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a) Porous type anodic oxide c) Barrier type anodic oxide

Porous layer

Barrier layer

@ Oxide dissolution

Flat surface

b) Growth mechanism of porous type anodic oxide

~ Al,O,+ anion layer

-~ Almost pure Al,O, layer

Al—AIPRY

302_ + 2A| — AI203 + 68’

Figure 1-1. Schematic diagrams of a) porous type and c) barrier type anodic oxide films
formed on aluminum. The growth mechanism of the porous oxide film is shown in b).

12



Anodizing voltage

Stage II!

Stage lll

Stage IV

Figure 1-2. Schematic diagram of a voltage-time curve during galvanostatic anodizing
aluminum and the corresponding four-stage growth model of the porous alumina film.

Anodizing time
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a) Two-step anodizing

wﬁuﬁw

1st anodizing Dissolution of anodic oxide 2nd anodizing

b) Nanoimprinting and anodizing

. LAY
o TV g

Nanoimprinting Removal of mold Anodizing

Figure 1-3. Schematic diagrams of a) two-step anodizing and b) Nanoimprinting
methods.
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CIENEETH -7, = FRuermirHWemEERET / — R ki n T, #ekoit
R 72 e BB AR B KT E W TG B SR L T R —TF AT AT OB ENR
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DEVIAENTWDIENDMNDN, T4 2 G E G £V EE DB UL g
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XD MFLEBIC Y =AU oA LT, iR — T A& kS D,

2-513 EDS = v 7% W CTRIFLIEER DAY — 8123157 =4 IR A&
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J—=REAbEAT ST BROEE - FFF AR OTR E IIREIL TVD, 1, =5 min 2351
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I\@‘Mlﬁ%ﬂﬁ;ﬁ BT = ARNEOFEIGIIHMT LI gD D HEIEI0E /S0,
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2-3-3. R—SRAPIIFTERERAEDT /EEICRIFXT 7./ — FELRREDRE
=T AT NIFTMER @O T /AEELTHNmT2281%, R—FAT7AIFTOME
ZHE A RSER T DT DI TEETHD, X 2-6 1%, BB REHS L OEMR
WFEEFELE 1, = 80 min £CTT7/— R L L7 BRICTE RSN DR —T AT LI F R St
%z AFM IZIDRIELTZS D TH D, BIRAFERRITIL, 7= L RIERE
££105 nm, {EE 3 nm OF AT — VDT 4 T NAREEPTE LSV TS, ZORE
%15 min 7/ —RE(LT DL, R—FATNIFTORNMEEDIRKIZESTT 427
IAEEDERBIONESDELIZH KL TWAZEN NS, R KETLIZEET S,
=29 min [IZBWVWTIE, BERBIOVESNAHHAIRY 7025 —voT7 107
TG DS e éﬁkb“(b\‘é*ﬂ%%ﬁ)éﬂ 2S5, BRI, 1, = 80 min (23N TEUE}
BRI DY) — T2 T 4 T NAEE DT S NA,
R—=FGATNIFREREOXREME (Ra) % AFM IZLVHIE L7ZfE R 2K 2-7
WORLTe, I, 7/ —REEICB T 28I - FE iR E S Ic KRl Tng, &
EHLSIE, 7/ — LB 41 15 min ETOM], NI KT HZERDIND,
H M EE AR KR R A R TN v — R AL R IS AR BT D BRI, ML A A
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D TR DOFVEED KON T ZEITHSEL TS, ZiuE, TEM 8L 0 STEM
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FEE N AR T DRI BB FEIZL TR TDH0D, WTNOERE EIZBWD
T OB KGR O Z <IN DR — T ARE N E T 22BN o
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Figure 2-1. Voltage (U,) - time (¢,) curves during galvanostatic anodizing at i, = 2.5-20.0
Am™ in a 0.3 M etidronic acid solution at 7, = 293 K for up to 60 min.
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a) Voltage-time curve at 5.0 Am-2 b) Electropolished aluminum
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c) Anodized aluminum specimens

Oxide
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Figure 2-2. a) A voltage (U,) - time (¢,) curve measured by galvanostatic anodizing at 5.0
Am” for up to 120 min. b) An SEM surface image and a TEM cross-sectional image of
the electropolished aluminum surface. ¢) SEM images of the surface and cross-section

of the specimen anodized for 10-80 min. Each anodizing time corresponds to the blue
dotted lines shown in a).
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Figure 2-3. STEM images of the cross-section of the specimen anodized at 5.0 Am” for
5-45 min. High-magnification TEM images of the anodized specimens for 5 min and 45

min are also described in the upper part.

26



£28 7/ —FRAABICEITSR—5A7INIFTDF/EEZEL

Figure 2-4. Elemental mapping images of oxygen (blue) and phosphorus (yellow) in the

anodic oxide formed by anodizing 5.0 Am™ for 5-45 min.
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Figure 2-5. Changes in the thickness of the aluminum oxide containing anions (orange)
and almost pure aluminum oxide (blue) at the bottom of pores with anodizing time.
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b) t, =15 min c) 29 min d) 80 min

a) Electropolished Al

300 nm

Figure 2-6. Three-dimensional AFM images of the electropolished aluminum surface
and the oxide/aluminum interface formed by anodizing 5.0 Am™ for 5-80 min.
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Figure 2-7. Change in the average surface roughness (Ra) of the oxide/aluminum

interface calculated by AFM images with the anodizing time. The voltage-time curve
obtained during galvanostatic anodizing is also shown by a dotted line.
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Aluminum 100 nm

Figure 2-8. STEM images of the cross-section of the specimen anodized at 20.0

Am” for 4-9.5 min and the corresponding elemental mapping images of oxygen and
phosphorus.
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Figure 2-9. Schematic diagram of the proposed growth model of the porous alumina

film formed by galvanostatic anodizing.
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Figure 3-1. Voltage - time curves during galvanostatic anodizing of aluminum in a 0.3
M etidronic acid solution at 293 K. b), c) Surface appearance and the corresponding
SEM image of the specimen anodized at b) 10 Am™ and ¢) 50 Am™ for 60 min.
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Figure 3-2. Changes in the plateau voltage, U,, with the current density, i,, during

galvanostatic anodizing in a) 0.03 M, b) 0.3 M, and c¢) 3 M etidronic acid solutions at
273-333 K.
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Figure3-3. Changes in the time to reach the plateau voltage, #,,, with the current density,
i,, during galvanostatic anodizing in a) 0.03 M, b) 0.3 M, and c) 3 M etidronic acid

solutions at 273-333 K.
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Figure 3-4. SEM images of the aluminum dimple array formed by galvanostatic
anodizing in a 0.3 M etidronic acid solution at 293 K and 10-20 Am™. b) Normalized
cell size histograms of the porous alumina calculated from the SEM images.
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Figure 3-5. Changes in the average cell size, D, ., with the anodizing voltage, U,,
during galvanostatic anodizing in 0.03-3 M etidronic acid at 273-333 K and 0.25-350
Am”. The dashed line represents a linear relation calculated by the least-squares method.
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Figure 3-6. Changes in the maximum cell size, D,_,,, and the minimum cell size,
D, ... with the anodizing voltage, U,, during galvanostatic anodizing in 0.03-3 M
etidronic acid at 273-333 K and 0.25-350 Am”. The dashed lines represent a linear
relation calculated by the least-squares method.
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Figure 3-7. Changes in the number density of the cell formed in the porous alumina,
Nc, with the anodizing voltage, U,, during galvanostatic anodizing in 0.03-3 M etidronic
acid at 273-333 K and 0.25-350 Am™. The dashed line represents the theoretical curve
of ordered porous alumina with an ideal honeycomb distribution.
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Figure 3-8. Changes in the maximum voltage, U,,,, with the anodizing voltage, U,,
during galvanostatic anodizing in 0.03-3 M etidronic acid at 273-333 K and 0.25-350
Am”. The dashed line represents a linear relation calculated by the least-squares method.
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FRILIZ W TILEAR AR B RAEI OB I W TR EIER FRAEL, ¥
— IR =T AT NI TR T HIENTE 2 oTz, L EOERERID, 7T1=
ULAREINIIER T DT 4 7 AEIEDERRPES N REVHEIZH WD E, BT 24
CHZERSEWETRE DT ) — R LA R THLZENHALNIT T,

4-6 1%, EOIORBERFBE T EERE 2 BB OEEBRT /—RBRLE1TH
LV 2B BOT ) R LIZB W TR Z AL TICR—=F AT NI T ZE R TEDLD
2, K42, K44 BIOK 4-5 OFERZFEDTHLOTHD, 22T, OFNTHET
BEUDHZERLT /=R {L TEEMETHY, XHNFBRETEZELELOTHS, &
R SRR 2 =T ) — R L DG E I, BETEALTICT ) —RR{E CTE5HE
T IR 20 Am™ ThD, 1 BREEROBWMEE, TROLTAI=ZVLAT 1T
NEROBEOBIRBEENERL, T4 T NAEENRKEL DL, BETEECTICT
J—REELTE5 2 B B OBEIRE N RL TWDLI e 0D, T4 7 IVIBR
B HWTT ) — Rk z171o8, BEAEMEARIZ HWTT ) — Rk Z21T o725
HD 2-5 fEmVETLE EAEIIIL T 2 U TIcmE T /— gk Tx 5,

7 = REBAEZFEINCRIET T A=Y AREDT 4 7 WA E DR EE LVFEMIC
BRETT 5720, TAr T NVORERITELL, RO HEELE ST 2 H
WTT /=R b ZAToTlc, 7B, WT A 7B SGEEHZ L R OFIEIZED
ERIL7=, i,= 10 Am™ DT /—RELICE > TT 4 7GR LT=0b, ik
R —MNARZ W T300 VETT /=Rt 21T o7, R —MNaEiRZ VTR v —
BIRRACIEA TR T D&, T4 T NAARIE DB 73 MBS BT LS L DT
FRAL R IO AR F i D3Rk 2 A\ S G [14], T 4> 7V BTy —BfR Lz
REIERLT-DG, FRLR RO 22 BRI AL RIE IR T DLk, T4 T D
WRJEREMEFF L EE, ESOERNWT 4 T IVIERGRE A ERIL T, X 4-7a 1378
WT TV RGRERR I O =R 5T AFM B2 R L C0D, X 4-3¢ {R LRV ]
IS D220, N T A TVl TODEE MRS D, X 4-Tb 1T
BRI EEREE, RO T 4 TN GERE B LR W T 1 T ARG S 0.3 M =
FRuUBRKER (293 K) (ZI27EL. 10 Am™ O7 /—RE&{b% 60 min 1T->72FED
BIE - AR R C0D, 7B, 7/ — R L oREHR mHSIZZ 2 0.8
nm (FEMEAFEEEL | 54.0 nm GEWT 4 7 VEAGRED BEOV11.8nm (W7«
YINERGERED Thote, WTHOREZ W7/ —REBLIZBWThH, EW
BEFHOBEL OOE 156 V FRELD, mRKEEITT 4 T NADBHR2DHIF
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SIEL 720 | BRI SR CIE 229 V., EWT 1 7 VTERGEREFTIE 200 V., BT ¢
VNGB CIE 165V THhD, LIzido> T, TAV I NMEEE BT Do bicdo
TT7 /) —RBALA OB KNGS NI=Zenbnd, EEBRT /—REBILIZE
VF %38 7 TR R OFINERM L IO BE T 2 T2 (K 4-2, 4-4 BL4-5)
0N, EROT 4T NAEER I L DT ) — RER LA 0 % 8 Kl gh s ko,
EVEE EIZB WO 2L UTICmE T /— N T e s,

4-8a 25 4-8c 1L, TAY T NIERAREHIRIL T i,=5Am” @ 2 BEBEH DT /) —
Rig{t% a) t,= 10 min, b) 20 min LN ¢) 29 min 1T >7=BEOHEWT I TEM 5%
RLTEY, ZOBROEE (U,) - KM (1) TR 4-8f 1T RL TS, 7 /—K
P Al 3B OO TEARHE R BEI P IR £,= 10 min (2B W TIE, JEE 70 nm FE O
BRI RN T ¢ T A E O IR > TR RSV TERY . £ ORFHIZEEL 10
nm FEEO/NSIFLAE RSV CWNDZEN YD, 7/ — KL% 20 min (2
HWRITHE, BALRZEEH O AN —J@NI0ELRb b2, B LD EEIC
IR AR FLE DSBS LD (M 4-8b), ZOMALIZ. T 12 7 DU 5
22> TR A IR EL o TNDIERDND (K, FARHIbl-b4), X 4-8e 13,
BONTZB{L R BED EDS i~y 7 a2 RLTRY, FaNPEE, mEany T
bb, VoragronT Ra g7 =4 N L EPICIRVAEN TRBY, 2o %
BUREIL. TAY T ONEEN DRI TR 2 IZEL 25T S (MY, |
FKHl el-e3), T 427Vl O B RS ST A S AV IRl FLIE, Bl L7 B
THMDOMILESONY, HEEZEIEL TS (2 BLWe3), —Ji. TAVTIVE
AR LT AL E T — RER LI R 245 I T A 2 8130\, e KEEE ISR
T 5 t,=29 min IZBWTIEL, FEALOFLEHZITHILZS DR —FAT LI F Dk
U722 T I REE DAL L CODER MBS D (X 4-8¢), HOLOT 4TV
R UTCUBHZ E BT/ — R b 21758, BRI RE 3 2RI FL OB HH
ROMMATONDZEND, X 4-T0 (TR ULIZT /— RERAL AT 0O & = 8 Rl AT
TWAHDETRESND,

INETITR AT EEB 2 BT/ —REBLIZ L AR —F AT NS OFEME L
X, UV BEIIC D &I DOt E KB E WSS ICb#E &5, Vv
i, =F e RIZETIIRWEDD, REREALIA XL OR—FZATNIT%
B CEDEMELL TIIBN TS [15, 16], X 4-9a 1%, EAFAFEREE 0.3
M U BRKERIR (293 K) (Zi21EL T 20 min 7/ —RE{L 2T =B EE (U,) -
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H#F”ﬁ (¢,) ##FRZRLTCWD, i,=60-100 Am™” OEEBIREEDT ) —RiEb 2179

L EEIFAHANIREIL . 7790 %2 2 <& T D TR — 72 G BT 2,
—J5. 1 BEFER 220 Am™ 7 /—RE{t% 60 min 1792 &8> TT 40 7Lt
B LI=O6, 2 BMEHOT /—REE{LE17H5E (X4-9b), i,= 60-100 Am” D
B AL CHORET A& LTI /— gk c&5, LieddioT, =FRFu fig
VIS DOt EfEE 2 WSS, T 7 VIBERGREIZ R 3528123, &

WEEEE LA FINL THEE T 2 AL FICm#E T ) — R L TEHZ LN BN >
7=

AREBEIZBWTER L 2 BB E R T/ — R LIEIL, T A=y 2 EHT
X7 ) —RBLL0E T e ADE THEMEE 70D, 20720, RFIED TR
JERERADEZIT, F /A=A O EEZS DR — LA W TT A= LR
HEIET DL, TAI=Y AREICMEEZIRE L, ZD%IZT /— Rk
EATHZ LI L Ta Y/ — N LD R CEH LTI,

4-4. 555w
F IR — VDT A T NAEEE TR LT T A= AN EE R T/ — Rk
ZATHTEIZEY Ed T ) — RER L ZATO HIR OB A A T R . IRD R a 15720
(1) EMAFEFEZ 03 M =FRa BRKERK (293 K) IZIRIEL CEBIT /—
RER (LT D&, BETAAEURW R KEREEIL 20 Am® THDH, ZHLL EFEn
B ARG LB EL, =72 —F AT VI FZ R TER,
(2) 5AM” BEO10 Am? OEERT /) —REBILICKOERL 727 1> 7 VI AR
EHWCEERT /—NRLAEITOE. mWEREEIZB W THERT M &
%o BEFZAELLZERKHIINITED I KETRE BEIL, BRI EE R 2 35
BITHARTZENEZIL 215 (40Am?) BLOS 5 (100 Am?) &72%,
(3) TNI=U L BTSN T A TIVINRWVNEE, EERT /— R bicBiT
LHEEH KRB IS L, BET ARG I TED,
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Anode Cathode

Cu wire <, Pt wire

& Glass cover

Electrochemical glass cell

Etidronic acid solution

Figure 4-1. Schematic illustration of the two-electrode electrochemical anodizing cell.
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a) ' I |
300 100 Am?2 (burning) i
40 Am2 (burning)

250 _
> d -
3 - 20 Am2 |
> \ 10 Am?2
S 150 : |
% iy =5 Am=2
> 00 20 Am2---40 Am?2 100 Am2 ]

50 |
0 : ' '
; 50 120

Anodizing time, t; / min

Figure 4-2. a) Voltage (U,) - time (¢,) curves measured by galvanostatic anodizing of
the electropolished aluminum in a 0.3 M etidronic acid solution at 293 K for 120 min.

b) Low- and high-magnification SEM images of the specimens anodized for 120 min at
20 Am” and 40 Am™.
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a) Electropolished

Figure 4-3. Three-dimensional AFM images of the electropolished aluminum and the
nanostructured dimple surfaces. The dimples were fabricated by anodizing at b) 5 Am™
and ¢) 10 Am™ and subsequent oxide removal.
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p—
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o

Voltage, U,/ V

60 VAm-z -

120
Anodizing time, £, / min

Figure 4-4. Voltage (U,) - time (¢,) curves measured during the second galvanostatic
anodizing process of the nanostructured aluminum in a 0.3 M etidronic acid solution
at 293 K for 120 min. The dimple structure was fabricated by the first galvanostatic
anodizing process at 5 Am™~ and subsequent oxide removal.
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/1 20 Am2(burning)
100 Am2

Voltage, U,/ V
o
(@)

0 30 60

Anodizing time, t, / min
Figure 4-5. Voltage (U,) - time (#,) curves measured during the second galvanostatic
anodizing process of the nanostructured aluminum in a 0.3 M etidronic acid solution at
293 K for 120 min. Large dimples were fabricated by the first galvanostatic anodizing
process at 10 Am™ and subsequent oxide removal.
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Figure 4-6. Domain diagram of oxide burning as a function of the current densities
during the 1st and 2nd anodizing processes.
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a)
b) 250 .

Electropolished |
200 ,/_ |
2 150 -
3 . =
8; Shallow dimple structure 1
£ 100} e -

O

>
50+ Deep dimple structure |

0

0 30 60
Anodizing time, t/ min

Figure 4-7. a) An AFM image of the shallow dimples fabricated by barrier oxide

formation at 300 V and subsequent oxide removal. b) Voltage (U) - time (¢) curves

measured by galvanostatic anodizing of the a) electropolished aluminum, b) shallow
dimples, and c) deep dimples in a 0.3 M etidronic acid solution at 293 K for 60 min.
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a) t, = 10 min b) 20 min c) 29 min

e)EDS (O, P) '
e S ¢) 29 min

-

o

o
T

b) 20 min

Voltage, U,/ V
g

a) t, =10 min

0 30 60
Anodizing time, t, / min

Figure 4-8. a)-d) TEM images of the oxide film formed by the second galvanostatic
anodizing process at 5 Am™ for a) and d) 10 min, b) 20 min, and c¢) 29 min. The
dimple structure was fabricated by the first galvanostatic anodizing process at
5 Am” and subsequent oxide removal. e) Elemental distribution maps of oxygen
(blue) and phosphorus (yellow) in the anodic oxide formed by anodizing for 20 min.

f) Voltage (U,) - time (¢,) curves measured during the second galvanostatic anodizing
process.
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Figure 4-9. a) Voltage (U,) - time (¢,) curves measured by first galvanostatic anodizing
in a 0.3 M phosphoric acid solution at 293 K for 20 min. b) Voltage (U,) - time (,)
curves measured by second galvanostatic anodizing under the same conditions using the
nanodimpled aluminum surface (i, = 20 Am ~, ¢, = 60 min).
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£58 BEMXAIRIVEFTNIVLZRWETY /—REEICELS
BRLK—5 27T O

5.5

TNI=DULDT ) —RBALIZIV AR T 2R =T AT AT OF hgdEix, 7/ —
RERALIZ WD B L RO RECT /) — R L SR B 2T D, UT4E,
BT 7 —RBBLIEIC LD, 9EREIT R/ DT MEEROIER AR DD L DNEFS
AT WD, Bz, T /AT VN T o 7O FiEEMA G DT TELE
BEDOT /=R LZATHZ LD, AT/ m— N—TEOM AL @ HAELS IS ' 5
BFZE [1] 0, RWMEIMEZFIINLARNGT ) — R b E17H2 818D, LV EEE
HOT N TFEE DT R A ATOMFIE [2-4] DHRESNTND, DI T
J—REREIZED, EHMER T /G ED DR —FATNITZERTEXDHLOD, Zi
SBOFIEITT XTHERDT /=R LOIERAR b F72b bt i E 2 Aot
727 ) — R EE ST (ERITE DT /E D ZERSITIIR AR H S,

WM B E KB E N7 A= AOT 7 —RERIX, BRMEKIEIRIZ A~
TT R T OVEFEEE DN LD, (FEAE AW T ol —F, ik
P M AR N =T /—RBbIic LY, 2=—27eF /i EEL ST VI
BEDER T HZEEB LN D255, FIZIX, KRBT E=0 LKEHRZ
TTNR=0L%ET )—RbT 5L, ZHEOT T A~ BB L EE LR —F AT
NF D2 BIORDEEFEIL A AR TED [5], WARVEET - E=7 LK
ERHWEIGEIZE, 7/ — B LR LS TT TR~ DOV A XROR A B A1
WFHZllcdh, BEaE R T 57XV EMRBILEIENZERSND [6], ZDIIIZ,
BB 2 N CT A= LADT ) — R (b ETH 282k, ZhET
(272 A S DR L IR A AR R CED FTREME DS D,

AREIZBWTIL, HEMEAZRYEEF YL (NaBO,) KEEZHNTT LI=
ULET )R THIECEY, BT RS DR — T AT AT OfERE G
HHEEBIZ, HRTHR—TAT NI T BIOEORE RO T /#E I RIETK
IR B L OHVINEE O B2 BN T 52 & AT,

5-2. &AL

FEE 99.999 wt%, JEX 500 um D7 /LI=7 LM% 10 mm X 20 mm (FfFE) @
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REZITHUIOHLI=06, EEREIEEZ 10 min BIOEMFEVEZ 2 min 1772, &
Bl o Tz Va— 2 iiE (KE45SW, Fb T3) 28BMA 75281280,
FOGHFEZMEE LT-, TD%., REE 0.3 M AZKRUERF MY L KIER (T, = 278-
318 K. BAH(LER) ITiRIEL, U,=0.1-200 V OEBLET ) —Rig{bE1T1-7-, k&
PEEMRE ChHOLAZRUEFT NT AT, KFIZBWTLLFOIDICHERET 5525
ALTHY [7]. 0.3 M AXFRUEETNDLKER (278 K) @ pH X 11.9 &, iy
EVMEE R,
NaBO,=Na"+ B0, (5-1)
BO, + H,0 =HBO, + OH (5-2)
HBO,=BO, +H  (5-3)

KR ELCH4A GHEE 99.95 wt%, JEX 100 um) Z V=, 7/ —REbIZR VT,
7 ) —RiE{bBRIAT 2.5 min T CHEDEEETEHEELHRSELOL, FiED
HEJE% 60 min PREFLTZ, 7/ — RE{b i O M E K ES AR L 1T TE IR A (UCT-1000A
TRAT) HRWTHIET A1, KHFERAY—T— (iMicroStirrer, Thermo
Scientific) &MV NTHEE 250 rpm OIFE#EEIToT2, 7/ — R OEEDOZE L%
TN T A—E— (VOACT602, Al EH) (ZXVELZ, kD=, 0.3
M FiEg KA & W CIRIBRD EBIET ) — Rk a1T -7, 7/ —RER{L B DRk
BRI O T MEEEBIET L0, 7 /=R alklz 02 M Z7a Lz / 0.51 M U
FRIRG/KVIR (353 K) ITiREL ., B LD A AL 7 ysfiR L . AR A i S
i,

=T AT VT O i 3 L OV R S il 2 FE-SEM  (JSM6500F, H A&
M EE 10 kV) BELOAFM (Nanocute, H N NNAT7) IZXVBIERLT-, W1k
FZED SEM Bl B\ TiE, BB OF v — U7 v 7 Ml 5720, ~7 xbhav
AR B ERCTHASEEZER LT, 7/ — R 25 2 ZIRLIEZTIEICEY
UIHIL CHEEY R ELTb | B L IEOHEWr % Cs-corrected STEM  (Titan3 G2
60-300. FEI, JMEEE 300 kV) (ZXVBIZELTZ, STEM GI0GLN L (LRI
=% B FEAT 7 1 (Image-Pro 10, Media Cybernetics) & AW CHIE LTz, 7 /—
REALERELDVRS J7 [0 e 38 50 M | 1 JE1 I 7 — B fE 38 45 43 (Radiofrequency
Glow Discharge Optical Emission Spectrometry (rf-GD-OES). JY-5000RF, HORI-
BA) (& To7,

Pl DR T4 aZe, RT 74V 7 OFiEEZANTCEBLEZS, 9], 20k

67



555 8 BEMXIRUBT ) ILZERWETY /—FREICE DRERBR—S X7 IV T DR

BT I RGN 0.5 M AR5/ 0.05 M IUAR TR R AIRA7KIEIE (293 K)
[IRIEL, EIEE 5 Am” OEERT T/ —RBILEIT o7 B SO N D EIE - IF
PR OME (m) & BRET A= 25UEHIXT L CRIBRD T/ — R 21T -
TeBEOEIE - R R OMEE (my) ZAWT, L TFTOXo@EE L,

a=Tap+ (my/m))/ {1 - (1- T pp+ ) my/m,} (5-4)

ZZT, Tap+ X AT OF=R (0.4) THD, BALEEOR T T (1% SEM &5
MESNDZEL LN, RIFFEOBRALE L E/VEED 5 nm BL T OWHIZ2 % &4
D7, SEM BinbARus T4 BT A0IXREECHD, DTz, RT 74V
JEERCCTRa Y T OREE{T-T,

5-3. RBRERSLUER

5-3-1.IR—3 AP I FDF /IBEICKRIFT 7/ —REREREDRE

5-latd, 7AI=U Ll EE 0.3 M AX KT RN LKEER (T, =278 K.
pH=11.9) ITREL T, 7/—FEE{LEL U,=5-200 V OEEFET /— Rtz 7o
OB () - B (6) #HBRERL Q0D BOWEEDO SV ICBWTL, B
T BT ) — R AL BR AR 2.5 min OBEEFR T, 16 Am? FREEIZBEL=O
B 12 Am” BJERBIL 205 2 12 LT 1 Am? OEFEICED, FINT25
BEAERLTH, AUDEMEEIIREERES, EE - FEE AR OIEIRITK
ERBACITIED ST, LT -> T, RIERDT ) — R I 1T 5 R Bk &8 B 1,
FINd2BEDEELFEAEZ T RN ENb -T2, KIRIKIEEZ 298 K (pH
=114, X 5-1b) BELO318K (pH=10.6, X 5-1c) (ZHEHKTDHE, 278 K DEH
CH U CERBE D 3-9 (5 R L7Z, 318 K O@EIEKIEIE TlL, 200 V OEWE
JEZFINT 5L, BRBENT ) — R LAHNC 2RI KL, A 4ELTz, —
X, ERAEIRE T 7 — R B TlE, BB LR DAL PR A L3 <
257, REREBERPIEADLE MR DD, LNLRND, EiRAZRTEET N L
KIS, FINEEEHE KL CH, EUAEIMBEICHEVRE2 AT, B -
IR IR IC R E AR 2B A U N2 LI IRAYIZ, (RWEEDT /—FiE{kick>T
AR LT IL L . B WEEOB L DT & IZIX, REIEVWNELLZ L
Z R LT,

5-2 1%, TAI=UAREE 0.3 M AXRUERTRID LOKEER (278 K) IZ{R1E
LT U,=20-200 V OEFELET /—RE{bZ 62.5 min 17> 7BE Ok K SEM 4 Th
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%, 20V BEO 50 VIZBWTIL, FERIKROANVYP—EE2E DR —T AT AT A
L CWD, ZOF RIS LEEE M E KSR 2 2T ) — R RIZ KV AR T 5
IR—=T AT NI FITHABL TOD[10], RN—FAEOMMFLITHIL, LD m0h
fiEaEb o, 7/ —RBLELEZ 100 V IZHE KT 5L, ERAZRMALEZD DR —TF R
JEl. O TE/N DRI —BNLROER—TAT NAIFTNERT D, ZDX
VRN — L, R —MNARE LU & D iR KRR E =T
J=RBAIZ VAT ) v =R b BB S FRELL TS (11, 12], 7/ — Rk
BEZ 200 VIZHE KT 5L, 100V OEGEEEASTAIY—EORESIL 2 512725 —
7. R—FREOF G ICRERE LT R Z T O o7, AR R —F X
TNAIFTORREFENCBWT, REEBICERIILEN Y — @ D ERDOE R
TRPOLEAY A, 7/ — N LEEITHAIL THERTHZENIIESHITND
[13], LU, AZRVER T ND LKEERE W27 7 — e cid, 7 /—R
e b BIEA KT 5L —BOL DRI IRIT KD, FiRIZia-3<, Lizhis
T, AZRUEBET N 22T ) —RBAGIZEV BT HR—F AT VI DR
AN = ALT, FEROBEMEEBRE I ZIVERT DR —TATNAIFTDOREAT=ALE
XD ATREMED B D,

B 5-31%, 03 M AZHRTEF R LOKER 278 K) ZHWT U, =20V ODEE
JE7 =Rtz 1T o7 B O N B B KO g O Wiz, STEM ICEVBIZE LT
DTHD, BACKIEIETRDO Y —BOTRRIL, BRE7ZRR—F 27 LI F L[EED
EERZL D, FATHEICB W T, BLEEESONIY—gORES (4,) &7 /—
NigfbsEE (U) 13U TOBRES DZENMEIIL TS [13],

=k U, (5-5)
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70



5 5 BEMXIRUBTR)IVLZRWETY /—FEEICE BREBR—S A7 IV T OIS

L. BEAVDOEFIZITFEERROBENA)Y —ERHLLDOEERINTND, T /—R
BALTR OEBEL T, 724 e F A DAY —BEBETHZLICE> T/
BIEOEALD [19], 50 V AT OT /—REB(LIZ > TAEK LIZAR—F AT LI+
JHEEIX KHR E7 L ERK—H LTS (K 5-3), —J7, 100V EL EOT ) —Rig
{BIZE S TERKR T DR —FAT AIFTEEICIE, D TEEERNN v —E@at-> T
BV, ZOREIT KHR 7 /VEITRELE 2D,

JE G 72N\ — 2L DR —F AT NAIT OF L, BEEREEHNT
1 EHOT /—RBAbEAToT-06, FHKEREAWTHT /—NBbE T o728
DAL IO T A EEFALIL TWD [20], ZDOXH7FT /—REEbiciBnWT, 1
HOT ) —RBAIZEO AR LI EERIRO AN Y —J8 X, 7 /—RB{LOBROETE
DR EEGITIR 2 VR LR S| BET AL DT E72<E0E nm (ZJZEAL 32723,
R—FABOT MEEIXIZEEL LV, 2O, BT/ —RNEB{LRiZ BT 5
LR IERRDBEREITIZE A E LR, — T AZRVEETNULE W EE
JET ) —FBLICE > TERT AR —=FATAIFTOEEOEEIL, 7/ — Rl
MEEBITHRT D, K 5-71F, AZRUEEF MY LOKEEKZHWT U, =200V OT
=Rz t,=12.5, 32.5 BL62.5 min T ->7=7E O W SEM 44 ~L T
%o 12.5 min D7/ —REELIZED  JEE 240 nm D723 —JEE 310 nm DR —
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Figure 5-1. Current density(7,) - time(z,) curves measured during potentiostatic
anodizing of the electropolished aluminum plates in a 0.3 M sodium metaborate solution
at a) 278, b) 298, and c) 318 K for 62.5 min. The current density linearly increased to
each target voltage with anodizing time during the initial anodizing period for 2.5 min.
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Figure 5-2. SEM images of the porous alumina possessing different barrier layer
morphologies formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and
20-200 V.
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Porousilayer,

A\

Barrierilayer,

= Aluminum

Figure 5-3. HAADF-STEM images of the inner and middle layers of the poroous
alumina formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and 20 V.
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Inner layer | Porous layer
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Figure 5-4. HAADF-STEM images of the inner and middle layers of the porous
alumina formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and 200 V.
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a) SEM images
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Figure 5-5. a) SEM and b) AFM images of the aluminum surface exposed by the
chemical dissolution of the porous alumina after anodizing in a 0.3 M sodium
metaborate solution at 278 K and 20-200 V for 62.5 min.
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a) Spherical cap barrier layer b) Flat barrier layer

§ 5f
Dl

Figure 5-6. Schematic models of the two types of porous alumina with a) a spherical

cap barrier layer corresponding to the KHR model and b) a flat barrier layer that differs
from the traditional KHR model.
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Figure 5-7. Time variation of the porous alumina with the flat barrier layer during
anodizing in a 0.3 M sodium metaborate solution at 278 K and 200 V for 12.5, 32.5, and
62.5 min.
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a) Sulfuric acid
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Figure 5-8. Current density(Z,) - time(z,) curves measured during potentiostatic
anodizing of the electropolished aluminum plates in a) a 0.3 M sulfuric acid solution at
278 K and b) a 0.3 M sodium metaborate solution at 278 K for 62.5 min.
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Figure 5-9. Low- and high-magnification HAADF-STEM images of the porous alumina
formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and a) 3, b) 1,

and c) 0.1 V. A corresponding diffraction pattern of the anodic oxide formed at 0.1 V is
shown in c).
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Porous oxide film

50 nm

Figure 5-10. HAADF-STEM image of the porous alumina formed by anodizing in a 0.3
M sulfuric acid at 278 K and 0.1 V.
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Figure 5-11. Change in the porosity of the porous alumina formed in a 0.3 M sodium
metaborate solution at 278 K with the applied voltage.
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Figure 5-12. GDOES depth profiles of aluminum, oxygen, sulfur, and boron in the
porous alumina formed in a) a 0.3 M sulfuric acid solution at 283 K and 25 V, b) a 0.3
M sodium metaborate solution at 278 K and 50 V, and ¢) a 0.3 M sodium metaborate
solution at 278 K and 150 V.
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Figure 6-1. Changes in the current density, i,, with the anodizing time, ¢,, during the
potentiostatic anodizing of Al at 60-240 V in a 0.5 M sodium tetraborate solution at
335 K (pH = 9.1, a) and 355 K (pH = 8.8, b). SEM images of the growth interface after
anodizing at 140 V for 120 min and subsequent oxide removal are shown in each inset.
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Al substrate (interface between the oxide film and the Al substrate)
LS N ) oo ~ ‘. i 1

i

Figure 6-2. Surface appearances (upper) and corresponding SEM images (middle and
lower) of the Al specimens anodized in a 0.5 M sodium tetraborate solution at a high
temperature of 361 K (pH = 8.7) and 100-180 V for 120 min.
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Figure 6-3. (a) Polygonal maps (tetragon: brown, pentagon: yellow, hexagon: light
blue, and heptagon: orange) of the porous alumina cell structure formed by anodizing at
355 K and 140 V for 10 min to 360 min and the corresponding frequencies of polygons
for each anodizing time. (b) SEM images of the self-ordered cell structure obtained by
anodizing in a 0.5 M sodium tetraborate solution at 355 K and 90-190 V for 120 min
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Figure 6-4. (a) Linear relationships between the applied voltage, U,, and the interpore
distance of the self-ordered porous alumina, D,,, formed by anodizing in conventional
acidic electrolyte solutions. (b) An HAADF-STEM image of the ultrathin section of the
bottom barrier layer formed by anodizing at 90 V.
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Figure 6-5. SEM images of the surface and fracture cross section of the self-ordered
porous alumina fabricated via a two-step anodizing process in a 0.5 M sodium
tetraborate solution at 355 K and 140 V for 120 min (first anodizing process) and 10 min
(second anodizing process).
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Figure 6-6. (a) A schematic illustration of the vertical cross section of the Si master
mold with a hexagonal dot array. (b) An SEM image of the aluminum surface after
nanoimprinting. (¢) SEM images of the surface and fracture cross section of the ideal

porous alumina fabricated by nanotexturing and subsequent self-ordered anodizing at
153 V.

103



5 6 B IREMIIRUET NI VLZRWETY/—FEMEICE SERAIKR—5R 7 IV T OIS

Phosphoric Etidronic

Figure 6-7. (a) Surface appearances of fower-shaped three-dimensional Al specimens
anodized in 0.3 M phosphoric acid at 273 K and 195 V and 1.0 M etidronic acid
at 303 K and 205 V. (b) Appearance of the Al specimen anodized in a 0.5 M
sodium tetraborate solution at 355 K and 190 V. (¢) Structural coloration based
on the ordered, nanodimpled Al surface afer selective dissolution of anodic oxide.
(d) Fabrication of a self-ordered porous alumina structure on circular and square spiral
Al structures.
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Figure 6-8. (a) Schematics of the typical porous alumina structure and the nanospike
porous alumina structure. (b) A TEM image of an ordered porous alumina structure
fabricated via two-step anodizing of Al in a 0.5 M sodium tetraborate solution at 355 K
and 140 V for 120 min (frst anodizing process) and 10 min (second anodizing process).
(c) A high-magnifcation TEM image of a nanospike pore wall. (d) SEM images of the
ordered porous alumina template and corresponding Ni nanorods. (e) Pore-widening of
the porous alumina structure in a 1.0 M phosphoric acid solution at 298 K for 120 min.
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REZTHUIOHLI=06, BEEREIEEZ 10 min BIOEMFEVEZ 2 min 17-o72, &
BEOK D Tz Va—glE (KE4SW, (G5 T.3E) 28035281240,
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VR D720 1 B BT Eti-PAF 213 AETRIC 25 min Té b, Chro-PAF [
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Figure 7-1. Changes in the voltage, U,, with time, ¢,, during galvanostatic anodizing of
Al in 0.3 M sulfuric acid (293 K), 0.3 M oxalic acid (293 K), 0.3 M chromic acid (313
K), 0.3 M phosphoric acid (293 K), 0.3 M etidronic acid (313 K), and 0.3 M sodium
tetraborate (333 K) solutions at a constant current density of 40 Am™ for 60 min.
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Figure 7-2. Scanning electron microscopy (SEM) images of the fracture cross-section
of the porous alumina films (PAFs) formed by anodizing in sulfuric acid, oxalic acid,
phosphoric acid, etidronic acid, chromic acid, and sodium tetraborate solutions at 40
Am™ for 60 min.
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Figure 7-3. Glow discharge optical emission spectrometry (GD-OES) elemental depth
profiles of PAFs formed by anodizing in sulfuric acid, oxalic acid, phosphoric acid,

etidronic acid, chromic acid, and sodium tetraborate solutions at 40 Am™ for 60 min.
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Figure 7-4. a) Bode diagrams of the Al specimen covered with the Phos-PAF and the
electropolished Al specimen before and after immersion in a 0.52 M phosphoric acid
solution at 333 K. The electrochemical impedance spectroscopy (EIS) measurements
were performed in a neutral 0.5 M boric acid / 0.05 M sodium tetraborate solution.
b) A schematic model of the equivalent circuit of the PAF-covered Al surface.
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Figure 7-5. Change in the reciprocal capacitance of the Phos-PAF-covered Al specimen,
C,, with the immersion time, #, in a 0.52 M phosphoric acid solution at 333 K.
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b) STEM-EDS

Figure 7-6. a) SEM images of the surface and cross-section of the Phos-PAF-covered Al
specimen after immersion in a 0.52 M phosphoric acid solution at 333 K for 7-20 min.
b) Scanning transmission electron microscopy and energy dispersive X-ray spectroscopy
(STEM-EDS) elemental distribution maps of the Phos-PAF before and after immersion
for 7-15 min.
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Figure 7-7. Changes in the reciprocal capacitance of the a) Sul-PAF, Oxa-PAF,
Phos-PAF, and Eti-PAF, and b) Chro-PAF and Borate-PAF-covered Al specimen, C,,
with the immersion time, ¢, in a 0.52 M phosphoric acid solution at 333 K.
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Figure 7-8. Changes in the reciprocal capacitance of the a) Sul-PAF, Oxa-PAF, Phos-
PAF, and Eti-PAF, and b) Chro-PAF and Borate-PAF-covered Al specimen, C,, with the
immersion time, ¢, in a 2.5 M sodium hydroxide solution at 293 K.
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Figure 7-9. Changes in the time required for the complete dissolution of the barrier
layer at the bottom of various PAFs in a 0.52 M acidic phosphoric acid solution at 333 K
(diamond) and a 2.5 M alkaline sodium hydroxide solution at 293 K (pentagon) with the

anodizing voltage.
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