the rubber molecules being constrained by
nanofillers. (2) The increased modulus of adsorption layer on the
nanofiller surface led to the rubber molecule chains being further
immobilized. Therefore, SBR molecules in the NG-NS/SBR composite
were not easily broken, finally leading to the high abrasion resistances.

3.8. Abrasion surface topography of NG-NS/SBR composites

SEM was employed to characterize the surface topography of SiOy/
SBR, GO/SiO5/SBR and NG-NS/SBR composites after DIN abrasion was
carried out. In Fig. 12a and b, the surfaces of SiO2/SBR and GO/SiO/
SBR are seen to be relatively rough. More abrasion strips were observed
on the surface of SiO5/SBR and GO/SiO2/SBR composites. This was
because the mutual contact area between nanofillers and rubber mole-
cules was reduced in the SiO5/SBR and GO/SiO2/SBR composites, due to
poor filler dispersion in the SBR matrix. The physical adsorption of the
filler to the rubber molecular chains was not beneficial in respect of
sharing the external shear forces.

In contrast, Fig. 12c shows the much smoother surface of the NG-NS/
SBR composite when compared with that of SiO2/SBR and GO/SiOy/
SBR composites. This was assumed to be because the external forces
were evenly shared due to the formation of more physical and chemical
crosslinking points by the fine dispersion of NG-NS, and the chemical
interfacial interaction between NG-NS and rubber molecular chains. The
uniform network reduced the possibility of slippage and breakage of SBR
molecules, resulting in the improvement of abrasion resistance.
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3.9. Heat build-up in NG-NS/SBR composites

Three variants of nanoscale friction are primarily responsible for the
heat build-up of rubber composites. These are friction between polymer
chains and nanoparticles, between nanoparticles and nanoparticle and
between polymer chains and polymer chains [53]. Fig. 13 shows that the
heat build-up temperature of the GO/SiO2/SBR composite increased by
9.8 °C compared with that of the SiO»/SBR composite, suggesting that
there is significant mutual friction between GO sheets and SiO;, particles.
However, the heat build-up temperature of the NG-NS/SBR composite
decreased by 8.2 °C compared with that of the GO/SiO/SBR composite,
indicating that high dispersion and a strong interfacial interaction
contributed to the reduction in friction between all components. Espe-
cially, the reduction in the friction between fillers was attributed to two
factors: (1) MAH hydrolysate acted as a “lubricant” between GO sheets
and SiO; particles to reduce the friction between their surfaces. (2) The
grafting reaction occurred between the vinyl groups in NG-NS and C—=C
bonds in the rubber molecules, resulting in a strong interfacial interac-
tion between the filler and the rubber molecules. The collisions possi-
bilities between fillers decreased, thereby reducing the friction between
fillers.

4. Conclusions

In this study, SBR compound with a fine dispersion of GO and SiOy
was prepared by aqueous compounding and electrostatic self-assembly.
During the vulcanization process that followed, MAH hydrolysates in
NG-NS formed irreversible cross-linked bonds with the C=C bonds in
the rubber molecules, promoting an interfacial interaction between NG-
NS and SBR molecules. Compared with SiO2/SBR composites, the 300 %
modulus, tensile strength and abrasion resistance of NG-NS/SBR com-
posites were improved by 125 %, 122 %, 83.3 %, respectively.
Compared with GO/SiO2/SBR composites, heat build-up in the NG-NS/
SBR declined by 8.2 °C. This novel aqueous compound system and
interface design provide a new and novel opportunity for preparing
high-performance rubber composites with high abrasion resistance.
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