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During mechanical processes, violent friction and wear between the friction contact surfaces not only
causes wear to mechanical components, reducing the instrument life, but also causes friction heat,
reducing the working efficiency of machines during operation. The addition of graphene-reinforced
grease to the mechanical friction surface can effectively reduce the friction coefficient and improve the
thermal conductivity. In this work, the tribological properties and thermal conductivity of base grease
with graphene were investigated systematically. The tribological results showed that the grease with
2 wt% graphene had the best tribological properties among all these greases. The wear scar diameter
and average friction coefficient of graphene grease with 2 wt% graphene reached 0.43 mm and 0.10 (the
values for base grease are 0.50 mm and 0.118), respectively. In addition, the average friction coefficient
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conductivity of the grease with 4 wt% graphene reached 0.28 W (m K)™% an increase of 55.5% in
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Introduction

Increasing industrialization has provided peace and well-being,
but it causes much energy waste. A portion of this energy waste
is produced by friction and wear in mechanical systems. Many
researchers have tried to control friction and wear by lubri-
cating rubbing surfaces; one of the most effective ways is adding
grease or oil to lubricate the surface to reduce the friction
coefficient, which not only effectively decreases energy waste
and improves the working efficiency of the machine, but also
reduces damage to the equipment. Both grease and lubricating
oil are superior lubricating materials."> When they are added to
gears or other mechanical friction surfaces, the friction coeffi-
cient and wear scar diameter (WSD) in particular obviously
decrease. Grease and lubricating oil with some nanoparticles
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comparison with the base grease. It is proposed that the addition of graphene into the base grease
effectively enhanced the tribological properties and thermal conductivity.

can ameliorate the tribological performance more effectively
compared with grease and lubricating oil without nano-
particles.®* However, there is a disadvantage in that the nano-
particles gather together and settle down, as time goes by, when
the nanoparticles are dispersed in oil. Compared with oil, there
is no trouble in grease. Owing to its high viscosity, grease with
nanoparticles retains its effectiveness. It can effectively enhance
the anti-wear properties and decrease friction on metal-metal
contact surfaces. As a lubrication additive dispersed in grease,
many nanoparticles are available, such as inorganic nano-
particles, carbon nanoparticles and other 2D structural
materials.*®

Graphene, with a carbon atom possessing sp®> hybrid
orbitals, is a carbon material with a two-dimensional structure,
which has attracted lots of attention owing to its exceptional
electric, thermal, physical and mechanical properties.” Gra-
phene can be validly applied in various fields, such as solar
cells, supercapacitors, sensors, thermal conductivity compos-
ites and tribological materials.**> When adding graphene into
lubricating materials, such as grease, the lubricity of the
materials can be enhanced effectively." Besides, compared with
the base lubricating material, the thermal conductivity of the
composite is also improved.™

As an additive, graphene can validly improve the anti-wear
and reduce the friction lubrication performance of grease,
owing to its favourable mechanical properties and extremely
smooth atomic surface. As a result of graphene's extremely

RSC Adv, 2019, 9, 42481-42488 | 42481


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra09201c&domain=pdf&date_stamp=2019-12-20
http://orcid.org/0000-0002-2649-9108
http://orcid.org/0000-0002-6008-9452
http://orcid.org/0000-0002-7090-9610
http://orcid.org/0000-0002-2263-4755
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09201c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009072

Open Access Article. Published on 20 December 2019. Downloaded on 2/6/2026 10:42:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

small particle size and large surface area, the oxidation resis-
tance of grease with graphene is greatly enhanced. The use of
graphene as an additive in base grease to enhance the tribology
had been widely reported. Zhang'® added graphene prepared by
physical stripping method to lithium-based grease, and studied
the tribological properties and critical load pressures for grease
with different graphene contents (0-2 wt%). Wu'’ studied
a composite nanomaterial composed of a bubble structure
composed of molybdenum disulphide/redox graphene (MoS,/
RGO) and found that adding it to grease greatly improved its
wear resistance. Singh'® compared the tribological and rheo-
logical properties of grease with different nanoparticles added
(redox graphene, calcium carbonate, ¢-alumina). Wang' added
graphene-copper nanoparticles (GN/Cu) prepared by reduction
to grease, then studied the tribological properties of the GN/Cu
grease. Kamel® studied the effects of different concentrations
of graphene on the tribological properties of calcium-based
greases.

Graphene has been reported to improve the tribological
properties and thermal conductivity of grease or composites in
many relevant recently published studies. Actually, many
researchers have found that graphene has excellent tribological
properties and thermal conduction performance and they are
now paying more attention to single fields, like tribological
properties or thermal conductivity. However, these researchers
have not combined the tribological properties with the thermal
conductivity of grease.”’*® The relevant interpretation and wear
mechanisms of graphene have been studied and the relevant
published work can be used for ref. 24-27. Thus, we studied the
performance of grease in terms of both the tribological prop-
erties and the thermal conductivity. We studied the perfor-
mance of grease systematically, owing to the thermal properties
being considered during the machine operational time.

In this work, the graphene dispersion in grease could
enhance the tribological properties and thermal transportation.
Graphene could be completely dispersed in grease owing to the
“shear-thinning” phenomena. The friction and wear resistance
were measured via the four-ball test. We also investigated the
load-carrying and frequency-carrying capacity of graphene-
reinforced grease to complete the tribological properties. The
critical value of oil film rupture and the complete failure of oil
were also studied carefully. At the same time, the thermal
transportation properties of graphene-reinforced grease were
studied and verified by infrared thermography.

Experimental
Materials

Graphene was purchased from Ningbo Morsh Tech. Co., Ltd.
(China). The base grease was purchased from Shaoxing G&N
Lubricate Materials Co., Ltd. (China).

Preparation of graphene grease

Each graphene grease sample was prepared by adding graphene
into the base grease at 25 °C and then mixing using a mixing
machine (Flacktek SpeedMixer DAC 150 FVZ-K) at 3500 rpm for
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15 min. 490 g of base grease and 10 g of graphene was divided
into five parts (100 g of base grease, 99 g of base grease with 1 g
of graphene, 98 g of base grease with 2 g of graphene, 97 g of
base grease with 3 g of graphene, 96 g of base grease with 4 g of
graphene). Owing to the “shear-thinning” phenomena, the
viscosity of the base grease decreased a lot at the high shear rate
(3500 rpm) and the graphene could be dispersed in grease
effectively at this frequency. Moreover, the high shear stress
makes it impossible for the graphene to agglomerate together.
Thus, we obtained graphene-reinforced grease with superior
even dispersion.

Characterizations

The graphene was investigated by a scanning electron micro-
scope (SEM, Quanta FEG250, USA) operating at an accelerating
voltage of 10 kV. X-ray photoelectron spectroscopy (XPS) was
carried out with an AXIS Ultra DLD spectrometer (Kratos,
Japan). Atomic force micrographs (AFM) were obtained with
a Dimension 3000 scanning probe microscope (Veeco, USA) in
tapping mode. The Raman spectra were recorded using a Reflex
Raman system (Renishaw plc, Wotton-under-Edge, UK) with
a laser wavelength of 532 nm. The viscosity of the graphene-
reinforced grease with different graphene concentrations was
determined using a rotary rheometer (Physical MCR-301, Aus-
tria) at 25 °C. The friction and anti-wear properties were per-
formed via the four-ball test (MS 10-A, Xiamen Tenkey
Automation Co., Ltd, China), as shown in Fig. S1.f The long-
term friction and wear test during the tribology test was kept at
400 N, and the frequency was 20 Hz (the speed was 1200 rpm)
for one hour at 75 °C (based on standard ASTM D2266-67 C81).
The friction model is shown in Fig. S2.7 The upper ball under
load was rotated against three stationary lower balls and the ball
contact space was full of grease. The machine was cleaned and
the balls were cleaned by ultrasonication at the beginning of
each test. The tests were repeated at least 4 times to confirm the
reproducibility of the results. The WSD (mm) was measured by
electron microscope (TDS-0745-MV, Japan) then we calculated
the average WSD of each ball. The thermal conductivity of the
graphene grease was measured using an LFA 467 Nano Flash
(Netzsch, Germany) (based on standard ASTM E 1461). In brief,
the laser source emits a light pulse on the sample surface under
certain temperature conditions so that the surface absorbs light
energy and the temperature is instantly raised, and heat source
conduction occurs towards the cold side (the upper surface). An
infrared detector continuously measures the temperature of the
upper surface. The data were obtained via a series of calcula-
tions. The infrared thermal images were captured with a Ti400
infrared camera (Fluke, USA).

Results and discussion
Characterization of graphene

The morphology and structure of the graphene were charac-
terized by using SEM/AFM and XPS and Raman spectra,
respectively, as shown in Fig. 1. The SEM image in Fig. 1(a)
clearly shows that the size of the graphene samples was 1-8 um.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Structural characterization of graphene. (a) SEM image of graphene. (b) Particle size distribution of the graphene material according to
SEM analysis. (c) XPS spectrum of graphene. (d) AFM image of graphene. (e) Cross-sectional height profile taken along the white straight line. (f)

Raman spectrum of graphene.

The average lateral size of graphene was determined as 3.46 pm
by counting 125 pieces under our experimental conditions, as
shown in Fig. 1(b). Fig. 1(c) shows the XPS survey spectrum of
graphene in the range of 0-800 eV, which was used to quantify
the surface element composition, namely: carbon was 93.66%
and oxygen was 6.34%. Detailed analysis of the XPS spectra
offers more clear evidence that the graphene is made of
different functional groups and the C 1s core level spectra are
illustrated in Fig. S3.7 It revealed that the peaks appeared at
280.5, 281.5 and 282.5, which derived from C=C, C-C, and C-
O, respectively. AFM is a valid technique for judging the thick-
ness of graphene. The AFM image and the corresponding height
profile of the graphene, from which the thickness was found to
be approximately 6.5 nm, are shown in Fig. 1(d) and (e),
respectively. According to the SEM and AFM images, we found
that the aspect ratio, defined as the ratio of the nanosheet's
length to thickness, is approximately 532. Raman spectroscopy
is an effective method for studying the nanocrystalline and
amorphous nature of graphene nanosheets.”® The D band at
~1330 cm ™' and the G band at ~1580 cm™ " are composed of sp®
hybridized carbon and sp® bonded carbon atoms, respectively.?®

In addition, the ratio of the D band and the G band (Ip/Ig)
demonstrates the quality of the graphene nanosheets.* Fig. 1(f)
shows the low-intensity ratio of the D band and the G band,
which indicates that there are few defects in the graphene
nanosheets. Few defects in the graphene means that the

This journal is © The Royal Society of Chemistry 2019

graphene has a comparatively complete microstructure and
a smooth atomic surface, which ensures that the graphene we
used exposed the tribological and thermal conductivity
properties.

Viscosity of grease

As a non-Newtonian fluid, the viscosity of the grease will be
weakened at higher shear rates, which is called “shear-thinning”
phenomena.*** After adding the graphene particles, the viscosity
of the grease increased a lot at lower shear rates, and changes
little at higher shear rates, as shown in Fig. 2(a). With the gradual
increase of the graphene content in the grease gradually, the
shear stress and viscosity of the grease increased a lot. When the
graphene concentration reached 4 wt%, the viscosity of the gra-
phene grease arrived at the maximum value above these greases.
Comparing the graphene grease at different shear rates (0.1, 60,
and 1000 r s~ '), the viscosity and shear stress of graphene grease
changed a lot at 0.1 r s~'. Meanwhile, the viscosity increased
slowly at the shear rate of 60 r s, which was the shear rate we
used for blending the graphene grease we prepared. There was no
obvious change at the rate of 1000 r s~ ', as shown in Fig. 2(a) and
(b). The base grease on its own and with different levels of gra-
phene are shown in Fig. 2(c). We found that the graphene
nanosheets were dispersed well in the base grease, which
demonstrates that the prepared graphene-reinforced grease can
be stored stably for a long time. Optical microscopy photos of the

RSC Adv, 2019, 9, 42481-42488 | 42483
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Fig.2 Log-log plots of (a) viscosity [the inset is (a) viscosity and (b) shear stress versus graphene concentration under different shear rates] and
(b) shear stress versus shear rate for grease with different concentrations of graphene at 25 °C. (c) Pictures of grease with different concentrations

of graphene.

graphene-reinforced grease (in the concentration range from 1 to
4 wt%) are shown in Fig. S4.1 These photos show the dispersion
and the content of the graphene in the grease.

Tribological properties of grease

The tribological properties of the base grease and the graphene-
reinforced grease, such as friction coefficient and wear, are
shown in Fig. 3 and 4. In friction motion, the friction contact
surface would be scratched over time through the friction of
reciprocating motion with an applied load and frequency.*® The
variation of the friction coefficient as a function of time when
lubricated by base grease with different levels of graphene
ranging from 0 to 4 wt% is shown in Fig. 3(a). The friction
coefficients of the greases increased at first, because these
greases did not participate in frictional motion surfaces effec-
tively. When the grease and the nanosheets came into contact
with the surface, the friction coefficients decreased with time
from 600 to 1200 s. Finally, the friction coefficients became stable
in the frictional motion surfaces. We found that the friction
coefficient of the grease with 2 wt% graphene nanosheets was
lowest, which showed that graphene dispersed in grease could be
effective for reducing friction. The average values of the friction
coefficients of these greases, from four repeated experiments,
decreased with increasing graphene content until 2 wt% gra-
phene, as shown in Fig. 3(b). It can be seen that the friction

42484 | RSC Adv, 2019, 9, 42481-42488

coefficient firstly decreased as the graphene concentration
increased from 0 to 2 wt%, and then increased as the graphene
concentration increased from 2 to 4 wt%. The statistical results
suggested that the lowest average friction coefficient was 0.10
when the graphene concentration was 2 wt%. Compared with
that of the base grease (0.118), the average friction coefficient of
2 wt% graphene grease decreased by 15.3%. It can be seen that
the lowest friction coefficient was obtained with graphene grease
with 2 wt% graphene. The typical wear scars of the balls after
testing are shown in Fig. 3(c-g). Fig. 3(c-g) show the WSD of
grease with 0-4 wt% graphene, respectively. These balls were the
same size; a lower wear scar diameter means higher anti-wear
performance. Loading with 2 wt% graphene results in the
lowest wear scar diameter (0.43 mm), as shown in Fig. 3(e), which
was by 14% lower than that of the base grease (0.50 mm), as
shown in Fig. 3(c).

By calculating the Hertzian contact diameters,** we could get
the friction state. For the four-ball test with all of the balls the
same size, the Hertzian formula could be simplified as follows:

3/6x N x(1—u?) xR
Dh:\/ (E )

(1)

where N is the positive pressure on the contact friction surface
under the four-ball test, u is the friction factor of the ball fric-
tion surface, R is the radius of the balls, and E is 2.085 x 10°.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Tribological properties of graphene-reinforced grease at a frequency of 20 Hz under 400 N load at 75 °C for 1 h. (a) Friction curve. (b)
Average friction coefficient and average wear scar diameter. (c)-(g) Optical microscopy images of wear scar.

The Hertzian contact diameter was calculated to be 0.30 mm
under 400 N load, which is 31% lower than that of 2 wt% gra-
phene grease, which means the lubrication state belongs to
boundary lubrication. The average diameters of the wear scars
were measured by the four-ball test from four repeated experi-
ments, as shown in Fig. 3(b). It was clear that the size of the
WSD decreased with increasing graphene content until 2 wt%
graphene, the same as with the friction coefficient. The tribo-
logical properties of the greases with different graphene
concentrations revealed that the addition of graphene could
increase the lubrication and anti-wear properties of the base
grease.

Fig. 4 shows the influence of the graphene concentration on
the friction coefficient and WSD with increasing load and
frequency. The effects of different loads (100, 200, 300, 400 and
500 N) on the lubrication and anti-wear properties of the grease
with different amounts of graphene from 0 to 4 wt% are shown in
Fig. 4(a) and (b). Fig. 4(a) shows the friction coefficient variation of
the greases with different amounts of graphene under different
loads. The friction coefficient of these graphene-reinforced greases
increased a lot as the load increased because the contact and shear
strength of asperities in the rubbing surface make the friction
force under higher load higher than that under lower load.
Fig. 4(b) shows the WSD variation of the graphene-reinforced
greases under different loads. The WSD of these graphene-
reinforced greases also increased with increasing load. Espe-
cially, compared with the base grease, the WSD of the graphene-
reinforced greases did not decrease under 100 N load, while the
WSD of graphene-reinforced greases decreased a lot under 500 N
load. In general, compared with the lower load, the graphene
additive dispersed in the grease played a more important role in
the rubbing surface under higher load, which means that the
graphene particle was easier to pay a more critical role in the

This journal is © The Royal Society of Chemistry 2019

friction motion surface under higher load. Fig. 4(c) and (d) show
the effects of different frequencies (15, 20, 25, 30 and 35 Hz) on the
lubrication and anti-wear properties of the greases with different
amounts of graphene. Fig. 4(c) shows the friction coefficient
variation of these greases with different amounts of graphene
under different frequencies. It can be seen that the friction coef-
ficient of these graphene-reinforced greases changed little when
the frequency increased from 15 to 35 Hz. However, as shown in
Fig. 4(d), the WSD of these graphene-reinforced greases increased
when the frequency increased from 15 to 35 Hz. Compared with
the variation of the friction coefficient, the WSD of these graphene-
reinforced greases showed a distinct increase with increasing
frequency. This might mainly be attributed to the contact strength
having more impact on the friction coefficient than the shear
strength of the asperities in the rubbing surface. In addition, we
found that the portrait WSD depended on frequency and while
landscape one depended on load in the four-ball test machine.
The maximum non-seizure load (PB), related to the protective
film on the friction surface,* of graphene-reinforced grease was
investigated as shown in Fig. 4(e) (four-ball tester; speed:
1770 rpm, duration: 10 s). The PB value of base grease and grease
with 1 wt% graphene is 1120 and 1300 N, respectively. The PB
values of the greases with 2, 3, and 4 wt% graphene were all
1400 N, which is an improvement of 25% compared with that of
the base grease. The load-carrying capacity of the grease
improved with the addition of graphene. It indicated that, when
the graphene is effectively dispersed in the grease, the graphene
enhances the oil film strength so that the oil film cannot be
broken easily. The maximum sintering load (PD) of the graphene-
reinforced grease was investigated as shown in Fig. 4(f) (four-ball
tester; speed: 1770 rpm, duration: 10 s). The PD value of the base
grease was 3150 N. The PD values for the greases with 1 and
2 wt% graphene were both 3500 N, an improvement of 11%

RSC Adv, 2019, 9, 42481-42488 | 42485
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compared with that of the base grease. The greases with 3 and 4 wt% graphene increased a lot, indicating that the protective oil

film on the friction surface was enhanced, which was similar to

the PB of the graphene-reinforced grease.

4 wt% graphene both had PD values of 4000 N, an improvement

of 27% compared to the base grease. The PD value corresponds

with the complete failure value of the oil film on the friction

surface. The test results showed that the PD value of grease with
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Thermal conductivity of grease

Many researchers have found that the thermal conductivity of
composites can be improved with the addition of graphene into
the composites.***® It was found that the thermal conductivity of
the graphene-reinforced greases increased with increasing gra-
phene content. The thermal conductivity of the base grease was
0.18 W (m K) ™" at 25 °C. When the graphene concentration was
increased to 4 wt%, the thermal conductivity increased to 0.28 W
(m K)™', as shown in Fig. 5(a). Compared with the base grease, the
thermal conductivity of the grease with 4 wt% graphene was
increased by 55.6%, as shown in Fig. 5(b). As more graphene is
dispersed in the grease, the density of the heat conduction con-
necting channels between the graphene layers is likely to be
greater, so that the thermal conductivity can be effectively
improved. To test the temperature dependence of the greases with
different graphene contents, we studied the thermal conductivity
from 25 to 95 °C in Fig. 5(c). We found that the thermal conduc-
tivity increased a little with increasing temperature. The thermal
diffusivity of the graphene-reinforced grease decreased, but the
specific heat capacity increased. Owing to the low level of gra-
phene dispersed in the grease, the temperature dependence is
similar for all of the graphene-reinforced greases. For the purpose
of demonstrating the thermal conductivity of the graphene-
reinforced grease, we studied the surface temperature variation
of the base grease and grease with 4 wt% graphene with time upon
heating and cooling according to the infrared thermal images in
Fig. 5(d). As shown in Fig. 5(e), we designed a simple container to
hold the graphene grease for comparing the temperature changes
of base grease and grease with 4 wt% graphene. To accelerate the
heat transfer and ensure a uniform heating process, we placed the
samples on a piece of copper foil. To ensure that the samples

This journal is © The Royal Society of Chemistry 2019

could stand firmly on the table, we used glue to connect the copper
foil and the samples. Both samples were coated with graphite and
heated by using a heating station (a resistor turns on the current
and then produces a constant heat) from room temperature to
100 °C. An infrared camera was used to record the surface
temperature variation with heating time. Fig. 5(f) presents the
infrared images recorded from 0 to 300 s. We compared repre-
sentative images to confirm that the thermal conductivity of the
grease with 4 wt% graphene is higher than that of the base grease.
The lubrication and heat dissipation model for graphene-
reinforced grease during friction is proposed, as shown in
Fig. S5.1 During friction, the grease with graphene was proposed
to have a lower friction coefficient and wear rate. Besides, less
friction heat will be generated upon the friction surface owing to
the low friction coefficient and wear. However, the friction heat is
more easily diffused with the addition of graphene in the grease,
which is attributed to the formation of the thermal pathway
between graphene nanosheets. The tribological and thermal
conductive properties of the base grease are improved simulta-
neously when graphene is dispersed in the grease.

Conclusions

In summary, the tribological behavior and thermal conductivity
of base grease reinforced with graphene were studied. The
lubrication and anti-wear properties of the base grease were
ameliorated with the addition of graphene, indicating that
these graphene-reinforced greases show better tribological
properties than those of the base grease. Compared with the
base grease, the friction coefficient and anti-wear properties of
the graphene-reinforced grease were reduced by 15.3% and 14%
under 400 N load and 20 Hz frequency, respectively. We
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investigated the effects of load and frequency on the lubrication
and anti-wear properties of the greases with different concen-
trations of graphene and found that the friction coefficient
increased with increasing load but not with increasing
frequency. Meanwhile, the thermal conductivity of the
graphene-reinforced grease increased with increasing graphene
concentration. The thermal conductivity of the grease with
4 wt% graphene was 0.28 W (m K)' at 25 °C, which is an
increase of 55.6% compared with the base grease. It was
proposed that the addition of graphene into base grease could
not only enhance the tribological properties but also increase
the thermal transportation performance.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are grateful for the financial support from the
National Natural Science Foundation of China (51573201 and
51873083), the NSFC-Zhejiang Joint Fund for the Integration of
Industrialization and Informatization (U1709205), the Public
Welfare Project of Zhejiang Province (2016C31026), the Scien-
tific Instrument Developing Project of the Chinese Academy of
Sciences (YZ201640), the Strategic Priority Research Program of
the Chinese Academy of Sciences (XDA22000000), and the
Science and Technology Major Project of Ningbo (201651002
and 2016B10038). We also thank the Chinese Academy of
Sciences for the Hundred Talents Program, the Chinese Central
Government for the Thousand Young Talents Program, 3315
Program of Ningbo.

Notes and references

1 D. Zheng, Z.-b. Cai, M.-x. Shen, Z.-y. Li and M.-h. Zhu, Appl.
Surf. Sci., 2016, 387, 66-75.
2 T. J. Shen, D. X. Wang, J. Yun, Q. L. Liu, X. H. Liu and
Z. X. Peng, Tribol. Int., 2016, 93, 332-346.
3 Y.Y.Wu, W. C. Tsui and T. C. Liu, Wear, 2007, 262, 819-825.
4 V. I Kolesnikov, M. A. Savenkova, S. B. Bulgarevich,
A. V. Chelokhyan, E. A. Bulavina and M. V. Boyko, J. Frict.
Wear, 2008, 29, 200-204.
5 W. Zhai, N. Srikanth, L. B. Kong and K. Zhou, Carbon, 2017,
119, 150-171.
6 H. Xiao and S. Liu, Mater. Des., 2017, 135, 319-332.
7 K. S. Novoselov, V. I. Fal'ko, L. Colombo, P. R. Gellert,
M. G. Schwab and K. Kim, Nature, 2012, 490, 192-200.
8 D. H. Shin, J. M. Kim, S. H. Shin and S.-H. Choi, Dyes
Pigments, 2019, 170, 107630.
9 S. Chen, J. W. Zhu, X. D. Wu, Q. F. Han and X. Wang, ACS
Nano, 2010, 4, 2822-2830.
10 Y. L. Wang, J. Hao, Z. Q. Huang, G. Q. Zheng, K. Dai, C. T. Liu
and C. Y. Shen, Carbon, 2018, 126, 360-371.
11 H. Hou, W. Dai, Q. Yan, L. Lv, F. E. Alam, M. Yang, Y. Yao,
X. Zeng, J.-B. Xu, J. Yu, N. Jiang and C.-T. Lin, J. Mater.
Chem. 4, 2018, 6, 12091-12097.

42488 | RSC Adv, 2019, 9, 42481-42488

View Article Online

Paper

12 H. M. Xie, S. H. Dang, B. Jiang, L. Xiang, S. Zhou,
H. R. Sheng, T. H. Yang and F. S. Pan, Appl. Surf Sci.,
2019, 475, 847-856.

13 D. Berman, A. Erdemir and A. V. Sumant, Mater. Today, 2014,
17, 31-42.

14 W. Liang, X. Ge, J. Ge, T. Li, T. Zhao, X. Chen, M. Zhang, J. Ji,
X. Pang and R. Liu, Nanomaterials, 2019, 9, 938.

15 F. Yu, L. Camilli, T. Wang, D. M. A. Mackenzie, M. Curioni,
R. Akid and P. Beggild, Carbon, 2018, 132, 78-84.

16 J. Zhang, J. Li, A. Wang, B. J. Edwards, H. Yin, Z. Li and
Y. Ding, J. Nanosci. Nanotechnol., 2018, 18, 7163-7169.

17 Z. Wu, C. Xu, C. Ma, Z. Liu, H. M. Cheng and W. Ren, Adv.
Mater., 2019, 31, €1900199.

18 J. Singh, D. Kumar and N. Tandon, J. Tribol., 2018, 140, 10.

19 J. Wang, X. C. Guo, Y. He, M. ]J. Jiang and K. C. Gu, Tribol.
Int., 2018, 127, 457-469.

20 B. M. Kamel, A. Mohamed, M. El Sherbiny, K. A. Abed and
M. Abd-Rabou, J. Dispersion Sci. Technol., 2017, 38, 1495-
1500.

21 J. Wang, S. Zhou, J. Huang, G. Zhao and Y. Liu, RSC Adv.,
2018, 8, 12222-12231.

22 S. Zhou, J. Gao, J. Wang, S. Wang, J. Yue, C. Dong, J. Huang,
G. Zhao and Y. Liu, Mater. Res. Express, 2019, 6, 0850g6.

23 S. Zhou, J. Wang, S. Wang, X. Ma, J. Huang, G. Zhao and
Y. Liu, Mater. Chem. Phys., 2018, 217, 315-322.

24 S.Wang, S. Zhou, J. Huang, G. Zhao and Y. Liu, J. Mater. Sci.,
2019, 54, 8247-8261.

25 Y. Che, Z. Sun, R. Zhan, S. Wang, S. Zhou and ]. Huang,
Ceram. Int., 2018, 44, 18067-18077.

26 X.Deng, J. Huang, C. Liu, L. Gan, J. Hong, W. Liu, L. Luo and
Y. Wang, J. Appl. Polym. Sci., 2018, 135, 46543.

27 J. Hong, C. Liu, X. Deng, T. Jiang, L. Gan and J. Huang, RSC
Adv., 2016, 6, 89221-89230.

28 A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,
M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov,
S. Roth and A. K. Geim, Phys. Rev. Lett., 2006, 97, 4.

29 A. C. Ferrari and J. Robertson, Phys. Rev. B: Condens. Matter
Mater. Phys., 2000, 61, 14095-14107.

30 A. Reina, X. T. Jia, J. Ho, D. Nezich, H. B. Son, V. Bulovic,
M. S. Dresselhaus and J. Kong, Nano Lett., 2009, 9, 30-35.

31 Z. Hu and G. Chen, J. Mater. Chem. A, 2014, 2, 13593.

32 R. Zhang, Q. Ding, S. Zhang, Q. Niu, J. Ye and L. Hu,
Nanoscale, 2019, 11, 12553-12562.

33 L. Wang, T. Luo, W. Li, H. Wei, X. Chen and B. Cao, New J.
Chem., 2019, 43, 13526-13535.

34 S. Z. Bonyadi, M. Atten and A. C. Dunn, Soft Matter, 2019, 15,
8728-8740.

35 G. Yang, J. Zhao, L. Cui, S. Song, S. Zhang, L. Yu and
P. Zhang, RSC Adv., 2017, 7, 7944-7953.

36 J. Yu, X. Huang, C. Wu and P. Jiang, IEEE Trans. Dielectr.
Electr. Insul., 2011, 18, 478-484.

37 J. Yu, P. Jiang, C. Wu, L. Wang and X. Wu, Polym. Compos.,
2011, 32, 1483-1491.

38 Y. Song, J. Yu, L. Yu, F. E. Alam, W. Dai, C. Li and N. Jiang,
Mater. Des., 2015, 88, 950-957.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09201c

	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c

	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c

	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c
	Graphene as a nanofiller for enhancing the tribological properties and thermal conductivity of base greaseElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09201c


