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Abstract

Graphene is one of the most emerging material in the field of nanotechnology, and it is gaining a tremendous amount of research
interest in recent years. Apart from its unique electronic, electrical, mechanical, and thermal properties, graphene also possesses
lower wear rate and friction coefficient. The superior tribological properties of graphene have attracted many researchers to
synthesize self-lubricating nanocomposite materials that can have several applications in the automobile, acrospace, and marine
industries. Graphene is also proven a competitive nanomaterial as an additive in the lubricant oil because of stable suspension and
improved anti-wear properties of the component. This article aims to present the review of the advancement in the field of
graphene synthesis; tribological properties of graphene; the role of graphene as reinforcement in polymer-matrix, metal-matrix,
and ceramic-matrix nanocomposites; and also graphene as an additive in lubricant oil. The results reveal that addition of graphene
to the composites can lead to decrease both wear rate and coefficient of friction for all three class of materials. Moreover, when
graphene used as a lubricant additive, it improves the load carrying capacity of lubricant oil along with decreased friction and
wear. Performance of graphene-reinforced composites and graphene suspended lubricants depend on various tribological and
materials parameters which are discussed in this article. The limitation of present knowledge and future research scope are also

highlighted.
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1 Introduction

Graphene is a two-dimensional hexagonal structure of carbon
atoms. In recent years, it has gained tremendous amount of
attention due to its extraordinary properties such as physical,
mechanical, and thermal [1-3]. These properties of graphene
are compared with common structure steel ASTM A36 and
copper in Table 1. It can be seen that graphene is 200 to 300
times stronger than the ASTM A36 steel and it has seven
times higher thermal conductivity than the copper.

One of the most promising application of graphene is as
lubricant material. Graphene has found to have the best tribo-
logical properties. The most common parameters to character-
ize the tribological properties are coefficient of friction (COF)
and wear rate. The COF is the ratio of frictional force to
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normal force when two bodies are in contact and moving
relative to each other, whereas the wear rate (m> m ') is vol-
ume loss per unit distance. Often, wear is defined by specific
wear rate (m® N~' m ') which depends on the applied load to
cause wear. Several researchers investigated the tribological
properties of graphene. Berman et al. [8] demonstrated that the
single-layer graphene-coated steel substrate stays for 6500 cy-
cles in the tribological test using a steel ball whereas other
materials, such as MoS, and diamond-like carbon, stay max-
imum up to 1000 cycles. Graphene reinforcement also pro-
vides lower component weight due to its lower density [4].
The tribological properties of graphene along with the other
properties, such as mechanical and thermal, can be utilized by
formation of self-lubricated composite materials. Composite
material consists of two or more different materials and pro-
vides superior properties than the constituent materials. A
comparative data is plotted in Fig. 1 for epoxy polymer [9],
TiAl alloy [10], and Si3N,4 ceramic-matrix composites [11]. It
can be seen that by addition of graphene, COF goes down for
all the three materials named as epoxy + 2.5 wt.% graphene,
TiAl alloy + 3.5 wt.% graphene, and Si3N4 + 3 wt.%
graphene. It suggests that graphene can significantly improve
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Table 1 Physical, mechanical, and thermal properties comparison of graphene with Cu and Steel ASTM36

Material Density (gm/cm3) Tensile strength (MPa) Young’s modulus (GPa) Thermal conductivity (W/(m-K))
Graphene 1.5-2.0 [4] 130 x 10° 1] 1x10°[1] ~3080-5150 [3]

Cu annealed 8.9 [5] 210 [5] 110 [5] 398 [5]

Steel, ASTM A36 7.8 [6] 400-550 [6] 200 [6] 50 [7]

the tribological properties of graphene-based composites in all
three classes of materials that are polymer, metal, and ceramic.

The current focus of the study about the tribology of
graphene is to utilize graphene in the composite for the devel-
opment of self-lubricating composites and for the lubricating
oils as an additive for the development of multiphase lubricat-
ing fluids to enhance tribological performance. Properties of
graphene-reinforced composites also rely on the graphene
synthesis techniques because different techniques have their
pros and cons, such as number of graphene layers, size, and
defects. Apart from the traditional techniques (chemical vapor
deposition, chemical route by graphene oxide), other novel
techniques, for example ball milling, electrochemical exfolia-
tion, have also been explored. In this paper, we are reviewing
the various synthesis process for graphene, tribological prop-
erties of graphene, graphene-reinforced self-lubricating nano-
composites and application of graphene as an additive in lu-
bricant oil.

2 Synthesis of graphene

Synthesis of high-quality graphene remains a challenge; dif-
ferent methods have their own drawbacks. Understanding of
graphene synthesis is highly important. Peng et al. [12] stud-
ied the effect of different graphene synthesis techniques on
tribological properties. The authors reported high lubrication
and zero wear on defect-free graphene nanosheets produced
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Fig. 1 Reduction in coefficient of friction by addition of graphene (Gr) in
epoxy [9], TiAl alloy [10], and Si3N4 matrix [11]
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by mechanical exfoliation, whereas the chemical vapor
deposition-grown graphene and reduced graphene oxide
graphene have poor tribological properties due to destroyed
graphitic structure. Apart from defects, other factors such as
size, surface area, number of layers, chemical inertness, and
mechanical properties are determining factors. Desired quality
and form of graphene vary according to the application.
Knowledge of required properties as per the application and
understanding of graphene synthesis techniques can help the
researcher to achieve goals in individual research.

Graphene synthesis techniques can be divided into two
categories: top-down and bottom-up techniques. As the name
suggests, in top-down technique, the graphene is synthesized
by separating the layers from a graphitic structure, such as
exfoliation and cleavage method, whereas in bottom-up tech-
nique, graphene is formed by deposition of carbon atoms on a
substrate as in chemical vapor deposition techniques. Various
processing routes for graphene synthesis are described below.

2.1 Exfoliation and cleavage

This method involves the separation of carbon layers from the
graphitic structure by breaking the covalent bond between
interlayer carbon atoms. For the first time in 2003, Viculis
et al. [13] produced the graphitic layers by exfoliation. In this
work, the authors used a potassium compound (KCyg) to inter-
calate the high-purity graphite. The exothermic reaction be-
tween KCg and aqueous solution caused the separation of
graphitic layers. After sonication for 1 h, it resulted in
scrolling up and formed nanoscrolls. TEM studies confirmed
that each nanoscroll consisted of 40 + 15 layers. Although the
produced graphene was thicker but this study indicated that
exfoliation could be one of the possible ways to synthesize
graphene layers.

In 2004, Novoselov et al. [14] successfully produced the
graphene by exfoliation process. They created many ~5 pm
deep mesas by dry etching the highly oriented pyrolytic
graphite in the oxygen plasma. Then these mesas were stuck
to the photoresist followed by peeling off the layers by scotch
tape. The rest thin attached layers on photoresist were
discharged in acetone and then transferred to Si substrate,
which resulted in the deposition of single- and few-layer
graphene. This simple method turns out to be reliable and later
it used to synthesize graphene for several studies [15—17].
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Huc et al. [18] improved the scotch tape technique to pro-
duce larger graphene sheets. In place of scotch tape, the au-
thors used a substrate and epoxy glue to bond the substrate and
graphene source (highly oriented pyrolytic graphite). This
method formed a larger (~ 10 um) and flatted few sheets of
graphene. This approach was further modified by using an
insulating substrate having ionic conductivity [19]. Anodic
bonding was developed between graphite and substrate mate-
rial by applying voltage. The achieved bonding was cleaved
off and left graphene layers on the substrate which were
peeled off by adhesive tape and resulted in one or few-layer
graphene.

Exfoliation of graphite carried out several other ways as
well. Zhao et al. [20] produced the graphene using wet ball
milling techniques. In this work, the authors first dispersed the
0.02 g of graphite nanosheets in 80 mL of anhydrous N,N-
dimethylformamide followed by milling for 30 h with zirconia
balls. Due to shear force, graphitic layer got exfoliated and
resulted in the dark homogeneous colloidal suspension of
graphene. After evaporation of liquid media, single- and
few-layer graphene were obtained. Lie et al. [21] showed that
exfoliation could also be achieved by expansion of graphitic
structure which leads to graphene formation. In this work, the
authors first dispersed the expandable graphite in N,N-
dimethylformamide and then heated in stainless steel reactor
for 15 min at 377 °C. Due to thermal expansion exfoliation
occurred. The produced graphene layers were vacuum dried
and obtained in powder form.

Graphene nanosheets can also be synthesized by electro-
chemical exfoliation of graphite. Liu et al. [22] have shown that
functionalized graphene nanosheets can be produced by ionic
liquid treated graphite. The authors used different ionic liquids
such as 1-octyl-3-methyl-imidazolium hexafluorophosphate in
water and applied 10 to 20 V between two graphite electrodes.
After 6 h of corrosion, the functional graphene sheets were
extracted from the electrolyte. The electrochemical exfoliation
method has been adopted in various studies. In one of the study,
Wang et al. [23] produced graphene layers from a negative
graphite electrode in the electrolyte of Li*/propylene carbonate
under a potential of 1545 V. The obtained graphene layers
were thick up to 5 layers. Higher lateral sized graphene layer
up to 30 um has also been synthesized by electrochemical
exfoliation [24]. It was obtained by electrochemical exfoliation
of highly oriented pyrolytic graphite anode in the solution of
4.8 g H,SO4 + 100 mL distilled water under DC voltage of
10 V. Electrochemical exfoliation method has been developed
as high yield as well as high-quality method and obtained
graphene can be used in electrical and electronic devices.

2.2 Thermal chemical vapor deposition

Chemical vapor deposition process is used to synthesize the
high-quality solid materials in which volatile precursors react

and/or decompose on the exposed substrate. For the first time,
Somani et al. [25] synthesized the few planar layer graphene
by thermal CVD process using camphor. The authors used
two horizontal furnaces, one for evaporation of camphor at
180 °C and in another furnace, it was pyrolyzed at 700—
850 °C using Ar as a carrier gas. Ni sheets were used as a
substrate on the second furnace. The deposited graphene
layers on the Ni substrate were scraped and characterized
using a high-resolution transmission electron microscope
(HRTEM). However, this method could not produce a single
graphene layer. The number of graphene layers was found to
be 35 on the substrate as shown in Fig. 2.

Obraztsov et al. [26] has adopted the CVD method with a
different source of carbon. They used the mixture of
hydrogen-methane (92:8) gas at a pressure of 10.67 KPa.
After activation of this mixture by DC discharge, the vapor
was deposited on the Ni and Si substrate at 950 °C. It resulted
in 1.5+£0.5-nm film after 15 min. They also observed that
substrate material significantly affect the graphene deposition
detected by a scanning tunneling microscope (STM). STM
image of the deposited film (Fig. 3) shows that graphene on
Si substrate consisted of many tiny grains whereas in Ni sub-
strate graphene layers formed ridges of 2 um. The authors
reported that the disordered structure of graphitic film on Si
substrate is due to the larger lattice mismatch between Si and
graphene. Yu et al. [27] adopted the similar method and were
able to produce 3—4 layers of graphene by controlling the
segregation of carbon. This work was based on the concept
of graphite segregation on the grain boundaries and surfaces
of metals. The hydrocarbon gas was passed over the Ni sub-
strate at 100 °C which resulted in decomposition of hydrocar-
bon molecule on Ni surface followed by carbon diffusion in
the Ni. After 20 min of deposition, the substrate was cooled
with optimized cooling rate (10 °C/s). These steps are present-
ed in Fig. 4. The cooling rate was optimized based on the

somanti

Fig. 2 HRTEM image of planar graphitic layer. Reprinted with
permission from Ref. [25]
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Fig. 3 SEM image of graphitic
film on the a Si substrate and b Ni
substrate. Reprinted with
permission from Ref. [26]

segregation of C; extremely slow cooling rate resulted in the
diffusion of C in the bulk whereas fast cooling rate caused
reduction of C atom mobility to segregate. The graphene
layers were detached from Ni in HNOj; solution. Before etch-
ing away the Ni with HNOj3, graphene layer was covered with
thin layer of silicon and glass.

Later, De Arco et al. [28] demonstrated that single-layer
graphene can be produced by thermal CVD by optimizing
the hydrocarbon gas content, gas flow rate, and temperature.
They used 4-in. Si/Si0, wafer coated with 100 nm Ni film as a
substrate. Ni coating was chosen because nickel and carbon
have a favorable interaction which allows the epitaxial growth
of carbon on Ni (111) surface. After Ni film deposition, the
CVD process was carried out to deposit graphene using
600 sccm of H, up to 800 °C and methane gas at a flow rate
of 100 sccm for 8 min. They found that diluted methane con-
tent plays an important role to produce single and few layers
of graphene. The synthesized graphene was confirmed by the
typical strong peaks at 1580 and 2690 cm ' in Raman Spectra.

The observed peaks correspond to G and G' bands of
graphene.

Thermal chemical vapor deposition technique is one of the
effective technique to produce single and few-layer graphene
films. This technique has also been used on single crystal
material such as Ni to produce defect-free single-layer
graphene [29].

2.3 Plasma enhanced chemical vapor deposition
(PECVD)

PECVD is a process to deposit the gas (vapor) to a solid
substrate. It uses electrical energy to convert the gas into plas-
ma (ionized gas or other highly excited species). These highly
excited species interact with the substrate and, depending on
interaction deposition occur. PECVD is an excellent alterna-
tive for CVD due to its lower temperature requirement.
Synthesis of graphene by PECVD was first reported in 2004
[30, 31]. The graphene sheets were synthesized in radio
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Fig. 5 a Higher magnification
SEM image. b Low magnification
SEM image of graphene on Si
substrate at 40% CH,4. Reprinted
with permission from Ref. [31]

frequency (13.56 MHz) PECVD system on a various substrate
(AL, O3, SiO,, Cu, Hf, Mo, Nb, Si, Ti, Ta, W, Zr, and 304
stainless steel). Methane was used for carbon source with a
volume concentration range in H, atmosphere. The parame-
ters, RF power (900 W), flow rate (10 sccm) and gas pressure
(~ 12 Pa) were kept constant for all the substrates. While tem-
perature and deposition time varied from 600 to 900 °C and 5
to 40 min respectively, based on substrates. The produced
graphene sheets were characterized using SEM, HRTEM,
and Raman spectrometer. The presence of characteristics G
and G’ band on Raman spectra confirmed the crystalline
graphene sheets. The observed 2-nm-thick graphene sheet is
shown in Fig. 5.

Multilayer graphene nanoflake films (MGNF) on Si sub-
strate was also synthesized by microwave plasma enhanced
chemical vapor deposition [32]. For carbon source, methane
was introduced after preheating the substrate in nitrogen plas-
ma of 900 W of 5.33 KPa pressures. During deposition, mi-
crowave power was increased to 1300 W. The produced
graphene SEM image is shown in Fig. 6. It showed knife-
edge or a conical structural with 2-3 nm sharp edge. Apart
from the shape of graphene, the authors found the growth rate
was 1.6 um/min and it was claimed to be ten times faster than
the previously reported information.

PECVD method has been a versatile synthesizing tech-
nique for graphene deposition on any substrate. Thus, it

Fig. 6 SEM image of multi
layered graphene deposited after
a 40s and b 30 min. Reprinted
with permission from Ref. [32]

expands the use of PECVD, and it has been used on various
substrates such as Cu [33, 34], Ni [35, 36], and Co [37].

2.4 Other techniques
2.4.1 Thermal decomposition of SiC

It is one of the popular techniques for graphene synthesis. In
this technique, graphene is grown epitaxially on single crystal
of 6H-SiC. Graphene sheets were found due to etching of 6H-
SiC by H, at a temperature range of 1250-1450 °C for 1-
20 min. The number of resulted graphene layers highly de-
pendent on temperature. In a similar approach, Rollings et al.
[38] produced single-layer graphene by thermal decomposi-
tion of SiC. This method has been widely adopted for
graphene synthesis [39—41]. Apart from laboratory-scale pro-
duction, few issues have to be resolved such as layer thickness
control and large area sheets to use this technique for industrial
production.

2.4.2 The chemical method from graphene oxide

Formation of graphene oxide is the first step for this method.
Graphene oxide formation was first reported in 1958 by
Hummers and Offeman [42]. The authors successfully pre-
pared the graphene oxide by stirring 100 g of graphite
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Table 2 Other techniques for graphene synthesis
Process Process material Produced graphene form Reference
Thermal decomposition of SiC 200 nm Ni-coated 6H-SiC(0 0 0 1) substrate Single to few layers [49]
at low temperature (750 °C)
Ion implantation 500 nm Ni-coated Si/SiO, substrate Single to 3 layers [50]
Thermal decomposition Single crystal Ru (0001) substrate Periodic rippled layers [51]
Unzipping of multiwall carbon  Intercalation by Li and ammonia Partially open tubes and graphene flakes [52]
nanotubes (MWNT)
Unzipping of MWNT Plasma etching Coexistence of MWNT and single- to [53]
few-layer graphene nanoribbons
Unzipping of MWNT Chemical exfoliation by H,SO,, KMnOy,, and Oxidized edges and planes of the nanoribbons [54]
H,0, followed by reduction in NH,OH
and hydrazine solution
CO gas reduction by Al,S;3 Deposition of C on alumina (product by Rippled and entangled few-layer graphene sheets [55]
calcination of Al,S3)
Graphene oxide reduction by Exposure of focused solar radiation on graphene 1-2 nm thin graphene flakes [56]
solar radiation oxide by convex lens for 2-3 min
Edge-selectively functionalized Ball milling of graphite in the presence of different Folded and wrinkled few-layer functionalized [57]
graphene nanoplatelets by environment (H,, dry ice and sulfur trioxide) for graphene
ball milling the different functional group
Graphene flakes by multiple Electrochemical cell consists of graphite (anode) Multilayered graphene (10-15 layers) [58]

electrochemical exfoliations
of graphite rod

and platinum (cathode) in protonic acid
aqueous solution

powders and 50 g of sodium nitrate (NaNO3) into 2.3 L of
sulfuric acid (H,SO,4). The obtained mixture was kept in the
ice bath and vigorously agitated. Subsequently, 300 g of po-
tassium permanganate (KMnO,) was carefully added to the
suspension in order to maintain the temperature 20 °C. Then
the ice bath was removed, and the suspension was held at 35 +
3 °C for 30 min. During this period, the reaction occurred and
the mixture became thick paste. In next step, 4.6 L of water
gradually added into the paste, resulting in violent efferves-
cence and raising the temperature up to 98 °C due to chemical
reaction. The diluted solution kept at this temperature for
15 min followed by addition of 14 L of warm water. The
resulted diluted solution was treated with 3% hydrogen per-
oxide to reduce the residual potassium permanganate. After

Fig. 7 a Coefficient of friction

hydrogen peroxide treatment, the warm suspension was fil-
tered to produce bright yellow cake, which subsequently
washed by 14 L of warm water. It formed a suspension of
the graphitic oxide residue in the 32 L of water. After centri-
fugation and dehydration of suspension at 40 °C over phos-
phorous pentoxide, graphene oxide was obtained in the dry
form.

Wau et al. [2] synthesized the graphene using chemical ex-
foliation method. After formation of graphene oxide using
Hummers’s method [42], graphene oxide was thermally exfo-
liated at 1050 °C for 30 s. The resulted thermally exfoliated
graphene oxide was reduced by H, for 2 h at 450 °C in the
environment of H, (100 mL/min) and Ar (100 mL/min). After
reduction, it was stirred in a solution of N-methylpyrolidone
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Fig. 8 Frictional force of AFM tip versus normal load at 30 and 55%
R.H. for mechanically exfoliated graphene nanosheets (MEGNS) and
CVD graphene nanosheets (CGNS) on SiO,/Si substrate at ~25 °C.
Reprinted with permission from Ref. [12]

followed by sonication. Finally, the thick multilayer graphene
was separated by centrifugation and produced graphene
layers.

In another approach, Sahu et al. [43] have developed a
chemical route to extract graphene from graphene oxide by
Hummers’ method [42]. First, this GO was exfoliated by
ultrasonication in distilled water. This exfoliated GO is re-
duced by the addition of hydrazine hydrate followed by
refluxing the suspension in the oil bath at 90 °C for 2 h stir-
ring. These finally results in the black-colored precipitate of
graphene.

Later, Marcano et al. [44] demonstrated improvement in
the Hummers’ method by performing the reaction in a 9:1
mixture of H,SO4/H3PO;. The addition of phosphoric acid
did not only increase the yield by a higher degree of the oxi-
dation process of graphitic structure but it also produced more
intact graphitic basal plane. The higher yield and regular
graphene oxide lead to the application of this improved
Hummers’ method for several graphene studies [45—48].

Some of the other methods are listed in Table 2.

3 Tribology of graphene and graphene
composites

Various frictional studies [8, 12, 59] on graphene indicate that
graphene can be promising material in the field of tribology.
Berman et al. [8] demonstrated the extraordinary properties of
single-layer and multilayer graphene using the ball-on-disc
tribological test. Single-layer and multilayer graphene with
steel (400C grade) substrate were tested using 9.5 mm diam-
eter steel (400C) as a counterpart. The test was conducted with
1 N of the normal load at a speed of 60 rpm in dry hydrogen
(90 KPa) at room temperature. Single-layer graphene depos-
ited steel substrate lasted for more than 6400 cycles which is
much better than other solid lubricants, such as diamond-like
carbon and MoS,. Furthermore, the multilayer graphene de-
posited steel substrate provided lower friction for 47,000 slid-
ing cycles. The similar trend was observed for wear rate as
shown in Fig. 7.

The decrease in friction with an increase in graphene layers
on Si and SiC substrate was also observed using frictional
force microscopy techniques [59, 60]. Lee et al. [59] reported
that the decrease in friction with increase in graphene layers
does not depend on the scan speed and load. The authors
proposed that rippling edge effect can be the possible expla-
nation for the observed trend. Since the single layers are found
to have ripples [61, 62], and during characterization, AFM tip
needs to provide extra energy to push the ripples forward. As
the number of graphene layers increases, the ripple formation
can be lesser which leads to lower friction. Later, this ripple
edge effect hypothesis was confirmed by the same group [63].
The authors used graphene on Si substrate, free-standing
graphene membrane, and mica substrate. Graphene on Si sub-
strate and free-standing graphene sheets showed the decrease
in friction with an increase in graphene layers. But graphene
on mica substrate did not show thickness dependency on fric-
tion; it is because graphene and mica had strong adhesion
which did not allow to form ripples. It suggests that substrate
plays a significant role for frictional properties of graphene.
Defects are also one of the determining factors for frictional

Fig. 9 Effect of graphene oxide (a) (b)
content on polyimide/graphene i g= 18
oxide composites. a Friction 0.40 4 _E 10
coefficient and b wear rate. - * Z 651
Reprinted with permission from 8 0354 g 801
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@ © 504
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Fig. 10 Variation of coefficient of friction and wear rate of graphene oxide/nitrile rubber with different content of graphene oxide (GO) for a dry
condition and b water lubricated condition. Reprinted with permission from Ref. [68]

properties of graphene. Peng et al. [12] studied the frictional
properties of graphene produced by different methods. The
authors observed that mechanically exfoliated graphene
shows high lubrication and zero wear under high pressure
due to defect-free graphene layers. Due to defects in CVD
graphene nanosheets (CGNS), it decreased the friction and
wear properties. This effect is shown in Fig. 8 which repre-
sents the variation of frictional force with a normal load in 30
and 55% relative humidity. The frictional force on MEGNS
increased with increase in relative humidity, whereas the op-
posite trend was observed on CGNS. The possible reason for
this behavior is due to the presence of defects on CGNS can
cause reduction in the hydrophobicity compared to MEGNS.
This slight reduction in hydrophobicity can lower the friction
force on CGNS by increasing humidity.

The low coefficient of friction and lesser wear rate promote
the importance of graphene in the field of tribology. These
tribological properties can be utilized by manufacturing the
self-lubricating nanocomposites and as an additive in lubricant
oil. Composite materials have the combination of properties of
constituents. In this regard, self-lubricating nanocomposites
materials have been using in the field of automotive, space,
and marine industries [64-66] and graphene-based self-lubri-
cating materials can be promising materials. Various studies
have been carried out on graphene nanocomposites using

Fig. 11 a Coefficient of friction

(a)

polymer, metal, and ceramic material as a matrix. The follow-
ing sections describe the role of graphene as a reinforcement
in various matrix materials and as an additive in lubricant oil.

3.1 Polymer-matrix composites reinforced
by graphene

Graphene is an emerging material for synthesizing polymer
composites. However, the hydrophobic nature of graphene
[67] and poor compatibility of pristine graphene with poly-
mers make it difficult to use for polymer-matrix composites
[68]. To overcome these issues, graphene has been used either
in the form of graphene oxide [48, 68—70] or by using some
modifier to disperse graphene uniformly [9, 71, 72]. It has
been also found that modifier does not only help to dissolve
graphene, but it also provides better tribological properties
than the pristine graphene in polymer composites [73, 74].
However, very few studies have been carried out on the tribo-
logical performance of polymer-matrix composites reinforced
by graphene or graphene oxide. In one of the study, Liu et al.
[48] investigated the tribological properties of polyimide/
graphene oxide nanocomposites. The authors prepared the
graphene oxide nanosheets by improved Hummers’ method
[44] as described in the synthesis of graphene section. They
stated that oxygen-containing functional groups on graphene
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Fig. 12 SEM micrographs of
worn surface. a Arrow indicating
the microcracks on 5 vol.%
graphene-AA6061 composite and
b arrow indicating the graphene
layers on 10 vol.% graphene-
AA6061 composite (applied load
1 N). Reprinted with permission
from Ref. [85]

oxide avoid stacking and regraphitization and the produced
graphene oxide had nanosheets with corrugations. This
graphene oxide was added and ultrasonicated to
phenylethynylphthalic acid and methyl alcohol solution. The
obtained solution was painted on a steel block and dried at
100, 200, 300, and 375 °C for 1 h, respectively. Tribological
tests were carried out under dry sliding condition against
GCrl5 steel. The results are shown in Fig. 9. It can be clearly
seen that with the addition of graphene oxide the COF goes
down drastically while wear rate limits the graphene oxide
content to 3 wt.%. The authors observed a uniform transfer
layer on composites compared to polyimide and they sug-
gested that addition of graphene oxide strengthened the trans-
fer layer as well as improved the adhesion of transfer layer on
the counter surface. Thus, the uniform and stable transfer layer
altered the wear mechanism and provided better tribological
properties. The same group conducted the study on the
graphene oxide/nitrile rubber nanocomposites [68].
Nanocomposites were prepared by solution mixing method
using nitrile rubber (NBR) and graphene oxide synthesized
by improved Hummers’ method. The same trend was ob-
served as in the polyimide/graphene oxide as shown in
Fig. 10. The COF and wear rate goes down by the addition
of graphene oxide. In dry condition, the COF reduced from
0.3 to 0.26 by addition of 0.5 wt.% graphene oxide in nitrile
rubber and further addition of graphene increased the COF.
These values indicate that 0.5 wt.% is the optimized amount of
graphene for dry condition. However, underwater lubricated

Fig. 13 TEM micrograph of Al-
1 wt.% graphene nanoplates at
different magnification. Reprinted
with permission from Ref. [86]

condition (Fig. 10b), COF was continuously decreasing by
addition of graphene. It suggests the graphene content was
not optimized and there was possibility of further lowering
the friction by adding more graphene.

Tai et al. [69] have also observed the improvement in the
tribological properties of ultrahigh molecular weight polyeth-
ylene (UHMWPE) by adding graphene oxide. The authors
found the wear rate of graphene oxide/UHMWPE nanocom-
posites was 1.0x 107> mm® N"' m ™' with 3 wt.% graphene
oxide compared to 1.7 x 107> mm® N™' m™! wear rate of the
only UHMWPE. However, the average COF slightly in-
creased from 0.095 to 0.15 with addition 3 wt.% of graphene
in UHMWPE. The authors suggested that the slight increase
in COF was due to increase in surface roughness and shear
strength by graphene oxide addition. Though there is a slight
increase in COF, the significant decrease in wear rate makes
the graphene oxide/UHMWPE promising material for hip and
knee joint implants.

Graphene-modified epoxy composites have also found to
be enhanced tribological properties. Khun et al. [9] studied the
effect of graphene content on epoxy composites. They pre-
pared the composites by the dispersion of epoxy resin
(Epolam 5015) and graphene sheets, which mechanically
stirred at 1500 rpm for 1 h. After introducing the hardener into
the dispersion, the mixture was degassed followed by mold-
ing. The final composites were prepared by the curing the
molded specimen in two stages, first at room temperature for
24 h then at 80 °C for 2 h. The tribological properties of
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Fig. 14 a Coefficient of friction and b wear rate variation with normal load for pure Al, 0.1 and 1 wt.% graphene nanoplates. Reprinted with permission

from Ref. [86]

composites were investigated using a ball-on-disc tribometer.
In the experiment 100CR6 steel ball of 6 mm diameter was
used as a counterpart. The COF was found to decrease with
increase in graphene content as presented in Fig. 11a. Fig. 11b
shows the specific wear of epoxy and epoxy/graphene com-
posites at two different sliding speeds. When the graphene
content is zero, the specific wear rate was high at both the
sliding speed. After addition of graphene, the wear rate de-
creased. The decrease in specific wear rate suggests that epoxy
graphene composites have superior tribological properties
than epoxy.

Apart from tribological studies, polymer-matrix nanocom-
posites reinforced by graphene have been shown better me-
chanical, dielectric, thermal, and electrical properties [70, 72,
75-77]. Tang et al. [72] have shown the effect of graphene on
polyvinyl alcohol. Rhodamine B (RhB) was used to prepare
suspended graphene aqueous colloid due to the cation-7 and
m-7 interaction between graphene and RhB. The authors ob-
served that with the addition of 1% of RhB-graphene, the
tensile strength, and modulus of the composites were in-
creased by 178 and 139% respectively. Graphene has also
found to improve dielectric constant of barium titanate fibers
in polymer composites [75]. Wang et al. [75] observed highest
dielectric constant with a combination of barium titanate and
graphene platelets in polydimethyl siloxane matrix. Graphene-
based polymer nanocomposites have been found to have high
thermal conductivity and advantage of improving barrier
properties compared to polymer-matrix reinforced with car-
bon nanotubes [70, 76]. These studies suggested that the
polymer-matrix composites reinforced by graphene or
graphene oxide have the potential to be used in various fields
such as bearing, hip, and knee joints. However, the chemistry
between graphene and different polymers has to be understood
vigorously. Understanding of chemistry will play a vital role to
distribute graphene uniformly and also to optimize graphene
content on the polymer as it can be seen that graphene content
is limited up to ~ 3 wt% in the polymer-matrix.

@ Springer

3.2 Metal-matrix nanocomposites reinforced
by graphene

Unique properties of graphene such as high strength, low
weight, and lubrication make the graphene suitable material
for reinforcing the metal-matrix. The uniform distribution and
structural integrity of graphene in the metal-matrix have been
a stiff challenge in developing metal-matrix composites rein-
forced by graphene [78, 79]. Due to high surface area,
graphene sheets are converted into clusters and behaves like
particulate graphite particles, and it limits the graphene con-
tent in a metal-matrix. As graphene is a new material, very few
tribological studies have been carried out on metal-matrix
nanocomposites reinforced by graphene. Among the other
metals and alloys, aluminum alloys have been the favorite
for manufacturing composites due to high strength to weight
ratio, corrosion resistance, and superior tribological properties
[78, 80—-84]. Ghazaly et al. [82] investigated the effect of
graphene on the wear rate of self-lubricating AA2124
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Fig. 15 Coefficient of friction variation with time for TiAl (TA) and
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TiAl (GTMC) versus different counterpart. Reprinted with permission
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aluminum alloy composites. The composites were prepared
by mixing the AA2124 powder and graphene platelets follow-
ed by cold compaction at 525 MPa pressure. The minimum
wear rate found to be 1 x10™* mm’® N™' m™! for 3 wt.%
graphene compared to 0.35x 10™* mm® N™' m™' wear rate
of 5 wt.% graphene composites. The authors also reported that
5 wt.% graphene composites have several parallel grooves
compared to 3 wt.% graphene composites. This severe wear
explains the increase in wear rate. In one of the similar study
on AA6061-graphene composites, Wozniak et al. [85] ob-
served the graphene layers on the scratched surface which
explains the mechanism of self-lubrication and low wear rate.
The authors prepared the composites by mixing the AA6061
powder and graphene followed by spark plasma sintering at
500 °C with a heating rate of 225 °C/min in argon atmosphere.
Tribological tests were carried out on ball-on-disc setup 0.1 m/
s sliding speed for 1000 revolution, and 100Cr6 steel was used
as a counterpart. With a load of 1 N, 5 vol.% graphene-
AA6061 composite showed higher wear rate (5.5 x 1072
mm?/m) compared to wear rate (0.15 x 102 mm’/m) of

Fig. 177 EPMA micrograph of
worn surface for a TiAl vs. GCr15
steel and b graphene/TiAl
composites vs. GCrl5 steel.
Reprinted with permission from
Ref. [10]

10 vol.% graphene-AA6061 composite. The resulted worn
surfaces are shown in Fig. 12. The microcracks were present
on the 5 vol.% graphene-AA6061 composite surfaces as indi-
cated by arrows in Fig. 12a, whereas 10 vol.% graphene-
AA6061 composite surfaces had uniform graphene transfer
layers formed on the worn surface (Fig. 12b). These lubricant
layers of graphene explain the lower wear rate in 10 vol.%
graphene-AA6061 composite.

Tabandeh-Khorshid et al. [86] carried out similar studies on
pure aluminum matrix reinforced by graphene nanoplates.
The authors first prepared the slurry of graphene nanoplates
by dispersing it in 99.5% anhydrous ethanol by
ultrasonication. Then the slurry and aluminum powder were
ball milled for 6 h at 500 rpm to prepare 1 wt.% graphene
composites. After drying, powders were consolidated by cold
compaction with 200 MPa at room temperature followed by
hot compaction at 525 °C. TEM study revealed the expected
layered microstructure due to change in morphology of alu-
minum to flakes during ball milling. TEM micrographs are
presented in Fig. 13. It was observed that 1 wt.% graphene
composites had a better COF in comparison with other sam-
ples as represented in Fig. 14a. The low COF was observed in
1 wt.% graphene composite due to the formation of graphene
films on the surface during pin on disc test. However, wear
rate was found to be higher for 1 wt.% graphene composites.
Further, the authors obtained that aluminum had the highest
hardness (92.48 + 0.45 HRy) while the 1 wt.% graphene com-
posites aluminum had the lower hardness (86.08 + 0.58 HRy,).
This lower hardness value explains reason for higher wear rate
of 1 wt.% of graphene composites, as it is well-known that
materials with lower hardness have higher wear rate.

It has been also observed that graphene can reduce the wear
of Al-graphene composites at high temperature [87]. The au-
thors found that the wear rate of Al-2 vol.% graphene com-
posites at 200 °C was reduced by 40% compared to room
temperature under the same testing parameters (1 N normal
load with a speed of 100 RPM against the 3 mm alumina ball
for 30 min and surface roughness was 0.6 um). This result is
contrary to the fact that materials wear out more by increasing
temperature due to softening. However, the authors suggested

100pm WHUT
WD 11.2rml
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Table 3 Carbonaceous material in silicon nitride-based
nanocomposites [11]

Type of carbon addition Amount, wt.% COF
None 0 0.77 to 0.81
Graphite 10 0.83
Carbon nanotube 3 0.77 to 0.81
Carbon black 3 0.72
Graphene 3 0.52

two possible explanation: (i) localized sintering and further
densification during tribological testing at 200 °C and (ii)
graphene can for a film on the surface and prevent the oxida-
tion of underlying Al grains that can reduce abrasive wear due
to the formation of hard Al,Os.

Xu et al. [10] observed the drastic improvement in the
tribological properties of TiAl-matrix composites reinforced
by multilayer graphene. TiAl alloy consisted of Ti, Al, Nb, Cr,
and B powders with a molar ratio of 48:47:2:2:1 and multi-
layer graphene had an average thickness of 40 nm and average
lateral dimension of 50 um. The powders with graphene of
3.5 wt.% were ball milled for 8 h at 80 rpm followed by spark
plasma sintering at 1100 °C with a heating rate of 100 °C/min
and 50 MPa pressure. The tribological test was carried out
using ball-on-disc arrangement. GCr15 steel, Si;N,4 and Al,
O; balls were used as a counterpart at 10 N load with a speed
0f 0.2 m/s. The COF were found to be decreased by a factor of
4 whereas the wear rate decreased by 4 to 9 times of magni-
tude. The COF and wear rate variations are shown in Fig. 15
and Fig. 16, respectively. The improved tribological properties
were due to the formation of the Iubricious film during wear
test, and it can be seen in the EPMA micrograph of worn
surfaces against GCrl5 steel as shown in Fig. 17. The worn
surface of TiAl showed many delaminations whereas
graphene consisting composites had a smooth surface.
Similar observation was made for Al,O; and SizN4 balls as
a counterpart.

Effect of graphene was also observed in the Cu metal-ma-
trix. Chmielewski et al. [88] prepared the Cu-matrix composites

Fig. 18 a Coefficient of friction (a)

by mixing the Cu powders and graphene (1-5 nm) in a plane-
tary ball mill for 4 h at 100 rpm followed by spark plasma
sintering in vacuum at 950 °C with heating rate 100 °C/min
and 50 MPa of pressure. Three composites were prepared with
3,5, and 10 vol.% of graphene. The tribological properties were
investigated using ball on plate tribosystem. The COF and wear
scar diameter were found to be decreased nearly by 2 times for
3 wt.% graphene composites in comparison with Cu and as the
graphene content increased the COF and wear scar diameter
further decreased.

Hu et al. used laser to synthesis graphene oxide-Ti com-
posite coating [79] and graphene-Ti composite coating [89].
Laser sintering provides rapid heating and cooling process,
thus avoiding the reaction between carbon (graphene) and Ti
matrix. The authors developed the coating on AIST 4140 steel
sample by dropping the ethanol solution consisted of graphene
and Ti powder. After, natural drying of ethanol, laser sintering
was carried out by IPG fiber laser system at the frequency of
50 kHz. Laser sintering was carried out between 920 °C and
melting point of Ti (1600 °C), since the 920 °C is the eutectic
temperature at which Ti reacts with carbon. However, during
sintering, the rapid cooling does not allow TiC formation after
moving away the laser beam. The observed hardness value of
graphene oxide-Ti coating and graphene-Ti coating were 13.5
and 7.9 GPa, respectively. These values are significantly
higher than the hardness of sintered Ti coating, i.e., 4 GPa.
These studies were focused toward mechanical properties.
However, these suggest that laser sintering can be used to
synthesize graphene-metallic composites that avoid major
problem of reaction between carbon (graphene)-metals and
it also helps to achieve uniform dispersion of graphene in
the metal-matrix.

It can be seen that different graphene nanocomposite ma-
terials exhibit different tribological properties as per the metal-
matrix. Thorough study is required to understand the interac-
tion between graphene and metals. Knowledge of interaction
between graphene and metals will help to understand the self-
lubrication mechanism, and interactional studies can also be
helpful to determine the factors which affect uniform distribu-
tion of graphene in a metal-matrix.
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3.3 Ceramic-matrix composites reinforced
by graphene

Ceramic materials with better tribological properties are in
demand to avoid mechanical failure and improve the life of
components in mechanical assemblies. Ceramic compos-
ites have their own advantage over the polymer and
metal-matrix composites. The polymer-matrix composites
have poor thermal stability, have lower hardness, and are
also prone to certain chemical reactions while the metal-
matrix composites are prone to corrosion in the sensitive
environment [90]. A considerable amount of tribological
studies has been carried out on ceramic composites such as
Al,03, NizAl, and SizNy reinforced by graphene [11,
90-94]. In 2010, Prfeifer et al. [11] studied the tribological
properties of silicon nitride-based nanocomposites with
various carbonaceous materials. Composites were synthe-
sized by powder metallurgy route. First, the powders 90%
SisNy, 4 wt.% Al,O3, and 6 wt.% Y,0O5 with carbonaceous
materials were milled using zirconia balls. Green compacts
were obtained by pressing at 220 MPa followed by oxidiz-
ing treatment at 400 °C. Polyethlyleneglycol was used as a
binder. Final composites have been achieved by hot iso-
static pressing at 1700 °C in nitrogen atmosphere. The
tribological test was performed at room temperature by
ball-on-disc tribosystem in which silicon nitride ball was
used as a counterpart. Among the various carbonaceous
material, graphene remarkably showed the minimum
COF as shown in Table 3. The addition of 3 wt.% graphene
lowers the COF coefficient to 0.52 in comparison with
pure silicon nitride which has ~0.8 COF.

A similar study was carried out on graphene/silicon ni-
tride nanocomposites by Belmonte et al. [91]. First, the
powders of SizNy, 2 wt.% of Al,O5 and 5 wt.% Y,0;,
and graphene nanoplatelets were dispersed in isopropanol
and mechanically stirred. After drying the mixture, 20 mm
diameter disc with 3 wt.% graphene was prepared by spark
plasma sintering at 1625 °C with a pressure of 50 MPa. Ball
on plate reciprocating tests were conducted with SizNy
balls as counterpart and isooctane was used for lubrication.
COF (u) at 200 N was found to be lesser for graphene
composites as shown in Fig. 18a. Whereas at 50 N, the
steady-state COF (us) was found to higher for composites
(Fig. 18b). The authors reported that 50 N, the debris
(graphene and matrix material) covered a small area of
the composite surface whereas at 200 N the wear scars were
completely covered by debris. Therefore, at 200 N, contin-
uous supply of exfoliated graphene led to low COF which
is confirmed by the presence of graphene on a surface in the
FESEM micrograph as shown in Fig. 19. However,
Hvizdos et al. [92] and Balko et al. [93] observed no de-
crease in COF with 3 wt.% graphene in silicon nitride nano-
composites at room temperature. The authors reported that

Fig. 19 FESEM micrograph of the worn surface of composite tested at
200 N. Arrows indicate the graphene debris. Reprinted with permission
from Ref. [91]

graphene made the densification challenging and they
found porosity in the samples as shown in Fig. 20. The
presence of porosity could be the possible reason of no
change in COF.

Alumina composites reinforced by graphene have also
found better tribological properties. Gutierrez-Gonzalez et al.
[94] studied the wear effect of graphene/alumina nanocom-
posites. Composites were prepared by spark plasma sintering
at 1500 °C with a heating rate of 100 °C/min and pressure of
80 MPa. Wear properties were characterized by ball on plate
with reciprocating motion with alumina ball as a counterpart.
The load and sliding velocity were 20 N and 0.06 m/s respec-
tively. The COF was reduced by ~10% and wear rate was
reduced by ~ 50%. COF variation and wear rate are presented

R
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WD 10.0mm

10.0kV X10,000 1um

Fig. 20 Pores and uniformly distributed graphene flakes in the polished
sample of 3 wt.% graphene of silicon nitride-based nanocomposites.
Reprinted with permission from Ref. [92]
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Fig. 21 Coefficient of friction variation for Al,O; and graphene/Al,05
composites. Reprinted with permission from Ref. [94]

in Figs. 21 and 22, respectively. The authors stated a mecha-
nism that during tribological test, counterpart eroded the
graphene aggregates from the composites and adhered to the
surface. This lubricating and protective graphene films be-
tween counterpart (alumina) and composites improved the
tribological performance.

Zhang et al. [95] also obtained similar results on spark
plasma sintered Al,Os-graphene composites. They observed
that 0.5 vol.% of graphene, wear volume and friction de-
creased by ~65 and ~25%, respectively. These studies sug-
gested that formation of protective graphene tribofilm on wear
surfaces decreased friction and wear. Several other studies
showed that graphene is a suitable material for improving
tribological properties of ceramic composites [90, 91, 96].
Apart from the tribological properties, graphene reinforce-
ment in the ceramic-matrix is promising for better mechanical
and various functional properties [97-101].

7.00E-9 e
6.00E-9 1
5.00E-9 1

4.00E-9 -

3.4E-9

3.00E-9

Wear Rate (mm3/Nm)

2,00E-9 1

1,00E-9 1

Al,0, Graphene/Al,0,

Fig. 22 Wear rate for Al,O; and graphene/Al,O3 composites after 10 km
of wear test. Reprinted with permission from Ref. [94]
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3.4 Graphene as an additive in lubricant oil

In addition to graphene-reinforced composites material, lubri-
cious nature of graphene can also be advantageous as an ad-
ditive to lubricant oil. Prior to addition in oil, graphene re-
quires modification to change the hydrophobic to hydrophilic
nature for uniform suspension. Currently, two main ap-
proaches are being followed to develop uniform suspension
of graphene platelets in lubricant oil. One is the use of
graphene platelets and effective dispersant. Graphene platelets
have been proven to effective additives as it contains hydroxyl
and carboxyl functional group at graphene sheet edges as pre-
sented in Fig. 23. These functional groups make the graphene
platelets strongly hydrophilic [103, 104].

The addition of effective dispersant helps to form stable
suspension by embracing one nanoparticle to repel another
in the oil [105, 106]. Huang et al. [105] have used this ap-
proach to investigate the tribological properties of graphite
nanosheets as an oil additive. They prepared the graphitic
sheet of 500 nm diameter and 15 nm thick by ball milling
and dispersed in paraffin oil with the help of surfactant span-
80. Tribological properties were examined using four-ball tes-
ter with the rotating speed of 1200 rpm under a constant load
of 245 N for 30 min. They found that with the addition of
0.01 wt.% graphitic nanosheets, the COF was decreased by ~
80% in comparison with pure paraffin oil as shown in Fig. 24.
The authors stated that the reduction in the contact area of the
rubbing surface due to the presence of graphitic nanosheets
resulted in improved tribological properties. It was confirmed
by the presence of deposited nanosheets on the rubbing sur-
face presented in Fig. 25.

The other approach to obtain uniform dispersion is the
modification of the graphene nanoplatelets with a proper
modifier such as stearic acid, sodium dodecyl benzene sul-
fonate. Lin et al. [104] reported that the stearic acid and
oleic acid are the most suitable modifiers for graphene
nanoplatelets. The modification was carried out by sonica-
tion of graphene nanoplatelets with stearic acid and oleic
acids (mass ratio 3:5) in cyclohexane. The obtained suspen-
sion was stirred and refluxed at 80 °C for 5 h. After cooling,
the products were filtered and dried at 100 °C under vacu-
um. For the tribological test, the modified graphene plate-
lets were dispersed in the 350SN base oil and tribological
properties were measured by four-ball tribosystem. The test
was conducted with the rotating speed of 1200 rpm under a
constant load of 147 N for 60 min at 75 +2 °C. The results
were compared with the modified graphite flakes as shown
in Fig. 26. It can be seen that the wear rate and COF is the
minimum for oil with modified graphene platelets
(0.075 wt.%). A similar study with 0.02-0.06 wt.% oleic
acid-modified graphene in gear oil (polyalphaolefin-9)
have reported the reduction in wear scar diameter and
COF by 14 and 17%, respectively [107].
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Fig. 23 Functional group on
graphene by oxidation. Reprinted
with permission from Ref. [102]
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Eswaraiah et al. [56] demonstrated the improvement in the
tribological properties of graphene-based engine oil without
any surface modification. The authors first prepared the
graphene oxide by modified Hummers’ method, and then they
used focused solar radiation to reduce graphene oxide into
ultrathin graphene. The suspension was prepared by mixing
the graphene and N-dimethylformamide to obtain 0.02 mg/
mL concentration of graphene followed by dispersion of dif-
ferent amount of graphene in commercial engine oil. The tri-
bological properties were tested using four-ball tester. The
drastically improvement was observed with 0.025 wt.%
graphene addition as shown in Fig. 27. For 0.025 wt.%
graphene in engine oil, the COF and scar diameter were de-
creased by 80 and 33% respectively whereas the load carrying
capacity of the oil was increased by 40%.

In addition to graphene, graphene oxide has also found to be
an excellent additive in lubricant fluid as it is hydrophilic.
However, graphene oxide also requires either dispersant or a
proper modifier for uniform dispersion. Senatore et al. [108]
studied the graphene oxide nanosheets as additive in mineral
oil. It was observed that addition of 0.1 wt.% graphene oxide
reduced the average COF by 16-20% and wear scar diameter
was also decreased by 12, 27, and 30% in the boundary, mixed,
and elastohydrodynamic regime respectively. Due to hydrophil-
ic nature of graphene oxide, it can also be suspended in water-
based lubricant [109, 110]. Graphene oxide nanosheets as
water-based lubricant have found to have superior anti-wear
ability and lower COF compared to water with oxide carbon
nanotubes (CNTs-COOH) and the worn counterpart ball surface
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Fig. 24 Effect of graphite nanosheets on friction coefficient. Reprinted
with permission from Ref. [105]

KMnOy,

was also found to be smoother than the oxide CNTs [109].
Kinoshita et al. [110] tested the applicability of graphene oxide
monolayer as water-based lubricant. They found that 1 wt.%
addition of graphene oxide in water-based lubricant provided
the lower COF approximately 0.05 and no significant surface
wear was observed after 60,000 cycles of tribological test.

All the studies described above have suggested a possible
mechanism by formation of thin protective graphene layers
between rough surfaces. The mechanism can be understood
by the schematic shown in Fig. 28. Without any solid additive,
oil provides boundary lubrication. With optimized amount of
graphene addition, a protective layer of graphene can form on
the rough surfaces (Fig. 28b) results in mixed lubrication and
improves the anti-wear properties. However, with an excess
amount of graphene in the oil, the oil film can become discon-
tinuous due to excess graphene and graphene acts as a third
body. The absence of oil film lowers the tribological proper-
ties. Optimization of graphene content is the key to obtain a
mixed lubrication condition. Thus, improving the tribological
performance of lubricant oil with graphene suspension.

4 Other application of graphene

Apart from extraordinary mechanical and tribological proper-
ties, graphene has superior electrical, optical, and thermal
properties that can lead to several novel applications. It has
applications in various fields such as medical equipment, elec-
tronic devices, and energy storage [111-117]. Wang et al.

Fig. 25 Deposited graphitic nanosheets on the rubbing surface. Reprinted
with permission from Ref. [105]
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Fig.26 a Wear rate and b friction coefficient variation with time for oil with modified natural flake graphite (0.075 wt.%) and oil with modified graphene
platelets (0.075 wt.%) and pure base oil. Reprinted with permission from Ref. [104]

[111] demonstrated the use of graphene in dopamine detec-
tion. Dopamine is a well-known neurotransmitter, and it has
been of interest due to its electrochemical activity. However,
the coexistence of ascorbic acid that has similar oxidation
potential makes it difficult to detect dopamine. In this work,
the authors overcome the difficulty by modifying the electrode
using graphene. They observed the unique phenomena that
the positively charged dopamine was more sensitive than the
negatively charged ascorbic acid toward the graphene-
modified electrode. In comparison with multiwall carbon
nanotubes modified electrode, the graphene-modified elec-
trode detected the dopamine by eliminating the ascorbic acid.
This unique electronic character of graphene can lead to the
various applications in electrochemistry.

The superior conductivity of graphene leads to the applica-
tion as an electrode material in electrical and optical devices.
Apart from the electrical conductivity, graphene provides high
optical transparency and excellent mechanical properties.
Graphene grown on Cu by CVD process is reported to be
the best material for electrode application because it has a
minimum sheet resistance (300-350 /o) and maximum
transmittance (~90%) [112]. “€2/0” is the unit for sheet resis-
tance. The conductivity is further improved by doping and
surface modification of graphene electrodes and can be used
in various electronic, optical devices, such as molecular elec-
tronic devices, liquid crystal display, solar cells, and transpar-
ent and flexible devices [113]. Thus, graphene is a potential
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Fig. 28 Schematic for lubrication
mechanism. a Pure oil, b oil with
optimized graphene, and ¢ oil
with excess graphene as an
additive

o1l

candidate to replace the traditional indium tin oxide
electrodes.

In the field of energy storage, graphene can be used in the
form of composites [114, 115]. Ding et al. [114] enhanced the
conductivity of electrode for lithium iron phosphate
(LiFePO,) battery by addition of graphene in LiFePO,. The
nanostructured composite of LiFePO, and graphene was
manufactured by co-precipitation method, and the resultant
deposits were sintered followed by cooling and grinding.
For electrochemical testing, Li metal was used as the anode.
The composite material (1.5 wt.% graphene) showed drasti-
cally improvement in the capacity of the battery as shown in
the voltage profile (Fig. 29). The LiFePO,/graphene compos-
ites and LiFePO, showed the specific capacity of 160 and
113 mAh/g, respectively. The graphene nanosheets have been
reported as conducting pathways between LiFePO, nanopar-
ticles which overcome the limited conductivity issue of
LiFePO,4 material.

Graphene also has the potential for corrosion resistance.
Graphene coatings on metals, such as Ni and Cu, have been
studied [116, 117]. Kirkland et al. [116] observed reduction in
anodic and cathodic reaction rates by graphene coating on Ni.
In the case of Cu, they found that graphene coating primarily
inhibited the cathodic reaction. Though graphene is affecting
the metals differently, it is providing a barrier to metal disso-
lution from the metal substrate. Thus, it can be a useful
corrosion-resistant material.

@ LiFePO4 particle

M graphene
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w
N

LiFePQ, / Graphene
* LiFePO,

*
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*
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18+ T T T T T
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Fig. 29 Variation of voltage with the specific capacity for the LiFePO, and
LiFePO,4/graphene composites. Reprinted with permission from Ref. [114]

Graphene layer Discontinuous oil film

Such extraordinary properties of graphene coupled with tribolog-
ical properties can make it possible to design multifunctional com-
posite for applications such as rotating electrical connector and bear-
ing in the corrosive environment.

5 Conclusions

This review presents the current knowledge of excellent tribo-
logical properties of graphene, and it is clear that graphene has
a strong potential to be used as reinforcement in the polymer,
metal, and ceramic-matrix. As it is evident that graphene is a
new material and the studies on graphene nanocomposites are
in its early stages. Its self-lubricating tribological properties
have not been explored much. For graphene/polymer nano-
composites, chemical interaction between polymer and
graphene has to be studied vigorously because properties have
been found to be dependent on polymers as well. The other
critical problem is the uniform dispersion of graphene in the
polymer that has been solved by functionalization/
modification of graphene. However, the effect of
functionalization/modification of graphene on the tribological
properties of polymer composite materials have not been stud-
ied. For metal- and ceramic-matrix composites, it is important
to understand the relevant wear mechanisms. The frictional
propetties of single-layer graphene have been found to be de-
pendent on the substrate such as mica and Si due to adhesion.
This provides a prospect of understanding adhesion phenom-
enon between graphene and metal or ceramic-matrix. Thus, the
understanding of graphene interaction with different metals
and ceramics can results in promising tribological properties.
The other important challenge is the development of stable
transfer layer of graphene from bulk composite to the surface.
It requires the systematic study of stress transfer during wear
test by changing the tribological test parameters (load, veloc-
ity), surface properties (roughness and texture), and material
properties (graphene content and matrix material). This study
can predict the controlling parameters to supply graphene to
the interface that can lead to better lubrication. It has also
found that multilayered graphene has been beneficial and as
it is known that in the case of graphite, low friction occurs by
sliding of layers due to weak van der Waal force between
graphitic layers. The same mechanism can apply to multilay-
ered graphene structures, and knowledge of dependency on
number of graphene layers can be a determining factor to
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control wear properties of composites material. Properties and
number of graphene layers are highly depends on the synthe-
sis techniques. As it has been seen that mechanically exfoliat-
ed graphene layers have better tribological properties than the
CVD and graphene oxide reduced graphene. Other properties
for multifunctional nanocomposites such as size, chemical
reactivity, and thermal conductivity can be controlled by
selecting the proper synthesis technique. The most common
method for laboratory purposes is the Hummers’ method
(chemical method) to produce graphene oxide followed by
thermal annealing at higher temperature (~ 1000 °C) to reduce
graphene oxide into graphene. For electrical and sensor appli-
cations, the most preferable methods are the thermal and plas-
ma enhanced chemical vapor deposition directly on the sub-
strates such as SiO, and Cu.

For graphene as an additive in the lubricant oil, it has seen
that the formation of a protective layer of graphene provides
superior lubrication than the pure oil. The optimized concentra-
tion of graphene has been observed to vary according to the
lubricant oil, type of graphene, and test parameters such as load
and rotating speed. However, none of the studies reported the
relation between test parameters and deposition of graphene
nanoplatelets or graphene oxide on the worn surface. A system-
atic study is required to understand the lubrication mechanism
fully and to optimize the graphene content in the oil.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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