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In this study, anodization was applied to Titanium (Grade 4) alloy to form nanostructured oxide films and
resulting changes in surface properties were systematically investigated with respect to anodization time.
As the duration of anodization increased, the oxidation reaction was intensified, leading to a progressive
thickening of the TiO, layer. Energy Dispersive X-ray Spectroscopy (EDS) analysis confirmed a gradual
increase in oxygen content with a corresponding decrease in titanium content. Additionally, enlargement of
pores and surface roughness with longer anodization times resulted in reduced contact angles, indicating
enhanced hydrophilicity. Electrical resistance measures revealed that thicker oxide layers effectively
impeded electron flow, thereby exhibiting superior insulating characteristics than thinner oxide layers.
Overall, these results demonstrate that anodization is a promising surface modification technique for a
wide range of applications, including energy devices and electronic components. In particular, the TiO,
oxide layer holds significant potential as a high-performance surface material due to its excellent insulat-
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ing properties and improved wettability.
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1. Introduction

With the advancement of modern energy technologies,
there has been a growing interest in next-generation
energy devices such as fuel cells, water electrolysis
systems, and photoelectrochemical (PEC) cells. Among
their components, the performance of electrode materials
—key elements in these systems—plays a critical role in
determining overall device efficiency. In such applications,
properties such as high electrochemical activity and
surface area, excellent corrosion resistance, and long-term
durability are essential requirements [1,2].

Titanium alloys are widely utilized in various fields such
as biomedical engineering, aerospace, and energy
industries due to their excellent mechanical strength and
outstanding corrosion resistance. Titanium Grade 4, with
ayield strength of approximately 480 MPa, is the strongest
among commercially pure titanium grades, making it a
promising candidate for structural and functional applications
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that demand both high strength and corrosion resistance
[3,4]. Despite their favorable mechanical and chemical
properties, titanium alloys face limitations in energy
device applications due to their inherently low electrical
conductivity and electrochemical activity [5-8]. Furthermore,
when exposed to harsh or long-term operational
environments, titanium alloys are susceptible to galvanic
corrosion caused by potential differences when in contact
with dissimilar metals, as well as the development of
micro-defects, which can compromise their corrosion
resistance. Therefore, surface modification is essential to
enhance both durability and functionality [9-11].

To address these challenges, surface nano structuring
of titanium has garnered significant attention. The
formation of nanostructures such as nanotubes and
nanopores increases the surface area and facilitates
interfacial reactions with the electrolyte, thereby
improving charge transfer and ion diffusion, which enhance
electrochemical performance [12-14]. Additionally, such
nanostructures help control surface wettability, contributing
to more efficient gas evolution. They also enhance the
adhesion of secondary processes such as coating and dyeing,
while improving both electrical and electrochemical
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stability [15-18].
Various treatment

sandblasting and acid etching (SLA), laser treatment,

surface techniques—such as
physical vapor deposition (PVD), and anodization—have
been developed and employed to enhance surface
functionality. While each method may be effective under
specific application requirements, they often face
limitations in precise nanostructure control, process
reproducibility, uniformity over large areas, as well as
equipment complexity and cost-efficiency [19-22]. In
contrast, anodization stands out as a relatively simple and
environmentally friendly electrochemical technique that
enables the formation of well-defined nanostructures over
large surface areas. It offers significant advantages in
terms of cost-effectiveness and reproducibility [23-26].
The oxide layer formed through anodization is typically
dense, hard, and highly corrosion resistant. Moreover,
different nanostructures can be formed depending on
various process parameters such as electrolyte type and
concentration, temperature, applied current, and voltage.
By adjusting these conditions, structures like nanotubes
and nanopores can be selectively fabricated [27]. The key
electrochemical reactions involved in the anodization of
titanium are presented in equations (1) and (2), while a
schematic illustration of the anodization setup is shown
in Fig. 1a [28-31].

H,

H,

Ti + 2H,0 — TiO, + 4 H' (1)
TiO, + 6F — [TiF,* + 2H,0 + 2H" )

During anodizing process, the loss of electrons leads to
the formation of an oxide layer through the combination
of titanium ions with hydroxide ions and oxygen. In
electrolytes containing fluoride ions (F), the oxide layer
undergoes selective dissolution, resulting in the self-
organized growth of nanoporous structures. The formation
process of these self-aligned TiO, pores is illustrated in
Fig. 1b [32-34]. This simultaneous chemical dissolution
influences pore diameter, spacing, and morphology,
allowing for the fabrication of tailored nanostructures
through precise control of process parameters. Such
nanostructures offer enhanced surface activity, high
photo-responsiveness, and excellent electrochemical
stability, making them highly promising for application
in a wide range of energy conversion and storage devices,
including fuel cells and water-splitting systems [35-38].

In this study, anodization was applied to Titanium Grade
4 alloy to fabricate nanostructured oxide films. The effects
of anodization on surface roughness, wettability, and the
relationship between oxide layer thickness and electrical
resistance were systematically investigated. Surface
characteristics were compared with respect to varying
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Fig. 1. (a) Titanium anodizing mechanism schematic (b) TiO, film formation process
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anodization durations, and the feasibility of surface
maodification for energy-related applications was evaluated.

2. Experimental Methods

2.1 Experimental method

For this study, Titanium Grade 4 alloy sheets were cut
into specimens measuring 2.5 x 3 cm, providing a surface
area of 7.5 cm®. To remove organic contaminants and
surface impurities, the specimens underwent ultrasonic
cleaning in acetone, ethanol, and deionized water,
sequentially, followed by drying. The cleaned samples
were then subjected to electropolishing to eliminate the
native oxide layer and to achieve surface leveling. This
was performed in an electrolyte composed of perchloric
acid (70%) and acetic acid mixed in a 1:5 volume ratio.
Electropolishing was conducted under a constant voltage
of 35V for 10 minutes using a DC power supply.
Subsequently, to fabricate nanostructured oxide layers on
the titanium surface, anodization was carried out in an
electrolyte consisting of 14.5 M ethylene glycol (C,HO,),
1 M distilled water (H,0), and 0.07 M ammonium fluoride
(NH,F). A constant voltage of 40 V was applied for a
duration ranging from 1 to 6 hours.

2.2 Nanostructures analysis

To precisely observe and analyze the microstructure and
pore characteristics of the oxide layer formed after
anodization, a high-resolution field emission scanning
electron microscope at the Converging Materials Core
Facility of Dong-eui University (FE-SEM) was employed.
This allowed for visual assessment of the surface
morphology, structural features of the pores, pore
distribution, and overall structural uniformity of the oxide
layer. Quantitative analysis of the high-resolution images
was conducted using ImageJ software, which enabled
measurement of average pore diameter, inter-pore
distance, oxide layer thickness. Then, atomic force
microscope at the Converging Materials Core Facility of
Dong-eui University (AFM, NITECH, SPA-400) was
used to observe the roughness of the oxide film according
to anodizing time.

Elemental composition and spatial distribution of the
oxide layer were investigated using energy-dispersive
spectroscopy at the Converging Materials Core Facility
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of Dong-eui University (EDS), integrated with the FE-
SEM system. EDS provided both qualitative identification
and quantitative analysis of the elemental constituents
present on the specimen surface.

Surface wettability was assessed using a contact angle
meter (Smart Drop, Femtobiomed Inc.). A 3 pL droplet
of distilled water was statically applied to each sample,
and contact angles were measured under identical
conditions. For each specimen, ten measurements were
taken and averaged, with standard deviations calculated
to ensure reproducibility.

To evaluate the influence of oxide layer thickness on
electrical properties, resistance testing was performed.
Measurements were repeated ten times under consistent
conditions for each sample, and average values and error
ranges were calculated. This enabled a systematic
comparison of the changes in electrical resistance and
insulation behavior associated with oxide layer growth.

Subsequently, to evaluate corrosion resistance,
electrochemical polarization tests were carried out using
a three-electrode cell in a 3.5 wt% NaCl solution. An Ag/
AgCl electrode was employed as the reference electrode,
and a platinum mesh served as the counter electrode.
Titanium specimens anodized for varying durations were
Prior to the

potentiodynamic polarization (PDP) test, the open circuit

used as the working electrodes.
potential (OCP) was monitored for 1 hour to ensure
stabilization of the potential.

3. Results

3.1 Morphological and structural analysis of anodized
titanium

Fig. 2 presents FE-SEM images of the TiO, surface
obtained at various anodization durations, showing top,
tilted, and cross-sectional views. Quantitative values
derived from these observations—namely, pore diameter,
inter-pore distance, and oxide layer thickness—are
summarized in Table 1. This data is further visualized as
graphs in Figs. 3 and 4. Analysis of the top and tilted
views revealed that as the anodization time increased, the
average pore diameter grew from 38.11 £ 6.36 nm to
52.55 + 5.03 nm, while the inter-pore distance expanded
from 72.74 + 4.11 nm to 93.21 + 6.27 nm. As shown in
Fig. 3, these changes exhibited a linear trend with respect
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Fig. 2. FE-SEM image of TiO, morphology as a function of anodizing time

Table 1. Surface morphology parameters of oxide film according to anodizing time

Time (h) 1h 2h 3h 4h 5h 6h
Parameters
Pore diameter (nm) 38.11 +£6.36 39.71+5.38 | 41.70+5.36 | 43.79+4.82 50.99+4.18 52.55+5.03
Interpore distance (nm) 72.74 £4.11 77.31 £6.61 82.86+7.50 | 83.79+2.28 | 88.03+8.27 | 93.21+£6.27
Thickness () 0.73 £0.002 2.30+0.02 2.34+0.04 3.46 +£0.04 4.18 £ 0.069 4.73 £0.05
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Fig. 3. Morphological parameters of TiO,: (a) Pore diameter, (b) Interpore distance

to processing time. Cross-sectional analysis further
demonstrated that the oxide film thickness increased
significantly, from 0.73 = 0.002 pm initially to 4.73 +
0.05 um after extended anodization, showing an
approximately 6.47 times increase in thickness. These
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results indicate that longer anodization durations lead to
increased ionic activity at the metal surface, promoting
the growth of a porous oxide layer. Consequently,
structural evolution is observed in the form of enlarged
pore diameters, increased spacing, and thicker oxide films.
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Fig. 4. Variation in titanium oxide film thickness according
to anodizing time

3.2 Surface composition analysis

Fig. 5 and Table 2 present the quantitative analysis of
titanium and oxygen content as a function of anodization
time, as measured by energy-dispersive X-ray spectroscopy
(EDS). Prior to anodization, the titanium and oxygen

contents were measured at 94.82 wt% and 5.18 wt%,
respectively. As the anodization duration increased, the
titanium content decreased progressively to 76.16 wt%,
69.64 wt%, 65.73 wt%, 60.81 wt%, 57.45 wt%, and 52.33
wt%, while the oxygen content correspondingly increased
to 23.84 wt%, 30.36 wt%, 34.27 wt%, 39.19 wt%, 42.55
wt%, and 47.67 wt%. These trends indicate that during
the anodization process, titanium undergoes oxidation,
forming a TiO, based oxide layer. The continuous increase
in oxygen content, along with the gradual depletion of
titanium, serves as an indirect indicator of oxide layer
growth and thickness evolution. This progression suggests
that the anodic oxidation reaction proceeds steadily over
time, contributing to the formation of a denser and thicker
oxide film.

3.3 Evaluation of TiO, surface properties

Fig. 6 displays atomic force microscopy (AFM) images
illustrating the surface roughness of the oxide layers
formed after various anodization durations. For each
sample, the average surface roughness (R,) was measured

[ JOxygen three times from the reference plane to the designated
100 B Titaniom surface, and the corresponding mean values and standard
Table 2. Titanium and oxygen contents of TiO, film
80 1 analyzed by Energy Dispersive Spectroscopy
N
> Wt% .
z i Time (h) o 0
E 40 | 0 94.82 5.18
1 76.16 23.84
200 2 69.64 30.36
0 3 65.73 34.27
o2 3 456 4 60.81 39.19
- . hrs.
Anodizing Time, hrs 5 5745 4255
Fig. 5. Qualitative and quantitative analysis of Ti and O 6 5733 47.67
elemental composition according to anodizing time ) )
Roughness, nm
1h S5h

) [um) L]

0100 [nm)
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Fig. 6. Surface roughness of anodized titanium surfaces using AFM analysis
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Table 3. Comparison of surface roughness of titanium alloys according to anodizing time

Time (h) 1h 2h 3h 4h 5h 6h
Parameter
Roughness (nm) 6.75+2.44 7.75+1.81 8.97 £ 0.65 9.07 £1.31 9.98 +£1.49 12.40+2.18
Contact Angle, °
1h 2h 3h 4 h 5h 6h

Fig. 7. Wettability evaluation of TiO, by contact angle measurements

Table 4. Effect of anodizing time on TiO, wettability values

Time (h) 1h 2h 3h 4h 5h 6h
Parameter
Contact Angle (°) 34.43+3.80 | 2853+186 | 2273+645 | 19.77+130 | 12.63+133 6.56+4.11

deviations are summarized in Table 3. The surface
roughness values for the oxide films were found to be
6.75 £ 2.44 nm, 7.75 = 1.81 nm, 8.97 + 0.65 nm, 9.07 +
1.31 nm, 9.98 & 1.49 nm, and 12.40 £ 2.18 nm, with the
highest roughness observed after 6 hours of anodization.
This trend suggests that as the anodization time increases,
the oxide layer not only grows but also undergoes partial
dissolution. This selective dissolution is more pronounced
at the edges or peaks of relatively thin-walled pores,
resulting in a rougher and more heterogeneous surface
morphology [40].

Fig. 7 displays contact angle images representing the
surface wettability of the oxide layers formed after
anodization, and the corresponding average values with
standard deviations are summarized in Table 4. The
measured contact angles were 34.43 + 3.80°, 28.53 +
1.86° 22.73 + 6.45° 19.77 £ 1.30°, 12.63 £ 1.33°, and
6.56 £ 4.11°, respectively. As the anodization time
increased, the formation of a thicker oxide layer on the
titanium surface was observed, accompanied by a
noticeable enlargement in pore size. These porous
structures contribute to an increase in the surface’s average
roughness (R,), which in turn enhances the solid-liquid
interfacial area, thereby influencing surface wettability.
Wettability is typically evaluated using static contact angle
measurements, and the relationship between contact angle
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and surface roughness can be interpreted through
Wenzel’s theory. According to Wenzel, the apparent
contact angle (6%*) on a rough surface is related to the
intrinsic contact angle () on an ideal flat surface through
equation (1), which accounts for the actual roughness
[39].

cos@" = r-cosé (1)

In this context, r represents the surface roughness factor.
For hydrophilic surfaces, an increase in r leads to an
increase in the value of cos 0%, thereby resulting in a
lower apparent contact angle (6*) and enhanced
wettability. As shown in Fig. 7, longer anodization
durations promoted the growth of porous structures and
increased surface roughness, which in turn contributed to
a progressive enhancement of surface hydrophilicity.

To evaluate the effect of oxide layer thickness on
electrical resistance, resistance measurements were
performed, with the quantitative results summarized in
Table 5 and visualized in Fig. 8. As the anodization time
increased, the electrical resistance was measured to be
20.37 + 6.45 MQ, 36.60 + 4.04 MQ, 51.62 £+ 1.39 MQ,
68.50 = 1.39 MQ, 93.65 = 6.58 MQ, and 101.43 + 3.79
MQ, respectively. These results reflect a significant
increase in resistance corresponding to longer anodization

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.3, 2025
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Table 5. Influence of TiO, thickness on electrical resistance values

Time () 1h 2h 3h 4h 5h 6h
Parameter
Resistance 2037+645 | 3630404 | 51.62+1.39 | 6850507 | 93.65+6.58 | 101.43+3.79
Value (MQ)
120 —a Resistance Value This suggests that not only is the current flow physically
impeded by the thickened oxide layer, but also that the
o insulating barrier formed by the anodic film is more
= 80l effective at blocking electron transport than the limited
E conduction pathways available through pores. These
S or observations support the interpretation that oxide
]
= w0l thickness is a critical factor influencing the electrical
N . . . .
z / insulation performance of anodized titanium [41-43].
g 20F I Fig. 9 presents the potentio-dynamic polarization curves
o . . . ' . . of titanium surfaces subjected to anodization for varying
1 2 3 4 5 6 durations. The electrochemical parameters derived from

Anodizing Time, hrs.

Fig. 8. Electrical resistance analysis of TiO, surface

times. This trend is attributed to the formation of TiO, on
the titanium surface—an intrinsically insulating oxide—
which fundamentally alters the material’s electrical
properties. When the oxide layer is thin, partial electron
conduction may still occur either through the oxide or via
pore channels. However, as the film thickens, these
pathways are physically blocked, leading to a substantial
rise in resistance [40]. This phenomenon is also associated
with reduced capacitance and increased impedance. From
an electrical perspective, the oxide film can be modeled
as a metal-insulator—metal (MIM) structure, in which the
resistance (R) varies as a function of the oxide thickness
(d), following equation (2).

NGRS

R=p- @

In equation (2), p represents the intrinsic resistivity of
the oxide film, d denotes the film thickness, and A is the
effective cross-sectional area. As indicated by the
equation, resistance increases linearly with thickness, and
this effect becomes more pronounced when p is high, as
in the case of insulating materials. Fig. 8 and Table 5
clearly demonstrate that the overall electrical resistance
of the specimen increases with greater oxide thickness.
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these measurements are summarized in Table 6.

All anodized specimens exhibited a positive shift in
corrosion potential (E_,) compared to bare titanium,
suggesting enhanced corrosion resistance due to the
formation of protective oxide layers. Furthermore, the

corrosion current density (I ) decreased progressively

COIT.
with increasing anodization time, with the specimen

indicative

corr

treated for 6 hours demonstrating the lowest [
of the most effective corrosion protection. The anodized
samples also showed evidence of passivation behavior,
characterized by the formation of a stable oxide film that
acts as a barrier to further corrosion. Notably, the

anodizing 6 h
anodizing 5h
anodizing 4 h
anodizing 3h
1k = anodizing 2h
anodizing 1h
= Bare titanium

E vs Ag/AgCl, V

1
1E-13 1E-11 1E-09 1E-07 1E-05 1E-03

Current Density, A/cm?

Fig. 9. Potentio-dynamic polarization analysis of TiO,
surface
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Table 6. Electrochemical corrosion parameters of anodized TiO, surfaces

Pzzl;e(t?rs 0h 1h 2h 3h 4h 5h 6h
B, 0.23 0.13 0.12 0.16 0.08 0.04 0.04
B. 0.12 0.13 0.13 0.05 0.12 0.05 0.04

Rp 881 x10° | 6.65x 10’ 7.90 x 10° | 3.80 x 10° 1.40 x 10° 1.06 x 10° | 7.02 x 10

I (Alemd) | 2.52x10™ | 144x10" | 3.61x10% | 432x10° | 1.86x107 | 3.16x10° | 1.36x10°
E.. (V) 0.09 -0.34 -0.43 -0.63 -0.68 -0.79 -1.19

specimens anodized for 5 and 6 hours displayed wide and
stable passive regions, implying the formation of thick,
compact, and uniform oxide layers. In contrast, samples
treated for only 1 to 2 hours exhibited narrower and less
stable passivation behavior, suggesting thinner and less
protective oxide films. These findings confirm that the
duration of the anodization process plays a critical role in
determining the electrochemical stability and protective
quality of the TiO, layer. Extended anodization times
significantly improve corrosion resistance by promoting
the growth of dense and homogeneous oxide coatings.

4. Conclusions

In this study, nanostructured oxide layers were
fabricated on Titanium Grade 4 alloy via anodization, with
processing time used as the main variable. The influence
of anodization duration on surface roughness, wettability,
and electrical resistance was systematically investigated.
As the anodization time increased, the number of reactive
ions at the metal—electrolyte interface grew, promoting
the structural growth of the oxide layer. EDS analysis
confirmed a gradual increase in oxygen content and a
corresponding decrease in titanium content over time,

indicating the progressive formation of a TiO, oxide

layer through oxidation reactions.

Furthermore, extended anodization resulted in localized
dissolution on the surface, leading to enlarged pore
diameters and increased surface roughness. These porous
structures were found to enhance surface hydrophilicity,
as demonstrated by contact angle measurements.
Electrical resistance analysis showed that the thickened
oxide layer effectively blocked electron pathways, thus
improving insulation performance.

Based on these findings, anodization emerges as a
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promising technique for the surface modification of
titanium in various industrial applications, including
biomedical materials, energy devices, and electronic
components. The excellent biocompatibility, insulating
properties, increased surface roughness, and enhanced
wettability of the TiO, oxide layer make it a strong
candidate for applications such as medical implants,
battery electrodes, and sensor devices. As such,
anodization holds significant potential as a surface
engineering technology for fabricating high-performance
functional oxide films.
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