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ARTICLE INFO ABSTRACT

Keywords: Graphitization and tribo-oxidation are two common phenomena found at the friction interfaces of carbon-based

Ca‘rb.on film films in atmospheric environment. However, the specific contributions of them to the low friction behavior are

I;“c“]:’f‘_ ) not well clarified. Here, we show two kinds of low friction behaviors of graphene nanocrystalline carbon (GNC)
raphitization

films doped with different elements (Ti, Al, Si). The promotion effects of graphene nanocrystallites on the
graphitization and different doping elements on the tribo-oxidation were detailed analyzed for uncovering the
low friction mechanisms. The results suggest that the relationship between graphitization and tribo-oxidation
could be competitive or coexisting. For competitive type, the friction coefficient of Ti-doped GNC film first
decreased to a low-friction stage due to graphitization, and then gradually increased into a steady-friction stage
by tribo-oxidation. For coexisting type, the graphitization and tribo-oxidation co-induced the steady-low-friction
behaviors of Al-doped and Si-doped GNC films. This work provides new insights into the friction mechanism, and
the guidance for the design of doped GNC films with desired friction behaviors.

Tribo-oxidation

1. Introduction

Amorphous carbon (a-C) film is an important class of tribological
materials for its excellent properties such as low friction coefficient, high
wear resistance and hardness [1-3]. Over the past decades, it has been
extensively studied and used in widespread applications, such as mag-
netic disks, razor blades, automobile engines, cutting tools, space-based
technologies, and micro-electro-mechanical systems [2-4]. Nowadays,
it still attracts enormous interests from scientific and industrial com-
munities to modify the structure of amorphous carbon film in nanoscale
for improving or extending the properties of the film [5-10].

The low friction of a-C film, especially the hydrogen free a-C film, has
been mainly attributed to the friction-induced graphitization of contact
surface and the consequent formation of a graphitelike nanocrystallite
tribofilm on the sliding surface of the counterpart [11-13]. The tribofilm
lowers the interaction force between the sliding surfaces from strong
covalent bonds to mainly weak van der Waals forces. However, the
formation of graphitelike nanocrystallite tribofilm is strongly dependent
on many factors, such as normal load, sliding velocity, counterpart
material, atmosphere, as well as the structural, chemical, and mechan-
ical properties of the a-C film [14-18]. Therefore, in some cases, a-C film
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cannot reach a low friction state, or need to go through a long period of
high friction run-in stage to enter the low friction state [6,18]. In order
to ensure or optimize the low friction performance of a-C film, many
strategies have been proposed to promote the graphitization of sliding
surfaces. For instance, doping the a-C film with additional elements [19,
20], embedding the a-C film with sp2 nanocrystallites [5,6], applying an
external electric current to the friction system [21,22].

In fact, it should be noted that the sliding friction process of carbon
film in atmospheric environment is inevitably accompanied by tribo-
oxidation to some extent. The effect of tribo-oxidation on the friction
behavior is worthy of in-depth discussion, although it is not regarded as
a determining factor for the low friction. On one hand, the tribo-
oxidation by water or oxygen can help to passivate the carbon surface
dangling bonds [23]. On the other hand, it might increase the wear and
destroy the graphene nanostructure [24]. And those effects become
more complicated for the carbon films doped with additional elements.
Some doped elements are more likely to oxidize under sliding friction
and form different oxides, which might accumulate at the sliding
interface and participate in the formation of tribofilm [25,26]. In this
case, it seems to be insufficient and hasty to explain the low friction
behavior simply by graphitization. In other words, whether
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Fig. 1. (a) Raman spectra of pure GNC film and doped GNC films (doping target current: 0.7 A). Plan TEM images of (b) pure GNC film, (c) Ti-doped GNC film, (d) Al-
doped GNC film, and (e) Si-doped GNC film. (A colour version of this figure can be viewed online.)

graphitization can be regarded as the only design basis for the optimi-
zation of low friction performance of doped carbon films or not? Hence,
it is necessary to clarify the specific effects of graphitization and
tribo-oxidation on the friction behavior of doped carbon films.

In this research, we study the friction behaviors of graphene nano-
crystalline carbon (GNC) films doped with different elements (Ti, Al Si),
with particular emphasis on the effects of graphitization and tribo-
oxidation on the friction behavior and especially on the formation of
tribofilm. Due to the abundant graphene nanocrystallites embedded in
the GNC film, the friction induced graphitization could occur easier and
faster compared with the a-C film [6], which is helpful to clarify the
specific effects of graphitization and tribo-oxidation. Our results show
that the friction behaviors of the doped GNC films were strongly influ-
enced by graphitization and tribo-oxidation, and were mainly depen-
dent on the tribofilm formation during sliding. Tribo-oxidation is not
always antithetical to low friction, and can sometimes coexist with
graphitization to promote low friction together.

2. Experimental section
2.1. Film fabrication

The pure and doped GNC films were deposited on silicon substrate
(p-type <100>) by using a hybrid sputtering system with an electron
cyclotron resonance (ECR) plasma sputtering for carbon deposition and
a magnetron sputtering for different element doping. The detailed de-
scriptions of the sputtering system were reported in our previous works
[27,28]. The background pressure of the vacuum chamber was 8 x 10°°
Pa, and the argon working pressure was kept at 1 x 10~ Pa. During the
film deposition, low-energy electron irradiation on the film was realized
by applying a positive bias voltage of +80 V to the substrate, inducing
the formation of graphene nanocrystallites. Different elements doping of
Ti, Al, and Si was realized by changing magnetron sputtering targets.
Magnetron target currents were set as 0.1 A, 0.3 A, 0.5 A and 0.7 A to
obtain different doping concentrations. The film thicknesses were ~150
nm controlled by deposition time. The deposition rates were about 5-6
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nm/min for different doping parameters, which are estimated with a
stylus profilometer (Bruker, Dektak-XT) and the cross-sectional view
TEM images of the films [27].

2.2. Characterization

The nanostructures of the pure and doped GNC films were analyzed
with a Raman spectroscopy (HORIBA, HR-Resolution; wavelength of
532 nm) and a Cs-corrected transmission electron microscope (TEM,
Thermo Fisher Scientific, Titan3 Themis G2). The TEM was operated at
80 kV to avoid possible damages or recrystallization caused by electron
irradiation. The plan view TEM specimens were prepared by scratching
the film surface with a diamond pencil to form carbon flakes, which
were then transferred onto copper micro grids. The cross-sectional view
TEM specimens of the tribofilms were fabricated by using a focused ion
beam (FIB, Thermo Fisher Scientific, Scios). The chemical compositions
of films were analyzed using an AXIS ultra DLD multifunctional XPS
with a monochromatic Al Ka Xray source. For the Ti-doped, Al-doped,
and Si-doped GNC films fabricated with doping target current of 0.7 A,
the doping concentrations of Ti, Al and Si were ~4.8 at.%, ~21.7 at.%
and ~11.6 at.%, respectively (See Fig. S1 in the Supplementary data).

The friction tests of films sliding against a SigN4 ball (radius of 3.17
mm) were performed with a Pin-on-Disk tribometer. The normal load
was 2 N. The sliding velocity was 26.4 mm/s, corresponding to a con-
stant disk rotational speed of 180 rpm with a frictional radius of 1.4 mm.
The tests were operated in a clean room with a temperature of 24 °C and
a relative humidity of 45-50%.

3. Results and discussion
3.1. Film nanostructure

Fig. 1 shows Raman spectra and plan view TEM images of the pure
GNC and doped GNC films. For the pure GNC film, the Raman spectrum

exhibits three sharp bands of D band, G band and 2D band respectively
around 1340, 1590 and 2700 cm!, confirming the existence of graphene
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Fig. 2. (a) Typical friction curves of pure GNC film and Ti-doped GNC films with different Ti target currents. (b) Optical images of worn scars on the SizNy ball
surfaces after different sliding cycles indicated in Fig. 2(a). (¢) Raman spectra of the worn scars on the SizN4 ball surfaces indicated in Fig. 2(b). (A colour version of

this figure can be viewed online.)

nanocrystallites [29,30]. After element doping, the shapes of D and G
bands became coupling and the relative intensities of 2D bands
decreased, which indicates the decrease of graphene nanocrystallite
size. From the TEM images, all the films contain randomly oriented
graphene nanocrystallites embedded in the amorphous carbon matrix.
The graphene nanocrystallites in the doped GNC films (Fig. 1c—e) appear
to be smaller than that of the pure GNC film (Fig. 1b), which is in
accordance with the analysis results of Raman spectra. And it should be
noticed that Ti-doping induced the formation of TiC nanocrystallites, as
marked with white circles in Fig. 1c. For Al-doping and Si-doping GNC
films, no nanocrystalline carbides can be found in the TEM images
(Fig. 1 d-e).

3.2. Friction behaviors of Ti-doped GNC films

Fig. 2a shows the typical friction curves of pure GNC film and Ti-
doped GNC films fabricated with different Ti target currents. The fric-
tion coefficient of the pure GNC film was ~0.15 after the run-in stage,
then suddenly increased after ~600 sliding cycles, indicating the failure
of the film. For the Ti-doped GNC film with Ti target current of 0.1 A, the
friction coefficient was 0.09 and wear life was ~160 cycles. When the Ti
target current was 0.3 A and over, the wear life increased to more than
5000 cycles. And the friction curves showed four distinct stages: run-in
stage, low-friction stage, friction-transition stage, and steady-friction
stage. For example, the fiction coefficient of the Ti-GNC film with Ti
target current of 0.7 A first decreased to a low value of 0.05 after about
50 sliding cycles, then gradually increased to another steady value of
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0.13 after about 1700 cycles. And it can be found that the periods of the
low friction stage and friction-transition stage decreased with the
increasing of Ti target current.

In order to understand the friction behaviors, the structures of worn
scars on the SigNy4 ball surfaces after 300, 1000 and 2000 cycles were
observed and analyzed with an optical microscope and Raman spec-
troscopy. The results are shown in Fig. 2b—c. Tribofilms can be found on
each ball surface (see Fig. 2b). For the tribofilm of GNC film, the wear
debris mainly accumulated at the outsides of the central contact area.
Whereas, the tribofilms of Ti-doped GNC films mostly formed at the
central contact areas. And it can be observed that the silvery area
increased with the sliding cycles. After 2000 cycles sliding, the tribofilm
was mainly composed of silvery material. To investigate the chemical
compositions, elemental mapping analyses were carried out with energy
dispersive X-ray spectroscopy (EDS). And from the results (See Fig. S2 in
the Supplementary data), we can infer that the major component of the
silvery material was titanium oxide, which indicates the occurrence of
tribo-oxidation at the sliding interface.

Raman spectra at three or four different positions, as indicated in
Fig. 2b, were measured for each tribofilm. For the tribofilms of pure GNC
film (see Fig. 2c), the shapes of Raman spectra are similar to that of the
initial GNC film. All of them show sharp D and G bands, indicating the
graphene nanocrystalline structure of the tribofilm. Therefore, the for-
mation of tribofilm accompanied with graphitization, which is derived
from the restructuring of graphene nanocrystallites in wear debris [6].
For the Ti-doped GNC films, the Raman spectra of the tribofilms after
300 cycles also possess sharp D-G bands. But it can be found that the
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Fig. 3. (a—d) Cross-sectional TEM images and FFT images of the tribofilm after 2000 cycles of the Ti-doped GNC film (Ti target current: 0.7 A). (e) Cross-sectional
view EDS results of the tribofilm. The HAADF STEM image, element concentration profiles across the tribofilm measured by EDS-line scan, Ti, O, C, N element
distributions and their composite are presented. (A colour version of this figure can be viewed online.)

relative intensities of D and G bands decreased with the increase of the
sliding cycles, and became indistinguishable after 2000 cycles. This
suggests that the carbon content inside the tribofilm was too small to be
detected, which also means the tribofilm was mainly made up of tita-
nium oxide (silvery material). To sum up the results in Fig. 2, we can
deduce that the friction behaviors of the Ti-doped GNC films were
directly depended on the structure evolution of tribofilms. After run-in,
friction coefficient decreased to a low friction stage due to the formation
of graphitized tribofilm. Meanwhile, titanium oxide was generated
through tirbo-oxidation of TiC in the air, and gradually accumulated at
the sliding contact area. The titanium oxide had a competition rela-
tionship with carbon, and eventually covered the entire contact area of
SigN4 ball surface as sliding to a certain cycle. Thus, the tribofilm
transformed from carbon to titanium oxide. And the transformation
process triggered the friction-transition stage and steady-friction stage
of Ti-doped GNC films. Additionally, as we know, one necessary element
for the formation of titanium oxide is Ti, which is acquired from the
Ti-doped GNC films. When the Ti content in the film increased, the ti-
tanium oxide accumulated faster at the ball surface. Thus, shorter pe-
riods of low-friction stage and friction-transition stage were obtained
(see Fig. 2a). In short, graphitization and tribo-oxidation were in a
competitive relationship at the friction interfaces of Ti-doped GNC films,
resulting in the four-stage friction behavior.

The cross-sectional nanostructure of the tribofilm of the Ti-doped
GNC film after 2000 cycles was observed and analyzed with TEM. The
results are shown in Fig. 3. In the low-magnification TEM image
(Fig. 3a), a significant double-layer tribofilm can be observed on the
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surface of SigN4 ball. Fig. 3b-d are the enlarged TEM images of the
different regions indicated in Fig. 3a. The nanostructures of the 1st tri-
bolayer and 2nd tribolayer are amorphous and crystalline, respectively.
And for the crystallites in the 2nd tribolayer, the lattice spacing in one
direction is measured to be 0.235 nm, close to the d value of the TiO5
(001) plane. Fig. 3e shows the EDS analysis results of the tribofilm.
Combined with the HAADF image, element concentration profiles, and
element distribution images, we can find that the 1st tribolayer is
dominated by carbon and oxygen, with average contents of ~57% and
~23%, respectively. The 2nd tribolayer was dominated by oxygen and
titanium, with average contents of ~53% and ~36%, respectively.
Therefore, the steady friction of Ti-doped GNC film was really due to
interfacial sliding between the crystalline titanium oxide surface (2nd
tribolayer) and the worn Ti-doped GNC surface. And the low-friction
stage is corresponded to the 1st carbon-based tribolayer. It should be
noted that the nanostructure of carbon-based tribolayer is graphitized at
the low-friction stage (see Fig. 2), and then transformed to amorphous
carbon oxide at the steady-friction stage. These reveal the leading role of
tribo-oxidation at the steady-friction stage, and further verify the
competitive relationship between graphitization and tribo-oxidation.
And the competition in here is more like a rat-race. Only one winner
can stick to the end, as the tribo-oxidization almost replaced the
graphitization at last.

3.3. Friction behaviors of AL-doped and Si-doped GNC films

Fig. 4a shows the typical friction curves of Al-doped and Si-doped
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Fig. 4. (a) Typical friction curves of Al-doped and Si-doped GNC films with doping target current of 0.7 A. Inset is the friction coefficients of Al-doped and Si-doped
GNC films with different doping target currents. (b) Optical images of worn scars on the SigN, ball surfaces after different sliding cycles of the Al-doped and Si-doped
GNC films. (c) Raman spectra of the worn scars on the SizNy ball surfaces indicated in Fig. 4(b). (A colour version of this figure can be viewed online.)

GNC films with doping target current of 0.7 A. After run-in periods, the
friction coefficients decreased to steady low values of 0.05 and 0.03,
respectively. And from the inset, it can be seen that the friction co-
efficients decreased with the increase of doping target current. This
suggest that Al and Si doping has a positive effect on the reduction of
friction coefficient. The tribofilms of the Al-doped and Si-doped GNC
films after different sliding cycles were observed with optical micro-
scope, as shown in Fig. 4b. For both of the films, distinct tribofilms
formed on the surfaces of the SisNy4 balls after 50 cycles, resulting in the
decreasing of friction coefficients at the run-in stages. And for all of the
tribofilms in Fig. 4b, the appearances are showing random distributions
of silvery and black areas. And the results of EDS-elemental mapping
analyses also exhibit non-uniform elemental distribution (See Fig. S3
and Fig. S4 in the Supplementary data). Therefore, the material distri-
butions of the tribofilms are not uniform in the plan view. The low
friction behaviors of Al-doped and Si-doped GNC films could not be
solely attributed to any one substance within the tribofilms. Fig. 4c
shows the Raman spectra of the tribofilms indicated in Fig. 4b. It can be
found that all of the Raman spectra have D and G bands, stating the
existence of graphene nanocrystallites in different areas of tribofilms.
But the intensities of the D and G bands vary greatly, and they are just
little higher than the background noise in some spectra. Hence, the
contents of graphene nanocrystallite in different areas of the tribofilms
also have great difference. The origination of low friction cannot be fully
explained from the perspective of graphitization alone.

The cross-sectional nanostructure of the tribofilm of the Al-doped
GNC film after 2000 cycles was observed and analyzed with TEM. The
results are shown in Fig. 5. In the low-magnification TEM image
(Fig. 5a), the tribofilm shows an overlapping multilayer structure.
Fig. 5b—e are the enlarged TEM images of the different regions indicated
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in Fig. 5a. Fig. 5b—c and Fig. 5d—e shows the two main substances of the
overlapping multilayer, respectively. It can be seen that the nano-
structures in Fig. 5b—c are polycrystalline. Combined with the results of
EDS element analysis (Fig. 5f), it can be concluded that the poly-
crystalline substance is inferred to be aluminium oxide from the domi-
nated distribution of oxygen (52.3 at.%) and aluminum (35.3 at.%) in
those regions. In the regions of Fig. 5d and e, carbon (56.8 at.%) and
oxygen (28.9 at.%) are the major components (see Fig. 5f). The nano-
structures shown in Fig. 5d and e are amorphous carbon and graphene
nanocrystalline, respectively. The size of graphene nanocrystallite is
very small, corresponding with the weak intensities of D and G bands in
Fig. 4c. Therefore, in the cross-sectional view, the tribofilm is composed
of alternating stacks of aluminium oxide layer and carbon-based layer.
Further, tribo-oxidation and graphitization are coexisting in the tribo-
film of Al-doped GNC film both in the plan view and in the cross-
sectional view.

Fig. 6 shows cross-sectional TEM images and EDS results of the tri-
bofilm after 2000 cycles of the Si-doped GNC film (Si target current: 0.7
A). The tribofilm has a uniform amorphous nanostructure in the cross-
sectional view (see Fig. 6a—c). And from the EDS results (Fig. 6d), it
can be seen that the main components of the tribofilm are O (42.3%), C
(36.4%), and Si (18.5%). Thus, the dominant phenomenon is tribo-
oxidation in this region. It is noticed that the TEM sample was
observed in a region of only a few microns. From the analysis results of
Raman spectra, the existence of graphene nanocrystallites can be
confirmed in some certain regions of the tribofilm (see Fig. 4c). There-
fore, for this Si-doped GNC film, tribo-oxidation and graphitization are
coexisting in the tribofilm, but the tribo-oxidation play a dominant role.
This dominant role is believed to be related to Si doping concentration,
which is ~11.6 at.% in the Si-doped GNC film (See Fig. S1 in the
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Fig. 5. (a—e) Cross-sectional TEM images and FFT images of the tribofilm after 2000 cycles of the Al-doped GNC film (Al target current: 0.7 A). (f) Cross-sectional
view EDS results of the tribofilm. The HAADF STEM image, element distribution image, element concentration profiles across the tribofilm measured by EDS-line

scan are presented. (A colour version of this figure can be viewed online.)

Supplementary data).

3.4. Graphitization vs tribo-oxidation

Based on the above results of friction tests and nanostructure char-
acterizations, it is evidenced that the relationship between graphitiza-
tion and tribo-oxidation is competitive in the tribofilms of Ti-doped GNC
film, resulting in a staged friction behavior. For the Al-doped and Si-
doped GNC films, the tribo-oxidation and graphitization are coexisting
in the tribofilms, and jointly give rise to the low friction behaviors. The
schematic diagram of the competitive and coexisting relationships is
presented in Fig. 7. Intuitively, the relationship is depended on the type
of doping element. The fundamental reason is believed to be the dif-
ference in the magnitude of friction force between the worn surface of
film and the oxide induced by friction. For Ti-doped GNC film (see
Fig. 2), the friction coefficient of titanium oxide (steady friction stage) is
higher than that of graphene nanocrystallite (low friction stage). When
the titanium oxide and graphene nanocrystallite mixed distributed in the
tribofilm, the uneven local friction force in the different regions of the
tribofilm resulted in a large fluctuation of friction coefficient (friction-
transition stage). The high friction force region (titanium oxide) caused
high heat and stress, and under these conditions the tirbo-oxidation is
more intense. Oxidation of titanium would further increase the amount
of titanium oxide in the tribofilm, causing the expansion of the titanium
oxide region. Oxidation of carbon produced carbon monoxide or carbon
dioxide, which could emit from the sliding interface under a certain
oxidization degree, leading to the decline in carbon content. In
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consequence, the surface of tribofilm would eventually be completely
covered by titanium oxide. Note that the tribofilm was quickly formed
after a short run-in period, so the friction coefficient was really depen-
ded on the interfacial sliding between the tribofilm and the worn surface
of film [13]. Therefore, the nanostructure transformation of the tribo-
film from graphene nanocrystallite to titanium oxide in turn led to the
variation of friction coefficient from ~0.05 to ~0.13 (see Fig. 2). The
graphene nanocrystallite could help to lower the interaction force be-
tween the sliding surfaces from strong covalent bonds to mainly weak
van der Waal forces [6,31,32]. While the titanium oxide would cause
abrasive and oxidative wear [18,25], resulting in the high friction
coefficient.

For the Al-doped GNC or Si-doped GNC films (see Fig. 4), the friction
coefficients decreased with the increase of doping concentration, which
suggests that the local friction forces of aluminum oxide and silicon-
carbon oxide are close to or a little lower than that of graphene nano-
crystallite. The formation of aluminum oxide or silicon-carbon oxide
does not lead to a rapid oxidation consumption of carbon, so they can be
in a state of equilibrium. The tribo-oxidation and graphitization are
coexisting in the tribofilms, and the friction behaviors exhibited steady
low friction states, as presented in Fig. 7. Certainly, the actual coexisting
mechanism of tribo-oxidation and graphitization could be more
complicated, which need a further discussion. When aluminum oxide
slides against the carbon surface, two kinds of atomic interactions (C-O,
C-Al) may form at the friction interface, which depends on the
aluminum oxide is O-terminated or Al-terminated. The interaction be-
tween C and Al atoms is weak, resulting in low adhesion [33]. The
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Fig. 6. (a—c) Cross-sectional TEM images of the tribofilm after 2000 cycles of the Si-doped GNC film (Si target current: 0.7 A). (f) Cross-sectional view EDS results of
the tribofilm. The HAADF STEM image, element distribution image, element concentration profiles across the tribofilm measured by EDS-line scan are presented. (A

colour version of this figure can be viewed online.)

interaction between C and O atoms is strong, resulting in strong adhe-
sion [15,33]. These weak and strong atomic interactions may give rise to
the alternating stacks of aluminum oxide layer and carbon-based layer
during the formation of tribofilm (see Fig. 5), ensuring the sliding sur-
face to be a weak interaction state. In addition, the graphene nano-
crystalline carbon surface also has benefit to suppress the formation of
the interfacial C-O and C-Al bonds due to the low reactivity of graphene
sheets [15]. As a result, the local friction force of aluminum oxide could
close to that of graphene nanocrystallite. When silicon-carbon oxide
exists at sliding interfaces, it can interact with the humid environment
through tribo-chemical effects, promoting the absorption of water with
formation of hydrophilic Si—OH structure [34]. The low shear strength of
this hydrophilic Si-OH structure is commonly suggested to be the major
cause of low friction for Si-doped amorphous carbon films [35,36].
Hence, the local friction force of silicon-carbon oxide is close to or a little
lower than that of graphene nanocrystallite. Therefore, the
tribo-oxidation and graphitization can coexist in the tribofilms and
jointly induce the steady low friction behaviors for the Al-doped GNC
and Si-doped GNC films.

We have showed that element doping is an effective way to optimize
the nanostructure and friction properties of GNC film. However, the
guiding principle of this strategy should take into account the relation-
ship between graphitization and tribo-oxidation govern by the types of
doping elements. Particularly, it should be emphasized that the
competitive or coexisting relationship revealed in this study is for the
low concentration doping. If the doping concentration continues to rise,
the graphitization of tribofilm will diminish further, and the tribo-
oxidation induced by doping element or abrasive wear induced by
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related carbide or oxide nanocrystallites will dominate and degrade the
friction performance [24,37]. In addition, note that the doped GNC films
are embedded with abundant graphene nanocrystallites, which is
helpful for the friction induced graphitization [6], thus the relationship
between graphitization and tribo-oxidation can be clarified effectively.
And owing to their unique nanostructures and friction behaviors, the
doped GNC films can also be expected to have many other excellent
properties, such as current-carrying friction [22], fatigue [38], and
friction in a water environment [39], which will be explored in the near
future.

4. Conclusions

In summary, we have studied the friction behaviors of graphene
nanocrystalline carbon (GNC) films doped with different elements (Ti,
Al, Si), with aim to clarify the respective effects of graphitization and
tribo-oxidation on the friction behavior and the formation of tribofilm.
The results revealed that the relationships between graphitization and
tribo-oxidation could be competitive or coexisting, which are depended
on the doping elements. For competitive type, the friction coefficient of
Ti-doped GNC film first decreased to a low-friction stage due to graph-
itization, and then gradually increased into a steady-friction stage by
tribo-oxidation. For coexisting type, the graphitization and tribo-
oxidation co-induced the steady-low-friction behaviors of Al-doped
and Si-doped GNC films. Our work provides new insights into the fric-
tion mechanism, which is helpful for the design and fabrication of
nanostructured carbon film with desired friction behaviors.



C. Chen et al.

Carbon 197 (2022) 435-443

Competitive relationship (Graphitization vs Tribo-oxidation)

Ti-doped GNC film
iifE f15.>> fc @I Graphene nanocrystalite

Titanium oxide |

®.

Low friction

Tribofilm

Unsteady friction

tirbo-oxidation

Steady friction
—

Al-doped GNC film

Alurminum
oxide

Steady low friction

Graphene
nanocrystallite

> faioc=fc @

Si-doped GNC film

0
o

Silicon-carbon Graphene g{%
oxide nanocrystallite !
sico fc @ .
W Tribofiim fsicorfe ® Tribofim

Steady low friction

Fig. 7. Schematic diagram of the competitive and coexisting relationships between graphitization and tribo-oxidation in the tribofilms of Ti-doped GNC, Al-doped
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