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1. Introduction

Because of their outstanding properties, such as good biocompat-
ibility, high specific strength, and superior corrosion resistance,
titanium (Ti) and its alloys have received considerable attention
during recent years.[1–8] Among various Ti alloys, Ti–6Al–4V
alloy, which belongs to αþ β dual-phase Ti alloys, possesses good
fatigue resistance, strength, and corrosion resistance.[9–13]

Therefore, Ti–6Al–4V alloys are applied in biological fields, espe-
cially for hard tissue replacements (such as orthopedic

implants).[14–16] However, the disadvan-
tages of Ti–6Al–4V alloys, including low
hardness, strong biological inertness, and
poor wear resistance, are also apparent,
which restrict their further applications.
Therefore, surface modifications are often
recommended to improve biological activ-
ity, hardness, and wear resistance of
Ti–6Al–4V alloys.[17–21]

Generally, surface modifications of Ti
and its alloys involve extensive techni-
ques.[22–24] Among the surface modificia-
tions, microarc oxidation is a commonly
effective surface modification method.[25–28]

Microarc oxidation, which is also called
plasma electrolytic oxidation (PEO) or
microplasma oxidation (MPO), produces
oxide coatings on the surface of metals
in various electrolytes using a high voltage
of about 150–1000 V.[29,30] When high volt-
age is applied, high temperature and high
pressure are instantaneously generated on

the metal surface.[31] As a result, the reactions between the metal
substrate and electrolyte take place and an oxide coating is there-
fore produced. Meanwhile, the formed oxide coating has a
porous structure which is very suitable for cell adhesion.[32,33]

In recent years, constant voltage mode, constant current mode,
and two-step voltage-increasing mode have formed the main-
stream modes of microarc oxidation.[34–37] The constant voltage
means that a constant voltage value is used to conduct during
microarc oxidation, while the power for coating growth is insuf-
ficient in the late stage. Therefore, the thickness of the produced
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Although microarc oxidation is frequently used in producing wear- and corrosion-
resistant coatings on Ti and Ti alloys for biomedical applications, the formation of
nonuniform microstructure of the coatings is still unavoidable. To overcome this
drawback, this work adopts ultrasonic assistance in the microarc oxidation of
Ti–6Al–4V and systematically investigates the influences of ultrasonic treatment
with different durations on the coating microstructures and resultant properties.
The positive effects of ultrasonic, such as cavitation effect, sound flow effect, and
mechanical effect, accelerate the cooling rate of electrolyte and promote the
homogeneity of the solute on the sample surface. Therefore, the ultrasonic-
assisted coatings exhibit uniform microstructures with fewer cracks and there-
fore improve performances. For instance, compared with the counterpart without
ultrasonic assistance, the ultrasonic-assisted coating with 15 min duration
demonstrates 25.1% lower mass loss in the tribology test and half corrosion
density in Hank’s solution. Such results indicate that ultrasonic assistance in
microarc oxidation of Ti–6Al–4V can homogenize the microstructures of coatings
and enhance their corrosion resistance and wear resistance in human body.
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coating is too thin at this mode. The two-step voltage-increasing
mode uses two different voltages during microarc oxidation.
When the first applied voltage cannot break down oxide layer,
an increased voltage is subsequently used to maintain the reac-
tion. The two-step voltage-increasing mode would consume high
energy and generate a high current in the late stage, leading to
the release of excessive heat. The constant current refers to the
fact that a constant current density is applied during microarc
oxidation process. The coating formed by the constant current
mode is thicker than that formed by the constant voltage and
denser than that formed by the two-step voltage-increasing
mode. Li et al.[25] pointed out that the microarc oxidation layer
on pure Ti is prone to adsorb Ca2þ and P5þ ions compared with
pure Ti. Previous study demonstrates that microarc oxidation has
positive influences on the properties of Ti and Ti alloys, espe-
cially for biomedical applications.

Although the microarc oxidation process is capable of forming
an oxide coating with better corrosion resistance and wear resis-
tance, the produced coating also presents some drawbacks, such
as uneven microstructure and thickness.[17] To overcome these
drawbacks, many researchers found that the assistance of ultra-
sonic in the microarc oxidation process can improve the quality
of produced oxide coatings, owing to the positive effects of ultra-
sonic, including cavitation effect, sound flow effect, thermal
effect, and mechanical effect.[38–40] When ultrasonic is used in
microarc oxidation process, the cavitation effect plays an impor-
tant role in the formation of oxide coating. The cavitation effect
refers to a dynamic process of the production, growth, and col-
lapse of cavitation bubbles in the liquid. Such bubbles vibrate
under the action of sound waves and would break down when
the sound pressure reaches a certain value. This phenomenon
greatly increases the reaction rate of heterogeneous phases, accel-
erates the diffusion of reactants and products, and promotes the
formation of new solid phases.[34,40,41] For aluminum and mag-
nesium alloys, researchers have found that the ultrasonic-
assisted samples have a higher thickness, fewer microcracks,
and more homogeneous microporous structures. For example,
for 6061 Al alloy, the maximum thickness of coating with ultra-
sonic assistance is 7 μm (15%) thicker than the counterpart with-
out ultrasonic assistance. The largest pore size of coating with
ultrasonic assistance is about 5 μm, which is significantly smaller
than that (12.1 μm) of the counterpart without ultrasonic assis-
tance.[41] For Mg alloy, the corrosion potential of the sample with
ultrasonic assistance is �0.353 V, which is significantly higher
than that of the counterpart without ultrasonic assistance
(�1.098 V).[34] As such, such coatings have higher microhard-
ness, better wear resistance, and better corrosion resis-
tance.[34,41,42] However, rare literature has investigated the
microarc oxidation of Ti–6Al–4V alloy with ultrasonic assistance
for potential biomedical applications.[43] The effects of ultrasonic
assistance on the detailed microstructural features of the pro-
duced oxide coatings on Ti–6Al–4V alloy are still not understood.
Furthermore, considering the better performances of microarc
oxidation coatings on Al alloys and Mg alloys produced with
ultrasonic assistance and broad applications of Ti alloys in bio-
medical applications, it is highly significant to further investigate
the performance of microarc oxidation coatings on Ti–6Al–4V
using ultrasonic assistance. This would also shed insight into
the effect of ultrasonic assistance on the microarc oxidation of

Ti–6Al–4V and give a proposal to further improve the properties
of microarc oxidation coatings on Ti–6Al–4V for potential bio-
medical applications.

As such, this work used ultrasonic assistance in the microarc
oxidation process of Ti–6Al–4V alloy. The microarc oxidation
process of Ti–6Al–4V without ultrasonic assistance was used
as the reference for comparison. The microstructures, corrosion,
and wear properties of all produced coatings were investigated.
Moreover, the mechanism of ultrasonic assistance in the micro-
arc oxidation process was also discussed. In addition, the cell
count experiment was conducted to evaluate the biological per-
formance of the coating samples with 15min microarc oxidation
duration.

2. Results and Discussion

2.1. Formation of Microarc Oxidation Coatings

Figure 1 shows the relationship between treatment time and volt-
age during the microarc oxidation process. The subgraphs in
Figure 1a-c are the magnified images that show the voltage differ-
ences between MAO and UMAO samples with microarc oxida-
tion duration from 40 to 200 s. The observed change in the
voltage is in line with the definition of microarc oxidation,[44]

where the total microarc oxidation process can be divided into
three stages, as shown in Figure 1. In the stage I, the voltage
linearly increases with time at the largest slope, which is consis-
tent with the traditional anodizing process. In the stage II, the
surface of the sample is broken down, and the voltage gradually
increases at a lower rate as compared with that in the first stage.
In the stage III, microdischarge occurs over the entire sample
surface, and the voltage increases at a very low rate over time.[20]

For all samples, the voltage sharply increases at a slope of 4.0–
4.4 V s�1 up to the breakdown voltage in stage I (0 to about 50 s).
In this stage, sparks are not presented, but a large number of
oxygen bubbles are observed on the sample surfaces, which is
consistent with traditional anodization.[45] Ultrasonic can pro-
duce bubbles in the electrolyte. The cavitation effect of ultrasonic
leads to the growth of those bubbles, while the ultrasonic-
produced oscillation makes the bubbles shrink. Finally, those
bubbles would break. Therefore, the bubbles on the samples
grow and break. Such a phenomenon produces a high-
temperature/high-pressure microenvironment on the sample
surfaces, providing additional energy and reducing the break-
down voltage.[42] The breakdown voltage is defined as the lowest
voltage which can break down the oxide coating formed on the
substrate.[35] As shown in Figure 1, the breakdown voltage (the
beginning of nonlinear segment) of ultrasonic-assisted samples
is around 213 V and the untreated sample is around 230 V.
Afterward, the voltage exceeds the breakdown voltage, which
means the commence of stage II (50–200 s). As described in
the insets in Figure 1a-c, the ultrasonic-assisted samples have
lower voltages than the untreated samples during 40–200 s.
When the reaction enters stage II, small and dense sparks begin
to form on the sample surfaces, illustrating the commence of
microarc oxidation. In this stage, the amount of oxygen bubbles
significantly increases with the increase in the duration. When
the microarc oxidation process reaches about 200 s, the voltages
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of all samples are gradually stabilized. In the meantime, large
and white sparks gradually replace tiny sparks on the sample sur-
faces. This phenomenon indicates that the reaction enters stage
III (200 s to the end of the experiment).[45] Late in this stage, the
number of large sparks decreases gradually and some small
sparks remain on the sample surfaces.[44,45]

2.2. Microstructural Characterizations

The cross-sectional morphologies of samples after different dura-
tions are shown in Figure 2 and their corresponding thicknesses
are shown in Figure 3. As shown in Figure 2a,c,e, there are many
cracks and pores in MAO samples. High voltage generated in the
process can provide significant energy on the surface of the sam-
ple and produce a large amount of heat to melt the metal sub-
strate. Before complete solidification of molten metal, the
subsequent ceramic layer has already formed.[43] However, part
of molten metal cannot curdle in time. Consequently, the solidi-
fication of molten metal may lead to the shrinkage of the ceramic
layer. Meanwhile, as no metal fills the voids produced by shrink-
age, such voids may develop cracks and pores. When the molten
metal solidifies, many regions of the coating shrink simulta-
neously, and the shrinkage takes place among these regions.
Finally, cracks are produced.[43] Figure 2b,d,f shows the different
cross-sectional morphologies of UMAO samples. Undergoing
the same duration, the UMAO sample has a higher thickness
and exhibits a more compact cross section compared with the
MAO counterpart. The reason for the higher thickness is shown
in Figure 3. Both the number and size of pores and cracks
decrease; the pores become smaller as the duration increases.
Therefore, one can conclude that the UMAO samples have
smaller and fewer cracks and pores than the MAO counterparts.
In addition, the differences in the thickness of MAO samples
become more evident with increasing the duration, indicating
the increase in their surface undulation (Figure 2a,c,e). By con-
trast, the surfaces of the UMAO counterparts are relatively
smooth when subjected to the same duration (Figure 2b,d,f ).
Such results are also shown in Figure 3. The standard deviations
of thickness are 0.4 and 0.3 μm for MAO-5 and UMAO-5, 0.8 and
0.6 μm for MAO-10 and UMAO-10, and 1.8 and 0.8 μm forMAO-
15 and UMAO-15, respectively. Therefore, the UMAO samples
have more uniform thickness than the MAO samples. It is
known that ultrasonic can stir the electrolyte and accelerate
the flow of liquid, resulting in fast cooling of electrolyte during
the MAO process. Therefore, the molten metal can be solidified
before the formation of subsequent ceramic layer. As a result,
ultrasonic assistance can reduce the production of internal flaws
in the UMAO coatings.

As shown in Figure 3, the thicknesses of MAO and UMAO
coatings increase as extending the duration. Furthermore, by
comparing the thicknesses of MAO-5 (10.9� 0.4 μm) and
MAO-10 (15.2� 0.8 μm), the increment in thickness is about
4.3 μm. However, the increment in thickness is only about
2.9 μm betweenMAO-15 (18.1� 1.8 μm) andMAO-10. This phe-
nomenon has been reported in the literature; the growth rate of
MAO coating would decline as the duration increases.[43] Similar

Figure 1. Change in voltage versus treatment time for all microarc oxida-
tion samples with or without ultrasonic assistance after different dura-
tions: a) 5 min, b) 10 min, and c) 15min. MAO indicates the microarc
oxidized samples without ultrasonic assistance; UMAO means the micro-
arc oxidized samples with ultrasonic assistance.
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to the MAO samples, a relatively large change in the thickness of
UMAO samples is observed from 5min (13.5� 0.3 μm) to
10min (16.8� 0.6 μm). However, when the duration prolongs

to 15min, the thickness of the UMAO sample surges to
25.4� 0.8 μm. Because the UMAO-15 is too thick, the sparks
cannot break down the coating. For the abnormal increase in
the thickness of UMAO-15, the voltage may not play a critical
role in the mid-to-late stage of the microarc oxidation process.
It is speculated that the ultrasonic assistance may lead to sedi-
mentation on the coating surface due to the combination of
sound flow effect and thermal effect. Therefore, the UMAO coat-
ing continues growing.

Based on these results shown in Figure 2 and 3, some facts can
be obtained. At stage I (Figure 1), the voltage increases rapidly,
which indicates the formation of a thin layer (anodization).[43] At
stage II, as the sparks maintain on the surface of the sample,
more molten oxides are formed via molten metal. As the micro-
arc oxidation reaction proceeds, the oxide coating becomes
thicker, which, in turn, suppresses the generation of sparks.
Therefore, the discharge region decreases and the voltage
increases slowly in stage II, as shown in Figure 1. Meanwhile,
the growth rate of oxide coating also becomes slower than that
in stage II.[43,45] Moreover, Figure 3 shows that the UMAO sam-
ples show larger average thickness than the MAO counterparts.
When ultrasonic assistance was applied in the microarc oxidation
process, the ultrasonic can facilitate the production of O2� in the
electrolyte.[34] Therefore, more O2� reacts with the substrate,

Figure 2. Scanning electron microscope (SEM) images of cross-sectional samples after different durations: a) MAO-5, b) UMAO-5, c) MAO-10,
d) UMAO-10, e) MAO-15, and f ) UMAO-15. MAO-5, MAO-10, and MAO-15 indicate the microarc oxidized samples without ultrasonic assistance under
the duration of 5, 10, and 15min; UMAO-5, UMAO-10, and UMAO-15 mean the microarc oxidized samples with ultrasonic assistance under the duration
of 5, 10, and 15min.

Figure 3. Thicknesses of MAO and UMAO samples after different dura-
tions. MAO indicates the microarc oxidized samples without ultrasonic
assistance; UMAO means the microarc oxidized samples with ultrasonic
assistance.
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resulting in the formation of more oxides. In other words, the
acoustic flow effect and mechanical effect aroused by ultrasonic
can stir the electrolyte, resulting in more uniform distribution of
solute. Therefore, ultrasonic assistance can effectively promote
the transportation of substances on the surface of the sample.
A similar phenomenon is also found in the corrosion of metallic
materials in flowing solution; the flowing solution promotes the
mass transfer during the corrosion process.[46] As such, the con-
centrations of substances, which are required to generate the
oxide coating, increase after the same duration for UMAO sam-
ples. In addition, the cavitation effect of ultrasonic increases the
discharge channels and enhances the formation of the melt at
stage II.[42] Therefore, ultrasonic assistance would promote the
growth of microarc oxidation coatings.

Figure 4 shows the surface morphologies of MAO and UMAO
samples. As mentioned earlier, pores and cracks are observed for
all samples. With increasing the time of microarc oxidation,
higher voltage supplies more energy to make more molten oxide
spurt from the arc channels. Meanwhile, the reaction is acceler-
ated due to more energy provided, therefore more heat is gener-
ated. When the duration increases from 5 to 10min, more energy
is provided to melt more metals in MAO-10 and such molten
metals fill the cracks. Consequently, the cracks in the MAO-10
are fewer and smaller than those of MAO-5 (Figure 4a,c,e). A
similar scenario is found in the UMAO samples (Figure 4b,d,f ).
After the same duration, UMAO samples show fewer and
smaller cracks compared with the MAO counterparts
(Figure 4). Those features may have positive effects on the

Figure 4. SEM images of sample surfaces after different durations: a) MAO-5, b) UMAO-5, c) MAO-10, d) UMAO-10, e) MAO-15, f ) UMAO-15, and
g) MAO-15. h) The surface elemental concentration after different durations. MAO-5, MAO-10, and MAO-15 indicate the microarc oxidized samples
without ultrasonic assistance under the duration of 5, 10, and 15min; UMAO-5, UMAO-10, and UMAO-15 mean the microarc oxidized samples with
ultrasonic assistance under the duration of 5, 10, and 15min.
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properties of coatings. One reason accounting for fewer and
smaller cracks on the UMAO samples is the stirring effect of
ultrasonic, which increases the flow rate of electrolyte.
Therefore, ultrasonic leads to the homogeneous distribution
of heat on the sample surface, thereby reducing the production
of cracks.

Moreover, the concentrations of reactants are heterogeneous
on the surfaces of samples during the microarc oxidation pro-
cess. Strong reactions would take place in some regions with
high concentrations of reactants. Therefore, more heat is gener-
ated in such regions. Because the ceramic coating has a poor
capability of heat dissipation, the surface may ablate.[43] At low
magnification, one can find many excessive ablation regions
on the surface of MAO-15 (Figure 4g). The energy disperse spec-
troscopy (EDS) result shows that the surface of MAO-15 shows a
variety of oxides of Si, Ca, P, and Ti. Such a phenomenon pro-
duces the heterogeneous distribution of elements on the sample
surface. However, excessive ablation is not found in UMAO-15.
The cavitation effect caused by ultrasonic could accelerate the for-
mation of the bubbles. Such bubbles take away the heat on the
surface, thereby cooling the molten oxides.[43] Furthermore, the
stirring effect can promote the circulation of the electrolyte,
which also accelerates the cooling of molten oxides. Therefore,
the excessive ablation of coatings is absent on the surface of
UMAO-15 (Figure 4f ). Figure 4h shows the elemental concen-
trations of the sample surfaces (obtained from mapping results,
now shown herein). When the duration increases, the microarc
oxidation reaction continues, and the O2� in the solution contin-
uously reacts with the substrate. However, the substrate is diffi-
cult to participate in the microarc oxidation reaction when the
coating thickness exceeds a certain extent. Therefore, the concen-
trations of Ca, P, and Si on the coating surfaces increase, and
correspondingly the concentration of Ti decreases. The ultra-
sonic assistance can produce more O2� in the solution, thereby
promoting the formation of the oxides on the sample surface.[34]

As such, the UMAO sample surface always has higher O concen-
tration than the MAO counterpart surface.

Furthermore, the roughnesses (Sa) of the sample surfaces are
also shown in Figure 4. When the duration increases, the rough-
ness increases for all samples. The UMAO sample shows lower
roughness than the MAO counterparts. For instance, the UMAO-
15 sample has a roughness of 2.71� 0.14 μm, while the MAO-15
counterpart has a roughness of 3.21� 0.52 μm. As the microarc
oxidation progresses, the microarc discharge becomes more
severe on the sample surface due to the increased voltage until
the end of stage II (Figure 1). The higher energy input increases
the pore size and therefore the roughness.[25] However, the ultra-
sonic assistance can decrease the breakdown voltage as well as
the voltage in stage II. Therefore, lower energy input during
the microarc oxidation process results in lower pore size and
roughness.

Figure 5 shows the porosities and the mean areas of pores for
different coatings on samples. The data for MAO-15 were
obtained by calculating the pores in the relatively flat regions
on the MAO-15 surface (i.e., Figure 4e). As shown in
Figure 5, the sizes of pores of both MAO and UMAO samples
increase and their porosities also slightly increase with the exten-
sion of duration. The pores are remnants of arc channels after the
microarc oxidation process. With the augment of the duration,

the voltage increases (Figure 1), thereby producing more and
larger arc channels on the sample surface and increasing the
number and the sizes of pores (Figure 5).

2.3. Phase Constituents of the Coatings

Figure 6 shows the X-ray diffraction (XRD) patterns of all sam-
ples. TiO2 (rutile and anatase phases) are the main phase constit-
uents of both MAO and UMAO coatings. The coating is mainly
composed of TiO2, and the contents of Ca and P in the coating
are significantly low. Therefore, the compounds of Ca and P are
absent in the XRD patterns. With increasing the duration, the
intensity of the substrate decreases, indicating the growth of

Figure 5. Porosities andmean areas of pores for different samples. MAO-5,
MAO-10, and MAO-15 indicate the microarc oxidized samples without
ultrasonic assistance under the duration of 5, 10, and 15min; UMAO-5,
UMAO-10, and UMAO-15 mean the microarc oxidized samples with ultra-
sonic assistance under the duration of 5, 10, and 15min.

Figure 6. XRD patterns of MAO and UMAO coatings. MAO-5, MAO-10,
and MAO-15 indicate the microarc oxidized samples without ultrasonic
assistance under the duration of 5, 10, and 15min; UMAO-5, UMAO-10,
and UMAO-15 mean the microarc oxidized samples with ultrasonic
assistance under the duration of 5, 10, and 15min.
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coatings. Table 1 shows the volume fractions of rutile and anatase
phases in the coatings. Although the volume fraction of rutile
gradually increases with the growth of coating, no apparent dif-
ference is found for both UMAO and MAO counterparts.
Therefore, one can conclude that the ultrasonic has almost no
effect on the phase constituents of coatings. Meanwhile,
Table 1 also shows the crystallite size of anatase and rutile grains
in the coatings. When the duration is prolonged, the sizes of both
anatase and rutile grains in the MAO and UMAO coatings grad-
ually increase. The longer duration and higher voltage (Figure 1)
generate more heat on the surface. It was reported that more heat
on the surface can facilitate the growth of grains.[47] During the
microarc oxidation process, the solution can be stirred by ultra-
sonic, which accelerates the cooling of the electrolyte.
Meanwhile, the shock wave, which is generated by the collapse
of cavitation bubbles, effectively breaks the primary crystallites
and produces an extra artificial crystal nucleus.[40]

Furthermore, the ultrasonic can increase the degree of under-
cooling of the melt, resulting in easier nucleation. This is similar
to other metals during solidification.[2,40,48] Therefore, UMAO
coatings have finer grains than MAO coatings.

2.4. Microhardness Tests

Figure 7 shows the microhardness of samples. The substrate has
the minimum hardness (366� 8 HV). The MAO and UMAO
samples have higher microhardness than the substrate due to
the formation of oxide coatings. The thicknesses of coatings
increase with extending the duration (Figure 3), increasing the
hardness of both samples. MAO-5, MAO-10, and MAO-15,
respectively, have the hardness of 396� 40, 435� 52, and
586� 84HV. In comparison, UMAO-5, UMAO-10, and
UMAO-15 have the hardness of 453� 28, 538� 35, and
706� 41HV. UMAO coatings have finer grains than their
MAO counterparts (Table 1), leading to the refinement strength-
ening.[49–51] Therefore, combining the results of larger thickness
and finer grains, it is reasonable to understand that UMAO coat-
ings have higher hardness compared with their MAO counter-
parts. Likewise, the MAO coating is a porous and uneven
ceramic layer, while the ultrasonic can smoothen the surface
of the coatings (Figure 2). Therefore, the MAO coatings show
relatively larger deviation in hardness.

2.5. Electrochemical Measurements

The potentiodynamic polarization curves of MAO and UMAO
samples in Hank’s solution at 37 �C are shown in Figure 8
and the fitting results of corrosion current density (Icorr) and cor-
rosion potential (Ecorr) are shown in Table 2. The substrate has
the lowest Ecorr and the largest Icorr among all samples, which
means that the substrate is prone to be corroded and has the
highest corrosion rate.[52] Microarc oxidation can generate a coat-
ing composed of corrosion-resistant products (such as TiO2). The
generated coating protects the substrate from the ingressive ions
in the environment. Therefore, the Icorr values of both MAO and
UMAO samples decrease and the Ecorr values increase with the
extension of duration. In addition, the UMAO samples have
higher Ecorr and lower Icorr than the MAO counterparts. As men-
tioned earlier, the UMAO coatings have smaller pores and fewer
cracks, which can hinder the ion exchange between the environ-
ment and the substrate.[43] Meanwhile, UMAO coatings have
larger thicknesses (Figure 3), which extend the diffusion paths
for the ingressive ions.[53,54] Therefore, ultrasonic can enhance
the corrosion resistance of coatings by increasing their thick-
nesses and reducing the flaws in their microstructures.

The impedance characteristics of the coatings were examined
by electrochemical impedance spectroscopy (EIS) (Figure 9). As
seen from the Nyquist plot (Figure 9a,b), the samples have two
capacitive loops. Meanwhile, the bode phase plots show two
peaks (Figure 9d). These findings indicate a two-layer structure
of both MAO and UMAO coatings: one is the outer porous layer
and the other is the inner compact layer.[15,55] Therefore, an
equivalent circuit model with two constant phase elements is
applied to fit the data of EIS results (Figure 9a, inset).[56]

Herein, Rs is the solution resistance. The constant phase ele-
ments of CPE1 and CPE2 simulate the electrical properties of
the outer and inner layers, respectively. R1 and R2, which are par-
alleled with CPE1 and CPE2, represent the resistance of the outer
layer and inner barrier layer.

The fitted data of EIS are shown in Table 3. As shown in
Table 3, R1 increases when the duration is augmented.

Table 1. Volume fractions of anatase and rutile phases and their crystallite
sizes in the MAO and UMAO samples. The data were calculated by the
XRD patterns in Figure 6.

Samples Time [min] Volume fraction [%] Crystallite size [nm]

Anatase Rutile Ti Anatase (101) Rutile (110)

MAO 5 6.18 16.80 77.02 12.16 6.03

10 7.03 23.04 69.93 15.40 9.05

15 7.81 30.14 62.05 15.93 11.65

UMAO 5 7.94 23.19 68.87 4.64 3.90

10 8.13 29.40 62.47 5.82 5.04

15 8.46 33.86 57.68 7.07 5.95

Figure 7. Microhardness of the coating samples and the substrate. MAO
indicates the microarc oxidized samples without ultrasonic assistance;
UMAO means the microarc oxidized samples with ultrasonic assistance.
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Because of the two-layer structure of the microarc oxidation coat-
ing, the outer porous layer was easily permeated by the solution.
According to the definition of electric resistance, R1 is in direct
proportion to the thickness of the coating and is inversely pro-
portional to the pore size.[55] Therefore, in terms of Figure 5,
the pore sizes increase with increasing the duration.
Therefore, R1 is supposed to decrease. According to the cross-
sectional morphologies of the coatings (Figure 2), the thickness
increases with an increase in the duration. Therefore, R1

increases with increasing coating thickness. Meanwhile, the
UMAO samples have larger thicknesses and smaller pores
(Figure 2, 4, and 5) than the MAO counterparts. Therefore,
the UMAO-5, UMAO-10, and UMAO-15 have larger R1 values
than the MAO-5, MAO-10, and MAO-15.

The total resistance of the coating is the sum of R1 and
R2.

[55,57] As shown in Table 3, R2 is significantly larger than
R1. Therefore, the corrosion resistance of microarc oxidation
coating largely relies on the inner layer. The R2 values of the sam-
ples also increase with the extension of duration (Table 3).
Compared with the MAO samples, the cross-sectional morphol-
ogies of UMAO samples reveal smaller pores and fewer cracks
(Figure 2). As such, UMAO samples have higher R2 values than
MAO counterparts, indicating that the UMAO samples have bet-
ter corrosion resistance than MAO samples. This conclusion fol-
lows the results of the potentiodynamic polarization test and
morphology analysis.

2.6. Wear Performance

For Ti orthopedic implants, they are frequently worn by the adja-
cent muscle. Therefore, wear resistance is also a critical consid-
eration for surface modified Ti and Ti alloys.[58–60] Figure 10
shows the mass losses and friction coefficients of MAO,
UMAO samples, and the Ti–6Al–4V substrate measured by tri-
bological tests. The Ti–6Al–4V substrate has the largest mass loss
in all samples, indicating the lowest wear resistance. The MAO
samples show lower mass loss than the substrate due to the for-
mation of the oxide coatings. In comparison, UMAO samples
exhibit lower mass loss compared with the MAO counterparts.
Such results specify that the UMAO samples have improved
wear resistance and their wear resistance increases with increas-
ing the duration. On the contrary, except for MAO-5, the friction
coefficients of both MAO and UMAO samples have slight aug-
ment as compared with that of the substrate. Notably, the sub-
strate used for tribological tests is polished, while the coated
samples have rough surfaces with a considerable number of
pores. Because the MAO-5 coating is too thin, the friction coeffi-
cient of MAO-5 is very close to that of the substrate. As increasing
the duration, the surfaces of MAO and UMAO samples become
rougher (Figure 4). Therefore, such rough surfaces increase the
friction coefficients of MAO and UMAO samples. Apart from the
MAO-5 and UMAO-5 samples, the UMAO samples have rela-
tively lower friction coefficients than the MAO counterparts
due to the lower surface roughness (Figure 4). The MAO-5
and UMAO-5 samples have comparable roughness. As shown
in Figure 2, the UMAO-5 contains smaller cracks and pores than
the MAO-5, illustrating that the UMAO-5 coating is more com-
pact than the MAO-5 coating. Consequently, the loose coating on

Table 2. Fitted corrosion potentials (Ecorr) and corrosion current densities
(Icorr) of all samples in Hank’s solution at 37 �C. MAO-5, MAO-10, and
MAO-15 indicate the microarc oxidized samples without ultrasonic
assistance under the duration of 5, 10, and 15min; UMAO-5, UMAO-10,
and UMAO-15 mean the microarc oxidized samples with ultrasonic
assistance under the duration of 5, 10, and 15 min.

Samples Ecorr [VSCE] Icorr [μA cm�2]

Ti–6Al–4V �0.394� 0.019 0.493� 0.029

MAO-5 �0.176� 0.011 0.295� 0.031

MAO-10 �0.019� 0.008 0.236� 0.020

MAO-15 0.091� 0.026 0.238� 0.054

UMAO-5 0.089� 0.012 0.283� 0.032

UMAO-10 0.122� 0.015 0.145� 0.018

UMAO-15 0.309� 0.081 0.103� 0.014

Figure 8. Potentiodynamic polarization curves of a) MAO and b) UMAO
samples in Hank’s solution at 37 �C. MAO-5, MAO-10, and MAO-15 indi-
cate the microarc oxidized samples without ultrasonic assistance under
the duration of 5, 10, and 15min; UMAO-5, UMAO-10, and UMAO-15
mean the microarc oxidized samples with ultrasonic assistance under
the duration of 5, 10, and 15min.
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MAO-5 has a relatively lower hardness and cannot sustain the
pressure of the friction pair. As such, UMAO-5 shows the lower
mass loss compared with MAO-5. Similar results are also found
for UMAO-10 and UMAO-15.

After the tribological tests, the wear tracks of each sample were
observed by SEM, as shown in Figure 11. The light blue dashes
indicate the widths of wear tracks on the samples. Figure 11a
demonstrates that the Ti–6Al–4V substrate has the widest wear
track among all samples, which means that the Ti–6Al–4V sub-
strate is prone to be worn. Many parallel grooves are presented
on the wear track, illustrating a typical abrasive wear feature.[61]

As shown in Figure 2a and 4a, the MAO-5 coating has the

smallest thickness and many cracks and pores are presented
in the coating. As a result, the MAO-5 coating does not have
enough resistance to friction. As shown in Figure 11d, the
MAO-10 coating shows narrower wear tracks. Grooves are also
found on the wear tracks on the MAO-10. Such morphologies on
the wear tracks of MAO-5 and MAO-10 are similar to that of the
substrate, indicating that the coatings are completely worn out.
However, the coating is still presented on the surface of MAO-15
(Figure 11f ), specifying that the wear resistance of MAO coatings
increases with increasing the duration. Figure 11c shows that the
UMAO-5 is partially spalled. Although the remnant coating is full
of cracks, it still adheres to the substrate. The UMAO-10 and

Figure 9. EIS of MAO and UMAO samples in Hank’s solution at 37 �C: a) Nyquist plots, b) partial enlarged picture of (a), c) Bode impedance plots, and
d) Bode angle plots. Inset: The equivalent circuit model. MAO-5, MAO-10, and MAO-15 indicate the microarc oxidized samples without ultrasonic
assistance under the duration of 5, 10, and 15 min; UMAO-5, UMAO-10, and UMAO-15 mean the microarc oxidized samples with ultrasonic assistance
under the duration of 5, 10, and 15min.

Table 3. Fitted data of EIS results. CPE1 and CPE2: the constant phase elements; R1: the outer layer resistance; R2: the inner layer resistance; Y0 is the
corresponding CPE admittance.

Samples CPE1 R1 [kΩ cm2] CPE2 R2 [kΩ cm2]

Y0 [Ω�1 cm�2sn] n1 Y0 [Ω�1 cm�2sn] n2

MAO-5 (7.62� 0.12)� 10�6 0.93� 0.03 0.13� 0.05 (9.56� 0.54)� 10�5 0.54� 0.02 (1.38� 0.16)� 100

MAO-10 (4.96� 2.22)� 10�7 0.80� 0.02 5.88� 0.81 (4.34� 0.41)� 10�5 0.53� 0.03 (1.72� 0.77)� 101

MAO-15 (4.43� 0.99)� 10�7 0.77� 0.01 6.03� 0.69 (2.72� 1.57)� 10�5 0.56� 0.01 (1.64� 0.41)� 102

UMAO-5 (2.10� 0.42)� 10�6 0.87� 0.04 2.46� 0.24 (9.17� 1.15)� 10�5 0.57� 0.01 (1.52� 0.33)� 101

UMAO-10 (6.95� 0.55)� 10�7 0.74� 0.05 6.68� 0.96 (6.68� 0.59)� 10�5 0.56� 0.02 (2.41� 0.51)� 101

UMAO-15 (2.65� 0.45)� 10�8 0.71� 0.04 19.50� 2.15 (2.36� 1.20)� 10�5 0.57� 0.04 (4.30� 1.13)� 103
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UMAO-15 samples present similar wear features with many
cracks on the coating surface but almost no spalling
(Figure 11e,g). This finding demonstrates that slight fatigue wear
takes place on the UMAO-10 and UMAO-15 coatings.[62–64]

Furthermore, the narrower wear tracks on the UMAO samples
illustrate their better wear resistance, which is consistent with the
results in Figure 10. The ultrasonic assistance in the microarc
oxidation of Ti–6Al–4V results in thicker coatings with higher
hardness and fewer cracks. The coatings with such features also
improve their wear resistance.

2.7. Cell Proliferation

As stated earlier, the MAO-15 and UMAO-15 samples possess
best corrosion and wear resistance in the corresponding groups.
Due to this reason, the MAO-15 and UMAO-15 samples were
selected for the cell proliferation experiments. The results are
shown in Figure 12. Both MAO-15 and UMAO-15 show larger
number of cells than the original planted cells. This means that
the microarc oxidation coatings of Ti–6Al–4V produced in biolog-
ical electrolyte offer a biologically favorable environment. It is
known that the surface geometry (such as roughness, pore size,
and so on) of implant has also a significant influence on the cell
proliferation behavior.[25] Sanchez et al.[65] investigated the bio-
logical behavior of porous Ti scaffolds with different ranges of
pore sizes and found that small pores benefit for cell attachment
in the first 3 days. As shown in Figure 4 and 5, the UMAO-15
shows lower mean area of pores compared with the MAO-15.
Meanwhile, for TiO2 coatings produced by microarc oxidation,
the increased surface roughness would lower the cell prolifera-
tion rate.[25] As shown in Figure 4, the UMAO-15 surface has a
lower roughness. Therefore, the proliferation rate of cell on the
UMAO-15 sample is higher than that on theMAO-15 (Figure 12).
Based on these two features, one can conclude that the ultrasonic

assistance has a positive influence on the microarc oxidation
coatings on Ti–6Al–4V.

3. Conclusions

In this work, the wear- and corrosion-resistant coatings on
Ti–6Al–4V alloy for potential biomedical applications were,
respectively, synthesized by microarc oxidation with and without
ultrasonic assistance in Hank’s solution. Different durations of
5, 10, and 15min were used. The microstructures, hardness, cor-
rosion resistance, and wear performance of the produced coat-
ings were systematically examined. Some key conclusions can
be drawn as follows: 1) Ultrasonic assistance decreases the break-
down voltage of the formed oxide coating on the Ti–6Al–4V sub-
strate. The breakdown voltage of traditional microoxidation
coatings and ultrasonic-assisted microarc oxidation coatings
are 250 and 213 V, respectively. 2) Ultrasonic can stir the electro-
lyte and accelerate its cooling rate during the microarc oxidation
process. The molten metal can be solidified before the formation
of the subsequent ceramic layer and the production of internal
flaws in the coatings is therefore reduced. Consequently, the
ultrasonic-assisted coatings have homogeneous microstructures.
3) Ultrasonic assistance promotes the growth of the coatings.
Due to the cavitation effect of ultrasonic, the number of pores
on the coating surfaces increases while the pore size decreases.
It is also speculated that ultrasonic can break up the formed
nucleus to increase the number of crystal nuclei. Therefore,
the ultrasonic-assisted coatings have finer grains. 4) Due to their
higher thickness and fewer flaws, the ultrasonic-assisted coatings
show better corrosion resistance in the Hank’s solution. The
ultrasonic-assisted microarc oxidation coatings reveal higher cor-
rosion potential, lower corrosion current density, and higher
impedance compared with the coatings without ultrasonic assis-
tance. 5) Due to the finer grains, the ultrasonic-assisted coatings
exhibit higher hardness and better wear resistance. After the
900 s tribology test at room temperature, the conventional micro-
arc oxidation coatings with 5 and 10min durations are worn out.
In comparison, the ultrasonic-assisted coatings with 5min dura-
tion still adhere to the substrate. The ultrasonic-assisted one with
15min duration shows a lower mass loss (by 25.1%) compared
with the counterpart. 6) The microarc oxidation coatings pro-
duced with ultrasonic assistance show better cell proliferation
in the first 4 days compared with the conventional microarc oxi-
dation coating, which contributes to their lower mean area of
pores and lower surface roughness.

4. Experimental Section

Preparation of Samples: An annealed Ti–6Al–4V alloy (6.19 wt% Al,
4.10 wt% V, 0.04 wt% Fe, 0.01 wt% H, 0.01 wt% C, 0.05 wt% O, and Ti
balanced) sheet was used as the substrate. Samples with the dimensions
of 15mm� 15mm� 5mm were machined for the microarc oxidation
process. A 3mm-diameter tapped hole was drilled on one side of each
sample. Before the microarc oxidation process, the samples were ground
by alumina abrasive paper up to 1500 grits and cleaned in an ultrasonic
bath with acetone and ethyl alcohol at room temperature for 10min. At
last, a 3 mm-diameter cylindrical copper wire, which was covered by insu-
lation paint, was inserted into the sample in the drilled hole. The biological
electrolyte system was prepared by distilled water, which contains 6 g L�1

Figure 10. Mass loss and friction coefficient for different MAO samples
and the substrate. MAO-5, MAO-10, and MAO-15 indicate the microarc
oxidized samples without ultrasonic assistance under the duration of 5, 10,
and 15min; UMAO-5, UMAO-10, and UMAO-15 mean the microarc oxi-
dized samples with ultrasonic assistance under the duration of 5, 10, and
15min.
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Na2SiO3, 1 g L
�1 C2H5CaO3, 0.8 g L

�1 (NaPO3)6, and 0.55 g L
�1 NaH2PO4

at 40–50 �C. The Ca and P contained in biological electrolytes would be
incorporated in the produced oxide coatings. It is known that the sample
surface with appropriate Ca/P ratio optimizes the osteoblast viability and
promotes the alkaline phosphatase activity in osteoblasts.[66] For compar-
ison, the microarc oxidation samples, respectively, were produced with
and without ultrasonic assistance.

Microarc Oxidation: WHD-20 MAO system was used in this work.
Ti–6Al–4V sample was used as the anode, and the stainless steel sheet
was worked as the cathode. To achieve enough thickness of coatings,
the constant current mode was used in this work. The microarc oxi-
dation processes were conducted with the current density of
60 mA cm�2, frequency of 600 Hz, duty cycle of 40%, and microarc
oxidation durations of 5, 10, and 15 min, respectively. MAO indicates
the microarc oxidized samples without ultrasonic assistance; UMAO

means the microarc oxidized samples with ultrasonic assistance. In
the following, the simply microarc oxidized (MAOed) samples with
the microarc oxidation duration of 5, 10, and 15 min are denoted
as MAO-5, MAO-10, and MAO-15, respectively. Meanwhile,
UMAO-5, UMAO-10, and UMAO-15, respectively, represent the
MAOed samples with the ultrasonic assistance after the different
microarc oxidation durations of 5, 10, and 15 min. To avoid wordiness,
duration is used to stand for microarc oxidation duration in the
following. Furthermore, a PS-40A ultrasonic cleaner was used as
the source of ultrasonic during the microarc oxidation process. A bea-
ker, which contained biological electrolyte and was used as a reaction
vessel, was put in the sink of the ultrasonic cleaner. The water in the
sink acted as the cooling medium to cool the biological electrolyte.
The parameters of ultrasonic cleaner used in this work were as
follows: power of 120 W and frequency of 40 kHz.

Figure 11. SEM images of the wear tracks of samples: a) Ti–6Al–4V substrate, b) MAO-5, c) UMAO-5, d) MAO-10, e) UMAO-10, f ) MAO-15, and
g) UMAO-15. The light blue dashes indicate the widths of wear tracks on the samples. MAO-5, MAO-10, and MAO-15 indicate the microarc oxidized
samples without ultrasonic assistance under the duration of 5, 10, and 15min; UMAO-5, UMAO-10, and UMAO-15 mean the microarc oxidized samples
with ultrasonic assistance under the duration of 5, 10, and 15min.
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Characterizations: The microstructures of coatings were investigated
using a JSM-6480 SEM) equipped with EDS. The samples for cross-
sectional observations were sealed with epoxy resin. Afterward, the cross
section of samples was ground and polished in terms of standard metal-
lographic technique. The samples for surface observations were merely
cleaned by distilled water and dried after the microarc oxidation process.
Before conducting the SEM observations, the samples were sputtered a
gold layer due to the insulation of ceramic coating. The mean areas of
pores were measured by the software Image J. Meanwhile, the porosity,
which is the percentage of total pore area to the total surface area of the
sample, was also measured by Image J. The roughness of the coating was
measured by laser confocal. The phase constituents of samples were ana-
lyzed by a DX-2700 XRD instrument with a monochromatic Cu Kα source.
XRD parameters were set as follows: scanning range of 20�–80�, scanning
speed of 4� min�1, and a step size of 0.02�. The XRD data were analyzed by
the software Jade 6.5. The diffraction profiles were corrected for the instru-
mental broadening using a corundum sample. Meanwhile, to analyze the
influence of ultrasonic assistance on the volume fraction of each phase in
the coatings, the following formula was used:[67–69]

Vf ,i ¼ Ai

�X
Ai

��1
(1)

where Vf,i is the volume fraction of the phase, Ai is the total area of the
phase, and ΣAi is the total area of all phases in an XRD pattern. To calcu-
late the size of oxide grains in the coatings, the Scherrer formula was
used:[70]

Dhkl ¼ KλðBhkl cos θÞ�1 (2)

where Dhkl represents crystallite size in the direction perpendicular to (hkl)
plane, K is a numerical value (0.9 used in this work[70]), λ is the wavelength
of X-ray (Cu-target, λ¼ 1.54 nm), Bhkl is the full width at half maximum of
XRD peak (in radian), and θ is the Bragg angle. According to the XRD pat-
tern detected, the (101) plane of anatase and (110) plane of rutile were
used to calculate their crystallite size.

Electrochemical Measurements: The corrosion resistance of MAOed
samples and Ti–6Al–4V substrate were examined using a three-electrode
electrochemical workstation (CHI660E, Chenhua Co. Ltd., Shanghai). The
sample with an area of 1 cm2 in the middle of the surface was used as the
working electrode, and the other region was sealed with insulating paste.
An open circuit potential (OCP) test was conducted for 1800 s to ensure
the stability of the samples in the electrolyte. Subsequently, the EIS mea-
surement using an alternating signal of 10mV from 10�2 to 105 Hz was

performed. The EIS data were fitted by Zview software. The potentiody-
namic polarization tests were conducted using the following parameters:
scanning rate of 1 mV s�1 and potential range of �0.5 to þ3 V (vs OCP).
The potentiodynamic polarization curves were fitted by Zsimpwin soft-
ware. Hank’s solution, which is a classical type of simulated body fluid,
was used electrolyte in the electrochemical measurement. The pH of
Hank’s solution, which contained 8.00 g L�1 NaCl, 0.14 g L�1 CaCl2,
0.40 g L�1 KCl, 0.35 g L�1 NaHCO3, 1.00 g L�1 glucose, 0.1 g L�1

MgCl2·6H2O, 0.06 g L�1 Na2HPO4·2H2O, 0.06 g L�1 KH2PO4, and
0.06 g L�1 MgSO4·7H2O, was adjusted to 7.35 by the diluted HCl and
NaOH. All electrochemical tests were operated at 37� 0.5 �C. The
electrochemical tests were repeated at least 3 times for data
reproducibility.

Tribological Test: The wear resistance of MAOed coatings and Ti–6Al–4V
substrate were measured by pin-on-disc tribological test at room temper-
ature without lubrication in air. The testing parameters were as follows:
3 mm friction radius, 10 N load, Si3N4 ball in 10mm diameter,
100 rpm sliding speed, and 900 s testing time. Measurements were con-
ducted 3 times to ensure reproducibility. The wear loss of each sample was
measured by a balance with an accuracy of 0.01mg. The wear tracks were
observed by SEM.

Cell Proliferation: The samples using 15min duration were selected for
cell proliferation test. The human osteoblast-like cells (MG-63, iCell
Bioscience Inc., China) were cultured on the samples to investigate the
cell proliferation. Before conducting the cell proliferation experiment,
the samples were put into a 30mm petri dish and one side of the samples
was irradiated by UV light for 0.5 h. Subsequently, another side of the sam-
ples was also irradiated for 0.5 h. The preresuscitated cell lined implant
onto the samples with the destiny of 1.5� 104 cells cm�2. The cultured
samples were incubated in a 5% CO2 humidified box at 37 �C, supplement-
ing with 10% fetal bovine serum as a culturing medium.

The proliferation behavior was evaluated by counting the number of
cells after cultivating cells for 4 days. The cells were separated from the
samples with 0.05% trypsin-ethylenediaminetetraacetic acid (trypsin-
EDTA) solution and counted with a hemocytometer. The cell layers were
washed by Hank’s balanced salt solution and segregated with a trypsin-
EDTA solution. After centrifugation at 1200 rpm for 7min, the cell pellets
were washed once again by Hank’s balanced salt solution and resus-
pended by overtaxing them in 0.1% Triton X-100. The pellets were split
through 4 cycles of continuous freezing and thawing.
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