934 % 52 h B X W L IE Vol. 34 No. 2
2021 4E 4 A CHINA SURFACE ENGINEERING Apr. 2021

doi; 10. 11933/j. issn. 1007-9289. 20210115001

B R E A SR EEARAERE

oAk o FRA kpE”
(1. FERREBE 2N 2 YR o T AT I B R S SC R 22 730000
2. I EBL2EBEA RS SR N SCE . 22 730000)

FEE . BIREA ARG PR e % B A S8 A R SRR R s LR ik T 7R Tl S5 4 s b AT 2
B AR, SR, SRR AR AR Hh PR 5 R B0 o5 ( = 1) T By B4 2R 80, T 3 | & 8 A itk O , 7™ B 5 ) 8 % 22 A Mk B IR A%
FFT o AW BRI MR B T I S R A 2 kAP 48 s 10 AR M 45 e A D R i I SR AR R R T S M VR 2 . — T
AT, 30 2o R P A O R S 00T LA ol g 8 0% B RO R R B, 08 14 R T B o vl A 35 I AR RS A 6 IS T 8 1T AN 2 A
TG A DTRR LB T LB G % ik ol R AG IS LG 5 53— D T, B i Vo R 110 Ak 2 1l 23 ( 2 B B i R ) 5 4% e 8 0 s R 1Y
AHAE T DA O AP I SE A 0RIE . 2738 T 3 20 47 A5 15 2% ThT A Sk Vo JE it B2 el AT 9 (1) B B 485 SR RN i i g, s T HL il
TFFF oA 1 oA A B 9 TR 0 R R A B A 5 T

KBIA . RIL AV R AR R EERSAMERE; IR, ERBH

FESYES: TQ330

Research Progress on Wear Resistance Modification of Carbon-
based Film on Rubber
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Abstract: Rubber is widely used as an essential sealing material in aerospace, petrochemical industry, automotive industry and other
fields due to its good compressibility and resilience, airtightness, solvent resistance and so on. However, it is easy to wear out due to
its high friction coefficient ( =1) in actual service, which leads to leakage of sealing medium, and seriously affects the safety and serv-
ice life of the equipment. Diamond-like carbon (DLC) based films are considered to be the most promising wear-resistant coatings for
rubber due to their high hardness, chemical inertness and low friction and wear. The flexibility and deposition temperature of DLC film
can be controlled by adjusting the deposition parameters, sufficient flexibility of the film is required to adapt large deformations of rub-
ber substrates without falling off, while the low deposition temperature can avoid degradation or damage to the rubber substrate. The
chemical composition of DLC film (mainly composed by C and H) exhibits a good compatibility with rubber materials, which can en-
sure its good adhesion. The important results and the latest research progress on the wear resistance of carbon-based film on rubber in
the past two decades were summarized, and the unsolved problems in the current research and the future research trends were
pointed out.
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Table 1 Pretreatment of different elastomer substrate and DLC film deposition technology

Substrate Cleaning Plasma Deposition Gases and precursors  Interlayer/Films Ref.
pretreatment technology

0, CR, NBR - H, RF-PCVD CH, DLC (697
Q Distilled water - T-FAD C,H,, CH,, C,H, DLC [38-39]

Butyl rubber Acetone Ar RF-PACVD CH, DLC [40]

Silicone rubber - - FSPLD Frozen CsH,;, OH DLC [76]

Fluoro rubber Ethanol Ozone PBII Si(CH;), Si-DLC [41]

FKM, HNBR Ethanol - UBRMS Ar+C, H, Cr/WC/W-DLC [42]

FKM, HNBR, ACM - - UBRMS Ar+C,H, WC/W-DLC [74]

HNBR - - UBRMS Ar+C,H, Ti-DLC (75

Soap+demineralized
HNBR Ar CFUBMS Ar+C,H, DLC [58]
water+hot water

HNBR 1 Ar P-CVD Ar+C,H, DLC [59]

HNBR 1 Ar/Ar+H, P-CVD Ar+C,H, DLC [60]
ACM Detergent+boiling water Ar—Ar+H, PACVD Ar+C,H, DLC [44-49]
HNBR 1 Ar/Ar+H, PACVD Ar+C,H, DLC [50-51]

HNBR 1 Ar—Ar+H, P-CVD Ar+C,H, DLC [52]

HNBR 1 Ar/Ar+H, P-CVD Ar+C, H, DLC 153

NBR 1 Ar ETP-CVD Ar+C,H, DLC [54]

ACM 1 Ar—Ar+H, PACVD Ar+C, H, DLC [55]
NBR - Ar CFUBMSIP Ar+C,H, SiC/DLC, Si-DLC [64-67]

TPU Ethanol - RF-MS Ar, C,Hy,, CH, DLC [77]

NBR, FKM, TPU Soap+hot water 0, P-DC MS+PACVD Ar+C,H, DLC [61]

NBR Soap+hot water 0, MS+PECVD Ar+C,H, DLC [62]

NBR Detergent+boiling water Ar DC-MS Ar ( Graphite) DLC [56]

1t 1t 1t MS 1t DLC [57]

4+ Soap+ethanol+hot water 1 RF-MS 1+ Ti-C/DLC [68]

W QR , CROATHEE) ,NBR( TIHI) , HNBR (L TIEAZE) , EPDM( =JCZNRKE) , ACM ( PIARTRERAZIE ) , FKM (JRAZIKS) |

TPU (AL R ABRIAPEARIE) o

D RF(HH) ,DCCEIR) ,P-DCOIK M) , T-FAD (T JEUERE - ARTTAL) , FSPLD ( KEPIK ORI A) , PACVD ( 45 88 Tk B fk 2% S UL
) ,PECVD (45 B FHETRAL 2F S AU , GLAD (A UUAY) , ETP (¥ R S B FARJLAH R ) , CFUBMSIP (414 3 JF - iy i 4 0% 5 B8 7 1

A) , UBRMS ( AEV-flr 2 B R4 2T ) o

1.2 REFHRIFE

2004 4F ,NAKAHIGASHI %5190 i 4 Ht —Fh 5 7%
PERR BB DLC B (F-DLC™ ) |, I8 He s sl i T
MRk ik O T £ R, BL)E, H A 35
NG DLC o B8 3% 1 R 80 1 A A 2 B AT
TR 3 B R 070 3 e R AR I A
il v a0 (AN BT LB ARV

ELE] 2008 4F, BUI %% PV 58 A [ 45 B F T
A2b B Qi R S 0B Ol X A IS 2 1T DILC 3 R 4%
B 1R e B R B AN () A A B e
PR TR et i 2> 5 350 I O AR S AR 22 5%, A
T 5 W 3 S 4 0% B, U, PET' Rl MATINEZ-
MATINEZ " 45 5% A [1] 791 Ak 2l 6 71 98 i 3 A
i Fie e s Tl T BT RRUE FR L 25 , 4% 11 T R T 45 4
SERANE R Ah R DORRR 22 AEE IR IR 25 |

TMZEMPR 2 . W2 (AT ) K R GU%
Ty, L7 0 2 o Y B 2R o 5 AR T k2 s B

2010 4E , MATINEZ-MATINEZ " 45 % %4 2 ) I
MLBEHEAT TR, EIR2ZER (T, >T,..) 1
W SRR DU I B A TR KRS, TR
MR AR AR K A B A SR, Bl G TR
TR TN B ST, AR BRIV ) B2 I 5 s i T T
AR EE I, DA — B 220 T 4 v B0 3 2
A Rl R — DN AR LIRS
W, B A7 i 1 VR TR 2 (P L™ A2 )
FFOURRES SRS, i T AR 38 I AT AR 45 SR 9 57 i
BT 2 R A R o R AR U S B0 R AR B
AR BT T ] NS i SR 22 (T, < T ) » BETTHR
T 2R T RAATG AR S AN TS |, VRS A 1 % S T
TR MIE BURE S RIE A0 iR 228 0 I (T, =



28 2 B X W L B

2021 4%

Tow) » T DO R B A 28 10, BRI B IS
TCRZ K AR , PR T e 5 A i S I T 80 A

2012 4F ,PEI %0 JE— 248 1 | 1F IR 22 I i
PR, A0 A 7R 2 R A B ) L
EEHGY e s, R ER T DLC AR
24505y 1) A X R ) o8 S R B A R e — T
1 AT DA 7 11 2420 85 i 25 55 R 488 X6 %) ) LAl 42
A Rk e A0 BE SR A B B 45 5 5y — T T, B4 S AF
FEI W] LIAE R SOFE i 25 it A 1 T 350 RS IS A,
WERSSITRET S5 MR 22 (| AT ) B, RS AR e R~
s,

JUE A8 B A7 A R IR 25 A 5k B (2R RN D)
AR (RXHEAR ) 28 CHE 2 (H R fE — & FE
L REARHEEHLMGR B S R i F E B R
J0E 2% 11 & SRS PO S X Fh 5 A e i 2R
P2y B, R 5 6 2 2% 14 T T A7 AR VAR 1
Brg" s s R e wi AchE Y i FLBh W AN i o
A4 AR A W 1S 2 40U B AT Vs A B 1 BE
1040 58 AR PEE 488 S 22 ol 1 L, DT A 385 I R B 488
e,

1.3 BE/FERREENESEE

PRI T DLC 3 58 52 15 B 25 45 ol B 2 v s
VLR M DD RE R S8, ARG
IO XA S FE TG AZ A1 3 28 T8 T 3 B 1) 9 A s, L 32
BRI R il o MR e, BEXT AR/ DLC 3 i
BESh R A a0 R B 2R AT SR JE FE6 i
ok BT W N I LB Y5 S L, DLC W R
TAT S0 A7 A R P e L R T P 1 S e, DR XM
KA 1) L% S BTN AN 2347 )2, B
DLC 5 AT BEAR AR T AN 23 R AR BT

1o RIS 45 5 P D B 0% 7 1 86 B R AR e
FEMEER PR E . AR SR 0 2 5 R
HRLEIN kiR Az B BRI, BAT, EER
FHPFP 7 M7 W AR e 22 1T DLC W25 50 T
B X PIEk Ak X UIEE R H T A TR
a2 Y] X OB YR, S8 J5 R FH AR 8 10 e B 41
WL YR, o5 38 A 0 A XL Z ) R A v B %) o
LTS Rk U X R R AT — R R Y T
i, 2 SRR 5 AR B RS A fk, R4S
IS DLC AR ZE G0 i 08 i, P2 o5 nl
TR R T B B 22 1) 54 W 2R 45 G o B A 22
bR T 7= A 8o, 18 2 800 2 R 2 07 DA Rl
Ji /1", SCHENKEL % 8048 T 2 B R
FTH DLC J RS A o B U5 vk, RN 2 & ) 7 =

4o/l W0 1,~3/4 L, Hodv o o 350k S RE 138 A
LR (— Ml 720 MPa) , L Wik KB HVEH T
AR RS M R Z 0 80T HR A B Al
AR DLC WSS & 71 A A B K 1 F &
KRR F LV 39 R AR R T NG i3
YRR

RIS DLC RS, G i B 52 A 22 R 255 1,
FLICTE R RN 1R 55 A . XS B SL IS HEA T
THUELABR 25 H R T8 75 e ) (aniii A | i Aok 20 Ok
25 ) T A A A, A 0

THVRES UG, AR 2% 1T 647 46 B8 - T Ak 2 ]
B RS S R B B AR R 22 R
NAKAHIGASHI ') 3% I & 45 B 1 {4 7 4b 28,
MASAMI F5E1Y SR &L 4 1E o 55 8 7 IR R, KIM
A0V STHIRUMALAL %19 SR ] 0, 1F %55 1
PRJE T LUBWAMA 251571 1 WEN 41557811 DE
HOSSON %4550 AR i Ar 1 Ac+H, 1E R
BTN BRA AR, T ZHANG 2517250 if 5 % B
PR A B IR TR 35 A B I A R A R B X
H A TR 55 B IR RB S T T T G AR e & 1 C-H 52
T IR Ak B 3 4 S B 405 5 e v B B A 114 e
VTR A T B A 2 B T v TS 2 15 o

AR B U 2 A T e e R R R 2 5 5 T
2008 4, PEI % 22530k F Cr fifbia) 2, 25 5 & 30
Cr H ] 22 (0 A7 AN FI) T 3 B R 45 5 5 B . 2009
4F, LACKNER 2577 U412 45 % J 5 5 HL s 3 iy S 3R
G YA A 2 A BRIT A A B X
e [a) 2N EA R E RE 7, T H B S ORI
BB RS54 R B, 2012 4F, LUBWAMA 2% 5] A
T Si-C JZERFEZE, IR Si-C a2 A S
B - 2R sp® S, A R TR R N N
NI o ML 2 A 5 1 BRI S, Si-C ]
JEIGIAASF T3 i v R S B B R . 2019 4
WU 2B T Ti BABRERAE A a2 45 R %
AHIE Y i TR A v 8] 2 BB IS AT R B R4S 5
. [F4E,QIANG ZBU S AT Si Z A ez, #iF
58 1 Si A ZEEEEXT T MR IR 1 Si-DLC R4,
GORBERR N, S5 RE ], Si )2 R AR AR A
fH(~1.04 pum) , o ¥ R XA F] T B ZE 5 50
B SiH ]2 IS RE S R R P R AT (sp” ), F
SO R A AR

FyA0 A FH A G S A T R 4 0 ) B R L R 4
VRS AR L R R iR AR RE S SO R I
TRV o L 252 o B0 G e A ff L 3R T 3808 A I a2



55 2 1]

SR 0, AF AU TS I PR R AT T 29

WERBEER AR Iy
1.4 BEREREEEZES

R 2 BGE T AR AR B A N 2% T A (] 9 P 42
SR BN R R . BRI , UURR DLC i

e PR 456 DR B L i i AR e B8 48 DR B, ok 2 2
IETH T DLC WM ) Al A 1, A 28RH Lk 1 4kt
1 5 A5 3 JEG 114 9 % M, DAL B S 1 Y 8

%2 FESKERREFRBRERSH ERRNE

Table 2 Friction conditions and friction coefficients, etc of different film on different rubbers

Samples Tribological properties Ref.
Substrate Films Counterpart Load/N Speed/ (ecm/s) Lubr. COFs
Q, CR, NBR, EPT DLC Al 0.1 1 Dry 0.7~1.3 [69]
Butyl rubber DLC Steel 0.5~5 10 Dry 0.15~0.25 [40]
Fluoro rubber Si-DLC Steel (SUJ) 0.49 1 Dry 0.2~0.25 [41]
FKM, HNBR Cr/WC/W-DLC Steel (100Cr6) 1 10 Dry 0.2~0.6 [42]
FKM, HNBR,ACM WC/W-DLC 7Y 1-5 1 1 0.2~0.6 [74]
HNBR Ti-DLC 1t 1,3 1t 1+ 0.17~0.25 [75]
HNBR DLC 1 1,3 1 1+ 0.16~0.22 [58]
HNBR DLC 1 1,3 1 1 0.16~0.22 [59]
HNBR DLC 1 1 7Y 1 0.11~0.18 [60]
ACM DLC 1t 1-5 1t 1t 0.07~0.3 [44]
ACM DLC 1 1,3 5~40 1+ 0.16~0.30 [46]
ACM DLC 1 1-5 10 Dry, oil 0.07~0.3 [49]
HNBR DLC 1t 1-5 10 Dry 0.1~0.22 [51]
HNBR DLC 1t 1 10~30 1 0.11~0. 18 [52]
HNBR DLC 1t 1,3 10~50 1+ 0.11~0.23 [53]
NBR DLC 7Y 1-3 10 1 0.2~0.3 [54]
ACM DLC Steel ( 100Cr6) 0.001-1 5 1t 0.05~0.4 [55]
NBR Si€(optional ) /DLC WC-Co 1,5 10 Dry or water  0.18~0.6 [64-67]
or Si-DLC
NBR, FKM, TPU DLC Steel (100Cr6) 1 10 Dry 0.3~0. 65 [61]
NBR DLC Steel (100Ct6) 1 10 Dry 0.2~0.3 [62]
NBR DLC wC 0.3 ~4.7 Dry 0.22~0.37 [56]
Py DLC we 0.3 ~4.7 Dry 0.05~0. 30 [57]
1 Ti-C/DLC 710 0.3 ~3.1 Dry 0.15~1.00 [68]
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