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Abstract: Friction tests have been carried out on bearing steel friction pairs coated with a-C:H and ta-C under
lubricated conditions with 1-hexadecene and pure oleic acid, respectively. Main results show that ta-C leads to
the super-low regime with oleic acid (friction coefficient below 0.01) and that a-C:H is quite well lubricated
by 1-hexadecen. Surface analyses by coupling X-ray photoelectron spectroscopy (XPS) and secondary ion mass
spectrometry (SIMS) have been carried out in the case of oleic acid with ta-C and a-C:H coatings. Results show
that tribochemical reactions have occurred. OH groups terminate the ta-C surface whereas a-C:H is covered by a
thin tribofilm and is terminated by oleic acid monolayers. The superlow regime in the case of ta-C is mainly

attributed to the presence of the OH-termination.
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1 Introduction

Reduction of energy loss by mechanical friction
especially for automotive engine has been strongly
required in recent years for improving fuel economy.
Since a diamond-like carbon (DLC) coating has several
advantages such as the low friction property, superior
wear resistance, superior corrosion resistance and so
on, the DLC coated application increases in the wide
kinds of industries. Although the super low friction
property below 0.01 of the friction coefficient is the
most outstanding advantage of DLC coatings in
vacuum or inert gas [1, 2], there is no successfully
actual application using this property except the
applied technology for the following engine parts. A
DLC-coated valve lifter and piston ring have been
applied already to the actual mass-produced gasoline
engines to reduce engine friction in Japan [1, 3]. This
low friction property was obtained by the hydrogen-
free DLC, (ta-C) lubricated by an ester containing
gasoline engine oil [2]. Additionally, the ultra-low
friction properties using ta-C were also obtained
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under glycerol and oleic acid lubrication although
the hydrogenated DLC, (a-C:H) did not show such a
low friction properties [4-7].

Although in these previous papers, the tribochemical
reactions leading to the functional group such as -OH
and -COOH on the sliding surface of ta-C and a-C:H
have been discussed, the way in which the tribofilm
was built is not still made clear. Additionally, even the
difference of the tribofilm composition between the
DLCs is not shown. The objective of this study is to
find a trigger to make clear the tribofilm chemistry
and superlow friction mechanism under the selected
lubricants by evaluating the friction of self-mated DLC
and conducting X-ray photoelectron spectroscopy (XPS)
and secondary ion mass spectrometry (SIMS) surface
analyses.

2 Test method

The unidirectional rotating cylinder-on-disc sliding
test was conducted in the following way. The cylinders,
measuring 9 mm in diameter and 9 mm in length,
were made of hardened bearing steel (AISI52100) and
were polished in order to obtain a surface roughness
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Rq of about 15 nm (root mean square roughness). The
3 mm thick disc (33 mm in diameter) was also made
of AISI52100 steel and was polished to a surface
roughness Rq below 5 nm. Two kinds of DLC were
deposited on both discs and cylinders. The 1 micron
thick a-C:H coating was obtained by plasma enhanced
chemical vapor deposition (CVD) and the ta-C coating
was obtained by the T-filtered arc physical vapor
deposition (PVD) method [8] with a thickness of
0.3 micron. The a-C:H coating contains about 20 at%
hydrogen measured by elastic recoil detection analysis
(ERDA) and a hardness and Young’s modulus of about
20 GPa and 190 GPa, respectively. On the other hand,
the ta-C coating which is produced by a new coating
process has a very smooth surface without any droplet
with a roughness comparable to that of a-C:H. It also
has very high hardness and Young’s modulus of 60 GPa
and 650 GPa, respectively measured by nanoindenta-
tion. The main properties of these DLC coatings are
shown in Tablel.

Two kinds of lubricant were selected to make clear
the effect of the functional group on the friction
property. One was 1-hexadecene (C;sHj,) without any
functional and polar group and the other was oleic
acid (C;sH;,0,) that contains the carboxylic group
—COOH at the extremity. Viscosity at 296 K was 3.0 and
33.0 mPa-s for 1-hexadecen and oleic acid, respectively.
It is interesting to notice that both lubricants have
almost the same number of carbon atoms in the
skeleton of the molecule and possess one carbon
double bond inside the carbon chain.

The cylinder was fixed in order to prevent it from
rotating and was pressed against the rotating disc, as
shown in Fig. 1. Contact at the sliding interfaces was
ideally in the shape of lines under Hertzian pressure

Table 1 Main properties of DLC coatings.

(unSctoe;tled) a-CH ta-C
Coating method PACVD PVD filtered
Coating thickness (um) 1.1 0.3
Disc roughness Rq (nm) 2.6 4.2 3.7
Cylinder Rq (nm) 12 14.4 16.1
Surface hardness (GPa) 10 20 61
Young modulus (GPa) 200 190 650

5N Load

(70 MPa)
Wetted with 0.01 ml

before the test

Cylinder
DLC on

AISI52100 D

Disc
DLC on
AISI52100

Sliding test condition
Rotating

Decreasing speed  Constant speed
5 0.1-0.001 m/s 0.05m/s

5 minfeach 30 min

Fig. 1 Cylinder-on-disc sliding test.

of around 70 MPa. However, because there is never
perfect linear conformal contact between the cylinder
and the disc plate on the whole length, real contact
occurs only on certain parts where pressure is certainly
much higher than 70 MPa. In our case this pressure
peaks are located at the two edges of the undulation
of the cylinder side and this will be shown later in
more details in the analytical part. Before starting to
slide, a few droplets (0.01 ml) of the lubricant were
provided by gently wetting the disc. This lubricant
quantity is enough to form a visible meniscus between
the cylinder and the flat and can feed the contact area
in good conditions. Moreover, this permits to observe
the wetting of the residual lubricant in the wear scar
at the end of the test. Temperature of the whole system
was fixed at ambient temperature (25 °C) and the test
is performed in ambient air (50% RH).

First, a “decreasing speed test” was performed. The
speed was progressively reduced step by step from
100 mm/s to 0.01 mmy/s, with holding for 5 minutes at
each speed. This way of decreasing speed was designed
to keep the smooth surface on the sliding track
initially by starting to slide from the mild conditions
towards the mixed lubrication regime. The results are
expected to make clear the different friction properties
between a-C:H and ta-C coatings according to the
sliding speed and the two lubricants used.

Second, using new friction pairs, the “constant
sliding speed test” was conducted to focus on tribofilm
formation when the superlow friction regime was
reached. The sliding test was conducted at 50 mm/s
for 30 minutes under oleic acid lubrication to inves-
tigate the difference in tribofilm chemistry on the
sliding tracks for a-C:H and ta-C discs. XPS analyses
were performed and oleic acid with deuterated
carboxylic functional group was used to find some
evidence of tribochemical reactions by ToF-SIMS.
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3 Results and discussion

3.1 Friction properties in the “decreasing sliding
speed” tests

Figure 2 compares friction results of DLCs and steel
surfaces lubricated by 1-hexadecene and oleic acid,
and this during decreasing sliding speed tests from
100 mm/s to 0.01 mm/s. These results have a shape of
a Stribeck curve showing the different regimes that are
encountered, namely elasto-hydrodynamic lubrication
(EHL) above 100 mm/s, boundary lubrication (BL)
under 1 mm/s and mixed between these two speeds.

For steel surfaces, friction in the presence of
1-hexadecene was much higher than those with DLCs
and increased largely above 0.3 when decreasing
sliding speed below 1 mmy/s. Therefore, the sliding
test for the steel was definitely stopped at this speed.
For oleic acid, the different friction coefficients of DLCs
below 5 mm/s seemed to be caused under boundary
lubrication condition whereas those above 50 mm/s
seemed to be caused under the EHL lubrication
regime. The friction coefficient under 1-hexadecene
lubrication for ta-C(T) below 1 mm/s was much higher
than that for a-C:H. At the opposite, friction coefficient
for ta-C(T) above 50 mm/s was much lower than that
for a-C:H (in the EHL regime).

For oleic acid lubrication, the friction coefficients
for all friction pairs decreased significantly compared

1-hexadecen

0.4

0.35 1

0.3+

0.25 -

Friction coefficient

Sliding speed (mm/s)

0.01 0.1 1 10 100

with those in presence of 1-hexadecene. Especially,
the friction coefficient under oleic acid lubrication for
ta-C(T) below 1 mmy/s and above 50 mm/s was much
lower than that for both a-C:H and steel combinations.
It was found that the effect of reducing friction for
ta-C in the presence of the carboxylic group COOH-
was much stronger than for a-C:H. Additionally, for
ta-C, the friction curve under oleic acid lubrication
was much different from that under 1-hexadecene
lubrication. Judging from these results, the ultra-low
friction coefficient for ta-C under the sliding condition
with oleic acid lubrication below 1 mm/s sliding speed
belongs to the boundary lubrication regime and
seemed to be caused by the formation of a very low
shear strength tribofilm. Alternatively, a-C:H coatings
are better lubricated by hydrocarbons (alkanes or
alkenes) with no oxygen-containing functions. Briefly,
it is suggested that a-C:H is well lubricated by
H-containing lubricants whereas ta-C prefers OH-
containing lubricants to reduce friction.

On the other hand, the super-low friction coefficient
of around 0.005 for ta-C above 50 mm/s sliding speed
belongs to the very thin-film EHL lubrication regime
and is certainly caused by another mechanism. An
estimation of the maximum film thickness using
Dowson’s equation gives a value of 15nm, and a
lambda ratio of 4. One possible mechanism is that the
ratio of fluid lubrication should increase drastically

Oleic acid

HL

ta-C

0.01 0.1 1 10
Sliding speed (mm/s)

Fig. 2 Friction results of decreasing sliding speed tests (ambiant temperature).
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by improving wettability and possibly slip at the wall
may occur.

3.2 Friction properties of “constant sliding speed”
tests

Constant speed sliding tests were conducted twice
for ta-C and a-C:H under deuterated oleic acid
(C1sH3?H;O,) lubrication for 30 minutes in order to
obtain two similar samples for analysis under the same
sliding conditions. For ta-C (see Fig.3), the friction
coefficient decreased after only 60 seconds and is well
below 0.01 and the regime was kept to around 0.005 in
average value for at least 1,800 s. On the other hand,
friction for a-C:H decreased slowly to around 0.045
and did not reach the superlow regime, as shown
in Fig. 3. This friction result was obtained by almost
the same manner for the second test. After the tests,
the remaining lubricant and any wear debris on the
cylinders and discs were removed by ultrasonic

Sliding speed: 0.05 m/s
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Fig.3 Superlow friction of ta-C friction pairs lubricated by oleic
acid at ambient temperature.
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cleaning with isopropyl alcohol. One sample was
dedicated for ToF-SIMS analysis and the other one was
used for angle-resolved XPS (AR-XPS) analysis.

The optical images of the sliding surfaces in Fig. 4
show that all DLC coatings on discs and cylinders are
not delaminated although wear on cylinders was
more severe than that observed on discs, in agreement
with the large difference of kinematic lengths. Indeed,
the width of the wear scar on the ta-C coated cylinder
is twice smaller than the one on a-C:H. However it
appears as coloured in optical microscopy.

The combined surface roughness of Rq for the
cylinder and disc in the sliding track and out of track
is also shown in Fig. 4. The large increase of Rq inside
the wear scar was not observed for the two types of
DLC, which is consistent with the relatively smooth
sliding surface shown by scanning electron microscope
(SEM) in Fig. 5. The slight increase of surface roughness
compared to pristine samples suggested that the
ultra-low friction for a-C:H and the super low friction
for ta-C were not generated by running-in effect. The
almost same surface roughness for DLCs after the
sliding test cannot explain the large difference between
friction coefficients that is observed in Fig. 3. Therefore,
changing of surface roughness does not seem to affect
the friction property.

Additionally, it was observed that DLC layers
remained perfectly and were not delaminated in
the contacting zone although the thickness of them
decreased by around 10% as shown in SEM images in
Fig. 5.

The observation of the residual lubricant on the
disc after removing the cylinder is interesting (Fig. 6).
In the case of a-C:H, oleic acid does not wet the surface,

a-C:H ta-C

Fig. 4 Optical images of wear scar and combined surface roughness after sliding tests with oleic acid.
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Fig. 5 SEM images of cross-section for cylinder inside wear scar
(case of oleic acid).
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Fig. 6 Wettability of oleic acid on discs after sliding tests (white
rectangle is the wear scar shape).

which is hydrophobic whereas in the case of ta-C the
lubricant wets perfectly the surface, this meaning that
the worn area has become hydrophilic. This effect is
even more visible with the same test conducted with
a reciprocating cylinder-on-plane friction machine (see
Fig. 6 on the right). Then, the origin of the different
performances on the sliding surfaces between ta-C and
a-C:H at constant sliding test of 0.05 m/s (50 mm/s)
under oleic acid lubrication was investigated by surface
analysis.

3.3 Surface analysis on sliding track

Angle-resolved XPS analysis was performed on both
wear scars on the discs. The size of the analyzed area
was 2 mm x 0.8 mm and the location was fixed in the
centre in the width of the sliding track. Two angles were
selected: 30° corresponding to a maximum thickness
probed of about 3.5 nm and 80° corresponding to about
7nm. Here we only show normalized intensities of
selected photopeaks for a-C:H and ta-C (see Fig. 7).

The contribution of C1s peaks of carboxylic group
(O-C=0) is well visible for ta-C coatings, suggesting
that oleic acid molecules have not been completely
removed by the cleaning procedure before analysis.
However, it is interesting to see that the C 1s photo-
peaks also contain other contributions like alcohol
(-C-OH) and ketone chemical functions (>C=0),
which are not present in the pristine lubricant. The
analysis of DLC by XPS is problematic because it
contains only carbon and oxygen and hydrogen
cannot be seen. Moreover, XPS can hardly distinguish
between sp2 and sp3 hybridization of carbon and
the binding energies of the different contributions
(C-0OH, C=0, C(O)OH, etc.) have not exact values and
fluctuates depending on the references taken in the
literature. This is the reason why we did not show
the decomposition of the C1s photopeak. For ta-C
coating, these contributions are better visible at the
outermost surface. This result supports that a tribo-
chemical reaction between DLC and oleic acid has
been generated preferentially at the top surface of the
coatings. Moreover, the chemical composition of a-C:H
surface is the same whatever the depth probed by the
two angles. At the opposite, the ta-C surface is enriched
in oxidized species at the very top surface (maximum
thickness probed 3 nm in this case).

The low shear strength tribofilm formation at the
boundary lubrication condition (OH-termination) can
explain the superlow friction in this regime [9, 10].
Because the analysis by XPS has a small spatial reso-
lution and cannot give accurate molecular information,

1
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Fig.7 C 1s XPS spectra recorded inside wear scar on ta-C and
a-C:H inside wear scar at two take-off angles.
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SIMS was performed at almost the same position on
the surface of the disc (but coming from the second
sliding test performed under the same conditions).
Selected static ToF-SIMS images on the sliding tracks
for a-C:H and ta-C discs are displayed in Fig. 8.

The ion maps are reconstructed from SIMS spectra
acquired for each pixel of the scanned zone. In the
figures the intensity in the images correspond to the
number of the selected molecular ions in spectra
obtained from each pixel of the image (CH™, °H,
Ci;H;3 COO™ and COH™). Typically, black is no signal
and yellow is high intensity of ions. In the images, we
notice that the worn surface is not perfect and has the
flat part of the plateau shape of the cylinder (drew in
white in oleic acid image) with around 5 mm length
and with a few microns height. This distance between
the edges fitted well with that of the two rings in the
images. Judging from this result, the ring images of
ToF-SIMS seemed to be formed by the tribochemical
reaction occurring only in the real contacting part
of the linear contact. The centre and the corners of
the image, which is not in contact with the cylinder,
show what happened outside the wear scar. The XPS
analyses were performed at a distance of 7 mm from
the centre of the disc and this corresponds to the
location of the outer bright ring in the SIMS images.
However, because the size of the XPS probe is 2 mm x
0.8 mm, it is possible that the signal contains some oleic
acid contribution originating from the non-contacting
areas. These negative SIMS ions images can be inter-
preted as follows (see schematic Fig. 8).

Negative ions ToF-SIMS images on discs

a-C:H

Fig. 8 ToF-SIMS images (negative ions) recorded on sliding
tracks for a-C:H and ta-C in the presence of oleic acid.

In the case of a-C:H coating, the image of CH™
shows a quite uniform bright signal and this is
characteristic of the H-termination of the DLC and of
the presence of about 20% atomic of hydrogen in the
bulk of the coating. However, looking more carefully,
it appears that the two rings contain even more
hydrogen than outside the track. The similarities
of signal intensities in the four images CH™, *H™,
Cy;H;COO™ and COH™ strongly suggest that oleic
acid is chemisorbed in the wear scar and not outside.
Therefore, in this set of images, CH™, COH and H™
ions are considered as fragments of the parent molecule
CyH;3COO’H™ which is attached to the modified
a-C:H surface. As a consequence, the surface terminated
by methyl group is not well wetted by the acid, as
observed after the test (Figs. 6(a) and 6(c)).

In the case of ta-C, the situation is very different.
Even if the images are superimposed to some con-
tamination signal in this case, careful examination of
the inner ring on the track (see white arrow) shows
that the sliding areas contain very low quantities of
CH™, *H ", and C;;H;;,COO™ ions but they give a clear
signal of COH™ ions. Therefore, the COH" signal for
ta-C is believed to originate of the tribochemical
reaction of oleic acid with sp>-hybridized carbon atoms
that was accelerated at the high contact pressure on
both edge parts of the apparent contact area of the
cylinder. Moreover, the OH-termination does not
come from the O°H part of the acid group, indicating
that the reaction involves the whole molecule. Then,
the surface becomes hydrophilic, in agreement with
wetting observations at the end of the test test
(Figs. 6(b) and 6d). Because the interaction between
the OH-terminated surface and oleic acid is mainly
hydrogen bonding, the molecules are easily removed
by the cleaning procedure before analysis.

From this ToF-SIMS study, it is shown that the
tribochemical reaction of ta-C with oleic acid is
completely different than that of a-C:H and that the
difference in friction coefficient (see Fig.3) can be
attributed to the different surface terminations. We
remind here that the analytical depth in ToF-SIMS in
the static mode is usually less than 1 nm and that the
signal concerns specifically the molecules lying on
the extreme surface.
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4 Conclusion

Friction tests have been carried out on bearing steel
samples coated with a-C:H and ta-C, under lubricated
conditions with 1-hexadecen and pure oleic acid,
respectively. Results are summarized in the following.

(1) In the “decreasing sliding speed” test under
lubrication regimes varying from the mixed to the
boundary conditions, results show very different
friction properties for a-C:H and ta-C. The results
clearly show that a-C:H is better lubricated by alkenes
(probably due to hydrogen release from the double
bond) at the opposite of ta-C that prefers oxygen-
containing species in the lubricant.

(2) The friction coefficient for ta-C under oleic acid
lubrication showed ultra low friction of around 0.05
below sliding speed of 1 mm/s and super-low friction
values of around 0.005 above the sliding speed of
50 mm/s. On the other hand, that for a-C:H showed
higher value of 0.1 and 0.02 for each sliding speed
range.

(3) The friction coefficient for ta-C under oleic acid
at 50 mmy/s at constant speed showed super-low value
of around 0.005 whereas that for a-C:H showed much
higher value of around 0.045.

(4) In the “constant sliding speed test”, it was found
very different chemical compositions of the tribofilm
formed in the sliding track for a-C:H and ta-C. In the
case of oleic acid, surface analyses were performed on
the sliding tracks by coupling ToF-SIMS and AR-XPS.
Results support that the tribochemical reaction between
ta-C and oleic acid is generated preferentially at the
top surface with the result of the OH-termination
whereas the reaction with a-C:H is more complex. This
result gives an explanation to the better wettability
observed for oleic acid on the top surface of the sliding
surface of ta-C.

(5) In the case of a-C:H coating, the similarities of
signal intensities in the four SIMS images CH™, °H™,
CiyH3COO™ and COH™ strongly suggest that oleic
acid is chemisorbed in the wear scar and not outside.
This gives an explanation to the fact that oleic acid
does not wet the sliding area in this case because alky
chains terminate the surface. Therefore, the friction
property is similar to the steel/steel case. Moreover,

the XPS data show that the tribofilm is thicker than
for ta-C.

Open Access: This article is distributed under the terms
of the Creative Commons Attribution License which
permits any use, distribution, and reproduction in any
medium, provided the original author(s) and source
are credited.
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