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The similarity of mechanical properties of Mg and human bones makes Mg and Mg-alloys a potential
material for biodegradable implants. However, Mg and Mg alloys corrode too quickly in the tissue
fluids, thereby losing mechanical integrity before the tissues have sufficient time to heal. In order to
reduce the corrosion rate and enhance the biocompatibility of the Mg-alloy (AZ91D), alloy surface
was modified with the hydroxyapatite (HAp) coatings. Hydroxyapatite (HAp) coating on AZ91D alloy
substrate was prepared by an electrodeposition method and via chemical deposition by an alternative
immersion method (AIM). The as-electrodeposited alloy specimen was post-treated with hot alkali
solution to convert the electrodeposited calcium hydrogenphosphate coatings into the bone-like
hydroxyapatite coatings. The barrier properties of the HAp coatings were studied using the cyclic
voltammetry and electrochemical impedance spectroscopy. The protectiveness of the coatings with
different treatment times was investigated by a polarization test in a Hanks' solution. The results
revealed that hydroxyapatite coating significantly reduced the localized corrosion of the alloy, which is
critical for better in-service mechanical integrity. Fourier transform infrared spectroscopy (FTIR) was
used to verify the existence of the HAp coating and its morphology on AZ91D alloy surface.

Keywords: Magnesium alloy, biocompatibility, hydroxyapatite, electrodeposition, surface
modification

1. INTRODUCTION

Stainless steels, cobalt-based alloys and titanium alloys are widely studied and applied
clinically in hard tissue implants, especially in load-bearing applications, due to their high strength,
ductility and good corrosion resistance [1]. These orthopedic implants provide mechanical support
during the initial period of bone healing. When bone fracture healing is completed, the presence of the


http://www.electrochemsci.org/
mailto:skugor@ktf-split.hr
mailto:skugor@ktf-split.hr

Int. J. Electrochem. Sci., Vol. 9, 2014 5908

implant could be a nuisance because it may cause stress shielding to the neighboring bone structure,
leading to osteoporosis [2]. Long-term adverse effects or even an increased risk of local inflammation
may occur after long-term implantation since the metallic implant is a foreign body to human tissues
[3]. For young patients, permanent bone plates would also restrict bone growth. In view of these
adverse effects, removal of the bone plates by a second surgery is generally recommended after bone
healing has completed. However, removal of bone plates by a second surgery means risk, stress, and
economic burden to the patient [2]. To reduce such complications, the use of biodegradable metallic
implants has been investigated [3]. Biodegradable implant materials in the human body can be
gradually dissolved, absorbed, consumed or excreted, so there is no need for the secondary surgery to
remove implants after the surgery regions have healed [4]. Currently, degradable implants are made of
polymer materials. Owing to the low mechanical strength, polymeric implants are used only in low
load-bearing applications [5]. Thus the development of high load-bearing degradable orthopedic
implants is an attractive idea for bone fracture healing. Magnesium (Mg), by virtue of its desirable
mechanical properties, non-toxicity, and degradability, is a potential candidate metallic material for
degradable implants [6]. According to a recent review by Staiger et. al, [6] the mechanical properties
of Mg are close to those of bones, and Mg is non-toxic and excess of Mg in human body can be easily
excreted via urine. Magnesium possesses good biocompatibility and relatively large amounts of
magnesium are tolerated by the body without ill effect [7]. A fully biocompatibile biomaterial should
elicit a minimal inflammatory response, together with the desired specific tissue response [8].
Dissolved Mg ions may promote bone cell attachment, tissue growth at the implants, and can be
applied in surgical as well as in cardiovascular treatments [9]. Magnesium alloys possess a density of ~
1.7-2.0 g cm™ that is close to that of natural bones (1.8-2.1 g cm™) and the compressive strength and
tensile strength are much higher than those of biodegradable polymers. Compared with Ti alloys (110—
117 GPa), stainless steels (189-205 GPa), and Co-Cr alloys (230 GPa), the elastic modulus of
magnesium alloys (41-45 GPa) is closer to that of natural bones. Hence, the stress shielding effect
induced by serious mismatch in the elastic module between natural bones and implants can be
mitigated [10]. Also, compared with poly-96L/4D-lactide, the magnesium alloys AZ31 and AZ91
enhanced the ontogenesis response and increased the newly formed bone [11]. Degradable metal
implants made of magnesium alloys were introduced into orthopedic and trauma surgery in the first
half of the last century [12]. However, pure magnesium and its alloys possess poor corrosion resistance
and degrade too fast at physiological pH 7.4-7.2 as well as in physiological media containing high
concentration of aggressive ions (chloride ions (~104 mmol L™) [10]), thereby losing mechanical
integrity before tissues have sufficient time to heal (over a timescale of 12-18 weeks while the bone
tissue being replaced by natural tissue [13]) [14]. Magnesium and its alloys are generally known to
degrade in aqueous environments via an electrochemical reaction (corrosion) which produces
magnesium hydroxide and hydrogen gas [15]. The aggressive behavior of chloride ions to Mg alloys
has been widely investigated and it is generally accepted that chloride ions can transform the protective
MgO/Mg(OH), into soluble MgCl, thus accelerating magnesium dissolution [1,10,15]. In magnesium
and its alloys, elements (impurities) and cathodic sites with low hydrogen overpotential facilitate
hydrogen evolution, thus causing substantial galvanic corrosion rates [15]. The very low corrosion
resistance of magnesium alloys caused the failure of the first studies on the application of magnesium
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alloys for orthopedic implant devices. A hydrogen gas cavity was formed around the implant devices
accompanying the corrosion of the alloy [16,17,18]. This cavity will delay healing of the surgery
region and lead to necrosis of tissues, because they can cause separation of tissues and tissue layers.
Up hydrogen evolution local alkalization will be inevitable around a rapidly corroding magnesium
implant. The local alkalization can unfavorably affect the pH dependent physiological reaction
balances in the vicinity of the magnesium implant and may even lead to an alkaline poisoning effect if
the local in vivo pH value exceeds 7.8 in that region [4]. Because of that the degradation products,
such as Mgz+, H, and OH’, should be within the body’s acceptable absorption levels [13], according to
Zeng et al., 0.01 ml cm™ H, per day is a tolerated level in the human body [9]. This revealed the
importance of controlling the corrosion rate of the alloy in the human body [18]. The enhancement of
the corrosion resistance of magnesium and improvement of the lifetime of Mg alloys can be achieved
by using different modification methods such as alloying, different chemical treatments and various
surface treatments such as deposition of chemical conversion layers, [19] treatments based on the sol—
gel application [20], and the surface modification by formation of SAMs [2,21,22]. Furthermore, the
surface biocompatibility of Mg can also be enhanced using bioactive coatings, such as calcium
phosphate coatings [23,24,25]. Among them, hydroxyapatite (HA) coatings are well recognized
because of their excellent bioactivity, which improves the bonding between the metal implant and the
bone [26]. But the mechanical strength of HA is too poor to be used in load-bearing applications.
Therefore, HA coating was deposited on the surface of metallic implants to improve the
biocompatibility property [27]. So far, HA coating on Ti alloy substrate used as implanted materials
has been deeply studied [28,29]. However, the deposition of HA coating on Mg alloy substrate and the
corresponding degradation behavior in simulated body fluid (SBF) are rarely investigated. Many
methods such as plasma spraying, pulse laser melting, and physical vapor deposition cannot be used to
deposit HA coating on Mg alloy because of its low melting point and poor heat resistance.
Electrochemical deposition has unique advantages due to its capability of forming uniform coating and
simple setup. In addition, the deposition processing can be conducted at room temperature and the
morphology of coating can be controlled easily by varying the electrochemical potential and other
parameters [23,29].

In this paper we report the preparation of hydroxyapatite (HAp) coatings on magnesium
AZ91D alloy by electrodeposition and subsequent treatment in alkaline (NaOH) solution and by an
alternative immersion method (AIM). The barrier properties of the coatings in the Hanks' solution were
investigated using electrochemical impedance spectroscopy (EIS) and voltammetry methods.
Morphology of the HAp coatings was studied using Fourier transform infrared spectroscopy (FTIR).

2. EXPERIMENTAL

Working electrodes were the chips of AZ91D alloy with the wt% content of: 8.6 Al, 0.51 Zn,
0.19 Mn, 0.05 Si, 0.025 Cu, 0.004 Fe and balance Mg. The cylinder shaped working electrodes, having
a surface area of 0.235 cm?, were sealed into glass tubes with Polirepar S. Before HAp deposition the
electrodes were abraded with fine emery paper, polished with alumina powder down to 0.05 pum,
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degreased in ethanol in an ultrasonic bath, rinsed with distilled water, kept immersed in 1.0 M solution
of NaOH at 80 °C for 1 h, and rinsed with distilled water. Electrodeposition of HAp was carried out at
constant potential values of —2.0 V for different periods of time in a solution (100 ¢cm®) containing 50
cm® 0.1 mol dm™ Ca(NO3), and 0.06 mol dm™ NH,H,PO,. The pH value of solution was 5 (adjusted
with 0.5 mol dm™ HNO3). During deposition the solution was stirred with a magnetic stirrer. After
deposition, the electrodes were immersed in 1.0 mol dm™ solution of NaOH at 80 °C for 1 h, rinsed
with distilled water and air-dried. The corrosion resistance of HAp deposit modified specimens was
investigated at 37 °C in a Hanks' solution, pH 6.67, of the following composition (g dm™): NaCl 8.00,
KCI 0.40, NaHCO3 0.35, NaH,PO,4 x-H,0 0.25, Na;HPO,4 x-2H,0 0.06, CaCl, x-2H,0 0.19, MgCl,
0.19, MgSO, x-7H,0 0.06, and glucose 1.00. All chemicals were of p.a. purity. All electrochemical
experiments were carried out in a standard three-electrode cell containing 100 cm® of Hanks' solution.
The counter electrode was a large area platinum electrode and the reference electrode, to which all
potentials are referred, was an Ag/AgCIl/3 M KCI (209 mV vs. SHE). Before measurements the
electrodes were stabilized for 0.5 h in a Hanks' solution. Potentiodynamic measurements were
performed at a sweep rate of 10 mV s™. EIS measurements were performed at the open circuit
potential (Eocp) in the frequency range from 100 kHz to 0.1 Hz with an ac signal £5 mV.
Measurements were carried out using a Solartron Frequency Response Analyzer SI 1255 and Solartron
Electrochemical Interface 1287 controlled by a PC. Impedance data were fitted by a suitable electrical
equivalent circuit (EEC) model, employing the complex non-linear least squares (CNLS) fit analysis
[30] offered by the Solartron ZView® software. The fitting quality was evaluated by the chi-squared
and relative error values, which were in the order of 10°-10* and below 5 %, respectively, indicating
that the agreement between the proposed EEC model and the experimental data was good. The HAp
deposit was characterized by FTIR. The FTIR spectra were recorded in the 4000-650 cm™ region with
the scan resolution of 4 cm™ using Horizontal Attenuated Total Reflectance (HATR) method on a
Perkin-Elmer Spectrum One FTIR spectrometer.

3. RESULTS AND DISCUSSION

3.1. Electrochemical deposition of hydroxyapatite

Modification of the electrodes with hydroxyapatite film was performed by electrodeposition in
a solution (100 cm®) containing 50 mL 0.1 mol dm™ Ca(NOs), and 50 ml 0.06 mol dm™ NH4H,POy,
pH 5 (adjusted with 0.5 mol dm™ HNO3) at constant potential value of —2.0 V at room temperature.
The electrodeposition time was from 30 to 180 min [31]. Reactions on the surface of AZ91D alloy
during electrodeposition are:

Step I: reduction of the hydrogen from H,PO, and HPO,*:

2 H,PO4 +2 e = 2 HPO4Z + H, (g) (1)

2 HPO,Z +2 e = 2P0O4> + H, (g) (2)

Step II: Ca®* ion reacts with HPO4* and PO,* and form CaHPO4 x 2H,O (brushite, calcium
hydrogenphosphate dihydrate) and Caz(PO,) (calcium phosphate, - TCP):
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Ca”" + HPO,® + 2 H,0 — CaHPO, x 2 H,0 (s) (3)

3 Ca®" + PO, = Caz(PO4) (5) (4)

Brushite and B - TCP are the precursors to the more stable phase hydroxyapatite,
Cay0(PO4)s(OH),, HAp. Alkaline treatment (acid-base reaction) converts brushite and p - TCP film
formed on the AZ91D alloy surface by electrodeposition into hydroxyapatite, HAp [32].

10 CaHPO,4 x 2 H,O (s) + 12 OH 5 Caig(POs)s(OH), () + 4 PO, + 30H,0  (5)

Kannan [33] and Song [27] were analysed the coating structures of the electrodeposited
coatings prior to and after alkaline treatment using X-ray diffraction technique. Their results clearly
show that electrodeposited coating prior to alkaline treatment is mainly consisted of calcium phosphate
dihydrate and B-TCP. Alkaline treatment results in the Hap coating formation.

Specifically in environments with a pH greater than 6-7, brushite (calcium phosphate
dihydrate, CaHPO,4 x 2H,0) becomes unstable and transforms into the more favourable Hap phase. In
the alkaline solutions HAp is the most stable ceramic layer of calcium phosphate. Prior investigations
have also utilized the increased solubility of brushite on metallic implants as a means of increasing the
amounts of calcium and phosphate ions available in the immediate vicinity of the implant to promote
increased osseointegration [34,35]. Acid-base reaction involves the electrode immersion for 1 h in 1
mol dm™ NaOH at 80° C [27,33].

3.2. Barrier properties of the coating

3.2.1. Electrochemical impedance spectroscopy
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Figure 1. Nyquist plot for various frequency dispersions (a) for an ideally capacitive behavior of plain
electrodes; (b) for the in-a-pore dispersion simulated by de Levie’s Eq.(9) [41]; (c) for the in-a-
pore dispersion and by pore size distribution simulated by TLM-PSD [42].

The impedance of most electrodes deviates from the purely capacitive behavior which is
represented as a vertical line in the Nyquist plot, curve (a) in Figure 1. The non-ideality due to
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frequency dispersions has been widely described by the constant phase element (CPE) that is an
empirical distributed element. Its impedance is equal to Zcpe = [Q (jw)"™ [36], where Q is the
frequency independent parameter, w is the angular frequency, and n is the CPE power. Whenn =1, Q
represents the pure capacitance, while for n # 1 the system shows behaviour that has been attributed to
the surface heterogeneity [37], or to the continuously distributed time constants for charge transfer
reactions [38].

Frequency dispersion leads to an inclined line whose phase angle is equal to (x / 2) n. In Figure
1, curve (b) can be described with the CPE; at high frequencies and with an ideal capacitance at low
frequencies while curve (c) can be approximated with the CPE; at high frequencies and roughly with
the CPE; at low frequencies [39,40].
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Figure 2. Nyquist and Bode plots for the impedance data recorded with uncoated AZ91D alloy (with a
native surface layer) and HAp coated AZ91D alloy in the Hanks’ solution (37 °C) at Eocp.
Electrodeposition was performed at —2.0 V for denoted time periods.
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In the case of highly porous electrodes, geometric factors are the most important among the
origins of frequency dispersion in the absence of faradaic reactions. The non-ideality due to the
geometric factors can be divided into two classes; dispersions in a pore and by pore size distribution
(PSD) [39,40]. In-a-pore dispersion occurs since the penetration depth, 4 of an ac signal into a pore
decreases with frequency (f; < f; 11 > ;). Frequency dispersions caused by pore size distribution
(PSD) occur due to the presence of pores of various sizes which have different penetration depths even
at the same frequency (r1 < ry; A1 < A). Therefore, an apparent capacitance or equivalent series
resistance changes with frequency even in the porous materials composed entirely of pores with equal
dimension. The in-a-pore dispersion has been modeled by many researchers [42,43] since de Levie
[41] simulated it by the transmission line equivalent circuit [44].

Corrosion resistance of AZ91D alloy unmodified and modified with a hydroxyapatite (HAp)
film in the Hanks' solution was investigated by EIS. Figure 2 shows the Nyquist and Bode plots of
impedance spectra of unmodified and with HAp film modified AZ91D alloy recorded in Hanks'
solution at open circuit potential after 30 min of stabilization. The Nyquist plot for unmodified AZ91D
alloy show flattened capacitive semicircle with the canter below the real axis.

As compared to the unmodified AZ91D alloy, Nyquist plot for AZ91D alloy modified with
hydroxyapatite show higher capacitive semicircle and greater overall impedance. It is also evident that
the capacitive semicircle increases with an increase of the electrodeposition time. In the low
frequencies region of the Bode plot, it can be seen that the presence of the hydroxyapatite increases the
value of log |Z| at which dominates the polarization resistance. EIS data recorded for the unmodified
AZ91D alloy in Hanks' solution was modelled by the electrical equivalent circuit (EEC) with two time
constants shown in Table 1. In the EEC, constant phase element CPE; attributed to the double layer
capacitance, and R; to the charge transfer resistance and CPE; and R; attributed to the resistance of the
film and capacitance of the ions travel through the film. In the case of electrodes modified with
hydroxyapatite at low frequency region of the impedance spectra an additional time constant appears.
It is attributed to the diffusion processes and described by the Warburg diffusion element W,

Therefore, EIS results obtained for AZ91D alloy modified with hydroxyapatite were modelled
with the equivalent electrical circuit shown in Table 1, which contains values of the EEK elements.
The total impedance, Z of the investigated electrochemical system is the sum of the ohmic resistance
and the impedance of the electrochemical interface (Zg + Zye + ZF) and is described by the transfer
function:

Z(jw)=R, + {Ql(J'w)”l Reior + w2, T }1}_1 ®)

The polarization resistance represents the sum of Ry, R, and a diffusional resistance (Rs r) [45].
The experimental results show that the electrodeposition of hydroxyapatite significantly affects the
corrosion behaviour i.e. polarization resistance of the AZ91D alloy in Hanks' solution. The value of
polarization resistance increases with an increase of the electrodeposition time. Increases of the
electrodeposition time decrease the value of the electrochemical double layer capacitance. Decrease
indicates an increase in thickness of hydroxyapatite film as well as the structural changes within the
film and the formation of compact HAp film. The microstructure of the inner dense layer is one of the
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most important factors of the hydroxyapatite protection. The compact structure is a barrier that protects
penetration of electrolyte to the substrate [46]. The increase of polarization resistance values indicates
better corrosion protection in Hanks' solution of HAp film electrodeposited over a longer period of
time.

In general, the complex plane spectra show a high frequency straight line at 45°, followed by a
semicircle in the low frequency region. This behavior is characteristic of porous electrodes, and can be
analyzed by a finite length pore model [41,47,48]. Therefore, the EEC includes also the so-called “O”
circuit element (“porous bounded Warburg”). The term “O” represents a dimensional diffusion through
a layer of finite thickness or the (penetrability) penetration depth of the ac signal across pores of finite
length.

Table 1. The impedance parameters of uncoated AZ91D alloy and AZ91D alloy samples coated with
HAp coatings, obtained in Hanks' solution (37 °C) at Eqcp. Electrodeposition was performed at
—2.0 V for denoted time periods.

R

el

Method t/ Wsr/ 10°xB 10°xY, R4/
min Q / ) Q
sz . Q-lsO.S
ED - 8.0 0.94 0.2 7.9 0.69 4.4 - - - - -
30 4.1 0.77 25 20.8 091 23 189  20.0 1.0 19.0 35.3
60 3.7 0.86 1.5 12.9 0.75 4.9 2.2 3.9 1.7 2.3 183.2
90 3.7 0.89 1.3 10.3 0.71 6.4 2.4 3.4 1.4 2.5 208.6
120 4.3 0.88 1.2 8.7 0.75 7.1 2.7 3.9 1.4 2.7 181.3
150 4.6 0.92 0.8 7.0 0.74 8.9 3.1 3.9 1.3 3.1 180.4
180 5.1 0.96 0.7 6.2 0.74 9.9 3.7 4.1 1.1 3.7 172.5
AIM 0.6 0.77 0.6 6.4 0.70 9.1 3.6 3.9 1.1 35 181.8

Re =10 Q cm?; ED - electrodeposition; AIM - alternative immersion method

The complex impedance Zo(w) is given by the expression:

anh B4 jo
Zo(w) = o] (7)

The “O” element is characterized by two parameters, an “admittance” parameter, Yo, and a

“time constant”, B (with unit s*?) from which geometric parameters can be examined:

— 'MEEE 1 l'W_g_T - B
1 =" °F =X == = 1 = _—=
Yo Nwr?' Yo Ws_g B Ws_r B V2, Yo R; (8)

Ryq is the diffusion resistance (i.e. Zo(w) when w — 0),  is the electrolyte conductivity, r is the
pore radius, I, is the pore length, N is number of pores, and &g is the penetrability coefficient. The
penetrability () is the ratio of ac signal penetration depth (4) to the pore length, and is defined as [37]:
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21, 4] Cy;

py dl
Cai is the electric double layer capacitance at the electrode / electrolyte interface, w is the
angular frequency. The numerical value e is directly proportional to .

The numerical values of the impedance parameters B, Yo, Ry, and a, obtained by fitting
experimental data, are listed in Table 1. The numerical values for a, are significantly higher than 1,
which means that 4 >> |, i.e., the ac signal penetrates to the bottom of the pore and the electrode
behaves as a flat one [49].

Curve (b) in Figure 1 shows some common trends of the in-a-pore dispersion models [40] at
high frequencies and low penetrability giving the phase angle, &= -7/ 4. As penetrability increases (or
frequency decreases), the impedance approaches the ideal capacitive behaviour and is shifted along the
abscissa by in-a-pore dispersion part. Deviation from ideality even at low frequency, however, has also
been observed on many porous materials as shown by curve (c) on Figure 1.

K. H. Lee et. al. [37] suggested the possibility of frequency dispersions due to the pore size
distribution (PSD) because the non-ideality cannot be simulated or fitted successfully with the models
considering only in-a-pore dispersion. The penetration depth of the ac signal becomes distributed even
at an identical frequency since the size of each pore determines its own penetration depth. A new
model, called the transmission line model with pore size distribution (TLM-PSD) has been developed
for reflective boundary conditions, without faradaic reactions, considering the by-PSD dispersion as
well as the in-a pore dispersion. The curve (c) in Figure 1 was simulated (was fitted) with the de
Levie’s and Lee’s TLM-PDS models [37, 40].

3.2.2. Polarization measurements

Polarization curves recorded with uncoated and HAp coated alloy specimens, using a scan rate
of 10 mV s, are shown in Figure 3. The cathodic branch of the polarization curve for all specimens
exhibits a linear Tafel region with slope values ranging from —235 mV dec™ to —140 mV dec™. These
numerical values indicate the same mechanism of the hydrogen evolution reaction, which occurs at
electrodes covered with a surface film [50]. The values obtained agree well with those reported for
Mg-alloys that were unmodified and modified with SAMs of fatty acids or phosphonate SAMs, and
immersed in near neutral aqueous solutions containing chloride ions [51,52]. In the anodic region the
simultaneous combination of both anodic dissolution and hydrogen evolution (negative different
effect) and the localized corrosion have been reported as the main reasons for the complicated anodic
polarization behaviour of unprotected Mg alloy [53]. HAp film makes the anodic polarization curves
more stable significantly decreasing the anodic current densities. The barrier properties of HAp film
depend on the electrodeposition time; the longer the electrodeposition time is, the lower are the values
of the cathodic and anodic current density. However, after slow increase of the current density at
higher anodic potentials a sharp increase in anodic currents was observed for all specimens indicating
the breakdown of the partially protective surface layer [45] which is characteristic for a localized
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corrosion. The breakdown potential is dependent on the electrodeposition time: it is shifted towards
more positive values extending the deposition time.
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Figure 3. Tafel plots recorded with uncoated AZ91D alloy (with a native surface layer) and HAp
coated AZ91D alloy in the Hanks’ solution at 37 °C; v = 10 mV s™. Electrodeposition was
performed at —2.0 V for denoted time periods.

The cathodic and anodic portions of the polarization curves around Ec. indicate that the
cathodic process is rate determining for a corrosion process of all specimens. Extrapolation of the
linear part of the cathodic currents to the corrosion potential was use for a rough estimation of the
corrosion current densities (jeorr). The numerical values of the corrosion kinetic parameters b, ba, jeorr
and Ecorr, obtained by fitting experimental data, are listed in Table 2. The numerical values of the
corrosion current densities determined for untreated alloy specimens is 41.2 pA cm™ and for coating
HADp films formed on AZ91D alloy for 180 min at —2 V is 0.1 pA cm,

Coverage 6 of the AZ91D surface by film of hydroxyapatite shown in Table 2 are calculated
according to the expression:

0= (Jazoip — jA291D|HAp) I jazo1D (10)

Jazeip and jazeipHap being the corrosion current density values of AZ91D alloy coated with
spontaneously formed oxide film (unmodified), or HAp film, respectively. The coverage of HAp
coatings ranges from 38 % (electrodeposition time of 30 min) to 99 % (electrodeposition time of 180
min). This indicates that the coating protectiveness against the active dissolution of the substrate is not
sufficient when the treatment time is short. With an increase in the treatment time, the coating
protectiveness against the active dissolution of the substrate increases. This increase of the
protectiveness is due to the enhancement of the barrier effect of the inner layer against the solution
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penetration. These results indicate that the corrosion rate of the magnesium can be varied with the
microstructure of the HAp coating [54]. The CaP coating protectiveness reported for the systems Mg-
alloy/CaP coating/physiological solution range from 60% to 90%, depending on the electrodeposition
conditions [27,55].

Table 2. The corrosion kinetic parameters for uncoated AZ91D alloy (0 min) and HAp coated AZ91D
alloy in the Hanks’ solution at 37 °C; v = 10 mV s. Electrodeposition was performed at —2.0 V
for denoted time periods.

- 228 139 41.2 1.49 -

30 227 115 25.5 1.48 38
60 177 67 20.8 1.47 50
90 207 41 16.9 1.47 59
120 235 35 16.0 1.46 61
150 184 29 1.1 1.46 97
180 154 21 0.1 1.46 99

3.3. Characterization of HAp coating

3.3.1. Fourier transform infrared spectroscopy
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Figure 4. The FTIR spectra of AZ91D alloy coated with electrodeposited HAp coating.
Electrodeposition was performed at —2.0 V for 3 h.

Figure 4 shows a FTIR spectrum of AZ91D alloy substrate coated by electrodeposited HAp
film that was subsequently alkali treated. A strong vs PO,* vibration band, associated with the internal
modes of PO,* (P-O asymmetric stretching vibrations), are observed inside the frequency range from
ca. 1000 cm™ to 1100 cm™ at 1009 cm™ and 1088 cm™ [56-58]. The vs asymmetric P-O stretching
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mode is triply degenerate in the free phosphate ion, but this mode is resolved into at least two distinct
peaks in crystalline hydroxyapatite [59]. It has been shown that as the crystallinity of the
hydroxyapatite increases these two vz bands become increasingly resolved [59]. In our infrared
spectrum, the two vz bands are fine- resolved, which indicates that the coating is crystalline [59,60].

The peaks at 1459, 1409 and 1337 cm™ are due to the presence of carbonate ions in the
hydroxyapatite structure [61-64]. It is well known that carbonate, generated from reaction of
atmospheric CO, with aqueous solutions, readily substitutes for phosphate ions (B-type incorporation;
i.e., COs* for PO,* substitutions [65]) in the crystal structure of hydroxyapatite. The introduction of
these different ions was beneficial to the biocompatibility because of natural bone tissue also contained
Mg®*, Na*, HPO,* and CO5* which gives an additional advantage because it leads to an enhanced
osseointegration [66,67].

The characteristic peak at around 866 cm™, has been mostly attributed to carbonate group [62-
64,67-69]. However, this peak also indicates the presence of HPO,* groups in the coating structure
[45,63,69].

This peak could also indicate that there are still remained a small amount of CaHPO, x 2H,0,
DCPD due to incomplete conversion to HA by alkali treatment [23]. The FTIR results confirm the
presence of HAp film on the AZ91D alloy surface [70].

3.4. Chemical deposition of hydroxyapatite

When it comes to light metals, such as Al and Mg, that have surfaces with mesoporous
morphology, the alternative immersion method (AIM) can be used to efficiently deposit synthetic HAp
[71]. AIM method is a strikingly simple method to apply Hap coatings to a surface schematically
outlined in Figure 5. In the present approach, the specimens were exposed to 20 cycles of alternating
immersion in saturated Ca(OH), and 0.02 M NH4H,PO,. The holding time in each solution was 1 min
at room temperature. Between each soaking step and after each cycle, the samples were rinsed in
ultrapure water for 1 min. Finally, the samples were dried by nitrogen gas [71].

Saturated 0.02 mol dm™
Ca(OH), 20 cycles NH,H,PO,
1 min

&=_F

Distilled water 1 min

Figure 5. Schematic outline of the AIM treatment leading to chemical deposition of Hap coating [75].
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After coating with HAp by AIM barrier properties of coating on the AZ91D alloy surface were
investigated by EIS. As the shape of spectra is identical to those presented in Figure 2 it was fitted with
the same EEC. The numerical data obtained for impedance parameters are listed in Table 1. From the
value of the element Q. (table 1) it could be concluded that the hydroxyapatite layer formed by
electrodeposition (at —2.0 V for 180 min) is thicker and less porous. Figure 6 shows the values of R,
(very structure-sensitive property) as a function of the deposition method; electrodeposition and
chemical deposition. Electrodeposition was performed at —2.0 V for 3 h. Figure 6 shows that in Hanks'
solution, at the temperature of 37 °C, electrode coated with the electrodeposited Hap film has a higher
polarization resistance (better barrier properties) compared to the electrode with hydroxyapatite film
deposited by AIM. The protecting efficiency of the deposited HAp film was calculated using the
relation:

7 = (Rp,(az91p) — Rp,(aze1pjHAp)) / Rp,(az91D) (11)

Rp,(AZ91D|HAp) and R,,(AZ91D) being the polarization resistance values of alloy specimens
coated with HAp and those with a native surface layer, respectively. Data show that the » value of
coating electrodeposited at —2.0 V for 3 h is about 10 % greater than those deposited by an alternative
immersion method (AIM).

AZ91D

ED MIU

Figure 6. The values of R, as a function of the deposition method; electrodeposition and chemical
deposition. Electrodeposition was performed at —2.0 V for 3 h and chemical deposition by
AIM.

4. CONCLUSION

In order to increase the bioactivity and biocompatibility the AZ91D alloy surface is modified
with hydroxyapatite film by electrodeposition method and alternative immersion method (AIM).

On the AZ91D alloy surface electrodeposited brushite film and film of a § - TCP were
converted into hydroxyapatite (Hap) via an acid-base reaction. AZ91D alloy modified with
hydroxyapatite has a higher corrosion resistance in Hanks' solution in comparison to the unmodified
AZ91D alloy. The protecting efficiency of HAp increases with the increasing deposition time to obtain
a thicker and a more compact coating.



Int. J. Electrochem. Sci., Vol. 9, 2014 5920

Electrodeposition method caused the formation of the surface film that provides higher
polarization resistance values in comparison to the surface film formed by the alternative immersion
method (AIM).

Chemical groups characteristic for HAp coating detected by FTIR spectroscopy on the coated
AZ91D alloy confirmed the presence of the thick uniform layer of hydroxyapatite. Hydroxyapatite
coated AZ91D alloy has good potential for use in medicine, because the HAp films has a good
bioresorption.
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List of symbols
B time constant (s'%)

C capacitance (F cm™)

Ca electric double layer capacitance (F cm™)

CPE constant phase element

E potential (V)

Ecor  corrosion potential (V)

Eocp Open circuit potential (V)

f frequency (Hz)

j current density (A m?)

jeorr  corrosion current density (A m™)

jo complex variable for sinusoidal perturbations with «w =2fz
Iy pore length (m)

n exponent of the constant phase element
N number of pores

Q constant of the constant phase element
r pore radius (m)

R resistance (Q cm?)

Rq  diffusion resistance (Q cm?)

Rel ohmic resistance (Q cm?)

R,  polarization resistance (Q cm?)

Ws.p  exponent of the Warburg element

Wsr resistance of the Warburg element (Q cm?)
Ws.t time constant of the Warburg element (s)

Yo "addmitance" parameter (Q™ s*°> m?)
Yo coefficient of the constant phase element (Q* cm™s")
z electrode impedance (Q cm?)

Zimag  imaginary part of the impedance (Q cm?)
Zea  real part of the impedance (Q cm?)

Zw  Warburg impedance (Q cm?)

|Z|  impedance modulus (Q cm?)

Greeks letters

0 coverage

0 phase angle (°)

v wavenumber (cm™)
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a penetrability coefficient

n protecting efficiency

K electrolyte conductivity (Q* m™)
A penetration depth (m)

) scan rate (mV s™)

1) angular frequency (Hz)
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