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Abstract

In order to improve the corrosion resistance and the surface bioactivity of biodegradable magnesium alloys, a nanostructured akermanite
(Ca,MgSi,05) coating was grown on AZ91 magnesium alloy through electrophoretic deposition (EPD) assisted with micro arc oxidation (MAO)
method. The crystalline structures, morphologies and compositions of samples were characterized by X-ray diffraction, scanning electron
microscopy and energy dispersive spectroscopy. The in vitro bio—corrosion (biodegradability) and bioactivity behaviors of samples were
investigated by electrochemical and immersion tests. The experimental results indicated that the nanostructured akermanite coating could slow
down the corrosion rate and improve the in vitro bioactivity of biodegradable magnesium alloy. Thus, magnesium alloy coated with

nanostructured akermanite may be a promising candidate to be used as biodegradable bone implants.

Published by Elsevier Ltd and Techna Group S.r.L
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1. Introduction

While there are many ongoing investigations in novel
implants, the materials that are currently approved to be used
include titanium, stainless steel and poly—L-Lactic acid [1-3].
The use of non—degradable metallic implants may require a
second surgical operation to remove the implant the implant
after the tissue heals [4,5]. Polymer based implants may suffer
from poor mechanical strength with limited applications [6].

*Corresponding author at: School of Materials Science and Engineering,
Helmerich Advanced Technology Research Center, Oklahoma State Univer-
sity, Tulsa, OK 74106, USA. Tel.: +1 918 594 8634;
fax: +127 08971179.

E-mail addresses: lobat.tayebi @okstate.edu,
lobat.tayebi @gmail.com (L. Tayebi).

0272-8842/$ - see front matter Published by Elsevier Ltd and Techna Group S.r.L.

http://dx.doi.org/10.1016/j.ceramint.2013.08.027

Magnesium and its alloys have an outstanding strength-to-
weight ratio and have been used widely in industrial applications.
Magnesium can also be a suitable candidate as an implant
material due to its biodegradability, non-toxicity, and excellent
mechanical properties, which are similar to the properties of
natural bone [7]. Magnesium, as the 11th most abundant element
in the body, is essential to almost all living cells, specifically
bones [8]. The major drawback of magnesium is its low corrosion
resistance in the body, which also influences its mechanical and
physical characteristics. Corrosion of magnesium in an aqueous
environment can generate a crystalline film of magnesium
hydroxide and hydrogen gas. Magnesium also suffers from the
chunk effect, which is the detaching of magnesium particles from
the bulk material due to hydrogen stress corrosion cracking [9].
Another concern is whether magnesium alloys support the fast
precipitation of osteoconductive minerals (bioactivity) after
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surface modification. Thus, besides improving the corrosion
resistance of magnesium alloys, the bioactivity also needs to be
improved [10]. Surface modification (e.g. bioceramic coatings) is
one of the major techniques to enhance the biocompatibility and
bioactivity of implants. Suitable coatings can improve the in vitro
bioactivity and protect the implant from fast in vivo corrosion and
degradation [11,12].

Silicate biomaterials are known to be applicable for bone
tissue repair [13—15]. Among these materials, akermanite
(CayMgSi,04), a silicate bioceramic with controllable mechan-
ical characteristics and corrosion rate, has attracted recent
attention [16,17].

It was shown in previous studies that some cells, such as
marrow-derived or adipose-derived stem cells and osteoblasts,
have displayed better activities of proliferation and osteogen-
esis on akermanite than on B-TCP [18-20]. The in vitro and
in vivo results suggest the enhanced bioactivity, degradation
rate and biocompatibility of the akermanite ceramics. Thus,
they can better stimulate the proliferation and differentiation of
bone cells. Therefore, they might be used as a potential and
attractive bioceramic for bone regeneration, bone tissue
engineering, and surface coating applications [21]. In this
paper, our aim was to deposit nanostructured akermanite
coatings on the surface of magnesium alloy substrates.

To provide a good coating for the implants, it is best if the
coating material is in a nonstructural configuration, similar to
the crystal morphology of bone minerals [22-25]. Moreover,
nanostructured coatings provide more sites for the absorption
of ions (e.g., Ca’", Mg>" and PO3 "), which resulted in
bioactivity and osteoconductivity [26].

There are different methods of developing inorganic coat-
ings on metallic substrates, including plasma spray, sol-gel,
enameling, and electrophoretic deposition (EPD) [27-30].
In this paper, we employ the EPD technique for surface
modification of our substrate. It is a low cost method that
can be performed at room temperature with simple apparatus.
The coating time in an EPD procedure is relatively short and
the method is adaptable to be used with different materials
with various shapes of substrates [31]. In particular, the EPD
process could coat uniform layers on the substrates with
heterogeneous structures and multipart shapes. Moreover, the
thickness of the deposited layers can be adjusted by altering
the voltage and the deposition time. Due to all these
advantages, EPD techniques are one of the leading methods
for surface modification of advanced ceramic materials [32].
To enhance the adhesion strength of the EPD coating, we can
coat an intermediate layer between the substrate and the EPD
layers using micro arc oxidation (MAO). This intermediate
MAO layer is porous and highly adhered to the substrate [33].
The porous structure of the MAO layer provides pinning
points for the EPD coating. Moreover, it is known that MAO is
a promising method to improve the corrosion resistance of
implants as well as their bioactivity [34-36].

The main goal of our study was to increase both the bio-
corrosion resistance and the in vitro bioactivity of the
biodegradable magnesium alloy using a nanostructured aker-
manite coating on the AZ91 magnesium alloy through EPD

assisted with MAO method. More specifically, the MAO was
employed to produce a rough and porous structure on the
surface of an AZ91 magnesium alloy to provide satisfactory
sites for the next layer, which is the EPD of nanostructured
akermanite powders.

2. Materials and methods
2.1. Samples preparation

An AZ91 magnesium alloy ingot with 9 wt% aluminum and
1 wt% zinc was used in this work. It was cut into rectangular
specimens of 20 x 15 x 5mm>. The samples were ground
using SiC papers ranging from 80 to 600 grits. They were
ultrasonically rinsed in acetone for 20 min.

2.2. Akermanite preparation

Akermanite powders were prepared by sol-gel process using
tetraethyl orthosilicate ((C,Hs0)4Si, TEOS), magnesium nitrate
hexahydrate (Mg(NOs),*6H,0) and calcium nitrate tetrahydrate
(Ca(NO3),*4H,0) as raw materials. Briefly, the TEOS was
mixed with water and 2 N HNO;z (mol ratio: TEOS/H,O/
HNO3;=1:8:0.16) and hydrolyzed for 30 min under stirring.
Then, the Mg(NO3),°*6H,0 and Ca(NOs),*4H,0 were added
into the mixture (mol ratio:TEOS/Mg(NOs),*6H,0/Ca
(NO3),.4H,0=2:1:2), and reactants were stirred for 5 h at room
temperature. After the reaction, the solution was maintained at
60 °C for 1 day and dried at 120 °C for 2 days to obtain the dry
gel [37].

A ball milling process with rotational speed of 250 rpm and
ball/powder ratio of 10/1 was carried out for 10 h to prepare
the nanostructured akermanite powder.

2.3. MAO process

The electrolyte for the MAO process was composed of
200 g/L NaOH and 200 g/L Na,SiO5. We used a power supply
in order to perform the procedure. During the MAO process,
the AZ91 sample and a stainless steel plate were employed as
the anode and the cathode, respectively. The MAO process
was carried out at a constant voltage of 60 V for 30 min. Then
the samples were ultrasonically rinsed in acetone for 20 min
and dried at room temperature.

2.4. Preparation of EPD coating after MAO process

The suspensions were prepared by adding 10 g of nanos-
tructured akermanite powders to 100 mL of organic medium.
The medium used in this investigation was methanol. The
suspensions were dispersed ultrasonically in an ultrasonic bath
for 60 min and then stirred with a magnetic stirrer for 30 min.
They were immediately used for EPD procedure without
further aging. To deposit the nanostructured akermanite
powders on the MAO samples, an electrophoretic cell using
the MAO samples as cathode and graphite as anode was
connected to an electrophoresis apparatus. The electrodes were
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2cm apart. The deposition voltage was 100V and the
deposition time was 3 min.

2.5. Coatings characterization

In order to identify the phase constituents of AZ91, MAO,
akermanite powder and akermanite coated samples, the sam-
ples were examined with an X-ray diffractometer (XRD,
Philips Xpert) using Ni filtered Cu ko (Aey ko =0.154186 nm,
radiation at 40 kV) over the 26 range of 10-90°. We estimated
the grain size of prepared akermanite particles by broadening
XRD peaks using Williamson—Hall equation [38]:

Bcos@=0.891/D+2¢sin 6 (1)

where f (rad) is the full width of diffraction, € (°) is Bragg's
angle, 4 (nm) is the wavelength of the X-ray peak and 2¢ is the
slope of the straight line between f cosf and sinf. The
intercept of this line is 0.894/D. Thus, we can calculate the
grain size, D (nm).

The microstructure and the in vitro bioactivity of AZ91,
MAO and akermanite coated samples were studied using a
scanning electron microscope (SEM) equipped with energy
dispersive spectroscopy (EDS) facilities (Philips XL 30:
Eindhoven, The Netherlands).

2.6. Electrochemical measurements

The potentiodynamic polarization experiments and electro-
chemical impedance spectroscopy (EIS) measurements were
performed using an Ametek potentiostat (model PARSTAT
2273) with a three-electrode cell configuration. The saturated
calomel electrode was used as a reference and platinum as a
counter electrode. The biocompatibility of our samples was
evaluated using simulated body fluid (SBF). We used Koku-
bo's protocol for SBF examinations [39]. All the experiments
were performed at the corrosion potential after stabilization
(60 min). The potentiodynamic polarization tests were con-
ducted with a scan rate of 1 mV s~ . Also, the scan frequency
of EIS measurement ranged from 100 kHz to 10 mHz.

2.7. Immersion test

The immersion test was carried out conforming to the ASTM
standard G31. Each sample was immersed in the SBF separately
(SBF volume (mL)/sample surface area (cm2)= 10). The tem-
perature of the solution was controlled at 37 °C with a water bath.
After 5 different time points of 0, 72, 168, 336, 504 and 672 h,
the samples were rinsed with distilled water, acetone, and
chromic acid (180 g/L Cr,05) to remove the corrosion products
and/or the residual coating on the surface. The samples were then
quickly washed with distilled water and dried again, and the final
weight was recorded. The weight loss was used to calculate the
corrosion rate of the samples by the formula corrosion rate= W/
At, in which W, A and ¢ are defined as weight loss, initial surface
area exposed to the SBF and the immersion time.

We assessed the in vitro bioactivity of substrates immersed
in the SBF (after 72 and 672 h) using the SEM and EDS.

3. Results and discussion
3.1. Coating characterization

XRD patterns of AZ91, MAO, akermanite powder and
akermanite coated samples are illustrated in Fig. 1. The only
observed peaks in AZ91 spectrum were Mg peaks. The MAO
layer was mainly composed of MgO and Mg,SiO,. The MgO
layer was formed by dissolving Mg>™ outward from the
substrate and the oxidized oxygen O® inward from the
electrolyte by the reaction (2)

Mg?t +0?" - MgO )

Both the SiO, and MgO are present in the fused state at high
temperature [40]. Though throughout the interval stops of
sparking and micro arcing, due to the cooling effect of
electrolyte, the fused state SiO, and MgO will form the
Mg,SiO, according to reaction (3)

Si0, +2MgO — Mg,»SiO, 3)

The Mg,SiO, is known as the protective [41,42] and the
bioactive [36] filler in MgO as an anodized layer. According to
Fig. 1, the initial akermanite powder XRD pattern showed the
peaks expected for the akermanite. The strong peaks of
akermanite could be seen in the range of 20=25-40°. “D”
parameter (grain size) is calculated based on Williamson—Hall
method as 25 nm which proved the nanostructural pattern of
prepared akermanite powder. Based on the XRD pattern of the
akermanite coated samples, we can notice the diffraction peaks
of MgO, Mg,SiO, and akermanite.

Fig. 2 demonstrates the SEM images of MAO (a,b),
akermanite coating (c), and sample's cross—section view (d).
Fig. 2a,b indicates the porous and netlike micrograph of MAO.
This configuration was made by the molten oxide and gas
bubbles emitted out of the micro arc discharge channels. Based
on Fig. 2a, b and the XRD data in Fig. 1, both MgO as matrix
and the Mg,SiO, as the reinforcing particles can be found in
MAO layers. MgO matrix assisted the corrosion resistance,
and Mg,Si0O, reinforcements facilitated the in vitro bioactivity
of the material [36,43]. In addition, due to the porous and
netlike structure of the MAO layer, it can provide substantial
sites for accommodation of akermanite powders. This will

[ MgO °
Mg,SiO; A
Ei ; Akermanite ¢
& .
E Akermanite coat oﬂ)’\g_d sohe © e of °
= Akermanite powder | by e Poreh
MAO - |
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26(%)

Fig. 1. XRD patterns of AZ91, MAO, akermanite powder and akermanite
coated samples.
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make a suitable substrate for the EPD development. It was
previously reported that the adhesion between the MAO and
the next coating layer can be enhanced on porous and netlike
surfaces [44]. The thickness of the MAO layer and akermanite
coating were about 100 and 250 pm, respectively in our
construct (Fig. 2d).

Rough and porous surfaces are more suitable for cell
attachment and propagation [45]. As can be seen in Fig. 2c,
the akermanite coating, which is the outer layer of our implant,
was still rough and porous. This makes our substrate appro-
priate for its function as a bone implant.

3.2. Electrochemical tests

We performed potentiodynamic polarization examinations
and electrochemical impedance spectroscopy (EIS) measure-
ments to inspect the protection quality of the AZ91, MAO and
akermanite coated samples. Potentiodynamic polarization
curves and EIS plots of the AZ91, MAO and akermanite
coated samples in the SBF are shown in Fig. 3. Table 1 shows
the electrochemical corrosion parameters of the AZ91, MAO
and akermanite coated samples. From the potentiodynamic
polarization curves, it was found that the corrosion current
density (l.o) for the AZ91 substrate increased quickly
compared to the MAO and akermanite coated samples. The
.o for the akermanite coated samples was 30 nA/cm?, which
was lower than that of the MAO (53700 nA/cm?®) and AZ91
samples (63,100 nA/cm?). Compared to the AZ91 sample with
—1.6 V E., the E.y value for the MAO and akermanite

A
500 um

Fig. 2. SEM morphology of MAO (a,b), akermanite coating (c), and sample's cross-section view (d) in different magnifications.

coated samples increased to —1.56 and —1.45V, respec-
tively. According to the EIS plots, obvious change can be
found due to the presence of MAO and akermanite coatings.
The capacitance loop diameter of the MAO and akermanite
coatings were bigger than that of the AZ91 substrate. Thus, the
MAO and akermanite coatings can reduce the corrosion rate of
magnesium alloy in the SBF. For simplicity and for the sake of
comparison, one might approximately take the real impedance
at which the imaginary part vanishes for the capacitive part to
be the polarization resistance Rp, and regard it as a measure of
corrosion resistance [46]. The EIS data from Nyquist plots
reveal that the R, value increased from 305.5 for the AZ91
sample, to 957.2 for the MAO sample and to 8765.5 Q for the
akermanite coated sample.

In general, the good corrosion resistance can be identified by
low corrosion current density, high corrosion potential, and
high polarization resistance [47].

In sum, the results of electrochemical tests according to
Fig. 3 and Table 1 reveal an improvement of the bio-corrosion
property caused by the akermanite coating.

3.3. Immersion test

3.3.1. In vitro bioactivity evaluation

The immersion test was carried out to investigate the in vitro
corrosion resistance and bioactivity of AZ91, MAO and
akermanite coated samples.

The SEM images of AZ91, MAO and akermanite coated
samples after 72 and 672 h immersion in the SBF solution can



M. Razavi et al. / Ceramics International 40 (2014) 3865-3872 3869

a -0.8
1 = AZ91
11 --ma0
t 4
= -1.2 1 —* Akermanite coat
Q
73}
£ 141
E
=]
S -6
2
°
-
1.8 1
-2 T T T T T T T
10 9 ' 7 -6 5 4 3 2
Log current density (A%)
b 4500
——AZ91
3500 - ——MAO
1 =& Akermanite coat
& 2500
£
b} ]
E 1500 -
S
£
N 500
-500 7
-1500 T T T T T T T T T T T T T

0 2000 4000 6000 8000 10000 12000 14000

Zre (ohm.cmz)

Fig. 3. Polarization (a) and EIS (b) electrochemical tests for the AZ91, MAO
and akermanite coated samples in the SBF.

Table 1

Electrochemical corrosion parameters of the AZ91, MAO and akermanite
coated samples derived from potentiodynamic polarization experiments and
electrochemical impedance spectroscopy (EIS) measurements.

Samples Lo (nA/cm?) Ecorr (Vscr) R, (ohm)
AZ91 63,100 —-1.6 305.5
MAO 53,700 —1.56 957.2
akermanite coating 30 —1.45 8765.5

be seen in Fig. 4. As shown in this Figure, the surface of
AZ91, MAO and akermanite coated samples were cracked and
clusters of white particles, which are increasing by the time of
immersion, are observable on those surfaces. The AZ91
sample contained more cracks and pits and less white particle
precipitations than the other samples. On the other hand,
corrosion of the MAO and akermanite coated samples was
milder than the AZ91 substrates, which indicates the relatively
decent protective layer of these samples. The rate of the
corrosion attack and the precipitation of white particles in
MAO is between that of the AZ91 and akermanite coated
samples (Fig. 4c,d).

By performing an EDS analysis we showed that the
cauliflower-like structure in the surfaces of our samples
indicated the production of calcium magnesium phosphate
[23]. Fig. 5 illustrates the EDS results of white particles in
cauliflower-like structure of akermanite coated samples after
672 h immersion in the SBF solution. According to Fig. 5,
white particles were mainly composed of Ca, O, Mg, Si and P.

The first four elements are presented in the akermanite coating.
Though, the presence of P elements in the EDS results, along
with the formation of cauliflower-like configuration, can
indicate the production of calcium magnesium phosphate.
The similarity between these precipitates and the calcium
magnesium phosphate of the natural bone indicated the good
bioactivity and osteoconductivity of our sample [22-26]

Formation of Mg”™ and release of the H, bubbles occurs
after the immersion of magnesium alloy in the SBF solution.
This causes a reaction of NO; and NO; with H and
increases the pH value of SBF solution, which facilitates the
precipitation of insoluble phosphate [48].

Brushit (CaHPO,4*2H,0) can precipitate on the surface of
Mg alloy after hydrolye of Ca(H,PO,),. The negative ions
such as PO;{‘ in the SBF solution can react with the Mg2+,
which causes the precipitation of calcium magnesium phos-
phate. Some proteins, such as fibronectin and vitronectin, that
act as cell attachment—promoting proteins can better absorb to
the surface at the presence of calcium magnesium phosphate
precipitates. This may enhance the cell attachment character-
istic of our substrate [49]. Hydrogen bubbles can be formed
when the samples corrode. This prevents the adhesion of the
precipitates to the substrate [48]. Corrosion of magnesium
alloys causes their fast degradation, which is an important
drawback to applying those as implants [17]. As we showed,
the MAO and akermanite coatings can decrease the corrosion
rate of magnesium alloy for biomedical applications.

3.3.2. Corrosion rate evaluation

The corrosion rate of AZ91, MAO and akermanite coated
samples can be seen in Fig. 6. All of the samples degraded
after immersion in the SBF. The degradation of AZ91 is
related to the corrosion reaction of magnesium. However, in
other samples the degradation is the result of both the
magnesium corrosion and the dissolution of coating layers.
We cleaned the sample surface and measured the weight loss
as a rate for corrosion. As can be seen in Fig. 6, the corrosion
rates of all samples increased during the initial 72 h and then
decreased rapidly during the next 96 h followed by a slow
decrease during the rest of the procedure. As can be seen in
Fig. 6, during the first 72 h, the corrosion rate of akermanite
coated samples (0.097 mg/cm?/hr) is lower than that of the
MAO samples (0.38 mg/cm?/hr) and the corrosion rate of MAO
samples is less than that of the AZ91 samples (0.57 mg/cm?*/hr).
After 672 h, the corrosion rate of AZ91, MAO and akermanite
coated samples decreased to 0.1, 0.06 and 0.019 mg/cmz/hr,
respectively.

In general, due to the electromotive force (EMF) of
magnesium, this metal suffers from a high corrosion rate.
Chemical dissolution and electrolyte penetration during
immersion in the SBF solution facilitates the corrosion
procedure.

The reactions that are attributed to the corrosion process of
Mg alloys in the SBF solution are as below:

Mgs)+2H20(q) > Mg(OH)o(s)+ Hag) “)
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Fig. 4. SEM morphology of the AZ91 (a, b), MAO (c, d) and akermanite coated sample (e, f) samples after 72 h (a, c, e) and 672 h (b, d, f) immersion in the SBF.

Element Concentration (wt.%) Ca —o— AZ91 —— MAO -—*— Akermanite coat
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Fig. 5. EDS analysis of precipitated white particles in cauliflower-like structure on Fig. 6.VC0rr0s.i0n .rate .Of the AZ91, MAO and akermanite coated samples
the surface of akermanite coated samples after 672 h immersion in the SBF. versus immersion time in the SBF.
After production of magnesium hydroxide (Mg(OH),) in Since the corrosion products on the surface of the substrate (e.g.,

reaction 4, soluble MgCl, will be formed by reaction of Mg Mg(OH),) can act as the passive layer which were thickening
(OH), and chloride ions in the SBF solution (reaction (5)) [50]. over time, the corrosion rate declines after the primary increase
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(Fig. 6) [43]. However, due to the porosity of the Mg(OH),, the
corrosion cannot be completely suppressed and we have slow
corrosion to consumption of the total material [51]. Moreover, the
precipitation of calcium magnesium phosphate facilitates the
decrease of the corrosion rate as well as the increase of in vitro
bioactivity of the implants [16—19]. Production of large amounts of
calcium magnesium phosphate and other corrosion products is the
main reason for the corrosion stabilization at the final stage of our
experiments.

4. Conclusion

In this article, the nanostructured akermanite coating was
prepared on a biodegradable magnesium alloy by the electro-
phoretic deposition assisted with the micro arc oxidation
method. The bio-corrosion and in vitro bioactivity behaviors of
the AZ91, MAO and akermanite coated samples were investi-
gated in the SBF. The following conclusion can be drawn:

The akermanite coating can improve the corrosion resistance
and the in vitro bioactivity of magnesium alloys.

Thus, the magnesium alloy coated with the nanostructured
akermanite may be a promising candidate to be used as
biodegradable bone implants, which deserves further investi-
gation. Controlling the in vivo biodegradation rate and adjust-
ing the mechanical properties of such implants based on the
patients' needs are among the topics for future studies.
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