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Titanium is applied in various industries due to its valuable properties and abundant reserves. Generally, if
a highly uniform oxide structure and a high-density oxide film is formed on the surface through anodiza-
tion treatment, the utility value such as color appearance and corrosion inhibition efficiency is further
increased. The objective of this study was to determine improvement of water-repellent property by con-
trolling titanium oxide parameters such as pore size and inter-pore distance to improve corrosion resis-
tance. Oxide film structures of different shapes were prepared by controlling the anodization processing
time and voltage. These oxide structures were then analyzed using a Field Emission Scanning Electron
Microscope (FE-SEM). Afterwards, a Self-Assembled Monolayer (SAM) coating was performed for the
oxide structure. The contact angle was measured to determine the relationship between the shape of the
oxide film and the water-repellency. The smaller the solid fraction of the surface, the higher the water-
repellent effect. The surface with excellent hydrophobic properties showed improved corrosion resistance.
Such water-repellent surface has various applications. It is not only useful for corrosion prevention, but
also useful for self-cleaning. In addition, a hydrophobic titanium may open up a new world of biomaterials

to remove bacteria from the surface.
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SURFACE MODIFICATION OF FUNCTIONAL TITANIUM OXIDE TO IMPROVE CORROSION RESISTANCE
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Fig. 1. (a): Wenzel model, (b): Cassie-Baxter model
Table 1. Chemical compositions of titanium grade 4
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Al BAA agAdo] Holvka uiFAAg, 49 59 %
d o= Qg ke A kS w71l th
et AF] Atofel] ARS-ETH13-16]. 53] F=AkstE
&l o] FHel FAE= oA A EREY B
TR NS o] gsto] 2, W 75 F-Eo] 7hssh| o]
v ARG WS Fofsk=dl A 71ogtH11,17-

o] aksl FxE 9ol dHo] HEH
&k wof] 71 ¥/4-S Wenzel model, Cassie-Baxter model
2 X 7hseith dAks AR Qe 25 o
71xo] EAeh= Atstulute] g4 o] Abshuuke
7Fl A= ASke] 719k A=Azt Sl et 2] o
FAE wrh23,20]. FAE A Asle e A=)
= 7K AR 8] FE et ©]i= Wenzel model
2 goshe Aol AR W]\l FIEA] JF3He
A= @s BRItk F=AksE A Elolelge] &
© Bl 75 Zhe AbsRE ddsHAl FAAIA 4
S35 A st 990 o] Abslalel Qe w
< ZHAUAIE 7= E4e FHsHE 7o) 4bs)
T2ES Hl I AeA Zekal AE Walo] HAs)t
o] A7) 5 7HRITH27]. ©]+= Cassie-Baxter Model
2 ¥#3H}. Wenzel Model, Cassie-Baxter ModelS Fig.
1 2 Yepdlch 29 A2 ks 7328 32U 55
Q) H-A) QIxke] HEFS Aphdetal 53], e
o7 AAo HES T ol AFE PAst A
& PIARITH23]. & =EeldE 54 As A

k%
]
e
mﬂ‘.
&
Fl
1o

0

[¢]

PR 0542 7 ALshekel T ) FDTS
(1H, 1H, 2H, 2H-Perfluorodecyltrichlorosilane) & -5
SAM (Self Assembled Monolayer) 2] ©. 2 F & 3}o]

W AL Folg F Asslnte] By wag el 4

CORROSION SCIENCE AND TECHNOLOGY Vol.20 No.5, 2021
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Fig. 3. EDS analysis before and after anodization of Ti Grade 4; (a) Ti Grade 4, (b) Anodization Ti Grade 4
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Fig. 4. SEM images of the thickness growth behavior of titanium dioxide films (Scale bar: 500 nm)
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Fig. 5. SEM images of the pore size growth behavior of titanium dioxide films (Scale bar: 500 nm)

A} #v]7 (Field Emission Scanning Electron Microscope;
FE-SEM)& ©o]g-3to] &t 34 oAt

Fig. 6, Table 2= Atsha|ute] 715 vehd Zlo|t
20 VE Aetsile wl absta] o] FAIE 3, 6, 9 min &
o7 YeER)H 59.78 nm + 898, 77.91 nm + 7.20,
80.12nm + 4.53°]3L 40 VoA 9742 nm + 4.94,
114.12 nm + 15.13, 17824 nm + 839 1|1 60 VollA=
17833 nm + 2542, 21398 nm + 11.40, 242.83 nm +
13.77°]3L 80 V= 112.87 nm + 9.69, 312.39 nm + 18.77,
869.21 nm + 56.8°.% UEFSITE mixEf o= 100 VellA
= 520,62 nm + 29.47, 113328 nm + 27.5, 1265.35 nm
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A kS ERISHA AL 40 VoA A e Al 7|82 A5
3, 6, 9 min TSE UehfH 8.00 nm + 2.56, 8.42 nm
+ 1.71, 978 nm + 2.01°]3L 60 VA= 928 nm +
1.42, 9.48 nm + 1.55, 12.75 nm + 3.17°|t}. 80 VollA]
1431 nm + 2.58, 17.42 nm + 1.80, 19.22 nm + 4.420]
W 100 VoA = 19.61 nm + 4.90, 21.98 nm + 1.36,
2231 nm £ 2402 333}
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Fig. 9, Table 5= Efo]elg Al 9]oll FDTS (1H, 1H,
2H, 2H-Perfluorodecyltrichlorosilane)-%-2-5 SAM (Self

Table 2. Summary of the oxide thickness changes with different anodizing processing conditions

(nm) 20V 40V 60V 30V 100 V
3 min 59.78 £ 8.98 97.42 +4.94 178.33 +£25.42 112.87 £9.69 520.62 +29.47
6 min 77.91+7.20 114.12 £ 15.13 213.98 £11.40 312.39 £ 18.77 1133.28 £27.5
9 min 80.12£4.53 178.24 + 8.39 242.83 £ 13.77 869.21 £ 56.8 1265.35 £ 13.09
40
. 1400 i
E - min 3mi
£ 1200 | 6min =62::
£ { [N 9min ’g 304 | 9min
= 1000+ s
w N—
S s00- g
g g 20
5 o s
n °
8 2 104
£ o
© 200+ N/A
=
- 0- 0-
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Fig. 6. Graph of the oxide thickness growth behavior by
anodizing processing conditions (nm). The anodization
condition is at 20, 40, 60, 80 and 100 volts for 3, 6 and 9
minutes, respectively

Fig. 7. Graph of the pore diameter changes with anodizing
processing conditions (nm). The anodization condition is at
20, 40, 60, 80 and 100 volts for 3, 6 and 9 minutes,
respectively. (N/A: Not available)

Table 3. Summary of the pore diameter changes with different anodizing processing conditions (nm). (N/A: Not available)

(nm) 20V 40V 60 V 80V 100 V
3 min N/A 8.00 £ 2.56 9.28 +£1.42 1431 £2.58 19.61 £4.90
6 min N/A 8.42+1.71 9.48 £1.55 17.42 £1.80 21.98+1.36
9 min N/A 9.78 £2.01 12.75+3.17 19.22+£4.42 22.31+£2.40
Table 4. Summary of the contact angle values with uncoated titanium oxide film

(©) 20V 40V 60V 80V 100 V
3 min 97.15+1.33 91.12+£6.42 87.62 £2.47 52.74 £7.03 16.81 £1.27
6 min 96.73 £ 1.96 88.68 £5.58 82.66 £ 1.11 39.48 £3.27 9.4+0091
9 min 96.27 £ 1.00 76.98 +3.12 64.73 £4.48 18.74 £ 0.59 7.9+0.70
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Fig. 8. Contact angle values with uncoated titanium oxide
film. The anodization condition is at 20, 40, 60, 80 and 100
volts for 3, 6 and 9 minutes, respectively
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Fig. 9. Contact angle values with coated titanium oxide film.

The anodization condition is at 20, 40, 60, 80 and 100 volts
for 3, 6 and 9 minutes, respectively.

Table S. Summary of the contact angle values with coated titanium oxide film

©) 20V 40V 60 V 80V 100 V
3 min 105.95 £0.32 107.65 £ 0.83 109.93 £ 1.60 117.47 +£0.13 135.41 +£0.28
6 min 106.07 £ 0.36 109.34 = 0.37 110.23 +£1.92 122.48 £ 0.84 139.28 £0.57
9 min 106.44 +0.21 111.59 £ 0.32 115.48 £ 0.29 131.49+1.27 139.41 £ 1.65

Uncoated Coated
3min 6min 9min 3min 6min 9min

9715 + 1.33 96.73° + 1.96 96.27° + 1.00 + 106.07° £ 0.36 | 106.44° +0.21
20V ‘
88.68° + 5.58 76.98° + 3.12 107.65° + 0.33 | 109.34° + 0.37 | 111.50° +0.32
40V
82.66° + 1.11 64.73° £ 4.48 109.93° + 1.60 | 110.23° +1.92 | 11548 +0.29
60V

e — —e &

18.74° + 0.59 122.48° + 0.34
80V . . .
m 9.4 + 091 m 13541° £ 028 | 13928° + 057 | 130.41° + 165
100V : ' : . . .

Fig. 10. Comparison of contact angle between coated surface and uncoated one. Left side pictures show the contact angle
measured on an uncoated surface after anodizing. The pictures on the right show the contact angle measured on a coated

surface after anodizing.

Assembled Monolayer)J2] © 2 FE5}o] WA
@ F opAl 84572 24j0] 299
2 A Al SAHE A5 45 3, 6, 9 min £
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2 UER™ 105.95° + 032, 106.07° + 0.36, 106.44° +
021 ©]3L 40VE 107.65° £ 0.83, 109.34° + 0.37,
111.59° £ 0.32, 60 V&= 109.93° + 1.60, 110.23° + 1.92,
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11548 + 0.29, 80 VollA:=117.47° + 0.13, 12248 =
0.84, 131.49° + 1.27, 100 V= 135.41° + 0.28, 139.28°
+ 0.57, 139.41° + 1.65°]t}.
Fig. 10> IR ¥ AlH3} I8 A o2 AlA
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A5 )
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%] 7] (Interpore Distance), 1= 71&-2] R 5 1}
ERdTE.

7150] EAEA 9= 20V 24 3 Ay AEE A
9Jslal Equation 1+ o]g-ate] 7+ Ae] 211 8 1A &
&5 AAFFAE 40V / 3 min °lA 97.36%, 6 mine
96.85%, 9 mine 95.39%, 60V / 3 min 96.56%,
6mine 96.15%, 9 mine 92.39%, 80V / 3 mins
89.84%, 6 mine 82.53%, 9 min 76.37%, 100V / 3
mine 74.56%, 6mine 67.83%, 9min 66.82%2] 114
58 Hoth

Py = 1-2() m

e w9 719 7] v Absl 2 E flelAe
Wengzel, Cassie-Baxter model®l] 2|3l A-54J2] 2fo]& K.
o|al ERe] 1A H-Eo] g, o A W] FE
Zlofgit), RS AL A5 A EEs T
B A= 39 uA 28] 9 AlES 3
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q

mlo :‘.":‘

7FA AFZe] A1, T A 0] & AlEE H]
WA g e 7 A2l WA S E A 13,32]
olF &3l 1A o] g, I A e 8 8
2SS Gl olF Als EEe] U s F
2l 54 ABHAE setetaat A7)skekE] hal]l
& 9] &= A3 (Potentio-Dynamic Polarization, PDP)
o7 BAEIT Table 72 F-21 A A1E(IE), F-41 74

Sy, FARSIE,,) & WER SOt} o] wf, A
A& Equation 2¢ oJsf A&tk o] W, I, = A
2 ¥ 2] k2 Ti grade 4°] F-2] H7 UEolil, Fig. 11
= F A8 B5 AIEY dvE adER A3 g A
ojtt.

IE% = (1—%) x 100 )
o

7t Ag] Het ¥ HE5Zo] 7 A SHEE 9 min

Z71 stell A AlHET o ARE sHH] & T
Grade 4& Ast A¥}, Fx2] Al H-2)% *H(Em)%
-1330 mVe]a, 20 V / 9 min, 40 V / 9 min, 60V /
9min, 80V / 9 min, 100V / 9 min = Z}Z} -1260 mV,
-1080 mV, -461 mV, -422 mV, -318 mV ©|3lt}. 14 &
o] o} JF7to] F4F FA A g2 oFe] Wk
2 37 FAAFUEQ, s T AldelA

corr) -

3.48 x10° A/em?, 20V / 9 min, 40V / 9 min, 60V /
9 min, 80V / 9 min, 100V / 9 min°llA Z}Z} 3.19 x
10° A/em?, 3.70 x 107 A/em?, 2.90 x 107 A/em?, 2.25
x 107 Alem?, 1.49 x 107 A/em’2.2 UElST} HEZ0|

5% PAAFAEE Aokl P9 e

Table 6. Characterization of the oxide film structure of titanium grade 4. (N/A: Not available)

3 min 6 min 9 min
Pore Interpore Solid Pore Interpore Solid Pore Interpore Solid
diameter distance Fraction diameter distance Fraction diameter distance Fraction
(nm) (nm) (%) (nm) (nm) (%) (nm) (nm) (%)
20V N/A N/A 100 N/A N/A 100 N/A N/A 100
40V 8.00 46.85 97.36 8.42 45.20 96.85 9.78 43.40 95.39
60 V 9.28 47.66 96.56 9.48 46.01 96.15 12.75 44.01 92.39
80V 14.31 42.75 89.84 17.42 39.69 82.53 19.22 37.65 76.37
100 V 19.61 37.02 74.56 21.98 36.90 67.83 22.31 36.88 66.82
Table 7. Summary of corrosion inhibition efficiency after coating with anodized samples.
Bare Ti 20 V /9 min 40 V /9 min 60 V /9 min 80 V/9 min 100 V /9 min
I, (Alcm?®) 3.48 x 10 3.19 x 10 3.70 x 107 2.90 x 107 2.25x 107 1.49 x 107
E..(mV) -1330 -1260 -1080 -461 -422 -318
IE (%) 0 8.3 89.4 91.7 93.5 95.7
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Fig. 11. Summary of potentio-dynamic polarization curves with hydrophobic coated titanium surface
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