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Preparation and characterization of Ca-P coating on AZ31 magnesium alloy
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Abstract: A Ca-P coating consisting of biodegradable S-tricalcium phosphate [S-TCP, -Ca;(PO,),] accepted for medical application
was coated on a biodegradable AZ31 alloy by chemical deposition to improve the corrosion resistance. The good bonding strength of
the coating is obtained. The results show that the corrosion potential of the Ca-P coated AZ31 alloy increases significantly, and
MG63 cells show good adherence, proliferation and differentiation on the surface of the coated alloy. The Ca-P coating might be an

effective way to improve the surface bioactivity of magnesium alloys.
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1 Introduction

Magnesium (Mg) alloys has attracted much
attention as potential biodegradable bone implant
materials due to their biodegradability and non-toxicity
to the human body[1-2]. However, the surface treatment
is necessary to protect against the severe corrosion
because Mg is a considerably active metal in chloride
contained solutions including human body fluid or blood
plasma[3—4]. The high hemolytic rate is accompanied
with Mg and its alloys due to their rapid corrosion.
Though several new Mg alloys were developed to solve
this problem, they still cannot well match the hemolysis
requirement of lower than 5% without surface treatment.

Up to now, there are some surface techniques to
improve the corrosion resistance of Mg alloy exposed to
physiological environment. The typical surface coatings
include TiN, CrN, AIN, Ti-Al-N and TiO,[5-9]. The
nitrogen plasma ion implantation was reported to be
effective to improve the corrosion resistance of Mg alloy
under proper conditions[10]. The oxide coatings were
produced on AMG60B alloy substrate by microarc
oxidation (MAO) technique electrolytic
solution[11]. A thick and porous layer composed of MgO

in alkali

and MgF, was also prepared on pure Mg using microarc
oxidation[12]. However, these coatings still need further
confirmation for application on bio-absorbable implant
materials.

Bioactive Ca-P coating on Mg alloys might be a
way to overcome the above problem. It was reported that
anodization could be used to fabricate a calcium
phosphate film on pure magnesium[13] and a porous and
netlike CaHPO,2H,0 layer was coated on the surface of
the Mg-Mn-Zn alloy[14]. The chemical deposition, a low
temperature route, was one of simple methods used for
surface modification of biomaterials. The alkali-heat
method
precipitation of calcium phosphate on the implant
surface[15]. A porous and netlike CaHPO,2H,O layer
could be formed on the surface of the Mg-Mn-Zn
alloy[16]. The bioactivity of the Ca-P coating was
evaluated in detail and the researcher suggested that the

treatment could induce a biomimetic

Ca-P coating should be an effective way to improve the
surface bioactivity of Mg alloy. f-TCP coating has been
proved to be degradable in physiological environment
and to show good early interaction between the implant
and the tissue. However, the preparation and effect of
S-TCP coating on biodegradable AZ31 magnesium alloy
has less been reported.
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In the present study, a biodegradable Ca-P coating
mainly consisting of S-TCP and CaPO;(OH) was
fabricated on AZ31 magnesium alloy via chemical
deposition. The microstructure and composition of the
coating were characterized. The bonding strength,
corrosion, behavior and bioactivity including cell culture,
alkaline phosphatase (ALP) activity and hemolytic ratio
were also studied.

2 Experimental

2.1 Preparation of Ca-P coating

An extruded AZ31 Mg alloy with nominal
composition of Mg-3%Al-1%Zn was cut into 10
mm><10 mm>2 mm pieces samples, ground, polished
with SiC papers to 1 200 grits, ultrasonically rinsed in
alcohol for 10 min in alcohol and finally dried. Then, the
samples were immersed in Na,HPO, solution at 60 °C
and ultrasonically cleaned again in distilled water. After
the above treatment, the samples were immersed in the
solution of NaH,PO,-12H,0 and Ca(NO;), at 70 °C for
48 h. The samples were then washed with distilled water
and dried in air. The microstructures of the Ca-P coated
samples were observed on an S—3400N scanning
electronic microscope (SEM) coupled with energy
dispersive spectrometer (EDS). The phase composition
was characterized by an X-ray diffractometer (Philips
PW1700) using Cu K,,.

2.2 Bonding strength test

The bonding strength of the Ca-P coating with the
AZ31 substrate was measured using an AG-100kNG
mechanical testing machine. Two coated samples were
bonded together with epoxy resin. After two days
stabilization, the bonding strength test was carried out
with loading rate of 1 mm/min. The testing equipment is
schematically shown in Fig.1. The bonding strength is
obtained from the recorded maximum load.

Load
Substrate «——
Resin — Coating
Load

Fig.1 Schematic diagram of bonding strength test of Ca-P

coating on AZ31B alloy
2.3 Electrochemical experiments

The electrochemical experiments including
potentiodynamic  polarization and electrochemical

impedance spectroscopy (EIS) were performed using a
model 273 EG&G PARC Potentiostat-Galvanostat in an
electrolytic solutions of simulated human body fluid
(Hank’s solution). The composition of Hank’s solution is
as follows: NaCl 8 g/L, KCl 0.40 g/L, MgSO,7H,0
0.10 g/L, MgCl,6H,0 0.10 g/L, CaCl, 0.14 g/L,
Na,HPO4-2H,0 0.06 g/L, KH,PO,4 0.06 g/L and glucose
1 g/L. The experimental set-up consists of a conventional
three-electrode cell containing a working electrode, a
saturated calomel electrode (SCE) and a platinum sheet
as the counter electrode. As for the potentiodynamic
polarization measurement, the scan was started from
250 mV below the anode corrosion potential at scanning
rate of 0.5 mV/s. The EIS measurement was made using
a lock-in amplifier (Model 5210, EG & Instrument)
coupled with a Potentiostat-Galvanostat system. EIS
spectra were obtained at the open-circuit potential of the
specimens in Hank’s solution with an amplitude of 5 mV.
The frequency span is 10 >~10° Hz. The data registration
and analysis were performed on an interfaced computer.
The analysis of the spectra was performed with Z-View2
software for convenience.

2.4 Cytocompatibility test
2.4.1 Live and dead staining and SEM observation

Human osteoblast-like cells MG63 widely used to
investigate the adhesion, proliferation and differentiation
of bone cells were cultured in DMEM medium
containing 7% FBS at 37 °C in 5% CO, humidified
atmosphere and then were used for cytocompatibility
tests. The cells MG63 were seeded on the Ca-P coated
AZ31 samples at a cell density of 1><10° mL™". After
separated incubation in a 24-well microplate for 48 h, the
samples were washed for three times with PBS to
remove the non-adherent cells. The living and dead cells
adhered on the samples were stained with AO-EB, and
then visualized using a Leica DMLB fluorescence
microscope. After incubations for 4, 7 and 10 d, the ALP
activities of the cells on the samples were measured, with
3 wells for each material at each time, using a method
adapted by BORSARI et al[17].
2.4.2 Hemolysis test

Samples with dimensions of 11 mm>11 mm><3
mm were used for the hemolysis test. 2.5 mL normal
saline as the negative control, 2.5 mL distilled water as
the positive control, and three tested samples in 2.5 mL
normal saline were incubated in tubes at 37 °C for 30
min. Then, 70 pL diluted human blood was added into
each tube. The tubes were gently shaken, incubated at
37 °C for 60 min and centrifuged at 3 500 r/min for
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5 min. The optical density of the supernatant liquor was
measured in absorbance at wavelength of 545 nm by a
spectrophotometer (GF-M2000 Microplate Reader,
China). The hemolytic ratio (H) was obtained by the
following equation:

H=(DD,)/(Dye—Dye) < 100%

where D, is the absorbance of the testing sample; D, and
D, are the absorbances of the positive and negative
control group, respectively.

3 Results and analysis

3.1 Surface microstructure and composition of Ca-P
coating on AZ31 alloy
Fig.2(a) shows the surface morphology and
structure of the as-deposited coating. It can be seen from
Fig.2(a) that the surface coating mainly exhibits regular
flower-like structure diverging from the center toward

Line scan
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Fig.2 Morphologies of surface (a) and cross section (b) and
XRD pattern (c) of as-deposited coating on AZ31 alloy

the periphery. Fig.2(b) indicates that the Ca-P coating
with thickness of about 15-20 pm is bonded well with
the AZ31 substrate. The line-scan analysis confirms that
the fabricated coating mainly consists of Ca, P and O
elements. The XRD result, as shown in Fig.2(c), shows
that the as-deposited coating mainly consists of [S-TCP,
[-Ca3(POy),] and calcium phosphate (CaPO3;(OH)). The
average bonding strength between the Ca-P coating and
the AZ31 substrate is higher than 20.2 MPa, as shown in
Fig.3(a). SEM observation on the Ca-P coated surface
after adhesion test shows that the Ca-P coating is not
peeled off at the failure point, as shown in Fig.3(b).

3.2 Electrochemical measurement

The potentiodynamic polarization curves of the
Ca-P coated AZ31 alloy samples in Hank’s solution at
(37=%1) °C are shown in Fig.4 and the fitting results are
shown in Table 1. The current density of all the Ca-P
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Fig.3 Tensile curve(a) and fracture morphology(b) of Ca-P
coated surface on AZ31 alloy after adhesion test

Table 1  Fitting results of polarization curves for naked and
Ca-P coated AZ31 alloys

. ¢corr/ (pb/ J. corr/ Ji b/
Material 6 o 6 o
\Y \% (10°Acm ) (10°A-cm °)
Naked AZ31
-1.607 - 293.0 -
alloy
Ca-P coated
-1.483 -1.41 2.346 7.088
AZ31 alloy
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Fig.4 Potentiodynamic polarization curves of naked and Ca-P
coated AZ31 alloys
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Fig.5 Experimental and fitting EIS spectra of naked and Ca-P
coated AZ31 alloys

coated AZ31 samples decreases, while the corrosion
potential (@) and breakdown potential (¢,) of the
sample increase significantly compared with those of the
naked AZ31 sample.

EIS spectra and the corresponding fitting results of
the samples measured in Hank’s solution are shown in
Fig.5, with the impedance modulus and the phase angle

plotted versus frequency. The -electrical equivalent
circuits are presented in Fig.6 according to the measured
spectra. It can be found that there is good conformity
between the experimental and theoretical spectra. In
general, the CPE is given as both the capacitance C and
the factor n (0==n==1)[18]. R, is the resistance of the
electrolyte. For the naked AZ31 alloy, R, is the resistance
of the oxide layer and R, represents the difficulty degree
of the substrate oxidation. C, and C; are the capacitance
parameters of the electrolyte/oxide and oxide/substrate
interfaces. For the coated AZ31 samples, R, is the
polarization resistance and C,, is the interface capacitance.
The determined values of the electrical elements are
shown in Table 2. The R, of the coating and substrate are
1 110 Q-cm” and 8 399 Q-cm?, respectively. The R, of the
substrate is about 1 384 Q-cm’. The C, values for both
the coating and substrate are in the same order of
magnitude. However, C, for the substrate is 1 627
mF/cm’. Higher R, and lower C, mean better corrosion

resistance.
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Fig.6 Electrical equivalent circuits of EIS spectra for naked (a)
and Ca-P coated (b) AZ31 alloys

Table 2 EIS spectra fitting results for naked and Ca-P coated
AZ31 alloys

Ry G/ R/ c/

Material
T (@em?) (107 Fem?) (Qem?) (105 Fem )
Naked AZ31
1110 1186 1384 162.7
alloy
Ca-P coated
8 399 2.591 - -
AZ31 alloy

3.3 Biocompatibility

After 48 h incubation with cells, the fluorescence
photo shows adhesions of many viable MG63 cells on
the Ca-P coated AZ31 Mg alloy, which means that the
surface modified sample has good affinity to cells, as
shown in Fig.7. The living and dead cells are stained,
respectively, with AO-EB and visualized in green and red
under a fluorescence microscopy. This indicates that the
Ca-P coated AZ31 alloy is compatible for bone growth at
the early healing process. However, no MG63 cell is
found on the naked AZ31 samples.
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Fig.7 Fluorescence micrographs of living and dead dye-stained
MG63 cells cultured on Ca-P coated AZ31 alloy for 48 h

Alkaline phosphatase is a specific enzyme made in
liver, bone and the placenta of human body, and is
normally present in high concentration in growing bones.
The osteoblast differentiation generally implies the ALP
activity[19]. The ALP activities of MG63 cells in the
experimental and control groups at various time points
are shown in Fig.8. It is found that ALP activity increases
obviously with increasing the culturing time in both
groups. However, the cells on the coated samples
proliferate much more and express higher ALP levels
compared to those on the naked sample, which indicates
the improvement on bone growth by coating.

Fig.9 shows the hemolytic ratio of the coated and
naked AZ31 samples. From Fig.9, the hemolytic ratio of
the naked AZ31 sample is about 90%, much higher than
5% that is the safe limit for implanted biomaterials
according with ISO standard 10993-4, indicating that the
naked AZ31 can cause severe hemolysis if being
contacted with blood. However, the hemolysis of the
coated sample is only about 4.3%, indicating that the
Ca-P coating can greatly improve the biocompatibility of
AZ31 alloy.
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Fig.8 ALP activities of MG63 cells on Ca-P coated AZ31 and

control samples at various times
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Fig.9 Hemolysis rate of naked and Ca-P coated AZ31 alloys

4 Discussion

The Ca-P coating mainly consisting of f-TCP on
AZ31 magnesium alloy was investigated in the present
work in order to decrease the degradation rate and
improve the biocompatibility of AZ31 alloy. The Ca-P
coating is well deposited on AZ31 alloy via a low
temperature method and the surface structure shows the
compact and uniform coating. The EDS analysis
indicates that the coating is mainly composed of Ca, P, O
and Mg elements, and the main phase constituents are
S-TCP and CaPO;(OH). The average bonding strength
between the Ca-P coating and AZ31 substrate is
measured to be more than 20.2 MPa because the coating
cannot be peeled off when the loading reaches the critical
point. The interfacial bonding strengths between
different metal substrates and Ca-P coating were
generally reported in a range of 12—65 MPa. For
instances, the mean bonding strength of plasma-sprayed
hydroxyapatite coating on titanium alloys is in the range
of 12.9-17.3 MPa[20], and the bonding strength of
HA/TiO, double layer coating fabricated by different
ways on titanium substrate is 20—60 MPa[21]. KUMAR
and MARUNOJ22] reported that the bonding strength
between the HA-G-Ti composite and the bone was
2.7-20.6 MPa. In general, the better adhesion strength is
believed to come from an enhanced chemical bonding
between the Ca-P coating and the substrate.

The corrosion of Mg alloys has been a major
obstacle to their development for biomedical
applications[23]. From the electrochemical experimental
result, it can be seen that the current density of the naked
AZ31 sample increases significantly with increasing the
potential because the loose oxide film formed on the
surface cannot well protect the alloy from corrosion. The
pitting corrosion is not obvious on the surface, which
means that only uniform corrosion happens. However, it

can be seen that the Ca-P coating can effectively inhibit
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the corrosion of the substrate and the breakdown
potential is increased to —1.41 V, above which the pitting
corrosion happens. The anodic current density of the
coated samples is lower than that of the naked sample at
the same potential. According to the principle of
corrosion electrochemistry, the corrosion rate is
proportional to the anodic current density.

EIS spectra further illustrate the above point. As
shown in Fig.5, two time constants of the naked alloy are
generally observed because of the presence of the
passive layer on the electrode surface. The time constant
at the higher frequency should be attributed to the
formation of the oxide layer and the second constant to
the metal/oxide interface where the electrochemical
oxidation on the metal occurs. However, EIS spectra of
the Ca-P coated samples only exhibite one time constant
impedance behavior, which indicates that the surface of
the substrate has been completely covered by a Ca-P
coating. For both types of samples, the impedance
modulus at different frequencies can be directly observed
from the spectra, and the capacitive behavior is indicated
by increasing the impedance with decreasing frequency.
In the high frequency region, the impedance is
independent of frequency, which is the resistance of the
electrolyte between the sample and the reference
electrode. At the low frequency limit, the impedance is
attributed to the polarization resistance of the sample in
the electrolyte. As shown in Table 2, an increase of
impedance implies the decrease of degradation rate. C; of
the substrate is much higher than C,, which indicates that
the electrolyte has penetrated the loose oxide layer and
accelerated the corrosion of the substrate. The above
results confirm the effective protection effect by the Ca-P
coating, i.e. the Ca-P coating can effectively reduce the
degradation rate of AZ31 alloy. A delayed degradation
process is critical to the biodegradable implant, as the
implant needs to fully play the function for a certain
period of time before the surgery region is healed[4].

The biological properties of the coated samples are
assessed in terms of proliferation and differentiation
behaviors by means of osteoblast-like MG63 cells,
hemolytic ratio and ALP activity. The cells on the coated
AZ31 alloy substrate proliferate more actively and
express ALP activity to a higher degree, as compared
with those on the naked AZ31 alloy. This higher ALP
expression on the Ca-P coating system confirms the
enhancement of cell function of the material. The
creation of a rough and biocompatible surface can also
lead to the increase of ALP activity[24]. The hemolysis
rate of the naked AZ31 alloy substrate reaches above
90%, which should be caused by the rapid corrosion of
the alloy leading to the increase of the pH value in the
solution. It was reported that metal ions, such as Al, Zn

and Mn, may lead to hemolysis when their concentration
reach the critical hemolytic points[25—26]. As the S-CP
coating can effectively slow down the degradation of the
Mg alloy substrate, the hemolysis of the alloy is then
reduced. The above improvements can make the
enhancement of biocompatibility for Mg alloys at least at
the early stage of implantation. Actually, it was reported
that the Ca-P coating containing S-TCP, HA and other
calcium and phosphorus compounds is effective to
enhance the bioactivity of biomaterials such as titanium
alloy and stainless steel etc[21, 27—28]. The present
preliminary in vitro studies demonstrates that a
chemically deposited Ca-P coating consisting of S-TCP
and CaPO;(OH) can effectively improve the
biocompatibility of biodegradable AZ31 magnesium alloy.

5 Conclusions

A protective Ca-P coating with suitable bonding
strength has been fabricated on a biodegradable AZ31
magnesium alloy by chemical deposition. The corrosion
potential and breakdown potential of the coated AZ31
alloy are obviously enhanced, and the J,, of the coated
AZ31 alloy is significantly decreased. The
electrochemical impedance measurement demonstrates
that the Ca-P coating can lead to significant increase in
the polarization resistance and decrease in the interfacial
capacitance, i.e. the Ca-P coating can provide a good
protection from corrosion for AZ31 alloy, which is
important for reduction of the degradation rate in
implantation and improvement of the biocompatibility of
the alloy. The vitro experiments further demonstrate that
the deposited Ca-P coating on AZ31 alloy is beneficial to
blood biocompatibility and growth of bones.
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