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Table 1 Table of factors and levels

Factors
Levels Pulse Duty Processing
Voljage frequency/Hz cycle/% time/min
1 420 800 12 20
2 460 1000 16 16
3 500 1200 20 12
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Table 2 Orthogonal table header design
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Table 4 Experimental results and analysis

Column No. 1 2 3 4

Factors A B C D
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W R 5 AR SRR T SRR YR, DL v
AN EHHE . K ZEISS Sigma 300 447 K& 5434 i 5
MR AL 2 2R 1 5 A O T30, TR A s
#% B [ RE 3 A% (EDS) T B R E 2 B . R A
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B X BHERRTHAC TR A AR . ST
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Table 3 Experimental protocol and results

Indicators A B C D
ki -1.517  -1.530  -1.385  -1.557
k> -1.431 -1.555 -1.545  -1.443
ks -1.566 -1428  -1.584 -1.514
Econ/V R 0.135 0.127 0.199 0.114
Sequence C>A>B>D
e ABCiD;
ki 2.05E- 2.36E- 1.15E-  2.59E-
04 04 04 04
k> 1.90E-  2.69E- 246E- 2.10E-
04 04 04 04
ks 2.78E-  1.68E-  3.13E-  2.04E-
Jeon/A-em™ 04 04 04 04
R 8.76E- 1.01E- 1.98E-  5.54E-
05 04 04 05
Sequence C>B>A>D
e AzB;CiD;
ki 3.20E+ 293E+ 1.67E+ 2.01E+
02 02 03 02
k> 1.54E+ 191E+ 2.07E+ 1.52E+
03 02 02 03
ks 1.80E+ 1.55E+ 1.61E+ 3.12E+
R,/Q-cn’ 02 03 02 02
R 1.36E+ 1.36E+ 1.51E+ 1.32E+
03 03 03 03
Sequence C>B>A>D
hiheme AsBsC\D;

Test 2

No A B C D Euw/V  Jow/Acm R,/Q-cm’
w1 1 1 1 -1432 8.63E-05 5.58E+02
24 1 2 3 2 -1.585 3.24E-04 1.59E+02
3% 01 3 2 3 -1533 2.05E-04 2.44E+02
4 2 1 3 3  -1588 3.25E-04 1.54E+02
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Table 5 Supplementary test protocols for corrosion resistance
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Table 6 Experimental results of the supplementary scheme

Test No. Eeornl V Joor/ A-cm” RyQ-cm’
ot -1.173 1.04E-05 4.25E+03
I -1.021 1.59E-06 2.97E+04
i} -1.355 2.78E-05 1.55E+03
v -0.791 4.27E-08 8.46E+05
\% -0.993 8.51E-07 5.72E+04

Test No. Pulse Dut Processin;
VA frequency/Hz cycle%/o time/ ming

I 460 1200 10 16

I 460 1400 10 16
11T 460 1600 10 16
v 460 1400 12 16
A% 460 1600 12 16
VI 460 1800 12 16
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Fig.2 Kinetic potential polarization curves of the supplementary

scheme
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Fig.3 Surface and cross-sectional morphology of coatings with
different corrosion resistance: (a)-(a') No. IV specimen; (b)-(b")

No. V specimen; (c)-(c') Specimen No. 2; (d)-(d') Specimen No.
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Table 7 Comparison of coating thickness
Test No. vV \Y 2# 4#
Coating

thickness /um 4.64 3.64 7.16 11.40
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Fig.4 Relationship between coating thickness and corrosion resistance
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Table 8 Comparison of surface element content of coating

layers with different corrosion resistance(at%)

Test No. Ti Al 0} F K \Y

v 34.12 24.80 39.87 0.21 0.06 0.94
4# 25.27 33.91 39.70 0.28 0.11 0.74
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Fig.5 Comparison of cross-sectional element content of coating layers

with different corrosion resistance: (a) No. IV specimen; (b)

Specimen No. 4
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Fig.6 XRD patterns of coatings with different corrosion resistance
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Bl 8 DRI R (£ o) A TR KA By ) FELTSE D 428
TRl MRS HRRBIEAR R R AR I A RO
JECHE RTS8 SCA) Ton, AR IS (8] 5E SUH Togr FELRIIE (4
FHAHFEAR T, RS fugr fiow ERDIKMEIIT)
Z PRSI IR 1] (T o) KR A SRR [B](Tog) 249 SE G, 111 51
A2 8] A R PR SRR 2D, PRI A Ton AT T A o i
SEAF A T 22 WA T 0 HL ol X IR P28 1] 5
K, FACIERIETE 2, XEER S RS I
VRN SE L SIOEIE [ A8 R A LA LR R, B0
JET A PRI o fign 25 AF T SEAE ) Ton SRR E RS LALARIR D,
HI TRV B A S I R 2 eSS RO AL B, BITDASR.
Az 18] P4 58 22 BRSO B R S ST R S s, T ki
.

9 Jyimy o5 4% FE(Dpign) MU 15 4% HE(D oy ) LR H ST
N s ERERKASA AR RIRTIE T, A5 Digws Dhign
FE AN I(T) 2 PRSI RN TR)(To,) SEAG, TR S
VR (BT o) SR, P E AN T P 18 e T R R AT 25 o
A ) T o FH S KL TS5 SE AL ALAT G R, BURE FEFEAIR,
R PR R T 2Z P SEAH T, 158 RS H D)3
Him, BREFELA TO, KA ALTIOs HIREREEZ Tt
e, T — PR

(i Tose ﬁligh

t

P 8 vt 2 EEAH R IE AN [ Jh e 2 1) s 52 14
Fig.8 Schematic diagram of differeunt pulse frequencies with the

same duty cycle

T
Ty Toff» Dhigh

| ]

T
(a T0n4+7 Tnff" Dlow

P9 ki AR AR RN AN ) o 23 B AR s S

Fig.9 Schematic diagram of different duty cycles at the same pulse
frequency

Bt AL ZELIN ] AT SE RIS SR RE A, 4
GEigng, APRA K B IUCEE R B
HHFERER ARG, B IRER e s Rl Y e 4
SR i R B TE RO T A G 2 HIRR AL, AT
BB RERIVLRIER, MEMALALEE DR,
JE SR FEANR PR 2 T B[] E B PR A FRIT TR s Fi i
X ES TE %, RIZHE&LhA TO, LBl REARm
ALTiOs bBiIsgn, B ik B,
2.5 EIFMEEYTIHIE

AR SRR R IR A2 06 B T RE 6 I A D ik B
R 2 S th 2R R, JREE T Z o iniEE s
SR P DR 2 R B OB AL T 58 AEIESRA 3T
D RRAIA MR R SRR AT, MY
REAS CRUEIRIG VOIS B, I REIE ST AT S A AR Y,
DAY RE A8 0 1o 8 4 P 2 I T R 22 i el e P 2 R P o



2 ox #

Tt BBHOHE TC4 SOREAL BRI AL it 7L ‘X

ARE SEIGHAR AT AR, VP FRAL A A ) = TG
EARPRE S EIRER B A —B, N T T REIE
(FEST, ASHITFUIE T 8 T PR 25 B O ME— T HE AR, AL
M7 2 TR [ 77 FE(10)

y=a+bx +bx, +bx, +b,x, (10)

TR BAR RO HE(x))s BRI (x) o 2 E(xs)-
ALFRI E)(x) o A IEAS SEERAIRN 78 S50 13 2 BN
X10) A3 BIRT R R SAE 95, R AR ZE T
F(SSe) M-

S8, =Y (% =5) (11)

WA /N R E M BEA R B, BUE SSe 1A FIR/ME,
T L% 2 LA T 26

5(s5.)
aa o,

A 31 (13) IE AL 7 FE 4L
13a+b, > 3, +0,5 7 2, 40,3 x, 46,3 1, ="y,

DIERT Y IRALY LT HIE LRI D IELID P B
AT DI T AR ST SR AT S S
DIEIET DI EIET D PRI D INEELDINEEIED Juse Y
Ay Ty 0 Y By 0, 2 ke b Y Bk B ¥ = X X,

(13)
fiff5: a=-3.015x10", b,=9.113x107, b,=-1.958x107,
b3=2.566x107, b;=-6.946x10°

R E I 5 F2 N
y=-3.015x10" +9.113x107" x, —1.958x10 7" x,
+2.566x107x; —6.946x10°x,

RAEALEE TR,y NIRRT, X),X0,Xs0Xs N
FL 2B, R ol PR N DU JB ) ) ol P R o DAL
TEARIERZ e R AT EE T, 7E SR TE Bl N ik
EX X1,X2,X3,X4s ﬂ LMZ%?EIH: IEI Uﬂﬁ*%XﬂLigﬁH/‘] é%%gﬂﬁrg/ﬂﬂ
HIREE y BT TR AL -

RIEAAE RBUG L0, B R A R H R R K%
[l )75 FE o B AR & KR 2 AR OGP, o AR
N

6(SSE)=o,j:1,2,3,4 (12)

(14)

2 =70 -7)
WGP G-y

THEAF: R=0.952. %45 72 1) . 47K F 0=0.01,
HAR AN m=4, S n=13 I, B EHCRHR
FRII AR 2 AT A1 Rin=0.882. THH45H EIR, R>Rums
TEB T ASCAT R R A R R R y 54N BB E X
Xov X3 Ml xq ZIAMFAEBEVIRIM R R R o Ml T FEE
T AR S B AN TC4 TR 2 (1 Ak 2
i P SR T AT SRR

3 %ig

R=

J=12....,13  (15)

1) BSHO TCA RNz FL Ak S

AR 3 NG oL ) O/ Pt ol = AN 1L TR SN

F S AT AR PRI 18] o fimy IS o 2 AT AR AR kv 43

HL IR AL PRI [a) AT AR 2 AL FLAR B R 3t g K

BUEE FEANT R 25 AR AE DA RBE 2 i ok 1 10

g, R RSO R TR EINEE S

BUE Bt LU v J 2 i o
2) 8 o 2 b BB ik b B AT A AN Bk o

J(TYRITE LI 8] (Ton) K, LIRS HH Zh R T

T e L P LA 8 O R i L D SR B 2 M, T

AL BRI ) ] L BEXT R D, X el AR

FHUEZEH ALTIOs & BRI TiO, & &k,

R J2 T e P P A1
3) AR S A 77 R A A R R BUE KL

FIER, ZTT AR RE R KT B #EMKF 0=0.01

I R Il SB35 R R A N AR R T A

AEVIRAR RN I 57 S HOC T IR R i pd

F4 6] U517 8 T ST BT R 2 0T T ik ) 0 A

.

SEIHK  References

[1] Ganggiang Li,Fengcang Ma, Ping Liu et al.Journal of Alloys and
Compounds[J], 2023,948:169773

[2] Sheng Zhong,Guogiang Li,Shufang Zhang et al. Materials
Chemistry and Physics[J], 2022,282:125923

[3] Guoqiang Li,Yaping Wang,Liping Qiao et al.Surface & Coatings
Technology[J],2019,375:74

[4] Peng Zhang,Lei Shan,Xiaolei Su et al. Tribology International[J],
2021, 156:106832

[5] JiPengfei,Kai Lu,Chen Weidong et al.Rare Metal Materials and
Engineering[J],2023,52(05):1583

[6] Wang Xiangjie (F757#%),Wang Ping (F°F),Liu Yi (XI3%) et al.
Rare Metal Materials and Engineering(}H & J&# %l 5 1
#£)[7],2023,52(10):3452

[7] Xinxin Zhang,Tong Zhang,You Lv et al. Applied Surface
Science[J],2021,569:150923

[8] Ekaterina A.Pecherskaya,Pavel E.Golubkov,Dmitriy
V.Artamonov et al.IEEE Transactions on Plasma Science[J],
2021,49(9):2613

[9] Weibing Dai,Ce Zhang,Ziyi Wang et al.Surface & Coatings
Technology[J], 2021, 420:127328

[10] Wang Sheng (F/%),Ma Ying (5#1),Song Chengdi (ARAKEH) et
al. Rare Metal Materials and Engineering(Fif 4 JE# k51T
£)[7]1,2020,49(06):1970

[11] Lingyun AN (%% %), Ying MA (% $), Xiaoxu YAN (B /1)

et al.Transactions of Nonferrous Metals Society of


https://www.sciencedirect.com/science/article/pii/S0925838823010769
https://www.sciencedirect.com/science/article/pii/S0925838823010769
https://www.sciencedirect.com/science/article/pii/S0254058422002292
https://www.sciencedirect.com/science/article/pii/S0254058422002292
https://www.sciencedirect.com/science/article/pii/S0257897219307182
https://www.sciencedirect.com/science/article/pii/S0257897219307182
https://www.sciencedirect.com/science/article/pii/S0301679X20306575
http://www.rmme.ac.cn/rmme/article/abstract/E20230002?st=search
http://www.rmme.ac.cn/rmme/article/abstract/E20230002?st=search
http://www.rmme.ac.cn/rmme/article/abstract/20230065?st=search
http://www.rmme.ac.cn/rmme/article/abstract/20230065?st=search
https://www.sciencedirect.com/science/article/pii/S0169433221019905
https://www.sciencedirect.com/science/article/pii/S0169433221019905
https://xplorestaging.ieee.org/document/9470784
https://www.sciencedirect.com/science/article/pii/S0257897221005028
https://www.sciencedirect.com/science/article/pii/S0257897221005028
http://www.rmme.ac.cn/rmme/article/abstract/20190992?st=search
http://www.rmme.ac.cn/rmme/article/abstract/20190992?st=search
http://tnmsc.csu.edu.cn/paper/paperView.aspx?id=paper_321015

cx- Wit @A RS TR

Fx B

China[J],2020,30(04):883

[12] Wang Zhanying (F /57&),Ma Ying (5 #1),An Shoujing (% <7 i)

et al. Rare Metal Materials and Engineering(}if & J&# k1 5 1
)[71,2022,51(08):3057

[13] Wang Zhanying (F /&), Ma Ying (& 31),Liang Zhilong (% &
J%) et al. Transactions of Nonferrous Metals Society of China(
I (.48 2 4R)[7],2023,33(02):549

[14] Zehui Yang (#7% £),Nan Wang (ZE4#), Yongnan Chen (47K /%)
et al. Rare Metal Materials and Engineering(#i & €)@ #1 k-5 1T
T)[71,2020,49(09):3195

[15] Hongda Zhu,Xuetian Li,Xiurong Guan et al.Metals and Materials
International[J],2021,27:3975

[16] X.W. Chen,M.L.Li,D.F.Zhang et al.Surface & Coatings
Technology[J],2022,433:128127

[17] SHAO Yufei (ff & k). Preparation and properties of TC4
titanium ally micro-arc oxidation composite film(TC4 £k %5 47
IR G 2 1 2% K 1 e 95)[D],2022

[18] Sun Changfei (#h &),Li Gengtian (25 X),Ma Chunsheng

(%74 . Lubrication Engineering(iE¥# 5 %
$)[7],2021,46(05):75

[19] Yuan Teng,Wan Xia Tang,Er Xin Ni et al. Key Engineering
Materials[J],2016,3800(697):617

[20] WU Yunfeng (% %), YANG Gang (#%4),PEI Chong (3552) et
al.Hot Working Technology(# il T. T.2)[J],2014,43(16):148

[21] MENG Qing guo (7 J< [E),WU Han hua (57X #£),LONG Bei yu
(AL =E) et al.Journal of Jilin University(Science Edition)(# #&
K EE AR (B 24AR)) [J],2007, 45(06):1011

[22] Alexander Sobolev,Alexey Kossenko,Konstantin
Borodianskiy.Materials[J],2019,12(23):3983

[23] Cui Lianhe (££1£%),Zhou Qi (J&5),Luo Rui (¥ #i).Light
Metals($2 4:J&) [7],2014,(11):50

[24] Yuke Chen,Pengfei Zhou,Meini Yuan.Journal of Physics:
Conference Series[J],2023,2419(1):12025

[25] Yan Jikang (/™4k)f),Tang Wanxia (JH%iES),Ni Erxin ({7/R35%)
et al.Heat Treatment of Metals(4:J& #\ Ak #) [11,2015,40(10):86

Study of Electric Parameters to regulate Corrosion Resistance of MAQO Coating on TC4

WANG Sheng'?, ZHANG Ya-li', LIU Hao-ming', LIU Yu-chang', WANG Hao-xu', MA Ying'?, LI Yuan-dong'
(1. School of Materials Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China)
(2. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology, Lanzhou 730050,
China)

Abstract: This paper investigates the effects of voltage, pulse frequency, duty cycle and processing time on the corrosion resistance of micro-arc
oxidised TC4 titanium alloy coatings using polar analysis of variance (ANOVA), with a subsequent objective of exploring the significance
relationship and the optimum combination of the factor levels of the electrical parameters. Concurrently, an investigation was conducted into the
mechanisms through which electrical parameters influence the corrosion resistance of the film layer, with a particular focus on its morphology and
physical composition. A regression equation is established to facilitate regulation of the corrosion resistance properties of micro-arc oxidized films
through manipulation of electrical parameters. The findings indicate that the duty cycle exerts the most significant influence on the electrochemical
corrosion resistance of the membrane layer, the next most influential factors are pulse frequency and voltage, processing time was observed to have
a comparatively lesser effect. The duty cycle and pulse frequency influence both structure and performance characteristics of the film layer by
altering arc ignition discharge duration as well as arc quenching cooling times. An increase in voltage, duty cycle, processing time, or a decrease in
pulse frequency can result in an enhanced power output from the power supply, this leads to an increase in film thickness along with larger pore
sizes within microporous structures while reducing densification. Additionally, it promotes more efficient generation of Al,TiOs within the film
layer, however, this ultimately results in diminished electrochemical corrosion resistance. The results of the correlation coefficient testing
demonstrate a strong relationship between the dependent and independent variables within the established regression equation. This finding
provides theoretical support for predicting methods aimed at regulating performance characteristics in titanium alloy micro-arc oxidation films.

Key words: TC4 titanium alloy; micro-arc oxidation; electrical parameters; corrosion resistance; regression analysis
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