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1. Introduction

Traditional biomedical implant materials such as stainless
steels and Ti alloys play an important role in repairing the damaged
bone tissue. If these implants exist in the human body for a long
time, they will always release toxic elements to impair human body’s
health. The application of biodegradable implants can solve this
problem. The biodegradable implants can gradually be dissolved,
absorbed, consumed or excreted after the bone tissue healing.
Current biodegradable implants made from polymers have an
unsatisfactory mechanical property [1–2]. In comparison, magne-
sium and its alloys are potential biodegradable materials due to
their attractive biological performances [3–5]:
(1) metal magnesium is biodegradable in body fluids by corrosion; 
(2) Mg2� is harmless to human body; 
(3) magnesium can accelerate the growth of new bone tissue; 
(4) the density, elastic modulus and yield strength of magnesium

are closer to the bone tissue than that of the conventional
implants [2].

However, poor corrosion and fatigue resistance of magnesium
and its alloys limit their applications [6–9]. Hydrogen gas evolu-
tion in the corrosion reaction causes sometimes the formation of
cavities (bubbles) around the implanted alloy [4, 7]. In the case of
subcutaneous gas pockets of rats, the adsorption rate of hydrogen
in the tissue was determined as 0.954 ml.h�1 based on the diffusion
coefficient of hydrogen in the tissue [7]. Song et al estimated that the
tolerated level of hydrogen evolution rate was 0.01 ml.cm�2.day�1

based on the size of subcutaneous bubbles in guinea pigs [3–4].
Thus, the improvement of corrosion resistance of magnesium alloys

by protective coatings has been a crucial issue to promote the
practical use of the alloys [10].

To reduce the biodegradation (corrosion) rate of Mg alloys,
further bulk alloying is one option [5, 11–13], however this can
potentially lead to the introduction of toxic elements. Biocompat-
ible protective coatings are a practical option to moderate biodegra-
dation allowing functional implant deployment [14]. Hydroxyapa-
tite (HA, Ca10(PO4)6(OH)2), is a well-known biocompatible and
bioactive material with close chemical and structural resemblance
to human bones and teeth [15].

HA coating can be deposited on different substrates by various
methods such as plasma spraying [16, 17], sputtering [18], sol–gel
[19], pulse laser deposition [20], electrophoretic [21] and elec-
trodeposition [22]. Among them, electrodeposition has received
much attention due to its versatility, cost effectiveness, and ability
to control the thickness and chemical composition of HA by
varying the conditions employed for deposition [23–25]. Deposi-
tion of HA coating on titanium and its alloys has been studied by
many researchers [23, 26, and 27]. However, the degradation
behaviour of HA-coated Mg and its alloys has not been studied
much [28]. Actually, some magnesium alloys containing Zr, Cd,
rare earth elements and heavy metals are not suitable for bioma-
terials application from the medical aspect [29–30]. But the mecha-
nical and corrosion properties of pure magnesium are unsatisfactory.
In comparison with other magnesium alloys, AZ31 magnesium
alloy, with low Al content, good mechanical properties and cor-
rosion resistance, is suitable to act as biodegradable material [30].
Even though the biocompatibility of aluminium is limited [31], it
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seems to be a valid alloying element for magnesium alloys in body
contact, as it is known to diminish the magnesium corrosion rate
by stabilizing hydroxides in chloride environments [32–33]. The
addition of Zn to Mg alloy results in improved mechanical prop-
erties thanks to grain refinement, and shows a reduced corrosion
rate compared with pure Mg [34–35].

For these reasons, the aim of this study is to electrodeposit
HA coating on magnesium alloy AZ31 surface and to improve its
corrosion properties this way.

2. Experimental material and methods

The tested AZ31 magnesium alloy was continually casted at
Brandenburgische Universität in Cottbus, Germany and chemical
composition was analysed at the Magnesium innovation centre
MagIC GKSS Geesthacht, Germany. The chemical composition
of AZ31 alloy is in Table 1.

The samples for metallographic observation were prepared by
conventional metallographic procedures. For visualization of the
magnesium alloy microstructure, etchant consisting of 2.5 ml acetic
acid � 2.1 g picric acid � 5 ml H2O � 35 ml of ethanol was used
[36]. The microstructure of AZ31 alloy (Fig. 1) was observed by
the CARL ZEISS AXIO Imager.A1m light metallographic micro-
scope in the laboratories of Department of Materials Engineering,
University of Zilina. The microstructure is created by polyedric
grains of solid solution of aluminium, zinc and other alloying ele-
ments in magnesium. The average grain size is 220 μm.

2.1 Experimental material surface preparation

For the evaluation of hydroxyapatite surface treatment influ-
ence on electrochemical characteristics the specimen surfaces were
grinded with 1000 grit SiC paper to ensure the same surface rough-
ness, then rinsed with demineralised water and ethanol, and dried
using a stream of air. After described pre-treating the hydroxyap-
atite was deposed on the specimens’ surfaces. Treatment electrolyte
solution was prepared with 0.1 M Ca(NO3)2 . 4H2O, 0.06 M
(NH4)2HPO4, 10 ml.l�1 of 30 vol.% H2O2. Solution pH was 4.7
and the electrodeposition was carried out at room temperature 22
� 2 °C. Grinded AZ31 sample was used as the cathode, while
a platinum electrode served as the anode. Electrodeposition was
performed with constant potential 100 mV vs saturated calomel
electrode (SCE) for 1 h on a laboratory apparatus VSP (producer
BioLogic SAS France).

After HA deposition the surface of samples was immediately
rinsed with demineralized water and dried using a stream of air and

then immersed in various environments: 1 M NaOH (22�1 °C)
solution for 2 h, demineralized water (22�1 °C) for 2 h and dry
air (22�2 °C) for 2 h.

2.2 Experimental methods

The surface morphology of the treated samples was assessed
by a stereomicroscope Nikon AZ100 with a digital camera using
NIS Elements software. The corrosion characteristics of the
untreated and HA-coated AZ31 in 0.9% NaCl were evaluated by
potentiodynamic polarization using a potentiostat/galvanostat/fre-
quency response analyser VSP from BioLogic SAS France. All the
corrosion experiments were performed at 22�1 °C. A saturated
calomel electrode and a platinum electrode served as the reference
and auxiliary electrodes, respectively. Treated and untreated AZ31
samples formed the working electrode in such a way that only 
1 cm² area of the working electrode surface was exposed to the
electrolyte solution in corrosion cell.

Potentiodynamic polarization tests were carried out from
�200 to �500 mV vs SCE with respect to the OCP (open circuit
potential) at a scan rate of 1 mV.s�1. Measured potentiodynamic
curves were analysed using Tafel fit by EC-Lab software. The Stern
and Geary equation predicts that for E � Ecorr (where E is the
open circuit potential and Ecorr is the corrosion potential) the
anodic reaction predominates and that for E � Ecorr the cathodic
reaction predominates [37]:

Chemical composition of AZ31 alloy Table 1

Component Al Zn Mn Si Cu Ni Fe Mg

wt. % 2.96 0.828 0.433 0.004 0.004 �0.001 0.002 bal.

Fig. 1 Microstructure of AZ31 Magnesium alloy, light microscopy, etch. 
picric acid � ac. acid � ethanol � water
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for E � Ecorr

for E � Ecorr,

where I is the current, Icorr is the corrosion current and βa and βc

are the Tafel constants.

So, in a log I versus E representation, one should see two
linear parts for E � Ecorr and E � Ecorr:

for E � Ecorr

for E � Ecorr

The Tafel graph is displayed in log i(i is the corrosion current
density) vs E where two linear regressions are automatically made
using the least square method and the software deduces the cor-
rosion potential (Ecorr) to linear regressions intersection, the cor-
rosion current density value (icorr) and the Tafel constants (βa and
βc) [37 and 38]. These βa and βc coefficients express the slope of
the anodic and cathodic region of potentiodynamic polarization
curve in log i vs E representation. The potentiodynamic polar-
ization measurements were repeated at least three times so that
reproducibility of the test results was ensured.

3. Results and discussion

Surface morphology after hydroxyapatite deposition is shown
in Fig. 2. As can be seen, transparent irregular units with a width
of 10 to 300 μm, which were homogeneously distributed through-
out the sample surface, were reached by HA electrodeposition.

Fig. 3 shows the measured potentiodynamic curves of untreated
and treated AZ31 Mg alloy samples using hydroxyapatite elec-
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trodeposition combined with sealing in various environments. All
measured curves except the curve of non-treated surface consist of
two parts. First one is a transition between an immune state and
active state (characterized by corrosion potentials and corrosion
current densities) and second one is a passive state of the surface
finished by transpassivation potential. The curve of untreated surface
has only transition between immune and active states. The ther-
modynamic (corrosion potentials Ecorr , transpassive potential Et)
and kinetic (corrosion current density icorr, corrosion rate rcorr ,
anodic steady state current density in passive state ia) characteris-
tics obtained from the measured curves are in Table 2.

Creation of the hydroxyapatite layer on the specimen’s surface
causes changes in both thermodynamic and kinetic characteristics.
The hydroxyapatite layer is nobler and, therefore, the corrosion
potential moves to more positive values. Air sealing does not change
the corrosion potential; the layer is from the thermodynamic point
of view similar to the layer after a hydroxyapatite process. However,
the sealing in water or in 1M NaOH solution causes increase of
corrosion potential values. The state is the result of magnesium
hydroxide creation in pores of the hydroxyapatite layer. The ther-
modynamic stability of this layer is better on the surface after NaOH
sealing and, therefore, the corrosion potential of this specimen
reached the most positive value.

Corrosion rate in the passive state is proportional to the value
of anodic steady state current density (ia). This kinetic character-
istic depends on the ability of the passive layer to slow the corro-
sion process. Significantly the lowest value of ia was observed on
the surface of HA � air sealing samples. However, this value is
reached only in a relatively narrow range of passivity (Et � Ecorr).
The surface modified by HA without sealing has approximately the
same value of ia as HA � H2O sealing surface, but H2O sealing
extended interval of the layers passive behaviour nearly threefold.
Sealing in 1M NaOH resulted in such changes on the HA surface
that there was a substantial increase of ia compared to the stateFig. 2 Surface morphology of AZ31 after HA electrodeposition

Fig. 3 Potentiodynamic curves of untreated and treated surfaces 
of AZ31 Mg alloy in 0.9% NaCl
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without sealing. A possible reason of this fact is the reduction in
thickness of the HA layer by reactions running in alkaline medium.
The surface is thus more protected by created Mg(OH)2 areas
than by an initially intended HA layer.

Another important thermodynamic indicator of corrosion resis-
tance of material surface layers is the width of the passive state
area represented by the interval between Ecorr and Et , where the
corrosion products with a relatively good protective effect against
corrosion are formed on the sample. This means that the wider
this interval is, the more convenient it is. As it is shown in Fig. 3,
just grinded sample does not have passive state at all. Width of the
passive state of the samples HA without sealing and HA � air
sealing is 153 mV and 156 mV, respectively. These nearly identical
values confirm the argument that the air sealing does not change
the nature of the sample’s surface layer from the thermodynamic
point of view. Probably a film of magnesium oxide grows on the
surface that is not covered by hydroxyapatite. The largest passive
state interval was measured on samples which were after HA process
sealed in H2O (398 mV) and NaOH (424 mV). These environ-
ments were able to create Mg hydroxides on the sample`s surface
which are stable even at higher potential.

The third important electrochemical characteristic is the cor-
rosion current density icorr that assesses the corrosion process in
terms of kinetics. It is proportionally related to the corrosion rate
rcorr that expresses weight losses of material in certain environ-
ment over time. The highest and, therefore, in terms of corrosion
the least desirable current density value (icorr � 19 μA.cm�2) was
obtained on just grinded surface. The process of HA caused
decrease by two thirds compared with just grinded samples that is
reflected in two thirds reduction of corrosion rate. Formed HA layer
thus largely contributes to slowing the corrosion process. The use
of an additional sealing in H2O and thus creation of protective mag-
nesium hydroxides in this way had no additive effect on further

reduction of the corrosion current density (icorr � 7.3 μA.cm�2).
On the contrary, sealing in NaOH after HA process caused disso-
lution of created HA layer and formation of Mg hydroxides on the
sample’s surface. It resulted in an increase of the corrosion current
density to values approaching those obtained for just grinded
samples.

Overall, the lowest value of icorr was reached at HA � air
sealing samples where the air filled the gaps in HA by MgO oxides
which resulted in reducing the corrosion current density by half
compared with the HA samples without sealing.

5. Conclusions

On the basis of the measured data and analyses we concluded:
1. The bioactive hydroxyapatite (HA) coating was successfully

obtained by electrodepostion on magnesium alloy AZ31 to
improve in combination with different sealings the corrosion
properties of the surface.

2. The highest Ecorr value and the widest passive state interval
were reached by treatment process consisted of HA � NaOH
sealing and the lowest current density was measured at HA �
air sealing samples. 

3. Taking into account electrochemical corrosion resistance cri-
teria (thermodynamic and kinetic), the most appropriate
process consisting of HA electrodeposition and H2O sealing
was considered. 
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Electrochemical characteristics of AZ31 Mg alloy surface after various treatments Table 2

Surface treatment
Ecorr 

[mVSCE]
icorr

[μA.cm�2]
rcorr 

[mm.y�1]
ia

[μA.cm�2]
Et

[mVSCE]
Et � Ecorr

grinded �1575 19.0 0.87 — — —

HA without sealing �1506 5.8 0.27 � 21 �1353 153

HA � NaOH sealing �1381 16.8 0.77 � 56 �957 424

HA � H2O sealing �1475 7.3 0.33 � 20 �1077 398

HA � air sealing �1526 3.0 0.14 � 5.6 �1370 156
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