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Abstract 
This paper investigates the effect of different voltages on the physical phase structure, 
hydrophilicity, bonding, roughness, and corrosion resistance of a micro arc oxidation 
(MAO) TiO2 ceramic layer prepared on a substrate using pure titanium (TA2) as raw 
material in an electrolyte containing trisodium phosphate in constant voltage mode. The 
results show that the ceramic layer is found to be mainly composed of Ti phase, anatase, 
and rutile TiO2 phase. As the applied voltage increases, the average diameter of the pores 
on the ceramic layer's surface increases, while the porosity decreases. Additionally, the 
rutile TiO2 phase in the film increases. All ceramic layers exhibit good hydrophilicity and 
strong bonding. Notably, the ceramic layer formed under the condition of 400V displays 
the most uniform surface microporous morphology, the strongest hydrophilicity and 
corrosion resistance, and the best overall performance. 
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1. Introduction 

Titanium and titanium alloys are commonly used in bone and dental implants due to their excellent 
biocompatibility and mechanical properties [1]. However, as a biologically inert material, titanium 
cannot form a chemical bond after implantation [2]. Titanium, while widely used in medical implants, 
has poor abrasion resistance in physiological environments and under loading conditions. 
Additionally, it is prone to releasing metal ions into the muscle, which can lead to implant failure. To 
address these issues, surface modification methods such as acid etching [3], alkali heat treatment [4], 
magnetron sputtering [5], anodising [6], and micro-arc oxidation are commonly employed. 

Microarc Oxidation (MAO) is a surface treatment technology that enhances material properties by 
forming an oxide layer on the metal surface. This technique is commonly applied to metal materials, 
such as aluminium and titanium alloys. The process of microarc oxidation involves electrolysis of the 
surface of a workpiece in an electrolyte solution using a DC or AC power supply. Under high pressure, 
a ceramic oxide film grows in situ on the surface of the non-ferrous metal [7]. The film layer's 
functional design is achieved by altering the process conditions and electrolyte composition [8]. It is 
uniformly dense, hard, abrasion-resistant, and corrosion-resistant. The use of this technology on 
titanium and its alloys can significantly enhance their bonding properties with human tissues and 
promote the deposition of osteoapatite-like components, thus improving their biocompatibility. This 
has become a major area of research for both domestic and international scholars [9]. 

However, most current studies focus on investigating the effects of different electrolytes on the tissue 
composition and properties of the ceramic layer [10]. Studies addressing the effects of applied voltage 
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on the tissue composition, hydrophilicity, and corrosion resistance of the ceramic layer have not been 
conducted. This paper investigates the effects of physical structure, hydrophilicity, bonding, 
roughness, and corrosion resistance of ceramic layers formed under different applied voltages on pure 
titanium (TA2) as the raw material. The investigation is based on the team's previous studies on the 
composition and concentration of electrolyte. 

2. Experimental Procedure 

Prior to synthesising the micro-arc oxidised (MAO) TiO2 ceramic layer, the pure titanium (TA2) had 
to undergo cutting and cleaning procedures. The TA2 substrate was initially cut into a Φ14 mm × 1.5 
mm sheet, featuring a Φ3 mm hole located 1 mm from the edge of the sheet. Subsequently, it was 
ground step by step with 180 #, 400 #, 800 #, 1000 # and 1500 # SiC sandpaper. Finally, the flakes 
were degreased through ultrasonic washing with distilled water and anhydrous ethanol for 5 minutes, 
before being stored in a dry environment. Micro-arc oxidation was carried out using TA2 and stainless 
steel sheets as anode and cathode, respectively. The electrolyte contained trisodium phosphate, 
potassium hydroxide, and glycerol. The process was carried out in constant voltage mode at 300 V, 
350 V, 400 V, and 450 V, with a frequency of 500 Hz. The positive and negative duty cycles were 
set at 5%. The reaction was allowed to proceed for approximately 5 minutes at a temperature range 
of 24°C to 26°C. 

The surface morphology of the samples was observed using a Quanta 450FEG scanning electron 
microscope. The elemental composition of the coated surfaces was examined using an energy 
spectrometer on an SEM system. The phase composition of the samples was analysed using an X-ray 
diffractometer model D8 Advance with a scanning range of 20-80° at a speed of 5°/min. The bond 
strength was assessed by the scratch test technique according to ASTM D3359. Surface roughness 
was measured using a JB-IC surface roughness tester, with an average of three positions taken for 
each sample surface. The water contact angle of the film surface was measured using a K100-MK2 
Full Force Tensiometer, with an average of three measurements taken per group. The electrochemical 
impedance spectra and kinetic potential polarisation curves were measured using a CHI660e 
electrochemical workstation. 

3. Results and Discussion 

3.1 Microstructure and Composition 

Figure 1 displays surface SEM images of TiO2 ceramic layers formed at various voltages. All coatings 
exhibit a rough and porous structure, resembling a 'crater'. The 300V ceramic layer contains small 
micropores, approximately 1-3 μm, some of which are not fully open. The 350V ceramic layer has 
the second-largest average pore diameter, approximately 4 μm. The 400V ceramic layer has an 
increased average pore diameter of approximately 4.5 μm. The 450V ceramic layer has the largest 
average pore diameter, approximately 6.5 μm.  It is observed that when the voltage is too high, a 
significant amount of molten oxide appears around the micropores, leading to a decrease in their 
number. As voltage increases, pore diameter also increases. This is due to the high voltage applied, 
resulting in a large current during breakdown and high energy density. As a result, the range of the 
high-energy region is enlarged, leading to a larger area of breakdown and deeper holes. The porosity 
of the membrane layer was analysed using Image J software, revealing porosity measurements of 
15.8%, 23.2%, 21.7%, and 14.4% for 300V, 350V, 400V, and 450V, respectively. The study found 
that varying voltages significantly impact the morphology of the ceramic layer. Specifically, 
increasing the voltage causes the shape of the micropores on the surface of the ceramic layer to change 
from elongated to round, resulting in a larger diameter, fewer micropores, and reduced porosity. 
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Figure 1. Morphology of oxidation coating on the surface of TA2 treated by MAO at (a) 300 V, (b) 

350 V, (c) 400 V and (d) 450 V. 

 

Figure 2 displays the XRD patterns of TiO2 ceramic layers prepared at varying voltages. The coating 
comprises mainly of Ti phase, rutile TiO2 phase, and anatase TiO2 phase. As the voltage increases, 
the rutile phase increases while the anatase phase decreases in the coating. This is due to the 
thermodynamic stability of rutile phase and the sub-stability of anatase phase.  As the voltage 
increases, the surface reaction of the film layer intensifies, leading to a rise in temperature. This causes 
the rutile phase to nucleate at the interface of the anatase phase due to the higher surface energy on 
the particle surface. Consequently, a portion of the anatase phase is converted into the rutile phase. 

 

 
Figure 2. XRD patterns of MAO film layers formed at different voltages 

 

Figure 3 displays the energy spectrum (EDS) of the TiO2 ceramic layer, indicating the content of each 
element present. The table reveals that the TA2 surface, after micro-arc oxidation, primarily 
comprises of Ti, O, and P elements. 
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Figure 3. EDS elemental spectra of MAO film layers formed by different voltages 

3.2 Bonding Strength 

The adhesion tests for the TiO2 ceramic layers scratched uniformly with a 100g scratcher at different 
voltages are presented in Table 1. Additionally, the micro and macro morphology of the layers is 
shown in Fig. 4. The results indicate that the ceramic layers at different voltages exhibit good adhesion. 
As previously mentioned, the micro-arc oxidation treatment increases surface roughness, which in 
turn enhances the mechanical adhesion between the coating and the substrate. 

 

 
Figure 4. SEM images of the adhesion of MAO treated TA2 surface oxide coatings at (a) 300V, (b) 

350V, (c) 400V, and (d) 450V 

 

Table 1. Adhesion performance test results. 
Sample Percent area removed (%) ASTM grade 
300V 0 5B 
350V 
400V 
450V 

0 
0 
0 

5B 
5B 
5B 
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3.3 Hydrophilicity and Roughness 

The biological properties of dental implants, such as bacterial adhesion and cell proliferation, are 
significantly affected by the hydrophilic and hydrophobic properties of biomaterial surfaces. Figure 
5 displays the contact angle and roughness of TiO2 ceramic layers that were prepared at various 
voltages. The wettability was assessed using simulated saliva fluid (SSF). The contact angles were 
45°, 37.5°, 24.5°, and 28° for 300 V, 350 V, 400 V, and 450 V, respectively. Figure 6 illustrates the 
roughness topography of TiO2 ceramic layers that were prepared at different voltages. The surface 
roughness values were 0.548 μm, 0.664 μm, 1.045 μm and 1.023 μm, respectively. The hydrophilicity 
and roughness of the TiO2 ceramic layer were significantly enhanced by its high porosity and 
microstructure. This enhancement was attributed to the microporous structure's ability to 
accommodate water molecules, which improved the metal surface's ability to come into contact with 
water. As voltage increases, the TiO2 phase content in the film layer also increases. This phase has 
been proven to exhibit good hydrophilicity, making it easy to combine with H+ in water to form Ti-
OH groups. The special chemical properties on the surface of these groups further increase the 
surface's hydrophilicity. Based on the data presented, the ceramic layer at 400V exhibits the highest 
hydrophilicity and the greatest roughness. 

 

 
Figure 5. (a) Contact angle and (b) roughness of samples with different voltage parameters. 

 

 
Figure 6. Roughness morphology of TiO2 ceramic layers prepared under different voltages 
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3.4 Corrosion Resistance 

Figure 7 displays the polarisation curves of TiO2 ceramic layers at various voltages. The electrical 
parameters obtained by linear extrapolation of the Tafel curves are fitted and presented in Table 2. 
The corrosion potential (Ecorr) of the 400V ceramic layer is more positive, and the self-corrosion 
current is the smallest. This suggests that the 400V film layer has excellent corrosion resistance. As 
voltage increases, the film layer thickens, resulting in enhanced corrosion resistance. However, at 450 
V, the diameter of the micropores in the membrane layer continues to increase, causing the membrane 
layer to become rough and loose, resulting in decreased corrosion resistance. 

 

 
Figure 7. Polarization curves of TiO2 ceramic layers under different voltages 

 

Table 2 Corrosion potential and corrosion current density of each sample obtained by fitting the 
polarization curve. 

 300V 350V 400V 450V 
Ecorr(V) -0.948 -0.787 -0.648 -1.010 

Icorr(μA/cm2) 8.108 3.433 2.285 11.690 

4. Conclusion 

1) The ceramic layer produced by pure titanium micro-arc oxidation undergoes pore etching in the 
electrolyte, resulting in the formation of a microporous structure on its surface. The ceramic layer 
mainly consists of Ti, O, and P elements. As the applied voltage increases, the average size of the 
micropores increases, while the density and porosity of the micropores decrease significantly. The 
rutile phase in the coating gradually increases, while the content of the anatase phase decreases. All 
film layers exhibit good bonding strength. 

2) In the micro-arc oxidation ceramic layer with the change of voltage, the contact angle becomes 
smaller and then larger, the roughness becomes larger and then smaller, when the voltage is 400V, it 
has the smallest contact angle, the best hydrophilicity and the largest roughness. 

3) Compared to the films produced at 300V, 350V, and 450V, the ceramic layer produced at 400V 
exhibited a uniform surface porous morphology, stable phase structure, good hydrophilicity, 
roughness, and corrosion resistance. These results indicate that the film layer performed best at a 
voltage of 400V. Overall, the film layer demonstrated superior performance. 
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