PreaTiE BABE_H Fo6~100H EBEgF6A
Journal of Chinese Corrosion Engineering, Vo1.9, No.2, PP.96 ~ 109(1995)

= RIS SR P B S 1 B B 5%

HEE BER BEEE

A Study of the Development of Aluminium Anodes with
High Galvanic Current Efficiency
Feng-1 Wei Chi-Min Liao Ching-Lin Liaw

wm =

SEEMmE RO R AR AEMUNE LREREEERY , MEREUEMRES
BTN AT RN EESYE - XA AEOELISRREN SR O L ERISEIBE , 1
HEBRME ; LHASBEADEEZERTARTHWBBRERFELERSEENER - B
B rRHOEBUERERHRESSER , THERRNESRI BB THEREERNE -
BERVESZBBEPABRCRERREHEFE, B8—998Eth; Rz AIREHREEE
B, ERERREERLSEE8TLY , EXRREN, RFEEZHEES , HOSGMETER
B B RERAREAPRIGERERRRE , SEEBNGHATEREFHR
BRI EHA , FREESNSEESNEERELRE , REXFHNEMEMEE , K
BLEEFE, URETERKE - RESSRETBEEGEES , SHEEEcy L, B
FEEAL - 1100m VLA T 2 B it R EE BB T S AR -

B - BUUSER - SREEEE « BEE  RAT . BERREL

ABSTRACT

Aluminium anodes have been widely used to protect marine equipments and offshore
structures. Both open circuit potential and galvanic current efficiency are the main
requirements for this anode material. In this study, the orthogonal array L18 of Taguchi
method was employed to study the effects of alloy elements on both of these characteristics of
aluminium anodes, especially galvanic current efficiency. Additionally the differences in both
characteristics of those anodes casted by metal and sand molds into different section sizes also
have been investigated. The results indicate that the Taguchi method can effectively search the
better alloy design for the anodes, and the galvanic current efficiency can be improved by
addition of indium or decrease of iron content. The surface of the anode with high galvanic
current efficiency is bright and smooth after test because of the occurrence of uniform
corrosion. On the other hand, because more iron-containing precipitates developed along the
grain boundaries resulting from the high content of iron on deficit of indium and magnesium
the surface of the anode with low galvanic current efficiency is dark and rough. In addition, a
decrease of solidifcation rate by increasing cast size or using sand mold makes the casted
structure change from a coexistance of columnar and equiaxed into equiaxed. This slow
solidification rate results in microsegregation of zinc and magnesium in cellular solidification
which induces decrease of initial corrosion potential, uniform corrosion and increase of
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galvanic current efficincy. A high grade aluminium anode with over 969 galvanic current
efficiency and — 1100mV open circuit potential has been developed by the alloy design and

control of solidification condition.

Key words: Galvanic current efficiency, Aluminium anode, Solidification, Segregation, Open

circuit potential
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Table 1 Layout of selected fators in orthogonal array L18 and designed levels
B Zn In Ti Fe Si Mg S/N
No. 1 2 3 4 5 6 7 8 22°C 30°C
1 1 1 1 — 1 1 1 1
2 1 1 2 - 2 2 2 2
3 1 1 3 — 3 3 3 3
4 1 2 1 — 2 2 3 3
5 1 2 2 — 3 3 1 1
6 1 2 3 — 1 1 2 2
7 1 3 1 — 1 3 2 3
8 1 3 2 — 2 1 3 1
9 1 3 3 — 3 2 1 2
10 2 1 1 — 3 2 2 1
11 2 1 2 - 1 3 3 2
12 2 1 3 — 2 1 1 3
13 2 2 1 — 3 1 3 2
14 2 2 2 — 1 2 1 3
15 2 2 3 . 2 3 2 1
16 2 3 1 — 2 3 1 2
17 2 3 2 — 3 1 2 3
18 2 3 3 — 1 2 3 1
B Zn In Ti Fe Si Mg wt%)
Level 1 0 2.5 0 0 0.05 0.08 0.50
Level 2 .000 35 .014 .01 .10 1.2 0.13
Level 3 0 4.5 .027 .02 15 .20 2.0
£ 2 RIZAZESEBCEER(WtY)
Table 2 Chemical compositions of specimens designed by Table 1. (wt%)
No. B Zn In Ti Fe Si Mg
1 — 2.3 — — .051 .08 47
2 — 2.75 .017 .0015 .10 13 1.28
3 - 2.79 .027 .0060 16 .20 1.99
4 — 3.63 — .0015 11 21 2.03
5 - 3.39 .012 .0200 12 .079 .45
6 — 3.35 .028 — .053 13 1.28
7 — 4.49 — — 12 12 2.03
8 — 4.34 .010 .0080 .04 .21 .47
9 — 4.44 .026 .0170 .08 .088 1.31
10 .0020 2.40 — .0140 10 .12 .48
11 .0010 2.34 .009 — 12 .20 1.24
12 .0020 2.45 .029 .0050 .048 .084 2.0
13 .0012 2.54 — 0150 .049 .19 1.35
14 .0017 3.33 .010 — .072 .083 1.90
15 .0017 3.33 .027 .0062 18 13 .48
16 .0006 4.46 — .0050 18 .09 1.34
17 .0005 4.20 .014 .0050 .05 12 1.97
18 .0021 4.53 .026 — . .09 22 .48
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Table 3 Chemical compositions of aluminium anodes

Element
wt9%) Zn Mg Si In Fe Ti Al
No.
1 4.23 1.77 0.12 0.027 0.086 0.019 bal.
2 2.89 1.93 0.071 0.025 0.09 e bal.
switch DC

high resistance
potential meter

electronic coulomb

reference electrode

meter

working electrode
synthetic sea water

cathode(stainless

steel plate)
cell

(a)

DC

S
j ;: j‘" electronic coulomb meter

a

—

()

i1

Fig. 1

AB.C,- - HEEM
XY, Z - BEETENERELEER
Si_’ +45 Mn- +2,

Fe— +2, Cu- +2,
Zn—+2, Ti=»+4, In—>+3, Al-+3
BREEKg/A- Y)=365x24-BREE

AR BEMEBZLA10%Keller’s reagent
(HF: 0.5ml, HCI: 1.5ml, HNO; : 2.5mlfl

H.O : 90ml ) Zi2ek , R ULBRERMBELE ;

cathode (stainless
steel plate)

+—— synthetic sea water

working electrode

cell

—99

(B BRTIAMER CHRAEE O EBENAREEZRER

(a) Apparatus for open circuit and close cirucit potential measurement, (b) Apparatus for constant circuit test.
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Table 4 Performance values of aluminium anodes shown in Table 2 at 22°C

Open circuit | Theoretic current | Effective current [Galvanic curr-| Consumption | Close circuit
potential capacity capacity ent efficiency rate potential
No. (mV vs. SCE) | (A - H/kg) (A - H/kg) (%) (kg/AY) (mV vs. SCE)
1 —915 2926 1640 56.05 5.341 —921
2 —-927 2909 1402 48.18 6.250 —934
3 —1076 2901 2803 96.61 3.126 —1032
4 —-930 2886 940 32.57 9.318 —938
5 - 1072 2901 2706 93.27 3.238 — 1085
6 —1088 2897 2706 93.42 3.237 — 1100
7 —936 2866 986 34.41 8.882 —951
8 —932 2882 1403 48.67 6.245 —940
9 — 1095 2873 2658 92.50 3.296 —1092
10 —927 2922 893 30.56 9.811 —938
11 —922 2919 996 34.13 8.792 —928
12 —1102 2910 2739 94.12 3.198 —1101
13 —935 2893 1213 41.92 7.222 —-940
14 —939 2892 1650 57.04 5.311 —952
15 —929 2894 850 29.37 10.307 —921
16 —933 2870 830 28.93 10.551 —921
17 —935 2874 1872 65.12 4.680 —953
18 — 1084 2878 2674 92.90 3.276 —1093
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Table 5 S/N ratio of galvanic current efficiency for each row in Table 2.

: : Galvanic current
B Z I T F S M
No. g " : © ! g efficiency (%) S/N
1 2 3 4 5 6 7 8 22°C 29°C
1 1 1 1 — 1 1 1 1 56.05 46.64 34.10
2 1 1 2 — 2 2 2 2 48.18 47.05 33.56
3 1 1 3 — 3 3 3 3 96.61 92.55 39.51
4 1 2 1 — 2 2 3 3 32.57 28.27 29.60
5 1 2 2 — 3 3 1 1 93.27 93.21 39.39
6 1 2 3 —_— 1 1 2 2 93.419 93.77 39.42
7 1 3 1 — 1 3 2 3 34.412 34.433 30.74
8 1 3 2 — 2 1 3 1 48.67 47.69 33.66
9 1 3 3 — 3 2 1 2 82.50 92.70 39.33
10 2 1 1 — 3 2 2 1 30.56 33.65 30.10
1 2 1 2 — 1 3 3 2 34.13 32.81 30.49
12 2 1 3 — 2 1 1 3 94.12 93.16 39.43
13 2 2 1 — 3 1 3 2 41.92 38.99 32.12
14 2 2 2 — 1 2 1 3 57.04 55.70 35.02
15 2 2 3 — 2 3 2 1 29.37 33.45 29.89
16 2 3 1 — 2 3 1 2 28.93 28.33 29.13
17 2 3 2 — 3 1 2 3 65.12 55.25 35.50
18 2 3 3 — 1 2 3 1 92.90 93.69 39.40
o 1
MSD=—( £(2))
n i=1 yi
S/N=—1-log( MSD ]
S/N
a0} v
40F 40} 40f
35 F
\ 35k 3’5 . 35+ \/
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Fig. 2 Respones graph of S/N ratios shown in Table. 5
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Table 6 ANOVA for galvanic current efficiency shown in Table 5.

Source Poll Df S V F s’ rho%,
B [N] 1 18.499 18.449 7.412 15.960 5.76
ZN [Y] 2 0.484 0.242
IN [N] 2 141.524 70.762 28.430 136.546 49.24
TI [N] 2 37.122 18.561 7.457 32.144 11.59
FE [N] 2 18.979 9.490 3.813 14.001 5.05
S1 [N] 2 25.687 12.844 5.160 20.709 7.47
MG [¥] 2 2.761 1.381
BxZN [Y] 2 11.688 5.844
el [Y] 0 0.000
€2 [Y] 0 0.000
(e) 6 14.933 2.489 42.312 15.26
Total [—1] 17 277.295 16.312

h o s EREEHEER

B 17=1  #8-1)

92.90%

65.12%

28.93 %

@ 3 $EREEse S EaE SR e AE
Fig. 3 Appearance and galvanic current efficiency of
aluminium anodes after test
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{a)Mg: 1.28% Zn: 3.35% (b)Mg: 1.28% Zn: 2.75%
Fe: 0.053%; 93.42% Fe: 0.100%; 48.18%

(c)Mg: 2.0% Zn: 2.45% (d)Mg: 1.97% Zn: 4.2%
[n: 0.029%,; 94.12% In: 0L014%: 65,12 %

& 4 sEHGREREFARRESDIBEEERSE ((a) No.6 (b) No.2» (¢) No.12 1 (d) No.17)
Fig. 4 Cross-sections and current efficiency of aluminium anodes { (a) No.6, (b) No.2, (¢) No.12 and (d) No.17)
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Fig. 5 Grain boundary precipitates of No.17 aluminium anode and a X-ray spectrum of a precipitate
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Table 7 Performance values of aluminium anodes shown in Table 3 at 29°C

Specimen Size of Open circuit Effective Galvanic Consumption
No. Diameter potential current current rate (kg/A.Y)
(cm) {mV vs. SCE) capacity efficiency
1hr | 240hrs (A-H/kg) (%)
1 22 — 1097 — 1073 2681 93.51 3.268
1S 5.0 —~ 1150 — 1096 2759 97.65 3.12%
2 22, — 1099 — 1091 2897 92.85 3.257
2M 5.0 — 1125 — 1087 2737 94.47 3.201
28 5.0 — 1135 — 1087 2808 96.93 3.119

Remark: (1) 1, 2 and 2M were casted by metal mold
(2) 1S and 28 were casted by sand mold
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Fig. 6 Electron images of aluminium anodes after measurement of galvanic current efficiency.
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Fig. 7 Microstructure of aluminium anodes ({a) 1, (b) 18, (¢) 2, (d) 2M and (&) 2S)
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Fig. 8 EPMA micrographs and Mg and Zn concentra-
tion profiles of No.18 aluminium anode.
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Fig. 9 A TEM micrograph and EDS spectra of
precipitates in No.l aluminium anode.
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Fig. 10 A TEM micrograph and an EDS spectrum of
precipitates in No.1§ aluminium anode,
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(b) Section through a cell cap
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Fig. 11 Schematic representation of solute (Zn and
Mg) distribution during cellular solidification.
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Fig. 12 Schematic diagrams of the change of open circuit potential for aluminium anodes in synthetic sea water.

(------ Small cast produced by metal mold, — — —

— —Large cast produced by sand mold)
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