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Abstract
Diamond-like carbon (DLC) films respond as a lubricating material under some atmosphere conditions, such as N2, 
moisture. Nevertheless, incomplete knowledge about the key factors, which control the performances of film under 
distinct gases, limits the further use of them. Herein, the tribological properties of DLC film and Cr/DLC multilayers with 
different modulation periods were studied under methane. Frictional tests conducted under methane show that Cr/
DLC film exhibits a great reduction in friction and wear compared to that of DLC film. An interpretation for tribological 
performances of films was proposed by considering repassivation and structural transformation taking place at the 
sliding interface. It is chemical passivation that plays a major role in the tribological properties of DLC film, while the Cr/
DLC multilayers possess the lower friction coefficient because of the structural transformation induced by shearing. This 
study is important for broadening applications of DLC film in the industrial field and reducing energy waste.
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1  Introduction

The presence of friction is necessary for us to walk. Nev-
ertheless, friction in all kinds of moving mechanical com-
ponents, from automobiles to manufacturing operations, 
consumes about twenty percent of the annual energy 
consumption on earth [1], leading to an adverse impact 
on economy and environment. As such, approaches to 
control and mitigate friction are significant for the pro-
longation of mechanical devices lifetime, reduction in 
energy waste and conservation of environment [2–4]. 
Heretofore, carbon, as an element, has provided lots of 
possibilities for production and design of devices, both 
macro and micro, to exploit in a wide range of applica-
tions [5–8]. Coatings containing carbon (both a primary 

or secondary constituent) were also applied in many fields 
[9–11]. Particularly, carbon-based films, such as diamond 
and diamond-like carbon (DLC), exhibit high thermal con-
ductivity, chemical inertness and exceptional mechanical 
properties.

Currently, DLC films have been examined as a potential 
material to offer a myriad of tribological, mechanical, bio-
medical electrical and optical properties [12–14]. Specifi-
cally, some films have been considered as potential solid 
lubricating materials for many engineering fields [15–17]. 
Thanks to the comprehensive research activities, many 
methods such as deposition technologies [18, 19], doped 
elements or a multilayer architecture [20], nanostructures 
[21, 22] were set up to improve the tribological proper-
ties of film. However, DLC films were extremely sensitive 
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to the synthesis and environmental conditions [23–25]. 
Therefore, exploring the key parameters that cause the 
low friction of films during relative sliding is quite neces-
sary. In general, surface dangling bonds across the slid-
ing interface of DLC film could be produced by shearing, 
leading to a high friction. So, a fast surface repassivation 
is a precondition for low friction of DLC film. The prevail-
ing views about repassivation mechanisms are chemical 
termination and rehybridization. Chemical termination 
has been proved by experiments and simulations [26–28]. 
For example, DLC film exhibited lower wear and friction 
under humid environments than under vacuum or dry 
gas [29]. Large-scale density-functional tight-bonding 
(DFTB) molecular dynamics (MD) simulations pointed out 
that groups dissociated from water passivated the dan-
gling bonds across the sliding interface, thus leading to 
low friction [28]. For rehybridization, it was controversial 
that graphitization at the sliding interface resulted in low 
friction. In addition, graphitization was considered as the 
result of shear-induced amorphization [30, 31]. The other 
promising and interesting methods proposed for achiev-
ing ultra-low friction are structural superlubricity. The the-
oretical reason of structural superlubricity is that inherent 
geometry of sliding interface causes the weak interaction 
and vanishing friction occurs [32]. Designing multilayer 
architecture to reduce friction coefficient and wear rate 
was due to the improvement of toughness and hardness. 
Multilayer architecture that a good combination of chro-
mium and DLC layer thickness resulted in a best high hard-
ness, fracture toughness and tribological behavior of film 
[33]. Nevertheless, further consideration and explanation 
are required for the peculiarities or intriguing points of 
these films under various conditions. For instance, green 
energy such as hydrocarbons has become a focus of each 
country with the development of economy, yet there are 
lacks in the studies of the mechanism for DLC films under 
hydrocarbon gases, which limits their application in other 
industrial fields, such as natural gas vehicle, seal valve of a 
gas pipeline and engines [34].

Herein, considering the tribological and mechanical 
properties of DLC film could be improved by design with 
multilayer, the tribological properties of DLC film and Cr/
DLC multilayers under methane were explored. The tests 

that a-C film and Cr/DLC films with different modulation 
periods slid against 9Cr18 balls were carried out under 
methane. It was observed that chemical passivation of 
dangling bonds across the sliding interface was essen-
tial for the low friction and wear of DLC film. Meanwhile, 
the existence of Cr layer had significant influence in the 
structure of DLC layer, leading to the distinct tribological 
properties of film. In addition, low friction coefficient of Cr/
DLC film was attributed to the structure where Cr grains 
were inlaid in DLC material. Therefore, tribological perfor-
mances of Cr/DLC film in methane were discussed, which 
broadened its applications in industrial field and reduced 
energy waste.

2 � Experimental section

2.1 � Film deposition

Multilayers of Cr/DLC were prepared on (100) silicon wafers 
and 3 cm × 3 cm × 0.3 cm square shape 304C stainless steel 
(SS) sheets by a multi-target magnetron sputtering system 
with a pulsed-DCMS process. The substrates were ultrason-
ically degreased in mineral ether, acetone and alcohol for 
15 min prior to film deposition. Then the substrates were 
sputtered with argon ions for 15 min to remove the sur-
face oxide. After that, surface activation was achieved, too. 
A Cr interlayer (~ 300 nm) was deposited between multi-
layers and substrate to enhance their adhesion strength 
[35]. Three targets (two Cr targets and one graphite target) 
were placed side by side to prevent cross-contamination 
of the target material. Meanwhile, the graphite target was 
placed in the middle. Then the rotation of the specimen 
holder resulted in the uniform multilayer structure of films. 
Therefore, uniform Cr/DLC multilayers with different mod-
ulation periods were obtained by controlling deposition 
time of DLC layers. The specific deposition parameters in 
this study are summarized in Table 1. Besides, the presup-
posed structures of films are shown in Table 2. Here, one 
Cr layer and one DLC layer in multilayers are called one 
modulation period.

Table 1   Cr/DLC deposition conditions

Chamber pressure (Pa) Substrate pulsed 
bias (V)

Target current (A) Average target power 
density (104w/m2)

Time (min)

Clean with Ar sputtering 0.8 − 500 – – 15
Interlayer − 300 2.0 (Cr) 6.9 15
Cr/DLC deposition − 70 1.0 (Cr) 3.5 0.5 (Cr)

− 70 1.2 (C) 5.9 2–6 (C)
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2.2 � Film characterization

Surface morphology of films was measured by a CSPM 
4000 atomic force microscopy with a scanning frequency 
of 5 Hz. Fractured cross-sectional investigation of films was 
conducted by SU8020 field emission scanning electron 
microscope. The transmission electron microscopy (TEM) 
sample was prepared by focused ion beam (FIB) technol-
ogy. Then the investigation of microstructure of multilay-
ers was carried on a FEI Tecnai G2 F20 TEM instrument. 
X-ray diffraction (XRD) on a Philip X’ pert diffractometer 
with a glancing angle of 1° was utilized for crystallographic 
investigation of these films. Then elastic modulus and 
hardness were obtained by Anton Paar TTX-NHT3 Nanoin-
denter with a depth limit of 100 nm. Vickers indentation 
method was used to determine film toughness, and the 
effective fracture toughness (KC) can be expressed as a 
function of radial crack size (c):

where α is a constant depending on the indentation shape 
(Berkovich indenters: 0.016); H and E are hardness and elas-
tic modulus of film, respectively; and P is the normal load. 
Raman spectroscopy was measured by a JY-HR800 Raman 
spectrometer with an excitation wavelength of 532 nm.

2.3 � Tribological tests and characterization

The friction tests of samples were carried out by a vacuum 
tribo-meter fitted with a friction force sensor with an accu-
racy of 3 mN. The 9Cr18 stainless steel (SS) bearing ball of 
6 mm in diameter with a roughness (Sa) of ~ 30 nm was 
used as the counterpart ball. Meanwhile, all those tests 
were done under a methane pressure of 250 Pa with a slid-
ing frequency of 2 Hz, an amplitude of 5 mm as well as a 
normal load of 0.5 N. Besides, the test was repeated three 
times. After tests, the wear tracks and wear scars were ana-
lyzed by a non-contact three-dimensional surface profiler 
(MicroXAM-800, KLA-Tencor, USA) while the structure was 
analyzed by a LabRam HR800 Jobin–Yvon spectrometer.
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3 � Results and discussion

3.1 � Structural and mechanical properties analysis 
for film

The grown films are relatively smooth without any large 
particles on the surface in spite of the different modulation 
period (Fig. S1). It results from basically identical sputtering 
energy. Thickness and modulation period of film can be 
obtained by cross-sectional SEM intuitively. Figure 1 shows 
SEM micrographs of fractured cross sections for films. It 
indicates all films possess compact structure. Simultane-
ously, fineness of columnar structure increases gradually, 
indicating the rising film compactness, with the decreas-
ing modulated period. This is because the loose columnar 
structure interface in the multilayer film is interrupted. Fig-
ure S2 illustrates XRD analysis of crystal structure for Cr in 
film. All of the Cr layers exhibit the preferential orientation 
of the (110) plane accompanied by low intensity (200) or 
(211) reflection. This is consistent with the bcc-Cr structure 
announced by Arias [36]. Meanwhile, interplanar distance 
of Cr layer in D3 and D4 films is larger and crystal grain is 
smaller among these films. It is induced by internal stress 
and interactions between structures of DLC and Cr layer.

In order to get more detailed structural information, 
TEM cross-sectional analysis of the Cr/DLC multilayers 
with a interfaces number of 76 is carried out, as pre-
sented in Fig. 2. The Cr interlayer followed by a distinct 
multilayer structure composed of alternating Cr and 
DLC layers is shown in Fig. 2a. As shown in Fig. 2b, typi-
cal columnar structure with clear columnar bounda-
ries, which is due to interface waves accumulated in 
the graded region [37], is found in the deposited Cr/
DLC multilayers. Figure  2c indicates Cr interlayer is 
uniform and highly crystalline. However, some mixed 
region with Cr and DLC structure could be observed 
from Fig. 2d. The hardness and elastic modulus for films 
reach maximum and then decrease as the number of 
interface increases (Fig. 3a). It should be attributed to 
the finite dislocation movement between and within 
layers [38, 39]. The high H/E and H3/E2 ratios indicate 
high resistance to plastic deformation. Figure 3b shows 
the H/E and H3/E2 ratios of the Cr/DLC film increase to 
a maximum value (D5 film) and then decrease as the 
increase of the number of interfaces. Moreover, multi-
layer structure design can enhance toughness [40] and 

Table 2   Modulation period, 
number of interfaces and total 
thickness of Cr/DLC multilayers

Sample no. D1 D2 D3 D4 D5 D6

Modulation period/nm – 82.5 ± 1.2 70.8 ± 0.8 58.9 ± 2.1 47.2 ± 0.7 31.4 ± 3.7
Number of interfaces – 76 86 100 120 150
Total thickness/μm 1.47 ± 0.04 3.19 ± 0.13 3.10 ± 0.14 3.03 ± 0.18 3.00 ± 0.14 2.65 ± 0.07
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D5 film exhibits a strong toughness (Fig. S3), deter-
mined by the coordination of individual layer thick-
ness and heterogeneous interface number [37]. In fact, 
toughness of multilayer film is improved because of the 
increased energy dissipation of crack in the interface 

and the better ductility. Therefore, D5 film which pos-
sesses appropriate thickness ratio exhibits the best 
toughness and hardness.

Fig. 1   SEM micrographs of fractured cross sections for films

Fig. 2   TEM cross-sectional images of D2 (a). b, c are enlarged images of I and II in (a), respectively. And d is information of Cr layer
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3.2 � Tribological performances of films

Figure 4 shows friction behaviors of DLC and various Cr/
DLC films against the 9Cr18 stainless steel balls under 
methane. Every film exhibits low friction coefficient after 
rapidly rising to a high value (Fig. 4a). Moreover, D3 film 

shows the lowest friction coefficient among all films 
(Fig. 4b). A longer time test was carried out to elucidate 
the mechanism of low friction for films (Fig. 4c). It indicates 
unusual performance for Cr/DLC film compared to DLC 
film. For DLC film (D1 film), the friction coefficient remains 
basically constant with small fluctuations. However, the 

Fig. 3   Hardness and elastic modulus for DLC and Cr/DLC films (a) and the corresponding H/E and H3/E2 (b)

Fig. 4   Friction behavior of DLC and various Cr/DLC films against the 9Cr18 stainless steel balls under methane (a), the corresponding aver-
age steady-state friction coefficient (b), as well as friction coefficient curves of DLC (D1) and Cr/DLC (D3) films under methane (c)
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friction coefficient of Cr/DLC film appears wide fluctua-
tions mainly due to the various sliding interface composed 
of Cr and DLC.

3.3 � Analysis of wear tracks and wear scars

Figure S4 demonstrates 3D profiles for the wear tracks 
of films, showing there are many furrows inside the wear 
tracks and a lot of debris outside the wear tracks. And the 
corresponding cross-sectional images for the wear tracks 
are shown in Figs. S5 and S6. It is amazing to find that only 
one modulation period of D3 film is worn while several 
modulation periods of others are worn after 3000 sliding 
cycles. The wear rate of films after 3000 sliding cycles and 
after various sliding cycles is shown in Fig. 5a, b, separately. 
It illustrates the wear rate of D3 film is lowest while that of 
D6 film is highest among all films (Fig. 5a). Moreover, wear 
of the film could be drastically reduced with the interface 
formed by multi-layer structure under sliding (Fig. 5b). 
Besides, according to the friction coefficient (Fig. 4) and 
cross-sectional images of films (Figs. S5, S6), it is obvi-
ous that the friction performance of Cr/DLC films is gov-
erned by many factors, such as film structure, passivation, 
rehybridization.

In order to further reveal the mechanism for low fric-
tion of Cr/DLC film, some characterizations such as Raman 
spectra, nanoindentation as well as TEM were carried out. 
Figure 6 demonstrates ID/IG of pristine films as well as 
wear tracks after 3000 sliding cycles. In addition, the cor-
responding Raman spectra are shown in Fig. S7. The exist-
ence of Cr layer increases the content of sp3 C because 
of the increased compressive stress [38]. It should be 
noted that ID/IG falls as the number of rings per cluster 
falls and the fraction of chain groups rises [41]. The differ-
ence between ID/IG of DLC and Cr/DLC films indicates that 
the number of rings per cluster in Cr/DLC film increases. 

Therefore, ID/IG raises although the sp3 C increases. Com-
paring the results of pristine films, it is found that there is 
little change in ID/IG of wear scars except that of D2 and 
D6 tribological systems (Fig. 7). Raman spectra recorded 
for wear scars of above tests illustrate there is transfer film 
containing hybridized carbon on the counterpart ball 
(Fig. S7). Combining Raman spectra with nanoindenta-
tion measurement can determine changes in sp3 C con-
tent of film [42, 43]. Therefore, nanoindentation tests on 
wear track of D1 and D3 films with a load of 0.3 mN are 
used to explore the tribological mechanism. The results 
are exhibited in Fig. 8. It shows that the hardness in the 
wear track regions of D1 film increases first and after that 
it is almost constant with the sliding cycles. ID/IG of wear 
tracks shows the same trend. Meanwhile, ID/IG reflects 
that graphitization occurs appreciably in D1 film after 6000 
sliding cycles. Thus, it illustrates some of C dangling bonds 
are passivated with groups dissociated from methane and 
others bond together in rings at first [44] result in higher 

Fig. 5   Wear rate of films after 3000 sliding cycles (a), as well as D1 and D3 films after various sliding cycles (b)

Fig. 6   ID/IG ratio in function of the pristine films and wear tracks of 
films after 3000 sliding cycles
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hardness. Then more C dangling bonds bond together 
in rings. However, little change in friction coefficient of 
films is observed. Therefore, the friction behavior of the 
film is largely determined by passivation and graphitiza-
tion has little effect. For D3 film, the hardness in the wear 
track regions is found to increase first, then decrease and 
increase again with the increase in sliding cycles. ID/IG for 
wear track of D3 film increases firstly and then decreases 
during long time sliding. Therefore, C dangling bonds in 
D3 are passivated with groups dissociated from methane 
and others bond together in rings, leading to the incre-
ment of hardness and ID/IG. Then Cr is located on the slid-
ing interface, resulting in the low friction (friction coef-
ficient is about 0.03) as well as the change in ID/IG and 
hardness. Here, the influence of passivation on tribological 
behavior of film reduces.  

To find out the effects of Cr on friction performance of 
film, transfer films, which is a friction product adhered to 

the surface on ball during sliding, are collected for TEM 
analysis. Transfer film on the wear scar was placed on a 
copper mesh, and transfer film in the middle of sample 
was observed with TEM. Figure 9 shows transfer film of 
D1 film is always amorphous during sliding. Grains are 
observed in transfer film of D3 film in the late sliding 
cycles. In addition, they are inlaid in amorphous carbon. 
This structure greatly reduces the friction coefficient. 
As discussed above, structural lubrication determines 
the low friction of the Cr/DLC film. Then the schematic 
description is shown in Fig. 10. The top DLC layer plays 
an important role in tribological behavior of Cr/DLC film 
before the appearance of the Cr layer. In particular, the 
DLC layer transfers to the counterpart ball because of 
adhesion in sliding interface. Simultaneously, dangling 
bonds in the sliding interface are passivated by groups 
from dissociation of methane, resulting in low friction of 
sliding interface. With further wear, small Cr debris appear 
at the sliding interface (as shown in part a in Fig. 10). The 
debris of DLC and Cr debris are mixed during the friction 
process (as shown in part b in Fig. 10). At last, structure, in 
which Cr grains are inlaid in amorphous carbon, is formed 
by mixed debris with the effect of shear stress. Cr grains 
enhance the ductility of sliding interface, and a disloca-
tion in the layer requires a high energy because of the 
existence of interlayer boundary is formed. Consequently, 
the sliding interface with the above structure is easy to 
shear between tribological interfaces, resulting in lower 
friction for sliding system [45].

In summary, the effect of Cr layer on tribology behav-
iors of DLC film under methane was explored by Cr/DLC 
film with different modulation periods. Passivation of car-
bon dangling bonds and structural transformation in slid-
ing interface play a role in tribology properties of films. 
When Cr layer is introduced, carbon dangling bonds in 
DLC layer are combined in form of sp2 and sp3, leading to 
difference in tribological properties between D1 and D3 
films (Fig. 4). Besides, interlayer distance of Cr layer has 
an effect on the tribological behaviors, too. The interlayer 
distance is too small to move dislocations within itself, so 
the dislocations between layers require relatively small 
energy barrier to move. Therefore, D2 film exhibits high 
friction coefficient and high wear rate. In addition, DLC 
layer in D6 film is too thin to form a transfer film, resulting 
in high wear rate. D5 film exhibits low friction coefficient 
and wear rate due to a suitable DLC layer and low energy 
barrier to move between layers. D4 film shows a high 
friction coefficient and wear rate because of the disloca-
tions between and within layers. It must be stated that 
the structure, in which Cr grains are inlaid in amorphous 
carbon, occurs in a long sliding process, leading to low 
friction to a great extent. Nevertheless, destruction of the 

Fig. 7   ID/IG ratio for wear tracks of D1 and D3 films after various 
sliding cycles

Fig. 8   Comparison of hardness in the wear track regions of D1 and 
D3 after various sliding cycles. O1 represents wear track regions of 
D1 film after 3000 sliding cycles while O2 represents that of D3
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structure can lead to high friction. Therefore, new design 
possibilities which are provided with elemental additions 
and a new structure of DLC layer could further optimize 

the mechanical properties of DLC layer to obtain a more 
stable structure with a lower friction coefficient under 
methane.

Fig. 9   TEM images of debris on counterpart balls. Samples in a and b come from wear scar of D1 after 3000 and 12,000 sliding cycles, sepa-
rately. Samples in c and d come from wear scar of D3 after 3000 and 10,500 sliding cycles, separately

Fig. 10   Schematic description for formation of lubricating transfer films on Cr/DLC film in the presence of methane molecules. Interfaces I, II 
and III are marked in part a and c, separately
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4 � Conclusion

The tests that DLC and Cr/DLC films rubbed with 9Cr18 SS 
balls are carried to explore the tribological performances 
of films under methane. According to Raman spectra 
analysis on carbon bonds in films and TEM on the struc-
ture of transfer films, the tribology behaviors of DLC film 
depend on carbon dangling bonds which are passivated 
with groups dissociated from methane. For Cr/DLC films, 
modulation period has a crucial role in the structure and 
friction performances. The Cr/DLC film with an appropriate 
modulation period could exhibit low friction and low wear. 
It is the structure composed of Cr and DLC nanostructure 
that lows drastically friction of sliding interface. However, 
further studies on the stability of the structure are indis-
pensable for Cr/DLC film to apply in methane.
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