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A B ST R AC T

In this study, to improve the corrosion performance, plasma electrolytic oxidation (PEO) coatings on AZ31B Mg
alloy in a phosphate-based electrolyte containing hydroxyapatite nanoparticles were investigated. For this purpose,
the corrosion behavior of coatings generated at different frequencies (100, 1000, and 2000 Hz) was studied. The
influence of coating frequency on the corrosion behavior of the coatings created as well as the microstructure of the
coating was investigated. Surface characteristics of the coatings were investigated using scanning electron microscopy
and X-ray diffraction pattern. To investigate the corrosion behavior of coatings generated at different frequencies,
polarization and impedance spectroscopy tests in simulated body fluid have been studied. The results showed that at
a frequency of 1000 Hz, the created coating had a uniform surface with a lower porosity percentage. Also, the results
of electrochemical tests showed that the corrosion resistance of the coating created at a frequency of 1000 Hz leads
to the lowest corrosion current density (5.83×10-8 A/cm2) in the coating and thus more became the most corrosion
resistant.
Keywords: AZ31B Mg alloy; Plasma electrolytic oxidation (PEO); Corrosion behavior; simulated body fluid (SBF); frequency.

1. Introduction
The lightest metal among of all the engineering
metals is magnesium with a density of 1.7 g/cm3.
Its most important advantages are high strength to
weight ratio, good casting capability in controlled
conditions, and machining capability, which has
expanded its application in various industries such
as electronics, aerospace, and transportation [1]–
[5]. Mg and its alloys are one of the most important
and widely used biodegradable materials that are
used in various medical applications. Mg is known
as a biologically suitable material due to its good
biocompatibility and biodegradability properties
as well as desirable mechanical properties. The
Young modulus and density of magnesium and its
alloys are very similar to bone compared to other

implants, which reduces the stress in the joint
between bone and implant and increases bone
growth and implant stability [6]–[10]. However,
the main problem with Mg and its alloys is the high
corrosion rate in the body, which limits their use.
The low corrosion performance of magnesium and
its alloys leads to reduced mechanical stability and
undesirable appearance [11]–[16].
To improve the use of magnesium and its
alloys as implants, the amount of corrosion and
its destruction in the body environment must
be controlled. Various coating methods have
been studied to protect Mg and its alloys against
corrosion, including sol-gel methods [17], chemical
vapor deposition [18], and plasma electrolytic
oxidation (PEO) [19]–[25]. Among the mentioned
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methods, the PEO method is a new surface process
for creating ceramic coatings on metals such as
Al, Mg, Ti, Zr, and Nb [26]–[32]. The coating
created by this process improves the corrosion and
abrasion behavior of the metal and can increase
the biocompatibility of the metal by creating
hydroxyapatite coatings [33]. This method typically
involves immersing a metal base in an alkaline
electrolyte. The advantages of coatings created in
this way include high hardness, good adhesion
between the substrate and the coating, simplicity
of equipment and no need for vacuum and gas
protection conditions, and the possibility of coating
parts with complex and large shapes [34]–[39].
Numerous factors such as substrate, electrolyte,
time, temperature, additive and electrical parameters
such as voltage, frequency, duty cycle, and current
density affect the properties of the coating created by
the PEO process [40]–[50]. Among these, electrical
parameters have a great impact on the quality and
properties of the coating. Among the electrical
parameters, researchers have inferred that the
applied frequency, which makes sense in the type of
pulse applied current, has a significant effect on the
microstructure of the coating by affecting ignition
voltage [51]. Since the applied frequency controls
the rate of disconnection and connection of the
circuit between the anode and the cathode, it can
control the time of establishment and connection
of the current and as a result it can cause the
disconnection of individual micro-sparks at high
frequencies [47], [51]–[54]. In this study, the effect
of different frequencies (100, 1000, and 2000 Hz) in
coatings containing hydroxyapatite nanoparticles
on magnesium alloy, which caused significant
changes in the microstructure and porosity of the
coating, and then the corrosion behavior of coatings
tested in simulated body fluid (SBF).

20 × 15 × 3 mm3 by a cutting machine. Before
the coating process, all samples were sanded with
SiC sandpapers numbers 220, 400, 600, 800, and
1000, respectively, and then washed with distilled
water and blown with cold air. The electrolyte
used in this process was a combination of 5 g/L
Na3PO4.12H2O, 3 g/L KOH, and 15 g/L hydroxy
apatite nanoparticles. Synthesis of hydroxyapatite
nanoparticles used in this research was carried
out using the wet chemical precipitation method.
Particles are typically quasi-spherical in shape,
and their size is estimated to be 165 nanometers.
The previous study [55] detailed the steps involved
in creating hydroxyapatite nanoparticles as well
as the outcomes. Power supply model PM 700/7
PRC was used to perform the coating process.
The conditions for coating samples at different
frequencies are specified in Table 1.
2.2. Surface characterization and corrosion
measurements
Surface characteristics of coatings were studied
using scanning electron microscopy (SEM), and
X-ray diffraction (XRD). A detailed description
of the SEM and XRD tests can be found in a
previous publication [55]. Potentiodynamic
polarization (PDP) and electrochemical impedance
spectroscopy (EIS) tests were performed on
uncoated and coated AZ31B alloy in SBF solution.
The corrosion tests were carried out using threeelectrode flat cells. As an auxiliary electrode, a Pt
electrode was employed, together with an Ag/AgCl
reference electrode and the examined sample as a
working electrode. EIS testing was performed on
all specimens with a frequency range of 100 kHz to
10 mHz. Before any test, the samples were placed
in SBF solution for 1800 s to reach a steady-state
under open circuit potential conditions. The SBF
was prepared based on the Kokubo method. A
detailed description of the EIS and PDP tests can
be found in a previous publication [55].

2. Experimental Process
2.1. PEO process
In the coating process, the sheet of AZ31B
alloy was used as metallic substrates [55]. To
perform the coating process, the samples were
cut into rectangular cubes with dimensions of

3. Results and Discussion
3.1. Voltage-time diagram
Properties of coating generated by PEO method

Table 1- Chemical composition of the used electrolyte in the coating
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under the influence of voltage characteristics such as
final voltage, and breakdown voltage. For example,
the breakdown voltage indicates the tendency
metal is the primary barrier layer formation. The
final voltage indicates the tendency of the metal to
achieve a stable resistance of the layer. Therefore,
the study of voltage changes in terms of oxidation
time can be used to better understand the properties
of the coating. Fig. 1 shows the effect of frequency
(100, 1000, and 2000 Hz) on the voltage-time plot
during PEO operation.
The values of critical voltage, breakdown voltage,
and final voltage for the samples are given in Table
2. As shown in Fig. 1, the voltage-time plot of the
PEO process is divided into three stages, which is
also consistent with the plasma physics perspective
of this type of process. The first step (I) is the anodic
oxidation region and covers from the beginning of
the process to the breakdown voltage. At this stage,
the voltage increases rapidly and linearly, which
indicates the formation of an insulating and thin
oxide layer on the substrate surface. The second
stage (II) is the area of micro-spark

oxidation and
includes from the breakdown voltage to the critical
voltage, this stage begins with the ignition process.
The relationship between voltage fluctuations and
time is nonlinear, with tiny white sparks moving
rapidly over the surface of the sample, covering
the entire surface. The third stage (III) is called the
stable micro-spark oxidation zone. At this stage, the
voltage increases with a slight slope relative to the
critical voltage and its changes are fixed over time
and continue until the final voltage [45], [56]–[60].
The results show that changing the frequency
from 100 to 2000 Hz leads to a change in ignition
voltage and final voltage. It can be said that the
life of sparks depends on the frequency. Based on
the voltage-time curve, it can be said that as the
frequency decreases, the amount of ignition voltage
increases. The mechanism of the process is such
that by reducing the frequency due to the longer
life and power of the sparks, the process needs more
voltages. Also, at higher frequencies, the spark life
is shorter (less energy) and the process requires
less voltage to start ignition. Then, with decreasing
frequency, the final voltage has increased, which

in the final stage of coating growth will lead to the
creation of extremely strong arcs on the surface of
the coating.
3.2. Characterization of the coating surface
SEM images of coated specimens at different
frequencies (100, 1000, and 2000) are shown in
Fig. 2. As can be seen, due to the formation of
sparks during the coating process, all coatings
have a porous surface and cracks are formed due
to the release of thermal stresses during the coating
process [61]–[65].
The percentage of porosity is shown in Fig. 3.
It can be seen that the reduction of frequency in
the coating process has had a significant effect on
the surface microstructure of the coatings. At low
frequencies, the size of pores and protrusions of
the coating is increased. It should be noted that
by reducing the applied frequency, the amount
of spark power increases, and more time is spent
in the ignition process, which ultimately leads to
larger and deeper pores in the coating surface.
Also, at high frequencies, the size of the sparks is
smaller, thus reducing the possibility of adsorption
of scattered particles in the electrolyte and the pores
on the surface are not filled by nanoparticles. But
at 1000 Hz, the ignition conditions have improved
and it seems that the sparks in the final stage tried
to overlap each other, which resulted in a more
uniform microstructure.
Fig. 2 (d-f) shows SEM images of the crosssection of coatings from different frequencies.
According to the presented images and the
thickness values of
 the coatings in Fig. 3, it is clear
that by reducing the frequency of the coating,
despite having a large thickness due to very strong

Table 2- Results extracted from voltage-time diagram

Fig. 1- Voltage-time plots of samples coated at various
frequencies in 7 minutes.
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sparks, it causes severe non-uniformity with deep
holes in the substrate. In fact, by creating stronger
sparks, more molten material finds its way to the
surface and the coating grows more. But these large
sparks damage the coating, which greatly affects
the electrochemical properties. In other words,
as the energy of the sparks increases, the plasma
temperature also rises, resulting in more of the
substrate melting in the discharge channels. Higher
temperatures also cause more melt to flow. Then,
with increasing frequency due to decreasing energy
of sparks, growth has decreased.
3.3. Elemental investigation
composition of coatings

and

The XRD pattern of the coating created at
a frequency of 1000 Hz is shown in Fig. 4. The
spectrum of XRD pattern by Grazing method after
coating operation indicates the formation of phases
in the coating. The composition of the particles
in the PEO coating depends on the particle size.
Compared to the size of the pores, most of the
hydroxyapatite particles are small enough to
enter the coating through the drainage channels
and be placed in the coating cavities. The peak
of hydroxyapatite indicates the neutral entry of
nanoparticles into the coating. These nanoparticles
entered the coating without changing the chemical
composition. The presence of MgO phase peaks
indicates that the substrate is melting and oxidizing.
According to reactions 1 to 4, with the onset of
the PEO process, first, the dissolution of the Mg
alloy occurs (reaction 1), and then the accumulation
of oxygen bubbles released from the cathode
(reaction 2) occurs in the vicinity of the substrate.
Finally, by combining the substrate ions and the
electrolyte, a protective oxide coating will be

phase

Fig. 2- SEM images from the surface and cross-section of
the coatings obtained from the PEO process at various
frequencies: (a, d) 100 Hz, (b, e) 1000 Hz, and (c, f) 2000 Hz.

Fig. 3- Thickness and porosity percentage of created coatings at
different frequencies.

Fig. 4- XRD pattern by grazing method for coating with 1000 Hz.
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Fig.5- EDS analysis from different coatings.
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when exposed to the atmosphere and when in
corrosive solution. Due to the low corrosion
performance of this oxide film, the corrosive
solution passes through it and reaches the substrate,
causing inductive behavior. Nyquist plots have two
half-capacitive loops for different specimens. The
loop generated at high frequencies corresponds
to the outer porous film and at low frequencies to
the inner protective layer [66], [67]. Comparing
Table 3- Extracted results from the proposed equivalent circuit

×

-

×

-

×

-

×

-

the diameter of the loops in the presented Nyquist
diagrams, it can be seen that the f1000 sample has
the highest resistance of the inner and outer layer
compared to the other two samples. In Bode plots
(Fig. 6b) it is observed that at low frequencies
the impedance value is higher for a sample
with a frequency of 1000 Hz, so increasing the
impedance value indicates an increase in corrosion
performance.
Fig. 7 shows the equivalent circuit [68], [69] for
modeling the electrochemical behavior of coatings.
A detailed description of this equivalent circuit can
be found in a previous publication [55].
The values 
obtained from modeling the
corrosion behavior of coatings are presented in
Table 3.
The results show that the coating created at
a frequency of 1000 Hz due to the appropriate
microstructure has the largest diameter of the
Nyquist loop and by nature has the highest
corrosion resistance. The coating created at the
frequency of 100 Hz has the lowest resistance of
the inner layer (1.53 kΩ.cm2) and the resistance
of the outer layer (10.3 kΩ.cm2) and the coating
created at the frequency of 1000 Hz has the highest
resistance of the inner layer (14 kΩ.cm2) and the
outer layer resistance (36.1 kΩ.cm2) and thus the
best corrosion behavior.
3.4.2. PDP tests
Fig. 8 shows the PDP curves for coated samples
at different frequencies after immersion in SBF
solution for 30 minutes. The curve has two
branches, cathode and anode, which show changes
in corrosion potential in terms of current density.

Fig.7- The equivalent circuit for modeling the corrosion
behavior of PEO coated samples.

1

Fig.8- PDP curves for AZ31 alloy and samples coated at various frequencies.
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Table 4- Extracted electrochemical results from the PDP plots

×

-

×

-

×

-

×

-

The corrosion current density was obtained using
between these two parameters. The coated sample at
the Tafel extrapolation method, which can be used
the frequency of 1000 Hz has the lowest percentage
to accurately measure polarization resistance.
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