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Abstract: In this study, a nanostructured needle-like hydroxyapatite (HA) coating was prepared by the
sodium citrate template-assisted hydrothermal method on magnesium alloy (AZ31). The influence of
sodium citrate on the composition, microstructure and corrosion behavior of the coatings was studied.
The results showed that with the increase in the mole ratio of Ca/sodium citrate from 1 to 13, the coating
gradually changed from the needle-like morphology of HA to the flake morphology of β-tricalcium
phosphate (β-TCP), which was related to the existing form of citrate in the solution and the trend
of complexation reaction. When the mole ratio of Ca/sodium citrate was 1, the HA coating sample
with the nano needle-like morphology had a high corrosion resistance (Rt = 235.300 ± 3.584 kΩ·cm2),
which was almost 200 times that of the naked AZ31 alloy. Moreover, the corrosion rates of the Ca-P
coated AZ31 alloy stabilized at about 0.55 mm/year and could provide more than 56 days of corrosion
protection to the samples, which approximated the degradation rate requirement for biomaterials
used as bone fixture.

Keywords: hydrothermal method; magnesium alloy; sodium citrate; corrosion resistance; hydroxyapatite

1. Introduction

Magnesium alloys have been receiving extensive attention and research-focus in the biomaterial
field due to their excellent mechanical compatibility, biodegradability and biocompatibility. Nowadays,
magnesium alloys are promising biomedical metallic materials in the field of orthopedics [1,2].
However, their rapid corrosion in the humoral environment can lead to a series of adverse effects [3,4],
including the rapid deterioration failure of mechanical properties, local alkalization and severe
hydrogen evolution reaction, which thus limits their clinical application [5].

Recent studies have shown that surface modifications by coatings prepared on magnesium alloys
can improve corrosion resistance in the humoral environment effectively. There are some preparation
methods that are usually used, such as the hydrothermal method [6–8], the sol–gel method [9–11],
microwave treatment [12], chemical conversion treatment [13,14], micro-arc oxidation [15], anodization [16],
plasma spraying [17], the dip coating method [18], electrophoretic deposition [19,20], the laser deposition
technique [21], the biomimetic method [22], etc. Due to its lower temperature of reaction, making it easy
to prepare dense and uniform coating, hydrothermal method is considered as one of the best ways to
prepare coatings among these methods. [23]. Wang et al. [24] hydrothermally prepared MgAl hydrotalcite
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conversion coating in situ on magnesium alloy, and Kaabi Falahieh Asl et al. [25] synthesized an intact and
dense Ca-P coating on magnesium alloy substrates via the hydrothermal method, and both reduced the
corrosion rates of the magnesium alloy substrate effectively. However, a single hydrothermal Ca-P coating
is insufficient for bonding with the substrate [26]. It needs a middle layer which can provide a strong
bond between the coating and the substrate, thereby having a longer corrosion protection effect on the
substrate. Zhang et al. [27] synthesized a phytic acid conversion coating, which acted as the middle layer,
and showed a high interface bonding strength between the hydroxyapatite coating and the magnesium
alloy substrate.

In addition, the chemical composition is also an important factor influencing its corrosion
resistance. It is well known that Ca and P are widely present in bone tissue. Recently, Ca-P coatings
have attracted broad attention from of the researchers in the field of bone implant modification.
The commonly used Ca-P coating components include HA, β-TCP, calcium hydrogen phosphate
dihydrate (CaHPO4·2H2O, CHPD), biological glass, etc. Li et al. [28] successfully prepared a dense
and uniform HA coating on the surface of a polyvinyl alcohol (PVA)/polylactic acid (PLA) braid by
electrodeposition. Yu et al. [29] characterized a nano-scale HA coating through the hydrothermal
method on a pure titanium substrate, and revealed that the coating had a higher apatite-forming
ability (bioactivity). Zhong et al. [30] synthesized a β-tricalcium phosphate coating on AZ31B alloy,
proving that it can control the biodegradation rate of magnesium alloy AZ31B to some extent.
Lin et al. [26] used the hydrothermal method to synthesize a Mg-doped β-TCP and magnesium
hydroxide (β-TCMP/Mg(OH)2) composite coating on AZ31 alloy. This coating has an adequate
bonding strength and an extremely high impedance. Bakhsheshi-Rad et al. [31] prepared a CHPD
coating on Mg-Ca alloy via the electrochemical deposition method, which had high corrosion resistance.
Huang et al. [32] prepared mesoporous 58S bioactive glass (58S MBG) coatings via a sol-gel method,
and proved that the coatings had great corrosion resistance and could induce the apatite precipitation
on the surface.

In this work, Ca-P coatings are prepared on magnesium alloys (AZ31) via the sodium
citrate-template assisted hydrothermal method, which are expected to act as promising corrosion
resistant coatings on magnesium alloy in the humoral environment. The composition and microstructure,
electrochemical properties and in vitro degradation of Mg alloy with Ca-P coatings and the mechanism
of controllable synthesis by sodium citrate-template were investigated.

2. Materials and Methods

2.1. Substrate Pretreatment and Preparation

A magnesium alloy (AZ31) plate with has dimensions of 10 × 10 × 2 mm3 was used as a
substrate. The plates were mechanically polished with 400, 1200 and 2000 grit SiC papers successively,
then ultrasonically washed in absolute ethanol for 3 min. After being dried at room temperature,
these plates were treated in 1.5 M NaOH solution at 80 ◦C for 1 h. Next, the pretreated plates were
cleaned by distilled water and absolute ethanol, then dried at room temperature for hydrothermal use.

The formulation of hydrothermal solution was as follows: different amounts of sodium citrate
(according to Ca/sodium citrate mole ratios of 1, 4, 7, 10 and 13) were separately dissolved in 10 mL
distilled water in five beakers, and 0.055 g Ca(NO3)2·4H2O and 0.050 g Na2HPO4·12H2O was dissolved
in 40 mL and 50 mL of distilled water, respectively. The sodium citrate solution was instilled into
Ca(NO3)2 solution with constant stirring, then the Na2HPO4 solution was instilled into the above
Ca(NO3)2-sodium citrate mixed solution, and the pH values of the mixed solutions were adjusted
to 5.50 [26] using 1 M HNO3 solution. Afterwards, the pretreated AZ31 plates were immersed in
the 50 mL autoclave with 35 mL of solution and then hydrothermally treated at 140 ◦C for 3 h.
The obtained coatings using coating solutions with Ca/sodium citrate mole ratios from 1 to 13 were
denoted successively as CN1, CN4, CN7, CN10 and CN13. Finally, these samples were rinsed with
distilled water and absolute ethanol, and then dried at room temperature.
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2.2. Phase Compositions and Microstructures

The phase compositions of the coated AZ31 magnesium alloys were investigated by X-ray
diffraction (XRD, Rigaku D, Tokyo, Japan) with a scan step of 4◦/min and an incidence angle of
3◦ over the 2θ range of 5◦–70◦. The surface and cross-section micro morphologies of the samples
were characterized by field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan)
equipped with an energy dispersive spectrometer (EDS, X-Max20, Oxford, UK).

2.3. Electrochemical Test

The CHI660E electrochemical workstation (Shanghai Chenhua instrument Co., Shanghai, China)
was used to quickly evaluate the electrochemical corrosion resistance of the samples. The following
three-electrode system was used: extremely saturated calomel electrode as reference electrode,
platinum electrode as counter electrode, and the tested samples as working electrode. Some treatment
should be performed on the tested samples to make them usable working electrodes before the test:
One corner of the samples was drilled, and the copper wires were fixed with the samples through the
holes. The upper surface of the sample was the working face, while the rest of the surface and the
copper wire were encapsulated with epoxy resin to keep the contact area between the working face
and the corrosive medium at about 100 mm2.

The samples were tested at 37 ◦C in simulated body fluid (SBF) [33]. First, they were soaked in SBF
for at least 10 min to obtain a stable open circuit potential before the tests. Next, the electrochemical
impedance spectroscopy (EIS) test was performed in a scan frequency ranging from 100 Hz to 0.01 Hz,
and finally the scan rate was set to 1.0 mV/s to perform the potentiodynamic polarization test. At least
three parallel samples were tested to guarantee reproducibility, and we took the average of the results
as the final result.

2.4. In Vitro Immersion Tests

The in vitro immersion test is one of the important methods of to evaluating the long-term
corrosion resistance of coatings. The samples were immersed in SBF at 37 ◦C by using a thermostat
(FYLYS-150L, Beijing Fuyi instrument Co., Ltd., Beijing, China). The ratio of SBF volume to the
working surface area of the samples was 20 mL/cm2. The SBF solution was renewed every 2 days.
The pH values of different samples of SBF were tested by the pH meter (PHS-25, Shanghai, China) at
different immersion time nodes. Besides this, the soaked samples were taken out of SBF at the same
time nodes. They were washed with chromic acid solution to remove coating, mineralized deposits,
corrosion products and so on. from the sample surface, and then washed separately with distilled
water and absolute ethanol, dried and weighed at room temperature. The corrosion rate of the sample
was calculated by following Equation (1):

Vcorr = (M1 −M2)/(S × t × ρ) (1)

where Vcorr represents the corrosion rate, M1 represents the quality of the naked AZ31 alloy plate,
M2 represents the quality of the sample washed by chromic acid, S represents the surface area of the
immersed sample, and t and ρ represent the immersion time and density of the AZ31 alloy, respectively.
At least three parallel samples were tested and we took the average of their corrosion rate as a result.

3. Results and Discussion

3.1. Phase Composition and Microstructure of Ca-P Coatings

The composition and microstructure of the coating directly influence the corrosion behavior of the
Mg alloy and its service in the humoral environment [34]. While we prepared coated samples by the
sodium citrate template-assisted hydrothermal method, we found that the content of sodium citrate
in the hydrothermal solution may influence the nucleation and growth of the Ca-P crystal, and this
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was the important factor for Ca-P coating preparation. Therefore, based on the optimization of other
experimental conditions [7,26], the influence of different contents of sodium citrate on the composition
and microstructure of Ca-P coatings was mainly explored.

XRD patterns of the coatings prepared by the sodium citrate template-assisted hydrothermal
method with different contents of sodium citrate were shown in Figure 1. All five coated samples
consisted of magnesium (Mg, JCPDS # 65-3365), magnesium hydroxide (Mg(OH)2, JCPDS # 76-0667),
β-TCP (JCPDS # 70-2065) and HA (JCPDS # 74-0565). The diffraction patterns of Mg(OH)2 indicate that
the Mg(OH)2 layer was formed on the surface of each AZ31 substrate, then different Ca-P coatings were
successfully prepared when the mole ratios of Ca/sodium citrate in the hydrothermal solution were 1, 4,
7, 10 and 13, respectively. However, the intensity of the diffraction patterns for these samples appeared
significantly different. From the samples CN1 to CN13, the relative diffraction peak intensity of HA
was decreased gradually until it disappeared, and this simultaneously accompanied the increasing of
the diffraction peak intensity of β-TCP simultaneously. It can be speculated that the Ca-P coating was
transformed from HA to β-TCP, while the content of sodium citrate was decreased.
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Figure 1. X-ray diffraction (XRD) patterns of the Ca-P-coated samples prepared at different contents of
sodium citrate.

All five coated samples had diffraction peaks of Mg. The intensity of Mg peaks was increased
from CN1 to CN10; however, with the decreasing of the sodium citrate content, the Mg peak’s intensity
in CN13 was decreased however. Meanwhile, compared to the standard diffraction peak of HA
and β-TCP, the diffraction peak position of HA was shifted about 0.3◦ to the right, and the peaks of
β-TCP shifted by 0.1◦ to higher angle values, respectively, demonstrating that the thickness of coatings
decreased from CN1 to CN10 and slightly increased up to CN13, and Mg2+ was doped into Ca-P
coatings simultaneously (proved by Table 1). For CN1, the diffraction peak intensity of the HA (002)
crystal plane was much higher than HA (211), indicating that the HA crystal tended to grow in the
direction of the c-axis. From samples CN4 to CN13, the diffraction peak intensities of the (110) and
(220) crystal plane of β-TCP were increased obviously, demonstrating that the β-TCP crystals grew
into lamellar structures, and their crystallinity was high.

Figure 2 provides the surface morphologies of the naked AZ31 alloy and the Ca-P-coated samples
prepared at different contents of sodium citrate. It is shown that the surface of the naked AZ31 alloy
exhibited a number of scratches that took place during the mechanical polishing process (Figure 2a).
After the hydrothermal process at different amount of sodium citrate in the solution, there were distinct
changes in the microstructures and the components of the surfaces of the AZ31 substrates.
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Table 1. Element composition of area A, B, C, D, E, F, G and H in Figure 2.

Element
Atomic Concentration (%)

Area A Area B Area C Area D Area E Area F Area G Area H

C 12.2 8.1 11.8 6.7 10.6 14.8 13.0 15.2
O 25.9 61.2 54.4 33.1 55.5 47.5 44.6 49.0

Mg 3.4 4.0 2.8 9.0 3.5 6.6 3.2 2.7
Ca 35.9 16.4 17.6 31.3 17.2 18.3 22.3 18.4
P 22.6 10.2 13.3 19.9 13.2 12.8 16.9 14.8Coatings 2020, 11, x FOR PEER REVIEW 5 of 13 
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A uniform and compact coating was prepared on magnesium for sample CN1, which consisted
of nano-needle-like crystals (Figure 2b). The elemental composition was analyzed by EDS (Table 1).
The ratio of (Ca + Mg)/P in the coating (area A) was 1.74, which was close to that of stoichiometric HA
(1.67), demonstrating that the composition of the CN1 coating was Mg-doped HA. Figure 3 shows
the cross-sectional SEM microstructure of CN1 and the elements’ distribution curves (Mg, O, Ca, P)
for the coating by using line scanning EDS analysis. The Mg(OH)2 layer, with a thickness of 20.9 µm,
was observed on the surface of the AZ31 alloy substrate, and a uniform and dense Mg-doped HA
coating with a thickness of 9.8 µm was covered on it, the microstructure of which was consistent with
the XRD analysis mentioned above. It can be observed through SEM that the Mg(OH)2 layer and
the Mg-doped HA coating of CN1 were still tightly bound without any defects after grinding and
polishing, indicating that the CN1 coating was well bonded to the substrate. Besides this, the surface of
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the AZ31 substrate was kept flat, and the Mg(OH)2 layer had no defects and was of uniform thickness,
demonstrating that the substrate would not be damaged during the preparation process.
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With the decrease in the concentration of sodium citrate in the hydrothermal solution, spherical
aggregates with a diameter of 200–600 nm appeared on the coating of CN4. The spherical aggregates
on the CN7 coating grew up to leather-like ellipsoids, the long axes of which were about 1–1.25 µm,
and the short axes were about 300–500 nm, while the needle-like crystals were significantly reduced.
For the CN10, the long and short axes of the leather-like ellipsoidal aggregates were observably reduced,
and the ellipsoidal aggregates had the trend of separation to the plate crystals. Finally, the coating
surface of CN13, as shown in Figure 2f, was evenly covered by the plate crystals, and the needle-like
crystals disappeared completely.

The elemental compositions of the other samples different areas were also summarized in Table 1.
It could be seen that all the coatings contained Ca, Mg, O and P. The (Ca + Mg)/P ratio for the coating
crystals with different morphologies changed greatly. The ratios of (Ca + Mg)/P in the areas A, B,
D and F, which consisted of needle-like crystals, were 1.74, 2.00, 2.03 and 1.95, respectively, and the
corresponding Ca/P ratios were 1.59, 1.61, 1.57 and 1.43, while the Mg/P ratio was increased by 0.15,
0.39, 0.45 and 0.53, respectively. The CN1 coating was consisted of Mg-doped HA. It was speculated
that from CN4 to CN10, with the increase in Mg content in the coating, excessive Mg2+ was doped into
the HA lattice, resulting in the destruction of the HA crystal structure. Therefore, it is conjectured that
the crystallinity of HA in the regions B, D and F decreased and its properties became more unstable.
Moreover, the ratios of (Ca + Mg)/P for spherical aggregates, leather-like ellipsoidal aggregates and
plate crystals corresponding to C, E(G) and H were in the range of 1.43–1.57, which is approximately
that of stoichiometric β-TCP (1.5), indicating that the composition of these areas was Mg-doped β-TCP.
It can be seen from the intensity of the diffraction pattern for the (220) peak of β-TCP in Figure 1
that the peak intensity of CN4 was only slightly higher than that of CN1, while the peak intensity
of CN7 increased sharply. In combination with Figure 2 and the above analysis, it could be inferred
that the spherical aggregates in CN4 were β-TCP with low crystallinity, and in the CN7 sample
coating, the crystallinity of β-TCP was significantly improved and transformed into leathery ellipsoid
aggregates formed by strip-like crystals with a thickness of about 10 nm. From CN7 to CN13, the β-TCP
ellipsoids were separated layer by layer and gradually changed into a lamellae structure.

The above results shown that the nucleation and the growth of the Ca-P compounds were
tightly associated with the content of sodium citrate in the template-assisted hydrothermal method.
The sodium citrate dissolved into H2O and ionized into Na+ and Cit3− (Figure 4a), while the Cit3−

in solution occurred via the hydrolysis/ionization equilibrium reaction, and the final main form was
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related to the pH value of the solution. The relationship between the percentages of citrate in the
different forms and the pH are was shown in Figure 4b [35].
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While the sodium citrate solution was mixed with the calcium nitrate solution in this study, the
pH value of the mixed solution was about 4.0. At this time, the citrate mainly existed in the form
of H2Cit−. H2Cit− bound closely with Ca2+ in the solution in a 1:1 ratio to form the complex group
[Ca2+H2Cit−]+. The Mg(OH)2 coating acted as a kind of protective layer, which was prepared on the
AZ31 alloy substrate surface during the alkali treatment, and could effectively prevent the substrate
from directly contacting with the solution at the initial stage of the hydrothermal reaction. Furthermore,
the Mg(OH)2 coating was a conversion coating, and it could provide the –OH, which usually acted as
a nucleation site for the deposition of Ca-P compounds [33,36].

After mixing all solution and adjusting the pH value to 5.5, for sample CN1 (Figure 5a), at the
beginning of hydrothermal process, the [Ca2+H2Cit−]+ and Mg(OH)2 layer combined through an
hydrogen bond between –OHs. As such, the [Ca2+H2Cit−]+ covered the entire surface quickly. At the
same time, [Ca2+H2Cit−]+ ionized to [Ca2+HCit2−]v and generated H+, and the Mg(OH)2 layer began
to degraded slightly. However, the radius size of Mg2+ was smaller than Ca2+, so that Mg2+ could
form stronger coordination bonds with the citrate because of its higher electronegativity. Therefore,
Mg2+ was more easily complexed to citrate than Ca2+. In this study, the –COO− which was ionized
by the complex group [Ca2+H2Cit−]+ was easily complexed to Mg2+, resulting in a stronger bond
between the citrate and the Mg(OH)2 layer. In addition, the citrate did not decompose at 140 ◦C, so the
complex group was still positively charged and could adsorb PO4

3− and OH−. Under the action of
hydrothermal action, a stable HA crystal nucleus is formed on the surface, and then grew along the c
axis because of the existence of citrate [37], and then finally formed a nanoneedle-like morphology.

As regards the other Ca-P-coated samples (Figure 5b), the partial Ca2+ remained free after
complexation with H2Cit− to form [Ca2+H2Cit−]+ in the solution, while the sodium citrate solution was
mixed with the calcium nitrate solution. Lin et al. [26] proved that the solution containing sufficient
concentrations of Ca2+ and PO4

3− ions tends to form β-TCP at 140 ◦C of hydrothermal heating when
the pH value is 5.5 and sodium citrate is not added. Moreover, the doping of Mg2+ would help to
form Mg-doped β-TCP, which has lower solubility and stable properties [38]. In this study, with the
decrease in the concentration of sodium citrate in the solution, [Ca2+H2Cit−]+ could not evenly cover
the whole surface of the Mg(OH)2 layer at the beginning of the hydrothermal process. The Mg(OH)2

layer was directly exposed to acidic solution and degraded rapidly at the region lacking [Ca2+H2Cit−]+.
The –OH on the surface of the Mg(OH)2 layer after degradation electrostatically attracted the free Ca2+,
then the Ca2+ attracted PO4

3− deposition, thus forming β-TCP in this region. Due to the degradation
of the Mg(OH)2 layer, more Mg2+ was released into the hydrothermal solution. On the one hand,
Mg2+ influenced the β-TCP area, and made it transform into a more stable flake Mg-doped β-TCP.
On the other hand, excess Mg2+ was doped into the HA lattice and destroyed the crystal structure of
HA, making the HA’s crystallinity and stability decrease, consistent with the EDS analysis results.
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3.2. Corrosion Resistance of Ca-P Coatings

In order to quickly evaluate the effects of different sodium citrate contents on the corrosion
resistance of Ca-P coatings, a series of electrochemical tests was implemented for the naked Mg alloy
and the Ca-P-coated samples (CN1, CN4, CN7, CN10 and CN13) in the SBF solution. The results are
shown in Figure 6.
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The results of the EIS measurement are shown in Figure 6a. According to the study in Ref. [39],
the capacitive reactance arc in the high frequency range was ascribed to the charge transfer reaction,
and the capacitive reactance arc in the range of intermediate frequency was attributed to the mass
transfer of the corrosion products. The presence of the intermediate frequency capacitive reactance arc
means that the Mg substrate has been eroded by the corrosive electrolyte. Therefore, the naked Mg
alloy samples’ results (the insert in Figure 6a) show that the small capacitating resistance arc in the
high frequency range was attributed to the corrosion protection effect of the loose oxide film, while the
apparent low capacitive resistance arc in the medium frequency range reflects that the AZ31 substrate
had contacted the SBF solution and the corrosion reaction occurred. The EIS curves of the CN1 samples
had only one capacitive reactance arc, while some of the other Ca-P-coated samples showed very
small capacitive reactance arcs in the range of the medium frequency, indicating that the CN1 coating
had a good protective effect on the substrate, and the other Ca-P coated samples experienced a slight
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corrosion reaction. In addition, the diameter of the capacitive reactance arc was usually used as the
charge transfer resistance (Rt). The larger this value was, the higher the electrochemical corrosion
resistance of the material would be [27,40]. In this study, the Rt values of each sample (Table 2) were
CN1 > CN4 > CN7 > CN10 > CN13 > naked AZ31 alloy in descending order, indicating that the Ca-P
coating prepared with a Ca/sodium citrate concentration ratio of 1 had better corrosion resistance.
Meanwhile, the Rt value of CN1 is about 195 times that of naked AZ31 alloy, demonstrating that the
coating has a good electrochemical corrosion protection effect and can effectively isolate the magnesium
alloy substrate from the external corrosive medium.

Table 2. Electrochemical properties of the naked Mg alloy and different Ca-P-coated samples.

Samples Rt (kΩ·cm2) icorr (µA/cm2) Ecorr (V/SCE)

Naked Mg 1.195 ± 0.045 13.280 ± 1.658 −1.713 ± 0.017
CN1 235.300 ± 3.584 0.156 ± 0.023 −1.582 ± 0.012
CN4 112.100 ± 3.218 0.201 ± 0.034 −1.594 ± 0.013
CN7 99.810 ± 3.196 0.161 ± 0.029 −1.582 ± 0.013

CN10 97.610 ± 3.187 0.171 ± 0.032 −1.567 ± 0.014
CN13 68.090 ± 3.083 0.207 ± 0.040 −1.595 ± 0.012

Besides this, the corrosion resistance of the samples could also be evaluated via the potentiodynamic
polarization test (Figure 6b). The corrosion potential (Ecorr) and corrosion current density (icorr) were
obtained by using the tafel extrapolation method and summarized in Table 2. The lower values
of icorr indicate that the coatings have a better protective ability for the AZ31 alloy substrates [27].
Compared with the naked Mg, the icorr of Ca-P-coated samples decreased by two orders of magnitude,
and the icorr of CN1 was the lowest. Therefore, the CN1 with the lowest icorr value and the highest Rt

value had the best corrosion resistance among these samples. Its coating could effectively prevent the
penetration of the SBF solution, and it provided good protection for the AZ31 substrate.

For the further study of the corrosion resistance of Ca-P coatings prepared with different contents
of sodium citrate, all six samples were immersed in SBF for the in vitro immersion test to observe
the long-term corrosion resistance behavior. The SBF solution’s pH variation (of the control group of
naked AZ31 alloy and Ca-P coated samples) and the average corrosion rate of Ca-P-coated samples
after immersion are given in Figure 7a,b, respectively.Coatings 2020, 11, x FOR PEER REVIEW 10 of 13 
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The pH value of SBF with naked AZ31 alloy increased rapidly and reached up to 11 in the first
7 days (Figure 7a). The study had shown that Mg could be reacted in an aqueous solution such as
SBF, and generates OH− to alkalize the solution, and then the Cl− in the solution converts the loose
layer which is composed of corrosion products, accelerating the release of OH− and leading to the
rapid corrosion of the magnesium alloy [41]. After 11 days of immersion, the naked AZ31 alloy was
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almost completely degraded. However, the five Ca-P-coated samples kept their original macroscopic
shape after soaking for 56 days. Among the five Ca-P-coated samples, the SBF solution with the CN1
sample presented the lowest pH values (under 7.70) during the entire immersion period. The pH
values of the SBF solutions of other Ca-P coating samples were higher than those of the CN1 samples,
remaining at about 8.0 after 56 days of immersion, demonstrating that the CN1 coating could provide
better sufficient protection to the AZ31 substrates from the corrosion by SBF.

For more quantitative assessment, the corrosion rates of the Ca-P coating samples are shown
in Figure 7b. These showed that the corrosion rates of the CN1 samples stayed below 1 mm/year
during the whole immersing process, and finally it stabilized at about 0.55 mm/year, which was closed
to the degradation rate requirement of less than 0.5 mm/year in the SBF solution for bone implant
biomaterials [1]. However, the corrosion rates of the other Ca-P coating samples were significantly
higher than that of CN1 sample, and finally stabilized above 0.9 mm/year.

In combination with the above analysis, the CN1 sample was the one with the best performance
in all the Ca-P coated samples.

4. Conclusions

In this study, different kinds of nanostructured Ca-P coatings were prepared on AZ31 alloy via
the sodium citrate template-assisted hydrothermal method. The amount of sodium citrate template
could control the composition and morphology of the coatings. With the decrease in sodium citrate,
the coating gradually changed from the needle-like morphology of HA to the flake morphology of
β-TCP, which was related to the existing form of citrate in solution and the trend of the complexation
reaction. In all the Ca-P coating samples, the CN1 sample whose molar ratio of Ca and sodium citrate
was 1 had a higher charge transfer resistance (235.300 ± 3.584 kΩ·cm2) and a lower corrosion current
density (0.156 ± 0.023 µA/cm2), indicating that it had effective electrochemical corrosion resistance.
The immersion test of the CN1 sample in SBF showed that the CN1 coating on the surface could
provide protection for the AZ31 magnesium alloy substrate for more than 56 days, and the corrosion
rates of it stabilized at about 0.55 mm/year, which approximated the degradation rate requirement of
biomaterials used as bone fixtures. Consequently, the sodium citrate template-assisted hydrothermal
method could control the composition and microstructure of Ca-P coatings on an AZ31 alloy substrate.
The needle-like CN1 coating sample among them was an effective surface modified coating for
biomedical AZ31 alloy, used to improve the long-term corrosion resistance.
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