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Fig.1  XRD patterns of the films 
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Fig.2  Surface (a, b), cross-section (c, d) SEM images for multilayer films and enlarged images for white box areas (e, f) 
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Fig.3  Hardness, elastic modulus and adhesion of the films 
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Fig.5  SEM images of wear tracks for multilayer films: (a) δ
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Fig.6  Friction coefficient curves of the films 
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Fig.7  Average friction coefficient and wear rate of the films 

��èéêh��34nÏ#E�8Ì�; 

��������

1) WS

x

/W/DLC/W����!=�W��<��

�Ç α-WBW

2

CV β-WC

1-x

®�Ø+�4 WS

x

���

Ð�eÐ��*Ef";δ

w

��	ç !_�*6è

éïl; 

2) W��<��³��ÇWS

x

/W/DLC/W��!

�f����w�<,-./;��!���%	 δ

w

UlVWw��8Ì�Ü70
Ul;δ

w

=6 nm ��

!�f�@E�F8GH@�; 

 

����    References 

[1] Hilton M R, Fleischauer P D. Surface and Coatings Techno- 

logy[J], 1992, 54-55: 435  

[2] Zhu Lina, Wang Chengbiao, Wang Haidou et al. Vacuum[J], 

2010, 85(1): 16  

[3] Maharaj D, Bhushan B. Materials Letters[J], 2015, 142: 207  

[4] Simmonds M C, Savan A, Swygenhoven H V et al. Surface 

and Coatings Technology[J], 1998, 108-109: 340  

[5] Zhou Lei(u ¸), Yin Guilin(¹º»), Wang Yudong(¼½¾) 

et al. The Chinese Journal of Nonferrous Metals(j¿�À�

£�Á)[J], 2010, 20(3): 483  

[6] Banerjee T, Chattopadhyay A K. Tribology International[J], 

2018, 123: 81  

[7] Gustavsson F, Svahn F, Bexell U et al. Surface and Coatings 

Technology[J], 2013, 232: 616  

[8] Pimentel J V, Danek M, Polcar T et al. Tribology International 

[J], 2014, 69: 77  

[9] Banerjee T, Chattopadhyay A K. Surface and Coatings Techno- 

logy[J], 2014, 258: 849  

[10] Deepthi B, Barshilia H C, Rajam K S et al. Surface and 

Coatings Technology[J], 2010, 205(7): 1937 

[11] Xu Shusheng, Gao Xiaoming, Hu Ming et al. Tribology 

Letters[J], 2014, 55(1): 1  

[12] Nossa A, Cavaleiro A. Surface and Coatings Technology[J], 

2001, 142-144: 984  

[13] Dai Mingjiang, Wei Chunbei, Zhou Kesong et al. Transca- 

tions of Nonferrous Metals Society of China[J], 2015, 25: 

3002  

[14] Modabberasl A, Kameli P, Ranjbar M et al. Carbon[J], 2015, 

94: 485  

[15] Gayathri S, Kumar N, Krishnan R et al. Ceramics Interna- 

tional[J], 2015, 41(1): 1797  

[16] Matthews A, Eskildsen S S. Diamond and Related Materials 

0 2 4 6 8 10

δ

w

= 8 nm

δ

w

= 6 nm

δ

w

= 2 nm

0.0

 

F
r
i
c
t
i
o

n
 
C

o
e
f
f
i
c

i
e
n

t
,
 
µ

Sliding Time/min

0.4

0.0

0.4

0.0

0.4

0.0

0.4

δ

w

= 0 nm

0.15

0.20

0.25

0.30

0.35

 Wear rate

 

 

F
r
i
c
t
i
o

n
 
C

o
e
f
f
i
c
i
e
n

t
,
 
µ

 Friction coefficient

δ

w

=8 nm

δ

w

=6 nmδ

w

=4 nmδ

w

=2 nmδ

w

=1 nmδ

w

=0 nm

0

2

4

6

8

10

12

W
e
a
r
 
R

a
t
e
/
�

1
0

-
1
4
 

m

3

·
N

-
1

·
m

-
1

Different Thickness Film



¡1300¡                                           ¢��£� !�"                                          � 49� 

[J], 1994, 3(4-6): 902  

[17] Zheng Xiaohua(���), Lin Lingling(»ÂÂ), Chang Xin- 

xin(ÃÄÄ ) et al. The Chinese Journal of Nonferrous 

Metals(j¿�À�£�Á)[J], 2018, 28(7): 1343  

[18] Xie Zhiwen(ÅÆÇ ). Thesis for Master(È�ÉÇ )[D]. 

Harbin: Harbin Institute of Technology, 2007 

[19] Wang Song(¼ Ê), Yue Wen(Ë Ç), Li Xingliang(ÌÍÎ) 

et al. Transactions of Materlals and Heat Treatment(� Ï

ÐÑ�Á)[J], 2016, 37(2): 159 

[20] Sánchez-López J C, Martínez-Martínez D, Abad M D et al. 

Surface and Coatings Technology[J], 2009, 204(6-7): 947  

[21] He Tengfei(ÒÓÔ), Wu Youzhi(Õ�Ö), Xu Jiao(× Ø) et 

al. Tribology(ab��Á)[J], 2017, 37(1): 35  

[22] Yang Lina, Zhang Kan, Zeng Yi et al. Applied Surface 

Science[J], 2017, 423: 275 

 

 

 

Microstructure and Tribological Behavior of Magnetron 

Sputtered WS

x

/W/DLC/W Multilayer Films 

 

Zheng Xiaohua, Liu Tao, Yang Shuoyan, Wang Gongqi, Yang Fanger 

(Zhejiang University of Technology, Hangzhou 310014, China) 

 

Abstract: WS

x

/W/DLC/W multilayer films were prepared by magnetron sputtering technique and alternate deposition of WS

x

, W and 

diamond-like carbon (DLC) layers on silicon substrates. The microstructure, mechanical properties and tribological behaviors in the 

atmosphere of the films were characterized by X-ray diffractometry, scanning electron microscopy, nano-indenter and ball-on-disk wear 

tester. The results show that the surface of all the multilayer films is smooth and dense. As the thickness of single W interlayer increases in 

the modulation period, α-W, W

2

C, and β-WC

1-x

 crystalline phases are formed in the multilayer films. The hardness of the multilayer films 

is greatly improved (up to 17.3 GPa at single W interlayer thickness of 6 nm), the friction coefficient shows a downward trend, the 

adhesion to the substrate is gradually reduced and the wear rate decreases first and then increases. The multilayer film with single W 

interlayer thickness of 6 nm exhibits the best wear resistance, and its wear rate is about 1.4×10

-14 

m

3

·N

-1

·m

-1

.  

Key word: WS

x

; diamond like carbon; W; multilayer films; friction and wear 
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