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Abstract The unique graphite-like layered structure of carbon nanotubes (CNTs) together with
their high strength, high stiffness, high thermal conductivity and low density make them ideal for
a wealth of technological applications. This article outlines the recent advances on the utilization
of CNTs in tribology with the emphases on anti-friction, wear-proof and self-lubrication. To achieve
such functions, CNTs can be either used directly as additives in various liquid lubricant media or
embedded as fillers in polymer, metal and ceramic matrices. The critical issues such as
processing technique, CNT dispersion and interfacial bonding are summarized. The mechanisms
with respect to the improvement in tribological performance are highlighted as well. Our
concentration throughout is on the exploration of the links among composition, structure and
tribological property from viewpoint of fundamental scientific research. It is likely that this will
deepen our understanding of the tribological role of CNTs and lead to the proliferation of their
engineering applications.

1. INTRODUCTION
Although it has to be admitted that, under some
occasions, frictional force needs to be increased
for safety reason, for instance, in automobile brakes,
friction clutches, and tires on icy roadways, the
reduction of friction and wear, in many cases, is
still the primary objective. Nowadays, as a matter
fact, friction has become one of the major reasons
for failure of vital engineering components and
systems used in aerospace, military, and industrial
applications. It is estimated that the annual cost of
friction and wear-related energy and material losses
is over $700 billion, i.e. 5% to 7% of the United
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the automobile engine as an example, 5% of the
total energy generated is lost to frictional resistance.
Obviously, it is desperately urgent to deepen our
understanding on friction and wear theories at macro/
micron levels and develop new materials and
manufacturing techniques to make durable and low

friction surface coatings and materials. This will,
undoubtedly, have an immediate impact on better
energy efficiency, sustainability, and increased
mechanical performance worldwide.
Soon after the discovery of carbon nanotubes
(CNTs), on the other hand, it was recognized that
these seamless tubular materials could be an ideal
candidate for a wealth of tribological applications,
largely owing to their high strength, high stiffness,
high thermal conductivity, high chemical inertness
and unique sp2 bonded structure. For instance, the
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(SWCNT) was theoretically predicted to be up to 5
TPa [2]. The bending strength of an isolated multiwalled carbon nanotube is as high as 14.2 GPa [3].
The tensile strength of CNTs can be 100 fold stronger
than steel, whereas its density is of only one-sixth
to one-seventh of steel. Indeed, the last two decades
have evidenced the proliferation of studies on the
tribological applications of CNTs, however, by no
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Fig. 1. Structure of this article.

means, a complete diagram has been depicted and
reviews on this topic are actually still scarce. In light
of this, we review the latest documents in the past
5 years, namely, published in the year of 2008 and
thereafter, on the anti-friction, wear-proof and selflubrication application of CNTs. The motivation is to
depict a picture on the state of the art of this field
and highlight the immense possibilities of research
and development in this area. It is likely that this
will contribute to our understandings on the
tribological role of CNTs, and may lead to design
and manufacture of materials with improved
tribological performance.
This article is structured as the following,
illustrated in Fig. 1. First, this article reviews the
modeling and simulation, and atomic force
microscopy (AFM) experimental work on the
tribological properties of individual CNTs or CNT
arrays. Following this, the application of CNTs as
lubricant additives is discussed. The incorporation
of CNTs into polymer matrix to form surface coating
and bulk composite is another concern, in whatever
form the research is summarized according to
processing techniques. Analogously, studies on
CNT/metal (ceramic) composite are addressed.
Based on the discussion present, finally, this article
outlines the summary, scope and direction for future
work.

2. Tribological properties of individual
CNTs/CNT arrays
The wear resistance of materials is usually improved
by the addition of filler, and CNTs are no exception.

CNTs are composed of multiple cylindrical shells
made, in concept, by rolling graphene sheets into a
seamless cylinder. This easily makes one speculate
whether the lubricating function of CNTs is related
with the mutual dislodgement of their cylindrical
graphene layers with one another, like graphite much
or less. This speculation has motivated many
research topics. Neglecting the electrostatic
Columbic interactions, molecular mechanics
simulation was conducted to examine the pull-out
process of some outer walls against other inner
walls in MWCNTs and double walled carbon
nanotubes (DWCNTs) [4]. The pull out force was
found to be proportional to the diameter of the critical
wall, i.e. the immediate out wall at the sliding
surface, and independent of nanotube length and
chirality. This was explained in the increase of
number of carbon atoms in circumferential direction
with increasing diameter; accordingly, stronger van
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the possible pull-out. The presence of broken sp2sp 2 carbon bonds may also affect the friction
properties of CNTs. Based on molecular dynamics
simulation, Li et al. [5] showed DWCNT with 16%
inter wall sp3 bonding have friction stresses 3 times
larger than SWCNT and perfect structured DWCNT
in composites with an amorphous carbon matrix,
which may be interpreted in the enhancement of
interlock or radial stiffness of DWCNTs. As for friction
coefficient, DWCNTs with sp3 bonding are 4 times
larger than SWCNTs, 0.016 vs. 0.0040, stemming
from much rougher surface of the former.
Concurrently, experiments have been designed
and carried out to investigate the mechanism and
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factors that are associated with the lubricating effect of CNTs, in particular, with the advances of AFM
and transmission electron microscopy (TEM)
techniques. Zhang et al. proposed, at nanoscale,
the friction force between aligned MWCNTs and AFM
probe was governed by the topography-induced force
caused by the collision of the tip with an asperity of
a positive slope, and adhesion force did not play a
dominant role [6]. The friction coefficient of CNT films
with roughness of RMS 2.3 nm and 1.6 nm against
AFM tip were 0.04 and 0.03 respectively. At
micrometer scale, however, the elastic or plastic
deformation force prevailed and the corresponding
friction coefficients were 0.2 and 0.38, respectively.
Sliding friction and adhesion properties of aligned
MWCNT array were also quantitatively evaluated
using AFM by Lu et al.[7]. It was shown friction is
much higher in dry nitrogen (humidity <5%) than in
ambient condition (humidity 63%), whereas no
significant difference in the adhesive forces between
MWCNT arrays and AFM probe was observed. Again
the lack of correlation between friction and adhesion
properties at nanoscale was observed. But, caution
needs to be taken in this case. In ambient condition,
an active water molecule could be dissociated into
H+ and OH-, and the H+ could be attracted to an
active site on CNT surface (e.g. a carbon dangling
bond site) and passivate it. This explained why the
friction was lower. However, as the fraction of active
sites that are not passivated is small, the adhesion
force measured by point-to-point force spectroscopy
mapping actually may not reflect this effect. Using
a TEM equipped with a nanomanipulation system,
Suekane et al. successfully measured the static
friction force between two overlapped CNTs [8]. The
authors pointed out that the friction force is
independent of overlap length only when the CNTs
have a high crystallinity and the friction force is
mainly the van der Waals force. While for as grown
CNTs usually containing amorphous carbon and
defects, the static friction force increases with
increased overlap length, as was understood to be
associated with surface roughness of CNTs.

2. CNTS AS LUBRICANT ADDITIVE
2.1. Oil based lubricant
The idea of nanoparticle-assisted lubrication has
been proposed as a promising concept. Actually,
many lubrication oils already contain solid particles.
They may be present by accident as in the case of
soot or debris contaminants or are added
deliberately. For the latter, metal dichalcogenides
and their derivatives, for example, MoS2 and WS2,
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are investigated almost exceptionally. From an application point of view, sometimes, the use of solid
lubricants is severely restricted by the operation
conditions such as high temperature and high
humidity. The heat arising from the friction process
may activate the oxidation of lubricant, resulting in
the malfunction of lubricant. Zhang et al. [9]
electrodeposited MoS2 on vertically aligned CNTs
to make nanocomposite lubricants. Strikingly, a
friction coefficient of as low as 0.04 can be achieved
when this nanocomposite film was rubbed against
alumina ball at 300 l
C on dry sliding. This is
interpreted in terms of the extremely high thermal
conductivity of CNTs, which hampers the local
accumulation of friction heat by instantly dissipating
the generated energy within the matrix and thereby
delays the oxidation process. W hen these
composites are involved in commercial machine oil,
the friction coefficient can be further reduced by
around 15%, demonstrating the positive tribological
role of CNT composites.
It is well accepted that the lubrication effect of
metal dichalcogenides can be attributed to a
gradually exfoliation of the external sheets of the
particles during the friction process, which is
subsequently transferred onto the reciprocating
surfaces and forms a tribofilm with a nano-scaled
thickness [10].This material transfer mechanism
means these lubricants have a finite, usually short,
lifetime. And also, for environmental protection
reason, it is necessary to reduce or eliminate the
presence of sulphur and phosphorus. As an
alternative, CNTs have been attempted as novel
lubricant additives. Owing to high surface energy,
CNTs have a great propensity to agglomerate
together and form bundles/rope. This leads to their
poor solubility in liquid media. To remove this barrier,
1-butyl-3-methylimidazolim hexafluorophosphate
[11]
and
2-(1-butylimidazolium-3-yl)
ethylmethacrylate [12] have been employed to
functionalize MWCNTs. When added to the base
lubricant, both friction coefficient and wear volume
are reduced considerably, see Fig. 2 for an example.
During friction, the functionalized MWCNTs fill in the
micro-gap of the rubbing surfaces and deposit there,
then a self-assembly lubricating thin film forms,
providing protection for the specimen surface from
severe wear. But the addition of excessive MWCNTs
detriments the lubricating effect in that the population
of un-decorated MWCNTs will increase with the
increasing MWCNT concentration, bring about the
occurrence of agglomeration of MWCNTs. Thus the
microscopic rolling effect would become more
difficult to be realized. As reported, the critical CNT
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Fig. 2. 3D images of the worn surfaces lubricated: (a) base lubricant (1-methyl-3-butylimidaaolium
hexafluorophosphate); (b) 0.01 wt.% pristine MWCNTs/lubricant mixtures; and (c) 0.01 wt.% MWCNTs-gpoly 2-(1-butylimidazolium-3-yl)ethyl methacrylate/lubricant mixtures at 200 N, reprinted with permission
from [12], (c) 2008 Wiley Periodicals, Inc..
concentration ranged from 0.01 wt. % to 0.06
wt. %.
Another concern regarding the use of CNTs as
solid additives is associated with the presence of
residual metal catalyst particles. Whether and how
these particles will affect the tribological behavior of
CNTs is still a question open for arguing. Pottuz et
al. reported that the addition of 1 wt.% Ni/Y-SWCNTs
to poly-alpha-ole-fin oil can reduce the friction
coefficient from 0.27 to 0.08, namely, a 70%
reduction [13]. In sharp contrast, pure SWCNTs does
not contribute substantially to the reduction of friction
coefficient and a value of 0.24 is obtained. X-ray
photoelectron spectroscopy (XPS) analyses of the
wear track show the generation of nickel oxides,
NiO, and Ni2O3, and no carbide signatures are
identifiable; Raman spectra analyses evidence the
disappearance of the characteristic radical breathing
mode of SWCNTs. A combination of the above data
enables the authors to hypothesize that, during
friction process, Ni particles initially encapsulated
inside SWCNTs are exposed to environment in the
contact area and become oxidized, while the
SWCNTs are flattened and move like a tank belt.
The overall results reveal that residual metal catalyst

particles may contribute a lot to the formation of
tribofilm, however, the exact mechanism is still uncertain and more intensive work is required.

2.2. Water based lubricant
Water-based lubricants are gaining popularity in
numerous areas such as hydraulic fluid, cutting fluid,
metal-foaming operation, oil extraction industry,
miniaturized motion devices (e.g. MEMS and
NEMS) and biological environments [14]. Compared
with conventional oil and grease lubricants, water
based lubricants offer the merit of being eco-friendly.
In addition, the high heat capacity of water makes it
ideal for absorption and transfer of heat. To
incorporate CNTs into aqueous media, CNTs need
to be surface modified first, as it is well established
that CNTs have very poor solubility. Pei et al.
covalently grafted polyacrylamide onto MWCNTs by
redox polymerization of acrylamide with ceric
ammonium nitrate being the initiator [15]. The grafted
MWCNTs could be dispersed in water and form a
homogeneous and stable dispersion. W hen
employed as solid additives in 2 wt.%
triethanolamine and 1 wt.% S-(carboxypropyl)-N-
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diethyl dithiocarbamic acid, the friction coefficient
drops precipitously and reaches a minimum at a
concentration of 2 wt.%. The authors suggested that
the MWCNTs served as spacers, preventing rough
contact between sliding counterparts. Whereas the
increase of friction coefficient over 2 wt.% CNTs was
related with the formation of CNT lumps in the friction
interface, decreasing the lubrication efficacy. This
covalent functionalization process is effective in
improving the dispersibility of CNTs, but it is
complicated and the sidewall/end of CNTs needs to
be partly broken for the implantation of functional
moieties.
As an alternative, non-covalent functionalization
method has been adopted to improve the
dispersibility of CNTs with the prominent advantage
of simplicity. Kristiansen et al. [16] used humic acid
to promote the dispersibility of CNTs in water and
studied the tribological behavior of the resultant
mixture between two mica surfaces. Fringes of equal
chromatic order images display the build-up of
MWCNT layers between mica surfaces even at high
loads (pressure about 10 MPa); this accumulation
reduces the adhesion between the surfaces and
thereby diminishes wear. Interestingly, the friction
coefficient with either SWCNT or MWCNT dispersion
falls in the range of 0.30-0.55 and is independent of
the load and sliding velocity.
Irrespective of covalent or non-covalent
approaches, the ideal functionalization is one: (i)
after functionalization, the agglomeration of CNTs
can be alleviated efficiently; (ii) the modified CNTs
should possess intermediate substrate-surface
interactions. The interaction needs to be strong
enough to hold the CNTs between the substrates,
rather than being squeezed out, during sliding, but
at the same time is not too strong that it will make
CNTs adhere to the substrate.

3. CNT/POLYMER COMPOSITE
3.1. Surface coating
Noting that CNTs decorated with functional groups
that are structurally similar with the polymer matrix
should have good compatibility, many methods have
been proposed to enhance the interactions between
CNTs and polymer matrix. Men et al. [17] used
furfuryl alcohol (FA) to functionalize MWCNTs and
fabricated MWCNT-FA/poly(furfuryl alcohol) (PFA)
composite coatings on steel by spraying. The
substitution of pristine-MWCNT with FA-MWCNTs
decreased the friction coefficient and prolonged wear
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life pronouncedly. They ascribed this to the nonhomogeneous dispersion of pristine MWCNTs in the
PFA composites, giving rise to the production of
cracks between MWCNTs and PFA matrix. Similarly,
Zhang et al. [18] grafted maleic anhydride onto
BL8CIdo
dfc
W
RTVe V YR TVe
YVT aRe
Z
SZ
]
Z
e
jW
MWCNTs with poly(tetrafluoroethylene) and cotton.
Analogously, Sinha et al. [19] used air plasma
to treat SWCNTs with an attempt to improve their
interactions with ultra-high molecular weight
polyethylene (UHMWPE). SWCNTs/UHMWPE was
then dip-coated on steel. They examined the effect
of counter face materials, namely Si3N4, steel and
brass, on the tribological performance. For brass
ball, the composite coating displayed a lower value
of steady state friction coefficient, and they
attributed this to the more hydrophobic nature of
the brass ball, which provided less adhesive force
interactions between the materials. The low wear
rate of composite coatings were correlated with the
presence of SWCNTs, which have strong bonding
with polymer matrix and facilitate the improvement
in loading bearing capacity and shear strength.
Moreover, the authors observed the addition of
SWCNTs could effectively hinder the increment of
the surface roughness of the wear track caused by
the plastic deformation of polymer matrix, in
particular at high temperature (up to 120 l
C), and
they attributed this to the enhanced mechanical and
thermal properties intrigued by SWCNTs [20]. Men
et al. [21] postulated that the incorporation of
sulfonic acid groups onto MWCNTs would help PFA
to coalesce onto the MWCNTs through electrostatic
interactions between the hydroxyls of PFA and the
sulfonic groups, and the interactions with PFA would
depend on the amount of sulfonic groups on
MWCNTs. Indeed, the poly(m-aminobenzene
sulfonic acid) functionalized short MWCNTs, 0.5-2
m in length, illustrated lower fiction coefficient and
longer wear life in comparison with the pristine
MWCNTs and long MWCNTs (50 m). They believed
this is a result of the adequate dispersion of
MWCNTs and their strong interfacial bonding with
PFA matrix.
Although CNT based surface coatings have
demonstrated the potential to improve the antifriction and wear-proof properties of certain
substrates, one fundamental issue of this technique
is yet not fully addressed. That is how firmly the
coating can be attached to the substrate. In a sense,
this will determine whether this technique can gain
any engineering application.
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3.2. Bulk composite
3.2.1. In situ polymerization
In situ polymerization is one of the most popular
methods to incorporate CNTs into polymer matrix.
By this method, poly (methyl methacrylate)/ styrene/MWCNTs co-polymer composites [22], polystyrene/acrylonitrile/MWCNTs composites [23], and
polyacrylonitrile/ methylmethacrylate/MWCNT copolymer composites [24] etc. have been
successfully fabricated. What is common in these
studies is there exists a critical CNT concentration
with respect to the tribological performance of
composites. The friction coefficient and wear rate
decrease substantially when CNT concentration is
lower than the critical concentration. When the CNT
concentration exceeds this value, both friction
coefficient and wear rate increase. In general, this
critical concentration lies in 1 wt.% to 1.5 wt.% of
polymer matrix. The incorporation of CNTs
contributes to the restraint of the scuffing and
adhesion of polymer matrix in sliding against the
counter face, leading to the improvement of
tribological performance. Whereas the detrimental
effects of excessive CNTs can be accounted for by
the agglomeration of CNTs.
Huang et al. [25] functionalized MWCNTs with
maleic anhydride by Friedel-Crafts acrylation, and
the resulting MWCNTs were incorporated into poly
(methyl methacrylate) by in situ solution
polymerization. What is different here is the weight
loss of the obtained composite increased with
increasing MWCNT load up to 1 wt.%. A further
increase in CNT concentration to 5 wt.% only results
in a slight decrease in weight loss. The authors
deduced, at this concentration, the nanoscale of
MWCNTs could not sustain the microscale damage
caused by the grinding wheel and the composites
could be scratched easily by the grinding wheel.

3.2.2. Compression molding
Another popular method to impart CNTs into matrix
materials is compression molding [26]. For
instance, SWCNTs were functionalized with 1-octyl,
3-methylimidazolium tetrafluoroborate and blended
with polystyrene (PS), polymethylmethacrylate
(PMMA), and polycarbonate (PC) with a content of
1 wt.% by compression molding [27]. The wear rate
of PS, PMMA and PC reduces by 74%, 63%, and
14%, respectively. This was ascribed to the well
dispersion of SWCNTs in polymer matrix, which
increases their resistance to crack propagation and
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to the surface modification of SWCNTs, which improves the lubricating ability of the additive.
Critical CNT concentration
As aforementioned, the tribological performance of
CNT filled composite is highly dependent on CNT
concentration. For CNT filled carbon fabric
composites, the critical MWCNT concentration was
reported to be 6 wt.% [28]. In the case of MWCNTbismaleimide composites, it is about 2.5 wt.% [29].
But there are some controversy reports as well.
The wear rate of CNTs/high density polyethylene
composites decreases monotonically with
increasing CNT concentration up to 5 wt.%. Unlike
wear rate, however, there was not a clear, monotonic
trend of decreasing friction coefficient with the
increased CNT concentration [30]. As the MWCNTreinforced polyphenylene sulfide composites are
concerned [31], the change in friction coefficient
against MWCNT concentration was minute. The
specific wear rate decreased with the addition of
0.2 vol.% MWCNTs, but the wear rate became larger
with further increase in MWCNT concentration.
Based on these data, the author even commented
that, unlike graphite and MoS2, CNTs may lack the
lubricating capability. Another possible explanation
raised by the authors is the by-products contained
in pristine MWCNTs may offset the desirable effect
of CNTs.
As can be seen above, the critical CNT
concentration may vary from system to system, and
sometimes controversy results were presented. As
a matter of fact, the true magnitude can only be
found by trial and error. In this aspect, the
development of theoretical model that can be used
to predict this value accurately represents another
challenge.
Effect of operative variables in sliding
The operative variables such as load, speed and
lubricating medium in sliding test will impose impact
on the tribological properties of materials. When the
load was increased from 50 N to 250 N, the friction
coefficient of MWCNT/carbon composites exhibited
a descending trend and the wear volume showed
an ascending trend [32]. If the sliding speed was
increased from 0.42 m/s to 0.84 m/s, the scale of
friction coefficient changed from 0.16-0.42 to 0.130.32, demonstrating the friction-reduction trend,
however, the wear volume showed a reverse trend
and increased greatly. The effect of load and speed
on the tribological properties of MWCNT-carbon
fabric composite were also discussed by Zhang et
al [27]. When load was increased from 200 N to
500 N, both friction coefficient and wear rate tended
to decrease. When the sliding speed was increased
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from 0.431 m/s to 0.862 m/s, the authors observed
a higher friction coefficient and a lower wear rate.
It is really not too much meaningful to talk about
the effect of load and speed without considering the
specific case, as several competitive effects will
occur simultaneous during sliding. The eventual
outcome is the balanced result and will be governed
by the prevailing one. With the increase of load or
speed, big particle-shaped or flaky debris in the wear
surface would be crushed or sheared into small
particles or thin flakes. The newly formed debris
would produce a more integrated but thin film on
the worn surface, which decreases the degree of
two-body abrasive wear. Meanwhile, the MWCNTs
released from the wear surface can largely bear the
applied load and hinder direct contact between
sliding counterparts and serve as a lubricant-like
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also should be mentioned; that is CNTs can
effectively transfer the friction heat due to their
excellent thermal conductivity and thus reduce the
possibility of adhesive wear. Concurrently, some
adverse influence on tribological properties may
initiated by high load and speed. For instance, the
integrated lubricating film can be formed easily, but
it is also readily brushed away due to the stronger
tangential force caused by high speed and load. In
addition, an increase in load and speed may result
in a higher contact temperature and decrease the
adhesion between CNTs and polymer matrix. As a
consequence, parts of CNTs may fall out from the
matrix and become ruptured, resulting in an increase
of friction coefficient.
There are numerous sliding applications where
liquid media are deliberately introduced as coolants
or are present as a working fluid; these media may
also affect the tribological properties of materials.
In comparison with dry sliding, the introduction of
water decreases friction coefficient of polyamide 6
(PA 6)/MWCNT composite, but increases wear rate
[33]. Water was not only a good lubricant for the
composite to reduce the direct contact zone between
the sliding counterparts, but a cooling fluid to
dissipate the frictional heat. As such, the friction
coefficient was lower in water than in dry sliding.
On the other hand, water can distill into the
amorphous region of the composite, resulting in a
reduction in hardness and strength, which made the
PA6 fibrils to be detached easily, causing it less
wear resistant. Additionally, an inhibition of the
formation of transfer layers of PA6 on the sliding
counterpart may lead to higher wear rate as well.
Similar trend was observed for MW CNTs/
polytetrafluoroethylene/ polyimide composite [34].
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What is more interesting is alkali-lubrication was
observed to give the lowest wear rate, a nearly 60
% reduction with respect to that under dry sliding,
even much better than oil lubrication, let alone water.
The differences in viscosity may take the main
responsibility for this phenomenon: the alkali solution
has a much higher viscosity (0.00115 Pas) than
water (0.00065 Pas); this indicates the cooling and
boundary lubricating effect of alkali solution is
superior to water [27,34]. The substitution of oil with
water generally shows better friction and wear
properties. This could be ascribed to the decrease
of shear strength of the composite and the
immaturely developed transfer film in water
lubrication.
In some occasions, materials need to work on
harsh conditions. For example, automotive brake
friction materials must withstand frequent friction at
high temperature. Hwang et al. [35] produced brake
friction materials using CNTs (1.7-8.5 wt.%), phenolic
resin, aramid pulp, graphite and zicon. The friction
stability as referenced to the variation of friction
coefficient with time at 300%
l
C was improved, which
was attributed to the reinforcement of CNTs to
phenolic resin, reducing the smearing and
delaminating of the friction film due to the weak resin
at elevated temperature. Since the torque amplitude
produced during brake application is directly related
to the brake induced vibration, the amplitude of the
friction force oscillation generated during the stop
tests was compared. The torque variation in the last
revolution of the disk during stop could be reduced
from 4.6 N m to 2.5 N m with the introduction of
CNTs; this is because the huge surface area of CNTs
increased the level of interfacial friction between the
CNTs and polymer, improving the dissipation and
damping capacity of the composites on the judder
propensity.

4. CNT/METAL (CERAMIC)
COMPOSITE
4.1. Surface coating
Dip coating
Sol-gel silica reinforced with 0.1 wt.% MWCNTs was
fabricated by mechanical mixing (MM) and ultrasonic
probe mixing (UM), and then dip-coated on
magnesium alloy [36]. The friction coefficient of all
the coatings was in the range of 0.4-0.46 and
differences among coatings were marginal.
Compared with corresponding silica coatings, a
reduction of 59.4% and 14.5% in wear rate were
obtained for MM and UM coatings, respectively.
Scanning electron microscopy (SEM) observation
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Fig. 3 Wear surface of Al2O3-4 wt. % CNT coating
showing (a) bimodal wear debris and micro crack
arrest; and (b) sworded CNT bridges to render
enhanced wear resistance, reprinted with permission from [37], (c) 2008 Elsevier.
of worn track showed that many MWCNTs were
connecting two parts of the worn coating in which a
crack formed, implying MWCNTs were locking the
crack propagation by bridging mechanism and
alleviated subsequent spalling of the coating by
mechanical fatigue processes. UM coating is inferior
to MM one, and this was ascribed to lower inner
densification of UM coating, presumably owing to
the presence of acoustic cavitation bubbles formed
by the ultrasonic treatment that speeded up
hydrolysis and condensation reactions during the
sol formation.
Spray coating
A multiple length scale wear study on plasmasprayed Al 2 O 3 -CNT composite coating was
conducted by Balani et al. [37]. The introduction of
CNTs can enhance the macro-wear resistance by
49 times and nano-wear resistance of up to 18
times. This reduction in wear volume loss was
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attributed to the interactions of CNTs with the abrading surface: (i) CNTs act as glue to restrain the Al2O3
particles, densifying the coating; (ii) CNTs restrict
the crack propagation by bridging mechanism, indicating the role of enhance fracture toughness in restraining the cracks and reducing wear loss; (iii)
CNT swording is observed in coating (see Fig. 3),
showing the sliding of CNT layers upon wear. Stainless steel (SS) /MWCNT composite coating was
prepared on SS by thermal spraying. Friction coefficient of the composite coating was 3 times lower
than SS coating and wear rate was reduced by
nearly 2 times. The improved wear resistance of
composite coating was attributed to the increase of
coating hardness; the composite coating is much
harder than the SS coating, i.e. 480 HV0.3 vs. 303
HV 0.3 [38].
In situ growth
Cobalt colloid nanoparticles were coated on SS, on
which CNTs were grown by plasma enhanced
chemical vapor deposition [39]. The resultant film
has good tribological properties with friction
coefficient of approximately 0.1-0.2. Raman spectra
of wear track and sliding ball scar indicated the Gband of CNTs (1585 cm -1) shifted to a higher
frequency (1605 cm -1) and simultaneously a
downshift of D-band from 1350 cm-1 to 1340-1355
cm-1. This variation corresponds to the progressive
reduction in size of ordered graphite layers in the
walls of CNTs, whist retaining the aromatic rings.
These soft materials adhered to mating surfaces,
diminishing direct contact between asperities and
plough. By studying the tribological properties of
aligned CNTs/alumina composite coating on
aluminum substrate, Xia et al. reported that thickwalled CNTs (12.3 nm) demonstrated lower friction
coefficient than thin-walled ones (4.5 nm) on both
macro- and nano-scale friction tests [40]. This was
because thin-walled CNTs are relatively liable to
buckle upon loading, increasing the possibility of
direct contact between the sliding tip (ball) and
matrix. Direct growth of CNTs from Ni-based coatings
on copper substrate was accomplished through the
hydrothermal approach [41]. After annealing at 500
l
C, the hardness of the coating could reach 656
HV0.1, much higher than that of copper being 105
HV0.1, and wear loss and friction coefficient could
be reduced by up to 3.5 times and 3.3 times (1.18
vs. 0.35), respectively. SEM observations revealed
the grown CNTs firmly bridges and wraps Ni-based
nanoparticles. Consequently, a good load transferring
ability is achieved during wear test, reducing plastic
deformation and adhesive wear.
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Fig. 4. (a) Pure Ni and (c) Ni-CNT composite blended images of Raman spectroscopy color map and
optical micrograph taken inside the wear tracks from friction tests in Fig. 4b. Also shown are corresponding
(b) and (d) Raman spectra taken inside (red circles and spectra) and outside (blue circles and spectra) the
wear track. The blue circle in (c) shows the location of an unworn CNT. A reference Raman spectrum of CNT
powder in (d) is shown for comparison, reprinted with permission from [42], (c) 2009 American Institute of
Physics.

Laser -engineering net shape processing
Scarf et al. used the laser-engineering net shape
processing to prepare MWCNT-Ni composite coatings on SS [42]. Raman spectroscopy mapping was
performed inside the wear tracks to elucidate the
mechanism responsible for the solid lubrication process. When sliding against Si3N4, NiO peak at 553
cm-1, but no carbon peaks, are present for pure Ni
coating, see Fig. 4.
Conversely, carbon D (1347 cm-1) and G (1604
-1
cm ) peaks are clearly distinguishable for MWCNTNi coating. Compared with G peak at 1582 cm-1 for
the unworn MWCNT-Ni coating, this G peak shifted
22 cm-1 toward high wave number. Coupled with the
increase in ratio of intensities ID/IG and the full width
at half maximum, the authors inferred that the sliding
process increases graphitization and the structurally
modified layer has a more disordered structure. In
the case of sliding against SS, similarly, the
presence and upshift of carbon G peak were also
evident. By contrast, Fe3O4 peaks at 538 and 676
cm-1 become dominant, which is likely due to the

adhesive wear of SS counterface. Based on these
data, the authors concluded the wear induced, high
disordered and low interfacial shear strength graphitic
film accounts for the diminution in friction coefficient.
Electrochemical method
Many researchers have co-deposited CNTs with
metal particles to modify the tribological performance
of substrate. The concentration of CNTs in deposits
will definitely have a role to play, but as this topic
has been addressed previously, this section mainly
focuses on the underlying mechanism.
Ni-P-CNT coating was fabricated by both electroand electroless deposition. The incorporation of CNTs
can efficiently reduce friction coefficient and wear
loss [43,44]. Several rationales were put forward for
the observed improvement: (i) CNTs function as
intense obstacles to the movement of dislocations
through the Ni-P matrix, hindering the occurrence
of plastic deformation; (ii) CNTs serve as separators,
preventing the close contact between sliding pairs;
(iii) during sliding, cylindrical CNTs are separated
from the coating and roll easily between the surfaces,
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Fig. 5. SEM images of MWCNTs-Zn-Ni coated sample (A) and Zn-Ni coated samples (B), reprinted with
permission from [45], (c) 2009 Elsevier.

as partially supported by the observation of CNTs in
wear track.
Another striking effect of the incorporation of
CNTs is on the grain size and hardness. Praveen et
al. found the introduction of MWCNTs could reduce
the grain size of Zn-Ni in electrodeposits from 29
nm to 18 nm, as evidenced by SEM images, see
Fig. 5 [45]. In a similar study, MWCNTs were coelectrodeposited in nano Ni matrix with a mean grain
size of 28 nm on copper substrate [46]. This finegrained structure of the composite, together with
the dispersing hardening effect of MWCNTs, was
invoked to account for the less wear loss. More
recently, Ni-MWCNTs were co-deposited on Ti-6Al4V substrate [47]. The incorporation of MWCNTs
could increase the coating hardness by 98.5% with
regard to pure Ni coating, which was also explained
by the drop in the Ni crystallite size incurred by
MWCNTs. The introduction of CNTs can reduce grain
size in that CNTs can provide more nucleation sites
for crystal growth [48].
Still another explanation for the improved
tribological properties is the rearrangement of CNTs
during sliding. Arai et al.[49] observed that the friction
coefficient of the Ni-0.5 mass% CNTs composite
film increased rapidly at the very beginning of sliding,
and then decreased gradually and reached a steady
value of 0.13, much lower than that of pure Ni being
0.33. They related this with the sliding-induced
rearrangement of MWCNTs. Some MWCNTs may
root in the film with one end protruding from the film
vertically, leading to a high friction coefficient on the
commencement of sliding. Once the sliding ball
scratches the film, plastic deformation of the film
will occur gradually and some MW CNTs are
gradually rearranged transversely, resulting in a low
friction coefficient.
As discussed, the explanations are fairly diverse
and may contain contradictions in some cases.
Carpenter et al. [50] analyzed the wear track of the

Ni-MWCNTs coating with SEM coupled with energy
dispersive X-ray spectrometry (EDX) and found a
thick oxide transfer layer covered the majority of
the wear scar with the metallic coating exposed only
at a few localized regions and no MWCNTs were
visible on the surface of this oxide transfer layer. In
contrast, the surface of the wear scar in Ni coating
was largely bare metal. Therefore, the authors argued
that MWCNTs become submerged within the oxide
transfer layer and can not act as a spacer between
the wearing surfaces, and they further deduced the
MWCNTs encourage the formation of this transfer
layer by bridging the interface between the metal
and the transfer layer and adhering loose materials
to the underlying matrix, thereby preventing the
transfer of worn materials from the scar. This loose,
oxidized material builds up and forms a protective
transfer layer, reducing further wear.

4.2. Bulk material
Spark plasma sintering, microwave sintering and
hot pressed sintering have been attempted to make
CNT-metal composites with improved tribological
behavior with regard to pure metal. Again, the critical
CNT concentration phenomenon was well observed
[51], and will not be paid particular attention
repeatedly. But several additional points are worth
mentioning here. To enhance the wettability and the
bonding strength between CNTs and metal matrix,
CNTs were proposed to be coated with metal (e.g.
Cu) by either electroless deposition or hydration
principle before sintering [52-54]. Another issue is
about the formation of metal carbide during sintering.
XPS analyses of the worn surface of CNT-Al
composite revealed the emergence of aluminum
carbide (Al4C3); the formation of Al4C3 may cause a
decrease in hardness and an increase in wear loss
[55]. Lastly, to alleviate the damage to CNTs by
chemical modification or mechanical blending and
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obstruct the pull-out of CNTs from the matrix in sliding, porous silica was used templates to hold CNTs
by either absorbing CNTs on its surface or embedding CNTs in its pores [56].
The improvement in tribological performance
offered by CNTs could be attributed to the
strengthening of mechanical properties and the
formation of graphene layer at contact surfaces.
Actually in many cases both mechanisms may
work, although it is not easy to ascertain which one
Z
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(Formula 1) was suggested by Ahmad et al. to
characterize wear volume (V) of Al2O3-MWCNTs
[57], which relates the wear volume with the hardness
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fd E) and fracture toughness
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causing a decrease in friction coefficient. For
DWCNT-Cu composites, Guiderdoni et al. [62] used
the maximum Hertzian contact pressures (Formulae 2-5) to examine if the formation of a graphitized
lubricating tribofilm in contact could take place during
sliding.
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The equivalent contact radius R* and the equivalent
Young modulus E* are defined as
R
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(ball- plane contact),
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wherein F is the applied load, a is the constant
independent of materials type, and L is the sliding
distance. Feng et al. [58] used the ratio of E over H
(E/H) as an indicator to evaluate wear rate for CNT
reinforced Ti-Ni composite, the lower E/H value is,
the better wear resistance is. Both these calculations
are in consistence with the experimental results.
This is not surprising. A material with high hardness
is more difficult to deform under high loads, while
]h N f Xo
d Uf]
fdT f]
U ]hVce
YVT e
RTe
pressure, leading to a delay in plastic deformation
[59].
The formation of graphene layer is largely affected
by the sliding operatives. For CNT reinforced
hydroxyapatite [60], at macro-scale, wear resistance
increased by 66%, whereas friction coefficient
decreased by 60%. In case of nano-scale wear, a
45% increase in wear resistance was observed,
however, friction coefficient increased by 14%. The
different effect of CNT on friction coefficient was
associated with the formation of graphene layer. The
effective shear stress during macro-wear was
calculated to be 22 GPa, while it was only about
300 MPa in micro-wear. It was estimated that the
removal of a single graphene layer from MWCNTs
requires a tensile force in the range of 11-63 GPa
[61]. Lateral force during sliding causes tensile
stress on the newly exposed surface after mass
removal. As the force applied in nano-wear is much
smaller than the minimum stress required for
graphene layer peeling from CNT (11 GPa), no
lubrication from graphene layer peeling is available.
On the contrary, the available lateral stress in macrowear (21 GPa) is sufficient to remove graphene layer,
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R is the ball radius, is Poisson coefficient, E is
elastic modulus.
The calculated maximum Hertzian contact
pressures ranged from 495 MPa to 950 MPa,
depending on the type of sliding ball and applied
load, which are sufficiently high to shear the walls
of individual DWCNTs, since it was documented that
215 MPa is a pressure high enough to incur the
shearing [63]. This generated tribofilm during sliding
may account for the 4 order of decrease in friction
coefficient.

5. SUMMARY AND CHALLENGES
FOR FUTURE WORK
As stated above, CNTs have demonstrated great
potential in reducing friction and improving wear
resistance. However, to unambigiously understand
the tribological role of CNTs is truly a challenging
task, since friction between contact surfaces is such
a complex issue, which is characterized by the
interplay of energy, stress and chemistry at many
length scales. So many factors will affect the
tribological performance, for instance, the
composition and property of sliding pairs (such as
surface roughness, hardness, elastic modulus,
fracture toughness etc.) and the sliding operative
parameters (such as sliding load, speed,
temperature and lubrication state etc.). As such,
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diverse mechanisms have been proposed based on
discrete cases. (i) CNTs can bridge crack and lock
the propagation of cracks; (ii) CNTs can restrain
metal/ceramic particles and densify materials; (iii)
the dislodgement of individual graphene layers of
CNTs can provide lubrication effect; (iv) CNTs can
strengthen the mechanical properties of matrices
that they are embedded in; (v) CNTs can stay
between mating surfaces and diminish the direct
contact between asperities and plough; (vi) CNTs
can effectively dissipate the friction heat and reduce
temperature induced wear. It is really hard to ascribe
the positive tribological role of CNTs to any sole
clause, as for most cases, if not all, more than one
mechanism may work simultaneously.
CNTs continue to hold promise for applications
in tribology but with significant challenges for real
success. (i) To achieve the uniform properties of
composites, CNTs need to be distributed
homogenously in matrices and consequently proper
manufacturing method is required. Although
numerous approaches have been proposed, it is still
not quite clear to what extent the perfect structures
of CNT have been preserved after experiencing the
process, quite often associated with harsh
conditions such as high temperature and high
shearing stress. So far, only a few methods to
quantify the level or quality of dispersion of CNTs in
the microstructure have been documented. Hence,
there is also a need to develop a universal
quantification scheme for the quality of CNT
distribution in order to compare various processes
for their ability to disperse the CNTs in the
microstructure. (ii) CNT composites exhibit good
tribological performance at optimum concentration,
which is widely ascribed to the agglomeration of
CNTs at high concentration. This concentration
value varies from one system to another depending
on many factors such as the aspect ratio of CNTs,
their dispersion and orientation state in matrices,
their interactions with the matrix at the interfaces,
and the phase separation effect of a third phase, if
applied. At current situations, this is usually done
by trial and error. Novel model needs to be formulated
and more simulation work should be accompanied.
(iii) A strong interfacial connection between the
matrix and CNTs is always essential. As a weak
interface connection with matrix would end up with
CNTs being dragged out of the worn surface during
wear, losing their lubrication features and becoming
debris. CNTs have been grafted with monomer or
coated with metal to enhance their compatibility with
matrices. The detailed mechanism is not yet ascertained and more techniques are welcome. (iv)

W. Zhang, G.J. Ma and C.W. Wu
The toxicity of CNTs is still a topic under debate. If
the unique tribological potential of CNTs is to be
exploited on industry scale, toxicological studies
must be conducted in parallel, before eventually
converging to provide a clear framework acceptable
to regulatory authorities and the public.
In brief, the extremely excellent mechanical
properties of CNTs coupled with their graphite-like
structure have stimulated tremendous studies on
their tribological role and this filed is rapidly evolving.
The up-to-date status of work has witnessed the
positive effect of CNTs solidly, and it is conceivable
that this effect and its engineering application will
be strengthened even more with further reduction of
prices and availability of better quality of CNTs.
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