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ABSTRACT

Effect of running-in process on friction behaviour of carbon nitride (CNx) coating in N, gas stream was
investigated with a newly introduced two-step ball-on-disk friction test, where the rubbed SizN4 ball in
the pre-sliding (step 1) was replaced by a new CNx-coated Si3Ny ball in the subsequent sliding stage under
N, gas (step 2). The two-step friction test is clarified to be a simple but effective technique for obtaining
contact material combination of self-mated CNx coatings and for achieving stable and low frictions of
CNx coatings. Friction coefficients of CNx/CNx in N, gas stream decrease greatly from 0.07 without
pre-sliding to less than 0.025 in two-step friction tests. The minimum friction coefficient of 0.004 was
obtained by introducing 500 cycles of pre-sliding in ambient air. These stable and low frictions are attributed
to the generation of self-mated CNx coatings and the formation of a lubricious layer on the disk surface.
Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Amorphous carbon nitride (CNx) coating has been expected as a promising solid lubrication coating in
demanding industrial applications because of its excellent tribological performances, such as low
friction coefficient and high wear resistance. The friction behaviour of CNx coatings is highly related
to surrounding gas environments. Typically, friction coefficients of higher than 0.1 are observed in air
and oxygen gas, whereas friction coefficients in the order of 0.01 or even 0.001 are recorded in N, gas
environment.' However, the low friction mechanism of CNx coatings in N, gas environment is still
not yet clearly understood.
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The beneficial effect of N, gas on reducing frictions of CNx coatings is improved by running-in
process, which is pre-sliding before introducing N, gas to the sliding interface.®™® Specifically, a quick
reduction of the steady-state friction coefficient from 0.1 to 0.02 is observed in the sliding contact of
SizN4 ball/CNx-coated SizN4 disk by blowing N, gas at the 1000th cycle after pre-sliding in air. Such
effect is much more pronounced when the pre-sliding is conducted in O, gas for the initial 50 cycles,
the steady-state friction coefficient in the subsequent N, gas environment decreases drastically to 0.005
in the sliding contact of CNx-coated SizN,4 ball/CNx-coated SizNy4 disk. It is concluded that sliding
history in air or O, gas before N, gas supply strongly affects the subsequent friction behaviour of
CNx coatings in N, gas environment; stable and low frictions of CNx coatings in N, gas can be
obtained by giving proper initial sliding history.

To elucidate the low friction mechanisms of CNx coatings in N, gas environment after running-in
process, much effort has been devoted to the composition and structural changes of the mating ball
surface in the ball-on-disk tribosystem, as the formation of a uniform and homogenous carbon-rich
tribofilm on the ball surface is generally considered as a major point for achieving stable and low
frictions of CNx coatings in N, gas environment.®® On the other hand, few studies have focused on
the composition and structural changes of the disk surface after running-in process.” Moreover,
graphitisation can also be observed on the top layer of the disk surface in the low friction condition
of CNx coatings in N gas environment.* Therefore, to clarify the role of composition and structural
changes of disk surface in the low friction mechanisms of CNx coatings in N, gas environment, a
new testing method in relation to the control of disk surface, two-step ball-on-disk friction test, is
introduced in this study to investigate the effect of running-in process on the friction behaviour of
CNx coatings in N, gas environment. The two-step ball-on-disk friction test includes pre-sliding and
ball exchange, where the rubbed Si3;Ny4 ball in the pre-sliding (step 1) is replaced by a new CNx-coated
SizNy ball in the subsequent sliding stage under N, gas environment (step 2). The possibility of
obtaining further stable and low friction coefficients of CNx coatings in N, gas environment with
suitable actively controlled sliding history is clarified. Moreover, the mechanism for the low frictions
of CN; coatings in N, gas environment is discussed from the viewpoint of the composition and
structural changes of the disk surface.

EXPERIMENTAL

CNx coating preparation

Carbon nitride coatings were prepared in an ion beam-assisted deposition system at room temperature
and schematic illustration of the system can be found elsewhere.>'° The CNx coatings were grown on
the substrates by the deposition of carbon from a carbon target together with the bombardment and
mixing of carbon with the nitrogen ions generated simultaneously from an ion beam gun. The substrate
materials were SizN, disks with diameter of 30 mm and thickness of 4 mm and Si;N,4 balls with
diameter of 8 mm. These substrates were sequentially cleaned in an ultrasonic bath with acetone, ethanol
and deionized water for 20 min each before loading into the deposition chamber. Prior to deposition, they
were further sputter-cleaned by 5 min bombardment with nitrogen ions in order to remove the native oxides
and other adsorbed species from their surfaces. The deposition rate of carbon was about 2.0 nms™~". The
total coating thickness on the substrates was about 400 nm. The details of the deposition procedures and
the deposition parameters for the CNx coatings are described elsewhere.'”
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Ball-on-disk tribometer

The sliding friction tests were conducted by using a customised ball-on-disk tribometer with a gas
supply unit, as schematically shown in Figure 1. The gas environment around the contact interface
was controlled by directly blowing the gas into the contact point using a gas nozzle. The gas nozzle
with inner diameter of 4.5 mm was placed perpendicular to the ball holder, with a vertical angle of
15° and a distance of 10 mm from the contact point between the ball and disk. The gas flow rate was fixed
at 2.0 Lmin~'. Two types of high-purity commercial industrial gases, such as nitrogen (>99.9995 vol.%)
and oxygen (>99.9 vol.%) were employed for friction tests. The friction tests were also conducted in
dry air (relative humidity of around 10% RH), ambient air (relative humidity of around 30% RH),
and humid air (relative humidity of around 50% RH) for comparison.

A two-step ball-on-disk friction test, as schematically shown in Figure 2, was introduced to study
the effect of running-in process on the friction behaviour of CNx coatings. The first step, ‘step 1’,
was also called pre-sliding, separated from the subsequent ‘step 2’. The rubbed SizN, ball was replaced
by a new CNx-coated SizN,4 ball between the two steps. The atmosphere in step 1 was N,, O, or none
gas blow in ambient air (thereafter referred to as ambient air). The number of cycles in pre-sliding
ranged from 0 to 1000 cycles (0, 50, 100, 250, 500 and 1000). The effect of pre-sliding given in various
conditions such as number of cycles and gas atmospheres was evaluated by steady-state friction
coefficient in step 2.

Normal load (0.40 N)
Gas nozzle
/ (ID 4.5 mm)

Rotating direction l
(250 rpm)

Figure 1. Schematic illustration of the ball-on-disk tribometer with gas nozzle.
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Figure 2. Schematic illustration of the two-step ball-on-disk friction test.
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Carbon nitride-coated SizN, disks were driven to rub against Si3Ny balls (denoted as SizN4/CNx) or
CNx-coated SizNy balls (denoted as CNx/CNx) at a room temperature ranging from 18 to 23°C. The
normal load applied on the ball holder was 0.40 N, creating a maximum Hertzian contact pressure of
517 MPa for the contact material combination of CNx/CNx. The wear track diameter on the disk varied
between 16 and 24 mm, which corresponded to 0.21-0.31 ms~" sliding velocity at a fixed rotation
speed of 250 rpm. The friction test in step 2 ran for a sliding duration of 40 min (10 000 cycles).

To clarify the role of disk surface roughness in the pre-sliding, the CNx-coated Si;N4 disk was
polished by using a lapping machine (Doctor-Lap, Maruto Instrument Corporation, Japan). The
surface roughness, such as roughness average (R,) and maximum height of the profile (R,), of the disk
decreased from 34 nm and 1.027 um to 3 nm and 0.025 pum, respectively.

Characterization of worn surface

The worn surfaces on the CNx-coated Si;N4 balls after friction tests were observed by an optical
microscope (ECLIPSE LV150 and Digital Slight DS-L1, Nikon Corporation, Japan). The chemical
compositions of the initial and worn surfaces on the CNx-coated Si;N,4 disks were analysed by
X-ray photoelectron spectroscopy (Theta Probe, Thermo Fisher Scientific Corporation, USA). The
monochromated Al-Ka (hv=1486.68 e¢V) radiation was used as the excitation source. The structural
changes of the initial and worn surfaces on the CNx-coated SizN, disks were characterised by transmission
electron microscopy (TEM, HF-2000, Hitachi Corporation, Japan) and Raman spectroscopy (NRS-3100,
JASCO Corporation, Japan).

RESULTS AND DISCUSSION

Effect of pre-sliding on friction of CNx/CNx in N, gas stream

Representative effect of pre-sliding on the friction behaviour of CNx/CNx in N, gas stream is shown in
Figure 3. The corresponding optical images of worn surfaces on the CNx-coated SizNy balls are shown
in Figure 4. Without pre-sliding, the friction coefficient under N, gas stream decreased gradually from
higher than 0.5 to less than 0.1 after 1000 cycles, which followed by a large fluctuation and spikes. The
corresponding optical image of worn surface on the CNx-coated SizN4 ball, as shown in Figure 4a,
obviously indicated that the CNx coating worn out on the ball surface after friction test. The contact
material combination changed from CNx/CNx to SizN4/CNx after friction test. However, friction
coefficients of CNx coatings in N, gas stream were greatly decreased with the introduction of pre-
sliding. Friction coefficient of CNx/CNx was reduced down to a value of less than 0.05 in the steady
stage when N, gas was blown to the sliding interface after 1000 cycles of pre-sliding in ambient air.® In
case of the two-step friction test, when 1000 cycles of pre-sliding was given in step 1 using a SizNy
ball, the friction coefficient of CNx/CNXx in step 2 decreased shortly to a steady stage together with
a stable and low value of less than 0.01. Furthermore, CNx coating still covered all the wear scar of
the ball surface after friction test, as clearly shown in Figure 4b. Few wear particles or transfer films
were observed on the wear scar. It was found that the contact material combination of self-mated
CNKx coating sustains in the friction test with the introduction of two-step ball-on-disk friction test.
The steady-state friction coefficient (1) and corresponding standard deviation of friction coefficient
(o,) of CNx/CNXx in N, gas stream with and without pre-sliding are shown in Figure 5. The steady-state
friction coefficients were calculated by averaging the measured values of friction coefficients from
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Figure 3. Representative effect of pre-sliding (step 1) on friction behaviour of CNx/CNx in N, gas stream
(step 2). Friction curves of CNx/CNx in N, gas stream without pre-sliding and with pre-sliding in ambient
air for 1000 cycles are also shown for reference.
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Figure 4. Optical images of wear scars on the CNx-coated Si;Ny ball (a) without pre-sliding and (b) with
pre-sliding in two-step friction test. The black arrows indicate the sliding direction of the ball.

5000 to 10000 cycles in each test. The steady-state friction coefficient decreased significantly from
0.07 without pre-sliding to one tenth, 0.007, after 1000 cycles of pre-sliding in ambient air by a
SizN, ball in the two-step friction test. The standard deviation of friction coefficient also decreased
greatly to one tenth after pre-sliding, from 0.02 to 0.002. On the other hand, the steady-state friction
coefficient of CNx/CNx with 1000 cycles of pre-sliding in ambient air only decreased to 0.043
together with a low standard deviation of 0.003. It was clarified that the two-step ball-on-disk friction
test is a simple but effective method for obtaining further stable and low friction coefficients of CNx
coatings in N, gas stream.
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Figure 5. Effect of pre-sliding on steady-state friction coefficient and corresponding standard deviation of

Effects of number of cycles and gas atmospheres for pre-sliding

friction coefficient of CNx/CNx in N, gas stream.

Two-step friction test has been clarified to be a promising technique for obtaining stable and low frictions
of CNx coatings in N, gas stream. According to the previous research, the steady-state friction coefficients
under N, gas stream are greatly affected by the pre-sliding process, especially the pre-sliding cycles and
gas atmospheres.>®!! Hence, the effects of pre-sliding cycles (0-1000) and gas atmospheres (N,, O, and
ambient air) in step 1 on the friction behaviour of CNx/CNx in N, gas stream (step 2) were systematically
investigated, and typical results are presented in Figures 6 and 7, respectively. Effect of pre-sliding under
various conditions in step 1 on the steady-state friction coefficient in step 2 is summarised in Figure 8. It is
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Figure 6. Effect of pre-sliding cycles in ambient air (step 1) on friction behaviour of CNx/CNx in N, gas

stream (step 2).
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Figure 7. Effect of gas atmosphere in pre-sliding (step 1) on friction behaviour of CNx/CNx in N, gas
stream (step 2).

Atmosphere in Step-1

—8— AmbientAir
0, gas stream

—— N, gasstream

0.08 Disk: CNx coated Si;N,
Ballin Step-1: Si;N,

. - Ballin Step-2: CNx coated Si;N,
0.06 | Withoutpre-sliding Normalload: 0.40 N
Rotation speed: 250 rpm
Atmosphere in Step-2: N, gas stream
Gas flow rate: 2.0 L/min

0.02 e/‘\\/
—_—— .

0 100 1000 10000
Number of pre-sliding cycles N, cycle

Steady state friction coefficient
in Step-2 p
o
o
B

Figure 8. Effects of pre-sliding cycles and gas atmospheres in step 1 on steady-state friction coefficient of
CNx/CNx in N, gas stream (step 2).

clearly shown that friction coefficients observed in step 2 are much affected by both pre-sliding cycles and
gas atmospheres in Step-1. Steady-state friction coefficients decreased greatly from 0.07 without pre-
sliding to lower than 0.025 with the introduction of two-step friction test. The condition of pre-sliding
in ambient air exhibited lower friction coefficients than those in N, and O, gas stream, although the
friction coefficients varied slightly with different pre-sliding cycles in each pre-sliding gas condition.
Particularly, when 500 cycles of pre-sliding in ambient air was given in step 1, minimum friction coefficient
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of 0.004 was observed in step 2. Therefore, it was definitely confirmed that the two-step friction test is a
simple but effective technique for achieving stable and low friction coefficients of CNx coatings in N,
gas stream. Moreover, the optical images of worn surface on the CNx-coated SisNy ball (not shown
here) after all the friction tests are similar to that shown in Figure 4b, namely, CNx coating covered
all the wear scar of the ball surface and wear particles can scarcely be observed on the wear scar. It
was further clarified that the contact material combination of self-mated CNx coatings persists in all
the two-step friction tests.

The finding of self-mated CNx coatings in the two-step friction test can be understood from the
following two aspects. On the one hand, the CNx coating commonly wears out in the initial friction
process (e.g. 10 cycles) for the sliding contact of CNx/CNXx, the contact material combination of
self-mated CNx coatings cannot be preserved in the whole sliding period in the ball-on-disk
tribosystem.” Two-step friction test is proved to be an effective technique for obtaining the contact
material combination of self-mated CNx coatings, and it provides a new pathway for studying the
potential outstanding tribological properties of self-mated CNx coatings in N, gas environment. On
the other hand, although the formation of a uniform tribofilm on the wear scar of the ball surface is
beneficial for obtaining super-low friction of CNx coatings in N, gas environment, the tribofilm is
unstable, and it has been found that a random lost or detachment of tribofilm on the ball surface
occasionally leading to high and unstable friction coefficients (u > 0.3).'? On the contrary, high and
unstable friction coefficients were not observed in the current work when the contact material combi-
nation of self-mated CNx coatings was generated. Therefore, the stable and low friction behaviour of
CNx/CNx in N, gas stream can be attributed to the formation of self-mated CNx coatings.

The promising effect of running-in for achieving stable and low frictions of CNx coatings has
usually been attributed to several factors, such as removal of oxidised top layer, smoothen of
microasperities on the surface and structural changes of the contact interface (including build-up of
a homogeneous transfer film on the mating counterface).”'""'*!'* The existence of oxidised layer
can strongly determine the running-in process and the following steady stage.'>'® However, the
removal of oxidised layer is a general phenomenon during the running-in process, and thus, it will
not be further discussed in this paper. In order to elucidate the roles of other two factors in the pre-
sliding, the effects of polishing of disk surface and relative humidity of ambient air in step 1 on the
friction behaviour of CNx/CNx in N, gas stream were examined, and the results will be presented
in the following section.

Effects of polishing of disk surface and relative humidity of air in step 1

During pre-sliding, microasperities on the initial coating surface are removed, and a flat contact inter-
face is generated, leading to a low interlocking force at the contact interface and therefore is beneficial
for the low friction."' To verify the role of microasperities, the CNx-coated Si;N, disk was polished
and tested without pre-sliding. The polished disk successfully prevented unstable friction phenomenon
even without pre-sliding, lower friction coefficient with smaller fluctuation than that of nonpolished
disk was observed, as clearly shown in Figure 9. The temporary high friction coefficient during the
sliding process could be attributed to the entrance of small wear particles into contact interface, which
can have a great influence on the friction behaviour of the smooth contact interface. Nevertheless, the
polished disk still cannot give lower friction coefficient than that observed in two-step friction test.
Therefore, the role of smoothen of contact interface is not the main reason in the pre-sliding for achieving
stable and low friction coefficients of CNx coatings in N, gas stream.
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Figure 9. Effect of polishing of CNx-coated SizNy disk on friction behaviour of CNx/CNx in N, gas stream.

The effect of relative humidity of air in step 1 on the friction behaviour of CNx/CNx in N, gas
stream is shown in Figure 10. Stable and low friction coefficients of less than 0.025 were observed
in step 2 under all the three experiments. The steady-state friction coefficients first decreased and then
increased with increasing relative humidity from ~10% to ~50% RH in air. The lowest friction
coefficient was obtained at relative humidity of ~30% RH. It was suggested that not only gas species
but also relative humidity in pre-sliding (step 1) can greatly affect the friction behaviour of CNx/CNx
in N, gas stream (step 2). Therefore, it is assumed that the structural changes of the contact interface is
a major point in the pre-sliding for obtaining stable and low friction coefficients of CNx coatings in N,
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Figure 10. Effect of relative humidity of ambient air in pre-sliding (step 1) on friction behaviour of CNx/CNx
in N, gas stream (step 2).
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gas stream. As a new CNx-coated Siz;N, ball was employed for the friction test in step 2, only the
composition and structural changes of the disk surface will be analysed.

Composition and structural changes of disk surface

In order to clarify the composition change of disk surface after pre-sliding, the worn surfaces on the
disks after pre-sliding in ambient air, N, and O, gas with 500 cycles were analysed by X-ray photo-
electron spectroscopy, and the atomic concentration of the initial and worn surfaces is shown in
Figure 11. A dimensionless parameter ‘transformation ratio’ was employed to discuss the structural
changes of the disk surface. The transformation ratio of N/C or O/C is a comparison of the relative
value of N (or O) and C atomic concentration in the worn surfaces and that in the initial surface.
The correlation between the transformation ratios of N/C and O/C is shown in Figure 12. The N/C
transformation ratio decreased, and the O/C transformation ratio increased on the worn surface after
pre-sliding, which suggested that nitrogen desorption and oxygen intake occur on the top surface of
the disk.'” Additionally, nitrogen desorption has been argued to be beneficial for the formation of a
graphite-like structure on the top surface of CNx coatings.'®

To clarify the structural change of disk surface after pre-sliding, these three worn surfaces were also
characterised by TEM and a typical TEM cross-sectional image of wear track on the disk surface after
500 cycles pre-sliding in O, gas stream is shown in Figure 13. The other two results were identical to
that shown in Figure 13. Unfortunately, TEM image does not reveal evidence of graphite-like structure
or any other structural change on the top surface of CNx coating. This suggests that structural change
was not occurred on the disk surface or the change was too small to be detected by TEM. Recently,
partial distribution or noncontinuous lubrication layers have been observed on the contact interfaces,
which are strongly claimed to be enough for drastically reducing frictions of CNx coatings in N,
gas environment” and graphene layers on steel surface in air and dry N, gas environment.'®-*
Therefore, it is assumed that structural change on the CNx coating will be small if it exists, and the
lubrication layer islands on the disk surface are beneficial for achieving stable and low friction
coefficients of CNx coatings.
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Figure 13. TEM cross-sectional images of CNx coatings before and after pre-sliding. (a) Initial surface and
(b) wear track after 500 cycles in O, gas stream.

Considering about the evolution of lubrication layer islands on the disk surface in the steady-state
friction process, to clearly identify the structural change of disk surface, the worn surface on disk after
two-step friction test was analysed by Raman spectroscopy and representative results are shown in
Figure 14. The spectrum of initial CNx coating indicated a broad band with two shoulders located
at 1350 and 1550 cm ™', corresponding to D band and G band, respectively. The Raman spectra of
worn CNXx coating on disk surface can be divided into two types; one was identical to that of initial
CNx coating; the other was similar to that of the CNx coating with graphitization®; a shift of G band
peak to a higher wavenumber was obviously identified. It was concluded that the graphite-like
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Figure 14. Raman spectra of worn CNx coating on disk surface after two-step friction test in N, gas stream.
The spectrum of initial CNx coating is also shown for reference.

structure was generated on the top layer of the wear track after two-step friction test. Therefore, in this
paper, the suitable running-in process in the two-step friction test results in the formation of a thin
lubricious top layer on the sliding surface, facilitating the formation of a graphite-like structure on
the disk surface and leading to stable and low friction coefficients of CNx/CNx in N, gas stream.

CONCLUSIONS

The effect of running-in process, including pre-sliding with different number of cycles and gas
atmospheres, on the friction behaviour of CNx coatings in N, gas stream was systematically
investigated with a newly introduced two-step ball-on-disk friction test; the following conclusions
are drawn:

* The two-step ball-on-disk friction test is clarified to be a promising method for achieving stable and
low frictions of CNx coatings in N, gas stream. Friction coefficients of CNx/CNx in N, gas stream
decrease greatly from 0.07 without pre-sliding to less than 0.025 with pre-sliding in two-step friction
test. Especially, minimum friction coefficient as low as 0.004 is obtained in N, gas stream after
giving 500 cycles of pre-sliding to CNx-coated Si;Ny disk by a Si;Ny ball in ambient air (~30% RH).

» Two-step ball-on-disk friction test is proved to be an effective technique for obtaining the contact
material combination of self-mated CNx coatings, which provide a new pathway for studying the
potential outstanding tribological performances of self-mated CNx coatings in N, gas environment.

* The stable and low frictions of CNx/CNx in N, gas stream after proper pre-sliding are mainly
attributed to the generation of self-mated CNx coatings on the contact interface and the formation
of a lubricious top layer on the disk surface during the pre-sliding, which facilitate the formation
of a graphite-like structure on the disk surface and lead to stable and low friction coefficients.

ACKNOWLEDGEMENTS

The authors would like to thank Associate Professor Jiwang Yan of the Department of Mechanical Systems and
Design, Tohoku University for his technical help in using Raman equipment.

Copyright © 2014 John Wiley & Sons, Ltd. Lubrication Science 2015; 27:137-149
DOI: 10.1002/1s



SUPER-LOW FRICTION OF CNX COATINGS BY USING TWO-STEP FRICTION TEST 149

REFERENCES

. Umehara N, Kato K, Sato T. Tribological properties of carbon nitride coating by ion beam assisted deposition. Proceedings

of the International Conference on Metallurgical Coatings and Thin Films, 1998: 151.

2. Sanchez-Lépez J, Belin M, Donnet C, Quirds C, Elizalde E. Friction mechanisms of amorphous carbon nitride films under
variable environments: a triboscopic study. Surface and Coatings Technology 2002; 160:138-144.
3. Kato K, Umehara N, Adachi K. Friction, wear and N,-lubrication of carbon nitride coatings: a review. Wear 2003;
254:1062-1069.
4. Wang P, Adachi K. Effect of oxygen concentration in inert gas environments on the friction and wear of carbon nitride
coatings. Tribology Online 2011; 6:265-272.
5. Wang P, Hirose M, Suzuki Y, Adachi K. Carbon tribo-layer for super-low friction of amorphous carbon nitride coatings in
inert gas environments. Surface and Coatings Technology 2013; 221:163-172.
6. Adachi K, Wakabayashi T, Kato K. The effect of sliding history on the steady state friction coefficient between CNx
coatings under N, lubrication. Proceedings of the 31st Leeds-Lyon Symposium on Tribology 2005: 673—-677.
7. Kato K, Adachi K. Superlubricity of CNx-coatings in nitrogen gas atmosphere, in Superlubricity, Erdemir A, Martin J (eds),
Elsevier: Amsterdam, 2007; 341-364.
8. Adachi K, Kato K. Tribology of carbon nitride coatings, in Tribology of Diamond-like Carbon Films: Fundamentals and
Applications, Donnet C, Erdemir A (eds), Springer: New York, 2008; 339-361.
9. Tokoroyama T, Kamiya M, Umehara N, Wang C, Diao D. Influence of UV irradiation in low frictional performance of CNx
coatings. Lubrication Science 2012; 24:129-139.
10. Zhou F, Kato K, Adachi K. Friction and wear properties of CNx/SiC in water lubrication. Tribology Letters 2005; 18:153-163.
11. Adachi K. Superlow friction by nitrogen gas. Journal of Japanese Society of Tribologists 2006; 51:861-866 (in Japanese).
12. Masripan NAB, Miyahira Y, Nishimura H, Tokoroyama T, Umehara N, Fuwa Y. Effect of transfer layer on ultra low
friction of CNx coating under blowing dry Ar. Tribology Online 2013; 8:219-226.
13. Scharf T, Singer I. Role of the transfer film on the friction and wear of metal carbide reinforced amorphous carbon coatings
during run-in. Tribology Letter 2009; 36:43-53.
14. Konca E, Cheng Y, Weiner A, Dasch J, Alpas A. Vacuum tribological behavior of the non-hydrogenated diamond-like
carbon coatings against aluminum: effect of running-in in ambient air. Wear 2005; 259:795-799.
15. Fontaine J, Mogne T, Loubet J, Belin M. Achieving superlow friction with hydrogenated amorphous carbon: some key
requirements. Thin Solid Films 2005; 482:99-108.
16. Marino M, Hsiao E, Chen Y, Eryilmaz O, Erdemir A, Kim S. Understanding run-in behavior of diamond-like carbon friction
and preventing diamond-like carbon wear in humid air. Langmuir 2011; 27:12702-12708.
17. Bryant PJ, Gutshall PL, Taylor LH. A study on mechanisms of graphite friction and wear. Wear 1964; 7:118-126.
18. Tokoroyama T, Goto M, Umehara N, Nakamura T, Honda F. Effect of nitrogen atoms desorption on the friction of the CNx
coating against SizN, ball in nitrogen gas. Tribology Letter 2006; 22:215-220.
19. Berman D, Erdemir A, Sumant AV. Few layer graphene to reduce wear and friction on sliding steel surfaces. Carbon 2013;
54:454-459.
20. Berman D, Erdemir A, Sumant AV. Reduced wear and friction enabled by graphene layers on sliding steel surfaces in dry
nitrogen. Carbon 2013; 59:167-175.
Copyright © 2014 John Wiley & Sons, Ltd. Lubrication Science 2015; 27:137-149

DOI: 10.1002/1s



