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Abstract—The growth kinetics of plasma electrolytic oxidation coatings on biodegradable Mg−2% Sr 

alloy with coarse- and ultrafine-grain structures was evaluated. The parameters characterizing the 

coating growth kinetic were estimated for the alloys with different structures on the basis of a 

dissolution/deposition model, and their correlation with the coating properties was demonstrated. 

The coating morphology and phase composition were related to the protective properties of the 

alloys and investigated electrochemically in the Ringer’s solution, using uncoated and coated 

samples. Equivalent circuits modeling “alloy−electrolyte” and “alloy−coating−electrolyte” systems 

were developed. The PEO coating produced on the alloy with the ultrafine grain structure displayed 

the best protective properties. 

Keywords: plasma electrolytic oxidation, coating growth kinetics, biodegradable alloy, corrosion, 

equivalent circuit 

  



INTRODUCTION 

The binary alloy Mg−2% Sr shows potential for the production of biodegradable traumatology 

implants that may replace the widely used temporary titanium implants that must be removed from 

the body after the bone tissue repair is complete. The Mg−2% Sr alloy contains Sr as a doping 

element, and the indicated doping level ensures that the alloy’s mechanical properties remain at an 

acceptable level during osteosynthesis [1]. As with other magnesium alloys, the Young modulus of 

this alloy is similar to that of the human bone [2]. However, it exhibits low ductility and high rate of 

dissolution in the corrosive medium of the human body, which limits its use for implant design. The 

high dissolution rate of the magnesium alloy can be explained by the fact that the Pilling−Bedworth 

ratio for magnesium is below unity. This means that the metal does not develop a continuous 

surface oxide film in a corrosive medium, e.g., a physiological solution. Magnesium, therefore, 

undergoes rapid destruction, with a much higher dissolution rate compared to the rate of the bone 

repair [3]. Modifying the surface of magnesium implants by plasma electrolytic oxidation (PEO) may 

be a promising approach to resolve this issue [4]. 

PEO is an electrochemical processing technique in which the anode surface under modification 

develops a protective oxide layer that inhibits corrosion and enables control over the biodegradation 

rate. In contrast to the conventional treatment techniques, in PEO, a complex set of electrochemical 

processes occurs [4], and their kinetics affects not only the growth of the oxide layer but also its 

resulting corrosion properties. It should be pointed out that the kinetic aspects of the oxide coating 

growth during PEO in general and for the PEO of the Mg−2% Sr alloy in particular has not yet been 

sufficiently studied. In addition, recently, different methods have been used to improve the ductility 

of magnesium alloys. In those based on thermomechanical treatment, including severe plastic 

deformation, the alloy structure is modified by reducing the grain size and creating special 

distribution of the secondary phases. These methods enable us to achieve deep structural 

transformations, dramatic reduction in the size of phase components, and modification of the alloy 

texture. In this study, we used high pressure torsion (HPT) [5], a severe plastic deformation 

technique, to increase the ductility of the Mg−2% Sr alloy. We note that the ultra-fine grain (UFG) 

structure of the Mg−2% Sr alloy produced by reducing the grain size using HPT followed by annealing 

at a temperature of 200 oC features a fairly high ductility [5]. 

The aim of this work is to perform quantitative evaluation of the growth kinetics of PEO coatings 

fabricated on the biodegradable coarse-grain (CG) and ultrafine-grain (UFG) Mg−2% Sr alloys and to 

explore the correlation between the coating growth kinetics and the protective properties of the 

coatings. 

 

EXPERIMENTAL 

Modification of the Alloy Structure 

CG samples were prepared by subjecting cast samples of the alloy under study to homogenization 

annealing at 450°C for 20 h. To prepare the UFG samples, the alloy was first subjected to HPT. To 

do this, samples 20 mm in diameter and 2 mm in thickness were subjected to a torsional load while 

under high pressure (6 GPa) at room temperature. The HPT procedure was described in more detail 

[5]. Additionally, the samples that undergone HPT treatment were thermally annealed at T = 200°C 

for 1 h, followed by cooling in water to stabilize their UFG structure. All thermal treatment 

procedures were carried out in air using a Nabertherm furnace. 



PEO Treatment 

PEO treatment was performed on disk-shape alloy samples, 20 mm in diameter and 2 mm thick, in a 

calcium−phosphate electrolyte composed of Na3PO412H2O (12 g/L) and Ca(OH)2 (2 g/L) [6].The 

coatings were fabricated in the pulsed unipolar mode with voltage control, and the duration of the 

PEO treatment was 10 min. The sample was connected as the anode, and square voltage pulses 

were applied; the earthed electrolyzer bath was the cathode. The electrolyte temperature was 

maintained at 20  1oC. In the experiments, the current and voltage were recorded continuously at a 

sampling rate of 1 MHz, while the electrolyte temperature was monitored and recorded with a 

period of 1 s. The pulsed voltage parameters are listed in Table 1. 

Surface Characterization 

The microstructure of the alloy and the coatings were investigated using a JEM-6390 scanning 

electron microscope (SEM) and JEM-2100 transmission electron microscope (TEM). The structure of 

the Mg−2% Sr alloy was exposed using an etching solution composed of picric acid (2.5 mg), acetic 

acid (2.5 mL), distilled water (5 mL), and ethanol (50 mL). The average grain size was calculated by 

the intercept method. We analyzed 300 grains of each type of the grain structures under discussion 

using ImageJ software. The thickness of the oxide layer was measured using an eddy current gauge 

for dielectric coatings Defelsko Positector 6000 with N-type sensor for nonmagnetic substrates. The 

elemental analysis of the coatings was performed on a Shimadzu EDX-800P X-ray fluorescence 

spectrometer. The phase composition analysis was performed on a Rigaku Ultima IV X-ray 

diffractometer using CuKα radiation. The coating porosity was calculated from the SEM images using 

ImageJ software. 

Electrochemical Tests 

Electrochemical tests were carried out in a Ringer’s solution with pH 7.4 (matching the hysiological 

medium of the human body) on an Elins P-5X potentiostat/galvanostat/impedance analyzer (Russia). 

Measurements were carried out at 37.0  0.1oC in a three-electrode cell (80 mL) with a Pt counter-

electrode and a silver/silver chloride reference electrode. The open circuit potential was measured 

during the first 2 h, a time period required for the sample surface to achieve a steady state, and 

electrochemical impedance spectroscopy (EIS) measurements in the frequency range of 100 kHz to 1 

MHz were taken thereafter. After the steady state was established, polarization curves were 

recorded by scanning the potential in the range of −300 to +300 mV with respect to the open circuit 

potential at a rate of 0.25 mV/s. The corrosion current and potential were calculated from the Tafel 

regions of polarization curves [7]. Only the cathodic branch was used to calculate the Tafel slope, 

because the anodic branches of polarization curves for the magnesium alloys with PEO coatings do 

not typically exhibit linear behavior [6]. Equivalent circuits for “substrate−electrolyte” and “substrate

−coating−electrolyte” systems were developed on the basis of the EIS measurements. The 

parameters of the circuit components were determined using ZView software (Scribner Associates), 

which enabled us to evaluate the corrosion behavior of the samples. 

 

RESULTS AND DISCUSSION 

Surface Morphology 

The microstructure of the uncoated alloy sample with CG structure can be understood from Fig. 1a. 

We identified that the structure of the Mg−2% Sr alloy subjected to the homogenization annealing 



consists of grains of the α-Mg solid solution with the α-Mg + Mg17Sr2 eutectics along the grain 

boundaries [5]. The average grain size was 85 μm, and the proportion of the eutectic phase was 

20.9%.  

Table 1. Pulsed voltage parameters used in the PEO process 

  

The microstructure of the uncoated sample with the UFG structure is shown in Figs. 1b and 1c. The 

analysis of this sample established that the HPT treatment and additional thermal treatment gave 

rise to the UFG structure in which the mean grain size of the α-Mg matrix was 850 nm. Fine grains of 

the α-Mg phase and a region of the eutectic phase can be seen in Fig. 1b. The eutectic phase volume 

fraction is slightly lower compared to the CG sample. 

 

 

Fig. 1. Microstructure of coating-free alloy samples: (a) SEM image showing the CG structure, (b) 

SEM image showing the UFG structure, and (c) TEM image of the UFG structure.  

 

Figure 2 shows SEM images of the coatings formed on the Mg−2% Sr alloy. By investigating the 

surface morphology, we found that the coatings on the samples with CG and UFG structures had an 



inhomogeneous structure. Along with flat, dense regions, the coatings have a developed pore 

system typical to the PEO coatings. The porous morphology of the coatings can be explained by 

specific coated of the PEO mechanism: the surface layer of the metal undergoes intensive 

modification by numerous discharges that promote anodic dissolution of magnesium and formation 

of magnesium hydroxide that then deposits on the surface, and the coating undergoes re-melting. 

This is indicated by the presence of melted oxide craters formed around the pores in which the 

microdischarges occurred. The thickness h of the coating produced on the sample with the CG 

structure is slightly less than that on the UFG sample, with the sample porosity Π being the same on 

both sides of the coating (Table 2).  

 

 

Fig. 2. SEM images of PEO coatings created on the alloy samples with (a) CG and (b) UFG structures. 

 

Table 2. Properties of the PEO coatings and kinetic parameters of the PEO process 

 

 

Quantitative Evaluation of the PEO Kinetics for the Mg−2% Sr Alloy  

The key feature of the kinetics of electrochemical processes leading to the formation of a new phase 

is the variation of the reaction rate (i.e., current) over time at a given potential; this depends on the 

accumulation dynamic of the new phase and reflects the changing conditions on the surface [8]. In 

the PEO process, the oxide layer growth kinetics strongly depends on: (i) the nucleation rate of 

nuclei that then become the new phase and (ii) the rate of magnesium ion migration (diffusion) 

within the growing oxide film [8, 9]. To study the kinetics of the PEO process, we can, therefore, use 

known electrochemical relaxation techniques in which the equilibrium state of the electrochemical 

system under study is perturbed by a stepwise input signal, and the subsequent relaxation of the 

system into the equilibrium state or a new steady state is registered [8]. In this work, we used 

chronoamperometry to quantitatively evaluate the growth kinetics of the PEO coatings [8]. In this 

method, the estimates of the kinetic coefficients are obtained by analyzing transient processes of 

the current density at the relaxation stage [8]. Herein, a voltage step is defined as a periodic 

sequence of voltage pulse amplitudes applied during the PEO process, Um(t); the constancy of the 



voltage amplitude for each pulse was controlled by the voltage source, while the amplitude values 

for the resulting current density jm(t), i.e., the system response, were registered [10]. 

Representative voltage pulses and corresponding current pulses are shown in Fig. 3, and the 

temporal variation of the average voltage per pulse and current density amplitude transients during 

the PEO treatment of the alloy under study are shown in Fig. 4. The current density registered in 

response to the application of the voltage step (in the sense defined above) decreased over the time 

range of 60−600 s (Fig. 5), which corresponds to the system relaxation. The current density 

decreased nonlinearly as the system achieved a new steady state showing the formation of the oxide 

film. Meanwhile, the rate of the oxide film growth diminished during the PEO process. For the 

quantitative evaluation of the PEO kinetics MATLAB software package was used; experimental data 

on the current density were fitted with the model shown below [9]: 

, 

where i0 is the initial current density registered for the magnesium dissolution; m is a factor 

determining the type of crystallization; z is the nucleus charge; F is the Faraday constant; c is the 

magnesium concentration in growing oxide film; D is the diffusion coefficient for the magnesium 

ions in the oxide film; τ is the time constant for a three-dimensional magnesium crystallization; and t 

is time. 

 

Fig. 3. Representative (a) voltage and (b) current density pulses recorded at the 30th second during 

the PEO treatment of theMg−2% Sr alloy with the CG structure. 

 

The modeling of the experimental data yielded estimates of coefficients i0, D, and τ, which inform us 

on the kinetics of the electrochemical processes that occur as the system evolves toward a new 

equilibrium state during the PEO treatment of the magnesium alloy. Here, we put m = 1, which 

corresponds to instantaneous three-dimensional crystallization [8, 9]. The goodness of fit was 



assessed by the coefficient of determination R2, and this was 0.99. A result of modelling the current 

density is shown in Fig. 5. 

 

 

Fig. 4. Time-dependent variations of (a) the average voltage and (b) the current density amplitude 

during PEO treatment of the Mg−2% Sr alloy. 

 

Fig. 5. Current density during PEO treatment of the Mg−2% Sr alloy with UFG structure: experimental 

data and the modeling curve. 

 

The values for the kinetic coefficients obtained from the data modeling are listed in Table 2. It can be 

seen (Table 2) that the initial current density of the magnesium dissolution is nearly the same for the 

both types of the alloy structure. This current density corresponds to the uncoated part of the 

surface, which was the same in all experiments. The values for parameter D fall in the range of (12.0

−13.5) × 10−6 cm2/s. Meanwhile, the ion mobility was higher in the sample with UFG structure. The 



time constant τ characterizing three-dimensional crystallization ranged from 13.0 to 25.0 s, with the 

UFG sample having lower τ. By comparing the kinetic parameters with the coating properties (Table 

2), we found that the coating on the sample with UFG structure is thicker than that on its CG 

counterpart because the Mg ion mobility is higher in the former. This is a valid comparison, because 

the coating porosity is the same for the both structural types of the substrate. This also does not 

contradict with the values for time constant of three dimensional crystallization, which are smaller 

for the UFG sample, indicating, therefore, that the coating forms faster on that sample, and it is 

thicker than on CG sample. These correlations are likely to be related to the fact that reduction in 

the grain size causes the nucleation rate to increase and promotes the growth of magnesium oxide 

crystals on the alloy crystal lattice, which is characterized by an elevated energy of the 

nonequilibrium structure. We can thus see that the differences identified between the kinetic 

parameters show that the nucleation rate and the magnesium ion diffusion coefficient in the 

growing oxide film depend on the substrate grain size, provided that the processing conditions are 

identical. 

Elemental and Phase Composition of the Coatings 

Energy-dispersive X-ray spectroscopy (EDX) showed that the analyzed coatings contained Ca and P, 

which are biocompatible elements. The presence of Sr and Mg in the coatings was also established. 

The results of the elemental analysis of the PEO coatings are summarized in Table 3. 

 

Table 3. Elemental composition of PEO coatings created on the Mg−2% Sr alloy 

The results of elemental analysis (Table 3) showed that samples with CG and UFG structures had 

nearly the same Sr content (wt %). The Mg content (wt %) was different in the samples with 

different structures: the coatings formed on the UFG sample had a greater Mg content (wt %) than 

those on the CG sample. These observations are in line with the results of the quantitative 

evaluation of the PEO kinetics that showed that Mg ion diffusion coefficient in the growing coating is 

higher for the UFG sample. 

The XRD patterns for the CG and UFG samples both without and with the coatings (the latter 

denoted CG + PEO and UFG + PEO) are shown in Fig. 6. The analysis of the XRD patterns for the 

uncoated samples identified the presence of peaks corresponding to the substrate (Mg) and the 

Mg17Sr2 secondary phase. For the samples with coatings, the XRD patterns featured peaks due to 

the substrate (Mg), magnesium oxide (MgO), and the Mg17Sr2 secondary phase. In PEO, the 

crystalline phase MgO forms due to anodic electrochemical processes inclusive of the oxidation of 

magnesium to Mg2+ and its interaction with the oxygen ions that are produced during the 

electrolysis of the aqueous calcium−phosphate electrolyte. We note that the XRD analysis did not 

show the presence of Ca- and P-containing crystalline phases in the coatings, possibly due to the low 

content of these phases in the coatings or the presence of amorphous forms of calcium phosphate.  

 



 

Fig. 6. XRD patterns of coating-free (CG and UFG) and coated (CG + PEO and UFG + PEO) samples. 

 

Electrochemical Testing 

Figure 7 shows the time-dependent variations of the open circuit potential and polarization curves 

recorded during the electrochemical corrosion tests of the uncoated CG and UFG samples, as well as 

their coated counterparts (i.e., CG + PEO and UFG + PEO). As can be seen for the uncoated samples 

(Fig. 7a), the open circuit potential reached a stable value within 2 h on average. After the uncoated 

samples were submerged into a Ringer’s solution, their open circuit potential was increasing for the 

first 20 min possibly due the growth of a surface oxide film as a result of the electrochemical 

interaction between the substrate and the solution. Subsequently, the open circuit potential 

stabilized at around −1.57 to −1.58 V, suggesting that the surface of the uncoated samples was 

passivated by the corrosion products. The corrosion potential of the coated samples exhibited some 

oscillatory behaviour before reaching a stable value. Such oscillations may result from the Ringer’s 

solution reaching the substrate surface through the pores in the coating. The electrochemical 

interaction between the substrate and the solution leads to an accumulation of the corrosion 

products within the pores in the coating, passivation of the surface of the coated samples, and 

stabilization of the corrosion potential. 

 

 



Fig. 7. Electrochemical testing of the prepared alloy samples: (a) corrosion potential and (b) 

polarization curves. 

The parameters characterizing the corrosion resistance of the samples—corrosion potential Ecorr, 

corrosion current density icorr, and polarization resistance Rp—were found from the polarization 

curves shown in Fig. 7b. The results are summarized in Table 4. It can be seen (Fig. 7b) that the 

anodic branches of the polarization curves are shifted insignificantly with respect to each other and 

they nearly coincide at potentials further from the corrosion potential, suggesting that the 

modification of the surface and structure of the samples does not affect their corrosion behavior in 

the area of the anodic branch. The slope of the cathodic branches is the same for all the samples, 

but the structural modification and the PEO treatment applied resulted in the cathodic branch 

shifting towards lower current densities, and, as a consequence, the corrosion potential decreases. 

The constancy of the cathodic branch slopes shows that the kinetics of the associated cathodic 

corrosion processes does not change, and the shift indicates that the surface area available for the 

cathodic reaction has changed. The sample UFG + PEO exhibits the least corrosion current icorr 

(Table 4), which indicates the best corrosion resistance. For all the samples, polarization resistance 

Rp was calculated from polarization curves near the corrosion potential. The sample UFG + PEO has 

the highest polarization resistance, which is consistent with the smallest corrosion current observed 

for this sample. 

 

Table 4. Calculated corrosion parameters 

 

The results of the EIS measurements (Nyquist and Bode plots) are shown in Fig. 8. The Nyquist plots, 

in the upper half-plane, feature two joint semicircles with different radii, which tell us that two 

relaxation electrochemical processes occur. In the lower halfplane of the impedance spectrum, all 

the samples display an inductive behavior in the low-frequency range. In addition, at very low 

frequencies, the UFG sample displays unusual behavior of the impedance variation different from 

the other samples. Instead of decreasing, the impedance increases notably, which suggests that the 



sample has higher corrosion resistance. The negative value for the time constant in the region of the 

inductive response has been confirmed in many repeated experiments; the investigation of this 

effect is beyond the scope of this work. 

 

Fig. 8. Nyquist and Bode plots for the investigated samples. 

 

The impedance data were modeled using equivalent circuits. The EIS data for samples CG, CG + PEO, 

and UFG + PEO were modeled with the circuit shown in Fig. 9a, and the UFG sample was  modelled 

with the circuit shown in Fig. 9b. The results of modeling, i.e., values for parameters of the 

equivalent circuits, are summarized in Table 5. 

 

Fig. 9. Equivalent circuits modeling EIS measurements for the alloy samples: (a) CG, CG + PEO, UFG + 

PEO, and (b) UFG. 



Table 5. Equivalent circuit parameters 

 

The physical meaning of the parameters for the two equivalent circuits (Fig. 9) is as follows. The 

circuit element Rs corresponds to the solution resistance, and elements R1 and C1 correspond, 

respectively, to the resistance and capacitance of the coating that has its pores filled with the 

Ringer’s solution. The branch R2−C2 describes the charge transfer during corrosion processes, with 

element R2 corresponding to the charge transfer resistance and element C2 corresponding to the 

electrical double layer capacitance at the interface between the barrier layer and the electrolyte. 

The circuit branch R3−L1 describes the formation of the corrosion products at the interface of “alloy

−electrolyte” system for the unprocessed alloys, while for the coated alloys it is the “alloy−coating−

electrolyte” system. For all the samples, the values for inductance L1 were very different from those 

of inductances in electrical engineering (Table 5), which is due to its formal use in EIS, where the 

inductance element represents the slow processes of adsorption and gas evolution, which gives rise 

to current with some delay after the voltage is applied, and this generates the positive phase shift 

between the test sinusoids. 

The equivalent circuit for the UFG sample (Fig. 9b) contains the branch R4−L2 with a negative value 

for R4, which may be related to an inverse slope of its current−voltage curve, i.e., the current 

through the system is decreased as the applied voltage is raised. The increase in the impedance at 

the lowest frequencies for the UFG sample can be explained as follows. The element Sr is distributed 

in the Mg−2% Sr alloy along grain boundaries in the form of the Mg17Sr2 secondary phase, as shown 

in Fig. 10. In the alloy, the corrosion firstly attacks the grain boundaries with their Mg17Sr2 

secondary phase, because in the electrochemical series magnesium is a less active metal than 

strontium. Therefore, for the sample with CG structure, the corrosion processes rapidly propagate 

along the grain boundaries and into the alloy bulk, and thus the secondary phase acts as a pathway 

of the alloy corrosion. By contrast with the CG sample, the secondary phases in its counterpart with 

UFG structure are distributed uniformly throughout the alloy bulk and are spatially separated from 

each other, which gives rise to an increase in impedance at the lowest EIS frequencies because a 

fraction of the surface is blocked by low soluble reaction products.  

With the equivalent circuits, for all the samples, we were able to calculate corrosion resistance Rc as 

the circuit resistance at the zero frequency, which, similarly to the polarization resistance Rp, is a 

measure of the corrosion rate [11]. As it is known from the theory of electrical circuits, the 

impedance of a capacitive element is infinite at the zero frequency and that of an inductance 

element is zero [12]. Therefore, in calculating the input resistance of the equivalent circuit, we take 

the circuit branches containing capacitive elements open, while those containing inductive elements 

shorted. The results of calculations of Rc are given in Table 4. It can be seen (Table 4) that the 

calculated values for Rc correspond, within an order of magnitude, to the values of the polarization 



resistance, and they exhibit the same pattern. This observation suggests that the parameters of the 

equivalent circuits used to model the EIS data for the samples under study were evaluated correctly. 

 

 

Fig. 10. Illustration of the distribution of Mg17Sr2 secondary phase in alloy samples with CG and UFG 

structures. 

As a result, we showed that the corrosion properties of the Mg−2% Sr alloy can be improved by 

reducing the grain size of the alloy structure using HPT, subjecting it to thermal annealing, and finally 

creating a PEO coating at its surface, with the improvement related, among other factors, to the 

kinetics of the PEO coating formation.  

 

CONCLUSIONS 

We carried out a quantitative evaluation of the kinetics of the PEO coating growth on CG and UFG 

samples of the biodegradable Mg−2% Sr alloy; and the corrosion-protective properties of the 

fabricated coatings were investigated. Transient processes in the current density were studied 

chronoamperometrically, and the kinetic parameters characterizing the coating growth process were 

calculated using the dissolution/deposition model. The differences between kinetics parameters 

depending on the alloy structure and their correlation with the coating properties are demonstrated. 

The growth rate of the coating is higher, and the resulting coating is thicker, for the UFG sample than 

for its CG counterpart, provided the processing time is the same. The PEO coatings formed on the 

samples with CG and UFG structures have a developed porous surface, their morphology being 

independent of the substrate grain size. The electrochemical tests performed on the uncoated 

samples showed that a reduction in the alloy grain size leads to a decrease in the corrosion current 

density by an order of magnitude, while the corrosion and polarization resistances increase by the 

same amount. Due to the PEO coatings, the corrosion resistance of the Mg−2% Sr alloy doubled, 

with the coating fabricated on UFG sample exhibiting the least corrosion current density and the 

highest corrosion resistance. The results of the study showed that the modification of Mg−2% Sr 

alloy by reducing its grain size (i.e., creating the UFG structure) and followed by the PEO coating 

forms a promising technology for production of biodegradable traumatology implants. 
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