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In order to clarify the ultra low friction mechanism of Carbon Nitride (CN,) coatings under blowing dry Ar,
thickness and area of transfer layers on mating surface were in-situ observed with an optical microscope
during sliding against a sapphire hemisphere under blowing dry Ar. During sliding, thickness of transfer layer
from CN, coating to a sapphire hemisphere increased and leaded to ultra low friction. When thickness and
area of transfer layer was thick and small respectively, ultra low friction was observed. The result showed that
the coefficient of friction decreased from 0.18 to 0.003 and remained constant throughout the friction test. It
was confirmed the formation of a graphite-like transfer layer with Raman analysis and Auger Electron
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Spectroscopy (AES).
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1. Introduction

Carboneous hard coatings are used because those
have good tribological properties, such as low friction,
high hardness, and high wear resistance. Carbon Nitride
(CN,) is expected as excellent materials with excellent
tribological properties. CN, is a hybridized material that
is composed of sp’ and sp’ Carbon-Nitrogen (C-N)
bonding. CN, showed ultra low friction that is less than
0.01 of friction coefficient in dry Nitrogen gas [1]. The
authors has tried to know the ultra low friction
mechanism of CN, on the basis of surface analysis with
Raman spectroscopy, XPS and AES because ultra low
friction was observed after a number of repeated
slidings in dry Nitrogen. As a result, we proposed the
ultra low friction mechanism as the formation of thin
graphite like layer that thickness is about 20 nm on the
surface of CN,, the formation of transfer layer of
graphite like wear particles and smoothing of friction
surface [2]. However we have done the ex-observation
after sliding test. Therefore we do not know the specific
effect of the formation of transfer layer on the mating
surface. In order to overcome this issue, we developed a
friction tester with in-situ observation of transfer layer
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under sliding against a sapphire hemisphere in different
species of gas such as Argon (Ar), Nitrogen (N;,) and
ambient air.

In the case of ultra low friction under dry Nitrogen
and dry Argon, friction coefficient decreased with the
increasing of the thickness of transfer layer. On the
other hand, friction coefficient did not decrease with the
increasing of the thickness of transfer layer in the case
under ambient gas [3]. These results show the transfer
layer from CN, to mating surface has the essential role
in the ultra low friction mechanism of CN,.

In this report, we investigated the effect of the area
of transfer layer on mating sapphire hemisphere on
friction properties under blowing Ar gas. There is a
possibility that the area of transfer layer can change
contact pressure lead to the material properties of
transfer layer. In-situ observation of transfer layer
formation, and attachment at the sliding contact point,
was observed using an optical microscope. Images were
captured using a CCD camera. Meanwhile, an ex-situ
observation was performed to analyse the transfer layer,
wear track and wear debris, using Raman spectroscopy,
SEM, AFM, and AES.

219



Nor Azmmi Bin Masripan, Yuki Miyahira, Hidenori Nishimura, Takayuki Tokoroyama, Noritsugu Umehara and Yoshio Fuwa

2. Experimental procedure

2.1. Test specimen

The Si(1 0 0) wafer disc was coated with a 100 pm
thickness of CN, using Ion Beam Assisted Deposition
(IBAD) method in this study. Further details of coating
procedure can be seen in [4]. The Nitrogen content in
the CN; is about 10%. A CN, surface roughness of 0.72
nm~Ra was measured using AFM. The hardness of the
CN, coating was measured at approximately 25.2 GPa
using nano indenter, with a maximum indentation load
of 20 uN. A transparent sapphire hemisphere, with a
radius of 4 mm, a hardness of about 35 GPa, and surface
roughness of 30 nmRa, was chosen as a counter face.

2.2. Friction test

Figure 1 shows a ball-on-disc equipment with in-situ
observation of contact point during sliding under
blowing Ar gas. An electric motor was used to rotate the
CN, coating, which was fixed on a rotatable disc holder,
and the sapphire hemisphere was used as a stationary
counter face at the upper side. The friction test was
performed using the ball-on-disc tribometer, with a
sliding speed of 83.8 mm/s, and a sliding track of 6 mm.
The experiment was performed under ambient
conditions, with room a temperature of 24°C and a
relative humidity of about 26%. Dry Ar, with a
99.9999% purity, was used in this experiment. Dry Ar
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Fig. 1 Test rig based on the pin-on-disc method. A
combination of optical microscope and CCD
camera were used to observe the in-situ
frictional behaviour of the CN, coated disc
against the sapphire hemisphere
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came directly from the gas cylinder to the contact point
between the CN, coating and the sapphire hemisphere,
with a volume rate of 5 I/min throughout the sliding test.
The O, content and humidity were measured at sliding
interface using TORAY Oxygen Analyzer (LC-750) and
Thermo Recorder (TR-72U) in order to clarify the
impurities of blowing Ar. A normal load of 0.1 N was
applied constantly to the sapphire hemisphere with a
leaf spring. The initial mean Herztian’s contact pressure
was calculated at about 177 MPa, with a contact
diameter of approximately 10 um. The test’s specimens
were cleaned in an ultrasonic bath in aceton for 15
minutes before and after the friction test, in order to
avoid any contamination on the specimen surface during
testing and other analysis.

Transfer layer formation phenomena during contact
sliding, which was generated by friction between the
transparent sapphire hemisphere and the CN, coating,
can be observed with optical microscope using CCD
camera, through the sapphire hemisphere. Newton’s ring
can also be seen in the images and was used to estimate
transfer layer thickness during the friction test. Pictures
were taken every five cycles for 10,000 cycles.

2.3. Estimation of the thickness of transfer layer

The transfer layer thickness can be estimated by
comparing the Newton’s ring diameter images that were
captured during the sliding test with an initial state
image. The movement of Newton’s ring can be observed
during the sliding test. Inward movements of Newton’s
ring were caused by the elevation of the sapphire
hemisphere, which corresponded to the increasing
transfer layer thickness. The change of Newton’s ring
diameter during sliding test can be observed and
measured from the images. The use of Newton’s ring to
quantify transfer layer thickness is given in [5,6].
Pythagoras theorem was used to estimate transfer layer
thickness, as in Eq. (2), and referring to the schematic
illustration of transfer layer formation, as shown in Fig. 2.

h:(yz-i-Z)—(yl—i-Z) (D

h=\R*—r} —|R* -7} 2)
where 4 is the transfer layer thickness; R is the radius of
the sapphire hemisphere; Z is the height between the
measured Newton’s ring from the contact surface; y, , are

Transter laver contact pomnt with »,

(b)

Fig. 2 Schematic of the relationship between the transfer layer and Newton’s ring during the sliding test.

Used for the estimation of transfer layer thickness
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the height between the top of the sapphire hemisphere
and the Newton’s ring (1: before sliding, and 2 during
sliding); 7, , is the estimated radius of Newton’s ring (1:
before sliding, and 2: during sliding).

2.4. Raman and AES analyses

The Raman spectra was obtained using a Jasco Laser
Raman spectrophotometer NRS-1000 equipped with a
second harmonic Nd:YAG laser with a maximum laser
power and wavelength of 10 mW and 532 nm,
respectively. However, only 1% of the maximum power
was applicable for the measurement without burning the
surface and also to avoid the influence of the substrate
underneath. The AES (ULVAC PHI-650) was used to
obtain the depth profiles of chemical composition of test
specimen with beam energy of 5 kV and a probe current
of 100 nA. Before the measurement, the test specimen
surface was cleaned by ion sputtering with a sputtering
energy and a probe current of 3 kV and 25 mA,
respectively.

3. Results and Discussion

3.1. Effect of the thickness of transfer layer on friction

coefficient

Figure 3 shows the coefficient of CN, coating
against the sapphire hemisphere during the repeated
sliding test under blowing dry Ar, as a function of the
number of cycles. At approximately 300 cycles, the
friction coefficient increased from 0.1 to 0.18. Then at
1000 cycles, the friction coefficient decreased
drastically from 0.18 to 0.003. After a short running-in
period, the friction coefficient was consistently ultra low
until 10,000 cycles. Figure 4 shows images of transfer
layer through a transparent sapphire hemisphere in each
sliding cycles from 0 to 10,000 cycles.

The other experimental results show that the friction
coefficient increased suddenly, due to a detachment of
the transfer layer from the contact surface, as shown in
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Fig. 5. Later, the transfer layer built-up again at the
contact point, and the friction coefficient decreased
slowly until it achieved a super low friction again. The
images in Fig. 4 show that the initial real contact point
was at the centre (zero cycle), but later it deviated to the
front of the sliding direction (400 cycles), where it
remained for the rest of the sliding test, as illustrated in
Fig. 2.

Figure 4 shows the microscope images of Newton’s
rings that formed around the contact point of the two
surfaces (i.e., the sapphire hemisphere and the CN,
coating) with different diameters and light intensities.
The Newton’s rings were formed due to interference
between the light waves reflected from the top and
bottom surfaces.

p—

s ,
" ;
I I'ransfer layer

.
1 o0

04 (b} . E
-1 -t =
e o
= o LT
2 03 e i
'1:_" "'_.- «*"* 0 036 nmvoyele 200 -E
= 1 - E
; 2 I " =
2 d 41-' W =
5 =
= | L] =
- - ] -
0.1 ot 100 E
-L::mll.l“],?mh eyche =0.003 i i

nn * - - e

L] 2000 4000 AO00 B0 | (R0

Mumber of oycles N, ovcles

Fig.3 (a) The frictional behaviour of CN, coating
against the sapphire hemisphere, as a function
of sliding cycles and (b) transfer layer thickness
as a function of sliding cycles under blowing Ar
gas, contact load:0.1 N, and sliding speed: 83.8
mms™
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Fig. 4 Microscopic images of Newton’s ring and the
real contact area. Used to estimate of transfer
layer thickness and the mean Herztian’s
contact pressure
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(a) Sudden increase of friction coefficient
during sliding between CN, coatings against
Sapphire hemisphere as a function of sliding
cycles (b) Images of transfer layer and
Newton’s ring
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The Newton’s ring’s diameters were measured and
used to estimate transfer layer thickness using Eq. 2
from Pythagoras® theorem. The Newton’s ring becomes
smaller due to the elevation of the sapphire hemisphere
corresponding to the formation of a transfer layer at the
contact point, as illustrated in Fig. 2. The results show
that the friction coefficient decreased whilst the transfer
layer thickness increased. See Fig. 3(a). In addition, the
higher rate of transfer layer generation (about 0.092
nm/cycle) was seen from the beginning of sliding test
during the running-in period until approximately 2000
cycles. Then, the transfer layer generation rate became
lower (at about 0.046 nm/cycle) from 2000 cycles
onwards, and the friction coefficient reached a super
low friction of 0.003, where it remained until 10,000
cycles. An ultra low friction of 0.003 was achieved
when the transfer layer thickness was around 60 nm
after 1000 sliding cycles. The transfer layer thickness
increased consistently to 550 nm at 10,000 cycles,
whilst the friction coefficient kept constant at super low.
The higher rate of transfer layer generation during the
running-in period showed that more graphitization
occurred then, than the steady state period. This result
indicates that more wear debris was produced from
sliding at the beginning, due to the direct surface contact
between the sapphire hemisphere and the coating disc.
The wear debris accumulated at the sliding contact and
became a thin transfer layer through compaction. As the
transfer layer became thicker, the wear rate of the CN;,
coating decreased because the transfer layer could act as
a protective layer to reduce wear.

3.2. Effect of area of transfer layer and contact pressure

on friction coefficient

As shown in Fig. 4, the initial image of the dark
circle at zero cycles shows the direct contact point
between the sapphire hemisphere and the CN, coating.
At the beginning of friction test, the contact between the
sapphire hemisphere and the CN, coating forming the
Hertzian’s contact as shown in Fig. 4 at 0 and 200
cycles. However, from 400 cycles of sliding rotation,
transfer layer was generated, and the contact point
moved from centre to the front side of the sliding
direction. At this point, there was no more Hertzian’s
contact. The accumulation of wear debris at contact
interface segregated the direct contact between sapphire
hemisphere and CN, coating. The measured contact
radius, r. decreased from 0 to 10000 cycles around 13
pm initially to 4 pm (10000 cycles). The changing
contact radii were measured carefully from the captured
images using CCD to be used later for the estimation of
contact area, 4. The measured radius of the Hertzian’s
contact point was 13um at initially state (i.e., zero
cycles), which was confirmed by calculating the contact
radius of 10 pm using Hertzian’s contact mechanics; as
per Eq. 4 [7]. The different values, between measured
and calculated Hertzian’s contact point radii, are due to
inaccurate measurements of the contact point using
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optical images. It is very difficult to obtain accurate
value of Hertzian’s contact radius by measurement
because of the blurring of the contact edge as shown in
Fig. 4 (0 cycles). The difference between the measured
contact point radius, . and the calculated Hertzian’s
contact radius, a was within a few micrometres, and are
also reported elsewhere [6].

3WR
a= . 3
4F 3

2 2
l*zl v 1-v @)
E E E,
Where, W is the applied load, R is the sapphire
hemisphere’s radius, £ " is the effective elastic modulus,
vi, and v, are the Poisson’s ratio of the sapphire
hemisphere and the CN,, respectively, and ), and E,
are the Young’s modulus of the sapphire hemisphere and
the CN,, respectively. A measured contact point radius
was used to calculate the mean pressure P,, using Eq. 6.
F

L, y 6]
Where, F is the applied load, and A4 is the estimated
contact area.

A= 71’ (6)
Where, r. is the measured contact radius.

Figure 6 shows the relation between the estimated
mean contact pressure and the friction coefficient, as a
function of sliding cycles. The contact pressure
increased drastically from 0.174 to 2.25 GPa, where the
friction coefficient was shown to decrease to a
super-low level of 0.003 until 10,000 cycles of rotation.
Then, the contact pressure decreased slowly from 2.25
to 1.5 GPa. The friction coefficient achieved a steady
state condition at around 0.003, when the pressure was
at a high value of around 1.5 GPa.

Another essential relation shown in this study is how
the estimated mean Herztian’s contact pressure affects
the generation of the transfer layer as shown in Fig. 7.
The transfer layer’s thickness increased with different
rates i.e., during the running-in period and after the
running-in period, with 0.092 nm/cycle and 0.046
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Fig. 6 Relation between the mean the Herztian’s
contact pressure and the friction coefficient, as
a function of sliding cycles
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nm/cycle, respectively. The transfer layer formation rate
become higher by increasing of the Herztian’s mean
pressure during the running-in period up to 2000 cycles,
and it became lower when the contact pressure remained
at a high value of around 1.5 GPa from 2000 to 10,000
cycles.

3.3. Phase transition of CN, coating at sliding contact
interfaces

Like DLC, CN; is a material with a combination of
sp> and sp” carbon bonds, which the nitrogen substitutes
into the sp>-bonded ring to a saturation level of about
one nitrogen to every three carbon atoms. This CN,
structure provides good tribological properties, such as
low friction, high hardness, and high wear resistance.
CN, graphitization occurred when desorption of
nitrogen atoms from the CN, matrix was caused by
raising the annealing temperature. Generally, the
transition temperature of CN, is about 200°C, which
corresponds to a sp’-sp’ transition temperature [8].
However, during sliding, the transition temperature can
be decreased to a lower value, due to the high contact
stress [9,10]. The CN, transition temperature can be
calculated according to the Clapeyron law [11], with the
functions of contact pressure and specific volume of low
and high nitrogen contents of carbon nitride, as per Eq.
7.

i
T'=T, exp TAP (7

Where T, is the critical phase transition temperature of
CN, (200°C) [8], Av is the difference between specific
volume of low nitrogen content (0.303 x 10~ m*/kg’) and
high nitrogen content (0.746 x 10~ m’/kg’) [12], and Ap
is the difference between Herztian’s contact pressure and
atmospheric pressure. As explained previously, the
contact area decreased throughout the sliding test,
corresponding to increased contact pressure. Fig. 8
shows that the phase transition temperature of CN,
coatings decreased with an increase of Herztian’s contact
pressure at the sliding interface. Hence, a high contact
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Fig. 7 Relation between the estimated mean
Herztian’s constant pressure and transfer layer
thickness, as a function of sliding cycles
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pressure results in a lower transition temperature sp>-sp”
of CN,, to as low as 20°C. This explains that the
graphitization process possibly occurred under high
contact stress at room temperature, since the experiment
was performed under room temperature (about 24°C).

3.4. Ex-observation of wear track with Optical
microscope (OM), Raman spectroscopy and Auger
Electron Spectroscopy (AES)

After the sliding test, the CN, coating and sapphire
hemisphere was observed using SEM and an optical
microscope. Fig. 9(a) shows a picture of the compacted
wear debris along the wear track on the CN, coating after
the sliding test. No wear debris was found within the
wear track because the wear debris was ejected outside of
the wear track during the sliding. The generated transfer
layer was transferred from the coating surface to the
sapphire hemisphere’s surface. The microscope image
shows that the transfer layer is strongly adhered to the
sapphire hemisphere, as shown in Fig. 9(b).

Figure 10(a)-(d) show the Raman spectra of the
as-deposited wear track, the transfer layer, and the wear
debris, respectively. The Raman spectra shape, of the
as-deposited of CN,, is comparable to other researcher’s
results [13]. The shape of Raman spectra on the wear
track, after the sliding test, was the same as the
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Fig. 8 Calculated transition temperature of CN,
coating, as a function of Herztian’s contact
pressure that refers to the Clapeyron law
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Fig. 9 (a) SEM observation of the wear track and
debris on the CN, coating disc after the sliding
test. (b) Microscope image of the transfer layer
on the sapphire hemisphere, after the sliding
test
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as-deposited CN,; with the same Raman shift, G peak of
1576.5 1/cm. However, the Raman shifts of the G peak
for both the wear debris and transfer layer show a
different value of 1588.8 1/cm. This shifting G peak
value, from a low to a higher frequency, means that
transition of sp’-sp” (also known graphitization)
occurred during the sliding test [14].

The Raman shape of the wear debris and the transfer
layer is comparable with pure graphite, as reported by
other researchers [15]. This means that the graphitic
material was removed from the CN, coating’s wear
track and accumulated as a transfer layer; which then
adhered to the sapphire hemisphere and partially
became wear debris.

Figure 11(a)-(c) show the results for Ar KLL, C
KLL, N KLL, and O KLL peaks through AES analysis,
between 150 and 550 eV on as-deposited CN,, wear track
and wear debris, respectively. The kinetic energy of Ar
KLL, C KLL, N KLL, and O KLL were approximately
220, 258, 374, and 510 eV, respectively. The intensity of
the N KLL peaks on the wear debris is approximately
zero. This means that there was no N content in the wear
debris compared to the as-deposited CN,, and the wear
track. This proves that desorption of N from the CN;,
coating during sliding was responsible for the
graphitization process. Under high pressure stress, the
C-N sp” bonds tend to release their N content to become
a more stable graphite-like structure [9,11].

AES analysis does not detect the Ar content on the
wear track or the debris after the sliding test. This means
that the Ar gas, as an inert gas, was not involved in the
tribochemical reaction with the dangling bonds [16];
which probably influenced the tribological performance.
Oxygen molecules were not found on the coating surface,
both before and after the sliding test. No oxidation
process occurred on the coating surface before, during, or
after the friction test, that influenced the results of the
sliding test and the analysis.

D peaks ' G |:-<~.1l:.

Normalised inlensily, (a.)

200 [ 1 200 1400 1 6L 18040 200

Raman shifl, 1/cm

Fig. 10 Raman spectra of (a) as-deposited (b) wear
track on the CN, coating (c) transfer layer on
the sapphire hemisphere, and (d) wear debris
on the CN; coating

Japanese Society of Tribologists (http://www.tribology.jp/)

3.5. Effect of transfer layer on ultra low friction of CN,
coating

An ultra low friction level of 0.003 was observed
during the sliding test, between the CN, coatings against
the sapphire hemisphere, under blowing dry Ar gas
directly onto the contact interface. In-situ observation
confirmed that the generation of transfer layer at the
contact point was responsible for reducing the friction
coefficient to a super low level. It was also observed
that the friction coefficient increased at the beginning of
the friction test (up to 300 cycles), then the friction
coefficient dropped to an ultra-low level of 0.18 to
0.003 at 1000 cycles. Sharp asperities that broke-off at
the CN, coating’s surface interface, which contributed to
the nano particles, caused the increasing friction
coefficient at the beginning of the sliding test. It is
believed that the formation of the transfer layer began
after 300 cycles, by the compaction of nano wear
particles between the CN, coating and the sapphire
hemisphere. Accumulation of the transfer layer at the
contact surface completely separated the contact
between the CN, coating and the sapphire hemisphere.
This provided a steady state value of super low friction
between 1000 to 10,000 cycles. The transfer layer
thickness was calculated and a significant relation
between the friction coefficient and the transfer layer
was found, which with a constantly increasing transfer
layer, drops the friction coefficient to a lower level.
Super low friction can be achieved at a steady state
through a sufficiently thick transfer layer at the contact
interface, where it will remain throughout the sliding
test. Fig. 3 shows that a steady state of super low
friction of 0.003 was achieved at 1000 cycles, with a
sufficient transfer layer thickness of 60 nm. Further
consistent increments of the transfer layer do not affect
the friction coefficient anymore.

Figure 12 shows the ex-situ observation of the
transfer layer on the sapphire hemisphere using AFM,
after the sliding test. The thickness of the transfer layer
was measured at approximately 550 nm. This value is
comparable with that calculated at the end of the sliding
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Fig. 11 AES analysis of N and C content on the CN,
coating for (a) as-deposited, (b) wear track,
and (c) wear debris
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Fig. 12 Microscope and AFM images of the transfer
layer on the sapphire hemisphere

test of 10,000 cycles, as discussed in Section 3.1. The
transfer layer thickness is much higher than the RMS
value of of 3 nm for the CN, coating and the sapphire
hemisphere. It is believed that a steady state of super
low friction was not influenced further by surface
properties, such as the surface roughness of the CN,
coatings and the sapphire hemisphere after 1000 cycles,
but was fully controlled by the transfer layer; as long as
the transfer layer was attached to the contact interface
[17]. The Raman spectra of the transfer layer and the
wear debris, as shown in Fig. 10, proved that the
transfer layer had graphite-like structures, which
contributed to the super low friction during the friction
test [18,19]. AES analysis showed that no Ar molecule
was found on the test specimen after the sliding test. As
an inert gas, the function of Ar is to protect accessibility
of water and oxygen molecules from the environment to
the sliding interface, which subsequently prevents
chemical reaction that can cause an increment of friction
coefficient [16]. Fig. 13 shows the in-situ observation of
relative humidity and O, content at the sliding interface
during the sliding test. The relative humidity reduces
significantly from 25 to 6% after 1 minute. In addition,
the O, content reduced drastically from 20 to 0.2% after
the Ar gas blew directly to the sliding contact interface.
The very low value of relative humidity and O, was
consistent throughout the sliding test. The influence of
relative humidity and O, on friction coefficient is
considered very minimum in this experiment. High
humidity and oxygen can cause high friction during
friction test, as reported elsewhere [3,16,19]. As an inert
gas, dry Ar gas flowed into the disorderly graphite
structure without involving chemical interaction which
attributed to the passivation of dangling covalent bonds
[16]. This caused the atomic displacements from
disorder into inter-lamellar layer of the lattice, which
provided a highly slippery layer for super low friction,
as reported elsewhere [19]. Since, no transfer layer was
attached to the wear track of the CN, coating and the
strongly adherent surface of the transfer layer on the
sapphire hemisphere, it is suggested that a super low
friction mechanism on the CN, coating against the
sapphire hemisphere was provided by a low shear
strength between the graphite-like transfer layer and the
CN, coating.
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Fig. 13 In-situ observation of relative humidity and O,
content at sliding contact interface under
blowing Ar

4, Conclusions

In-situ  observation successfully identified the
transfer layer generation, which contributed to the
friction behaviour of the CN, coating against the
sapphire hemisphere. From this study, the following
conclusions can be made:

1. The transformation of CN, to graphite-like transfer
layer is a consequence of high contact pressure 1.5
GPa at the contact interface.

2. The desorption of N content from the CN, coating
during sliding was responsible for graphitization.

3. The shape of Raman spectra of the transfer layer is
comparable with pure graphite.

4. Existing of a graphite-like transfer layer with the
thickness of 60 nm between the CN, coating and the
sapphire hemisphere, will significantly reduce the
friction coefficient to an ultra low of 0.003.

The permanent attachment of a transfer layer at the
contact interface is very important to maintain an ultra
low friction during the friction test.
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