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The porous hydroxyapatite coatings with a spherical structure were formed on commercially pure titanium
(CP-Ti) by the micro-arc oxidation (MAO) in an alkaline electrolyte (hydroxyapatite + 1 M potassium
hydroxide) at the applied voltage of 140, 160, 180 V and deposition time of 1 and 2 min. It was determined
that by increasing voltage from 140 to 160 V the Ca/P ratio increases from 1.54 to 1.69, i.e., the composition
of hydroxyapatite (HA) approaches to the biological one that accelerates formation of the interfacial bond
between the implant and bone tissue. It was shown that increasing deposition time from 1 to 2 min at the
voltage of 140 V promotes increasing Ca/P ratio. The corrosion resistance of CP-Ti with HA coatings was
studied in Ringer’s solution at a temperature of 37 �C. The best corrosion protection was observed for the
coating deposited at 160 V, 1 min, when the thickness of the coating and HA formation is the highest.

Keywords corrosion resistance, CP-Ti, hydroxyapatite coatings,
micro-arc oxidation, Ringer’s solution

1. Introduction

Hydroxyapatite [Ca10(PO4)6(OH)2; HA] is widely used to
enhance the osseointegration of titanium implants. Micro-arc
oxidation (MAO) is one of the methods for formation of such
bioceramic coating that increases not only the biocompatibility
of titanium, but also its wear and corrosion resistance (Ref 1-7).
Tuning parameters of the deposition process (deposition time,
applied voltage) and the electrolyte composition allow to obtain
a required morphology, phase composition and thickness of the
MAO coating (Ref 8-14). The electrolyte is selected by the
ability of its components to form hydroxyapatite with a ratio of
Ca/P = 1.67.

The electrolytes containing calcium acetate and glyc-
erophosphate or b-glycerophosphate are widely used (Ref
15). S. Durdu et al. (Ref 16) formed HA and calcium apatite-
based coatings on Ti6Al4V alloy in an electrolyte containing
calcium acetate and b-calcium glycerophosphate for
1…120 min. The coating surface had a porous structure, and
the highest amount of crystalline HA was observed for coating
formed at 120 min. It was shown the efficiency of formation of
calcium-phosphate coatings on the surface of Ti6Al4V alloy
during the MAO adding hydroxyapatite powder to the elec-
trolyte containing 0.12 M Na3PO4 (NAP) (Ref 17). It was
found that the content of hydroxyapatite and tricalcium

phosphate, as well as the thickness and roughness of the
coating surface, increase as the concentration of HA rises from
1 to 2 g/l.

Shokouhfar et al. (Ref 18, 19) investigated the effect of
KOH on the formation of oxide coatings on titanium by MAO
under constant pulsed DC current. It was shown that the
addition of KOH to the electrolyte provides high surface
homogeneity and better corrosion resistance in Ringer’s
solution. According to investigations of Okido et al. (Ref 20),
increasing pH electrolyte by adding sodium hydroxide (NaOH)
promotes the increasing content of hydroxyapatite phase. The
influence of the concentration of electrolyte component
(NaOH) on the phase composition, microstructure, Ca/P, bond
strength and corrosion resistance of MAO coatings on Ti-6Al-
4 Valloy was determined (Ref 21). As the NaOH concentration
increased from 5 to 15 g/l, the Ca/P coating ratio enhanced
from 0.56 to 2.36 and the bond strength from 18.55 to
63.36 MPa. It was also observed unevenly distributed porosity
and an improvement of corrosion resistance of the alloy with
MAO coatings in 3.5% NaCl. Finally, the addition of NaOH or
KOH to the electrolyte allows to increase its pH that will
enhance the electrical conductivity and facilitate the formation
of hydroxyapatite coating during MAO. Anawati et al. (Ref 22)
showed that corrosion resistance of Ti-HA composites con-
taining 0-10% HA in 0.9 NaCl solution at 36.5 �C was higher
compared to CP-Ti. Formation of hydroxyapatite phase
improves the corrosion resistance of titanium alloys in simu-
lated body fluids as documented by other authors (Ref 23-25).

In our previous work (Ref 26), the calcium phosphate
coatings were formed on CP-Ti by MAO in 3% solution of an
orthophosphoric acid with the addition of hydroxyapatite
powder. MAO coating formed at 220 V provided higher
corrosion resistance in Ringer’s solution at 37 �C than coatings
deposited at 180 and 200 V. However, the Ca/P ratio was
0.5, which is significantly different from Ca/P for biological
hydroxyapatite. An increase in the Ca/P ratio could be realized
by replacing the acidic electrolyte with the alkaline one.
Therefore, the aim of this work is to study the composition,
structure and corrosion resistance of hydroxyapatite coatings
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formed on CP-Ti in the alkaline electrolyte containing 1 M
KOH and hydroxyapatite powder.

2. Materials and Methods

The hydroxyapatite coatings were formed on CP-Ti samples
(a = 10 mm, b = 5 mm; h = 1 mm) by the MAO where
titanium was used as the anode, and a titanium mesh (for
better electrolyte circulation) as the cathode. The MAO process
was performed at the applied voltage of 140; 160 and 180 V for
1 and 2 min; an initial current density was 0.29 A/cm2 (pulse
current). The electrolyte composition for MAO was as follows
(in g/l): Ca10(PO4)6(OH)2-100; KOH-56.

The phase composition of the deposited layers was deter-
mined by x-ray phase analysis on a D8 Bruker Discover
diffractometer (focusing according to the Bragg–Brentano
scheme, CoKa radiation). The voltage at the anode of the x-
ray tube was 40 kV at a current of 45 mA. Surface microstruc-
ture of the MAO layers was carried out by scanning electron
microscope (SEM) FEI Quanta 3D FEGSEM integrated with
the EDAX Trident system. The cross section of the MAO
specimens was studied by scanning electron microscope EVO-
40XVP with an INCA Energy 350 energy-dispersive x-ray
spectrometer.

The corrosion resistance of hydroxyapatite coatings depos-
ited on titanium substrate was tested in Ringer’s solution at a
temperature of 37 ± 0.5 �C by chronopotentiometry using a
potentiostat/galvanostat IPCpro for 30 min, as well as by the
method of volt-ampere characteristic with a scan rate of 5 mV/s
in the potential range of �1.0…2.0 V versus Ag/AgCl. The
surface of the working electrode made of CP-Ti was coated
with epoxy resin, leaving 1 cm2 area for the exposure to the
electrolyte. The electrochemical impedance spectroscopy (EIS)
measurements were carried out at OCP with a voltage
amplitude of 10 mV and frequency range from 10.000 to
0.01 Hz. The measures were repeated at least three times, and
the experimental data were fitted with the software Z-View
using proper equivalent circuit. Impedance spectra were
reported by the Nyquist diagram.

3. Results and Discussion

According to x-ray phase analysis (Fig. 1), the phases of
calcium titanate CaTiO3 (22-153), dicalcium phosphate anhy-
drite CaHPO4 (3-423) and hydroxyapatite Ca10(PO4)6(OH)2 (3-
747; 00-064-0738) represented by reflections (020), (121) and
(002) were detected on the surface of CP-Ti after MAO at the
applied voltage of 140, 160 and 180 V (Fig. 1a, b, c). The
reflections of HA phase were intensified with increasing
voltage from 140 to 160.

The porous coating prepared by MAO on titanium surface at
the applied voltage of 140 V and deposition time of 1 min is
built of empty spherical particles, what is characteristic of HA
materials (Fig. 2a). Areas carrying markings of surface etching,
as well as local thermal cracks, were also noted. In addition to
open pores, there are closed small pores formed on the surface
at increasing spark discharge energy. The porosity of the MAO
coating was 10.7%. The small pores in the range of
0.07…3 lm are predominant (92.3%); the content of pores

with a size of 4…11 lm was 7.7% (Fig. 3a). The average pore
size is 3.6 lm. According to energy-dispersive x-ray (EDS)
analysis, the Ca/P ratio is � 1.54.

At a voltage of 160 V (Fig. 2b), an uniform porous coating
with a spherical structure is formed. Numerous spherical HA
nanocrystals with a size of 80-160 nm are attached to the
sample surface. Increasing applied voltage to 160 V leads to
decreasing small pores to 90.5% and increasing number of
pores in the range of 3.5…14 lm (9.5%) (Fig. 3b). The
porosity increases to 11.7%, and the average pore size is
5.45 lm. According to EDS analysis, the ratio Ca/P = 1.69,
which is close to the ratio proper for biological hydroxyapatite
(1.67). It should be noted that such microstructure can be useful
for the HA film, as it can accelerate the formation of the
interfacial bond between the implant and bone tissue (Ref 24).

By rising applied voltage to 180 V (Fig. 2c), the porosity of
HA coating increases by 1.4 times, but there is a significant
etching of the surface. It reduces the number of small pores in
the range of 0.07…1 lm (59.2%), pores with a size of
1.33…3 lm-28.4%, and 3.3…13 lm-12.5% (Fig. 3c). The
average pore size is 4.11 lm. Since, according to the EDS
analysis, the Ca/P ratio decreases to 1.57, so the MAO at 180 V
is ineffective to form the HA coating.

In addition to the effect of applied voltage, the influence of
deposition time of the MAO on the formation of HA coating on
CP-Ti was investigated. At the voltage of 140 V by doubling
time from 1 to 2 min, the content of HA phase in the coating
increases that is confirmed by raising of the intensity of its
reflections in the diffraction spectrum (the reflections of CaTiO3

and CaHPO4 phases remained fixed) (Fig. 1a, b). According to
SEM observations, an uniform porous coating with a spherical
structure is formed on titanium surface; microcracks are
observed on the surface (Fig. 2d). Simultaneously, a number
of HA nanocrystals increases significantly. At longer time, the
spherical nanoparticles with a size of 60-120 nm are formed
(Fig. 4). Prolonging deposition time increases the content of
calcium and phosphorus at the surface layer. The Ca/P ratio
increases to 1.64 that is close to the value for biological
hydroxyapatite. The porosity of HA coatings deposited for
different time is similar. The number of small pores decreases in
the range of 0.07…1 lm to 59.4%, pores with a size of

Fig. 1 X-ray diffraction patterns of CP-Ti after MAO for 1 min:
140 V (a), 160 V (b), 180 V (c); 2 min: 140 V (d); d – HA, s –
CaTiO3, j – CaHPO4
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Fig. 2 FEGSEM images of CP-Ti with hydroxyapatite coatings formed after 1 min of MAO: 140 V (a); 160 V (b); 180 V (c); 2 min: 140 V
(d); 1 (9 1000), 2 (9 5000) and 3 (9 10,000) magnification images are presented at the left, middle and right columns, respectively
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1.2…5 lm-39.23%, 6…12 lm-1.4% (Fig. 3d). The average
pore size is 3.59 lm.

The morphology of the cross section of MAO coatings
deposited on the surface of CP-Ti at 160 V, 1 min and 140 V,
2 min is shown in Fig. 5 and 6. The top layer is MAO coating,
and the bottom layer is titanium substrate. The morphology of
MAO coatings in Fig. 5, 6 illustrates that both coatings are
compact but differ in thickness (65 and 85 lm). The bonding
between the MAO coating and Ti substrate shows no interfacial
cracks or voids. The EDS scan was performed along the
interfacial region of the cross sections documenting sharp
change of composition at the coating/substrate interface.

Figure 5 and 6 also illustrates in depth concentration profiles
of calcium, titanium, phosphorus and oxygen. They indicate
that the thickness of the HA layer formed at 160 V, 1 min
is � 25 lm, and at 140 V, 2 min-30 lm. A further decrease in
the concentration of the previous mentioned elements and an
increase in titanium content point toward presence of CaTiO3

and CaHPO4 phases as separately documented by the x-ray
phase analysis.

Figure 7 presents changes of the open circuit potential
(OCP) against time for CP-Ti with HA coatings in Ringer’s
solution at a temperature of 37 �C. For the HA coating
deposited at the applied voltage of 140 V (Fig. 7, curve 1), the

Fig. 3 Histograms of pore size distribution in hydroxyapatite coatings formed on surface of CP-Ti after 1 min of MAO: 140 V (a); 160 V (b);
180 V (c); 2 min: 140 V (d)

Fig. 4 Surface morphology of MAO coating: 140 V,
2 min; 9 20,000 and 9 150,000 magnifications
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OCP from the beginning of the exposure to 350 s demonstrates
a typical for these tests oscillation potential, possibly indicating
an active–passive behavior caused by local oxidation. Then, an
increase in the OCP to �0.054 V is observed, followed by its
stabilization. Such potential changes are characteristic for the
surface passivation. The OCP for the coating formed at 160 V
is positively shifted by 0.03 V (Fig. 7, curve 2), leading to a
low thermodynamic tendency toward corrosion. It should be
noted that in the time range of 0…455 s, there is a sharp
increase in the OCP to �0.020 V followed by its decrease
(Table 1). The curve representing the coating deposited at a

voltage of 180 V shifts to more negative values by 0.043 V
(Fig. 7, curve 3). An initial drop of the OCP value is soon
followed by subsequent recovery. By increasing deposition
time from 1 to 2 min at the applied voltage of 140 V, the OCP
shifts in a positive direction by 0.073 V (Fig. 7, curve 4) that
indicates higher resistance of the HA coating to corrosion.

Figure 8 presents the potentiodynamic polarization data for
CP-Ti with HA coatings in Ringer’s solution at a temperature of
37 �C. The anodic branches of all polarization curves show two
passivation regions that are located at different potentials
depending on the HA composition. It should be noted that the

Fig. 5 SEM cross-sectional image of the MAO specimen prepared at 160 V for 1 min, and EDS depth profiles of calcium, titanium,
phosphorus and oxygen

Fig. 6 SEM cross-sectional image of the MAO specimen prepared at 140 V for 2 min, and EDS depth profiles of calcium, titanium,
phosphorus and oxygen
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corrosion potentials determined from the potentiodynamic
polarization curves are lower compared to those obtained from
the OCP measurements (Table 1).

For the HA coating prepared at the applied voltage of 140 V
(Fig. 8, curve 1), the first passivation region is observed at the
potential range from -0.122 to 0.230 V, and the passivation
current density is 0.64 A/m2. The second passivation region is
fixed at the potentials of 0.45…0.72 V, and the passivation
current density is 1.5 A/m2.

The highest corrosion current density (Table 1) was ob-
served for the HA coating formed at 140 V due to formation of
defects (cracks) on its surface during MAO (Fig. 9a) that
accelerates the dissolution of hydroxyapatite surface. Anawati

et al. (Ref 22) investigated that samples with more defects
increase the anodic current density thereby deteriorating
protective properties of the HA coating. According to the
EDS analysis, the Ca/P ratio after corrosion increases from 1.54
to 1.65 compared. Perhaps, it is due to the completion of the
hydroxyapatite that was observed by S. Durdu et al. (Ref 16):
the surface of the MAO coating was covered with the newly
formed layer of hydroxyapatite in SBF.

By increasing applied voltage to 160 V (Fig. 8, curve 2), the
anodic current for the HA coating decreases by 1-2 orders of
magnitude and the corrosion current density—by five times
(Table 1). At the potentials of -0.126…�0.041 V, the first
passivation region is observed (the passivation current density
being � 0.006 A/m2). The second passivation region is ob-
served in the potential range from 0.185 to 0.370 V, and the
passivation current density is 0.023 A/m2. Lower passivation
currents may indicate that the HA coating prepared at 160 V is
more resistant to corrosion than the coating deposited at 140 V
due to more homogeneous surface layer that can block
dissolution processes. It is observed a local dissolution of the
surface layer (Fig. 9b), which is confirmed by the EDS analysis
that shows a decrease in the content of elements after corrosion:
O (65.47 at.% versus 70.59 at.%), Ti (8.84 at.% versus 9.92
at.%), Ca (12.97 at.% versus 13.9 at.%), P at.% (7.86 at.%
versus 8.22 at.%). The corrosion products are fixed on the
surface (Fig. 9b).

By increasing applied voltage during MAO to 180 V, the
anodic current increases by 3 times and corrosion current
density by 1.2 times (Fig. 8, curve 3), obviously, due to the
increase in the porosity of the coating (Ref 25). At potentials
from �0.155 to �0.064 V, the first passivation region is
observed (the passivation current density is � 0.007 A/m2).
The second passivation region is fixed in the potential range
from 0.18 to 0.41 V (the passivation current density is 0.059 A/
m2). According to the SEM analysis, the dissolution is observed
over the entire surface of hydroxyapatite coating (Fig. 9c). It is
confirmed by EDS analysis because the decrease in the content
of elements after corrosion was recorded: Ca (11.65 at.% versus
13.04 at.%), P (7.58 at.% versus 8.28 at. %). The content of
oxygen on the surface increases from 68.60 to 69.18 at.% due
to the formation of corrosion products such as titanium oxides
(Ref 4).

The course of the anodic curve for CP-Ti with HA coating
formed at 140 V for 1 and 2 min is similar (Fig. 8, curves 1, 4),
but the anodic dissolution of surface at higher deposition time

Fig. 7 Open-circuit potential vs. time curves for hydroxyapatite
coatings in Ringer�s solution at 37 �C: deposition time of 1 min: 1-
140 V, 2-160 V, 3-180 V; deposition time of 2 min: 4-140 V

Fig. 8 Potentiodynamic polarization curves for hydroxyapatite
coatings in Ringer�s solution at 37 �C: deposition time of 1 min: 1-
140 V, 2-160 V, 3-180 V; deposition time of 2 min: 4-140 V

Table 1 Corrosion parameters of CP-Ti with HA
coatings in Ringer�s solution at 37 �C

U, V/s, min OCP, V Ecorr, V icorr, A/m
2

140/1 �0.054 �0.137 0.0084
160/1 �0.024 �0.268 0.0017
180/1 �0.067 �0.345 0.0020
140/2 0.019 �0.309 0.0028
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occurred at currents that are from 1 to 2 orders of magnitude
larger. The corrosion current density is reduced by 3 times that
indicates higher corrosion resistance of the HA coating
deposited at longer deposition time.

If we consider the potential range from 400 to 500 mV
(Fig. 10) defined by Velten et al. (Ref 27) as the potential of the
human body, the passive current density of MAO-surface

coating deposited at 160 V is the lowest, which contributes to
the best corrosion resistance.

The electrochemical impedance spectroscopy (EIS) was also
used to better investigate the corrosion behavior of the MAO
coatings produced at different applied voltages and times as
presented in form of Nyquist plot (Fig. 11). Figure 12 is a
proposed equivalent circuit which had an acceptable fitness

Fig. 9 SEM images of corroded CP-Ti with hydroxyapatite coatings formed after 1 min of MAO: 140 V (a); 160 V (b); 180 V (c); 2 min:
140 V (d); 1 (9 1000), 2 (9 5000) and 3 (9 10,000) magnification images are presented at the left, middle and right columns, respectively

11046—Volume 32(24) December 2023 Journal of Materials Engineering and Performance



with the data obtained from EIS for the coated samples. The
equivalent circuit has two time constants that correspond to the
coating with an outer porous layer that was formed due to the
plasma interaction between the substrate and electrolyte and the
barrier layer that was formed due to the applied voltage over the
metal (Ref 28). The HA layer and the CaHPO4, CaTiO3 layers
can be considered in fact as one unique uniform porous layer
from the electrochemical point of view, due to the fact that the

HA layer was not compact and filled the pores that characterize
the MAO coating.

The calculated equivalent circuit elements are shown in
Table 2. The resistance of the outer porous layer (R) is smaller
than that of the inner compact layer (Rct) in all samples.
According to the results listed in Table 2 and EIS plots shown
in Fig. 11, the corrosion resistance of samples (R + Rct)
increased by increasing the applied voltage from 140 to160 V
and decreased to 180 V, the sample coated in 160 V had the
highest overall resistance. The thickness of the coating and
higher HA formation increased by increasing the voltage 140
to160 V which caused higher corrosion resistance. This may be
due to the coverage of HA on the titanium at 160 V that
prevented the aggressive ions from easily moving into the
pores. Consequently, the resistance of porous layer strongly
increased. The results from EIS were consistent with the
polarization results which confirm that the best corrosion
behavior was achieved after 160 V of MAO coating.

The effect of the deposition time on corrosion behavior was
also studied by the EIS plots shown in Fig. 11 and the data
listed in Table 2. The resistance of both inner layer (Rct) and
outer layer (R) increased when the processing time extended to
2 min due to an increase in the thickness of coatings. In
addition, higher HA formation for longer times was contributed
to an increase in the resistance of porous outer layer.

4. Conclusions

The porous calcium phosphate coatings with a spherical
structure were deposited on CP-Ti by the MAO technique in an
alkaline electrolyte (hydroxyapatite + 1 M potassium hydrox-
ide) at applied voltage of 140, 160, 180 V and deposition time
of 1 and 2 min. It was determined that under such conditions
the MAO coatings contain phases of calcium titanate CaTiO3,
dicalcium phosphate anhydrous (monetite) CaHPO4 and
hydroxyapatite Ca10(PO4)6(OH)2. It was determined that by
increasing applied voltage from 140 to 160 V the Ca/P ratio
increases from 1.54 to 1.69, i.e., the composition of HA

Fig. 10 Zoom of potentiodynamic polarization curves in the
potential range from 0.2 V to 0.6 V for hydroxyapatite coatings in
the Ringer�s solution at 37 �C: deposition time of 1 min: 1-140 V; 2-
160 V; 3-180; deposition time of 2 min: 4-140 V

Fig. 11 Nyquist plots for hydroxyapatite coatings in Ringer�s
solution at 37 �C: deposition time of 1 min: 1-140 V, 2-160 V, 3-
180 V; deposition time of 2 min: 4-140 V

Fig. 12 Equivalent electric circuit fitted to the electrochemical
impedance spectroscopy data
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approaches to biological one. It was shown that increasing
deposition time from 1 to 2 min at voltage of 140 V promotes
the growth of hydroxyapatite phase with Ca/P = 1.64. It was
determined that by increasing Ca/P ratio the corrosion resis-
tance of CP-Ti with HA coatings in Ringer’s solution at a
temperature of 37 �C is improved. The best corrosion protec-
tion is provided by the coating deposited at 160 V, 1 min, when
the thickness of the coating and HA formation are the highest.
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