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Abstract- In this study, plasma electrolytic oxidation (PEO) coating on AZ31B magnesium 
alloy, being in electrolyte of sodium phosphate with various calcium hydroxide concentrations 
was investigated. To do this, phosphate electrolytes having diverse calcium hydroxide 
concentrations of 1, 2 and 3 gram per liter were studied. The coated specimens microstructure 
studies and chemical composition were carried out using scanning electron microscopy (SEM) 
and X-ray diffraction pattern (XRD). In order to study the corrosion behavior of created 
coatings in various conditions, Potentiodynamic polarization experiments and electrochemical 
impedance spectroscopy (EIS) were measured in body simulated physiological solution. The 
results displayed that the highest corrosion resistance was achieved in the sample having 2 g/l 
calcium hydroxide with the lowest porosity and corrosion current density (2.23×10-6 A/cm2).  

Keywords- AZ31B magnesium alloy, Corrosion resistance, Plasma electrolytic oxidation, 
Calcium hydroxide  
 

1. INTRODUCTION  

Magnesium is one of the lightest metals among engineering materials. Its high strength to 

weight ratio is one of its most considerable benefits [1-5]. Having biodegradability, 

biocompatibility and non-toxicity, magnesium has a great position in the implants materials. 

The mechanical properties of magnesium and its alloys are alike the bone. Yang's modulus of 
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magnesium and its alloys is about 41-45 GPas and this results in reducing tensions at the 

implant and bone interface when being used as implants. However, having low resistance to 

corrosion and low abrasion which restrict the usage of magnesium in corrosive environments 

are its main drawbacks [6-9]. There are numerous methods for coating magnesium and its 

alloys such as sol-gel methods [10], vapor deposition [11], and plasma electrolytic oxidation 

[12] in order to increase the corrosion and abrasion resistance. The plasma electrolytic 

oxidation process is a typical surface treatment improvement method among these mentioned 

methods resulting in porous ceramic coatings on light metals such as aluminum, magnesium, 

titanium and zirconium [13,14]. The plasma electrolytic oxidation process is same as the 

conventional anodizing process. It is usually performed at higher voltages ranging from 400 to 

700 volts though. This method is typically associated with immersing the metal field in an 

alkaline electrolyte. Good adhesion between the substrate and the coating, high hardness, the 

simplicity of the equipment and no need to vacuum and gas storage conditions and also the 

possibility of coating the specimens with a complex and large shape can be considered as the 

benefits of the coatings produced by this method. Generally considered, the microstructure of 

the coatings surface is porous in the plasma electrolytic oxidation process and some cavities 

are visible on the surface. Holes are created when molten oxide and gas bubbles are thrown out 

from drain channels. In general, PEO coatings on magnesium alloys have a three-layer 

structure. This three-layer structure consists of a porous outer layer, a dense inter layer and an 

internal barrier layer. The internal layer containing about one third of the total coating 

thickness, is a compact, free of cavity and crack layer being tightly between the protective film 

and substrate, indicates an excellent metallurgical bond between the coating and the substrate 

[15, 16]. Numerous factors have an impact on the produced coatings properties using plasma 

electrolytic oxidation which are divided into two main categories; internal factors like the 

substrate and consumable electrolyte and external factors comprising temperature, time, 

electrical parameters as well as additives [17]. 

 

2. EXPERIMENTAL PROCEDURE 

An AZ31B magnesium alloy sheet having a thickness of 3 mm and dimensions of 15×20 

mm was utilized for this coating procedure. This alloy chemical analysis is illustrated in Table 

1. The surface and edge of all specimens were sanded using emeries having sizes of 220 to 

2000 and then washed with distilled water and dried with cold air before the coating procedure. 

A pulse direct current power supply model of PM 700/7 PRC (IPS) was utilized in order to do 

this coating process. The case used for the coating process comprises a one-liter stainless steel 

bath as a cathode (negative pole) of the device. Magnesium specimens were immersed in the 

electrolyte for coating process as the anode (positive pole). To monitor the temperature within 

the coating procedure, the cooling system was used.  
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The used electrolyte in the coating procedure containing 12 g/L sodium phosphate and various 

concentrations of calcium hydroxide is illustrated in Table 2. A current density of 200 mA/cm2, 

a frequency of 1000 Hz and a working cycle of 50% were utilized in this experiment. Moreover, 

the coating process was carried out in 7 min. To investigate electrochemical behavior of the 

coatings created by the plasma electrolytic oxidation, potentiodynamic polarization tests and 

EIS were done on an AZ31B magnesium alloy without coating and a coated one in Hank's 

body simulated solution. The Hank's balanced salt solution was prepared by dissolving 

adequate amount of chemical reagents as given in Table 3 in distilled water [18]. The corrosion 

behavior of the specimens was measured using three-electrode flat cells. The specimen used as 

the working electrode, the platinum rod was used as an auxiliary electrode and a silver wire in 

a silver/silver chloride saturated solution (Ag/AgCl) as the reference electrode. The EIS was 

performed at a frequency range of 100 kHz to 10 mHz with a wavelength range of ± 10 mV. 

The specimens were exposed to a corrosive solution for 30 min at the ambient temperature 

prior to commence the electrochemical tests to attain the open circuit potential. To evaluate 

microstructure and thickness of the coatings, scanning electron microscopy (JEOL JSM-840A) 

was utilized. The thickness of the coatings was measured by the Digimizer software. In order 

to determine the phases in the samples, the X-ray diffraction pattern gained by the Philips 

PW1730 diffractometer at the angle of 20 to 80 degrees was used in this research. Xpert 

HighScore software was used to analyze the results.  

 

Table 1. Chemical composition of AZ31B magnesium alloy 

 

 

 

 

 

 

Table 2. Chemical composition of electrolytes used in the plasma electrolytic oxidation process 

 

 

 

 

 

 

 

 

 

Mg Al Mn Fe Ni Si Zn Ca Element 

Surplus 2.65 0.39 0.006 0.01 0.01 0.96 0.006 Wt.% 

pH Ca(OH)2 (g/l) Na3PO4.12H2O (g/l) Sample 

11.98 1 12 a 

12.02 2 12 b 

12.32 3 12 c 
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Table 3. The amount and composition of chemical reagents in Hank’s balanced salt solution 

[14] 

 

Amount (g/l) Chemical Reagent 

4.970 NaCl 

0.224 KCl 

0.167 CaCl2 

0.250 NaHCO3 

0.500 NaH2PO4·2H2O 

0.072 glucose 

 

3. RESULTS AND DISCUSSION 

3.1. Voltage-time diagram 

The voltage-time chart for the coating process at distinct calcium hydroxide concentrations 

of 1, 2 and 3 g/l in a 7 min period is indicated in Fig. 1. As can be seen in the figure, the voltage-

time diagram is divided into three zones. In the first step, the voltage is rapidly increased 

linearly. The electric field between the anode and the cathode provides a propulsion to the 

transfer cations and anions throughout the protective layer. This step implies the formation of 

an oxide layer while releasing oxygen and the bubbles formation on its surface that this oxide 

layer acts like current resistance [19,20]. Reaching the voltage to a critical limit, the dielectric 

breakdown phenomenon occurs throughout the insulating layer. By passing the breakdown 

voltage, the second step will begin with a large number of white sparks forming on the surface. 

In the third step, as the coating time increases, the sparks color alters from white to orange or 

red. These sparks are discrete and move slowly across the surface and cause the coating to grow 

[21]. The relation between the electrical conductivity of the electrolyte and the breakdown 

voltage follows equation below [22]: 

𝑉 = 𝑎 + 𝑏 log( )                                                                                                                    (1) 

In this equation, Vb is the breaking voltage, aB and bB are constant values and k is the 

electrical conductivity. According to this relationship, rising the solution concentration results 

in an increase in the electrical conductivity of the solution and a decline in the fracture voltage. 

Fig. 2 presents the column diagram for electric conductivity and breakdown voltage of distinct 

specimens. As can be seen in the figure, the ignition voltage decreased as a result of increasing 

concentration of calcium hydroxide in the electrolyte that indicates a rise in the electrolyte 

conductivity and facilitates achieving the ignition potential that finally results in a change in 

the number, size, and intensity of sparks.  
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Fig. 1. Voltage-time diagram for coated samples at diverse calcium hydroxide concentrations 

 

 
Fig. 2. Relation between breakdown voltage and electrolyte conductivity in calcium hydroxide 

distinct concentrations 

  

3.2. Surface microstructure 

The scanning electron microscopy images of the coated specimens in electrolytes having 

distinct calcium hydroxide concentrations are indicated in Fig. 3. As can be seen, there are 

porosities and cracks on the surface which are formed while molten oxide and gas bubbles are 

being thrown out of the drain channels. Freezing the molten oxide applying cold electrolyte 

causes thermal stress in the oxide layer. Some cracks are formed on the surface while the 

thermal stresses are being released [23]. The coatings consist of cavities with distinct sizes in 

which the smaller cavities arising from smaller sparks with less energy and larger cavities 

arising from big sparks have been created. The porosity percentage for a, b and c specimens 

was 9.49, 8.65 and 10.61%, respectively. As can be seen in Fig. 3, in a sample containing 1 g/l 

of calcium hydroxide, this phenomenon results in the formation of cavities on the coating 

surface on account of the low electrical conductivity in higher Ignition voltage. An electrolyte 
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comprising 3 grams per liter of calcium hydroxide leads to more sparks and thus results in 

bigger cavities compared with other coatings. 

 

 
Fig. 3. Images of coatings surface scanning electron microscopic made by the plasma 

electrolytic oxidation in diverse electrolytes (a) 1 g/l; (b) 2 g/l and (c) 3 g/l Ca(OH)2 

 

3.3. Coatings cross-sections 

Scanning electron microscopy images gained from the cross section zone of the coatings in 

different calcium hydroxide concentrations and the thickness amounts of the coatings are 

displayed in Figs. 4 and 5, respectively. Rising the calcium hydroxide concentration from 1 to 

3 grams per liter in coating electrolyte results in an increase in coating thickness as shown in 

cross section images.  

 

 
 

Fig. 4. Scanning electron microscopy images of the coatings cross sections produced by the 

plasma electrolytic oxidation (a) 1 g/l, (b) 2 g/l and (c) 3 g/l Ca(OH)2 



Anal. Bioanal. Electrochem., Vol. 11, No. 6, 2019, 703-714                                                 709 
 

Coverage rate is affected by the energy on the surface and the sparks that are formed with 

greater intensity in the sample containing 3 grams per liter of calcium hydroxide. Larger drain 

channels also make particles penetrate more easily inside them. In this case, the formation rate 

of the oxide layer increases leading more molten material to be deposited on the surface.  

 

 
Fig. 5. Coating thickness values for different concentrations of calcium hydroxide 

 

3.4. The XRD pattern analysis 

The XRD pattern of coated specimens in diverse calcium hydroxide concentrations is 

indicated in Fig. 6. Magnesium peak is also observed on account of the low thickness and 

porous nature of the coatings. The formed phases also depend on the chemical composition of 

the electrolyte. The XRD pattern spectrum after coating implies the formation of phases in the 

coating that presence of the CaNaPO4 phase indicating a reaction between the ions, MgO 

exhibits the oxide compounds formation within the coating process and Mg peak is because of 

X-ray penetration. 

 

 
Fig. 6.  X-ray diffraction pattern of coated samples in diverse calcium hydroxide concentrations 

using PEO method 
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3.5. Corrosion behavior of specimens 

Fig. 7 illustrates the Nyquist and Bode curves acquired from the EIS data for coated 

specimens at distinct calcium hydroxide concentrations. The impedance real part is drawn to 

its imaginary part after 30 min of immersion in Hank's solution in the Nyquist diagram. Nyquist 

diagram treats an inductive behavior for an uncoated sample and has two capacitive half loops 

for coated samples according to Fig. 7a. The created loop at the high frequencies is related to 

the outer porous layer and is associated with the inner protective layer at the low frequencies. 

Comparing the diameter of the loops in the Nyquist diagram, it is obvious that the sample b 

has the highest resistance of the inner and outer layers than the other two ones. It is observed 

that at low frequency of sample b, it has the most impedance and so the best corrosion behavior 

in Bode curves (7b). Proper equivalent circuit for modeling the electrochemical behavior of the 

coated and uncoated specimen is displayed in Fig. 8. In this equivalent circuit, Rs is the solution 

resistance, Ro and CPEo are related to the resistance and the phase element of the outer porous 

layer at high frequency, and Ri and CPEi are related to the resistance and the phase element of 

the inter layer at low frequency respectively [24-27].  

Table 4 indicates the results acquired from modeling the obtained data from EIS by 

equivalent circuit. The inner layer resistance of the coatings is higher than their outer layer 

resistance. The results indicate that the created coating in electrolyte comprising 3 g/l of 

calcium hydroxide has more cavities and defects on the surface of the coating. These sparks 

damage the surface layer and the inter layer so diminishing the corrosion resistance. Thus, it 

has the least resistance to the inter layers and outer layers. The specimen with 2 g/l calcium 

hydroxide has the highest inter layer resistance (53.64 mm/cm2) and outer layer resistance 

(62.1 mm/cm2), and the best corrosion resistance behavior. 

The potentiodynamic polarization curves for coated samples and uncoated ones at distinct 

calcium hydroxide concentrations after immersion for 30 min in a Hank's solution is shown in 

Fig. 9. Applying ceramic coatings on the AZ31B alloy leads all of the coatings 

potentiodynamic polarization curves to be lower than those of the substrates, toward the 

negative potential and less corrosion current density. This displays the thermodynamic 

tendency for corrosion occurs, while the kinetics of corrosion is reduced by applying a ceramic 

coating. Table 5 indicates the extracted results out of these diagrams. They consist of corrosion 

current density (icorr), corrosion potential (Ecorr), the anode and cathode brsanches (βa, βc), 

polarization resistance (Rp), and porosity percentage. The polarization resistance can be 

calculated using Stern-Geary equation [28]: 

𝑅 =
. ( )

                                                                                                                   (2)                                   
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In this equation, βa and βc are the slope of the anodic and cathodic branches, respectively. 

icorr shows the corrosion current density and Rp stands for the polarization resistance. The 

porosity percentage is calculated by the following equation: 

 𝑃 = × 10 × 100                                                                                             (3) 

In this equation, P is the porosity percentage for the coating, Rps and Rp, exhibit the 

corrosion resistance of the substrate and the coating respectively, βa the anode branches of 

substrate and ΔEcorr shows the corrosion potential difference between the substrate and the 

coating [29, 30].  

 

 
Fig. 7. Curves (a) Nyquist; (b) Bode of AZ31B alloy and coated samples at different calcium 

hydroxide concentrations 

 

 
Fig. 8. Equivalent electrical circuit for modeling the corrosion behavior of coatings 

 

Based on the obtained results, it turned out that the coated specimens have higher 

polarization resistance than the magnesium substrate. Porosity is considered to be the most 

important defect in the coatings since the corrosive solution can penetrate inside the coating 

through these porosities and ultimately attain the substrate leading to the coating destruction. 
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The specimen with 3 g/l calcium hydroxide of 20.32 percent porosity has the highest porosity 

percentage and the highest corrosion current density (9.5×10-6 A/cm2).  

 

 
Fig. 9. Potentiodynamic polarization curves for AZ31 alloy and samples coated at various 

concentrations of calcium hydroxide within 30 min 

 

Table 4.  Extracted data from the proposed equivalent circuit 

 

Router (MΩ cm2) Rinner (MΩ cm2) Sample 

0.42 --- AZ31B 

55.89 58.74 a 

62.1 64.52 b 

10.35 14.14 c 

 

Table 5.  Extracted electrochemical results out of the potentiodynamic polarization curve at 

various calcium hydroxide concentrations  

 

Hence, the corrosion resistance is weak compared with the other two specimens. The B 

specimen shows the best corrosion behavior with the lowest porosity percentage and the lowest 

corrosion current density (2.23×10-6 A/cm2).  

 

 

P (%) Rp (kΩ cm2) Ecorr (mV) )2-(A cm corri  βc (mV/dec) βa (mV/dec) Sample 

--- 12.95 -1.36 6-10×8.23 61.21 41.37 AZ31B 
8.64 150.66 -1.44 6-10×3.92  33.58 26.33 a 
7.95 163.45 -1.47 6-10×2.23  22.47 11.81 b 
20.32 64.17 -1.49 6-10 ×9.5  32.41 25.06 c 
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4. CONCLUSION 

In this research, the concentration effect of calcium hydroxide on the plasma electrolytic 

oxidation coating on the coatings corrosion behavior and surface microstructure on AZ31 

magnesium alloy was studied. The images of scanning electron microscopy acquired from 

plasma electrolytic oxidation coatings exhibited that the sample containing 2 g/l calcium 

hydroxide has a uniform coating with the lowest porosity percentage compared to the other two 

samples. Also, the cross section image of the coated samples indicated that the thickness of the 

samples increased from 9. 41 to 13.12 μm by increasing calcium hydroxide concentration from 

1 to 3 g/l. In addition, the results of the experiments showed that the coatings thickness does 

not have a major effect on the corrosion behavior of the coatings and the porosity percentage 

is the determinant factor. EIS measurements and potentiodynamic polarization indicated that 

the corrosion resistance of magnesium alloy get improved by applying the coating. The results 

showed that the polarization resistance increased by 7.8 times on account of the porosity 

reduction by increasing the concentration of calcium hydroxide from 1 to 2 grams per liter. As 

rising concentration of calcium hydroxide to 3 grams per liter, polarization resistance was 

diminished. Sample b had the lowest porosity percentage (7.95%) and the lowest corrosion 

current density (2.23 × 10-6 A/cm2).  
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