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Micro-arc oxidation (MAO) treatment with various voltages was carried out on Ti alloys in 10% H2SO4 
aqueous solution to enhance surface wettability for biological application. The effects of applied 
voltage on the surface morphology, phase constituents, functional group, roughness and wettability 
of the MAO coatings were investigated comprehensively. Increasing applied voltages significantly 
change phase constituents, surface morphology and wettability of the MAO coatings. Higher applied 
voltages are favorable to form higher fraction of rutile phase, larger micro-pores and higher surface 
roughness. The apparent contact angle decreases slightly after treated at 80 V but it decreases sharply 
after treated at 160 V or 200 V. The significant change in wettability of MAO coatings is attributed to 
hydroxyl group content and morphology of the MAO coatings. Differences in hydroxyl group content 
and surface morphology result in different contact interface types between water and MAO coatings, 
which is attributed to air captured or no air captured interface models.

Keywords: Microarc oxidation, oxide film morphology, roughness, wettability, biomedical 
applications.

1. Introduction
Titanium and its alloys have become an excellent material 

for orthopedic and dental implants due to their excellent 
biocompatibility, mechanical properties, manufacture ability 
and nonmagnetic character1-3. However, titanium as a bioinert 
material neither chemically connects to bone nor actively 
induces new bone growth by itself, which result in a weak 
bonding between titanium implants with human tissues and 
a long healing time after the implantation. Various surface 
modification methods have been tried on titanium implants 
to improve its biological performance. Previous literature 
shows that the biological response of tissues and cells to 
implant depends on its surface characters, such as surface 
morphology, roughness, functional group and wettability. 
Micro-rough surface on the implant can lead to better 
osseointegration and higher removal torque values, which is 
helpful for implant4-6. On the other hand, surface wettability 
of implant influences the cell–material interactions, and 
hydrophilic surfaces induce greater osteoblastic cell growth 
and mineral deposition compared with hydrophobic surfaces7,8.

Among the surface modification methods that are used 
on Ti implant to improve its biological performance9,10, 
micro-arc oxidation (MAO) has been paid considerable 
attention because of its advantages, such as the capability to 
prepare porous structure through the discharging effect of high 
voltage and the capability to introduce some helpful elements 
(Ca, P and F) for its biological performance into the titanium 
oxide films11,12. It is well known that the prepared MAO 

coating properties are mainly dependent on the used electrolyte 
components and electrical parameters. Yang et al.13 reported 
that H2SO4 is an effective electrolyte to prepare bioactive 
titanium metal, which is suitable for the applications under 
the loading-bearing conditions. Cui et al.14 studied the phase 
composition and apatite formation ability of the MAO films 
treated with a H2SO4 electrolyte. Porous MAO films mainly 
consist of rutile or rutile/anatase phases. Compared with 
anatase, rutile in MAO film is more effective to induce the 
apatite deposition/formation, thereby improving the biological 
performance. Many applied processing parameters during 
MAO treatment, such as voltage, impulse frequency, current 
density, pulse duration time and duty ratio on the plasma 
characteristics, would influence the surface morphology 
and composition of the oxide film15-17. It has been reported 
that the voltage among many parameters applied in MAO 
treatment considerably affects the oxide film surface characters 
including composition, morphology and phase18,19.

The aim of this work is to investigate the effects of applied 
voltage on the surface morphology, phase constituents, 
roughness and wettability of the MAO coatings for biological 
implant application.

2. Materials and Methods

2.1 Materials and MAO treatments
Commercial medical Ti-6Al-4V plates with dimension 

of 15×30×1.5 mm3 were used in this work. Samples were 
abraded with 400-grit SiC paper, and then they were *e-mail: chuyajie@njit.edu.cn
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rinsed using a mixture of nitric acids and hydrofluoric acid 
(3:1 in volume fraction). Finally, they were washed with 
acetone in an ultrasonic cleaner.

MAO treatment was performed on a power with 
rectangular pulses supply. Electrolyte was used 10% 
H2SO4 aqueous solution. The electrolyte container was a 
box made of stainless steel. MAO treatment was performed 
at a 30 kW pulsed DC power, which could be operated with 
constant voltage, constant current or constant power mode. 
Schematic diagram of MAO treatment in this work is shown 
in Figure 1a. The schematic diagram of the output pulse for 
MAO supply in pulsed DC model is shown in Figure 1b, 
in which Uc and Ua are the cathodic and anodic voltage, 
respectively. Tc and Ta are the cathodic and anodic impulse 
periods, respectively. Tcon and Taon are the cathodic and anodic 
impulse widths, respectively. Tcoff and Taoff are the cathodic 
and anodic intra pulses, respectively. The parameters used 
in MAO process are listed in Table 1.

The electrolyte was cooled by a cooling system during 
this treatment, and its temperature during MAO process was 
kept from 40 °C to 60 °C. The MAO samples were treated 
for 20 min. The equivalent current during MAO process 
was recorded instantaneously. After MAO treatment, the 
samples were washed with deionized water. Finally, the 
MAO samples were dried at 180 °C for 2 h in a drying box.

2.2 Characterizations of MAO coatings
The MAO films morphology was observed by scanning 

electron microscopy (SEM, FEI Quatan 450, America) equipped 
with energy dispersive x-ray analysis (EDAX). The MAO 
films thickness of the samples was also measured with SEM. 
The phase component of the MAO films was analyzed by 
X-ray diffraction (XRD, D8-Advanced; Bruker, Germany) 
with Cu Kα radiation at 4.0°/min scanning speed and using 
scanning range (2θ) from 20° to 60°. Fourier transform 
infrared spectroscopy (FTIR, SPECTRUM 100, America) 
was used to analyze the functional groups component of the 
MAO coatings. In the FTIR experiment, the resolution and 
scanning range were 4 cm-1 and 4500-400 cm-1 respectively. 

The Ra value of the MAO coatings was measured by a surface 
rough meter (Talysurfi 200), at a measure speed of 0.5 mm/s 
and tange/tesolution of ±1 mm/0.008 μm. The static water 
contact angle of the MAO coatings at ambient temperature 
was measured by an optical contact angle meter (JC2000A) 
equipped with a computer-controlled liquid dispensing 
system. In the contact angle measurements, considering the 
possible significant variation of contact angle in the early 
test stage, the contact angles were measured and recorded 
after 30 s since the drops fell onto solid surface. An average 
contact angle value from four measurements was reported 
for each treated surface.

3. Results and Discussion

3.1 XRD and FTIR analysis of the MAO coatings
Figure 2 shows the XRD patterns of the MAO coatings 

prepared at different anode voltages. As shown in Figure 2, the 
MAO film prepared at 80 V consists of α-Ti phase and anatase, 
and no significant rutile peaks is identified in the patterns. 
The MAO films prepared at 120 V, 160 V and 200 V are 
composed of anatase and rutile besides α-Ti phase. However, 
the peaks of rutile prepared at 160 V and 200 V are more 
significant compared to 120 V, which indicates that the faction 
ratio of rutile increases in the MAO coatings. These results 
are in accordance with those reported by Cui20. Cui reported 
that the MAO coatings of titanium substrate consist of 
anatase phase after treated at lower voltages (i.e 100 V), 
anatase and rutile phases at medium voltages (i.e 150 V), but 
only rutile phase at higher voltages (i.e 180 V). However, 
the peaks of α-Ti obtained in this work may come from Ti 
substrate, which is attributed to the porous characteristics 
of the MAO films. This current work and the work by Cui 
show that higher voltage tends to form rutile.

Figure 3 shows the FTIR spectroscopy of the MAO coatings 
prepared with various applied voltages. As seen from the Figure 3, 
the wide region from 900 cm-1 to 600 cm-1 is an absorption band 
of TiO2. The absorption bands from 3700 cm-1 to 3400 cm-1 and 
1720 cm-1 are OH characteristic band. According to previous 

Table 1. Parameters applied in the MAO treatments.

Anodic voltage Anodic load Cathodic voltage Cathodic load Frequency Time
80~200 V 15% 15 V 10% 400 Hz 20 min

Figure 1. (a) Schematic of microarc oxidation step, (b) Pulse parameters applied in pulsed DC supply
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reports, OH formation is attributed to the dissociation effect 
of TiO2 to H2O. Jones and Hockey21 reported two absorption 
bands of OH at 3715 cm-1 and 3675 cm-1 on anatase phase 
and one OH absorption band formed on rutile phase at 
3680 cm-1. Primet et al.22 showed that these two OH absorption 
bands of anatase phase were at 3715 cm-1 and 3665 cm-1, 
but three OH absorption bands of rutile were observed 
at 3685, 3655 and 3410 cm-1. It also can be seen from 
Figure 3 that the absorption bands of OH become stronger 
with the increase of applied voltage. It can be deduced that 
higher applied voltages is favorable for the formation of OH 
groups during MAO treatment.

3.2 Morphology and roughness of the MAO films
Figure 4 and Figure 5 shows the morphology of the MAO 

coatings on surface and intersecting surface after treated with 
various applied voltages. The MAO coatings present a porous 
structure formed by the discharging tunnel of micro-arc. 
Many micro-pores in various sizes are distributed on the 
MAO films because of the heterogeneity of discharging. 
Meanwhile, some micro-cracks can be observed on the 
MAO coatings. The formation of micro-cracks may result 
from the thermal stress caused by high temperature due to 
the discharging effect in MAO process. On the other hand, 
the diameter of micro pores is greatly associated with the 
applied voltage. With the applied voltage increasing from 
80 V to 200 V, the maximum diameter of micro pores 
increases from about 1μm to 5μm. The effect of applied 
voltage on MAO coating morphology may be attributed to 

Figure 2. XRD patterns of the MAO coatings applied various voltages.

Figure 3. FTIR of the MAO coating prepared at various voltages.

Figure 4. SEM of the MAO coating surface at several voltages: (a) 80 V, (b) 120 V, (c) 160 V, (d) 200 V.
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the discharging energy during MAO treatment, which will 
be discussed further.

Figure 6 shows the value of Ra of the MAO films 
treated with various voltages. The roughness of the samples 
increases after MAO treatment. When the applied voltage 
increases from 80 V to 200 V, the roughness of the MAO 
films increases slightly. The influences of MAO treatment 
on surface roughness of samples may be analyzed from two 
reversed effects of MAO discharging. Micro-peaks on Ti 
surface are easy to discharge due to the tip discharge effect, 
and then the melts fill the micro-valleys, which decrease the 
difference in height between the micro-peaks and micro-valleys 
thereby decreasing Ra. As such, the original profile of Ti 
surface can be changed totally by MAO treatment after a 
certain period of time. The final profile depends on the MAO 
treatment conditions, such as applied voltages and current 
density. In this case, rougher surface is attributed to the 
stronger discharging effect under higher applied voltages.

Morphology and roughness of the MAO films are interpreted 
with a single pulse model. The single pulse discharging 
energy in this model is described by the following equation23:

 ( ) ( )   
T

0
E U t I t dt= ∫  (1)

where E, U(t), T and I(t) represent the impulse discharging 
energy, impulse voltage, impulse period and impulse 
current, respectively. According to the single pulse model, 
the growth of MAO coating mainly occurs in the positive 
impulse performed period, and the formation and properties 
of the MAO coating is mainly dependent on the energy of a 
single pulse. The energy of a single pulse can be expressed 
as following:

 ( ) ( )  
Ta

0
E Ua t Ia t dt≈ ∫   (2)

Where E, Ua(t), Ta and Ia(t) are the pulse energy, anodic pulse 
voltage, anodic pulse performed period and anodic pulse current, 
respectively. In the formation of MAO coating, mainly during 
anodic voltage performed stage, regardless of the stability of 
the discharge process or the quantity of micro-discharge, the 
change in the anodic voltage is very small and it can almost be 
neglected24. Therefore, in Equation 2, the anodic impulse voltage 
Ua(t) is a constant, which is used 80 V, 120 V, 160 V, 200 V, 
respectively. Then, the single pulse energy with the pulsed DC 
power supply can be expressed approximately as following:

 ( )
Ta

0
E Ua Ia t dt= ∫  (3)

In this work, equivalent current ( ( )Ie t ) is used, which is 
defined as the average current during total duration time of 
the single pulse. According to this definition:

Figure 5. SEM of the MAO coating intersecting surface, for various voltages (a) 80 V, (b) 120 V, (c) 160 V, (d) 200 V.

Figure 6. Surface roughness of the samples untreated and subjected 
to MAO treatment applied various voltages.
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 ( )
T

0
E Ua Ie t dt= ∫  (4)

From Equation 3 and 4, ( ) ( ) .Ie t Ia t Da= , where Da is Taon/T 
presented in Figure 1. As such, the single pulse energy is 
proportional to the equivalent current and anodic pulse 
voltage. The equivalent currents were recorded in this work, 
as presented in Figure 7, which is also proportional to the 
applied anodic pulse voltage approximately. In the initial 
stage, the equivalent current density drops sharply, and then, 
the equivalent current density decreases gradually with the 
increase of time. Compared with the discharging of the surface 
of Ti substrate to electrolyte directly, the discharging of the 
interface of Ti substrate/MAO film to electrolyte is more 
difficult because of the blocking effect of the oxide films25,26. 
The growth of MAO film resulted in the decreasing of the 
equivalent current during MAO treatment.

Based on the Equation 4, the single pulse energy of MAO 
treatment has a power relation with the applied voltage under 
same conditions. Figure 8 shows the thickness of the MAO 
coatings as a function of the anodic voltage. According to 
Figure 8, the thickness of the MAO coating also shows a 
power relation with the applied anodic voltage. Wei et al. 
has also reported a same power relation with the MAO 
coating thickness with the applied anodic voltage, which 
may result from the relation between the discharging energy 
with the applied voltage during MAO coating formation.

3.3 Wettability measured with contact angle of 
the MAO films

Contact angle is an important measurement method to 
evaluate material surface wettability, and materials with 
better wettability present lower contact angles. Figure 9 show 
the contact angles tested the MAO coatings prepared at 
various applied anodic voltages. The contact angle of the 
sample decreases dramatically after MAO treatment with 
the applied voltage increased from 80 to 200 V. As discussed 
in above, the OH content and morphology of these MAO 
films are different after treated at various voltages. Lin et. 
al investigated the effect of oxygen concentration in TiOx 
films on the formed phases, crystallinity and wettability. 
Their results showed that the contact angle of TiOx film 
varied from about 70o to 30o, and the wettability is mainly 
determined by phases and surface roughness. As such, the 
sharp variation of contact angle at applied voltage may 
result from multiple influencing factor including roughness, 
morphology and OH content.

Therefore, two models reported in the literature are 
used to explain the sharp variation in apparent contact angle 
obtained in the present work. For the MAO coatings with 
smaller pores, roughness and lower content of OH prepared 
at lower applied voltages, water cannot wet the smaller pores 
of the MAO coating surface, which forms a water/MAO 
coating interface presented in Figure 10a, In other words, 
such a morphology and water surface tension lead to the 
capture of ambient gas in the interface between the MAO 
coating surface and water used for the contact angle test. 
The Cassie–Baxter equation can be used to evaluate the 
apparent contact angle of the heterogeneous surface of the 
MAO coatings27,28:

Figure 7. Equivalent current density as a function of treated time 
during MAO treatment.

Figure 8. Thickness of the MAO films as a function of applied voltage.

Figure 9. Contact angle of the samples untreated and subjected to 
MAO treatment applied various voltages.

Figure 10. Two interface models used to describe the contact angle 
of the MAO coatings prepared at various voltages (a) ambient gas 
is trapped in valleys of MAO coating surface. (b) water sticks to 
the coating surface.
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( ) ( )( )cos .A w if 1 cos 1θ θ= + −  (5)

Where A θ  is an apparent contact angle, wf  is the fraction of 
solid surface area wet by the liquid, and i   θ  is the contact angle 
corresponding to the ideal surface. Based on Equation 5, it 
can be deduced that the wettability is under-estimated by 
the apparent contact angle with the decrease of wf .

For the MAO coatings prepared at higher applied voltages 
form larger pores, roughness and higher content of OH, which 
promote the absorption of water on the MAO surface. These 
effects of surface morphology and OH content on contact 
angle can be evaluated by Wenzel’s model29, as presented 
in Figure 10b. In this model, water drop sticks to the MAO 
coating surface, when the area value of interface of the 
liquid/solid increases, the apparent contact angle decreases. 
Wenzel has also established a quantitative relation between 
the apparent contact angles with the surface roughness to 
describe the decrease of the apparent contact angle with 
surface roughness:

 ( ) ( )cos ·A ir cosθ θ=  (6)

Where r is the ratio of the MAO coatings real surface area 
to its projected perfectly smooth surface, i.e. r is a parameter 
used to characterize the extension of surface area of the 
MAO coatings due to the micro pores and surface roughness. 
In Equation 6, r = 1 for perfectly smooth surface. Therefore, 

( )cos Aθ = ( )icos  θ , where i   θ  is the contact angle corresponding 
to the ideal surface. In practice, Wenzel’s model is used for 
the contact angle range 0°<θ<90°. According to this theory, 
increasing the surface roughness (r > 1) leads to the decrease 
in apparent contact angle compared to the contact angle 
corresponding to the ideal surface. Furthermore, due to the 
many micro pores formed on the MAO coatings at higher 
voltages, the value of r in Equation 6 is not proportional any 
more to that of Ra measured in this work. It can be deduced 
that the actual effect of roughness and morphology on the 
contact angle of the MAO coatings is greatly greater than 
the effect of single Ra because of many micro-pores.

4. Conclusions
Micro-arc oxidation (MAO) treatment at various voltages 

was carried out on Ti alloys in 10% H2SO4 aqueous solution to 
enhance surface wettability. The effects of applied voltage on 
the surface morphology, phase ratio, OH content, roughness 
and wettability of the MAO coatings were investigated. Some 
conclusions can be drawn from this work.

1. The MAO coatings prepared at various applied 
voltages present different rutile /anatase ratio, 
hydroxyl group content and surface morphology. 
Higher applied voltages are favorable to form 
higher fraction of rutile phase, larger micro-pores 
and higher surface roughness. The effects of applied 
anodic voltage on morphology and roughness of 
MAO coating can be interpreted by a single pulse 
energy model.

2. The apparent contact angle decreases slightly 
after treated at 80 V, but it decreases sharply after 
treated at 160 V or 200 V. The significant change 

in the apparent contact angle of MAO coatings 
may result from surface morphology and hydroxyl 
group content of the MAO coatings.

3. The wettability of the MAO coating prepared at 
lower voltages may be under-estimated due to smaller 
pores and lower hydroxyl group content. However, 
the wettability of the MAO coating prepared at 
higher voltages may be over-estimated due to no 
gas captured and coarser liquid/solid interface.
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