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Growth Process and Corrosion Resistance of Micro-Arc Oxide Coatings on
Magnesium Alloy in Different Electrolytes

LIU Sigin'?, OI Yuming"?*, PENG Zhenjun', LIANG Jun'?
(1. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences, Lanzhou 730000, China; 2. Center of Materials Science and Optoelectronics Engineering, University of
Chinese Academy of Sciences, Beijing 100049, China)

Abstract: The growth processes (i.e., growth rate, inward/outward growth and compositions) of micro-arc oxidation coatings formed
on AZ31 Mg alloys in different electrolytes (i.e., aluminate, silicate and phosphate, respectively) were investigated. The surface and
cross-sectional morphologies with elemental distribution and the cross sections of the micro-arc oxidation coatings were characterized
by scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS). The phase compositions of three
micro-arc oxidation coatings with different coating thickness were determined by X-ray diffraction (XRD). The corrosion resistances
of the micro-arc oxidation coatings were evaluated by electrochemical measurements and hydrogen evolution test. The growth
processes in different electrolytes indicate the reasons for different anti-corrosion performances of the micro-arc oxidation coatings.
The results show that the growth of micro-arc oxidation coating in aluminate is mainly due to the anionic compound deposition, and
the coating grows outward, and the growth of the micro-arc oxidation coatings in silicate and phosphate is mainly due to the oxidation
of the substrate, leading to the coating to grow inward. It is indicated that the growth processes of micro-arc oxidation coatings with
15 um thickness in different electrolytes result in that different corrosion resistances (i.e., AZ31-Si> AZ31-P>> AZ31-Al).
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KA AZ31B B & AE N a4 Ak 22 i 2
M, HW¥Ha(RESH, %) Al2.5~35,
Mn:0.2~1.0 , Zn:0.6~1.4 , Ca:0.04 , Si:0.05,
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Table 1 Composition of the electrolytes and their electrical
parameters respectively

Sample No.  Composition /(mol-L™") Anode current density J(A-dm™)
AZ31-Al NaAlO, 0.2 6.0
AZ31-Si Na,Si05-9H,0 0.04 4.0
AZ31-P Na;PO4-12H,0 0.04 4.0
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Fig. 1 Anodic voltage transient curves of the MAO processes
carried out in different electrolytes
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Fig. 2 Variation of thickness with the processing time for
different MAO coatings
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Fig. 3 Surface morphologies of the MAO coatings on Mg alloy prepared in aluminate, silicate and phosphate electrolytes
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Table 2 Mole fraction of elements in different MAO
coatings on Mg alloy
Mole fraction/%

Sample No.

Mg Al Si P
AZ31-Al 354 29.8 34.7
AZ31-Si 343 38.8 26.8
AZ31-P 40.8 38.5 20.5
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Fig. 4 Cross-sectional morphologies and element distribution of the MAO coatings on Mg alloy prepared in aluminate, silicate and

phosphate electrolytes
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Fig.5 XRD patterns for the AZ31-Al, AZ31-Si and AZ31-P MAO coatings with different coating thickness
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Fig. 6 Comparison between the cross-sections of the original Mg alloy surfaces and the MAO coating prepared in aluminate, silicate

and phosphate electrolytes
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(0 8 o e 57 08 o L 37 2% 55 F) B A T DA HY
TERERR £5 A IR 25 Hh i) 46 R SIS AL AR LG T 7R 55
F% 6 Pk 25 AT AZ31 BE B4 BE 1)
et B35 47 14 B
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Fig. 7 Potentiodynamic polarization curves of the AZ31 Mg
alloy, AZ31-Al, AZ31-Si, and AZ31-P samples

F+3 AZ31 $E%. AZ31-Al, AZ31-Si F1 AZ31-P £ 3.5 %
NaCl ARSI Th R IR LRI A AR
Table 3 Fitting results of potentiodynamic polarization
tests of the AZ31 Mg alloy, AZ31-Al, AZ31-Si,
and AZ31-P samples

Sample No.  Eeon(vs. AgCY/ V' jeor/(A-cm™?) R/(Q-em®)
AZ31 —1.482 9.45x107° 972.5
AZ31-Al —1.471 1.37x107° 5118.3
AZ31-Si ~1.262 4.13x10°* 1.18x10°
AZ31-P ~1.280 2.55x1077 3.38x10°
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Fig. 8 Electrochemical impedance spectroscopy Nyquist plot and Bode plot of AZ31 Mg alloy AZ31-Al, AZ31-Si, and AZ31-P

samples in 3.5 % NacCl solution
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Fig. 9 Equivalent circuit for EIS fitting data of AZ31 Mg alloy, AZ31-Al, AZ31-Si and AZ31-P samples
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Table 4 EIS fitting results for AZ31 Mg alloy AZ31-Al, AZ31-Si, and AZ31-P samples in 3.5 % NaCl solution

,.  CPEc-Tx10"/ ) ) CPE,-Tx10"/ ) )
Samples No. ~ R/(Q-cm?) R CPEc-P R/(Qem’)  R/(Q-em’) O CPEy-P  R/Qcem®) LAH-em®)
(Q -em ") (Q -cm ~s")
AZ31 37.19 786 101.1 0.952 151.4 359.2
AZ31-Al 25.75 6.400 0.740 5076 1857 153.1 0.952 910.8 493.6
AZ31-Si 23.92 1.729 0.766 55629 76 800 8.953 0.897
AZ31-P 111.5 2.656 0.748 23 370 13200 11.08 1.087

B 10 FE 11 53Rl hEEE &3 . AZ31-Al
AZ31-Si Al AZ31-P 4 FIHRFEAEIEIR 25 C&MF TR
YAE 3.5 % NaCl ¥ P AS B[] R b &SRR

PABCTE TS ARG EE & < R L EEL, A i S
PRI 8 W R P it 7 el A 221 ] 10 7T
DA, ERIEM RS, T AR
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Fig. 10 Hydrogen evolution data for AZ31 Mg alloy, AZ31-Al,
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FRAE 3 Tl LA H o) % B4 T I A e JBE ) 6 i A
B S DA K 3 I J2 1 AR AR A mT DA I g e B
FrrEpezE SR R . X T AZ31-AL BEZ SR,
AR EMEFPMNAEKRTZTEDHE T ED
Ao ANE, SFHHBEZ UMK NE, X
A Ky IR E N AR B, T2 B0
PEELZE , BRI HAE S B/ B o CIIZIE RN G &
SRR ZE, BTl AZ31-Al7E 3 FifE s
MIm i E i ZE s xS T AZ31-Si fl AZ31-P ki,
X 2 P A A KAR R — 8 7ok B T 544 5 5
1, FEUZRAEK S T EEMAL, JCHZX
T AZ31-Si BJZ R 2 FE L N A K AT, f
FRIX PP B BCEE ETE A, 2 P 0 P S0 o A R
F/b, BrLAIX 2 PSR J A ot A mT DAEE A Rt
PHIE CIHR A& e 5k, IS4 (ORI B & 5 2
PR ST

3 4

X AZ31 BEEAE 3 MR (NaAlO,, NaySiOs,
Na;POq) i & T AT AL AL, AR T 3 Mdafi
WA F AP ORI I A KO R R IR A K T %
AT RAMZERI AL AR, I ASTR] AR LA &
AL AR KO R AR Z R A B, R T AN
SEAIREAE A [ B BT (~15 wm) T RS A4 1 J63 b 575 9 2%
RIX Ao EAFEZE(~15 pm) F 3 FlRE & I
PESR G54 IR AZ31-Si>AZ31-P>>AZ31-Al. X} T
AZ31-Al JRJZRUl, HARMRRRER MR e E
UL B T S P(AIO IR E, SEILEEE
ANV, X R AR KRR 2 N R 2
BB, BRZMBUEEEE, IR B DA 5t Aot
Cl BIERNESSEREN R %=, bl
AZ31-Al 1E 3 Pt s (i phovE B 22 . T T
AZ31-Si 1 AZ31-P I )JZR G, X 2 Bl JZ A
IRR—H ok BT RPN, SO A AEKES
ST EEHAL, JCHGEN T AZ31-Si IRE SR ULE
e EELAR N AR 32, AT PR = 1) BUR I S A
JIEE 2 SRR R 2, BT DA 2 P 2 7 S8 ol A Jo
A LA AR I CTRNEE G Sk, BEAF ORI EE
B G HERAYE

SE R

(1] E#cE, S, RE, % BEEP R RS RIR AR K
JETT M) RTMHAR, 2008(5): 71-74.
WANG Jingfeng, QI Bin, WU Xia, et al. Surf Technol (in Chinese),
2008(5): 71-74.



249 B 6 W

X BBy S

A [5) FRARR T B 15 < VR A IR A A P B il By 47 4 .

1221 -

(2]

B3]

(4]

(3]

(6]

(7

(8]

(9]

[10]

(1]

BARCHICHE C E, VEYS-RENAUX D, ROCCA E. A better
understanding of PEO on Mg alloys by using a simple galvanostatic
electrical regime in a KOH-KF-Na;PO, electrolyte [J]. Surf Coat
Technol, 2011, 205(17): 4243-4248.

DARBAND G, ALIOFKHAZRAEI M, HAMGHALAM P, et al.
Plasma electrolytic oxidation of magnesium and its alloys: Mechanism,
properties and applications [J]. J Magnes Alloy, 2017, 5(1): 74-132.
DAROONPARVAR M, MA M Y, GUPTA R K, et al. Antibacterial
activities and corrosion behavior of novel PEO/nanostructured ZrO2
coating on Mg alloy [J]. T Nonferr Metal Soc, 2018, 28(8): 1571-1581.
ZHU Y, GAO W, HUANG H, et al. Investigation of corrosion
resistance and formation mechanism of calcium-containing coatings on
AZ31B magnesium alloy [J]. Appl Surf Sci, 2019, 487:581-592.

MRz, ERaR, HEEM, 5. G -SmalE st Aok 0] R
iR, 2019, 48(07): 49-60.

CHEN Hong, WANG Chengcheng, KANG Yabin, et al.
Technol(in Chinese), 2019, 48(07): 49—60.

RIRAR, Sl HR%, & ORRIR R B SRR R A5
FVERERIEN [J]. RERR #h2#4R, 2015, 43(12): 1731-1736.

WU Zhendong, LI Chaonan, XIA Qixing, et al. J Chin Ceram Soc,
2015, 43(12): 1731-1736.

BHERS, XITHE, S0, 55 ARRIA RN AZ91D Baa Sl
LB R (3], #INTILZ, 2019, 48(10): 145-147.

LI Xiongwei, LIU Wanhui, BAO Ailian, et al. Hot Working Techol (in
Chinese), 2019, 48(10): 145-147.

GHASEMI A, RAJA V S, BLAWERT C, et al. The role of anions in
the formation and corrosion resistance of the plasma electrolytic
Surf Coat Technol, 2010, 204(9/10):

Surf

oxidation coatings [J].
1469-1478.

LI Q, YANG W, LIU C, et al. Correlations between the growth
mechanism and properties of micro-arc oxidation coatings on titanium
alloy: Effects Surf Coat Technol, 2017,
316:162-170.

ONO S, MORONUKI S, MORI Y, et al. Effect of electrolyte

concentration on the structure and corrosion resistance of anodic films

of electrolytes [J].

[12]

[13]

[14]

[15]

[16]

(17

(18]

[19]

[20]

[21]

formed on magnesium through plasma electrolytic oxidation [J].
Electrochim Acta, 2017, 240:415-423.

VEYS-RENAUXD D, ROCCA E, HENRION G. Micro-arc oxidation
of AZ91 Mg alloy: An in-situ electrochemical study [J]. Electrochem
Commun, 2013, 31:42-45.

WANG L, CHEN L, YAN Z, et al. Optical emission spectroscopy
studies of discharge mechanism and plasma characteristics during
plasma electrolytic oxidation of magnesium in different electrolytes [J].
Surf Coat Technol, 2010, 205(6): 1651-1658.

DUAN H, YAN C, WANG F. Growth process of plasma electrolytic
oxidation films formed on magnesium alloy AZ91D in silicate solution
[J]. Electrochim. Acta, 2007, 52(15): 5002—5009.

ARRABAL R, MATYKINA E, HASHIMOTO T, et al
Characterization of AC PEO coatings on magnesium alloys [J]. Surf
Coat Technol, 2009, 203(16): 2207-2220.

PAK S N, YAO Z, JU K S, et al. Effect of organic additives on
structure and corrosion resistance of MAO coating [J]. Vacuum, 2018,
151:8-14.

ISHIZAKI T, SATOSHI CHIBA S, WATANABE K, et al. Corrosion
resistance of Mg—Al layered double hydroxide container-containing
magnesium hydroxide films formed directly on magnesium alloy by
chemical-free steam coating [J]. J Mater Chem A, 2013, 1 (31):
8968-8977.

XIE Z H, LI D, SKEETE Z, et al. Nanocontainer-enhanced self-healing
for corrosion-resistant Ni coating on Mg alloy [J]. ACS Appl Mater
Interfaces, 2017, 9(41): 36247-36260.

LI Z, YANG W, YU Q, et al. New method for the corrosion resistance
of AZ31 Mg alloy with a porous micro-arc oxidation membrane as an
ionic corrosion inhibitor container [J]. Langmuir, 2019, 35(5):
1134-1145.

SHANG W, HE C, WEN Y, et al. Performance evaluation of
triethanolamine as corrosion inhibitor for magnesium alloy in 3.5 wt%
NaCl solution [J]. RSC Adv, 2016, 6(115): 113967—-113980.

SHI Z M. Atrens A. An innovative specimen configuration for the
study of Mg corrosion [J]. Corros Sci, 2011, 53:226-246.



