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Table 1.  Comparison of mechanical properties of

different microstructures of titanium alloys2!.
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Fig. 1. Preparation process of MAO coating with TaC microparticles addition.
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* 2 BHIEKEUFR
Table 2.  Composition of simulated sea water.
Compo-sition NaCl MgCl, Nay,SOy CaCl, KCl1 NaHCO;4 KBr HBO; SrCl, NaF
Content/(g-L!) 24.53 11.11 4.09 1.16 0.685 0.201 0.101 0.027 0.028  0.003

AU AL TARSS =R R (LK), 1
FH RS LA, SR R B R, DARE
W IAAE 1 em? TABAE I TAE R, HIHfE
10 mV /s, MK BRI AL 2.7 V, FF
B H-1.5 V, 5 A A7 0.1V, A5 Ak il £k
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3 HERRMM
1R R AT
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W L OISR 2 1 R TEDE 3. & 2(a) AT,
OREIN TaC ek}, FE RN ELE R 2
FLESH, Fmi oA G R EAYE 3—7 pm FLIA,
TEARZZ il B, FBAT LR AF AR R s Rl
T A RS, 332 i ol AL 28 i I 28,
FLPFR S AT B Rt 3 TR AR L A
T TP EA PR HOEESES 25, SR I TaC WORIAH L,
& 2(b) FIEL 2(c) Z5IAsINTT 2 g/L A5 g/L 1Y TaC
ok, nT OISR B 02 SR SO A AL 2 AT TH = 3k
PR 2 N ZFLE5# , (U RALIR B0 A g2,
J PR 51 A B Ok X S SR A B0 7= A 1 LR
— 5 MYSEAME T, (IS A 2 AR 75 B P24,

FAN, BIA TaC ok (R FE S AT ZE o Ak
22 UL B S FIURIA), 2k B A B s R T 4
fRIZHRIRES, B 2(d) o] 5 i B G b 2% 31 B 5
FRAE. ZETRN 5 g/L TaC ekl Ja Hil A3 S L2
(1) % T B U AR e P XA 740 AT, FFr LA
YT 3. 454 R 2(d) FIF 3 ATLIAR Y, a sSAb =

3.1

N

10 pmy, L

2 TEFN[AIARBE TaC ORI AL AR P il 95 10 S R AL 2 ) R TADE 3

AT TaC ok A1 5 B4 01 ik 70 O R AL 2 3R
T, WAL Ta TR G HEEZ. b H c AT EICR
A, Jf H Ta TR & SRR, 30015 WAL 3
D) TaC OB REE. d sS4 R RO EALZ I TRLAL,
FERELAL St TTEM Ta TRKZ, FZHEOTELL
JERMMAL TR oA, W 25 U
AOVE B i, SR A AR ) i3l 29, firbd Ta JoR
T b A ¢ X

F 3 WM 5 g/L TaC WOk HI A RON A AL 2 A

XA EDS 45

Table 3. EDS of different regions of MAO coatings
prepared by adding 5 g/L TaC microparticless.

Atom content/%

Test point
(0] Al Si Ti Ta
a 304 2.2 32.7 31.9 2.8
b 51.0 1.6 23.2 235 0.8
c 52.4 14 243 21.1 0.8
d 43.6 1.9 25.4 28.0 1.2

& 3 R A I =Rk BE TaC SOk & R & AL
P 2 2 B R T TR, AT LSRR B TaC ek i 51 AT
WA R O A2 IR WA 51 TaC ok
il F O A Ak 2 R IR AR AR, 456 3% 5 e de
A, BCE AR AL 2 HURE S 2,135, FEIMAT
5 g/L TaC ki e, Ml A AL )2 07 A8 15 3 i
%, AR MR A, HUREIERGR 2, LIS A S 4R
LI HRERE A 2.716. X T ARRE % £
A REAWTEAMEOIT A b i R I B FLIR (A
BEFARMA TaC ki FAMA 2 g/L TaC kil fE
H RO Z T R 35808, eI ML g [R] B
WA K R HE T SO A2 B 21, Bl
TR RELRE B B (AR K

(a) 0 g/L; (b) 2 g/L; (c) 5 g/L; (d) B (c) MR IO E

Fig. 2. Surface morphologies of MAO coating with different TaC microparticles addition: (a) Without TaC; (b) 2 g/L; (c) 5 g/L;

(d) partial enlarged view of Figure (c).
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20 pm

P03 7R AN R MR TaC UL i P AR 00 1 4 1 T A AL )22 1) A8 T T 552

TaC ki

20 pm

(a) 0 g/L TaC f#ki; (b) 2 g/L TaC #ki; (c) 5 g/L

Fig. 3. Cross-sectional morphologies of MAO coatings with different content of TaC microparticles in electrolyte: (a) 0 g/L;

(b) 2 g/L; (¢) 5 g/L.

22 A JERIRE S & TaC eRLi 15 A 4
O A L2 0 EDS 558, v UM A SERZn
JLE R O JUR, EHITE R A ALY i i = e T 2k
UK & E ALY, #EM AT BB ALOs, SiO, Fl TiO,
A HOCR: Sion &, Sk [ IR R Y S0,
P I T 2601 R 9 T A S S T 5 2 SO
R U R, 5 Z FT A Al — 327, Ti A1 Al ot
ok B TR, FHN AR S m Ak >,
B LA AL )2 & %A Ti & . Ta
JUR i KR AR, (HZREE TaC ki B
3N, O E L2 SR A 2 ) Ta JTTR S
o8 T LA AN, X Ui TaC ki %5 2 i & T
TR A2 2R T .

# 4 AFEE TaC MORHERALLZ 1 EDS 45

Table 4.  EDS results of MAO coatings with different
contents of TaC microparticles.

Atom content/%

Te0/(eL™) O Al S Ti Ta
0 682 18 178 121
2 69.2 1.2 20.9 8.1 0.5
5 673 14 200 105 0.9

R T E S A O EAR)Z BT & T R AR TE
=, X =R A )Z R ETHEAT T XPS 4087, 4n
Kl 4(a) B, MKl 4(a) HaT IARHL O J6EK L Si T
FM Ti TR G RIZ, FRFH T AR Si05™
B2 5 TSR, B 4(b)—(e) BRI
[k B TaC WokLil 2 L2 Ti, Si, O il Ta
R A R T . TET 4(b) AR R ARk i 4 TR 4R Ak
2 Ti 2p W45 A el 458.60 eV, £ Ti H54 4%
B Ti0,. TN 2 A1 5 g/L TaC fHokifil & HfHEn
SAALET Ti 2p IS ERESN N 458.9 F1 458.85 eV,
LA Ti 7558 & A2 P 22D TiO, B U7

TE. Bl 4(c) oM Si 2p &R0, HAEU N 0,
2 fl 5 g /L ok il 45 o A A2 P i 25 5 RE 2 )
}102.55, 102.8 F1102.85 eV, ZHIHAK T Si02~
L Si0, BIIERAEAE. [ 4(d) FIIE 4(e) TFE45E
Br, R O 72 5 Ti0, Fil Si0, LISk, 1515
T Ta,O5 BIE K. Ta 4f FEEIN 2 g/ L KL 251
AR AL T R 25 A e 4 il ol 22.56, 24.37, 25.89
A1 28.19 eV, HoH 22.56 Fil 24.37 eV & [H N TaC
FILFAE, 25.89 1 28.19 eV MZEF HE M T Ta,0s,
IF H RPN EARAY TR B, DLHH /D) TaC ek e
oAb B b, TR T Tay05. Ta Af 7EH
5 g /L o il el AL 2 A & el 23.25,
25.00, 25.20 F1 26.60 eV, H 1 23.25 I 25.00 eV
XFRE TaC, 25.20 A1 26.60 eV X[ Tay,0528,

F 5 MIBIARTR & TaC ek A5 A IR
02 R | S R B S B8 DA R 2 TR B AR
P 2 B T 2 B, O AL 2 TR R TaC i
RS RGN 2RO RS A 2 g/L F
5 g/L TaC fdehr il A5 o S A0 2 0 B AR 4 T30
ISIMATEEI A ZRERE, ARUGHE T 83.2% il 78.7%,
UL TaC ok B8 AT LA 8 B $ T8k A 42 S
FALZERIRERE . — ki, oM b2 Rl R 5
FLBRRAT O, FL B I 0 s R b s, A 51 A
TaC s ir il 450 5 2 1w RO S L 2 LI £
UK/ IAS—, HAERIH s, BOmEEAL. 5IA T TaC
TR A5 A RE S 2 BN EUE, FLBRRAR, BT AR B
PET;, AT 43 I PR R Ry TaC AR B0 B2 itk
&, HARGFE i R o3, rLA TaC fobisi fE
AR R m W m TN AL E R B
TaC ok B 3G 22, OIS IL 2 A RS B 52
PR 3 ) FA B A3 MR R R TaC fok 4% T L —
SEFRIE L IEAMSAL, (A 2B R AL DA AN IX 3k
PR O AR 2 A LR
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(a) O 1s 0 g/L TaC (b) — 0 g/L TaC (c) — 0 g/L TaC
2 — 2 g/L TaC 2 — 2 g/L TaC 2z —— 2 g/L TaC
s — 5 g/L TaC g —— 5 g/L TaC ‘g —— 5 g/L TaC
= =] =
. Cls . .
2 2 o
E g |2 2 2
Z lwarc? 3 2
2k
g m 2 2
2| = E E
0 400 800 1200 455 460 465 470 100 101 102 103 104 105 106
Binding energy/eV Binding energy/eV Binding energy/eV
(d) — 0 g/L TaC (e) — 2 g/L TaC
8 — 2 g/L TaC 28 — 5 g/L TaC
g — 5 g/L TaC g
el e
- -
3 3
~ ~
> >
B b1
« 1%}
g g
5 5}
+~ +
5 5
528 530 532 534 536 20 25 30 35

Binding energy/eV

B 4 BJINORTE A TaC fokL £ SO AL )2 1l XPS 43 & Ti, Si, O 1 Ta A9 & 4 F &%

Binding energy/eV

(a) XPS 4xii%; (b) Ti 2p & 43 Bt

FIEHE; (c) Si 2p BEABERIEHE; (d) O 1s RO HFFOLHE; (e) Ta Af B/
Fig. 4. XPS survey spectra and high-resolution spectra of MAO coating with TaC addition: (a) XPS full spectra; (b) typical Ti 2p;

(c) typical Si 2p; (d) typical O 1s; (e) typical Ta 4f.

# 5 WINARREE B TaC Wkl &R E L2 R
FBE | AR | AR

Table 5.
of ceramic coatings with different content of TaC mi-

Thickness, microhardness, and roughness

croparticles.

Content of

TaC/(g:L ) Thickness/um  HVy5;  Roughness/pm
0 9.03 526.95 2.135
2 9.06 965.50 2.314
5 9.99 941.87 2.716

3.2 BRI

W A5 (R RE S TE B K R (s 3k 2)
AT EE SR B S, A5 B Y B R A B A
[t Zant&l 5. f & 5 T, KRB TaC Uk R
AR, R R P ARIFE 02 4, (H
15 min J& 1Y EE 82 R 800 SR W I, ) 2 H 3R T
A A2 BB 3. AE R DA TaC ok 5
il & AL Z B 10 0 i BE 48 R A 25 LR TR
hn TaC ok iAE R, JREUZS AR TaC oA
IS AR AL ZE 0 S & LI b 38 20k
FERAT AR AL 2 R T HAL, (A5 T8 ok IS il 25 T
VA2 RS B A P de T (W3R 5 8l ), (HBE s
AR T | BRI AR A B T RAI, I HL s/,
U 2 g/L TaC SOk i O A AL 2 BE 48 R B AC

FSETE 0.2 Zcfa, BN 5 g/L TaC WKLY ik
JRPEE R BOEA TG EAE 0.148, S HTRRONEAL)Z
NHREY TaC bR AR AL 2 45 B0 1L, X
AT R TS AR,

0.6
— 0 g/L TaC
o5k — 2 g/L TaC
—— 5 g/L TaC
0.4
<2
O 0.3
O
0.2
0.1p
0 . . . . .
0 5 10 15 20 25 30

Time/min

5 #RHN0,2 M5 g/L TaC ok il # il IR & Ak 2 7E 4540
K P EE S I 2k

Fig. 5. Friction curves of ceramic coatings prepared by
adding 0, 2, 5 g/L TaC miaroparticles in simulated sea-

water.

W AT BB LS J5 AR S AT SEM WS,
B R o A AL 2 2R R TE A an 4] 6. s =
FRARCOI S AL 2 B 4 L0 1Y) 9 B 4 S0l /2 440.5 pm,
260.5 um F1266.3 pm. 4555 6 13501, WAHLIA TaC
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K6 BT S i TaC ROBLROT AL Z B BEIRIES  (a) 0 g/L; (b) 2 g/L; (¢) 5 g/L
Fig. 6. Wear scar morphologies of ceramic coatings with different contents of TaC microparticles: (a) 0 g/L; (b) 2 g/L; (c) 5 g/L.

FHORE P FEL AV B P IR S A 2 B R R B, ELRE
RPN E A Z AT RS, e Ik, 1S
51 IR R AR, %SiN 2 g/L A5 g/L TaC
ROk il 2 A TR )2, S TR (R P ) R IR
A, FLGT B b R v EE A R B0 7 104 i B R AR s
IR I, BEREIMTIERA A Fe, J5 9925 1 BRI 58 B AT R
AN TaC R38N T 40.86% F139.54%,
FEI A 1

%6 AT A TaC MOBLHI MR AL R B

EDS %53

Table 6. EDS results of wear scar of ceramic coat-
ings with different contents of TaC microparticles.

Atom content/%

Ta0/(e1) O Al S Ti Ta Fe
0 166 55 50 428
2 69.9 14 162 100 02 2.3
5 69.9 13 155 100 0.3 3.0

3.3 THhERIE

B 7 SRR A A T R RO 2 AR
e Ze. 38 7 45 T A WO A AL )2 10 8 o 47 i
J& Dl E U 2 B R NI T R T LR R

—4
_5t
T -6}
g
Q
< —7r
I
N
g -8r
— 0g/L TaC
-9+ — 2 g/L TaC
— 5 g/L TaC
_10 . . . .
—0.6 —-0.4 —0.2 0 0.2 0.4

E (vs. SCE)/V

7 WA IR & 3 TaC Roks il # R &AL 2 r iR AL 2k
Fig. 7. Polarization curve of ceramic coatings with different
contents of TaC particles.

Jin TaC WoRLHl 73 IO EALZ B 2028022 V,
Low 290 1.05 x 106 A-em 2 %Al 2 g/L TaC 13
PR HIHOTEAILZE By 0 0.10 V, L, 4 3.42
108 A-em 2 B8N 5 g/L TaC Ok il 15 1 R 4
WZEE,, 012V, L. }H2.67x 108 A-cm 2. E,,,,
A T b ABE o) PR DN I /0N SR TR ok
U, WG T T g 2031 R U IO i £S5 A
it B3N TaC oL IS i 25 T A AL 2 8 1l H i 2%
FEXREAR T AN ECRE DL BN 5 g/L TaC ek
R ARSI AU 2 o L R ot P S A A0, 156
O E A2 AERTLE K T B il SR 47
7 IR 6 AR b S e

Table 7. Corrosion potential and corrosion current
density from Figur 6.

TaC/(gL) Eeonr /V Teorr /(A-cm®)
0 -0.22 1.05 x 10°
2 0.10 3.42 x 108
5 0.12 2.67 x 10°%

3.4 HIESH

Kl 8(a) FEl 8(b) R ARB NN TaC FHURLZE 1Y S
WREE, K 8(c) MK 8(d) MEINT TaC Hokifik
AL Z M B IR R, 255 18] 5 A BT s AL, B
T TaC fokr AT S AL 2 110 28 82 22 507 JEE 8 i 0
38 5 T AR U I BRI A AR )2 R TaC
Ok B B T A A 2 6 T, B 4 A
JEAEURE FE B2 T, T AR 2 i A B 4 R G v 1 R
G WINT TaC fokr (o 48 1k 2 B8 48 22 500 s
PG WIBEAR I8 AR, B 2 o 4 b 2 N
1) TaC RURLE RO E AR S5 B0% L, XA T
S B]TSCHEAE. RN TaC ok i eI 4 AL
JEA BT B RAIR, A e v 7 A 1 e e AL
IR JE PO 3 i T RO 2 R BRI S,
PUH b A BLVAPIR BB SR A0, T AU Ab )2 2k X Bk g
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P FNAL PN BE 3 A1 3 R A B R, (7GR
SAL)Z B B R RS KR B P T, R B A
PER GCr15 ME LA L mivs i 05, (Rl Bl 4 s
P A VA, EEAEE R L I 7% Pk T ity P E T R
SEACZ R AL, — 77 Tl SR RS B i — 2D
1K, BB 5 R B IS 18] LB T FAAE, 59— T
SEAM T AT A BRI 4Rl R, 340K
AL AT BRI B R AT B, 3RBh 5
THATREE BB, &l 8(d) B,

MAO

PEESIANG

MAO

aees

Furrow
- TC4 substrate

- TChsubstrate.

- TC4 substrate:
(c) (d)

 TO4substrate

B8 B TaC ROk AT i % RO 102 1Y B s 2 A
(a), (b) REM; (c), (d) Bm

Fig. 8. Wear schematic diagram of ceramic coating: (a),
(b) Without TaC; (c), (d) with TaC.

& 9(a) FE 9(b) 435l ARG IS8 5 g/L
TaC kLG WM &AL 2 1 FL A 274 i o 2 1, H
PR T4 F AR 0T, ZIRFoF RKSF,
BT NEET, ONVEZ R T B 9(a)
RO EACZA B BA ZALE5H, FE A i ) i
I AL BA TSR Z TR A 5 A fih, iR
FALZMAR R TFRE, B A il R A, Tif ik
PEREZ. B 9(b) FUINEALZ FIEA T TaC flthi)a,
FH 24 FAEOR S AL 2 i S BB A T sk
R e TaC fiohr, JE A BAE 1R AR IE IR 5
e B3] TaC ok R EERAE R AR, T2
LRk B RN B2, K TR A i i O A 2

AR, A IS T I il A oS BRI R A Ak L
RN = 077 N2 SR 9 e S A i M R s !
R, Mg .

Sigulate sea water %hulateaiea water
\ |

all-=ry

: TC4 gg’_k_;s_;cr_ate:_._ =, TC4 substrate
(a) (b)
B9 ¥R TaC WOk TS il 4 SO A A0 J2 1 vl 1 2 B ol
NEE () KB (b) B
Fig. 9. Schematic diagram of electrochemical corrosion of
ceramic coating: (a) Without TaC; (b) with TaC.

4 % b

1) 38 3 78 SO A Ak L R R B A TaC Bk,
AT DATE SR A 4 F T A5 2 TaC S0k 1) il A Ak
JZ. MEARTIN TaC HUkL il & RO ELZ, &
TaC kL 1 O AL 2 FLBUR FRAIG, 2548 57 o 2L
WU 2 5 g/L TaC HORLH] & oK &4k 2 1Y
T AR K T 83.2% F1 78.7%.

2) KEIN TaC HOkLIr il £ il 4 Ak 2 BE 52 2
BB IR, PREETE 0.2 2247, BEIR SERE K B T B8
KBS A 2 g/L TaC fcks Br il 45 Oom E AL 2
R BRa e, W shB/h, LA 5 g/L TaC
THORE BT i 25 TR SR AL 2 0 R 88 R U A R IR 2
0.148, PH#H BEHRTEEE IR/, & TR .

3) TIN 0 g/L, 2 g/L Fl 5 g/L TaC kil 45
A BRI R A 2 S o v 37 %86 8 43501 A 1,05 % 10°S,
342 x 1081 2.67 x 10° A-cm2, ¥/ 5 g/L
TaC kLl 25 1 S 42U A0 2 2 B fe e i v /K
JE bR

4) RS A 3 R 1 v TR g A 68 A
T TaC fobLE #2188 22 BRI EAL 2 ) (5 B)
TaC ki A B 225 1 v B B2 AN Ak 22 R v 2
TET XA 2 ) S AR, S0 T 8 A ot
BRI 200, SR T T HAE LK R BT
T} 5 1

R AR ARRORE | BRI RS B, AT S S St
RS T4 T LA BGE 1), FIRE S5, o S5 T PR = 4%
58 K.
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Effects of TaC microparticles on structure and properties of
micro-arc oxidation coating on Ti-6Al-4V alloy”
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(School of Materials Science and Chemical Engineering, Xi’an Technological University, Xi’an 710021, China)

( Received 2 May 2021; revised manuscript received 13 September 2021 )

Abstract

In order to improve the corrosion resistance and wear properties of the micro arc oxidatin (MAQO) coatings
on Ti-6Al-4V alloy in the marine environment, TaC-doped MAQO coatings are prepared by adding different
concentrations of TaC microparticles with a particle size of about 1 um into the silicate-based electrolyte. The
morphology, elemental distribution and composition of the coatings are characterized and analyzed by SEM,
EDS and XPS. The thickness, roughness, hardness, wear resistance and corrosion resistance for each of the three
MAO coatings are evaluated and their corresponding values of these coatings are compared with each other.
The results show that by adding TaC microparticles into the base electrolyte, TaC and Ta,O5 are present in the
MAO coatings on titanium alloy. Compared with the MAO coating without TaC, the surface morphology of the
coating with TaC is dense and the hardness is increased by about 83.2%. The friction coefficient of the coating
in the simulated seawater decreases from 0.2 to 0.148, changing from serious abrasive wear to slight adhesive
wear. The corrosion current density of this coating decreases by two orders of magnitude. Furthermore, by
constructing the wear and corrosion failure model of the MAO coatings in the simulated seawater, the internal
mechanism of doping TaC microparticles into the MAO coating to improve its corrosion resistance and wear

resistance is revealed.

Keywords: titanium alloy, micro-arc oxidation, TaC, properties
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