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and wet environment to evaluate the cathodic protection effect of the material, so as to meet the cathodic protection requirements
of high-strength steel equipment. Al-Zn-Sn-Ce low-potential sacrificial anode samples were prepared by high-temperature
smelting method and subject to electrochemical performance test, electrochemical characterization test and corrosion mi-
cro-morphology characterization of sacrificial anode in alternating dry and wet environments at different water immersion rates
(the time ratio of dry and wet conditions was 1:1, 3:1, and 7:1). By comparing the test data and material morphology characteri-
zation results, the electrochemical performance of aluminum alloy sacrificial anode in the alternating dry and wet environment
was comprehensively analyzed, and the effect of alternating dry and wet environment factors on the anodic dissolution behavior
was explored. The working potential of Al-Zn-Sn-Ce sacrificial anode in various test environments was —0.70~—0.81 V
(vs.SCE), which met the requirements of high-strength steel cathodic protection potential. The dissolution morphology of anode
surface was relatively uniform, and the electrochemical micro-regions of anode and cathode on the surface were evenly distrib-
uted. With the increasing time ratio of dry and wet test environment, the working potential of the anode shifted positively and
the deposition and crusting of the surface corrosion products in the dry environment led to a decrease in the anodic activation
and dissolving ability. The corrosion reaction was suppressed to a certain extent, and the anode current efficiency was main-
tained above 75%. With the increase of the time ratio of the dry and wet test environment, the working potential of the sacrificial
anode in the alternating dry and wet test environment shifts positively. The self-corrosion reaction is inhibited, and the

Al-0.7Zn-0.1Sn-0.1Ce low-potential sacrificial anode exhibits good cathodic protection performance in a complex alternating
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wet and dry environment.
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Tab.1 Composition of Al-Zn-Sn-Ce low-potential
sacrificial anode (mass fraction, %)

Chemical Quality fraction Quality fraction
composition design value of test value
Al 98.95 98.82
Zn 0.7 0.655
Sn 0.1 0.101
Ce 0.1 0.100
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Tab.2 Test parameters of alternating dry and
wet environment

Alternating dry  Dry-wet . Wet Dry
. . Experiment
and wet envi-  state time time/d state state
ronment ratio time/d  time/d
A 1:1 10 5 5
B 3:1 20 5 15
C 7:1 40 5 35
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Fig.1 Working potential curve of sacrificial anode
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Tab.3 Electrochemical performance test results of sacrificial anode

Alternating dry and Working potential Theoretical capacity/ Actual capacity/ Current
wet environment (vs. SCE)/V (A-h-kg™) (A-h-kg™) efficiency/%
A —0.71~-0.80 2959.41 2 266.44 76.58
B -0.73~-0.81 2959.41 2375.61 80.27
C -0.70~-0.81 2959.41 2 375.58 80.27
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Fig.2 Activation and dissolution morphology of sacrificial anode under different dry wet time ratios
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b) potentiodynamic polarization curve
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Tab.4 Fitting results of potentiodynamic polarization curve

Alternating dry

and wet envi- ( A{“é’;;l/,z) (VS.ESC&E) NV Ba/mV
ronment

A 2.671x10°° -0.812 3 70.733

B 7.832x10°° -0.783 4 78.869

C 4.024x10°° -0.773 6 54.794
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Fig.4 3D image of activation and dissolution surface of sacrificial anode under different dry wet time ratios

AP T RR 2 TR ) S P AU S AN P 5 s o R LA
KB, AR A S B R TR A B I e e, R
IS A A A 2T, IRITIRIE 22 R . e T

K 5

Fig.5 Micromorphology of dissolution surface of sacrificial anode under different dry wet time ratios

AW 11 R 3:1 i, BHAR SR e R
My, ARG AR Z . T A
] [F1) 2 52 34 NI, SE R 2 T B R 70 A i 2R

b3:1

T 2 s ) L A7 B A0 g i oV 3



- 80 - & KB TR

2023 4 6 H

Ao T AR TARSRET S BRI 1R T e, T
VERALBCIE S A TR T B, PR BUR R i B 4%
BHAR 2 1 1 BRI AA 254, & & R 5 108055
T IEERTT 2L

A PR R A=A RIS AR, SRR 3R i ol X )
AL AT E L ANIE 6a F7n . ATLOWEE R, Rt T
P A2 PR P PR v A 2V BE IR T, PHAR R e
PR AR S, A E [ -0.6~-0.9 V., HL{ AL
(EIXTRIE A7, BRI Tk RAF o FE 2 D RS B )

BHAR 2 1w Ay i S oA T, AR BE 0.3 V ZE AT Y IE
¥ (anfal 6b frzs ), HAFEW R PR, X Lem A A
AJ ) 73 EI A8 DX 38 50 P A ) BN [ 76 2 ) Sy 750 5 okt
R o B T ASERELIS A3 0, BHAR SR W i)™ 1
(19 B 5 R AN FERR R AT, T MR RE TR 10 2 32 B BH
B, PHARGH B SR T, R 2EAF 2 04V,
RPN B Bk S0 32 BN o T AR A 4R 2 5
K, 0T LIH BHRR DX 007 22 S A5 2 2, a2 th TR
fRiE L B TAE , PIARAR LR A B S

Voltaic potential/mV Voltaic potential/mV Voltaic potential/mV

-606.0 -544.0 -479.0
-647.1 -569.5 -511.4
-688.3 -595.0 -543.8
= -7294 -6205 -576.1

g ) g
= -7705 —646.0 = ~608.5

S g g
=1 7 8116 £ 6715 & -640.9
| 1 -ss28 -{ -697.0 - -673.3
-893.9 -722.5 ~705.6
-935.0 ~748.0 ~738.0

X/(10? um) X/(10% pm) X/(10% pm)
a Bk e R AT
Voltaic potential/mV Corrosion pits Voltaic potential/mV Voltaic potentia]inl]:; .
10 :
-195.8
g -247.5
| -299.3
g & -351.0
g | o 4028
S | 4545
-506.3
2 -558.0
10
2 4 6 8 10
X/(10% pm) X/(10? pm) X/(10? pm)
b LA RIS
2y AN
6 R BH AR AR X HL o o3 A
Fig.6 Potential distribution map of sacrificial anode micro-regions: a) before electrochemical
performance test; b) after electrochemical performance test
A EEpae
3 it >

1) EadER A S TEERTE ST Al0.7Zn-
0.1Sn-0.1Ce L HL A7 474 B o 7E 2P TR IR 5T
AT AR i, T AR A h-0.70~-0.81 V
(vs.SCE), JEARFFA mm M A ARy 7oK, B
R FIE AT 5]

2 ) Bt 0 A a0 PR S s ) Ll A B, A P
WAE T AR A i TAER AL BLIER . 7]
DLEEL, BAMRAE T, Fm i ih =9 6 Ji R
ZE 5 FHAG A Re 1 TR, TR A PR [A]
U A RISy, BERR R ik s oy 4 31— P, FEAR R
TACRIEF] 80.27%, PHM AL 0% 5= T 50%, Wik
FEBEAAK, BHARIS LA fif o B AR B R e 4 4, & H
T AT 90 58 B PR 85 R 7K T 2 A e o R R 1) B
Ry,

(1] BRz, T3 7080, 55 MR SR B AR i ot
PR (D). K% P TR, 2020, 12(4): 65-75.
CHEN Feng, WANG Kai, JIANG Ze-xin, et al. Research
Status and Prospects of Marine High Strength Steel Weld-
ing Technology[J]. Journal of Netshape Forming
Engineering, 2020, 12(4): 65-75.

[2] FERNANDEZ J. Retraction Statement: Stress Corrosion
Cracking of High Strength Stainless Steels for Use as
Strand in Prestressed Marine Environment Concrete Con-
struction[J]. Materials and Corrosion, 2016, 67(8): 888.

31 Ik, E&Ez, WEH, . PR EOR Rk
W BRI ST E S (0], B A2 5B EOR, 2013,
25(5): 420-424.

ZHANG Wan-you, WANG Xin-yan, XI Li-juan, et al.
Research Progress of Sacrificial Anode Materials in Ca-



208 ol

ik —%, ZE. Al-Zn-Sn-Ce H4E FHAR T 18 52 B IR BT o b 24 Pk REAF 5T -81-

[10]

[12]

[13]

thodic Protection Technology[J]. Corrosion Science and
Protection Technology, 2013, 25(5): 420-424.

PN SE, Hg, KilEIR, . BRG S WHE AR R B
SEIEIR(]. SR FREE T HE, 2018, 15(3): 9-13.

SUN Ming-xian, MA Li, ZHANG Hai-bing, et al. Re-
search Progress in Aluminum Alloy Sacrificial Anode
Materials[J]. Equipment Environmental
2018, 15(3): 9-13.

N, S, k. WEBMEMAEANRET
Al-Zn-In-Mg-Ti 404k FHARPERERTSE(T]. o [ o 5 B
Pr2ER, 2020, 40(6): 508-516.

SUN Hai-jing, QIN Ming, LI Lin. Performance of
Al-Zn-in-Mg-Ti Sacrificial Anode in Simulated Low

Dissolved Oxygen Deep Water Environment[J]. Journal

Engineering,

of Chinese Society for Corrosion and Protection, 2020,
40(6): 508-516.

BILLINGHAM J, SHARP J V, SPURRIER J, et al. Re-
view of the Performance of High Strength Steels Used
Offshore[M]. Sulffolk UK: Health and Safety Executive,
2003.

Ly, PP, KIS, 1000MPa 24 i B AR R 1Y)
SNEHUEEDT T[], FPEHRR, 2017, 31(6): 93-97.
GAO Xin-xin, GUO Jian-zhang, ZHANG Hai-bing. Hy-
drogen Embrittlement Susceptibility of 1000MPa Grade
High Strength Steel Weldment[J].
2017, 31(6): 93-97.

TREWE, ZEREuK. 50 HER P B AR A 1 K v ) 35 A6 AT
], " EEMm S B4R, 2008, 28(3): 186-192.

XU Hong-yan, LI Yan-bin. Activation Behavior of Alu-

minum Sacrificial Anodes in Sea Water[J]. Journal of

Materials Review,

Chinese Society for Corrosion and Protection, 2008,
28(3): 186-192.

2, B, B, . A A nE R EEAE B AR
PERER SR (], b ik 5 B 4 oA 4, 2012, 32(2):
127-132.

LI Wei-li, YAN Yong-gui, CHEN Guang, et al. Effect of
Alloy Elements on Electrochemical Performance of Alu-
minum Sacrificial Anode[J]. Journal of Chinese Society
for Corrosion and Protection, 2012, 32(2): 127-132.
REVHE, SREIE, R, 5 APERIB AR 8L
AR RSB AR, 2004, 16(1): 24-28.

SONG Yue-hai, GUO Zhong-cheng, FAN Ai-min, et al.
Current State of Research on Sacrificial Anode Materi-
als[J]. Corrosion Science and Technology Protection,
2004, 16(1): 24-28.

GURRAPPA I, KARNIK J A. Effect on tin-activated alu-
minum-alloy anodes of the addition of bismuth[J]. Corros
Prev Control, 1994, 41: 117-121.

REDING J T, NEWPORT J J. The Influence of Alloying
Elements on Aluminum Anodes in Sea Water[J]. Corro-
sion Engineering Digest, 1967, 16(2): 68-70.

3, Bazk, Fkst, %. Ga F&X Al-Ga ik FHAR

[14]

[15]

[20]

[22]

HLAL A PERE A2 A (7] J DAL= S B EOR, 2009,
21(2): 125-127.

MA Li, ZENG Hong-jie, YAN Yong-gui, et al. Effects of
Ga Content on Electrochemical Properties of Al-Ga Sac-
rificial Anodes[J]. Corrosion Science and Protection Tech-
nology, 2009, 21(2): 125-127.

PAUTASSO J P, LE GUYADER H, DEBOUT V. Low
Voltage Cathodic Protection for High Strength Steels: Part
1—Definition of a New Aluminum Galvanic Andoe Ma-
terial[C]//Corrosion 1998. San Diego: [s. n.], 1996.
WA, moot, By, . BTG IRE b R R
B ARAAEII ], SR B, 2016, 37(3): 225-229.
PAN Da-wei, GAO Xin-xin, MA Li, et al. Cathodic Pro-
tection Criteria of High Strength Steel in Simulated
Deep-Sea Environment[J]. Corrosion & Protection, 2016,
37(3): 225-229.

NACE Standard RP0176—2003, Standard Recommended
Practice in Corrosion Control of Steel Fixed Offshore
Structures Associated with Petroleum Production[S].
Recommended Practice DNV-RP-B401, Cathodic Protec-
tion Design[S].

SR, O, He, 5 BE e e e
LA 2 BB 35 A 52 (0], 8 i 5 B 57, 2009, 30(6):
373-376.

MA Jing-ling, WEN lJiu-ba, LU Xian-wen, et al. Electro-
chemical Impedance Spectroscopy of Aluminum Alloy
Anode during Corrosion Process[J]. Corrosion & Protec-
tion, 2009, 30(6): 373-376.

o5, SOLE. Al-Mg-Sn-Si-In & & TEA R
T o S A A PR RERTSE[0]. R AR SR R,
2015, 27(5): 425-430.

MA Jing-ling, WEN Jiu-ba. Corrosion and Electrochemi-
cal Performance of Al-Mg-Sn-Siln Alloy in Different So-
lutions[J]. Corrosion Science and Protection Technology,
2015, 27(5): 425-430.

EAE, EER, M. LR E AR BT R
fE[T]. T EE SRR, 1989, 9(4): 271-279.
WANG Jia, CAO Chu-nan, LIN Hai-chao. Features of Ac
Impedance of Pitting Corroded Electrodes during Pits
Propagation[J]. Journal of Chinese Society for Corrosion
and Protection, 1989, 9(4): 271-279.

ZR). G RRE  E PR IR S MEREDFSE D).
MR R TR, 2012,

LI Wei-li. Development and Performance Study of a New
Anode for
loy[D].Nanjing: Nanjing University of Science and Tech-

Sacrificial Deep-Sea  Aluminum  Al-

nology, 2012.

ZEE 0, EOk S, MO, 4E. Al-Zn-In R4 PHAR AR
HALSATEREDTSE ). SRR E 5B HOR, 2009, 21(2):
122-124.

LI Wei-li, YAN Yong-gui, CHEN Guang, et al. Electro-
chemical Behavior of Al-Zn-Ln Sacrificial Anode in Low



.82

2023 4 6 H

[23]

Temperature Environment[J]. Corrosion Science and Pro-
tection Technology, 2009, 21(2): 122-124.

T, PO, T8, 5. Al-Zn-In-Mg BHRARIR /K 3R
BEHALEPEREDT S (], bR SRR, 2018,
30(4): 413-418.

WANG Hai-tao, XU Shi, WANG Hui, et al. Electro-
chemical Performance of Al-Zn-in-Mg Sacrificial Anode
in Cold Seawater[J]. Corrosion Science and Protection
Technology, 2018, 30(4): 413-418.

WM, REf, XFoR, % Al-Zn-In-Mg-Ga-Mn

ERINRTS,

[25]

P BEAR B 1 By 47 AT S WIS (0] v RS ol A5 By 42 41
2012, 32(1): 44-47.
HUANG Yan-bin, SONG Gao-wei, LIU Xue-bin, et al.
Corrosion Protection of Al-Zn-in-Mg-Ga-Mn Aluminous
Sacrificial Anode[J]. Journal of Chinese Society for
Corrosion and Protection, 2012, 32(1): 44-47.
REBOUL M C, GIMENEZ P, RAMEAU J J. A Proposed
Activation Mechanism for Al Anodes[J]. Corrosion, 1984,
40(7): 366-371.

AT XL



