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(3.5%~4.5%), Al (5.5%~6.75%), Fe (<0.3%), N
(<0.05%), C(<0.1%), H(<0.015%), 0(<0.2%),
Ti ARE.

ARSI K ICL-WH20 % %2 Th e il 2 4k i 5
W, TEHARSEWENIE. fn BREEN
6 1 1.25 A/dm*, 1E. F 525 L4 A 60%F1 10%,
AZ Ay 500 Hzo Al AR 77 4: 13 g/L NaAlO,,
4 g/L (NaPO;)s, 1 g/L NaF, 2 mL/L C3HgO;, 0.4 g/L
EDTA, 0.5 g/L NaOH, H:F NaF £ 8 S H 7], C3Hz0;3
VEFae o 705l W AR N HEO, By A, WK 4y
BN 0, 1.5, 3, 4.5 816 g/L. SZi6 IR bl it 18 2 41
VA V4% K P AR VIR FE 1 1 #E 20+5 °C, Sk I ] 5 6 N
30 min.
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SRR FE HIO, 2511 T M6 J2 2 THT A A8k TR AOM T 30« i
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HRFME AR ERES: Bl X H L&A 51X
(DX-2700B AY) 43 B7 M5 2 R T AR 2L A, HAR AR
ZHON: BIE 40 kV. B 30 mA ) Cu #E Ko 58 518,
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Fig.1 Micro-arc oxidation voltage-time curves (a) and enlarged
view of the micro-arc oxidation stage (b) in the electrolyte

solution with different HfO, concentrations
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Bl 2 IR HEO, W BTN MR 2 3 T 30 K 32 B 3 70 A 1 1L
Fig.2 Surface morphologies and main element distributions of the MAO film with different HfO, concentrations: (a, al) 0 g/L, (b, bl) 1.5 g/L,
(c,cl) 3.0 g/L, (d, dl)4.5g/L, and (e, el) 6.0 g/L
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A A PR 1 00 7D [ B A AR L S L 2 TR A LA B T R
FRSFBER IRl . 24 HFO, (IR EEE N E 4.5 g/L
i, BT HEO, ¥R B 16 22 Rl Ak H R O AR 1 T 1%, 7k
SV AL 52 3R TH 46 I 4 HIO, ok 5 il 4 4k,
JEJZ A R4S G, B3 HEO, foks B 35 E TV A IR = 3R
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£] 6.0 g/L B, HfO, fENU I H: 22 TAE sz iy L R
AT, HTRED S ERERMERFERT, S
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JANRY R N 115 I 1l 6 =R A Y 3 i)
SEUR AR Z, IR T BEMBCE M, BT
R MBI ROICEE A (B 260

F 1 NANE HIO, MR FE RN 2 i G 3R iR
T 256K 2 PosiBERRICR MR, BEZE
FEESH O Al Tiv Hf S UK. EH Hf RS
LR HIO, IRV BE IS DN HE 2R3 m, O #1 Ti JC R AIJE
TR eI E s, Al TR E T
HOU R IR B s kD (s

B 3 S A [ HEO, A< B oy 158 J2 (1 28 T T 300 2 2 aed s
21 EDS e R LA 7T LAE Mo E AL R 5 A
(254 1 DU LF , W52 P9 38 1 3 06 B 2 R B0 2/ Bk
JE 0 F ek . RIS HEO, B T £ iR 2 B e/ HL
BEE BN, 2 HIO, FIRER e, B2 rF &
FEH 9.4 um FHIEINE] 13.3 pm (1.5 g/L), 24 HFO, ik
BN 3.0 g/L B BT 3R 15 I B2 P35 JEE B B K 17.2 pm.
ME T ATLVEH, 24 HEO, W% A 0~3.0 g/L B, &
FrE R T E 2 MR E, TIEHEERAE
7 FL I T ARTRT R) B A, RS B TE A I AL I B
HERFR AL BERT (R K, B A UTR R 28 1K, DR b i
J& B EE BTG 0. 24 HEO, WRFE i 3.0 g/L i, Ji
JZ KT 25 )5 BB RN 12.5 pm (4.5 g/L) . 24 HfO,
WL R 6.0 g/L i, 2V 5 R i, 9.9 um, Ji
JEABG G, B A E BRI AL, x5
2e IR Z RIS —. O. Al. Hf SCERABE
R AR, HE JCEEMEZE P& B8R B A6ty
5, REIHHEHES.

R1 FREHORETMAO EEFHMELESE
Table 1 Contents of main elements in MAO film with

different concentrations of HfO, (at%)

Concentrations of

HfO/g-L! 0 Al Ti Hf
0 60.5  27.01  12.49 -

1.5 5622 31.87  11.66  0.25

3.0 5471 3438 1036  0.55

4.5 5878 2864 1171 0.87

6.0 60.08 2698  11.67 127

2.3 WENELIRBEREHEEN

Kl 4a A E HEO, W FE I T AA AL I XRD K
W WA DLE R B p-ALOs. TiO, (Hi%k
WA A ALTIOs 2520 p. Ti HRAE 04 ) H P 2 R B
NREEAL I R TR 2, X LT IERE
R FAR =AW ERONEN LR, NaAlO, U5
FEAE ) A0, R AEKFRAE AL AL(OH)3, AL(OH); XAER
X FE SR = AR A I B o R R R R AR A R AR R B
ALOs. MR PRI HEO, J5, EAk i & T g ik
AEdf ALO; ZE A 5E K 9-ALOs, RIS E L T
7-ALO; AP, RGN R, S8 TR HE &
FORCREIE P R R R A R (AT 2x10* KA
10> MPa) 451, Ti-6A1-4V FEARLE =il S AR A A
F T A A IR S AR TG 8 TE AR I TiO,, B A
HERE R 2R 3R AT, T 7€ T AH TiO, 2E RIUR L 7= AR 1)
i R R UG O R A A BLER T Tio,. Wang
SRR, ALO; 7E R AL I A2 A Ja) 0 e i v B
455 TiO, ) M A4 B AL TiOs. £ XRD A& 45 HfO,
fEAE, ATREZ BT HIO, MK E R/, KT XRD il
PR . Bl 4b v HIO, W5 3.0 g/L I )= i HE Je &
(1] XPS ZrMr &5 i, FILLE B HE 4F 5 2 Mg, 455
Sy 90N 16.9 F118.3 eV, HE JG &K 7L Z H DL HFO, 2\
AAE . AR R RER A T a0 R R P,

40H —4e -0, T+2H,0 (1)
Ti—4e —>Ti" @)
Ti** +40H — TiO, +2H,0 3)
AlO; +2H,0 — Al(OH), + OH )
2A1(OH), - ALO, +H,0 ()
Al,0, +TiO, - Al TiO; (6)
HO, (particle) —™< 5 {0, (melt) —one o
HfO, (coating)

2.4 TOENEALIREHREE FAEAEE

ANTE] HEO, ¥ B B I S8 A 65 J2 P e 32 RTHH s
AU S o, IEE R S B8 5 HEO, ¥R (138 i 2
DL e T JE PR S, MRS FE R B PR S
[Fa%h, 24 HEO, W FE N 3.0 g/L I 37 ik 31 5t v 4635.4
MPa, HLREE N AR 1.295 um. JE 2 K60 5 E 2
JERE . RREBE IR R VIO . 45& 1 2 A 3 7T
LB, 24 HIO, WK <<3.0 g/L I, JE)Z 5 g it
I, KRS BEE AR . R, HO, BRI & 1 3
AR, BRI P AR P G T, {REE TR
ALTiOs. TiO, & AlLOs 2568 i AHA R, M2 E T 1
JEREE . /E HEO, IR E T 3.0 g/L i, HfO, BT ikE
i AR K E R R R T, BHAS T 7 A 2
R OB oL, 5 BB ZE 3R T R Y K
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Fig.3 Sectional morphologies and EDS elements line scanning along white arrow of the MAO film with different HfO, concentrations:

(a,al) 0 g/L, (b,bl) 1.5g/L, (c,cl)3.0g/L, (d,dl)4.5 g/L, and (e, el) 6.0 g/L

20/(°)

o— ALTIO; a HF 4f b
3.0 g/L L A '
Sgl
T5gL o
0g/L | A \
10 20 30 40 50 60 70 80 10 15 20 25

Binding Energy/eV

AN[E) HEO, W R MAO )2 1) XRD Eilk; HFO, ik Eh 3.0 ¢/L B i Z 7 Hf J6 & 1) XPS Kl

Fig.4 XRD patterns of MAO film with different concentrations of HfO, (a); XPS spectrum of Hf element in the film with HfO,

concentration of 3.0 g/L (b)
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Fig.5 Hardness and roughness of MAO film with different

concentrations of HfO,
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L S 28 T %

2.5 HfO, iR B XN & 10 BE /= i F S i e Y 2 1)
2.5.1 AF) HfO, KB T & 69 AL ) £,

Bl 6 AN [A] HEO, MR FE R I 2 1E 3.5% NaCl i
AR A il 28, Bl HEO, YR FE 138 N, 3R L2 1 65 okt
HL SO0 RN JE 3 i (R 2). RIS HIO,
2 9 8 et L 5 B N 7.29% 1078 A-em®,  JE ot LA
N-0.33 V, WRIEIEF] 3.0 g/L I E e I 55 o
/IN2.01x10° A-em™),  JE fh L A7 N B R (-0.169 V). H
WE AT WL, 0 HEO, A 525 fA i ok kB B 42 v o X TR
NN HEO, Ji i i A A L 2% 2R T 194 750 Hb, LR R~ 9k
AN, MR ERENE R, BUEMEIRS, A RANHIE R R
CUENBEZ, 30 7 M2 i el e
2.5.2 NF) HfO, JRJE T MR & 6 d 4k 3 FL A i

Bl 7 AN A HEO, MR FE R B2 1E 3.5% NaCl i
AL 22 BT . IR 7a AT 7b W DA RIS AL b
HGHPTIEZEAE K, B 7c Bode B & <l il fiik

0.4 —=— Substrate
—o—0g/L

0.2F ——15gL
—+—3.0g/L
0.0F —+—45gL
—<—6.0 g/L
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-0.2r
.04}
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Fig.6 Polarization curves of Ti-6Al-4V substrate and MAO film

with different HfO, concentrations

* 2 BEETE HfO, iRkE T RN E LB Z 4R 44 B ¢
MESH

Table 2  Fitted parameters of polarization curves of

Ti-6Al-4V substrate and MAO film with different

HfO, concentrations

Sample Ecorn/V Teom!/ % 10% A-em™
Substrate -0.510 4400
0g/L -0.330 7.29
1.5g/L -0.309 2.27
3.0 g/L -0.169 2.01
4.5 ¢/L -0.215 12.9
6.0 g/L -0.345 2.83

A AL R IR R LA TS R T = B, 3R IR
A AL R AR ER A S v AR TR R . B 7d ORIV AL
JEJZAE 2 APE, BT 2 ANEFEE BURRAE, XU
AL Z B XUE S50

Xof BEAY S B T 4 ] 8 S5 A B AT R LG
WAL RWE 3 P, EESCAET: RNERTIHE
BH, Ry FI C, 25l R4 2 LRI BRI HRE, R, Al C,
AR ECE E AT . BT IR SR R
PHAE R, IR T ZALE R M, XKL & it B
RREEIRTEZERZEE . & HO, W E 13,
MINENIEE ZLE S Z I BEE R A R, %
PR e 38 J5 98, IX 3R W LR sk M S 4R = S BRI . HEO,
A T HEZ S0, A HRE CIiR i F g
i, AR T ORA A E R o, HEO, WRIEN 3.0
/L B 58 J2 (1 T ol P B 47
2.53 F) HfO, iR T B & 69 iR 6 8 X B 45 R

Bl 9 AARE HIO, W il & 1) MAO JEETE &
5% NaCl [ 7 FHASEHBLI IR 900 16 il 56 5 1) XRD & it
SR AL S EE I T MgCOs. CaCO; fll/b &
MgCl, 1. E BRI Ca®. Mg 5 HCOY . CO%
AN 2 82 A2 i MgCOs. CaCO;5, i35 78 I J2 2% 1 I 3
NI RFL T CnE 10 frR ).

Bl 10 N ZLE 90 C & 5% NaCl F i F AR FURR
TS 30 d JE RIS . 75 RN HFO, f1 HO, ik
FEN 6.0 g/L i, REEEMEYIEMRA L A H
HfO, WA 3.0 g/L B, SRR T T B JE ol = 47 i
BB 5. KBRS, 0 M 6.0gL T
1) 2% R I 3R T H B T A0 B kBt 7% 3.0 /L R
JEZEREEON T, REBHZHBE. XA fEH
T Z R ML R R £, MgCO;. CaCOs; %57E
2RI ALK R, 5 BURZ 280 T8 LI 7E B
JIER TR &, Ik 7 R 2 8 i B 7%
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Fig.7 Nyquist plots (a, b) and Bode impedance plots (c, d) of Ti-6Al-4V substrate and MAO film with different HfO, concentrations

#3 EMAEARRE HIORETHEIMENKIREN EISHIESH
Table3 EISfitting parameters of Ti-6Al-4V substrate and MAO film with different HfO, concentrations

R/ Ro/x10*
Sample RJ/Q-cm®>  Cy/x10°Q 1 -em?s™ n ! ) Cy/x107°Q " - em™>-s™ 1 2 )
Q-cm Q-cm
Substrate 9.63 - - - 21.46 0.8276 0.03135
0g/L 29.64 1.031 0.5743 2159 7.554 0.9762 1.62
1.5 g/L 30.34 0.5725 0.607 2474 3.162 0.9863 1.82
3.0 g/L 34.97 0.8026 0.6076 5176 3.058 0.6755 9.17
4.5 g/L 2891 8.824 0.697 2611 4.624 0.4402 1.74
6.0 g/L 26.47 2.295 1 2035 1.945 1 1.25
. —AL, TiOs  #-Ti A-MgCO;  #-MgCl
NaCl solution || Rs vTio, | VAL, A—Cacoj 5 >
.
:§ 6.0 g/L ' l .
s (608 .
~ ° PAVACR S .
‘; “W«AMJ'C’«':NW .UN»J»%"NAJ 'dnwmmww‘ {w:wuf
=
Porous layer |I| R, - 2 [3.0gL
Compact layer || R - C L L L L L L
pact layer [| 2 T 10 20 30 40 50 60 70 80
26/(°)
Ti-6Al-4V alloy ; n N .
9 FANEALIEZ TS 5% NaCl [ B R 12 185 oh
J5 i) XRD it
8 ERUH KK Fig.9 XRD patterns of MAO films after immersion corrosion

Fig.8 Equivalent circuit diagram test in simulated oilfield solution contained 5% NaCl
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Fig.10 SEM morphologies of MAO film with different HfO, concentrations after immersion corrosion test in simulated oilfield solution (a-c)

and removal of corrosion products (al-cl): (a, al) 0 g/L, (b, b1) 3.0 g/L, and (c, cl) 6.0 g/L

3 & it

1) HOREAL L B HEO, W BE Se 18 hn ) P& AR, 7
3.0 g/L AL U R de v, AR T IO AR AL SR, A
JE R BESE N, DR O S R TR R A S I A S B S PR Y
[

2) Ti-6Al-4V Gl IR & AL IR = 1 3= 4L A N
y-ALO;. TiO,(BLEKH ) FI AL, TiOs, HfO, 524 Ja #E A\
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Effect of Adding HfO, on the Properties of Micro-arc Oxidation Film on
Titanium Alloy

Wang Xiangjie, Wang Ping, Liu Yi, Yang Biao, Wu Ting
(Southwest Petroleum University, Chengdu 610500, China)

Abstract: Ti-6Al-4V titanium alloy was treated with micro-arc oxidation (MAQO) by adding HfO, into the electrolyte. The effect of adding
HfO; on the characteristics of the MAO film on titanium alloy was studied by characterizing the surface and cross-section morphologies,
the composition of the film and the electrochemical behavior, and measuring the thickness, hardness, roughness and other parameters of the
film. The results show that after adding HfO,, the main components of the MAO film are AL,TiOs, TiO, and y-Al,Os. The appropriate
concentration of HfO, can promote the film-forming reaction, improve the microstructure of the MAO film, improve the thickness and
hardness of the film and reduce the surface roughness. The MAO film sample has a double-layer structure, and the corrosion resistance of
the film sample is better than that of the original substrate. When the concentration of HfO, is 3.0 g/L, the comprehensive performance of
the MAO film is the best.

Key words: titanium alloy; micro-arc oxidation; HfO,; corrosion resistance
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