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Abstract: Diamond-like carbon (DLC) film with high hardness and excellent tribological properties, could improve the

tribological performance of titanium alloy. At present, the tribological behavior of DLC film deposited on titanium alloy

surface by the plasma enhanced chemical vapor deposition (PECVD) method, sliding against a variety of different

ceramic and metal materials in air is worth studying. The graded DLC film was deposited on surface of a TC4 titanium
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alloy by PECVD method. The microstructure, mechanical properties and the effect on the tribological properties for the
as-prepared DLC films sliding against different mating ceramic balls and metal balls were investigated. The chemical
composition and microstructure of the as-prepared DLC film were analyzed by Raman spectrum, scanning electron
microscopy, energy dispersive spectrometer. The hardness and elastic modulus of the film were tested by
nanoindentation. The bonding strength between the film and the substrate was measured by a scratch tester. The dry
tribological performances of DLC film sliding against different ceramic and metal balls under air conditions were
evaluated using a ball-on-disc wear tester. The results showed that the surface morphology of the graded DLC film was
relatively smooth and uniform, and the film was well adhered to the substrate. The mechanical properties of deposited
DLC film were excellent in this work. Eight tribo-pairs exhibited different friction and wear behaviors, and the
ceramic/DLC pairs showed lower coefficient of friction and slighter wear of mating balls than the metal/DLC pairs,
which were related to the properties of mating materials and action mechanism between the mating material and the
DLC films. The possible friction and wear mechanisms of each tribo-pairs were further discussed. It suggested that for
the ceramics/DLC tribo-pairs, it was easy to form stable carbonaceous transfer film on the ceramic balls due to high
hardness and good wear resistance of the ceramic balls. SiC/DLC, Si;N,/DLC and ZrO,/DLC exhibited mainly mild
abrasive and adhesive wear while Al,0;/DLC revealed being damaged and peeled off but the friction coefficient was
still at lower level because of the higher carbon content on the surface of the Al,O5 ball. And comparing the metals/DLC
tribo-pairs with the ceramics/DLC tribo-pairs, it was difficult to maintain stable carbonaceous transfer film on the metal
balls due to lower hardness of the metal balls, resulting in higher friction coefficient. Al/DLC exhibited mainly severe
abrasive wear while brass/DLC, 304SS/DLC and GCr15/DLC revealed mild abrasive or adhesive wear. It also suggested
that SiC/DLC, ZrO,/DLC, 304SS /DLC and GCr15/DLC can be reasonable tribo-pairs because of relatively lower
friction coefficients and wear rates of the DLC films and the small wear scars. Hertzian contact analysis showed that the
variation trend of average friction coefficient and calculated contact radius was consistent in the ceramic/DLC tribo-pairs

except ZrO,/DLC, but this phenomenon was not found in metals /DLC tribo-pairs.
Key words: titanium alloy; DLC film; mating balls; friction and wear; Hertzian contact analysis
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Table 1 Deposition parameters of Ti/TiN/TiCN/DLC film production

Layers Ar/sccm N,/sccm C,H,/sccm H,/sccm Time/min Pulse voltage/V DC voltage /V Current /A Duty ratio /%
Substrate 50 0 0 0 30 —600 —-100 - 40
Ti 25 0 0 0 10 =300 -80 -2.5 20
TiN 30 15 0 0 15 -200 -60 2.5 15
TiCN 45 40 40 0 30 -200 -60 2.5 15
DLC 0 0 80 20 120 -1 600 - - 15
2 HBEKAUHRME BE S U S Wi 24 s . P 1 (a) s, Bl 2% P s e
Table 2 Mechanical properties of mating balls 1 500 cm ' ZE A LN AT RR I B g, ) B v 207 B B 4y
Materials ~ Hardness/GPa  Elastic modulus/GPa  Poisson's ratio ﬂ[% JG, fE1 347F11 538 Cmil’fjﬁ % | Xﬂ‘ﬁDﬂ]% FGU&E,
b o ” o 33X i SR {6 DLCH RE F6) 1 2 s e AE ™, DI A1 Gl
1 . .
SiN, 147 320 0.26 FRIRR 23 T AR B I/ I 6 % 18] 132 2 S DLCTHE IR sp 2% 1k
710, 11.8 340 0.22 i Rl sp” % A B (1) AH X 25 B LE, T/ TG K Bk % DLC
30488 2.2 194 0.3 Vo LA O I A SR AL R FE Y, BT ) 4% v i 2
GCrl5 6.9 208 0.3 S et S
N s o a1 W ¥11/16790.81. . N o
Brass < 93 034 H P 1 (o) PI %0, SIS SUBUE, 5 AR 2 TR AT
WA R ARG, IR 284.7 pm. B B 1(c)RT A,
) HEBRES I T R X 6~ 3, A 2 SR B ROk T AL, R T
SRR FE 20 928 nm, /T4 & b4, U800 B s 0
2.1 DLCERRMM AL 4 ge ik i AU G0, FEARIE I IRER RS 2. Hi &I 1(d)

FI145 T DLC#H R A 52 ' i 2 1 A T 1T T IR T T 2 A IR BT NJTER M CIT R



956 BE Ok 414
(a) —— G peak
—— D peak
3
g
£
g
= Ti-6A1-4V  Ti/TiN/TiNC/DLC Resin
ol -—
EDS line scan
b ™ Rt
800 1000 1200 1400 1600 1800 2000

Raman shift/cm™

@ —c

Content

0o 1 2 3 4 5 6 7 8 9
Depth from start point to surface/pm

Fig. 1 (a) Raman spectrum, (b) SEM micrograph of cross-section and (c) surface, (d) section line scans the component of
Ti/TiN/TiNC/DLC film
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Fig. 2 (a) Real-time friction coefficient, (b) average friction coefficients and wear rates for different ceramics/DLC film tribo-pairs
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Fig. 3 SEM micrographs of wear tracks of DLC films sliding against different ceramic balls: (a) Al,0;/DLC;
(b) SiC/DLC; (c) Si3Ny/DLC; (d) ZrO,/DLC
K3 5P EBREESE DL C MBS R 3 B 82 1 : (2)A1L,O4/DLC; (b)SiC/DLC; (¢)SisN/DLC; (d)ZrO,/DLC
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Table 3 Relative atomic fractions of the wear tracks of DLC films after sliding against ceramic balls (%)
Relative atomic fraction/%
Wear tracks of DLC films
C (6] Al Si Zr Ti Others

Al,O;/DLC 37.03 5.75 2.26 - - 51.21 3.75
SiC/DLC 79.05 18.37 - 2.28 - 0.29 0.01
Si3N,/DLC 64.55 22.62 - 10.18 - 0.46 2.19
ZrO,/DLC 83.59 12.16 - - 3.77 0.48 0

10 mm’/(N-m).
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Fig. 4 SEM micrographs of wear scars of different ceramic balls after sliding against DLC film:
(a) ALLO3; (b) SiC; (c) Si3Ny; (d) ZrO,
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Table 4 Relative atomic fractions of the wear scars of ceramic balls after sliding against DLC films

Wear scars of ceramic balls

Relative atomic fraction/%

C O Al Si Zr

Al)O, 80.53 8.69 10.48 - -

SiC 38.48 40.23 - 21.28 -

SizNy 33.75 42.51 - 23.75 -
ZrO, 26.34 49.26 - - 24.4
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Fig. 5 (a) Real-time friction coefficient and (b) average friction coefficients and wear rates of different metals/DLC film tribo-pairs
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Fig. 6 SEM micrographs of wear tracks of DLC films sliding against different metal balls: (a) Al; (b) Brass; (c) 304SS; (d) GCrl5
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Table 5 Relative atomic fractions of the wear tracks of DLC films after sliding against metal balls
Relative atomic fraction/%
Wear tracks of DLC films
C (6] Al Fe Cu Zn Others
Al/DLC 42.36 44.54 12.87 - - - 0.23
Brass/DLC 30.06 10.59 - - 36.45 21.68 1.22
304 SS/DLC 83.74 11.64 - 3.09 - - 1.53
GCrl5/DLC 71.32 13.72 - 13.21 - - 1.25

S DX AR R B T s 53 o, DR 2 T o 8 {6 94 20 B
PRASNR N FERE, NI AUDLCHI BEHE R EOF A . 5
Brass A {EER EE £ ()DL C B IR i FE AR FE 43 1129600 pm
$10.05 pum, BEHRIR LRGN, B IR AL A /D B AR K 1 1
FVAH /NG A8 B A, P L 3 D B T G o B
H RS A AN, IR AR Culii 173 #1K36.45%, 1X 2 KN H
A T R S 1 RN 285 5 1 1) Brass & T ) B A Y DLC T
JE K B 4% 7%, BrassBR ] ™ B ¥ BE 40038 m 1 B2 fi iy 10 H
R R, ST AR S B T BE B R B, (U BrassBR A
DA (1 DL C it i vl W0 F4) B 0 2, AT 12% B g
JEE 5 5% 0 dme R AP SKoF 7 6 I P 5 450 26 B /). 5304 SSXf
B ER A GCr1 5% 15 K B2 $2 (1) DLCES JR %5 5 A1 7K FE A
i, 40 21508101 um, 5 J5 # BE#E A DLCEE JR A4k
TEAE 2 Fegu 3, 1 R A& 7 iyl R B h GCrl5 L
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2 B AL, BERLAE A TUINRERBEAR T BB R
4N, GCr151H# FE 1 1-304SS, 5 HU6 B (I DLCTH
BB ) B

745 7 5 DLCTH MR BE 52 5 A 7] 4 Ja 3K B T3 T
3 () SEMIR F. 1 8 7(a~d) 7] %1, Al Brass. 304SSH
GCr1 5% 3K Y B 453 5 [ B 4% 43 711 29 29900, 800, 300
F1300 pum. EH E4F0 B 7ECE T RN, 4 BRES BE B B K
T W B K, X 2 DN R 4 Bk R A T M RS BR A
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THIFRY B IR, 4 Jem B A A B i) B 458 T 6 7 I o il

Fig. 7 SEM micrographs of wear scars of different metal balls after sliding against DLC film: (a) Al; (b) Brass;
(c) 304 SS; (d) GCrl5
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Table 6 Relative atomic fractions of the wear scars of metal balls after sliding against DLC films
Relative atomic fraction/%
Wear scars of metal balls
C (6] Al Fe Cu Zn Others
Al 14.73 56.53 28.75 - - - -
Brass 47.88 26.04 - - 16.22 9.86 -
304SS 25.59 21.46 - 38.17 0.4 - 14.38
GCrl5 23.84 13.10 - 60.36 - - 2.7
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Table 7 Effective elastic modulus and Hertzian contact radius of the counterpart balls
Mating materials Al,04 SiC Si3Ny 710, Al Brass 304SS GCrl5
Effective elastic modulus/GPa 82.6 100.2 93.5 94.6 48.8 57.9 80.2 82.3
Contact radius/(10~° mm) 6.48 6.07 6.22 6.19 7.72 7.29 6.55 6.49
7.0 0.12 8.0 0.30
(a) B3 Contact radius 78 (b) B3 Contact radius
6.8 (24 Average friction coefficient < ) (74 Average friction coefficient 2
E 1 0.11 .E g 7.6 .:'::
« 6.6 £ o 74 £
S g s g
% 6.4 010 3 72 g
2 0. = 2 =
= £ 5701 £
S 6.2 2 ] 2
el 0.09 £ =68 £
] 2 ] g
£ 6.0 E‘J £ 6.6 En
S 0.08 2 S 64 2
5.8 62
5.6 0.07 6.0

Mating materials

304SS

Mating materials

Brass GCrl5

Fig. 8 Relationship between Hertzian contact radius and friction coefficients for DLC film with (a) ceramics
and (b) metal mating balls
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