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ABSTRACT: Amorphous carbon film, which combines good chemical inertia, wear resistance and mechanical properties, has
been applied in aerospace, automotive, magnetic storage, mechanical processing and other fields. sp® ratio and H content
significantly influence microstructure and tribological properties of amorphous carbon. Especially, the tribological behavior of

amorphous carbon with different sp® ratio and H content varies greatly in the run-in stage under vacuum and air, which means a

WiFs BEE: 2022-12-26; EITHE: 2023-06-14

Received: 2022-12-26; Revised: 2023-06-14

E€WH: BRELAAANR (2022YFB4600103 ); ki 45 F H AW 3k At % (20XD1431400 ); i & AAHF K4 (21ZR1427900 );
B % a A At %) (JCKY2020203B037 )

Fund: National Key R&D Program of China (2022YFB4600103); Program of Shanghai Academic/Technology Research (20XD1431400);
Shanghai Natural Science Foundation Project (21ZR1427900); Key Project of National Defense Basic Scientific Research (JCKY2020203B037)
Bl T A, e x, AR, F. CH, AT R mkA e 25 &3k &k E LM A RAEY ot £[T]. ABE R, 2024, 53(3): 113-122.
LIU Jingzhou, JU Pengfei, ZHOU Hong, et al. Effects of C,H, Flow Rate on Structure and Properties of Amorphous Carbon Films Prepared by
Reactive Sputtering Graphite[J]. Surface Technology, 2024, 53(3): 113-122.

*E{E1E¥& ( Corresponding author )



© 114 - EN TR NN

lot for wear pair design in aerospace equipment components. This work aims to investigate the relationship between film
structure and properties, so as to find the optimum processing window.

Mirror-polished 9Cr18 pieces (diameter 35 mmx thickness 3 mm) were used as substrates to deposit films by means of
pulsed DC reactive sputtering graphite in Ar atmosphere mixed with different amount of acetylene. All substrates were
ultrasonic cleaned in alcohol for 20 minutes to remove oil on the surface followed by hot air drying, and then fixed on the
substrate holder. Before deposition, degassing was carried out by vacuum heating at 200 “C until base pressure reached 3x107
Pa. After that, a plasma source with current of 50 A was applied to do Ar' cleaning for 20 min, to further remove contaminants
and activate substrate surfaces. 500 nm Cr was deposited below the amorphous carbon layer to improve the adhesion strength
between the substrate and the film. For amorphous carbon layer deposition, 4 kW were applied on the graphite target while a
—100 V negative bias was applied on the substrate. The argon flow rate was between 50-100 cm’/min, and the acetylene flow
rate changed from 0 to 100 cm*/min to deposit amorphous carbon with various structures.

In order to investigate effects of acetylene flow on microstructure, mechanical properties and tribological properties of
films fabricated above, an X-ray photoelectron spectrometer and a Raman spectrometer were used to analyze microstructure,
such as sp’, sp’, Ip/lg, position and FWHM of D peak and G peak. Mechanical properties were characterized with a
nanoindentor. The tribological properties were examined with a ball-disc tester, with load of 5 N, rotational speed of 1 m/s in air
condition. The wear track on the film as well as the wear scar on the mated ball were tested with a white light interferometer and
an optical microscope.

The results showed that dense and uniform amorphous carbon film were prepared by reactive sputtering. Element
analyzing demonstrated that all films contained a certain amount of O element (6.36%-13.86%) on the surface layer, O content
of lower than 1% could be reached for most films after Ar™ etch. With the increase of acetylene flow rate, H, E and H?/E?
increased first and then decreased. When acetylene flow rate was 10 cm’/min, the hardness and elastic modulus reached
maximum, which were 27.93 GPa and 233.55 GPa, respectively. Tribological results showed that the average friction coefficient
was between 0.09-0.11 for all films, and the friction coefficient for the start-up stage decreased with the increase of H content.
Wear resistance of 5 cm®/min sample was the best, the minimum wear rate was 0.72x107' m3/(N ‘m). The sp3 /sp2 and H can be
tailored by adjusting acetylene flow in reactive sputtering, so as to regulate mechanical properties and tribological properties of
amorphous carbon films.

KEY WORDS: acetylene; reactive sputtering; amorphous carbon; microstructure; mechanical properties; tribological properties
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Tab.1 Process parameters of film deposition

Process parameters Value
C Target power/kW 4
Bias voltage/V 100
C,H, flow rate/(cm®min") 0-100
Ar flow rate/(cm® min ") 50-100
Base pressure/mPa <3
Plasma source current/A 50
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Tab.2 Test conditions of friction and wear

Item Value

Ball Si3Ny

Ball Radius/mm 6.35
Rotation Radius/mm 10

Rotation Velocity/(r-min™") 1 000
Load/N 5

Temperature/C 20-25

Humidity (RH)/% 50-60

HH Fischerscope Hm2000s {44 K i B2 A R 2 ) £
FE R . R Axisultradld X G206 H FRETE
TR Z 5 . A ROC R SR, R
RenishawinVia-reflex JGi{% , 8 i 48 4RG3 A1 AT UG
AR 2 N EREEAE  RF FDE T WO BT
S, IFI0 e g o

2 #HRE5VWRR

2.1 REHASKMEN

WE 1R, WREIEH T LIE H, Bl 2
WEE . TALRRL; FiE CH, sk, 2
AR LS ANFBEZM XPS a4 b4
HwnE 2 pios, ATUEH, BRZFEZEH C. O THEM
B, WE 2a i, FTA 2R 2 2 i fAfE — & &
) 0 62, Hi 0 cm¥/min iXEEFR O & & (T
BOPED) Wik 13.86%, 4 ArZlih 5 min J5, AR
FER) O Fr i I FEAI . 1 O A i iy £ R
AV i AR A2 3 T A7 AR AR AR RN B B, U B ET KRR
IRBE AP, 582 2 T ) A T A A S W o R A 1 A
SRKGF, EREZN O FEie; MXEZT
fr A ZIhE, WHHEZS A 20 )E sk RIS, O
S RIETRE; 0 cm®/min )2 04l & S5 T k5T
AR A TS, R N2 AR, LR R i &
AN 2, RIZWHIL &MY, Hif o
FrEh s YXHRZ R T AcZIhIEYES, O W)
JE RO BOR IR = 2.2% 5 243 A 3G P B 4K
CHy Ji, CH, iy HfefE5 C ik, 5|4 B
FIVERT, LB T i o5 B 23 2 1T A B B AR AR T 0
cm’/min AT F 2 A SRR S TR,
Wi HRZ M O F AT 0 cm’/min B2 F AL, X
AFREZE C 1s FUE ST A (B 3), B84 E
ity 284.6. 285.2, 286.3, 288.1 eV [y 4 P&, 43
SR T C 4 sp®, sp’. C—0., C=0 %5 4 Fifb2tk
PO H ) c—0. C=0 WIFI 82 R AR A
TRz B2 o

Raman &3 0] G R0 AR SR B2 H & i
i I NN Wad s AL S S W i e 22 B/ N
AR SR B 4548, X2 BEAT r] WGR 2k,
2 rp sp® M # NH RGP B S5 s M 1 8. . ST
C,H, Jii i il 45 A A2 (9 7] W% Raman YEi Al 4
i, ATLAVE W, FrA BZ7E 900~2 000 cm ' i il 4
(AT A 1) S IR X AR, S BRI AR S5 KA . R UL
VLI AT IR 2SRRI R m 5 G IR
FOE (vl ) AT M2 b H & A Ak s e 280, B
FORFLEIBEN, migk, IEEEF H S EE
MRk



< 116 - F om B OR 2024 42 A

a 0 cm*/min b 5 cm*min ‘ ¢ 10 cm¥min

d 25 cm’/min e 50 cm*/min f 100 cm*/min

Bl R[] CoHy it e 52 A R T AL

Fig.1 Surface morphologies of films with varied C,H, flow rate
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Fig.4 Fitted Raman spectra of a-C:H films prepared at varied C,H, flow
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Tab.3 Fitted results of Raman spectra of amor phous
carbon films at varied C,H, flow

D peak G peak
C2H2 ID/
flow Position/ FWHM/ Position/ FWHM/ lg
cm! cm! cm! cm!

0 1387.66 392.82 1563.43 188.75 3.02

5 1379.50 363.95 1556.60 192.41 1.56
10 1376.36 354.75 155530 187.73 1.36
25 137390 342.60 1553.36 176.00 1.28
50 1375.09 33690 1553.37 164.36 1.35
100 137557 336.31 1551.91 159.80 1.38

2.2 BRENFHEEREZEERMERE

Fril 4% a-C:H B2 BIREFE | s phAsi i | H/E  HY/E?
B 2 b e e A i o R MR A B 5 AR o IR 5 T 1A
FHi, 0 cm®/min %R YA SRR SRR A T R Ik
SR a-C:H B2, AR B g A 4k, I
i 5 g AR 42 501 K 12.48 GPa Fi1 145.76 GPa; 1E
SR i H I A A A v R A R R
P B S U A, fEZ BRI RN 10 em’/min
Bf, R AR TR B g KAEL, 401k 27.93 GPa
F1233.55 GPa, EH, K5/ D i G TN Hy il A
FEIRSE , fF Ar' S B TIRE G N AW, B R
FPAETHFIERK C'L G GHyME H Af3E. —F
I, C,H, SARMTSIASEUURBRIE M A S5 2
PR, Bk AR iR RIS, B2 aEMS
B DR ZE M A R FE R i, sp” 5 LR, AR 4R
o J—r, CH, FEM™H& H B HFIEATH
BARW C B, MBEATmiEE ., Mo
HE—2E RN, a-C:H 52 B A5 2 iAo 5
P EZ R RSN 100 em®/min B, 2 B9 6 AV
4 17.67 GPa, #fPEfiE A 131.86 GPa, ULiF, #13
T CoHy MR FE IR R I RDIR S, 7 1 28 00 3 T 5 it
7 1) o HLy 3o P 7 1 3 T A 0B 23R K S R
A LS B i o SR TE R 1w S AR [ s A
CoH, B KB AGEHE T BRI A S B =,
245l GLC:H 44k PLC:H, HHF



+ 118 -

EN TR NN

2024 4E 2 A

250 10.16
o F 105
o—* ~-HIE o4
- [P/E? 10.14
& 200 ¢ [f/@o 04
4 / * /g\ Y
5 — * 1035 {0122
Ei ‘/ "%‘[;J T
2 150 0 h
=PV 4 10.2 010
. ,
10.1
]00 L I I L L I 008
0 5 10 25 50 100
Flow of C,H,/(cm*min™")
E5 AFEHGE T Hl4 a-C:H B2 B

SRPERL R . HIE, HY/E
Fig.5 Hardness, elastic modulus, H/E and H*/E* of
a-C:H films prepared at different acetylene flow rates

JE RN SR B R T R

H/E il HY/E? fEfg S B i 2 O Wi s ) 1 . 3B
T F1 KB 2 T B 20200 AN s W AR, #E L
el 0 % 100 cm’/min 3 F2H, H/E B 0.086
PR 2R 0.134, ULBRE A KON SR C R S R,
L2 A T S P R BT 358 5 HY/E® AR AR R K
TS AR Z2 Y HYE e/, R 0.092 GPa, 16 I H
PEASTE Bt o R B M B 2% . 78 LA 10 em?/min
N, HYE?f K, N 0.40 GPa, JEZMPEASIES )
FITR BE PR B A o 24 ZpR i i — 2B B e, B2 Y
H/E? W (R W, AR ZERELE 0.3~0.4 GPa Z [i], HY/E?
S 118 2 T s A A A 34 5 I SR B 4 R 4k
SRS —E,

X AT EE R P AR I, S5 SR WA 6
No MEEIERZ (I 6a) WLIE N, gL
D3 T ) sh e 04687 B A B BE I 2 5 IR R EE B I B o
ME 6b W] LIF Y, BT R AR EE R I B -3
FEERIBCH 0.09~0.11, C,H, Wit K 50 cm®/min Y
JZ 0SB IR B /N, A 0.09, i CoH, T ARk
FHUW B Z T B R AR 2 A B, Ho,
0 cm’/min 1 5 cm®/min iFE Y S Bh BRI N BT K, &
Tk F] 0.377; 100 cm®/min iR AY JS 31 B 182 X Kl i /)

0.20

a —— 10cm*min  —— 100 cm®*/min
5 cm*/min —— 50 cm*/min
—— 0 cm*/min 25 cm’/min

30 40 50
Run cycles/10°

10 20

6

60

7("
©0.20

(0.138), HUFNE I it . BESERI AR B BEAT I 25 57 1Y
FLEFEH: ANEA CH, B8 A D i CH, B, 7E5FES
TR M2 A E T, B2 AR C T
AR E A , AR BRI & A i AR X 38 Bl A 2 g A SR
B AR EAER, ST RR, B R S EEE
R KESIAWENE CH, 5, H B RKESIAfE
BT M PA A RS v R, R R B ik, R
82 710 55 V1) 7 v A0 SRR B AR AR A S A LR
JiRE, BRI, I ol B DR R 2 AR
[, XPS BUArsrtrai B W], 5IA CH, FREZER
T AR B AR, Mk A W s M E IR, sp® 4k
SRR T A Y o5, A sp? B, XA AT
TE 4513 TR W0 58 35 10 G SR 4120, kb sh A
A o-S R ek 28 88 , XA —E FREE LR 3] T REIK
JEE $82 DR B A U

MEEIR = 4EIE50 (& 7). BEZERE (& 8) M
PEERESEO RS (K 9) RTLVE Y, B il R
WS — B IR, EER R A — 25
(1l 9a~d ), FEHAEEAE TR 3280 e A 4 SR ey s 0 R 28
B 2 6 G EEBERIRG , i B AR 2E
BB T 4G R, ZEEEIE)T S em’/min fURE
Y B IR BE E  BE (IR BEEE A 350 um, & 7b ),
HEEIR A (BIRIREE N 200 nm, & 7b), BLARZE K
BEIUR /N, K 0.72x107 10 m¥/(N-m), LU Z K
T S ey o RIS, o 4D B g s 2 5 1 1) BES R
FE, 5 5 om®/min JaURE XTI A R BRI BE A% N FITAT TARE
rigck, 5% 38821 um (& 9b ), 14, 100 cm’/min
AR BN IR, BRI IR TTIE 610 nm, FEJR R
ARV BT AR TR, SR R, O 3.33%
107" m*/(N-m). Z5& K 5. K6 ME 8 nfLIFEH, 7
J B AR KR R, R AR S 1 JEE R R T
NV BB P AT, L2 %) B 0t S S R, B AR
% BRJZ AT R I 2 0 E R N,
JEPE R AR S HPE? (AR A A S AT

0.40 1
035

Il Max COF |1 Average COF

0.30
= 0.25
]

0.15
0.10
0.05

0 5 10 25

Flow of C,H, /(cm*min")

100

AFBEZ RSB LE (a) FUR SIS R, FIBEE AL (b)

Fig.6 COF curve (a) vs run COF and average COF values (b) of different films



R K

UG, % CoHy WA SR T A 288 il 48 e o s 5 2 45 4 B A BE S i F 5 - 119 -

v

N 2

<

0.103  0.207 0.310 0.413 mm 0.103

a 0 cm*min

b 5 cm*min

- g

0.310 0413mm 0.103  0.207

-t

0.310 0.413 mm
¢ 10 cm*/min

a y /
-t . {

1 \

0.103 0.207 0.310 0413mm = 0.103
d 25 cm*min

e 50 cm*/min

A - l—_‘ L 1
0.310 0413 mm - 0.103 0207 0.310 0.413mm
f 100 cm*/min

Kl 7 AR a-C:H B2 EIROLAIE SN =45
Fig.7 Optical morphology and three-dimensional morphology of wear tracks for different a-C:H films

351 3.33

2.07 213 21
1.72

—_— = NN
S W

0.72

Wear rate/(107m:

o
n

(=]

0 5 10 25 5
Flow of C,H,/(cm*min™")

0 100

Kl 8 ANIA] a-C:H [R5 R X HEAE AR A

Fig.8 Wear rates of various a-C:H films

R T HERA N2 BT A B 25 5, XA R
IR AL FEA TR 2R I LG, A5 R A 10 iR
MIE 10 AT LAFE 1, 0 cm®/min F1 5 cm®/min iFE BIE
Ab 1Y Raman Y6iEARML I 8, HEEHEERT (E 4a. b) 1Y

BT ARAR Ry BEHE J 1 WU TR (8] 10, b), f18&
SER R ARG AR Gl X RS AT LA, SRR
HIAY 2 SR e At e 28 (& 11), 0 em’/min Al
5 cm’/min REAEBESE IS G W7 B 34 1) v e B Re B
In/lg A K, Horp 5 em?/min AR 1p/1 A EEHE T
By 1.56 ¥ BB 2.95, XY G W5 55 i 3
A o DI SR AL AT LT, B3 i vh i 2 R A
T A AT SR A A IR, A R 4 e A e R AR
B EERTT, BIZNE sp® 8548 N sp”
TEBEIRRMIE L T — 2 A BB, JtaEER
T, 5 55 VI sk B i 2 A 3 T R IR S 1R
R 10, 25, 50, 100 cm®/min £ 4 S RAERT R
B G NS . G IS TR 1p/l 6 7E BRI RS 19 3l
AT /N K] 9e HAT LIRS, BUE 5] 52 5 1)
R A B AR BE BRI 1T, ORI ALy 45 At B Bk
/b, UEBH E R 0 G RS I R A RUBH 1 E R R S R
fil, EAREE RS BGR B T IEEAEH



+ 120 - F om oH O OR 2024 4F 2 H

¢ 10 cm*/min

d 25 cm*/min e 50 cm*/min f 100 cm*/min

Ko X RREE B2

Fig.9 Optical morphologies of wear scars on mating balls

Intensity (a. u.)
Intensity (a. u.)
Intensity (a. u.)

1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000

Wavenumber/cm™ Wavenumber/cm™ Wavenumber/cm™

a 0 cm*/min b 5 cm*/min ¢ 10 cm*/min
- —_ -
3 3 Z
2 2 Z
2 a 5
g Z £
K|

1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Wavenumber/cm™ Wavenumber/cm™! Wavenumber/cm™!
d 25 cm*/min e 50 cm?/min f 100 cm?/min

K10 PR RAL nT WO & PR 1%

Fig.10 Raman spectra of visible light at wear tracks of sample

1600 4.0

a Il Before B After _b 0 Before Wl After I Before W After
1575 335
. 3.0

51550 <

LD& 2 2.5
1525 20
1.5
1500 0 1.0

0 5 10 25 50 100 0 5 10 25 50 100 Y0 5 10 25 50 100

Flow of C,H,/(cm*min™) Flow of C,H,/(cm3min) Flow of C,H,/(cm3min™)

K1 RS AR G WAL E . G L& E . Ip/le XTIt
Fig.11 Comparison of different films before and after friction tests, including G peak position, GFWHM, and Ip/lg



¥53% 3

UG, % CoHy WA SR T A 288 il 48 e o s 5 2 45 4 B A BE S i F 5 <121 -

3 it

T A 9 SR A SR AR R B, A
T ANE S5 H B AR S 2

1) TERGYS IS A B B2 v g | ATEPE SR CoH,,
AT AT R R AT RSE J22 3% 1 ) W B A 48k . SRS CoH,
R, TR AR it il JIS J22 A6 R A TP 1 ) Bl R
AL

2) il A P, RO IS A ARk el
ARAFLEE 1A PR REVE R S8 (1) AR AR JIEE 2, 2 Al
A 12.48~27.93 GPa, #EBIE A 145.76~233.55 GPa,

3) FEIE A CoH, Bl 28 1A i B 23 1 1 8
PR R A, W PR . A& CHy S
S5 AE AR IEE SRR R, 2R R RS
YIZER I L2 | R SR AR 22 o A AR 7R I A AR T AR B
AN TR XF S I A1 B2 8 4 1 SR R o

S X3k

[1] VANHULSEL A, VELASCO F, JACOBS R, et al. DLC
Solid Lubricant Coatings on Ball Bearings for Space App-
lications[J]. Tribology International, 2007, 40(7): 1186-
1194.

[2] SANZONE G, FIELD S, LEE D, et al. Antimicrobial and
Aging Properties of Ag, Ag/Cu, and Ag Cluster-Doped
Amorphous Carbon Coatings Produced by Magnetron
Sputtering for Space Applications[J]. ACS Applied Mate-
rials & Interfaces, 2022, 14(8): 10154-10166.

[3] SCHLATTER M. DLC-Based Wear Protection on Magne-
tic Storage Media[J]. Diamond and Related Materials,
2002, 11(10): 1781-1787.

[4] DOBRENIZKI L, TREMMEL S, WARTZACK S, et al.
Efficiency Improvement in Automobile Bucket Tappet/
Camshaft Contacts by DLC Coatings-Influence of Engine
Oil, Temperature and Camshaft Speed[J]. Surface and Co-
atings Technology, 2016, 308: 360-373.

[5] GRIMANELIS D, YANG S, BOHME O, et al. Carbon
Based Coatings for High Temperature Cutting Tool Appli-
cations[J]. Diamond and Related Materials, 2002, 11(2):
176-184.

[6] ROBERTSON J. Diamond-Like Amorphous Carbon[J].
Materials Science and Engineering: R: Reports, 2002,
37(4/5/6): 129-281.

[71 AISENBERG S, CHABOT R. Ion-Beam Deposition of
Thin Films of Diamondlike Carbon[J]. Journal of Applied
Physics, 1971, 42(7): 2953-2958.

[8] CHENR D, GUO P, ZUO X, et al. Ag Doped Amorphous
Carbon Films: Structure, Mechanical and Electrical Beha-
viors[J]. Journal of Inorganic Materials, 2019, 34(4): 387.

[9] WANG Y J, LI H X, JT L, et al. Study on the Microstruc-

[10]

[11]

[14]

[15]

[16]

[17]

ture and Properties of Graphite-Like Carbon Films Depo-
sited by Unbalanced Magnetron Sputtering[J]. Procee-
dings of the Institution of Mechanical Engineers, Part J:
Journal of Engineering Tribology, 2012, 226(8): 714-721.
ZHOU J Y, GUO P, CUI L, et al. Wrinkled and Cracked
Amorphous Carbon Film for High-Performance Flexible
Strain Sensors[J]. Diamond and Related Materials, 2023,
132: 109619.

O, RERS, PhBNEN, 5. FFJR5 f FEXs 2tk 2 - ol
DLC &S FPPE R[], FPEHITTE 4R, 2009,
23(6): 598-603.

DAIW, WU G S, SUN L L, et al. Effect of Substrate Bias
on Microstructure and Properties of Diamond-Like Car-
bon Films by Linear Ion Beam System[J]. Chinese Jour-
nal of Materials Research, 2009, 23(6): 598-603.
PENKOV O V, PUKHA V E, ZUBAREV E N, et al.
Tribological Properties of Nanostructured DLC Coatings
Deposited by Cgy lon Beam[J]. Tribology International,
2013, 60: 127-135.

XU X W, GUO P, ZUO X, et al. Understanding the Effect
of Al/Ti Ratio on the Tribocorrosion Performance of Al/Ti
Co-Doped Diamond-Like Carbon Films for Marine Appli-
cations[J]. Surface and Coatings Technology, 2020, 402:
126347.

GAYATHRI S, KUMAR N, KRISHNAN R, et al. Influ-
ence of Transition Metal Doping on the Tribological Pro-
perties of Pulsed Laser Deposited DLC Films[J]. Cera-
mics International, 2015, 41(1): 1797-1805.

ALAWAIII R A, KANNARPADY G K, NIMA Z A, et al.
Electrical Properties of Multilayer (DLC-TiC) Films Pro-
duced by Pulsed Laser Deposition[J]. Applied Surface
Science, 2018, 437: 429-440.

ERDEMIR A, ERYILMAZ O L, NILUFER I B, et al.
Synthesis of Superlow-Friction Carbon Films from Hig-
hly Hydrogenated Methane Plasmas[J]. Surface and Coa-
tings Technology, 2000, 133/134: 448-454.

YUE Z F, WANG Y F, ZHANG J Y. Microstructure
Changes of Self-Mated Fullerene-Like Hydrogenated
Carbon Films from Low Friction to Super-Low Friction
with the Increasing Normal Load[J]. Diamond and
Related Materials, 2018, 88: 276-281.

JIANG X C, GUO P, CUI L, et al. Tribological Behavior
of Silicon and Oxygen co-Doped Hydrogenated Amorp-
hous Carbon Coatings on Polyether Ether Ketone[J]. Dia-
mond and Related Materials, 2023, 132: 109650.

WEI J, LI H C, KE P L, et al. Characterization of Tetra-
hedral Amorphous Carbon Film with Various Thickness
by High Through-Put Method[J]. Journal of Inorganic
Materials, 2018, 33(11): 1173.

VWS, E4e, BRAERT, S5 D mAR IR SRR i 45
FRITEREL]. APRMIFTE A4, 2020, 34(5): 379-384.

XU S P, WANG H, CHEN W Q, et al. Structure and



+ 122 -

EN TR NN

2024 4E 2 A

(22]

(23]

Properties of Ultrathin Tetrahedral Amorphous Carbon
Films[J]. Chinese Journal of Materials Research, 2020,
34(5): 379-384.

SHI J, GONG Z B, WANG Y F, et al. Friction and Wear
of Hydrogenated and Hydrogen-Free Diamond-Like Car-
bon Films: Relative Humidity Dependent Character[J].
Applied Surface Science, 2017, 422: 147-154.

CUI L C, ZHOU H, ZHANG K F, et al. Bias Voltage
Dependence of Superlubricity Lifetime of Hydrogenated
Amorphous Carbon Films in High Vacuum[J]. Tribology
International, 2018, 117: 107-111.

Re T, M, HZE, % HyCH, it X7 4 DLC #
JRZEHG K BE S 2 PERE R RE R[], +P [ i T A, 2015,
28(1): 42-48.

WU J L, ZHOU H, ZHENG J, et al. Effects of Flow Ratio
of H, and CH,4 on Structure and Friction Properties of
Hydrogen Diamond-Like Carbon Films[J]. China Surface
Engineering, 2015, 28(1): 42-48.

HAINSWORTH S V, UHURE N J. Diamond Like Carbon
Coatings for Tribology: Production Techniques, Charac-
terisation Methods and Applications [J]. International Ma-
terials Reviews, 2013, 52(3): 153-74.

LIU X G, GONG P, HU H J, et al. Study on the Tribo-

[26]

[29]

[30]

logical Properties of PVD Polymer-Like Carbon Films in
Air/Vacuum/N, and Cycling Environments[J]. Surface and
Coatings Technology, 2021, 406: 126677.

LESIAK B, KOVER L, TOTH J, et al. C sp*/sp® Hybridi-
sations in Carbon Nanomaterials—XPS and (X)AES Study[J].
Applied Surface Science, 2018, 452: 223-231.
CASIRAGHI C, FERRARI A C, ROBERTSON J. Raman
Spectroscopy of Hydrogenated Amorphous Carbons[J].
Physical Review B, 2005, 72(8): 085401.

CASIRAGHI C, PIAZZA F, FERRARI A C, et al. Bon-
ding in Hydrogenated Diamond-Like Carbon by Raman
Spectroscopy[J]. Diamond and Related Materials, 2005,
14(3/4/5/6/7): 1098-1102.

PLOTNIKOV S A, VLADIMIROV A B, RINKEVICH A
B, et al. Wear-Resistance of Nanostructured Coatings
Based on Diamond-Like Carbon and Compounds of Tita-
nium with Carbon[J]. Journal of Physics: Conference Se-
ries, 2017, 857: 012034.

XoE, XUFH, 8Tk, BRE X TIAICN ¥RJZZ5 MR
BEAERERYE )], RIMTEOR, 2022, 51(3): 76-85.

LIU K, LIU X, L1 J L. Effect of Carbon Content on Struc-
ture and Tribological Properties of TiAICN Coating[J].
Surface Technology, 2022, 51(3): 76-85.

( FE55 100 77)

(98]

[99]

[100]

[101]

[102]

SRR, — AN SR I TGI8 R A
W5 2 CN111020594A[P]. 2020-04-17.

PENG S L. Polishing Solution for Stainless Steel Surface
Processing, and Polishing Method Applying Polishing
Solution: CN111020594A[P]. 2020-04-17.

ZERily, BERE, BRI F RN BIHOLR KH
il #5712  BiH]: CN110846665B[P]. 2021-11-12.

LI X H, ZHAI J C, ZHAO Z W, et al. Stainless Steel
Polishing Agent as Well as Preparation Method and
Application Thereof: CN110846665B[P]. 2021-11-12.
WA, WRal, BheERf, S R TR LY
YPRAPRIC 7 B8 T2 CN106281045A[P]. 2017-01-04.
YANG X Y, CHEN J S, ZHONG X Q, et al. Nanoma-
terial Formula for Use in Stainless Steel Precision Polishing
and Preparation Process Thereof: CN106281045A[P].
2017-01-04.

AR — i A RN B B WS S OB CN109021-
835A[P]. 2018-12-18.

XIN S. High-Hardness Stainless Steel Grinding and
Polishing Liquid: CN109021835A[P]. 2018-12-18.

LEI H, ZHANG P Z. Preparation of Alumina/Silica Core-
Shell Abrasives and Their CMP Behavior[J]. Applied
Surface Science, 2007, 253(21): 8754-8761.

[103]

[104]

[105]

[106]

[107]

ARMINI S, WHELAN C M, MAEX K. Composite
Polymer Core-Silica Shell Abrasive Particles during
Oxide CMP: A Defectivity Study[J]. ECS Transactions,
2007, 3(41): 57-64.

WANG T Y, CHEN Y, CHEN A L, et al. Development of
Carbon Sphere/Ceria (CS/CeQ,) Heterostructured Particles
and Their Applications to Functional Abrasives Toward
Photochemical Mechanical Polishing[J]. Applied Surface
Science, 2022, 593: 153449.

CHEN Y, ZUO C Z, LI Z F, et al. Design of Ceria
Grafted Mesoporous Silica Composite Particles for
High-Efficiency and Damage-Free Oxide Chemical
Mechanical Polishing[J]. Journal of Alloys and Compo-
unds, 2018, 736: 276-288.

WANG W Y, CHEN Y, CHEN A L, et al. Composite
Particles with Dendritic Mesoporous-Silica Cores and
Nano-Sized CeO,
Abrasives in Chemical Mechanical Polishing[J]. Materials
Chemistry and Physics, 2020, 240: 122279.

SRR, SR, B2, S MRS
CN113150695A[P]. 2021-07-23.

ZHAO Y H, PAN S W, QIAN Y H, et al. Environment-
Friendly Stainless Steel Polishing Solution: CN11315-
0695A[P]. 2021-07-23.

Shells and Their Application to



