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Mes& 1GaEE Ty, MHAEYIM JI/ER T LUK
A ZEIES, AR R rEEER, FIeR A
MoS, 5N A e &3 2 2 A ] SE LR 2 3R T ek
EPERE B THI0 T, 1|55 55 SEUSHE I AR AL 5 K
PIELE 7075 BB &R EHI ST MoS, EEIRIE, 5L
DU 2B 0.6 BRIRE 0.2, SIREMRE RIT,
ERAEEH &I, TEMEE S, Chang 2019
WFFT 5 25 EE T TiO/MoS, B4 2 BEHE M R AR
M, R B AR R AN IN 4 /L MoSa,  7E 50% /7 %S
e TN E AL AL ] 20 min S2H Ti-6A1-4V BEHE 25
1 0.74 FE(KZ 0.48, HUf3— & MIURAERICR, (HEE#E
RER B, Bk Z W VEN T 225050 .

A TAEH RGBT FAEAR MoS, R E DL R AR R i
JUEACALERRS (8], ASFEIALPRHLEXT TiO2/MoS, &
BIRZWROMIEEL . oy DA R 2t BR (s,
B AR AR A S D BE R 2 (1 B v S i) £ $ it
HipEE5TZ25%.

1.1 #HRflE

KH Ti-6Al-4V VE RN SLIRA R 22 o ik 1
TR, FEEON 20 mmx20 mmx 1 mm H A HA
WVRFF 2004 (2 74 um). 4004 (%) 38 um). 600#
(%1 25 pm). 800# (£ 20 pm) (YIRS 4EKHRE B EAT 47 8%,
SR a1 B RAE 75 B e L HIE P 10 min,
B 5 5= 2 B8 oK T g

#£1 TC4EP
Table 1 Chemical composition of TC4
wi/%
Ti Al Y Fe C (0]

88.50— 5.50— 3.50— <0.30 <0.08 <0.20
91.00 6.80 4.50

KRG ZREE TV R 2RI Y 65 kW XU ik ik
AR, FEACNFE S TC4, BIReRHA 304 A4
W, OVENERAR T 2S5 2 Frs. BRI
H N 8 g/LNasSiOs, 10 g/LNasPO4, 3 g/LNaOH,
6 g/L MoS;, S35 1 2 il I G A A R G0k Hfif il
T HIAEL 25 °C, FERAMIVEAL B TE S,
FRE 7K A 3 7EYE 10 min, Bl 54T

F=2 WENEHIZEH
Table 2 Parameters of PEO

Voltage/V Frequency/kHz Duty cycle/% Time/min
400 1800 10 20
500 1800 10 20
600 1800 10 20

1.2 #RERIE

K M 3 # # 5 & B B2 (SEM, Helios 5UX,
Thermo Fisher Scientific, U.S.A.)PA A R A B
W5 (LSM, OLS5100, OLYMPUS, Japan) X} # 5 2 1
WOWTESAEAT RAE . SR A i 7 BB 45 R
WX (EDS, INCA Oxford Instruments, UK)X} 3 FEA
[ DX SEdE AT A i R TR X o3 43, RIS R X5
8T (XRD, Empyrean, PANalytical, Netherlands)
5 XS4 R T REHEC(XPS, ESCLAB 250Xi,
Thermo Fisher Scientific, U.S.A)i— 20 #ffi 7€ il 7321
o A it R ARG P2 DA AR 2 SR B2 2 0 R TR200
T F 3 A RS B2 S TT230 Wil B4t 47l &,
JPRUEN & 25 R B AR 1 5 ] E A, BN g L
3AAFEALE AT, B & T SAEAE a2l
EER R B U A L(UMT-3, Bruker,
U.S. A AFFE il gEAT BESE B 450003 . Uk B FE G %
OB 5.55 mm, EZ 700 HV [ GCr15 92Kk,
PEBE RS S HON: e 4% 3 mm, Tt 0T
I N, #3300 r/min, J A 10 min. JyRAEEHE
AT EENE, PRSI AEAH R % T EHE
3 Ko

2 HEXRE5W®

2.1 TiO/MoS: E &R BRI /T AR S M EEH
B 1 AR ROIE A AL B L R BTkl 3R 2 1
XRD . HE 1AW, WEFERS N TiO,, HI
Ti FIRT G2 RS TCA FEAAMAI R T3
FHEN MoS, FEAMR, HRHMETERZ
FLBR, B A XRD 3% _E I A I MoS, A8 ¢ AR (Ek
FHSEAT ISR EE R 5900, X 500 V 5 600 V K5,

+Ti
+ vTIO.

Intensity

PDF 04-002-$207
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Fig. 1 XRD patterns of PEO coatings prepared at different
applied voltages
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T 20 2924 22°4b Fr BRI AE L, HEMIL AR RS
(1) Si0,, 5 B2 Jif PR R A TAE R FH R I 256 P A o VA
Si0x> TE R WIS FE 243N Si0;.

B2 WA HL R, PRO MRZ IR TN .
HE 2 AT, PEO iRJZ#K I 2 MRk 1L PR
L2 FLEE K, BEE BRI R, B LAY
K H IR B B8 R4 H) 8 B Jas aEAR TS
F R R A B A A AR, SRR R 2
FREERGIN, B — IR Al A K B ) B A Rl A AL
DI I TS PR R ZU R BT, B A A,
TE R B A RIS, R E TR HZEW
FI i S R TR B2 AR 38 03, 20. 2058 3), k4t
H T2 EE RS KR ER E G R, FihE
o PRV A B P R 0V 2 A W 348 o L 2 it
(1 b2 R /N TP R R i o LR

() 400 V

AT
iz 18

B2 ASFEIAC B R El AR E R RS
Surface morphology of PEO coatings prepared at
different applied voltages

*3 AEHMEALERETAEREAERESER
Table 3 Surface roughness and thickness of PEO coatings
at different applied voltages

Fig. 2

Voltage/V  Surface roughness, R,/pum Thickness of coating/pum
400 1.00+0.05 7.0+1.0
500 3.00+0.20 28.0+0.6
600 4.70+0.30 40.0+1.7

R R R AT EDS 20t KIWE 3), &
ONEAAL TG, T MoS KLy JIRIFIE

TiO2/MoS: & Z. Ak, ol E LA B R A
500V 5 600 V B EEIRIZERI MoS, & &M T
T 400 V BHRE S, R BN HOE AL A B FE
JA AL A A i I s B R BRI fE, e
AR A MoSy HLT 18 VA 1E B 43 T [
8143 MoSo R P ALEIEIRE N EE, AR5 MoS,
L fi 28] T 0 HR P A AT s i e 45 U AR 2
WERMEUS . AT R 400 VIS, VAR
IV B LR Z T, TR FE T (R, RN 7] b gk
DT MoSy KL R MR, BUERIZIFE
FERIN, TROREIE RS, RRTBCR A H I
LEN it/ SRl =y N1 M IR AN G e IR P | L
R B FEARFR T AR FAR R B, 7520 byl T
MoS, FiFHIPTRA R, ik, Bl E bbb s
FIFHEE MoS, Ry E. Nit— LR E4
LA K MoS: 1EHRZ N = [ A ADIRES, 1EIRE

() 400V

(b) 500V

(c) 600 V

K3 ARMOITE AL T IR 2 R ETES S Be s
Fig. 3 Surface morphology and EDS analysis of PEO coatings
at different applied voltages
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R T I2EA EXHR R EAT RGNS S TR
T 4). G5 R GRS, ANFEAE R T 3RE Y
51, SRS R AR W R RE. BEA
B BT, iR R 5T R A e ol 5 A5 2
WAL, PEOGRIREEOZHTIEIN. 1hAh, Mo 5 S iR
(IS A2 R 2 3R T 2 A 5 T ) B A 5 S T A
By, B2 EE ST R R N 4 2y
ATRFIE, UEW] MoS, iy JF AR B E TR E
R, MG TIREA, XMW EE
s N BRI RE IR AR R SRR SR AR DL
SER AR

*4 AELELET EDS £R
Table 4 EDS analysis results of PEO coatings at different
treatment voltages

Mole fraction

Voltage/V
0/% Ti/% Mo/% S/% Si/%
400 63.5 20.4 1.2 2.1 12.8
500 54.1 19.1 5.1 8.6 13.1
600 52.4 16.8 8.5 4.8 17.5

(a) 400 V

(b) 500V

(c) 600V

K4 AROITE AL T IR Z 830 S e s
Fig. 4 Cross section morphology and EDS analysis of PEO
coating at different applied voltages

2.2 TiO/MoS: E &R EER Bt EE

Kl 5 9 TC4 Hefk 5ANFEAL I HLE T TiO2/MoS2
TR IE I PR R A I T AR Ay 2k . e 5 m]
UL, HAFE R A 500 V I, TiOo/MoS, B & 21
SIVIRE G B RS R A F S, BEEAR
Boria T REBTRE, SENFRE RN, It
e BRI R L0 0.2, FHEL TC4 FAK(Z) 0.7)F%
ik 69.2%, AHIRTAEFERHE N 400 V 5 600 V [
i, AR T 20 74.4%5 75.9%, IEMHIZHEE T,
TiO2/MoSy 5 A1k 2 L 21 BH 2 IR BE A FH , HLIs0EE 2%
Rt

1.0
—TC4
09 F——400V

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

. 0 100 200 300 400 500 600
Time/s
K5 TCA FEMR DL RAN R AL HH A N iR 2 B R 805 I ) 5%
AL
Fig. 5 Comparison of friction coefficients of the TC4 substrate
and TiO2/MoS:2 composite coatings at different applied
voltages

Coefticient of friction

NEAHf TiO2/MoS: E &R EEAFME LT
BEBRBZES, RO BT B IR
AT Z4ER B, AR WE 6 Fn. REEEHI
TiOx/MoS: B A ¥k JZ K MM AST, HLFf % Ab 2 LR
3K, RIEMA-FEERIN. BIRARIE N
JETE, LRI A B HE A T A IR AL,
BV 3E e i Ve A 1 P A SR T AR A3 P . thabh, T
LELF 24 KL BE LN 400 V 5 600 VI (K] 6b F1A
6d), HEIJRE 500 V B NP, fLRHEAEZL,
UEBH AR BE SR ROR,  (HE B R IR B LR B, H
BEJRHZ 500 V IFEETR, BB BB SR RIL, A
HHLERN 400 V 5 600 V [IFE & B IR AL & KE
WY, RIEA SN M EHER GCr15 HXER,
HEMRZ S e oAk, BB RE R A T
FE BT, PR AR I TE B TR AL S BB R IR
FERRAR, HERMSE-F2, b3 KA 500 V (1)
FERL TIO2/MoS, HAIRZEH AR R RIS
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(b) 400 V

(d) 600 V

Ko FAGAFRIBMINELLI LT TiO2/MoS: EEIRZ B IR =43
Fig. 6 3D morphology of wear tracks on the TC4 substrate and TiO2/MoS: composite coatings at different applied voltages

NHE— Lo EEREN B, 5 axA
[F] Ab 2 LR N BB IR AT T SEM JESLL K EDS 4
Mro @il 7 From, AR 400 V B, BEIREL
Wi [(241.3436.2) pm], AR B8 1R N B IR R 1
T RUR B RSO 2 37 i 1 2 AR A A B 8
ARV, B2 S EEBERHR A 2 18] e A e
(R e, TRIE R 7 DX 3w S Ak B T 5
FEE R IR B R, Mitm A E RS
600 V I, BEJE % FEH N % (376.246.5) um, BEIRE
TH] 52 90 HH DR RS Ak B i 3 o e 8 I T MERRUIR I8,
I RCR TN, R E K E AR AR TiO,

WEBRL, L EIR B AR . 6 500 V AbFE AL
JERE S, BEIRAAE[(113.6£12.3) um], BEIR K L0
TR N ST E SRR S L 5117 AN AN WA PN WSS TR TR TN
FACEREE G, TS AAECN, R B R
R, BPTEBERAE F R AN 51 AR 2 2R 3 kAL,
FITE, BERERE KIERE N R, Shab, X 500 Vv
LR R i B A R 2 B R X 3kadk 4T XPS b R B
8), &It YIRS, IR Mo 5 S FE LA MoS;
(T RAEAE (Mo 3dsn: 231.81 eV, Mo 3ds;: 228.66 eV,
S 25:226.03 eV, S 2p1/2: 162.79 eV, S 2p3p: 161.59 eV),
—E R MoS, FiF7E LRIUE R I T 28R 1 [ E
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TR 25 BB R A KEHRGE, S8
N Mo 5 S e KAFMILR (Mo 3dsp:
233.48 eV, Mo 3dsp: 230.33 eV, S 2pi2: 168.04 eV, S
2p3n: 166.83 eV). HILZEE FREAE, XRD (&
DF IR EL RN B B4 i MoS, HIRTHIgE, F %
HEFETF: 1) B MoS: & & A G fmiK LAAE, 99K MoS,
WL RT3 2 DL s B A3 BORPIR A R oo A T
WRIZ NIRRT, M LY SR 2 98 A T B AR

F AR, FBOLATHHME SR B R A S
TiO, MIBEAK Ti (5B AR 2) MONEMRCEE
FE AP iR T RE P 2 AR AL, AR XRD AT
S VS U 55 T A A AR T SRR S R ARSI
MoS: AL Tk A W i Ho5m 2K XRD RT5HE
5, {H45% EDS 54K XPS MK, RZENHE
FHAE— € B MoS PUKRLT (Kl 2 Mo* 55 Sy
fIEI)

(€) 600 V

7 AR AR B B R B RO T30 5 RETE 20 Hr
Fig. 7 Microscopic morphology and EDS analysis of wear tracks on TiO2/MoS:2 composite coatings at different applied voltages

Mo—S8(3d:2)

Mo S(3d:)

Intensity

i b
Mo—0(3d,) Mo—O(3ds.)

1 1 1
235 230 225
Binding energy/eV
(a) Mo

S 2pys S 2pss R
B (Mo $,8%)

Intensity

172 170 168 166 164 162 160
Binding energy/eV
(b) S

B8 500V ALFEHLITHE i IR XPS 734
Fig. 8 XPS analysis of the wear tracks of the sample treated at 500 V
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2.3 TiO/MoS: & &k R EER ERHLH

Zitr LIRRAES ISR, XA LA T
TiO2/MoS; H A ik 2 BEHE BE AL v] 4 th ik — 20 i
A, M 9 Fim. AR EEE 2 NECER N
ES5HMZIRNE, EROVENBCEE RS, &
Fh R A A A A 308 3 S PR T ) P 2 S ke rL A R
1) MoS ki 1-IF- 4 HUTAR B EAA R T, SEUSNE L
BiAA IAME DL RS A — 2 &1 MoSz R 13,
HFRZR M N A, 7ESCPRBEBEREF, ikt
T B, A R B i SN IV b (S IR
WAHNZE A FLIR), & BRI ERIZE), BETr
MoSy R T35 Wi 2 Fa 75 1k Z R T 4 Tio, 5 Sio, 3
BIL— 2, H T MoS, N —4EZIREEH, 1
BIY) Ve IR G =R 2 R B, W7 o 1 T
JEE R A A R riEE PEReR), thah, BTl
VAR Z TR AN E AR B A 2 LG5 M, TERGNES
JB /D BER P [E A MoS, ki Tt T 817 X I,
BV 22 SR T30 70 DX Sl T P B 4t s B 0, AL s
T2 MoS, K1) LLE B Fh sn i R, szl
EETE,  BIFE BE R A TSNS I e 7
R A B I R R

Xof A TAE AR AS R S oI E A AL 3 L I R BT
A2 A TR BE B BB AR AR, M AU A A B R Dy
400 V I, Bk BCRRE RIRIG, WREEEE/MUN

Pressure

Slide Pore

(7.0+1.0) pm, FF MoS, K& 25K, HEIFIEH
A, TEBEWBORE TN S JE Rt 2 05 1 2%
gy IX I, i B S Tk R 22 B T S BRI AL
WEYORE B 2, AR R SO RS A AR B S
2, Bk R R BN, R R . 4T
A B E RN 600V I, &2 E KK
[(40.0+1.7) wm] B [ B5F £ Bl 4w B9 3% 10 K G 2
[(4.740.3) um], FUAELEE S B4 KERR
SRS, BRI S IR P A R R IR E A
B YN BB G 2 TR A R P A ) KRS B T i ]
T T RO %2 B i, BE AR Bk — 2D s, S5l
WIZAMZEH MoSy i 58 4% R A B % B i I 1
., Bl SR ER R B 5, BEER R BORE I 0.
Ab, ZACIE R R R E N MoSs i R H I
R E MG (E 4c), BUF B TR A iR ZE 54
JEE 15 DX 35k A5 A4S B3 W AR b R, ik SR IR A
FH T I B 457 o A B S AL AL B R % Dl 500 VI,
IS4 2 B [(28.04£0.6) pm] %8 400 V B &, 72 AR
Fr— BN MoS: LT DL BE 8 25 44 [X 35 1)
[F) B ¥4 J2 2% T FEURE 252 [(3.0£0.2) um]%% 600 V A .
DRI, BB A B B BT 7 A 1 BB i e % 4t it s B B
BE AR BB, A0 L PR P AR B I B S B BT
HENFa e B B, A0 IR b ST R R A B A AL
JEBLH B4 ) B EE R (B 9).
GCrl5

o MoS,
Lubricating film

e *
cummg{omm'w;_' PR I N T S N RNy o
Inner layc:

Ti-6Al-4V

Ti-6A1-4V

Kl 9 TiO2MoS: & & B BEVE EE N H /R B K

Fig. 9 Schematic illustration of the friction and wear mechanism of the TiO2/MoS2 composite coating
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PERE

SRk
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Extended Abstract

Introduction Ti-6Al-4V (TC4) titanium alloy is widely used in industrial and biomedical fields due to its excellent mechanical
properties and biocompatibility. However, its inherently poor wear resistance significantly limits its further application. Plasma
electrolytic oxidation (PEO) as a green and efficient method for in-situ fabrication of ceramic coatings with strong adhesion to the
substrate, offering an excellent solution for surface protection of titanium alloys. However, conventional PEO coatings exhibit a porous
outer layer composed mainly of high friction TiOz, resulting in insufficient wear and friction reduction performance. To overcome this
limitation, incorporating MoS: (a solid lubricant with a layered structure) can be introduced to the PEO coating to form a composite
coating, which has been demonstrated as an effective approach to enhance its tribological properties. Although previous studies have
confirmed the potential value of TiO2/MoS2 composite coatings in antifriction, most studies rely on high concentrations of MoS2
additives or prolonged treatment times, which often lead to particle agglomeration and high energy consumption. Even at lower
concentrations, the friction coefficient remains high, and systematic studies on the influence of key process parameters, such as applied
voltage are still lacking. Therefore, this study aims to systematically investigate the effects of different PEO voltages on the
microstructure, chemical composition, and tribological properties of TiO2/MoS2 composite coatings under low MoS:z concentration and
short processing time, so as to provide theoretical and practical guidance for the design and fabrication of high-performance wear
resistant and antifriction coatings.

Methods In this study, Ti-6Al-4V alloy was employed as the substrate. TiO2/MoS2 composite coatings were fabricated in a single-
step process via PEO with incorporation of MoS: nanoparticles. The applied voltage was varied at 400, 500 V, and 600 V. The influence
of voltage on the coating surface morphology was characterized using scanning electron microscopy (SEM) and laser scanning confocal
microscopy (LSCM). Localized chemical analysis of different regions on the coating surface was performed by energy dispersive
spectroscopy (EDS) attached to the SEM. Phase composition was further determined by X-ray diffraction (XRD). Finally, the
tribological properties of the coatings were evaluated using a ball-on-disk friction and wear tester.

Results and Discussion The test results demonstrate that as the PEO applied voltage increases, the pore size, coating thickness,
surface roughness, and deposited MoS: content of the coatings all increase. Tribological tests on samples prepared at different voltages
demonstrated that the coating produced at 500 V exhibited the lowest friction coefficient of approximately 0.2, representing a 69.2%
reduction compared to the substrate, indicating excellent antifriction performance. In contrast, coatings prepared at 400 V and 600 V
exbibited significantly higher friction coefficients of 0.75 and 0.82, respectively, and suffered from severe adhesive and abrasive wear.
The primary reasons for this behavior are as follows: At the lower voltage (400 V), the coating thickness is thin and the MoS: content
is insufficient to provide effective lubrication. During the running-in stage, the coating lacks adequate capacity to accommodate wear
debris, leading to inadequate debris removal. This results in pronounced abrasive wear, rapid penetration of the coating, and direct
interaction between the substrate and the counterface, thereby increasing the friction coefficient. At the higher voltage of 600 V, although
the coating thickness and MoS: content increase substantially, the surface roughness rises significantly ((4.7 = 0.3) pm). This leads to
the generation of large, coarse debris during the initial running-in stage. Before the coating can effectively accommodate these debris
particles, they cause rapid spallation of the coating, generating even more debris and accelerating wear. Under these conditions, the
MoS: particles embedded in the outer layer fail to provide any meaningful lubrication, and the coating is quickly worn through, resulting
in a sharp increase in the friction coefficient. At the applied voltage of 500 V, the coating exhibits moderate thickness and surface
roughness, maintaining adequate coating thickness and MoS: content without excessive surface roughness. The friction and wear
mechanism of the TiO2/MoS2 composite coating under this voltage can be elucidated as follows: The inherent porous outer layer of the
PEO coating undergoes initial smoothing of surface asperities during friction, generating wear debris containing embedded MoS:
particles that fill surface depressions and inherent pores. With continued sliding, the MoS: particles within the debris gradually spread
across the contact interface. Owing to their unique two-dimensional layered structure, these particles undergo interlayer sliding under
shear stress, forming a continuous surface film with excellent lubricating properties. Furthermore, the porous structure of the coating
not only accommodates wear debris but also functions as a reservoir for MoS: particles, enabling continuous replenishment of lubricant
to areas where the surface lubricating film becomes locally depleted, thereby achieving remarkable self-lubricating performance.

Conclusions At the optimized voltage of 500 V, the TiO2/MoS:2 composite coating exhibits a moderate thickness ((28.0 + 0.6) pm)
and surface roughness ((3.0 £ 0.2) um), along with a relatively high MoS: content. This combination results in the lowest friction
coefficient of 0.2, representing a 69.2% reduction compared to the uncoated Ti-6Al-4V substrate; During the friction process, MoS2
particles embedded in the TiO2/MoS: composite coating are progressively exposed under shear stress and undergo interlayer sliding.
This leads to the formation of a lubricating film on the wear track, which provides effective self-lubrication and significantly enhances
the tribological performance of the Ti-6Al-4V alloy.
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