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A B ST R AC T

Plasma electrolytic oxidation (PEO) procedure has been considered as a proper method to increase the
corrosion resistance of Mg alloys. In this study, the effect of current density and duty cycle as the operating
parameters on the corrosion behavior of coatings at a constant frequency was studied. Also, hydroxyapatite
nanoparticles were added to the electrolyte to improve the biological activity of the final coating. The top
and cross-section view of the coatings was studied using scanning electron microscopy (SEM) to explore
the microstructure changes by the operating parameters. The corrosion performance of coatings was
evaluated by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) assays
in simulated body fluid (SBF), respectively. The appropriate current density selection of 300 mA/dm2 and a
duty cycle of 50 % confirmed the high corrosion resistance of obtained coating because of the morphology
of the coating. At the optimum parameters, the results of the in vitro immersion test showed that the
coating containing hydroxyapatite has higher biological activity, and also it could protect the coating for a
longer period of time.
Keywords: AZ31B Mg alloy; Plasma electrolytic oxidation (PEO); Operating parameters; Hydroxyapatite; Bioactive

1. Introduction
Magnesium and its alloys are one of the
most significant and widely used biodegradable
materials that are utilized in diverse medical
applications [1–6]. Generaly, magnesium is known
as a proper biological material due to its good
biocompatibility and biodegradability properties
in addition to possessing favorable mechanical
properties [7–9]. Indeed, magnesium is a nontoxic element that is naturally found in the body.
The density and Young’s modulus of Mg and its
alloys are really similar to bone in comparison to
other implants that declines the stress between the
bone and the implant and rises bone growth and
implant stability [10–12]. Nevertheless, the main
problem of magnesium and its alloys is its high

rate of corrosion in the body that restricts their
usage. The amount of corrosion and its destruction
in the body environment must be controlled to
improve the usage of magnesium and its alloys
as implants [13–16]. Different coating methods
have been studied to protect magnesium and its
alloys against corrosion including sol-gel methods,
physical vapor deposition, and PEO [17–23]. PEO
is one of the new kinds of surface modification
technology to produce ceramic coatings on metals
like aluminum [24–29], magnesium [30–38],
zirconium [39–43], and titanium [44–49]as well as
their alloys.
In comparison to general anodizing treatments,
the PEO technique can consistently generate an
oxide layer that strongly adheres to a substrate,

Chaharmahali R, J Ultrafine Grained Nanostruct Mater, 54(2), 2021, 149-162

making it an excellent way to boost the corrosion
operating parameters are really dominant in
resistance of Mg alloys or, as a pre-treatment, to
the coating quality and properties. Among the
improve the adherence for post coatings [50].
operating parameters, researchers have inferred
Coatings made from PEO have various advantages
that current density and duty cycle influence the
over other coatings. PEO-derived coatings are
rate of growth and discharge characteristics of
extremely hard and stable, and they can withstand
PEO-derived coatings [65–70]. Thus, the structure
high temperatures. Corrosion performance is
and thickness of the coatings are improved by
better in PEO-derived coatings than in other
adjusting the operating parameters. Tang et al.
chemical conversion layers [51,52]. Furthermore,
[71] examined various duty cycles. They saw that
the cracks and pores created in PEO-derived
higher duty cycles augmented the porosity of film
coatings during micro-arc discharges can assist
and gradually reduced the thickness of oxide film.
reduce the coating’s residual stress. The porous
In this research, first the current density
outer layer of PEO-derived coatings would result
and then the duty cycle in coatings containing
in increased binding strength at the adhesive–
hydroxyapatite nanoparticles on magnesium alloy
substrate interface of joints [53–55].
have been investigated that has caused to find
In this technique and by applying a variable
major changes in the microstructure, morphology,
potential between the anode and the cathode
and porosity of the coating that eventually
until it reaches the values of
 breakdown voltage,
improves the corrosion properties. In the end, the
electrical discharges on the anode surface are
bioactivity behavior of the obtained coating with
used. Much heat is released here that results in
the most suitable microstructure and the highest
electrochemical and thermochemical reactions
corrosion behavior has been investigated in the
in the plasma atmosphere that results in the
body simulated fluid at distinct times.
production of a ceramic coating with a complex
composition on the metal surface [56–60]. PEO2. Experimental Procedure
derived coatings have very desirable properties
2.1. PEO process
including high adhesion and hardness, favorable
A sheet of AZ31B having dimensions of 3 ×
anti-corrosion properties, acceptable abrasion
15 × 20 mm3 was used to coat the rectangular
resistance, and high thermal stability [32,61–64].
samples. The surface and edge of the specimens
Moreover, the microstructure of PEO-derived
were polished using sandpapers ranging from 220
coatings reveals that due to the eruption of the
to 2000. After sanding, the specimens were fully
reaction products from the discharge channels,
washed using distilled water and they were all
they are inherently porous, and the surface
dried by flowing cold air. A detailed description
contains several micro-cracks.
After
finishing
of the chemical
composition
of coating
AZ31Bprocedure
Mg alloy
Table 1. Electrical parameter and chemical composition
of the used
electrolyte in the
the procedure, the surface has numerous cavities
can be found in previous publication [23]. Mg
that results in a weakening of the properties of
specimens are immersed in the electrolyte as an
the coating to some extent. Porosity in PEOanode (positive pole) to carry out the coating
derived coatings lets easy penetration of the
procedure. A cooling system was utilized to control
electrolyte. The structure of the obtained PEOthe temperature within the coating procedure. The
derived coatings could be controlled by using a
used alkaline electrolyte contains KOH (3 g/l),
series of procedure parameters such as substrate,
Na3PO4 (5 g/l), and hydroxyapatite nanoparticles
electrolyte, time, temperature, and additive as well
(15 g/l). All coatings are made at a frequency of
as operating parameters like voltage, frequency,
1000 Hz. The operating parameters in the coating
duty cycle, and current density. Among these,
procedure are shown in Table 1.
Table 1- Operating parameters, electrolyte composition and coating characteristic in the coating procedure
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2.2. Surface characterization of coating
The composition and surface morphology
of PEO-derived coatings were studied using
x-ray diffraction (XRD), energy dispersive X-ray
spectrometer (EDS), and scanning electron
microscopy (SEM). A detailed description of the
XRD, EDS, and SEM instruments can be found in
previous publication [23]. It should be noted that
the calculation of porosity size and thickness of
coatings was carried out using MIP software.

3. Results and Discussion
3.1. Voltage-time diagram
Fig. 1 reveals the voltage-time diagram for the
coating procedure at distinct current densities and
duty cycles in 7 minutes.
Based on the increase in the rate of voltage, the
plot is generally divided into three steps. In the
first step, the voltage of all specimens increases
linearly with a high slope at different operating
parameters. The electric field provides the driving
force for the cations and anions transfer in the
solution throughout the protective layer and helps
to increase the thickness of the protective layer that
shows the formation of an oxide film at the interface
of the electrolyte and the metal. At this step, a lot
of bubbles are released and no spark is produced.
This step shows the procedure of the common
anodizing procedure. As the thickness rises, the
protective layer acts as a current resistor. After
this, the dielectric breakdown of the protective film
occurs in areas with lower resistance, resulting in
the formation of small sparks at the breakdown
voltage. At this stage, several white and light sparks
will be present on the surface. In the third stage,
the changes in voltage reach a stable value. The
microdischarges alter to stronger sparks, and they
stay prolonged time as their color shifts from white
to orange. Voltage-time diagrams show that the
ignition voltage increases as the applied current
density increases. On the other hand, the passing
time from the first and second stages decreases by
rising current density, and reaching the third stage
takes place faster [73–77].
On the other hand, the growth rate of highresistance coatings rises and the thickness of

2.3. Corrosion measurements
The simulated body fluid (SBF) solution was
prepared based on the Kokubo method [72] to
carry out the potentiodynamic polarization (PDP)
and electrochemical impedance spectroscopy
(EIS) tests. A detailed description of the PDP and
EIS tests can be found in previous publication
[23].
2.4. Immersion test
Immersion tests in body simulated fluid were
used to evaluate the bioactivity. Samples were
prepared before being put in the simulated body
fluid. An area of 1 cm2 of each sample was considered
so that not to be in contact with the body simulated
fluid. In each container, a coated substrate was
first put. About 10 ml of the simulated body fluid
was added to each container. After closing the
lid of the container, the container was put inside
an incubator having an insulated chamber at a
constant temperature of 37 ° C. All samples were
removed from the solution after 1, 3, 5, and 7 days
and then the coatings were washed using distilled
water and dried at room temperature.

Fig. 1- FVoltage-time plots in distinct current densities and duty cycles in 7 minutes.
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created coatings in higher currents rises in a
constant time and as a result of that the ignition
voltage increases. The duty cycle has a major effect
on the coating structure by affecting the ignition
voltage. As can be seen, increasing the duty cycle
from 20 to 80% reduces the ignition voltage. This
reduction in ignition voltage is due to the faster
growth rate of the coating at higher duty cycles,
leading to a coating with lower dielectric resistance.
In the lower duty cycle, it seems that the coating
procedure is carried out in two steps. Oxidation in
the first stage requires more energy in comparison
to other specimens to enter the ignition, so at higher
voltages, the conditions for ignition are required
and after this stage, the ignition is continuously
done and at a constant voltage this procedure
continues until the end of the coating procedure.
The values of breakdown voltage and
 the final
voltage for the different specimens are indicated in
Fig. 2. At high current densities where is the first
stage of the process and is a prerequisite for ignition,
needs more energy than other specimens to enter

the second step. Consequently, the produced oxide
in the first stage finds the necessary status for
ignition at higher voltages. The final voltage of the
specimens rose by rising current density.
When the current density of the oxide film rises,
it has higher electrical resistance in the first stage
and this makes it need more energy to break the
oxide layer. So, it leads to an increase in voltage.
Also, as the duty cycle increases, the ignition
process occurs at lower voltages. It seems that the
longer the duty cycle, the longer the device is on,
so most of the procedure is devoted to ignition
and growth of coating. Within the duty cycle, ion
movement is declined by 20% due to the increase
in the shutdown time of the device, and a higher
voltage is needed to break the oxide film and
produce a spark in the coating procedure.
3.2. Morphology and thickness
SEM images of the coated samples are presented
in Fig. 3(a). As can be seen, all coatings have a
porous surface due to the formation of sparks

Fig. 2- Values of breakdown and critical voltage for different PEO coated specimens.

Fig. 3- SEM images of (a) the surface and (b) cross-section for different PEO coated specimens.
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during the coating process. The percentage of
porosity is indicated in Fig. 4. Cavities are formed
when oxide melts and gas bubbles are thrown
out of the discharge channels. Solidification of
oxide melted by cold electrolyte causes thermal
stress in the oxide layer. When these thermal
stresses are released, microcracks are formed on
the surface. The size of the pores indicates the
strength of the discharge. Comparing SEM images
of coatings shows that the size of cavities in the
coating increases by rising current density. The
enlargement of the cavities as a result of rising
current density is due to the increase in voltage
during the coating process because the amount
of energy and heat in the coating has increased.
Larger cavities are formed at higher current
densities and the effectiveness of cavitation sealing
is reduced. In general, at higher current densities,
the discharge channels have a higher temperature,
so a larger difference in temperature between the
coating and the electrolyte causes thermal stresses
that result in cracks on the surface. Also, in the high
duty cycle and due to the longer time of the circuit,
the amount of energy entering the surface increases
and it can be expected that the size of the sparks
and consequently the cavities in the coating surface
will increase. The sample of 300-50 microstructure
has almost uniformity and the cavities are almost
filled due to sparks with more balanced intensity.
The microstructure with less cavities is created
during the coating process.
SEM images of the cross-section and thickness
of the coatings are
 shown in Fig. 3(b) and Table 1,
respectively. Cross-section pictures clearly reveal
that the thickness of the coating has increased
by rising current density. There are also many
holes in the higher amounts of current density
that correspond to the observations of surface
images [37]. Based on the obtained results from
the voltage-time diagram, at higher current
densities, the ignition voltage increases resulting
in high energy and heat input during the coating
process. This creates larger discharge channels and
lets particles penetrate more easily. Under these
conditions, the oxide layer formation rate increases,
and more molten material is deposited on the
surface. According to the presented images and the
values of the coatings thickness, it is determined
that the thickness of the coating increases by rising
the duty cycle. In the higher duty cycle and due to
the rise in the time of on mode of device and as a
result of rising the coating time, more opportunity

is provided for the growth of the coating and as
a result, the thickness of the coating increases. In
the lower duty cycle, although the ignition voltage
is high, the circuit setting time during the coating
process is short that results in a reduction in the
thickness of the coating.
Fig. 5 shows the distribution map of the major
elements within the cross-sectional area and surface
of the specimen of 50-300. The elements of the
coating contain magnesium, oxygen, phosphorus,
and calcium. Magnesium is the main element
in the substrate. Based on the obtained results
during the procedure of producing the coating, the
substrate melts and enters the compounds of the
coating. Sparks cause the adsorption in addition
to the trapping of nanoparticles. In addition,
calcium and phosphorus are present in the form of

Fig. 4- The average size of surface porosity of coatings obtained
from different specimens.

Fig. 5- Distribution map of the main constituent elements from
the surface and cross-section of the coating.
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hydroxyapatite that shows the uniform distribution
of calcium and phosphorus in the existence of
hydroxyapatite in the coating. The distribution
map of the major elements in the cross-sectional
area of the
 coating indicates that by moving away
from the substrate and attaining the outer film,
the amount of Mg is obviously less. While the
existence of oxygen from the substrate to the
surface of the coating has augmented that indicates
the production of an oxide layer on the surface.
The distribution of calcium and phosphorus shows
that they are uniformly distributed throughout the
cross-section.

obtained from the dissolution of the substrate.
The existence of the Mg oxide phase is as a result
of the melting of the substrate and its oxidation.
The results of EDS obtained from the surface of the
produced specimens and the values of
 its elements
in various current densities and different duty
cycles are illustrated in Table 2.
The main elements of PEO-derived coatings
include calcium, phosphorus, magnesium, and
oxygen. As the current density increases, the
elements of calcium, phosphorus, and oxygen
take part in the growth stages of the coating and
their amounts rise. Also, the coated specimen in
the duty cycle is 80% more absorbed due to the
increase in time of coating and the participation
of particles in the coating and due to more sparks,
it has absorbed more calcium and phosphorus
in comparison to the other two specimens.
Nevertheless, as the current density increases,
the atomic percentage of magnesium decreases
due to the thicker coating. Hydroxyapatite
nanoparticles in the coating electrolyte have
zeta-negative potential. These particles migrate
to the magnesium specimen (positive pole)
under the effect of a strong electric field between
the anode and the cathode. High adsorption of
hydroxyapatite nanoparticles occurs due to high
discharge energy. The particles are put inside the
pores via electrophoretic force. As the current
density increases, this force increases and causes
more nanoparticles to enter the coating.

3.3. Composition of Coating
XRD pattern analysis was carried out on Mg
alloy of AZ31B. In addition, the XRD pattern
obtained by the Grazing method of 50-300 coating
is shown in Fig. 6 (a, b).
The spectrum of the XRD pattern using the
Grazing method after coating operation shows
the production of phases in the coating. The
hydroxyapatite nanoparticles are small enough
to be entered the coating through the discharge
channels and settle into the coating cavities. The
peak of hydroxyapatite indicates the neutral entry of
nanoparticles into the coating. These nanoparticles
entered the coating without changing their
chemical composition. The existence of Mg3(PO4)2
phase indicates the reaction between the anions
obtained from the phosphate salt and the cation

Table 2- EDS analysis from the different coating

Fig. 6- (a) XRD pattern of the substrate and (b) GXRD pattern by grazing method at 300-50.
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Fig. 7- Nyquist and Bode curves of PEO coated samples in (a, b) different current densities, and (c, d) different duty cycles.

3.4. Corrosion properties
Fig. 7 reveals the EIS plots for all specimens
at different current densities and duty cycles. In
the Nyquist curves, the real part is plotted on the
imaginary part after 1800 s of immersion in the SBF
solution. The Nyquist plots reveal that the AZ31B
has an inductive behavior as a porous oxide film
is formed on the magnesium alloys while exposing
the atmosphere and when exposed to a corrosive
solution. Due to the low corrosion resistance of this
oxide film, the corrosive electrolyte passes through
it and reaches the AZ31B substrate, causing
inductive behavior [78–80]. All coatings contain
two capacitive loops that reveal the existence of two
processes. The created loop in high-frequencies
corresponds to the outer porous film and at medium
frequencies reveals a dense inner film [81,82]. Bode
plots show there is a linear region in the plot that
the value of impedance in this part indicates the
resistance of the solution at high-frequencies. The
proposed equivalent circuit is indicated in Fig. 8
to investigate the corrosion behavior of the coated
sample. A detailed description of this equivalent
circuit can be found in previous publication [23].

Fig. 8- The equivalent circuit for modeling the corrosion
behavior of PEO coated samples.

In this regard, Raffle et al. [83] investigated
the coating current density (120, 60, 30 mA /
cm2) on the corrosion behavior in NaCl solution.
The results showed that with increasing current
density due to more intense plasma discharge, the
coatings created are very porous. Also, the results
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of the corrosion test showed that the best corrosion
behavior of low coating current density is due to
the dense structure.
In the case that the Nyquist plot does not have
a complete semicircle, a constant phase element
(CPE) is used instead of a capacitor in the proposed
equivalent circuit. The following equation illustrates
that the impedance of CPE:

indicating that the inner layer has a more important
role in corrosion protection due to defects and less
cavities. The results show that the created coating
at higher current density, despite the increase in
coating thickness arising from the increase in the
intensity of sparks have more cavities and defects
on the surface of the coating. These sparks destroy
the surface layer and the inner layer leading to the
reduction of corrosion resistance. Also, the coating
1
𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 =
(1)
formed in the high duty cycle has greatly reduced
𝑌𝑌0 (𝑗𝑗𝑗𝑗)𝑛𝑛
its corrosion performance due to the formation
In this equation, ZCPE is the impedance of the CPE,
of larger cavities and porous structure, because
W is the angular
frequency,
j
is
the
square
root
of
destructive ions can easily pass through the pores
𝛽𝛽𝑎𝑎 𝛽𝛽𝑐𝑐
𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝imaginary
=

the
number,
and
n
and
Y
are
frequencyand diminish the corrosion resistance. The results
2.3(𝛽𝛽𝑎𝑎 +𝛽𝛽𝑐𝑐 )𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
0
independent parameters. Generally, the value
showed that the produced coating at a current
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
of n can
be
between
0
and
1
that
is
a
measure
of
density of 300 mA/dcm2 and a duty cycle of 50%
−(
)
𝑅𝑅𝑅𝑅𝑅𝑅
𝛽𝛽𝛽𝛽
𝑃𝑃 = ( heterogeneity
) × 10
× 100
surface
[84–86].
The obtained

values
has the least resistance of the inner film (13.82
𝑅𝑅𝑅𝑅
from modeling the corrosion behavior of coatings
MΩ.cm2) and the resistance of the outer film (5.63
are listed in Table 3. According to Table 3, the
MΩ.cm2) and therefore has the best corrosion
resistance of the inner film of the coated samples
behavior.
is higher than the resistance of the outer film
PDP plots of the uncoated specimen and the
coated specimens in the corrosive SBF solution for
30 minutes are presented in Fig. 9 (a, b). Applying
Table 3- Extracted results from the proposed equivalent circuit
ceramic coatings on AZ31B alloy, PDP plots of
all specimens are transferred to a lower corrosion
current density (icorr) and more negative potential
in comparison to the substrate.
Table 4 shows the extracted results from these
graphs. The polarization resistance (Rpol) can be
Table 4- Extracted electrochemical results from the PDP plots in different specimens

Fig. 9- PDP plots of PEO coated samples in (a) different current densities and (b) different duty cycles.
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𝑌𝑌0 (𝑗𝑗𝑗𝑗)𝑛𝑛

measured using Eq. (2) [87]:

level. The ability to form bone grafts on biomaterials
is often assessed by in vitro tests by using body
𝛽𝛽 𝛽𝛽
1 𝑎𝑎 𝑐𝑐
𝑅𝑅
=

(2)
simulated fluid that has a similar electrolyte
𝑝𝑝𝑝𝑝𝑝𝑝 = 2.3(𝛽𝛽 +𝛽𝛽 )𝑖𝑖
𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶
𝑎𝑎 𝑛𝑛𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑌𝑌0 (𝑗𝑗𝑗𝑗)
composition close to human blood plasma.
In this𝑅𝑅𝑅𝑅𝑅𝑅
equation, −(
βa𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
and β)c are called the slope of the
converting inactive surface to bioactive surface and
𝛽𝛽𝛽𝛽
𝑃𝑃 = ( and
) ×cathodic
10
× 100 respectively [88].
anodic
branches,
increasing corrosion resistance are useful [91–95].
𝑅𝑅𝑅𝑅
𝛽𝛽𝑎𝑎 𝛽𝛽𝑐𝑐
The
of porosity
(P) is calculated using
In general, one of the conditions for implantation
𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝 percentage
=

2.3(𝛽𝛽 +𝛽𝛽𝑐𝑐 )𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
the following𝑎𝑎 equation:
to connect with living bone is the formation of a
layer of hydroxyapatite on the surface that plays
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
−(
)
𝑅𝑅𝑅𝑅𝑅𝑅
𝛽𝛽𝛽𝛽
(3)
an important role in the formation of secondary
𝑃𝑃 = ( ) × 10
× 100
𝑅𝑅𝑅𝑅
apatite, or in other words, the ability to make an
In this equation, Rps and Rp show the corrosion
increase and encourage the formation of new bone
resistance of the substrate and the coating, βa
tissue around itself [96–100].
is the slope of the substrate anodic branch and
After being immersed in SBF, phosphorus atoms
ΔEcorr depicts the corrosion potential difference
on the surface of HAP-based help to an increase in
between the substrate and the coating, respectively.
ionic activity between the surrounding fluid and
According to the obtained results, it was realized that
surface and form phosphate ions on the surface
the specimens with coating have more polarization
and then, there are positively charged calcium
resistance in comparison to the substrate of
ions in SBF with electrostatic interactions through
magnesium. Porosity is the most important defect
immersion in body temperature. After rising the
in the coatings because the corrosive electrolyte
concentration of calcium ions on the PEO surface,
can easily penetrate into the coating through
the PEO surface became positively charged. To
these porosities and at last get to the substrate by
balance the positively charged level, the negatively
destroying the coating [89,90]. As a result, porosity
charged phosphate ions migrated to the positively
plays an important role in various properties of the
charged PEO level and then, the phosphate and
coating, in particular in its corrosion resistance.
calcium ions reacted with immersion together,
The results show that corrosion resistance increases
resulting in the deposition of secondary apatite
by about 50% at the lowest current density and also
at the level of PEO. Then, apatite structures grew
in the duty cycle. The reason for this is to create
spontaneously as more ions entered and coated the
a denser coating with a lower porosity percentage.
entire surface [101].
The study of bioactive behavior was performed
3.5. bioactivity
for 50-300 samples. Fig. 10 shows SEM images of
In vitro tests are performed outside the living
coated specimens at magnifications of 500 and
system of organism and keep environmental
1000 after immersion in body simulated fluid.
conditions such as pH and temperature at a certain
To evaluate the bioactivity, the coated samples in

Fig. 10- SEM images of the surface of coatings created
1 at different immersion times.
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SBF solution were immersed for different periods
of 1, 3, 5, and 7 and their surface was examined
for their microstructure. The results show that by
putting the samples in the simulated body fluid,
particles of apatite are formed in the form of white
and spherical areas in the shape on the surface of
the hydroxyapatite samples that results in a rapid
reaction. Better and better the biomaterial is in
contact with the natural tissues of the body. The
presence of cavities in the microscopic images
indicate the dissolution of hydroxyapatite in a part
of the surface and prominent areas indicate the
formation of apatite deposits on the surface that
shows bone-like apatite. According to the sample
image which was immersed in body simulated fluid
for 1 day, it was observed that no significant change
in morphology was observed and apparently
no apatite was formed on the coating or the rate
of apatite formation in the early times. It is very
insignificant as the immersion time increases,
as shown in the figure, the sample that has been
immersed in the body simulated fluid for 7 days,
is clearly exposed to apatite. As the immersion
time in the simulator solution increases, more
hydroxyapatite spheres are formed on the surface
of the specimen and the cavities on the surface of
the coating are filled with deposited particles.
The long-term corrosion response and growth
ability of hydroxyapatite in coatings that were
obtained in SBF solution are investigated using the
immersion test. According to Fig. 11, the EIS plots
of the coated specimens are observed at different
immersion times of 1, 3, 5, and 7 days.
As can be observed, the resistance of the inner
and outer layers increases by increasing the time of
immersion. The presence of a hydroxyapatite layer
in the coatings can cause the deposition of calcium
phosphate which in turn increases the resistance of
the outer layer because the products of corrosion
and deposition are more within these defects.
The cavities in the coatings are gradually sealed
by the deposition and accumulation of corrosion
products. In addition, this can help to an increase
in the coating impedance to some extent.
To model the electrochemical behavior of
the coatings at different times of immersion, the
equivalent circuit of Fig. 8 was used. The results
obtained from the proposed equivalent circuit
are shown in Table 5. According to Table 5, the
resistance of the inner and outer layers will increase
by increasing the time of immersion. By rising the
immersion time up to 7 days, the resistance of the

inner and film has rose by 55% and so the resistance
of the outer film rose by 86%.
4. Conclusion
In this study, the corrosion behavior of coatings
formed by the PEO process on Mg alloy of AZ31B
was studied and the following conclusions were
obtained:
1. Coatings created by the PEO method indicate
that the surface of the coatings is porous. The
results show that by changing and controlling the
operating parameters, the amount of porosity can
be reduced and thus the corrosion behavior of
coatings can be improved. Also, the phase analysis
of the coating shows that the Mg3(PO4)2 phase
Table 5- Extracted results from the proposed equivalent circuit

Fig. 11- (a)Nyquist and (b) Bode curves of PEO coated samples
at different times of immersion.
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indicates the reaction between the anions from the
phosphate salt and the cation from the dissolution
of the substrate. The presence of magnesium oxide
phase is due to the melting of the substrate and its
oxidation.
2.The results indicated that by an increase in
the current density resulted in an increase in the
percentage of porosity from 4.8 to 12.2% and
the thickness of the coatings from 36.1 to 45.3
micrometers. The results of electrochemical
measurements showed that the coating produced
in the current density of 300 mA/dm2 has the least
corrosion current density (1×10-6 A/cm2) and the
most polarization resistance was (33.85 MΩ.cm2)
among the specimens.
3. Investigations carried out on the effect of
the duty cycle (20, 50, and 80%) showed that
the produced coating in 50% duty cycle has the
least porosity (4.8%) on the surface and the least
corrosion current density (1×10-6 A/cm2) and the
highest polarization resistance (33.85 MΩ.cm2)
was among the specimens.
4. Studies on the effect of immersion time (1,
3, 5, and 7 days) showed that by rising immersion
time, the amount of apatite produced on the
surface increased. In addition, the results of EIS in
the body simulated fluid showed that the corrosion
resistance of the outer film augmented by 86% and
the inner film by 55% after 7 days of immersion.
The formation of bio-apatite deposits on the
surface of the coating after 7 days of immersion in
the simulated solution depicts the bioactivity of the
coating.
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