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a b s t r a c t

Amorphous carbon (a-C) film arouses enormous interest in both scientific and engineering communities
because of its excellent anti-friction property. However, due to the complexity of working conditions and
the lack of in-situ characterization technique into sliding interface, the direct comparison between two
widely accepted low-friction postulations, including the graphitization and passivation mechanisms, has
never been performed experimentally. Herein, using reactive molecular dynamics simulation, we
comparatively investigated the friction property and structural information of contacting interface under
different passivated or graphitized states. For the passivation mechanism, the low friction behavior at-
tributes to the reduction of both the real contact area and shearing strength of sliding interface due to the
passivation of a-C dangling bonds. This is different from the graphitization mechanism, which improves
the friction property by decreasing the shearing strength only. However, the graphitization mechanism
strongly depends on the size and layer number of graphitized structure, causing the transition of sliding
interface from a-C/a-C, a-C/G to G/G, which is followed by the low-friction mechanism evolved from
passivation, synergistic effect between graphitization and passivation to graphitization mechanism.
These disclose the fundamental understanding of friction-reducing mechanism and guide the design of
a-C films and the development of related technologies for tribological applications.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Amorphous carbon (a-C) film is a big family of amorphous car-
bon structures, composed of sp3, sp2, and sp hybridized bonds [1,2].
According to the hybridized structure, a-C can be divided to the
graphite-like carbon (GLC) or tetrahedral a-C (ta-C) films, but it also
can be divided into a-C and a-C:H films according to the chemical
composition [3]. Due to the variable hybridized structure (ranged
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from graphite to diamond) and composition (C, H, and metal
dopants) [3], this endows a-C films with the ability to tailor their
mechanical and tribological properties in wide range. In particular,
the excellent tribological property makes a-C film being a strong
candidate as a protective coating of key components against friction
and wear failure, such as automobile engine [4], cutting tools [5],
artificial joints [6], space-based technology [7], and micro-
electromechanical systems [8,9].

Two popular low-friction mechanisms of a-C films were sug-
gested: the structural graphitization via sp3-to-sp2 transformation
[10e13] and the passivation of dangling bonds by the chemical
termination [14e17] or rehybridization [18e20]. However, due to
the difference in working conditions (sliding velocity, normal load,
temperature, atmosphere, and mated materials) [16,17,19e22] and
the complexity of a-C structures (a-C, a-C:H, ta-C, GLC, roughness,
surface state et al.) [1,3,17,20], the direct comparison between the
passivation and graphitization mechanisms is not accessible for
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experimental approach. This leads to the unavoidable confusion of
mechanism governing the low-friction behavior of a-C film. Espe-
cially, the spatially resolved structural information of contacting
surface, including the quantification of passivated state, real con-
tact area, and the formation of the interfacial nanostructure, is
buried because of the lack of in-situ characterization technique into
the sliding interface [15]. In addition, whether the presence of
graphitic structure at the friction interface ensures the graphitiza-
tion mechanism is not well comprehended. Even less is known
about whether the low-friction behavior of a-C is dominated by the
single component or synergistic effect of two above-mentioned
mechanisms. These are prerequisite to provide the most reliable
explanation for the low-friction process of a-C film in the experi-
ment and promote the development of anti-friction technology for
the application.

In the present work, using reactive force field molecular dy-
namics (RMD) simulation, we designed the different self-mated a-C
friction systems, in which the hydrogenated modification of a-C
and the addition of graphite-like structure (G)were applied into the
system to represent the passivated, graphitized, and co-existed
passivated/graphitized interfaces, respectively. For comparison,
the interfacial graphitizationwas also additionally simulated by the
pre-annealing treatment of a-C surface. The friction responses of all
systems were comparatively investigated. The insight into the in-
formation of interfacial structurewas carried out to explore the role
of graphitization and passivation on the low friction, and the
intrinsic characteristics of the above-mentioned two mechanisms
were summarized and discussed.

2. Computational details

All calculations, including the preparation of a-C/a-C friction
systems with different passivated/graphitized states and their
friction simulations, were employed by Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) code [23]. Fig. 1a
and d showed the models of self-mated a-C/a-C friction systems
used in the present work. Hydrogenation modification of a-C sur-
face was undertaken to fabricate the model of passivated condition.
Due to the limitation of short MD simulation time and the strong
sensitivity of graphitization to friction parameters (temperature,
normal force, sliding velocity et al.), it was difficult for MD simu-
lation to produce the 2D layered graphitization structure at the
friction interface directly as experiment [9e13], so the graphite-like
structure was introduced into the a-C/a-C interface to approxi-
mately represent the graphitization condition and this model was
similar to the result reported by Ma et al. [10]. The initial a-C
structure of 42.9 � 40.4 � 31.0 Å3 (Fig. 1a) was prepared by an
atom-by-atom deposition simulation [24] which was composed of
6877 carbon atoms and had an sp3 fraction of 24 at.%, an sp2 frac-
tion of 72 at.% and a density of 2.7 g/cm3. The H-passivated a-C
surfaces (a-C@H, Fig. 1b) with different H contents (10.2 at.% to
24.9 at.%) were fabricated by annealing the a-C at 600 K under
different high-pressure H2 gas conditions, and the detailed process
could be found in our previous study [25]. According to the number
of H atoms at the a-C surface, the H-passivated structures were
named as a-C@122H, a-C@247H, and a-C@351H, respectively. In
order to fabricate the a-C with interfacial graphitization, the
graphite-like (G) fragments were introduced into the interface, as
illustrated in Fig. 1c, in which each G fragment was composed of
66 C atoms with sizes of 11.36 � 12.30 Å2, 4 repeat units were used
with random distribution, and the separation distance between the
G and the lower or upper a-C filmwas 3 Å. This friction systemwas
named as a-C@G. The friction system (Fig. 1d), including both the
passivated a-C surface and G flakes (a-C@H@G), was also con-
structed by combining the structures from Fig. 1b and c to explore
the potential synergistic effect in improving the friction perfor-
mance. However, the extra pre-annealing approach of a-C surface at
600e3000 K was also performed to achieve the graphitized friction
interface, whose result could not only provide a contrast for that
obtained using above-mentioned method in Fig. 1c, but also vali-
date the universality in theory developed by this work.

Similar to the previous studies [19,20], a three-layer assumption
model was applied to each system, including fixed layer (blue
background in Fig. 1a) for simulating the semi-infinite system,
thermostatic layer (purple background in Fig. 1a) being maintained
at 300 K through the microcanonical ensemble with a Berendsen
thermostat [26], and free layer consisted of the remnant atoms in
Fig. 1a for modeling the evolution of tribo-induced interfacial
structure. Time step was 0.25 fs? Periodic boundary condition was
imposed along the x- and y-directions. ReaxFF potential developed
by Tavazza et al. [27] was utilized to accurately describe the CeC,
CeH, and HeH interactions in the whole system, whose reliability
has been validated by our previous works [19,28,29].

During the friction process, a three-step process was adopted: (ⅰ)
geometric optimization at 300 K for 2.5 ps; (ⅱ) loading process to
achieve the specified value of contact pressure (5 GPa) during
25 ps; (ⅲ) sliding process with fixed contact pressure and sliding
velocity (10 m/s) along the x-direction for 1250 ps? Our
[19,25,28,29] and previous studies [10,20,30,31] have already
confirmed that the high contact pressure (5 GPa) was appropriate
to examine the friction behavior on an atomic scale. In addition, due
to the limitation of short MD simulation time and computational
resources, the high sliding velocity was necessary to simulate a long
sliding distance and sufficiently sample phase space. Moseler et al.
[30] also indicated that when the sliding velocity was below the
speed of sound in materials, reliable modeling of the shear
response of materials could be obtained because of the sufficient
dissipation of heat generated in contact during sliding. After the
friction process, the forces from the x and z directions of the fixed
layer of bottom a-C substrate were counted as friction force, f, and
normal force,W, respectively, for each case; the real contact area, A,
was calculated according to Hertzian theory:

A¼W
s

(1)

where s was Hertzian contact pressure, being a constant value of
5 GPa in this work.
3. Results and discussion

According to the evolution of friction and normal forces with
sliding time (Fig. S1 of Supplementary Data), the friction results
are evaluated for each case using the values from the last 200 ps
of the stable sliding stage, as shown in Fig. 1e and Fig. S2a of
Supplementary Data. It can be observed that when all systems
work under the same contact pressure, there is a slight difference
in the normal force value (Fig. S2a of Supplementary Data),
attributing to the change of real contact area at the sliding
interface, as will be discussed later. For the self-mated pure a-C
system [29], the existence of a large number of dangling bonds
promotes the strong chemical bonding between the mated a-C
surfaces following the high friction force (Fig. 1e) and obvious
running-in process. This is in consistence with Harrison’s reports
[17,20]. In the a-C@G system, after introducing the small G flakes
into the interface, the high friction force is also obtained, similar
to pure a-C case. This suggests that the anti-friction behavior of
a-C, contributed by the interfacial graphitization in the experi-
ments [9,12,13], may be strongly dependent on the size and layer
of graphitized structure, as will be discussed later.



Fig. 1. Simulated models and friction results of self-mated friction systems. (a) Model for pure a-C; (b) Model for a-C@H, in which the H-passivated structures are named as a-
C@122H, a-C@247H, and a-C@351H, respectively, according to the number of H atoms at the a-C surface; (c) Model for a-C@G, in which 4 repeat G fragments composed of 66 C
atoms in each unit are included; (d) Model for a-C@H@G friction system consisted of different passivated a-C surfaces and G flakes. (e) Friction force values of self-mated pure a-C, a-
C@G, a-C@H, and a-C@H@G systems. (A colour version of this figure can be viewed online.)
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However, when the a-C surface is passivated by H to form
the self-mated a-C@H system, the friction force is drastically
reduced, and it further decreases with increasing the surface H
content from 10.2 to 24.9 at.% [25]. Compared to the pure a-C,
the friction force in a-C@351H decreases by 99%, indicating the
significant role of passivation mechanism on the improvement
of friction behavior, which is consistent with previous simula-
tions [11,17,20] and experiments [32,33]. Especially for the a-
C@H@G system, both the passivation and graphitization of
interface are considered simultaneously at the sliding interface.
Although it shows a serious reduction of friction force
compared to the a-C and a-C@G cases, the existence of G flakes
prompts the friction force to increase rather than decrease by
comparing with the a-C@H system. This implies that the small
G flake cannot play a synergistic effect with surface passivation
to enhance the anti-friction property. In addition, it further
confirms that the graphitization mechanism should be domi-
nated by the specified G structure if it works on the low-
friction behavior of a-C film in the experiment, as will be
discussed later.

Moreover, the temperature rise at the sliding interfaces of a-
C and a-C@G systems is also higher than those in a-C@H and a-
C@H@G systems, as given in Fig. S2b of Supplementary Data.
The flash temperature between both surface asperities can be
estimated as following [16,34]:
DT ¼ mWv

8aKa�C
(2)

where DT is the rise of the flash temperature at the contact between
the asperities; m, W, and v are the friction coefficient, applied
normal force, and sliding velocity, respectively; a is the radius of the
real contact area, and Ka-C is the thermal conductivity of the a-C
material. Hence, the change of flash temperature attributes to the
difference in friction force induced by mechano-chemical in-
teractions at the sliding interface.

Friction behavior is closely related to the surface/interface
structure during the friction process [15]. In order to disclose the
insight on the friction mechanism under different passivated and/
or graphitized conditions, the interfacial region, in which the
mechano-chemical interaction occurs during the sliding process,
needs to be defined first for each case. According to the distribu-
tions of C (from both the a-C and/or G) and/or H atoms along the
relative position from the bottom of system, the interfacial widths
are obtained for all systems, as illustrated in the regions with the
gray background of Fig. 2 and Fig. S3 of Supplementary Data. It is
clearly observed that due to the relatively low contact pressure, the
friction-induced structure transformation mainly occurs at the
interfacial region, consistent with previous reports [19,25]. Then,
the interaction between the mated materials under the presence of



Fig. 2. Atomic distributions of C (from both the a-C and G) and H atoms along the
relative position from the bottom of a-C@122H@G system during the sliding process.
(A colour version of this figure can be viewed online.)
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surface passivation and/or graphitization and the friction-induced
evolution of interfacial structure are analyzed.

Fig. 3a and d display the morphologies of sliding interfaces
before and after sliding processes for each case. It can be found that
for the pure a-C friction system (Fig. 3a), due to the large amount of
dangling bonds at the sliding interface (sp-C fraction-21.0 at.% and
1-coordinated C fraction-1.8 at.%), the self-mated a-C surfaces
interact in the form of covalent bonding, leading to the recon-
struction of sliding interface [29]. Although this reconstruction
process facilitates the reduction of both the sp-C and 1-coordinated
C fractions (Fig. 3e), the strong interfilm interaction prohibits the
shearing motion of mated materials following the high friction
force (Fig. 1e). In addition, the transition of sp3-C to sp2-C during
sliding process attributes to the tribo-induced breaking of stressed
bonds reported by Moseler et al. [35].

In the a-C@G system, the small G flakes are introduced into the
sliding interface. During the friction process, the side C atoms of G
tend to bond with the dangling bonds of both the mated a-C sur-
faces (Fig. 3b). Combined with the shearing effect, these lead to the
complete dissociation of G flakes, which cannot play a positive role
to reduce the friction force (Fig. 1e). Therefore, the changes of both
the friction force and interfacial structure are similar to those from
the pure a-C case, as shown in Figs. 1e and 3e. In addition, this
suggests that the existence of graphitized structure, which is
observed at the friction interface in the experiments [9e13], is
strongly affected by the dangling bonds of a-C, which is confirmed
by the following results of a-C@H@G systems.

Taking the a-C@122H system for example (Fig. 3c and e),
compared to the pure a-C system, using H to passivate the a-C
surface could not only reduce the fractions of sp-C (12.7 at.%) and
1-coordinated C (0 at.%) dangling bonds of a-C surface, but also
effectively prevent the chemical interfilm interaction of self-mated
a-C surfaces via the repulsive force of H atoms [36,37], improving
the friction property obviously. Especially, the friction force as a
function of H content further decreases due to the increased
repulsive force values of H atoms, as illustrated in Fig. S4 of Sup-
plementary Data, which has been clarified by our previous study
[25].

For a-C@H@G system, both the G structure and passivated a-C
surface are introduced, exhibiting different evolution of interfacial
structure compared to the a-C@G and a-C@H cases. For example, in
a-C@122H@G system, due to the H-induced reduction of a-C
dangling bonds, the chemical interaction between the G and a-C
surface is weakened and thus the G flakes can exist at the passiv-
ated a-C surface during the sliding process without the serious
dissociation (Fig. 3d), being different with the a-C@G case. Espe-
cially, the structural integrity of graphitized flakes is further
improved with enhancing the passivated state of a-C surface
(Fig. S5 of Supplementary Data). This indicates that the reduction of
a-C dangling bonds, which can be achieved by the chemical
termination [11,17,25] or friction-induced structural transformation
[19,20,29], is beneficial for the initial formation and growth of
graphitized structure at the interface as suggested by previous
studies [10,11], although the shear-induced temperature rise during
friction process may dominate the graphitization of a-C structure
according to P-T phase diagram [10]. On the other hand, compared
to the a-C@H system, the graphitized structure existed in a-C@H@G
system has little effect on the stress state of H atoms and the cor-
responding repulsion force values, as confirmed by Figs. S4 and S6a
of Supplementary Data.

However, due to the addition of small G flakes, the friction force
of a-C@122H@G increases to 14.41 nN by comparing with that of
the a-C@122H (8.82 nN) (Fig. 1e). This is because the small G flakes
crosslink themated a-C surfaces by the chemical bonding with sp-C
atoms of a-C surface rather than smooth the sliding a-C surface,
resulting in the indirect interfilm interaction and thus increasing
the shearing strength of sliding interface (Fig. 3d). But this G-
induced crosslinking interaction can be weakened by further
passivating the a-C surface, which decreases the potentially active
site of a-C surface to bond with G flakes (Fig. S6b of Supplementary
Data). Consequently, when the small graphitized structure is
generated at the interface, the observed low-friction behavior in
the a-C@H@G system should be dominated by the passivation
mechanism of a-C surface rather than the graphitization
mechanism.

From the above-mentioned analysis, we mention the effect of
interfacial graphitization on low-friction behavior, which is not
only dependent on the passivated state, especially sp-C dangling
bonds, of a-C surface, but also related with the graphitized struc-
ture, such as size and layer number. Many experiments
[9,12,13,38,39] also reported the presence of graphitized structure
with large-scale and multilayer features, which governed the
superlubricity of a-C films. Therefore, when the size and layer
number of G flakes are increased, the further atomic-scale under-
standing on the friction property and corresponding interfacial
structure is required to disclose the fundamental low-friction
mechanism of a-C film.

Compared with the small G flake (size-11.36 � 12.30 Å2) used in
Fig. 1e, the G structures, including the one with middle size of
29.52 � 29.83 Å2 and composed of 363 C atoms (named as G-M)
and the other with large size of 40.59 � 39.06 Å2 and composed of
646 C atoms (named as G-L), are fabricated separately and then
introduced into the a-C sliding interface (Fig. 4). Moreover, the ef-
fect of different G layer numbers on the friction behavior, such as
monolayer (named as G-M-1 and G-L-1) and bilayer (named as



Fig. 3. Morphologies of sliding interfaces before and after sliding processes in self-mated (a) pure a-C, (b) a-C@G, (c) a-C@122H, and (d) a-C@122H@G systems, respectively. (e)
Stress distributions of H atoms in a-C@122H and a-C@122H@G systems, and the evolution of interfacial hybridization structure (sp3-C, sp2-C, sp-C, and 1-coordinated C) with sliding
time for each case. (A colour version of this figure can be viewed online.)
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G-M-2 and G-L-2), are also comparatively investigated to explore
the dependence of friction property on G multilayer (Fig. 4).

It can be obtained that for the a-C@G-M-1 system, the friction
results (Fig. 4a and b) are also similar to the a-C@G case with the
serious dissociation of G structure and the reconstruction of the
interfacial structure during the sliding process (Fig. 4b and Fig. S7 of
Supplementary Data). However, when the G size increases from G-
M-1 to G-L-1 (Fig. 4c), the strong interaction between the mated a-
C surfaces can be shielded by the G structure following the small
change of interfacial hybridized structure (Fig. S7 of Supplementary
Data). In particular, the G structure is anchored to one a-C surface
by the chemical bonding (Fig. 4c), smoothing the a-C surface [40,41]
and also leading to the transition of shearing interface from a-C/a-C
to a-C/G (see Supplementary Movie S1), which obviously decreases
the friction force to 48.72 nN from 261.10 nN of a-C@G-M-1 system
(Fig. 4a).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.08.014.

Moreover, different friction response can be achieved, when the
layer number of the graphitized structure increases from mono-
layer to bilayer. Compared to the a-C@G-M-1 system, for the a-
C@G-M-2 systempresented in Fig. 4d, the G side atoms also interact
with the a-C surfaces in the form of covalent bonds, which not only
passivates the sp-C dangling bonds of a-C surface (Fig. S7 of Sup-
plementary Data), but also brings the slight tribo-induced dissoci-
ation of G structure (Fig. 4d). However, due to the bilayer character
of G structure, each layer is anchored to the different a-C surfaces,
respectively, acting as a solid protective film to smooth the a-C
surface and also reduce the interfilm interaction between the
mated films. The sliding interface is also transited from a-C/a-C to
the synergistic G/G and a-C/G interfaces (see Supplementary Movie
S2), accounting for the reduction of friction force (Fig. 4a).
Furthermore, as the G-L-2 is present at the a-C/a-C interface
(Fig. 4e), its one layer is also stably anchored to the bottom a-C
surface and another is bonded with the upper a-C surface. Due to
the large size and bilayer characters of G, themated a-C surfaces are
totally covered by the G layer without the interfilm interaction, and
thus the friction behavior is fully dominated by the intermolecular
interaction of G/G interface (see Supplementary Movie S3). This
leads to the ultra-low friction force of 1.12 nN (Fig. 4a), which is
much lower than that from any a-C@H system.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.08.014.

Therefore, based on the above-mentioned analysis, it can be
deduced that when the formed graphitized structure at the friction
interface is large and thick enough, the low-friction behavior
mainly attributes to the graphitization mechanism, even though
the a-C surface is passivated by the chemical termination [14e17]
or rehybridization [18e20]. However, it should be noted that
following the decrease of size and layer number of graphitized
structure, the dominated mechanism will be transferred from
graphitization-dominated to passivation-dominated mechanism.

https://doi.org/10.1016/j.carbon.2020.08.014
https://doi.org/10.1016/j.carbon.2020.08.014


Fig. 4. Friction results of a-C friction systems with different graphitization states, including (a) friction force and final morphologies of interfaces after the sliding processes in (b) a-
C@G-M-1, (c) a-C@G-L-1, (d) a-C@G-M-2, and (e) a-C@G-L-2 friction systems. (A colour version of this figure can be viewed online.)

Fig. 5. Relationship between the friction force and (a) the real contact area or (b)
shearing strength for each case. (A colour version of this figure can be viewed online.)
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Especially, when the graphitized structure is not large enough, such
as the a-C@G-M-2 system in Fig. 4d, therewill be partial a-C surface
which is not covered by the graphitized structure. In this naked a-C
surface region, the passivation of dangling bonds is conductive to
reduce the chemical interaction of a-C with the graphitized struc-
ture, promote the formation of thick and newgraphitized layer, and
thus cause the easy sliding of G at the interface, exhibiting a syn-
ergistic effect of graphitization and passivation mechanisms on the
low-friction property. This is confirmed by the additional calcula-
tion of a-C@122H@G-L-1, a-C@122H@G-L-2, and a-C@122H@G-M-
2 friction systems, which present lower friction forces than the
cases without surface hydrogenated passivation (Fig. S8 of Sup-
plementary Data).

Additionally, these results in Fig. S8 of Supplementary Data also
indicate that for the graphitization-dominated friction, the pres-
ence of interfacial passivation always facilitates the further reduc-
tion of friction force, such as a-C@122H@G-L-1. But for passivation-
dominated case, the friction behavior is highly affected by the
graphitized structure and the small graphitized structurewill result
in the additional friction of a-C, such as a-C@122H@G in Fig. 1e. In
particular, for these cases with the graphitized structure, the
change of friction force with the surface area of existed graphitized
structure after the sliding process is also evaluated approximately,
as given in Fig. S9 of Supplementary Data. It suggests that only
when the surface area of formed graphitized structure is larger than
the real contact area of friction interface in pure a-C system, it can
make contribution to the low friction behavior of a-C.

Fig. 5a also shows the relationship between the friction force
and the real contact area for each case. By comparisonwith the pure
a-C system (875.14 Å2), note that for the systems applicable to the
passivation mechanism, the real contact area after the friction
process is smaller than that from pure a-C case, agreeing well with
previous experimental [42,43] and simulation [31] works. On the
contrary, for the systems applicable to the graphitization-
dominated or passivation/graphitization synergistic mechanism,
they are normally accompanied by the increase of the real contact
area, which is first mentioned in the present work. So the change of
the contact area can be treated as a key clue to distinguish the
underlying low-friction mechanism combined with the trans-
formation of interfacial structure. However, due to the limitation of
experimental technology, characterizing the real contact area in the
experiment remains a big challenge until now, which will promote
the R & D of new testing technology. In addition, it is well known
that the friction force is related to the contact area and shearing
strength of sliding interfaces [44], which can be described as
following
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f ¼ S� A (3)

where S is an effective shearing strength of thematedmaterials and
A is the real contact area at the sliding interface. Fig. 5b illustrates
the change of friction force as a function of shearing strength. So
Fig. 5a and b reveal that compared with the self-mated pure a-C
film, for the graphitization mechanism, the low-friction behavior is
achieved by reducing the shearing strength, while for the passiv-
ation mechanism, it decreases the friction force by reducing both
the real contact area and shearing strength simultaneously.

In addition, in this work the graphitized interface is obtained by
the direct addition of graphite-like structure because it is still a big
challenge for short MD simulation scale to generate the 2D layered
graphitized interface in-situ as experiment. In order to further
confirm the graphitization-induced low-friction mechanism as
discussed above, the a-C with graphitized surface is produced first
by the annealing process at 3000 K using RMD simulation with
canonical ensemble and then is adopted to conduct the friction
simulation, as shown in Fig. 6a. Note that the annealed systemwith
graphitized surface achieves the stable friction stage quickly
without running-in process due to the smooth surface and the
absence of sp-C dangling bonds (Fig. 6b). Especially, compared to
the initial a-C case, it shows the significant reduction of friction
force by 99.75% as shearing strength while followed by the increase
of real contact area at the friction interface (Fig. 6c). This ascribes to
the weak intermolecular interaction between graphitized layers
(see SupplementaryMovie S4) and thus there almost has no change
in the interfacial structure (Fig. 6c). These results agree well with
the above-mentioned analysis in Fig. 5, suggesting that the low-
friction mechanism conveyed by this work could be applied to
the systems in simulations and experiments.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2020.08.014.
Fig. 6. Friction results of a-C with graphitized surface by annealing process. (a) Annealing pr
Friction curves for the systems using initial a-C and annealed a-C, respectively. (c) Friction re
system with annealed a-C, in which the results from initial a-C are also given for comparis
Moreover, it should be mentioned that if the graphitization
mechanism works for reducing the friction, it is normally accom-
panied by the increased fraction and structural ordering of sp2-C
phase, even the formation of lamellar structure to achieve the ul-
tralow or superlubricity state. Harrison et al. [17,20] reported that if
there was only the increase of sp2-C fraction, these unsaturated
carbon atoms could serve as initiation points for the formation of
covalent bonds between the counterface and the film, aggravating
the adhesive interactions and thus causing an increase in friction
during sliding process. This is also confirmed by our previous
simulation [29]. To further highlight the necessity of the ordering or
lamellar structure of the sp2-C phase in graphitization mechanism
to reduce the friction, the a-C films with different graphitized de-
grees, which are fabricated by annealing treatment under different
temperatures (600, 1500, and 3000 K), are used to further conduct
the friction simulation. The corresponding results are illustrated in
Fig. 7. It reveals that compared to the initial case, although the sp2-C
fraction of a-C surface annealed at 600 K increases, the friction force
almost has no reduction. However, as the annealing temperature
increases to 1500 K, the small graphitic structures are present
following the decrease of friction force. Especially, with further
increasing the annealing temperature to 3000 K, the graphitized
degree of a-C surface is highly improved, accounting for the ultra-
low friction force value. Therefore, these previous [17,20,29] and
present results confirm that for the graphitization mechanism,
except the increased sp2-C fraction, the ordering or even the
lamellar structure of the sp2-C phase is requisite to achieve the low-
friction behavior. However, although Luo et al. [15] successfully
observed the presence of graphitized structure at friction interface
using the most advanced STEM and EELS approach, it was still
intractable to extract the information of interested region in situ,
especially at the very thin friction contacting interface, due to the
complexity of a-C structure, low fraction and size of graphitic flakes,
and the limitation of characterization techniques.
ocess at 3000 K to fabricate the a-C with graphitized surface and friction simulation. (b)
sults including friction force, real contact area, and atom distribution of C atoms in the
on. (A colour version of this figure can be viewed online.)

https://doi.org/10.1016/j.carbon.2020.08.014


Fig. 7. Morphologies, hybridization, and fraction of rings of a-C films with different graphitized degrees, which are fabricated by annealing treatment under different temperatures
(600, 1500, and 3000 K), are corresponding friction result. (A colour version of this figure can be viewed online.)
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4. Conclusions

In this work, we fabricated different self-mated a-C friction
systems with the graphitized structure and/or passivated surface,
and comparatively explored the fundamental characteristics of
graphitization and passivation mechanisms for low-friction
behavior of a-C film by RMD simulation. By the systematical anal-
ysis of friction force, contact area, shearing strength, morphologies,
and the interfacial nanostructure evolution, results revealed that.

C For the passivation mechanism, the chemical termination or
rehybridization of dangling bonds of a-C surface could
reduce both the real contact area and shearing strength of
sliding interface, causing the reduction of friction force.

C However, for the graphitization mechanism, the low-friction
property was highly dependent on the formed graphitized
structure including size and layer number and the passivated
state of a-C surface. When there were excessive dangling
bonds of a-C surface, they interacted with the initial graph-
itized structure in the form of covalent bonds and thus the
tribo-induced shearing effect caused the dissociation of
graphitized structure.

C As the surface area of existed graphitized structure was
smaller than the real contact area of friction interface in pure
a-C system, it had no positive effect on the anti-friction
behavior of a-C, and the low-friction mechanism was
dominated by the passivation of a-C sliding interface. How-
ever, with increasing the size and layer number of graphi-
tized structure, the sliding interface changed from a-C/a-C to
a-C/G and G/G, reduced the shearing strength obviously, and
thus resulted in the underlying explanation for low friction
transited from the passivation-dominated, the synergistic
effect between the passivation and graphitization to the
graphitization-dominated mechanism.

C The present results disclose the fundamental difference of
two popular low-frictionmechanismswhich is not accessible
for an experimental approach, so it can be expanded as
theoretical knowledge to account for the experimental
phenomenon accurately and most importantly develop the
new unidentified structures and technologies for anti-
friction applications.
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