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Abstract: Diamond-like carbon (DLC) films with high hardness, low friction coefficient and high wear resistance have
attracted great research interests in the industry and research community in recent years, especially in superlow friction
behavior. First, the origin of superlow friction of DLC films were analyzed in macro and micro views. It is found that superlow
friction of DLC films are attributed to the microstructure of DLC films and the testing environments of the tribotests.
Moreover, the microstructure of DLC films are dependent on the preparation process of DLC films. Then, the effects of the
preparation process (including the deposition methods, source gases, element doping, and substrate materials) and the friction
conditions (including vacuum, dry inert gas, humid and high temperature environment, load, and sliding velocity) on superlow
friction behavior of DLC films were discussed systematically. Finally, the tribological mechanisms of superlow friction of
DLC films were summarized, and the unresolved problems and development trend of DLC films used as superlow friction
material were pointed out as well.
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Table 1 Deposition methods and friction behaviors of DLC films

[24-25]

Type of DLC Deposition methods

Content of H, a / %

Content of sp®/% Friction coefficient
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20-65 vacuum, load:10 N); 0.1-0.3
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0.6—0.7 (In dry N2 or high
80-88 vacuum, load:10 N); 0.05 (In
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Table 2  Superlow friction behavior of elements-doped DLC films

Doping elements  Doping content, a/%

Performance improvement

Friction coefficient Ref.

Reduce the density and size of sp® graphitic defects;

stabilize the sp® bonding; promote the development

0.001-0.01 (In dry N2, RH>20%) [26]

0.005(In water environment) [37]

0.008—0.01(In ambient air,

RH=25%-28%, 10 N, H=0%) [38]

0.004+0.002 (RH=50%, H=30 %)  [39]

Si 9-10 *

of polymer-like structure
) Reduce internal stress; improve thermal stability;

Si 3.9 enhance wear and corrosion resistance

Improve adhesion strength and hardness;
) Ti: 1.9-6.5 excellent toughness; high load-bearing capacity;
Tiand O 0: 8-18.1 the ultralow shear resistance transform layer;

the excellent antioxidation stability
Excellent antioxidation stability; reduce

S 5 environmental sensitivity

N 5-15 Improve hardness; reduce internal stress

0.005-0.01(In dry N») [40-41]
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WA A BEE AL (0.15), 1T H & B i 2 %
1o R EE B2 4] (0.25)

3.1 EzgFRIEHSE

1981 4%, Enke*'JF8 T DLC B AIREEERTT M
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Table 3  Friction behaviors of DLC films under different environments during friction tests

[25, 59]

F'rlctlon Friction coefficient Type of DLC Deposition
environment methods
0.01-0.02 a-C:H PECVD (ethylene)
0.007-0.02 a-C:H PECVD (acetylene)
Vacuum< 10™*Pa 0.02-0.25 a-C:H:metal Sputtering (metal)+ PECVD (ethylene)
0.007 a-C:H:Si Electron (cyclopan resonance) (ethylene-silane)
0.01-0.14 a-C Arc charge
0.05-0.15 >a-C:H PECVD (ethylene)
0.08-0.35 a-C:H PECVD (acetylene)
Ambient air, relative - .
humidity: 20%-60% 0.15-0.21 a-C:H:metal Sputtering (metal)+ PECVD (ethylene)
0.04 a-C:H:Si Electron (cyclopan resonance) (ethylene-silane)
0.07-0.18 a-C Arc charge

(I BEfEE2EVERE , @It AISIS2100 4X/DLC i (k5
1A) EEERITE (107~50 Pa) EL25 FIRSIAEE T A HS-
B RSB Z I M EAS N 107~107" Pa
I, FEEIECH 0.006~0.008; HELZS [ 10~50 Pa
I, PEEPIECH 0.01~0.07; TERSIEENT,
PR BRETE 0.15, MRIIRIGLE R T H . A2
B, EEREE RN, e s s ) A B
IRE, JG3K, Donnet F1 Grill'?h T I IF X — 45
W, TEMEEZS (UHV) B85 i T 2 A8 m S5
DLC A B EEBIALS, 255 kM. R CeHi
il % (1) DLC BEEE4E %/ T 0.015 SR C2Ha il
#5117 DLC BEEEHEIEH/NT 0.01, #RSEHL 1A%
JEHE

Erdemir 7£ DLC J5 1) # I EE 480 52 5 T Al i
TE KTk, Erdemir £ APE TR AUSERES B ik
FH AIST M50 4/H 13 $0 A K5 55 A0 /s 52 A0 BE )
B B BUALR, 25 R & P: DLC BRESE AT
% 0.001~0.003, BEHR K 10°~10° mm*/Nm, It
TG EE 22 DB 2 15 MoSa. 7 8Bl 4 WA 25 i
A A I R RS 2 ) Bl ( . Heimberg 45 A\
& I DLC REAE TR RS P EE R R AR 2R 0.003~
0.008.,

32 HMEES

IKZESNT &l DLC JE i) BE 481 g A AR K%
M, Enke % NWPIFR A G UTKZE GBS
A DLC fysgm, EZIAHXRHEE (RH) /N 1% B,
EERE IR 0.01~0.02; RH=10% K, EEHEP%L -
T+ 0.05; RH=100% i, EEEFEEC LT 0.19,
JEE $8% DR BBt 5 AFDGHI B A 38 i 38 0 .- Erdemir 45

TIJCE DLC M A B S 4k DLC BT ks,
RIS I TR A A s T — Bt i), SR)5
WAFRAER, SRAEH: &5 DLC BRAYEER
BN 0.003 FTFE] 0.06, FTFT 20 4%, MiIE
DLC JEREEH R M 0.65 5% 0.25. Andersson
S5 N1 15 L2 MU R K 28303 IR IR vh A7
JE S AL DLC A ta-C JR A0 JE % BR - 5 28 22 B85 453 3K
59, #far 1N, FohsEEGITE 0.025~0.075 m/s,
SRR mEASHET, &4 DLC B R
BUNT 0.01, ta-C B EERE AL IA 0.7, SR ]
s g il AKZES, KIESSIPEN 2 000 Pa
I, &% DLC R AT 2 0.08 HEEH AL
FIRUE SN, ta-C B EERERELRE = 0.07 HARE,
J T W R RIKZE S % DLC 52
M, Donnet %5 A\ P45 i AR H 25 = gl /R S 4l
IKZER ST R SR R AL, 45k A%
MR E B2 N3] 6 000 Pa if DLC JREE$E UL
PR 5 KZESR ST R R B S BN E) 2 300 Pa
(FI24F 21 C Bf RH=100%), DLC [ £ K%
0.01 Z£47 BTHE) 0.1 S5, X FRIAKZETR ST KT
& DLC PR =R AR K

33 HIEE

DLC JRAE H1IE ¥ PR -t B A IR B 45 A 1
P, EIEWE T X JC A DLC BB R T
BN . 2006 4F, Kano %5 A58 & & DLC
FEEFI TG & DLC BREAEE 0 (SW-30 Ji) FEFNA
M CEEERAMANY PAO ) MEH F RY84-DLC fist
(%) PEAREERRRE, S5 R WEh#E 0.1 m/s
i, JCE DLC BEFE P8 AN AE T 58 488 R 8 AIR
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Fig.3 Friction coefficient of uncoated and DLC coated alumina friction pair under different temperatures!*
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R, FHUAEN], MR, DLC R 52S
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Fig.4 Relationship of friction coefficient and cycle number for
five different time-delay tests(Solid line indicates u=0.004)*"!

TR RE AR AL A R e sh R A, TR T R
P, Stk DLC BErh &R TR, AT b ss
BEA S BALBI VIR, R AR S 1 Bl o g
A FFREACEE L

AN 2R AT T v 2 1 A f DX 3R A Ak
HUOR, VEFUIL IS 10 N B fnE] 50 N A,
DLC MEEEBER BT, A T2k T S8t m
TP 1T, R IR A DR ER . PR
ARAFIOT- i (1 3 A 2 e A RE AR AL, DT fif 74 B
BERBOT T, BRAh, B T S R0 92 bR fl
B, DLC BRI IE

M B e R, SRR LR R
T 2 [A] A 3 B AR I, s M AR VR F R 3L A
ST DLC AL 25 VB FH A5, DI 38 fin 7B 488 I
B, Liu SO0 % I 25 B A 2oy i 23 R 5 i)
AT AL IERR A )T B R i A 2 o 3R
PR E BT, fERE S A DLC BB A, HEsha
AR,

TR PR BT X DLC R A% 8 488 1) S B 28 G
%, & DLC Ffr a8 sl TS AR R h 3
B S Y EE SR 2 B, P S R A T BB S
PUABAREE Y, — Ok UL & A A F] 40% DL AT sk
BURBAREESE . {H i T & DLC B R aUa ik 45
w5 | AKZESR, &4 DLC JRAYEE
BEREAHE BT, 2.3 PRSI R B I RRET
A DLC PEIRBE UM — Rl oA 505 . TR
DLC JRICIS 2 7E FL2s 508 TR e MR IR
DB R PR BT P AR AR e S PR AR IR 8, (A
) Vi R RN K R ISR T TG A DLC IR EE 4k B



55 41 WHEE, 45 JCRNILO R REESAT ROt 11

AIRARRART, HEal SCIEAREE S, A ey
DLC I f) BEA5 27V BB 2 WA 9 79 R K s
B E B . IARRE PR 222 DLC I
5 — AR, BEEIRBER TR, DLC BRI
PAPERE SRR P il S80S A DLC Jf
AN LA S SR A B, IS EEEE
AN—EREAR, (A2 DLC BERE TRE, T PEREAR,
FEfr e RO, ATLGE S B4 B ka2
JERER 71204055 DLC RIS 2 PE . B 3R
AT TR, R R T R, N
AN 23] 52 DLC A EESEMERE .

4 DLC [RHIBIREEIENIE

TJosE BIZEF B DLC ARG 48 (U Pb.
Ag. Au5F) ] FHIRPEASIE R RS HL B,
NMEEAGZREY T (a5, MoS: 45) Al 2
ARBI VIR i B R A LB . DLC AR AR R AL
F— R RE R0 TAEE 2, (HZAF R4
SRIEAE T 7 . DLC BRI EE S8 24 LB H i 32
A LU LA,

4.1 HHRER

T E A5 I foh 2 W i B e A I, 3 i B
il JEE 5 DRI AR B AR, TR AT AR 2 58 D e
RS B DLC BRORAREE S AR AR S A, IR
He 5 R I 5 P R B ol 2 T 25 A 1
DLC i BE 2 R e LA B A B (W g i 45 . (H
BRI 5 S S5 AT IS, R R —
JEFECAH DLC BB sl IR RN, BT LAJC:
B DLC B8 [ FC R s REE R . A il 46
RGNS AHYE, 4B e RSN R BUAE = S 2R
BEF, ML SiC Al SisNg JxHH AR, &R
DLC RRAIE M i, AGETA JLTHREG m
Ph ALOs 1 ZrO2 X ARHE, DLC fEn] LRI
HARMREE IR . K AN T A, Bk -
BEBE A WER & PLTE SiC. SisNa. AlOs 1 ZrO2 Bk
BPIE R T W1 BBk B AR A M . DR A sk st o 4 AR
IS, I —HE A R A T

4.2 CFRMEC SRR

o W BB A i B e (AT g ARl Ak 2
1) WREE YU AR B s e 1 85 5 i T A 3
o TEENIAEBENLEAOT R el TR fe
e, JFHRIE 7RO TR GRS HE AR,

Xt T DLC B A BE A A LEL RIS o Bkt & 3k
Wi fkeE R, A4 5 DLC BERTH M A
M o SIE L C—H SIS I DLC R fh2i i pEs,
C—H 2 —MEH iR 5, Tk C—C,
C—O Fll C—N HHRERS, C—H SRMERT . 7
MR FR WK R (/DR ) ATRES: —oK
HALET, R — ik R 5 S SR T
wE 5 fros o KA Ak B B AE TR 23 3G
DLC RS E R, X m B L s 4 (1)
PR s sk e . SRR E BT 53R
ST (R R BT B, SR X S Bl
BRI IR —301, PR B B I X D e A (i A S
FAZ T IE R ST LR TR R T A F
e TRRm, AR HDRAER, K s pr
INe TEEASEUH TR SRS T & & DLC &
FI TC R R 2 s 4 G b, Y 4 M 2 e A X )N
BF, SURF4OR A s, ERmeif, Az
HRRVE I AEAEAEAE T, XA E T ) HAR 4%
ANEIN T T3 TR, BT DLBE BRI, L
REEHE . YA ORIy, BE4ER] R SRR
AN B ES, RmILm ey, B
AN, DLC BEh &R FHkiEA . O DLC &
il B, HORW 2 DLC RS I fiff S0k B 348 o
KB SR T Sk I8 L # . @ DLC
I, A RS 0 SR T B A T
s, Al IR R Ar L, fEEE R R i T
PEP BB R, YEEIAN R, SR AR

Partially di-hydrogenated
surface carbon atoms
providing higher-levels = yy
of surface passivation or
chemical inertness l

H-terminated C atoms

Super-hydrogenated DLC

€ 5 %0 DLC MM gl fih P s 25 151
Fig.5 Schematic illustration of sliding-contact interfaces of highly
hydrogenated DLC films"!
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Fig.7 Raman spectra of the friction pair surface under different

temperatures!””!
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