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Abstract 

Magnesium is highly biocompatible and it can be an 
alternative to currently used implants. However the 
extremely high corrosion rate of magnesium and its 
alloys limits their widespread use. In this study hy-
droxyapatite (HA) coating was deposited on AZ31 
substrates to alter the corrosion rate of magnesium 
and improve its potential applicability as implant. 
Coatings were deposited electrophoretically at dif-
ferent potentials from 10 to 30 volts. X -ray diffrac-
tion (XRD) patterns from the coating indicated 
well-defined peaks of HA structure. The morphology 
of coatings was examined with scanning electron 
microscopy (SEM) and the results showed that more 
uniform layer was obtained at higher deposition po-
tential of 30 volts. The degradation rate of hydroxy-
apatite coated magnesium was investigated by elec-
trochemical method in simulated body fluid (SBF). 
The corrosion resistance significantly improved after 
applying hydroxyapatite coating. After corrosion test, 
hydroxyapatite still remained on the surface, further 
indicating that the coatings had protective value. 
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1 BACKGROUND 

Stainless steel, titanium and cobalt-based alloys, as 
well as various ceramic materials are commonly used 
for implants to support fractured human bones. 
However, due to mismatches in mechanical properties 
between the implants and bones, stress shielding ef-
fect is present, and release of poisonous ions by cor-
rosion or mechanical wear is a danger. Additionally, a 
second surgery is frequently needed for removing the 
implant after healing is complete [1-4]. 

Due to the existing drawbacks of permanent metallic 
implant materials, a metallic biodegradable implant 
material is desirable. Recently, magnesium alloys 
have attracted significant interest as biodegradable 
implant materials due to their excellent properties. 
Magnesium plays a major part in metabolism and can 

dissolve completely in body environment. Therefore, 
the need for a second operation after bone healing to 
remove the implant is eliminated. Since the mechan-
ical properties of magnesium are closer to that of bone 
than conventional implant materials (see Table 1), the 
stress shielding effect could be avoided or minimised 
[5-7].  

Table 1. Mechanical properties of bone and various 
implant materials. Density - , modulus - E, com-
pressive yield strength -Y, fracture toughness - KI. SS 
stands for stainless steel, HA for hydroxyapatite. 

, 
g/cm3 

E, GPa Y, MPa 
KI, 

MPam1/2 

Bone 1.8-2.1 3-20 130-180 3-6 
Mg alloys 1.7-2.0 41-45 65-100 15-40 
Ti alloys 4.0-4.5 110-117 758-1117 55-115 
Co-Cr alloys 8.3-9.2 230 450-1000 NA 
SS 7.9-8.1 189-205 170-310 50-200 
HA 3.1 73-117 600 0.7 

The ions released due to the corrosion of magnesium 
in the body can be absorbed in the tissues or elimi-
nated over time. The dissolution of magnesium im-
plants also decreases the chance of an immune re-
sponse [4-9]. The decrease in immune response is due 
to the continuous elimination of the interface between 
the living tissue and implant as the surface dissolves, 
thus continuously creating a fresh interface and re-
ducing the chance of sheltering bacteria and other 
microorganisms at the non-living material surface 
where the immune system may have limited access. 
However, the high degradation rate of magnesium 
alloys is the major reason that limits or even prevents 
their large-scale use, resulting in rather rapid loss of 
mechanical integrity in human body environments [2, 
7]. Hence, enhancing the corrosion resistance of 
magnesium alloys and preventing the quick loss of 
their strength is an outstanding challenge that can lead 
to more widespread biomedical applications and pos-
sibly other industrial uses[8, 10]. In case of biomed-
ical applications, a relatively modest extension of 
implant lifetime extension is sufficient such as 2 to 10 



fold improvement. When using temporary implants, 
full healing usually takes place in less than a year. 
Thus, extending the lifetime of the implant for up to 
one year in the body is adequate.  

Hydroxyapatite is the main inorganic constituent of 
bone consisting of calcium, phosphate and hydroxide 
ions. The mineral is produced by the body to form 
bone structures. Thus, it is fully biocompatible and it 
can also be absorbed into the body. The biocompati-
bility makes HA a prime candidate for implant coat-
ing material. 

During the last decades of research, a number of 
technological methods  were developed for the depo-
sition of HA coatings on metallic implants, such as: 
electrodeposition [11, 12], sol-gel coating[13], and 
biomimetic methods[14]. Electrophoretic deposition 
(EPD) of HA on metal substrates is an inexpensive 
method to obtain dense and uniform coatings, even 
with complex geometries[15, 16]. The deposition is 
well established for a variety of coatings and it uses 
charged particles or charged liquid droplets sus-
pended in water. The charged particles are deposited 
by the application of an electric field that drives the 
particles or droplets towards the substrate where they 
are neutralised and form a precipitate on the substrate. 
Additional advantages of the EPD method are high 
purity of formed coating, close control of coating 
thickness, and relatively simple process control by 
influencing deposition parameters. 

EPD has been used to deposit HA coatings on im-
plants but most of the work has been confined to 
stable metals such as titanium for example [17]. Such 
deposits were primarily meant as biocompatible 
coatings. Thus, the objective of this work is to explore 
the possibility of depositing HA coating on a much 
more electro-active magnesium alloy by electropho-
resis method and investigate the effect of voltage on 
the coating performance. 

2 METHODOLOGY 

2.1 Materials and preparation 

Cylindrical magnesium samples (AZ31) were pre-
pared with dimensions of 25 mm diameter and 2 mm 
thickness using commercial AZ31 rod. AZ31 sub-
strate was prepared by abrading the surface with up to 
1200 grit abrasive paper, and then ultrasonically 
cleaned in acetone for 20 minute. The alloy AZ31 was 
selected as it is a very common magnesium alloy and 
its corrosion has been well documented in simulated 
body fluid environment [18].  

2.2 Suspension preparation and electropho-
retic deposition process 

Nano size hydroxyapatite (HA) powder with average 
particle size of 200 nm was obtained from Sig-
ma-Aldrich and used as a coating material. 4 g of HA 
was dispersed in a 200 ml mixture of ethanol (80%) 
and deionised water (20%); and ultrasonically agi-
tated for 30 minutes. The pH of the suspension was 
adjusted to 8 by using HNO3 and NaOH. 

Electrophoretic deposition experiments were per-
formed at various voltages ranging from 10 to 30 V 
using a regulated D.C. power supply. The deposition 
time was 20 minutes with steady stirring using a 
magnetic stirrer. The deposition took place at ambient 
temperature and constant applied voltage. The depo-
sition current was 0.01A at 30 V and below 0.01A 
when lower voltage was used. After completing the 
electrophoretic process, the coated magnesium parts 
were rinsed with deionised water and then the coat-
ings were sintered at 300 °C for one hour to densify 
the material and improve the coating adhesion.   

2.3 HA coating characterization 

The coating thickness was determined from the mass 
gain of the samples.  

The surface phase of the coated samples was charac-
terized by X-ray diffractometer (XRD, Panalytical 
Empyrean, DY2t), using Cu-Kα1 radiation (wave-
length λ= 1.5406A ˚).  

The surface morphology and the chemical composi-
tion of the samples before and after corrosion were 
analyzed using scanning electron microscopy (JEOL 
JSM 5600 SEM) with an EDS (INCA system, Oxford 
Instruments, UK).  

The electrochemical behaviour of uncoated and 
coated samples was investigated by potentiodynamic 
polarization tests conducted in simulated body fluid 
(SBF) [18] solution at pH 7.2. The applied SBF solu-
tion composition is reported in Table 2. 

A three-electrode cell was used with the sample as 
working electrode, Hg2Cl2/Hg/ (sat. KCl) as the ref-
erence, and graphite as the counter electrode. An area 
of 1 cm2 of the working electrode was exposed to the 
solution. A 1 mV s−1 scanning rate was applied during 
the potentiodynamic polarization test. Prior to the 
polarization test, samples were stabilized in SBF for 
30 min. The SBF solution was exposed to air and was 
saturated with the respective components of air.  

3. RESULTS & DISCUSSION

The coating mass gain was converted to coating 
thickness based on geometry and HA density, and it 
was found that the coating thickness increased nearly 
linearly with the deposition voltage (13 µm at 10V, 



31µm at 20 V, and 51µm at 30V). 

An XRD pattern obtained from the electrophoretically 
HA coated AZ31 substrate at 30 v for 20 min followed 
by sintering at 300 °C is shown in Figure 1. The XRD 
pattern shows diffraction peaks with minimal line 
boarding and high intensity resembling the highly 
crystalline, stoichiometric HA. 

Table 2. Reagents for the preparation of SBF 

Reagent  Amount 

#1 NaCl 7.996 g 

#2 NaHCO3 0.350 g 

#3 KCl 0.224 g 

#4 K2HPO4・3H2O 0.228 g 

#5 MgCl2・6H2O 0.305 g 

#6 1 kmol/m3 HCl   40 cm3 

#7 CaCl2 0.278 g 

#8 Na2SO4 0.071 g 

#9 (CH2OH)3CNH2 6.057 g 

#10 1 kmol/m3 HCl 
Appropriate amount for ad-
justing pH 

 

Fig.1. XRD pattern of a HA coated AZ31 (30 V, 20 min, 
after sintering at 300 °C) 

The surface morphologies of the coated samples at 
different voltages are illustrated in Figure 2. With 
increasing applied voltage, the suspended HA parti-
cles can move faster and deposit more quickly, 
therefore the amount of the deposit increases with 
higher applied potential [15]. Figure 2 shows a fairly 
uniform coating. There are only some very fine cracks 
on the HA coated sample deposited at 20 volts and 30 

volts suggesting that there is no significant shrinkage 
of the coating during sintering. 

(a) 

(b) 

(c) 

Fig.2. SEM micrograph of HA coated AZ31 (a) 10V,  
(b) 20 V, (c) 30 V deposition potential. In all cases, the 

deposition time was 20 minutes.  

The potentiodynamic curves for uncoated and HA 
coated AZ31 samples in SBF solution are shown in 
Figure 3.The electrochemical studies in SBF solution 
revealed that HA coated samples exhibit higher cor-
rosion resistance compared to uncoated samples.  

The corrosion tendency of the samples were charac-
terised by the corrosion current and the corrosion 
potential. The corrosion current, icorr, was determined 
by the Tafel extrapolation method from the poten-
tiodynamic polarisation curves. 

 The corrosion current density (icorr) decreased from 
1.2x10-4 A/cm2 for uncoated sample to 7.1x10-6 A/cm2



for HA coated sample at 30 volts and 9x10-6   A/cm2

for HA coated sample at 20 volts. The corrosion re-
sistance of magnesium substrate was enhanced up to 
100-fold after coating. These results showed that HA 
coating can significantly reduce the corrosion rate of 
the investigated magnesium alloy. 

From the potentiodynamic curves, it was found that 
the corrosion current density of AZ31 is high indi-
cating that AZ31 suffered severe corrosive attack in 
SBF solution. It can be noticed that the degradation 
rate of HA coated magnesium samples decreased in 
comparison to the uncoated sample. The corrosion 
current and the degradation rate were significantly 
reduced by increasing the deposition voltage. This 
was likely due to the increase in the coating thickness 
and development of a more compact coating mor-
phology. 

Fig.3. potentiodynamic polarization curves of the HA 
coated AZ31 tested in SBF 

The SEM micrographs of HA coated samples after 
corrosion test are shown in Figure 4. After corrosion 
test, some parts of the HA coating still remain on the 
surface as shown in Figure 4b, indicating the coating 
has protective nature.  

However, after the electrochemical corrosion test, 
some cracks appear at the surface. These cracks 
probably formed and were enlarged due to the gener-
ation of hydrogen bubbles during the testing.  In the 
presence of cracks in the coating, SBF solution can 
penetrate through the coating and contact the magne-
sium substrate. The pH of SBF solution was  7.3, 
therefore magnesium is attacked even in the absence 
of imposed potential. Consequently, oxidation reac-

tion of magnesium takes place[8]: 

Mg + 2H2O  = Mg2+ + H2 + 2OH-  

(a) 

(b) 

(c) 

Fig.4. SEM micrograph of (a) uncoated AZ31 (b) HA 
coated AZ31 at 20V and(c) HA coated AZ31 at 30 V 

As a result of hydrogen evolution, cracks develop in 
the coating. It can be seen that the extent of cracking is 
much higher for coated sample at 20 volts deposition 
potential (Figure 4a), due to the presence of fine 
cracks in the freshly deposited coating. 
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EDAX results (Figure 5) confirm the protective nature 
of HA coating on the magnesium substrate. Even after 
corrosion test, the substrate is covered with HA 
coating. The results confirm that the crack free HA 
coating can protect the substrate.  However, for the 
uncoated AZ31 (fig 5a), the substrate is covered with 
magnesium hydroxide and aluminium as well. 

(a) 

(b) 

Fig.5. EDAX results for (a) uncoated AZ31 and (b) HA 
coated AZ31 at 30 V 

4. CONCLUSION

AZ31 was successfully coated with biocompatible 
HA using a nano powder dispersion and electropho-
retic deposition method. It was found that the applied 
voltage influences the coating microstructure and 
deposition rate.  

With increasing deposition voltage, the coatings’ 
corrosion resistance was significantly increased due 
to the deposition of thicker coating layer.  Based on 
the corrosion results, HA coating can be a promising 
candidate for surface modification of magnesium 
substrate. However, further improvement is needed to 
increase the coating adhesion to the metal substrate. 
Similarly, additional investigation is required to 

evaluate different properties of coating such as abra-
sion resistance, mechanical, and physical properties.  
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