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Abstract − In this study, friction tests were performed in order to investigate the effect of sliding velocity and

normal load on the friction characteristics of DLC (a-C:H) and WC/C (a-C:H:W) using a ball-on-disk type fric-

tion tester. DLC and WC/C were deposited on AISI 52100 steel balls. Friction tests against carburized SCM 415

Cr-Mo steel disks were carried out under various sliding velocity (0.1, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50 and

100 mm/s) and normal load (2.4, 4.8 and 9.6 N) conditions while the relative humidity was 20~40 % R.H. and

air temperature was 16~24
o

C. As results, kinetic friction coefficients of DLC and WC/C were obtained under

each test condition. The results show that the kinetic friction coefficients of DLC and WC/C generally increase

with the increase in sliding velocity. And, under the same sliding velocity condition, the kinetic friction coef-

ficients are almost constant regardless of normal load. In addition, the kinetic friction coefficients of DLC are

lower than those of WC/C under the same test conditions.

요 약 −본 연구에서는 수직 하중과 미끄럼 속도가 DLC (a-C:H)와 WC/C (a-C:H:W)의 마찰 특성에

미치는 영향을 파악하기 위해 ball-on-disk 형태의 마찰 실험 장치를 이용하여 실험을 수행하였다.

연구 대상 고체 윤활막인 DLC와 WC/C는 AISI 52100 steel ball의 표면에 증착되었으며, 상대 마찰

면의 재질은 침탄 경화된 SCM 415 Cr-Mo steel이다. 실험은 상대 습도가 20~40 %이고 온도가 16~24
o

C

인 대기 분위기에서 다양한 미끄럼 속도 (0.1, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, 100 mm/s) 및 수직

하중 (2.4, 4.8, 9.6 N) 조건에 대해 수행되었다. 실험 결과로 각각의 실험 조건에서의 DLC와 WC/C

의 운동 마찰 계수를 얻었다. 실험 결과 DLC와 WC/C의 운동 마찰 계수는 미끄럼 속도가 증가할

수록 대체로 증가하였으며, 수직 하중에 관계없이 거의 일정한 값을 보였다. 그리고 동일한 실험

조건에서 DLC의 마찰 계수가 WC/C의 마찰 계수에 비해 대체로 낮은 값을 보였다.

Keywords − solid lubricating film (고체 윤활막), DLC (a-C:H), WC/C (a-C:H:W), normal load (수직 하중),

sliding velocity (미끄럼 속도), kinetic friction coefficient (운동 마찰 계수)

1. Introduction

Understanding the relationship between friction char-

acteristics of solid lubricating films and influence factors

(normal load, sliding velocity, temperature, humidity

and so on) is important to select appropriate solid lubri-

cating film for specific machine components [1-3].

However, previous studies mainly focused on the effects

of materials and coating conditions of solid lubricating

films [4-8], materials and physical properties of mating
†
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surfaces [9,10] and environmental conditions [11-15]

on the friction characteristics of solid lubricating films.

The studies on the effects of sliding velocity and normal

load [16,17] were not enough.

In this study, friction tests were performed to inves-

tigate and compare the friction characteristics of DLC

and WC/C against carburized SCM 415 Cr-Mo steel

under various sliding velocities and normal loads

using a ball-on-disk type friction tester. 

2. Experimental

2-1. Specimens

DLC (a-C:H) and WC/C (a-C:H:W) were deposited

on AISI 52100 steel balls. The diameter of ball was

12.6 mm and its hardness was 62~64 HRC. 62~64

HRC. Before performing deposition of DLC and WC/

C, AISI 52100 steel balls were cleaned by Ar ion (Ar+)

plasma sputter cleaning process. Then, a 0.5 µm-thick

Cr layer was deposited to increase the adhesion

strength between solid lubricating film (DLC or WC/

C) and surface of AISI 52100 steel ball. After that, a

2.0 µm-thick DLC layer was deposited by plasma

assisted chemical vapor deposition (PACVD) using

acetylene (C2H2) reactive gas. The micro hardness of

DLC layer was about 2000 HV0.05, and its surface

roughness was about 0.03 µm Ra. In the case of WC/C

layer, it was deposited by magnetron cathode sputtering

with acetylene gas precussor. The thickness, micro

hardness and surface roughness of WC/C layer were

about 2.0 µm, 1000 HV0.05 and 0.03 µm Ra, respectively.

The material of mating surface was carburized SCM

415 Cr-Mo steel in a disk shape (78-mm diameter and

8-mm thick) with a hardness of 810 HV0.3 and a surface

roughness of 0.05~0.07 µm Ra.

2-2. Test apparatus and procedures

The friction characteristics of DLC and WC/C were

investigated using a ball-on-disk type friction tester

(shown in Fig. 1). The normal load was applied by dead

weights, and the sliding velocity was exactly kept by

AC servo motor. The tests were performed in an acrylic

chamber to isolate the atmospheric environment.

Before tests, ball and disk specimens were cleaned

ultrasonically in ethanol (C2H5OH) for about 1 hour.

Then, they were dried in a dry chamber for 1 hour.

After that, each specimen was attached to the speci-

men holder. Before starting relative motion, the envi-

ronmetal conditions were checked and the contact

time between ball and disk specimens was exactly

kept 3 minutes in stationary state. It was necessary to

exclude the influence of contact time on the initial fric-

tional behavior of DLC and WC/C. And each test was

Fig. 1. Ball-on-disk type friction tester.

Table 1. Test conditions

Friction surface 1

(Ball specimen)
DLC(a-C:H) ★, WC/C(a-C:H:W) ★

Friction surface 2

(Disk specimen)
carburized SCM 415 Cr-Mo steel

Sliding distance

[mm]

194.8

(1 rotation of disk specimen)

Normal load

[N]
2.4 4.8 9.6

Contact pressure

[MPa]
354★★ 446

★★
562

★★

Sliding velocity

[mm/s]

0.1, 0.78, 1.56, 3.13, 6.25, 

12.5, 25, 50, 100

Air temperature

[o
C]

16~24

Relative humidity

[%]
20~40

Lubricating

Condition
Dry friction

°⁄  coated on AISI 52100 steel ball
°⁄ °⁄  initial mean Hertzian contact pressure between AISI

52100 steel ball and carburized SCM 415 Cr-Mo steel disk



Friction Characteristics of DLC and WC/C 310

Vol. 27, No. 6, 2011

conducted for 194.8 mm sliding distance (correspond-

ing to 1 rotation of disk specimen). Under each test con-

dition, friction force was measured for the whole test

time, and then friction coefficient was obtained through

dividing the friction force by normal load.

2-3. Test conditions

The tests were conducted in laboratory air (relative

humidity: 20~40 %) at room temperature (air temper-

ature: 16~24 oC) without any kinds of fluid lubricants.

To investigate the effects of sliding velocity and nor-

mal load on friction characteristics of DLC and WC/C,

various sliding velocities (0.1, 0.78, 1.56, 3.13, 6.25,

12.5, 25, 50 and 100 mm/s) were selected under nor-

mal loads of 2.4, 4.8 and 9.6 N that correspond to the

initial mean Hertzian contact pressures of 354, 446

and 562 MPa, respectively. The tests were repeated

more than three times under the same test condition.

Fig. 2. Kinetic friction coefficients of DLC with

variations of sliding velocity and normal load.

Fig. 3. Kinetic friction coefficients of WC/C with

variations of sliding velocity and normal load.

Fig. 4. Friction surface of DLC (normal load=9.6 N,

sliding velocity=100 mm/s).

Fig. 5. Friction surface of WC/C (normal load=9.6 N,

sliding velocity=100 mm/s).

Fig. 6. Kinetic friction coefficients of DLC and WC/C

with variation of sliding velocity (normal load=2.4 N).
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3. Result

3-1. Friction characteristics of DLC and WC/C

Figs. 2 and 3 show kinetic friction coefficients of

DLC and WC/C in steady state region with variations

of sliding velocity and normal load. In Figs. 2 and 3,

circle, triangle and square mean the average value

under the 2.4, 4.8 and 9.6 N normal load condition,

respectively. And error bars represent the range of

kinetic friction coefficients under each test condition.

Under the test conditions considered in this study, the

kinetic friction coefficients of DLC and WC/C do not

exceed 0.18. And the variation trends of DLC and WC/

C resemble each other. In Figs. 2 and 3, the kinetic fric-

tion coefficients of DLC and WC/C vary irregularly

within small range with variation of normal. It means

that the normal load does not affect the kinetic friction

coefficients under the 0.1~100 mm/s sliding velocity

conditions. And the kinetic friction coefficients gener-

ally increase with the increase in sliding velocity.

3-2. Friction surfaces of DLC and WC/C

Figs. 4 and 5 show microscopic images of friction

surfaces of DLC and WC/C slid against carburized

SCM 415 Cr-Mo steel under a normal load of 9.6 N

and a sliding velocity of 100 mm/s. Even though the

test condition is most severe, there are no obvious

wear scars on the friction surfaces of DLC and WC/C.

3-3. Comparison between kinetic friction coefficients of

DLC and WC/C

Figs. 6~8 show kinetic friction coefficients of DLC

and WC/C in steady state region. In Figs. 6~8, rectan-

gular bars mean the average value of kinetic friction

coefficients under 2.4, 4.8 and 9.6 N normal load con-

ditions. And error bars represent the range of kinetic

friction coefficients under each test condition. The

kinetic friction coefficients of DLC are lower than

those of WC/C under most test conditions.

4. Discussion

4-1. Effects of normal load and sliding velocity on

the kinetic friction coefficients of DLC and WC/C

Under the test conditions considered in this study,

the kinetic friction coefficients of DLC and WC/C

vary irregularly within small range with variation of

normal load. It means that normal load does not affect

the kinetic friction coefficients of DLC and WC/C.

And the kinetic friction coefficients generally increase

with the increase in sliding velocity.

In this study, the relative motion between each solid

lubricating film (DLC or WC/C) and carburized SCM

415 Cr-Mo steel was continued while the disk speci-

men rotated 1 cycle. Hence, the friction characteristics

of DLC and WC/C were not affected by the transfer

layer formed on the mating surfaces. And the surface

roughnesses of disk specimen, DLC and WC/C were

0.05~0.07 µm Ra, 0.03 µm Ra and 0.03 µm Ra, respec-

Fig. 7. Kinetic friction coefficients of DLC and WC/C

with variation of sliding velocity (normal load=4.8 N).

Fig. 8. Kinetic friction coefficients of DLC and WC/C

with variation of sliding velocity (normal load=9.6 N).



Friction Characteristics of DLC and WC/C 312

Vol. 27, No. 6, 2011

tively. Therefore, the friction force caused by abrasion

and mechanical interlocking mechanical interlocking

between surface asperities of ball and disk specimens

was so small and could be negligible. In addition,

there was no sufficient wear of DLC and WC/C under

all test conditions. So the effect of wear particles on

the friction characteristics of DLC and WC/C was also

small. In accordance with these points of view, it is

estimated that the friction characteristics of DLC and

WC/C are strongly affected by the adhesion between

surface asperities of ball and disk specimens. The fric-

tion force caused by adhesion of surface asperities and

friction coefficient can be represented by following

equations (1) and (2) [1-3]. 

(1)

(2)

where, : average friction force generated by adhesion,

: average shear stress at real contact area,

: real contact area, : friction coefficient,

: resistance to plastic flow in compression

Therefore, the kinetic friction coefficients of DLC

and WC/C are not affected by the variation of

normal load. 

The flash temperature at contact asperities increases

with the increase in sliding velocity and normal load,

but it decreases with the increase in real contact area.

Since the increase of normal load results in the

increase of real contact area, the flash temperature is

strongly affected by the variation of sliding velocity.

Therefore, it is understood that the variation of flash

temperature due to the change of sliding velocity

mainly affects the friction characteristics of DLC and

WC/C. In general, the elasticity of contact asperities

decreases with the increase in flash temperature. And,

if the elasticity of contact asperities decreased, the real

contact area would increase. On the other hand, the

shear stress at the contact asperities decreases with the

increase in flash temperature [1-3]. 

In accordance with these facts and test results, it is

estimated that the shear stress dose not significantly

vary under all test conditions. So the increment of

kinetic friction force due to the increase of real contact

area is higher than the decrement of kinetic friction

force owing to the decrease of shear stress at contact

asperities. Therefore, the kinetic friction coefficients

of DLC and WC/C increase with the increase in slid-

ing velocity.

4-2. Difference between kinetic friction coefficients of

DLC and WC/C

Under most test conditions considered in this study,

the kinetic friction coefficients of DLC are lower than

those of WC/C. Because of the low surface hardness

due to doping of tungsten, the real contact area of WC/

C is wider than that of DLC under the same test con-

dition. Therefore, the kinetic friction coefficients of

WC/C is higher than those of DLC. And, the differ-

ence in shear stress between DLC and WC/C is esti-

mated as another reason.

5. Conclusion

The friction characteristics of DLC and WC/C were

investigated by friction tests and the following conclu-

sions are drawn.

(1) Under the test conditions considered in this

study, the variation of normal load does not affect the

kinetic friction coefficients of DLC and WC/C. On the

other hand, the kinetic friction coefficients increase

with the increase in sliding velocity. 

(2) Under most test conditions, the kinetic friction

coefficients of DLC are lower than those of WC/C. 
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