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Fabrication of hydroxyapatite coatings on AZ31 Mg
alloy by micro-arc oxidation coupled with sol—gel
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Magnesium (Mg) alloys, can potentially be used as biodegradable orthopedic implants because of their

biodegradability and good mechanical properties. However, a quick degradation rate and low bioactivity

have prevented their clinical application. In order to enhance the corrosion resistance and the in vitro
bioactivity of Mg alloys, protective composite coatings were prepared on AZ31 magnesium alloy
followed by sol-gel sealing treatment under low-pressure conditions. The morphologies, crystalline

structure and the composition of the samples were characterized by SEM, XRD,
Electrochemical corrosion test and the in vitro bioactivity were also studied. The results indicated that
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the composite coatings not only improved the corrosion resistance, but also enhanced the in vitro
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1. Introduction

In recent years, utilization of magnesium and its alloys as
potential candidates for bone implants has drawn increasing
attention, owing to their mechanical match with living bone
and gradual degradation in the human physiological environ-
ment. However, the rapid corrosion rate in the physiological
environment has become the main drawback, which is
hindering their applications.** The rapid corrosion of magne-
sium alloys results in the loss of their mechanical integrity
before sufficient bone tissues are recovered. Moreover, rapid
corrosion of Mg results in many other adverse effects, including
the formation of hydrogen gas cavities and increase of local pH,
which is harmful to tissue healing.>” Therefore, in order to
obtain wide clinical practice, it is necessary to improve the
corrosion resistance of magnesium alloys. Surface modification
is considered as an effective way to improve the corrosion
resistance and the biocompatibility of magnesium alloys.
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bioactivity of AZ31 Mg alloy. Therefore, Mg alloy treated with micro-arc oxidation and sol-gel offers
a promising approach for biodegradable bone implants.

Alkaline heat treatment,® electrodeposition,’ conversion treat-
ment,' and micro-arc oxidation," have been used to improve
the corrosion resistance of Mg alloys in recent years.

In all kinds of magnesium alloy surface modification
methods, micro-arc oxidation (MAO) is recognized as a prom-
ising and effective technique. This is due to the fact that it can
introduce firmly adherent ceramic coatings onto the surface of
magnesium alloys, which could significantly improve the
hardness, wear resistance and corrosion resistance of Mg
alloys."»** Unfortunately, large number of micro-pores and
micro-cracks is present on the MAO coating, which permits
corrosive intermedium to be absorbed into the coating and
decrease the corrosion resistance of MAO coating on magne-
sium.™ To further improve the protective properties of MAO
coating on Mg alloys, remediation of the surface defects of MAO
coating was considered as a significant approach.'>'® Moreover,
as the main component of the MAO coating, magnesium oxide
(MgO) is lack of biological activity.” Therefore, researchers are
making efforts to fabricate biological layers improve the corro-
sion resistance and the biocompatibility of the MAO coating.'®*®
Hydroxyapatite (HA) is the main inorganic component of the
bone tissue and has similar chemical and biological charac-
teristics to human bone tissue as well as its ability to directly
bond to the surrounding tissues.”® A number of techniques, such
as electrophoretic deposition,® chemical deposition,”” and
hydrothermal treatment* have been developed to form an HA
layer on the surface of the MAO coating. However, most of these
techniques employed only formed an additional barrier layer on
the surface of the MAO coating, failing to fill the micro-pores and
micro-cracks in MAO coating. Sol-gel process has attracted much
attention to seal the pores of MAO coating because it is
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environmentally friendly and is capable of reaching homoge-
neous composition.>* But under the atmospheric pressure, the
sol is difficult to fill the micro-pores and micro-cracks, because of
the tendency to hold micro air bubbles in these defects.

In this study, the sol-gel technique was utilized to seal the
micro-pores and micro-cracks present in the MAO coating. Low-
pressure were employed to remove micro air bubbles, allowing
sol enter the micro-pores and micro-cracks. The effects of sin-
tering temperature on the surface morphology, composition,
biological activity and corrosion resistance of the composite
coatings were investigated systematically.

2. Experiment procedure

2.1 Preparation of MAO coating

A commercial AZ31 magnesium alloy (3.0-3.4 wt% Al, 0.8 wt%
Zn, 0.4 wt% Mn, balance Mg) was machined to obtain the
substrates of the size 10 x 10 x 1 mm. The surface of the
substrates was grinded with SiC abrasive papers of up to grit
600, followed by ultrasonic cleaning in acetone for 20 min.

The MAO treatment was carried out using a HIT-4C power
supply. The AZ31 sample and a stainless steel plate were used as
the anode and cathode, respectively. The electrolyte for the
MAO process was composed of 4 g ™" sodium hydroxide and
6.3 g L™" calcium glycerophosphate (CaGP). The MAO process
was carried out at a constant voltage of 400 V and frequency of
1000 Hz for 40 min, and the temperature of the electrolyte was
kept below 30 °C with a cooling system.

2.2 Preparation of sol-gel after the MAO process

Preparation of the HA sol was performed using the following
method. Triethylphosphite ((C,Hs0);P) and calcium nitrate
(Ca(NO3),) were selected as the source for P and Ca, respectively.
Triethylphosphite diluted with anhydrous ethanol was firstly
hydrolyzed for 12 h with distilled water. A stoichiometric
amount of 2 M calcium nitrate dissolved in anhydrous ethanol
was then added to the hydrolyzed phosphite sol which had
previously been aged for 24 h (molar ratio Ca : P = 1.67). The
mixed solution was stirred for 4 h and aged for 3 days at room
temperature to obtain the fully aged HA sol.

The sealing treatment was carried out under vacuum
condition. The sample with MAO coating was placed in a filter
flask. A separatory funnel filled with HA sol was mounted on the
cap of the filter flask. Vacuum was applied by the pump to the
filter flask, thus removing the air pockets from the MAO pores.
HA sol was then introduced into the filter flask. The composite
samples were firstly dried at 60 °C, and then heat treated at
a temperature of 100 °C, 200 °C or 400 °C. In order to seal most
of the pores, this process was repeated twice. The MAO and the
composite-coated samples are noted as MAO, MAO-H1, MAO-
H2, and MAO-H4, based on the heat treatment temperature.

2.3 Characterization of MAO coatings

The surface morphology, cross-section and elemental distribu-
tion of the coatings were examined by scanning electron
microscopy (SEM, Hitachi High-Technologies Corp., S-4800)
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and energy dispersive X-ray spectrometry (EDS, Oxford instru-
ments X-Max, England). The phases of the samples were char-
acterized by X-ray diffraction (XRD, Rigaku Dymax, Japan) using
Cu Ka radiation and a monochromator at 40 kv, 200 mA with
a scanning rate and a step of 4° min . Surface chemistry of the
samples was analyzed by X-ray photoelectron spectroscopy
(XPS) with a monochromatic Al Ka. source. The electron take-off
angle was fixed at 45° and the vacuum pressure was less than
10~ torr during data acquisition.

2.4 Bonding strength tests

The tensile adhesion strength between the coating and the
substrate was measured using a universal testing machine,
according to the modified ASTMC-633.? One side of the coating
was grinded using sandpaper. Parallel aligned cylinders were
glued to both the coated and the back sides of the specimens
with epoxy resin. And five adhesion strength tests were per-
formed for each sample.

2.5 Electrochemical tests

The coated specimens were molded into epoxy resin with only
one side of 1 cm?® exposed for the electrochemical test. The
electrochemical tests were carried out at 37 + 1 °C of Hank's
solution using a PARSTAT 2273 automatic laboratory corrosion
measurement system. Hank's solution was prepared by dis-
solving analytical-grade chemicals of 8 ¢ L™" NaCl, 0.4 g L™"
KCl, 0.35 g L™ NaHCO;3, 0.25 g L™ ! NaH,PO,-H,0, 0.06 g L "
Na,HPO,-2H,0, 0.19 g L' CaCl,-2H,0, 0.19 g L' MgCl,,
0.06 g L' MgSO,-7H,0 and1 g L ™" glucose. The process was
conducted using a conventional three-electrode electrochemical
cell with a saturated calomel electrode (SCE) as the reference
electrode, a platinum plate as the counter electrode and the
sample as the working electrode. Prior to testing, each sample
was kept in Hank's solution for 30 min to reach a steady open
circuit potential value. The potentiodynamic polarization
curves were measured from —0.25 to 0.25 V with respect to the
open circuit potential at a scan rate of 1 mV s~ ". The electro-
chemical impedance spectroscopy (EIS) test was gauged from
100 kHz to 0.01 Hz with 10 points per decade. The amplitude of
the sinusoidal potential was 10 mV with respect to the OCP. All
EIS data were analyzed using the software Zview.

2.6 In vitro bioactivity test

The in vitro reactivity study was carried out by soaking the
samples into the SBF solution at 37 °C at with the variation of
immersion time. The SBF was prepared by dissolving reagent
grade chemicals of NaCl, NaHCOj; KCl, K,HPO,-3H,O,
MgCl,-6H,0, CaCl, and Na,SO, sequentially into distilled water
and buffering at pH 7.40 with tris(hydroxymethyl)amino-
methane and dilute HCI at 37 °C. The ionic concentrations of
Na®, K", Mg>*, Ca**, Cl”, HCO;*>", HPO,> and SO,>” of SBF
were 142.0, 5.0, 1.5, 2.5, 147.8, 4.2, 1.0 and 0.5 mmol L™,
respectively. The solutions were renewed every other day. After
soaking for the pre-determined time period, the samples were
removed from the solution, gently rinsed with distilled water
and dried at room temperature. The morphological and
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elemental analyses of the coatings were performed by SEM/
EDX. The phases present in the coating were determined by
Shimadzu 6000 Lab XRD system.

3. Results and discussion

Sol-gel layer sealing the pores of MAO coating opens a new
approach to improve the corrosion resistance of MAO coated
Mg alloys.>**” Sol-gel layer dispersed on the surface of MAO
coating is expected to enter into the pores, and thus constrain
the pass-through of the corrosive ions. However, the sealing
process by sol under normal pressure lead to poor sealing effect
mainly because the sol hard to enter into the pores due to the
blocking effects of the air in the pores. Herein, we report
a vacuum method to seal the pores for improving the corrosion
behavior of the MAO coatings. Sealing under normal pressure,
the sol is hard to enter into the pores and only form a gel layer
on the surface of the MAO coating. Sealing under vacuum
condition, the sol can enter the pores and deposit onto the
pores due to the lower pressure in the pores.*® So the gel fills the
pores and a gel layer forms on the surface of the MAO coating.
The scheme of these two approaches is showing in Fig. 1.

The surface morphologies of the MAO coating and HA sol-
gel sealed composite coatings are shown in Fig. 2. The typical
porous microstructure can be observed on the MAO coated Mg
alloy, which is consistent with other works.> The average
diameter of the pores was estimated to be between 1 to 3 pm. It
was reported that the pores were formed by the molten oxide
and gas bubbles thrown when exiting from the micro-arc
discharge channels.*® The pores permit the penetration of the
corrosive medium to the Mg alloy substrate and allow corrosion
to proceed. To reduce the corrosion rate, it is necessary to seal
these pores. Fig. 2(b)-(d) reveals the surface morphologies of
the MAO samples after sol-gel treatment. Fig. 2(b) shows the
surface of the sol-gel layer on MAO coating which was heat
treated at 100 °C. The sol-gel layer uniformly covered on the
surface of the MAO coating, and sealed most of its pores. Some
gaps can be observed in pores, which could be attributed to the
shrinkage of sol-gel during heat treatment. SEM observations
indicate that the surface of the layer was homogeneous and
dense in appearance and that no cracks could be found in the
layer from heat treatment at 200 °C, as shown in Fig. 2(c).
Fig. 2(d) reveals the surface of sol-gel layer treated at 400 °C.
Some tiny cracks and pores were visible on the surface of the

—_—
Normal pressure
sealing process

Vacuum
sealing process
Pt

I Mg alloy
[0 Outer layer g Sol-gel layer

I Inner layer
Fig. 1

Scheme of sealing process under normal pressure and vacuum.
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Fig. 2 SEM micrographs of (a) MAO, (b) MAO-H1, (c) MAO-H2 and (d)
MAO-H4.

sol-gel layer. Pores and cracks were considered common in the
sol-gel layer, reported by previous researchers.*® As the
composite coating on AZ31 Mg alloy is dried at 100 °C, and
a dried gel layer is formed. When the dried gel layer is heated,
residual organics decompose and the layer densities.**® It is
supposed that these cracks and pores are generated during the
heat-treatment process.* In the case of HA layer fabricated on
the surface of the MAO coating at low temperature, the HA sol
goes into the pores and forms a layer on the surface. During the
heat-treatment process, the fine pores and cracks are produced
ascribed to the decomposing of the organic and the stress
produced at an elevated temperature resulting from the
discrepancy between the coating and the substrate in terms of
their thermal expansion coefficient.** The amount and the size
of cracks in the sol-gel layer depends on many factors such as
the heating temperature, the thickness, and compactness of the
layer. However, these tiny pores and cracks compared the pores
on the surface of the MAO coating are insignificant.

Fig. 3 shows the cross-sectional morphology of the
composite coating treated at 200 °C and its EDS analyses. As
shown in Fig. 3(a), the composite coating is composed of sealing
layer, the outer porous layer, and the inner barrier layer. The
sealing layer of less than 1 pm is connected to the MAO coating
by physical interlocking. Some part of the sealing layer was
exfoliated, which may result from the shrinkage stress of the
curing resin during the cross-sample preparation. It can be
clearly observed that sealing agent can penetrate into and
locked into most pores (the red circle in Fig. 3(a)). Composition
analysis was performed using EDS. The EDS spectra of points A
and B are shown in Fig. 3(b) and (c). Point A is part of the MAO
coating. While point B is the sealing agent, which was located in
the pores of the MAO coating. EDS analysis of point A exhibits
the presence of Mg, O, Al, Na, Ca and P. The presence of Mg and
Al elements imply that the substrate elements entered into the
coating during the MAO process. Elements of Ca and P
appearance at point A may come from the electrolyte during the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Cross-section morphology of the MAO-H2, (b) analysis on

point A, and (c) EDS analysis on point B.

MAQO process. EDS analysis performed on point B also reveals
the presence of Mg, O, Al, Na, Ca and P. However, it shows the
lower concentration of Mg and higher concentrations of Ca and
P when compared with that of point A. The atomic ratio of Ca/P
is about 1.72, which is much higher than that of point A, and is
similar to the ratio of Ca/P in the sol-gel. As a result, it can be
concluded that the sealing agent can penetrate into the pores,
and the pores in the MAO coating provided much larger contact
areas between MAO coating and sol-gel layer, which resulted in
a much enhanced bonding strength.

XRD patterns of the composite coatings produced at
different heat treatment temperatures are given in Fig. 4. When
the heat treatment temperature is 100 or 200 °C, XRD analysis

Relative Intensity/a.u.

40
20/degree

Fig. 4 XRD patterns of the composite coatings of (a) MAO-H1, (b)
MAO-H2, and (c) MAO-H4.
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Fig. 5 XPS spectra of the MAO-H4 (a) Ca2p, and (b) P2p.

shows that the phase of the coating is mainly MgO. After heat
treated at 400 °C, the HA diffraction peaks appeared, which
indicates that Ca and P in the composite has transformed into
HA. It showed be noted that the transformation temperature is
much lower than previously reported.®® The crystallization
temperature of HA is higher than 800 °C, when HA was
synthesized by the sol-gel. In this study, it appears that the
crystallization temperature of HA is lower than 400 °C, which
may be attributed to the crystal transformation of Ca and P in
the MAO coating.

In order to identify the chemical state of Ca and P in the
composite coating, the XPS analysis of the composite coating
for Ca2p and P2p was performed. The Ca2p spectrum consists
of two peaks at the binding energies of 347.8 eV for Ca2p3/2 and
351.4 eV for Ca2p1/2 (Fig. 5(a)). The Ca2p peaks in the XPS
spectrum are in accordance with the binding energies of
calcium in the HA structure.’” The P2p level at the binding
energy of 133 eV as shown in Fig. 5(b), asserts the existence of
PO,*” in the coating.*® The XPS results confirm that the surface
layer contains HA.

Adhesion of the composite coating with the magnesium
substrate is one of the most important characteristics for the in
vivo implantation. The bonding strength of the composite
coatings prepared under various heat treatment temperatures is
showing in Fig. 6. It indicates that the bonding strengths of the
composite coatings are higher than 25 MPa, and shows
a significant increase in the increasing heat treatment

35

Bonding strength (MPa)

100 200 300
Temperature (°C)

Fig. 6 Bonding strengths of the composite coatings prepared under
different heat treatment temperatures.
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Fig. 7 Potentiodynamic polarization curves for the coated and
uncoated samples.

temperature. The high bonding strength is achieved due to the
insertion of the MAO coating. The porous outer layer of the
MAO coating locked with the sol-gel layer due to the much
enhanced surface contact area. They bonded together in a much
stronger manner owing to the heat treatment. As a matter of
fact, bonding the sol-gel coating directly on bare Mg alloy was
also attempted in the present study, but the coating was easily
detached from the substrate. As a result, the value of bonding
strength between the sol-gel layer and bare Mg alloys was
difficult to be tested out.

The potentiodynamic polarization curves of the bare Mg
alloy, MAO and the composite coating samples tested in Hank's
solution are shown in Fig. 7. The corrosion potential (E.,,) and
corrosion current density (I.o;;) evaluated according to Tafel
extrapolation and were listed in Table 1. Overall, the MAO and
the composite coated samples show higher corrosion potential
and lower corrosion current density than bare Mg alloy. The
corrosion potential of bare Mg alloy was as low as —1.45 V, while
the MAO coated dramatically increased its corrosion
potential up to —0.75 V. The corrosion current decreased from
1.05 X 107> A ecm ™2 to 5.21 x 10~° A cm™?, which illustrates
that the MAO coating can enhance the corrosion resistance of
the Mg alloy. After sol-gel treatment, the composite coated
samples showed further improvement in terms of the corrosion
resistance of bare Mg alloy. The corrosion potentials of the
composite coated samples were much higher than that of the
MAO coated sample, and the composite samples showed even
lower corrosion current density than that of the MAO coated
sample. This can be attributed to the microstructural difference
between the MAO coating and the composite coatings. A large

Table 1 Summary of the corrosion potential voltage and the current
density of the uncoated and coated samples

Samples Ecorr (V) Icorr (A Cmiz)
Sub —1.45 1.05 x 107°
MAO coating —0.79 5.21 x 10°°
MAO-H1 —0.66 7.13 x 1077
MAO-H2 —0.43 6.27 x 1077
MAO-H4 —0.37 4.52 x 1077
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Fig. 8 Nyquist plots of for the coated and uncoated samples.

number of micro-pores existed in the MAO coating, which
allowed the passage of the corrosive ions, resulting in decreased
corrosion resistance. As to the sample with composite coatings,
the micro-pores filled with the sol-gel, which effectively
inhibited the penetration of the corrosive ions into the
composite coating. The corrosion potential of the composite
samples shifted more positively with the increase of the heat
treatment temperature. And the corrosion current density
shifted to lower values as heat treatment temperature increased.
Among the composite coated samples, the MAO-H4 sample
showed the lowest corrosion current and most positive corro-
sion potential.

Furthermore, electrochemical impedance spectroscopy (EIS)
was employed to evaluate the corrosion behaviors of the bare
Mg alloy, MAO and composite coated samples in Hank's solu-
tion. Nyquist plots of these samples are shown in Fig. 8. In the
Nyquist plot, the coated samples exhibit two capacitive loops,
which correspond to the two-layer structure of the MAO coating
and the composite coatings, i.e., the outer porous layer and the
inner compact layers. The time constant appearing in the high-
frequency range reflects the properties of the outer porous layer,
while the constant appearing in the low-frequency range char-
acterizes the properties of the inner compact layer. As the
structure shown in Fig. 2(a), the porous layer of the MAO
coating provides a good surface for the deposition of the sol-gel
layer, with the sol-gel being locked into the pores. So the sol-gel
layer and the outer porous layer should be regarded as a whole
layer against the corrosion attack. According to the curves
shown in Fig. 8 and the special structure of the coatings, the
equivalent circuit is proposed as shown in Fig. 9. In the

Qi
I Q¢ I
Rse | |
D Q¢
L]
|
—d
Ry -
Rov

Fig.9 Electrical equivalent circuit used for fitting the experimental EIS
spectra.
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equivalent circuit, the R; is the solution resistance, R, and Q,
are suggested to represent the resistance and constant phase
element of the porous layer. Ry, is the barrier layer resistance of
the treated coating in parallel with Qp. It was reported that
a corrosion product layer was formed when Mg substrate is
immersed in the corrosive solution.*® The equivalent circuit is
shown in Fig. 9, can also be used to fit the corrosion process of
the Mg alloy. The R, is suggested to represent the resistance of
the coating in the form of corrosion product, and R, associated
with the charge transfer process at the metal/electrolyte inter-
face. The corresponding EIS data are presented in Table 2. It can
be observed that the R value is very low for the tests because
Hank's solution is very conductive. The EIS results indicate that
the impedance of bare the Mg sample is very low. The MAO
coated sample has much higher resistance than bare Mg, which
suggests that the MAO coating protected the bare Mg. R, of the
MAO coating is much higher than R;,, which is because the outer
layer of the MAO coating had many pores and permitted the
penetration of the corrosive ions. For the composite coatings,
due to the covering and sealing of the sol-gel layer, the transfers
of corrosive ions were significantly inhibited, resulting in much
higher R, values when compared with that of the MAO coating.
This is accordance with the results from the examination of the
surface and cross-section morphologies as shown in Fig. 2 and
3, which clearly illustrated the reduction of the number of the
pores after the sol-gel treatment. As seen from Table 2, the R},
value of the composite coatings is higher than that of the MAO
coatings, indicating that the performance of the inner layer of
the MAO coating was improved by the sol-gel treatment to
a certain extent. This means that the sol-gel treatment provided
better protection for the Mg alloy against corrosion. It can also
be seen that the values of R, and Ry, increase with the increasing
heat treatment temperature, which is attributed to the chemical
composition and structural difference. The results of the
potentiodynamic polarization and electrochemical impedance
spectroscopy tests imply that the sol-gel deposited into the
pores and formed a sol-gel layer on the surface of MAO coating,
which enhanced the corrosion resistance of the Mg alloys.

To further explore the effect of the heat treatment tempera-
ture, thermal gravimetric and differential thermal analyses (TG-
DTA) were performed from room temperature up to 800 °C at
a heating rate of 10 K min~" for the HA gel (Fig. 10). It can be
seen that four endothermal peaks appear in the whole
temperature range. Three endothermic peaks appear at 130 °C,
270.6 °C, and 438.9 °C, which can be attributed to the decom-
position of the nitrates and organic compounds.*® The endo-
thermic peak at 563.7 °C is associated with the crystallization of

Table 2 Results of the EIS data fitting by the electrical equivalent circuit
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Fig. 10 TG-DTA analysis of the HA gel from room temperature to
800 °C.

HA.** In the process of preparing the composite coating
samples, the heat treatment temperatures were 100, 200 and
400 °C, which fall in the decomposition temperature ranges of
the nitrates and organic compounds. Along with the decom-
position of the nitrates and organic compounds, the compound
of the gel becomes more stable, which is beneficial to the
corrosion resistance. On the other hand, the bonding strength
of the composite coating increases with the increasing heat
treatment temperature, which also improves the corrosion
resistance. As a result, the corrosion resistance of the composite
coatings increasing heat treatment
temperature.

Invivo bioactivity of the coatings can be evaluated by soaking
the sample in SBF and examining the formation of apatite. The
microscopical surface morphologies of AZ31, MAO, MAO-H1,
MAO-H2 and MAO-H4 samples after an immersion time of
72 h in the SBF are shown in Fig. 11. After 72 h immersion,
many large and deep network-like cracks can be observed on the
surface of the AZ31 sample due to the corrosion (Fig. 11(a)). A
few white particles precipitated on the AZ31 surface. According
to Fig. 11(b), the surface of the MAO sample remains porous
after SBF immersion. Some apatite-like particles randomly
scatter on the sample surface. For the MAO-H1 sample, the
surface area was mostly covered by the spongy aggregation of
spherical particles. The entire surface of MAO-H2 was covered
by a layer of precipitates after immersion in SBF for 72 h. Micro-
cracks spreads on this layer, which indicates the presence of
a thicker apatite layer on this surface. For MAO-H4, the surface

increases with the

Samples R, (Q cm?) Qiy, (@ 'em 257" Qin R, (Q cm?) Qry, (@ 'em s Qzn Ry, (Q cm?)
Sub 4.7 x 1072 5.21 x 10~# 0.9 672 431 x 1078 0.9 1566
MAO 1.3 x 1073 8.62 x 1077 0.8 3655 7.12 x 1077 0.7 9271
MAO-H1 2.9 x 103 2.56 x 107 0.7 1.03 x 10* 1.03 x 1077 0.8 1.16 x 10*
MAO-H2 3.8 x 1072 6.73 x 1077 0.8 1.55 x 10* 6.38 x 1077 0.8 1.21 x 10*
MAO-H4 1.2 x 103 1.36 x 1077 0.7 1.78 x 10* 8.12 x 10°° 0.7 1.16 x 10*

This journal is © The Royal Society of Chemistry 2018

RSC Adv., 2018, 8, 12368-12375 | 12373


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10951b

Open Access Article. Published on 03 April 2018. Downloaded on 12/5/2025 11:55:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 11 The SEM morphologies of AZ31, MAO, MAO-H1, MAO-H2 and
MAO-H4 immersed in SBF for 72 h.

of the coating was covered by a newly formed layer consisting of
small granular structures. Other authors also observed similar
morphologies, the spherical particles and precipitate layer
being reported as apatite.*»** This suggests that AZ31, MAO,
MAO-H1, MAO-H2 and MAO-H4 have the ability to induce the
bone-like apatite nucleation and growth on their surfaces from
SBF. It can also be concluded that the composite coating
samples could introduce more precipitates onto the surface
than bare AZ31 and MAO sample given the same immersion
time.

The formation process of HA crystals was affected by two
factors: nucleation of HA and diffusion of Ca and P from inner
coating towards coating surface. HA nucleate on the surface of
the samples, and they spontaneously grow and give rise to HA
products according to the following reaction:**

10Ca%" + 6PO,>~ + 20H™ > Ca;o(PO4)s(OH),

It is reported that AZ31 Mg could induce the formation of HA
in SBF solution because of the corrosion product of OH . OH™
can absorb Ca*" and PO,>~ ions into the surface. These induce
over-saturation of OH™, Ca®*', and PO,*~ on the surface.®
Additionally, the MAO coating and the sol-gel layer can release
calcium and phosphate ions on immersion in SBF to increase
the degree of supersaturation. Once the apatite nuclei are
formed, they can grow spontaneously by consuming the
calcium and phosphate ions in the surrounding fluid. So apatite
can be formed in a shorter time. That is to say, the film has
bioactivity.

4. Conclusions

In this study, an effective method of sealing the pores of the
MAO coating to improve the corrosion resistance and bioactivity
of Mg alloy implants was reported. The composite coatings were
obtained by sealing the pores under low-pressure conditions
using the HA sol-gel process. The HA not only covered the
surface of the MAO coating but also penetrated and locked into
the pores. This resulted in the integration of the HA sol-gel layer
with the MAO coating by physical interlocking. The HA sol-gel

12374 | RSC Adv., 2018, 8, 12368-12375
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layer provided protection against corrosion by physically sealing
the pores of the MAO coating and acting as a barrier. It signif-
icantly improved the corrosion resistance and bioactivity of the
MAO coating. The corrosion resistance, along with the bonding
strength between the composite coating and the Mg alloy
increased with the increasing heat treatment temperature. This
was attributed to the decomposition of the nitrates and organic
compounds with increasing heat treatment temperature.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (Grant No. 51575501 and 51402045), China
Scholarship Council (Grant No. 2016060775044), Major Project of
Education Department in Sichuan (Grant No. 18ZB0229), Science
and Technology support program of Sichuan Provincial Science
and Technology Department (Grant No. 18ZDYF2973), and the
CAEP Foundation (No. 2015B0203030).

References

1J. W. Lee, H. S. Han, K. J. Han, J. Park, H. Jeon, M. R. Ok,
H. K. Seok, J. P. Ahn, K. E. Lee, D. H. Lee, S. J. Yang,
S. Y. Cho, P. R. Cha, H. Kwon, T. H. Nam, J. H. L. Han,
H. J. Rho, K. S. Lee, Y. C. Kim and D. Mantovani, Proc.
Natl. Acad. Sci. U. S. A., Early Ed., 2016, 113, 717-721.

2 A. Chay, S. Yoshizawa, K. Verdelis, N. Myers, B. J. Costello,
D. T. Chou, S. Pal, S. Maiti, P. N. Kumta and C. Sfeir, Acta
Biomater., 2015, 18, 262-269.

3 Y. ]. Chen, Z. G. Xu, C. Smith and J. Sankar, Acta Biomater.,
2014, 10, 4561-4573.

4Y. Y. Yang, C. Michalczyk, F. Singer, S. Virtanen and
A. R. Boccaccini, Appl. Surf. Sci., 2015, 355, 832-841.

5 G. S. Wu, J. M. Ibrahim and P. K. Chu, Surf. Coat. Technol.,
2013, 233, 2-12.

6 M. Razavi, M. Fathia, O. Savabi, S. M. Razavi, F. Heidari,
M. Manshaei, D. Vashaee and L. Tayebi, Appl. Surf. Sci.,
2014, 313, 60-66.

7 M. B. Kannan, Surf. Coat. Technol., 2016, 301, 36-41.

8 X. N. Gu, W. Zhang and Y. F. Zheng, Acta Biomater., 2009, 5,
2790-2799.

9 J. Zhang, C. S. Dai, J. Wei, Z. H. Wen, S. J. Zhang and
L. M. Lin, Appl. Surf. Sci., 2013, 280, 256-262.

10 X. Zhang, X. W. Li, J. G. Li and X. D. Sun, ACS Appl. Mater.
Interfaces, 2014, 6, 513-525.

11 H. Tang and Y. Gao, J. Alloys Compd., 2016, 688, 699-708.

12 T. S. N. S. Narayanan, Il. S. Park and M. H. Lee, Prog. Mater.
Sci., 2014, 60, 1-71.

13 X. Lin, L. L. Tan, Q. Zhang, K. Yang, Z. Q. Hu, J. H. Qiu and
Y. Cai, Acta Biomater., 2013, 9, 8631-8642.

14 Y. K. Pan, C. Z. Chen, D. G. Wang and Z. Q. Lin, Mater. Chem.
Phys., 2013, 141, 842-849.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10951b

Open Access Article. Published on 03 April 2018. Downloaded on 12/5/2025 11:55:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

15 M. Razavi, M. Fathi, O. Savabi, D. Vashaee and L. Tayebi, J.
Biomed. Mater. Res., Part A, 2015, 103, 1798-1808.

16 X. J. Cui, M. T. Li, R. S. Yang and Z. X. Yu, Appl. Surf. Sci.,
2016, 363, 91-100.

17 D. R. Di, Z. Z. He, Z. Q. Sun and ]. Liu, Nanomedicine:
Nanotechnology, Biology and Medicine, 2012, 8, 1233-1241.

18 G. Y. Liu, S. W. Tang, J. Hu, Y. F. Zhang, Y. M. Wang and
F. Liu, J. Electrochem. Soc., 2015, 162, 426-432.

19 Y. Xiong, C. Lu, C. Wang and R. G. Song, J. Alloys Compd.,
2015, 625, 258-265.

20 S. V. Dorozhkin, Acta Biomater., 2014, 10, 2919-2934.

21 Q.Xu, Y. Liu, C. W. Liu, A. Tian, X. G. Shi, C. B. Dong, Y. Zhou
and H. J. Zhou, RSC Adv., 2015, 5, 14458-14464.

22 G.Y.Liu,]. Hu, Z. K. Ding and C. Wang, Appl. Surf. Sci., 2011,
257, 2051-2057.

23 P. Tian, X. Y. Liu and C. X. Ding, Colloids Surf., B, 2015, 128,
44-54.

24 B.Niu, P. Shi, S. S. E, D. H. Wei, Q. Li and Y. Chen, Surf. Coat.
Technol., 2016, 286, 42-48.

25 H. Tang, T. Z. Xin, Q. Sun, C. G. Yi, Z. H. Jiang and
F. P. Wang, Appl. Surf. Sci., 2011, 257, 10839-10844.

26 Z.].Li,X.Y.Jing, Y. Yuan and M. L. Zhang, Corros. Sci., 2012,
63, 358-366.

27 H. R. Bakhsheshi-Rad, E. Hamzah, A. F. Ismail,
M. Daroonparvar, M. A. M. Yajid and M. Medraj, J. Alloys
Compd., 2016, 658, 440-452.

28 H. P. Duan, K. Q. Du, C. W. Yan and F. H. Wang, Electrochim.
Acta, 2006, 51, 2898-2908.

29 C. S. Dunleavy, J. A. Curran and T. W. Clyne, Surf. Coat.
Technol., 2011, 206, 1051-1061.

30 T.Mi, B. Jiang, Z. Liu and L. Fan, Electrochim. Acta, 2014, 123,
369-377.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

31 P. Amaravathy, S. Sathyanarayanan, S. Sowndarya and
N. Rajendran, Ceram. Int., 2014, 40, 6617-6630.

32 M. G. Ren, S. Cai, G. H. Xu, X. Y. Ye, Y. Dou, K. Huang and
X. X. Wang, J. Non-Cryst. Solids, 2013, 369, 69-75.

33 B. Niu, P. Shi, D. H. Wei, S. S. E, Q. Li and Y. Chen, J. Alloys
Compd., 2016, 665, 435-442.

34 S. Singh, R. M. Kumar, K. K. Kuntal, P. Gupta, S. Das,
R. Jayaganthan, P. Roy and D. Lahiri, JOM, 2015, 67, 702-712.

35 H. Tang, T. Z. Xin, Y. Luo and F. P. Wang, Mater. Sci.
Technol., 2013, 29, 547-552.

36 K. Hurle, J. Neubauer, M. Bohner, N. Doebelin and F. Goetz-
Neunhoeffer, Acta Biomater., 2014, 10, 3931-3941.

37 A. R. Rafieerad, M. R. Ashra, R. Mahmoodian and
A. R. Bushroa, Mater. Sci. Eng., C, 2015, 57, 397-413.

38 F. Samanipour, H. R. Zargar, F. Golestani-Fard, T. Troczynski
and M. Taheri, J. Alloys Compd., 2011, 509, 9351-9355.

39 A. D.King, N. Birbilis and J. R. Scully, Electrochim. Acta, 2014,
121, 394-406.

40 C. T. Wu, Y. Ramaswamy, D. Gale, W. R. Yang, K. Q. Xiao,
L. C. Zhang, Y. B. Yin and H. Zreiqat, Acta Biomater., 2008,
4, 569-576.

41 C. E. Wen, W. Xu, W. Y. Hu and P. D. Hodgson, Acta
Biomater., 2007, 3, 403-410.

42 P. Zhang, Z. G. Zhang, W. Li and M. Zhu, Appl. Surf. Sci.,
2013, 268, 381-386.

43 J.]. Xie, X. Y. Yang, H. F. Shao, J. Ye, Y. He, J. Z. Fu, C. Y. Gao
and Z. R. Gou, Biomed. Mater., 2016, 54, 60-71.

44 F. Liu, F. P. Wang, T. Shimizu, K. Igarashi and L. C. Zhao,
Surf. Coat. Technol., 2005, 199, 220-224.

45 N. B. Li, W. H. Xu, J. H. Zhao, G. Y. Xiao and Y. P. Lu, Thin
Solid Films, 2018, 646, 163-172.

RSC Adv., 2018, 8, 12368-12375 | 12375


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10951b

	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment

	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment
	Fabrication of hydroxyapatite coatings on AZ31 Mg alloy by micro-arc oxidation coupled with soltnqh_x2013gel treatment


