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CaP coating was successfully prepared on the ZK60 magnesium by electrodeposition. The CaP 

coatings show a DCPD phase structure with small amount of β-TCP phase. The surface morphology 

shows a typical dendritic structure and the deposition voltage has little influence on the Ca/P ratio. The 

corrosion resistance of ZK60 alloy is obviously improved after coated with CaP coatings and the 

sample with CaP coating deposited at 4V has the best corrosion resistance. The improvement in 

corrosion resistance will greatly reduce the initial biodegradation rate of the implants, and is essential 

for maintaining the implant’s mechanical strength in the bone reunion period.  
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1. INTRODUCTION 

Magnesium and its alloys have attracted much attention as a biodegradable implant material 

due to their good biocompatibility and biodegradability recent years [1,2]. Unlike traditional 

permanent implants, magnesium alloys will not cause permanent physical irritation and stress shielding 

effect [2, 3]. Magnesium and its alloys degrade in aqueous environments via an electrochemical 

reaction producing magnesium hydroxide and hydrogen gas [2]. Especially in vivo where the chloride 

content of the body fluid is about 150mmol/l (which has exceeded the critical concentration 

30mmol/l), the degradation rate is faster due to the magnesium hydroxide converts into highly soluble 

magnesium chloride [4-6]. The rapid degradation rate of the magnesium-based implants in vivo has 
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become the main limitation hindering their applications [7]. Suitable strategies are thus required to be 

developed to tailor their degradation rates. 

Surface modification is an effective way to improve the biodegradation property as well as the 

biocompatibility of Mg alloys. [8-13] Calcium phosphates, the major composition of bone, have 

demonstrated high biocompatibility, osteoconductivity and non-toxicity in an in vivo environment.[12-

16] Such evidence advocates that bioactive CaP coating on Mg alloys might be an effective way to 

solve this problem. Though many methods for fabricating CaP coatings are available, electrochemical 

deposition (ED) methods are widely used for coating calcium phosphates on metallic implants [17-19], 

due to their ease of operation and practicability for coating complex structures. Recently, ED methods 

have been applied for coating calcium phosphates on magnesium alloys [20-22]. However, there are no 

studies which investigate the effect of electrodepositing voltages on the structural and in-vitro 

corrosion properties of CaP coatings on magnesium alloys in the literatures. 

For avoiding the fast degradation of pure Mg and improving the mechanical properties, 5.5 

wt.% zinc and 0.5 wt.% Zr were picked up as the alloy elements in our biodegradable magnesium alloy 

(ZK60, Mg-5.5wt%Zn-0.5wt%Zr). Zinc is recognized as a highly essential element for humans. In 

zinc deficiency, nearly all the physiological functions are strongly perturbed. Zirconium possesses a set 

of suitable properties for orthopedic applications such as low specific weight, high corrosion 

resistance, and biocompatibility. [12]  

In this paper, CaP coatings were electrodeposited onto ZK60 magnesium alloy substrates. The 

structure, composition and in vitro corrosion properties of the CaP coatings on ZK60 alloy were 

investigated by changing different depositing voltage, in order to optimize the fabricating procedure of 

CaP coatings on Magnesium alloys. 

 

2. EXPERIMENTAL 

2.1 Sample Pretreatment 

The magnesium alloy used in this study was ZK60 alloy, with the major alloying elements of 

approximately 5.5wt% Zn and 0.5wt% Zr. It was cut into rectangular samples with a size of 

10×10×5mm
3
. These samples were ground with SiC papers up to 800#, rinsed ultrasonically in ethanol 

and then air dried.  

 

2.2 Electrodeposition 

The experimental set up used for the electrodeposition was a simple two-electrode cell 

configuration. The working electrode was the ZK60 alloy and the counter electrode was a platinum 

sheet. Both electrodes were immersed in a supersaturated electrolyte (SE) which was prepared by 

dissolving given amounts of reagent-grade chemicals Ca(NO3)2·4H2O, NH4H2PO3 and H2O2, in 

demineralized water. The ion concentrations of electrolyte are listed in Table 1. The electrodeposition 

was carried out at 30 °C while the voltage was changed from 2V to 8 V. 
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Table 1. Composition of electrolyte solution 

 

Component Concentration (/L) 

Ca(NO3)2·4H2O 0.1 mol 

NH4H2PO3 0.06 mol 

30%H2O2 15~20 mL 

 

2.3 Surface Characterization  

The crystallographic structure and chemical compositions of the coatings were examined using 

X-ray Diffraction (XRD) and energy dispersive spectroscopy (EDS), respectively. To study the 

morphology, coated samples were analyzed with a field emission scanning electron microscope (FE-

SEM). 

 

2.4 Electrochemical Measurements  

Corrosion behavior of the samples was studied by electrochemical tests (Tafel Plot) with a 

electrochemical work station. The experiments were performed in the simulated body fluid (SBF) 

solution (listed in Ref.12) with a pH value of 7.4 at 37 °C. A three electrode set-up with a saturated 

calomel reference and a platinum counter electrode was used. The area of the samples for working 

electrode was 10×10mm
2
. Prior to characterization, the samples were immersed in the solution for 20 

min to establish the open circuit potential.  

 

2.5 Immersion Tests 

In vitro immersion tests were carried out in SBF solution. The pH value was adjusted to 7.4 ± 

0.1 and the temperature was kept at 37 ± 0.5 °C using a water bath. The samples were immersed into 

120 ml SBF solution for 8 days, respectively. The pH value of the solution and the samples’ mass were 

recorded during the immersion every 24h, with a blank SBF solution as control group. 

 

3. RESULTS AND DISCUSSION 

3.1 XRD patterns 

Fig.1 shows the XRD results of ZK60 alloys with CaP coatings electrodeposited at different 

voltages. The diffraction peaks from CaP phase and ZK60 substrate can be clearly observed. The 

patterns show strong peaks at diffraction angle 2θ of 12°, 21° and 29°, which are typical diffraction 

peaks of DCPD (CaHPO4﹒2H2O, PDF 72-1240). It can be seen that with increasing voltage, the peak 

intensities of DCPD phase increase. This is mainly caused by the thicker DCPD coatings at higher 
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depositing voltage. The peak intensity of DCPD phase gets maximum at voltage of 6V and then 

decreases when the voltage increases to 8V. This may be explained that high depositing voltage leads 

to rapid deposition of DCPD phase, which results in poorly distributed DCPD phase. Also, weak peaks 

of β-TCP (tricalcium phosphate, Ca3(PO4)2) are indexed in the coatings from the XRD patterns. Thus, 

it can be clarified that the CaP coatings are composed of DCPD phase and a small amount of β-TCP 

phase. It can be seen that there is no significantly changes in the patterns of samples electrodeposited 

at different voltages. But the peak intensities of β-TCP phase get strongest at 6V. This indicates that 

part of the DCPD phase transforms to β-TCP phase and the amount of β-TCP in the CaP coating 

increases with increasing depositing voltages.  

The cathode reactions of electrodeposition CaP phases on the surface of magnesium alloy are 

generally suggested as follows: 

                           (1) 

                    (2) 

                       (3) 

Supersaturated electrolytes buffered at pH=4 have been used for depositing CaP coatings. In 

the electrolyte, reactions (1) and (2) mainly occured and generated HPO4
2- 

would partially be 

deoxidized to PO4
3-

, as shown in reaction (3).  

During deposition, Ca
2+

 ion will precipitate with HPO4
2-

 and PO4
3-

 anions to form CaHPO4﹒

2H2O (DCPD) and Ca3(PO4)2 (β-TCP), respectively: 

                     (4) 

                                         (5) 

These reactions are considered to be the ones having a major effect on the formation of calcium 

phosphates because of their active role in controlling the pH and producing hydroxyl ions. 

 

 
 

Figure 1. XRD patterns of ZK60 alloys with CaP coatings electrodeposited at different voltages 
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Figure.2 shows the surface morphology (SEM) of the electrodeposited CaP coatings at different 

voltages. It was found that a homogenous coating layer was formed on the surfaces of the substrate. 

Most of the as-deposited coating shows dendritic morphology with a lot of flakes and fine crystal size, 

which is similar to the DCPD coating that is prepared by electrodeposition in Song’s study [23]. For 

the coating electrodeposited at 2V, a dendritic structure, composed of regular flakes which were about 

2-5 μm in thickness and 50-100 μm in length, was observed in the coating, and the flakes aggregate 

closely. When the electrodeposition voltage is increased to 4V and 6V, the coatings still show dendritic 

morphology but the size of flakes is increased apparently. Further increasing the deposition voltage to 

8V, the surface morphology changes significantly. There is no dendritic structure can be observed in 

the coating, but a kind of rod-like structure with size of about 50-100 μm in length is seen.  

 

 
 

Figure 2. SEM morphologies of coated samples. 

 

The compositions of the coatings were examined by EDS, as shown in Fig.3. The main 

elements detected on the surface of the coatings were Ca, P, C, and O indicating that CaP phase was 

present in the coating. EDS analysis of the various coatings revealed that Ca/P atomic ratio was found 

to be around 0.89, 0.88, 0.93 and 0.83 for coatings deposited at voltage of 2V, 4V, 6V and 60 °C, 

respectively. It seems that deposition voltage has little influence on the Ca/P ratio. The Ca/P ratios of 
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all the coatings are close to that of the stoichiometric DCPD (1). This result indicates that our DCPD 

coating is calcium-deficient. This is due to substitutions in the lattice. Calcium phosphate compounds 

can be substituted with different ions. In the DCPD lattice, calcium can be replaced by small amounts 

of magnesium and sodium, and phosphates can be replaced by carbonate ions. During the 

electrodepositing process, these ions are incorporated into the coating. It is also known that there may 

be a significant amount of magnesium incorporated into coatings which makes calcium magnesium 

brushite the mostly like phase present due to the corrosion of the substrate during the coating process. 

 

 
 

Figure 3. EDS patterns of coated samples. 

 

The Tafel curves obtained for CaP-coated and uncoated ZK60 alloy samples in SBF solution at 

37℃ were plotted based on the electrochemical characterizations, as shown in Fig.4. Generally, the 

Tafel curves are assumed to represent the cathodic hydrogen evolution through water reduction, while 

the anodic ones represent the dissolution of magnesium. The cathodic parts of the curves in Fig. 4 

indicate that the cathodic polarization current of the hydrogen evolution reaction on the DCPD-coated 

Mg alloy is much higher than that on the uncoated Mg substrate. That is to say, the overpotential of the 

cathodic hydrogen evolution reaction is lower on the DCPD-coated Mg alloy than on the uncoated Mg 

substrate. This also reveals that the cathodic reaction is easier kinetically on the DCPD-coated 

specimen than on the bare one, which may be due to the existence of the DCPD coating. Tafel-type 

analysis was performed on the linear regions of the plot, using the Tafel slopes from between 50 and 

250mV away from the corrosion potential, to provide an approximation of the corrosion current 
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density. Values of the corrosion potential Ecorr and the corrosion current density Icorr were extracted 

from these curves and are shown in Table 2. The initial corrosion potential (Ecorr) of the DCPD-coated 

Mg alloy samples were all higher than the uncoated alloy sample (-1.53V). While the corrosion current 

density Icorr is about 2-3 order of magnitude lower than that of the uncoated magnesium. This result 

further indicates that the corrosion resistance of magnesium has been improved by the DCPD coating. 

The lower corrosion current density was due to the smaller portion of exposed area to the solution. 

Thus, there was a decrease in anodic reaction rate (the corrosion rate). The coating decreases the 

available surface area susceptible to corrosion. The corrosive solution cannot attack the magnesium 

where it is protected by the CaP coating. This matched with the immersion testing results that the 

initial degradation rate of the CaP-coated samples was lower than the uncoated ones. In all the 

samples, the sample coated at 4V has the best in vitro corrosion resistance. From the results of 

electrochemical testing analysis, it is obvious that the Ca-P coating could improve effectively 

corrosion resistance of the ZK60 alloy in the SBF solution. The improvement in corrosion resistance 

will greatly reduce the initial biodegradation rate of the implants, and is essential for maintaining the 

implant’s mechanical strength in the bone reunion period. In terms of the design of degradable 

implants, this means that a thinner or less bulky bone plate could be used compared with untreated Mg 

implants having the same service life. 

 

Table 2. Corrosion parameters obtained from electrochemical analysis 

 

samples Ecorr (V) Icorr (A) 

uncoated -1.531 1.768e-004 

2V -1.370 5.358e-006 

4V -1.280 1.977e-006 

6V -1.325 1.279e-006 

8V -1.393 3.466e-007 

 

 
Figure 4. Tafel plot of the samples in SBF solution  
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To examine the long-term corrosion behavior, the in vitro corrosion behavior of the CaP-coated 

and uncoated ZK60 alloy samples in SBF were monitored. The pH values of the SBF were monitored 

every day during the sample immersion. Fig.4 shows the variation of the pH value of SBF solution at 

different immersion time. It can be seen that the pH values of the solution with the coated samples 

increase more slowly than that of the solution with untreated samples in the first 24 hrs. As it is known 

that the increase of the pH values in Hank’s solution mainly results from the dissolution of Mg and the 

formation of corrosion product Mg(OH)2, it can be concluded that the corrosion rate of coated samples 

is lower than that of untreated samples. The corrosion rate of Mg alloys during the early stages of 

implantation would play a critical role in the initial surrounding tissue response. If the initial 

degradation of Mg-based implants was too rapid, osteolysis would occur, thus adversely affecting bone 

tissue regeneration.[24] Therefore, it was critical to control and decrease the initial degradation rate. 

From Fig.4, it can be seen that there is an increase in pH value for all the samples with increasing time. 

At the first day, the pH value increases sharply for all the samples because of the increase of OH
-
 

concentration caused by the release of Mg
2+

 [25]. The pH for the uncoated sample increases from 7.4 

to 8.5 while the pH of coated samples increase only about 0.2~0.4 (The relatively lower increases in 

pH in current study compared to previous studies [12, 13] are because that only one surface of the 

samples is exposed to the SBF solution). After 2 days’ immersion, the pH changes for all samples slow 

down. It is clear that the pH change for the uncoated sample was the highest and the pH value reaches 

to about 10 while the pH values of the solution immersed with CaP coated samples are around 8.4, 

which is much lower than that of uncoated samples. Therefore, it can be concluded that the samples 

coated with CaP have a better corrosion resistance than uncoated sample. 

 
Figure 4. Relationship of sample weight versus immersion time 

 

Fig.5 shows the relationship of sample weight versus immersion time. It was observed that the 

weight of coated samples do not change much and keep almost constant (there are a little bit increase) 

with increasing immersion time while that of uncoated sample decreases significantly. The weight 
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change of the samples immersed in SBF solution was a result of the following three processes: (1) the 

corrosion of magnesium, (2) the precipitation of CaP coating, and (3) the dissolution of CaP coating. 

The corrosion of magnesium occurred for all the samples, but their corrosion rates were significantly 

different owing to varied surface coatings applied to the substrate, including no coating and coating at 

different voltages.  

 
Figure 6. Variation of the pH value of SBF solution at different immersion time 

 

 

 

4. CONCLUSIONS 

In summary, CaP coating was successfully prepared on the ZK60 magnesium by 

electrodeposition. The CaP coatings show a DCPD phase structure with small amount of β-TCP phase. 

The surface morphology shows a typical dendritic structure and the deposition voltage has little 

influence on the Ca/P ratio. The corrosion resistance of ZK60 alloy is obviously improved after coated 

with CaP coatings and the sample with CaP coating deposited at 4V has the best corrosion resistance. 

The improvement in corrosion resistance will greatly reduce the initial biodegradation rate of the 

implants, and is essential for maintaining the implant’s mechanical strength in the bone reunion period. 

Thus ZK60 alloy coated with the Ca-P coating prepared in this study is a promising candidate for 

biodegradable orthopedic implant. 
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