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ARTICLE INFO ABSTRACT

Keywords: Amorphous carbon (a-C) film as one of the most promising superlubricious materials arouses much attention
Amorphous carbon from technical and industrial fields. However, the superlubricious state of a-C film strongly depends on the
Graphitization formation of special nanostructures or components, increasing the difficulty and complexity of the preparation
iii:ﬁﬁzmy process. Reducing the friction coefficient of a-C film to superlubricity is still a challenge for industrial scale-up.

Herein, a simple and effective approach is proposed to achieve superlubricity by in-situ formation of graphitized
structure at a-C surface via fast annealing. Results reveal that the friction property closely depends on the
graphitized degree of mated a-C surfaces and the friction coefficient below 0.01 or even 0.001 can be obtained
for the highly graphitized system. In particular, under extreme working condition, it also demonstrates excellent
stability and reliability of superlubricious behavior. This is not only mainly attributed to the decrease of spacing
distance between mated graphitized structures following the high repulsive force, but also related to the tight
anchoring of graphitized structure to the intrinsic a-C. In addition, compared to the widely applied surface
passivation approach, the graphitization modification of a-C surface exhibits higher effectiveness in super-
lubricity without deteriorating the intrinsic mechanical properties of a-C film.

Friction stability

1. Introduction

In recent years, with the rapid development of advanced
manufacturing industries such as engineering machinery, aerospace,
automobile, and marine equipment, the key moving parts of mechanical
systems are inevitably subject to serious friction and wear problems.
These not only have a great impact on the energy dissipation, COy
emissions, and economic losses in the world, but also reduce the reli-
ability and service lifetime of the system and even cause the generation
of disasters [1-3]. Statistical data reveals that for the four economic
sectors 23 % of the world’s total energy consumption originates from
tribological contacts, and due to friction and wear the total costs and
CO4 emissions globally are 250,000 million Euro and 8,120 MtCOa,
respectively, in 2017 [1]. Taking the passenger cars for example, 28 % of
the fuel energy use goes to overcome friction in the engine, tire, and
transmission with breaking friction excluded [2]. So it is required to
develop the advanced surface protective technology against friction and
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wear for enhancing the efficiency, durability, and environmental
compatibility of future mechanical systems.

So far, adding the lubricant (solid, liquid, and gas) with good anti-
friction and anti-wear performance into the sliding interface has been
proved to be an effective approach, which can prohibit the direct con-
tacting of mated surfaces and thus minimize the friction coefficient and
wear rate [1,2]. In particular, the presence and development of super-
lubricity technology, which names the friction coefficient near “zero” in
an ideal state or smaller than 0.01 under industrial scale, arouses much
attention in the scientific and industrial fields to alleviate the above-
mentioned problems [4-7]. Among the numerous candidates, two-
dimensional (2D) materials, such as graphene and MoS, with a single
or a few layers of atoms, possess intrinsically low friction properties on
their surfaces with friction coefficients below 0.01 or even 0.001,
revolutionizing the field of tribology [8-11]. In addition, structural
superlubricity with nearly zero friction can be endowed by the special
crystalline alignment between two mated 2D materials [12-15]. For
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example, Berman et al. [9] achieved macro-scale superlubricity by
combing graphene with crystalline diamond nanoparticles and dia-
mondlike carbon and this was because the sliding of the graphene
patches around the tiny nanodiamond particles led to nanoscrolls with
reduced contact area. Luo et al. [16] reported a direct measurement of
sliding friction between graphene and graphene, and graphene and
hexagonal boron nitride under high contact pressure, which exhibited a
friction coefficient of 0.003 due to multi-asperity contact covered with
randomly oriented graphene nanograins.

Although this graphene-inspired structural superlubricity holds great
technical promise in actual mechanical systems, this still cannot be
scaled up to macroscopic contacts for practical engineering applications
because of these strict restrictions of superlubricity to macro-scale gra-
phene structure (edge effect, surface roughness, surface defects and
contamination, et al.) [12,15,17] and working conditions (humidity,
substrate, load, et al.) [18,19]. These inevitable existences of wrinkles
and defects for macro-scale graphene highly affect its superlubricity
performance. Surprisingly, beyond graphene, amorphous carbon (a-C)
film, which not only has distinguished intrinsic properties (high hard-
ness, low friction coefficient, chemical inertness, and good wear resis-
tance) but also can be prepared with high quality and large scale easily,
can also realize the superlubricious behavior [20-24]. It has been
considered as one of the most promising superlubricious candidates for
industrial applications. For example, Li et al. [20,21] investigated the
friction behavior of a-C composited with base oil and graphene additive
and found that the ultra-low friction coefficient (<0.003) was obtained
by tailoring the structure of graphene additive or passivated state a-C
surface. Liu et al. [22] showed that the co-doping of Si and Al into a-C
induced the formation of a self-assembled dual nanostructure con-
structed of cross-linking network and fullerene-like structure, which
demonstrated the super-low friction coefficient (~0.001) and superior
resistance. The fluorine-doped a-C film, in which the curved graphitic
structures were embedded in an amorphous carbon matrix, also showed
the superlubrication (friction coefficient ~ 0.01) reported by Zhang
et al. [23]. Chen et al. [24] revealed that in polymer-like a-C:H:Si film
the occurrence of superlubricity generally originated from a synergistic
effect of phase transformation, surface passivation, and shear localiza-
tion, in which the hydrogen content played a decisive role in durable
superlubricity.

However, the friction coefficient of a-C film is normally limited to a
range larger than 0.01 [25,26]. Previous studies [20-24,27] also
conveyed that the occurrence and maintenance of the superlubricious
state of a-C film highly depend on the formation of special nano-
structures or components at the friction interface. This will increase the
difficulty and complexity of the preparation process, which is incon-
ducive to the industrial scale-up. Hence, reducing the friction coefficient
of a-C film below 0.01 or even 0.001 is still a challenge in practice.
Especially, to promote the superlubricious industrialization of a-C film, a
simple and effective approach is indispensable. Based on the two pop-
ular low-friction mechanisms of a-C film [27-29], graphitizing or
passivating the a-C surface is suggested to address the problems. Among
them, hydrogen-induced passivation of a-C surface, which can effec-
tively eliminate the negative effect of interfacial dangling bonds, has
been widely investigated and adopted to arrive superlubricity [5,24,30],
but under the extreme condition such as high load, the friction coeffi-
cient displays an unexpected increase obviously [31]. Furthermore,
excessive H content also deteriorates the intrinsic mechanical property
of a-C film [25,26]. While similar to Luo’s studies [16,32], introducing
graphene or other 2D materials into the friction interface of a-C films is
also an important way for superlubricity according to the graphitization
mechanism without deteriorating the intrinsic structure of a-C film.
However, our previous study revealed that the stable existence and
positive function of extra graphene structure are highly sensitive to the
interfacial dangling bonds, size and shape of graphene [29], leading to
the higher cost and un-uniform size control at friction interface.

In order to solve the problems, in the present work, a robust strategy
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is proposed to achieve superlubricity by in-situ formation of the
graphitized structure via surface annealing. This can eliminate the un-
controllability and complexity of the interaction between direct-added
graphene and a-C surface. Optimized temperature for fast surface
annealing was suggested. During the friction process, the surface
graphitized layer was chemically anchored to the intrinsic a-C structure
to improve the stability, while the friction behavior occurred at the
mated graphitized structure by weak intermolecular interaction to
reduce the friction resistance. The system with a higher-quality graph-
itized structure exhibited superior superlubricity and friction stability
even under extreme working conditions.

2. Computational details

All reactive molecular dynamics (RMD) calculations, including the
graphitization of pre-deposited a-C surface by fast annealing process and
the friction simulation, were employed by Large-scale Atomic/Molecu-
lar Massively Parallel Simulator (LAMMPS) code [33]. Reactive force
field (ReaxFF) interatomic potential [34-36] was used to describe the
C—C interaction and the transformation of hybridized structure, which
uses the bond order concept to consider the instantaneous interaction
between the atoms and thus allows for the formation and dissociation of
the covalent bond and the chemical reactions in complicated carbon-
based systems with high accuracy as compared to the quantum calcu-
lations. The reliability of the used force field to our present calculations
has been validated adequately by our previous calculations [21,29,37].
In addition, it was also confirmed by the comparative results of the
graphitized transformation of a-C surface using AIREBO [38] and
ReaxFF potentials, respectively, as shown in Fig. S1 of Supplementary
Data.

2.1. Fabrication of the graphitized surface of a-C film

The initial a-C structure with a size of 42.88 x 40.358 x 36.5 A% was
set as the substrate, which was composed of 6877 carbon atoms and had
the sp>-C fraction of 24 at.%, sp-C fraction of 72 at.%, and density of
2.7 g/em®. It was deposited using atom-by-atom method and the
detailed deposition process was described elsewhere [39]. In order to
fabricate the graphitized surface of a-C film, the annealing procedure
was performed by a canonical ensemble employing the Nose-Hoover
thermostat [40] with a damping constant of 100 fs, as shown in
Fig. 1a. During the annealing process, the a-C surface with the thickness
of 12.5 A was first relaxed at each defined temperature for 1250 ps,
which ranged from 300 to 3000 K in order achieve the different surface
graphitized structures; then, the system was cooled down to 300 K with a
cooling rate of 2.4 x 10** K/s. Finally, the a-C films with different
graphitized surfaces were obtained after the additional relaxation at
300 K for 25 ps. In the following study, the films with different surface
graphitized degrees were named as a-C@T separately according to the
annealing temperature, T, for each case.

2.2. Friction simulation

For the friction model, it was also composed of self-mated a-C films
with different graphitized surfaces. Similar to the previous studies
[37,41], a three-layer assumption model was applied to each system in
Fig. 1b, including the rigid layer for simulating the semi-infinite system,
the thermostatic layer being maintained at 300 K through the micro-
canonical ensemble with a Berendsen thermostat [42], and the free layer
consisted of the remnant atoms for modeling the evolution of tribo-
induced interfacial structure. The time step was 0.25 fs. Periodic
boundary condition was imposed along both the x- and y-directions.

During the friction process, a three-step process was adopted: (i)
geometric optimization at 300 K for 2.5 ps; (ii) loading process to ach-
ieve the specified value of contact pressure (5 ~ 50 GPa) during 25 ps;
(iii) sliding process with fixed contact pressure and sliding velocity (10
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Fig. 1. Models of graphitized a-C surface fabricated by annealing and the self-mated friction systems.

~ 100 m/s) along the x-direction for 1250 ps. In particular, extreme
working conditions, such as high contact pressure of 50 GPa and high
sliding velocity of 100 m/s, were also considered to test the friction
stability of the system. Although these contact pressure and sliding ve-
locity values were much higher than those in the experiment, our
[21,29,37,43] and previous studies [41,44,45] have already confirmed
that they were appropriate to examine the friction behavior from an
atomic scale. After the friction process, the forces from the x and z di-
rections of the rigid layer of the bottom a-C substrate were counted as
friction force, f, and normal force, W, respectively, for each case; the real
contact area, A, and shearing strength, S, were calculated according to
Hertzian theory:

Azg m
SxA S

where y was the friction coefficient and ¢ was Hertzian contact
pressure, which was 5, 30, and 50 GPa, respectively, in this work.

3. Results and discussion
3.1. Structural analysis of graphitized a-C

During the annealing process of a-C surface at different
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Fig. 2. Final morphologies after annealing process and structural transformation as a function of annealing temperature of a-C surface with thickness of 12.5 A: (a)
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temperatures, the structural transformation is evaluated first, as shown
in Fig. S2 of Supplementary Data. It can be seen that for each case, the
fraction of the sp?-C hybridized structure increases quickly and then
become stable during the annealing time of 1250 ps, while the fraction
of the 6-membered ring shows an obvious increase only under 2500 and
3000 K. After the annealing process of a-C surface with thickness of 12.5
A, Fig. 2 gives the corresponding final morphologies and structural
transformation as a function annealing temperature, including radial
distribution function (RDF) curve, roughness, hybridization, and the
fraction of rings. With the annealing temperature ranged from 300 to
3000 K, the surface morphology of a-C changes from the amorphous and
disordering state to a highly ordering state (Fig. 2a and Fig. S3 of Sup-
plementary Data). Even the a-C surface with obvious double layer
structure is observed at both a-C@2500 and a-C@3000 K, in which the
2nd layer interacts with the bottom a-C structure with strong chemical
bonding, while there are still a few chemical bonds existed between the
1st and 2nd layers. This is also confirmed by the RDF spectra (Fig. 2b), in
which the width of the 1st and 2nd peaks decreases while their strength
increases. In addition, it should be mentioned that during the annealing
process, the generation of different layer numbers of graphitized struc-
ture in Fig. 2 is sensitive to the annealing parameters, such as temper-
ature and time.

For the hybridized structure of annealed a-C surface in Fig. 2c, the
sp>-C fraction with annealing temperature increases quickly and then
becomes stable at 3000 K which is accompanied by the reduction of sp-
C and sp-C fractions according to the P-T diagram [28]. Moreover, the
analysis of ring structure (Fig. 2d) of annealed a-C surface reveals that as
the annealing temperature increases from 300 to 1500 K, the fraction of
the 6-membered ring has a slight change, but the 7-membered ring
transforms into the 5-membered ring. With further increasing the tem-
perature to 2000, 2500, and 3000 K, the fraction of 6-membered rings
rises quickly with the reduction of both 5-membered and 7-membered
rings. In addition, the roughness of a-C is also evaluated (Fig. S4 of
Supplementary Data), which has a slight change for each case (Fig. 2e).
From the results in Fig. 2, it suggests that the high-temperature and
short-time annealing treatment can achieve the graphitized structure of
a-C surface with high quality while without deteriorating the intrinsic
structure of a-C film, different with the hydrogenated modification of a-
C [25,26]. The optimized values of annealing parameters, such as tem-
perature 3000 K and time 1250 ps, are suggested, which can be realized
experimentally by femtosecond laser irradiation.

3.2. Friction dependence on the graphitized degree of a-C surface (5 GPa)

3.2.1. Friction property induced by surface graphitization

Fig. 3a gives the friction curve during the sliding process for each
case. It shows that for the a-C@300 K, there is an obvious running-in
process which takes about 500 ps to reach the stable-friction stage.
However, with increasing the annealing temperature, especially a-
C@2500 and a-C@3000 K, the surface graphitized degree is enhanced

I
8
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and thus significantly reduces the time for the running-in process.

The values during the last 200 ps of the friction curve are adopted to
calculate the average friction force and normal force values for each
case, as illustrated in Fig. 3b. The normal force is similar for each case
which decreases first and then increases slightly, being in consistence
with the real contact area (Fig. S5 of Supplementary Data) at the
interface according to Eq. (1). While the change of real contact area is
closely related with not only the surface roughness of a-C film (Fig. 2e)
but also the formation of large-scale graphitized structure (Fig. 2a). For
the friction force value, it has slight change as annealing temperature
changes from 300 to 1000 K, but with the further increase of annealing
temperature, the friction force drops drastically and then become stable
at 2500 and 3000 K.

The friction coefficient is calculated for each case according to Eq.
(2), as shown in Fig. 3c, which is similar to the change of friction force
with annealing temperature. For a-C film annealed at the temperature
smaller than 1000 K, the system exhibits a high value of friction coef-
ficient, which is consistent with the initial case. However, it should be
noted that these values are much higher than experimental ones because
the a-C surface used in present RMD simulations has no any surface
contamination or passivation as that in the experiment [31,37,43],
inducing the strong adhesive interaction of mated materials. However,
for the a-C@3000 K system, the minimal value of friction coefficient,
0.016, is obtained, which is reduced by 99.8 % compared to the initial
case and close to the superlubricious state [4-7]. In addition, according
to Eq. (2), the calculated shearing strength with annealing temperature
(Fig. S5 of Supplementary Data) is also in accordance to the friction
coefficient (Fig. 3c). The improvement of a-C surface graphitization also
lowers the temperature rise at the friction interface (Fig. S5 of Supple-
mentary Data), which is mainly dominated by the friction force (Fig. 3b)
in the present work according to previous reports [37,46].

3.2.2. Transformation of interfacial structure

In order to clarify the friction dependence on the graphitized degree
of the a-C surface in Fig. 3, the transformation of the interfacial structure
needs to be explored. Before that, the interfacial width of the friction
system should be identified first. Fig. 4 shows the distributions of C
atoms from mated a-C films with sliding time for mated initial a-C and a-
C@3000 K systems, respectively. For the initial a-C system (Fig. 4a),
there is an obvious transformation of interfacial structure with sliding
time, suggesting the significant interaction of mated a-C surfaces, similar
to previous works [29,37]. However, with the increase of the graphi-
tized degree of a-C surface, this weakens the change of friction interface.
Taking the a-C@3000 K system for example, the interfacial structure
almost has no change with sliding time, as provided in Fig. 4b.

Compared to the initial structure, the film structure (<24 i\) has no
change during the sliding process, so the structure of film with thickness
above 24 A is adopted for quantifying the interfacial structure for each
case. Hence, the different evolutions of friction interface with sliding
time in Fig. 4, which are induced by different graphitized surfaces of a-C
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films, are also confirmed by the following analysis of interfacial struc-
ture including hybridized (sp®-C, sp-C, and sp-C) and ring (5-, 6-, and 7-
membered rings) structures, as shown in Fig. S6 of Supplementary Data.
Moreover, Fig. S6 of Supplementary Data also reveals that for these
systems with weak graphitized surfaces, the sp®-C fraction decreases first
and then becomes stable during the sliding process from 0 to 1250 ps,
which is contrary to the change of the sp>-C fraction, as consistent with
previous results [29,47]. This indicates the shearing-induced trans-
formation of sp>-C to sp?-C [28], and it is also accompanied by the
increased sp-C fraction due to the shearing-induced breaking of the C—C
bond. For the highly graphitized surface of a-C film, the lack of the
above-mentioned structural transformation implies weak or no chemical
interaction of mated a-C surfaces.

Fig. 5 shows the calculated results of hybridized and ring structures
of friction interface as a function of annealing temperature after the
sliding process, in which those before the sliding process are also given
for comparison. First, the above-mentioned data in Fig. 2 reveals that as
the annealing temperature increases from 300 to 3000 K, the graphitized
degree and its ordering of a-C surface is highly improved. This highly
affects the structure of the friction interface after the sliding process,
leading to the plots in Fig. 5 being divided into three regions.

Region I: as increasing the annealing temperature from 0 to 1000 K,
the a-C surface has no or weak graphitized degree with disordering
distribution, and both the sp3—C and sp-C fractions and 7-membered ring
fraction before the sliding process decrease while the sp?-C and 5-
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membered ring fractions increase. However, after the sliding process,
due to the strongly cold-welding between mated a-C surfaces, shearing
induces the reduction of sp>-C and 7-membered ring fractions, which
transforms to sp>-C, sp-C, and 5-membered ring, respectively (Fig. 5).
This is in agreement with previous studies [28,47]. So after the sliding
process, the cases including a-C@300 K, a-C@600 K, and a-C@1000 K
exhibit similar interfacial structure as the initial case without surface
annealing. This contributes to the change in friction coefficient in Fig. 3.

Region II: In this region, the annealed a-C film has a graphitized
surface with partially ordering following the decrease of sp°-C, sp-C, 5-
membered and 7-membered ring structures, but both the sp?-C and 6-
membered ring fractions increase, being related with the quality
improvement of the graphitized structure. Compared to that before the
sliding process, the evolution of interfacial structure after the sliding
process shows similar dependence on the annealing temperature.
Nevertheless, only the obvious transformation of sp-C-to-sp-C is
observed before and after friction processes (Fig. 5) due to the shearing-
induced dissociation of sp?-C structures. Compared to the serious change
in region I, this minor change attributes to the quality of surface
graphitized structure and reduction of dangling bonds, as will be dis-
cussed later.

Region III: the a-C surface is highly graphitized with ordering dis-
tribution. With increasing the annealing temperature, the hybridized
structure has no change, but the 5-membered and 7-membered rings
tend to be transformed to 6-membered rings obviously for polishing the
graphitized quality. In particular, the interfacial structure including
hybridization and rings after the sliding process almost has no change by
comparing with that before the sliding process, as shown in Fig. 5,
further confirming the absence of chemical cross-linking during the
friction process. Therefore, from the results in Fig. 5, it can be deduced
that the increase of the graphitized degree of the a-C surface will weaken
the shearing and cross-linking interaction between mated a-C surfaces,
and thus affects the transformation of the interfacial structure during the
sliding process.

Furthermore, the sp?-C and sp-C at the friction interface may
contribute to the dangling bonds which normally dominate the friction
property of mated a-C films [31,47]. Fig. 6 further gives the statistical
analysis of interfacial dangling bonds for each case before and after
sliding processes separately. It can be seen that before the sliding pro-
cess, with the increase of surface graphitized degree, the number of
dangling bonds shows a monotonous and fast decrease first in region I,
then drops gradually in regions II, and finally becomes stable in region
IIL. It has similar behavior to that of the sp3—C fraction in Fig. 5. However,
after the sliding process, the change of the number of dangling bonds
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Fig. 5. Hybridized and ring structures of friction interfaces as a function of annealing temperature before and after sliding processes separately.
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with the surface graphitized degree is also similar to that before the
sliding process except for the region I. These systems in region I show the
close values of the number of dangling bonds, but these values are still
much higher than those in regions II and III, accounting for the high
friction coefficient in Fig. 3. Furthermore, compared to that before the
sliding process, there is a drastic reduction of the number of dangling
bonds observed in region I, originating from the friction-induced
structural transformation and interfacial cross-linking. But in region II,
a slight increase in the number of dangling bonds after the friction
process is present due to the shearing effect and the defects of the
graphitized structure. In addition, note that the change of dangling
bonds with annealing temperature agrees well with the friction coeffi-
cient in Fig. 3. The above-mentioned change of interfacial structure can
be also confirmed by Fig. S7 of Supplementary Data and Supplementary
Movies S1 ~ S7.

3.2.3. Friction mechanism under low contact pressure of 5 GPa
According to the analysis of interfacial structure, the friction
behavior under the contact pressure of 5 GPa can be explained for each

a Evolution of stress during sliding process

Morphology at 1250 ps

3

Relative position to middle of system (A)
3 °

3
°

200 400 600 800 1000 1200
Sliding time (ps)

(o2
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case. First, for the systems with no or weak graphitized surface, such as
those in region I of Fig. 5, surface annealing causes the increase of sp-C
fraction but with disordering distribution (Fig. 2 and Fig. S3 of Sup-
plementary Data). In addition, they still have a high fraction of dangling
bonds (Fig. 6). They reconstruct the friction interface during the sliding
process by the strongly adhesive interaction between unsaturated hy-
bridized structures of mated a-C surfaces, as confirmed by Fig. S7 of
Supplementary Data. So these systems, such as a-C@300, a-C@600, and
a-C@1000 K, give similar interfacial structures (Figs. 5 and 6) following
the high friction coefficient (Fig. 3).

For the systems in region II, such as a-C@1500 and a-C@2000 K,
increasing the annealing temperature improves the quality of the
graphitized structure of the a-C surface moderately and also reduces the
fraction of sp-C hybridization (Fig. 6). Although some graphitized
structures are formed (Fig. 2), they have small size and are also
randomly distributed in amorphous carbon networks. On the one hand,
due to the decrease of interfacial dangling bonds, it weakens the
chemically adhesive interaction of mated a-C surfaces significantly
during the friction process, contributing to the decrease of tensile stress
at the friction interface (Fig. S8 of Supplementary Data and Fig. 7a). On
the other hand, some graphitized structures are contacted with each
other during friction process by intermolecular interaction, but the
existed sp-C dangling bonds still result in the chemical cross-linking
between mated a-C surfaces to support the applied normal load, lead-
ing to the physically contacted graphitized structures with large spacing
distance, such as 4.0 Ain a-C@2000 K system (Fig. 7a). This corresponds
to the small repulsive or even attractive interaction, which plays a
limited role in the friction reduction (Fig. 3), while it is mainly domi-
nated by the decrease of interfacial dangling bonds.

For the systems in region III, such as a-C@2500 K and a-C@3000 K,
the graphitized structure with high quality (large size, high ordering) is
generated at the a-C surface and the sp-C hybridization is absent (Fig. 2).
Hence, there almost has no dangling bonds at the friction interface
(Fig. 6), suggesting the absence of adhesive interaction between mated
a-C surfaces. Fig. 7b shows that the interfacial stress changes from ten-
sile to compressive state due to the transformation of the binding state
between mated a-C surfaces from covalent to weak intermolecular
interaction. In addition, because the graphited structures at mated a-C
surfaces are highly contacted during the friction process (Fig. 7b), the
friction behavior is also dominated by the strength of intermolecular

Graphitized structure of interface at 1250 ps

Relative position to middle of system (A)

400 600 800 1000 1200
Sliding time (ps)

Fig. 7. Interfacial structure and property, including the mapping of stress evolution during the sliding process, morphologies at 1250 ps, the graphitized structure of
interface at 1250 ps (only 6-membered ring is considered), and spacing distance between contacted graphitized structures in (a) a-C@2000 and a-C@3000 K systems,

respectively.
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interaction between graphitized structures and roughness surface. For
the a-C@3000 K system, the spacing distance of interacted graphitic
structures is only 2.94 10\, smaller than the standard value (~3.40 f\) for
graphene [48], suggesting a high repulsive force. So these result in the
ultra-low friction coefficient in Fig. 3 following the significant increase
of real contact area (Fig. S5 of Supplementary Data). The schematic
diagram for the friction mechanism under different graphitized degrees
of a-C surfaces is given in Fig. 8.

3.3. Friction stability of surface graphitized a-C under extreme working
conditions

To evaluate the stability of the mated a-C friction system and its
dependence on the graphitized degree of the a-C surface, extreme
working conditions, including high contact pressure (30 and 50 GPa)
and sliding velocity (100 m/s), are applied, mainly focusing on the
systems with moderate and highly graphitized surfaces (a-C@1500, a-
C@2000, a-C@2500, and a-C@3000 K). Fig. 9a gives the corresponding
friction coefficient for each case. Results show that for these no and
weak graphitized cases (such as a-C@300 K), as the contact pressure and
sliding velocity increase to the values of 50 GPa and 100 m/s separately,
the friction coefficient displays a significant reduction, attributing to the
passivation of friction interface, as confirmed by previous experimental
and simulation works [46,47].

For the systems with the moderated graphitized surface, taking the a-
C@1500 K system for example, it can be seen that compared to the result
in Fig. 3, as only the sliding velocity changes to 100 m/s from 10 m/s
with the same contact pressure of 5 GPa, the friction coefficient in-
creases (Fig. 9a). This is because the increase of velocity is normally
followed by the temperature rise of friction interface (Fig. 9b) [37,46],
aggravating the chemical bonding of both dangling bonds and small
graphitized structures at mated a-C surfaces (Figs. 2 and 6). On the one
hand, this strongly interfacial interaction causes the partial dissociation
of small graphitized structures (Fig. S3 of Supplementary Data); on the
other hand, it brings high shearing resistance. However, due to the
relatively low contact pressure (5 GPa), the transformation of the
interfacial structure only occurs at the shallow surface of a-C film, which
can be confirmed by the slight change of real contact area in Fig. 9c,
without enough interfacial passivation, explaining the increased friction
coefficient (Fig. 9a). With further increasing the contact pressure to 50
GPa, the friction coefficient also tends to be the level as a-C@300 K,
which is also due to the shearing-induced reconstruction of friction
interface, including interfacial passivation by sp2-C-to-sp>-C and sp-C-
to-sp°-C transformation [28,46] and the complete dissociation of the
small graphitized structures. This can be validated by the change of
interfacial morphologies after the friction process under different
working conditions, as illustrated in Fig. 10 and Supplementary Movie
S8. Similar behavior is also observed for the a-C@2000 K system.

For the a-C@2500 K system with a high-quality graphitized structure
of a-C surface, when the sliding velocity and contact pressure are 100 m/
s and 5 GPa, respectively, the friction coefficient drops to 0.013 from
0.022 (5 GPa-10 m/s) (Fig. 9a), which attributes the decrease of spacing
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distance between contacted graphitized structures, leading to the
transformation of their interactive force from attractive to repulsive
state (Fig. 11 and Fig. S9 of Supplementary Data) following ultra-low
friction force. So there is no increase in interfacial temperature
(Fig. 9b) and real contact area (Fig. 9¢). With the contact pressure
further increased to 30 GPa, there is cross-linking observed between
mated a-C surfaces (Fig. 11), which will suppress the sliding process.
However, the applied load further reduces the spacing distance between
mated graphitized structures (2.29 10\) (Fig. 11) following the increase of
real contact area (Fig. 9c). This suggests the enhancement of their
repulsive interaction, which can also support the applied normal load.
The competition of the above-mentioned two factors increases shearing
strength much slower than that of contact pressure, so it still exhibits the
ultra-low friction coefficient (0.014) (Fig. 9a). While with the contact
pressure of 50 GPa applied, it aggravates the chemical cross-linking and
also brings the high-temperature rise of the interface (Fig. 9b), thus
leading to the complete dissociation of graphitized structure (Fig. 11 and
Supplementary Movie S9) and the serious increase of shearing strength.
This can account for the high friction coefficient but is also close to the
cases without surface annealing.

Moreover, for the a-C@3000 K system, it has the best quality of
graphitized surface than other systems. Fig. 9a reveals that it exhibits the
best friction stability and reliability under any extreme working condi-
tions. Under 5 GPa and 100 m/s, the friction coefficient is only 0.0026,
achieving superlubricious state. With increasing the contact pressure
from 5 GPa to 50 GPa, the friction coefficient further decreases to be
superlubricious value of 0.001. Although the increased contact pressure
brings an increase in the real contact area, there is no chemical bonding
existed between mated a-C surfaces due to the absence of dangling
bonds (Fig. 6) and there is also no structural evolution of mated
graphitized surfaces, as confirmed by Fig. 12 and Supplementary Movie
S$10. However, due to the increased contact pressure, it induces the
improvement of the quality of interfacial graphitized structures, which
can be confirmed by the interfacial morphologies and the intensity and
width of peaks in Fig. 12. This is followed by the gradual reduction of
spacing distance between mated graphitized structures from 2.94 to
2.20 A (Fig. 12), increasing the repulsive forces of friction interface and
thus promoting the shearing behavior, which plays a key role for the
superlubricious state. In addition, different with the extra-added gra-
phene [17,29,32], in the present study, these mated graphitized struc-
tures at the friction interface are tightly anchored to the intrinsic a-C
structures, respectively, without obvious migration and diffusion, which
also contributes to the friction stability under extreme condition.

3.4. Comparison of anti-friction effectiveness induced by graphitization
and hydrogenated passivation of a-C surface

In order to examine the anti-friction effectiveness between graphi-
tization and hydrogenated passivation of a-C surface, Fig. 13 shows the
comparative results of friction coefficient under low and high contact
pressure, respectively. It can be seen that when the contact pressure is 5
GPa (Fig. 13a), with increasing the graphitized or passivated degree of a-

¥ )
large spacing small spacing

Fig. 8. Schematic diagram for friction mechanism under different graphitized degrees of a-C surfaces.
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Fig. 10. Interfacial morphologies of a-C@1500 K system after friction process
under different working conditions.

C surface, the decreasing speed in friction coefficient is fast first and then
slow. However, compared to the case with enough surface passivation,
the system with a highly graphitized surface exhibits a lower friction
coefficient, due to the weak intermolecular interaction of interacted
graphitized structures (Fig. 7), as reported by a previous study [29].
Although for the surface passivation approach, especially the full hy-
drogenation of a-C structure [5,24,30], the friction coefficient can be
further decreased with surface H content (inset of Fig. 13a), this also
unexpectedly deteriorates the intrinsic mechanical property of a-C film
and anti-wear performance [25,26] and is also accompanied by the
increased friction coefficient with contact pressure [31].

However, under the extreme working condition (contact pressure 50
GPa), the friction coefficient with passivation degree of a-C surface de-
creases gradually [31], while weak or moderate graphitization of a-C
surface cannot play a positive role in reducing the friction coefficient,
agreeing well with previous works [20,29]. But once the a-C surface has
a graphitized structure with high quality, the friction coefficient drops
significantly, reaching the superlubricious state (Fig. 13b), which cannot
be obtained through H-induced surface passivation. Most importantly,
the friction coefficient further decreases with the increase of contact

pressure (Fig. 9a), being contrary to the hydrogenation case. In addition,
because only the a-C surface is graphitized without deteriorating the
intrinsic structure of a-C, it still remains the excellent mechanical
properties. Hence, compared to the surface passivation approach, the
graphitization of a-C surface exhibits higher effectiveness in super-
lubricity, which is also easy to be realized on a macroscale by femto-
second laser irradiation for engineering applications, as confirmed by
Liu’s study [49].

4. Conclusions

In the present work, we fabricated self-mated a-C friction systems, in
which the a-C surface was graphitized by fast annealing treatment under
different temperatures. By the systematical analysis of friction property
and interfacial structure through RMD simulation, results revealed that:

e The friction behavior was strongly dependent on the graphitized
degree of the a-C surface. Under the contact pressure of 5 GPa, for the
system with no and weak graphitized a-C surface, the friction coef-
ficient was high, similar to the initial case, while with further
improving the graphitized degree of a-C surface, the friction coeffi-
cient decreased quickly, and then become stable for highly graphi-
tized systems, close to superlubricious state.

In particular, under extreme working conditions, for systems with a
weak or moderate graphitized surface, although high normal force
promoted the interfacial passivation, it also aggravated the chemical
cross-linking and brings the high-temperature rise of the interface,
leading to the dissociation of graphitized structure and the serious
increase of shearing strength. On the contrary, for the system with
high-quality graphitized surfaces, such as a-C@3000 K, it achieved
superlubricious behavior with friction coefficient below 0.01 or even
0.001. In particular, it exhibited the superlubricious stability and
reliability under different working conditions. Interfacial analysis
clarified that the superlubricious mechanism not only attributed to
the decrease of spacing distance between contacted graphitized
structures following the high repulsive force, but also the tight
anchoring of graphitized structure to the intrinsic a-C structure.
Furthermore, compared with the results induced by enough passiv-
ation of a-C surface, the system with a highly graphitized surface had
a lower friction coefficient due to the weak intermolecular interac-
tion of contacted graphitized structures. Especially under extreme
working conditions, graphitizing the a-C surface could realize the
superlubricious state, which was unable to be obtained through H-
induced surface passivation, indicating the effectiveness in super-
lubricity by surface graphitization of a-C film.
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o These present results disclose the relation of friction property with
the graphitized degree of a-C surface and the fundamentally super-
lubricious mechanism which is not accessible for an experimental
approach and most importantly develop the fast and facile method
for fabricating the superlubricious a-C film for industrial scale-up
and applications.
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