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Abstract This work aims at revealing the influences of
space irradiations [including the atomic oxygen (AO) and
ultraviolet (UV) irradiations] on the MoS,/DLC solid
lubricating film. The changes on microstructure, mechani-
cal and vacuum tribological properties of nanocomposite
films after irradiations have been systematically investi-
gated. It is found that the AO irradiation mainly induces the
surface oxidation of the film, whereas some oxygen atoms
can erode the bulk film along the defects highway; thus, the
connectivity of carbon atoms is improved. In contrast, the
UV irradiation may break the carbon bonds and functional
groups, as well as induce a secondary radical formation,
which accelerates the broken and recombination of the
carbon chain scission. Specially, the films after irradiations
exhibit much higher hardness (>19 GPa), lower friction
coefficient (<0.02) and wear rate compared with the orig-
inal one. The excellent tribological properties of the films
after irradiations can be attributed to the synergistic effect
of the high sp’ C content and good crystallization of MoS,
in the film, which cause the lower carbon and higher MoS,
content in the wear debris at the contact interface.
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1 Introduction

The human exploration of the space environment is criti-
cally dependent on the correct and reliable operation of
many moving mechanical assemblies and tribological
components [1, 2]. However, most of these devices require
low and stable friction and low wear rate, taking into
account the need of low consumption, good reliability in
some extreme operation conditions, such as ultra-high
vacuum, the absence of gravity, AO irradiation and UV
irradiation [3, 4]. It is essential, therefore, to select the right
lubrication technique and lubricant for each device oper-
ated in space. Unfortunately, since the friction coefficient
and wear life of the traditional solid lubricant vary with the
environments [5, 6], no single solid lubricant exists or has
been validated that meets these requirements so far. The
development of new lubricant for these applications is still
an urgent need.

Recently, diamond-like carbon (DLC) film is referred
as a kind of potential space lubricant material due to its
high hardness, low friction and wear rate [7, 8]. But the
applications of pure DLC film in space environment are
limited because of the adhesion, and cold-welding often
occurs between the film and the counterpart under high
vacuum, which can result in a high friction coefficient and
short sliding lifetime [9]. Alternatively, recent studies on
the doped DLC film and DLC-based solid-liquid syner-
getic lubricating coatings can improve the tribological
properties of DLC film in vacuum [10-13]. Nevertheless,
these works are mainly focused on the tribological
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properties of the films in vacuum, and the influences of
the space irradiations, such as AO and UV irradiations,
are merely reported.

As is known, the space irradiations can alter the chem-
ical structure of materials through decomposition and
cross-links of chemical bonds, as well as exert significant
influence on the tribological behaviors of lubricating
materials. Herein, as a potential space lubricant, it is sig-
nificant to study the influences of the space irradiations on
the DLC-based films. In recent years, several literatures
reported that the DLC-based films could exhibit excellent
degradation resistant behaviors and good tribological
properties after space irradiations. Ji et al. [14, 15] studied
the effect of AO irradiation on the structure and properties
of the Mo doped DLC film and found that Mo doped DLC
film exhibited good tribological properties in dry Ar
environment. Liu et al. [9] investigated the effects of AO
and UV proton and electron irradiations on the structure
and tribological properties of the DLC-based solid-liquid
lubricating coating and found that the friction coefficient of
the solid-liquid lubricating coatings decreased (except for
AO irradiation) in high vacuum. However, the sliding
lifetimes of these lubricating coating after irradiations in
vacuum are not given longer than 1800 s, namely a further
improvement on the tribological properties of the DLC-
based lubricating films.

On the one hand, our previous studies have shown that
the MoS, nanocrystalline doped DLC composite film could
exhibit excellent tribological behaviors with a sliding
lifetime longer than 3600 s in high vacuum [10]. On the
other hand, Mo oxide nanostructures, which are formed by
the oxidation of MoS, nanocrystalline under AO irradia-
tion, not only can play as a protective layer against further
atomic oxygen attack, but also offer a unique opportunity
to produce adaptive or smart tribological coatings for the
doped films [16, 17]. Thus, the nanostructured MoS,/DLC
film is considered to be a better space lubricant compared
with the previously reported DLC-based lubricating coat-
ings. However, to the best of our knowledge, there are few
reports on the vacuum tribological behaviors of the MoS,/
DLC composite film after space irradiations.

Herein, this work is aimed at investigating the influences
of AO and UV irradiations on the vacuum tribological
performances of MoS,/DLC lubricating film. The
nanocomposite films are fabricated by unbalanced mag-
netron sputtering. The composition, microstructure, surface
morphology, mechanical and tribological performances of
the films before and after AO and UV irradiations have
been systematically investigated. Furthermore, the internal
mechanisms related to the enhanced tribological properties
of the MoS,/DLC film after space irradiations are also
discussed.
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2 Experimental
2.1 Deposition of the MoS,/DLC Composite Film

The MoS,/DLC composite films were prepared by unbal-
anced magnetron sputtering, and the details of the depo-
sition system were described elsewhere [18]. The
composite films were deposited on the stainless steel (for
frictional tests) and Si substrates (for characterization),
respectively. The deposition details of MoS,/DLC film
were as follows: (1) The sputtering current of C and MoS,
was 14 and 0.8 A, respectively; (2) the applied pulsed
negative voltage was 150 V with a duty cycle of 10 %; and
(3) the deposition pressure was 0.3 Pa with Ar flow rate of
55 sccm. The as-deposited films were 1.5 pm with a
deposition time of 2 h. Furthermore, special samples for
TEM analysis were grown directly on the freshly cleaved
single-crystal NaCl wafers.

2.2 Irradiation Procedure

The space irradiations were performed in vacuum; the
equipment and principle schematic illustration of AO
irradiation were referred before [14]. The impingement
kinetic energy of neutral AO beam was 5 eV, which was
the same as the direct impact energy of AO to material
surfaces in actual low Earth orbit (LEO) orbit. A typical
atomic oxygen flux at the sample position was determined
to be 6 x 10" atoms/cm” s, and the exposure period was
controlled at 120 min. The UV irradiation test chamber
was maintained at 107> Pa, and the wavelength range was
115-400 nm. A typical UV energy flux at the sample
position was determined to be about sextuple of the solar
constant, and the exposure period was controlled as
120 min, being equivalent to 12 sun hours.

2.3 Characterizations of the Films

The transmission electron microscopy (TEM) images of
the nanocomposite film before irradiation were obtained by
a JEM 2010 TEM operated at 300 kV. The surface
chemical composition of the films was determined by a
multifunctional X-ray photoelectron spectroscope (XPS,
operating with Al-Ka radiation and detecting chamber
pressure below 107° torr). The oxygen adsorption con-
taminants on the film surface had not been removed in
order to compare the AO-induced varieties of the surface
chemical composition. A Jobin-Yvon HR-800 Raman
spectrometer (excitation wavelength: 532 nm; power den-
sity on samples: 0.3 mW/m?) was used to analyze the
structure of the films and the transfer film. The surface
morphologies of the films were observed by atomic force
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microscope (AFM, SEIKO SPA-300HV). The cross-sec-
tional morphologies of the film were imaged with field
emission scanning electron microscopy (FESEM, Hitachi
54800).

The hardness values of the films were determined by a
NanoTest 600 nanomechanical system (MicroMaterials
Ltd, UK), on which the maximum indentation depth was
about 150 nm to minimize the effect of the substrate. The
internal stress of the composite films had been calculated
based on the Stoney equation [13], while the curvature
radii were measured by a MicroXAM surface mapping
microscope (ADE shift, America).

2.4 Friction Testing

The tribological properties of the composite films were
evaluated with a ball-on-disk tribometer in a vacuum
chamber. The sliding tests of the films against steel ball
counterpart (GCrl5, (J 6 mm) were run at a normal load of
5 N (theoretical initial Hertzian contact pressure of
1.0 GPa), a sliding speed of 5 rev/s, a room temperature of
about 20 °C and a maximum sliding duration of 3600 s,
while the wear track radius was fixed at 6 mm. As the
friction and wear tests in vacuum environment, a pressure
of about 5.0 x 107 Pa was attained in the chamber with a
turbomolecular pumping system. Each test was repeated
three times. The morphology of the wear scar and wear
track was characterized by a S. VEGA 3SBH scanning
electron microscope (SEM), and the wear volume was
observed using a JSM5910 3D non-contact surface
profilometer.

3 Results and Discussion

3.1 Chemical Composition and Structure
of the MoS,/DLC Film

Figure 1 exhibits the TEM bright-field images of the as-
deposited MoS,/DLC film. It is shown that the composite
film has a typical nanocomposite structure, in which the
MoS, nanoparticles (about 5 nm) are embedded in the
cross-linked amorphous carbon matrix.

The XPS spectra of the composite film before and after
the AO and UV irradiations are shown in Fig. 2. It can be
seen from Fig. 2a that the Cls spectrum of the original film
is fitted into three components at 284.4, 285.3 and
286.3 eV, respectively. The main peak at 284.4 eV is
corresponded to the sp2 C=C bond, whereas the other two
peaks with smaller intensities at 285.3 and 286.3 eV are
ascribed to sp° C—C and C-O bonds, respectively. The
formation of sp®> C—O bonding can be attributed to the
contaminants formed on the surface of the film due to the

Fig. 1 TEM image of the as-deposited MoS,/DLC composite film

air exposure. However, the bond structure of the film
changes greatly after irradiations. For the AO-irradiated
film, the intensities of the peaks identified as sp> C—C and
C-O bonds increase significantly as the sp” C=C bond
decreases. Furthermore, the fourth peak located at
287.3 eV is corresponded to the C—O-C bond. These peaks
are mainly resulted from the reaction between the carbon
and oxygen atoms on the surface of the film [9, 16]. In the
chemically active atomic oxygen environment, sp> C sites
with free G-bonds on the surface preferentially react with
the O atoms and form volatile CO and CO,, while some of
the sp” C sites may combine with O atoms and form C-O—
C bonds. Because of the destroyed carbon rings in DLC
matrix, the sp> C content increases when the sp> C content
decreases. As concerning the UV-irradiated film, there
exist two components assigned to the sp> C—C and C—O—-C
bonds, respectively. The UV irradiation is energetic
enough to break the carbon bonds and functional groups,
such as C=C and C=0 bonds [19]. Simultaneously, it may
induce a secondary radical formation, which accelerates
the broken and recombination of the carbon chain scission
[15, 20]. As a result, some of the destroyed sp2 C bonds
recombine and form the sp3 hybridized carbon bonds,
inducing the increased sp> C—C bonds in turn.

Figure 2b shows the Mo3d spectra of the composite film
before and after irradiations. Generally, the peak located at
229.3 eV is related to the Mo-S bond in MoS,, whereas the
Mo3d doublet at 232.5 and 236.4 eV is corresponded to
Mo(VI) in MoOj [16, 21]. The spectrum of the original
film shows that the Mo atoms in the composite film are
mainly combined with S. But some of the Mo atoms are
oxidized to Mo(VI) state after AO irradiation, and the
Mo(VI) state increases a little after UV irradiation.
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Compared with the S2p spectra in Fig. 2c, it can be seen
that the S atoms are oxidized after the irradiations with the
peak located at 164.1 shifting to 168.5 eV, and there are
much more S atoms in S(IV) state after UV irradiation than
that after AO irradiation. This is originated from the oxi-
dation and bonding of S atoms with atomic oxygen in AO
irradiation, and the formed SO and SO, gasify to the sur-
rounding circumstances. Consequently, the oxidized S
atoms decrease when the Mo(VI) state increases greatly in
the AO irradiation environment. In contrast, the oxidation
of Mo and S atoms in the UV irradiation process is slight.
Some SO, can be formed and aggregated on the surface of
film, which lead to a little increase in Mo(VI) state and a
great increase in S(IV) state. Combining the Mo3d,
S2p spectra with Ols spectra in Fig. 2d, it can be con-
cluded that the film surface is oxidized seriously after AO
irradiation, on which a large number of C-O and Mo-O
bonds are formed. While after UV irradiation, the oxidation
is slight and there are Mo—O bonds formed on the film
surface. This indicates that the uniformly dispersed MoS,
nanoparticles can react preferentially with the atomic
oxygen owing to their high affinity with oxygen atoms and
finally form some MoOj3 produces on the film’s surface.
Raman spectroscopy is a popular and effective way to
distinguish the microstructural characteristics of DLC-
based films [22]. Figure 3a shows the Raman spectra of the
MoS,/DLC films before and after the AO and UV irradi-
ations. The peaks at 178, 350, 400 and 721 cm™! can be
characterized as MoS, nanoparticles, and those around 200
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and 928 cm™! are assigned to MoQOj;. Furthermore, the
broad peak in the region between 1300 and 1500 cm™',
which can be fitted into two peaks by Gaussian function, is
the characteristic of DLC film. The G peak around
1550 cm ™! is ascribed to the bond stretching of all pairs of
sp? carbon atoms in both rings and chains, while the D peak
around 1350 cm™! is attributed to the breathing modes of
sp? carbon atoms in rings. Previous studies have shown that
the G peak shift and the intensity ratio for the D and G
peaks (Ip/lg ratios) can provide effective information on
the structure of carbon-based film [18]. Gaussian fit of the
spectra  exhibiting the G and D peak within
1050-2000 cm ™" region is given in Fig. 3b. The corre-
sponding wave number of the G peak position as well as
the Ip/lg ratio for the films before and after irradiations is
given in Table 1. The G peak position shifts to a lower
wave number when the Ip/Ig ratio decreases after irradia-
tions. It indicates a decreased sp” cluster size and increased
sp3 fraction after irradiations. Meanwhile, the peaks cor-
responded to MoS, become sharper, implying the MoS, is
well crystallized in the film after irradiations. Yet the
changes of peaks identified as MoO;3 are not obvious,
especially for the film after AO irradiation; the oxidation of
MoS, mainly occurs on the surface of the film. Previous
studies have demonstrated that proper laser irradiation can
improve the crystallinity of composite film [23, 24], and
our work further proves that proper AO or UV irradiations
will enhance the crystallinity of MoS, nanoparticles in the
composite film.
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Fig. 3 Raman spectra of the
MoS,/DLC composite film 4
before and after the AO and UV
irradiations: a the full spectra;
b spectra exhibiting the G and D
fittings in the region of
1050-2000 cm ™"
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Table 1 The G peak positions and the corresponding Ip/Ig ratios of
the MoS,/DLC films before and after the AO and UV irradiations

Original Film (AO) Film (UV)
G peak position (cm™") 1565 1558 1557
Ip/Ig ratio 3.57 2.13 3.09

Based on the Raman and XPS spectra of the MoS,/DLC
films before and after the AO and UV irradiations, it is
identified that the AO irradiation can induce an increasing
sp” C fraction in the film. The active oxygen atoms and
ions in the AO environments not only can attack the sur-
face of the film, but also erode the bulk film. Previous
research has reported that the defects in the MoS, com-
posite film can provide a reaction highway, which allows
the incident atomic oxygen to enter into the bulk film and
react with the sulfur atoms distributed within irregular
cavities [25]. Thus, it is speculated that the oxygen may
attack the bulk film along with the defects highway and
combine with C atoms in an AO-irradiated environment
with high oxygen fluence. Meanwhile, the irradiation can
give rise to extreme pressure inside carbon-based
nanoparticle or carbon rings in the film, so that these sys-
tems can be used as compression cells to induce high-
pressure transformations of materials. Diamond crystals
can be nucleated and grown in these systems, which can
cause high sp3 C content in turn [26]. As a result, the
coordination number of carbon atom increased, and the
connection of carbon network was improved further. On
the other hand, the increased sp” C fraction in the film after
UV irradiation is caused by the recombination of sp® C
rings, which can be easily broken, but difficult to recover
under the UV irradiation environment. Furthermore, the
formed radicals by broken carbon bonds, such as C-C,
C=C and C=0, are inclined to migrate and recombine with
other components, thus increasing the cross-linking of
DLC matrix.

Figure 4 presents the AFM images of MoS,/DLC films
before and after the AO and UV irradiations over an area of

1200 1600 2000 1200 1400 1600 1800 2000

Wavenumber (cm™)

8.0 um x 8.0 um. It is seen that all the films have rela-
tively compact and rough surfaces. The original and UV-
irradiated films exhibit granular structure with small par-
ticle size, whereas the film after AO irradiation obtains a
larger grain structure due to the increased content of MoOj3
[27]. Additionally, the emission of some degradation
products caused by the bombardment during irradiations
may also raise a rougher surface [14].

Figure 5 shows the corresponding cross-sectional
FESEM micrographs of the MoS,/DLC composite films
before and after the AO and UV irradiations. The com-
posite film mainly exhibits a compact structure. There are
pores and destroyed block distributed in the film after AO
irradiation, which means that the oxygen erosion process
can easily diffuse along these defects pathway and erode
the carbon matrix. Meanwhile, due to the recombination
within the film structure, the film after UV irradiation
shows much more dense and regular structure than that of
the original one, namely an enhanced cross-linked of the
carbon matrix.

The schematic structure of the MoS,/DLC films before
and after the AO and UV irradiations is given in Fig. 6.
The main structure of the original composite film is con-
sisted of MoS, nanocrystals and carbon matrix, which is
composed of the sp® C and sp* C. Additionally, there is
some oxygen absorbed and reacted with the elements on
the surface. Considering the film after AO irradiation, the
oxygen not only reacts with the elements on the surface,
but also erodes the DLC matrix along with the defects, thus
inducing the changes in microstructure of the film. How-
ever, for the UV-irradiated film, the UV irradiation mainly
causes the conversion of carbon bonds, and an increasing
sp> C content is obtained.

3.2 Mechanical Properties of the MoS,/DLC Film

Table 2 shows the hardness and internal stress of the MoS,/
DLC films before and after the AO and UV irradiations.
Compared with the original film (about 3.55 GPa), the
hardness of the composite films after irradiations reaches
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Fig. 4 AFM images of the MoS,/DLC composite film before and after the AO and UV irradiations

Fig. 5 Cross-sectional FESEM
micrographs of the film before
and after the AO and UV
irradiations
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Fig. 6 The schematic structure of the films before and after the AO and UV irradiations

Table 2 Hardness and internal stress of the MoS,/DLC films before
and after the AO and UV irradiations

Original Film (AO) Film (UV)
Hardness (GPa) 3.55 19.1 20.4
Internal stress (GPa) 0.426 1.314 1.545

the highest value of 20.4 GPa. This significant improve-
ment is mainly attributed to the presence of a higher
fraction of sp3 bonds, which is favorable for the connec-
tivity of carbon atoms in various existing sites and
enhances the rigid carbon network after irradiations.

On the other hand, the internal stress of the films after
AO and UV irradiations is 1.314 and 1.545 GPa, respec-
tively, whereas that of the original one is just about
0.426 GPa. The enhanced internal stress for the irradiated
films can also be revealed by the increasing sp° C bonds
since it can strain the sp® C clusters in DLC matrix. Under

@ Springer

the AO irradiation, the oxygen atoms diffuse along the
defects and bond with carbon, thus causing the twist or
distortion of carbon network. But for the UV-irradiated
film, the broken carbon chains in the carbon network are
increased, as well as the cross-linkage of DLC matrix.
Ultimately, all of these factors result in a high internal
stress for the MoS,/DLC films after irradiations.

3.3 Vacuum Tribological Properties of the MoS,/
DLC Film

The frictional curves of the composite films before and
after the AO and UV irradiations in high vacuum are
shown in Fig. 7. It can be seen that the films after irradi-
ations maintain much steadier and lower friction coefficient
in the steady-state period, as well as the sliding lifetime
exceeds 3600 s, even though they exhibit higher friction
coefficients in the run-in period. Specifically, because of
the serious surface oxidation, the film after AO irradiation
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Fig. 7 Frictional curves of the MoS,/DLC composite film before and
after AO and UV irradiations in high vacuum

shows the highest friction coefficient during the first tens of
seconds. But it obtains the lowest friction coefficient of
0.003 in vacuum. In contrast, the friction coefficient of the
film after UV irradiation is in medium with a value of about
0.02, whereas the original film owns the highest one (about
0.03). Figure 8 shows the wear rate of the films before and
after the AO and UV irradiations. It can be seen that the
films after irradiations show much lower wear rate com-
pared with the original one, indicating better wear resis-
tance. Among them, the film after UV irradiation exhibits
the best wear resistance.

To understand the wear mechanisms, the worn surface
of the composite films as well as the counterpart ball is
shown in Fig. 9. For the original MoS,/DLC film (Fig. 9a,
b), it can be seen clearly that the counterpart ball is covered
by a thick and compact transfer film, where some debris are
scattered in the wear track or around it. For the film after
AO irradiation (Fig. 9¢c, d), no transfer film is formed on
the counterpart ball, and few wear debris existed in the
wear scar. However, after the UV irradiation (Fig. 9e, f),
there is a torn transfer film on the counterpart ball, and the
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Fig. 8 Wear rates of the MoS,/DLC composite film before and after
AO and UV irradiations

wear track is the narrowest with few wear debris on it. The
tribological properties of the original film can be inter-
rupted as follows: The wear debris are trapped at the
sliding contact interface and undergoes severe physical
grinding action during friction, thus increasing the thick-
ness of transfer film on the counterpart ball. The poor
adhesion between the transfer film and the counterpart ball
can result in a higher and fluctuated friction coefficient [8].
But for the films after irradiations, the narrower wear track
with little wear debris indicates a lower wear rate. The
lower friction coefficient can be related to the little grind
wear debris on the counterpart ball.

In order to gain more insight into the friction and wear
mechanisms of the MoS,/DLC composite films, Raman
spectra of the weak debris on the counterpart balls are
shown in Fig. 10, respectively. Compared with Raman
spectra of the bulk film (as shown in Fig. 2), there are no
changes in the MoS, peaks and the relative peak intensity,
which are identified as carbon for the original film.
However, after irradiations, the relative intensities of the
peaks assigned to carbon are decreased, indicating low
carbon content on the counterpart ball. Furthermore, the
intensities of peaks corresponded to MoS, at 179, 335,
401, 715 and 820 cm™! increase obviously, which indi-
cates a higher MoS, content on the counterpart ball.
Herein, it can be speculated that the excellent tribological
properties for the films after irradiations are closely
related to the high MoS, and low carbon contents at the
contact interface. The carbon state in the wear debris is
investigated further, and Table 3 shows the Gaussian fit-
ting results of the carbon peaks. The G peak position
shifts to a higher wave number when the Ip/Ig ratio
increases (compared with Table 1). It illustrates the
increasing graphitization of DLC matrix during the fric-
tional tests. Simultaneously, the AO-irradiated film with
the highest sp® C content experiences the least graphiti-
zation during the test.

Combining the XPS spectra with Raman spectra (as
shown in Figs. 2, 3, 10), it can be found that the irradia-
tions initiate raise in both the crystallization of MoS, and
content of sp® C. With increasing sp® C in the film, the
rigidity and strength of the carbon network increased,
which provides a high load-bearing capacity and good wear
resistance. On the other hand, the MoS, with better crys-
tallization is inclined to maintain low sheer strength during
the frictional test in vacuum. As a result, the film after
irradiations exhibits better tribological properties. Addi-
tionally, there are three main reasons for the different wear
rates of the films after AO and UV irradiations. Firstly, the
wear rate of a given film is closely related to its hardness. A
harder film can provide higher bearing capacity and thus
reduce the wear rate. Secondly, the wear rate of a lubri-
cating film is closely related to its surface roughness. The

@ Springer



24 Page 8 of 10 Tribol Lett (2016) 64:24

Fig. 9 SEM images of worn
surface for the MoS,/DLC
composite film and the
corresponding counterpart ball
before and after irradiations: a,
b the as-deposited film, c,

d after the AO irradiation and e,
f after the UV irradiation

6 188mm |

raco— #
188mm™

higher roughness the DLC film shows the greater wear the  highest wear rate of the original film is closely related to its
film maintains. Thirdly, the graphitization of DLC matrix ~ lowest hardness, while the lowest wear rate for the film
during friction can also aggravate the wear of the films.  after UV irradiation can be attributed to its highest hard-
The overall wear rate is a balance of these factors. The  ness and relatively lower roughness.
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Fig. 10 Raman spectra of the wear debris on counterpart ball for the
MoS,/DLC film before and after AO and UV irradiations

Table 3 The G peak position and the corresponding Ip/Ig ratio of the
wear debris on the counterpart ball

Original Film (AO) Film (UV)
G peak position (em™) 1578 1580 1578
Ip/Ig ratio 3.85 3.36 3.77

4 Conclusions

The effects of the AO and UV irradiations on the compo-
sition, microstructure, morphology, mechanical and vac-
uum tribological properties of the MoS,/DLC composite
film have been investigated. Results show that both the
irradiations can increase the sp® C content and MoS,
crystalline of the film. The AO irradiation mainly induces
the surface oxidation of the film. Specially, some oxygen
may erode the bulk film along with the defect highway and
connect the carbon atoms in the matrix. In contrast, the UV
irradiation leads to the broken sp® carbon rings and
recombination of free radicals, which improves the cross-
linking of DLC matrix in turn. Compared with the original
one, the films after irradiations exhibit much higher hard-
ness (>19 GPa) and better vacuum tribological properties
with a friction coefficient less than 0.02 and wear rate
lower than 4 x 1077 mm*Nm. The enhanced tribological
properties of the composite film can be attributed to the
synergistic effect of high sp® C content and good MoS,
crystallization in the films after irradiations. Furthermore,
the highest wear rate of the original film is closely related
to its lowest hardness, while the lowest wear rate for the
film after UV irradiation can be attributed to its highest
hardness and relatively lower roughness.
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