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Abstract; Diamond-like-carbon film usually presents high internal stress and poor adhesion, whereas the multilayer architec-
ture helps to improve its adhesion. Graphite-like-carbon ( GLC)/composition-gradient CNx nano-multilayer films with different
thicknesses of CNx single layer were prepared on silicon substrates by magnetron sputtering technique. The surface morpholo-
gies, microstructure, mechanical properties and tribological properties of the films were analyzed by SEM, XRD, XPS, Raman
spectroscopy, ball-on-disk tribotester and nano-indentation tester, respectively. As the result, the surface of the multilayer film
is smooth and the multilayer film with CNx single layer thickness of 50 nm displays an obviously layered structure. Graphitic
phase exists in multilayer film while the CNx layers are microcrystalline or amorphous. The content of sp® hybrid bonds, the ad-
hesion and hardness of the film firstly increase and then decrease with the increase of CNx single layer thickness. The thickness
of CNx single layer has little effect on the atmospheric friction coefficient of multilayer film, but it significantly reduces the fric-
tion coefficient in vacuum environment. The hardness of the multilayer film is (15~17.6) GPa, and the wear rate is (1. 03~
2.33) x107" m*N"'m™" in air and (2.06~3.34) x10"* m’N"'m™" in vacuum. The multilayer film with CNx single layer thick-
ness of 20 nm shows the best comprehensive performance.

Keywords ; multilayer film; gradient; CNx; GLC; magnetron sputtering

Wi EH. 2020-10-13; f&EIBHE. 2020-11-29

BISMESE: B (1971—), BOU), BIZER, L, #RAE . PRI TR MR E-mail: zhengxh@ zjut. edu. cn

EETE : W04 AKRBHEEES (LY15E010007) 5 #7714 T AHF L1 (2019C01088)

Fund: Supported by Natural Science Foundation of Zhejiang Province (LY15E010007) and Zhejiang Provincial Key Research and Development

Program (2019C01088)

SR %050, BERRER, BRRIE, 5. GLC/BUAMREEE CNy Z 2B RONAS ) FIEE = MERE ()], PR TR, 2020, 33(6) : 68-76.
YANG FE, LU S H, YANG S Y, et al. Microstructure and tribological properties of magnetron sputtered graphite-like-carbon/com-
position-gradient CNx multilayer films [J]. China Surface Engineering, 2020, 33(6) : 68-76.



W77 )L, 5. GLC/ B BIE CNw 22 )2 IR WOULAS A6 A 452 27 M e 69

<
L
T

254 W 1 §% ( Diamond-like-carbon, DLC) ¥
I EL A o T KR 8 PR B i okt | Ak B
SEEMEREL S, NI BB AE AL 2 A
L AR B 2 25 Tl AR A3z i g
DLC W 45 T vk 20, B8 w06 5 %
BT B A2 ST B TR A B G D8
PRAE)  (HJE:, 3K 67 vk Bir i 46 B9 DLC S5k
RN D) RS A D122 IR T DLC (1 52 B
N,

HAT, 23 DLC IS IR 25 & RE 1Y ik 15
FEAEBITRE SIATRZEMEEZ 2
BREAR R 45, X DLC Wi R 48 2% 4 I8 sl 3k 4 8 ot
LN B Zr Ag.Si %, AT LA 208035 AR 1Y
P O e BE R A DLC () 2 A A
M e m e A T R Ik
P AT D40 5 9 B o R R 48 2 M e o AR A L
M 2 R AR R O vk B B A, R
DR AR S %) o Bl E | v A AR 3 AT DA R IR AR
AT R EEA T, YU S5 USRS
FEVIRLT MoS,/DLC £ 2 [, # b T MoS,
ot DLC HUZ2 5, B B2 55 UF B LA MoS,/DLC
2 )2 1 76 W A5 AR S SR8 i I RO
LU 2 13501 Ge 4K Ll % T H A Ge 2%
ZFEE Ge BARIZMZZ DLC B, 52
HI il #5 A9 4l DLC W BAH [, 2 )2 DLC 85 i)
I LTI T 50% ~ 100% , [7] IR GIE T %%
T BB

TE 2 BT R A A B I g oK £ )2 R AR
FA BT et R Y R D), ) B DR IE e A R
A AE R AT, I =2 T8 B R ALk (a-CNx )
PR AOMGEE 2 = A (12 ~35 GPa) (R
Ly 1 T B M RN Ak 2 o O AR R N A5
CNax 7o IS T A5 JFL b 98 52 A ) A s 22 23 EE 1) 12
THRE S & 15 22 J2 B 25 46 () P 5 RT CNo 38 8 1Y)
E K1, CHEN 57 %3 T AN a-CNw J&
JE ) TaN/a-CNx 2 2 I, i g0 ik B 5] A a-CNx
UL 2 2O B R, 05 L
1297 200 SR T Wi s W S 5 K IR CINwe B |
A DLC #5114 DLC/CNx 2 2 I, 45 %k 0
CNo THE % ] 09 1 4 A B 38 B (IR T DLC 38 i

YR T, TR INE 20 oK 22 2 68 i) e 8 25 5 PR
B P 5 B4 B, B 00 T DLC W,
Ifi, 24 DLC/CNx 22 )2 JEE 1) AR 5 1 Ab A7 78 1k
YRS AN Ty B S N ) B R 2 A
18 ik — 24 T AR A5 R X

% IS B WL TR R A5 C BRI CNw 58 7 4
P, SO BT TR B S5 R C/CNy Z2 217
LRI Z2 2 J8 10 R 28 A7 S5 JEE ( Graphite-Like-Car-
bon, GLC) FI 43 Fh B CNx B2 Y, CNx JBE 19 &
Tt N O B K FUE fH (20. 7%) , X Fh 451y
A 22 J2 RS 1 R A AR Y, B A A SRS [
CNx JRIRE ) GLC/ BRI CNw 222 IR o0
BEKE 75 PE BRI EE S R R AR N B
XS 22 JZ AR R 5E R, S 4 T 22 )2 R 5L 1 45
B PR W B B S A TE 2 )2 AR AR
H e g S SR A O IRAR AE R R/ A R
PRI A BRI S

1 #R57EZE

1.1 HEfE

K FH LU 0 47 W 5t R AR T PR R 3R TETTID
FUGLC/ WA BAE CNa 9K Z2)2 0, DURRT 1 G
BEEEILRTE 10% HEF B3R 20 min, F-53%)
JFH P R R R 7 75 U T 6 20 miin, IR T [ € T
PEREHL(JGP-450) FEARNAESL & 1 B S0 R EE
WEN 70 mm, FLA FE TR E 2x107° Pa, SR
Jai A Ar S (i E 30 mL/min ) fff 25 NS R
PRIFAE 1.2 Pa, WTIRIE R 200 °C, T fw He
~100 V,#BI5 h 160 W, 55 46 BE K 99. 99%
M)A ST GLC B2, R JFEA N, TEIRG S
FPUURL CNx B2, N, i A 0 gtk ad o 3
5 mL/min, CNx JIE )2 ] 25 45 305 57 B OGHT N, I
L, AN S GLC/ U B0 BE CNx K Z 2 i —
AR E . B FRIAORE GLC B2 1Y )R B
AAE (8. =50 nm) , CNw JZJEEALL (8, = 10,
20, 30, 40, 50 nm) , [ )2 JEE R 3d i 45 H A TTAR
BT S, BARTTRSBOLE 1,
1.2 REFE

XA T X AT ST (Thermo X' Pert
Pro) A% I Vo7 JIES 114 4 AH 41 A%, Cu B, 451 5 3 B
0.033°/s, 1 4 ¥4 Bl 15° ~ 85°, H HITACHI-



70 R B XK W L & 2020

F1 GLC/HSHEE CNx Rk Z EETRSH

Table 1  Process parameters of GLC/composition-gradient CNx multilayer films

GLC thickness/nm  CNx thickness/nm Cycle Power/W Pressure/Pa  Bias voltage/V Temperature/°C

10 8
20 7
50 30 6 160 1.2 -100 200
40 5
50 5
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Fig. 1 SEM images of surface and cross section of GLC/composition-gradient CNx multilayer films
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Fig.2 ~ XRD patterns of GLC/composition-gradient CNx

multilayer films
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Fig. 3 Fitting results of XPS spectra ( Cls, Nls) of
GLC/ composition-gradient CNx multilayer films
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Table 2 Fitting results of Raman spectra of GLC/composition-gradient CN, multilayer films

D Peak

G Peak

Film — = = — = = I,/1;
Position/cm FWHM/ cm Position/cm FWHM/em

Scn, =10 nm 1365. 1 356. 6 1536.2 197.8 1.47

Ocy, =20 nm 1353.9 353.1 1535.7 197.1 1.34

Scn, =30 nm 1365.7 351.5 1540.9 194.9 1.53

Scy, =40 nm 1367. 1 354.8 1540.0 192.6 1. 66
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Fig. 5  Scratching test results of GLC/composition-gradient
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Fig. 7 Surface morphologies of films after wear tests in air (a-d) and in vacuum (e-h)
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Table 3 C, N, O, Si atomic fraction of wear scars after friction tests in air and in vacuum

In air In vacuum
Film
x (C) x (N) x (0) x (Si) x (C) x (N) x (0) x (Si)
Ocy, =10 nm 83.15 3.01 1.27 12.57 75.42 2.74 0.52 21.32
Ocx, =20 nm 82. 89 3.09 1.73 12.29 76. 67 2.87 0.57 19. 89
O¢cx, =30 nm 69. 14 3.31 0.94 26. 61 68. 13 3.29 0. 65 27.93
Ocx, =50 nm 38. 16 2.75 2.70 56. 39 44.24 3.22 1.27 51.27
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Fig. 8 Friction coefficient curves of films in air and in vacuum

P9 (a) Ry AR KA BL A8 I8 R (-1
FEERE, nI0L, B CNx JZRREER K, KA
141 357 JBE 48 TR B 2 BRI R 18 R R A A (B, =
50 nm IS8 | T LA e S X R 5 DR R0 e v
K B B FEAR, I H. 6., = 10,2030 F140 nm £
JZBEAE it AE R v B EE 4 DR BB T B s R i)
EEPEDRE , — P, B 42 R 2 fnk X 3% 1H 1) &) B0
(AL AL RS T LA AT A0 BEL 424 Bl ¥ 1R AR 388 5 2 (1] 1) L
BB, DT D/ BE 4 RN R 40 R T A A
B b it i B P BE RS I B (T 3K 0.5) B S T
KBS (0.05~0.15) 7" i B2 3155 o Al
CNov 64 JEE 48 TR R (0. 06 ~ 0. 22) BEAIR T KA
E5(0.12~0.25) 7" M, BEE CNx 25 3 14
K, ALED CNx B2 B AR 2 B0 0, 22 )2 BEAE

25 PRI v ) BE 2 R PR B T ) B i CN T
0.4
\:] In air
V2] 1n vaccum
5o3f
=2
g 7 7
3 ] ;}- ;}
=
-§ 02
2
o
g
0.1
z 0
0.0
PO P S
e de¥ dee do do
Films

(a) Average friction coefficient

oo X5 PR, ONBES CNx 2R REE K 78
AR DR BE (L G 25 B LA 98 i 38 ) 1% 17
T EEERE CNx J2 i 32 fl T BRI K, PR TG CNx )22
Xof 22 J2 FEE 1) JEE 458 DR RSORS00 38 1 S e 8
TEA G CNy R EEFB/NT GLC 2,
HIHBER Sy, TR, 22 )2 M7 L 25 PR v A JEE 442
BRI T ek, 500, Rk s BB vhal it

W R SR RAR D R BB BRR IR IR 5 £
JE R Z B JLF- A A7 A AR 18 108 9V T 5t T L
B AR D ol 75 P 5 ) o e 798 000 ) D4 D g 3
S, BT UIRH I 3G O, PR 22 J2 IR A L 25 o ) E 4%
PRIBAH XS B, TR, ol TR SoKiR
R O SR, PR R o f [X R T U 7% 2
I 28 AR A i 5 TR A S 1 el B
RE , PRI AH R 22 2 I 114 JBE 452 PR B b L2 PR v Y

5

] mair
U] In vaccum

Wear rate/(<107® m* N*' m™")
|38} W £~
T

—

0 |_E
A0 o
de

0 < o

dov

L
de de de
Films
(b) Wear rate

P19 MERRAR RN B2 BRIE T -1 249 B 42 DR JOR S 45 3

Fig. 9  Average friction coefficient and wear rate of films in different environments
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