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Abstract: Magnesium and its alloys are excellent implant
material candidateswith theirbiodegradablestructureand
mechanical properties close to human bone. In order to
provide the desired strength in implant applications, the
corrosion resistance of thematerials is expected to be high.
In this study, to improve the corrosion resistance of AZ31
and AZ91 magnesium alloys, an electrostatic hydroxyap-
atite coatingprocesswasapplied, andoptimumconditions
were determined. The sampleswere structurally character-
ized by scanning electron microscopy/energy dispersive
X-ray spectroscopy and stereo microscopy methods, and
their corrosionbehaviorwasdeterminedby theweight loss
method. As a result of the coating, the corrosion resistance
of the samples increased up to 250 %.

Keywords: Biodegradable; Ceramic coating; Electrostatic
spraying; Hydroxyapatite; Mg alloys.

1 Introduction
In the last two decades, research on the use of Mg alloys as
biodegradable implant material has been increasing. The
use of Mg is becoming increasingly important in dental
applications, cardiovascular applications, and hard tissue
replacements in the skeletal system. Unlike traditional bio
alloys, Mg is biodegradable, its mechanical properties are
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very close to human bone, and Mg ions have an accelerat-
ing effect on bone repair, which is the driving force behind
the idea of producing Mg-based implants. However, for
Mg to be used as an implant, the corrosion rate must be
reduced. It is possible to achieve this with alloying and
surface modification or both [1–10].

Two of the issues to be considered when designing
biodegradable implants are corrosion rate and corrosion
products. If the corrosion rate is too high, the implant
will degrade before it can fulfill its function. On the other
hand, if the corrosion rate is too low, it will not degrade
in the body at the desired time. Corrosion products should
not be toxic and should not exceed the daily amounts
tolerated by the human. For Fe, one of the potential
biodegradable implant material candidates, the corrosion
rate being less than expected is an important problem. For
Zn, the fact that excess Zn intake is harmful to the human
body is one of the limiting factors. On the other hand,
Mg attracts the attention of researchers with its positive
results in both areas [11–19].

Stress shielding is a situation that causes the bone to
become sluggish during the healing process when there is
too much difference between the elasticity modulus of the
boneandthebioalloyused inhard tissuechanges,because
the implantwill bemuchmore rigid than thebone. The fact
that the elasticity modulus of Mg is close to the elasticity
module of the bone is also an encouraging factor for its use
in hard tissue replacements [20–27].

Hydroxyapatite is a CaP-based bioactive ceramic with
a similar structure to apatite found in the human body.
For a CaP compound to be named as hydroxyapatite, the
molar ratio of Ca/P must be at least 1.67. It has hexagonal
crystal structure with Ca5(PO4)3(OH) formula. It is used
both in soft tissue replacements and as the surface coating
of metallic implants used in hard tissue replacements.

The main reasons for using hydroxyapatite in the sur-
face modification of bio alloys are its biocompatibility,
providing surface roughness for implants to adhere to tis-
sue, and preventing bio alloys from being identified by the
body as foreign matter [28–34].

There is a lot of research on the coating of tradi-
tional bio alloys 316L stainless steel and Ti alloys with
hydroxyapatite andmanymethods are recommended. The

https://doi.org/10.1515/ijmr-2021-8310
mailto:sbaslayici@medipol.edu.tr
https://orcid.org/0000-0002-7933-5887
mailto:mehmet.bugdayci@yalova.edu.tr
mailto:kaganbenzesik@gmail.com
mailto:yucel@itu.edu.tr
mailto:ercana@itu.edu.tr


94 | S. Baslayici et al.: Corrosion behavior of hydroxyapatite coated AZ31 and AZ91 Mg alloys

main recommended methods are plasma spray coating,
electrophoretic coating, sol-gel coating, dip coating, elec-
trostatic spray coating, magnetron sputter coating and
radio frequency coating. However, only a limited number
of these methods are applicable for Mg alloys. Especially,
the fact that the melting temperature of Mg is lower than
the other two metals mentioned is a very limiting factor
[10, 18, 24, 35].

Methods such as sol-gel coating and dip coating
are performed in liquid medium, the process steps
are difficult and consequently difficult to apply on Mg
[11, 17, 18, 22, 25, 32].

Electrophoretic coating is the most common and
widely used method. However, with its ease of applica-
tion, plasma spray coating and electrostatic coating have
recently come to the fore.

Electrostatic spraycoating is seenasamethodused for
coating enamel-like ceramics, especially on steel surfaces
[2, 4, 12, 30, 32, 36].

In this study, the corrosion rates of AZ31 and AZ91 Mg
alloys coated with hydroxyapatite by electrostatic spray
coating in simulated body fluid were determined.

2 Experimental procedure
The Mg alloys used in the experiments were pro-
vided by the Luoyang Magnesium Gurnee Metal Material
Co., Ltd. According to the results of scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM-
EDS) applied to the samples, the Mg fraction of AZ31 was
determined as 96.54 Al fraction 2.49 and Zn fraction 0.96.
The Mg fraction of AZ91 was determined as 91.32, Al frac-
tion 7.69 and Zn fraction 0.99. So, EDS results proved these
materials are AZ31 and AZ91. Mg alloys used as substrate
material are 50 × 10 × 2 mm in size.

The purity of hydroxyapatite used as coating material
was 99%. The HA was supplied by Xi’an Realin Biotech-
nology Co.,Ltd. The impurities in the hydroxyapatite were
sulphate <0.048%, chloride <0.05% and heavy metals
<10 ppm.

A flowchart of the experimental process is shown in
Figure 1.

2.1 Electrostatic spray coating and sintering
In the electrostatic spray method, the powder material to
be used for coating is negatively charged by applying high
voltage, while the part to be coated is positively charged.
Powder suspension passes through the tube in the center

Figure 1: Flowchart of the experimental process.

of the spray gun used in the electrostatic coating method,
and air passes through the surrounding part. Powder
particles under the effect of electric field begin to accumu-
lateon thepart tobecoatedbybeingnegatively charged.As
the electrostatic attraction force decreases due to the first
particles coated during the deposition, other particles will
start to accumulate in lower amounts. This opposite attrac-
tionwill keep the coating thickness under control and thus
homogeneous thickness coatings will be made. The most
important parameter in this method is the formation of
an electrostatic force greater than the gravitational force
between the base material and the powder deposited on
it. Thus, the powder will remain on the substrate material
until the sintering process [37].

Devilbiss Pri-Pro spray gun was used in the electro-
static coating process. Hydroxyapatite powder was poured
into the reservoir of the spray gun, and then sprayed
on the AZ31 and AZ91 substrates with an air pressure
of 3 bar. In this method, one of the most important
parameters to make a successful coating, the coating
thickness, must be optimized. The coating thickness is
directly related to the rate of the powder accumulation
on the substrate. The distance between the electrostatic
spray gun and the substrate material during the appli-
cation also affects this accumulation rate. Therefore, in
order to obtain the optimum coating thickness, the coat-
ing process has been tried at 20 cm, 40 cm and 60 cm
distances to determine the optimum coating distance. It
was observed that the 8 h period was insufficient for a
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successfuladhesionbetweenhydroxyapatiteandsubstrate
material.

Then, the substrate materials coated with hydroxya-
patite were sintered for 8 h at 400, 450 and 500 ◦C,
respectively. A muffle furnace was used for the sintering
process. Subsequently, sintering times of 24 h and 48 h
were tried. Finally, a sintering time of 24 h was tested at
440, 450 and 460 ◦C.

After these tests, sintering experiments were carried
out at 450 ◦C for 24 h. In the case of sintering at higher tem-
peratures, the maximum temperature that can be applied
has been applied, since burning occurs in the litter mate-
rial. No protective atmosphere was used, because Hydrox-
yapatite is a structure containing oxide.

2.2 Corrosion testing
After electrostatic coating, corrosion studies were carried
out by the weight loss method according to the ASTM G31-
72 standard. Here, the corrosion rate was determined by
using Equation (1) specified in the standard.WhereK (8.76
⋅ 104 mm per year (mm y−1)) is a constant, A area in cm2, T
time of exposure in hour,W (g) weight loss and D (g cm−3)
density.

CorrosionRate = K ⋅W
A ⋅ T ⋅ D (1)

2.3 Characterization of samples
In this study SEM and stereo microscopy techniques were
used for characterization. A ZEISS GeminiSEM 500 was
used for microstructural analyses both for uncoated and
coated alloys. Also, energy dispersive X-ray spectroscopy
(EDS)wasused forchemicalanalysesofalloys.ABestscope
SMT-3020TStereoMicroscopewasused tomeasure coating
thickness.

3 Results and discussion
In this study, electrostatic spray coating was applied, and
corrosion rates of coated samples were determined by
experimental studies. The optimum value was determined
for the application distance, which is one of the impor-
tant parameters in this coating method. After that, the
optimum sintering temperature was determined. Due to
the difference between the optimum service temperature
of magnesium and the optimum sintering temperature of
hydroxyapatite, sintering was performed at the maximum
temperature at which the alloy can be used. The optimum
sintering temperature was determined as 450 ◦C. SEM and
stereo microscopy results were obtained for the sintered
samples for varying application distance in electrostatic
spray coating.

Figure 2: SEM images of AZ31 sample coated with hydroxyapatite by the electrostatic coating method (a) from 20 cm distance 500×, (b) from
20 cm distance 2500×, (c) from 40 cm distance 500×, (d) from 40 cm distance 2500×, (e) from 60 cm distance 500×, (f) from 60 cm distance
2500×.
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Electrostatic coating was applied to AZ31 from 20, 40
and60cmdistances, and thefindingsare shown inFigure 2
sections (a and b, c and d and e and f), respectively.

The same procedure applied to AZ31 in Figure 2 was
applied to AZ91 in Figure 3 and the findings are shown in
the images.

As a result of electrostatic coating applied to AZ91
magnesium alloy from different distances, the best result
was obtained with a value of 20 cm. The thickness of the
coatings made from this distance was measured. Stereo
microscopy images are given in Figure 4a, after coating of
the AZ91 Mg alloy with hydroxyapatite by the electrostatic

spraymethod. It is seen here that the coating is continuous
and homogeneous. The coating thickness for AZ91 is given
in Figure 4b. Here, the coating thickness is over 120 μm.
Stereo microscopy images are given after the hydroxyap-
atite coatingofAZ31Mgalloybyelectrostatic spraymethod
in Figure 4c. It is seen here that the coating is continuous
and homogeneous. Measurement of coating thickness for
AZ31 is given in Figure 4d. Here, the coating thickness is
about 115 μm.

At this stage, the process of coating the alloys with
the electrostatic spray coating method, which is the first
step of the experimental studies, has been completed. The

Figure 3: SEM images of AZ91 sample coated with hydroxyapatite by electrostatic coating method (a) from 20 cm distance 500×, (b) from 20
cm distance 2500×, (c) from 40 cm distance 500×, (d) from 40 cm distance 2500×, (e) from 60 cm distance 500× (f) from 60 cm distance
2500×.

Figure 4: Stereo microscopy images of hydroxyapatite coating on (a) AZ91 Mg alloy, (b) AZ31 Mg alloy, and coating thickness of (c) AZ91 Mg
alloy, (d) AZ31 Mg alloy by electrostatic spray method.
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Table 1:Weight losses of uncoated samples.

Time (h) Alloy Weight loss (mg)

1 AZ31 0.8
1 AZ91 0.8
24 AZ31 7.1
24 AZ91 7.1
168 AZ31 47.8
168 AZ91 47
504 AZ31 127
504 AZ91 123.1

sintering temperature and application distance have been
optimized by determining the surface morphology and
coating thickness of the coatings. According to the results,
in the coating ofmagnesium alloys with hydroxyapatite by
the electrostatic coating method, it has been determined
that the most suitable application distance is 20 cm and
the most suitable sintering conditions are 24 h and 450 ◦C.

In the second stage, the corrosion tests were carried
out. For corrosion testing, coated samples were subjected
to weight loss testing in SBF and the same process was
applied for the uncoated samples. Corrosion rates were
calculated according to weight loss and the results were
compared.

Corrosion tests were carried out according to ASTM
G31-72 Standard. The weight loss of uncoated alloys is
shown in Table 1.

The comparison ofweight loss of AZ31 andAZ91 alloys
is shown in Figure 5a. It can be seen from the figure that the
weight loss of the AZ91 alloy is slightly less. The reason for
this can be interpreted as the amount of alloying element
it contains has increased the corrosion resistance.

Corrosion rates of uncoated alloys are shown in
Table 2. In Figure 5b, corrosion rates of AZ31 and AZ91
alloys are compared.

At the end of 504 h, 127 mg weight loss was observed
in AZ31 alloy, while 123.1 mg were observed for AZ91 under
the same conditions. While the corrosion behavior of the
materials showed similar changes, it was seen that AZ91
provided slightly better protection than AZ31. Corrosion
rates for both alloys were quite high in the first hours and
became more stable after 24 h (1.21 mm y−1 for AZ31 and
1.14 mm y−1 after 504 h for AZ91).

Weight losses of samples coated by electrostatic
spraying are given in Table 3. The effect of electrostatic
spray coating on weight loss according to Tables 1 and 3 is
shown in Figure 6a for AZ31 and Figure 6b for AZ91. When
Figure 6a is examined, weight loss decreased from 127 mg
to 49.6 mg after 504 h by coating. According to Figure 6b,

Figure 5: Comparison of (a) weight losses,
and (b) corrosion rates of uncoated AZ31 and
AZ91 alloys.
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Table 2: Corrosion rates of uncoated samples.

Time (h) Alloy Corrosion rate (mm y−1)

1 AZ31 3.8640
1 AZ91 3.7567
24 AZ31 1.4288
24 AZ91 1.3892
168 AZ31 1.3742
168 AZ91 1.3137
504 AZ31 1.2170
504 AZ91 1.1469

Table 3:Weight losses of coated samples.

Time (h) Alloy Weight loss (mg)

1 AZ31 0.2
1 AZ91 0.2
24 AZ31 3.7
24 AZ91 3.5
168 AZ31 17.8
168 AZ91 17.2
504 AZ31 49.6
504 AZ91 48.7

Figure 6: Effect of coating on weight losses of (a) AZ31 alloy, (b)
AZ91 alloy.

the weight loss decreased from 123.1 mg to 48.7 mg after
504 h by coating.

Corrosion rates of samples coated by electrostatic
spraying are given in Table 4. From Tables 2 and 4, the

Table 4: Corrosion rate of coated samples.

Time (h) Alloy Corrosion rate (mm y−1)

1 AZ31 0.966
1 AZ91 0.939
24 AZ31 0.745
24 AZ91 0.685
168 AZ31 0.512
168 AZ91 0.481
504 AZ31 0.475
504 AZ91 0.454

Figure 7: Effect of coating on corrosion rates of (a) AZ31 alloy, (b)
AZ91 alloy.

effect of electrostatic spray coating on corrosion rate is
shown in Figure 7a for AZ31 and in Figure 7b for AZ91.

In Figure 7a, the corrosion rate obtained at 3.86 mm
y−1 after 1 h was determined as 0.966mm y−1 in the coated
AZ31 sample. In Figure 7b where the corrosion rate of AZ91
was examined, the corrosion rate of 3.75 mm y−1 in the
uncoated sample decreased to 0.939 mm y−1 after 1 h in
the coated sample.

4 Conclusions
In the first stage of our study, which consisted of two
stages, it was found that magnesium alloys can be suc-
cessfully coated with hydroxyapatite by the electrostatic
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coating method. For this method, application from 20 cm
distance gives the best result. Sintering for 24 h at 450 ◦C
is the most suitable option during the sintering stage.

When coating thicknesses are examined, it is possi-
ble to obtain coatings with a thickness of 115 μm with this
method. It has been observed that the coatings are con-
tinuous and homogeneous. Hydroxyapatite coatings are
usually seen between 50 and 200 μm [38]. It is predicted
that a thickness of 100 μm is sufficient.

In the second stage of our experimental study, first,
corrosion rates of AZ31 and AZ91 magnesium alloys with-
out any coating were compared. Accordingly, it was found
that AZ91 has a slightly better corrosion resistance.

Although itwill not give accurate results due to the fact
that the SBF used is not the same, it was found that the
weight loss of AZ31 and AZ91 Magnesium alloys is approx-
imately 45% less at the end of 24 h compared to the weight
loss experiments of pure magnesium in the literature [3].

It was found that after coating the AZ91 with electro-
static coatingof hydroxyapatite, the corrosion rate reduced
from 1.1469 mm y−1 to 0.454 mm y−1 at the end of 504 h.
After plasma spray coating, it was seen that it reduced the
corrosion rate to 0.36158 mm y−1 after 504 h [39].

When the effect of coating magnesium alloys with
hydroxyapatite on corrosion behavior was investigated; it
was found that the hydroxyapatite coating significantly
reduced the corrosion rate. After 504 h, it was found that
the hydroxyapatite coating reduced the corrosion rate by
2.56 times for AZ31 alloy and 2.53 times for AZ91 alloy.
Generally, it has been determined that the corrosion resis-
tance of magnesium alloys was increased by 250% as a
resultofhydroxyapatitecoatingwith theelectrostatic spray
method.
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