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Titanium alloy is gaining attention in the medical industry due to its excellent biocompatibility and osteo-
conductivity. However, the natural oxide film on the titanium surface is insoluble, resulting in inadequate
bone adhesion. Therefore, it is necessary to optimize the contact between biological tissues and implant
surfaces, and alter the chemical composition and morphological characteristics of the implant surface. In
this study, the anodization method was applied to titanium surface treatment to form a uniform and robust
oxide film. Subsequently, a chemical process, pore-widening, was employed to change the morphological
characteristics of the oxide film. The concentration of the pore-widening solution was varied at 2, 4, 6, and
8 wt% and the process time was set at 30 and 60 minutes. As the concentration of the pore-widening solu-
tion increased the pore diameter of the oxide film increased. Notably, at 6 wt% for 60 minutes, the oxide
film exhibited a coexistence of pillars and pores. Based on this, it was determined that surface roughness
increased with higher concentration and longer process time. Additionally, the presence of pillars and pores
structures maximized hydrophilicity. This study provides insights into enhancing the surface properties of
titanium for improved performance in medical implants.

Keywords: Anodization, Pore-widening concentration, Titanium, Hybrid titanium oxide nanostructure,

Superhydrophilicity

1. Introduction

Titanium (Ti) is a lightweight metal widely utilized in
various industries such as construction, shipbuilding, and
automotive due to its excellent mechanical properties and
heat resistance [1-4]. Particularly noteworthy in the
medical industry, titanium stands out as an implant
material in dentistry and orthopedic surgery, owing to its
superior biocompatibility [1-4]. Titanium exhibits an
affinity to oxygen when exposed to air, forming a
thermodynamically and chemically stable natural oxide
film on its surface. This phenomenon inhibits surface
corrosion reactions, ensuring long-term corrosion
resistance and durability [5-8].

However, the natural oxide film on titanium is insoluble,
leading to a weak bond with bone and prolonging the
healing period when used as an implant material [9-12].
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To address this issue, physical methods such as oxidation
treatment and etching have been employed for surface
modification. Nevertheless, these processes can result in
the formation of impurity particles on the material surface,
compromising reproducibility and potentially causing
issues within the human body due to the generation of
harmful substances [13-16]. Therefore, to enhance
osseointegration and optimize the contact state between
biological tissues and implant surfaces, it is essential to
modify the chemical composition and morphological
characteristics of the implant surface for improved bone
conductivity [17-19]. Various surface treatment methods,
including plasma electrolytic oxidation, coating, and
anodization processes, exist as electrochemical surface
treatments [20-22]. Among them, the anodization process
is a prominent surface treatment technology that forms a
uniform and dense nano- and micro-scale oxide film on
metal surfaces through electrochemical methods [23]. The
porous structure of the oxide film formed by anodization
not only increases the contact area with bone during
implantation but also serves as a means to deliver growth
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Fig. 1. (a) Untreated Titanium, (b) the morphology of the oxide film after anodization, (c) the morphology of the oxide film
with expanded pores through Pore-widening process, (d) the pillar-on-pore structure formed through Pore-widening process

factors associated with bone regeneration [24-26].
Recently, there has been growing interest in porous
nanostructures, leading to active research on structures
such as micro-multilayers. Anodization processes suitable
for forming porous structures are gaining attention due to
their advantages, including ease of fabrication and
uniformity of pore patterns [27-29].

Currently, the anodization process allows for the
variation of the thickness of the oxide film based on
various experimental variables such as electrolyte
composition, type, applied time, and voltage [30-32].
However, the formation of functional surfaces with three-
dimensional pore structures has proven somewhat
challenging, as the process typically results in two-
dimensional pore structures [33]. Nevertheless, by
incorporating a pore-widening (PW) process after
anodization, it becomes possible to precisely control the
oxide film and create sharp pillar structures. This
refinement enables the fabrication of more effective
functional surfaces [34-36].

In this context, there exists a difference between the
pore structure formed by anodization and the pillar
structure formed through the PW process. The pore
structure formed by anodization is characterized by a
continuous pattern on the surface in contact with the
liquid, whereas the pillar structure formed by the PW
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process exhibits a discontinuous pattern [37]. When both
pore and pillar structures coexist, applying a liquid to the
surface results in the implementation of a hydrophilic
surface [38,39]. Fig. 1 illustrates schematic representations
of the oxide film morphology for each process. Panel (a)
shows the untreated Titanium, Panel (b) represents the
pore structure formed by anodization, while panel (c)
shows the oxide film where the pore size has increased
through the PW process following anodization. Panel (d)
represents an oxide film where the PW process has been
applied to partially dissolve the continuous pore structure,
resulting in the coexistence of sharp pillar and pore
structures. This configuration maximizes the non-surface
area, enabling the realization of high wettability.
Wettability, the formation of a composite interface among
gas, liquid, and solid phases, is primarily confirmed
through the numerical value of the contact angle [40].
When the contact angle between the interface and the
liquid is below 30°, it is termed hydrophilic, and below
10° is referred to as superhydrophilic [41-42]. Therefore,
a systematic process based on the anodization method
should be employed to form the oxide film, enabling the
creation of surfaces with various functions, such as cell
adhesion, in the medical industry [43].

This study conducted experiments on Ti-Grade 4
material by considering the concentration and duration of
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the pore-widening (PW) process solution as variables after
the anodization process. The goal was to investigate the
morphology and composition of the formed oxide film
and observe differences in surface roughness and
wettability.

2. Experimental Methods

In this study, Ti-Grade 4 sheets with dimensions of 25
x 30 x 1 mm were utilized as the working area. To remove
surface impurities, the sheets underwent ultrasonic
cleaning for 10 minutes each in acetone, ethanol, and
distilled water, sequentially, followed by drying. A
mixture of perchloric acid (HCIO,) and acetic acid
(CH;COOH) in a 1:5 ratio was stabilized at room
temperature. Titanium and platinum electrodes were fixed
to the working and counter electrodes, respectively.
Electrolytic polishing was then carried out for 10 minutes
at 35 V to remove the natural oxide film. Subsequently,
an anodization process was conducted using a DC power
supply with a voltage of 40 V for 6 hours in an electrolyte
composed of 1 M distilled water (H,0O) and 0.07 M
ammonium fluoride (NH,F) in ethylene glycol (C,HO,).
Fig. 2 illustrates the schematic diagram of anodization
and PW Process. To maintain a temperature of 0 °C, a
dual-jacketed beaker and a water-cooled chiller were
employed to circulate cooling water. Subsequently, to
increase the non-surface area of the pores in the
anodization film, PW process was conducted by

immersing the samples in 2, 4, 6, 8 wt% chromic acid
(H,CrO,) at 65 °C for 30 and 60 minutes. After completing
all processes, the samples were washed in sequence with
acetone, ethanol, and distilled water. For the observation
of the thickness and morphology of the oxide film formed
on the surface after the PW process, Field Emission-
Scanning Electron Microscopy (FE-SEM, Jeol, JSM-
IT800) was utilized at 65 °C for 30 and 60 minutes. The
chemical composition of the oxide film was qualitatively
and quantitatively analyzed using Energy Dispersive
Spectroscopy (EDS). Subsequently, the roughness of the
oxide film according to the concentration and time of the
PW solution was observed using Atomic Force
Microscopy (AFM, NITECH, SPA-400). To observe
wettability based on surface roughness, a Contact Angle
Meter (CAM, Smart drop standard) was used. The contact
angle was measured by placing 3 pL of distilled water on
each sample, measuring the contact angle five times, and
calculating the average value.

3. Results

This study aimed to observe the differences in the
morphology and thickness of the oxide film resulting from
changes in the concentration and treatment time of the
PW process solution after anodization of Ti-Grade 4
sheets. Additionally, the surface roughness and wettability
characteristics based on the morphology of the oxide film
produced under each condition were investigated. The

2,4,6,8 wt%

| Chromic acid at
65°C for 30, 60

minutes

DC Power Supply
© / \(+)
Ti
Electrolyte ——
Double-jacketed Cathode Anode
Beaker ] =
Anodization

Pore-widening

Fig. 2. Schematic representation of the experimental method
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chemical composition of untreated titanium used in the
study was analyzed through Energy Dispersive Spectroscopy
(EDS), and the results are presented in Table 1.

Fig. 3 presents FE-SEM images observing the oxide
film formed on titanium through 6 hours of anodization.
The corresponding pore diameter, pore spacing, thickness,
and solid fraction are specified in Table 2. The images in
Fig. 3 confirm the formation of a porous oxide film
through 6 hours of anodization. The pore size measures
65.03 + 8.21 nm, pore spacing is 75.06 + 8.28 nm, oxide
film thickness is 5.93 = 0.37 um, and the solid fraction
is measured at 0.53. The solid fraction (f;) was calculated
using equation (1), where a represents the pore spacing,
and r represents the radius of the pores [29].

27z'r2
(1
Jd’

The qualitative and quantitative analysis of the

fsr, = 1-

components in the oxide film formed through anodization

Table 1. Chemical composition of untreated Ti

Table 3. Chemical composition analysis of oxide film after 6
hours of anodization using EDS

Anodization 6hrs.

Element Wit%
Titanium (Ti) 50.70
Oxygen (O) 45.83
Fluorine (F) 3.47

is presented in Table 3. When compared to the untreated
sample, the oxygen (O) content increased from 4.11 wt%
to 45.83 wt%, while the titanium (Ti) content decreased
from 92.95 wt% to 50.70 wt%. This suggests that during
anodization, cations generated from the titanium substrate
and oxygen emitted from the cathode react to form the
oxide film, leading to an increase in oxygen content and
a decrease in titanium content. The presence of fluorine
(F) is attributed to the influence of NH,F in the anodization
electrolyte.

Fig. 4 illustrates the morphology of the oxide film after
30 minutes of the PW process at different solution
concentrations. It is evident from the top view that a

Element Wi (%) porous oxide film has formed, and as the solution
T 92.95 concentration increases, the pore diameter also increases.
o RE At 8 wt%, the expansion of the pores results in thinning
i of the pore walls, indicating dissolution of the oxide film.

C 2.94 . . .
Based on Fig. 4, the pore diameter, pore spacing,

Anodization 6hrs.
Top Tilted Cross Section

Fig. 3. Morphology of the oxide film formed after 6hours of anodization

Table 2. Measured pore diameter (D,), interpore distance (D,,,), oxide film thickness and Solid Fraction (f;, ) after 6 hours of

anodization

Anodization 6hrs.

D]D (nm)

mt (nm)

Thickness (um)

Solid Fraction

65.03 £8.21

75.06 £ 8.28

5.93+£0.37

0.53
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Fig. 5. Graphs illustrating the measured pore diameter (D ), interpore distance (D,,), thickness and Solid Fraction (f,) of the
oxide film after 30 minutes Pore-widening process

thickness, and solid fraction of the oxide film were increases from 2 wt% to 6 wt%, the pore diameter
measured, and the results are presented in the graph in increases from 69.09 =+ 7.64 nm to 98.35 = 5.17 nm, and
Fig. 5 and Table 4. As the PW solution concentration the pore spacing increases from 79.46 + 6.42 nm to 116.04
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Table 4. Measured pore diameter (D), interpore distance (D;,,), thickness and Solid Fraction (f;) of the oxide film after 30

minutes Pore-widening process

Chromic Acid Concentration (Wt%)

2 4 6 8
D, (nm) 69.09 + 7.64 81.87 +6.57 98.35+5.17 N/A
D,, (nm) 79.46 + 6.42 95.98 £ 6.29 116.04 + 4.56 N/A
Thickness (pum) 4.51+0.32 3.83+0.26 3.61+0.11 3.51+0.05
Solid Fraction 0.31 0.29 0.27 N/A

+4.56 nm. However, at 8 wt%, these measurements were
not obtained. The thickness of the oxide film decreases
from 4.51 + 0.32 um at 2 wt% to 3.51 £ 0.05 um at 8
wt%. Fig. 5 indicates that as the concentration of the PW
solution increases, the graphs of pore diameter and pore
spacing steeply rise. This suggests that the chemical
reaction between the solution and the oxide film becomes
more active, leading to an increased etching rate.
Consequently, the enlargement of pore diameter,
reduction of pore wall thickness, and decrease in the
thickness of the oxide film occur more rapidly.

100

mcr
i
o

h N I o \©
o e o9

(Ti+ O + Cr) wt%
N W A
c S & =

2 4 6 8
Chromic Acid Concentration (Wt%)

=]

Fig. 6. Sum of titanium (Ti), oxygen (O) and chrome (Cr)
content observed through EDS following 30 minutes Pore-
widening process

After 30 minutes of the PW process, the qualitative and
quantitative analysis of the oxide film was performed, and
the composition of each component is presented in Table
5. The sum of detected elements is shown in Fig. 6. For
the 2 wt% concentration of the PW solution, the oxygen
content was found to be 39.07 wt%, and the titanium
content was 60.13 wt%. In the case of 8 wt%, the oxygen
content was 36.32 wt%, and the titanium content was
61.85 wt%. This indicates that as the concentration of the
PW solution increases, the expansion of pores progresses,
leading to a decrease in the thickness of the oxide film.
Consequently, the oxygen content decreases, and the
titanium content increases. The detected chromium (Cr)
is presumed to result from the PW process solution,
chromic acid.

Fig. 7 illustrates the morphology of the oxide film after
60 minutes of the PW process at different solution
concentrations. The Top View images show that as the
concentration increases, the pore diameter increases while
the thickness of the pore walls decreases. At a
concentration of 6 wt%, the oxide film exhibits a
combination of pillar and pore structures. However, at 8
wt%, the increase in pore diameter leads to a decrease in
the thickness of the pore walls, resulting in the collapse
of the pillar and pore structures and an entangled
appearance. Quantitative measurements are presented in
Table 6 and graphically represented in Fig. 8. As the

Table 5. Composition of oxide film after 30 minutes of pore-widening process analyzed by EDS

Chromic Acid Concentration (Wt%)

Element (wt%) 2 4 6 8
(0] 39.07 37.84 36.65 36.32
Ti 60.13 60.71 61.71 61.85
Cr 0.80 1.45 1.64 1.83
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Fig. 7. Morphology results of oxide film after 60 minutes of Pore-widening process as observed through FE-SEM analysis
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Fig. 8. Graphs illustrating the measured pore diameter (D ), interpore distance (D,,), thickness and Solid Fraction (f;) of the

oxide film after 60 minutes Pore-widening process

concentration of the PW solution increases from 2 wt%
to 4 wt%, the pore diameter increases from 70.71 + 5.88
nm to 92.24 + 4.01 nm, and the pore spacing increases
from 81.09+5.66 nmto 103.08 +4.76 nm, with a decrease

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.1, 2024

in standard deviation. However, the thickness of the oxide
film decreases from 4.38 = 0.30 um to 1.87 £+ 0.04 um,
and the solid fraction decreases from 0.30 to 0.26.
Measurements for pore diameter, pore spacing, and solid
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Table 6. Composition of oxide film after 60 minutes of Pore-widening process analyzed by EDS

Chromic Acid Concentration (Wt%)

2 4 6 8
D, (nm) 70.71 £ 5.88 92.24 +4.01 N/A N/A
D,, (nm) 81.09 + 5.66 103.08 + 4.76 N/A N/A
Thickness (pum) 4.38+0.30 3.44+0.18 2.66+0.10 1.87 £ 0.04
Solid Fraction 0.30 0.26 N/A N/A

100

Ccr
CITi
Jo

(Ti+ O + Cr) wt%

0 1 1 1 1

2 4 6 8
Chromic Acid Concentration (Wt%)

Fig. 9. Sum of titanium (Ti), oxygen (O) and chrome (Cr)
content observed through EDS following 60 minutes Pore-
widening process

fraction were not obtained at 6 and 8 wt%, indicating that
the increased concentration of the chromic acid solution,
with its acidic nature, accelerated the etching rate in the
strongly acidic environment, leading to rapid dissolution
of the oxide film.

Table 7 presents the surface composition analysis results
for the oxide film after 60 minutes of the PW process,
and the sum of the detected elements is shown in Fig. 9.
As the concentration of the PW solution increases, the
oxygen content decreases from 36.21 wt% to 22.57 wt%,
while the titanium content increases from 61.90 wt% to
77.08 wt%. This suggests that the dissolution rate of the

oxide film increases due to the stronger acidic
environment with the higher concentration of the PW
solution. Comparing the oxygen and titanium content
detected after 30 minutes of the PW process (Table 5) to
that after 60 minutes, it is evident that the oxygen content
decreases, and the titanium content increases with the
longer PW process time. This difference indicates that as
the PW process time increases, the extent of dissolution
of the oxide film intensifies, leading to variations in the
oxygen and titanium content.

Fig. 10 provides images for comparing the surface
morphology of the oxide film based on the variables of
PW process time and concentration. At 2 wt% and 4 wt%,
pore structures are observed after both 30 and 60 minutes
of the PW process. For 6 wt% at 30 minutes, a pore
structure is observed, while at 60 minutes, a morphology
change is observed with the coexistence of pillar and pore
structures. Additionally, at 8 wt% and 30 minutes, Pillar
structures are forming as the oxide film dissolves, and at
60 minutes, the oxide film dissolves rapidly, resulting in
a collapsed morphology. In both 30 and 60 minutes of
the PW process, higher concentration solutions exhibit
faster dissolution reactions, exerting a more significant
impact on the etching of the structural elements.

Fig. 11 shows AFM results, including the surface
roughness of the final oxide film measured to compare
the variables of PW solution concentration and process
time. The roughness factor, represented by the Ra value,

Table 7. EDS analysis results, chemical composition after 60 minutes of Pore-widening

Chromic Acid Concentration (Wt%)

Element (wt%) 2 4 6 8
(6} 36.21 30.20 29.87 22.57
Ti 61.90 68.80 69.32 77.08
Cr 1.89 1.00 0.81 0.35
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Fig. 10. Morphology of oxide film formed according to Pore-widening times

Chromic Acid Concentration (Wt%)

Time (min.) 2 4

6 8

PW 30

PW 60

Fig. 11. Surface roughness image of the oxide film according to Pore-widening time and solution concentration

is listed in Table 8. From Fig. 12, it is evident that as the
PW process time and solution concentration increase, the
surface of the oxide film becomes rougher. This
roughening is attributed to the expansion of pore
diameters in the oxide film due to the PW process,
resulting in thinner pore walls and deeper pore cavities.
However, an interesting observation is the decrease in
roughness at 8 wt% for 60 minutes in the PW process.
This decrease is attributed to the more extensive

dissolution of the oxide film in the presence of pillar and
pore structures, resulting in a collapsed morphology and
reduced roughness.

Fig. 13 presents the contact angles of the oxide film
measured to analyze the relationship between surface
roughness and wettability concerning the variables of PW
solution concentration and process time. The numerical
values are listed in Table 9. In the case of the PW 30-
minute process, as the PW solution concentration

Table 8. R, value of the oxide film according to Pore-widening time and solution concentration

Chromic Acid Concentration (Wt%)

Time (min.) 2 4 6 8
R, (am) PW 30 19.4 21.4 34.92 85.97
., (nm
PW 60 20.4 28.11 132.58 90.67

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.1, 2024
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Fig. 12. Changes in R, value of the oxide film according to Pore-widening time and solution concentration
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Fig. 13. Comparison of wettability oxide film formed according to Pore-widening time and solution concentration

Table 9. Wettability values of oxide film formed according to Pore-widening time and solution concentration

Chromic Acid Concentration (Wt%)

Time (min.) 2 4 6 8
PW 30 163 £2.35 124+ 1.09 9.81+1.29 4.31+3.10
Contact Angle (°)
PW 60 15.8+3.10 10.1+0.18 0 0
increased, the contact angle decreased from 16.3°to 4.31°, 4. Discussion

indicating a hydrophilic surface for all samples. In the
PW 60-minute process, the contact angle decreased from
15.8°to 10.1°, but measurements were not taken for 6 and
8 wt%. This decrease is attributed to the enlargement of
pore diameters and increased surface roughness with
higher PW concentrations, leading to a broader surface
area in contact with the liquid and an increase in wettability.
Additionally, at 6 wt%, the effect of Pillar and pore
structures resulted in a superhydrophilic surface, while at
8 wt%, the increased contact area due to the collapsed
morphology of the oxide film enhanced wettability.

50

This study investigated the morphology and chemical
composition of the oxide film formed on Ti-Grade 4
material, with the concentration and processing time of
the pore-widening (PW) solution as variables after
anodization. The surface roughness and hydrophilic
properties resulting from these variations were also
examined. After 30 minutes of the PW process, a porous
oxide film was observed at concentrations of 2, 4, and 6
wt%, while at 8 wt%, the formation of both pillar and
pore structures was observed. Moreover, after 60 minutes
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of the PW process, an increase in the pore diameter was
observed at concentrations of 2 and 4 wt% compared to
the 30-minute process. At 6 wt%, a coexistence of pillar
and pore structures was observed. However, at 8 wt%, a
more rapid dissolution of the oxide film led to the collapse
of the structure beyond the pillar and pore formation,
resulting in an entangled structure. This observation
suggests that the expansion of pores occurs due to the
chromic acid solution, and as the concentration of the PW
solution increases, the chemical reaction between the
solution and the oxide film becomes more active,
accelerating the etching rate.

When comparing the surface roughness of the final
oxide film based on the variables of PW solution
concentration and processing time, it was observed that,
at the same PW processing time, the surface roughness
of the oxide film increased with higher concentrations,
except for the case of 8 wt% for 60 minutes, where the
surface roughness decreased. This trend aligns with the
observations made through FE-SEM of the oxide film
morphology. Measuring the contact angle based on
surface roughness revealed that as the PW processing time
and concentration increased, the wettability increased.
Notably, at 6 and 8 wt% for 60 minutes, a superhydrophilic
surface was achieved. At 6 wt%, the effects of pillar and
pore structures were maximized, while at 8 wt%, the
entangled structure of the oxide film led to an increase in
contact area with the liquid, increasing hydrophilicity.

The coexistence of pillar and pore structures resulting
in a superhydrophilic titanium surface can find applications
in the medical industry, such as cell adhesion. To further
advance the utilization of these structures in various
industrial fields related to surface phenomena, it is essential
to systematically establish pore-widening processes
tailored to different materials. Therefore, additional
research is needed for the systematic application and
commercialization of these surface structures in various
industries.
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