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ABSTRACT: The work aims to study effects of sliding speed, normal load and heating temperature on friction and wear prop-
erties of Ni-P/Ti/DLC multilayer films. Ni-P layer was plated on die steel substrates by adopting electroless nickel-phosphate

plating process, and Ti transition layer and DLC protective layer were deposited by adopting filtered cathodic vacuum arc tech-
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nology individually. Friction and wear properties of the multilayer films were evaluated in friction and wear experiments. Hard-

ness, elastic modulus and composition of the multilayer films at different heating temperature were characterized based upon

nanoindentation test and Raman spectrum detection. Wear track morphology and cross-sectional profile of the multilayer films

were also analyzed with scanning electron microscope (SEM) and surface profile instrument. As the sliding speed increased,

friction coefficient of the multilayer films decreased, and wear rate and volume first reduced and then increased. Friction coeffi-

cient of multilayer films changed slightly at different normal loads, and wear rate and volume increased as normal load in-

creased. As the heating temperature increased, the friction coefficient of multilayer films decreased, and wear rate and volume

first increased and then decreased. In addition, at higher heating temperature, graphite phase gradually increased on DLC layer

of the multilayer films, hardness and elastic modulus tended to first increase and then decrease. At higher slide speed, graphiti-

zation trend of the DLC layer intensifies, friction coefficient changes greatly, width and depth of wear tracks increase greatly,

and wear is worse. Soft Ti metal layer and hard DLC layer in multilayer films can effectively improve friction and wear proper-

ties at high load. As heating temperature increases, graphite phase gradually increases in DLC layer, and transfer film is easier to

be generated in friction process.

KEY WORDS: multilayer films; sliding speed; normal load; heating temperature; friction and wear

AR, MEEJCHEE . SR, EYEg .,
TG IR KR, A ORFETEAR (il anekim
BRI ) B SRS B /N AR 622 B8 A TEARAS A HL . FE AR
FHL. Tk BB, cCD #1548k . B . &
BARA A = i o B 5 SRR Wi KU HR, R
/NG 2R BT R 0 R B SO i, AR A B
J, 2 A B P B R RN SRR I S R R
o TR PR RE ik i S, ) S 1 33 S v kG B
B RIS L, R LA I B R A = T R RE TR FF PV
{H 100 ~ 300 nm YT MRS FE B 992K G5 1) 3 T KRS & o
TR ER AR HL AR s R AE R RS T, RO S Y
T | it S Bt i Ak i e e T L R A A T R
Sk E R ER b A B T BRI B A 4
VENBEEA R, B8 R AR ERE LK, 7R 0L ILath
FRE— R R R,

SR, SR R R RS EL AR, FEAE LR )
R 1) MR A A (BlaneRiAss ) HREE A %
= ) 1 AR EL AR s R T AR AR G B I, i TR
fI%, AR R . 2) AEEAR A AL vT 3 RS 2 4 0 0
T, M TRCRE E, AR TR B,
LY s e M LLARAS O B . 3) BLEAA R S 1R
PropEE 2 0] Y BB RE 5 B Ty ME DURIIE , PR B 5 i 7 o
BT BB, AR RSN IR, H 3R
% I Ni-P/Ti/DLC Z )2, Vg bakm@, B, 1)
DIASEEL A A Ry R LR s %) LA 3l 2R 48 4R 1 O =X
IRAFHE I FEATE IR . 2) FERE AN SRR |, ki
A AR T 0 b — 2 R W SR (Ni-P) 2
YENDIEIZ , %2 v] RS 25 4 1 i O =0 T4k 45
HFEimE . 3) 76 Ni-P )22 b, ¥ L—Z4&)E Ti 1F
it EE, BN b KIS A I ER . 4)
BIEY F— 24N DLC VR MR R, REK
M ARG B A9 VE ] . DLC JEVE A —Fh & A 4
MG (sp®) Fifq 884 (sp?) BUAESRBRYI L, BA

e R B L BTG A EE A R A R AT Akt L T
b SR E S — R, TS Bk H .

£ DLC IS5 3ERA R Z Bt 2 )2 BEE5H, fig
i v B ) R AR R ) SRR AR R . B R EOSR A
Z ARSI RE IR S vk, #E Si(100)4F il 4 A [
JE T E IR MoS,/DLC )2 Wi, ) FHBR-25 B #8214t
BG AL S IR AE RIS T B M RE . WFST R,
TERSIHEE (HIXHEIEZ) 30% ) F, iZwiiE A ik
FRBE 382 2 80 (0.09 ) AR A BEF R (1.34x107" mm’/
(N-m) ) #5575 JLAEVVRI FH 42 0 B 5 0k 5 WS, L
S, 7E 200 CHY Si FEAK L& 1A [FE 6 LY
WS, /a-C Z 2, BF58 HAE R IE A BRI R B
RIVEHI LA 12 39 ()2 2B a2 e i tE,
JEF R A 6.1x107"° m*/(N-m). Honei Chin'™3& i 5t
SRREEIR S 7, 7E Si(100)#HE F#14 T DLC/BN
Z2NE, W LB, FHHHZ DLC Ml BN I, £2
JIE LA T ) R AR T 8 S AR BTBY DR, R K
32 S HUEBE S . S, Gayathri™ SR IO ik w7
AIST 304 NFLJE PR T DLC/TM £ 2%, KITE
PR R v, BRI 2 0] fe PR Y B R L, Al K
I I Y MBS P2 4 2880, Yunfeng Wang!! "% 1 A1 S A7 w4
e BOARFE Si(100)1H Ll 45 T TiC(Ag)/a-C:H £ )2
B, WFRAEBL, FEESAET, h TR Ag A
e, AU, HEEE RN Ag S5
P2 51 =2 [R) e S A, T R AR A A I A R R
B DRI RI, 22 MELE FA BE i 2 U0 v A A JEE
BEEEBUPERE o (H LRI o8 TARAR HXt 2 2 B re s — 4%
P17 B BE AR B R RE AL T RAE , RS AR )2
FEAS [R5 PR 28T 118 BE 4 b M e AR 1k

FRAE DL -2, ARSCUIBLEAR Sk, il T
Ni-P/Ti/DLC Z)ZM, RAHBEEESHLEIL, 5T
JEE A AT | A A B AT X 22 2 B 4 B A 1 E (1Y)
SN o [RIEE, 45 G 420l e B R T 2 SR S AR



¥4 £1W

FERSE. Ni-P/Ti/DLC )2 I 4 B 182 B 4t 1 - 61 -

FE S5 FIRSE A TR 8 B A 5 L o SR AL & S N 9K T
IR SR R SR A5 R I o) | R R AR i, X R
BEE-AAT O BRI BEBEAT TR, O e A A
i 8 77 V5 B0 AR S (BRI 5 SRR A

1 LWEFE

1.1 RXEEHE

WPEE B LM T STAVAX (S136) Bt AN
BNV AR R, HEAAN 16 mm, JEE R 13.9 mm,
ST A B S AR b S, SR AL B e T
B — 2N 300 um (1) Ni-P( P A9 RE 80N 11% )
YERVIEIZ . &M Nanonform 250 TS BAHLR,
TR Ni-P 217 B S WA 4261, IF 4260 22 200 pm,
PRAS e, R RS Ra 1531 10 nm AR oNi-P
JREEAER G, R R 48 ( BFSI0805 ),
i PEBAM E2s AN (FCVA) R, e w45
DURR Ti P28 DLC P42, HIEEE 0.4 um
K 1.2 pm, PAGEEEH 99.99%0 Ti #IWE N Ti ok 240
M S CH AR TARSUA, o CHy SRAE R DLC
ERRIE . Ti & DLC 21 BARTTRRSEn3 1 s,
SERUTRE BRI 1 s .

#£1 TiFDLC BERMSH
Tab.1 Deposition parameters for Ti and DLC film

Parameters Ti DLC

Bias/V Pulsed 1000  DC80
Arc current/A 55 45
Ar gas flow rate/(mL-min ") 70 100
CH, gas flow rate/(mL-min ") 100
Arc voltage/V 28 0
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Tab.2 Parameters of friction and wear experiments
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Fig.2 Friction coefficients of Ni-P/Ti/DLC
multilayer films at different speed
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Fig.3 Wear rate and volume of Ni-P/Ti/DLC
multilayer films at different slide speed
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Fig.4 Cross-sectional profile curves of wear
tracks at different sliding speed
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Fig.5 Friction coefficients of Ni-P/Ti/DLC
multilayer films at different normal load
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Fig.7 Cross-sectional profile curves of wear
tracks at different normal load
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Fig.8 Microstructure of wear tracks at different normal load
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Fig.9 Friction coefficients of Ni-P/Ti/DLC
multilayer films at different temperature
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Fig.10 Raman spectra results at different heating temperature
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Tab.3 Raman test results of DLC film at
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Temperature/C D Peak G Peak Ap/Ag

25 1384.14 1554.61 2.36
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Fig.11 Cross-sectional profile curves of wear tracks
at different heating temperature
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Tab.4 Hardness and elastic modulus of Ni-P/Ti/DLC
multilayer films at different temperature

Temperature/C Hardness/GPa Modulus/GPa
25 21.67 140.04
100 22.61 164.42
200 27.30 174.34
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400 23.81 180.97
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Fig.12 Wear rate and volume of Ni-P/Ti/DLC multilayer
film at different heating temperature
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Fig.13 Microstructure of wear tracks at different heating temperature
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