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Ultra-low friction of amorphous carbon (a-C) film can be achieved by binding to hydrogen atoms or texturing
conformations. However, it remains unclear how selective surface hydrogenation affects the friction behavior of
textured a-C film. In particular, the corresponding transformation of interfacial structure and the movement of
hydrogen atoms have not yet been reported because of the limitation of in-situ experimental characterization.
Here, textured a-C films with selective hydrogenated surfaces were prepared, and the corresponding friction
response and the transformation of interfacial structure were investigated systematically using reactive molec-
ular dynamics simulation. Results showed that introducing hydrogen atoms to the selective bump sites of
textured a-C surfaces significantly reduced the friction coefficient; however, its efficiency was closely sensitive to
the hydrogen content, which was related to the interfacial passivation and the repulsion effect induced by H
atoms. Most importantly, the separation of —~CH clusters from textured a-C surface during sliding process and
their re-bonding with the naked mating a-C surface played a key role in further enhancing the repulsive effect
between contacted a-C surfaces, thereby improving the anti-friction behavior, which has not been mentioned in
previous studies. These results suggest a new approach to develop the high-efficient a-C friction system for
applications.

1. Introduction

In recent years, the storage density of hard-disk drives has been

important candidates as protective film for hard disks and related micro-
electromechanical systems (MEMS) and nano-electromechanical sys-
tems (NEMS) [5,6].

rapidly increasing. However, to increase the storage density is to reduce
the distance between the magnetic head and disk (~3.5 nm) [1,2]. Thus,
wear on the magnetic pole tips is a major problem that weakens the
recording performance[3,4]. In addition, oil-free lubrication is required
because of the limitations of the read-write environment. Therefore, the
development of nanoscale lubricating materials and technologies is
urgent.

An amorphous carbon (a-C) film is a generic term for a large class of
amorphous carbon-based materials, mainly composed of sp® (diamond
phase) and sp? (graphite phase) hybridized networks. It exhibits excel-
lent properties, such as high hardness, low friction coefficient, good
resistance to wear and corrosion, and biocompatibility [3]. In particular,
ultrathin a-C films have atomic-level smooth surfaces, making them

In order to further enhance the anti-friction performance of a-C film,
many approaches have been conducted. Among them, texturing the a-C
surface has been proven to be effective for reducing friction and wear
[7]. For example, Arslan et al. [8] found that a surface texture with the
optimal size of the structure (100 pm in diameter and 6 ym in depth)
could drastically degraded the friction and wear of a-C films by storing
abrasive chips. Although a suitable surface texture achieves a synergistic
improvement in anti-friction by storing graphitized abrasive chips and
lubricants during sliding [9,10], it is still vulnerable to risk of reconfi-
guration under high pressure and heavy loads. This cannot satisfy the
required overall performance of a-C films for practical applications
[11,12].

In addition, the introduction of hydrogen atoms onto a-C surface is
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Fig. 1. Friction model consisting of textured a-C as the lower film obtained through selective surface hydrogenation and untextured a-C as the upper mating film.

also suggested, which can exhibit a super-lubricated state under vacuum
and nitrogen atmospheres by passivating the unsaturated carbon atoms
of the a-C surface [13,14]. For example, Erdemir et al. [15] highlighted
the importance of the H/C ratio on the tribological performance of hy-
drogenated a-C (a-C:H) films, stating that a high H/C ratio was funda-
mental to achieving superlubricated properties. Wang et al. [16]
combined experimental phenomena and molecular dynamics (MD)
simulations to investigate the potential connection between the triboe-
mission of hydrocarbon molecules during the friction process and
tribological properties of a-C:H films.

Until now, there are few studies on the synergetic effect of both
surface hydrogenation and texturing of a-C films. Song et al. [17] pre-
pared textured a-C:H films with different groove distances and found
that the most extended wear life was exhibited at a distance of 0.5 mm. It
was proposed that the texture could inhibit and further trap hard
abrasive debris during the friction process, thereby effectively pre-
venting the lubrication failure of a-C:H. However, the complete hydro-
genation of a-C films normally deteriorates the intrinsic mechanical
properties; only surface hydrogenation, especially selective hydroge-
nation at the frictional contact sites of textured a-C surfaces, has never
been studied. Moreover, owing to the complexity and diversity of fric-
tion interfaces and even possible interfacial reconfigurations as well as
the limited in-situ experimental characterization, an accurate under-
standing of friction interface from macroscopic experiments remains
unavailable, which causes an unclear friction mechanism and also
seriously hinders the effective applications of a-C films [18-20].

In this work, considering the shielding effect of hydrogen atoms
which can occupy the active sites of a-C surfaces [15,21-23] and thus
prevent frictional failure of the surface texture, a textured a-C film was
pre-fabricated first and then hydrogen atoms were selectively intro-
duced onto the textured a-C surface, that is the frictional contact site of
the mating a-C films, to study the coupling effect of surface texture and
hydrogen passivation. The friction dependence of the textured a-C sur-
faces on surface hydrogen content was mainly investigated through
reactive MD (RMD) simulation. In particular, the corresponding trans-
formation of the interfacial structure, including the hybridized struc-
ture, interaction between a-C and hydrogen atoms, and the flow
behavior of hydrogen atoms, were systematically explored to reveal the
underlying mechanism. These results can provide theoretical guidelines

for the effective design and modulation of a-C film used as surface
protective material of hard disk and MEMS components.

2. Methods

All RMD calculations were performed using a large-scale atomic or
molecular massively parallel simulator [24]. Fig. 1 shows a friction
model consisting of a textured a-C with selective surface hydrogenation
as the lower film and an untextured a-C as the upper mating film. A
three-step method was used to fabricate this model. First, the initial H-
free a-C structure containing 38,875 carbon atoms was deposited using
the atom-by-atom method [25], which had a size of 128.64 x 40.36 x
94.16 A® and an sp® fraction of 21 at% and sp? fraction of 63 at%. The
initial structure was treated as an upper mating film, as shown in Fig. 1.
Then, high-pressure gases with different numbers of Hp molecules were
introduced onto the surface of this initial a-C structure followed by
annealing at 600 K to obtain hydrogenated surfaces with different
hydrogen contents, as described in a previous study [26]. These hy-
drogenated a-C films were tailored to obtain textured surfaces with a
similar rectangular shape, in which the textured width along the x di-
rection was 30 A, the depth along the z direction was 10 A, and the
length along the y direction was maintained at 40.36 A. However, the
hydrogen atoms at the bump location of the hydrogenated a-C surface
remained (Fig. 1), resulting in the formation of selective hydrogenated
textured a-C surfaces with different surface hydrogen contents, which
was selected as the lower film in Fig. 1, respectively. Based on the
different contents of hydrogen atoms at the surface of the lower film, the
textured a-C films were named DRY@0%, DRY@10.5%, DRY @24.2%,
and DRY@32.1%, respectively. Even if the texture size was smaller than
that used in the experiment, it was sufficient to extract information
about the in-situ friction interface and reveal the fundamental differ-
ences induced by different hydrogen contents at the textured a-C sur-
faces, providing insights on the designs of a-C films, particularly the
nanoscale for hard disk, MEMS, and NEMS applications.

Prior to the sliding process, the friction system was divided into three
layers, including a fixed layer, a thermostatic layer, and a free layer, as
shown in Fig. 1. The fixed layer was used to simulate an infinite system.
The thermostatic layer was a constant temperature layer consisting of an
NVE set of a Berendsen thermostat maintained at 300 K [27]. The free
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Fig. 2. Friction properties of the different systems: (a) friction force and normal load curves of each system with sliding time and (b) dependence of friction co-

efficient on the surface H contents of lower textured a-C film.

layer comprised the remaining a-C and hydrogen atoms, which were
used to simulate the friction-induced structural evolution at the inter-
face. The time step was 0.25 fs and periodic boundary conditions were
imposed in both the x and y directions. The ReaxFF potential developed
by Tavazza et al. was used to describe the C-C, C-H, and H-H in-
teractions in the entire system [28], and its reliability and accuracy were
validated in our previous studies [12,25,29,30].

During the friction simulation, the entire system was first relaxed at
300 K within 2.5 ps, and then the upper a-C film was loaded onto the
lower textured a-C film within 25 ps until the specified contact pressure
value was reached. Finally, the fixed layer of the upper a-C film was
applied with a constant sliding speed (100 m/s) along the x direction for
750 ps. It should be noted that a contact pressure of 5 GPa has been
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found suitable for studying the friction behavior of a-C films at the
atomic scale [31-34]. Furthermore, due to simulation time and
computing resource constraints, a higher sliding velocity is required to
simulate a longer sliding distance and sample sufficient spatial phases
[12,29].

3. Results and discussion

To evaluate the effects of the degree of surface hydrogenation on the
frictional characteristics of a-C films, the friction and normal load values
for each time step are calculated from the total number of fixed atoms
operating in the bottom a-C layer along the sliding direction, as shown in
Fig. 2(a), which shows the friction and normal load curves with respect
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Fig. 3. Structural evolution of system: (a) density distribution and (b) changes in the fractions of sp>-C, sp>-C, sp-C, and 1-coordinated C hybridized bonds.
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Fig. 4. Evolutions of interfacial morphologies of friction systems with different surface H contents of the lower textured a-C films during the sliding process.

to frictional sliding time [30]. The results indicate that for each system,
the friction force initially increases with sliding time and then remains
steady until the sliding is completed. However, the friction curves
exhibit a substantial correlation with the hydrogen contents of the
textured a-C surfaces. The DRY@0% system shows a high friction force
and significant running-in process. In contrast, the friction force is
reduced considerably, and the running-in process is also shortened with
an increase in the surface hydrogen content. The friction curves of the
DRY@32.1% system are similar to those observed in oil lubrication,
suggesting that hydrogen atoms may act as barriers to prevent a-C sur-
faces from coming into contact with each other [30].

The average friction force and normal load during the steady-state
friction stage are calculated using the values of the last 200 ps to
quantify the effect of different surface hydrogen contents on friction
behavior. As shown in Fig. S1 of Supporting Information, the results
show that system with higher hydrogen content has reduced friction,
demonstrating the critical function of hydrogen atoms in friction
reduction [14]. The friction coefficient is estimated using the average
friction force and normal load values. Fig. 2(b) shows that the friction

coefficient decreases monotonically with increasing hydrogen content.
Compared to the DRY@0% system, DRY@32.1% results in a 95%
reduction in the friction coefficient, which exhibits the best anti-friction
ability compared to DRY@10.5% and DRY@24.2%. In addition, the
values for the friction coefficient obtained from the present simulations
are generally higher than the experimental values, as shown in Fig. 2(b),
which is attributed to the high bonding strength of the mating materials
caused by the absence of surface pollution and passivation [12,25].

To explore the potential friction mechanism induced by the different
surface hydrogen contents of lower textured a-C, the transformation of
the interfacial structure, which is closely related to friction behaviors,
has to be analyzed [26]. First, it is necessary to explore the changes in
the physical properties of the interface. As shown in Fig. 3(a), the density
of the system tends to be stabilized with the increase of surface hydrogen
content. For DRY@0% system, the drastic change in density implies the
collapse of the structure. For DRY@10.5% system, the introduction of
hydrogen atoms effectively improves the physical structure of the
interface. However, for the highly hydrogenated system, such as
DRY@24.2% and DRY@32.1%, the interface layer remains stable even
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Fig. 5. Change in the number of covalent bonds between mating a-C surfaces
caused by cross-linking during the sliding process for each case.

at the end of sliding process, suggesting that the change of hybridized
structure mainly occurs at the interface layer.

Considering the drastic change of the mass density in the system,
especially DRY@0%, the hybridized structure is analyzed based on the
whole system rather than just the interface layer. Fig. 3b shows the
changes in the hybridized structure during sliding process. The results of
the DRY@0% and DRY@10.5% systems show that with sliding time
ranged from O to 750 ps, the sp3 fraction decreases, whereas the sp2 and
sp fractions increase. As a result of shearing effects, the sp> structure is
converted into an sp? structure, which is thermodynamically more sta-
ble. In addition, re-hybridization of the mating surface leads to a dra-
matic change in the interfacial structure during sliding process.
However, the sp® structure increases with increasing hydrogen content,
which indicates an improvement in the interfacial passivation. For
DRY@24.2% and DRY@32.1% systems, the a-C hybridized structures
almost have no charge during the sliding process, indicating that
hydrogen-induced passivation makes the a-C surface chemically stable.
Changes in the hybridized structures induced by different hydrogen
contents indicate the dominant role of hydrogen atoms in anti-friction
properties.
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The introduction of hydrogen atoms passivates the unsaturated
carbon atoms at the a-C surface, which makes the interfacial structure
more stable, explaining to some extent the reduction in the friction co-
efficient [14,35]. However, the mechanism by which hydrogen-induced
passivation improves the sliding interface during the sliding process
remains unclear.

Fig. 4 shows the evolutions of interfacial morphologies of friction
systems with different surface H contents of the lower textured a-C films
during the sliding process. In the DRY@0% system, the textured layer is
deformed due to shearing at approximately 28 ps and completely
collapsed at approximately 56 ps. In contrast, the collapse of the
textured layer is also observed in the DRY@10.5% system. However, the
duration of the collapse is significantly prolonged, suggesting that the
presence of hydrogen atoms prevents the cross-linking and re-
hybridization of the mating a-C. However, its efficiency strongly de-
pends on the content of hydrogen atoms. A clear frictional contact
interface is still observed at the end of the sliding process in system with
high hydrogen content, indicating that the system with high hydrogen
content further passivates the a-C interface by shielding the C-C cova-
lent bonding, as confirmed by the above-mentioned analysis of hybrid-
ized structure (Fig. 3).

In addition, in system with high hydrogen content, the aggregation
of the hydrogen atoms at the interface forms a hydrogen-rich layer
(Fig. 4). A similar phenomenon was observed by Li [25]. This causes a
regional concentration of atomic hydrogen stress. Although the breaking
of C-H bonds is not observed, Fig. 4 clearly shows a large number of -CH
clusters separated from the lower textured a-C and re-bonded to the
upper naked a-C surface. This is contrary to those reported by Erdemir
and Kubo [36,37].

Moreover, as indicated in Fig. S2 of Supporting Information, a small
number of larger hydrocarbon molecules are found at the interface. A
similar phenomenon is observed in Wang’s study [16]. Interestingly, at
the end of the sliding process, the a-C bond angles at the upper surface
tend to be parallel to the sliding direction. Such an ordered surface
structure also contributes to the decrease in the friction coefficient [38].
The potential connection between these phenomena and the reduction
in the friction coefficient is explored in detail below.

Prior to that, the change in the number of C-C covalent bonds be-
tween the mating a-C surfaces caused by cross-linking is recorded for
each system during the sliding process. The final bonding at each time
step is counted without the process from breaking to bonding [16]. As
shown in Fig. 5, the number of bonds in DRY@0% and DRY@10.5%
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systems increase quickly with sliding time. In contrast, the presence of a
large number of hydrogen atoms in DRY@24.2% and DRY@32.1%
systems almost isolate the C-C bonding, which provides quantitative
evidence for the passivating effect of hydrogen atoms on the friction
interface.

As shown in Fig. 6, the hydrogen atoms exhibit tensile stress during
the sliding process, which corresponds to strong repulsive force. In
systems with higher hydrogen contents, the hydrogen atom stress is
mainly distributed at the sliding interface, which corresponds to the
aggregation of hydrogen atoms, as shown in Fig. 4. The corresponding
stress concentration is more pronounced in the DRY@32.1% system.
Furthermore, at the end of the sliding process, the heat maps in the X-Y
plane for the stress distributions of the hydrogen atoms are provided.
The results show that hydrogen atoms are mainly present on the
textured bump surfaces. The hydrogen atoms also tend to concentrate
regionally as the hydrogen content increases, resulting in a reduced
contact area, which supports the reduction in the friction coefficient. In
the DRY@10.5% system, many hydrogen atoms are subjected to rela-
tively large forces due to cross-linking and re-hybridization, where
repulsive interactions between hydrogen atoms are hindered and in-
teractions with intrinsic a-C are enhanced. For the DRY@24.2% and
DRY@32.1% systems, strong repulsive interaction between hydrogen
atoms separates the upper and lower a-C surfaces, as shown in Fig. 4.

The behavior of the hydrocarbon molecules bonded to the surface of

Simplified mating a-C

0 20

40

80 100 120 140

Displacement along sliding direction(A)

Fig. 8. Displacement of hydrogen atoms in the last 150 ps during the sliding process for each case.
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Fig. 9. Friction mechanism of textured a-C film caused by selective surface
hydrogenation.

upper a-C in Fig. 4 indicates the possible mobility of the hydrogen atoms.
To describe the mobility of hydrogen atoms in the various systems, the
mean square displacement (MSD) of the hydrogen atoms during sliding
is plotted. As shown in Fig. 7, the MSD increases gradually with the
sliding time and strongly depends on the hydrogen content. Based on the
MSD values marked with gray backgrounds, the diffusion coefficient of
the hydrogen atoms along the sliding direction is calculated for each
case, which increases monotonously as a function of hydrogen content.

The MSD curves show an unexpectedly high mobility, implying that
some hydrogen atoms follow the flow of upper a-C. This is the main
effect of repulsive forces between hydrogen atoms on friction reduction.
First, the number of hydrocarbon bonds during the sliding process are
calculated to determine the behavior of the flow of the hydrogen atoms.
As shown in Fig. S3 of Supporting Information, the number of hydro-
carbon bonds barely changes during sliding process, indicating that the
C-H bonds are not broken. Combined with the C-C bonding shown in
Fig. 4, it is qualitatively demonstrated that the friction-induced shearing
effect breaks the C-C bond, not the C-H bond. Most of the broken hy-
drocarbon clusters carrying hydrogen atoms are re-bonded to the carbon
atoms at the naked upper a-C surface and thus follow their flow

Applied Surface Science 614 (2023) 156246

behavior.

Fig. 8 shows the displacement of hydrogen atoms in the last 150 ps of
the sliding process, in which the different colored particles indicate the
magnitude of the displacement. It can be observed that the majority of
hydrogen atoms show low and high mobilities. The atoms with low
mobility are those that are stable on the lower bump surface; the high
mobility of atoms is caused by their bonding with the upper sliding
surface. However, there are also some hydrogen atoms exhibiting tiny
displacements in the form of free hydrocarbon molecules at the friction
interface, as presented in the Fig. S2 of Supporting Information.
DRY@10.5% system exhibits anomalous mobility of hydrogen atoms
owing to cross-linking of mating a-C films. For DRY@24.2% and
DRY@32.1% systems, despite the relatively small number of hydrogen
atoms with high mobility, they contribute most of the MSD in the sliding
process. Most importantly, these highly mobile atoms bonded with the
upper surface provide a more stable repulsion with those on the lower
surface during the sliding process, resulting in an easy shearing of the
friction interface [32]. This not only enhances the mobility of the
hydrogen atoms but also causes a further reduction in friction, thus
resulting in low friction coefficients, as illustrated in Fig. 2.

The improvement in the friction properties of the textured a-C films
caused by selective surface hydrogenation is demonstrated. It shows the
effect of hydrogenated textured surface on the friction properties of a-C
film. As shown in Fig. 9, the main mechanisms are as follows.

e The addition of hydrogen atoms onto the bump surface of the lower-
textured a-C film shows a significant passivating effect on the active
a-C surface. At low hydrogen contents, the exposed a-C surface suf-
fers structured depressions and is vulnerable to hybridization. With
increasing hydrogen content, sufficient hydrogen atoms prevent a-C
from coming into contact with each other, drastically reducing the
friction.

During the sliding process, on the one hand, the hydrogen atoms tend
to be stabilized on the surface of the structured bump, resulting in a
large number of hydrogen atoms clustering regionally and gener-
ating high tensile stresses. On the other hand, the shearing effect
breaks the C-C bonds on the lower surface rather than the C-H
bonds, generating many —CH clusters. Most of these separated hy-
drocarbon clusters re-bond to the upper mating a-C surface, whereas
a small number are free at the friction interface.

The hydrogen atoms bound to the upper a-C surface produce a stable
repulsive effect with the hydrogen atoms on the lower surface. The
enhanced repulsive effect facilitates the sliding of the friction inter-
face, further reducing the friction coefficient of the system. In
conjunction with Wang’s report [16], frictional emission phenomena
under regular textural condition indicate that abrasive chip storage is
observed from the atomic-level.

4. Conclusion

In this study, the friction properties of textured a-C films with se-
lective surface hydrogenation and associated tribochemical reactions
were investigated using RMD simulations to determine the underlying
friction mechanism. The results contributed to the following
conclusions:

1) The introduction of hydrogen atoms significantly reduced the fric-
tion of the textured a-C film, and the friction coefficient mono-
tonically decreased with increasing surface hydrogen content.

2) The strong connection between mating a-C surfaces created by C-C
cross-linking and bonding prevented the friction interface from
sliding, resulting in a high friction coefficient for the DRY@0%
system.

3) For the DRY@10.5% system, the introduction of hydrogen atoms
passivated the friction interface and reduced the degree of cross-
linking between mating a-C surfaces. With a further increase in the
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surface hydrogen content, such as DRY@24.2% and DRY@32.1%,
the friction interface was highly passivated to shield the contact
between the mating a-C surfaces. In addition, a large aggregation of
hydrogen atoms occurred at the friction interface during sliding,
generating a high tensile stress. In particular, the separated —CH
clusters from the lower textured surface re-bonded with the naked
upper a-C surface, enhancing the repulsive effect between the
hydrogen atoms. These factors contributed to the drastic decrease in
the friction coefficient. However, the structural ordering of the upper
a-C along the sliding direction observed in this study also had a
favorable effect on the anti-friction property.

This study demonstrated the effect of the selective hydrogenation
degree of textured a-C surface on friction behavior and elucidated the
fundamental mechanism. These results can provide guidance and
insight on the design and regulation of textured a-C with high per-
formance for applications, particularly in the fields of hard disks and
MEMS/NEMS systems.
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