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A B S T R A C T

Friction behavior of self-mated amorphous carbon (a-C) films with hydrogenated surface were investigated by
reactive molecular dynamics simulation. Results revealed that compared to the hydrogenated a-C (a-C:H) films,
hydrogenating the a-C surface only improved the friction property drastically while not deteriorating the in-
trinsic properties of a-C films. The analysis of interfacial structure demonstrated that being different with a-C:H
cases, the competitive relationship between the stress state of H atoms and interfacial passivation caused by H
and C-C structural transformation accounted for the evolution of friction coefficient with surface H content. This
discloses the friction mechanism of a-C with surface hydrogenated modification and provides an approach to
functionalize the carbon-based films with combined tribological and mechanical properties for specific appli-
cations.

1. Introduction

Amorphous carbon (a-C) is endowed exceptionally well-supplied
physicochemical properties, such as high hardness, low friction coeffi-
cient, and corrosion resistance, due to the controllable nanocomposite
structure consisted of sp, sp2, and sp3 bonding states [1,2]. Especially
for hydrogenated a-C (a-C:H) film, the excellent anti-friction property
makes it being a strong candidate as solid lubricant for the engineering
applications of space-based technologies, automobile engine, and mi-
croelectromechanical systems [3,4].

Many efforts also have been conducted to explore the insight into
the low friction behavior of a-C films [5–11], and the most popular
postulations for the friction mechanism are surface/interface passiva-
tion [5–8] and sp3-to-sp2 structural transformation [8–11]. For ex-
ample, Erdemir et al. [5] reported that the elimination of strong
covalent and π-π* interactions at the sliding a-C interfaces, combined
with the better shielding of carbon atoms by H passivation, resulted in
the superlubricity of a-C:H film. Ma et al. [8] studied the friction be-
havior of a-C:H by molecular dynamics (MD) simulation and revealed
that for the film with high H content, a hydrogen-rich monolayer was
found at low normal load, functioning as a lubricating transfer layer,
while in the film with low H content, the formation of nanocrystalline
graphene-like lamellar structure at high normal load, acting as a

lubricating agent, contributed to the friction coefficient reduction.
Although a-C:H film is capable of providing a near-frictionless lu-

brication state under dry sliding condition [12,13] and the above-
mentioned results [5,8] also clearly suggest that hydrogen in a-C:H
films plays significant improvement in friction reduction, introducing H
into a-C film unexpectedly raises the risk of weakening the intrinsic
hardness of a-C film [1,5], which cannot satisfy the demands for the
combined properties of a-C film in practical application. According to
the H-induced passivation mechanism for low friction, is it possible to
only functionalize the a-C surface via H for achieving the anti-friction
capability while not deteriorating the intrinsic nature of a-C film? Bai
et al. [14] investigated the H-terminated a-C films by molecular simu-
lation and found that the existence of antibonding interaction and large
repulsive forces on the interface resulted in lower friction coefficient
than that of carbon surface model, which was in accordance to the a-
C:H cases. Gao et al. [15] also revealed lower friction coefficient of a-C
with surface hydrogen than that of H-free case. However, the effect of
H-induced surface passivation degrees on the structural properties of
friction interface is still not fully elucidated yet, which cannot be col-
lected from previous a-C:H films. In addition, its dependence on contact
pressure, which may induce the tribochemical reactions and re-
structuring of friction interface, is also lacked. This is requisite to pro-
vide the scientific understanding on the friction behavior and also
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realize the modulation of a-C surface with effective technique appli-
cation.

In the present work, by reactive MD (RMD) simulation using ReaxFF
force field, we investigated the atomistic friction behaviors of self-
mated a-C with hydrogenated surface (a-C@H), the contact pressure
was changed to control the contacting state between the self-mated a-
C@H surfaces, and the effect of surface H contents on structural
properties were systematically analyzed to unveil the underlying fric-
tion reduction mechanism. The results exhibited more superior anti-
friction in a-C@H film than H-free or oil-lubricated cases, and also
demonstrated the complexity and diversity of low friction mechanisms.
This finding suggests a new direction to enable an effective manipula-
tion of low friction and the development of new carbon lubricants with
robust lubrication properties.

2. Computational details

2.1. Fabrication of H-passivated a-C surface

RMD simulations were conducted to explore the friction process of
self-mated a-C@H system using Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [16]. In order to fabricate the
a-C@H film, a multistage strategy was applied [17], as shown in
Fig. 1a. The pure a-C structure with size of 42.88×40.358×34.5Å3

was set as the substrate, which was composed of 6877 carbon atoms
and had the sp3-C fraction of 24 at.%, sp2-C fraction of 72 at.%, and
density of 2.7 g/cm3. It was deposited using atom-by-atom method and
the detailed deposition process was described elsewhere [18]. Then, in
order to hydrogenate the a-C surface, high pressure H2 gas was in-
troduced as the source of hydrogen and filled the head space of the box,
and the number of hydrogen molecules was changed from 100, 400 to
1000 in order to obtain the desired hydrogen content at the a-C surface.
After that, the annealing procedure was performed by canonical en-
semble employing the Nose-Hoover thermostat [19] with a damping
constant 100 fs.

In order to fabricate the H-passivated a-C surface without the de-
terioration of the intrinsic a-C structure, the effect of different

annealing temperatures (1500, 1000, 800, and 600 K) on the density
and coordination number distribution were evaluated (see Fig. S1 in
Supporting Information), which confirmed 600 K as the optimal an-
nealing temperature. Hence, during the annealing process, the system
was first relaxed at 600 K for 125 ps, and then cooled down to 300 K
with a cooling rate of 1.2 K/ps. Finally, the a-C@H films (Fig. 1b) were
obtained after the additional relaxation at 300 K for 125 ps and the
subsequent removing of excess H atoms, and the density and co-
ordination number distributions along the z direction (see Fig. S2 in
Supporting Information) confirmed that for each case, only the surface
region was changed with H2 content. Table 1 illustrated the hybridized
structure of surface region with the thickness of about 13 Å in each a-
C@H film. Compared to the pure a-C surface, the increase of surface H
content, which ranged from 10.2 at.% to 24.9 at.%, resulted in the re-
duction of sp- and sp2-hybridized fractions. In the following study, the
structures with different surface H contents were named as a-C@122H,
a-C@247H, and a-C@351H, respectively, according to the number of H
atoms in each system.

2.2. Friction simulation

Fig. 2 showed the friction model in the present calculation. The
simulated systems consisted of self-mated a-C@H films with size of
42.88×40.358× 3.5Å3, in which the number of H atoms changed
from 122 to 247 and 351 and the number of C atoms was 6877
(Fig. 1b). The self-mated a-C sliding contact with linear alpha olefin,
C5H10, as lubricating oil [20] or without H [21] were also considered
for comparison. The atoms in the outermost thickness of 5 Å along the z

Fig. 1. (a) Fabrication of H-passivated a-C surface by annealing process. (b) Final morphologies of a-C@H films with different surface H contents (inset values).

Table 1
Hybridized structure of surface region in obtained a-C@H films.

H atom number s% sp% sp2% sp3% Name

0 1.8 21.0 60.3 16.9 a-C
122 10.2 11.4 64.6 13.8 a-C@122H
247 18.8 7.0 56.7 17.4 a-C@247H
351 24.9 4.1 50.5 20.5 a-C@351H
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Fig. 2. Friction model of self-mated a-C@H system used in the present calculations and related parameters.

Fig. 3. Friction force and normal force curves as a function of sliding time in self-mated (a) a-C@122H, (b) a-C@247H, and (c) a-C@351H friction systems under
different contact pressures.

Fig. 4. (a) Average friction force, (b) normal force, and (c) friction coefficient as a function of surface H content for each case. The a-C without H and with C5H10 as
lubricating oil are also given for comparison. Errors bars are standard deviations.
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Fig. 5. Initial and final configurations of self-mated a-C@122H, a-C@247H, and a-C@351H friction systems after sliding process under the contact pressure of 5 GPa.

Fig. 6. Coordination numbers per C atom contributed by C and H, respectively, and density profiles along the film depth in self-mated a-C@122H, a-C@247H, and a-
C@351H friction systems under the contact pressure of 5 GPa.

Fig. 7. Hybridized structure (sp3-C, sp2-C, and sp-C) of interfaces with sling time in self-mated a-C@122H, a-C@247H, and a-C@351H friction systems under the
contact pressure of 5 GPa.
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and –z directions of each a-C@H film were held rigid; the atoms in the
next thickness of 5 Å of both bottom and upper films was coupled to
300 K [22]; all remaining atoms had no constraints placed on them. The
initial distance between the bottom and upper mating systems was 3 Å.
Before the friction process, the system was first relaxed at 300 K for 2.5
ps, and then the external pressure was applied to the top rigid layer
during 25 ps to reach the desired values of 5, 20, or 50 GPa. The high
contact pressure, which may be much higher than that from experi-
ments, could be possible for instantaneous contact of a-C asperities
during friction process [23]. Our [20,21,24] and previous studies
[11,25,26] also confirmed that it was appropriate for examining the
friction behavior on an atomic scale. Especially, it should be noted that
the direct and accurate comparison between macro- and microscopic
results (contact pressure and normal force) was still a big challenge due
to the complicated surface state of a-C films including hybridization,
adatom passivation, and roughness. After that, due to the limitation of
short MD calculation time scale and the requirement for long sliding
distance to effectively sample structure [14,27,28], the constant velo-
city of 10m/s along the x direction was exerted to the upper rigid layer
to slide the system under a fixed pressure, and the sliding process lasted
1.25 ns to get the steady-state friction stage.

During the annealing and friction process, the periodic boundary
conditions were applied along both the x and y directions, and a MD
timestep of 0.25 fs was used. ReaxFF [29,30] was used to describe the
C-C, C-H, and H-H interactions. It is a reactive force field and uses the
bond order concept to consider the instantaneous interaction between
the atoms, allowing for the formation and dissociation of covalent bond

and the chemical reactions in complicated carbon-based systems, with
high accuracy comparable to quantum calculations. The reliability of
the used force field to our present calculations has been also validated
adequately by our RMD and ab-initio calculations [20,21,24].

3. Results and discussion

Fig. 3 shows the friction force and normal force curves as a function
of sliding time to evaluate the effect of surface passivation degree on
the friction properties of a-C films under different contact pressures, in
which the forces acting on the fixed atoms of bottom a-C layer in the x
and z directions are summed for each time step, respectively, as the
friction force and normal force values [20,21,24,26]. It reveals that for
each case, the friction force increases first and then becomes stable until
the end of the sliding process, but the evolutions of friction force and
normal force with sliding time are strongly related with the surface H
content and contact pressure. When the systems work under a fixed
contact pressure, the friction force and normal force with surface H
content quickly reach the steady-state friction stage, which are followed
by the weakened fluctuations [8]. However, for a fixed friction system,
when the contact pressure ranges from 5 to 50 GPa, the time taken for
running-in process increases obviously following the enhanced fluc-
tuations of friction force and normal force. This suggests the significant
interaction at the friction interface. The similar changes in temperature,
kinetic energy, and potential energy to that of friction force are also
observed, as illustrated in Fig. S3 of Supporting Information. In order to
quantify the effect of different surface H contents on the friction be-
haviors, the values from the last 200 ps in Fig. 3 are adopted to cal-
culate the average friction force and normal force at the steady-state
friction stage.

The variations in the average friction force and normal force as a
function of surface H content are illustrated in Fig. 4a and b, respec-
tively, for each case. For comparison, the a-C friction cases without H
passivation [21] and with linear olefin C5H10 as a lubricating oil [20]
are also considered. It can be seen that with increasing the surface H
content, the friction force decreases monotonously for each contact
pressure and the system with high H content favors the low friction
force (Fig. 4a), demonstrating the key role of H in reducing the friction
[14,15], while the average normal force values in Fig. 4b have slight
change due to the similar surface roughness of a-C@H films (see Fig. S4
of Supporting Information). In addition, for the same friction system,
both the friction force and normal force with contact pressure increase,
but different increasing rates are displayed, leading to the distinct
friction response on contact pressure, which is similar to Li's report
[20]. According to the average values of friction force (Fig. 4a) and
normal force (Fig. 4b), the friction coefficient is calculated, as shown in
Fig. 4c. It reveals that the friction coefficient as a function of surface H
content decreases, agreeing well with the a-C:H cases [8], but compared
to those under 5 and 20 GPa, it only has a slight decrease when the
contact pressure is 50 GPa, indicating the significant structural trans-
formation induced by contact pressure [20]. The minimal friction
coefficient of 0.09 is obtained for a-C@351H friction system under
5 GPa, which is much lower than the a-C:H films [8].

Furthermore, by comparison with the H-free case [21], it proves
that the surface hydrogenated modification could improve the friction
property obviously, especially under the low contact pressure condi-
tion, and the lubricating efficiency is further promoted by increasing
the surface H content. Interestingly, compared to the C5H10-lubricated
case [20], the surface hydrogenated modification also shows the po-
tential to realize better friction property than fluid lubrication, al-
though it can be improved to a large extent by changing the fluid
viscosity and friction conditions; even under the extreme contact
pressure of 50 GPa, the more excellent friction property can also be
achieved by raising the surface H content. This suggests an effective
approach to capture the high-efficiency lubrication by surface-passi-
vated modification instead of the addition of lubricating oil.

Fig. 8. (a) Atom number and (b) stress distributions of H at friction interface for
self-mated a-C@122H, a-C@247H, and a-C@351H friction systems under the
contact pressure of 5 GPa after the friction process.
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In order to explore the underlying friction mechanism caused by
different surface H contents, the structural transformation of friction
interface, which is strongly related with the friction behavior, needs to
be analyzed. Fig. 5 gives the atomic snapshots of self-mated a-C@122H,
a-C@247H, and a-C@351H friction systems in the x-z plane when the
contact pressure is fixed at 5 GPa. Compared to the initial cases, the
friction interface can be distinguished clearly after the friction process
when the contact pressure is 5 GPa, at which the direct interaction
between the bottom and upper contacting structures can be prevented
by the repulsion force of surface H atoms [14]. There are a few C-C
linear chains existed at the interface. Especially, note that during the
friction process, H atoms could effectively passivate the bulges or sites

with high asperities (red circles in Fig. 5) at the surface for each case,
which could furtherly diminish the effect of C-C bonding interaction on
friction.

Before characterizing the interfacial structure, the coordination
number and density profile along the film depth are analyzed first for
each case to define the width of interfacial region, as shown in Fig. 6.
The widths of interfacial region (gay color in Fig. 6) are 13.5 Å for a-C@
122H, 15 Å for a-C@247H, and 16.5 Å for a-C@351H, respectively.
Based on the specified interfacial regions, Fig. 7 shows the change in
carbon hybridized structure of interface with sliding time for each case
under the contact pressure of 5 GPa. Compared to the initial structure,
the carbon hybridized structure almost has no variation for each case
during the sliding process, indicating that the a-C surface is chemically
stable and passivated by H, and the friction behavior under 5 GPa
should be mainly dominated by the H atoms.

On the one hand, increasing the H content could further passivate
the a-C surface, as shown in Fig. 7. On the other hand, Fig. 8a shows
that H atoms mainly distribute at the friction interface to separate the
contacting films completely, which is also confirmed by Fig. 5, and
most importantly, they exhibit the tensile stress state (Fig. 8b), corre-
sponding to the strong repulsive force [14] and thus leading to the easy
slippage of friction interface. Hence, when the contact pressure is
5 GPa, the improved interfacial passivation and repulsive force, which
are induced by H atoms, give explanation for the significant reduction
of friction coefficient with surface H content (from 0.23 to 0.14 and
0.09), as shown in Fig. 4.

As the contact pressure increases to 20 from 5 GPa, different
structure transformations happen for each case (Fig. 9a). For the self-
mated a-C@122H system, it shows the obvious intermixing of C and H
atoms from both the mating films, implying the presence of the che-
mical interaction and rehybridization of friction interface. However, in
self-mated a-C@247H and a-C@351H friction systems, the H atoms
originated from the bottom and upper sliding films adhere to the in-
terface significantly, generating a stable and dense hydrogen-rich layer
to highly passivate the sliding interface (Fig. 9a), which may act as
lubricating agent for low friction behavior and also hinder the

Fig. 9. (a) Snapshots of friction interfaces after sliding process, (b) hybridized structure (sp3-C, sp2-C, and sp-C) of interfaces with sling time in self-mated a-C@122H,
a-C@247H, and a-C@351H friction systems under the contact pressure of 20 GPa. (c) Local configurations of friction interface in self-mated a-C@122H when the
sliding time is 0 and 250 ps, respectively.

Fig. 10. Stress distributions of H at friction interface for self-mated a-C@122H,
a-C@247H, and a-C@351H friction systems under the contact pressure of
20 GPa after friction process.

X. Li, et al. Tribology International 136 (2019) 446–454

451



deformation and structural transformation of interface [8]. This is also
proved by the evolution of hybridized structure during the sliding
process, as given in Fig. 9b.

However, for self-mated a-C@122H system with low H content,
there is an obvious change in the hybridized structure of interface
(Fig. 9b). In particular, the sp-C fraction shows a significant reduction
following the increased sp2-C and sp3-C fractions, which mainly occurs
during the sliding time from 0 to 250 ps. By analyzing the corre-
sponding local configurations at 0 and 250 ps separately (Fig. 9c), it
reveals that due to the low H content, the unsaturated sp-C atoms could
serve as initiation points for chemical reactions and bond with the C
atoms from both surfaces to form the sp2-and sp3-hybridized states.
Among of them, the interfilm C-C bonding between the two counter-
faces is also generated in self-mated a-C@122H system, which will
enhance the adhesion between the two counterfaces and thus prevent
the shearing process [15], but this behavior is suppressed by the formed
hydrogen-rich layer at the interface of a-C@247H and a-C@351 sys-
tems.

Moreover, the stress of H atoms also shows the tensile state for each
case and it increases with surface H content (Fig. 10), although they are
smaller than those under 5 GPa (Fig. 8b). Combined with the decreased
interfilm interaction, the differences in stress and interfacial passivation
caused by H atoms contribute to the friction behavior with surface H
content under 20 GPa. In addition, there is no layered graphitic struc-
ture formed for the a-C@122H system, being different with those in the
diamond/a-C:H [8] or diamond/a-C friction systems [11]. This in-
dicates that the friction behavior is also strongly dependent on the

mating materials, and the one with regular crystal structure, such as
diamond, may favor the formation of layered graphitic structure, and
this also implies the difference in underlying friction mechanism.

With further increasing the contact pressure up to 50 GPa, the tri-
bochemical reactions occur drastically at the interface for each case
following the interfacial reconstruction and the formation of inter-
mixing interface between the bottom and upper mating films, as shown
in Fig. 11a. Due to the interdiffusion and migration of H atoms into
intrinsic a-C structures (Fig. 11b), the stress of H atoms evolves from
tensile to compressive state (Fig. 11c), suggesting the attractive force,
which is not favorable for the sliding of friction interface, and the at-
tractive force also increases with surface H content. However, the
friction coefficient with surface H content shows a slight decrease
(Fig. 4). This indicates that the stress state of H atoms does not dom-
inate the friction behavior of a-C@H system under 50 GPa. Instead, the
interfacial passivation, which originates from the H-induced passiva-
tion and C-C structural transformation, plays an essential role in the
present contact pressure for each case. This is similar to the results
reported by Cui et al. [31].

Fig. 11d illustrates the carbon hybridized structure as a function of
sliding time for each system under 50 GPa. It reveals that except the H-
induced passivation, the high pressure-induced structural transforma-
tion, especially the sp2-to-sp3 and sp-to-sp3 rehybridizations [20,21],
further passivates the friction interface, dominating the sliding process
for each case, which is mentioned but not given with the evidence in
previous report [8]. In addition, this structural transformation is in-
spired by the evolution of residual stress, in which high compressive

Fig. 11. (a) Snapshots of friction interfaces after sliding process, (b) Atom number distribution of H, (c) Stress distributions of H, and (d) hybridized structure (sp3-C,
sp2-C, and sp-C) of interface with sliding time in self-mated a-C@122H, a-C@247H, and a-C@351H friction systems under the contact pressure of 50 GPa.

Fig. 12. Hybridized structure (sp3-C, sp2-C, and sp-C) of friction interfaces as a function of contact pressure in self-mated a-C@122H, a-C@247H, and a-C@351H
friction systems, respectively.
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stress favors the formation of sp3 structure according to P-T phase
diagram for carbon [11,32].

Furthermore, it should be mentioned that the friction behavior is
also highly dependent on the contact pressure, and Fig. 4 also indicates
that for each friction system, the friction coefficient as a function of
contact pressure exhibits different evolutions. For a-C@122H, the
friction coefficient increases first and then decreases, while a linear
increase for friction coefficient is observed for a-C@351H system. This
is in accordance with previous calculation [8,15] and experimental
studies [33]. When the contact pressure changes from 5 to 20 GPa,
there is no obvious change in interfacial structure except for self-mated
a-C@122H (Fig. 12), and thus the increased friction coefficient mainly
attributes to the decrease of repulsive force caused by H (Figs. 8b and
10) and the existence of interfilm interaction (Fig. 9c). With the contact
pressure reaching up to 50 GPa, the repulsive force of H atoms trans-
forms to the attractive state (Fig. 11c), but it can be compensated by the
highly interfacial passivation in self-mated a-C@122H (Fig. 11d),
causing the reduction of friction coefficient; for self-mated a-C@247H
system, the attractive force of H atoms at 50 GPa is higher than that in
self-mated a-C@122H system, so the interfacial passivation neutralizes
the attractive force, inducing no change in friction coefficient; however,
for self-mated a-C@351 system, the highest attractive force (Fig. 11c),
which cannot be compensated by the interface passivation of dangling
bonds, aggravates the friction coefficient.

4. Conclusions

In this study, RMD simulation was carried out to study the depen-
dence of friction property of a-C@H on surface H content under dif-
ferent contact pressures, and the interfacial structure was mainly ana-
lyzed to clarify the underlying friction mechanism. Results revealed
that.

(1) When the annealing temperature was less than 600 K, the hydro-
genated treatment on a-C films only passivated the surface structure
while not deteriorated the intrinsic mechanical properties of a-C
film.

(2) For the self-mated a-C@H friction system, the friction property was
strongly dependent on the surface H content and contact pressure.
Among the loading range from 5 to 20 GPa, the H atoms mainly
distributed at the interface, prohibiting the structural transforma-
tion, and gave the repulsive force to separate the friction interface;
increasing the surface H content could enhance the repulsive force
and interfacial passivation following the reduction of friction
coefficient. However, when the contact pressure was 50 GPa, al-
though the H atoms exhibited the attractive force instead of re-
pulsive force, the friction interface was highly reconstructed and
passivated by the sp-to-sp3 and sp2-to-sp3 structural transforma-
tions, which mainly dominated the friction process.

(3) In particular, compared to the H-free and oil-lubricated cases, the
hydrogenated modification of a-C surface exhibited better anti-
friction property with raising the H content. Although the a-C@H
films are not the representative of a-C films generated in experi-
ment, it is also still a big challenge for the direct comparison be-
tween the simulation and experimental results. This is due to the
limitations in the simplified contact model, friction parameters, the
hybridized structure and surface state of a-C observed in experi-
ment. But these present simulations do provide insight into the
potential tribochemical reaction and fundamental friction me-
chanism caused by surface hydrogenated modification, and also
suggest an effective approach to realize the high-efficiency lu-
brication through the surface-passivated modification instead of oil-
based lubrication and the H-doped a-C intrinsic structure.
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