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ABSTRACT –Using carbon-based hard films are 

promising solution for suppressing energy loss caused by 

friction. Carbon-based hard film typically gains low 

friction status through running-in. In this work, we 

irradiated atmospheric pressure plasma onto the surface 

of Si-DLC, or one of the carbon-based hard films, during 

sliding against POM; friction reduction and acceleration 

of running-in were confirmed. Furthermore, we analysed 

Si-DLC surface before and after atmospheric pressure 

plasma irradiation by OM, SEM, and XPS to observe 

change of the Si-DLC surface by plasma irradiation. 

Oxygen content increased at Si-DLC surface after plasma 

irradiation. 

 

1. INTRODUCTION 

Depositing Carbon-based hard film to friction 

surface is one of the solid lubrication method under dry 

condition. Diamond-Like Carbon (DLC) is one of the 

carbon based hard film. Low friction with DLC is 

achieved through running-in, which accompanies 

damage of film surface. However, friction against resin is 

too low-damage for DLC to be damaged because of low 

hardness of resin. Therefore, Okumura irradiated 

atmospheric pressure plasma onto Si-DLC, or DLC 

including silicon [1] sild against polyoxmethylene 

(POM) in order to create low friction interface easily by 

introducing plasma damage; running-in was promoted 

compared with Si-DLC without plasma irradiation [2]. In 

Okumura’s research, carrier gas used for atmospheric 

pressure plasma was only He gas. In this work, we used 

both Ar and He gases for comparison. Ar gas is low cost 

compared with He gas. For enabling both Ar and He 

plasma jets, we used microwave-excited atmospheric-

pressure plasma jet using microstrip line [3]. Moreover, 

we analysed transition of Si-DLC surface before and after 

atmospheric pressure plasma irradiation. 

 

2. METHODOLOGY 

2.1 Specimens 

We used a Si-DLC (hardness H = 9 GPa; arithmetic 

mean roughness Ra = 36 nm) deposited on steel disk 

(diameter φD = 22.5 mm; thickness t = 4 mm; SUJ2/JIS) 

and POM ball (diameter φP = 8 mm). Specimens were 

cleaned by ultrasonic cleaning in acetone for 15 min 

before atmospheric pressure plasma irradiation.  

 

 
Figure 1 Schematic diagram of (a) ball-on-disk 

type friction tester and (b) friction test with atmospheric 

pressure plasma irradiation. 

 

  2.2 Friction test 

Figure 1(a) shows a schematic diagram of the ball-

on-disk type friction tester employed. Si-DLC was fixed 

on turn table and POM ball was contacted to Si-DLC 

surface at a normal load of 1 N. Sliding speed was 0.167 

m/s until total sliding distance became 1800 m. Figure 

1(b) shows a schematic diagram of the atmospheric 

pressure plasma irradiation during sliding. Carrier gas 

was He or Ar gas. Flow rate of carrier gas was set to be 

1-3 L/min and irradiation distance was fixed to be 5 mm. 

In sliding distance 0 m to 50 m, atmospheric pressure 

plasma was irradiated onto Si-DLC surface. 

 

  2.3 Analysis on Si-DLC 

Before and after atmospheric pressure plasma 

irradiation, Si-DLC surface out of friction track was 

analysed by Optical Microscope (OM), Scanning 

Electron Microscope (SEM), and X-ray Photoelectron 

Spectroscopy (XPS). Surface morphological change of 

Si-DLC surface was observed by OM and SEM. Atomic 

concentration difference of Si-DLC surface was 

identified, where C, O, and Si were analysed by XPS. 

XPS analysis was conducted before and after cleaning 

with Ar ion sputtering. 

 

3. RESULTS AND DISCUSSION 

Figure 2 shows friction coefficient of Si-DLC slid 

against POM ball with and without atmospheric pressure 

plasma irradiation onto Si-DLC. In the friction test 

without plasma irradiation, friction coefficient was 

reduced and stabilized at the sliding distance over 600 m. 

On the other hand, in the friction tests with Ar and He 

plasma irradiation, friction coefficients were reduced and 
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stabilized at the sliding distance less than 250 m. Namely,

running-in of Si-DLC slid against POM ball was also 

promoted by atmospheric pressure plasma irradiation in 

the case Ar gas used. In both atmospheric pressure 

plasma irradiations, average friction coefficient after 

running-in was lower than without plasma irradiation. It 

is considered that atmospheric pressure plasma 

irradiation affected not only promotion of running-in, but 

also friction reduction. 

Figure 3(a) – 3(c) show the photograph of Si-DLC 

surface before and after He plasma irradiation by OM and 

SEM. The OM image Figure 3(b) indicates that particle 

like structures are shown after plasma irradiation. In the 

SEM image Figure 3(b), such particles are identified as a 

large particle with a diameter of 5 μm. As can be seen in 

Figure 3(c), it disappeared after ultrasonic cleaning in 

acetone. Figure 4(a) – 4(c) show the atomic concentration 

of C, O, and Si on Si-DLC surface (a) after He plasma 

irradiation, (b) after Ar plasma irradiation, and (c) before 

plasma irradiation, respectively. Both of He and Ar 

plasma irradiations increased O atoms concentration by 

about 16 % compared with as-deposit Si-DLC surface. O 

atoms were added from H2O or O2 in atmosphere because 

He gas and Ar gas doesn’t include O atoms. After Ar ion 

sputtering, atomic concentration indicated no differences. 

Figure 4(d) shows the atomic concentration on Si-DLC 

surface after ultrasonic cleaning after He plasma 

irradiation. Compared with Figure 4(a), C atoms 

concentration decreased by about 9 % and O atoms 

concentration increased by about 9 %. We considered that 

O atoms weren’t increased by ultrasonic cleaning, but C 

atoms were decreased. Considering the removed of large 

particles by ultrasonic cleaning as seen in Figure 3(b) and 

3(c), it is implied that particle like structures were some 

kind of substances containing C atoms isolated from Si-

DLC film. 

 

 
Figure 2 Friction coefficient as a function of sliding 

distance with and without atmospheric pressure plasma 

irradiation for friction tests. 

 

 

Figure 4 Atomic concentration of C, O, and Si on Si-

DLC by XPS; (a) after He plasma irradiation, (b) after 

Ar plasma irradiation, (c) as-deposit, and (d) after 

ultrasonic cleaning after He plasma irradiation  

 

4. CONCLUSIONS 

We irradiated atmospheric pressure plasma using 

He or Ar gas onto Si-DLC surface during initial stage of 

sliding against POM. In addition, Si-DLCs before and 

after plasma irradiation were analysed by OM, SEM, and 

XPS. The major results obtained are as follows. 

(a) Running-in between Si-DLC and POM was 

promoted by Ar plasma irradiation. 

(b) Particle like structures were created by 

atmospheric pressure plasma irradiation. 

(c) Plasma irradiation increased oxygen 

concentration by about 16 % at the top most 

surface of Si-DLC. 

(d) It was confirmed at the top most surface of Si-

DLC after He plasma irradiation that carbon 

concentration was decreased from 65 % to 54 % 

by ultrasonic cleaning. 

 

ACKNOWLEDGEMENT 

This work was financially supported by CREST, 

Japan Science and Technology Agency. (Number 

JPMJCR13C1) 

 

REFERENCES 

[1] K. Oguri, & T. Arai, (1991). Traibological 

properties and characterization of diamond-like 

carbon coatings with silicon prepared by plasma-

assisted chemical vapour deposition. Surface and 

coating Technology, 47(1991), 710-721. 

[2] S. Okumura, H. Kousaka, N. Umehara, & M. 

Murashima, (2017). Effect of plasma irradiation on 

the interface between DLC and plastic. 

ISPlasma2017, 2017, 04P80. 

[3] J. Kim, M. Katsurai, D. Kim, & H. Ohsaki, (2008). 

Microwave-excited atmospheric-pressure plasma 

jets using a microstrip line. Applied physics letters 

93, 2008, 19150 

 

 

Figure 3 OM and SEM images of Si-DLC; (a) as-

deposit, (b) after He plasma irradiation, (c) after 

ultrasonic cleaning after He plasma irradiation. 


