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Abstract

Hydrogenated amorphous carbon (a-C:H) coating exhibits different wear behaviors depending on its counterpart material
in boundary lubricated sliding contact. In previous works, tribological behaviors of a-C:H coating were investigated against
steel, chromium, and germanium counterpart materials. The specific wear rate of a-C:H coating was found to decrease with
the ability of its counterpart material to react with or dissolve carbon. The present study investigated how graphitization of
a-C:H coating’s top layers and interactions of the counterpart material with carbon influence wear behaviors of a-C:H coating
in boundary lubrication. Results show that a-C:H coating shows graphitization of its top layers regardless the counterpart
material. Correlation with differences in wear behaviors of the a-C:H coating leads to the conclusion that graphitization will
induce high wear of a-C:H coating only when there are also atomic interactions between the DLC coating and its counterpart

material.
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1 Introduction

Wear is a material degradation process defined in different
ways throughout the literature. A simple definition of wear
is given by Kenneth G. Budinski as "damage to a solid
surface, usually involving progressive loss or displace-
ment of material, due to relative motion between that sur-
face and a contacting substance or substances" [1]. Wear
mechanisms are generally classified into mechanical wear,
chemical wear, and thermal wear categories, which are
further divided into sub-classes. Kato and Neale et al. give
detailed classifications and descriptions of different main
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types of wear observed in industry [2, 3]. The wear dam-
age rate in a tribosystem is influenced by several param-
eters among which, the lubrication regime is a key one.
Tribosystems under un-lubricated regime also referred as
failure lubrication regime, generally have an extremely
high rate of wear damage, which makes them not suitable
for practical engineering applications. Lubrication is used
to reduce the wear degeneration in most tribosystem as it
can reduce the wear rate by several orders of magnitude,
increasing the lifespan of mechanical components. Gwidon
et al. give schematic representation of the wear damage
rate exhibited under different lubrication regime where
we can appreciate that even the least effective lubrication
can induce important wear reduction in a tribosystem [3].
In addition to lubrication, there are other ways to con-
trol wear damage in tribosystems, such as anti-wear oil
additives that chemically react with interacting surfaces
and form a lubricious protecting layer [4-7], or surface
coating technologies that enhance the wear resistance of
surfaces to be protected. Among surface coating technolo-
gies, diamond like carbon (DLC) coatings are the focus
of much research activities, due to their attracting tribo-
logical properties such as high hardness and high wear
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resistance. DLC coatings have a wide range application as
protective coatings in fields as diverse as optical windows,
magnetic storage disks, car engine parts, and biomedical
coatings [8, 9]. Because of their high hardness, DLC coat-
ings hardly wear under normal sliding conditions [10].
However, they can experience relatively high wear under
certain conditions by shear or ambient-induced phase
transformation. Several studies reported wear of DLC
coatings to be related to graphitization of their top surface
at high temperatures or at high sliding velocities. Mobarak
et al. tested a-C:H coated ball against a-C:H coated disk
and stainless steel disk lubricated with biodegradable
vegetal canola oil. Authors reported that wear of a-C:H
coating was related to graphitization of the DLC coating
in the wear track [11]. Mahmud et al. tested a-C:H coated
plate and ta-C coated plate against stainless steel ball in
SAE 40 lubricating oil. Authors reported that the wear of
tested coatings is mostly influenced by coating graphitiza-
tion [12]. Deng et al. evaluated tribological behaviors of
a-C:H coated disk against Si;N, ball at high temperature
and reported the wear of a-C:H coating to be related to
graphitization [13]. Sugimoto et al. tested a-C:H coating
against cast iron in boundary lubrication and reported that
wear of a-C:H coating under MoDTC-containing boundary
lubrication are caused by the graphitization [14]. Lui et al.
also reported evidences of graphitization-induced wear of
DLC coating [15, 16]. Many other studies in which wear
of DLC was reported to be related to graphitization can be
found in the literature. Mostly, those studies report obser-
vation of graphitized DLC coating and relate it to wear of
the DLC coating. However, the real impact of graphitiza-
tion on wear of DLC coatings has not been evaluated. Such
evaluation is all the more difficult due to the complexity
of the contact mechanism, including several mechanisms
that occur simultaneously during the wear process of DLC
coatings.

In our previous works, a-C:H coating was found to exhibit
different wear behaviors in boundary lubrication, depending
on its counterpart material in sliding condition [17]. Carbon
diffusion from a-C:H coating was found to enhance wear of
the DLC coating against steel counterpart material due to
the high tolerance of steel to carbon diffusion [18]. When
sliding against chromium counterpart, a-C:H coating was
found to wear less than against steel counterpart, chromium
being known to decrease carbon diffusion [19, 20]. Further-
more, when sliding against germanium counterpart which
is known to have an extremely low carbon solubility [21],
a-C:H coating exhibit even lower wear than against chro-
mium counterpart. Considering that the ability of a material
to react with or dissolve carbon may be termed to as "carbon
affinity/solubility," steel, chromium, and germanium may be
classified as having high, medium, and low carbon affinity/
solubility, respectively. Therefore it can be understood that
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the wear of a-C:H coating decreases with the carbon affinity/
solubility of its counterpart material.

Our hypothesis regarding wear behaviors of a-C:H coat-
ing in boundary lubricated condition is that when it is rubbed
against a material that has high carbon affinity/solubility,
carbon diffusion from a-C:H coating lead to high wear of
the DLC coating as observed in the case of steel counter-
part material. However, when it is rubbed against a material
that has low carbon affinity/solubility, graphitization of top
layers of the DLC coating could be the key parameter for
material removal. The purpose of this work is therefore to
verify this hypothesis by investigating how graphitization of
its top surface and the carbon affinity/solubility of its mating
material influence the wear behavior of a-C:H coating in
boundary lubrication.

2 Experimental Details and Specimen
Analysis

In order to investigate variations of the graphitization rate
of a-C:H coating depending on the mating material, friction
and wear tests in boundary lubrication were conducted using
a conventional tribotester as illustrated in Fig. 1. a-C:H coat-
ing was synthesized using carbon 13 rich methane gas and
supplied by KURITA SEISAKUSHO, Japan. a-C:H coating
were coated on rollers of 5 mm in diameter and 5 mm in
length. DLC coated roller were fixed, loaded, and rubbed
against Cr-plated disk, S55C steel disk, and germanium disk
separately, as counterpart materials. All tested counterpart
materials were disks of 22.5 mm in diameter and 4 mm in
thickness and supplied by TEST MATERIALS, Japan. Dur-
ing experiment, tested specimen were totally immersed in
synthetic poly-alpha-olefin (PAO) oil to ensure boundary
lubrication condition. Friction tests were conducted at a
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Fig. 1 Pin on disk type tribotester
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linear speed of 0.1 m/s for 1 h and 2 h, at 80 °C, 100 °C,
120 °C. For Cr-plated disk and S55C steel counterparts,
experiments were conducted under 5 N normal load. For
germanium counterpart, due to the observed high wear
resistance of a-C:H coating [17], experiments were con-
ducted under SN, 10 N, 20 N, and 30 N normal load. Further
information details about experiment conditions, and tested
specimen are described elsewhere [17-19].

Surface analysis of DLC samples were performed using
X-ray photoelectron spectroscopy (XPS). XPS in well know
to be highly sensitive to carbon hybridization changes and
provides good information to evaluate the graphitization rate
of DLC coating by analysis of the ratio of sp> and sp® carbon
hybridization.

3 Graphitization Investigation Results
by XPS Analysis

XPS can be used to determine the hybridization state of car-
bon atoms on the surface of a material, by peak separation
of the C(1s) spectrum. The sp’ hybridization state is char-
acteristic of diamond, while the sp® hybridization state is
characteristic of graphene and/or graphite. Graphene is an
allotrope of carbon in form of a single sheet of carbon atoms
arranged in hexagonal lattice, while graphite is a stacking
of graphene sheets bonded by weak van der Waals bonds
[22-24]. DLC coatings combine sp® and sp> hybridizations.
As proposed by Robertson, with the ternary phase diagram
of amorphous carbon-hydrogen alloys, DLC coatings are
characterized by their content in sp?, sp> hybridizations of
carbon and their content in hydrogen [8]. A predominance
of the sp® hybridization will lead to a structure close to dia-
mond, while a predominance of the sp? hybridization will
lead to a structure close to graphite. Therefore the ratio of
sp? and sp’ content of the DLC coating becomes an impor-
tant parameter to characterize the structure or any change
in the structure of the DLC coating. Graphitization is the
transformation of sp> diamond carbon into sp? graphitic
carbon, which can occur under appropriate temperature and
pressure conditions. Graphitization can be detected by XPS
measurement, with an increase of the sp? graphitic carbon,
as reported in the literature [25, 26].

In this work, high-resolution spectra of carbon C(1s)
region were acquired in the wear track of samples after
experiments. C(1s) spectrum of a-C:H coating as deposited
was also acquired, to observe changes in the hybridiza-
tion state of carbon atoms at the surface of the DLC film
after experiment, in comparison to the sample as deposited.
XPSPEAKA41 software was used for peak deconvolution of
collected spectra. C(1s) spectra were calibrated using Ar(2p)
peak with a fixed binding energy of 241.9 eV. The content
in sp? graphitic carbon was evaluated proportionally to the

total content of elemental carbon "sp*/(sp>+sp>)." Due to
the strong correlation between the binding energy of elemen-
tal carbon peaks and the binding energy of carbon oxide
peaks which can influence the content of elemental carbon
in the XPS evaluation process, oxidation rate of a-C:H coat-
ing as deposited and tested a-C:H coating samples were also
evaluated. The oxidation rate was evaluated proportionally
to the total content of carbon in all forms "carbon oxides/
(sp®+ sp° + carbon oxides)." All ratio were evaluated using
the corresponding peak area.

Figure 2 shows C(1s) high-resolution spectra with peak
deconvolution, obtained from a-C:H coating as deposited.
Five components were identified along with a n—" satellite
peak. Peaks at 284.3 eV and 285.1 eV were assigned to C=C
sp? and C—C sp’ hybridization states of carbon, respectively.
Peaks at 286.4 eV and 287.9 eV were assigned to C—O and
C=0 oxidation states of carbon, respectively, while the peak
at 289.3 eV was assigned to HO-C=0 carbon hydroxide.
The FWHM (full width at half maximum) used for the peak
fitting was chosen ranging from 1.0 to 2 eV. Binding energy
shift and FWHM were chosen based on values reported in
the literature [27-35]. Same parameters were used to ana-
lyze C(1s) spectra obtained from tested DLC samples. The
average sp>/(sp> 4 sp?) ratio of the DLC film as deposited
was 62.55%, while its average oxidation ratio was 12.14%.

Figures 3, 4, and 5 present the summary of sp?/(sp> + sp?)
ratio and oxidation ratio of a-C:H coating before and after
friction test against S55C steel disk, Cr-plated disk, and ger-
manium disk, respectively. Oxidation ratios of tested DLC

C(1s) peak fitting —Raw Intensity
of a-C:HDLC
as deposited Peak Sum

\ —C=C sp?, 284.3¢V

\ —C-Csp’, 285.1eV

\ —C-0, 286.4eV
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—HO-C=0, 289.3eV
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Binding energy, eV

Fig.2 C(1s) XPS spectrum with peak deconvolution acquired from
a-C:H coating as deposited. sp*/(sp®+sp?) ratio was evaluated to an
average of 62.55%, while oxidation ratio was evaluated to an average
of 12.14%
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Fig.3 Summary of sp%(sp> +sp?) ratio and oxidation ratio of a-C:H
coating before and after friction test against S55C steel counterpart
disk in PAO oil under 5 N load and at various temperatures. a Ratio
after friction test for 1 h, b ratio after friction test for 2 h. For all
tested DLC samples, there is an increase of the sp*(sp’>+sp?) ratio,
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Fig.4 Summary of sp%(sp>+sp?) ratio and oxidation ratio of a-C:H
coating before and after friction test against Cr-plated counterpart
disk in PAO oil under 5 N load and at various temperatures. a Ratio
after friction test for 1 h, b ratio after friction test for 2 h. For all
tested DLC samples, there is an increase of the sp*(sp’+sp>) ratio,
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Fig.5 Summary of sp¥(sp>+sp?) ratio and oxidation ratio of a-C:H
coating before and after friction test against germanium counterpart
disk in PAO oil. a Ratio after friction test for 1 h under 5 N load
at various temperatures, b ratio after friction test for 1 h and 2 h at
120 °C under various normal loads. For all tested DLC samples, there

samples are similar to the oxidation ratio of the DLC as
received, proof that obtained results are trustworthy. For all
tested DLC samples, there is a general increase of 10% to
20% of the sp?/(sp> + sp?) ratio in comparison to the sp%/
(sp>+sp?) ratio of the DLC as received. Such increase of
the sp?/(sp” + sp) ratio is characteristic of transformation of
diamond sp® carbon into graphitic sp* carbon. In addition,
observed increases of sp*/(sp> + sp?) ratios after 2 h experi-
ments were similar to those observed after 1 h experiments.
The increase of the normal load up to 30 N in the case of
germanium counterpart material also did not show any sig-
nificant impact on sp?/(sp’ + sp®) ratios in comparison to
experiments under 5 N load.

4 Discussion

Carbon diffusion is the key mechanism that accelerate the
wear of a-C:H coating when it is rubbed in boundary lubri-
cation against a counterpart material that has high carbon
affinity/solubility such as steel. a-C:H coating was found to
exhibit low wear rate when it is rubbed in boundary lubri-
cation against a counterpart material that has low carbon
affinity/solubility such as germanium. The aim of this work
is to investigate the relation of graphitization to the wear
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is an increase of the sp*/(sp + sp?) ratio, characteristic of transforma-
tion of diamond sp> carbon into graphitic sp> carbon. Oxidation ratios
of tested DLC samples a similar to the oxidation ratio of the DLC as
received, proof that obtained results are trustworthy

mechanism of a-C:H coating when it is rubbed in boundary
lubrication against counterpart materials that have different
carbon affinity/solubility.

Based on observations in our previous works [17-19],
the specific wear rate of a-C:H coating in boundary lubri-
cation decreases with the carbon affinity/solubility of its
counterpart material as we can see in Fig. 6 which presents
specific wear rates of a-C:H coating tested against S55C
steel, chromium plating and germanium counterpart mate-
rial. Figures 7, 8, and 9 presents friction curves of a-C:H
coating tested against S55C steel, chromium plating, and
germanium counterpart material, respectively. Friction and
wear behaviors of a-C:H coating against steel, chromium,
and germanium have been investigated and discussed in
details in our previous works [17-19].

In this study. we investigated the graphitization of the top
surface of a-C:H coating after experiments against counter-
part materials that have various carbon affinity/solubility:
low for germanium, medium for chromium, and high for
S55C steel. XPS investigations show that for tested steel,
chromium, and germanium counterpart materials, the top
surface in the wear track of tested a-C:H coating show
increase of the sp?/(sp® + sp?) ratio which is characteristic
of transformation of diamond sp* carbon into graphitic sp>
carbon. Moreover, increasing of the experiment duration up
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Fig.6 Specific wear rate of a-C:H coating against S55C steel, Cr
plating and germanium after friction and wear test in boundary base
oil lubrication. All experiments were conducted at 120 °C. Friction
and wear tests in boundary base oil lubrication were conducted for
a-C:H coating/germanium tribopair for 1 h under 5 N load, 2 h under
20 N load and 3 h under 30 N load. Friction and wear tests in bound-
ary base oil lubrication were conducted for a-C:H coating/S55C steel
and a-C:H coating/Cr plating tribopairs for 1 h under 5 N load. Figure
retrieved from Ref [17]
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Fig.7 Friction coefficient curves as function of sliding cycles for
a-C:H coating rubbed against chromium plated disk in PAO oil at dif-
ferent temperatures. Figure retrieved from Ref. [18]
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Fig.8 Friction coefficient curves as function of sliding cycles for
a-C:H coating rubbed against chromium plated disk in PAO oil at dif-
ferent temperatures. Figure retrieved from Ref. [19]
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Fig.9 Friction coefficient curves as function of sliding cycles for
a-C:H coating rubbed against germanium disk in PAO oil at different
temperatures. Figure retrieved from Ref. [17]

to 2 h and increasing of the normal load up to 30 N in the
case of germanium counterpart material did not show any
impact on sp?/(sp>¥ + sp?) ratios of tested DLC coatings,
which remain similar to sp%(sp’ + sp?) ratios observed after
1 h experiments under 5 N load. Such result can be explained
by the fact that as top layers of DLC coating get graphitized
and softened, they will be removed during experiment, if
suitable conditions are met. Therefore, it might be difficult
quantify accurately the graphitization rate.

The observation of change in the hybridization state
of carbon atoms at the top surface of a-C:H coating after
experiment independently of the carbon affinity/solubility
of its counterpart material is understandable since graphiti-
zation is a process/mechanism that affects the DLC coating
if environmental conditions are suitable, independently of
its counterpart material. Transformation of diamond carbon
into graphitic carbon occur when appropriate conditions of
temperature and pressure are met to increase the conversion
energy to a sufficient level in order to pass the transition state
barrier [36]. Transition metals such as Fe and Cr can also
act as catalysis for the conversion of diamond into graphite.
After conversion in graphitic carbon, the removal rate and
removal process/mechanism of the transformed carbon from
the top surface of the DLC coating will change depending
on several parameters among which, properties of the coun-
terpart material. A counterpart material with high carbon
affinity/solubility such as steel will induce accelerated wear
of the DLC film by diffusion of converted carbon within it.
A counterpart material such as chromium that decelerate
carbon diffusion will induce less wear of DLC in comparison
to steel counterpart material. A counterpart material with
low carbon affinity/solubility such as germanium will dem-
onstrate no atomic interaction with the DLC film which will
show a very low wear rate in return.

When a-C:H coating is subjected to friction and wear
test in boundary lubrication, graphitization of its top layers
at the contact area occurs regardless of the carbon affinity/
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solubility of its counterpart material. However, the specific
wear rate of a-C:H coating is high when the carbon affinity/
solubility of its counterpart material is high and low when
the carbon affinity/solubility of its counterpart material is
low [17]. When the counterpart material has high carbon
affinity/solubility such as steel which has a carbon solubil-
ity of 2.14 wt% at 1147 °C [37], graphitized carbon atoms
from the top layers of the DLC coating will react with the
counterpart material or diffuse into it, inducing high wear of
the DLC coating. However, when the counterpart material
has low carbon affinity/solubility such as germanium which
has a carbon solubility so low that it cannot be measured
below 2780 °C [21], there will be less or no atomic interac-
tions between graphitized carbon atoms from the top layers
of the DLC coating and the counterpart material, inducing
low wear of the DLC coating. We can conclude that graphiti-
zation alone without atomic interactions between the DLC
coating and its counterpart material is not enough to induce
high wear of the DLC coating.

5 Conclusion

By studying the effect of mating material and graphitization
on wear of a-C:H coating, this work investigated the rela-
tion between differences in wear behaviors of a-C:H coat-
ing and its counterpart material affinity/solubility to carbon.
Results in this study showed that graphitization of top lay-
ers of a-C:H coating occurs during friction and wear test in
boundary lubrication regardless the affinity/solubility of the
counterpart material to carbon. Correlation of those results
with wear behaviors of a-C:H coating shows that graphitiza-
tion alone does not have a significant impact on wear behav-
iors of a-C:H coating. However, graphitization combined
with atomic interactions between the a-C:H coating and its
counterpart material can lead to high wear of DLC coating.
Atomic interaction such as diffusion of carbon atoms from
a-C:H coating into counterpart material or carbide formation
are known to accelerate wear of a-C:H coating. Therefore,
the carbon affinity/solubility becomes a key parameter to
consider in the choice of a counterpart material for a-C:H
coating in boundary lubrication.
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