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A B S T R A C T

In this study, hydrogenated amorphous carbon (a-C:H) films prepared by plasma enhanced chemical vapor
deposition had distinguishing tribology behaviors in dry nitrogen, oxygen, argon, humid air and vacuum. Both
the friction and wear rates of a-C:H films sliding against Al2O3 in nitrogen and argon were lower than that in
oxygen and humid air atmospheres. And superlubricity (0.009) was achieved in dry nitrogen atmosphere for self-
mated a-C:H counterpart. From the viewpoint of various gas molecules' adsorption, the a-C:H films' friction
behavior was investigated. Micro-Raman and scanning electron microscope (SEM) were employed to study the
interfacial structural evolution and tribofilm distribution in different atmospheres. X-ray photoelectron spec-
troscopy (XPS) was used to reveal the relation between wear rate and tribo-oxidation reaction in various at-
mospheres. We confirmed that nitrogen molecule provided repulsion force at sliding interface and reduced
friction of a-C:H film. Meantime, graphitic tribofilm also played a significant role. It was stated that electronic
repulsion force aroused by adsorption was enough for ultra-low friction, while the presence of graphitic tribofilm
had synergetic effect with it in achieving superlubricity. This study provided considerations and discussions
about interfacial electronic character's effect on friction behaviors of carbon based film.

1. Introduction

Friction and wear are the majority of energy consumption on
moving mechanicals in industry [1–3]. This triggers tribologists to find
ways, like designing new lubricating oils, nano-lubricant-additives and
solid coatings, to save energy via reducing friction and wear. Interest-
ingly, diamond-like carbon (DLC) films are employed as excellent solid
lubricants in various environments to achieve superlubricity over the
past few decades [4–9]. However, friction of DLC film is sensitive to its
working environments, such as atmospheres, relative humidity etc.
[5,10,11]. Usually, hydrogen free amorphous carbon (a-C and ta-C)
film's friction coefficient (Cof.) is mainly controlled by the surface un-
terminated dangling bonds, and its corresponding friction mechanism is
of less controversy [12,13]. In inert gas and vacuum environments,
large amount of dangling σ bonds in a-C/ta-C films can cause severe
adhesion at frictional interface. Under these conditions, the friction
coefficient could be the same as diamond's (~0.3) [14]. With the in-
crease of relative humidity, water molecules can terminate the dangling
bonds which in turn lower the friction immensely [15–17]. However,

hydrogenated amorphous carbon (a-C:H) films have more complex
tribological properties due to its structural diversity and environmental
sensitivity. For instance, in vacuum condition, hydrogen saturation
dangling bonds is beneficial to the (super-) low friction of a-C:H
[4,5,18,19], though the friction coefficient can vary within one order of
magnitude as the vacuum pressure increased in a specific range [20].
But the presence of water molecules can destroy super-low friction of a-
C:H films [21,22].

Although the vacuum and pure inert atmospheres are similar in the
amount of active species, a-C:H film's friction behaviors are different in
these two conditions. Studies showed that a-C:H film had exceptional
tribological property in inert atmosphere [23], but its wear life was
strongly restricted in vacuum [20,24]. Accordingly, referred to the
friction and wear properties, role of gas molecules on sliding interfacial
of a-C:H films should be taken into full consideration. Besides, gas
molecules that follows Elovich equation could have interaction with a-
C:H film’ surface to form gas layers, which suggested that the electronic
character of frictional interface should not be overlooked as well
[25,26]. In this study, the tribological properties of a-C:H films were

http://dx.doi.org/10.1016/j.diamond.2017.06.005
Received 18 January 2017; Received in revised form 12 June 2017; Accepted 12 June 2017

⁎ Correspondence to: B. Zhang, State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, China.
⁎⁎ Corresponding author.
E-mail addresses: bzhang@licp.cas.cn (B. Zhang), zhangjunyan@licp.cas.cn (J. Zhang).

Diamond & Related Materials 77 (2017) 84–91

Available online 15 June 2017
0925-9635/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/09259635
http://www.elsevier.com/locate/diamond
http://dx.doi.org/10.1016/j.diamond.2017.06.005
http://dx.doi.org/10.1016/j.diamond.2017.06.005
mailto:bzhang@licp.cas.cn
mailto:zhangjunyan@licp.cas.cn
http://dx.doi.org/10.1016/j.diamond.2017.06.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.diamond.2017.06.005&domain=pdf


investigated in dry nitrogen, argon, oxygen, humid air and high vacuum
atmospheres. Self-mated a-C:H films achieved superlubricity in dry ni-
trogen atmosphere, which is different from that in high vacuum and
humid air (relative humidity ~37%). Synergistic effect of intrinsic H,
graphitic tribofilm and repulsion force was fully discussed.

2. Experimental details

2.1. Preparation of a-C:H films

The as-deposited a-C:H films were prepared by plasma enhanced
chemical vapor deposition system using CH4 and Ar as precursors.
Details about this system were described elsewhere [27]. A-C:H films
were deposited on monocrystalline silicon wafers and α-Al2O3 balls
(diameter of 5 mm). The silicon wafers were directly put on the
cathodic sample table and the Al2O3 balls were fixed onto stainless steel
holder using conducting resin and then put on the sample table. All the
substrate materials were carefully cleaned before they were moved into
the depositing chamber. During the depositing, direct current negative
bias of −1000 V was applied and 30 sccm CH4 and 200 sccm Ar were
fed as process gases (working pressure was kept constant at 18 Pa).
Power frequency and duty cycle were 60 KHz and 60%, respectively.

2.2. Friction tests and structural analysis

Friction tests were performed on a ball-on-disk tribo-meter, which
was entirely installed in a chamber connected with pump system and
additional gas controlling part. Bare Al2O3 balls and a-C:H coated Al2O3

balls were both employed to slide against a-C:H films (deposited on
silicon wafers). Applied normal load was 20 N. Commercial high-purity
dry nitrogen, oxygen and argon gases were employed to drive gaseous
atmospheres. And the vacuum friction tests were performed under va-
cuum pressure of 2 × 10−4 Pa. The revolution diameter was 3 mm and
the linear speed was 31 mm/s. Each of the friction tests was repeated at
least three times to ensure veracity. The friction coefficients in Fig. 3
were the calculated average values.

Frictional interface morphology was observed by optical microscope
(Olympus, DP73) and scanning electron microscope (SEM, JSM-
5601LV). The a-C:H film's cross sectional image was also measured by
SEM method, and the film thickness was calculated by the average
values at five different places. Micro-Raman (LabRam HR800, laser
wavelength of 532 nm) and X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, ESCALAB 250Xi) were employed to in-
vestigate the wear tracks and wear scars structure and chemical com-
position before and after the friction tests. Cross section profiles of wear
tracks were measured by two-mode three-dimensional surface contour
graph (AEP). Surface roughness root mean square of as-deposited a-C:H
film was observed by atomic force microscope (AFM, SPM-9500). The
film hardness and elasticity were tested on Ti-950 nano-indentation.
The a-C:H films with thickness less than 30 nm, deposited on NaCl and
then dispersed in distilled water to transfer onto Cu grids, was used for
high resolution transmission electron microscopy (TEM, JEOL 2010)
analysis.

3. Results and discussions

The as-deposited a-C:H film on silicon substrate was ~634 nm in
thickness with hardness of 14.6 GPa and elasticity of 78% (Fig. 1a and
b). The film showed amorphous character according to its high re-
solution TEM image and selected area electron diffraction pattern
(Fig. 1c). Micro-Raman spectrum was employed for a further structural
confirmation due to its effectiveness in distinguishing carbon bonding
types. Usually, amorphous carbon structure has micro-Raman spectra
that involves a G peak centered at around 1560 cm−1 wavenumber and
a D peak at around 1350 cm−1 [28]. In this study, the as-deposited a-
C:H film showed typical amorphous characteristic according to its

Raman spectrum and Gaussian fitting results: a G peak centered at
1540 cm−1 and a shoulder D peak at 1365 cm−1 (Fig. 1d).

3.1. Friction and wear behaviors of a-C:H films

It is of less controversy that friction behaviors of diamond like
carbon films are simultaneously affected by intrinsic features and en-
vironmental factors [29]. The a-C:H films' friction tests were performed
in inert atmospheres (nitrogen and argon), active atmosphere (oxygen)
and humid air (relative humidity ~37%). It can be observed from Fig. 2
that the friction of the a-C:H is closely related to environmental gas
species. Friction coefficient of a-C:H in inert species (N2 and Ar) is lower
than that in active atmospheres (O2 and humid air). Also, in Fig. 2, each
of the friction curves has incipient high friction in run-in period and
then transits into a steady state [30]. Usually, film roughness and sur-
face oxides were dominant for the run-in period [31,32]. The a-C:H
film's surface roughness RMS is 3.3 nm only (see Fig. S1), so the steady
state friction under four atmospheres was achieved within 600 sliding
cycles (Fig. 2).

The a-C:H film exhibited stable and low friction in dry nitrogen and
dry argon environments after a run-in time. However, the friction
curves fluctuate in oxygen and humid air and the friction coefficient
was higher than that in nitrogen and argon. Intrinsically, carbon film
with higher H content usually behaves lower friction in vacuum ac-
cording to previous study [33]. However, friction results here indicate
that apart from the intrinsic hydrogen content, gas atmospheres also
have pronounced effect on friction of a-C:H film. Besides, wear track in
nitrogen was more inconspicuous than that in oxygen and argon, and
the width was 154 μm, 156 μm, 123 μm and 167 μm in nitrogen, argon,
oxygen and humid air, respectively (Fig. 2 insets). The average values
of friction coefficient at steady state and wear rates calculated from the
wear tracks are shown in Fig. 3. It can be seen that coefficient in ni-
trogen (0.017) is lower than that in argon (0.023) and in oxygen
(0.069). Similar variation can be found in their corresponding wear
rates. The wear track in nitrogen is faint and corresponds to the lowest
wear rate (1.2 × 10−8mm3N−1 m−1). In argon and oxygen, the wear
rates are 2.1 × 10−8mm3N−1 m−1 and 6.0 × 10−8mm3N−1 m−1,
respectively. However, in humid air, the a-C:H film friction (0.12) and
wear rate (6.2 × 10−8mm3N−1 m−1) are the highest. The wear tracks'
sectional profiles were shown in Fig. S2. One possible reason for this is
the inert gas molecules can eliminate the shear force produced σ bonds
through physical adsorption [34]. And in humid air, water molecules
have negative effect on friction coefficient, because the adsorption of
water usually form the COO– followed by CeO bonds. And this accel-
erates the break of bulk carbon networks in a-C:H films [35]. Moreover,
interfacial nano-scale adhesion aroused by capillary force is also im-
portant because the a-C:H film is relative hydrophilic [36,37]. But
water molecules are isolated in high-purity dry nitrogen, oxygen and
argon atmospheres. Therefore, friction in humid air (Cof. = 0.12) was
higher than that in these three atmospheres.

Gas molecules' adsorption modes on a-C:H film have a close relation
with its friction behaviors [26]. Different gas molecules have distinct
effects on carbon film surface, which can explain the friction differences
in nitrogen and argon atmospheres. Another proof that the gas atmo-
sphere and bulk H have synergistic effect on the a-C:H film friction was
shown in Fig. 4. Assuming that gas molecules were incapable of ad-
sorbing on a-C:H surface physically or chemically, then it can be de-
duced that the friction in vacuum and inert atmospheres would be only
terminated by bulk hydrogen as an internal factor. As a result, their
friction coefficient should be almost the same. In fact, the friction
coefficient and wear rate of a-C:H film sliding against bare Al2O3 in
high vacuum was 0.1 and 5.6 × 10−8mm3N−1·m−1, respectively
(Fig. 4 and Fig. S2e). In vacuum, the friction freed dangling bonds were
directly brought into contact and aroused strong interfacial adhesion
[34]. The bulk stock H can partly terminate the dangling bonds;
therefore, coefficient and wear rate in vacuum are higher than that in

J. Shi et al. Diamond & Related Materials 77 (2017) 84–91

85



N2 and Ar atmospheres [38]. Hence, when the a-C:H was exposed in
various atmosphere (N2, O2 and Ar), these molecules were adsorbed to
form a gas layer that follows the Elovich equation [25,26]. Even if the
gas layer was destroyed by interfacial shear, adsorption process would

continuously conduct to form a new layer. But what is the reason for the
distinction of friction coefficient in N2, O2 and Ar? According to J.A.
et al. [25,39], when N2 molecules were physically adsorbed onto sur-
face CeH bonds, one pair of free electrons in N2 would interact with H,
which enables the adsorbed N2 molecules to stay in a relative rich-
electron state and to act as electron donators. When the twofold a-C:H
films were brought into contact, this rich-electron state could arouse
electrostatic repulsion at frictional interface. In brief, in dry nitrogen,
the low friction of a-C:H could be understood by the electrostatic re-
pulsion mechanism. For argon atmosphere, adsorption was barely
realized because Ar is monatomic molecule with stable electron struc-
ture, which would not have electron cloud interaction with C and H
atoms. Therefore, the friction coefficient of a-C:H film in Ar was higher
than that in dry N2. Unlike physically adsorbed nitrogen molecules, the
oxygen molecules are chemically adsorbed onto a-C:H film surface with
higher binding energy [40–42]. Wang et al. proved that single O atom
would react with diamond-like carbon surface to form CeOeC bonds
and lead to strong adhesion at sliding interface [41], which is contrary
to nitrogen molecules' role in reducing friction of the a-C:H film.
Therefore, the contact interface was switched to high friction regime in

Fig. 1. (a) Sectional scanning electron microscope picture,
(b) typical loading-unloading curve, (c) high resolution
TEM picture and (d) selected area electron diffraction pat-
tern of the a-C:H film.

Fig. 2. a-C:H film's friction curves in N2, O2, Ar and humid air (relative humidity ~37%).
The insets are the corresponding optical graphs of wear tracks after friction. The steady
state friction coefficient is labeled at the end of each curve.

Fig. 3. Average friction coefficient and wear rates of a-C:H/Al2O3 counterparts in Ar, N2,
O2 and humid air (relative humidity ~37%).

Fig. 4. Friction curve of the a-C:H/Al2O3 counterpart in high vacuum. The inset is the
optical graph of wear track after friction.
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the presence of oxygen molecules. Moreover, during the run-in period
in Fig. 2 (stage I), N2 molecules desorption rate on a-C:H film surface
might be larger than the adsorption rate [43–45]. So in this stage, the
friction coefficient was high and unstable. When it comes into stable
period (stage II in Fig. 2), the wear off of surface multi-asperity pro-
moted the tribofilm formation and the balance between desorption and
adsorption was achieved [46]. In this stage, the interfacial electron
character was predominant for the friction. Therefore, in nitrogen and
argon the friction was more stable and lower than that in humid air and
oxygen (Fig. 2).

Although the a-C:H/Al2O3 counterpart has been proved to exhibit
low friction in high purity nitrogen atmosphere, the adsorption capacity
still differs on these two counterfaces. If the proposed adsorption me-
chanism works at a-C:H/Al2O3 interface, then one can conclude that the
self-mated a-C:H/a-C:H counterparts would have ultra-low friction in
nitrogen, either. Because the electrostatic repulsion at self-mated in-
terface was stronger than that of a-C:H/Al2O3. As has discussed above,
the weak shear force aroused by electrostatic repulsion was formed at
frictional interface of Al2O3/a-C:H. In this case, the electrostatic re-
pulsion was mainly between the adsorbed nitrogen molecules and
Al2O3 surface as well as the surrounding N2 molecules. However, for the
condition of self-mated a-C:H/a-C:H counterparts, both of the two
counterfaces were available for adsorption, which severely increased
the interfacial repulsion force. Therefore, superlubricity could be
achieved. This hypothesis was identified by friction test shown in Fig. 5.
The a-C:H films were deposited on both Al2O3 and Si to obtain self-
mated a-C:H counterfaces. After a run-in period, superlubricity
(Cof. = 0.009) was reached. Moreover, the wear rate calculated from
the wear track profile (Fig. S2f) was 6.2 × 10−9mm3N−1 m−1, which
is even lower than that of a-C:H/Al2O3 counterface in nitrogen. Hi-
therto, systematic friction tests reveal that electrostatic repulsion force
aroused by nitrogen molecules' adsorption has a significant effect on a-
C:H film's superlubricity. And the severe interfacial adhesion aroused
by O2 chemical adsorption was predominant for the high friction
coefficient of a-C:H film.

3.2. Micro-Raman characters of tribofilm

Carbon atoms in a-C:H film were connected by σ and π bonds, which
were thermodynamically non-equilibrium according to the atomic and
electronic structure model proposed by Robertson [47,48]. Graphiti-
zation [49] process under shear stress usually signifies that proportional
sp3-C phase transformed into sp2-C phase, which was thermo-
dynamically more stable. In previous studies [50,51], this process was
proved to be associated with film bulk atoms' rearrangement and sa-
turation of dangling bonds (freed by the shear stress) by environmental
species. This tribo-induced hybridization change was even detected in

mild condition for nanocrystalline diamond [52]. In brief, friction in-
duced graphitization process could be described as follows: at first step
the film bulk hydrogen atoms released and leaded to film lattice re-
laxation and then shear deformation promoted the formation of gra-
phitic phase [53].

Fig. 6 shows the ensemble of Raman spectra (532 nm): as-deposited
a-C:H film, friction interface including wear scars on Al2O3 and wear
tracks on a-C:H. It was revealed that the as-deposited film had typical
Raman characteristic of amorphous carbon structure: G peak centered
at 1540 cm−1 and a broad shoulder peak at around 1365 cm−1 (see
fitting results in Fig. 1d). While after the friction in nitrogen atmo-
sphere, Raman spectrum of wear scar center showed obvious change
(Fig. 6a): D peak intensively aroused and G peak became sharper and
peak center moved to higher wavenumber. Similar Raman change was
also found in a-C:H wear track center in nitrogen (Fig. 6a). These two
additional sharp and narrow peaks could be assigned to DGR

(1330 cm−1) and GGR (1580 cm−1) [52]. G E2g symmetry breathing
represented the in-plane stretching breathing mode of sp2-C pair-atoms
in aromatic and olefinic molecules more than in six-fold rings. While
the symmetry breathing D band intensity arouse signifies the presence
of sp2 atoms in clusters or six-fold aromatic rings in disordered structure
[52,54]. But the peak width is broader than that of perfect graphite,
which reveals a long range disordered characteristic compared to per-
fect nano-graphite [55]. Besides, in the case of self-mated a-C:H coun-
terparts in nitrogen (Fig. 6d), D and G peak locations of wear scar center
were one-to-one corresponding to 1330 cm−1 and 1580 cm−1. Clearly,
Raman spectra variation in N2 friction indicates that the wear scar
centers (a-C:H/Al2O3 and twofold a-C:H) were covered with friction
induced graphitic tribofilm that experienced transformation from sp3-C
phase into sp2-C phase. Similarly, in dry oxygen friction, the Raman
spectra of wear track and wear scar edge also showed DGR and GGR

arousing (Fig. 6b). However, it was noticeable that the Raman spectra
of wear scar centers (real contact area) in both oxygen and argon only
showed typical peaks of Al2O3 (Fig. S3), which directly reveals that the
tribofilm was destroyed in these two atmospheres. In other words, in
oxygen and argon atmospheres, the wear scar centers were bare with no
tribofilm. Overall, superlubricity was only achieved in nitrogen, but the
friction coefficient in argon was 0.023. It can be concluded that the
electronic repulsion force aroused by adsorption was enough for ultra-
low friction, while the presence of graphitic tribofilm had synergetic
effect with it in achieving superlubricity.

In dry nitrogen, wear debris from a-C:H/Al2O3 counterpart were
discontinuously wrinkled at the wear scar center and small amount of
shelled particles were distributed at wear scar edge (Fig. 7a). When the
a-C:H coated Al2O3 balls were sliding against a-C:H films in dry ni-
trogen, the corresponding wear debris were rod-like (Fig. 7d). While for
the condition of a-C:H/Al2O3 counterpart in oxygen and argon, a great
deal of cotton-like particles distributed at the wear scar edges could be
observed from the enlarged views (insets in Fig. 7b, c). As shown in
Fig. 6, wear scars edges of bare Al2O3 in oxygen, argon and the a-C:H
coated Al2O3 in nitrogen all showed graphitic characteristic, but this
feature was only achieved at wear scar center areas in dry nitrogen.
Another significant factor for the formation of tribofilm was the low
shear force provided by adsorbed N2 molecules on a-C:H surface as was
discussed before. More specifically, self-mated a-C:H counterparts in
dry nitrogen generated dipoles at interface to protect the existence of
tribofilm. However, in the case of oxygen, the tribofilm was destroyed
and sprayed to wear scar edge due to strong interfacial adhesion effect
aroused by chemical adsorption. Similarly, the pin and disk were
brought into direct contact and the formation of tribofilm at wear scar
center was also prevented in argon atmosphere. Hence, these two fac-
tors could explain why superlubricity was only achieved for self-mated
a-C:H counterparts in dry nitrogen (Cof. = 0.009). In conclusion,
combined with the tribofilms' structure (Raman) and distribution (SEM)
analysis, it is clear that the graphitic tribofilm was destroyed in the
presence of oxygen and argon. The wear debris was formed by peelingFig. 5. Friction curve of self-mated a-C:H films in N2 atmosphere.
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off during the initial friction period and then was sprayed to the edge
areas. In conclusion, both the Al2O3/a-C:H and self-mated a-C:H
counterparts' ultra-low friction were attributed to the nitrogen terminal
electrostatic repulsion and graphitic tribofilm.

3.3. XPS analysis of wear tracks

Although the friction coefficient of a-C:H film has been proved to be
closely related to gas molecules' adsorption, its wear rates need to be
further discussed. It seems that the wear rate had no direct relation with
friction coefficient. For example, in Fig. 2 the wear rates of a-C:H in
oxygen and humid air are approached, while their friction coefficients

Fig. 6. Micro-Raman spectra of WT center, WS center and WS edge on
uncoated Al2O3 surface in (a) dry nitrogen, (b) dry oxygen, (c) dry
argon atmospheres and (d) on a-C:H coated Al2O3 surface in dry ni-
trogen. (WT: wear track, WS: wear scar).

Fig. 7. SEM pictures of wear scar areas on uncoated Al2O3

balls sliding against a-C:H films in (a) N2, (b) O2, (c) Ar and
(d) on coated Al2O3 surface in dry N2 atmospheres. Insets
show the corresponding enlarged SEM pictures of framed
areas.
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have big difference. In this section, in order to get an insight into the
effect of frictional interface chemical state change on wear rates, the
XPS analysis was performed. The C1s spectra before and after friction
tests were all shown in Fig. 8. The as-deposited bulk C1s spectrum was
fitted into three components centered at 284.6 eV (sp2 C), 285.3 eV (sp3

C) and 286.4 eV (CeO bond), respectively (Fig. 8a) [22]. Here the ratio
of deconvolution CeO peak to C1s peak was used to estimate the
content of CeO bonds. Small amount of CeO bonds (4.0%) presented in
the original film surface. This is because the film was moved out of the
chamber after depositing and was exposed in air (Fig. 8a). In nitrogen
atmosphere (Fig. 8b), this ratio of wear track centers for both bare
Al2O3-as-pin (6.8%) and a-C:H coated Al2O3-as-pin (6%) show no ob-
vious change compared with the original 4.0% ratio. Moreover, wear
rates in these two conditions are 1.2 × 10−8mm3N−1 m−1 and
6.2 × 10−9mm3N−1 m−1, respectively. Therefore, the XPS analysis
further proved that the adsorbed N2 molecules serve as an adsorbed
layer in boundary lubrication. On one hand, this protective layer acted
as electron donator to provide low friction coefficient (Fig. 3) due to
repulsion force. On the other hand, the wear rate in nitrogen (Fig. 3)
was dramatically reduced because of this isolation effect. Similar C1s
spectrum characteristic was found in argon atmosphere (Fig. 8d). This
is because both nitrogen and argon molecules were not involved in
tribo-oxidation reactions [25]. The difference between them is N2 is
physically adsorbed while Ar is barely adsorbed onto the film due to its
electron orbits structure and just played a role in isolating the contact
counterfaces. Therefore, both the friction coefficient and wear rate in
Ar are higher than that in N2 (shown in Fig. 3). Unlike the chemical
inert nitrogen and argon, oxygen and H2O molecules were adsorbed
onto the shear stress freed CeC bonds to form abundant CeO bonds
during sliding [56]. The CeO peak intensity obviously increased and
the CeO bond ratio increased to 12.1% in oxygen (Fig. 8c). Peak fitting
results in humid air (Fig. S4b) was similar to that of oxygen atmosphere
and its CeO ratio was 12.7%. According to Kim et al., tribo-oxidation
reaction was more severe in the presence of oxygen and water

molecules [21,57]. Therefore, wear rates were higher in oxygen and
humid air than that in nitrogen and argon atmospheres (Fig. 3), and the
formation of tribofilms were destroyed easily (Fig. 7). It seems that the
friction coefficient is profoundly affected by gas molecules adsorption
while the tribo-oxidation is dominant for the wear rates [17,22,23,58].
In brief, the friction and wear behaviors of the a-C:H film in various
atmospheres could be understood as follows. In dry nitrogen, repulsion
force aroused by adsorption has a synergistic effect with graphitic tri-
bofilm covered at wear scar center upon superlubricity. While in the
presence of active species (oxygen and H2O), the friction coefficient and
wear rate were high due to strong adhesion aroused by chemical ad-
sorption and the tribo-oxidation reaction [59,60]. Simultaneously, tri-
bofilm at wear scar center was destroyed. However, argon molecules
induced no tribo-oxidation reaction due to its chemical stability in
electronic structure [61]. Therefore, the friction coefficient and wear
rate in argon located between oxygen and nitrogen atmospheres. But in
high vacuum, the generation of dangling bonds freed by shear stress
was the main reason for its high friction coefficient and wear rate.

4. Conclusion

In this study, chemical vapor deposition prepared a-C:H film was
revealed to have varied friction coefficient and wear rate in different
atmospheres. Effect of physical and chemical state of frictional interface
on its tribological property was discussed. From the comparison results
of various atmospheres (N2, O2, Ar, humid air) and high vacuum fric-
tion, it was indicated that gas species have pronounced effect on a-C:H
film's tribological properties. Physically adsorbed N2 gas layer aroused
repulsion force and provided superlubricity for self-mated a-C:H
counterparts. Meanwhile, tribofilm has a synergistic effect with gas
adsorption on superlubricity. Tribofilm at wear scar center in dry ni-
trogen experienced transformation of amorphous structure to sp2 rich
graphitic phase in small range. While in oxygen, argon and humid air,
the tribofilm at wear scar center was destroyed easily. In the presence of

Fig. 8. Comparison of the C1s XPS spectrum of (a) as-deposited a-C:H bulk, (b) wear track center of a-C:H sliding against bare Al2O3 (inset shows self-mated a-C:H) in dry nitrogen, (c) in
dry oxygen and (d) in dry argon.
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active species (oxygen and H2O) both the friction and wear rate in-
creased.
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