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Abstract   

Electrodeposition process of calcium phosphate (CaP) was performed at various temperatures on 

AZ31 magnesium alloy and the influence on corrosion resistance of the alloy covered by CaP 

was investigated by electrochemical tests supported by photodocumentation. The 

electrodeposition treatment was performed by potential controlled method in water solution of 

Ca(NO3)2.4H2O, NH4H2PO4 and H2O2. The difference in the process of CaP formation at various 

temperatures was described using diagrams of current density time dependence. Corrosion 

measurements were performed in 0.9% NaCl solution at 22 ± 2 °C using electrochemical 

impedance spectroscopy. According to corrosion resistance results, the optimal temperature for 

CaP electrodeposition process was chosen. 
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1 Introduction 

Commonly used materials for fixing bone fracture are medical-grade metals such as 316L 

stainless steel, pure titanium and its alloys, and cobalt–chromium-based alloys [1]. If the implant 

carries too large a component of the applied load, the bone beneath it will experience a reduced 

load and will lose density in response [2]. The properties of these conventional metallic implants 

do not match well with bone due to the basic difference in the modulus of elasticity of the two 

(for cortical bone, in the order of 3–20 GPa, which is an order of magnitude less than that of 

metals). In case of metal implants, risk of stress shielding of the bone is much higher since a 

greater portion of the load is on the metallic implants. This stress shielding obstructs the 

stabilization of the bone tissue and hence multiple surgeries need to be performed, leading to 

further complications [1, 3-5]. 

Magnesium has been suggested as a revolutionary implant material to overcome the limitations 

of the current metallic materials being used. Mg is light in weight and low in density, and 

exhibits high strength/weight ratio [6]. The elastic modulus of Mg has been reported as 45 

GPa[7] and therefore, in comparison with the current metals in clinical use, is far closer to the 
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elastic modulus of bone. Current magnesium alloys exhibit good mechanical and fatigue 

properties [8, 9]. Mg also has the advantage of degradation, and thus if corrosion rates are 

controlled, the material would slowly degrade, removing the necessity for second removal 

surgeries, thereby decreasing health risks, costs and scarring. Additionally, in contrast to the 

metals currently utilized, the wear products of which can be potentially toxic or otherwise 

harmful to the patient [10-13], the corrosion products of Mg have been shown to be potentially 

beneficial to the patient [14]. 

The degradable properties of Mg and its alloys are, however, a double-edged sword. Mg is a 

highly reactive metal, and corrosion rates when immersed in physiological solutions are highand 

can influence mechanical properties of these alloys also [15-17]. In order for use of this material 

to be feasible for orthopaedic applications, the corrosion mechanisms must be reduced and 

controlled. In response to this, coatings have been suggested as a means of reducing exposure to 

the corrosive environment, thus reducing the corrosion rate. Ideally, corrosion would be slowed 

to allow the mechanical integrity of the metal to remain intact during bone healing. This would 

also minimize hydrogen production, which has been observed as a (potentially disadvantageous) 

corrosion by product when using this material [18–21]. Theoretically, it would be then expected 

a coating to slowly wear away, allowing controlled degradation of the substrate [22]. 

Actual research in the field of surface treatments of magnesium alloys is focused on the 

preparation and evaluation of biocompatible coatings and layers [23, 24]. Biocompatible 

protective coatings are a practical option to moderate biodegradation allowing functional 

implant deployment [25, 26].  

Especially, coatings with CaP compounds attract attention [27]. Biologically relevant CaP 

belongs to the orthophosphate group and naturally occurs in several biological structures, 

including teeth and bone. Consequently, CaP have long been investigated and utilized as 

coatings for protection against wear corrosion and increased biocompatibility in orthopedic 

devices [22]. 

Compared to conventional preparation methods, such as hot spraying or laser cladding, the 

structure of Ca–P coatings formed in solution is closer to that of the bone minerals [28]. 

Moreover, the electrodeposition technique could cost-effectively adjust the morphologies and 

compositions of Ca–P coatings [29]. 

Thus, the aim of this paper is to find the optimal temperature of CaP electrodeposition process 

on a surface of the AZ31 magnesium alloy in order to reach the maximal improvement of 

corrosion properties of the surface.  
 
 

2 Experimental material and methods 

The tested AZ31 magnesium alloy was continually casted at Brandenburgische Universität in 

Cottbus, Germany and chemical composition was analysed at the Magnesium innovation centre 

MagIC GKSS Geesthacht, Germany. The chemical composition is listed in Table 1. The 

specimens for metallographic observation were prepared by conventional metallographic 

procedures. For visualization of the magnesium alloy microstructure, etchant consisting of 2.5 

ml acetic acid + 2.1 g picric acid + 5 ml H2O + 35 ml of ethanol was used [30]. The 

microstructure of AZ31 alloy (Fig. 1) was observed by the CARL ZEISS AXIO Imager.A1m 

light metallographic microscope in the laboratories of Department of Materials Engineering, 

University of Žilina. The microstructure is created by polyedric grains of supersaturated solid 

solution of aluminium, zinc and other alloying elements in magnesium. The average grain size is 220 

μm. 
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Table 1 Chemical composition of AZ31 alloy 

Component Al Zn Mn Si Cu Ni Fe Mg 

wt. % 2.96 0.828 0.433 0.004 0.004 <0.001 0.002 balance 
 
 

 
Fig. 1 Microstructure of AZ31 alloy, light microscopy (polarized light), etch. acetic acid + 

picric acid + water + ethanol 
 

 

Before the electrodeposition of calcium phosphate, the specimens were firstly grinded with an 

emery paper of P1000 to ensure similar surface roughness. Electrodeposition was carried out at 

10, 20, 30, 40 and 50 °C for 60 min in a solution of 0.1 M Ca(NO3)2.4H2O, 0.06 M NH4H2PO4, 

10 ml.dm
-3

 of 50 vol.% H2O2, with a pH of 4 on a laboratory apparatus VSP (producer BioLogic 

SAS France). The specimens were connected as cathode at controlled potential of -1.8 V vs. 

saturated calomel reference electrode (SCE). After electrodeposition specimens were 

immediately rinsed with demineralized water and dried using a stream of air. The evaluation of 

the deposition process was described in a previous study [31]. 

The surface morphology of the treated specimens was assessed in the laboratories of the 

Department of Materials Engineering, FME, University of Žilina, by a stereomicroscope Nikon 

AZ100 with a digital camera using NIS Elements software. The corrosion characteristics of the 

untreated and CaP-coated AZ31 after electrodeposition at various temperatures were evaluated by 

electrochemical impedance spectroscopy (EIS) using a potentiostat/galvanostat/frequency response 

analyser VSP from BioLogic SAS France. All the corrosion experiments were performed at 22 ± 1 

°C in 0.9% NaCl solution simulating the concentration of NaCl in human body environment. 

A saturated calomel electrode and a platinum electrode served as the reference and auxiliary 

electrodes, respectively. Treated and untreated AZ31 specimens formed the workingelectrode 

(a classical three electrode system) in such a way that only 1 cm
2
 area of the working electrode 

surface was exposed to the electrolyte solution in corrosion cell. Stabilization time of open circuit 

potential after immersion of the working electrode into electrolyte was 5 minutes. Measurements 

were performed at open circuit potential with AC voltage amplitude of 15 mV in frequency range 

from 100 kHz to 20 mHz. EIS measurements resulted in Nyquist plots that were further analysed by 

software EC-Lab V10.12 using equivalent circuits shown in Fig. 2. 
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Fig. 2 Equivalent circuits used for analysis of Nyquist plots: a) For Nyquist plots with one 

capacitive loop, b) For Nyquist plots with two well-defined capacitive loops 
 
 

Fig. 2a expresses the equivalent circuit used for Nyquist plots with one capacitive loop and Fig. 

2b the equivalent circuit used for Nyquist plots with two well-defined capacitive loops. These 

equivalent circuits use various elements expressing the character of evaluated surface. In our 

case, RΩ is resistance of the solution, Rp1 and Rp2 are polarization resistances of various 

mechanisms in corrosion model (e.g. charge transfer, film resistance,...), Rp is mixed 

polarization resistance or sum of partialpolarisation resistances (Rp1 + Rp2) and CPE1 and CPE2 

are constant phase elements of mechanisms corresponding with Rp1 and Rp2, respectively. CPE1 

in second equivalent circuit is constant phase element of the layer of corrosion products. 
 
 

3 Results and discussion 

Electrodeposition under specified conditions led to the creation of a thin layer of CaP at all 

temperatures (Fig. 3). The layer of CaP continuously covering the entire surface was composed 

of irregularly branched units that overlapped each other.  

As can be seen, the effect of different temperatures of electrodeposition on the optical features of 

the surface was not very significant in the temperature range from 10 to 40 °C. By rising 

temperature of the process only a small increase in CaP crystal units size was observed.  This 

increase was the most significant at 40 and 50 °C, when the formation of a new type of CaP 

crystals started to appear also.  

In Fig. 4 is listed the time dependence of current densities recorded at VSP laboratory equipment 

showing behaviour of the electrodeposition process on the surface of the substrate at various 

temperatures. As can be seen the temperature increase caused shortening of the time, when a 

maximal current density was reached. This stage of the process represents the situation, when 

the half of the surface was covered by CaP crystals. It means that the increase of the process 

temperature accelerated the formation of CaP crystals. Also a sooner beginning of the current 

density saturation and growth of maximal current density appeared at higher temperature up to 

30 °C. All these process changes could be caused by increased diffusion rate of the solution 

components that is directly related to temperature growth. 

Decrease in stability of CaP formation was observed at the temperatures higher than 30 °C. It 

was represented by the decrease of current density maximum and insufficient or missing current 

density saturation phase in the final part of the electrodeposition process at 40 and 50 °C. This 

leaded to the gradual loss of the CaP surface layer quality and isolation properties. 

A very important characteristic best describing the resistance of the surface layer (or layers) of 

the certain material against corrosion is a polarization resistance Rp. Its values were obtained by 

(a) (b) 
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Fig. 3 Photodocumentation of calcium phosphate surface layer prepared by 

electrodeposition at various temperatures, light microscopy: a) 10 °C, b) 20 °C, c) 30 

°C, d) 40 °C, e) 50 °C 
 
 

electrochemical impedance spectroscopy, which is one of the non-destructive methods for 

surface layers examination. By measuring Rp values of CaP surface layer after electrodeposition 

at various temperatures (Table 2), an increase in the corrosion protection was evaluated. As can 

be seen from Nyquist plots measured on AZ31 surface after electrodeposition at various 

temperatures (Fig. 5) respectively from the diagram showing polarization resistance Rp change 

(Fig. 6), there was an increase of Rp up to maximal value reached after electrodeposition at 30 

°C (31981 Ω.cm
2
) followed by its gradual decrease. It  means  that the conditions  for  the  most 
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Fig. 4 Diagram of time dependence of current density during the electrodeposition process of 

CaP at various temperatures 
 
 

satisfactory CaP surface layer including diffusion factors and stability of CaP formation were 

achieved at the range of temperatures near 30 °C. The value of Rp reached after 

electrodeposition of CaP at 30 °C was 22-fold higher compared to Rp value of non-treated 

specimens of AZ31 (1403 Ω.cm
2
). Electrodeposition of CaP at other used temperatures leaded 

also to the formation of sufficient CaP surface layer with increased corrosion protection 

compared to non-treated specimens, but the layer was of the lower corrosion resistance quality. 

This could possibly lead to sooner dissolution of CaP layer and inadequate long-term corrosion 

protection of the base material. 

 

 
Fig. 5 Nyquist plots of CaP surface layer on AZ31 alloy after electrodeposition of CaP at 

various temperatures 
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Table 2 Electrochemical characteristics of CaP surface layer on AZ31 alloy surface after 

electrodeposition of CaP at various temperatures  

 
RΩ 

( 2
Ω.cm ) 

Rp1 

( 2
Ω.cm ) 

Rp2 

( 2
Ω.cm ) 

Rp 

( 2
Ω.cm ) 

CPE1 

(10
-

6
.F.s

1n1 ) 

CPE2 

(10
-

6
.F.s 1n2  ) 

n1 n2 

non-

treated 
65 1157 246 1403 11.3 1430.0 0.92 1 

10 °C 48 21602 - 21602 23.2 - 0.67 - 

20 °C 52 25402 - 25402 18.8 - 0.74 - 

30 °C 60 31981 - 31981 11.8 - 0.71 - 

40 °C 64 15711 - 15711 25.1 - 0.64 - 

50 °C 65 1980 5251 7231 14.0 159.3 0.96 0.47 
 
 

 
Fig. 6 Polarization resistance after electrodeposition of CaP at various temperatures 

 
 

4 Conclusions 

On the basis of performed experiments, analysis of the results and their interpretations, we 

concluded the following conclusions: 

 Calcium phosphate layer created by electrodeposition at all tested temperatures 

continuously covers the entire surface of the substrate and is formed by irregular 

branched units that overlap each other. 

 Higher electrodeposition temperature leads to small increase in CaP crystal units’ size. 

 Rising temperature significantly influences all the stages of CaP electrodeposition 

process.  

 Electrodeposition of CaP at all used temperatures leads to the formation of CaP surface 

layer increasing corrosion protection of the base material. 

 The highest corrosion protection represented by the highest value of Rp and the most 

advantageous process of electrodeposition was reached after electrodeposition of CaP on 

AZ31 magnesium alloy surface at temperatures around 30 °C. 
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