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Abstract 
The difference of the protective properties of the corrosion film formed on the MA8 Mg alloy in the 
mammalian cell culture medium (MEM) and 0.83 wt. % NaCl solution is established using OCP, PDP 
and EIS tests. The impedance modulus in the frequency range from 105 Hz down to 10-1 Hz for the 
sample immersed in MEM is higher than that for the sample immersed in NaCl solution. Ca and P rich 
deposits are formed in the corrosion layer on the Mg alloy in MEM. The model of the corrosion 
mechanism for MA8 Mg alloy in the MEM is proposed.  
__________________________________________________________________ 
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1. Introduction 

Magnesium and its alloys are considered as materials for bioresorbable implants, which eliminate the 
need for a second surgical procedure for implant removal [1]. Such materials have important advantages 
when compared to both degradable polymers and other metals, e.g. similar mechanical properties to the 
bone [2]. Even more, magnesium has a stimulating effect on the growth of a new tissue due to its 
functional role and natural presence in bone [3].  
Advances in magnesium alloy corrosion and biocorrosion were summarized by Esmaily et al. [4] who 
indicated that due to the high complexity of the interactions between Mg and the biological surroundings, 
many open questions still exist, especially regarding detailed mechanistic understanding.  
To promote the biomedical application of Mg-based materials, it is important to study the kinetics and 
mechanism of the corrosion in the environment, which imitates the human body media. Such approach 
will facilitate understanding of the surface processes and behaviour of bioresorbable materials.  
Therefore, multiple studies investigate the influence of different media components on the corrosion 
activity and mechanism of the magnesium degradation. In [5] it has been shown that co-precipitation of 
Ca and P containing dense layer of hydroxyapatite-like corrosion products stabilizes the local pH values 
in the range of 8.0 to 8.5 and slows down the degradation rate of Mg alloys exposed to Ca2+ containing 
HBSS electrolyte. In the follow up work [6], it has been shown by means of EIS that formation of this 
dense hydroxyapatite layer occurs exclusively in presence of HPO42–, HCO3– and Ca2+. If at least one of 
these components is missing in the electrolyte, the protective properties of formed corrosion products 
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are much weaker. Synthetic pH buffers, HEPES [5] and TRIS [6] were found to greatly (up to 10 times) 
accelerate degradation rate of Mg alloys.  
Many researcher groups used the electrochemical impedance spectroscopy (EIS) and potentiodynamic 
polarization (PDP) to study the corrosion activity during magnesium biocorrosion. Chen et al. [7] used 
EIS and SEM to elucidate the formation mechanism of the surface coatings on the binary Mg-14Li alloy 
and their role in regulating degradation of the underlying Mg-14Li sample in a carbonate-rich simulated 
body fluid, i.e. MEM, in comparison with two generic biocompatible Mg alloys (Mg-0.5Zn-0.5Ca and 
Mg-3Al-1Zn). It was proposed that the single-phase structure and formation of protective and defect-
free Li2CO3 film give rise to the controlled and homogenous corrosion behaviour of Mg-14Li in MEM, 
providing new insights for the exploration of biodegradable Mg materials [7]. However, this study only 
shows the influence of carbonate ions on the corrosion propagation of the Mg alloy and does not give a 
complete picture of the influence of various MEM species on the evolution of protective properties of 
the formed surface film. 
Rondelli et al. [8] used EIS technique to study the electrochemical behaviour of Ni-free austenitic 
stainless steel for orthopaedic applications using four different test solutions: phosphate-buffered saline 
(PBS), MEM, MEM + 10 % fetal calf serum (FCM), MEM + 10 % fetal calf serum + L929 fibroblast 
cell line (Cell). The resistance of the inner film, directly related to the material's uniform corrosion 
resistance, raised with the immersion time and increased in the following order: PBS<FCS≈Cell<MEM. 
At the same time, this work concentrated on electrochemical calculation and does not show detailed 
information about chemical changes of the surface layer of studied material. 
The effect of different amount of Ca in Mg-Zn-RE-xCa (x = 0, 0.5, 1.5, 3 and 6) alloy on its in vitro 
corrosion behaviour in a Kokubo simulated body fluid was investigated by Bakhsheshi-Rad et al. [9] 
using EIS and PDP. According to results obtained, the corrosion current density of Mg-Zn-RE alloy 
decreased after addition of 0.5 wt. % Ca whilst further addition of Ca from 1.5 to 6 wt.% significantly 
increased the corrosion current density of the ternary Mg-Zn-RE alloy. However, the authors do not 
specify the difference in the corrosion mechanism of Ca-containing Mg alloys in other physiological 
solutions. 
In the research [10], the effect of the presence of living cells (SaOS-2) on in vitro degradation of Mg-
2.0Zn-0.98Mn (ZM21) magnesium alloy was examined by two methods simple immersion/cell culture 
tests and electrochemical measurements (EIS and PDP) under cell culture conditions. Electrochemical 
measurements revealed the presence of living cells increased corrosion current density and decreased 
polarization resistance after 48 h of incubation. Acceleration of ZM21 corrosion can be attributed to the 
decrease of medium pH due to cellular metabolic activities. At the same time, this work does not provide 
the detailed analysis of the corrosion products formed on the magnesium alloy. 
Liu et al. [11] studied the in vitro degradation behaviour of Mg–Ca alloy in the presence of albumin 
using in-situ observation, hydrogen evolution method and EIS technique. The corrosion and hydrogen 
evolution rates decreased and the formation of filiform corrosion induced by Cl− was inhibited due to 
the adsorption of albumin molecule. Moreover, the higher the concentration of albumin, the higher is the 
inhibitive effect. The EIS results showed that addition of albumin enhanced the charge transfer resistance 
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and film resistance at the open-circuit potential. However, this study does not show the synergetic 
influence of other compounds presented in simulated body solutions on the corrosion degradation of Mg-
based samples. 
Kim et al. [12] used EIS and PDP to reveal the increase of the corrosion resistance of the 
polycaprolactone and zinc oxide nanoparticles (ZnO NPs) electrospun composite coatings on the AZ31 
Mg alloys in SBF solution as compared to the resistance of bare and only polymeric coated samples. EIS 
data indicated that with the increase in the content of ZnO NPs in the composite coatings increased the 
corrosion resistance. This work focused on studies of the coating adhesion, its composition, 
electrochemical properties and biocompatibility, though, the surface characterization after corrosion tests 
was missed. 
In the work [13] the authors used EIS to characterize the degradation performance of the biodegradable 
Mg–Y–Zn alloys in SBF solution buffered with HEPES. The EIS measurements revealed increasing 
polarization resistance with increasing Y content, which was attributed to the beneficial influence of Y 
on the corrosion resistance of Mg alloys [14]. In the research [15], the EIS result showed the formation 
of biodegradable calcium phosphate coating could protect the Mg–Nd–Zn–Zr alloy substrate and 
improve its corrosion resistance in Hank's solution. The detailed analysis of the corrosion products 
formed on the Mg alloy surface after in vitro and in vivo studies in conjunction with corrosion mechanism 
description would significantly improve these works. 
PDP and EIS were applied to study the corrosion behaviour of Ca-P contained micro-arc oxidation 
(MAO) coating, pulse electrodeposited Ca-P coating, strontium phosphate conversion coating and the 
Mg-Sr alloy in Hank's solution [16]. The MAO coating showed the slowest degradation performance 
among these three coatings, which was reflected by better corrosion behaviour examined by 
electrochemical test. This study dealt with protective properties investigation of the formed coatings in 
correlation with cell assays while missing the chemical analysis of the sample after immersion test, which 
could promote the understanding the process of the material biodegradation. 
EIS and PDP tests were used to characterize the corrosion performance of MAO coatings on AZ31 Mg 
alloy in simulated body fluid vs. Earle’s Balance Salt Solution (EBSS) [17]. It was found that thicker 
MAO coating (produced by a higher voltage process) had higher electrochemical impedance. The PDP 
and EIS scans showed a similar trend, indicating that the samples in EBSS were less corroded than in 
SBF. However, the results of this work do not provide a comprehensive explanation of the role and 
influence of individual ions of simulated body solutions on the corrosion process of Mg sample. 
In [18–22] the authors have established that use of physiological solutions, which have similar 
composition to blood plasma is essential for in vitro studies of the Mg corrosion in the human body. In 
our previous study [23], we pointed out the specificity of magnesium degradation in cell culture medium 
– MEM (minimum essential medium) as compared to Mg corrosion in trivial NaCl. We have detected 
the higher hydrogen evolution rate for the sample immersed in 0.83 % NaCl solution in comparison with 
MEM. It was established that protective magnesium-substituted hydroxyapatite layer formed on the 
sample during immersion in MEM stabilizes the local pH of MEM near 8.0 (according to scanning ion-
selective electrode technique) and slows down the Mg degradation. At the same time, using scanning 



4 
 

vibrating electrode technique we found higher electrochemical activity for the samples in MEM than in 
NaCl solution at the initial stage of the material immersion. This can be related to the effect of lactic acid 
formed as a result of bacteria metabolism in non-sterile conditions or gluconic acid in MEM. It was 
indicated that corrosion process as well as corrosion of the MA8 magnesium [24–29] sample in MEM 
occurs in a rather complex way and obeys more complicated mechanism in comparison with typical Mg 
alloy corrosion in NaCl solution. That study mainly focused on the localized electrochemical studies 
(measurements of pH and current density distribution) of the Mg-based material degradation. 
Up to date, there are still unsolved points concerning the specificity of corrosion of Mg and its alloys in 
vitro conditions. The comprehension of features of the corrosion mechanism of biodegradable 
magnesium-based materials will sufficiently stimulate their utilization in the implantation sphere. 
Hence, the present work describes the evolution of protective properties of the surface film formed on 
MA8 Mg alloy during immersion in MEM in comparison with 0.83 % NaCl solution. The distinct 
tendencies of corrosion process development in two different media were established. The surface 
analysis of the corrosion product film formed on the material surface in MEM as well as the model of 
the Mg alloy corrosion mechanism were provided. This work is the continuation of our previous study 
[23] connected with detailed analysis of the electrochemical behaviour of the biodegradable magnesium 
sample in the solution with the composition similar human blood plasma. The results of the present study 
promote understanding of the corrosion mechanisms of magnesium alloys used as biodegradable 
implants.  
In this work, in order to make differentiation between corrosion degradation and electrochemical activity 
of the samples in MEM as well as to study the formation of the corrosion layer we used global 
electrochemical techniques like EIS and PDP in conjunction with Raman spectroscopy and SEM-EDX 
analysis of specimens with corrosion products precipitation.  
 

2. Experimental 
 
2.1. Samples 
The plates of magnesium alloy MA8 (1.5–2.5 wt. % Mn; 0.15–0.35 wt. % Ce; 0.05 wt. % Fe; 0.1 wt. % 
Si; 0.007 wt. % Ni; 0.1 wt. % Al; 0.05 wt. % Cu; 0.002 wt. % Be; 0.3 wt. % Zn; balance – Mg) were 
used for this study. The presence of iron as impurities increases the corrosion rate of magnesium alloys 
[30,31]. The addition of Mn as an alloying element by the developers of the alloy is aimed at reducing 
the effect of Fe on the corrosion rate [4,32,33]. Manganese forms with iron intermetallic compounds and 
phases (α-Fe(Mn), β-Mn(Fe)), which impede the depolarization of the microscopic cathodes (impurities) 
[34]. All plates were mechanically ground using SiC papers, polished with Aluminum Oxide Lapping 
Films (Thorlabs Inc., USA) with the grain size down to 3 μm. Ethanol was used for lubrication during 
the polishing. After the polishing, the plates were washed with deionized water, degreased with ethanol 
and dried in air. 
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MA8 magnesium alloy specimens were studied in MEM (# 61100 powder, Gibco®, Thermo Fisher 
Scientific, USA) [35,36] with addition of 2.2 g L-1 NaHCO3 [37] (pH 7.40) and in 0.83 % NaCl solution 
(Na+ and Cl– concentrations are similar to the human blood plasma [18]). 
 
2.2 Electrochemical measurements 
Electrochemical activity of the MA8 Mg alloy plates was studied using PDP and EIS methods by means 
of the electrochemical system 12558WB («Solartron Analytical», UK), consisted of electrochemical 
interface SI 1287 and frequency response analyzer FRA 1255B connected with the PC. Electrochemical 
tests were carried out in MEM and NaCl solutions in a three-electrode cell Model K0235 Flat Cell 
(«PAR», USA) at room temperature. The Mg alloy plates of a size of 15 mm × 20 mm × 1.5 mm for 
electrochemical measurements were used. In all our experiments the exposed area of the specimens to 
electrolyte solution was equal to 1 cm2. Saturated calomel electrode (SCE) Hg/Hg2Cl2, KCl (potential 
versus normal hydrogen electrode was equal to 0.248 V) was used as a reference electrode. The platinum 
mesh was used as a counter electrode. Before the electrochemical tests (EIS, PDP), the plates were 
immersed in MEM and NaCl solution for 60 min to stabilize the electrode potential. The open circuit 
potential (OCP) was recorded. The PDP measurements were carried out at a sweep rate of 1 mV s-1. DC 
potentiodynamic polarization measurements were performed according to the ASTM G5-14 standard 
[38–40]. The Mg alloy specimens were polarized in the anodic direction from the potential of Е = ЕC – 
350 mV up to Е = ЕC + 900 mV. The Levenberg-Marquardt (LEV) method was used to calculate the 
values of corrosion potential, EC, corrosion current density, IC, in potential range from ЕC + 100 mV 
down to ЕC – 250 mV in accordance with the equation (1): 
𝐼𝐼 = 𝐼𝐼C (10(𝐸𝐸−𝐸𝐸C)/𝛽𝛽a + 10−(𝐸𝐸−𝐸𝐸C)/𝛽𝛽c).       (1) 
According to the previous studies [41,42] the LEV method enables one to obtain the best fit values of 
EC and IC as well as the slopes of the cathodic, βc, and anodic branch, βa.  
It should be noted that Tafel equation cannot be directly applied for Mg-based systems. Tafel only works 
for the systems controlled by the charge transfer. In the case of the metallic surfaces covered with the 
protective layers of products, the Tafel equation cannot be used. Especially it is truth for the anodic part, 
which is fully dominated by the IR drop through the film until its breakdown. Therefore we also used 
the recommended modified procedure [43,44] on the base of the theory of McCafferty [45] and Leroy 
[46] when only intersection of the extrapolated cathodic linear region with EC is taken in order to estimate 
the IC. 
The sinusoidal signal with the 10 mV (rms) amplitude was used for EIS measurements. The spectra were 
acquired at an OCP in the frequency range from 0.1 MHz down to 0.1 Hz at logarithmic sweep 10 points 
per decade. CorrWare/Zplot software was used to control the experiment. PDP and EIS data were 
processed using CorrView/ZView software. To study the electrochemical behaviour evolution with time 
of samples immersion in solutions, the EIS and OCP tests were performed during 74 and 110 h, 
respectively. The electrochemical tests were repeated for three samples for the reliability and 
reproducibility. The errors for calculated values of the main parameters of equivalent electrical circuits 
(EEC) (such as CPE and R) have not exceeded 5 %. 
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2.3. Immersion experiments, weight loss measurements and cross-section preparation 
Immersion experiments in MEM and 0.83 % NaCl solution were performed for a period of up to 30 days. 
The size of the samples was 15 mm × 20 mm × 1.5 mm and the solution volume was equal to 1000 mL. 
The electrolyte was without contact with air. The experiment was performed at room temperature.  
At the end of 30 days immersion test, the samples were etched with the chromic acid (200 g L-1 CrO3 + 
10 g L-1 AgNO3) to remove the corrosion products for weight loss measurements. The corrosion rate 
(mm year-1) was calculated in accordance with the earlier works [47,48]. 
After 8, 24, 40, 64 h and 30 days immersion of the samples in the MEM, the cross-section was prepared 
by means of Tegramin-25 system (Struers, Denmark). The plates were imbedded into ViaFix acrylic 
resin. After preliminary treating with SiC sandpapers, the sample was ground with the MD-Largo disk 
using 9 μm diamond suspension, and then polished with MD-Mol and MD-Nap disks using 3 and 1 μm 
diamond suspensions, respectively. DP-Lubricant brown was used as cooling and lubricating liquid for 
grinding and polishing. After polishing, the samples were washed with deionized water, degreased with 
ethanol and air-dried. All materials for grinding and polishing were products of Struers (Denmark). 
 
2.4. Corrosion product characterization 
At the end of the immersion experiments, the samples were removed from the solution, rinsed with 
deionized water, and dried in air. Raman spectroscopy was used to study the coating layers and corrosion 
products formed after 30 days of the alloy exposure to MEM. Raman spectra and images were obtained 
using confocal micro-Raman spectrometer alpha 500 (WITec, Ulm, Germany), and preprocessed with 
WITec Control/Project Plus 2.1 software. Raman spectra of corrosion film formed after sample 
immersion in corrosive solution were recorded between 300 and 4000 cm−1 using 532 nm laser 
wavelength with a power of 20 mW. A 10 × objective (Zeiss EC “Epiplan” DIC, Germany) with a 
numerical aperture of 0.25 and 9.3 mm working distance was used to image the sample. The Raman 
spectra were collected from the area 250 × 250 μm. This data map contained 250 × 250 Raman spectra. 
The integration time used to obtain Raman spectrum was equal to 0.5 s. The average typical Raman 
spectrum is presented in this work. Background subtraction, baseline correction and peak deconvolution 
for obtained Raman spectra were done by means of Origin software. 
The obtained cross-sections of the samples after 8, 24, 40, 64 h and 30 days immersion in MEM were 
used to study the morphology evolution of the corrosion film as well as element distribution in the formed 
surface layers by means of Zeiss EVO 40 scanning electron microscope (Carl Zeiss Group, Germany). 
SEM-images of the cross-section surface were obtained at an accelerating voltage of 20 kV. The SEM 
was equipped with Silicon Drift Detector X-MaxN 80 (Oxford Instruments NanoAnalysis, USA). The 
elements distribution over the cross-section surface of corrosion film was obtained by means of Energy 
Dispersive X-Ray (EDX) Analysis. The EDX measurements were performed by means of AZtec 3.0 
SP2 software (Oxford Instruments NanoAnalysis, USA). The nanoscale chromium layers were deposited 
on the specimen surfaces to decrease image distortion related to a non-conductive layer charging. The 
Cr peaks were excluded during the EDX analysis. 
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3. Results and discussion 
3.1. Electrochemical analysis of the MA8 Mg alloy behaviour in MEM and 0.83 % NaCl solutions 
In order to study and compare the electrochemical behaviour of the MA8 Mg alloy samples in MEM and 
NaCl solutions, PDP, OCP and EIS tests were done. Fig. 1 depicts PDP curves for the samples in MEM 
and 0.83 % NaCl solutions. Values of corrosion current density calculated from the experimental data 
(after 1 h of the sample exposure) by means of LEV method (IC LEV) and using intersection of the straight 
line parallel to Y-axis through EC with the cathodic Tafel extrapolation curve (IC) for the sample in MEM 
were 9.2 µA cm–2 and 7.3 µA cm–2, respectively, which are two times lower than those for the specimen 
in NaCl solution (22 µA cm–2 and 18 µA cm–2) (Table 1). It should be noted that values of current density 
calculated using two different methods were close to each other. 
Values of the corrosion rate calculated from PDP curves (using IC) [49,50] for Mg alloy in MEM and 
0.83 % NaCl solutions were 0.17 mm year-1 and 0.41 mm year-1. The long-term steady-state corrosion 
rates evaluated from weight loss measurements after 30 days immersion were lower than those 
established from electrochemical measurements: 0.15 ± 0.02 mm year-1 (0.07 ± 0.01 mg cm-2 day-1) for 
the sample in MEM and 0.19 ± 0.02 mm year-1 (0.09 ± 0.01 mg cm-2 day-1) for the specimen in NaCl 
solution. These differences are related to the features of Mg corrosion as well as to the different times of 
the corrosion rate evaluation. The corrosion rate calculated from PDP is an instantaneous measurement, 
which is usually performed soon after the sample immersed in the solution. At the same time, the weight 
loss test provides the corrosion rate over the whole duration of immersion test [51]. However, in our 
work, both rates calculated from two independent methods have comparable values. It should be noted 
that this work was carried out in vitro, however, the degradation rate of the Mg samples studied in vivo 
was lower than in the tests performed in laboratory conditions as it was shown in the previous studies 
[52–57]. 
The data, presented in Table 1 indicated the lower corrosion activity of the sample in MEM in 
comparison to the one in NaCl solution. This result showed higher protective properties of the corrosion 
product film, formed in MEM than in NaCl medium. The sample immersed in MEM has lower corrosion 
potential (EC = – 1.67 V) in comparison with one in NaCl medium (EC = – 1.57 V) (Table 1), which is 
connected with different chemical reactions occurred on the material surface. Anodic and cathodic Tafel 
slopes, βa and βc, determined from PDP curves using LEV method are also presented in Table 1.  
The evolution of the open circuit potential of the samples immersed in MEM (the lower curve) and in 
NaCl solution (the higher curve) is shown in Fig.2. The potential for the sample in MEM increased with 
time, whereas for the specimen in NaCl solution it was nearly constant during one hour.  
The EIS was used to study the medium influence on the corrosion activity of the MA8 Mg alloy samples. 
The evolution of the EIS spectra versus time of the sample exposure to the NaCl solution and MEM is 
presented in Fig. 3 and Fig. 4, respectively. Impedance spectra (Figs. 3, 4) contain experimental data 
(symbols) and theoretical fitting curves (lines), which simulate the experimental results by means of 
equivalent electrical circuits (Figs. 3c, 4c). Results of the fitting of the experimental EIS data (Figs. 3, 
4) are presented in Tables 2 and 3. EIS spectra for the sample immersed in MEM contain two time 
constants and there are first signs of the third time constant at low frequencies. This means that additional 
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dense layer of corrosion products develops on top of Mg(OH)2. This layer possesses higher protective 
ability, which decreased the degradation process of the magnesium alloy in MEM, compared to that in 
NaCl solution. The appearance of the third time constant at low frequencies can also be a result of the 
corrosion activity at the metal surface [58,59]. 
The evolution of the values of the impedance modulus measured at the lowest frequency (|Z|f=0.1Hz) is 
presented in Fig. 5. Impedance modulus for the sample in MEM gradually increased during the 54 h 
from 5.5×103 Ω cm2 up to 5.8×104 Ω cm2 and then decreased dramatically down to 1.0×103 Ω cm2. This 
is related to the gradual formation of the layer of corrosion products (up to 54 h) and its breakdown (after 
54 h). Impedance modulus for the specimen in NaCl solution barely changed during 74 h. There are 
periods of impedance growth and drop with the maximum value 8.2×103 Ω cm2 after 53 h of the 
exposure.  
The impedance modulus for the sample immersed in MEM was higher than one in NaCl solution during 
most of the experimental time (Fig. 5).  
In this study, we used the CPE (CPE – Constant Phase Element) in equivalent electrical circuit as a result 
of high level of heterogeneity of the studied system [42,47,60–62]. Impedance of the CPE was calculated 
in accordance with the equation: 
ZCPE = 1/[Q(jω)n],          (2) 
where ω is the radial frequency (ω = 2πf), j is an imaginary unit, n is the exponential factor (−1 ≤ n ≤ 1), 
and Q is the CPE coefficient or CPE constant [63,64]. Impedance spectra for the samples in NaCl and 
MEM solutions were fitted with high accuracy (χ2 = 1×10–4).  
Analysis of the spectra in Figs. 3a,b shows the presence of one time constant, which is corresponded to 
partially protective oxide-hydroxide corrosion film formed on Mg surface in NaCl solution. EEC, which 
was used for fitting of EIS data (Fig. 3c) consists of the solution resistance (RS) in series with parallel 
constant phase element (CPE1) and resistor (R1), which applied to describe the capacitive and resistive 
behaviour of the corrosion layer, respectively. 
The EIS spectra in MEM have two time constants (Fig. 4b). In the previous studies [65] the double 
layered structure of the corrosion film formed in Dulbecco's Modified Eagle's Medium was established. 
Therefore, for MA8 Mg alloy in MEM the EEC with a serial-parallel connection of two R–CPE-circuits 
(Fig. 4c) was used [9,36,60,66–75]. The elements in the EEC for MA8 Mg alloy in MEM (Fig. 4c) 
include the solution resistance (RS), and two consecutive groups of paralleled combination of constant 
phase element (CPE1 and CPE2) and resistor (R1 and R2), which assigned to capacitive and resistive 
parameters of the outer and inner corrosion layer, respectively. 
Constant phase element coefficient, Q, is similar to the interfacial capacitance [76]. Capacitance depends 
on the thickness of the oxide film and an increase in film thickness results in lowering of Q value [77]. 
This indicates that evolution of Q can be applied for evaluation of corrosion film condition during 
immersion in solution [8,63]. Authors of the work [78] also used Q to calculate the oxide film thickness. 
At the same time, besides Q evolution, the change of n can also strongly influence the computation 
accuracy of oxide layer thickness. Therefore, we have calculated the effective capacitance (С). The way 
of conversion a CPE parameter to C has been proposed by Brug et. al. [79], Hsu and Mansfeld [80], 
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Hirschorn et al. [81] and was discussed by many researcher groups [81–85]. However, in this work to 
calculate the effective capacitance of the corrosion product layers Brug formula or Hirschorn formula 
(3) was applied [79,81]. This equation can be used in case of a normal time-constant distribution [86] 
and was suggested for calculation of film capacitance [81].  

𝐶𝐶 = 𝑄𝑄
1
𝑛𝑛(𝑅𝑅𝑓𝑓

1−𝑛𝑛 
𝑛𝑛 ),          (3) 

where C is a corrosion film capacitance expressed in (F∙cm2), Rf is the resistance of a film. 
The evolution of the C and R calculated parameters with time of samples immersion (Tables 2, 3) in 
NaCl solution and in MEM is presented in Figs. 6, 7, respectively. For the specimen in NaCl solution 
after the first few hours the general tendency of С1 (capacitance of the corrosion film) decrease and R1 
growth was established. n changes in the range from 0.8 up to 0.9, which indicates the low level of 
heterogeneity of the oxide film. The trends of these parameters indicated the formation of the barely 
protective film of the Mg(OH)2 corrosion product.  
The trend to the decreasing the capacitance of outer and inner corrosion layers (C1) and (C2), respectively 
for the sample in MEM during 54 h of exposure indicates the increase of the inner and outer sublayer 
thicknesses (Fig. 7) of the film. The heterogeneity of the studied surface is shown by parameter n, which 
is less than 1 in Tables 2, 3. It should be noted that exponential factors of CPE for samples in NaCl 
solution and MEM (Tables 2, 3) did not change sufficiently to make an essential correction in the 
interpretation of coating thickness evolution trend using analysis of the parameter Q. n of CPE1 and 
CPE2 for the sample in MEM changes in the range from 0.8 up to 1.0, and from 0.7 up to 0.8, 
respectively, indicating the capacitive behavior of CPE. Analysis of C and Q as functions of time 
indicates their similar trend of changing (Tables 2, 3). Therefore, the evolution of C and Q is the result 
of the corrosion film formation process, which slows down the degradation rate. After 54 h, parameters 
C and Q start to increase continuously, which is a result of corrosion film destruction. Evolution of the 
outer and inner layer resistance (R1) and (R2) (Table 3, Fig. 7) during specimen immersion also confirms 
the increase of the corrosion film protection as a result of decrease of the total number of defects over 
the surface (during 54 h) and breakdown of the protective film after 54 h. All the calculated EEC 
parameters (Table 3, Fig. 7) and impedance modulus measured at the lowest frequency (Fig. 5, the curve 
for MEM) are obeyed the same tendency with 54 h as the film breakdown time. Optical images of the 
sample surface obtained during its exposure to MEM confirm the surface film degradation process after 
54 h (Fig. 8). 
In order to study the potential evolution for the samples in NaCl solution and in MEM the OCP was 
recorded during 110 h of specimen immersion. Analysis of the results presented in Fig. 9 indicated that 
while the potential for the sample in NaCl with several periods of growth practically did not change with 
the average value of – 1.60 V ± 0.03V, the OCP for the specimen in MEM seriously changed during 
experimental time. Just like impedance modulus evolution (Fig. 5), the OCP of the alloy in MEM 
continuously increased (up to – 1.44 V) during the 54 h and then decreased (down to – 1.95 V) for the 
next 20 h. OCP started to increase again after 74 h, this indicates that the process of film formation and 
degradation is dynamic. These periods of corrosion film growth and breakdown continue until the 
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components of the MEM, especially HPO42-, HCO3- and Ca2+ are depleted. After that, the Mg corrosion 
continues following the general degradation trend as in simple NaCl solution. 
It should be noted that according to the fitting results of EIS data (Tables 2, 3), total resistance (R1 + R2) 
of the film formed in MEM was equal to 69.3 kΩ cm2 after 54 h, which is nine times higher than 
resistance of the film formed in NaCl solution (7.7 kΩ cm2 after 53 h). This indicates the higher 
protective properties of the deposited film formed on the MA8 Mg alloy surface in MEM, which inhibits 
degradation rate, as compared to the film formed in NaCl solution. These findings are similar to work 
[6] where additional time constant in EIS spectra gradually revealed itself as commercially pure Mg was 
immersed in simulated body fluid. That was explained by gradual growth of partially protective layer of 
magnesium-substituted hydroxyapatite. 
 
3.2. Chemical composition of the film formed on MA8 Mg alloy in MEM 
Since the Raman spectroscopy is an appropriate technique to study metal surfaces [4], in this work it was 
used to study the particular corrosion products formed after 30 days of Mg alloy immersion in minimum 
essential medium. The Raman spectrum was acquired from the limited area presented in Fig. 10a. This 
spectrum is displayed in Fig. 10b. Sharp peaks at 417 and 3788 cm−1 can be attributed to the (O-H) 
stretching vibrations in the crystal structure of Mg(OH)2 [87]. The broad band in the wave number range 
3500–2800 cm−1 corresponding to stretching vibrations of hydroxyl (–OH) group is observed (with the 
maximum at 3085 cm−1) [88–90]. The presence of Raman bands at 405 cm−1 (ν2 bending vibrations), 
594 cm−1 (ν4 out-of-plane bending vibrations) and 1084 cm−1 (ν3 antisymmetric stretching vibrations) 
can be assigned to the HPO42− and PO43− groups [91]. The Raman band around 960 cm−1 corresponds to 
the symmetric stretching mode of ν1 (P-O) of HPO42− group. After 30 days of immersion in MEM, the 
formation of a well-defined Raman band at 960 cm−1 confirms the hydroxyapatite formation. That is 
related to the symmetric stretching (ν1) mode of PO43− group of apatite phase [91–93]. 
Due to the presence of amino acids like glutamine in MEM, which has an additional uncharged amino 
group and is very sensitive in the 1500–1800 cm− 1 region, the Raman spectrum has wide band, where 
extensive coupling is observed among the ν COO−, δ NH3+, ν C=O and δ NH2 vibrations [94–96]. The 
NH+ bending vibrations are detected at ~ 1640 cm−1, the COO– stretching vibrations at ~ 1600 cm−1 [94–
96] and the band at 1705 cm−1 can be related to ν C=O [88,90,97]. 
The 900–1100 cm−1 spectral region can be characterized by bands associated with several C–C and C–
N stretching vibrations, ν (C–C) and ν (C–N). The band detected at 1135 cm−1 can be attributed to NH3+. 
The band observed at 1242 cm−1 is assigned to torsion of CH2, τ CH2. Bands in the 1300–1375 cm−1 
region are related to the deformation vibrations of CH unit, δ CH [98]. The band observed at 1476 cm−1 
is pertained to the stretching vibrations of C–N [98]. 
Analysis of the SEM-EDX maps presented in Fig. 11 shows the bilayer structure of the corrosion product 
film formed in MEM. The inner layer consists predominantly from Mg and O (Figs. 11c, 11d) and the 
outer one from Ca, P, C and O (Figs. 11d, 11e, 11f, 11g). The thickness of the film was 15–25 µm. The 
combined results of the Raman spectra (Fig. 10) and SEM-EDX maps indicate that MgO-Mg(OH)2 
compounds formed the inner sublayer of the corrosion product film obtained in MEM, whereas 

https://www.sciencedirect.com/topics/chemistry/glutamine
https://www.sciencedirect.com/topics/chemistry/amide
https://www.sciencedirect.com/topics/chemistry/bending-vibration
https://www.sciencedirect.com/topics/chemistry/stretching-vibration
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Cax(HyPO4)z formed the outer one. Among calcium-phosphorous compounds, hydroxyapatite one 
(Ca10(PO4)6(OH)2) could also be formed in the outer layer according to the Raman data. Formation of 
hydroxyapatite or hydroxyapatite-like product (magnesium-substituted hydroxyapatite) as a component 
of corrosion product film in similar to this work condition was confirmed by different methods in 
[5,65,99–104]. The outer layer also contains adsorbed organic substances and possibly MgCO3, that is 
shown by the presence of corresponded functional groups (CH2, CN, CO, NH2) (Fig. 10b) and high 
carbon concentration (Fig. 11b, 11e). According to the SEM-EDX map (Fig. 11b) the interface between 
inner and outer layer contains cerium. This is related to the dissolution of the magnesium matrix and 
intermetallic phases of the MA8 alloy, containing Ce e.g. Mg9Ce [48]. 
 
3.3 Corrosion mechanism of the MA8 Mg alloy in MEM 
In order to study the mechanism of the film formation on the MA8 Mg alloy in MEM the cross-sections 
of the samples after 8, 24, 40 and 64 h of exposure were made in accordance with key point time 
determined from OCP and EIS data (Figs. 4, 5, 7, 9). According to the abovementioned results, during 
the first 54 h film formation took place and after that a breakdown occurred. SEM-EDX maps of the 
formed surface layer were obtained to study the stages of the film development, (Fig. 12). The sample 
exposure to MEM during 40 h (Figs. 12a-12c) leads to the formation of the thin film, which mainly 
consists of Ca, P, O containing compounds (Figs. 12(c1-c3)). This is the first stage of the samples 
corrosion process in MEM. Based on the obtained results the schematic illustration of the possible 
corrosion mechanism of magnesium alloy in the MEM is presented in Fig. 13. The first stage of the 
corrosion is shown in Fig. 13a, where the following chemical reactions can occur: 
Mg → Mg2+ + 2e– (anodic reaction),        (4) 
2H2O + 2e– → H2 + 2OH– (cathodic reaction),       (5) 
3Ca2+ + 2PO43– → Ca3(PO4)2 (formation of the Ca-P layer),    (6) 
Ca2+ + 2H2PO4– + H2O → Ca(H2PO4)2∙H2O (formation of the Ca-P layer),  (7) 
8Ca2+ + 6H2PO4– + 5H2O → Ca8H2(PO4)6∙5H2O (formation of the Ca-P layer),  (8) 
Ca2+ + HPO42– + 2H2O → CaHPO4∙2H2O (formation of the Ca-P layer),   (9) 
10Ca2+ + 8OH– + 6HPO42– → Ca10(PO4)6(OH)2 + 6H2O (formation of the Ca-P layer), (10) 
Mg2+ + 2OH– → Mg(OH)2.         (11) 
In accordance with our previous work [23], the local pH measured on the surface of the MA8 Mg alloy 
in MEM was in the range of 7.5 – 8.5. It was concluded that formation of protective magnesium-
substituted hydroxyapatite layer stabilizes the local pH of MEM near 8.0 and inhibits the magnesium 
corrosion. Thereby, to correlate the reactions possible on the Mg alloy surface in MEM with local pH 
measured in [23] the diagram made using Hydra/Medusa® [105] software is presented in Fig. 14. This 
diagram shows the logarithm of concentration as a function of pH for the studied system. Analysis of 
results shows that Ca5(PO4)3OH, CaMg(CO3)2, MgCO3, and CaCO3 are stable in the range of pH 7–9. 
Therefore, the most probable reactions that occurred on the Mg alloy surface in MEM at the measured 
pH values are (10, 12-14).  
Mg2+ + 2HCO3–→ MgCO3 + CO2 + H2O       (12) 
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Ca2+ + 2HCO3–→ CaCO3 + CO2 + H2O        (13) 
Ca2+ + Mg2+ + 4HCO3–→ CaMg(CO3)2 + 2CO2 + 2H2O     (14) 
Formation of the mixed phases of magnesium-calcium phosphate-carbonate is also possible [100,101], 
however, these phases are often amorphous, of varying chemical composition and with unknown 
solubility products.  
The inorganic ions and their concentration taken to set up the system presented in Fig. 14, are the same 
as in MEM. It should be noted that during magnesium exposure to MEM the concentration of Mg2+ will 
increase, especially near the specimen surface that makes some variations in Fig. 14 (e.g. Mg(OH)2 
formation (reaction (11)) can be realized at lower pH than in Fig. 14). This result confirms the 
thermodynamic possibility of the hydroxyapatite formation in the composition of corrosion products. 
As immersion time elapses, the Ca-P layer started to grow and crack, and therefore the corrosive medium 
penetrates to the alloy substrate. This leads to the material destruction, appearance of the corroded 
lagoons, which are filled with magnesium hydroxide (Figs. 12d, 12(d1-d4)), formed according to the 
(11). This is the second stage of the corrosion process, which is presented in Fig. 13b. 
The total corrosion layer thickness increased due to the intensive corrosion under the Ca-P layer with the 
formation of Mg(OH)2 inner sublayer (Figs. 11a, 12d). At the same time, the film breakdown at 54 h can 
be a result of one filiform event, which is not reflected in the general appearance of the sample. 
Therefore, it is difficult to find differences between the first and second stages. Probably these stages 
(formation of Ca-P outer layer and Mg(OH)2 inner sublayer) occurred simultaneously. Moreover, 
according to the Hydra/Medusa diagram and results of the previous work [23] Mg(OH)2 is not the main 
corrosion product. Thereby, the corrosion layer in Figs. 12d, 12(d1-d4) can consist of hydroxyapatite 
(Ca-P layer) depleted in Mg and rich in O. 
Comparison of the corrosion film after 30 days (Fig. 11a) and after 64 h (Fig. 12d) also indicated that 
during long immersion of the sample in MEM the thickness of the outer layer increased due to sorption 
on the surface remaining Ca-P compounds and organic substances (like C5H10N2O3 – glutamine, 
C6H14N4O2 – arginine, etc.), as well as due to precipitation of MgCO3, which is shown by the carbon 
presence in the top-most layer of the film (Fig. 11b). The scheme of the resulted corrosion film formed 
on the magnesium alloy surface is presented in Fig. 13c (the third stage of the Mg alloy corrosion in 
MEM).  
Fig. 13 offers the schematic illustrations of possible processes occurring in MEM and on the specimen 
surface. However, the sequence of stages presented in Fig. 13 might be changed. 
The obtained results indicated the lower corrosion activity of the MA8 Mg alloy in MEM than in 0.83 
% NaCl solution. Nevertheless, in order to prolong the implant integrity, application of the protective 
biocompatible coatings is desirable. This is the objective of our future studies.  
 
Conclusions 
The comparative detailed analysis of the corrosion activity of the MA8 Mg alloy (intended as 
bioresorbable materials) in the mammalian cell culture medium (MEM) and in 0.83 wt. % NaCl 
established the following. 
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1) The higher protective properties of the corrosion film formed on the alloy surface exposed in MEM 
have been established using EIS, PDP and OCP tests. Corrosion current density (after 1 h of sample 
exposure) was two times lower for the sample immersed in MEM than that for the samples exposed to 
NaCl solution.  
2) The distinct trends of the development of corrosion process on the MA8 Mg alloy in two media were 
established by fitting of the EIS experimental results using appropriate EECs. There were two periods 
of corrosion film evolution in MEM: the process of formation (up to 54 h) and breakdown (after 54 h), 
which were repeated until the components of the MEM were consumed. The maximum total resistance 
of the film formed in MEM was 69.3 kΩ cm2 (after 54 h), which is nine times higher than for the film 
formed in NaCl solution (7.7 kΩ cm2).  
3) The bilayer structure of the corrosion film formed in MEM on the MA8 Mg alloy surface was revealed 
according to the analysis of the SEM-EDX maps of the sample cross-sections. The combined results of 
the Raman data and SEM-EDX analysis indicated that MgO-Mg(OH)2 compounds formed the inner 
sublayer of the corrosion film grown in MEM, whereas Cax(HyPO4)z (including hydroxyapatite) formed 
the outer one. The top-most layer with high carbon concentration connected with MgCO3 precipitation 
and sorption of the organic constituents of MEM on the material surface. 
4) Possible corrosion mechanism for MA8 Mg alloy in the MEM, which revealed three stages of the 
corrosion film evolution, was proposed. Calcium and phosphorus containing products, including 
hydroxyapatite, are the main precipitates on the Mg alloy surface exposed to MEM.  
 
Data availability 
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Figure captions 

Fig. 1. – PDP curves for the MA8 Mg alloy in MEM and 0.83 % NaCl solutions recorded after 60 min 
of immersion. 

Fig. 2. – The evolution of the open circuit potential (60 min) for the MA8 samples in MEM and in NaCl 
solution. 

Fig. 3. – The evolution of the EIS spectra (Nyquist plot (a), Bode plot (b)) with time of the MA8 
magnesium alloy sample exposure to the NaCl solution. The spectra include experimental data marked 
by symbols (scatter plot) and theoretical fitting curves (solid line), which simulate the experimental data 
using equivalent electrical circuit (c). The arrows in (a) show the next spectrum (in time).  

Fig. 4. – The evolution of the EIS spectra (Nyquist plot (a), Bode plot (b)) with time of the MA8 
magnesium alloy sample exposure to the MEM. The spectra include experimental data marked by 
symbols (scatter plot) and theoretical fitting curves (solid line), which simulate the experimental data 
using equivalent electrical circuit (c). The arrows in (a) show the next spectrum (in time). 

Fig. 5. –Impedance modulus (measured at the lowest frequency |Z|f=0.1Hz) evolution during sample 
immersion in NaCl solution and in MEM. 

Fig. 6. – The plot of the calculated parameters of the EEC element (C1 and R1) (Tables 2) for the sample 
during 74 h immersion in NaCl solution.  

Fig. 7. – The plot of the calculated parameters of the EEC element (C1, C2, R1 and R2) (Tables 3) for the 
sample during 74 h immersion in MEM. 

Fig. 8. – Optical images of the sample surface after 40 (a) and 64 (b) h of specimen exposure to MEM, 
which confirm the degradation of the surface film between two time-points. 

Fig. 9. – The evolution of the open circuit potential with time (110 h) for the MA8 samples immersed in 
MEM or 0.83 % NaCl solution. 

Fig. 10. – The investigated area (a) and acquired average Raman spectrum (b) of the MA8 Mg alloy 
sample after 30 days of immersion in MEM. 

Fig. 11. – SEM-EDX maps of the cross-section of the MA8 Mg alloy sample after 30 days of immersion 
in MEM: SEM (a) and SEM-EDX (b) images of the corrosion film as well as corresponding EDX maps 
of the element distribution Mg (c), O (d), C (e), Ca (f), P (g).  

Fig. 12. – SEM images of the sample cross-sections after 8 (a), 24 (b), 40 (c) and 64 (d) hours of the 
exposure to MEM. EDX maps of the element distribution O (c1), Ca (c2), P (c3) and Mg (d1), O (d2), 
Ca (d3), P (d4) in the corrosion film after 40 and 64 h of specimen exposure to MEM, respectively. 

Fig. 13. – The schematic illustrations of the possible corrosion mechanism for MA8 Mg alloy in the 
MEM. Three stages (a, b, c) of the corrosion film evolution were revealed. 

Fig. 14. – Inorganic species of MEM as a function of pH. Ions and concentrations correspond to their 
content in MEM. The diagram was made using Hydra/Medusa® software. 
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