
 Journal of Metals, Materials and Minerals, 36(4), e2550, 2026 
 
  

JMMM  
Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn University.  

   DOI:10.55713/jmmm.v36i4.2550 
 

Effect of anodization voltage and heat treatment on the surface crystallinity and 
hydrophilicity of the Ti-6Al-4V 
 

Phanawan WHANGDEE1,* Peerawat LAOHANA2, Saranisorn SRIKAM2, Wittawat SAENRANG2, 
Nampueng PANGPAIBOON3, and Dujreutai PONGKAO KASHIMA4 
 
1 Department of Applied Physics, Faculty of Sciences and Liberal Arts, Rajamangala University of Technology Isan, Nakhon Ratchasima,  
 30000, Thailand 
2 School of Physics, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima, 30000, Thailand 
3 Department of Industrial Physics and Medical Instrumentation, Faculty of Applied Science, King Mongkut's University of Technology  
 North Bangkok, Bangkok, 10800, Thailand 
4 Department of Materials Science, Faculty of Science, Chulalongkorn University, Patumwan, Bangkok, 10330, Thailand 
 
*Corresponding author e-mail: phanawan.wh@rmuti.ac.th

Received date: 
 31 October 2025 
Revised date: 
 11 December 2025 
Accepted date: 
 20 March 2026 
  
  
Keywords: 
 Hydrophilicity; 
 Heat treatment; 
 Crystallinity; 
 TiO2 
  

Abstract 
The formation of superhydrophilic surfaces on Ti-6Al-4V was achieved through anodization at 

different voltages, followed by heat treatment at 1000℃ for 2 h. This treatment not only enhanced surface 
crystallinity but also induced morphological changes. A comprehensive analysis of surface properties, 
including morphology, phase composition, elemental structure, surface roughness, and hydrophilicity, 
was conducted using OM, FE-SEM, EDX, XRD, AFM, 3D laser scanning confocal microscope, and 
contact angle measurements, respectively. The TiO2 anodized films exhibited enhanced crystallinity, 
increased surface roughness, and a higher oxygen-to-titanium ratio. As a result, the TiO2 anodized films 
showed consistent morphology and distribution of elements, with high temperature annealing leading to a 
transformation from amorphous to crystalline structures, accompanied by elevated surface roughness, and 
augmented hydrophilicity. 

1. Introduction 
 
Ti-6Al-4V is widely used for dental implants because it has 

outstanding biocompatibility [1‒5], great mechanical properties 
[6‒10], and high corrosion resistance [11‒15]. However, its bioinert 
surface makes osseointegration harder [16‒20]. Anodization is a very 
effective way to change the surface of something, although high-
voltage methods tend to use a lot of energy and cost a lot [21]. Low-
voltage anodization is a safer and cheaper way to do things, but it 
usually makes amorphous TiO2 that doesn't work as well. This study 
employs low-voltage anodization in conjunction with controlled 
annealing to create crystalline TiO2 films. This study is unusual in 
its examination of how voltage-dependent oxide development and 
subsequent annealing-induced phase transformation affect multiscale 
surface roughness and hydrophilicity in dental implant applications. 

 
2.  Experimental 

 
The titanium alloy (Ti-6Al-4V) sheet was cut to a size of 1 cm × 

2 cm × 0.1 cm. It was polished with SiC papers with grit sizes of 
280, 400, 600, 1200, and 2000. Then, the sample was cleaned with 
DI water and etched in a 1 M hydrofluoric acid solution (HF, 48%, 
Merck, Germany) for one minute. The titanium alloy (Ti-6Al-4V) sheet 

was used as the working electrode, while the graphite was used as 
the counter electrode. The TiO2 anodized film was performed by 
anodizing in a solution of 1 M phosphoric acid (H3PO4, 85%, QRëC, 
New Zealand) and 80% V/V ethanol (C2H5OH, 99.9%, QRëC, New 
Zealand). The voltage was used between 5 V and 20 V for 80 min. 
The TiO2 anodized film was annealed at 1000℃ for 2 h after anodization. 
The TiO2 anodized films were annealed at 1000℃ to achieve a rutile-
dominated TiO2 phase, as annealing at 400℃ to 600℃ resulted in 
mixed anatase–rutile structures. This treatment was applied to investigate 
oxide phase evolution rather than to preserve the Ti-6Al-4V substrate 
microstructure. 

An optical microscope (Leica DM4 optical microscope) was used 
to examine the color of the film. The surface morphology and elemental 
content of the TiO2 anodized film were studied using a Field emission 
scanning electron microscope (FE-SEM) and energy-dispersive X-ray 
spectroscopy (EDX) (Carl Zeiss Auria, Germany). Atomic force micro-
scopy (AFM) (XE-120 Park System, Korea) was employed to evaluate 
nanoscale surface roughness of the TiO2 anodized films. After 
annealing, the surface topography became significantly rougher with 
pronounced microscale features, exceeding the reliable vertical and 
lateral measurement limits of AFM. Therefore, the roughness of the 
TiO2 anodized films after annealing was characterized by using a 3D 
laser scanning confocal microscope (Olympus LEXT OLS5100), 
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which allows quantitative assessment of microscale roughness over 
a larger sampling area. The crystalline structure of the TiO2 anodized 
film was investigated by using X-ray diffraction (XRD) with a Bruker 
D2 Phaser. The water contact angle was determined using the contact 
angle measuring method. 

 
3.  Results and discussion 

 
3.1  Anodization potential control 

 
Figure 1 shows the current-time curves comparison of anodization 

of Ti-6Al-4V at different voltages of 5 V, 10 V, 15 V, and 20 V. Within 
the initial few seconds of the anodization process, the current suddenly 
increases to a maximum value before rapidly decreasing. This behavior 
corresponds to the formation of a thin TiO2 layer on the Ti-6Al-4V 
surface, which slowly increases the electrical resistance due to decreasing 
ion transport. During the anodization process, the current continually 
maintains a stable level, indicating the formation of a dynamic 
equilibrium between the oxide's growth and its dissolution. The initial 
current density increases with the increasing applied voltage, indicating 
that higher current density enhances ionic migration and promotes 
oxide formation [22‒27]. The 20 V condition exhibited the highest 
initial current, approximately 2000 µA, in comparison to other voltages, 
indicating a faster oxide growth and thicker films. In contrast, the 5 V 
curve exhibits the lowest and most stable current, suggesting the 
formation of a thinner oxide layer. An increasing current during 
extended anodization at elevated voltages (≥ 10 V) may result from 
localized dielectric breakdown within the oxide, thereby improving 
ionic conduction through the film. 
 
3.2  The structural color formation of TiO2 anodized films 

 
The optical microscope images of the TiO2 anodized films 

(Figure 2) show a shift in interference colors of TiO2 anodized films, 
from bright yellow at 5 V to blue at 20 V. The color progression from 
yellow (5V) to deep yellow (10V), orange/gold (15V), and blue 
(20 V) is caused by thin-film interference in the TiO2 anodized layers. 

Coloration is determined by Fresnel reflections at the air/ TiO2 and 
TiO2/Ti-6Al-4V interfaces. Constructive interference occurs when the 
optical path difference satisfies 2nd = mλ, where n is TiO2's refractive 
index and d is the oxide thickness. Increasing anodization voltage 
promotes field-assisted ionic migration, resulting in a progressive 
increase in oxide thickness [28‒30]. This thickness increase causes a 
systematic shift in the interference state, shifting the dominant reflected 
wavelengths within the visible spectrum. As a result, the interference 
maxima travel across different spectral regions in a nonlinear yet 
periodic manner, producing the observed color pattern. This behavior 
is related to the current-time curves, as shown in Figure 1. These 
curves indicated that increasing applied voltages resulted in higher 
starting currents and a slower decay to steady-state, which implies 
that oxide development and thickening occurred more rapidly. As 
can be seen in Figure 2(e), the appearance of color on the TiO2 anodized 
films may be explained by the coherent reflection of visible wave-
lengths that occurs as a result of interference between TiO2 anodized 
films and layers of Ti-6Al-4V [31‒33]. This phenomenon allows for 
the formation of color. 

 

 

Figure 1. Current-time curves comparison of anodization of Ti-6Al-4V at 
different voltages of 5 V, 10 V, 15 V, and 20 V.

      

Figure 2. Optical microscope images of the TiO2 anodized films formed at (a) 5 V, (b) 10 V, (c) 15 V, (d) 20 V, and (e) Schematic presentation of the structural 
color formation on the TiO2 anodized films (20 V). 
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3.3  Surface morphology and structure of TiO2 anodized 
films before and after the annealing process 

 
FE-SEM images of the TiO2 anodized films at different voltages 

(5 V to 20 V), both before (a–d) and after (e–h) annealing, as shown 
in Figure 3. The results suggest that the surface morphology before 
annealing depended on the applied voltage. At 5 V before annealing 
(Figure 3(a)), the surface morphology is elongated plate-like structures 
and parallel ridges with the absence of a well-developed porous oxide 
structure. The TiO2 anodized films formed at 10 V (Figure 3(b)) showed 
a granular structure with slightly more thickness and homogeneity. 
The TiO2 anodized film formed at 15 V (Figure 3(c)) is porous because 
ionic transport and oxide dissolution are improved after anodization. 
At 20 V before annealing (Figure 3(d)), the surface appears relatively 
smooth and exhibits continuous, parallel features without clearly defined 
pores. This morphology indicates the formation of a uniformly covering 
anodic oxide layer under high anodization voltage. 

After annealing (Figure 3(e–h)), significant microstructural evolution 
was observed. The TiO2 anodized films formed at 5 V (Figure 3(e)) 
revealed the formation of small crystalline grains, likely rutile TiO2. 
The TiO2 anodized films formed at 10 V (Figure 3(f)) show well-formed 
plate- and rod-shaped crystals emerged due to the crystallization of 
the amorphous film into the rutile phase. The TiO2 anodized films 
formed at 15 V after annealing (Figure 3(g)) exhibit a uniformly 
crystallized surface morphology. Annealing promotes homogeneous 
densification, resulting in a smoother microscale surface relative to 
other annealed conditions. In contrast, the TiO2 anodized films formed 
at 20 V after annealing (Figure 3(h)) display a highly irregular pattern 
with non-uniform grain growth. Therefore, the morphological transition 
from a smooth, amorphous oxide (before annealing) to a dense, 
crystalline structure (after annealing) reflects the combined influence 
of anodization voltage and annealing. 

Figure 4 displays AFM topography images of the TiO2 anodized 
films formed at (a) 5 V, (b) 10 V, (c) 15 V, and (d) 20 V before the annealing 
process. The surface morphology exhibits a distinct progression in 
nanoscale roughness as anodizing voltage increases. At 5 V, the TiO2 
anodized film displays a rather smooth texture characterized by tiny, 
uniformly dispersed nodules (Ra = 196 nm). As the voltage rises to 
10 V and 15 V, the TiO2 anodized film surface exhibits a considerable 
increase in roughness, evidenced by elevated and more irregular peaks 
and valleys (Ra = 221 nm and 239 nm, respectively). The maximum 
roughness occurs at 20V (Ra = 254 nm), characterized by distinct 
granular characteristics and deeper troughs. The increase in Ra with 
higher applied voltage indicates a strong relationship between the 
electric field strength and the amount of oxide formed. As the applied 
voltage increases, ionic migration and oxide formation increase. This 
results in surfaces that are coarser and denser. The rise in nanoscale 
roughness corresponds to the current-time curve (Figure 1), which 
means that the oxide was formed faster and the starting currents were 
higher at high voltage. In biomedical applications, rougher surfaces 
may be better for cell adhesion and osseointegration because they could 
make the surface more hydrophilic and increase its surface energy [21]. 

The 3D laser scanning confocal microscope images of the TiO2 
anodized films formed at (a) 5 V, (b) 10 V, (c) 15 V, and (d) 20 V after 
the annealing process are shown in Figure 5. The surface roughness  

(Ra) reveals a small change with voltage, occurring between the range 
of 6 µm to 8 µm. The TiO2 anodized films formed at 15 V demonstrate 
the lowest roughness (~6.4 µm), while the TiO2 anodized films formed 
at 10 V demonstrate the maximum roughness (~7.6 µm). 

 

 

Figure 3. FE-SEM images of the TiO2 anodized films formed at (a) 5, (b) 10, 
(c) 15 and (d) 20V before and after the annealing process (e-h). 

 

 

Figure 4. AFM topography images of the TiO2 anodized films formed at (a) 
5 V, (b) 10 V, (c) 15 V, and (d) 20 V before the annealing process. 
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Figure 5. 3D laser scanning confocal microscope images of the TiO2 anodized 
films formed at (a) 5 V, (b) 10 V, (c) 15 V, and (d) 20V after the annealing process. 

 
The significant difference between AFM roughness values (Ra ≈ 

0.20 µm to 0.25 µm) and those obtained from 3D confocal microscopy 
(Ra ≈ 6 µm to 8 µm) is primarily due to differences in scale and area 
of measurement. AFM reflects nanoscale surface roughness within 
a confined area, while 3D confocal microscopy is more sensitive to 
changes in height at the microscale and thus shows the overall surface 
morphology. After annealing, surface roughness is mainly controlled 
by thermal rearrangement, which is directly related to the thickness and 
initial uniformity of the TiO2 anodized film. The TiO2 anodized films 
formed at 15 V exhibited the most continuous and uniform roughness 
distribution, resulting in uniform compaction and crystallization of TiO2 
after annealing, leading to a decrease in microscale roughness. 
Conversely, the TiO2 anodized films formed at 20 V resulted in 
a coarser oxide layer, leading to non-homogeneous crystallization and 
uneven grain growth after annealing, which increased roughness. 

 
3.4  XRD and EDX of TiO2 anodized films before and 
after the annealing process 

 
In the as-anodized condition (Figure 6(a)), the only peaks detected 

were those of the Ti substrate, namely α-Ti (JCPDS card no. 44-1294) 
and β-Ti (JCPDS card no. 44-1288) [34,35], suggesting that the oxide 
layers formed at 5 V to 20 V were amorphous [36,37]. The crystallization 
of the amorphous oxide into rutile was confirmed by the distinct peaks 
corresponding to the rutile TiO2 phase (JCPDS card no. 21-1276) [38] 
at 2θ ≈ 27.48°, 36.16°, 41.36°, 54.52°, and 56.64° after annealing 
(Figure 6(b)), indicating the presence of the rutile crystal planes (110), 
(101), (111), (211), and (220), respectively [2,7,12,21,31,36-48]. The 
intensity of rutile peaks increased as the anodizing voltage increased, 
particularly at 15 V and 20 V. This result indicates that higher voltages 
promoted the formation of denser oxide layers, which simplified phase 
transformation during the annealing process. The morphological 
evolution observed by FE-SEM (Figure 3), which revealed dense rod- 
and plate-like crystal structures after annealing, and by 3D laser 
scanning confocal microscope (Figure 5), which demonstrated increased 
roughness associated with grain growth, is consistent with this 
crystallization behavior. 

Annealing at 1000℃ produced a predominantly rutile TiO2 film, 
whereas annealing at 400℃ to 600℃ produced mixed anatase–rutile 

phases. Partial film detachment was observed after high temperature 
annealing due to thermally induced interfacial stress, although 
catastrophic spallation did not occur. Therefore, annealing at 1000℃ 
is not proposed as a practical processing route for biomedical implants 
but was employed to elucidate TiO2 phase evolution and adhesion 
trade-offs. Lower annealing temperatures may be more appropriate 
for clinical applications. 

The EDX-mapping analysis, as shown in Figure 7-8, indicated the 
compositional changes in the TiO2 anodized films before and after 
the annealing procedure. As the applied voltage increased from 5 V 
to 20 V, the oxygen content progressively increased from 16% to 39% 
prior to annealing, while the titanium content decreased from 72% to 
52%. This suggests that the formation of a thicker, oxygen-rich oxide 
layer is facilitated by higher anodization voltages, which also promote 
increased oxidation [21]. The minor quantities of aluminum and 
vanadium have been detected in all conditions [7-9,11]. This indicates 
that these alloying elements have partially diffused near the oxide–
metal interface. 
 

       

 

Figure 6. Normalized XRD patterns of TiO2 anodized films coated on Ti-6Al-
4V substrates modified with 4 different conditions (5 V, 10 V, 15 V, and 20 V) 
(a) before, and (b) after the annealing process. 



Effect of anodization voltage and heat treatment on the surface crystallinity and hydrophilicity of the Ti-6Al-4V 

J. Met. Mater. Miner. 36(4). 2026 

5 

 

Figure 7. EDX-mapping analysis images of the TiO2 anodized films formed at (a) 5 V, (b) 10 V, (c) 15 V, and (d) 20 V before the annealing process. 
 

 

Figure 8. EDX-mapping analysis images of the TiO2 anodized films formed at (a) 5 V, (b) 10 V, (c) 15 V, and (d) 20 V after the annealing process. 
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Figure 9. The contact angle and roughness of the TiO2 anodized films at 
different voltages of 5 V, 10 V, 15 V, and 20 V, (a) before, and (b) after the 
annealing process. 

 
The EDX shift after annealing (O increasing to 68% to 69% with 

a decrease in Ti to 14% to 21%) is consistent with thermally enhanced 
oxidation and oxygen inward diffusion. Because EDX is not phase-
selective and probes a finite depth, a thicker, more oxygen-rich TiO2 
layer will bias the measured composition toward higher O and lower 
metallic Ti [21,49]. Regarding Al and V, high-temperature exposure 
can promote element redistribution, such as Al (high oxygen affinity) 
being enriched in the near-surface oxide/suboxide region, while V 
tends to be comparatively depleted or segregated depending on local 
oxidation kinetics. These compositional changes correspond to the 
structural transformation observed in the XRD patterns (Figure 6), 
which resulted in the conversion of amorphous films to crystalline 
rutile TiO2 after annealing. 
 
3.5 Hydrophilic properties of TiO2 anodized films before 
and after the annealing process 

 
Figure 9 illustrates the correlation between the hydrophilicity and 

surface roughness of the TiO2 anodized films before and after annealing. 
The TiO2 anodized films demonstrated a distinct trend from approximately 
196 nm (5 V) to approximately 254 nm (20 V) in surface roughness 
before annealing (Figure 9(a)), as corroborated by AFM analysis 
(Figure 4). The increase in surface roughness enhances hydrophilicity 
due to the Wenzel effect. The contact angle gradually decreased from 

approximately 66° at 5V to around 37° at 20V as the nanoscale roughness 
increased. 

All TiO2 anodized films exhibited a near-zero contact angle after 
annealing (Figure 9(b)), which suggests that superhydrophilicity was 
independent of the applied voltage. The crystallization of the amorphous 
oxide into rutile, as demonstrated by XRD results (Figure 6(b)), and the 
increased oxygen content on the surface, as confirmed by EDX mapping 
(Figure 8), are the likely causes of this significant transformation. 
The surface was primarily driven toward superhydrophilicity by the 
combination of rutile crystallinity, oxygen enrichment, and nanoscale 
topography [45,50-53]. However, the microscale roughness measured 
by 3D laser scanning confocal microscope (Figure 5) revealed only 
minimal differences among the voltages. These results indicate that 
anodization could enhance roughness, resulting in hydrophilicity, 
whereas annealing directs phase transformation and surface chemistry, 
resulting in the production of stable superhydrophilic TiO2 films that 
are highly desirable for biomedical applications, including protein 
adsorption and osteoblast adhesion [8,11,13,36,40,54]. 

 
4. Conclusions 

 
The TiO2 anodized films were performed on the Ti-6Al-4V alloy 

using low voltage, followed by annealing. The current-time profiles 
and color evolution seen using optical microscopy indicate that the 
applied voltage significantly influenced the oxide growth rate, thickness, 
and surface morphology. The increased voltage resulting in an increase 
in surface roughness was demonstrated by AFM and 3D laser scanning 
confocal microscope analyses, while oxygen enrichment was confirmed 
by EDX. The amorphous oxide significantly transformed into rutile TiO2 
after annealing, as evidenced by XRD. This change was accompanied 
by an elevation in oxygen content at the surface. The combination 
of surface roughness and structural crystallization resulted in a 
significant enhancement of hydrophilicity. The contact angle went 
from 66° in the as-anodized films to about 0° after annealing. This 
made the films superhydrophilicity, no matter what the anodizing 
voltage was. This change results from the combinatorial actions of 
nanoscale roughness and rutile phase development. The resulting TiO2 
anodized films are expected to enhance surface bioactivity significantly, 
particularly regarding protein adsorption and osteoblast adhesion, 
highlighting their substantial potential for dental and orthopedic 
implant applications. 
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