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FULL PAPER

Evaluation of calcium phosphate coating on biodegradable
MgAlZnCa alloy formed under ordinary conditions
on temperature and pressure

Kenshiro TAKAISHI1, Shigeomi TAKAI1 and Takeshi YABUTSUKA1,³

1Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto University,
Yoshida-honmachi, Sakyo-ku, Kyoto 606–8501, Japan

Octacalcium phosphate (OCP) coating was formed on the surface of MgAlZnCa alloy (AZX612) by anodically
oxidized and subsequently immersed in a supersaturated aqueous solution containing phosphate and calcium ion
under ordinary temperature and pressure. The formed OCP layer consisted of both the inner layer of the fine
crystallites and the outer layer of the large crystallites, and the inner layer remained on the alloy even after the
ultrasonication process. In simulated body fluid, AZX612 treated with both anodic oxidization and subsequent
OCP coating process showed higher corrosion resistance than those treated with only anodic oxidization.
©2022 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

In today’s superaged society, demand for novel implant
materials with high bone-bonding ability has increased.
Among them, bioabsorbable implant materials have been
widely in clinical use because these materials have attrac-
tive points to replace new bone gradually and spontane-
ously. Bioabsorbable ceramics such as ¢-tricalcium phos-
phate are one of the most attractive implant materials with
both good bone-bonding ability and bio-absorbability.
However, ceramic materials are generally brittle and sen-
sitive to impact in comparison with metallic or polymeric
ones. Bioabsorbable polymers such as polylactic acid are
also widely used in orthopedic surgery. However, conven-
tional bioabsorbable polymers generally showed lower
mechanical strength than human cortical bone. Hence,
bioabsorbable or biodegradable implant materials with
suitable mechanical properties, suitable replaceability with
newly formed bone, and good bone-bonding ability have
been required in clinical fields.

Recently, magnesium (Mg) and its alloys have been
researched as a new candidate as biodegradable implant
material. Mg is a bio-essential element, and approximately
25 g of Mg is initially contained in the living human
body.1) Therefore, Mg and its alloys are expected to be

useful for biodegradable metallic implant materials with
both mechanical toughness and bio-absorbability. How-
ever, it is well known that conventional Mg alloys are
decomposed in a short time in the living body. When Mg
is dissolved from Mg and its alloys in the living body, it
releases hydrogen gas according to Eqs. (1)(3).2)

Mg ! Mg2þ þ 2e� ð1Þ
2H2Oþ 2e� ! H2 þ 2OH� ð2Þ
Mg2þ þ 2OH� ! MgðOHÞ2 ð3Þ

If the Mg alloy is used as an implant material without
surface treatment, it has been reported that a space derived
from generated hydrogen gas was formed between the
alloy and the tissue.3),4) Hence, it is essential to control the
degradation rate of the alloys by improving the corrosion
resistance in order to use them as bone fixation in clinical
use.
In order to improve the corrosion resistance of Mg

alloys, several types of surface modification techniques
have been proposed to form a stable coating on the Mg
alloy surface. For example, Mg inorganic compounds such
as MgO,5) MgF2,6) TiO2,7) and bioabsorbable polymers
such as polylactic acid, polycaprolactam,8) and chitosan9)

are proposed as coating materials on the Mg alloys to
control Mg degradation. Among them, calcium phosphate
is one of the most effective coating materials because of
its biocompatibility and osteoconductivity. It has been
reported that the formation of calcium phosphate such as
hydroxyapatite on Mg alloys progressed according to
Eqs. (1), (2), and (4).10)

³ Corresponding author: T. Yabutsuka; E-mail: yabutsuka@
energy.kyoto-u.ac.jp

‡ Preface for this article: DOI http://doi.org/10.2109/jcersj2.
130.P1-1

Journal of the Ceramic Society of Japan 130 [1] 81-87 2022

DOI http://doi.org/10.2109/jcersj2.21119 JCS-Japan

©2022 The Ceramic Society of Japan 81
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by-nd/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



ð10� xÞCa2þ þ xMg2þ þ 6PO4
3� þ 2OH�

! Ca10�xMgxðPO4Þ6ðOHÞ2 ð4Þ
Octacalcium phosphate (OCP) is a precursor of hydroxy-

apatite, which is the main component of human bones. It
has been reported that the OCP has both suitable stability
and bio-absorbability in the living body.11) The latter point,
in particular, is one of the characteristics of OCP that
hydroxyapatite does not show. If the coating methodology
of OCP on Mg alloys is established, this will be a prom-
ising technique to improve the degradation property and
osteoconductivity of the Mg alloys because the coating
material, OCP, shows the above two properties.

It has been reported that calcium phosphates could be
coated on Mg alloys surface by electrodeposition,12) elec-
trophoretic deposition,13) high-temperature aqueous solu-
tion synthesis,14) a solgel method,15) etc. Among them,
the aqueous solution method is a method of forming a
coating on the surface of a substrate by immersing the
substrate in an aqueous solution under ordinary temper-
ature and pressure conditions, and does not require special
equipment, high temperature, and high pressure and can be
carried out at a low cost. However, it takes a long time to
form the coating and generally needs a high-temperature
environment to promote calcium phosphate formation. If
the calcium phosphate coating techniques under ordinary
temperature are developed, therefore, this is an advanta-
geous method to apply various types of unstable substrates
such as pure Mg. In the previous study, we proposed the
formation process of OCP coating on the Mg3Al1Zn
alloy (AZ31) surface by anodic oxidization and subse-
quent formation of OCP coatings in an aqueous solution
under ordinary temperature and pressure and reported its
corrosion behavior of the OCP-coated AZ31 in biomimetic
solution.16)

Calcium is relatively less toxic in comparison with
many types of metallic components, and it has been report-
ed that calcium was easily incorporated into the living
bones when it co-existed with Mg.17) Based upon this
knowledge, Mg alloys containing calcium will be expected
to improve bone repairing. In this study, we aimed to
develop a preparation process of OCP coating on the Mg
6Al1Zn2Ca alloy (AZX612), which is the Mg alloy
containing calcium, in an aqueous solution under ordinary
temperature and pressure and clarify the effect of the OCP
coating on corrosion behavior of the AZX612 in bio-
mimetic solution.

2. Materials and methods

The surface of the AZX612 specimen (Standard Test
Piece, Japan) was polished using #1200 SiC abrasion
paper, washed with acetone, ethanol, and distilled water in
an ultrasonic cleaner, and air-dried.

The anodic oxidization of the surfaces of the specimens
was carried out in a 1mol·dm¹3 NaOH aqueous solution
by applying 10V of constant voltage for 10min. The sur-
faces of the specimens were washed in distilled water and
air-dried.

The aqueous solution containing 7.5mmol·dm¹3 Ca2+,
3.0mmol·dm¹3 HPO4

2¹, 6.0mmol·dm¹3 K+ and 15.0
mmol·dm¹3 Cl¹ was prepared by dissolving reagent grade
K2HPO4·3H2O (Nacalai Tesque, Japan) and CaCl2
(Fujifilm Wako) in distilled water, and this solution was
adjusted at pH = 6.00, 36.5 °C by dissolving 1mol·dm¹3

HCl and (CH2OH)3CNH2 (Fujifilm Wako). This solution
is denoted as ‘CaP solution,’ hereafter. After polishing or
subsequently anodic oxidizing, the specimen was im-
mersed in 50 dm3 in CaP solution for 2 or 12 h to form a
calcium phosphate coating on the AZX612. Ultrasonica-
tion was carried out on the specimen in acetone for 10min
for removing fragile calcium phosphate pieces from the
specimens.
The surface and the cross-section of the specimen was

evaluated by scanning electron microscope (SEM,
SU6600, Hitachi High-Technologies, Japan), energy dis-
persive X-ray analyzer (EDX, XFlashμ 5010, Bruker,
USA), thin-film X-ray diffraction (XRD, RINT 2500,
Rigaku, Japan) using CuK¡ radiation at 50 kV and 50mA
of tube voltage and current, or X-ray photoelectron spec-
troscopy (XPS, JPS-9030, JEOL, Japan) using MgK¡
radiation at 12 kV and 50mA of acceleration voltage and
emission current.
Thus-treated AZX612 was immersed in simulated body

fluid (SBF) at 36.5 °C for 20 days, and the dissolution of
Mg, that is, decomposition of the alloy, was evaluated by
measuring the volume of generated hydrogen gas. The
effects of the anodic oxidization treatment and the CaP
solution treatment on the generated amount of hydrogen
gas were investigated.

3. Result and discussion

Figure 1 shows the XRD and XPS results of the surface
of the AZX612 before and after the anodic oxidization.
Refering to the reports by Serizawa et al.18) and Yuasa
et al.,19) peaks of Mg, Al2Ca, Mg17Al12, and AlMn com-
pounds were observed in the both XRD patterns. It is
considered that the unmarked peaks, which were not ob-
served in the above references, were derived from some
compounds generated by the manufacturing process of the
untreated substrate. In the XRD results of the anodically
oxidized AZX612, broad peaks of MgO were slightly
detected. This result suggested that the precipitated oxides
were amorphous phase or their amount was tiny even if
they were crystal phase. In the XPS results, on the other
hand, the peak of Mg2p shifted to higher binding energy
after the anodic oxidization. These results suggested that a
small amount of MgO or its amorphous phase was formed
on the surface of the AZX612 by the anodic oxidization
process.
Figure 2 shows the XRD patterns of the surface of

AZX612 immersed in CaP solution for 0, 2, or 12 h with-
out anodically oxidizing. The sharp diffraction peaks were
detected at 4.7° after immersion in the CaP solution for
2 h. This peak was the main peak of OCP. The intensity
and number of peaks attributed to OCP increased after
immersion in CaP solution for 12 h. This result indicated
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that the AZX612 possessed OCP formation ability in the
CaP solution. In contrast, it can be seen that the OCP
formed within 2 h was not transformed to hydroxyapatite
because the peak at 4.7° was further intensified after 12 h.
It is speculated that the existence of Mg might prohibit the
crystallization of OCP to hydroxyapatite.

Figure 3 shows the XRD patterns of the surface of
AZX612 anodically oxidized and subsequently immersed
in CaP solution for 0, 2, or 12 h. Similar to the results
without anodic oxidization shown in Fig. 1, the sharp dif-
fraction peaks of OCP were detected at 4.7° after immer-
sion in the CaP solution for 2 h. In addition, the intensity
and number of peaks attributed to OCP increased after
immersion in CaP solution for 12 h, similar to the case
without anodic oxidization.

Figure 4 shows the SEM images of the surface of
AZX612 immersed in CaP solution and those anodically
oxidized and subsequently immersed in CaP solution.

After the anodic oxidization, some precipitates were newly
formed on the whole surface of the specimen, as shown in
Fig. 4(b). It is considered that the observed precipitates
were oxide film formed by the anodic oxidization. After
the immersion in CaP solution for 2 h, fine flake-like crys-
tallites were formed on the whole surface of the speci-
mens regardless of the anodic oxidization, as shown in
Figs. 4(b) and 4(e). Taking into consideration the results
of the XRD, the flake-like crystallites were considered to
consist of OCP as the main component. After the immer-
sion for 12 h, the size of the crystallites became bigger than
that for 2 h, and plate-like crystallites were formed, as
shown in Figs. 4(c) and 4(f ). The size of the plate-like
crystallites in the case of without anodic oxidization was
larger than that with anodic oxidization. Taking into con-

Fig. 1. Results of (a) XRD and (b) XPS of the surface of the
AZX612 before and after the anodic oxidization.

Fig. 2. XRD patterns of the surface of AZX612 immersed in
CaP solution for 0, 2, or 12 h.

Fig. 3. XRD patterns of the surface of AZX612 treated with
polishing, anodizing, and subsequent immersing in CaP solution
for 0, 2, or 12 h.

Fig. 4. SEM images of (ac) the surface of AZX612 immersed
in CaP solution for (a) 0, (b) 2 or (c) 12 h, and (df ) those
anodically oxidized and subsequently immersed in CaP solution
for (d) 0, (e) 2 and (f ) 12 h.
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sideration the results of the XRD, the precipitates formed
by the immersion for 12 h were considered to consist of
OCP as the main component, too. Especially in the case
of without anodic oxidization, however, the precipitates
formed on the surface after 12 h immersion looked to be
fragile. From the results shown in Figs. 24, it is suggested
that the OCP crystallites were formed on the specimens by
immersing in the CaP solution regardless of the anodic
oxidization, and then their morphologies were changed
from fine flake crystallites to relatively larger size plate-
like ones as the immersion time increased.

Figure 5 shows the XRD patterns of the AZX612 im-
mersed in the CaP solution and then treated with ultra-
sonication in acetone. The obtained XRD pattern in the
case of the immersion for 2 h was almost similar to that
before ultrasonication shown in Fig. 2. In the case of the
immersion for 12 h, however, the number and intensity of
diffraction peaks attributed to OCP decreased in com-
parison with before ultrasonication shown in Fig. 2. It
was considered that the fragile OCP crystallites shown in
Fig. 4(c) were removed by the ultrasonication process, and
the amount of the remaining OCP on the specimen was
reduced.

Figure 6 shows the XRD patterns of the AZX612
anodically oxidized, immersed in the CaP solution, and
then treated with ultrasonication in acetone. In the case of
the immersion for 12 h, similar to the case of that without

anodic oxidization, the number and intensity of diffraction
peaks attributed to OCP decreased in comparison with
before ultrasonication shown in Fig. 3. It was considered
that the amount of the remained OCP on the specimen was
reduced, similar to the case without anodic oxidization.
Figure 7 shows the SEM images of the surface of thus

OCP-coated AZX612 treated with ultrasonication. For all
the types of specimens, fine crystallites were observed on
the whole surface regardless of the anodic oxidization and
immersion time in the CaP solution. In the case of the
immersion for 12 h, in particular, it can be seen that the
plate-like crystallites which had been observed before
ultrasonication was not observed. Taking into consider-
ation the results of the XRD and SEM, it was considered
that ultrasonication removed the larger size of plate-like
OCP crystallites and remained the fine crystallites on the
surface of the AZX612 immersed for 12 h, although those
immersed for 2 h did not show considerable difference in
the surface morphology in comparison with those for 12 h.
Figure 8 shows the SEM images and EDX line-

scanning spectra of the cross-section of AZX612 im-
mersed in the CaP solution, and those anodically oxidized
and then immersed in the CaP solution. For the specimens
immersed for 2 h, it can be seen that coating containing
calcium and phosphorus as its components, that is, OCP
coating, with ca. 2¯m in thickness, was formed on the
specimen regardless of the anodic oxidization. For the
specimens immersed for 12 h, in contrast, it can be seen
that the OCP coating with ca. 67¯m in thickness was
formed on the specimen regardless of the anodic oxidiza-
tion. From these results, it was found that the OCP coating
grew and increased in thickness as the immersion time in
CaP solution increased. Taking into consideration the SEM
and EDX results, in addition, it can be seen that boundary
was observed inside the OCP coatings for the specimens
immersed for 12 h regardless of the anodic oxidization.
Such boundary was not observed for the 2 h specimens.
Hence, it is considered that the OCP coating on the 2 h

Fig. 5. XRD patterns of AZX612 immersed in the CaP solution
for 0, 2, and 12 h and then treated with ultrasonication in acetone.

Fig. 6. XRD patterns of AZX612 anodically oxidized, im-
mersed in the CaP solution for 0, 2, and 12 h, and then treated
with ultrasonication in acetone.

Fig. 7. SEM images of (a, b) the surface of the AZX612 im-
mersed in the CaP solution for (a) 2 or (b) 12 h and then treated
with ultrasonication, and (c, d) those anodically oxidized, im-
mersed in the CaP solution for (c) 2 and (d) 12 h, and then treated
with ultrasonication.
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specimens consisted of a single layer with fine OCP crys-
tallites and that 12 h double layers with an inner one of fine
OCP and an outer one of large OCP.

Figure 9 shows the SEM images and EDX line-
scanning spectra of the cross-section of AZX612 im-
mersed in the CaP solution and then treated with ultra-
sonication, and those anodically oxidized, immersed in the
CaP solution, and then treated with ultrasonication. For the
specimens immersed for 2 h, it can be seen that the thick-
ness of the OCP coating was not so changed even after the
ultrasonication regardless of the anodic oxidization. This
result indicates that the OCP coating was hardly removed
by ultrasonication. For the specimens immersed for 12 h,
in contrast, it can be seen that the thickness of the OCP
coating was reduced after the ultrasonication regardless of
the anodic oxidization and almost corresponded to that of
the inner layer shown in Figs. 8(b) and 8(d). From the
results shown in Figs. 4 and 68, it is considered that the
double-layered OCP coating was formed by the immersion
of AZX612 for 12 h, and then the fragile outer OCP layer
was almost removed by the ultrasonication process, and

the inner layer of the fine OCP crystallites almost remained
even after the ultrasonication. Such results were quite simi-
lar to the case of AZ31, which we reported previously.16)

Hence, this phenomenon was most likely dominated by the
behavior of magnesium, the main component of the Mg
alloys.
The formation mechanism of the OCP coating on

AZX612 is considered as follows. In the early stage of
the AZX612 immersion in the CaP solution, the pH and
Mg ion concentration locally increased near the surface of
AZX612 according to Eqs. (1) and (2). Then, the local
increase in the pH promoted nucleation and formation of
calcium phosphate, according to Eq. (4). Because the pH
of the CaP solution was buffered at 6.00, 36.5 °C in this
study, the formed calcium phosphate was crystallized as
OCP instead of hydroxyapatite. It has been reported that the
existence of Mg ions inhibits calcium phosphate crystal-
lization.20) In this stage, however, the size of the OCP crys-
tallites was not so large because Mg ions slightly released
from AZX612 inhibited crystal growth of the OCP. In fact,
it has been reported that the growth of OCP crystals was

Fig. 8. SEM images and EDX line-scanning spectra of the
cross-section of (a, b) AZX612 immersed in the CaP solution for
(a) 2 or (b) 12 h, and (c, d) those anodically oxidized and then im-
mersed in the CaP solution for (c) 2 or (d) 12 h.

Fig. 9. SEM images and EDX line-scanning spectra of the
cross-section of (a, b) AZX612 immersed in the CaP solution for
(a) 2 or (b) 12 h and then treated with ultrasonication, and (c, d)
those anodically oxidized, immersed in the CaP solution for (c) 2
or (d) 12 h, and then treated with ultrasonication.
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suppressed in the presence of Mg ions because Mg, which
has a smaller ionic size than Ca, replaced Ca in OCP.21)

Once the fine OCP formed coating on the surface of
AZX612, the release of Mg ion from the AZX612 was
suppressed, and the large OCP crystallites grew on the fine
OCP layer. In this OCP formation stage, the OCP crys-
tallites tended to grow vertically against the substrate by the
geometrical selection of crystal growth direction because
the crystals grown parallel to the substrate could not grow
further because of the collides with each other.

In this study, the formed OCP coatings in the case of
AZX612 treated with both anodic oxidization and the CaP
solution for 12 h showed ca. 67¯m in thickness and ca.
3¯m even after the ultrasonication. It has been reported
that hydroxyapatite coatings with 6.3¯m in average thick-
ness had been prepared by the solgel method.15) Although
the thicknesses of the coatings were comparative level, the
solgel method took more than 48 h from immersion in a
solution containing calcium and phosphate to completion
of the coating and requires heating to a maximum of 60 °C.
The advantage of the OCP coating in this study is con-
sidered to be a shorter coating time and an ordinary reac-
tion temperature. Hence this method has the possibility to
apply to more unstable and reactive substrates.

Figure 10 shows the changes in the volume of hydro-
gen gas released from SBF in which AZX612 is coated
with OCP. In Fig. 10, the difference in hydrogen gas gen-
eration with and without anodic oxidization for each
immersion time in the CaP solution. Without the CaP solu-
tion treatment, the volume of hydrogen gas released from
AZX612 was almost similar in the case of with or without
anodic oxidization throughout the SBF immersion time,

as shown in Fig. 10(a). In the case of the OCP-coated
AZX612, in contrast, the specimen treated with anodic
oxidization before the CaP solution treatment showed a
considerably lower volume of the generated hydrogen than
those without anodic oxidization throughout the SBF im-
mersion time. From the results shown in Fig. 10, it is con-
sidered that the combination of anodic oxidation and OCP
coating is effective in improving the corrosion resistance
of AZX612. It has been reported that immersion solution
often penetrated into the calcium phosphate coating, and
corrosion progressed on the interface between the calcium
phosphate coating and the Mg alloy substrates.22) In this
study, the OCP coating was formed by immersing 99.8%
pure Mg substrates in an aqueous solution containing
0.25mol·L¹1 Ca-EDTA and KH2PO4 for 2 h.23) However,
the morphology of the OCP coating was similar to our
study, with a two-layer structure consisting of a relatively
dense inner layer and a coarse outer layer.
From these findings, it is considered that the anodic

oxidization improved the corrosion resistance of AZX612
because the oxidized film acted as a role to protect
AZX612 from SBF, which penetrates OCP coating.
Figure 11 shows the comparison of the changes in the

volume of generated hydrogen gas released from SBF
when AZX612, which were anodically oxidized and sub-
sequently immersed in the CaP solution for 0, 2, or 12 h,
were immersed in SBF. The volume of the generated
hydrogen gas decreased with increasing immersion time in
the CaP solution. In the case of the immersion in the CaP
solution for 12 h, the volume of hydrogen gas was reduced
by up to 70% compared to without the CaP solution treat-
ment. From the results shown in Fig. 11, it is considered
that corrosion resistance improved as immersion time in-
creased. It has been reported that the biomimetic method
reduced the corrosion rate of Mg by ca. 4090%.24) How-
ever, a part of the conventional methods requires heating
above 60 °C. In this study, on the other hand, the compara-
tive level of corrosion rate was achieved by immersion in
the CaP solution at ordinary temperature by combining the
anodic oxidization. This point is the advantageous point
of this study; that is, the corrosion resistance could be
improved to the comparative level as the conventional

Fig. 10. Changes in volume of hydrogen gas released from
SBF in which AZX612 coated with OCP by the immersion in the
CaP solution for (a) 0, (b) 2, or (c) 12 h was immersed. In each
graph, the results both with and without anodic oxidization
before the CaP solution treatment are shown.

Fig. 11. Comparison of the changes in the volume of generated
hydrogen gas released from SBF when AZX612, which were
anodically oxidized and subsequently immersed in the CaP
solution for 0, 2, or 12 h, were immersed in SBF.
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methods under a soft environment which is advantageous
for application for more unstable, reactive, and degradable
Mg alloys.

4. Conclusion

The double-layered OCP coating on AZX612 was
formed by the formation of flake-like crystallites and then
the growth of plate-like crystallites by immersed in the
CaP solution for 12 h under ordinary temperature and pres-
sure. However, the plate-like crystallites in the outer layer
were brittle and easily removed by the ultrasonication
process, and the inner OCP layer with ca. 3¯m in thick-
ness remained even after the ultrasonication. The OCP-
coated AZX612 showed higher corrosion resistance than
uncoated AZX612, and the volume of hydrogen gas gen-
eration in SBF was suppressed by up to 70% in maximum.
The anodic oxidization before the CaP solution treatment
improved the corrosion resistance of AZX612. The OCP
coating process proposed in this study will be expected as
a novel surface modification technique to improve both
corrosion behavior and the bone-bonding ability of Mg
alloys in the living body.
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