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ABSTRACT: The work aims to improve the corrosion resistance of aluminum alloys on ships. The 6061 aluminium alloy was
subject to micro-arc oxidation treatment with a bipolar pulsed power supply and was sealed with epoxy resin. The surface mor-
phology, cross-section morphology, physical phase composition, and corrosion resistance of the resulting film layer were tested
through electrochemical testing, SEM observation, EDS, immersion corrosion experiments, and galvanic coupling corrosion
tests. The micro-arc oxidation film prepared on the 6061 aluminium alloy had a thickness of approximately 40 um, and it was
both dense and uniform. After a 240-hour immersion experiment, the corrosion resistance of the material remained strong. The

coupling current density of 316L stainless steel decreased from approximately 47 pA/cm? to about 20 pA/cm?, and the corrosion
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resistance of 6061 aluminium alloy was significantly improved. No obvious corrosion was found after hole sealing treatment
followed by the 240-hour immersion and the electric coupling current decreased to 11 pA/cm’. The corrosion resistance of the
6061 aluminium alloy can be effectively improved through micro-arc oxidation treatment which also has good inhibition effect
on galvanic corrosion. Additionally, the corrosion resistance of the aluminium alloy can be further improved through hole seal-
ing treatment.

KEY WORDS: aluminium alloy; micro-arc oxidation; hole sealing; electrochemistry; galvanic corrosion; corrosion process

Bt Tl A & 2, 45 Fh TRE 2% 2 Az 2 T HIT 4R
Rl . IRAEFERL S . SRA SN EA BN,
SR N TR RAFAEE A, BT N H TR
Tk R AR dlED Y A dLE T, A A
FIFSCEU AR R b, FRIRRERE. (H)2, B4
R, B2, R A SR A B A AR AR BT —
FE WS IR B RE T, (EAE S 40T T PR T
BEWEIR S A S bl o RS A 0 AT B it B 4k
it AN [ R ) D RE R SR 1 = e 2ok, (AT
TR A B A A RS B, (AR A 48 T Ao
BAIK, FF HUR B O S A & A R AR B e A S
KA, CE WS N R, AR A
R U1 R, T RO R A e T ek v A
L, FEAR LA AR TP I o

MAA L (MAO) J&2—F il R AR ALHE A
LS. B KRS E R A AN — 2 A e
YR, IR A A Y B T LA B S 2 T & )R it
g ot e S T8 BT SR A B AR A K R v
2 DRI KA 3R = A 2 0 6 e 1 9 T DA Ao 3
BOEREE B AR, M S BURZ 8. Hik, BfLEE
RA T SO AR P i — o b B2 ) S A B T 2102 B
AERANE L SE T AR BEFL T 26 2A12 SR B4 2R
BE . OMURS BN R e, SR, kb B AL
G, 2A12 A A M2 BRURE BE RS, m kT
Yang 25 ] MAO HiRTE 5153 e Rmbl & T
Mg 2, T B Ak 2 AT il i 7 B S
%, M THEASRmAAEAE S AENMEE
. AU ROES 225, 5REW, MOKEL

WFRE , R A AR b BRE TE o Liu S804 i S 5 1
A H i S A B TR 7075 BG4 b T T A AL Ab 3
A RH DT H 5 e 21 4 34 98 52 A AR R[]0 F B i)
L A Il m) AL, BR UL Z AN, TERR G A R W DR LR Il
FAh S B R A A B P RE T — P A A it . AL
AN PNE T AA6063 #3440 TR Al R 5 2
AWER AT T R AP, 8 A2
DR S MR K 0, 2 0] LA s il 48 5 4
MY R, RERS TEA SIS R
PPt 1. HETESE T AE 32 2 AE T oM & Ak B i
B UL B o 2 HEAT T b e SR, I R 6 L b 2 2k
I RRVEATVEANUARA o SR 20 BT AT A AR Ak B 1Y)
7 4 D B R A bt A, AT DA kR A TS R —
SEMNS T o

KT, AL 6061 FE4 MRS, Wik
K & B RO Bl R, £ — g AL
INAEAR I, A PR S B X He R A7 B LA B 3 H
fe2F . RIS AT 6061 A A AL
TR 2 BT T REAEA T PR, S I T R AT AUE S
2, HARBOE AORE phoad BR R T T U

1 e

REH &

SARF B R 6061-T6 fR A4, HEFE M WK 1.
FEERGT A 50 mm>x30 mmx1 mm, #F & T smeh 1L,
i ] SiC WhARFTBE 2 1200%KE1% , % 1H KRS #E17 1%
AL

1.1

®1 6061 EBEENEELRSE (RESH, %)
Tab.1 Chemical composition of 6061 aluminum alloy (mass fraction, %)
Si Fe Cu Mn Mg Cr Zn Ti Al
0.40 0.70 0.15 0.15 0.60~1.20 0.05~0.35 0.25 0.10 Balance

FL WL 53 1~2 g/L NaOH . 15~20 g/L Na,SiOs
F15~7 o/L FPAGERRER , PR A WL B 4 il 7 20~30 C
LRt s RE 4ok 2 B B SR — B B, il 0 RO )
B, 508 2~4 A/dm?® A HL I 8 BE R AR % i a) py T
F] 520~540 V; BB, RIS K e, PR IR
] BN 520~540 V, #%H8 2~4 A/dm” (R,
B R 4R R 120~130 V., 4EFRETE Y 60~
70 min, HLEFEIEUE 1 iR,

Je il £ A SR SRR R S EE 2490 40 pm, il 45 52 1
AT EALEEL, SR B44 IMERI IR TEHL, E44 36
ARG SRR B L 2 1 10 DI, 48 %
FIIE T BRSOV R R0, IR B PR (4
i0), fEREIRES LI, TFEEDIBIZALIRMN . w5
RGN LS TR, s [ i 50 °C
BE 12 he X T ZILPABE RO A AR, AT L
TESE MR PER) 25 PE T, [RIISH 2 XA B A EK



21 H£5H

2K, S MORE AL AL NS 6061 £5 4 4 L E 8l [ 3 - 123 -

A
V

v

, i

T Ton Tone

Ny

El1 HEEE
Fig.1 Voltage oscillogram

1.2 BUEFENR

BT AT BORE S BT R b, A Ak 2E I
SRR, SRR RN, SR N
Fo Bl H A AR Ak il 28 45 4 X ) -0.3~0.8 V (s,
OCP), I E K 0.5 mV/s, BALFFHILIE (EIS) 52
Tl SIRIE R 15 mV, SRR TEEI N 10°~10 2 Hz,

1.3 BEEBRRUR

¥ 6061 4554 . M EALIEE DL R B FLAL B 5
FEE 3 5 316L ASEE A4 B e A Xt , 300 g L e
L O AT A LA o SRR I A T 2, IRl A
T A7 WX RE S SEBR PR T B B, DARE S S B b X R
G . RIS AN 1 em?, HEARLE 101, X5 E W
9240 ho IRITFIR)E, 430 1. 4. 8. 24 h & 1

W, 2R 12 h g 1 REdE, 72 h5, &
24 h il 1 UK E BRI 7E 3.5% NaCl sl 1T,
IR R 35 °C, FKRB#EATHE IR,

1.4 FHRUBREMBSH

KA H A (SEM) XA L2 7 2 1m
MBEIEFUES, g pEis i (EDS) X HITR 5
M5 M X 4 (XRD ) MR AT 34T
JEJ2 B AR 2R, AT 5T AR 20 JE R 20°~80°, 4 #
1 (°)/min.

2 BRSTH

2.1 HOREUPEE RN 2R W HEH

6061 #3444 WM A AL R )2 58 FL AT I %) 32 T g 00
FESE 2 i, K 2a A4 MAO B2 EHLAT
AITESE, T LANREE 30 3w Mk Ak, A oMHLEE , FLIR
BREK, (HRTE A Al AL R KNS 5 85
JEE . K 2b S MAO BEZEHLERIES, AT
EFLIA BRI o BT KRR = A LR AR
RG], T A4/ M g E M IR T, TR
— PR S AW IR I E AR )2

A S BLETE MR E B S O R A Am aniE 3
Fine M 3a sl LIE Y, ol A A B2 26 10 774
A HL B TR R R A AL, S A SRR A 2 T A
FEVFZ ROTAR/INI LS, (B R E 4 Bt EHLA,
T Bl 6 2 IR T e A B ] TR S .
3b AT 0L, FERGFLA ARSI B € TR, B2
. —

b #HALJF
K2 AR LTS SEM IS

Fig.2 SEM morphology of micro-arc oxidation film before and after hole sealing: a) before hole sealing; b) after hole sealing
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Fig.3 Cross-sectional morphology and elemental distribution of micro-arc oxidation film before and after hole sealing:
a) before hole sealing; b) after hole sealing
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Fig.4 XRD patterns of micro-arc oxidation film
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Fig.5 EIS test results of 6061 aluminium alloy micro-arc oxidation films after immersion corrosion for different time:
a) 6061MAO-hole not sealed; b) 6061MAO-hole sealed

3.0+ —o— MAO
25F
& 20F
8
=
% 1.0+
05F
0 -
(I) 4IS 9IG 1:14 léZ 2‘I10
Time/h
K6 AR AL iS5 FELATASE (L Bt ek 1] 19 42 £k

Fig.6 Time variation of impedance modulus micro-arc
oxidation film before and after hole sealing
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Tab.2 Fitting results of EIS for aluminium alloy micro-arc oxidation film after immersion corrosion for different time

“mm(d%ﬂ(ggﬁmﬁ el aﬁ&ﬁ(ggﬁmﬁ e (Jgﬁ aﬁ%&ﬁ) nal aﬁ&)
4 3516 7.18x10™°  0.8214  732.1 2.38x107°% 09623 6.875x10° 2.116x107  0.713  1.264x10’
24 29.75 1.87x107  0.894  147.8  2.285x107  0.7992 4.327x10° 8.722x107  0.723 4 2.287x10’
120 17.44 1.375x107  0.9654 2.082x10°  6.953x10° 0.866 7 9.694x10°
240 127.4 1.775x10°  0.8165 5.712x10°  2.988x107° 1 9.097x10°
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Tab.3 Fitting parameters of EIS after immersion corrosion of aluminium alloy micro-arc oxidation film
after sealing for different time
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Fig.11 Cross-sectional morphology and elemental distribution of micro-arc oxidation film after corrosion under different
conditions for 240 h: a) MAO; b) MAO with hole sealed; ¢) 316L-MAO; d) 316L-MAO with hole sealed
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Fig.12 Schematic diagram of corrosion mechanism of micro-arc oxidation film of aluminum alloy 6061:
a) immersion corrosion; b) galvanic coupling corrosion; c¢) protection effect of hole sealing treatment
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