
Review Article
Recent Progress on Carbon Nanomaterials for Resisting the
Wear Damages

Xue Yin,1 Hao Chen ,2 Feizhi Zhang ,2 Haiyang Yu,2 Shitan Li,2 Zhiheng Zhao,2

Yanfang Zhu,2 and Kang Yang 2

1College of Marxism, Anyang Institute of Technology, Avenue West of Yellow River, Anyang 455000, China
2Department of Mechanical Engineering, Anyang Institute of Technology, Avenue West of Yellow River, Anyang 455000, China

Correspondence should be addressed to Hao Chen; 3410028619@qq.com and Feizhi Zhang; 1435450844@qq.com

Received 24 June 2022; Accepted 10 September 2022; Published 18 November 2022

Academic Editor: Pingan Song

Copyright© 2022 Xue Yin et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In recent years, carbon nanomaterials such as fullerenes, carbon nanotubes, graphene, and nanodiamonds have been regarded as
versatile triboproducts such as copper coins for various engineering/commerce-scaled applications. Their large-scale usages as ideal
reinforcements for the key tribomaterials are motivated by their huge interfacial areas, unique physical/chemical characteristics, as
well as multiple scale load-transferring mechanisms. Numerous investigators have kept on studying the possibilities of using carbon
nanomaterials as solid lubricants, lubricating additives, or the superlubricated push hand. This review offers a comprehensive
discussion of up-to-date survey in carbon nanomaterials for achieving the low friction and high wear resistant in the forms of
coatings, bulk materials, lubricants; or even superlubric state in the tribosystems from nanoscale to macroscale. Finally, important
conclusions, foreseeable challenges, and future outlooks for carbon nanomaterials are highlighted as the concluding remarks that are
needed to impulse nanotechnology maturation and developments of tribological fields such as copper coin protections.

1. Introduction

Friction is almost unavoidable appearance in two moving
contact components of mechanical systems, which results
in large amounts of material losses such as copper coin,
wasted energy, and environment pollutants [1–4]. The
energy dissipated is reported to be not only about 1/3 of
the vehicle’s fuel consumption, but also shortens the life of
mechanical parts and increases CO2 emissions [5, 6]. Nota-
bly, even such a little reduction in friction (∼20%) can
retrench a great cost of energy and realize visible improve-
ment in environmental protection, have motivated massive
explorations for development of the advanced tribosystems
[7, 8]. To certain extent, the tribological innovations help in
the expected improvements of friction and wear perfor-
mances of the materials such as copper coins, and also play
a key role in various industrial-scale applications and the
sustainable future [9, 10].

In this regard, solid self-lubrication (coatings, self-
lubricating materials), lubricants, or the superlubricity

provide a versatile aisle for reducing the friction and wear
of tribo-contacting components. The coatings, which are
commonly prepared by spraymethods, can serve as protective
layers to reduce friction and wear loss of mechanical parts,
such as plug rings and drilled holes [11–13]. Their simple
preparation processes and low costs also accelerate their
wide wear-critical applications [14]. However, most coatings
own relatively low durability and are prone to fracture failure
under friction and wear [15, 16]. If compared to coatings, the
bulk self-lubricating materials are composites with certain
strength and self-lubrication properties, which are formed
by adding solid lubricants and additional components to
the matrix, and generally by sintering. Meanwhile, they
have demonstrated excellent friction reduction and antiwear
performances in case of the harsh service environments
(e.g., high temperatures, heavy loads, vacuum), making
them attractive candidates for aerospace’s components [17].
Developing superlight and ultrahigh antiwear bulk materials
has been regarded as a mainstream direction. Unlike in coat-
ings and bulkmaterials, lubricants have obvious discrepancies
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in lubrication mechanism, bearing capacity, and spread area.
Large-scale use of lubricants in machine parts is also one of
the effective ways to lessen friction and increase wear resis-
tant; in the meantime, the sealing performance of lubricating
oil also plays a key role in resisting corrosion and rusting of
parts [18–20]. Unfortunately, they tend to decompose and fail
under high temperatures, and high-quality lubricants are
required to reduce the number of oil changes as lubricants
often work in the sealed environments that further stimulate
the never-ending search for high-performance lubricants. In
recent years, the emergence of superlubrication concept has
significantly progressed the tribological filed. Superlubricity is
defined as a state in which the coefficient of friction (COF)
between two contacting surfaces is lower than 0.02 or even
close to 0, and provides a key strategy to mitigate the adverse
effects of friction and/or wear [21–23], which is particularly

comparable to traditional lubrication approaches. Based on
the aforementioned discussions on lubrication ways, prepara-
tion methods, engineering problems to be solved, etc., we
divide the paper into four main parts, including coating, bulk
material, lubricant, and superlubricity.

To motivate these abovementioned materials’ use and
realization of superlubricity, carbon nanomaterials, such as
carbon nanotubes (CNTs) and graphene have been consid-
ered potential candidates for the perfect optimization of pre-
vious tribosystems, due to their structural diversity, excellent
physicochemical characteristics, low costs [24–27], etc. As a
consequence, the typical carbon nanomaterials, including
fullerenes, CNTs, graphene, and nanodiamonds (NDs) are
regarded as the subsections. Figure 1 shows the overall writ-
ing framework of the review. As can be seen in Figure 1,
based on spatial structures, carbon nanomaterials are

FIGURE 1: Carbon nanomaterials, including fullerenes [28, 29], CNTs [28, 30, 31], graphene [5, 32, 33], and NDs [33] for lubrication.
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typically divided into zero-dimensional (0D) fullerenes, one-
dimensional (1D) CNTs, two-dimensional (2D) graphene,
and three-dimensional (3D) NDs, for applications to the
aforementioned four fields.

The truncated icosahedron structures of twenty hexa-
gons and twelve pentagons of C60 render them to be the
most stable form of fullerenes as 0D-nanomaterial. Owing
to their unique structures and outstanding electronic fea-
tures, the fullerenes have been widely applied in multitudi-
nous fields, such as optoelectronics, photocatalysis, and
electrochemical properties. 1D-CNT is similar with a seam-
less cylinder consisting of single or multiple graphene layers,
that can be usually denoted as single-walled CNTs
(SWCNTs) or multiwalled CNTs (MWCNTs). With respect
to the graphene, it is a flat sheet one-atom thick, where the
carbon atoms are bonded through sp2 packed tightly into a
honeycomb lattice. Both CNTs and graphene have been
increasingly regarded as nanoadditives to improve the
mechanical and tribological performances of materials,
thus motivating great developments in bioengineering, elec-
tronics, and aerospace [3, 24, 34–36]. Moreover, 3D-NDs are
of both sp2 and sp3 carbon atoms and exhibit the confirmed
reconstruction of sp2 being the key to keep stabilization. In
the meantime, their high hardness and surface areas, coupled
with tunable interface structures are also suitable for applica-
tions of biomedicine [37, 38], cosmetics [39], etc. It is prom-
ising for NDs to achieve splendid wear-resistant behaviors
due to super-high hardness, or even superlubricity through
the incommensurate surface with mixed sp3/sp2-bonded car-
bon atoms. In short, tribological potentials of carbon nano-
materials have attracted increasing attentions with the trend
as extraordinary solid lubricants, nanoadditives, as well as
the contribution factor to superlubricity for energy saving.

Much of researches in carbon nanomaterials from the
synthesis methods, energy storage, to biomedical engineering
have been elaborated [40, 41]. Meanwhile, a host of reports on
the carbon-based solid lubricants as ideal enhancements in
the coatings, bulk materials, and the lubricants have proven
excellent lubricity, even superlubricity [10, 36, 42, 43]. How-
ever, significant understandings and potential applications of
carbon nanomaterials in tribology with underlying mechan-
isms have been rarely concluded systematically. Thereby, vital
development of carbon nanomaterials in the field of tribology
has aroused extensive discussions. In this review, we summa-
rize the up-to-date information regarding tribological contri-
butions of carbon nanomaterials in coating, bulk material,
lubricant, and superlubricity forms. It can be divided into
the following six sections, beginning with a brief introduction
of the advanced structures and properties of carbon nanoma-
terials. Section 2 discusses the current development of these
nanomaterials for friction coatings. Improved tribological
properties of bulk materials and the lubricants by using car-
bon nanomaterials are respectively discussed in Sections 3
and 4. The superlubricity contributions of carbon nanoma-
terials are described in Section 5. Finally, Section 6 emphasizes
the conclusions, challenges, and prospects of carbon nanoma-
terials in the tribological fields such as the copper coins,
mechanical components, etc.

2. Antiwear Enhancement and Friction
Reduction for Coatings

One of the practical ways for large-size devices tomitigate wear
is to use the protective coatings. In recent years, carbon nano-
materials have emerged as reinforcement phases for improving
tribological behaviors of the coating systems [1, 3]. In particu-
lar, carbon nanomaterial-enhanced coatings have been shown
to own low friction coefficients and excellent antiwear abilities
under severe working conditions, such as extreme pressures,
high speeds, and ultimate vacuum [44, 45]. In this section,
current developments on the friction and wear performances
of coatings reinforced with fullerenes, CNTs, graphene, and
NDs have been systematically summarized.

2.1. Fullerenes. Fullerene is characterized by a unique sphe-
roidal structure, strong intramolecular and weak intermolec-
ular bonding, which can play an important role in achieving
superior lubrication behavior of the tribosystem. Contrastive
experiments on friction and wear properties of the functio-
nalized fullerene C60/epoxy and raw epoxy coatings have
been reported. The friction coefficients and wear trace areas
of composite coatings were demonstrated to be lower, as
opposed to the pure epoxy. This was explained by a transfer
film on the steel counterpart surface, that effectively pre-
vented the direct contact between counterpart and coating,
reducing the frictional resistance and material loss [28].

Wear-resistant performances of the fullerene-containing
coatings may be affected by temperatures, and the change of
deposition temperatures will lead to the significant change of
coating surface morphology [46]. Separated C60 ion beamwas
irradiated with 5 keV energy and deposition temperatures
ranging from 100 to 450°C, to cover the coating on a Si
substrate. The carbon nanocomposite coating deposited at
300°C had the excellent antiwear performance, and such coat-
ing maintained a low friction coefficient of 0.08 in 45,000
cycles. This was attributed to the formation of preferentially
oriented graphite nanocrystals in the diamond-like matrix
that improved the hardness. However, when the deposition
temperature exceeded 400°C, the crystal continued to grow,
which led to the generation of graphite phase, thus deterio-
rating the tribological properties of coating. Owing to the
graphite formation, the surface roughness and compressive
stress gradually increased, that caused the friction coefficients
and wear rates to be increased significantly.

Recently, a novel graphene-C60 hybrid film was success-
fully fabricated on a Si surface by multistep self-assembly
method, which showed synergistic effects beyond individual
properties in micro/nano rubbing behaviors [47]. Due to
weak interactions (low adhesion) and highly stable spherical
molecules, the C60-containing films exhibited a low nanofric-
tion coefficient. Improved nanolubricity was partly attrib-
uted to the cobblestone effect of the more ordered C60

outer layer, which facilitated the sliding of the microspheres
due to the smaller contact area between the microspheres
and the film. In addition, the presence of few-layer graphene
with excellent nanolubricating properties also contributed to
the low friction coefficient. The graphene-C60 composite
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coating exhibited good friction properties, load-carrying
capacity, and wear resistance, and has broad application
potential in micro-electro-mechanical systems.

2.2. Carbon Nanotubes. In recent years, nanocoatings rein-
forced with CNTs have made significant progress in reducing
friction and improving wear resistance. Tribological mechan-
isms of CNTs reinforced coatings depend on the high hard-
ness and density in entire system. In this regard, Chen et al.
[48] reported the friction and wear performances of epoxy
(EP)-based composite coatings. Poor wear resistance of pure
EP generated the brittle fracture, many spalling pits, large
fragments under repeated sliding actions; this schematic is
shown in Figure 2(a). For the EP-CNTs/GO/MoS2 composite
coating, the high mechanical properties of CNTs and gra-
phene oxide (GO) could carry the stress on the wear surface,
inhibiting EP wear, when the CNTs/GO/MoS2 was exposed to
wear interfaces. Figures 2(b) and 2(c) illustrate the wear
mechanisms for thin and thick Ag layer specimens, respec-
tively [49]. As can be seen from Figure 2(b), when the thick-
ness of Ag layer was low, the sphere penetrated the silver layer
and entered the CNT coating even under low load state. As
the ball slides over the double coating, ploughing of the upper
coating occurred. The CNT fibers mixed with the Ag layer
were removed due to the penetration of ball into the CNT
layer. This increased the total amount of wear compared to
the case with only CNT coating. As a result, the wear resis-
tance of Ag layer on CNTs coating was worse than that of
pure CNTs coating. However, in Figure 2(c), for the sample
with a thick Ag layer on the top of the CNTs coating, the ball
did not penetrate the Ag layer and only wear occurred inside
Ag layer. Due to the anchoring effect between the bottom of
Ag layer and the CNT fiber at the interface of two layers, the
Ag coating can be retained on the surface without being
completely removed. Therefore, for thicker Ag samples, the
Ag layer can effectively protect the CNT coating from being
worn, thus reducing the total wear amount.

The stress transferred to nanotube through this interface
is related to the shear stress between the CNTs and their
matrixes. Referring to the discussions of Ahmad et al. [50],
the relationships between wear rate and hardness could be
written into Equations (1) and (2):
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where F is the applied load (N), σs is the contact stress (MPa),
AC is the contact area (mm2), KIC is the fracture toughness
(MPa), H is Vicker’s hardness of wear surface (GPa). a is the

constant independent of material type. As shown in
Equations (1) and (2), the wear rate of nanocomposite was
inversely proportional to the hardness.

Plasma treatment of SWCNTs is a fantastic way for
enhancing the adsorption behaviors of SWCNTs with
respect to their substrates through generating oxygen-
containing functional groups (carbon carbonyl, hydroxide,
and carboxyl) on SWCNT surface [51]. The electrodeposited
Cr coatings were strengthened with 3mol% yttria-stabilized
zirconia nanoparticles (YSZ) and CNT. The incorporation of
YSZ and CNT in Cr matrix resulted in a high hardness
(∼24GPa), which was helpful in decreasing friction coeffi-
cients and wear rates. These might link to high dislocation
density and compressive residual stresses of Cr–YSZ–CNT,
which tended to seal up microhole and cavities, thus
restricted the onset of wear in the matrix [52].

Meanwhile, Samad et al. [53] used 0.1 wt% SWCNTs to
reinforce an ultra-high molecular weight polyethylene
(UHMWPE) composite coating in the breakthrough as
boundary lubricant for bearings and gears. The effect of
SWCNTs played an excellent role in improving tribological
behavior, especially for high temperatures. Addition of
SWCNTs into polymer matrix improved the mechanical
properties of nanocoating, such as hardness, roughness,
and load-carrying capacity [51].

CNTs exhibited a flexible improvement in friction-
reduction and wear-resistance performances for their
coatings [44, 54]. Unlike for the coatings with SWCNTs,
the MWCNTs-containing coatings have unique improve-
ments in friction and wear functions, which were mainly
attracted to the self-lubricating and load-carrying ability of
MWCNTs.

MWCNT coating with network structure on Ti substrate
surface was manufactured by dipping Ti plate into
MWCNT-dispersed solution and heating treatment [55].
Smaller friction coefficient of MWCNT-reinforced coating
(∼0.19) was observed compared to that of bare Ti plate
(0.95). TiC interface layer was essential to obtain higher
wear resistance, and the interfacial bonding between
MWCNT coating and Ti plate was strengthened by forming
TiC interfacial layer with annealing.

Hatipoglu et al. [56] fabricated several Ni/MWCNT nano-
composite coatings by a modifiedWatt’s type electrolyte using
pulse current plating technique. Decrease of friction coefficient
from ∼0.883 in pure Ni coating to ∼0.149 in Ni/MWCNT
coating that was attributed to self-lubrication and load-bearing
capacity of CNTs. Decreased friction coefficient and wear rate
were obtained with increasing sliding speed, leading to graph-
itization of MWCNTs on the wear surface. This graphitization
was effective in changing the wear mechanism, especially
under high sliding speed conditions.

2.3. Graphene. Graphene can be wrapped into 0D fullerene,
and has a unique sp2-hybridized structure and useful physi-
cochemical property, implying to its tribological potential
[57–61]. More specifically, graphene can impart a huge
potential at nano/macroscaled tribology systems owing to
its good mechanical property, low surface energy, and high
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thermal conductivity [62, 63]. Discussions are conducted on
main mechanisms of the graphene in coatings to achieve
friction and wear reductions.

Nanocomposite coatings with graphene have attracted
intensive interest due to their exceptional physico-mechanical
properties. Various experimental instruments have been
extensively applied to make a thorough inquiry for the mech-
anism of certain conditions, such as scanning electron micro-
scope (SEM), energy dispersive X-ray spectroscopy, X-ray

photoelectron spectroscopy, transmission electron micro-
scope (TEM), and Raman spectroscopy. Figure 3(a) illustrates
the function of graphene in lubrication during the sliding
contacts. In the initial stage of experiment, the graphite/gra-
phene crystals were applied to the sample, resulted in the
formation of iron oxide and graphite crystals. Graphene
encapsulation with the iron oxides reduced incommensurate
contact area and enhanced the lubricity of the mixed layer
formed between sliding specimens [64].

Lubricating layer

Transfer film

Steel counterpart

EP-CNTs/GO/MoS2 composite

Pure EP matric
CNTs/GO/MoS2

Original steel surface

Groove
Debris

ðaÞ

Ball

Silicon wafer

Silver

Silicon wafer

ðbÞ

Ball

Silicon wafer

Silver

Silicon wafer

ðcÞ
FIGURE 2: (a) Tribological mechanisms of pure EP and EP-CNTs/GO/MoS2 composite coating [48]; wear mechanisms of dual-layer Ag–CNT
coatings for (b) thin and (c) thick Ag layers [49].
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Singh et al. [65] designed an experiment to reveal the
influence of negative ball materials (Si3N4, ZrO2, and steel)
with multi-layered graphene coating. Graphene coatings
were deposited on steel via chemical vapor deposition.
Experimental results showed that graphene coating on the
steel surface reduced the friction and wear of each ball mate-
rial. When the surface was subjected to the maximum con-
tact stress, the Si3N4 ball exhibited poor tribological
behaviors. However, the low friction coefficient was obtained
when steel rubbing against multi-layered graphene-coated
steel under the similar pressure.

Friction coefficient of the coating was found to increase
with a decreasing number of graphene layers, and the atomic
lattice stick–slip friction and an increase in static friction
were correlated with the sliding length [66]. The study of
Filleter et al. [67] proved that compared to single-layer gra-
phene, the double-layer graphene epitaxially grown on a SiC
substrate exhibited lower friction coefficients. These phe-
nomenons were ascribed to the lower electron–phonon cou-
pling effect in the double layer. In the case of strong
interaction between graphene and substrate, other factors
played the critical roles in roughness, interactions between
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the graphene layers, as well as the graphene-substrate sepa-
ration distances.

With the premodification of the steel surface with
(3-aminopropyl) triethoxysilane (APTES), single-layer GO
coating showed considerable improvements in tribological
performance, when it was covered on steel surface via the
self-assembly [68]. APTES generated the predeposited silane
intermediate layer, that was beneficial to an ultralow friction
coefficient (∼0.1) and the improvement in coating durability.

Tribological behaviors of double-layer GO-poly (vinyl
pyrrolidone) (PGO) coating on Ti6Al4V with texture were
reported [69]. A combination of microdimples and bilayer
PGO coating significantly reduced the friction coefficient of
textured Ti6Al4V. PGO layer, which not only provided
smooth polyvinyl pyrrolidone (PVP) surface for suitable
adhesion, and also provided rigid GO layer for load bearing.
Moreover, the textured micro-pits acted as sinks to protect
PVP and GO debris and wear debris during long running.
The laser textures of GO nanosheet were the main tribolog-
ical mechanisms to optimize friction and wear properties of
PGO coatings during the running-in period of friction; as a
result, this efficiently reduced the wear volume of Ti6Al4V
alloy (Figure 3(b)).

Reduced GO (RGO) inherits the advantages of graphene,
such as good mechanical property and low surface energy.
Due to presence of the oxidized functional groups, the hydro-
philic and water-soluble natures of RGO are responsible for
excellent tribological applications [70]. Further studies on
RGO coating systems must be required for greater under-
standing antiwear mechanism by controlling above these fac-
tors. In a relevant study, it was believed that the RGO coating
on a stainless steel ball surface was able to afford low friction
coefficient between the steel ball and the bare plate under
water lubrication conditions [71]. RGO coating was rear-
ranged into a thin layer, providing lower friction condition.
During sliding, RGO flakes generated a large amount of
defects due to friction interaction, that were moved to the
wear trajectory edges; while the RGO flakes with lower defects
were enriched in the wear trajectory center [72].

2.4. Nanodiamonds. In contrast to CNTs, a significant factor
for NDs to achieve extraordinary friction and wear behaviors
in the self-mated tribosystem is ultralow surface roughness.
Moreover, NDs exhibit excellent mechanical properties and
high surface areas, that endow them to be promising candi-
dates for coatings [73–76].

ND has been verified to be suitable for enhancing metal
matrix composites, such as Al [77–80] and Ni [81]. Tribo-
logical properties of Ni–NDs nanocomposite coatings have
been explored, and it found that the wear resistance of
Ni–ND coating was obviously improved by almost 126 times
compared to that of pure Ni coating [81]. It was remarkable
that, the preparation process plays an important role in influ-
encing tribological behaviors. Nieto et al. [82] studied the
wear properties of ND-reinforced WC–Co coatings, which
were prepared by high-velocity oxygen fuel spraying
(HVOF) and air plasma spraying (APS). Due to the Nano-
meter sizes and high hardness of NDs, the hardness was

increased while the toughness was maintained, so as to
improve the wear resistance. The addition of ND increased
the wear resistance of HVOF and APS coatings by ∼8.5%
and ∼13%, respectively. Excellent thermal conductivity of
NDs improved the heat transfer performance of the compos-
ite coating, thus helping in the formation of silicon oxide
protective layer. However, at 300°C, the wear resistance of
the composite coating was worse than that of WC–Co coat-
ing due to the degradation of ND phase. The loss of diamond
phase was considered the main reason for the decrease of
tribological properties.

Additionally, an exploration on tribological properties of
the Al/ND coatings with extra heat treatment has been con-
ducted [83]. After heat treatment, the coating density
reached 99%, which reduced porosity and improved inter-
plate binding. Compared with pure Al coating, the micro-
hardness of Al coating was increased by 96% by the
superhard ND enhancement, and hardness was increased
to 135% after heat treatment. Friction coefficient and wear
rate of the Al-2 wt% ND coatings with extra heat-treated
were found to be reduced by ∼35% and ∼34%, as compared
to Al/ND coatings without heat treatment, respectively.

3. Improvements of Tribological Behaviors for
Bulk Materials

Carbon nanomaterials have been proven as promising can-
didates for antifriction and antiwear enhancements owing to
their excellent physical and chemical properties [84–86]. As
such, offering a systematical discussion on the current use of
fullerenes, CNTs, graphene, and NDs for improving the tri-
bological behaviors of bulk materials is crucial.

3.1. Fullerenes. Fullerenes have attracted much attention for
wear-resistant materials owing to their tribological potentials
[87–89]. Further explorations of the wear-resisting mechan-
isms must be conducted for their widened applications.
Therefore, this section will discuss the tribological behaviors
of fullerene-containing bulk materials in detail.

Mg alloys have the wide range of applications in many
fields because of their good physical, mechanical, and opera-
tional properties. However, unsatisfactory antiwear ability of
Mg is an obstacle to their widespread applications in the
tribological field [90, 91]. Turan et al. [92] fabricated the
fullerene-reinforced Mg-based composites by employing
semipowder metallurgy. An increased hardness from 42.3
to 53.1HV was achieved via 0.5 wt%-fullerene. Significant
decreases in frictional resistance and wear loss for the as-
fabricated composites were obtained under chosen condi-
tions, as compared to pure Mg. These improvements were
because fullerene exhibited a good lubricity; meanwhile, it
provided an advantageous influence on the hardness of
composite.

Similarly, fullerene-reinforced Mg-matrix composites
were prepared via semi-powder metallurgy; these production
stages are illustrated in Figure 4(a). Figure 4(b) shows the
wearmicrostructure of pureMg under a load of 40N. Abrasive
wear was the main mechanism, which was explained that the
scratcheswere parallel to the direction of wear.Wear surface of
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the Mg-0.50wt% fullerene exhibited excellent wear behavior,
as shown in Figure 4(c); this improvement was attributed to
lubricating effect of fullerene, the addition of fullerene
improved the wear resistance capacity of pure magnesium. It
prevented contact between the sliding surface of reverse mate-
rial and the specimen. Therefore, the presence of fullerenes
might provide an important way in reducing friction andwear.

However, the lubricating effect decreased in succession, with
an increase of loads [29].

Systems with more types of elements, such as binary or
ternary systems, have been shown to excellently exhibit strong
synergies for enhancing tribological properties [93, 94]. Pub-
lished work indicated that the pure M50 and its composite
containing 10wt% (50Sn40Ag10Cu) (MSAC) were developed
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FIGURE 4: (a) Fabrication diagram of Mg-fullerene composites; worn surfaces of (b) pure Mg and (c) Mg-0.50wt% fullerene [29];
(d) lubricating mechanism of C60 and Sn–Ag–Cu in MSAC-C [93].
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by employing spark plasma sintering [93]. M50 and MSAC
were surface-scattered with C60 particles, which were defined
as M–C and MSAC–C, respectively. Individual lubricant of
Sn–Ag–Cu or C60 provided a slight enhancement on the tri-
bological performances of M50. This Sn–Ag–Cu exhibited
excellent lubrication behavior in M50 under the loads of
2–12N; nevertheless, its lubrication effect was basically lost
under a high load of >12N. In contrast to Sn–Ag–Cu, the C60

particles could afford M50 with superior lubricating ability at
the loads of 12–18N; nevertheless, its lubricating influence
was unobvious below 12N. It was noteworthy that, over a
wide loads range 2–18N, MSAC–C composites were proven
to have outstanding tribological behaviors owing to the load-
adaptive effect of mixed lubricant (Sn–Ag–Cu)-C60. Impor-
tant tribological mechanism was further proposed. The C60

particles were distributed on the wear surface, and formed a
film rich in (50Sn40Ag10Cu) (MSAC)/C60 on the MSAC–C
wear surface; C60 was encapsulated in Sn–Ag–Cu. Such
Sn–Ag–Cu spreading not only played a lubricating role
but also contributed to the refinement of the encapsulated
C60 particles, leading to an excellent lubrication effect
(Figure 4(d)).

These abovementioned results provide convincing obser-
vations of composites reinforced by fullerenes. Interestingly,
fullerenes showed enormous potential for friction-reduction
and antiwear enhancement at current and future research
works for a myriad of micro/macrotribology applications;
this is attributed to the tiny ball bearings.

3.2. Carbon Nanotubes. Motivated by the 1D tubular struc-
ture, CNT has responded positively in improving the mechan-
ical properties of materials for aerospace, automotive and
biomedical applications [95–98]. The developments of these
crucial fields, however, are further limited by friction and wear.
Tribological potentials of CNTs make them promising candi-
dates for the enhancements of bulk materials [99, 100].
Several discussions of CNTs in improving tribological beha-
viors of the bulk materials are conducted in this section.

Reasonable external conditions, such as CNT contents,
applied loads, and working temperatures, are very attractive
for the improvements of friction reduction and wear resis-
tance properties [84, 101]. In our group’s works, the effects of
MWCNTs and Ag on TiAl-based composites under several
loads and temperatures have been explored [84]. TiAl-
substrated composite containing 4.0 wt%-Ag and 1.7 wt%-
MWCNTs exhibited small friction coefficient and low wear
rate at 13N–450°C. Observations indicated Ag was enriched
in the wear scar and adhered to the MWCNTs. A lubrication
film containing Ag and MWCNT was obtained during fric-
tion, resulting in an outstanding tribological ability of the
composite. However, high concentration of CNTs is an
obstacle to the formation of lubricating film. The report of
Lamnini et al. [102] indicated that 10 wt%-MWCNTs diffi-
cultly protected tribofilm from the brittle fracture during
wear, owing to the structural defects (e.g., agglomeration
and porosity) of MWCNTs-reinforced 8mol% yttria-
stabilized zirconia (MWCNTs/8YSZ) composites. Adding
1wt%-MWCNTs into the 8YSZ resulted in a significant

improvement in wear resistant, as compared with pure
8YSZ; this mainly attributed to the formation of a continu-
ous tribofilm and the improvements in flexural strength,
fracture toughness, and density. In another study [103], in
contrast to pure AMMA, polyacrylonitrile-methylmethacry-
late-CNTs (AMMA-1.5 wt% CNTs) composites exhibited
smaller friction coefficient and higher wear resistance.
CNT was uniformly dispersed in their matrixes during
wear, which could serve as a medium, thereby preventing
the direct contact of tribointerfaces.

Meanwhile, the aspect ratio (AR) of CNTs also domi-
nates the friction and wear performances of the matrix mate-
rials [104]. The roles of high/low AR CNTs (HARC/LARC)
on tribological behaviors of UHMWPE were reported [104].
If compared to neat UHMWPE, antiwear and antifriction
abilities of the composites were significantly improved by
∼530% and ∼220% using HARC, respectively. It was
remarkable that, HARC had the better enhancement effect
compared with LARC; this was because a good interfacial
bonding between the HARC and UHMWPE matrix was
achieved, which increased the load-transferring ability
from matrix to CNT.

Adding CNTs into AMMA-CNTs copolymer nanocom-
posites can induce potential enhancements for load-carrying
capacity, antifriction, wear resistance, and thermal stability
[104–106]. Figures 5(a) and 5(b) exhibit the typical SEM
images of worn surfaces of pure AMMA and its composite.
Figure 5(a) indicates that the wear surface of AMMA
showed obvious plowed furrows. By contrast, the scuffing
and adhesion of 1.5 wt% AMMA-CNTs composites were
significantly reduced (Figure 5(b)) [105]. Schematic of the
test configuration is displayed in Figure 5(c) [106]. The
data are summarized in a direct way, average friction coeffi-
cient and the wear of the polymeric materials are plotted in
Figure 5(d) and 5(f), which were organized by Yang et al.
[84]. It was obvious that the wear showed a decreasing ten-
dency with the lower friction coefficients and vice versa.

Influences of MWCNTs and GO on the tribological
behaviors of UHMWPE were studied under water lubrica-
tion conditions [106]. GO/MWCNTs-reinforced composites
exhibited a lower friction and higher wear resistance, in con-
trast to pure UHMWPE. Such improvement is mainly attrib-
uted to the synergistic lubrication of MWCNTs and GO.
Surface coverage area of CNTs (Rc/m), played a significant
role in the wear resistance of epoxy matrix composites [99].
The wear rates of high Rc/m composites remained low during
friction, which were ∼3.2 times smaller than that of sample
with Rc/m< 25%, and 5.5 times lower than that of pure
epoxy. Improvement in wear resistance was because CNTs
were deformed and fragmented, thus exposing to sliding
interface, which effectively reduced the wear.

Unique tribofilms of CNTs were induced in different
operational conditions, such as loads and temperatures; these
were responsible for significant enhancements in the tribo-
logical behaviors. The incorporation of CNTs and other
nanomaterials improved the structure defects of CNTs
(namely, agglomeration and porosity), thus resulting in the
realization of superior antifriction and antiwear abilities.
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3.3. Graphene. Splendid mechanical and thermal character-
istics of graphene have shown a huge potential for the
excepted improvements of tribological behaviors at harsh
operating conditions, such as high temperatures, heavy loads,
and high vacuum [107–109]. Moreover, its self-lubricating
effects, tribofilm formation, and synergism with other com-
ponents, etc. determine the tribological properties of bulk

material systems. Systematic discussions on tribological prop-
erties of the graphene-containing block materials are of great
scientific significance and engineering value.

Reports of graphene-reinforced TiAl matrix composites
have ensured that [110], the introduction of graphene
decreased friction coefficients and wear rates. More specifi-
cally, the graphene was easy-to-shear and formed a
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FIGURE 5: (a) Wear surface SEM images of polyacrylonitrile methyl methacrylate (AMMA) and (b) AMMA-CNTs with 1.5 wt%-CNT [105];
(c) schematic of test configuration; (d) specific wear rates vs. average friction coefficients [106]; mean friction coefficients (e) and wear rates
(f) of TiAl substrate composite [84].
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protective tribofilm on the wear interfaces, thereby enhanc-
ing the tribological behaviors of composites. Based on recent
study, wear rate of the material was close withH/E ratio [85],
the ratio of hardness H to elastic modulus E was widely
acceptable in determining the limit of elastic surface contact,
which was significant in wear resistance [111–113]. Liu et al.
[112] prepared several graphene/Ni composites by using in
situ powder metallurgy process. Due to the Zener pining
effect produced by graphene nanosheets, the grain growed
of Ni matrix was inhibited with the increase of carbon
source. The hardness and tribological properties of nickel
matrix were greatly improved by graphene. The H/E ratio
of the composite with 0.6 wt% carbon content was the high-
est, and the COF and wear resistance were 0.254 and
4.385× 10–5mm3/Nm, respectively. Compared with pure
Ni, the friction coefficient and wear rate of a 0.6 wt%-gra-
phene/Ni composite were reduced by 3.02 and 3.44 folds,
respectively. Addition of 0.6 wt% graphene led to an increase
in the H/E ratio, therefore improving wear resistance ability.

Besides, synergism of the multiple elements is considered
an attractive strategy to improve tribological properties
[86, 114]. Study of Al/graphene/ZrO2 composites by Zhang
et al. [86] showed that the self-lubricating properties of gra-
phene had a positive effect on reducing the contact between
the substrate and friction pair, thereby reduced friction.
Nano-ZrO2 particles improved the hardness and wear resis-
tance of composites. Recently, there have been several
reports on the suitability of graphene and MoS2 particles
for various applications. The tribological properties of gra-
phene and MoS2 as liquid–solid fillers in epoxy resin and dry
media were studied. Compared with raw epoxy and binary
epoxy composites, the addition of nanogenes in the epoxy-
MoS2 matrix reduced the influence of water on MoS2 and
enhanced the intermolecular van der Waals forces due to
synergistic effect of graphene and MoS2. The alignment of
nanogenes with MoS2 particles parallel to sliding direction
facilitated the MoS2 lubrication. Epoxy/graphene/MoS2
exhibited the smallest COF and wear rate under selected
conditions [114]. In addition, graphene could work in con-
cert with natural nanofibers of large sizes, such as coconut
shell fibers. Natural plant fiber could enhance the friction
and wear properties of polymer biocomposites, which had a
very important practical application value. However, it was
still challenging to design the interface interaction between
fiber and polymer matrix, which also determined the tribo-
logical properties of composites. The synergistic interaction
of graphene and coconut shell fibers promoted the crystalli-
zation of polypropylene chain, resulting in high hardness.
The prepared composites obtained high interfacial bonding
interactions and exhibited lower friction coefficients and
wear rates [115].

In summary, graphene has been shown to exhibit a
honeycomb network of sp2-bonded carbon atoms, which
is responsible for its extraordinary in-plane mechanical
strength. Aforementioned works enrich current research
progress on bulk materials by involving graphene; a tribofilm
was formed at the friction interface during wear, thus leading
to the reduced frictional resistance and wear loss of material.

Thereby, this will open up the further possibilities for explor-
ing novel graphene-containing bulk materials with potentials
of low friction and good antiwear ability by controlling gra-
phene contents and its surface functionalization.

3.4. Nanodiamonds. NDs inherit the unique properties of
diamonds, such as high strength, high mobility of charge,
good thermal conductivity, and low coefficient of thermal
expansion, thus, exhibiting great potential for tailoring
mechanical and tribological behaviors. Self-lubricating
mechanism (polishing, rolling), tribofilm formation and
altered wear mechanisms of NDs dominate the friction-
reducing behavior and antiwear ability of composite systems.
Poor dispersion of NDs remains an obstacle for the achieve-
ment of excellent tribological properties of composites. A
strategy of surface modification was used to improve ND
dispersion in Al alloy; NDs closely contacted with the matrix,
resulting in the formation of reaction-free interfaces [116].

Huang et al. [117] prepared an ND-reinforced Fe matrix
composite in hot-press sintering. A pearlite microstructure
was formed due to the reaction between Fe and ND in
the sintering. Presence of ND provided high hardness, com-
pressive strength, and flexural strength. Concretely, adding
1wt% ND increased the hardness by 51.5%, the compressive
strength by 37.4%, and the flexural strength by 76.2%. At the
same time, the unreacted ND particles were pressed and
applied, forming a solid lubricant film, which was also one
of the reasons for the decrease of COF. Therefore, the wear
resistance and friction resistance of the alloy tended to
increase with the increase of ND concentration. Meanwhile,
the antiwear and friction resistant showed increasing ten-
dency as the ND concentration increases.

For composites, the addition of well-dispersed homoge-
neous nanocarbons can effectively improve the mechanical
and tribological properties, while the effect on the contact
area varied with the addition concentration. As shown
in Table 1, a summary of some nanoadditives in terms
of friction coefficients and wear results under different
conditions were listed. This shows that suitable carbon
nanoadditives can effectively achieve wear reduction and
antiwear enhancements.

4. Additives for Lubricants

Lubricants have been proven to be widely useable for con-
trolling the friction and wear of contact parts, such as pears,
bearings, and scrolls [122, 123]. Based on the constant evo-
lution, oil viscosity and additive play the crucial roles in
improving the triboperformances of lubricants. Nanoscaled
additives in lubricants have been confirmed to exhibit better
properties compared to traditional additives. This section
discusses the latest progress on carbon nanoadditives for
the enhancement of friction-reducing and antiwear abilities
of lubricants.

4.1. Fullerenes. Researches on fullerenes have received huge
interest in the field of tribology owing to their high electron
mobility, availability for chemical modifications, and excel-
lent ball-bearing effects [124–126]. This subsection will
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orderly highlight and demonstrate recent advances of full-
erenes for improving the friction reduction and material
wear resistance performances of tribosystems.

In contrast to traditional lubricants, the fullerene-
containing lubricants can achieve significant adjustments
in friction-reduction and antiwear enhancement. Study of
Lee et al. [127] showed that the friction coefficient of
fullerene-reinforced refrigerating oil (0.02) was lower than
that of pure oil (0.03). It was noteworthy that, an excellent
dispersion and the formation of a tribofilm produced the
positive influence in the lubricating performance. Different
from aforementioned work of Lee et al. [127], Ku et al. [128]
indicated that an enhanced load-bearing capacity of the oil
by C60 was considered to be the direct reason for improve-
ments of antifriction and antiwear abilities. Similarly, the
addition of up to 0.5 wt%-fullerene soot achieved a decrease
(∼30%) in friction force after tests [129]. This improvement
in the ultimate load-bearing capacity of lubricating layer
caused by employing fullerene was helpful in improving tri-
bological behaviors of base oil.

In summary, fullerene C60 has achieved high dispersion
and friction-film in oil that encourages the improvements in
friction-reduction and antiwear abilities. Meanwhile, extra
enhancement in load-bearing capacity promotes the applica-
tions under complex working conditions. Further explora-
tions on the excellent modifications of fullerenes for reducing
their agglomeration must be carried out.

4.2. Carbon Nanotubes. As the rapid development of indus-
tries, lubricants have been proven to be widely useable for
reducing friction and wear. However, low friction and wear
for lubricants are difficultly achieved in succession under
severe operating conditions. Motivated by this, CNTs-
reinforced lubricants are increasingly being regarded as
advantageous reinforcements for improving tribological
behaviors [130, 131]. Nevertheless, high concentrations’
CNTs induce the agglomeration; thus, preventing CNT
aggregation and creating homogeneous dispersion deserved
more attentions [132, 133].

Moderate concentrations of MWCNTs have verified
excellent dispersion stability and good compatibility with
the base lubricant [3]. It was observed that the addition of
0.03 wt% MWCNTs led to a 6% friction reduction in engine.
If compared to single enhancement, the synergism effects of
multiple additives have an increasing trend for achieving
good antifriction and antiwear properties [130]. The engine
oil containing ZnO/MWCNTs was found to show better
friction-reduction and antiwear capabilities than those of
oil with ZnO or MWCNTs. When the friction pair was
lubricated by oil with ZnO/MWCNTs, the additives were
gradually deposited on the pits and grooves and penetrated
into the contact interface, thus forming a protective film on
the friction surface. The ZnO/MWCNTs composite in the
base oil prevented the rough surface of the friction surface
from contacting directly by increasing the thickness of oil
film. Thus, the lubricating properties of base oil were sig-
nificantly enhanced. Hard abrasive particles were signifi-
cantly reduced and a smooth wear surface was obtained.
Synergistic lubrication effect reduced the friction and
wear of the contact surface.

Golchin et al. [106] reported the effects of GO/MWCNTs
on tribological behaviors of lubricants. Adding 0.1 wt%-
SWCNTs into polyalphaolefin base oil caused a reduction
in friction coefficient under various contact pressures
(0.83–1.42GPa). As for the effect of MWCNTs on tribologi-
cal characteristics of the same oil, it was found that the
friction coefficient decreased to ∼0.15 upon the incorpo-
ration of 0.1 wt% MWCNTs at 0.83 GPA.

Typical preparation diagram of OMWCNTs and
AMWCNTs, and the dispersibility of OMWCNTs in water
and AMWCNTs in LP are displayed in Figure 6(a). Hydro-
philic hydroxyl groups induced the better dispersion of
OMWCNTs in water than MWCNTs [134]. MWCNTs had
high van der Waals forces and high ARs, which were not easy
to disperse uniformly in the ceramic matrix, and proper sur-
face modification was required to overcome the agglomera-
tion problem. To solve this problem, MWCNTs were acid

TABLE 1: Tribological performances of CNTs-reinforced composite coatings.

Matrixes Additives Conditions Contents Friction coefficients, wear (mm3/Nm)

Mg-1Al [92] Fullerene
48mm/s, 20N

0.5wt%
∼0.4, ∼0.015

96mm/s, 20N ∼0.385, ∼0.017

Epoxy [118] C70 4N
1wt% ∼0.234, ∼0.0126
3wt% ∼0.168, ∼0.0024

Al 7075 [101] CNTs
450 (rpm), 20N

0.75 p
8.8 μm/min

450 (rpm), 60N 15.2 μm/min
Al [119] MWCNT 0.12m/s, 30N 4.5 vol% 0.042, ∼36.6

Epoxy [118] MWCNTs 4N
1wt% ∼0.171, ∼0.092
3wt% ∼0.188, ∼0.032

CuO [120] Graphene
1.1GPa ∼0.09, ∼0.0287
2.0GPa ∼0.10, ∼0.0528

Epoxy [73] NDs 1,000m, 10N
0.25wt% ∼0.38, ∼0.516
0.75wt% ∼0.22, ∼0.352

Ti [121] NDs 200N
0.1wt% Wear ∼0.89%
0.5wt% Wear ∼0.41%
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functionalized with H2SO4 andHNO3 in the ratio of 3 : 1. This
functionalization process is shown in Figure 6(b). Schematic
of the abrasion during wear is shown in Figure 6(c) [135].
SEM and TEM images of the oxidized and dispersed
MWCNTs are shown in Figure 6(d) and 6(e). It observed
that the oxidized MWCNTs were well-dispersed and mainly
distributed in the form of isolated tubes [136]. The functio-
nalization of CNTs by surfactants improved the water sol-
ubility of CNTs, resulting in uniform dispersion. The main
principle of sodium dodecyl sulfate (SDS)-functionalized
MWCNT additive to reduce the friction and wear of
steel-steel sliding system was realized by chemical adsorp-
tion on the steel surface and filling the groove of the mating
surface, and the dispersibility of MWCNTs in water also
played an important role.

Liu et al. [131] fabricated functionalized MWCNTs rein-
forced bismaleimide resin lubricant. The tribological behav-
ior of functionalized CNT-filled paraffin oil-lubricated
bismaleimide resin was investigated by a friction and wear
tester, and it was found that the addition of this functiona-
lized MWCNTs at a concentration of 0.025 wt% had the best
effect on reducing the friction coefficient. The topology of
f-MWCNTs was not much different from that of original
MWCNTs, which was beneficial to maintain the excellent
mechanical properties of MWCNTs. This enabled them to
generate high-quality isolation media. When f-MWCNTs
were used as lubricant additives, the f-MWCNTs particles
were trapped in the sliding interface of the interfacial patch,
formed a tribofilm, prevented direct action on the contact
surface, thereby dispersing high contact pressure and avoid-
ing lubrication in pure oil invalid. The lubricants exhibited
good improvements in antifriction and antiwear, owing to
functionalized isolating effect and bearing structure off-
MWCNTs. Similar to aforementioned study, Peng et al.
[136] prepared another modified-MWCNTs by SDS for the
same objectives. Since MWCNTs easily slide or roll between
the two mating surfaces, the shear stress was very low and the
friction coefficient was greatly reduced. During wear, well-
dispersed MWCNTs were easily deposited in the valleys of
two tribosurfaces, preventing the concave-convex contact
and furrowing between two mating surfaces, thus greatly
reduced wear. The chemical treatment of MWCNT surface
had a significant effect on its lubricating properties, COF,
and wear life. Moreover, SDS aqueous solution was not
only a surfactant, but also a good dispersant. With the addi-
tion of SDS, the dispersibility of MWCNTs in water was
further improved. During wear, SDS itself was adsorbed on
the wear surface, thereby improving the antifriction and
antiwear ability of the composite material. In short, the mate-
rial damages were effectively resisted, meanwhile, the utiliza-
tion of additives with functionalized MWCNTs resulted in
an increase of friction resistance and the reduction of mate-
rial loss.

Different additives can generate characteristic properties
(namely, good dispersion stability and chemical stability) for
improving friction and wear behaviors. In addition, surface
functionalization of additives possibly produces new physical
structures; this bearing capacity may be affected by their

inter-conversion, thus causing the lubricating ability to be
improved well.

4.3. Graphene. Reports on the large-scale use of dispersed-
nanoparticles have been proven in tribological characteristics
of lubricant. The wear and friction behaviors on the plateau
honed cylinder liner surface with graphene-added nanolu-
bricant were investigated by Javeed et al. [137], after GO
dispersed in diesel engine oil. Due to the accelerated wear
during the initial run-in period, the contact area between the
top and bottom specimens increased and resulted in a better
force distribution between tribomating pairs. Because of the
increased contact area, the contact pressure was reduced and
the wear trend was almost stagnant. In this case, sheet-like
multilayered GO entered the matched pairs and avoided
metal contact under boundary lubrication conditions. It
was further inferred that at high GO concentrations, a high
wear effect was found. A small amount of GO nanoparticles
provided a nanocarrying effect due to their entrapment
between friction pairs. No excessive wear occurred in this
case, resulting in an improved performance. Notably, low-
concentration nanoparticles could provide good lubricity for
the friction pair through the nanoloading effect. Conversely,
higher nanomaterial concentrations led to excessive and
accelerated wear, resulting in higher friction.

Aminated silica-modified GO (SAG) was fabricated, and
several SAG aqueous dispersions with different mass percent
were prepared with the help of ultrasonic mixing in deio-
nized (DI) water; these specific methods are illustrated in
Figure 7(a) [138]. Nano-SAG had good dispersibility, and
combined the advantages of silica nanoparticles and GO
nanosheets. In DI water and high contact pressure, the
SAG resistance to abrasiveness was significantly improved.
3D topography images and 2D profiles of the wear tracks on
the plate are shown in Figures 7(b) and 7(c). It can be found
from the figure that after adding 0.5 wt% GO nanofluid to
water, the wear rate was greatly reduced compared with
pure water. In sharp contrast, the wear rate of 0.5 wt%
GO nanofluid lubrication was one order of magnitude lower
than that of pure water lubrication, and the wear trajectory
of pure water lubrication was significantly deeper than that
of nanofluid lubrication. Therefore, the enhanced lubrica-
tion of 0.5 wt% GO was confirmed by the shallower wear
trajectory [139].

Further, Kinoshita et al. [140] produced water-based
lubricants with GO monolayer sheets. With the addition of
GO, the friction coefficient was proven to be ∼0.05 with a
slight wear after 60,000 cycles. Such remarkable friction data
was because GO adsorption occurred on the lubricated sur-
faces of both the ball and flat plate, acting the role as protec-
tive coatings.

In summary, friction and wear performances of
graphene-reinforced lubricants mainly rely on the dispersion
uniformity of graphene in the matrix and the formation of a
tribofilm during friction. Modified graphene also provides an
effective way for optimizing the friction and wear perfor-
mances of lubricants, by constructing well-dispersed nano-
lubricants. Moreover, the almost impeccable interface
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coverage on the relative slipping surface, via the utilization of
graphene and GO has been obtained.

4.4. Nanodiamonds. NDs have demonstrated unique
mechanical properties of partially rigid diamond cores,
such as high hardness and good heat dissipation, with easily
modified surfaces, which directly lead to the wear resistance
of the material [141–143]. Several particular adhibitions on
the utilization of NDs for lubricants have been widely stud-
ied, which are discussed in this section.

Tribological properties of nanopowder in aqueous sus-
pension were studied in detail by molecular dynamics
simulation [141]. Adding of NDs showed significant
improvements in lubrication ability of water; the reductions
in friction (70%) and wear (88%) were achieved. Based on
the ethylene glycol lubrication, addition of 3.7 wt% NDs led
to a reduction from 0.16 to 0.11 in friction coefficient,
which was ascribed to the formation of an ND-mediated
lubricating layer [144]. NDs-reinforced oil also significantly
improved the antifriction and antiwear performance of
the micro steel/copper interface [142]. Friction torque
decreased by 0.08, which could be ascribed to the well-
dispersed 0.2 wt% NDs, while the friction torque in pure
oil was approximately three times higher than of reinforced
one. Particularly, the wear volume of the oil with ND was
lower than that without NDs.

Novel water-based lubricant containing GO and ND
was reported [145]. Friction test confirmed a low friction
coefficient of ∼0.03 for the prepared lubricant with 0.1 wt%
GO and 0.5 wt% ND. GO was well dispersed in water and
easily entered the contact area that protected the direct
contact between friction pairs, thus reducing friction and
wear. Due to the “ball bearing” effect, ND particles might
roll between tribopairs during friction, converted the sliding
friction into a combination of rolling friction and sliding
friction, thereby achieved an improved tribological prop-
erty. In addition, ND was adsorbed on the worn surface
to form a tribofilm. Such tribofilm composed of NDs and
an amorphous matrix of carbon, prevented the direct con-
tact between tribosurfaces, helping in the improvement of
frictional behavior of lubricant.

5. Superlubricity

Although lubricants can be used for improving tribological
behaviors, ultimately it is the energy saved by a tribological
system that is crucial [146–148]. Superlubricity can be
divided into two forms, namely, nonproportional contact
and disordered solid interface superlubrication. Researchers
have proven the improvements of carbon nanomaterials in
mentioned two superlubrication modes to be outstanding
[149–151]. This section summarizes the studies on fuller-
enes, CNTs, graphene, and NDs for superlubricity.

5.1. Fullerenes. Superlubricity was an emerging research
focus for realizing energy conservation and extending the
lifetime of the mechanical components [152, 153]. So far,
superlubricity with exceptionally low energy dissipation
has been observed in experimental and simulation works at

both the micro-scale and macroscale under various friction
conditions, in which the studied systems were mainly based
on carbon materials.

Motivate by this, the onion-like carbon coating in lubri-
cated system for incommensurate contact was explored
by Gong et al. [154]. The coating not only was found to
have superhigh elastic recovery (92%), but also exhibited
ultralow friction coefficient of 0.01 and wear rate of about
6.41× 10−18m3Nm−1. To further understood the positive
effect of nanostructure evolution on superlubricity, the
Al2O3 spherical debris coated on the surface of the microgrid
could be observed by HRTEM, and it was found that a large
number of well-structured carbon onions (COs) composed
the entire sample. The mutual sliding between atoms of COs
and randomly arranged a-C atoms formed a disproportion-
ate contact interface. Morphology and size distribution of the
COs were similar to the volume distribution of COs/a-C
films. During friction, the transferred fullerene particles
formed many debris. Thus, rolling friction and dispropor-
tionate contact played an important role in the friction test.
Interestingly, the COs achieved disproportionate contact and
played a “molecular bearing” during friction, resulting in
ultralow friction and wear rates.

The tribological behaviors of graphene/C60/graphene with
sandwich structure were investigated using MD simulations
[155]. From the experimental results, it could be seen that the
sandwich structure had good tribological properties, still had
ultra-low friction less than 0.01 at the strength of 8GPa, and
did not depend on the surface roughness of the coating. The
simulation data suggested that changes in the shape and
deformation modes of C60 molecules were key to understand-
ing the strength and friction of sandwich structures. The air-
tightly packaged C60 film retarded its plastic deformation by
deforming the C60molecules into oblate spheres through their
ability to elastically support high-pressure loads. Overall, the
graphene/C60/graphene had excellent strength and tribologi-
cal properties due to synergistic effect of graphene’s low fric-
tion coefficient and C60 molecule’s Nanometer properties, so
this sandwich structure had many advantages in ultralow
friction, strong, wear-resistant coatings, etc.

5.2. Carbon Nanotubes. CNT consists of coaxial cylindrical
graphene layers with a high AR, which are ideal friction pairs
for achieving superlubricity, because its surface is atomically
smooth, and can form the highly incommensurate lattice
[156, 157]. MWCNTs were honored as the smoothest
bearings in geometry by theoretical modeling, and the
interlayer friction was vanishingly small owing to the
suppression of collective stick-slip motion in incommensurate
tube pairs, similarly to superlubricity in graphite. Nevertheless,
the CNTs we used frequently were not defect-free structure
postulated in theoretical models. Various topological defects
like vacancies, Stone–Wales defects, and adatoms inevitably
introduced during MWCNT growth might lead to
dissipation during intershell sliding in MWCNTs. These
defects were introduced into the structure of the CNTs
during their fabrication process, leading to the limitation of
the superlubricity phenomenon in critical conditions.
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DWCNTs have received a great deal of attention due to
their great potential in the field of superlubricity. However,
the various conditions, effects of point defect, size, intertube
distance, occurred in fabrication process, which were the
main impedes in realizing superlubricity. Li et al. [156] inves-
tigated the superlubricity behavior of a DWCNT comprising
two tubes along the coaxial direction achieved by strain engi-
neering by MD simulations. Influences of many factors were
studied, including the misfit angle φ, magnitude of the strain
ε, intertube distance λD, length L of the inner tube and degree
of point defect δ. Strain engineering presents the attractive
potential to act in an effective and controllable way to realize
the superlubricity of nanomaterials in practical applications.

Kis et al. [157] recorded the variations of MWCNTs in
interlayer force under prolonged cyclic telescoping motion.
However, the growth of CNTs inevitably resulted in the for-
mation of defects, which modulated the van der Waals inter-
action between neighboring layers of MWCNTs, yet the
motion exhibited ultralow friction. Moreover, the sliding
nanotubes had a relative capacity to absorb induced damage
when self-healing mechanism was triggered.

A remarkable noncommensurability structure of CNT
made it possible to move relatively to each other along their
common axis, which is the key factor for realizing super-
lubricity [158]. Based on MD simulation, the friction force
was found to be closely contacted with CNT sliding velocity,
interface contacted area, interface commensuration, and the
temperature.

5.3. Graphene. Related tribological experiments of the gra-
phene nanoscrolls, which were made up of graphite-like car-
bon (GLC) and fullerene-like-hydrogenated carbon (FLC)
films reasonably indicated that the superlubricity could be
achieved by forming graphene nanoscrolls coexisted at the
sliding interface [151]. The formation of graphene nanosc-
rolls was caused by the different sliding-induced rehybridi-
zation rates and wear mechanisms between GLCs and FLCs
under high loads. Under the same loads, GLC formed a
perfect long-order graphene layer faster, so it will be worn
first at high load, resulting in the direct contact between steel
ball and the FLC and the formation of nanoparticle-like
debris in the FLC [159, 160]. At 8 or 10N, the graphene
layer tended to wrap around the nanoparticles to form gra-
phene nanoscrolls due to the spontaneous reduction of the
nanoparticle surface energy.

When measuring points were >30 observed by a Raman
microscope, at loads >8N, Raman spectral distribution was
found to appear frequently. This indicated a change in the
number of graphene nanoscrolls [161, 162]. At the same
time, the elastic recoil detection method determined that
the hydrogen content of GLC and FLC was much lower
than that required for the superlubricity of the disordered
solid interface matrix demonstrated by the highly hydroge-
nated diamond-like carbon films ∼40 at%. Through these
data, it proved that the graphene nanoscrolls enhanced the
macroscopic superlubricity (∼0.005) and played a crucial
role in achieving excellent antifriction performance of the
friction pair.

Friction curve of the bilayer graphene sliding along the
x-axis with a torsion angle of 5° is shown in Figure 8(a).
Figure 8(b) records the potential energy of each atom in
the initial state. Figure 8(c) illustrates the evolution of the
Moiré pattern during the frictional change. The evolution
velocity component of the Mohr pattern perpendicular to
the direction of movement of the graphene layer during
the frictional change was much larger than the evolution
velocity component parallel to the direction of movement;
this Mohr stripe moved forward in only half the period
length (Lmoiré) of Moiré stripe parallel to the direction of
movement. The change of friction was closely related to
the evolution of Mohr stripe [163].

Synergistic lubrication of pristine graphene, fluorinated
graphene, and GO coatings combined with glycerol was
investigated [164]. Aqueous glycerol solution was added
between Si3N4 ball and graphene coating (Figure 8(d)),
and then the macroscopic friction test was to examine the
lubrication ability of glycerol combined with graphene coat-
ing (Figure 8(e)). Lubrication mechanism was shown in
Figure 8(f). During grinding, graphene was adsorbed on
the wear trajectory of a SiO2 substrate and transferred to
Si3N4 spheres, thereby achieving a boundary lubrication/
graphene interface.

5.4. Nanodiamonds. Due to its outstanding tribological per-
formance in friction interface, ND has been developed as
another lubricity candidate used in potential applications
to enable even superlubricity (friction coefficient lower
than 0.01) at the sliding interface of moving mechanical-
components. Chen et al. [165] reported the synergy of NDs
and glycerol colloidal solution to achieve superlubricity at
steel ball and disk. Composite solution caused considerable
achievement in the superlubricity after a running-in period
that was ascribed to the presence of NDs; the friction coeffi-
cient was 0.006 and the wear loss was less than pure one.
Colloidal solution containing 0.01wt% NDs led to a 32.5%
reduction in the wear scar diameter and a 119.3% increase in
the contact pressure between the rubbing surfaces. Ultralow
friction coefficient was the result of hydrodynamic effects
and hydrogen bond layers. The reduced wear was caused
by the rolling effect of ND. As the mechanism of this novel
liquid superlubrication system was revealed, it would be a
great work to discover more superlubricity systems based on
this mechanism. It was considered that regardless of the
material of nanoparticles, as long as the surface of nanopar-
ticles was hydrophilic or rich in hydrogen bonds, the nano-
particles could achieve superlubricity.

Where, wear scar was regarded as the Hertz elastic defor-
mation of an imaginary ball, which was bigger than the real
ball, under the original load. The radius of the imaginary ball
could be calculated by Formula (3):

R∗ ¼ R
a∗

a

� �
3
; ð3Þ

where R∗ was the radius of the imaginary ball, and a was the
radius of the wear scar on the ball. The Hamrock–Dowson
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theory was applicable to an imaginary ball, and the mini-
mum film thickness could be calculated by the following
Formula (4):

Hmin ¼ 3:63
U0:68G0:49

W0:073

� �
1 − e−0:26Kð Þ; ð4Þ

where Hmin ¼ hmin=R∗, U ¼ ηV=E0R∗, G¼ αE0, W ¼
F=E0R∗2, hmin was the minimum film thickness, η was the
bulk viscosity of lubricating solution, V was the averaged
linear velocity of the ball and the disk, E0 was the effective
elastic modulus, F was the normal load, α (≈5GPa−1 [166])
was the viscosity-pressure coefficient and k (≈1) was the ellip-
ticity parameter. According to the ratio of theoretical mini-
mum film thickness to the combined surface roughness, the
lubrication state was determined using Formula (5) [167]:

λ¼ hmin

σ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hmin= σ21 þ σ22ð Þ2

q
; ð5Þ

where σ1 and σ2 were the roughness of the opposite rubbing
surfaces after the lubrication tests, and σ was the combined
surface roughness. For example, the calculated λ= 2.36 and λ
was less than 3, indicating that superlubricity was in the state
of mixed lubrication.

6. Conclusions and Outlooks

Achieving low friction and high wear resistant is particularly
critical for energy conservation. This review highlights recent
developments and achievements regarding the large-scaled
use of carbon nanomaterials for superior performances’ tri-
bomaterials (i.e., coatings, bulk composites, and compound
nanolubricants) and superlubric states under nano/micro
and macroscales. Numerous investigators have extensively
demonstrated that an explosive progress in the forms of coat-
ings, bulk materials, lubricants, and superlubricity for tribol-
ogy has been achieved in carbon nanomaterials. Meanwhile,
it is also verified that carbon nanomaterials exhibit superior
tribological behaviors with underlying tribological mechan-
isms deriving from their multiple-type structures, excellent
physical/chemical properties, high specific surface areas, etc.
These achievements are relatively critical for the improve-
ments of working efficiency, service life, and usage precision
of mechanical systems, and provide versatile aisles in stimu-
lating more new and complex friction applications.

Fullerenes and NDs own spherical shapes as well as high
chemical stability, and have been shown to exhibit good
lubricating properties, stable load-bearing abilities, and use-
ful polishing effects. Meanwhile, due to its nontoxicity and
biocompatibility, ND has a good prospect in biomedical
applications, such as artificial joints. Owing to CNTs’ linear
structures, they are prone to providing a “bridging effect” to
strengthen the interfacial bonding between them and sub-
strates, that enabled the mechanical strength, toughness,
and load-carrying capacity of matrix material to be signifi-
cantly improved, thereby achieving low friction and wear.
Furthermore, CNTs can be broken and crushed to form a

frictional film with low shear force during friction, reducing
direct contact of tribosurfaces that provided low friction
and small wear damage. With respect to graphene, in addi-
tion to the inherent weak van der Waals interactions
between its layers, the exceptional thermal conductivity
and the generation of a tribofilm are also beneficial to
decrease the tribo-contacting area between two surfaces
under limited load conditions, thus attaining an ideal tribo-
logical reinforcement for the composites. In addition, gra-
phene can also impart a huge potential to enhance heat
transfer and microstructural uniformity, because of its
lamellar structure and thermal conductivity. Overall, these
carbon nanomaterials play the important roles in the devel-
opment of coatings, bulk self-lubricating composites, super-
lubricity, etc.

Although carbon nanomaterials have good potential for
commercial application, there are still many challenges in
related research. For fullerene molecule C120 with an optimal
energy structure found by efficient computational ways
[168], its tribological and adsorption properties are currently
unknown; thus, studying them has become the main research
subject of future research. Compared to traditional materials,
carbon nanomaterials inevitably exist the defects and con-
tamination, that weaken their friction-reducing and wear-
resistant performances. It is noteworthy that these adverse
effects can be improved by designing new preparation meth-
ods or rational surface microstructures. For example, the
lubricity of graphene is susceptible to external interference,
which can be compensated by the useful combination of
graphene and other reinforcing materials. Finding efficient
ways to break the gap between nanoscale and macroscale
behavior has been discussed for decades. In this context,
the use of graphene bulk materials and realization of super-
lubricity have been comprehensively studied, enabling
advanced engineering applications ranging from surface
engineering to large-scale manufacturing.

The foreseeable future of carbon nanomaterials in
achieving huge tribological contributions, such as splendid
antifriction and antiwear capacities, is coming. It is hoped
that this work will provide more possibilities to realize rela-
tively low friction, high wear resistance, or superlubrication
state in the carbon nanomaterials-reinforced material sys-
tems such as copper coins and mechanical components.
Moreover, the more in-depth explorations on carbon nano-
materials must be conducted, that are needed to obtain valu-
able discoveries for stimulating the commercial applications.
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