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Abstract: The purpose of the present work is to probe the friction mechanism of hydrogenated
diamond-like carbon (H-DLC) film in air by varying sliding velocity (25–1000 mm/s). Friction tests
of Al2O3 ball against H-DLC film were conducted with a rotational ball-on-disk tribometer. As the
sliding velocity increases, both the friction coefficient and the surface wear of H-DLC film decrease,
reach the minimum values, and then increase in the high sliding velocity region. Based on the
observed results, three main friction mechanisms of H-DLC film—namely graphitization mechanism,
transfer layer mechanism, and passivation mechanism—are discussed. Raman analysis indicates that
the graphitization of worn surface on the H-DLC film has a negligible contribution to the variation of
the friction coefficient and the surface wear. The origin of the sliding velocity dependence is due to the
synergistic interaction between the graphitized transfer layer formation and the surface passivation.
The present study will not only enrich the understanding of friction mechanism of H-DLC films in
air, but will also help to promote their practical engineering applications.

Keywords: diamond-like carbon film; friction mechanism; transfer layer; surface passivation;
sliding velocity

1. Introduction

Over the past few decades, energy and material losses caused by friction and wear in machine
elements have given rise to the huge economic and environmental burdens for all countries [1].
Therefore, lots of low-friction materials, coatings, and lubricants have been prepared and discovered
to regulate the process of friction and wear in machine elements [2,3]. Among the various materials,
diamond-like carbon (DLC) film is considered to be one of the most promising solid lubrication
materials for industry applications owing to its outstanding physical, chemical, tribological, and
optical properties [4–7].

Previously, lots of experimental studies on the tribological properties of DLC films have been
carried out by investigating the effects of intrinsic properties, i.e., hydrogen concentration, hardness,
metal/nonmetal doping, and so on [8–11]. However, the tribological properties of DLC films depend
on not only the intrinsic parameters, but also many extrinsic factors, such as sliding velocity, normal
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load, environment atmosphere, and properties of friction interfaces [12–15]. In particular, the effect of
sliding velocity on the friction characteristics of DLC films has been extensively studied, giving rise to
a large amount of diverging findings [15–17]. For instance, it is noted that the friction coefficient of the
DLC films increased from 0.07 to 0.22 with increasing of sliding velocity in air, and the reason is due
to the entrapment of more debris particles at the sliding interface [18]. Subsequently, some studies
reported that the friction coefficient of H-DLC film decreased from 0.13 to 0.007 with the increase of
sliding velocity, and the reason was attributed either to the removal of adsorbed water layer or the
increase of the graphitization degree at the sliding interface [19,20]. However, recent study shows that
the friction coefficient increases though with a high graphitization degree of the worn surface, where
gas passivation is found to play a significant role and the high friction coefficient is mainly due to the
insufficient gas passivation [21]. Based on the above research, the effects of sliding velocity on the
friction and wear characteristics of DLC films are still not well understood.

The purpose of the present work is to deeply probe the friction mechanism of H-DLC film by
varying sliding velocity. In air, the sliding velocity in a broad range from 25 to 1000 mm/s shows
a strong effect on the friction behavior of H-DLC film. More surprisingly, the friction coefficient
decreases to a minimum value, and then increases as sliding velocity increases. Analysis indicates that
the reason is not due to the graphitization of the worn surface on the H-DLC film, but attributed to
the synergistic interaction between transfer layer formation and surface passivation. Insights gained
from this study are helpful to enrich the understanding of the friction mechanism of H-DLC film in air,
as well as promote their practical applications.

2. Materials and Methods

2.1. Preparation of H-DLC Film

In this study, a plasma enhanced chemical-vapor deposition (PECVD) method is used to produce
H-DLC films on Si (100) substrates. The deposition processes can be described as the following
steps. First, the silicon wafers are ultrasonically cleaned with acetone and ethanol for 30 min and
dried in a dry chamber. Then, the cleaned wafers are placed into the vacuum chamber (~10−4 Pa)
and etched by Ar+ ions at a pressure of 5 Pa for 30 min. This treatment can not only remove the
native oxide and surface contamination but also improve the bonding strength between substrate
and deposited material. Besides, to optimize adhesion strength between the film and the silicon
substrate, a ~55-nm-thick nitrogen-doped H-DLC film as a buffer layer is firstly grown on the
silicon wafer in working atmosphere of a mixture of methane and nitrogen. Finally, the H-DLC
film (H% < 20%) is deposited as the outermost layer in the mixed gases of methane and hydrogen [22].
As shown in Figure 1a, thickness of the H-DLC film is characterized as ~866 nm by scanning electron
microscopy (SEM, JSM-6701F, JEOL, Tokyo, Japan), and its surface root-mean-square (RMS) roughness
is characterized as ~0.20 ± 0.02 nm (averaged at 6 different locations) in scan area of 1 µm × 1 µm by
atomic force microscopy (AFM, E-sweep, Hitachi, Tokyo, Japan). Using nanoindentor (Hysitron, TI 750,
Minneapolis, MN, USA) with a diamond conical tip (radius = ~2 µm), the load—displacement curve
is measured at a maximum indentation depth of 80 nm (Figure 1b). According to the Oliver-Pharr
model, hardness and elasticity modulus of the H-DLC film are estimated as ~12.55 and ~102.82 GPa,
respectively. Bonding structure of the H-DLC film is analyzed using Raman spectroscopy (JY-HR-800,
Jobin Yvon Company, Lille, France), and the Raman spectrum exhibits two main features, a G peak
centered at around 1580 cm−1 and a D peak at around 1350 cm−1, which is a typical DLC film with an
intensity ratio (ID/IG) of ~0.41 (Figure 1c) [23].
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Figure 1. Properties of the hydrogenated diamond-like carbon (H-DLC) film used in the
velocity-dependent friction tests. (a) SEM image of a fractured cross-section of the H-DLC film.
Inset shows the AFM image of the H-DLC film with a RMS roughness of ~0.20 ± 0.02 nm.
(b) Nanoindentation load−displacement curve of the H-DLC film. (c) Raman spectra of the H-DLC film.

2.2. Test Methods

Sliding friction and wear tests for the H-DLC film in air were conducted using a rotational
ball-on-disk tribometer (CSM tribometer, CSM Instruments, Peseux, Switzerland) with Al2O3 balls
(radius R = ~1.5 mm). Before each test, H-DLC film and Al2O3 ball were cleaned ultrasonically in
ethanol (C2H5OH) for ~5 min to eliminate the possible contamination. During the sliding process,
the tapplied normal load was maintained at 2 N and the sliding velocity changed from 25 to 1000 mm/s.
At the given load, the maximum Hertz contact pressure is calculated as 1042 MPa. Each friction test
was conducted at least three times under the same experimental conditions. The relative humidity
of the room air is around ~25%. After the sliding tests, all topographies of the worn regions on
the H-DLC films formed at various sliding velocities were characterized by three dimensional (3D)
profilometry (Superview W1, Chotest Technology Inc., Shenzhen, China), and the corresponding worn
surfaces of the Al2O3 balls were measured by optical microscope. Bonding structures of the worn
surfaces on the H-DLC films and the transfer layer covered on the Al2O3 ball surfaces were detected
by Raman spectroscopy.

3. Result

3.1. Friction Behavior of the H-DLC Film at Various Sliding Velocities

Figure 2a shows the friction coefficient curves of H-DLC film against Al2O3 balls under different
sliding velocities in air. In general, the friction coefficients decrease dramatically at the initial stage
and then maintain steady under all velocity conditions. The average friction coefficients in the steady
stage at various sliding velocities are compared in Figure 2b. It is intriguing to note that the friction
coefficient of the H-DLC film decreases from 0.13 to 0.085 as the sliding velocity changes from 25 to
400 mm/s, but gradually increases to 0.096 at 600 mm/s. When the sliding velocity further increases
to 1000 mm/s, the friction coefficient of H-DLC film reduces rapidly to 0.05 and increases suddenly to
0.46 after a very short running-in process. The velocity-dependent friction behavior observed in this
study is much different from the previously reported results [19,20]. The diverse variation behaviors
of the friction coefficient with the sliding velocity imply that the dominant friction mechanism may
change at different velocity conditions.
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Figure 2. Sliding velocity dependence of friction coefficient on the H-DLC films. (a) Friction coefficient
curves of the H-DLC film slid against Al2O3 balls under the different sliding velocities. (b) The average
friction coefficient in the steady stage at each condition calculated from (a).

3.2. Wear Resistance of the H-DLC Film at Different Sliding Velocities

Figure 3 displays 3D images of the worn tracks on the H-DLC film formed at various sliding
velocities after the same sliding distance of 500 m (except that at 1000 mm/s with a distance of ~20 m).
Obvious surface wear occurs under all velocity conditions, and especially a much more serious surface
damage with a deeper and wider groove is formed at 1000 mm/s. Figure 4 compares the wear depth
estimated from the wear tracks shown in Figure 3. With the increase of sliding velocity, the wear depth
decreases gradually from ~75 nm at 25 mm/s to ~55 nm at 400 mm/s, and after that, rises to ~76 nm
at 600 mm/s and sharply increases to more than 900 nm at 1000 mm/s. Although the sliding distance
at 1000 mm/s is twenty five times less than those at other conditions, the wear depth is ten times
larger. This value exceeds the thickness of H-DLC film (~866 nm, Figure 1a), indicating the failure of
the H-DLC film in a very short distance when the sliding velocity is up to 1000 mm/s. In other words,
the high friction coefficient after film failure (Figure 2) may originate from the direct sliding contact
between the Al2O3 ball and the silicon substrate.
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Figure 3. 3D images of the wear tracks formed on the H-DLC films under different sliding velocities. (a)
25, (b) 100, (c) 200, (d) 400, (e) 600, and (f) 1000 mm/s. Note the depth-scale for condition of 1000 mm/s
in (f) is three times larger than those for other conditions.

The variation of wear resistance shown in Figure 4 is consistent with the velocity-dependent
friction behavior of the H-DLC/Al2O3 sliding pairs in air (Figure 2). It means that, similar to other
sliding interfaces [24–26], the wear of H-DLC film is proportional to the dissipative energy imposed
in the friction system. Furthermore, the uniform velocity dependence also indicates that the friction
and wear resistance of H-DLC film influenced by sliding velocity may be attributed to the same
tribological mechanisms. Previously, three main friction mechanisms of DLC films have been widely
recognized, including graphitization mechanism (i.e., graphitization of the DLC material beneath worn
surface) [27–29], transfer layer mechanism (i.e., formation of a graphitized transfer layer at the sliding
interface) [30–32], and passivation mechanism (i.e., saturation of dangling bonds of carbon atoms
at the sliding interface with passivating species) [6,21,33]. Nonmonotonic variation of the friction
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and surface wear with the sliding velocity (Figures 2 and 4) implies that one of the above-mentioned
mechanisms alone cannot explain the observed phenomenon.
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4. Discussion

4.1. Role of Graphitization of DLC Material beneath the Worn Surface in the Velocity-Dependence

Previous studies [27,28] reported that the H-DLC material beneath worn surface could be
graphitized under shear and compression stresses, and the higher graphitization degree resulted in a
lower friction coefficient. Moreover, higher sliding velocity induced the increase of contact frequency
and flash temperature, which facilitated the release of hydrogen (H) atoms from the sp3 structure
of H-DLC film, and then shearing of the weakened H depleted layer enhanced the graphitization
degree [1,34]. In order to detect the role of graphitization in the velocity-dependent friction and wear
behaviors, Raman analyses are performed in the worn regions of H-DLC film after slid against Al2O3

balls at different conditions. A typical Raman spectrum of DLC film consists of G and D peaks, where
the D peak is due to the breathing modes of sp2 bonded atoms in the carbon rings, and the G peak is
due to the in-plane bond stretching of all pairs of sp2 bonded atoms in both rings and chains [23,35,36].
The relative intensity ratio of these two peaks (ID/IG) can be used to characterize the graphitization
degree. Normally, larger value of ID/IG corresponds to a higher graphitization degree [37].

Figure 5 compares the Raman spectra measured on the worn surfaces of H-DLC films. To compare
the possible structure change of the DLC films after slid at different velocities, the characterized region
at 1000 mm/s is chosen at the edge of the wear track where the DLC film is not worn out (i.e., the wear
depth is less than the thickness of H-DLC film). The characterized wear tracks are shown in Figure 3.
Compared to ID/IG of ~0.41 characterized on the original H-DLC film (Figure 1c), no significant change
is observed for the values obtained on the worn surfaces of H-DLC films along with the increase of
sliding velocity from 25 to 600 mm/s although the friction coefficients in the stable stage are diverse
(Figure 2a). Differently, ID/IG at 1000 mm/s increases to ~0.71. The highly final friction (Figure 2) and
low wear resistance (Figure 4) imply that this high value may mainly originate from the formation of
wear debris. Based on the above results, the graphitization of material beneath the worn surfaces of
H-DLC films is negligible under those given experimental conditions, and that should have a very
limited contribution to the variation of friction with sliding velocity and sliding distance.

4.2. Role of Graphitized Transfer Layer in the Velocity-Dependence

Possible transfer layers formed on the Al2O3 counterfaces are checked using optical microscope
and Raman spectroscopy. As shown in Figure 6, transfer materials with dark color are visible around
the contact regions on the Al2O3 ball surfaces after sliding at the velocities of 25–600 mm/s, but is
absent at 1000 mm/s. Figure 7 shows the Raman spectra measured on the worn surfaces of the Al2O3

balls at various sliding velocities. The D and G peaks can be detected when the velocity is less than
600 mm/s, supporting the formation of transfer layer. The Raman spectrum of the transfer layer at
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25 mm/s shows main signal of amorphous carbon structure [23,35,36]. Furthermore, the center of G
peak at 600 mm/s is found to shift a larger amplitude compared to other conditions, namely from 1580
to 1593 cm−1. It indicates that more graphite-like structure may form during sliding process at higher
velocity [23,35,36]. However, no marked signal is observed at 1000 mm/s (Figure 7f) that confirms no
transfer layer existing on the Al2O3 counterface under this condition.
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Figure 5. Raman spectra measured on the worn surfaces of the H-DLC films at different
sliding velocities.
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Figure 6. Optical micrographs of the worn surfaces on the Al2O3 balls after sliding against the H-DLC
film at various sliding velocities. (a) 25, (b) 100, (c) 200, (d) 400, (e) 600, and (f) 1000 mm/s. Note that
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Figure 7. Raman spectra of the worn surfaces on Al2O3 sliding against H-DLC under different sliding
velocities. (a) 25, (b) 100, (c) 200, (d) 400, (e) 600, and (f) 1000 mm/s.

Although the nonuniform coverage of the transfer layer on the counterfaces may lead to the
increase in dispersion, the significantly larger degree of transfer layer formation can be observed at
higher sliding velocity in the range of 25–600 mm/s (Figure 7a–e). These results mean that the portion of
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low shear resistance region covered by the highly graphitized transfer layer increases with the increase
of sliding velocity [19,31]. Moreover, the removal of transfer layer at 1000 mm/s may be the main
reason for the increase of friction coefficient, which is found in our previous study [22]. It is consistent
with the velocity-dependent friction behavior that the degree of transfer layer formation corresponds
to a lower friction coefficient (Figure 2). Therefore, the good agreement between the friction coefficient
and the degree of transfer layer formation reveals that the formation of the graphitized transfer
layer has a strong contribution to the low friction coefficient of the H-DLC films after the initial
running-in process.

As described above, the reason of low friction coefficient is not the graphitization of the worn
surface on the H-DLC film, but the formation of the graphitized transfer layer. However, this
mechanism can not explain the increase of friction coefficient though the degree of transfer layer
formation at 600 mm/s is larger compared to other cases. It implies that another friction mechanism
(such as passivation mechanism) may play an important role in the variation of friction coefficient on
the H-DLC film in air.

4.3. Role of Surface Passivation in the Velocity-Dependence

According to the passivation mechanism [6,21,33], saturation of the dangling carbon bonds on the
sliding interface with passivating species may result in a low friction coefficient. In the present study,
the water molecules, nitrogen and other gases in air may influence the friction behavior of H-DLC film.
When the sliding velocity raises to more than 600 mm/s, it will enlarge the rotating frequency and
short the time of friction heat diffusion. Then, the larger degree of friction-induced temperature rise
may lead to the decrease of gas adsorption, resulting in the insufficient passivation of dangling bonds
of carbon atoms during the sliding process [21,38,39].

To detect possible effect of the surface passivation on the velocity dependence of friction and
wear resistance, two friction tests with only the change of rotating frequency are carried out. The two
rotational radii include 3 mm and 8 mm (inset schematic in Figure 8). The sliding velocity keeps
50 mm/s. Then, the rotating frequencies can be controlled to be ~2.65 and ~1 s−1, respectively.
As shown in Figure 8, significant difference of the friction coefficient in the stable stage is observed
at the sliding distance above ~100 m. The close values in the initial 100 m distance may be due
to the adequate surface passivation because of the small contact area in the early sliding phase.
Physically, larger rotating frequency can promote growth of flash temperature [38]. The higher
friction coefficient at ~2.65 s−1 (3 mm radius) than that at ~1 s−1 (8 mm radius) indicates that the
contribution of temperature rise induced graphitization on the friction difference can be rule out. Then,
the increase of friction force at a larger rotating frequency is overwhelmingly likely the insufficient
surface passivation [21,39]. Similarly, high sliding velocity at a constant rotating radius corresponds
to a large rotating frequency. Therefore, the insufficient passivation may be the reason for the rise of
friction coefficient on the H-DLC film when the sliding velocity increases to 600 mm/s (Figure 2b).
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Figure 8. The friction coefficients of the H-DLC/Al2O3 sliding pairs under different rotational radii.
The inset shows the experimental sketch under different rotational radii.
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In summary, both the graphitized transfer layer and the surface passivation should significantly
contribute to the nonmonotonous variation of the velocity-dependent friction of the H-DLC film against
Al2O3 balls in air. With the increase of sliding velocity, the graphitized transfer layer formed during
the sliding process can lower the friction, conversely, the insufficient surface passivation enlarges the
friction coefficient. The transformation of the velocity-dependent friction shown in Figure 2 indicates
that these two contributions may be balanced at a certain sliding velocity, below which the transfer
layer mechanism dominates the friction behavior, and above which the passivation mechanism plays
a more important role. However, the transfer layer cannot be held on the sliding interface when the
sliding velocity is too large, then the H-DLC film is worn out rapidly (such as 1000 mm/s).

5. Conclusions

The friction and wear mechanisms of the H-DLC film against Al2O3 balls in air are investigated
by varying sliding velocity. The main conclusions can be drawn as below.

• The friction coefficient and wear resistance of the H-DLC film strongly depend on the sliding
velocity. With the increase of sliding velocity, both the friction coefficient and wear resistance
decrease gradually below 400 mm/s and then increase above this critical velocity.

• No significant change of bonding structure is observed on the worn surface of H-DLC film at
various sliding velocities that eliminates the graphitization of H-DLC material beneath the worn
region contributing to the variation of friction coefficient.

• Both the transfer layer and surface passivation mechanism contribute to the velocity dependence
of friction coefficient and wear resistance on the H-DLC film in air. The transfer layer mechanism
may dominate the friction behavior at a relatively low sliding velocity, while the passivation
mechanism may play a more important role at high sliding velocity.
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