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Adhesive wear is one of the major reasons for the failure of components during various tribological appli-
cation, especially for rubbing with viscous materials. This study presents CrN/DLC/Cr-DLC multilayer
composite coatings prepared on a plasma enhanced chemical vapor deposition (PECVD) device with
the close field unbalanced magnetron sputtering ion plating (CFUBMSIP) technique. SEM, XRD and
Raman spectroscopy were used to determine the structure of multilayer coatings. It was found that
the multilayer coatings are composed by the alternating CrN and DLC layers. Compared with the single
CrN coatings, the friction coefficient of the CrN/DLC/Cr-DLC multilayer coating decreases about more than
seven times after sliding a distance of 500 m. This helps to reduce the adhesive wear of multilayer coat-
ings. Compared with the single CrN and DLC coating, the wear rate of the CrN/DLC/Cr-DLC multilayer
coating is reduced by an order of magnitude to 7.10 � 10�17 (sliding with AISI 440C) and 2.64 � 10�17

(sliding with TC4) m3/(N m). The improved tribological performance of multilayer coatings mainly attri-
butes to the introduction of lubricant DLC and hard support CrN layers, the enhancement of crack prop-
agation inhibition, and the increment of elastic recovery value We (71.49%) by multilayer design method.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Adhesive wear is one of the major reasons for the failure of
components during various tribological applications, such as form-
ing, cutting, sliding and so on [1–3]. The adhesion bonds can
degrade the friction environment and significantly increase the
frictional heat, especially for rubbing with viscous materials. In
turn, excessive frictional heat will facilitate the formation of the
adhesion bonding. These adhesive bonds shear off eventually and
take away part of coating materials. The results is increased wear,
deteriorated surface quality and poor machining accuracy [4–6].
Therefore, the intensive adhesive wear has become one of the most
critical challenges for various friction applications and needs to be
solved.

Nowadays, a variety of vapor deposition coatings are used to
reduce wear [7–10]. Among them, the transition metal nitrides,
such as TiN, CrN and TiAlN, are the most popular coatings for their
high hardness, excellent oxidation resistance and thermal stability
[11–13]. Recently, there have been continuous efforts to further
improve tribological performance of these coatings by using ele-
ment doping, architecture design and also new deposition technol-
ogy, including closed field unbalanced magnetron sputter ion
plating (CFUBMSIP), high power impulse magnetron sputtering
(HiPIMS) and so on [14,15]. However, transition metal nitride coat-
ing itself can not lubricate the rubbing pairs effectively, which
leads to excessive friction and adhesive wear. Thus, adaptive lubri-
cious coating and polished post-treatment were developed to solve
this problem [16–18]. Many studies have shown that a decrease in
the friction coefficient can reduce the adhesive wear effectively
[18]. However, although the friction coefficient of the transition
metal nitride coating can be partially reduced by these methods,
it still does not meet the growing demands for wear resistance in
modern tribological application, and the post-treatment process
also increases the cost. Thus, it is necessary to propose an improve-
ment coating material with a low friction coefficient in order to
solve these issues. Recently, diamond-like carbon (DLC) films have
attracted an increasing interest in various lubrication environ-
ments owing to their low friction coefficient and good chemical
inertness [19–21]. These excellent properties make the DLC coating
suitable for using in the field of anti-wear. However, there are
some imperfection restricting their industrial applications, such
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Table 2
EDS results of the different coatings.

Point Cr (at.%) C (at.%) N (at.%)

A 6.73 93.27 –
B 27.89 72.11 –
C 48.47 – 51.53
D 22.11 77.89 –
E 17.54 82.46 –
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as poor oxidation resistance, low thermal stability and high intrin-
sic compressive stress [19,22]. Thus it can be seen that the advan-
tages and disadvantages of transition metal nitride and DLC
coatings maybe complement each other. It would be of much inter-
est to make a composite coating consisting of both transition metal
nitride and DLC coatings.

Recently, multilayer design has drawn much attention in hard
coating industry, which plays an important role in obtaining the
optimal mechanical and tribological properties of both layers
materials. A variety of ceramic/metal, metal/metal and ceramic/
ceramic multilayered coatings, such as TiN/Ti, Cu/Cr, TiAlN/CrN,
etc., have been intensively studied [23–26]. However, the multi-
layer coatings consisting of transition metal nitride and DLC have
not been well studied [27,28]. Therefore, with the question of
how the tribological properties of transition metal nitride coatings
are improved when DLC coatings are introduced through multi-
layer design method, we successfully deposited the CrN/DLC/Cr-
DLC multilayer coating. The microstructures as well as mechanical
and tribological properties of a multilayer CrN/DLC/Cr-DLC, the
single CrN and the single DLC coatings were studied in this work.
A reduction in friction and wear of the CrN/DLC/Cr-DLC multilayer
composite coating could be obtained through multilayer design.

2. Experimental section

2.1. Sample preparation

The CrN/DLC/Cr-DLC multilayer composite coatings were
deposited on commercial n-type Si (100) wafer and AISI 440C steel
(U 25 mm � 4 mm, Ra � 0.05 mm) substrates using a commercial
PECVD machine with CFUBMSIP technique. For comparison, the
single CrN and DLC coatings were also prepared. The substrates
were sequentially cleaned with acetone and alcohol for 10 min in
an ultrasonic cleaner before deposition. The chamber was evacu-
ated to a background vacuum below 1.0 � 10�3 Pa, and then the
substrates were Ar ion etched for 30 min at a pulsed bias voltage
of �400 V (frequency: 250 kHz, pulsewidth: 500 nsec). Afterwards,
Cr layer with a thickness of about 150 nm was deposited as the
intermediate layer. Then the CrN layers and DLC layers were pre-
pared by alternately triggering or turning off C or Cr targets and
opening or closing N2 or C4H10 pipe. In this process, the CrN layer
and DLC layer were applied with a pulsed voltage of �100 V and
�75 V respectively. Finally, a top layer of Cr-DLC was deposited
on the surface of multilayer coatings with a pulsed voltage of
�75 V. The detailed experimental parameters are listed in Table 1.

2.2. Coating characterization

The morphologies and thickness of the coatings were character-
ized by scanning electron microscope (SEM, Hitachi S-4800). An
energy dispersive spectrometer (EDS, Oxford) was used for evalu-
ating the chemical composition. The crystal structure of the
Table 1
Deposition parameters for the coatings.

Coatings CrN/DLC/Cr-DLC

Cr CrN DLC Cr-

Cr target power (DC, A) 4 4 – 2
C target power (RF, W) – – 350 –
Bias voltage (V) �100 �100 �75 �7
Pressure (Pa) 2 2.5 3 ? 4 4.2
Ar flow rate (sccm) 35 35 35 35
N2 flow rate (sccm) – 25 – –
C4H10 flow rate (sccm) – – 8 ? 15 15
Deposition time (s) 600 650 * 10 350 * 9 800
coatings was analysed by X-ray diffraction (XRD, Shimadzu 6100)
with Cu Ka radiation (k = 1.540598 nm, 40 kV, 30 mA). The Raman
signals were detected by a spectrometer (Horiba, LabRam HR Evo-
lution) with an excitation wavelength of 532 nm at a resolution of
2 cm�1.

The hardness and elastic modulus were performed by using a
nanoindenter (Agilent, Nano Indenter XP) with a Berkovich dia-
mond tip. The maximum indentation depth was controlled at
about 15% of the coating thickness. Each sample was tested 5 times
in order to obtain mean values of hardness and elastic modulus.
The adhesion force were tested on a multi-functional tester for
materials surface properties (MFT-4001). The fracture toughness
was evaluated by indentation method on a Vickers hardness tester
(Future-tech, FM-800) under a load of 300 g. The tribological beha-
viours of the coatings were evaluated by a ball-on-disk tribometer
(CSM, TRB) in an ambient atmosphere. The disk was the coated
steel substrate. The counterpart was AISI 440C steel ball (U3
mm, HRC � 60, Ra � 0.10 mm) of 8 mm in diameter. The tests were
carried out at the normal load of 3 N, line speed of 10 cm/s and the
fixed sliding distance was 500 m. After the tribological tests, mor-
phology and composition of the wear tracks were investigated by
SEM and 3D non-contact surface profiler (Kla-Tencor, Micro-
XAM800). The wear rate k was given by the Eq. (1) [29]:

k ¼ V=SN ð1Þ

where V is the wear volume; S is the total sliding distance; N is the
normal load.
3. Results and discussion

3.1. Structure and morphology

The EDS results of the different coatings are listed in Table 2.
Although the hydrogen has not been detected by EDX technique,
it is almost certain that the existence of hydrogen in the DLC or
Cr-DLC coatings derived from C4H10 source gas plasmas. Cross-
section morphologies of the coatings were observed by SEM as
shown in Fig. 1. The deposited coatings are dense and uniform.
All the coatings have a Cr buffer layer of about 150 nm and the
thicknesses of our coatings ranged from about 1.25 to 2.0 mm. In
addition, a CrC intermediate layer is added in the single DLC coat-
ings to strengthen the adhesion force between coatings and sub-
CrN DLC

DLC Cr CrN Cr CrC DLC

4 4 4 4? 0 –
– – – – 350

5 �100 �100 �100 �75 �100
2 2.5 2 2? 4 4
35 35 35 35 35
– 25 – – –
– – – 4? 15 15
600 5200 600 2160 7200
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Fig. 1. Cross-section SEM images of the coatings: (a) DLC, (b) CrN, and (c) CrN/DLC/Cr-DLC.
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strates. A typical structure of CrN/DLC/Cr-DLC multilayer coating is
presented in Fig. 1c, containing the alternating coatings of CrN lay-
ers (120 nm) and DLC layers (53 nm), and the top layer Cr-DLC
layer (236 nm). It can be found that the interface between the mul-
tilayers is tightly bonded and no significant peeling occurs.

The XRD patterns of the CrN and CrN/DLC/Cr-DLC multilayer
coatings are shown in Fig. 2. The hollow triangle and dot in Fig. 2
represents the diffraction peaks of AISI 440C substrate and Cr inter-
Fig. 2. XRD pattern of the single CrN and multilayer CrN/DLC/Cr-DLC coatings.

Fig. 3. Raman spectra of the coatings: (a) the singl
layer, respectively. The solid square represents the standard XRD
patterns of fcc structure CrN. It can be found that the CrN and
CrN/DLC/Cr-DLC multilayer coatings all contains fcc CrN phase.
And there is no obvious diffraction peaks about carbon in the mul-
tilayer coating. Therefore, the carbon should be presented with an
amorphous form in the multilayer coating.

To better characterize the microstructure of the coatings, the
atomic bond structure of DLC and CrN/DLC/Cr-DLC coatings was
studied by Raman analysis as shown in Fig. 3. Generally, the Raman
spectra of the coatings in the range of 800–2000 cm�1 can be fitted
to two Gaussian peaks (D peak and G peak). The D peak is attribu-
ted to the breathing mode of sp2 atoms in rings at around 1350
cm�1, and G peak derives from the stretching vibration symmetry
of pair of sp2 carbon atoms in aromatic rings or chains located at
around 1580 cm�1 [30]. According to the results of Raman spec-
trum, the intensity ratio of D peak to G peak (ID/IG), full width at
half maximum of G peak (GFWHM) and G peak position can be
obtained. These information is closely related to the structure of
the carbon based coatings. As shown in Fig. 3, the ID/IG value of
the CrN/DLC/Cr-DLC multilayer coating increases from 0.72 to
1.55 compared with the single DLC coating. In addition, compared
with the single DLC coating, the G peak position of the CrN/DLC/Cr-
DLC multilayer coating shifts upward from 1532.68 to 1544.37
cm�1 and GFWHM decreases from 179.78 to 152.89 cm�1. All these
changes imply the CrN/DLC/Cr-DLC multilayer coating owns a
reduced sp3 (CAC) to sp2 (C@C) ratio. This is mainly caused by
the incorporation of Cr into the amorphous carbon matrix by mul-
tilayer design. Since the incorporation of Cr element can result in
e DLC and (b) the multilayer CrN/DLC/Cr-DLC.
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structural ordering and promote the formation of C@C bonds orga-
nized in delocalized rings, then a higher degree of graphite-like
character were obtained in the CrN/DLC/Cr-DLC multilayer coating
[31].

3.2. Mechanical and tribological properties

The nanoindentation test is often used to characterize the hard-
ness of coatings. Fig. 4a show the nanoindentation test results of
the prepared coatings. It can be found that the single CrN coatings
have the highest hardness of about 26 GPa, which is due to the
dense coating structure prepared by CFUBMSIP technique and
the nature feature of the transition metal nitride. However, in this
work, the hardness of the CrN/DLC/Cr-DLC multilayer coatings is
lower than that of the single DLC coatings. Generally, the sp3 bond-
ing are strongly combined with covalent bond for enhancing the
hardness of DLC coatings [32–34]. Thus, the decrease in hardness
of the multilayer coatings may be owing to a reduced fraction of
sp3 bonding observed by Raman analysis.

In addition, the elastic recovery value (We) can be derived from
the typical load–displacement curves shown in Fig. 4b. The elastic
recovery value (We), defined as [(dmax � dres)/dmax] � 100%, where
dmax is the maximum indentation depth during loading and dres
is the residual indentation depth after unloading. The We value
stands for the elasticity recovery capacity, which can reflect the
toughness of the sample to some extent [35,36]. For the single
coatings, the We value of the DLC and CrN coating is 54.26% and
66.81% respectively, which implies the elastic or reversible defor-
Fig. 4. (a) Nanoindentation test results of different coatings and (

Fig. 5. Indentation morphologies of different coatin
mation is predominant during indentation process. Compared with
the single DLC coating, theWe value of the CrN/DLC/Cr-DLC coating
rises from 54.26% to 71.49%, indicating an increase in the tough-
ness of the multilayer coating.

To better characterize the fracture toughness of the coatings, a
Vickers hardness tester has been used to conduct an indentation
experiments on above coatings with a load of 300 g. The indenta-
tion morphologies are presented in Fig. 5. It can be observed that
the indentation morphology of DLC coating (Fig. 5b) shows large
radial cracks and delaminated regions, revealing a poor fracture
toughness. The single CrN coating (Fig. 5a) shows a large amount
of transverse cracks in and around the indentation. This is mainly
due to the high hardness and brittle of nitride coatings. However,
the CrN/DLC/Cr-DLC multilayer coating (Fig. 5c) presents the best
indentation morphology. The indentation morphology of CrN/
DLC/Cr-DLC coating is clear and free of any large cracks. The inter-
face effect caused by multilayer design can suppress crack propa-
gation in the coatings. Moreover, according to the previous
reports, the decrease of sp3 content in multilayer coating can lead
to a relatively low hardness, which can also help increasing the
coating toughness [36].

Adhesion strength is also important to the friction application
of the coatings, especially for the cutting industry. The adhesion
strength was tested by a scratch tester under a progressive normal
load. When the tip scratches the coating surface, the friction force
between tip and coating is recorded as shown in Fig. 6. It can be
observed that the friction force first increase linearly with the load-
ing force, which means the coating did not delaminate from the
b) typical loading–unloading curves during indentation test.

gs: (a) DLC, (b) CrN, and (c) CrN/DLC/Cr-DLC.



Fig. 6. Friction force curves of coatings during the scratch test.
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substrates. When continue to increase normal load, the friction
force may have an abrupt change (shown by the arrow in Fig. 6),
which reveals the occurrence of delamination and adhesion failure.
The normal load at this time can be used to characterize the adhe-
sion force of the coatings. Using this method, it can be observed
that the CrN coating has the highest adhesion force of about 70
N. This can satisfy various tribological applications including cut-
ting, forming, etc. The adhesion force of DLC and CrN/DLC/Cr-DLC
coatings is about 30–35 N. This can meet the common tribological
applications under low load. However, there is a need to further
increase the adhesion strength for meeting the demand of high
load tribological applications.

In order to study the adhesive wear resistance of the coatings,
two different viscous materials were selected as friction pairs.
The friction coefficient results are shown in Fig. 7. The friction coef-
ficient between coating and titanium alloy is less than that with
440C stainless steel. The single CrN coating has the highest friction
coefficient of about 0.861 (sliding against AISI 440C ball) and 0.599
(sliding against TC4 ball). Compared with the single CrN coating,
the friction coefficient of CrN/DLC/Cr-DLC coating decreases about
more than seven times to 0.112 after sliding against AISI 440C,
which is close to the friction coefficient of DLC coating. When the
friction pair becomes a more viscous titanium alloy, the friction
coefficient of CrN/DLC/Cr-DLC coating can obtain a lowest value
of 0.087. Thus, it can be concluded that the CrN/DLC/Cr-DLC com-
posite coating could reach a stable low friction coefficient after a
Fig. 7. Friction coefficient of the coatings with differen
long sliding against AISI440C or TC4 ball of about 500 m. The low
friction coefficient of multilayer coating can be attributed to the
introduction of lubricant amorphous carbon based layers [37].

To better characterize the coating tribological behaviour, the 3D
optical profile images of wear tracks were studied as shown in
Fig. 8. When the friction pair is 440C stainless steel, the wear track
of the DLC coating is smooth and little wear debris is found along-
side the wear track. In contrast, the wear track of CrN coating is
wider and rougher. There exists a lot of adhesive bonds on the
wear track of CrN coating, which implies an intensive adhesive
wear occurs during the friction test. This difference can be easily
observed from the cross sectional profile of wear tracks in Fig. 8.
For the CrN/DLC/Cr-DLC multilayer coating, its wear track shows
a unique appearance different from both CrN and DLC coating.
The wear track in the middle of the multilayer coating is smooth
and little debris, which is similar to that of the DLC coating. And
there is a small amount of adhesive bonds on the edges of the wear
track, which is similar to the wear morphology of the CrN coating.
The change of wear track morphology of the multilayer coatings is
mainly affected by its low friction coefficient, which can make the
viscous materials not easy to bond with the coating.

When the friction pair changes to TC4 titanium alloy, the wear
track of the DLC coating is still smooth and clear. The wear depth
decreases from 380 to 135 nm due to the decrease of the friction
coefficient between coatings and titanium ball. However, the CrN
coating suffers from more severe wear after sliding against tita-
nium ball. The wear depth and adhesions are all increased. This
is mainly due to the high reactivity between titanium and nitride
coating. These adhesive bonds shears off eventually and takes
away part of coating materials during the rubbing process. As a
result, the coating is severely worn. Fortunately, despite a slightly
increased amount of adhesive bonds, the wear tracks of the CrN/
DLC/Cr-DLC multilayer coating remains clear and small. Therefore,
through the multilayer design, the adhesive resistance and tribo-
logical properties can be improved.

Fig. 9 shows the calculated wear rates of the deposited coatings.
With sliding against AISI 440C ball, the wear rates of the single CrN
and DLC coating are 3.76 � 10�16 and 8.91 � 10�16 m3/(N m),
respectively. It is worth noting that the wear rate of CrN/DLC/Cr-
DLC composite coating can be reduced by an order of magnitude
to 7.10 � 10�17 m3/(N m) through the multilayer design method.
When the friction pair changes to TC4 ball, the wear rate of the
DLC and CrN/DLC/Cr-DLC coatings is further reduced to 8.81 �
10�17 and 2.64 � 10�17 m3/(N m) respectively. In contrast, the
wear rate of the CrN coating increases significantly. Since the CrN
coating is too worn, it cannot calculate the wear rate by volume
from 3D images of the wear tracks. The approximate wear rate of
0

t friction pair: (a) AISI 440C ball and (b) TC4 ball.



Fig. 8. 3D image and cross sectional profile of wear tracks: (a) sliding with AISI 440C ball and (b) sliding with TC4 ball.
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the CrN coating is 6.2 � 10�16 m3/(N m), which is derived from the
depth of wear tracks.

To further understand the wear mechanism of the CrN/DLC/Cr-
DLC composite coating, the wear tracks were analysed by SEM and
EDS, as shown in Fig. 10 and Table 3. It can be observed from
Fig. 9. Wear rate of the deposited coatings.
Fig. 10a that the single DLC coating has a scratched track surface,
indicating a groove wear mode. This is consistent with the
observed 3D image of the wear track in Fig. 8a. The EDS results
(point A) show that a high carbon content on the track surface.
According to the previous studies, a lubricating transfer film is usu-
ally formed between the amorphous carbon based coating and the
friction pair [38]. The single CrN coating has wide wear track with
large amount of adhesive bonds along the track, implying an adhe-
sive wear mechanism. The EDS results (points B and C) show that
these adhesive bonds mainly contain Cr, Fe, O, Mn, etc., which is
similar to the composition of AISI 440C steel. Thus, it can be
inferred that an intensive reaction between the CrN coating and
the AISI 440C friction pair occurs because of the friction heat. Since
the hardness of the CrN coating is higher than that of the AISI 440C
friction pair, the wear mainly occurs on the side of friction pair.
Therefore, the wear track formed on the surface of the CrN coating
is shallow and wide. For the CrN/DLC/Cr-DLC multilayer coating, its
wear track is shallow and clean. EDS results show that there is no
obvious adhesive bonds on the surface of multilayer coatings.

When the friction pair changes to TC4 ball, the number of the
adhesive bonds on the CrN coatings increases. The EDS results
(points F) show that these adhesive bonds mainly contain Cr, Ti,
Al, O, N, etc. The elements Ti and Al can only come from TC4 ball,



a) Sliding with AISI 440C friction pair
CrN CrN/DLC/Cr-DLC

b) Sliding with TC4 friction pair
CrN CrN/DLC/Cr-DLC

DLC 

DLC

Fig. 10. SEM images of wear tracks (top view) and EDS mapping results (bottom view) of the coatings: (a) sliding with AISI 440C ball and (b) sliding with TC4 ball.
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which means these welds are surely caused by the bonding
between coating and friction pair. Thus it can be inferred that
the adhesive wear plays a dominant role in CrN coatings. However,
there is no obvious adhesive bonds appears on the surface of the
CrN/DLC/Cr-DLC coating. EDS results (point G) also did not detect
Ti element. Therefore the adhesive wear resistance of the CrN/
DLC/Cr-DLC coating can also be improved when rubbed with
highly viscous materials.
Table 3
EDS results of the different coatings after friction and wear test.

Point Cr (at.%) Fe (at.%) Mn (at.%) Ti (at.%

A 29.02 0.84 0.74 –
B 65.67 5.94 1.59 –
C 34.05 25.34 1.04 –
D 50.80 3.62 1.56 –
E 10.49 – – 0.14
F 31.55 0.60 1.17 6.27
G 25.86 – – –
In summary, the wear mechanism of as-deposited coatings was
simplified in Fig. 11. The excellent tribological property of the mul-
tilayer coating can be explained by the following three aspects:
Firstly, the existence of amorphous carbon based coatings can act
as lubrication layer in a multilayer coating, which can diminish
adhesive wear by forming a lubrication transfer layer between
the coating and friction pair. Secondly, the CrN layers can act as
a hard support layer in a multilayer structure, which can reduce
) Al (at.%) C (at.%) N (at.%) O (at.%)

– 69.40 – –
– 2.53 10.34 13.93
– 3.62 – 35.95
– 44.01 – –
– 89.38 – –
1.34 – 38.28 20.79
– 74.14 – –



a) DLC b) CrN C) CrN/DLC/Cr-DLC

Fig. 11. Schematic diagrams of wear mechanism of the coatings: (a) DLC, (b) CrN, and (c) CrN/DLC/Cr-DLC.
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the wear depth by increasing the bearing capacity of vertical load-
ing [39]. Finally, the crack propagation inhibition caused by multi-
layer design can result in an increase in the fracture toughness.
Also the increased elastic recovery in a multilayer structure can
improve the coating toughness by decreasing the plastic deforma-
tion area [23,36].
4. Conclusions

In conclusion, we developed the CrN/DLC/Cr-DLC multilayer
coatings on PECVD device with CFUBMSIP technique in this study.
The resultant multilayer coatings consisted of lubricant amorphous
carbon based layers and hard transition metal nitride layers. The
friction and wear test revealed that the friction coefficient of the
CrN/DLC/Cr-DLC multilayer coating can decrease about more than
seven times compared with the single CrN coatings. The decrease
friction coefficient could help to reduce the adhesive wear of the
multilayer coatings. Compared with the single CrN and DLC coat-
ing, the wear rate of the CrN/DLC/Cr-DLC multilayer coating is
reduced by an order of magnitude to 7.10 � 10�17 (sliding with
AISI 440C) and 2.64 � 10�17 (sliding with TC4) m3/(N m). The low
wear rate of multlilayer coatings can be contribute to the introduc-
tion of lubricant DLC and hard support CrN layers. Also, the
enhancement of crack propagation inhibition and increased elastic
recovery capability through multilayer design can improve the tri-
bological performance of the CrN/DLC/Cr-DLC multilayer coating.
In a word, the CrN/DLC/Cr-DLC multilayer coating prepared in this
work own a low wear rate with excellent lubricant and anti-
adhesive wear effects. That provides a promising application for
various advanced tribological industry.
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