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Titanium alloy (grade-4) is commonly used in industrial and medical applications. To improve its corro-
sion resistance and biocompatibility for medical use, it is necessary to form a titanium oxide film. In this
study, the morphology of the oxide film formed by anodizing Ti-grade 4 using different electrolytes was
analyzed. Wetting properties before and after surface modification with SAM coating were also observed.
Electrolytes used were categorized as A, B, and C. Electrolyte A consisted of 0.3 M oxalic acid and eth-
ylene glycol. Electrolyte B consisted of 0.1 M NH,F and 0.1 M H,O in ethylene glycol. Electrolyte C con-
sisted of 0.07 M NH,F and 1 M H,O in ethylene glycol. Samples B and C exhibited a porous structure,
while sample A formed a thickest oxide film with a droplet-like structure. AFM analysis and contact angle
measurements showed that sample A with the highest roughness exhibited the best hydrophilicity. After
surface modification with SAM coating, it displayed superior hydrophobicity. Despite having the thickest
oxide film, sample A showed the lowest insulation resistance due to its irregular structure. On the other
hand, sample C with a thick and regular porous oxide film demonstrated the highest insulation resistance.
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Fig. 1. (a) Bare titanium surface of contact angle (CA), wettability of roughness surface (b) Wenzel model, (c) Cassie-Baxter
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Fig. 2. A schematic diagram of oxide film morphology
formed with anodizing electrolyte

4.50+0.12pm

Fig. 3. FE-SEM image (top and cross view) of oxide film formed with anodizing electrolyte
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Table 1. As a result of eds component analysis, the element

content of the oxide film formed with anodizing electrolyte
(‘Bare’ is untreated titanium)

Element (wt%)
Electrolyte

TiK OK FK

Bare 92.95 4.11 -

A 65.47 34.53 -
B 58.36 27.53 14.11
C 59.66 30.89 9.44

Table 2. Insulation resistance measurement results,

resistance values of untreated titanium and oxide films
formed by different types of anodizing electrolytes

Resistance value [KQ]

Bare Titanium 0.0002+0.06
A 1.35+£0.67
B 1.035 x 10*+0.04
Fig. 4. Result of EDS component analysis of oxide film C 5269 x 10*+0.03
formed with anodizing electrolyte
A C

[prn] [um]

Fig. 5. Surface roughness of oxide films formed with anodizing electrolyte
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A B C
Hydrophilic

Hydrophobic

Fig. 6. Water contact angle on untreated titanium (Bare) and oxide films formed by different types of anodizing electrolytes
before and after coating

Table 4. Contact angle and contact hysteresis angle of water on untreated titanium and oxide films formed by different types of
anodizing electrolytes before and after coating

A B C
Hydrophilic None 8.67 +£2.08° 8.89 +£2.82°
Contact angle
Hydrophobic 178.99 + 1.31° 131.91 £5.97° 136.97 £2.31°
Contact angle hysteresis 2.34 +1.25° 14.68 £ 3.45° 7.39+2.11°
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Fig. 7. Shape of pores depending on the surface area of oxide film

AJo] YER | o= equation (3)7} < Cassie-Baxter
model=. A™gr &= Q).
172

H AFellM = FFAksE deiA i W sl Aol
Ti-grade 4 Z:Aloll F=AksE AASKGITH &

g Fu =
ol FEE ks vt gt e 24 9l g
gelsla, 2o we ARY], 79 A, Fo 28, A%
54¢ vlastiA siick B, C A9 Aksh vjet 4
e thEA e TEE urwaowua A Aol
oleby £We TRE P TR vuo] YHES
]‘— ths]— xqol- u] /\]7} zﬁoﬂ 1 @

S
0\“

ZvOﬂ upe} Aksh vjupe] gajo] vl g H
& oJujsiel, EDS #HE Bajo] Holekr ¥
A BRE T e nol Helths
w7} Ast wstow wWakE oz wa,

A AY 54 A9, A AIJM] A Vo AL st
deto] FAHANE, Bt 9 A3t vjute
2 Qlste] 7H ‘;\}% Ad ol 549 Zlow wdd
ok, ok Aksh slElo] FAE B, € ARG v
A A7k B AR} o 0] FAE Ale voke
WA e A ol Viekd 202 AFREITE AFM
A A, C A AL Tl RS T M

= 7A7] grol EEHEGleH, B AEE A, C AE
of nlsl Azt wjuto] wlwA Adetar =rHT 7y
TEE 7 2 AR ol BEE 0% AR,
o]::L/\]g]_ < @%q in/\] A }\]lﬁoﬂ/ﬂ z‘ﬂ/dﬂ ﬁ:l:ﬂ—

B T2 o] W BRdshl FEo] o
Aol RAM A 2viEe) 2350l HY 4
Aoz pasck. PG TY F ke EweluA
ZH= B49) FDTSE ©]4319] SAM ZEA] A A
aS Bal A Lhe TrE0] A Pt Wy
A AR F Vg Zom, upel g 317} 9

Mo rr Q& b M
N
L 01,
o
B34

o
B>
oy
}1]

l‘

¢

E
>
° A

m-[o

il

mim

{0

r_\:,

9

198

)

7] 2 Cassie-Baxter .23 E3}] %“53]'93\13]'.
Lt}a]—/ﬂ A5k ok 1_}@]. Z7
Kol

o] =52 20238 % Fo|thetw wifdu]o] 23|
A% 20-5(202301330001).

References

1. C. Yao and T. J. Webster, Anodization: A Promising
Nano-Modification Technique of Titanium Implants for
Orthopedic Applications, Journal of nanoscience and
nanotechnology, 6, 2682 (2006). Doi: https://doi.org/
10.1166/jnn.2006.447

2. F. R. Nowruzi, R. Imani, and S. Faghihi, Effect of Elec-
trochemical Oxidation and Drug Loading on the Antibac-
terial Properties and Cell Biocompatibility of Titanium
Substrates, Scientific Reports, 12, 1 (2022). Doi: https://
doi.org/10.1038/s41598-022-12332-z

3. Q. Cai, M. Paulose, O. K. Varghese, and C. A. Grimes,
The Effect of Electrolyte Composition on the Fabrica-
tion of Self-organized Titanium Oxide Nanotube Arrays
by Anodic Oxidation, Journal of Materials Research, 20,
230 (2005). Doi: https://doi.org/10.1557/IMR.2005.0020

4. M. Kocabas, Effect of Surface Finish on the Colour Ano-
dising of Ti-6A1-4V at Various Voltages, Transactions of
the IMF, 101, 6 (2023). Doi: https://doi.org/10.1080/

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023



INFLUENCE OF ELECTROLYTE ON THE SHAPE AND CHARACTERISTICS OF TIO, DURING ANODIC OXIDATION OF TITANI-

UM

10.

11.

12.

13.

14.

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023

00202967.2022.2111121

. C. C. Chen, W. D. Jehng, L. L. Li, and E. W. G Diau,

Enhanced Efficiency of Dye-Sensitized Solar Cells Using
Anodic Titanium Oxide Nanotube Arrays, Journal of the
Electrochemical Society, 156, C304 (2009). Doi: https://
doi.org/10.1149/1.3153288

. G X. Xiang, S. Y. Li. H. Song, and Y. G. Nan, Fabrication

of Modifier-free Superhydrophobic Surfaces with Anti-
icing and Self-cleaning Properties on Ti Substrate by Anod-
ization Method, Microelectronic Engineering, 233, 111430
(2020). Doi: https://doi.org/10.1016/j.mee.2020.111430

. J. Zhao, X. Wang, R. Chen, and L. Li, Fabrication of

Titanium Oxide Nanotube Arrays by Anodic Oxidation,
Solid State Communications, 134, 705 (2005). Doi:
https://doi.org/10.1016/j.8s¢.2005.02.028

. Y. Liu, Y. Zhang, L. Wang, G. Yang, F. Shen, S. Deng, X.

Zhang, Y. He, Y. Hu, and X. Chen, Fast and Large-scale
Anodizing Synthesis of Pine-cone TiO, for Solar-driven
Photocatalysis, Catalysts, 7, 229 (2017). Doi: https://
doi.org/10.3390/catal 7080229

. Y. Park and C. Jeong, Surface Modification of Func-

tional Titanium Oxide to Improve Corrosion Resistance,
Corrosion Science and Technology, 20, 256 (2021). Doi:
https://doi.org/10.14773/cst.2021.20.5.256

Y. Kim, J. Youk, and J. Choi, Inverse-direction Growth of
TiO, Microcones by Subsequent Anodization in HC1O4
for Increased Performance of Lithium-lon Batteries,
ChemElectroChem, 7T, 1248 (2020). Doi: https://doi.org/
10.1002/celc.202000114

A. Bartkowiak, A. Zarzycki, S. Kac, M. Perzanowski,
and M. Marszalek, Mechanical Properties of Different
Nanopatterned TiO, Substrates and their Effect on
Hydrothermally Synthesized Bioactive Hydroxyapatite
Coatings, Materials, 13, 5290 (2020). Doi: https://
doi.org/10.3390/ma13225290

M. Izmir and B. Ercan, Anodization of Titanium Alloys
for Orthopedic Applications, Frontiers of Chemical Sci-
ence and Engineering, 13, 28 (2019). Doi: https://doi.org/
10.1007/s11705-018-1759-y

J. Hlinka, K. Dostalova, K. Cabanoca, R. Madeja, K.
Frydrysek, J. Koutecky, Z. Rybkova, K. Malachova, and
O. Umezawa, Electrochemical, Biological, and Techno-
logical Properties of Anodized Titanium for Color Coded
Implants, Materials, 16, 632 (2023). Doi: https://doi.org/
10.3390/ma16020632

C. C. Chen, H. W. Chung, C. H. Chen, H. P. Lu, C. M.
Lan, S. F. Chen, L. Luo, C. S. Hung, E. G. W. Diau, Fab-

16.

17.

18.

19.

20.

21.

22.

23.

rication and Characterization of Anodic Titanium Oxide
Nanotube Arrays of Controlled Length for Highly Effi-
cient Dye-sensitized Solar Cells, The Journal of Physical
Chemistry C, 112, 19151 (2008). Doi: https://doi.org/
10.1021/jp806281r

. M. Michalska-Domanska, K. Prabucka, and M. Czer-

winski, Modification of Anodic Titanium Oxide Band-
gap Energy by Incorporation of Tungsten, Molybdenum,
and Manganese In Situ during Anodization, Materials,
16, 2707 (2023). Doi: https://doi.org/10.3390/mal6072707

T. Guo, N. A. T. Oztug, P. Han S. Ivaniski, and K. Gulati,
Old is gold: Electrolyte aging Influences the Topogra-
phy, Chemistry, and Bioactivity of Anodized TiO,
Nanopores, ACS applied materials & interfaces, 13, 7897
(2021). Doi: https://doi.org/10.1021/acsami.0c19569

J. M. Macak, H. Tsuchiya, L. Taveira, A. Ghicov, and P.
Schmuki, Self-organized Nanotubular Oxide Layers on
Ti-6Al-7Nb and Ti-6Al-4V formed by Anodization in
NH,F Solutions, Journal of Biomedical Materials
Research Part A, 75, 928 (2005). Doi: https://doi.org/
10.1002/jbm.a.30501

Y. Choi and C. Jeong, Growth Behavior and Corrosion
Damage of Oxide Film According to Anodizing Time of
Aluminum 1050 Alloy, Corrosion Science and Technol-
ogy, 21, 282(2022). Doi: https://doi.org/10.14773/
cst.2022.21.4.282

H. Kim, K. Kee, D. Lee, S. Park, and K. Lee, Surface
Characteristics of Oxide Film Prepared on CP Ti and Ti-
10Ta-10Nb Alloy by Anodizing, Korean Journal of
Materials, 17, 6 (2007). Doi: https://doi.org/10.3740/
MRSK.2007.17.1.006

W. Jeon and A. Han, Surface Modification of Ti-6Al-4V
Alloy by Anodic Oxidation and Cyclic Precalcification
Treatment. Korean Journal of Dental Materials 43, 1
(2016). Doi: https://doi.org/10.3390/mal12193231

L. Bouchama, Y. Bouznit, N. Boukmouche, and S. Irki,
Two-step vs. Single-Step Electrochemical Anodizing Pro-
cess Regarding Anti-Corrosion Properties of Titanium,
Analytical and Bioanalytical Electrochemistry, 15, 264
(2023). Doi: https://doi.org/10.22034/ABEC.2023.704566

D. Gong, C. Grimes, O. Varghese, W. Hu, R. Singh, W.
Chen, and E. Dickey, Titanium Oxide Nanotube Arrays
Prepared by Anodic Oxidation, Journal of Materials
Research, 16, 3331 (2001). Doi: https://doi.org/10.1557/
JMR.2001.0457

S. Yoo and H. Park, Effect of Anodic Oxidation Process
Parameters on TiO, Nanotube Formation in Ti-6Al-4V



24.

25.

26.

27.

28.

29.

30.

31.

32.

200

YEJI CHOI AND CHANYOUNG JEONG

Alloys, Korean Journal of Metals And Materials, 51, 521
(2019). Doi: https://doi.org/10.3365/KIMM.2019.57.8.521
J. Kim and C. Jeong, A Study on the Surface Properties
and Corrosion Behavior of Functional Aluminum 3003
Alloy using Anodization Method, Corrosion Science and
Technology, 21, 290 (2022). Doi: https://doi.org/10.14773/
cst.2022.21.4.290

J. Choi, R. B. Wehspohn, J. Lee, and U. Gosele, Anod-
ization of Nanoimprinted Titanium: A Comparison with For-
mation of Porous Alumina, Electrochimica Acta, 49, 2645
(2004). Doi: https://doi.org/10.1016/j.clectacta.2004.02.015

Y. Kim and W. Kim, Enhancing the Surface Hydrophilic-
ity of an Aluminum Alloy Using Two-Step Anodizing
and the Effect on Inkjet Printing Characteristics, Coat-
ings, 13, 232 (2023). Doi: https://doi.org/10.3390/coat-
ings13020232

T. Kikuchi, O, Nishinaga, S. Natsui, and R. O. Suzuki,
Fabrication of Self-ordered Porous Slumina via Eti-
dronic Acid Anodizing and Structural Color Generation
from Submicrometer-scale Dimple Array, Electrochim-
ica Acta, 156, 235 (2015). Doi: https://doi.org/10.1016/
j-electacta.2014.12.171

Y. K. Erdogan and B. Ercan, Anodized Nanostructured
316L Stainless Steel Enhances Osteoblast Functions and
Exhibits Anti-Fouling Properties, ACS Biomaterials Sci-
ence & Engineering, 9, 693 (2023). Doi: https://doi.org/
10.1021/acsbiomaterials.2c01072

A. B. Tesler, M. Altomare, and P. Schmuki, Morphology
and Optical Properties of Highly Ordered TiO, Nano-
tubes Grown in NH,F/O-H,PO, Electrolytes in View of
Light-harvesting and Catalytic Applications, ACS
Applied Nano Materials, 3, 10646 (2020). Doi: https://
doi.org/10.1021/acsanm.0c01859

F. Raffin, J. Echouard, and P. Volovitch, Influence of the
Anodizing Time on the Microstructure and Immersion
Stability of Tartaric-Sulfuric Acid Anodized Aluminum
Alloys, Metals, 13, 993 (2023). Doi: https://doi.org/
10.3390/met13050993

F. Martin, D. Del Frari, J. Cousty, and C. Bataillon. Self-
organisation of Nanoscaled Pores in Anodic Oxide Over-
layer on Stainless Steels, Electrochimica Acta, 54, 3086
(2009). Doi: https://doi.org/10.1016/;.electacta.2008.11.062

H. Ji and C. Jeong, Fabrication of Superhydrophobic
Aluminum Alloy Surface with Hierarchical Pore Nano-

33.

34.

3s.

36.

37.

38.

39.

40.

41.

structure for Anti-Corrosion, Corrosion Science and
Technology, 18, 228 (2019). Doi: https://doi.org/
10.14773/cst.2019.18.6.228

C. Jeong, A Study on functional Hydrophobic Stainless
Steel 316L Using Single-Step Anodization and a Self-
Assembled Monolayer Coating to Improve Corrosion
Resistance, Coatings, 12, 395 (2022). Doi: https://
doi.org/10.3390/coatings 12030395

C. Jeong, J. Jung, K. Sheppard, and C. H. Choi, Control
of the Nanopore Architecture of Anodic Alumina via
Stepwise Anodization with Voltage Modulation and Pore
Widening, Nanomaterials, 13, 342 (2023). Doi: https:/
doi.org/10.3390/nan013020342

C. Jeong, J. Lee, K. Sheppard, and C. Choi, Air-impreg-
nated Nanoporous Anodic Aluminum Oxide Layers for
Enhancing the Corrosion Resistance of Aluminum,
Langmuir, 31, 11040 (2015). Doi: https://doi.org/
10.1021/acs.langmuir.5b02392

H. Ji and C. Jeong, Study on Corrosion and Oxide
Growth Behavior of Anodized Aluminum 5052 Alloy,
Journal of the Korean institute of surface engineering, 51,
372 (2018). Doi: https://doi.org/10.5695/JKISE.2018.51.6.372
J. Li, F. Du, X. Liu, Z. Jiang, and L. Ren, Superhydro-
phobicity of Bionic Alumina Surfaces Fabricated by
Hard Anodizing, Journal of Bionic Engineering, 8, 369
(2011). Doi: https://doi.org/10.1016/S1672-6529(11)60042-5
H. Ji and C. Jeong, Systematic Control of Anodic Alu-
minum Oxide Nanostructures for Enhancing the Super-
hydrophobicity of 5052 Aluminum Alloy, Materials, 12,
3231 (2019). Doi: https://doi.org/10.3390/mal12193231
J. Lee, S. Shin, Y. Jiang, C. Jeong, H. Stone, and C. Choi,
Oil-impregnated Nanoporous Oxide Layer for Corrosion
Protection with Self-healing, Advanced Functional Mate-
rials, 27, 1606040 (2017). Doi: https://doi.org/10.1002/
adfm.201606040

C. Jeong and C. Choi, Jeong, Single-step Direct Fabrica-
tion of Pillar-on-pore Hybrid Nanostructures in Anodiz-
ing Aluminum for Superior Superhydrophobic
Efficiency, ACS applied materials & interfaces, 4, 842
(2012). Doi: https://doi.org/10.1021/am201514n

R. Kim and C. Jeong, Anti-Icing Characteristics of Alu-
minum 6061 Alloys According to Surface Nanostruc-
ture, Corrosion Science and Technology, 21, 476(2022),
Doi: https://doi.org/10.14773/cst.2022.21.6.476

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023



