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Abstract

There are growing evidences that Sr-containing calcium phosphate biomaterials can promote better osteo-precursor cell attachment and
proliferation than pure calcium phosphate biomaterials. In this study, attempts were made to fabricate two kinds of Sr-substituted calcium
phosphate (Ca–Sr–P) coatings on pure magnesium in electrolyte solutions with differing amounts of Sr(NO3)2 for biomedical application. The
surface microstructure, composition and chemistry of the coatings were characterized by Scanning Electron Microscope (SEM), Energy-
dispersive X-ray Spectroscopy (EDS), and X-ray Diffractometer (XRD), respectively. In addition, electrochemical and immersion tests were
performed to evaluate the corrosion resistance of the Ca–Sr–P coated magnesium in phosphate buffered saline solution (PBS).
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, magnesium and its alloys have been widely
studied for application in orthopedic implants due to their
excellent properties, such as low toxicity, well biodegradation,
attractive biocompatibility and excellent mechanical properties
[1–3]. However, previous studies indicated that the fast degrada-
tion rate of magnesium implants in the physiological environment
limits their clinical applications [4,5]. Avoiding this drawback,
the degradation rate should be controlled to prevent early failure
of implants from losing their mechanical integrities before the
tissue healed [6]. Surface modification is a promising route to
slow down the degradation rate in magnesium. Various surface
modification technologies have been developed for magnesium to
obtain protective coating, such as chemical deposition [7],
biomimetic deposition [8], organic coating [9], sol–gel method
[10], cathodic deposition [11,12], micro-arc oxidation [13], and
pulsed laser deposition [14]. Calcium phosphate is used as a bone
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substitute in dentistry and orthopedics because of its excellent
biocompatibility, non-toxicity, bioactivity and osseoconductivity
[15]. Recently, calcium phosphate has also been applied as a
coating for the purpose of modifying the surface of the
magnesium and its alloys to promote the direct attachment to
the surrounding hard tissue and to reduce the degradation rate
[16]. For example, Song et al. [17] successfully applied calcium
phosphate on biodegradable Mg–Zn alloy to improve its biocom-
patibility and promote osteointegration. It was also reported that
an ion-beam assisted deposition HA coating on an AZ31
magnesium alloy can significantly decrease its degradation rate
in a NaCl aqueous solution [18].
Strontium, as a natural bone-seeking trace element, can

enhance osteoblast differentiation and inhibit osteoclast differ-
entiation, and used in therapy that promotes bone mass and
strength [19]. In vitro and in vivo studies have proven that
strontium can increase bone formation, reduce bone resorption
and improve bone mechanical strength in humanity [20,21].
Considering the beneficial effects of strontium in bone, strontium
has been incorporated into apatite phases for biomedical
implantation via various methods, due to the similarities shared
with calcium in physical and chemical nature [22–24]. According
to Gorustovich et al. [25], Sr-containing calcium phosphate
ghts reserved.
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ceramics can promote better osteoprecursor cell attachment and
proliferation. Qiu et al. [26] also reported that Sr-substituted
calcium phosphate could stimulate the proliferation and differ-
entiation of osteoblastic cells in vitro. Furthermore, Strontium
has also been introduced into the coatings on traditional metal for
the application in biomaterials [27–29]. For example, Chung
et al. [30] replaced calcium with differing percentages of
strontium in order to fabricate Sr-substituted Hydroxycarbonate
coatings to enhance the osseointegration of titanium implants by
micro-arc oxidation. The work demonstrated that the Sr-
substituted coatings could significantly inhibit the osteoclast
differentiation when the content of strontium in Hydroxycarbo-
nate coatings exceeds 38.9 wt%.

To date, notwithstanding many reports come out around Sr-
containing calcium phosphate ceramics and cements for bone
tissue repair in the last decade [25,31], few research work
about the Ca–Sr–P coating on magnesium surface by chemical
deposition has been carried out. Chemical deposition, com-
pared with other methods, is an effective way to fabricate
Ca–Sr–P coatings on magnesium. Therefore, the aim of this
work is to develop Sr-containing calcium phosphate coatings
on pure magnesium by chemical deposition with the purpose
of slowing down the degradation rate of pure magnesium.
Additionally, the investigation of how strontium content
affects the surface microstructure, chemistry and magnesium
degradation of resultant modified magnesium were also
investigated.
2. Experiment

2.1. Preparation of samples

As-cast pure magnesium bar with a purity of 99.99% (0.0014Fe,
0.0001Ni, 0.0002Cu, 0.0016Si, 0.0004Al, 0.0004Mn and balance
Mg, wt%) was cut into plates of 10 mm� 10 mm� 2 mm. These
samples were ground with grit SiC papers to 1200 grit, then
cleaned in acetone for 10 min, rinsed in distilled water and finally
dried at room temperature. Then, the samples were immersed into
two kinds of electrolyte solutions at 70 1C for 24 h. After the
coating process, the samples were washed with deionized water to
remove the residue of the electrolyte solutions. The chemical
composition of these electrolyte solutions is listed in Table 1, in
which they are denoted as CD-1 and CD-2, in accordance with the
content of strontium in the electrolyte solution.
Table 1
The chemical composition of the electrolyte solutions (g/L).

Composition Ca(NO3)2 � 4H2O Sr(NO3)2 NaH2PO4 � 2H2O

CD-1 36 4 16
CD-2 28 12 16
2.2. Measurement of Sr-containing calcium phosphate coating

The morphologies of Sr-containing calcium phosphate coat-
ings were characterized by a scanning electron microscope
(SEM, Inspect F50) equipped with energy-dispersive X-ray
spectroscopy (EDS). An X-ray diffractometer (XRD, D/MAX-
2500PC) was used to identify the phase analysis on coatings.
The XRD pattern was made with MDI Jade 5.0 software.

2.3. Electrochemical test

An electrochemical test was also conducted to evaluate the
protective capacity of the coating on the magnesium substrate
in the phosphate buffered saline (PBS) solution at 37 1C.
A three-electrode cell was used for the electrochemical
measurements. The counter electrode was made of platinum
and a saturated calomel electrode (SCE) was used as the
reference electrode. A sample with an exposed area of 1 cm2

was taken as the working electrode. Before the test, all samples
were immersed in the PBS solution for 30 min to obtain an
electrochemical steady state. The polarization scan was started
from an anodic region from 250 mV below open circuit
potential at a constant voltage scan rate of 0.5 mV/s.

2.4. Immersion test

The further evolution of the corrosion resistance of the
Ca–Sr–P coated magnesium was carried out through an
immersion test in PBS solution. In order to examine the
degradation behavior of the samples, the in vitro immersion
test was performed in PBS solution. Each sample was soaked
with the PBS solution kept in an airtight container at 37 1C in a
carbon dioxide incubator. The ratio of sample area to solution
volume was 1.25 cm2/mL. The immersion solutions were
refreshed every day to simulate the real in vivo condition.
The morphologies of coatings after 14 days of immersion were
observed on SEM.

3. Results

3.1. Microstructure and phase identification

The morphologies and element content of coatings are
shown in Fig. 1(a–d.) Obviously, the two kinds of coating
densely cover on the magnesium substrate without any defects
after exposure to a Sr(NO3)2-containing electrolyte solution. It
is clear to see that when the 4 g/L Ca(NO3)2 was replaced by
Sr(NO3)2, only well-crystalline Sr-substituted calcium phos-
phate is found in the CD-1 coating as shown in Fig. 1(a–b.)
But when the concentration of Sr(NO3)2 increased the situation
is reversed as shown in Fig. 1c, a distinct change is observed in
the structure of the CD-2 coating; at higher magnification
(Fig. 1d) it shows two phases coexist on the CD-2 coating: the
one presents well-crystalline structure (marked I), and the other
presents poor-crystalline structure (marked II), indicating that
strontium has a strong influence on the microstructure of the
coatings.



Fig. 1. SEM micrographs and EDS patterns of coatings: CD-1 coating (a), (b) and (e), CD-2 coating (c), (d) and (f).
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Fig. 2(e–f) is the EDS patterns of the coatings. From the
patterns of the designated area of the two kinds of coatings, it
can be seen that the peaks of Sr are clearly observed. This
demonstrates that strontium was successfully incorporated into
the calcium phosphate. Moreover, the absence of the peak of
Mg suggests Ca–Sr–P coatings densely cover on the magnesium
substrate. Also, it is interesting to note from Table 2 that the
atomic ratio of Sr in the poor-crystalline structure (marked II)
is higher than that in the well-crystalline structure (marked I)
in the CD-2 coating.

From the cross-section SEM micrographs shown in Fig. 2
(a–b), both the coatings are well integrated with the magne-
sium substrate. The average thicknesses of the CD-1 and CD-2
coatings are approximately 17.78 μm and 8.90 μm. Further-
more, an obvious decrease in thickness can also be observed as
the concentration of strontium increase, indicating that the
addition of strontium can inhibit the thickness of coating from
growing. Apparently, the addition of strontium into the
calcium phosphate can significantly affect the morphologies
and the thickness of the coatings.

X-ray diffraction (XRD) patterns obtained from the two
kinds of coatings are delineated in Fig. 3. Apart from the peaks
of Mg, characteristic peaks of Mg3(PO4)2, CaPO3(OH),
Ca3(PO4)2, Ca2Sr(PO4)2 and CaSr9(PO4)6(OH)2 are also found
in both of the XRD patterns. Compared with the CD-1 coating,
the diffraction pattern of the CD-2 coating is slightly shifted to
lower diffraction angles with the increase in the width of the
X-ray line as an increasing amount of strontium was intro-
duced. These results indicate that the incorporation of larger
doses of strontium introduce more lattice distortions in the
structure of calcium phosphate, because the ionic radius of
strontium (113 pm) is appreciably larger than that of calcium
(99 pm) [30,32,33]. Interestingly, even though the peaks of Mg
are not revealed in the EDS analysis, Mg3(PO4)2 was still
detected in the coatings. It is probable that the Mg3(PO4)2
phase might be covered under thick calcium phosphate coat-
ings, which could not be detected by EDS.

3.2. Electrochemical test

Fig. 4 shows the polarization curves of magnesium with and
without a coating in PBS solution at 37 1C. The corrosion
current density (icorr) and corrosion potential (Ecorr) obtained
from these curves are listed in Table 3. From the polarization
curves, it is clear to see that the corrosion current density of
pure magnesium quickly increases at the beginning of the
anodic side. This suggests that the pure magnesium had
undergone a severe corrosion attack in PBS solution [34].
After the pure magnesium was modified by chemical deposi-
tion treatment, the corrosion potential (Ecorr) of the coated
magnesium is shifted to significantly more noble potentials
(more than 400 mV) relative to the pure magnesium. This great
difference implies that the Ca–Sr–P coated magnesium has
much lower corrosion rate and better corrosion resistance in
PBS solution. Moreover, the corrosion current densities of the
Ca–Sr–P coated magnesium are decreased by 2 orders of
magnitude with respect to the pure magnesium, implying that
the degradation rate of magnesium is indeed retarded by the



Fig. 3. XRD patterns of the coatings formed in different electrolyte solutions.

Fig. 4. Polarization curves of the magnesium with and without coating in PBS
solution at 37 1C.

Table 3
The Ecorr and icorr of the magnesium with and without coating.

Samples icorr (A/cm
2) Ecorr (V)

Bare Mg 1.36E-4 �1.795
CD-1 3.75E-6 �1.395
CD-2 5.77E-6 �1.400

Fig. 2. The cross-section SEM micrograph of the coated magnesium: CD-1 coating (a), CD-2 coating (b).

Table 2
The EDS results of the designated points in Fig. 1(b).

Points Elements (at%)

O K PK Ca K SrL

I 56.09 22.56 17.45 3.90
II 62.54 19.53 10.40 7.53
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inhibition of hydrogen reduction. It should be noted that no
obvious difference can be observed between the CD-1 and CD-2
groups in the polarization curves. This indicates that the two
kinds of Ca–Sr–P coatings had a similar corrosion resistance
performance at the initial stage. From the measured results it
evidences that the corrosion resistance of magnesium substrate is
considerably improved by the chemical deposition treatment in
electrolyte solutions with the addition of Sr(NO3)2.
3.3. Immersion test

Generally, when magnesium is exposed to an aqueous
solution the following reaction takes place: Mgþ2H2O-
Mg2þþ2OH�þH2↑. As a consequence, the degradation of
magnesium leads to an increase of the pH value in the
surrounding area. In this study, the pH values for the PBS
solution following immersion coated and uncoated magnesium
were recorded, and the corresponding results are shown in
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Fig. 5. It can be found that the pH values for the solutions
immersed with Ca–Sr–P coated samples stay at lower levels
during the immersion time in comparison with that of bare
magnesium, suggesting the degradation rate of magnesium was
markedly reduced due to the existence of the Ca–Sr–P
coatings.

Additionally, an obvious variation of the pH curves between
the two coated magnesium is observed. For the CD-1 group,
the pH value increases rapidly in the initial period, and then
gradually reaches a stable value after further immersion.
Conversely, for the CD-2 group, the pH variation seems to
fluctuate more and the average pH value is higher than that of
Fig. 5. Variation of pH value of PBS solutions containing magnesium samples
with and without coatings.

Fig. 6. SEM micrographs and EDS patterns of the coatings immersed in PBS
the CD-1 group. This large difference could be attributed to the
thickness and the dissolution of the coating. The further reason
possibly due to more strontium replacement of the calcium
affected the degree of crystallinity, thereby altered its solubility
[35]. The pH measurement reveals that the Ca–Sr–P coatings
can slow down the corrosion rate of magnesium, and the CD-1
group has certain advantages over the other group in the
corrosion resistance.
Fig. 6(a–d) shows the SEM images of the coated magnesium

after being immersed in the PBS solution at 371C for 14 days. It
seems that both magnesium substrates are still covered by dense
coatings, indicating the coatings have a good protective effect
from the PBS solution. As can be seen from Fig. 6a–b, in which
the morphologies of the CD-1 crystals are shown, the crystals are
more crystalline than that without immersion. The EDS pattern
(Fig. 6e) of the framed area in Fig. 6(b) suggests that the peaks of
Ca, P, O and Sr were detected but the peak Mg was absent. This
can indirectly infer that Mg2þ did not incorporate into the Ca–
Sr–P crystals during the immersion. The reason for this is
probably the replacement of a small amount of strontium into the
coating stabilized the crystals; consequently, the dissolution of
the coating was drastically inhibited, as well as the release of the
Mg2þ and OH� ions. This coincides with the fairly stable pH
value curve of the CD-1 group as observed in pH test. As regards
the CD-2 coating, new bar-like crystals formed on the coating
during the immersion, which is further confirmed by the EDS
pattern in Fig. 6(f). It can be found from the EDS pattern that the
main composition of the new bar-like crystals, as the arrow
shows in Fig. 6(d), is Mg, O and P, but with no corresponding
peak of Ca is detected. This implies that a mass of Mg2þ and
OH- ions released from the substrate, and reacted with phosphate
for 14 days, CD-1 coating (a), (b) and (e); CD-2 coating (c), (d) and (f).
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ions prior to calcium ions to form the magnesium phosphate at
371C during the immersion process [36,37], which is also
consistent with the fluctuation of the pH curve.

4. Discussion

In this study, the Ca–Sr–P coatings were fabricated on pure
magnesium by chemical deposition. In view of the results of
the electrochemical and immersion tests, the CD-1 and CD-2
coatings can significantly reduce the corrosion rate of pure
magnesium. However, the CD-1 sample exhibits better corro-
sion resistance than the CD-2 sample. Generally, the corrosion
resistance of coatings is governed by thickness and stability of
phases [6,38]. Therefore, the thickness and the stability of
phases were considered in this study to be the main factors to
evaluate the corrosion resistance of Ca–Sr–P coatings. The pH
test was conducted to investigate the long term degradation
behavior of the magnesium, and approximately considered to
be an evaluation of the Mg2þ and OH� ion concentration of
the immersion solution [38]. According to the pH curves, the
pH values for immersion of CD-2 sample reaches a higher
level than that of the CD-1 sample. As analyzed, on one hand,
the thickness of coating could be used to explain the
phenomenon. For higher Sr contents, the thickness of the
CD-2 coating distinctly decreases in comparison with the CD-
1 coating, as shown in Fig. 2. So it is easy for corrosion ions
permeated to the CD-2 substrate, leading to a higher degrada-
tion rate. The repeated and sudden pH elevation can imply the
existence of continuous pit corrosions in the CD-2 sample.
Generally speaking, the thicker the coating is, the harder the
corrosive ions penetrate through the substrate [39].

On the other hand, the stability of phases should be also
responsible for the degradation rate of the substrate. Previous
studies [32,40] have proven that when more incorporation of
the strontium introduced into the structure of HA, the HA
displayed greater solubility in physiological solution. In other
word, the stability of the calcium phosphate will be changed
with the increasing substitution of strontium. As can be seen
from SEM images (Fig. 1b and d), at low strontium contents
the calcium phosphate presents well crystallinity; whereas
when calcium phosphate induced the incorporation of more
strontium, the crystal size and crystallinity of Sr-substituted
calcium phosphate of the CD-2 coating drops dramatically,
which can be confirmed by the XRD patterns (Fig. 3). The
XRD pattern of the CD-2 coating containing more strontium
exhibits broader peaks, in line with a reduced degree of
crystallinity or the presence of an amorphous phase [20,41].
Therefore, the poor-crystalline phases at relatively higher Sr
contents may cause the CD-2 sample to have the rapid
degradation as it can be deduced from higher pH value and
the formation of Mg-composing bar-like crystals (Fig. 6d)
during the immersion. In contrast, the phases of the CD-1
coating at low Sr contents exhibits well crystallinity (Fig. 1a-
b), and displays better corrosion resistance property than that
of the CD-2 coating. In brief, both the thickness and the
stability of phases endow the CD-1 coating with the excellent
corrosion resistance.
5. Conclusions

In this study, new composite coatings based on Sr-substituted
calcium phosphate were fabricated in Sr-containing electrolyte
solutions by chemical deposition for controlling the corrosion rate
of magnesium. Results show strontium not only changed the
microstructure of the coating, but also led to a decrease in the
thickness of coating. On the other hand, the strontium can incor-
porate into calcium phosphate, and then the formed Sr-con-
taining coatings could effectively protect the magnesium substrate
from the degradation. In addition, the CD-1 coating had certain
advantages over the CD-2 coating in corrosion resistance.
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