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Table 2. Compositions of the specimen

Element Wt-%
Al 99.9%
Si 0.004
Fe 0.001
Cu 0.001
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Fig. 11

\_ y

Electrolytic cell and electric wiring diagram for anodiging.

1. Electfolytic cell 7. Constant voltage source

2. Luggin capillary 8. Potentio meter
. 0.16M- . i

3. 0.16 (NH4)2C204 9. Oscilograph

4. KC1l salt bridge

5. Satulated XKC1 solution

(e

S.C.E.

Table 3. Solutions for anodizing

No Electrolyte pH
1 0.16M-H,C,0, 1.7
2 0.08M-H,C,0, + O.OBM-(NH4)2C204 2.6
3 0.16M-(N54)20204 6.4
4 0.41M-E,P0, 1.1

O.25M—(NH4)ZC4H4O6 6.9
6 0.50M-H,B0, + 0.05M-Na,B,0, 7.4
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Fig. 12 Circuit for the measurement of electrode impedance.

a. Cell b. Uscillograph c. CR-oscillator



52

3.3 REBR

3.3~ USROS RIEAL

®i3 Y L e(ﬂE%<ﬂ$§mer¢0c¢7?Ea 307 (vs.
SCE)PETHE 53 v OB (Lol TId A FICLE
ALREDTHS, W% [, 268 V3T M. LRSS
WR(pH=1T7) Lw B+ LoD BT > €= 7 L3R (oh=2.6). Lo
VBT L B2 LBR(H=4H)F TEEI 1L 0T . 2D
MITRAVIZERL T W3, TUb5. TREwBizo NI 7]
TIUTBTR e ¢ £ )2 20T LT WA, BRI &
VTSI YR LECG, PR Z25EE73. 40
VB pHAMBEWIT C R TR IMBIZ T 2 B HE U &
TIBISWER 3 HRITENG. EBEUEL RS W, Z0d )
AR TR TIL 0BT R HILEFRAE T 3 7E1S
BHETIL 0O TH 2, B nMRATERO TR ENT
AEEEIN) YRt ThHY., YFEHLz0/N) v —
WERIGLAREL T 2ILBRBEMIXLIBOZ L EAT WS,
W41 CBEDT » €27 LABRpA=LNTTO 20T
B L EERIE. ERENEHan S, hT nInbLRL
<3, ZOBRTUBEN Y Y —HEBRNENRTIN. A
TRV SR B ME E 0ol 2o TIdRY 5<%
LGB ERNVELS T B uTERI NS,

WERS IR BE— RN VEERTNDE D THY . ZDERF

TR TN Y-S ERNENRT 20T HY). kB



4Q'c
30V
<€ o}
<
E
)
”
[ =4
[- 4
o !fr
- 3
e
3
Ammonium Tartrate
o-! Borlc Acld-Borax B 4., PHeG9
p"“?.‘ - " ‘ e s.-.—;‘
2 % 1 [ ’_
0.l | 10 100 1000

Ancglzing Time (sec)

Fig. 13 Change of current with time of anodizing.

1. O.l6M-H20204 solution

2. 0.08M-H C.0, + O.OBM—(NH4)

2724
3. 0.16M—(NH4)20204
4. O.25M~(NH4)204H406 solut

5. O.50M~H3BO4 + 0.05M~Na2B

2C204 solution

solution
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53



54

FBRIL Tt BROLSL N ITELE0 LMW, 20
(FURAF I AL rg ﬁﬁ%mdméﬁammwzwwﬂT%
). WIEBRLEL 5T WS,

ST ’nShnadd 1. WTHoERT £ ThiFHEE
SO TREERR D= ) BROET(j00mA Jond )JINELS 5 1 5
N 208 NERNEOM BN S INTR EA%RER
g+ ERIEH (STERETRIBIF BT % o K EpIRIH + B 1R
T ERBEENTVO DTN EEOIRI) I3t TH3,
TIb5., 7 ) - FBtoZ <RI ERNTHO YT
WROIKEROIBIAIVNT <. FREEAERE(ETOTEr L
T;r%@mmm XT3 0 CRBROAEBITRUF LT
T-ZNBIZFHT3, £53 A ZOBREIEBIITAR
LLEWRELHLTR), BEIOZBMICPFELTWTW, X
HRNPHDEEE TRk L 7% OIRMATORT < T, &
BRIRITUAERE XBCT 3L VIS 3. %L T 20 d Hikdt
liInE, BEIn—Z Bt L T ROBRT A 6350
DA VLT HTTEREBRLT. RERTTTI 57
SRRIRILE /NS < LT,

BUAT L) BEER(F0C)F 1. A2 0B EL L ET WO
Bii-MRTLEF e A LR TH S, [UNBAINENIT
CRMBORS I EFEROB LI U hDBRnEn 2 &
WO IND, TINHHBERO Z <IN EEL IS0 (7 e
T<§zﬁ%utﬂﬁLﬁE&F BT2RHTHE. LM
L. TRORMEIZ ET 2 B8 B ' EEIEITWE 2 BT



Beth Temparature 40 °C

HpCo042H0 O.dEM

or

Current Density (mA/cm®)

Ol } 10 100
Ancdizing Time (sec)

Fig. 14 Change of current with time of anodizing at various

anode potential.

4% =Phosphoric Acid Soin.

Currert Density iqfnA/kmP
3

2% =Oxalic Acid Soin.

| lb 100 1000
Ancdizing Time 1, (sec)

Fig. 15 Change of current with time of anodizing for phosphoric

and oxalic acid solution.

1. 100 V(vs, SCE), 25°C

2. 30 V(vs. SCE), 40°C
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indicated.
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Fig. 17 Current - time curve

Electron microscopic observation was made at points

indicated.
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Fig. 18 Characteristic change in the structure of oxide film as

the anodic oxidation proceeds.
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Photo. 1  Electronmicrographs showing the initiation and growth of pores.

0.16H-Oxalic acid solution, T = 40 C, E_ = 30.0 V(vs. SCE)

(i) t_ = 1.5 sec. Mag. x 150,000 0.1 fky

(i) t, = 3 sec. Mag. x 150,000 0.1



(1ii) t, = 10 sec. Mag. x 150,000

.
-

(iv) t, = 15 sec. Mag. x 150,000

-

.
.

JOGIM
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0.1

Mag. x 150,000

30 sec.

(v) ta

0.1

Mag. x 150,000

= 60 sec.

(vi) ta
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0.25

Mag. x 60,000

=3min.
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Photo. 2 Electronmicrographs showing the-initiation and growth of pores.

4%.H3PO4, T = 25°C, g = 100 V{(vs. SCE)

(1) t, = 15 sec. Mag. x 60,000 L 0:25 4,

(i1) t =

30 sec. Mag. x 60,000 !O ZSEI



(iid) t, =1 min. Mag. x 60,000

(iv) ta = 3 min. #ag. x 60,000
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0.25

(v) t, = 4 min. Mag. x 60,000

0.25 1

x 60000

lag.

(vi) t, = 7 min. I
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(a) t, = 10 sec. (b) t, = 30 sec.

(a) t, = 120 sec.

Mag. x 60,000

| 0.25
(e) t, = 180 sec.
Photo. 3 Blectronmicrographs showing the .initiation and growth of

pores.

0.08i-H,C,0, + O.OBM-(NH4)2CZO4, 40°C, £ = 30.0 V(vs.SCE)
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Mag. x 60,000

0 25&

Photo. 4 Blectronmicrographs showing the initiation and growth of pores

0.161VL-(NH4)2<3 40°C, & = 30.0 V(vs. SCH)

20



Photo. 5

photo. 6

Blectronmicrograph. of film formed in 0.25M-Ammonium
tartrate solution. T = 40°C, Ea = 30.0 V(vs. 3C&),

ta = 1 hr. Mag. x 60,000

10'25ff

Blectronmicrograph.of film formed in 0.50#~Boric acid

+ 0.05tl-Borax solution. T = 40°C, E = 30.0 V{vs. SCE),

a

ta = 1 hr. Mag. x 60,000
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Fig. 19 Change of the amount of dissolved Al ion with anodising

time.
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Fig. 20 Change of the amount of dissolved Al ion with anodizing

time.
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Fig. 21 Change of the amount of dissolved Al ion with anodizing

time
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Fig. 22 Cuange of the amount of dissolved Al ion with anodizing

time.
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Fig. 25 Change of the amount of Al'ion accumulated in the film.
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1. 0.16M-H C O,6, 2. O.OBM—H20204 472629,

27274

3. 0.16M—(NH4)20204
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Table 4. Thickness of barrier layers produced in various solutions

B, =300V (vs. SCE), T = 40 °C

Amount of accu- Thickness of Thickness of
Electrolyte mulated Al ions barrier layer b. 1. per 1 V

0.16M-0xalic acid 4.4 ug/¢m2 300 A 10.0 A/v
0.08M~Ammondiun
oxalate + 0.08M~ 5.2 354 11.8
Oxalic acid

0.l6M-Ammonium

oxalate 5.7 588 12.9
0.50M~-Boric acid
+ 0.05M-Borax- 7.8 420 14.0

TOMBE. 100~ 129 44T BRAEMIZTZIIO>ONT.
VPRI T3, RO RI8E8RIFTL 1T, EiEE
r-Al0; (BA) CIRZ L d=35. ®=043 L Ovk=/t44
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24T, 0.6 M= Lo 2BEER (pH=11) ERW . 827
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Fig. 24 Change of the amount of Al ions accumulated in the film

with anodizing time.

Table 5. Effect of the anode potential on the thickness of barrier

layer 0.16M-0xali¢c acid, T = 40 °C
Voltage Amount’ of accu- Thickness of Thickness of
mulated Al ions barrier layer b. 1. per 1 V
10 2.5 pg/on 170 & 17.0:48/V
20 4.0 ‘ 272 13.6
30 4.4 300 10.0
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Fig. 25 Determination of
thickness of barrier layer by
Hunter method.

(ef. Fig. 10)
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Table 6. Thickness of barrier layer determined by 'Hunter' method

Potential Emax. 8max. SI;na;c/Ea Econst. g const. g‘cons’c./Ea
30 26.0V | 3644 | 12.1&/v | 23.8V 3334 11.14/v
29 24.5 343 11.8 22.9 321 11.1
19 15.7 220 11.6 15.3 214 11.3
9 6.8 95 10.6 6.4 90 10.0




80

30 ,
1400
25+
dm 30.0 v

290V 03
20} !
2
é
o
é;:g:’_,,,——*"“‘<>-C~—-o-———0- 190 V' oo o
2
S 3
<10 Iy
- Q
7| o000 o0 &
—0 9.0V =
5 [~ —
3

o o

| 10 100 1000
Anodizing Time ( 2ec)

Fig. 26 Change of barrier layer thickness determined by

Hunter method with anodizing time.

Anodizing; O.l6M—H2020 40°C.
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Fig. 27 Change of barrier layer thickness determined by Hunter method

with anodizing time.

1. 0.16M-EC O

2. 0.16M-(NH,)_C.0

R7ICETL VIS5 TE Sman

2°2°4

solution

4727274

E, = 30.0 V(vs. SCE)

solution

Cdwst OIEET LI,

Table 7. Thickness of barrier layer determined by Hunter method

flectrolyte ﬂmax. max. max/Ea Econst. const. const/Ea
0.16M-0xalic acid| 26.0V  364A | 12.14/V| 23.8V 3334 11.14/V
0.16M~Ammonium

valate 27.8 389 13.0 26.8 375 12.5
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Fig. 29 Change of the capacitance of film with anodizing time.
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Fig. 30 Change of the capacitance of film with anodizing time.
£, = 30.0 V(vs. SCE)

1. O.l6M—-HZCZO4

M- E .08M-H_C,.0
2. 0.08H4 (Nﬂ#)20204 + 0 QBM 2020,

3. 0.16M-(NH4)20204

Table 8. Thickness of barrier layer determined by *Capacitance’

Electrolyte Ea Capacitance S 5/Ea
0.16M-Oxalic acid | 30 V | 0.25 F/em® 3854 | 12.84/V
10 0.54 164 16.4

0.08M-Ammonium

oxalate + 0.08M- 30 0.21 421 14.0
Oxalic acid

0.16M~Ammonium
oxalate - 50 0.19 466 15.5
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Fig. 31  Schematic explanation for the dissolution of oxide film

immediately after the start of anodizing.
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Table 9. Disscciation constant of several acid
2 pX, X3

HZSO4 -3 1.8

H202OA 1.1 4.0

B CrO4 0.7 6.2

H_j,PO4 2.0 £.9 11.7

H3304 g.1

HO . 4,
04 4% 2.9 L1
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Photo. 6 Electronmicrograph of the cross-section of the film formed

in 4%_53904(25°c) at 100 V{vs. SC&) obtained by carbon replica method.

HMag. x 100,000 L Q.24

Fig. 39. Cell size of porous anodic oxide film.

¢%~H3POA, 100 V(vs. SCE), 25°C
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Photo. 8 Transmission electronmicrographs of a thin film formed in
4%-H3PO4’ 25°C showing the gradual increase of pore-diameter with time
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Mag. x 20,000 | Op



115

(b) td = 60 min. (e) td = 90 min.

Proto.9 (a),(b) and (c) 4 series of electronmicrographs showing pore-

widening of films during dissolution on open circuit in 2M-HZSO4, 50°C.

Hag. x 20,000 1.0p

1l

(2) ty =0 (v) t; = 60 min. (e) ty= 90 min.

Photo. 10 rElectronmicrographs showing the thinning of barrier layer of oxide

formed in 4%-HBPOA at 25° during dissolution on open circuit in 2M—H2804 at

50°C. Mag. x 60,000 0.25
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Table 12
B X(PO4)max. S w Xmax'/‘gwW
100 V 450 & 900 & 0.5
70 240 600 0.4
50 100 400 0.25

L3=Y4 FUFTLRSB L -FEB

48 - HiPOSBIR( 28 ¢ o0V o ALFER
TSR, COLPRT ) - PERIL | T RERMLAR | <R &
N=H-SOSER (C 30°CYF < BF |, FREF AR <
X \VOBEEM < BT PBRALOR T ET T WA B

O.with the time of

0
§: 3 B
VO'3_ -
2
0.2 .
O
(3]
g
.!!()J -
o
() . 1 1
o 60 120 180
Time of Dissclution 14 (min)
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Table 13
Position of peak “
flement
observed Theoritical
955 2V | 954 eV 0(X)
1200 1202 c(x)
1365 1368 Al(Ll)
1410 1412 Al(L2)
Table 14.
Position of peak
: Element Spectrum
observed Theor;tical
1288 £V 1284 2V c1(L,) (o)
1296 1297 (L) (2)
1353 1350 (L) (a)
1368 1368 21(z,) (a),(v)
1387 1387 Hg(N7) (o)
1413 1412 a1(z,) (a),(z)
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Table 15. Electrolytes for anodizing

o Electrolyte pH
1. O.loM—Hzczoa : 1.7
. .08l-H + e

2 0.08 H, c o 0.08l4 (NH4)2CZO4 2.6

3. 0.164~(XE ) 5C 04 6.4

$2-3.7) - &AL

ER1T37 0B 0L P 1AL 2R, Bak2ond
HNEBEREYTT) - FBBALE. T) - FEBEACIDC B IO
40°C TAT /s =, Bio ZAOTTLQPDH 2304337 W
\ T u&b

TERAL 4 >a>7f%; CREMECEITIRER R, 5o
BB B FIRHBE A T RIIF 2B 2B v (EE LR NT
ST U RARET 32- 4 1N REE
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T 1 L) 1 1

e § o &
LT 2
 tp
o~ |
E | QIEH-H;C,0:204,0
25 I 2Yavé
e | (pH=1.7) Fig. 56  Time-variation
E 1 T =40c0c _
_10 : E,=38.0 V, £,220.0V | of current during recovery
= : period.
2 |
& !
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o
= » ,\\____— .
§° ?
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o} G 26 20 0 50 €0
Recovery Time t,  (min)
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M, AZ 29 ERT TLE=S87TA 5 =07 ISR L B
VAHAEBBEABERTNLAES LT VS,

¥ § ] ] 3 ¥

% Soin.t - Soin.

o @c§>«,p§ y
= T=40°C

8

3 4 €380 V., E,-200 V ‘
2 F ‘
£

(%)

=

3 | ‘

Soln.3 - Soin.3
% = 100 150 200 230 350

¥ig.57 Time-variation of current during recovery pericd in various

solutions. boln.l;O.l6M—520204, doln.2;0.08M—-tI20204 +

M { N . i { NH
0.08M (AH4)2C2O4, Scln.3;0.16M (mﬂ4)20204

BRL WML v S B2 B ) JBIR L2 (0.08M-w) BE * 008 M
Lw 27 > =20 &IBR), BRI (a/rLy ) BT > 2=
T NER ) LR S PG < T3 1F E ey T <, FRE
EEHR LADINT v 273, BN 5 o lBRIS HY
2 Trecovery k& o8 E L=,

Table 16. Recovery time (% ) and value of steady current
recovery
(12) in various solutions. E, =38.07, E, = 20.0 V
tRecovery i2 a
Solution 1 (pH = 1.7) 30 min 5 mA/cm”
Solution 2 (pH = 2.6) 100 2.5
Solution 3 (pH = 6.4) 260 0.5
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Table 18. Effect of 'chemical dissolution' on Recovery tlme)tRecovery

E = 38.0 V, E2 = 20.0 V, 0.16M-Oxalic acid, 40°C

td tRec. td * tRec.
0 min. 32 min. 32 min.,
10 22 32

20 13 33

30 7 37

40 5 45

50 2 52

60 1 61

NTD 5T, ta>0mnli BT 2 EERSEL EA T3 4w, 3
RHL2) Y- B EIERBL LT HATI o, T4
H5 BN 2 M (¢ <0min) TIIRY ¥~ B o BT
FAERETE ), fo 2 1TERICES9ER B T > €
W LIEE S S,

5.3-2. EMEIAR)I= 5172 U5RAA T €2 EAT

27, Lo I ) IREFEEAE] 2205 T I R ERENS, B2
k@gﬁ%n@’é’v%ﬁm%%@u 23k WOHOTEELREP A 3 2B
EEEAR < By 2 0 BFESE LTS R,

HE21T08H T ( QI Ly ) BRIER ) T o BAEIRBcH TS
ERAA T VEoBTRIIACIR LT3 (WL ), B
SERRE MO BRI S v T IR RIEMT 2 129 37 5w
7, Bl RIS, TEBIEMT IS5 13, oR
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3 0.6 M-Oxalic acid

E o (pH=17) ]

% ' 40 °C

g E=38V,E =20V

- (vs.S.CE)

c S5t . Fig. 62 Change of

é amount of dissolved Al
0 h ion with time.

1. Recovery period

o
o

2. Open circuit
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8 ! -
2205 Anodized Al S—s 200 7
° 3
gl 5r 150 &
§|o- 1100 §
- 7 O
c P
E 5 Electrochemically 150

O

o) 5 10 I5 20 25 30 35 40
Recovery Time t, (min)

Fig. 63 Change of amount of dissolved Al ion electrochemically

with recovery time.
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Fig. 64. 65 Change of the amount of dissolved Al ion electrochemically

with recovery time.
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(a) t, = 33 min.

(e) t, = 40 min. (£) t, = 60 min.

Zlectronmicrographs showing the change of hexagonal cells observed from the

bottom of barrier layer.during recovery period.

Mag. x 40,000 I O~5E |

0.16K-0xalic acid solution, 40°C, E, = 38.0 V(vs. SCE), E, = 20.0 V.
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(c) t, = 40 min. (a) t, = 60 min.

Fig. 12 Electronmicrographs obtained by carbon replica of metal
substrate showing the change of hexagonal cell during recovery period.

Mag. 40,000 L O5p
0.16H-~oxalic acid solution, 40°C, E, = 38.0 V(vs. SCE), E, = 20 V.
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Photo. 13 0_5;5

Heg. x 30,000

Photo. 14 -0 |

Mag. x 25,000

Photo. 13 Electronmicrograph.of the cross-section of the film for

t2 = 40 min. obtained by the acetyl cellulose-cabon replica.

Photo. 14 Electronmicrograph of the cross-section of the film for
t2 = 60 min. obtained by the carbon replica.

0.1l6l-oxalic acid solution, 40°C, El = 38.0 V(vs. SCE), B, = 20.0 V.
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Mag. x 20,000

L 10p

(a) t, = 60 min.

Photo. 15  tlectronmicrographs of the cross-section of the film obtained

by the ultra-thin sectioning method.

0.16HM-oxalic acid solution, 40°C, El = 38.0 V(vs. SCE),

E2 = 20.0 V.
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(a)

(b)

(c)

Fig. 67 Mode of change of film structure during the recovery

period.
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Fig. 69 Calibration curve for SO4ion by thorium-morin method.

Procedure

Determination of Dissolved SO02°

Sealing Solution ca.3 mi
fe=HCI (1:49) I mi
<+——Th(NG3)-4 H,0 3 mi

(Th*"100 ppm)

Standing tor 3 min
<——Morin (0.01%) 5 mi
= CHgOH 10 mi

Dilution to 25 ml ( pH=2.3)

Spectrophotometry (410 mpu)
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Fig. 75 Relationship between 7L and anodiZing time.
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Fig. 76  Relationship between 7Z'and anodizing time.
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Fig. 77 Relationship between 7 and anodizing time.
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