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Abstract 
Electrochemical behaviour of MA8 magnesium alloy in minimum essential medium (MEM) 
and 0.83 wt. % NaCl solution is compared using SVET, local pH measurements and hydrogen 
evolution tests. Corrosion products formed on the alloy surfaces are characterized using XRD 
and SEM-EDX analysis. Potential by-products of cells and bacteria activities increase the 
sample activity in MEM at the initial stage of material immersion. Hydrogen evolution rate is 
higher for samples in NaCl solution in comparison with MEM. Formation of partially 
protective magnesium-substituted hydroxyapatite stabilizes the local pH of MEM below 9.0 
and does not allow to increase the pH during corrosion.  
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1. Introduction 
 
Magnesium is very light metal, which possesses many useful properties such as high strength 
to weight ratio and good electrical and thermal conductivity [1–3]. Magnesium and its alloys 
can be used in implant surgery as biodegradable materials [4–16]. The main shortcoming of 
these materials is they often do not possess sufficient corrosion resistance, since the 
magnesium is highly electrochemically active metal. This disadvantage of the magnesium-
based materials can be turned to an advantage, since the corrosion activity combined with the 
biocompatibility of the Mg alloys can promote the biodegradation process, which makes these 
alloys good candidates to be used as a degradable biomaterial. The state-of-the-art on 
biodegradable materials based on Mg corrosion has been reviewed by Witte et al. [17]. In the 
recent review [18] Virtanen et al. illustrated the challenges in understanding and controlling 
the corrosion behaviour of Mg alloys regarding their use as bioresorbable implants in 
medicine. 
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The study of the magnesium alloy corrosion in different media is of great interest, especially 
in the field of biomedicine, since understanding of the process occurring on the surface of 
magnesium-based implant is essential to efficient and safe use of this material as a 
bioresorbable one. Taking into account the rapid degradation process of Mg alloys in chloride-
containing solutions and very complex composition of the human body media, it is worth to 
study the mechanism and kinetics of the Mg alloys corrosion in solutions, which closely 
resemble that of human body fluids. A number of cell culture media are commercially 
available. They differ in composition: MEM – minimum essential medium (or Eagle's 
minimum essential medium); DMEM (or D-MEM) – Dulbecco's modified Eagle's Medium, 
α-MEM – minimum essential medium Eagle, alpha modification [19,20]. Many research 
groups used these media to investigate the features of the magnesium biocorrosion and to 
reveal the effect of physiological solution composition on Mg and its alloy degradation. 
Wagener et al. [21] established that immersion of magnesium (99.9 % purity) in DMEM can 
lead to the formation of a corrosion layer consisting mainly of calcium phosphate compounds 
that can enhance corrosion resistance of magnesium. However, proteins adsorbed on the 
surface hinder the formation of a calcium phosphate layer. Yang et al. [22] used SBF 
(simulated body fluid) solution for immersion of ZK60 alloy samples with and without nano-
hydroxyapatite coatings to examine the long-term in vitro degradation behaviour. It was 
established [22] that coating obtained by a hydrothermal deposition method on ZK60 samples, 
significantly improved corrosion resistance of the material and protected it against rapid 
degradation. Based on XRD, EDX and FT-IR characterizations, Rettig et al. [23] established 
that precipitate layers formed in modified SBF solution on a rare-earth containing Mg alloy 
consisted of amorphous, hydrated, carbonated (Ca, Mg)-phosphate. It was found [24] that 
during Mg alloy immersion in albumin-containing SBF solution albumin adsorption 
suppresses early-stage corrosion due to low chelation rate. However, the chelation effect 
gradually becomes more significant than adsorption, which leads to the breakdown of the 
protein layer, and corrosion acceleration. In [25] Mei et al. studied the influence of individual 
ions in SBF on the corrosion process of commercially pure magnesium. The critical impact of 
the synergistic combination of Ca2+, Mg2+, HPO4

2– and HCO3
– causes growth of the partially 

protective film of hydroxyapatite-like compounds on top of MgO/Mg(OH)2 layer which 
becomes thicker in time. If at least one of these components is lacking, the hydroxyapatite-like 
compounds do not form which is manifested by higher magnesium degradation rates. 
Furthermore, the influence of MEM components, solely or combined in groups of amino acids, 
vitamins, saccharides, and Kreb’s cycle compounds, has also been explored [26]. None of the 
listed components critically affected the degradation rate of Mg, most probably owing to the 
low concentrations of these components, typically in the range of 0.1 to 1 mM.  
In [27] Bowen et al examined the composition of corrosion products formed on commercial 
purity Mg explanted from rats’ arteries after 30 days of degradation. They found a duplex 
structure of corrosion products comprising magnesium-substituted hydroxyapatite in the inner 
layer that later transformed into a carbonate-substituted hydroxyapatite. In [28] Keim et al. 
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detected similar chemical composition of the corrosion product layers after immersion in SBF 
and cell culture medium, higher carbon content in the surface layer formed in culture medium 
was found, which can be related to surface “passivation” by formation of insoluble Mg-
carbonate layers [29,30]. All the citied works studied the behaviour of magnesium alloys in 
various biological solutions. However, based on the analysis of the literature, it is rather 
difficult to compare these results since they were obtained under largely varying conditions. 
In the recent review [4] Virtanen compared the protective properties of the surface layers 
formed on Mg alloys in SBF and DMEM and established the chemical composition of the 
corrosion product layers. Virtanen also summarized the influence of specific biological 
environments on the corrosion behaviour of Mg alloys, and discussed some aspects of 
interactions between corroding Mg surfaces and cells [4]. Nevertheless, there are still open 
questions on understanding the mechanism of Mg corrosion in cell culture medium.  
Nowadays, the base of theoretical and experimental tools in the field of electrochemistry is of 
very high level, which makes it possible to study, understand and control the corrosion 
processes as well as the biodegradation of magnesium alloys. Local electrochemical methods 
of surface investigation like Scanning Vibrating Electrode Technique (SVET) and Scanning 
Ion-Selective Electrode Technique (SIET), according to the previous results of works [31–47], 
are prospective tools to study the mechanism and kinetics of the corrosion process of metals 
and alloys. In [32] Lamaka et al. showed for the first time applicability of local pH and Mg2+ 
measurements in mapping mode near the surface of coated Mg alloy. Córdoba et al. [48] used 
SVET and SIET to study the localized corrosion phenomena and localized pH evolution of 
silane-TiO2 coated AZ31 and ZE41 Mg alloys intended for biomedical applications. Ivanou et 
al. [49] used SVET to investigate the performance of complex PEO-coatings on ZE41 
magnesium alloy in conditions simulating coating damage. Izquierdo et al. [50] used Scanning 
Electrochemical Microscopy (SECM) in potentiometric operation for the local 
characterization of the electrochemical behaviour of magnesium-based materials using pH-
sensitive and Mg2+-ion-selective electrodes. Jamali et al. [51] employed different modes of 
SECM such as surface generation/tip collection, amperometry, AC-SECM and potentiometry 
to characterize the active/passive domains, hydrogen evolution and local pH on a corroding 
surface of AZ31 in HEPES stabilized simulated body fluid. Mareci et al. [52] employed SECM 
technique to characterize the pH variations occurring during the vigorous degradation of MgCa 
alloys in Ringer's physiological solution with high spatial resolution. Tefashe et al. [53] used 
high resolution electron microscopy, SVET, SECM amperometric detection of H2 fluxes, 
potentiometric SECM detection of local pH and localized potentiodynamic measurements to 
evaluate the microstructure and corrosion protectiveness of the electrodeposited coating on 
AZ31B magnesium alloy. Lamaka et al. the first time studied the evolution of local pH in 
HBSS solution with or without physiological amount of Ca2+ near the surface of four Mg alloys 
(potentially relevant for implant applications) [54]. A significant difference in local pH was 
observed for Mg in simple Hank’s solution (near surface pH 9.9–10.5) or Hank’s solution 
modified with 2.5 mM Ca2+ (pH 7.8–8.5). This effect was explained by the synergy of Ca2+, 
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HPO4
2-, HCO3

- and Mg2+ that stimulate growth of hydroxyapatite-like products on the surface 
of MgO/Mg(OH)2 layer [25,54]. Magnesium corrosion acceleration in the SBF-like 
electrolytes containing synthetic pH buffers (e.g. TRIS or HEPES) was explained [25,54]. The 
localized measurements have been proven to be beneficial for the understanding of corrosion 
mechanism of Mg alloys in inorganic simulated body fluid (like SBF, HBSS), but there are 
only a few works about localized measurements used in organic-containing simulated body 
fluids (like cell culture media), which are often used corrosive media for the in vitro corrosion 
tests. Therefore, lack of the detailed information about localized electrochemical behaviour of 
magnesium-based materials in MEM-like solutions (simulated body fluids, which have the 
protein composition of mammalian cells) should be removed. Aspects of Mg and its alloys 
biodegradation, studied on microscale level, must be pointed out and exposed to promote the 
concept of application of these materials as bioresorbable implants. 
Moreover, the capability of carrying out SVET and SIET studies in rather complex biological 
medium like MEM should be also revealed and established to show all facilities of localized 
techniques. 
This work firstly describes the possibility and procedure of making SVET and local pH 
measurements in the MEM electrolyte for MA8 Mg alloy [55–61]. То promote Mg alloy 
application as a bioresorbable implant for osteosynthesis, the presence of the amino acids in 
the medium is essential. Therefore, MEM was used as one of the test solutions, which 
simulates a human blood plasma, to show the role of its composition in the corrosion process. 
To identify the features of processes in a medium containing a large number of organic 
components, a 0.83% NaCl solution was used as a reference solution. The difference of 
corrosion process development of the MA8 Mg alloy in 0.83 % NaCl solution and MEM on a 
microscale level was established. The importance of this work is connected with necessity of 
the detailed analysis of the electrochemical behaviour of the biodegradable magnesium alloy 
in the solution with similar composition to the human body fluids (baring the proteins and 
cells). As a result of this work, one step forward is made in understanding behaviour of Mg as 
a biodegradable implant material.  
 

2. Experimental 
 
2.1. Samples and solutions 
In the present work, MA8 magnesium alloy sample with low amount of alloying elements 
(Table 1) was used for investigation. The composition of the alloy was studied using Optical 
Emission Spectroscopy (PDA-MF Plus, Shimadzu, Japan). All specimens were mechanically 
ground for surface standardization using silicon carbide papers with abrasive material grain 
size decreasing down to 15 μm and, thereafter, polished using Aluminum Oxide Lapping Films 
(Thorlabs Inc., USA) with the grain size down to 3 μm. Ethanol was used for lubrication at the 
polishing step. After the polishing, the specimens were rinsed with ethanol and dried in air. 
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Unification of surface preparation is required for further analysis using the combination of 
applied methods described below. 
MA8 Mg alloy samples were studied either in MEM (# 61100 powder, Gibco®, Thermo Fisher 
Scientific, USA) [62,63], with addition of 2.2 g L-1 NaHCO3 [64] (the composition of MEM 
is summarized in Table 2) or in 0.83 wt. % NaCl solution (Na+ and Cl– concentrations are 
comparable with MEM and the human blood plasma [19]). 
 
2.2. Electrochemical measurements 
In order to investigate the development of the corrosion process on the surface of MA8 
magnesium alloy and to study the difference in the corrosion behaviour of Mg alloy in 0.83 % 
NaCl solution and MEM, the SVET/SIET system (Applicable Electronics, USA) was used. 
A Pt–Ir insulated wire (Microprobe Inc.) was used as the SVET probe. The tip of the probe 
was activated via deposition of a platinum black in platinum chloride plating solution (18 mL 
deionized H2O, 0.2 mL 1 % lead acetate solution – Pb(CH3COO)2·3H2O, 2.0 mL 10 % 
hexachloroplatinic solution – H2PtCl6·6H2O) in accordance with methodic developed by 
Applicable Electronics Inc. [65]. SVET measurements were done with vibrating probe placed 
100 ± 5 μm above the surface (this error is usually up to 5 % [41,66,67] and is measured in 
accordance with the minimal step of the motion system (near 700 nm) and the size of the 
spherical probe tip, which is positioned at the angle to the surface). This distance (100 μm) 
was chosen to maximize the signal/noise ratio [41]. Frequencies of probe vibration were 99 
Hz (Z-axis) and 160 Hz (X-axis) and the vibration amplitudes (peak-to-peak) were equal to 16 
μm (Z-axis) and 17 μm (X-axis). The diameter of the probe tip was 15 μm. The SVET device 
recorded the vertical (Z) and horizontal (X) components of vibrations. However, only Z-
component of the current was taken into account for the calculations and mapping the current 
density, since the analysis of the X-component is not considered paramount to achieve the 
goals of this work. For processing the experimental data the vertical (Z) component was used 
according to the existing practice of studying such objects [41,68–70]. In the case of analysis 
of more complex objects (for measuring the current distribution in a galvanic couple), the X-
axis of vibrations also brings relevant information and additionally is taken into account [71]. 
The pH-selective microelectrode was used for SIET measurements. Single-barreled glass 
capillaries (1.5 mm o.d.) were used for pulling capillary with 2.0 ± 0.5 μm diameter of the 
conic tip by means of the P-97 Flaming/Brown Micropipette Puller (Sutter Instruments 
Company, USA). Obtained capillaries were silanized in a glass preparation chamber at 205 °C. 
N, N-dimethyltrimethylsilylamine (200 μL) was a silanizing agent. The tip of micropipettes 
was filled with a pH selective ionophore-based membrane of the following composition: 0.5 
wt.% polyvinylchloride, 9.9 wt.% hydrogen ionophore I – tridodecylamine, 88.9 wt.% 2-
nitrophenyloctyl ether and 0.7 wt.% potassium tetrakis (4-chlorophenyl) borate (Selectophore 
products, Fluka) [32,66,72]. Optical microscope and 3D micromanipulators were used to 
embed the membrane cocktail into the glass tip. The lengths of the membrane column was 60–
70 μm. Capillaries were also back-filled with an inner reference solution (0.01 M KH2PO4 in 
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0.1 M KCl) and silver chlorinated wire was set into the internal solution to provide the 
connection. 
During SIET measurements, the pH microelectrode was placed at 40 ± 5 μm above the surface. 
The distance from the surface to the SVET probe and SIET microelectrode was different, due 
to their different sensitivities [73]. It was previously studied that the accurate values of local 
pH can be measured at probe distance to surface in the range of 50 µm [54]. MEM and NaCl 
solutions with defined pH values were used to calibrate pH-selective microelectrodes 
according to the Nernst equation. The microelectrodes had a reliable potential in the pH range 
5.0–12.5. The linear response slope was 57.1 ± 0.5 mV pH-1 in 0.83 % NaCl solution and 56.0 
± 0.7 mV pH-1 in MEM.  
The Ag/AgCl/0.1 M KCl, 0.01 M KH2PO4 electrode was an external reference electrode for 
SIET. To make a quasi-simultaneous SVET/SIET measurements [73] on the magnesium alloy 
surface the dual-head stage was used to place the microelectrodes. The SVET/SIET tests were 
operated using LV-4 software (ScienceWares, USA). SVET and SIET microelectrodes were 
placed at a distance to each other equal to (55 µm) – (30 µm) – (60 µm) in X-Y-Z planes.  
The sample area was isolated with beeswax (Sigma-Aldrich, USA, # 243221) for localized 
measurements. The exposed investigated area of the MA8 magnesium alloy did not exceed 
5.5 mm2. The reliability of the obtained results was double-checked on similar specimens. 
Local current density and pH were mapped on 42 × 42 point grid (1764 data points). MA8 Mg 
alloy samples were studied in MEM and in 0.83 % NaCl solution under open circuit potential 
conditions. Optical images of the SVET probe and SIET microelectrode, SEM image of the 
SVET probe tip, schematic of the SIET microelectrode tip and photo of the isolated surface 
with electrodes before SVET/SIET tests are shown in Fig. 1. 
The development of the corrosion process on the surface of the MA8 magnesium alloy was 
observed using SVET/SIET methods during samples immersion in the media up to 3 days. 
SVET/SIET measurements were carried out every hour with several periods of system 
calibration. 
During the test, the solution concentration was maintained to prevent the medium evaporation 
and provide the stable solution conductivity for SVET measurements. MEM and 0.83 % NaCl 
solutions were circulated through the SVET/SIET cell by means of two-channel peristaltic 
pump. This also allowed to replenish the constituents of the electrolyte that get consumed and 
to support the flow condition found in the human body. The schematic of the solution 
circulation through the SVET/SIET cell, which shows the direction of the flow is presented in 
Fig. 2a (MEM was used as an example). The speed of solution circulation was 1.2 ± 0.2 mL 
min-1. This speed was chosen for the maximum possible approximation to the blood flow in 
the human body, taking into account the low volume of the SVET/SIET cell and high 
sensitivities of the electrodes. As found in [54,67] the solution circulation rate in the 
SVET/SIET cell, created using a peristaltic pump, equal to 1.5 mL min–1, allows us to obtain 
reliable local pH values. In our case, the volume of the solution in the SVET/SIET cell was 
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around 4 mL (the ratio of the sample surface area to solution volume was 1:70 cm2 mL-1). The 
complete renewal of the solution in this cell occurred every 3.3 minutes.  
Since a high amount of additions presents in MEM (Table 2) it is necessary to find their 
influence on the overall solution conductivity and compare it with a conductivity of 0.83% 
NaCl solution. The conductivity of the solution is very important in determining the corrosion 
rate/localization of the material and also affects the efficiency of the SVET measurements 
[74]. In this work, the conductivities of the MEM and 0.83% NaCl solution were comparable: 
15 and 12 mS cm–1, respectively. Close conductivity values of two solutions indicate the 
reliability of the SVET results. Current densities were calculated taking into account these 
conductivities. Before SVET measurements the equipment was calibrated either in NaCl or in 
MEM electrolytes in accordance with [65]. Bulk pH of the solution during SVET/SIET 
measurements was constantly measured by means of a Sentron-SI pH-meter with MiniFET 
(#9202-010) pH-electrode. The drift of the potential was corrected on the basis of the bulk pH. 
The potential drift of the pH sensitive microelectrode is the result of change of the ionic 
equilibria (ion exchange) at the interfaces between the liquid membrane and inner/outer 
electrolyte [54,75–78]. 
The method of total anodic and cathodic current calculation from the SVET data [66,68], was 
used to simplify the presentation of a large amount of current density distribution maps. This 
method of data treatment firstly proposed by McMurray et al. [79,80] is applied by many 
scientific groups [66,68,81–84]. The evolution of the sum of total anodic and cathodic currents 
reveals the specimen activity during experiment. Therefore, this method can be applied to 
compare the electrochemical behaviour of different samples. 
Using the integration of the current density (iz) distribution across the area of each SVET scan, 
the total anodic (Ianodic) and cathodic (Icathodic) ionic current densities were calculated in 
accordance with following equations: 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  ∫ ∫ [𝑖𝑖𝑧𝑧

𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚
𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚

𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚

(𝑥𝑥; 𝑦𝑦) > 0]𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦,        (1) 

𝐼𝐼𝑎𝑎𝑎𝑎𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  ∫ ∫ [𝑖𝑖𝑧𝑧
𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚
𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚

𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚

(𝑥𝑥;𝑦𝑦) < 0]𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦,       (2) 

where the xmax, xmin, ymax and ymin are the coordinates of the specimen scanned region. The total 
cathodic and anodic currents calculated from the investigated area will be presented in µA due 
to the integration of current density (µA cm-2) and spatial dimensions of the scanned zone 
(µm). In the current work, the evolution of the sum of total cathodic and anodic currents moduli 
as well as the separate total anodic and cathodic currents evolution during experiment for MA8 
Mg alloy samples in MEM and 0.83 % NaCl solution were presented. To exclude the possible 
noise contribution to the integral current calculation we have also used 5 µA cm–2 as the 
minimal threshold value for integration (i.e. all values, which were in the range from –5 µA 
cm–2 up to 5 µA cm–2 were excluded from the graph). The measurement error, in this case, did 
not exceed 5 %.  
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On the base of SVET maps, the evolution of anodic current density peak (ia,max) and cathodic 
current density peak (ic,max) were plotted to characterize the intensity of electrochemical 
processes in two media. 
 
2.3. Immersion experiments and hydrogen evolution tests 
0.83 % NaCl solution and MEM with initial pH of 7.15 and 7.40, respectively, were used to 
expose the MA8 Mg alloy. For immersion and hydrogen evolution tests the lateral faces of 
rectangular samples were not isolated and were included in the total area of exposure. The 
bulk pH of the solution was measured daily. The experiment was performed at room 
temperature [85]. 
Immersion experiments were performed for a period of up to 30 days. Five samples of 15 × 
20 × 1.5 mm3 were placed in 1000 mL of solution, which did not contact the air. Before the 
experiment, the surface of samples was prepared in the same way (according to the methodic 
in the 2.1. Section). The error in measuring the area did not exceed 3%. All the experiments 
were done in triplicates.  
Hydrogen evolution tests were performed during 4, 7 and 30 days under different conditions. 
7 and 30 days tests were performed using eudiometers (art. nr. 2591-10-500 from Neubert-
Glas, Germany), which excludes the contact of the testing solution with N2, O2 and CO2 from 
the air. 3.575 g MA8 Mg alloy coupon was put in the solution container (500 mL) of 
eudiometer. We used five specimens with total surface area of about 35 cm2 (each of samples 
had a total area of about 7 cm2). The ratio of the sample surface area to solution volume was 
1:14 cm2 mL-1. In the experiment that lasted for 30 days, the MEM was not refreshed. For 7 
days tests MEM was renewed every 12 h. These tests were done in two ways: with and without 
dry heat sterilizing the glass equipment in the drying chamber at 180 ºC during 1 h [86] before 
the experiment.  
For 4 days tests MEM was used with flow-through cell. In this case, the dynamic hydrogen 
evolution was also employed to investigate the corrosion behaviour of MA8 in MEM. In this 
part, a common device (upturned burette combined with funnel and beaker) was used. The 
ratio of the sample surface area to solution volume was 1:25 cm2 mL-1. During the 
measurement, a peristaltic pump was used to refresh the corrosive medium continuously with 
the speed of 1.2 ± 0.2 mL min-1. In this test, solutions were in contact with the air. The 
schematic of this experiment is shown in Fig. 2b (MEM was used as an example). 4 and 7 days 
tests were used to better imitate the medium refresh process in the human body and to prevent 
the depletion of the ionic components in the media. 
Solutions in all tests were constantly stirred at 350 ± 100 rpm. To confirm the results, hydrogen 
evolution tests were performed three times for each system. The measurement error did not 
exceed 10 %. 
 
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. X-ray diffraction (XRD) analysis was used to 
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characterize the phases of the corrosion products formed on the MA8 Mg alloy surface. XRD 
measurements of the specimens were performed using a D8 ADVANCE diffractometer 
(Bruker, Germany) in CuKα radiation, the tube power 40 kV, 40 mA at room temperature. The 
angle measurements were performed in the range 2θ = 5° – 90° with a step of 0.02°. The 
detailed characterization of the corrosion film formed on the MA8 Mg alloy surface in MEM 
was made using a SmartLab diffractometer (Rigaku, Japan) in CuKβ radiation, the tube power 
42 kV, 140 mA at room temperature. The angle measurements were performed in the range 
2θ = 9° – 90° with a step of 0.01°. All the experiments were done in triplicates. 
The morphologies of the corrosion product formed on the MA8 Mg alloy surface in MEM and 
0.83 % NaCl solutions, were examined by a scanning electron microscope (Zeiss EVO 40, 
Carl Zeiss Group, Germany). SEM-images of the film surface were obtained at an accelerating 
voltage of 20 kV. The microscope was equipped with Silicon Drift Detector X-MaxN 80 
(Oxford Instruments NanoAnalysis, USA). The distribution of elements in the corrosion 
product layer was obtained using an Energy Dispersive X-Ray (EDX) Analysis. The EDX 
measurements were controlled using AZtec 3.0 SP2 software (Oxford Instruments 
NanoAnalysis, USA). The nanoscale Cr layers were deposited on the sample surfaces to reduce 
image distortion associated with charging of the non-conductive layer. During the EDX data 
analysis, the chromium peaks were excluded. 
 
3. Results 
3.1. Study of the localized corrosion process on the MA8 Mg alloy 
Compared to 0.83 % NaCl solution, MEM contains a number of organic components (Table 2), 
which might adsorb on the Pt black deposited tip of the SVET probe or get extracted to the 
lipophilic phase of the liquid membrane cocktail of SIET probe. In both cases, the response of 
the probe would be altered. In order to study the influence of the MEM media on the 
capacitance of the SVET probe and on the Nernst slope of SIET H+-microelectrode as well as 
to establish the acceptability of the MEM media for SVET/SIET tests the following experiment 
was done. Every hour SVET/SIET experiments were carried out in the cell with MEM solution 
without the sample during 16 h. The results indicate the capacitance of the SVET probe as 
well as the Nernst slope for SIET microelectrode did not sufficiently change during the 
immersion and scanning in the MEM solution. The Nernst slope was 56.0 ± 0.7 mV pH-1. 
SVET has detected the current density gradient in the solution from – 4 up to 5 µA cm-2. Thus, 
these results show the acceptability of the MEM media for SVET and SIET tests. 
Fig. 3 depicts optical images of the investigated area (limited by frame) as well as SVET and 
SIET maps after 2, 24, 48 and 70 h exposure to 0.83 % NaCl solution. SVET and SIET have 
detected the formation of the cathodic zones (zone with higher values of the negative current 
density and with higher pH, blue area) immediately after sample immersion in NaCl solution 
(Fig. 3 1a, 1b, 1c). Higher values of the pH up to 10.8 are caused by the water reduction and 
dissolved oxygen reduction cathodic reactions (3, 4) [33,37,87].  
2H2O + 2e– → H2 + 2OH–          (3) 
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2H2O + O2 + 4e– → 4OH–          (4) 
For the in vitro corrosion test of biomedical Mg-based materials, the neutrality of the media is 
desirable. It is beneficial for mimicking the real body fluid environment. In practical, Mg 
dissolution can increase the bulk pH up to 10–11 of the non-buffered solutions [18,88], local 
pH has also been shown to reach values of above 10–11 [37,38,53], even in pH buffered 
electrolytes [25,51,54]. The pH of real body fluids is always stable since their good buffer 
capacity. However, the intensive formation of OH– due to cathodic reactions (3,4) is 
detrimental for the life, since the alkaline pH can cause inflammation to the surrounding tissue 
[18]. 
With increase of the exposure time of the Mg alloy sample in the 0.83 % NaCl solution, 
cathodic areas become more localized and well correlated with optical images of the area under 
study (Fig. 3 2a, 3a, 4a). Anodic areas (zone with higher values of the positive current density 
and with lower values of the pH, red-orange area) were also registered by SVET and SIET. 
Fig. 4 shows the optical images of the studied area (limited by frame) and SVET/SIET maps 
after 2, 24, 48 and 70 h of the material exposure to MEM. SVET diagrams demonstrate higher 
current density gradient from –60 up to 60 µA cm-2 than for the sample in 0.83 % NaCl medium 
(from –20 up to 20 µA cm-2) (Figs. 3 1b, 4 1b). Such high electrochemical activity is related 
to more complex composition of the MEM, presence of organic components and therefore, 
with the specific processes of the corrosion products formation [18]. Note that current density 
distribution for the sample exposed to MEM is more localized, compared to that for the 
samples exposed to NaCl solution. Moreover pitting like features characteristic for MEM 
exposure get passivated in time and new active spots activate (their location is different in all 
4 maps, Fig. 4). In contrast to this, active spots developed at the beginning of immersion in 
NaCl solution, remain active throughout all immersion period (their location is constant in all 
4 maps, Fig. 3), of up to 3 days (actually, part of the activity taking place in growing defects 
might have not been even detected by SVET). Similar effect was noticed in our previous work 
[54] where filiform corrosion was more characteristic for the sample where formation of 
hydroxyapatite-like corrosion products stabilized the local pH values at the value below 8.5. 
Presence of Ca2+ in MEM (Table 2) stimulated formation of hydroxyapatite-like compounds. 
This resulted in low local pH in Fig. 4 clearly indicating these products formation. Such 
hydroxyapatite-like compounds formed on the surface can serve as a partially protective film 
against corrosion of the material. The average pH for the sample in MEM did not exceed 8.0. 
Cathodic areas were also detected by SVET/SIET for the sample in MEM (Fig. 4). pH in these 
zones had the average value 8.5 ± 0.6. Cathodic and anodic areas registered by localized 
techniques were also well correlated with images obtained by optical microscopy (Fig. 4 2a, 
3a, 4a). Fig. 4 4a, which depicts optical image of the investigated area after SVET/SIET 
studies, presents the sample without MEM solution for better revealing the bright cathodic 
zones. Red colour of MEM (Fig. 4 2a, 3a) is related to the presence of the phenol red in the 
MEM (Table 2). SVET and SIET maps (Figs. 3, 4) were plotted with the fixed values of current 
density scales and pH in each specific electrolyte to better show the changes of the respective 
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parameters over time. Exceptions are SIET maps in the Fig. 4, where wide range of the pH did 
not allowed to present all four diagrams in the same scale. 
 
3.2. Corrosion performance of the MA8 Mg alloy  
The evolution of the sum of total cathodic and anodic currents for the MA8 magnesium alloy 
sample in MEM and 0.83 % NaCl is presented in Fig. 5a. The total current data were used for 
an indication of the corrosion mechanism. 
Different trends are registered for MA8 Mg alloy in two solutions. For the sample in MEM 
the period of high corrosion activity is observed from 5 up to 23 hours, values of the total 
current are intensively changed in the range from 0.5 up to 3.5 µA. After 24 h, the total current 
decreases and reaches the minimum value at the end of the experiment (0.11 µA, 70 h). It 
should be noted that total current behaviour has a wave-like trend with a period of increase, 
which is followed by a period of decrease. Such behaviour can be related to continuous process 
of corrosion film formation and destruction, with heterogeneous corrosion and passivation, 
which were studied by SVET/SIET (Fig. 4). 
For the sample in 0.83% NaCl solution the trend of decrease the total currents is observed 
during all experimental time from 0.5 µA (0 h) down to 0.13 µA (70 h). Values of the current 
for the sample in MEM are higher than ones for the specimen in 0.83 % NaCl practically 
during all the experimental time and only after 60 h the values for the two systems become 
equal. These tendencies are averaged by trend presented in Fig. 5a as dotted lines. 
The separate plots of total cathodic and anodic currents evolution are presented in Figs. 5b, 5c. 
Both total Ianodic and Icathodic followed the same trend. Their discrepancy of the absolute value 
is due to the localized stirring of the solution and the duration of the SVET/SIET scanning 
time [68]. It should be noted that SVET is not always capable to detect all localized currents 
[66]. Therefore, the discrepancy between total Ianodic and Icathodic are usually seen by SVET, 
since all current density values, which are presented on a SVET map, were not captured at the 
same time. It means that during one scan the corrosion behaviour of the sample and current 
distribution on the examined area can change [81]. The duration of one SVET/SIET scan was 
about 30 min. 
Analysis of the evolution of anodic and cathodic current density peaks (Fig. 6) also shows the 
higher intensity of electrochemical processes in MEM as compared to 0.83 % NaCl solution. 
The graphs had similar trends, where ia,max and ic,max decreased over the time of the experiment, 
except for several peaks.  
The evolution of local pH distribution for the MA8 Mg alloy in MEM and 0.83 % NaCl 
medium measured using SIET presents in Fig. 7 as the maximum and minimum pH values 
(pHmax and pHmin, respectively) (a) and the maximum pH difference (∆pH) between pH values 
in anodic and cathodic areas versus time (b). As mentioned in the work [66] the ∆pH provides 
an indication of the stability of the measured pH for the specimen under study.  
For the sample in MEM the period of sample exposure can be characterized by the tendency 
of continuous pHmax and pHmin decrease down to 7.4 and 6.8, respectively (49 h). During the 
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experiment, average values of the pHmax and pHmin for the sample in MEM were 8.5 ± 0.6 and 
7.5 ± 0.4, respectively, with only random active areas reaching up to 9.8 (in Fig. 7a). 
The specimen in 0.83 % NaCl demonstrates opposite tendency of the pH changing. Increase 
of the pHmax and pHmin was observed during the experiment (from 9.9 and 6.6 up to 10.8 and 
8.8, respectively). The pH increasing tendency predominated during sample exposure to 0.83 
% NaCl solution and supported by the polynomic trend line presented in the Fig. 7a. Average 
values of the pHmax and pHmin for the sample in 0.83 % NaCl were sufficiently higher than 
ones for MEM, 10.5 ± 0.2 and 8.0 ± 0.4, respectively. 
These results indicate that MEM due to its complex composition, presence and formation of 
organic and inorganic components in the solution and sample surface do not lead to the typical 
pH increase during the magnesium alloy corrosion, which is observed in 0.83 % NaCl solution 
(where water reduction reaction shifts pH to more alkaline range). These data are corroborated 
with bulk pH measurements in the MEM and 0.83 % NaCl solutions during 70 h of sample 
exposure (Fig. 7c). These bulk pH measurements were performed during SVET/SIET tests in 
order to correct the local pH in case of the drift of potential. Within the first 4 h of the sample 
immersion, the bulk pH of the 0.83 % NaCl solution achieved 10.4 and through the next hours 
it had a stable value of 10.8 until the end of the experiment. The bulk pH for the sample in 
MEM did not sufficiently change with time and had average value of about 7.6 ± 0.3. 
Analyzing the ΔpH evolution with time (shown in Fig. 7b), the sample in MEM demonstrates 
the small variations from 1.1 down to 0.7. ∆pH for the sample in NaCl solution is higher than 
that for MEM and varies between 3.3 and 2.7, indicating the lower corrosion stability as 
compare to the sample in MEM. 
These results indicate the different tendencies of the corrosion process passing on the surface 
of magnesium alloy in MEM and 0.83 % NaCl solution as well as the different tendencies of 
the corrosion products accumulation, which can reduce the activity of the material for the 
initial time of sample immersion. 
 
3.3. Immersion experiments of MA8 Mg alloy samples and corrosion product analysis  
Fig. 8 depicts the results of the hydrogen evolution tests (a) coupled with daily measurements 
of the bulk pH (b) for MA8 magnesium alloy samples in MEM and 0.83 % NaCl solutions. 
These tests were performed using eudiometers during 30 days without solution refreshment. 
From the diagram of normalized hydrogen evolution rate, different tendencies can be revealed 
in two media. The hydrogen evolution for the specimens in 0.83 % NaCl occurs gradually 
without sharp increase and drop. Its average rate can be calculated for the all period of sample 
immersion as 0.058 ± 0.018 mL cm-2 day-1 (2.0 ± 0.6 mL day-1). More complicated situation 
is for the samples in MEM. One can determine four rates of hydrogen evolution. First one, 
(0 – 4 days) is 0.031 ± 0.019 mL cm-2 day-1 (1.1 ± 0.7 mL day-1). Second one, (5 day) is 0.339 
mL cm-1 day-2 (11.95 mL day-1). Third one, (6 – 19 days) is 0.015 ± 0.009 mL cm-2 day-1 
(0.5 ± 0.3 mL day-1). Fourth one, (20 – 30 days) is 0.07 ± 0.03 mL cm-2 day-1 (2.5 ± 1.2 mL 
day-1). From the analysis of these data it can be seen that hydrogen evolution rate for the 
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samples in MEM is predominately lesser than for the specimens in 0.83 % NaCl. The second 
and fourth rates are related to fluctuations that do not influence the general tendency. At the 
same time, the increase of hydrogen evolution during these periods was preceded by decrease 
of bulk pH, which can be seen from the diagram (Fig. 8b, curve for samples in MEM). pH 
decrease is related to presence of organic components in the MEM composition and with 
probable formation of organic acids (e.g. gluconic and lactic acids described in 4. Discussion) 
in the solution and on the surface of Mg alloy samples. It causes the partial destruction of the 
film of the corrosion products on the Mg alloy surface. After the film degradation the bare Mg 
alloy has a contact with medium again, which intensifies magnesium corrosion [33,37]. 
Therefore, intensification of the hydrogen evolution and pH increase are connected events and 
occurred at (3 – 6 days and 21 – 23 days). This trend of hydrogen evolution confirms the 
processes of formation and degradation of the surface film, which was detected using SVET 
(Figs. 4, 5). It should be noted, that corrosion of Mg alloy in MEM after the fourth day was 
going similar to the corrosion in NaCl solution due to MEM components depletion with time. 
Therefore, the final corrosion rate of samples in MEM seems comparable to that in 0.83 % 
NaCl solution. However, the differences in corrosion rate for Mg alloy in MEM and 0.83 % 
NaCl solution were reproducible. They are related to the different chemical composition of 
two media and to the processes of corrosive degradation of the sample. Bulk pH for the 
samples in 0.83 % NaCl increased for the first day up to 10.7 and stayed practically constant 
with the small variations 10.7 ± 0.1. These tendencies are averaged by polynomic trend 
presented in the Fig. 8b as dotted lines. 
These data indicate that corrosion process as well as corrosion destruction of the MA8 
magnesium sample in MEM occurs in rather complex way and obeys more complicated 
mechanism in comparison with typical Mg alloy corrosion in NaCl solution. 
The results of 7 days hydrogen evolution tests are presented in Fig. 9. These tests were carried 
out in eudiometers in two ways: with and without dry heat sterilizing the glass equipment. 
MEM was refreshed every 12 h to exclude the acceleration of the magnesium corrosion due to 
formation of organic acids and to better imitate the influence of the human body media on the 
corrosion behaviour of the magnesium-based implant. Analysis of the data (Fig. 9) indicates 
the absence of the sharp increase of the hydrogen evolution, which was shown in the Fig. 8a. 
The average rate for the Mg alloy samples in unsterile conditions was 0.025 ± 0.008 mL cm-2 
day-1 (0.9 ± 0.3 mL day-1) and 0.017 ± 0.009 (0.6 ± 0.3 mL day-1) is sterilized setup. These 
rates were lower as compared to the ones determined for the 30 days immersed samples 
(without solution renewal). Due to the MEM refreshment every 12 h, the solution pH was 
stable without drops and sharp increase and had the average value of 7.45 ± 0.16. It should be 
noted that sterilization leads to the small hydrogen evolution rate decrease. Lower H2 rates in 
case of refreshed MEM solution can also be explained by the replenishment of ionic 
compounds (such as Ca2+, HPO4

2- and HCO3
-) that get depleted due to formation of precipitate 

layer [25,26,54]. 
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The data of the dynamic hydrogen evolution tests (combined with bulk pH monitoring) during 
4 days of Mg alloy samples exposure to MEM using flow-through cell are shown in the Fig. 
10. These tests were performed using upturned burette combined with funnel and beaker, the 
peristaltic pump was used to refresh the corrosive medium continuously. It should be noticed 
that experiment was stopped after about 100 h due to the continuous increase of the magnesium 
alloy corrosion after 32 h test, accompanied with sharp pH decrease of the MEM from 7.7 
down to 6.5. The changes of corrosion rate and pH value are attributed to the contamination 
of MEM (due to microbial growth involving bacteria metabolism and probable formation of 
lactic and gluconic acids described in 4. Discussion). However, the lower corrosion rate of 
MA8 in MEM under dynamic condition at first 32 h measurement is correlated with data 
presented in the Fig. 9. Analysis of the hydrogen evolution rate indicates that this trend is close 
to the changes of cathodic and anodic total currents. The difference in time of the maximum 
of total anodic currents (7 h, Fig. 5) and the maximum volume of released hydrogen (after 32 
h, Fig. 10) is due to the electrochemical reactions that do not contribute to the corrosive 
degradation of the material, as well as to the different ratio of the exposed material area to the 
volume of the aggressive medium. The issue of the surface to volume ratio has been discussed 
in the literature before [89,90] and is out of the scope of our paper. Despite different sample-
surface-area-to-medium-volume ratios between SVET/SIET and hydrogen evolution tests, the 
comparative measurements in NaCl and MEM electrolytes were conducted at the same ratio. 
Figure 11 shows the XRD patterns of the MA8 Mg alloy after 30 days exposure to 
0.83 % NaCl (a) and MEM (b, c). In the Fig. 11a, MgO and Mg(OH)2 were identified in the 
corrosion products. Figure 11b depicts peaks responsible for MgO in the corrosion layer 
composition. The detailed XRD characterization of the corrosion film formed on MA8 Mg 
alloy in MEM (Fig. 11c) showed the presence of calcium magnesium phosphates 
(Ca2.89Mg0.11(PO4)2, Ca19Mg2(PO4)14).  
Figure 12 shows SEM morphology (a) and corresponding EDX spectra (b) of the corrosion 
product films formed on Mg alloy after immersion in 0.83 % NaCl solution (1a, 1b) and in 
MEM (2a, 2b; 3a, 3b) for 30 days. EDX analysis of the area 1 indicates the high concentration 
of Mg and O (23.7 and 62 at. %, respectively) in the film formed on the sample in NaCl 
solution and confirms the XRD data of the MgO and Mg(OH)2 products formation. SEM 
images and EDX spectra recorded in the different areas of film (2, 3) formed on the material 
in MEM, shows other kind of surface with high content of Ca and P (2.4–9.5 and 1.1–5.8 at. 
%, respectively) based precipitation. Figure 13 depicts SEM morphology (a) of the film formed 
in MEM solution and corresponding EDX maps (b–f) of the element (C, Ca, P, Mg, O) 
distribution in this area. Analysis of these data reveals the two-layered structure of the film 
formed in MEM on MA8 Mg alloy, where outer layer consists of Ca and P precipitations, and 
the inner one includes Mg and O compounds. Formation of Ca – P – Mg – O precipitations 
can lead to the dynamic relocation of the anodic and cathodic zones along the surface, which 
were detected by SVET (Fig. 4). 
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4. Discussion 
Analysis of localized electrochemical measurement shows higher activity of the samples in 
MEM than in 0.83 % NaCl medium at the initial stage of exposure (Figs. 3, 4, 5, 6). This result 
can be interpreted by the specific process of biofilm formation. It should be distinguished in 
this article the terms of "electrochemical activity" and "corrosive degradation". The first one 
means the combination of electrochemical reactions taking place on the surface of investigated 
sample and high local current density recorded by SVET: anodic dissolution of metal substrate, 
hydrogen evolution as a result of electrochemical water reduction, dissolved oxygen reduction, 
formation and breakdown of surface layers (as a result of electrochemical and chemical 
reactions), adsorption and desorption related to electron transfer and distribution of electron 
density between various parts of the sample. At the same time, the term "corrosive 
degradation" means sample degradation as a result of chemical and electrochemical reactions 
occurred on its surface, which leads to the weight loss of the material. Thus, the term 
"electrochemical activity" involves the "corrosive degradation". Presence of organic 
components in the MEM leads to possible proliferation of the bacteria on the specimen surface 
that results in production of the lactic acid, which decrease the pH (Fig. 7a – local pH decreased 
down to 7.2–6.8 on the MA8 Mg alloy surface in MEM after 24–70 h). The pH evolution of 
MEM in the absence of Mg alloy is presented in Fig. 8c. The pH of the medium gradually 
decreased from 7.5 down to 6.5 due to the microbial growth and then slightly increased. 
Formation of hydroxyapatite-like corrosion products stabilized the local pH values at the value 
below 8.5. All these processes do not allow to increase the pH up to the values close to those 
typically observed during Mg corrosion in NaCl solution (Figs. 7a, 7c, 8b). Therefore, this 
high electrochemical activity is mainly related not to the corrosive degradation, but to the 
biofilm formation process. This hypothesis is based on the experimental results presented in 
Figure 5, which are difficult to interpret only by corrosive degradation of surface layers. 
Additionally, an increase in the current density recorded by SVET for magnesium alloy in 
MEM in comparison with values for the sample in NaCl solution can be related to bacterial 
metabolism and associated extracellular electron transfer, according to the work [91]. 
Moreover, SVET was originally designed for detecting the extracellular current near living 
cells [92]. This suggestion is confirmed by hydrogen evolution tests (Fig. 8a), which indicate 
that MA8 Mg alloy in MEM corroded at a lower rate than in 0.83 % NaCl during the entire 
immersion. It is related to the formation of partially protective layer of hydroxyapatite-like 
corrosion products (magnesium-substituted hydroxyapatite (CaaMgb(PO4)c(OH)d) [54]) or 
Ca2.89Mg0.11(PO4)2 and Ca19Mg2(PO4)14 (Fig. 11c), which slows down H2 production. 
Hydroxyapatite-like compounds formed on Mg alloy in presence of Ca2+, HPO4

2- and HCO3
- 

are more protective than Mg(OH)2 formed in NaCl solution. With some variations, our results 
are close to earlier reports [21,23,25,54,63,93,94], where main corrosion products found on 
Mg in solutions similar to MEM were hydroxyapatite, partially substituted with Mg ions and 
carbonate, and a mixture of different calcium phosphate (amorphous calcium phosphate (Ca/P: 
~1.00) [23], tri-calcium phosphate (Ca/P: ~1.50) or octacalcium phosphate (Ca/P:~1.33)) [94].  
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During the corrosion process of MA8 Mg alloy, the generated OH– are involved in the 
formation of hydroxyapatite-like compounds and therefore the formation of Mg(OH)2 film is 
reduced following the complex chemical equilibrium at heterogeneous interface with 
electrolyte. XRD analysis of the corrosion products formed in MEM (Fig. 11b), where peaks 
responsible for Mg(OH)2 are absent, confirms the aforementioned conclusion. It also should 
be noted that in accordance with the Pourbaix diagram for magnesium, Mg(OH)2 is formed at 
pH values higher than 8.5 [21]. In NaCl electrolyte, the main precipitating compound is 
Mg(OH)2. Following the constant value of the solubility product, the local pH is then buffered 
at ca. 10.5 in presence of mM concentration of Mg2+. The formation of Mg(OH)2 film on the 
sample surface was detected by XRD (Fig. 11a). The local pH at Mg/MEM interface is lower 
because hydroxyapatite-like compounds precipitate at lower pH values (e.g. the pH of 
precipitation of stoichiometric hydroxyapatite is 7.0 at physiological concentration of the 
involved ions [25]). Formation of the hydroxyapatite-like compounds is governed by the 
constant values of their solubility products. Local pH is buffered by formed products as OH– 
(generated by HER or ORR – reactions (3, 4)) are consumed for the formation of 
hydroxyapatite-like compounds, and do not increase the pH values. 
It should be noted that acceleration of hydrogen evolution (Fig. 8a – test without MEM 
refreshing, Fig. 10 – test in flow-through cell) was not detected only for the system with 12 
hours MEM renewal (Fig. 9). Due to the solution periodical renewal, the bacteria growth on 
the Mg alloy surface and in the MEM decreased. The possible formation of lactic acid that 
leads to the sharp pH decrease and Mg alloy corrosion increase was prevented. The results of 
this test indicate that corrosion is indirectly affected by bacterial metabolism due to pH 
changes. The replenishment of ionic compounds also contributes to the formation of corrosion 
film with higher protective properties as compared to the film without MEM refreshing, where 
depletion of ionic compounds, such as Ca2+, HPO4

2– and HCO3
– occurred. For the dynamic 

hydrogen evolution test performed in flow-through cell, although the media is refreshed in real 
time, the contamination of media is uncontrollable since the media directly contact with the 
air. This effect can to a certain extent be approximated to the SVET test, since the experiment 
condition were close to each other. Therefore, electrochemical activity detected by SVET in 
MEM and intensive hydrogen evolution can have the same origin. The effect of bacterial 
contamination of MEM under non-sterile conditions with the formation of lactic acid was 
established previously in [91,95]. As indicated in these works, the main reason (energy source) 
of the origin of microorganisms (bacteria, yeast, fungi, viruses, parasites, mycoplasma) is the 
presence of glucose in the MEM. This microbial growth is the reason for the pH indicator 
(phenol red) to be included in the composition of the commercial MEM. Therefore, in order 
to make the fair analysis of the samples degradation in MEM to imitate the real corrosion 
process in the human body, the experiment must be performed in sterile conditions, or the 
solution should be changed periodically to slow down bacteria growth [95,96]. Common 
streptomicine-penicilline can also be used to control the microbial growth. 
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Due to rather complex composition of the MEM, the activity of the magnesium alloy at the 
initial stage of the exposure, which was measured by SVET/SIET (Fig. 5), can be related to 
the film formation, as a result of corrosion product accumulation, which can include inorganic 
compounds (mainly containing calcium-phosphate and carbonate) [21,54].  
MEM contains chloride ions, which typically accelerate corrosion, whereas Ca2+, carbonate 
and phosphate present in this medium promote the formation of protective or partially 
protective layers.  
The normal pH of MEM is 7.0–7.4; however, during the magnesium alloy exposure local 
variations of the pH can occur according to the SIET results. This makes the corrosion 
behaviour very complicated. For example, during the Mg alloy immersion in MEM the 
following processes may occur: the pH increase (Fig. 8b) can promotes precipitation of Ca-
phosphate on the material surface [63,97]; chloride ions attack the alloy surface with the 
destruction of MgO/Mg(OH)2 [18,98]; carbonates can also incorporate in the growing surface 
layers [4,19,21]. 
Amino acids in MEM influence magnesium (and other metals) corrosion by means of chelation 
reactions of metal cations. This point was also listed by Yamamoto et al. [19]. In [18] it is 
indicated that besides the different stability of the chelate complexes between Mg2+ and 
different amino acids, the isoelectric points also change. Consequently, diverse interactions 
between the charged Mg surface and positively or negatively charged amino acids could 
happen. The results of the work [19] showed that insoluble salt formation as well as protein 
adsorption delayed magnesium degradation, whereas organic compounds such as amino acids 
accelerated magnesium dissolution. Presence of sodium bicarbonate in MEM can also 
decrease the degradation rate of MA8 Mg alloy during the specimen exposure, since HCO3

– 
participates in hydroxyapatite layer formation by supporting the favourable pH [54]. 
The reason of the pH changes (Figs. 7a, 7c, 8b) can be related not only to bacteria growth and 
formation of lactic acid, but also to the glucose presence in the solution. Effects of glucose on 
the corrosion behaviour of pure magnesium in saline and Hank’s solutions were studied by 
Zeng et al. [98]. Significant difference in corrosion behaviour of pure magnesium was 
established in two types of media. Glucose intensifies corrosion of pure Mg in saline solution, 
while decelerates its corrosion in Hank’s solution by means of the effect of such species as 
Ca2+ and phosphate ions. At the same time, authors in [98] worked with high glucose 
concentration 2.5% and 5%. In our work, MEM has 0.1% of glucose. In the previous work 
[99], it was shown that 0.05M glucose in solution has little influence on Mg corrosion in 0.5% 
NaCl electrolyte. The effect of glucose was also found to be alloy specific. Therefore, 
0.0056 M glucose in MEM does not significantly influence the corrosion rate of MA8 alloy. 
Nevertheless, the electrochemical activity of the MA8 Mg alloy samples in MEM, which was 
measured on a microscale level by SVET/SIET, can be partly related to the following 
processes, discussed below. 
Glucose (CH2OH(CHOH)4CHO) can rapidly transform into gluconic acid 
(CH2OH(CHOH)4COOH) in aqueous solutions. Mg gets attacked because of the pH decrease 
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and promotes adsorption of chloride ions on Mg surface and consequently accelerates 
corrosion [100]. Similarly to the aggressive Cl− ions, gluconic acid formed in MEM, can also 
contribute to the formation of defects in the surface film (undermining Mg(OH)2 – formed 
according to the reactions (3–6), and hydroxyapatite-like layers, which results in ruptures, and 
pits in the surface film), thus intensifying the corrosion process. Thereby, corrosion attacks 
from the Cl− ions and gluconic acid enlarge voids on the surface film, which makes it easier 
for the solution to pass through the pores into the substrate and increase the Mg alloy 
dissolution activity. Such chloride-containing compounds as 5Mg(OH)2·MgCl2, MgCl2·6H2O 
or Mg3(OH)5Cl·4H2O can be included in the composition of the surface film during Mg alloy 
corrosion [101]. However, due to their low concentration, they were not detected in the XRD 
patterns (Fig. 11). 
Mg → Mg2+ + 2e–            (5) 
Mg2+ + 2OH– → Mg(OH)2          (6) 
This indicates that presence of glucose in MEM might cause its acidity as the pH value 
decreases, according to the SIET data and bulk pH measurements (Figs. 7a, 7c, 8b). This 
acidification along with influence of lactic acid leads to the partial degradation of the corrosion 
products film and therefore, bare Mg alloy began to corrode again and after that the pH values 
rise gradually (reaction 3) with a new film formation. Thus, the dissolution and formation of 
a partially protective film formed on MA8 Mg alloy immersed in the glucose containing 
solution (MEM) result in a dynamic balance until the film becomes compact [54,98,102]. 
On the other hand, glucose was observed [98] to influence the corrosion layer formation on 
the Mg alloy by means of chelation reaction with Ca2+ ions according to (7): 
2CH2OH(CHOH)4COOH + Ca2+ → (CH2OH(CHOH)4COO)2Ca + 2H+.   (7) 
Due to high solubility of calcium gluconate, Ca2+ ions can subsequently react with – H2PO4

– 
in MEM solution to form hydroxyapatite-like compounds and other calcium phosphate 
precipitates (i.e., octa-calcium phosphate, calcium dihydrogenphosphate monohydrate) [98]. 
To sum up, glucose in MEM can have two functions: it decreases the medium pH due to the 
transformation into gluconic acid and promotes the Ca-P layer formation due to the chelating 
reaction with Ca2+ ions [98].  
In [98] it was also established that increase of glucose concentration in Hank’s solution 
promoted the formation of the Ca-P precipitates, and thus increase the corrosion resistance of 
pure Mg. At the same time, the results of the study [102] showed that low glucose 
concentration, i.e. 1.0 g L-1, decreases the corrosion rate of magnesium alloy AZ31, whereas 
the presence of 2.0 or 3.0 g L-1 glucose increases the corrosion rate during long term immersion 
in saline solution. At low content, glucose due to complexing with Mg2+ ions can inhibit the 
influence of Cl– ions, whereas at high concentrations it increases the degradation progress, 
which is related to the glucose transformation into gluconic acid and thus promoted Cl– ions 
adsorption on the sample surface [102]. Therefore, the positive effect of glucose to improve 
Mg alloy corrosion resistance can be also applied to this work, since concentration of glucose 
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in MEM is also low (1 g L-1). However, its effect is significantly lower than the effect of Ca2+, 
HPO4

2- and HCO3
-. 

Formation of the gluconic and lactic acids can increase the corrosion rate of the magnesium 
alloy samples. In particular, the increase in the volume of released hydrogen (Figs. 8, 10) and 
high values of integrated currents (Fig. 5) and current densities (Fig. 6) can be related to a film 
undermining by means of acids formed as a result of bacterial metabolism (lactic acid), and 
chemical reactions of the glucose transformation into gluconic acid. These acids formed in 
MEM offset OH– ions produced due to Mg corrosion and bind Mg2+ and Ca2+ cations. At the 
same time, high performance liquid chromatography detected neither gluconic nor lactic acids 
in the composition of the solution (at the end of 168 hours exposure tests) due to their low 
concentration. Nevertheless, the probability of the formation of these acids cannot be excluded 
taking into account the conditions implemented in this system [91,95,98,102]. 
In accordance with the EDX data (Fig. 13), the film formed during the specimen immersion 
in MEM solution has at least a two-layered structure. This point was also established by Wang 
et al. [63] who detected that corrosion products formed on the Mg-Zn-Ca alloy in DMEM 
consisted of two main layers, an inner layer composed of Mg and O and an outer layer 
composed mainly of Ca and P. Similarly, in SBF electrolyte, Mei et al. [25] could separate 
calcium-rich outer layer, from the inner layer of MgO/Mg(OH)2 by EIS. The former manifests 
itself by fast growing new high frequency time-constant, whereas the latter was identified at 
the middle frequency part of EIS spectra. An inner MgO-Mg(OH)2 layer (Figs. 13e, 13f) was 
formed as a result of traditional reaction of Mg2+ ions released during corrosion with OH− from 
cathode sites [103,104]. Precipitation of calcium phosphate compounds (Ca–P) as an outer 
layer (Figs. 13c, 13d) has occurred due to the increase of local pH during the corrosion, as it 
noted in [97]. Formation of Ca-P layer was confirmed by XRD data, which indicate the 
presence of calcium magnesium phosphates in the composition of the corrosion film (Fig. 
11c).  
The results of the work [21] also showed formation of a double corrosion product layer on the 
magnesium alloy surface during the immersion in DMEM solution at room temperature 
consisting of an inner porous and an outer compact parts. Further surface analysis indicates 
that the formed layers mainly consist of calcium phosphates. Ca/P ratios show values around 
1.67, indicating the formation of hydroxyapatite [21]. The work [98] also confirmed the 
precipitation probability of various types of Ca-phosphates from the body fluids. Therefore, 
the reaction (8) is possible: 
10Ca2+ + 8OH– + 6HPO4

2– → Ca10(PO4)6(OH)2 + 6H2O      (8) 
The presented mechanism of Ca-P precipitation formation on the magnesium and Mg alloy 
surfaces can to a certain extent be applied to MA8 Mg alloy samples studied in MEM in the 
present work. According to the EDX analysis of the corrosion products, the high concentration 
of Ca and P was detected. The surface of this Ca-P-containing film has drought-like 
topography artefacts, due to the cracks that appeared as a result of layer degradation and 
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developing the corrosion process under the film (Figs. 12 2a, 12 3a, 13a). In accordance with 
this EDX spectrum data (Fig. 12 3b) the ratio of Ca/P is about 1.64, which is rather close to 
the hydroxyapatite products (1.67). Small deviations can be related to substitution of Ca2+ by 
Mg2+ and/or phosphate groups by carbonate groups [54,105,106]. The reaction (8) of 
hydroxyapatite formation permits the stabilization of the local pH during Mg alloy corrosion 
to lower values (below 9.0), which were registered by SIET. Presence of high amount of 
organic substances in MEM composition leads to the precipitation on the alloy surface 
products, which contain carbon (about 20 at. % of C). (Fig. 12 2b, 3b). However, carbon can 
hardly be quantified by EDX without dedicated calibration. Figure 13b indicates practically 
uniform distribution of carbon in both inner and outer layers of the film formed during sample 
immersion in MEM for 30 days. High content of C is also related to insoluble carbonate layer 
formation. Outer layer formed on the Mg alloy surface in MEM can be also divided in two 
parts: first one, with high content of Ca-P precipitation (Fig. 12 3b) and second one, with high 
amount of Mg (Fig. 12 2b). High Mg content (18.5 at. %) is mainly related to MgO formation, 
which was supported by XRD analysis (Fig. 11b). The SEM and SEM-EDX images of the 
film, formed in MEM (Figs. 12 and 13), indicate its complex morphology with various cracks 
on the surface, which is a result of dynamic process of the film formation and degradation due 
to accumulation and dissolution of the corrosion products. 
All these facts show the necessity of studying the process of magnesium biodegradation not in 
typical NaCl medium but in solution of more complex composition, which represents the body 
fluid environments. It should be emphasized that MEM, which was used in this work, is 
appropriate for studying the electrochemical process on the magnesium alloy surface by SVET 
and SIET. 
At the same time, such solutions as DMEM, MEM, HBSS or SBF are only partially 
representative for human body medium composition and from the chemical viewpoint, the 
composition of body fluids is much more complicated. In the human body various processes 
occur, i.e. proteins and cells can adhere to the magnesium alloy surface [107]; cells on the 
implant surface can produce lactic acid; proteins in medium can bind Mg2+ and Ca2+ cations, 
etc. The detailed role of the different amino acids, as well as other organic constituents of 
MEM, is still under exploration. 
Due to the high electrochemical activity of the Mg alloy even in cell culture medium detected 
in this work, to control the biodegradation process of the material, samples must be protected 
by bioactive/bioinert coatings with further investigation of the corrosion activity. Moreover, 
the differentiation between corrosive degradation and electrochemical activity, which 
sometimes are not identical, should be clarified by means of electrochemical impedance 
spectroscopy, potentiodynamic polarization methods in conjunction with a cross-section 
images of corrosion products precipitation. These are the tasks of our future studies. 
 
5. Conclusion 
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Analysis of the electrochemical behaviour of MA8 magnesium alloy in MEM and 0.83 wt. % 
NaCl solutions revealed the following conclusions:  
1) SVET and local pH measurements can be performed in rather complex biological medium 

such as MEM. No change of the microelectrode response (that might have been expected 
due to the interaction of the membrane components with the organic compounds 
constituting MEM) was recorded in the MEM environment over the period of 16 hours. 
The Nernst slope for pH microelectrode in MEM was stable and reproducible (56.0 ± 0.7 
mV pH-1). 

2) SVET/SIET data indicate different trends of the corrosion process on the surface of 
magnesium alloy in MEM or 0.83 wt. % NaCl solutions. Higher electrochemical activity 
for the samples in MEM than in 0.83 wt. % NaCl solution at the initial stage of the material 
immersion can be related to the lactic acid formed as a result of microbial growth and 
bacteria metabolism in non-sterile conditions or gluconic acid in media. Hydrogen 
evolution rate is predominately higher for the samples in 0.83 wt. % NaCl solution in 
comparison with MEM. Formation of partially protective magnesium-substituted 
hydroxyapatite layer stabilizes the local pH of MEM below 9.0 and slows down magnesium 
corrosion.  

3) EDX data reveal two-layer structure of the film formed in MEM on MA8 Mg alloy, where 
the outer and inner layers consist of Ca – P and Mg – O precipitations, respectively. XRD 
analysis of the sample after 30 days of immersion showed the presence of Ca-Mg 
phosphates in the composition of the corrosion products. 

4) MEM renewal every 12 h leads to the reduction of corrosion rate of the Mg alloy due to the 
low rate of the bacteria growth on the Mg alloy surface and in the MEM, and replenishment 
of ionic compounds such as Ca2+, HPO4

2-, HCO3
- and Mg2+ that stimulate growth of 

partially protective layer of hydroxyapatite-like products. 
5) The necessity of studying the process of magnesium biodegradation in solutions with 

complex composition, which imitate the medium of the human environment, but not in 
trivial NaCl has been pointed out. To control the biodegradation process and to slow down 
the degradation rate, the magnesium samples need to be protected by bioactive/bioinert 
coatings with further investigation of the corrosion activity. 
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Figure captions 

Fig. 1. Optical images of the SVET probe and SIET microelectrode, SEM image of the SVET probe 
tip, schematic of the SIET microelectrode tip and photo of the isolated surface with electrodes before 
SVET/SIET tests. 

 

Fig. 2. Schematics of the solution circulation through the SVET/SIET cell (a) and hydrogen evolution 
test with flow-through cell (b), which show the direction of the flow (MEM was used as an example). 

 

Fig. 3. Optical images of the investigated area (limited by frame) (a) before exposure (1), after 24 (2), 
48 (3) and 70 (4) h of the sample exposure to 0.83 % NaCl solution as well as SVET (b) and SIET (c) 
maps after 2 (1), 24 (2), 48 (3) and 70 (4) h of the sample exposure.  
 
Fig. 4. Optical images of the investigated area (limited by frame) (a) before exposure (1), after 24 (2), 
48 (3) and 70 (4) h of the sample exposure to MEM solution as well as SVET (b) and SIET (c) maps 
after 2 (1), 24 (2), 48 (3) and 70 (4) h of the sample exposure.  
 
Fig. 5. The evolution of the sum of total cathodic and anodic currents (a) as well as the separate total 
anodic (b) and cathodic currents evolution (c) for the MA8 magnesium alloy sample in MEM and 
0.83 % NaCl solutions. Trend line (dotted line) was used to describe the corrosion evolution.  
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Fig. 6. The evolution of anodic (a) and cathodic current density peaks (b) for the MA8 magnesium 
alloy sample in MEM and 0.83 % NaCl solutions. 
 
Fig. 7. pHmax and pHmin (a), ∆pH (b) and bulk pH (c) evolution during 70 hours of sample exposure 
to MEM and 0.83 % NaCl solutions. Trend line (dotted curve) was used to describe the corrosion of 
MA8 Mg alloy sample. 
 
Fig. 8. Normalized hydrogen evolution rate diagram (a) coupled with daily measurements of the bulk 
pH (b) for MA8 magnesium alloy samples in MEM and 0.83 % NaCl solutions during 30 days. Trend 
line (dotted line) was used to describe the corrosion of MA8 Mg alloy sample. The pH evolution of 
MEM in the absence of Mg alloy during 10 days (c).  
 
Fig. 9. Normalized hydrogen evolution rate diagram for MA8 magnesium alloy samples in MEM 
during 7 days in unsterile conditions (the upper curve) and in sterile ones (the lower curve).  
 
Fig. 10. Normalized hydrogen evolution rate diagram coupled with daily measurements of the bulk 
pH of the solution for MA8 magnesium alloy samples in MEM during 100 h. Tests were carried out 
using flow-through cell. 
 
Fig. 11. XRD patterns of the MA8 Mg alloy after 30 days of exposure to 0.83 % NaCl (a) and MEM 
(b). The detailed XRD characterization of the corrosion film formed on MA8 Mg alloy after 30 days 
in MEM (c). 
 
Fig. 12. SEM images and corresponding EDX spectra of the corrosion product film (areas 1, 2, 3) 
formed on MA8 Mg alloy after immersion in 0.83 % NaCl solution (1a, 1b) and in MEM (2a, 2b; 3a, 
3b) for 30 days.  
 
Fig. 13. SEM image (a) of the film formed on the MA8 Mg alloy after immersion in MEM solution 
for 30 days and corresponding EDX maps (b-f) of the elements (C, Ca, P, Mg, O) distribution in this 
area.  
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