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A B S T R A C T   

This research aims to develop and utilize an impedance-based tool for monitoring non-stationary electrochemical 
processes, coupling the multisinusoidal perturbation signal approach and distribution of relaxation times (DRT) 
analysis for the first time. The approach was used to distinguish independent processes occurring at the surface of 
AZ31 and WE43 Mg alloys undergoing corrosion in Hank’s Balanced Salt Solution at 37 ◦C. We highlighted two 
common processes related to corrosion product layer formation. Detailed DEIS-DRT analysis was capable of real- 
time identification of a unique third process for the WE43 alloy, resulting from a spatially localized filiform 
corrosion attack in the vicinity of intermetallic particles. The proposed tool proved to be highly efficient in terms 
of studying non-stationary processes, while the DRT analysis allowed for an in-depth and precise localization of 
the number and the kinetics of the ongoing processes. The corrosion mechanism description was supported by 
numerous microscopic and spectroscopic tools.   

1. Introduction 

The widespread industrial use of magnesium and its alloys is asso
ciated with their attractive characteristics, such as a high strength-to- 
weight ratio, high thermal conductivity, excellent casting properties, 
possibility of secondary recycling, and use in the medical field as 
biodegradable metallic materials [1–3]. In medicine, using medical 
devices made of magnesium alloys attracts the attention of researchers 
not only due to the good biocompatibility and mechanical properties 
similar to native bone, but also due to the bioabsorbable properties, 
which eliminate the need for their secondary removal. To work effi
ciently, the time of the degradation process should correspond to the 
need [4–6]. However, unsatisfactory corrosion resistance due to the high 
electronegative potential of magnesium and an unstable natural surface 
oxide-hydroxide film lead to a rapid decrease in the mechanical stability 
of implants and the inability to efficiently control their degradation in 
time. 

One of the main ways to solve the problem of low corrosion resis
tance of magnesium is to optimize its phase composition through 

alloying [7]. At present, there are two main groups of alloying elements 
of magnesium alloys [2,8]. The first group, AZ series, includes the 
alloying of Mg by aluminum (3–13 %), zinc (0.5–3.0 %) and manganese 
(0.1–0.4 %), which leads to an increase in hardness and tensile strength, 
with the strongest effect at an aluminum concentration up to 6 % [9], in 
particular in chloride-containing media [10,11]. Like aluminum, zinc 
causes an increase in tensile strength and corrosion resistance [12], 
while small amounts of manganese transform impurities by heavier 
metals (i.e. Fe), forming new intermetallic particles (IMPs) and sup
pressing their cathodic activity [13,14]. However, the amount of man
ganese must be strictly controlled, as this alloying element decreases the 
corrosion resistance [15]. Commercial AZ31 alloy is currently being 
actively tested for its use as biodegradable biomaterials. 

The second group includes magnesium alloys alloyed by rare-earth 
elements (REEs), which are highly soluble in the α-Mg matrix. This 
can significantly improve the corrosion resistance and mechanical 
properties, especially ductility and strength, due to the formation of 
IMPs dispersed in the alloy matrix and precipitation strengthening 
[16–18]. Alloying with yttrium reduces the degradation of magnesium 
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alloys due to the possible formation of a passive Y2O3 layer, which will 
inhibit cathodic reactions, but this does not eliminate microgalvanic 
corrosion, since yttrium-containing IMPs will act as the cathode for the 
magnesium matrix [19]. The Mg-Y-Nd-Zr systems, such as in commer
cially available WE43, are the most popular magnesium rare earth al
loys, exhibiting even greater corrosion resistance with increasing 
exposure time, through immediately after immersion. This may indicate 
that the formed Mg–Me–O oxide film, where Me = Zr and Nd, is more 
stable than magnesium oxide/hydroxide [20]. In Hank’s Balanced Salt 
Solution (HBSS), Y2O3 protective film contributed mainly to low cath
ode current density and high surface resistance [21]. Thus, WE43 
demonstrates an excellent combination of mechanical and biological 
properties, which makes them a promising material for using as 
degradable implants [22,23]. 

Although the application potential of Mg alloys in biomedical devises 
is clear, accurate and reliable monitoring of the biodegradation rate of 
Mg alloys is still a challenge [2,24,25]. To access in vivo testing involving 
animals and then humans, a thorough in vitro biodegradation analysis 
must be initially performed. There are numerous reports on determining 
the corrosion rate for commercial Mg-alloys in engineering- (mostly 
NaCl and/or Na2SO4) and biomedical-relevant (HBSS, simulated body 
fluid (SBF), phosphate buffered saline (PBS), and Ringer’s solution) 
media [2,24,26–28]. The methods used to evaluate in vitro corrosion 
resistance of Mg alloys can be basically divided into two groups: un
polarized (weight loss, hydrogen evolution, pH monitoring) and elec
trochemical (polarization techniques and electrochemical impedance 
spectroscopy (EIS)) measurements. The weight loss and hydrogen evo
lution methods are time-consuming and do not provide information on 
the kinetics of the degradation process. Potentiodynamic polarization is 
the most used electrochemical technique to estimate the corrosion rate 
of metallic materials [24]. In terms of biodegradation, polarization 
measurements offer significant kinetic information and quantification of 
the relative rates of the anodic and cathodic reactions, which is vital 
when attempting to understand the mechanistic aspects of the biodeg
radation process. However, this method is destructive and only provides 
instantaneous corrosion rates, which do not coincide well with a long- 
term study [29]. 

In this regard, implementing impedimetric measurements is prefer
able since they characterize the electrode/electrolyte interface at low 
overpotentials and are nondestructive. They can also be used over longer 
periods of biodegradation to detect individual interface layers on the 
surface of Mg alloys and study the formation of corrosion products or 
passivation layers [25,30]. However, classical EIS also has its own lim
itations. To obtain reliable EIS data, the examined system must fulfill the 
three cardinal requirements of linearity, causality, and stationarity. In 
the case of corrosion in biological media, the corroding surface of Mg 
alloys itself is very dynamic and changes in time due to its biodegra
dation, interaction of corrosion products with the ions presented in the 
media, and resulting changes in near-interface pH. Therefore, achieving 
the stability requirement is practically impossible. In practice, it makes 
low-frequency measurements difficult, and low-frequency spectral drift 
may occur [24]. Summarizing, only a combination of hydrogen evolu
tion, polarization, and EIS data can provide accurate instantaneous and 
long-term determination of the degradation rate of Mg alloys in in vitro 
conditions. 

Recently, an extension of the classical EIS, called dynamic EIS (DEIS) 
has been used to examine the corrosion process of Al [31–33] and Mg 
alloys [34]. The DEIS technique makes it possible to receive instanta
neous impedance spectra by a multisinusoidal perturbation signal 
instead of the classical frequency-by-frequency EIS approach [35,36]. 
The measurement duration is determined by the lowest frequency 
applied, which in DEIS is typically limited to Hz range. Therefore, this 
approach reflects the dynamics of the investigated process and over
comes the stationarity problem. In some cases [37,38] DEIS was applied 
to analyze corrosion kinetics of Mg alloys in potentiodynamic condi
tions. In the case of in vitro tests, EIS measurements performed at the 

open-circuit potential (OCP) are of particular interest, while its value 
maybe be subject to change during prolonged corrosion monitoring. 
Thus, in this work, DEIS operated in galvanostatic mode under iDC = 0. 

Typically, EIS experimental data are analyzed by fitting to a suitable 
equivalent circuit. Such an equivalent circuit can be built with electrical 
analogues, however, in the case of the complex systems, the electro
chemical processes are often overlapping, and it may be difficult or even 
impossible to propose an appropriate equivalent circuit. In addition, 
analyzing data using an equivalent circuit requires a priori assumption 
of the expected processes. In the case of complex electrochemical sys
tems, in which some additional processes may occur during operation, 
such an assumption may lead to misunderstanding or misinterpretation 
of the occurring phenomena [39]. An alternative way to analyze 
impedance spectroscopy data is to transform it into a τ domain using 
distribution function of relaxation times (DRT) [40,41]. The main goal 
of DRT is to identify the characteristic distribution of typical EIS time
scales. The relation between the impedance spectrum Z(ω) and distri
bution function of relaxation times γ(τ) is given by Eq. (1). 

Z(ω) = R0 +RP

∫ ∞

0

γ(τ)
1 + jωτ dτ (1)  

where RP represents the total polarization resistance and R0 is its ohmic 
part. γ(τ) is a normalized function, where 

∫∞
0 γ(τ)dτ = 1. This relation is 

valid for all systems that fulfill the linearity demand of impedance 
spectroscopy. If we consider the system as a finite set of RC elements, 
each peak in the γ(τ) function represents a polarization process and is 
characterized by a position of the peak’s maximum related with the time 
constant of the process τ = RC and by an area enclosed under the peak 
corresponding to its resistance. The DRT analysis is extensively used to 
examine the kinetics of the electrode processes in fuel cells and batteries 
and to evaluate their degradation over time [42–45]. In the field of 
corrosion processes, the usage of DRT to analyze EIS data is very limited 
and only several papers exist [46]. 

This work proposes a new approach to integrating multisine 
impedimetric monitoring by DEIS with an in-depth, real-time DRT 
analysis as an expedient method to examine the kinetics of non- 
stationary corrosion process of Mg alloys in biologically relevant 
media. Thus, two commercial Mg alloys, WE43 and AZ31, containing 
different alloying elements and considered to be promising for implant 
materials were selected. Their long-time corrosion monitoring was 
combined with inductively coupled plasma-optical emission spectrom
etry (ICP-OES), X-ray photoelectron spectroscopy (XPS), and scanning 
electron spectroscopy (SEM) to propose mechanisms of their corrosion 
in HBSS. To the best of the authors’ knowledge, this is the first ever 
approach to the use of combined DEIS and DRT methodologies in 
corrosion studies. These systems are extensively investigated and of 
great practical importance associated with the use of Mg alloys as 
biodegradable implant materials. 

2. Materials and methods 

2.1. Materials 

As test materials, commercially available AZ31 and WE43 Mg alloys, 
received from Smiths High Performance (UK), were used. The nominal 
chemical composition of the AZ31 alloy is (wt.%): Al 3.0 %, Zn 1.0 %, 
Mn 0.3 %, and Mg balance. The nominal chemical composition of the 
WE43 Mg alloy includes (wt.%): Nb 2.2 %, Y 3.7 %, Zr 0.5 %, and Mg 
balance. 

Samples of the alloys with sizes 20 × 20 × 3 mm3 were cut from the 
as-received plate and round bar and further investigated. For electro
chemical measurements, the samples were sanded in 99.9 % ethanol to 
P2500-grit with emery paper without further polishing. For micro
structure measurements, samples were further polished up to 0.3 µm 
with diamond paste and non-aqueous lubricant. 
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Corrosion monitoring was carried out in HBSS (pH = 7.2). Its 
chemical composition is as follows (g/L): 8.0 NaCl, 0.4 KCl, 0.14 CaCl2, 
0.2 MgSO4⋅7H2O, 0.1 MgCl2⋅6H2O, 0.35 Na2HPO4⋅2H2O, 0.06 KH2PO4 
and 0.35 NaHCO3 [26]. All the chemicals were purchased from Merck 
Life Science and ChemPur and were of analytical reagent grade. 

2.2. Impedimetric monitoring and data analysis 

The electrochemical impedance monitoring was performed in a 
three-electrode setup. A saturated Ag/AgCl electrode was used as the 
reference electrode, a Pt mesh was used as the counter electrode, and the 
investigated magnesium alloys were used as the working electrode. The 
working area was 0.6 cm2. The corrosion cell volume was 45 mL. A 
heating immersion thermostat (Julabo, Germany) was used to maintain 
a constant temperature of 37 ◦C. 

The dynamic electrochemical impedance spectroscopy (DEIS) mea
surements were carried out in galvanostatic mode at iDC = 0 to imitate 
open circuit potential (OCP) conditions. The AC perturbation signal was 
composed of elementary sine waves in the frequency range from 22000 
Hz to 7 Hz with 10 points per decade of frequency. The sampling fre
quency was 128 kHz. Impedance spectra were recorded for 12 h. Further 
details on the experimental setup and the measurement conditions are 
presented elsewhere [47]. 

Impedance data were analyzed with the DRT method using the 
DRTTools software [48]. The analysis used second order regularization 
derivative with regularization parameter 10-7. In order to cope with the 
large amount of raw data created by DEIS, an automated algorithmic 
analysis of the acquired spectra was developed. Preparation and analysis 
of the data was automated with a Python script using a graphical user 
interface automation method. The next step in the analysis was per
formed by calculating the positions of the peaks in separate DRT plots 
and creating an algorithm to search for continuous processes. For each 
point, the closest neighboring points in the specified range in the next 
plot were found. If repeating this procedure for every point revealed the 
occurrence of a continuous peak, it was identified as an electrochemical 
process. After removing the shortest processes (identified as measure
ment artefacts by having a time duration less than 5 % of the longest 
process), the charge transfer resistances and capacitances were calcu
lated for each point. 

2.3. Physico-chemical and surface analysis techniques 

All physicochemical studies were conducted at pre-selected times 
(10 min, 1, 3, 6 and 12 h of WE43 and AZ31 alloys’ exposure to HBSS as 
the corrosion media) to correlate with the obtained DEIS and DRT re
sults, unless stated otherwise. 

The microstructure of the WE43 and AZ31 alloys’ surfaces, as pol
ished and after exposure to HBSS, was studied using a FEI Quanta 250 
FEG Scanning Electron Microscope (SEM), under an accelerating voltage 
of 20 kV. An Energy Dispersive X-Ray Spectroscopy (EDX) detector 
(Thermo Fisher Scientific) attached to the SEM was used to study the 
chemical composition in the same operating conditions. An Olympus 
LEXT OLS4000 confocal scanning laser microscope was used to examine 
the topography of the studied alloys’ surfaces. Images were obtained 
using a 405 nm laser and a photomultiplier detector. 

The surface topography and Volta potential distribution maps were 
studied with an NTEGRA Aura (NT-MDT) AFM setup in non-contact 
mode and using HQ:NSC18 probes (MikroMasch) with platinum 
coating. The Volta potential maps were done using scanning Kelvin 
probe microscopy (SKPFM) in frequency modulation (FM) mode using 
an electrically conductive probe with a gold-plated tip. The magnesium 
sample was grounded, and the bias potential was applied to the tip. The 
Volta potential maps were not inverted. Thus, higher Volta potentials 
indicate an anodic character, while lower Volta potentials indicate a 
cathodic character of the surface. The image scan size was 10 × 10 μm2. 

High-resolution X-ray Photoelectron Spectroscopy (XPS) studies 

were carried in the core-level binding energy range of C 1 s, Mg 1 s, O 1 s, 
Al 2p, Y 2p, Nb 2p to evaluate the surface chemistry of AZ31 and WE43 
alloys after 1 and 24 hr of corrosion in HBSS as the corrosion mecha
nism. The measurements were carried out using an Escalab 250Xi 
(Thermo Fisher Scientific), with an AlKα X-ray source and spot size 650 
μm. The pass energy was 20 eV. The measurements were done under 
low-energy electron and Ar+ ion bombardment for charge compensa
tion, with a final peak calibration at adventitious carbon C 1 s (284.6 
eV). Spectral deconvolution was carried out using the Avantage v5.9921 
dedicated software provided by the spectroscope’s manufacturer. 

The total change of the magnesium concentration in the HBSS so
lution was analyzed on a Perkin Elmer Avio 220 Max ICP-OES. A five- 
point calibration was prepared based on the multi-standard Perkin 
Elmer – Instrument Calibration Standard 2 with a 100 µg/mL Mg con
centration. The specific wavelength for Mg (285.231 nm) was used to 
determine the magnesium in the samples. The five separate batches were 
prepared to investigate the magnesium concentration after the 10 min, 
1, 3, 6, 12, and 24-hour corrosion processes in HBSS for WE43 and AZ31 
samples. One mL of each electrolyte was diluted 10 times into 15-mL 
centrifuge vials containing 9 mL of 2 % HNO3 to obtain an Mg con
centration in the measurable, linear range. The total change in the 
magnesium concentration was determined with respect to the initial 
concentration of Mg in HBSS. 

3. Results and discussion 

3.1. Multisine impedance measurement and data analysis 

Fig. 1A and 1B show the results of dynamic impedance spectroscopy 
monitoring (DEIS) of AZ31 and WE43 magnesium alloy corrosion in 
HBSS. At all times, the spectra are presented as a net-like semicircles, 
and their quality does not differ from the traditional methods of 
impedance measurement. Just like in typical impedance measurements, 
the analysis of these spectra comes to fitting the value of the assumed “a 
priori” equivalent circuit. In our case, we proposed the simplistic 
equivalent circuit R(QRCT) used for impedance spectra fitting (graphi
cally shown in Supplementary Information, Fig. S1A) since, for most of 
the experiment, the impedance spectra are characterized by a single 
capacitive loop in the measured frequency range. In the equivalent 
circuit, R – ohmic resistance, RCT – charge transfer resistance, CPE – 
constant phase element, which is the sum of the capacitance of the layer 
of corrosion products and the capacitance of the double layer and rep
resents the non-ideal nature and spatial heterogeneity of the layer. The 
CPE impedance, ZCPE, is described by eq. (2). 

ZCPE = (1/Q(jw)n
) (2)  

where Q represents parallel quasi-capacitance, j – imaginary number, ω– 
angular frequency, and n is the CPE exponent. For n = 1, the CPE de
scribes the CDL of an ideal capacitor. In most corrosion systems, this 
parameter is in the range between 0.8 and 1 [49]. Thus, CPE exponent n 
is often referred to as the heterogeneity factor. In the examined system, 
the CPE element was attributed to the oxide film capacitance. The fitting 
procedure was performed using dedicated fitting software built in the 
LabView environment and based on the Nelder-Mead algorithm [50]. 
The software was successfully used in previous DEIS studies by our 
group [51]. An example of fitting to selected spectra of the AZ31 and 
WE43 magnesium alloys is shown in Fig. 1C and 1D. 

Fig. 2A and 2B show the propagation of the RCT values for both 
studied alloys with time of exposure to corrosive media. In both cases, 
we can observe a similar behavior, both in terms of the values and trends 
of the changes taking place. At the beginning of the exposure of the 
examined Mg alloys to the HBSS medium, the values of RCT were around 
200–250 Ω. The values of RCT were gradually increasing with time for 
both alloys, reaching the values of around 2000 Ω after 12 h of corrosion 
in HBSS. Such behavior can be explained by the continuous formation of 

M.A. Osipenko et al.                                                                                                                                                                                                                           

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Measurement 222 (2023) 113683

4

the surface film of corrosion products, which usually consists of an inner 
layer of MgO and a thicker, outer layer of Mg(OH)2 [52,53]. At the same 
time, the analysis of the changes in the quasi-capacitance Q and CPE 
exponent n shown in Fig. 2C and 2D, revealed clearly different behavior 
for both alloys. For the AZ31 alloy, these parameters are almost stable 
and slightly decreasing with time, suggesting the presence of one elec
trochemical process assumed as the formation of the surface layer of 
corrosion products. 

The situation is significantly different in the case of the WE43 alloy. 
Close examination of Fig. 1D allows us to conclude the appearance of 
additional processes throughout the experiment (after ca. 6 h), with 2nd 

capacitive loop in the Hz frequency range. At this point, the CPE expo
nent n decreases rapidly, eventually reaching the value of 0.7, while the 
proposed R(QR) EEC gradually loses its utility (See the mean square 
error χ2 of the EEC fit in the Supplementary Information file, Fig. S2). 
This may suggest significant changes in processes over time and, 
therefore, an improperly selected equivalent circuit, as it no longer 
represents all the visible features. On the other hand, all the experi
mental data should be fitting using a single EEC for direct comparison. 

The above-presented problem justifies the use of the distribution of 
relaxation times (DRT) analysis in our study. One of DRT’s key advan
tages is that it does not require a priori assumptions regarding the ex
pected results, thus allowing proper identification of the occurring 
processes directly from the measured data. Each peak of DRT spectra, 
presented in Fig. 3A and 3B, represents one of the electrochemical 
processes. The area enclosed under the peak corresponds to the process 
resistance and the time constant can be read from the peak positions. 
Theoretically, the width of the peak halves makes it possible to calculate 

the n parameter (the CPE exponent), however, due to the high sensitivity 
to the conditions of the measurement and analysis parameter, we limited 
ourselves to the assumption that we consider the system as a finite set of 
RC. The gradual shift of peak positions vs τ are highlighted in Fig. 3C 
and 3D. Selected EECs parameters obtained with the use of DRT analysis 
are shown in Supplementary Information file, Table S1. 

It may be concluded that this approach allows for a more accurate 
analysis of the occurring phenomena, and, in particular, to provide 
detailed information regarding the number of electrochemical processes 
and their trends. Additionally, it is possible to extract the values of the 
polarization resistance, labeled as R1, R2, and R3 for the P1, P2, and P3 
process, respectively. In the case of the AZ31 alloy, initially only one 
dominant process (P1) was observed. After 10–15 min of the exposure of 
the examined Mg alloys to HBSS, the second process (P2) appears in the 
DRT spectra. The resistance of the P1 process (shown in Fig. 3E) is over 
90% of the total resistance of the system, while the P2 process consti
tuting less than 10% of the total resistance (see the plots in Figs S3 and 
S4 in the Supplementary Information file). In the case of the WE43 
alloy, the situation is similar for the first 6 h of the corrosion process, but 
then, in a lower frequency range, the additional electrochemical process 
(P3) occurs. The values of the polarization resistance RP of two dominant 
processes (P1 and P3) are presented in Fig. 3F. After some time, they are 
comparable with each other. It is worth noting that the total polarization 
resistance for both alloys is very similar. The appearance of an addi
tional process in the DRT range for the WE43 alloy fits perfectly with the 
point where the value of the n parameter of the traditional impedance 
spectral analysis begins to change drastically. 

The analysis of the P1 and P2 processes and their evaluation in time 

Fig. 1. DEIS monitoring of Mg alloys’ corrosion in HBSS at 37 ◦C: A,C) AZ31, and B,D) WE43 alloy. A,B) DEIS spectra in 3D Nyquist projection vs time of exposure, C, 
D) classic 2D Nyquist form with imposed R(QR) EEC fitting as a solid line. 
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allowed to propose their roles in the corrosion mechanism of the AZ31 
and WE43 alloys in HBSS. Initially, the P1 process is the only observed 
process in the system. Later on, it dominates in the impedance response. 
This parameter was assigned to the dissolution of the Mg matrix during 
corrosion of the examined Mg alloys. In turn, the P2 parameter was 
negligible in the first minutes of corrosion and later had much lower 
intensity. Therefore, it was linked to the progressive formation of the 
surface protective layer of corrosion products in the form of MgO/Mg 
(OH)2. These assumptions do not contradict the corrosion mechanisms 
of Mg alloys proposed in the existing literature [2,52,54–56] and dis
cussed below in the present contribution. 

The identification of the P3 process observed in the DRT spectra of 
the WE43 alloy is not so straightforward. Generally, the observed dif
ferences between the DRT spectra of the studied alloys can be assigned 
to differences in their composition and microstructure. The P3 process 
can originate from either corrosion of the WE43 alloy or passivation/ 
repassivation processes occurring on its surface. The P2 process, 
assigned to the deposition of the MgO layer is assumed to be the 
dominant passivation-related surface process in the case of the corrosion 
of Mg alloys. Based on this, it is possible to state that any process directly 
related to the surface passivation due to the REEs in the microstructure 
of the WE43 alloy will have the intensity comparable or lower than that 
of the P2 component. The comparison of the intensities between P1, P2, 
and P3 processes showed that the P2 process has the lowest resistance, 
while the intensities of P1 and P3 processes are comparable. Therefore, 
it is reasonable to assume that the P3 process has the same nature as the 
P1 component, i.e., it describes some corrosion process. The analysis of 
the existing literature suggests that pure Mg and its alloys containing 
REEs as alloying elements are prone to localized filiform or intergranular 
corrosion [57–59]. Therefore, the P3 process was provisionally assigned 
to the local filiform corrosion attack of the WE43 alloy. Additional ex
periments discussed below in the present contribution fully supported 
this assumption. 

An important observation should be made, as the RP value, estimated 
as the sum of the resistances of all the occurring processes (RP = R1 + R2 

or R1 + R2 + R3) identified by the DRT study, is analogous to the RCT 
value, calculated from DEIS by using EEC. Its comparison allows us to 
verify the correctness of the applied methodology. However, in the case 
of the DEIS analysis, the impedimetric analysis is limited to determi
nation of the resultant of the ongoing processes, while its exact sepa
ration is impossible. The decrease in CPE exponent n for the WE43 alloy, 
as visible in Fig. 2D, hints at frequency dispersion of the capacitance due 
to the possible appearance of an additional corrosion process. Indeed, 
the appearance of this process is clearly visible in Fig. 1D. The DRT 
analysis is capable of separating (as the P3 process) and quantitatively 
describing it. 

To conclude, the proposed analysis of the impedance spectra dis
tinguishes various corrosion mechanisms occurring in both magnesium 
alloys. One can assume that both examined Mg alloys the P1 process is 
dominant with the P2 process of lower intensity. For the WE43 alloy, 
these two processes are assisted over time by the additional P3 process. 

To further support the origin of all identified process and propose the 
corrosion mechanism of the AZ31 and WE43 alloys in HBSS, first we 
decided to implement the ICP-OES monitoring of the total change in the 
Mg2+ ion concentration in the electrolytic environment throughout the 
process. These results are summarized in Fig. 4. 

The ICP-OES confirmed the combined DEIS-DRT observation 
regarding the corrosion susceptibility of both studied alloys. The total 
change in dissolved Mg species was recorded to be higher at the end of 
the experiment in the case of WE43 alloy, compared to AZ31, which 
corresponds well with the analysis of the RCT changes (in DEIS) and RP 
changes (in DRT) throughout the experiment. RCT≈RP for the first hours 
of the experiment, reflected by a similar ΔMg. On the other hand, sur
passing the 3 h mark, magnesium dissolution appears to be faster for the 
WE43 alloy (by approx. 20 % after 12 h), again reflected by lower RCT/ 
RP values for the WE43 alloy when compared to the AZ31 alloy. The 
difference in alloys corrosion resistance is more accurate when 
comparing the DRT results (WE43 has an approx. 20% higher RP after 
12 h) rather than DEIS (approx. 10 % higher RCT after 12 h), which 
might be due to inaccuracy in the fitting of the DEIS EEC at higher 

Fig. 2. DEIS monitoring of Mg alloys’ corrosion in HBSS at 37 ◦C: A,C) AZ31, and B,D) WE43 alloy. A,B) RCT deconvolution results, and C,D) CPE (Q, n) decon
volution results. 
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exposure times. Such a good relationship between the electrochemical 
and the physicochemical Mg corrosion rate factors suggests that the 
primary occurrence of both P1 and P3 processes are related to the 
dissolution of Mg in the alloy matrix rather than alloy additives. 

3.2. Microstructure and surface chemistry changes during corrosion 

In this section, we briefly describe the microstructure of the exam
ined AZ31 and WE43 Mg alloys. A more detailed examination of the 
microstructure was performed in our previous publications [60–62]. In 
Fig. 5A and 5E, the SEM micrographs reveal the microstructure of the 
polished AZ31 and WE43 magnesium alloys, respectively. Both alloys 
consist of an α-Mg-matrix and IMPs, which are significantly different in 

the composition and morphology depending on the alloy’s nature. The 
AZ31 alloy is characterized by two types of IMPs: polyhedral particles 
with almost round and rectangular shapes detected. The maximum size 
of both types of IMPs does not exceed 10 µm and they are randomly 
distributed in the alloy matrix. The composition of IMPs based on the 
EDX analysis (Supplementary Information file, Fig. S5 and Table S2) 
is typical for AlxMny intermetallic phases and is in agreement with the 
literature [61,63]. Other types of AlMgZn particles with different stoi
chiometry are also plausible [9], but were not found in the investigated 
alloy. On the other hand, the IMPs present in the structure of the WE43 
alloy are located primarily along the grain boundaries and characterized 
by a quite irregular sieve structure and size not exceeding 20 µm. Ac
cording to the CALPHAD calculation for the WE43 magnesium alloy, it is 

Fig. 3. DRT analysis based on DEIS analysis for A,C,E) AZ31, and B,D,F) WE43 magnesium alloys: A,B) DRT spectrograms; C,D) distribution of time constants for 
identified processes, and E,F) changes in the primary processes resistances (remaining resistances in the Supplementary Information file, Fig. S4). 
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possible to form particles of the Mg12RE and Mg24Y5 type, and Zr- 
containing particles may also occur in this alloy. Based on the point 
EDX analysis, these particles are made of MgxNbyYz-type, which corre
sponds to other sources [60,64]. 

Based on the nature of the alloying elements and the microstructure 
of both the studied alloys, a different electromotive force of galvanic 
microcells forming between the alloy matrix and the IMPs is expected. In 
order to predict the significance of these microcells on the corrosion 
behavior, we performed Scanning Kelvin Probe Force Microscopy 
(SKPFM) measurements, as shown in Fig. 5B and 5F (details in the 
Supplementary Information file, Fig. S6). The studies clearly indicate 
that regardless of the type of Mg alloy, in galvanic couple matrix-IMPs, 
the matrix will serve as the anode due to its lower Volta potential, while 
the IMPs will form cathodic areas. Therefore, it can be expected that the 
electromotive force, due to the Volta potential difference, will induce 
the local corrosion process at the IMP/matrix interface in electrolytic 
conditions. A significantly higher Volta potential difference was 
observed for Mg matrix-AlxMny cells of AZ31 alloy (99 ± 12 mV) 
compared to Mg matrix-MgxNbyYz of WE43 (50 ± 10 mV), which 
directly translates to alteration of the localized corrosion susceptibility 
of both alloys. The paper [65] shows that such a potential difference is 
typical for Al8Mn5 intermetallic particles. 

The optical micrographs of the AZ31 and WE43 magnesium alloys 
after exposure to HBSS for 1 and 24 h in thermostated conditions show 
prominent differences in corrosion behavior. For the AZ31 alloy, the 

surface is covered with insoluble corrosion products, which after 
removal reveal a uniformly corroded surface area (Fig. 5C and 5D). 
After 24 h of corrosion monitoring, a white and yellowish, thick and 
compact layer of corrosion products is formed on the surface. The layer 
is characterized by a large number of cracks under electron microscope, 
which suggest its high hydration level (see Supplementary Informa
tion file, Fig. S7A). On the other hand, the WE43 alloy (Fig. S7B) ap
pears to be much more vulnerable to localized corrosion, in particular 
microgalvanic and filiform corrosion. Fig. 5G shows that 1 h is sufficient 
to introduce localized corrosion effects located at grain and IMP 
boundaries (marked with red arrows). Extended exposure leads to the 
formation of an irregular network distribution (Fig. 5H). The process is 
initiated at the center of cathodically active sites and is claimed to be 
strictly correlated to the Zr concentration [57], then propagates along 
the aggregation zone of Cl-. The presence of the insoluble corrosion 
products was restricted to the filiform corroded areas (Supplementary 
Information file, Table S3). 

The surface chemistry of AZ31 and WE43 alloys after corrosion 
exposure were tracked with the EDX (Fig. 6A and 6D) and XPS tech
niques (Fig. 6B, C, E and F). The EDX analysis was focused on studying 
the chemical changes at the surface of the corroding Mg alloys, in 
particular, identification of the origin of the insoluble corrosion prod
ucts layer observed under the microscope. As previously mentioned, the 
AZ31 alloy nearly immediately covers with a corrosion products layer, 
and no further changes are observed surpassing the 10 min mark. The 
layer might be composed of Mg oxides and/or hydroxides, made up of a 
significant share of Ca and P, precipitated due to the specific composi
tion of HBSS. On the other hand, in the case of the WE43 alloy, the 
surface chemistry is evolving, and upon filiform corrosion attack, the 
amount of oxygen is significantly higher compared to AZ31 (up to 14 wt 
%). The analysis was averaged from ~ 1 mm2 to include the unequal and 
increasing coverage by filiform corrosion. 

The supporting XPS analysis was carried out after 24 h exposure to 
define the surface chemistry in detail, considering the large X-ray escape 
depth and EDX’s inability to specify the chemical state of the investi
gated elements. These analyses were carried out in the Mg 1 s, Ca 2p, P 
2p, Na 1 s, and Cl 2p core-level binding energy ranges, as well as for 
alloying additives Y 3d, Zr 3d (WE43) and Al 2p, Mn 2p (AZ31). The C 
and O were excluded from the analysis since their presence is signifi
cantly affected by air exposure during post-treatment and storage. For 
the WE43 alloy, separate analyses were carried out in the filiform 
corroded area (labeled as WE43:ff) and unaffected surface (labeled as 
WE). 

As expected, the alloying additives have a substantial effect on the 

Fig. 4. ICP-OES determination of the total change in dissolved Mg concentra
tion in the HBSS throughout the exposure for both studied Mg alloys. 

Fig. 5. Topography of the studied alloys’ surface: A–D) AZ31, and E–H) WE43. A,E) SEM topography with visible IMPs after polishing; B,F) SKPFM Volta potential 
maps. The effect on topography of the corrosion process in HBSS after C,G) 1 h, D,H) 24 h based on confocal microscopy images. Note, the SKPFM Volta potential 
maps were not inverted. 
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corrosion rate and mechanism. The total share of Mg among the 
analyzed elements was only 45.7 at.% for AZ31, while the corrosion 
products layer at the AZ31 alloy surface is primarily built of MgO and/or 
Mg3(PO4)2, a conclusion drawn based on the presence of an Mg 1 s peak 
at 1304.2 eV (57 % of total Mg) and a P 2p peak at 132.8 eV in the 
deconvoluted XPS spectra [66]. Apart from magnesium phosphates, the 
presence of MgCO3 is also manifested by the peak at 1306.2 eV [67]. On 
the contrary, the dominant species at the surface of WE43 alloy are 
magnesium hydroxides Mg(OH)2, while the amount of MgO / 
Mg3(PO4)2 is decreased [68]. Calcium present in HBSS also precipitates 
at the Mg surface, most notably forming CaHPO4 (Ca 2p peak at 350.1 
eV) and CaCO3 (at 347.2 eV) [69], however it should be emphasized that 
the analysis of the Ca 2p region was hindered by the overlapping of the 
MgKLL Auger peak at approx. 362.4 eV. Yet, the presence of CaHPO4 was 

cross-verified by the P 2p component at 135.2 eV. Nevertheless, the 
calcium chemistry is quite similar between the AZ31 and WE43 alloys. 
These data are summarized in Table 1. 

Comparison between the filiform corrosion affected (WE43:ff) and 
free (WE43) areas revealed no significant changes in Mg composition, 
and only a slightly lower Mg(OH)2 share in the filiform corroded area, 
assisted with a higher share of adsorbed chlorides. The surface area 
unaffected by the filiform corrosion is nearly free of phosphates. 
Importantly, the presence of yttrium (up to 4.0 at.%) is only recognized 
in these cathodic areas, where its chemical composition suggests the 
presence of yttrium oxides and chlorides (or phosphates). The Zr con
centration was below the spectroscope threshold level and could not be 
estimate, however, since the alloying additives Y, Nb and Zr form IMPs, 
the previously discussed Zr effect on the occurrence of filiform corrosion 

Fig. 6. A,D) EDX analysis with time of exposure of A) AZ31 and D) WE43 alloy. B,C,E,F) high-resolution XPS results with deconvolution model for AZ31 and WE43 
alloys after 24 h of corrosion in HBSS: B) Mg 1 s, C) Ca 2p, E) P 2p, F) Y 3d. WE43:ff label marks the spectra recorded at filiform corroded surface. 

Table 1 
XPS quantitative analysis (in at.%) based on the proposed deconvolution model.   

Mg Ca P Y Na Cl  
Mg(OH)2 MgO/ Mg3(PO4)2 MgCO3 CaCO3 CaHPO4 Mg3(PO4)2 CaHPO4 Y2O3 YCl3 inorganic 

BE/eV  1303.0  1304.2  1306.0  347.2  350.1 132.8  135.2 157.3 159.9 1071.4 199.2 
AZ31  9.0  26.1  10.6  6.4  12.8 25  10.1 – – – – 
WE43  39.0  17.2  11.1  5.6  14.4 2.2  1.1 3.3 1.1 3.3 1.7 
WE43:ff  27.0  15.8  10.1  15.4  14.9 7.7  2.9 – – 4.8 1.4  
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may be indirectly associated with the local cluster-like Y distribution. 
Moreover, the absence of Y in the filiform affected areas may be caused 
by the high electronegative potential of this element and its preferential 
dissolution. Importantly, unlike AZ31, adsorbed chlorides were present 
at the surface of the WE43 alloy. 

3.3. Corrosion mechanism of AZ31 and WE43 alloys in HBSS 

This section summarizes the results of the present contribution and 
attempts to provide a more detailed corrosion mechanism of the AZ31 
and WE43 magnesium alloys in HBSS. The schematic illustration of the 
proposed corrosion mechanism of the AZ31 and WE43 alloys in HBSS is 
shown in Fig. 7. These mechanisms have been developed based on the 
experimental data discussed in the present contribution and the avail
able literature [13,25,56,57,60,61,70,71]. 

In general, biodegradation of the AZ31 and WE43 Mg alloys in HBSS 
solution proceeds following similar schemes with some prominent dif
ferences at later stages. Our results show that a combination of local 
corrosion events occurs due to galvanic coupling between IMPs and the 
alloy matrix and interactions of the alloy surface with the corrosion 
medium. This is typical for Mg alloys due to their high reactivity in 
aqueous media [2]. The surface of the as-polished AZ31 and WE43 al
loys (Fig. 7 Ia and Ib) contains an α-Mg matrix with several types of 
IMPs, which is typical for these alloys [60,72,73]. The results of the EDX 
analysis do not support the presence of the large fraction of Zr-rich IMPs 
in the composition of the examined WE43 alloy, however, the DRT data 

and observed corrosion morphology suggest the importance of these 
precipitates in the corrosion events. In the first stage (Fig. 7 IIa and IIb), 
corrosion of the Mg matrixes of both examined alloys readily occurs. The 
mechanism of this process can be expressed by the following reactions: 

Mg→Mg2+ + 2e− (3)  

2H2O+ 2e− →H2 + 2OH− (4) 

Corrosion attack initiates over the whole surface of the alloy and 
consists of the general corrosion of the Mg matrix and local corrosion 
over the matrix-IMP interface due to galvanic coupling [74]. The in
tensity of the galvanic coupling depends on the activity of each micro- 
constituent as a cathode. In the case of the WE43 alloy, the cathodic 
IMPs are larger in size and surface fraction, suggesting higher local 
corrosion attack. The impedance response of the process (3) is a slightly 
distorted semicircle (Fig. 1) registered in the first minutes of corrosion 
monitoring. In the DRT analysis, this process in clearly seen in the 
spectra obtained in the first minutes of the experiment and was assigned 
to the P1 process (Fig. 7 IIc). The cathodic reaction of hydrogen evo
lution (Eq. (4)) occurs preferentially on IMPs, serving as local cathodes. 
As processes (3) and (4) propagate, the release of Mg2+ into the corro
sion medium leads to their interaction with OH– ions (Eq. (5), chemical 
in nature) and precipitation of a passive layer consisting mainly of Mg 
(OH)2 on the surface (Fig. 7 IIIa and IIIb): 

Mg2+ + 2OH− →Mg(OH)2 (5) 

Fig. 7. Schematic illustration of stages of the AZ31 (left) and WE43 alloy (middle) corrosion in HBSS, and their corresponding DRT response (right).  
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The overall corrosion process in this case can be summarized as 
follows: 

Mg+ 2H2O→Mg(OH)2 +H2 (6) 

The released Mg2+ ions can interact with the components of the 
HBSS, leading to the precipitation of magnesium phosphates and car
bonates, as suggested by the XPS analysis (Fig. 6). In turn, Ca2+ ions 
interact with hydroxides released by Eq. (4) or anions of the HBSS. They 
do not directly affect the corrosion processes of magnesium alloys [75] 
but form insoluble amorphous salts and effectively hinder the corrosion 
rate. Gradual thickening of corrosion products later results in the 
increased protective ability, as evidenced by an increase in the RCT 
values extracted from the DEIS data. As this process is chemical in na
ture, the deposition of the protective film may also partially occur over 
cathodic IMPs, suppressing their activity [76,77]. The formation of the 
surface protective layer is also visible in the DRT analysis data through 
the occurrence of the dominant P2 process (Fig. 7 IIIc), whose resistance 
increases with time. 

At this point, the relative corrosion rate of the AZ31 and WE43 Mg 
alloys decreases, and equilibrium between the deposition and dissolu
tion rates of the passive layer is achieved. However, the presence of Cl– 

ions results in the conversion of insoluble Mg(OH)2 into soluble mag
nesium chloride and the development of a severe local pitting attack 
(Fig. 7 IVa and IVb) [17,56]: 

Mg(OH)2 + 2Cl− →Mg2+ + 2OH− + 2Cl− (7) 

The occurrence of deep pits on the surface of the AZ31 and WE43 
alloys is clearly seen in the confocal images (Fig. 5). The onset of the 
localized corrosion is also visible from the results of the DEIS mea
surements (Fig. 1) as local drops and fluctuations in the values of RCT. 

In the case of the WE43 alloy, the corrosion process had one more 
step. For this alloy, the local corrosion attack is not suppressed in the 
pitting stage but proceeds further with the occurrence of surface regions 
of filiform corrosion (Fig. 5, Fig. 7 Vb). The occurrence of the filiform 
corrosion can be associated with the shape and surface distribution of 
cathodic IMPs [57,70]. As the breakdown of the initially formed surface 
layer of corrosion products occurs (Fig. 7 IVb), additional chloride ions 
are electrostatically attracted in pit locations, as observed in XPS anal
ysis. The layer of filiform corrosion products over such regions appears 
as dark, dense surface precipitates of MgO and Mg(OH)2 [54]. In the 
DEIS, filiform corrosion appears as the frequency dispersion of capaci
tance due to its localized nature, while the DRT analysis showed the 
occurrence of the third process, P3 (Fig. 7 Vc). 

4. Conclusions 

Within this contribution, we have delivered a new analytical 
approach, based on dynamic electrochemical impedance spectroscopy 
(DEIS) measurement coupled with a distribution of relaxation times 
(DRT) analysis for in-depth, real-time monitoring of the electrochemical 
process. We studied the non-stationary corrosion process of commer
cially available AZ31 and WE43 Mg alloys in environmental conditions 
in a biologically relevant electrolyte (HBSS). 

We demonstrated that DEIS on-line monitoring is a viable and highly 
efficient way to track electric changes occurring at the actively 
corroding metal surface regardless of its non-stable nature. However, 
requiring selection and fitting with electric equivalent circuits, the 
approach is flawed when the studied conditions change. When a new 
process appears, it can only be tracked by changes in the distribution of 
relaxation times. However, the DRT analysis proposed by us allows for 
an effective differentiation of the number and the relaxation times of the 
occurring processes. In this regard, we have identified and explained 
each independent process. 

For the first three hours of the experiment, both the AZ31 and WE43 
alloys were characterized by two processes, due to Mg dissolution and 

the formation of insoluble corrosion products, as confirmed by EDX and 
ICP-OES analyses. Exceeding the above exposure time, a unique third 
process appears in the case of the WE43 alloy, and originates from fili
form corrosion, a localized corrosion attack. The evolution of the 
corrosion attack mechanism was recognized by both EDX and ICP-OES, 
while XPS shows localization of the attack in the vicinity of Y,Zr,Nb-rich 
IMPs as well as the importance of the adsorption of chlorides. The sus
ceptibility to local corrosion correlates with the activity of the galvanic 
microcells, formed between the alloy matrix and cathodic IMPs, as 
revealed by the SKPFM studies. 
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