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Abstract: From a technological point of view, measurement of the corrosion rate of magnesium (Mg)
and its alloys is critical for lifetime predictions of Mg-based structures and for comparative assessments
of their corrosion protection ability. Whilst weight loss, hydrogen evolution, and polarization curves
methods are frequently used for measuring the corrosion rate, the determination of values by
electrochemical impedance spectroscopy (EIS) is relatively scarce and has only been realized recently.
This technique seems to be the most suitable for monitoring corrosion rate values due to its
“non-destructive” character, its reproducibility, and its reliable determination of small corrosion rates,
much lower than those measured by other techniques. This review aims to picture the state-of-the-art
technique of using EIS for measuring the corrosion rate of Mg. This paper starts by introducing
some fundamental aspects of the most widely used methods for monitoring the corrosion rate of
Mg/Mg alloy and continues by briefly explaining some of the fundamental concepts surrounding EIS,
which are essential for the user to be able to understand how to interpret the EIS spectra. Lastly, these
concepts are applied, and different approaches that have been proposed to obtain quantitative values
of corrosion rate since the 1990s are discussed.
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1. Introduction

Magnesium (Mg) and its alloys, which have aroused great scientific and technological interest
during the last two decades, were chosen as the object of study. From a practical point of view, Mg is the
lightest structural metal, with a weight density of 1.74 g cm =2, which is approximately two-thirds that
of aluminum (Al) and one-quarter that of iron (Fe). This makes its use very attractive for the automotive
and aerospace industries, where weight is important, to reduce fuel consumption and greenhouse gas
emissions [1]. Additionally, Mg/Mg alloys are commonly used as biodegradable implants for clinical
applications in an attempt to avoid long-term complications caused by permanent implants [1-3].
Mg is biocompatible and is an important element in hundreds of metabolic processes [4,5]. However,
since Mg is the most chemically active of the various structural metals, its resistance to corrosion is
one of the key factors limiting, or even preventing, its use under real-life service conditions, where
exposure to aggressive environments cannot be avoided (especially environments containing H,O and
CI). Consequently, a more precise understanding of Mg corrosion mechanisms and the factors that
affect its corrosion is considered essential for its widespread application [6].

In a review covering several aspects of Mg alloy corrosion, Song [7] pointed out that the
corrosion rate is a critical parameter for design engineers and corrosion experts when developing
this type of material. From a technological point of view, the establishment of reliable corrosion rate
values is an essential step for the estimation of the service life of structures based on Mg materials,
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the comparative evaluation of the durability of different alloys, and the control of the effectiveness of
protective methods [7]. As mentioned by Lorenz et al. [8], having accurate and rapid methods for the
measurement of corrosion rates is of tremendous importance for practical applications. From a scientific
point of view, this is an issue of great current relevance, as was shown by a simple search with the
terms “corrosion rate and magnesium” in the scientific database ISI Web of Knowledge (2018), which
identified three publications [5,9,10] classified as “Article highly cited”. In a recent paper, Abbot [11]
stated that the issue of accurate measurement of Mg alloy corrosion rates using electrochemical methods
is one of the three grand challenges in the context of corrosion of Mg. However, accurate assessment of
the corrosion rate of Mg/Mg alloys by electrochemical methods remains an ambiguous subject that is
under active debate within the research community [12-14].

In the literature, the corrosion behavior of Mg alloys has been frequently evaluated using the initial
corrosion rate value obtained using short-term methods (usually, polarization curves or impedance
measurements immediately after immersion of the specimen in the electrolyte) [5,9]. For reliable
prediction of the long-term corrosion rates of Mg alloy structures, it is desirable to take the evolution
of the corrosion rate values during the entire exposure into account; the assumption that corrosion
occurs at a constant rate throughout immersion may, in fact, not be true, since there are many cases
in which the rate tends to change significantly with time until it reaches a steady state [2,9,15-17].
For example, in a recent study [17], we observed that the corrosion rate of AZ31 alloy (3 wt % Al)
was similar with (AZ31-4Al) or without Al surface enrichment (AZ31-3Al) after 1 h of immersion in
0.6 M NaCl. However, the values for the Al-enriched AZ31 alloy were eight times lower than those of
the non-enriched specimen after 4 days due to the formation of a protective layer of corrosion products,
which may imply that an estimate of the corrosion behavior based on initial corrosion rate values
would have an approximate error of one order of magnitude (Figure 1).

Non-electrochemical methods, such as weight loss or hydrogen evolution measurements, are,
in general, limited by the resolution of the measuring device and restricted to systems that do not
form protective surface films or coatings. The electrochemical impedance spectroscopy (EIS) technique
offers the advantage that low corrosion of the system does not affect the measurement accuracy in
the manner discussed above for non-electrochemical methods. Given the electrochemical nature of
the corrosion process, electrochemical techniques represent a powerful method for determining the
corrosion rate of Mg/Mg alloys [1,8,18]. Whilst polarization curves have been extensively used for
measuring the corrosion rate in the past few decades [1], the application of the EIS technique for these
purposes has only been implemented much more recently [8]. The investigations by King et al. [9]
and Curioni et al. [19] on pure Mg in NaCl solutions have stimulated interest in the use of impedance
techniques for the determination of the corrosion rate. At the same time, the interpretation of
impedance data in terms of the corrosion rate remains controversial despite the recent studies carried
out. The present review was carried out to further evaluate the usefulness of impedance techniques
for corrosion monitoring and to determine the correlations between corrosion rate values from the
EIS technique and non-electrochemical methods. This paper intends to encourage corrosion scientists
and electrochemists to use the EIS technique as a valuable tool to determine the corrosion rate in
Mg/Mg alloys.
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Figure 1. Variations in corrosion as a function of aluminium content in the near-surface region of AZ31
specimens and immersion time: (a) H, evolution volume values and (b) corresponding corrosion rates,
Py. Reprinted with permission from [17]; 2017, Elsevier.

2. Common Methods for the Estimation of the Corrosion Rate in Mg Alloys

Most of the reported corrosion rate values of Mg alloys in the literature involve measurement by
the weight loss method, hydrogen gas collection, or polarization curves [1,4]. The weight loss method
is considered by some to be the “gold standard” of corrosion testing, and it stands out due to its
simplicity [1,20]. In this method, the corrosion layers formed on the surfaces of the specimens after the
immersion test are dissolved with an aqueous solution of chromic acid, and the weight loss is calculated
from the difference in weight of the specimen before and after removal of the corrosion products [1,21]
(Figure 2). It is an evident experimental disadvantage that the weight loss determinations provide
only a single measurement for all exposure times [22]. The results are not reliable when the measured
values are smaller than the resolution of the gravimetric device (typically 0.1 mg) [5,20]. In addition,
experimental errors are likely to be introduced into the final weight loss results, such as incomplete or
excessive removal of corrosion product [7,18].
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Figure 2. Corrosion morphologies of the AZ31 alloy with (a) and without corrosion products (b) after
immersion in phosphate buffered solution for 4 days.

One of the simplest and most reliable methods for monitoring changes in the corrosion rates of
Mg/Mg alloys is the hydrogen evolution technique. In this method, evolved hydrogen is collected in a
burette above an inverted funnel placed centrally above a specimen completely immersed in a beaker
with the test solution. In the Mg corrosion process, the oxidation of a magnesium atom results in the
generation of a hydrogen molecule [10,19]. Therefore, in the absence of any other cathodic reaction,
the hydrogen evolution rate is equivalent to the corrosion rate of magnesium. For Mg corrosion, there
is an excellent correlation between the corrosion rate as determined from the hydrogen evolution and
that measured by the weight loss (Figure 3) [7,23]. However, this method has limitations, including an
underestimation of the corrosion rate, as some molecular hydrogen resulting from Mg corrosion is
dissolved in the solution or absorbed into the Mg specimen. In addition, the results are not too reliable
when the measured values are very small [1,5,24].

—
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Figure 3. Comparison of corrosion rates (mm y~!) obtained from electrochemical impedance
spectroscopy (EIS) with hydrogen evolution and weight loss measurements after 4 days immersion in
0.6 M NaCl at 20 °C. Reprinted with permission from [17]; 2017, Elsevier.
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Polarization curves are an electrochemical technique that is commonly successfully used to
determine the corrosion current density (and, therefore, the instantaneous corrosion rate) by Tafel
extrapolation of cathodic and anodic polarization branches. [7,24]. This method is quick and easy, and it
is the only technique that provides mechanistic information on anodic and cathodic reactions [5,9].
Unlike iron, aluminum and copper alloys [25], the reliability and consistency of the measurement of
the corrosion rate of Mg alloys using polarization curves must be seriously questioned [1,7,10,26-29],
and the values may be various orders of magnitude less than the real ones (for weight loss or hydrogen
evolution techniques) [7,10,26-29]. This significant difference might be due to (a) the increase in the
hydrogen evolution rate observed during anodic polarization (often termed the “negative difference
effect” or NDE), resulting in the absence of a sufficient linear Tafel region in the polarization curves
(Figure 4) [30]; (b) the partial disintegration of specimens into fine metallic particles; (c) participation
of unstable Mg* intermediates during anodic dissolution; and (d) a significant difference in the
instantaneous corrosion rate determined by the potentiodynamic polarization method compared with
the steady-state corrosion rate [12,31]. Furthermore, the method is destructive in nature and may
change or damage the specimen surface for subsequent analysis (for example, by means of scanning
electron microscopy (SEM)) [5].
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Figure 4. Variation of polarization curves for AZ31l specimens in 0.6 M NaCl. Reprinted with
permission from [17]; 2017, Elsevier.

3. Electrochemical Impedance Spectroscopy (EIS)

3.1. Basics

EIS is an essential method for monitoring electrochemical changes of a system in situ with the
immersion time, because it provides kinetic and mechanistic information about the corrosion process
in the case of passive and active protection or a combination of both [32,33]. Crucially, it provides
quantitative information about the processes taking place within the system [34].

This technique is based on the application of a small-amplitude sinusoidal potential perturbation
(typically in the range of 5-10 mV) to the working electrode over an extended frequency range (typically,
100 kHz to 10 mHz) using a conventional three-electrode electrochemical cell [35,36]. The current
response is a sinusoidal signal of the same frequency but with a different phase and amplitude with
respect to the perturbation (Figure 5) [32-34,37,38]. The real (Zre) and imaginary (Zim) components
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(or modulus |Z] and phase shift 8) of the impedance (Z) are calculated as the complex ratio between the
applied potential sinewave (V) and the response current (I) [32,34,38].
Z(jw)=V(jw)/I(jw) )

where j is the imaginary unit that equals (—1)? and w is the angular frequency.
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Figure 5. Graphic representation of the current and voltage as a function of time.

The EIS data are typically presented as a Nyquist plot, where the imaginary impedance component
(2”) is plotted against the real impedance component (Z’) at each excitation frequency, and the Bode
plots display the logarithm of the impedance modulus |Z| and phase angle (0) as a function of the
logarithm of the applied frequency range [36,39]. Note that Nyquist plots are referred to in this review
more extensively than Bode plots.

In order to convert frequency response data to corrosion properties (e.g., resistance and impedance),
EIS results are modeled by fitting them to an equivalent electrical circuit consisting of resistors (R),
capacitors (C) or constant phase elements (CPE), inductors (L) and Warburg impedance (W) connected
either in series or in parallel [5,35,38]. Commercial software, for example ZView software (3.0a Scribner
Associates, Inc., Southern Pines, NC, USA), may be used for fitting the impedance spectra to the
equivalent circuit [40]. The quality of fitting is often evaluated by the chi-squared (x?) error value [37].
To be useful, the elements in the equivalent electrical circuit should correlate with the different corrosion
processes taking place in the system under investigation.

One of the requirements before impedance analyses is the validation of the EIS data [41].
The application of Kramers—Kronig (K-K) transforms could provide a possible solution to verify
electrochemical impedance data with respect to the conditions of the causality, linearity, stability and
finity value and the acceptable agreement between the sets of experimental and transformed data
confirmed that the system fulfills these conditions.

3.2. Advantages of EIS

There are several advantages of EIS compared with other methods that are more commonly used
for monitoring the corrosion rate, including the following;:

e  Frequency-resolved EIS can distinguish among several electrochemical reactions in corrosion
science based on their own relaxation times and provide detailed information on their respective
kinetics in the form of corrosion rates [40]. In the frequency domain, fast processes, such as
the formation of the double electric layer, the presence of ohmic resistance, and charge transfer
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resistance of electrochemical reactions, occur at high frequencies, while slow processes, such as the
formation of adsorbed layers by intermediates of complex electrochemical reactions or diffusion
(transport phenomena) in solutions, occur at low frequencies [40,41]. This can be used to calculate
the corrosion resistance (i.e., inversely proportional to the corrosion rate), analyze the formation
of corrosion or passivation layers on the surface of Mg, indicating whether the corrosive process
occurs by activation, concentration, adsorption, or diffusion [5,14,42,43]. Furthermore, it provides
information regarding the double layer at the metal/electrolyte and the dielectric properties of the
surface oxides [44].

Compared to polarization curves, EIS uses a small excitation amplitude, causing only minimal
perturbation to the corrosion potential. The non-destructive nature of EIS allows real-time
measurements of corrosion rates in situ over long periods of immersion [5,42,43] and reduces the
number of samples required for measurements.

EIS allows the determination of much lower corrosion rate values than those measured by
non-electrochemical techniques (weight loss or hydrogen evolution).

The use of EIS gives a reliable and repeatable estimation of the instantaneous corrosion rate of
Mg/Mg alloys [13].

The EIS technique has the ability to study high-impedance systems, such as coatings and
linings, high-purity water, and organic coating/metal systems or corrosion in a low-conductive
solution [45].

3.3. Limitations of EIS

In spite of the obvious advantages of using EIS, there are certain limitations of the technique

including the following:

The major problem with EIS analysis is that, often, different equivalent circuit models all giving
low chi-squared (x?) error values can be used to fit the same EIS data [5,35,41]. Resistance and
capacitance data rely on the correct choice of electric model. Thus, the construction of a proper
equivalent circuit requires a deep understanding of the corrosion mechanisms of the system,
the use of complementary characterization techniques such as surface, optical, and/or physical
chemical analysis, and support by models from published works [5,34,35,39,41]. For instance,
Delgado et al. [17] validated their proposed equivalent circuits by comparing the corrosion rates
obtained from EIS for AZ31 specimens with those obtained from weight loss and hydrogen
evolution methods. However, this is not a common practice.

Another major limitation of global EIS measurements is its poor lateral resolution, as the impedance
is averaged over the whole macroscopic electrode surface [46]. This makes it more difficult to study
localized electrochemical corrosion reactions in which the specific electrochemical parameters of
the micro-defect are averaged from those of the entire electrode surface [40].

A major disadvantage of AC impedance measurements is that it is not possible to convert the
polarization resistance into a corrosion rate without prior knowledge of the Tafel slopes values
and the Stern—-Geary coefficient [8].

Instabilities in the Mg corrosion process for Mg, such as relaxation of adsorbed species or pitting
corrosion, can induce dispersion in the impedance values recorded at low frequency.

Finally, unlike polarization curves, EIS cannot determine changes in corrosion potentials and
relative anodic and cathodic reaction kinetics caused by different alloying elements, microstructural
features (e.g., secondary phases), or solutions [5,42].

3.4. Typical Spectra and Equivalent Circuits

The typical impedance spectra of Mg/Mg alloys and the equivalent circuit used to fit the EIS

experimental data are shown in Figure 6. The simplest Nyquist plot reveals one semicircle (Figure 6a),
which may correspond to a corrosion process under activation control [45]. For analysis, the capacitive
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arc was simulated by a simple Randles equivalent circuit, consisting of the charge transfer resistance
(R2) in parallel with the double layer or oxide film capacitance (C1) in series with the solution resistance
(R1) [47,48] (Figure 6a). The diameter of the semicircle is associated with the charge-transfer resistance
(R2) [47,48]. In theory, the value of R2 can be used for measuring the corrosion rate of Mg alloys using
the Stern—Geary relationship. From the capacitance value, the thickness of the thin MgO surface film
may be estimated using:

d = egpS/C1 )

where S is the exposed area, ¢ is the relative dielectric constant of magnesium oxide (e = 10), and ¢
is the vacuum permittivity (g = 8.85 10~ F/em) [2,49]. This classic model, which is very common
for the metal/oxide layer/electrolyte of electrochemical systems, typically gives valuable information
regarding the reaction across the interface [50-52].

However, the use of this equivalent circuit for the quantitative measurement of the corrosion
rate of Mg alloys with more complex electrochemical behavior than predicted by this model presents
limitations and complications when trying to interpret and understand most impedance spectra [38].
For example, the real electrochemical interface on the microscopic level is not the often-presumed
smooth, uniform, and non-defective surface that is typical for a pure capacitator [40]. It contains a large
number of structural features such as porosity, surface inhomogeneities, and surface roughness [53].
Consequently, in the Nyquist plot, the semicircle becomes flattened (Figure 6b). Owing to the
non-uniform distribution of current flow arising from surface inhomogeneity, constant phase elements
(CPE1) are chosen to replace the double-layer capacitance (and other capacitances) in the equivalent
circuits (Figure 6b). The impedance of the CPE is defined as

ZCPE = 1/Y(jw)™ 3)

where Y is a parameter related to the electrode capacitance and « is a coefficient between 0 and 1.

When the corrosion mechanism is controlled not only by a charge-transfer process but also by
the diffusion of charged species through the corrosion products, a straight line with a slope of 45°
is observed at the lower frequencies in the Nyquist plot [54,55] (Figure 6¢). Therefore, a modified
Randles-type equivalent circuit with a semi-infinite Warburg diffusional impedance element (Ws1) is
used to simulate the EIS results [56,57], as shown in Figure 6¢c. These low-frequency tails might be
expected to bear a close relation with the diffusion coefficient of the electroactive species through the
corrosion layers [58].

To the author’s knowledge, there have been relatively few EIS studies about the corrosion of Mg
alloys that have reported Nyquist plots characterized by a single capacitive loop at a high frequency
and one inductive loop at a low frequency [17,59-64] (Figure 6d). The reason for the presence of the
inductive loop can be pitting corrosion and linked to adsorption/desorption of intermediates on the
electrode surface [50,65,66] or because of accelerated anodic dissolution [9]. The inductive loop could
disappear when corrosion protective layer is formed on the surface [67-69], whereas larger inductive
loops indicate more severe pitting corrosion [64]. Considering the inductive response observed at low
frequencies, a resistance (R3) and an inductor (L) were incorporated into the simple Randle circuit [64]
(Figure 6d).

Electrochemical impedance experiments can often detect the formation of protective corrosion
product layers or the presence of coatings on the surface of Mg [5]. In such cases, the EIS spectra
comprise of two capacitive loops in the high- and low-frequency ranges, and there is no inductive loop
(Figure 6e). In the equivalent circuit, R1 and C1 represent the resistance and capacitance components
of the protective corrosion layer or coating, R2 is the charge transfer resistance, and C2 characterizes
the capacitance of the electric double layer [70,71] (Figure 6e).
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Figure 6. Typical shapes of Nyquist and Bode plots and often used equivalent circuits to describe
Mg corrosion processes.(a) Simple Randles equivalent circuit, (b) Randles equivalent circuit modified
with a constant phase element, (c) Randles equivalent circuit modified with a semi-infinite Warburg
diffusional impedance element, (d) Randles equivalent circuit modified with an inductor and a
resistance, (e) equivalent circuit with two time constants (f) equivalent circuit with three time constants.

In the literature that describes the use of the EIS technique to study the corrosion of Mg alloys,
it is normal to find impedance diagrams that are rather complex, showing a capacitive arc at high
frequencies (HFs), a second capacitive arc at medium frequencies (MFs), and an inductive loop at
the lowest frequencies [12,29,50,72-81] (Figure 6f). However, the interpretation of the two HF and
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MF capacitive arcs is a controversial and uncertain subject [28,72]. Some works suggest that the HF
capacitive arc can be ascribed to charge transfer processes and the capacity effect of the electrochemical
double layer, while the MF capacitive arc can be associated with mass transport processes related to
the diffusion of Mg2+ ions through the layer of corrosion products [12,29,50,73,75-80,82]. In contrast,
other works attribute the HF capacitive arc to the resistance of passivating films [81,83-88] or to the
layers of corrosion products [89,90], while the MF capacitive arc has been related to the charge transfer
reaction [9,19,81-93].

In most studies on Mg alloys using the EIS technique, a deductive approach is used, and the
numerical value of electrical parameters is calculated from the fit of experimental impedance diagrams
to equivalent electrical circuits based on the kinetics of a hypothetical reaction or a set of electrochemical
reactions taking place in the system [69,73,75]. However, it should be noted that electrochemical
reactions involved in both the corrosion of Mg and the physical explanation of the electrical
components used in electrical circuits are not fully understood, despite large discussions on the
subject [9,19,69,73,75,94]. Today, there is significant controversy over the corrosion mechanisms of
Mg [94]. Some works [69,73,75] have suggested the formation of uni-positive Mg™ ions as reaction
intermediates on the surface of Mg alloys during the corrosion process, and other recent works [9]
have questioned its existence.

4. Corrosion Rate Values Determined by EIS

The EIS technique has been widely used to obtain qualitative information
on the reactions and mechanisms of the electrochemical deterioration of
Mg alloys [48-50,52-54,56,57,65,67,69,72,73,76,83,95,96]. In addition, it has been used for qualitative
evaluation and comparison of the corrosion resistance of this material [17,84,97]. Much less common
are papers presenting quantitative values of the corrosion rate obtained from the impedance
diagrams [6,9,16,19,28,29,55,87,88,91,92,94,98-101]. However, the use of this technique for the
quantitative measurement of the corrosion rate of Mg alloys, which have more complex electrochemical
behavior than most other metals [1], presents a high degree of uncertainty regarding the interpretation
of the different arcs and the value of the resistance deduced from the impedance diagram that is most
directly related to the corrosion rate of Mg alloys [9,19].

In 1938, Wagner and Traud [102] showed that, when the reactions in a corrosion cell are under
activation control, the corrosion current density (icorr) and polarization resistance (Rp) are inversely
proportional. Later, Stern and Geary [103] emphasized the practical applicability of this relationship,
as indicated in Equation (4), for determining the instantaneous corrosion rate:

lcorr = B/Rp (4)

where B depends on the anodic Tafel slope (fa) and cathodic Tafel slope (fa and fc) [9,104,105].

A common method used to determine parameter B is to use the slope of the linear Tafel region
(activation control) of anodic and cathodic potentiodynamic polarization curves. Atrens et al. [2]
commented that accurate determination of the corrosion rate for Mg/Mg alloys using the Stern—Geary
equation critically depends on the values of the Tafel slopes obtained from the polarization curves.
While the polarization curves of Mg/Mg alloys have well-defined cathodic branches and the c can
be measured relatively easily [106,107], oftentimes, there is no reasonable linearity of the anodic
parts of the polarization curves [9,19]. In the case of Mg alloys, the substantial hydrogen evolution
(negative difference effect) during Mg anodic dissolution and local alkalization produces a large
ohmic potential drop in the proximity of the electrode surface, often leading to non-linear regions
on semi-logarithmic plots of the anodic polarization curve [108]. Curioni et al. [19] commented that
attempting to estimate the anodic Tafel coefficient proved unsuccessful. Large uncertainty in the
Ba values from the polarization curves may cause large errors in the estimated values of corrosion
rates [2]. In addition, it is worthwhile noting that potentiodynamic polarization is an instantaneous
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electrochemical test [9], and corrosion mechanisms and Tafel slopes can significantly change with the
exposure time until steady-state corrosion is reached [91].

When polarization curves do not exhibit linear Tafel behavior, an alternative approach is to
determine the so-called “apparent” Stern-Geary coefficient (B’) empirically from the correlation
between values of resistances extracted from electrochemical techniques and corrosion rates obtained
by hydrogen evolution and/or weight loss for the same material [9,19,34,99,106,109,110]. In general,
B’ varies among different corrosion systems with different alloys, solutions, immersion times, and other
factors that influence the corrosion kinetics [111].

Finally, the resistance obtained from EIS data, which is more intimately correlated with the
corrosion rate, has been considerably debated in the literature. Some authors propose that the corrosion
rate is mainly determined by the R; value obtained from the diameter of the HF capacitive arc [100,101]
or the MF capacitive arc, while others suggest that it is mainly related to resistance polarization (Rp),
defined as (i) the sum of the diameters of both capacitive arcs [76,112], (ii) as the value of the real part
of impedance at the lowest frequency [29], or (iii) as an extrapolation of the inductive tail to the real
axis of impedance diagrams at zero frequency [9,91,92].

5. Comparison of Mg Corrosion Rates Calculated Using EIS and Non-Electrochemical Methods

Over the last three decades, some researchers have attempted to establish possible relationships
between the evolution of the values extracted from the fit of the impedance diagrams and the actual
corrosion rate obtained by non-electrochemical methods over time as a tool for the interpretation of
impedance diagrams and to understand the mechanism of Mg corrosion.

5.1. Use of the Charge Transfer Resistance, Ry, Determined from EIS Data for the Determination of the
Magnesium Alloy Corrosion Rate

In 1990, Makar and Kruger [101] compared corrosion rates calculated by EIS with those obtained
by weight loss for five binary rapidly solidified (RS) Mg alloys after several days of immersion in pH
9.2, 0.05 M sodium borate. The magnesium-based materials were pure Mg, commercial alloy AZ61,
high-purity Mg-30Al, an Mg-A1-Zn-Y alloy, and an Mg-A1-Zn-Nd alloy. Nyquist plots for most of
the Mg alloys were characterized by one capacitive semicircle at a high frequency followed by a more
or less well-defined arc or tail at a lower frequency. The HF semicircle was attributed to the influence
of charge transfer resistance. Using the Stern—Geary expression and assuming B approximately 0.017 V
(Ba approximately 60 mV and fc approximately 120 mV), these authors found that the corrosion rates
calculated from the diameter of the high-frequency capacitive semicircle matched the weight loss data
very well for a wide range of magnesium alloys (Table 1).

Table 1. Corrosion rate (mm/y), for Mg alloys exposed 4-8 days in pH 9.2 sodium borate measured
using EIS, Pgrs, and weight loss, Pyy.

Alloy Pgis Pw Pw/Pgis
AZ61 3.3 2.7 0.81
Mg-30Al 0.85 1.2 1.4
Mg—Al—Zn—Y 3.0 3.1 1.0
Mg—Al—Zn—Nd 34 24 0.71

Additionally, in the early 1990s, Pébere et al. [100] investigated the electrochemical behavior of
pure magnesium in a 0.5 M Na,S04 solution of pH 10 by measuring the electrochemical impedance.
The impedance diagrams (Figure 7) showed two well-defined capacitive semi-circles followed by an
inductive loop. The higher frequency capacitive loop resulted from both charge transfer resistance
and oxide film capacitance. The lower frequency capacitive loop was attributed to mass transport
relaxation (probably Mg*) in the corrosion products layer. The inductive loop may have resulted from
relaxation processes of adsorbed species on the electrode surface, such as Mg(OH)ads + or Mg(OH)s.
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These authors obtained values of fa approximately 208 mV and fc approximately 280 mV (B = 0.052 V)
from the polarization curves. Pébere et al. [100] found that the corrosion rates determined from the
Stern and Geary relationship using the charge transfer resistance value (diameter of the high-frequency
loop in the impedance diagram) were in good agreement with those obtained by direct measurement
of the atomic absorption of magnesium in solution (Table 2).

i SmMx

-2 /Q.cm?

o &

100 200 300
Z'/Q.cm? Sale

Figure 7. Electrochemical impedance diagrams for pure Mg after immersion in a 0.1 M NaySO4 solution
and recorded in galvanostatic mode after two different hold times at R= 1000 rpm: (a) 2.5 and (b) 20 h.
Reprinted with permission from [100]; 1990, Elsevier.

Table 2. Corrosion currents (pA-cm—2), for Mg alloys exposed 15 h in 0.5 M NaSO; at two rotation
speeds calculated from impedance, I+(imp), and atomic absorption, Ir(abs), measurements.

Qf pm Leom( imp) Icor(abs) Leorr(abs)/Icor (1mp)
600 330 400 1.2
2400 460 850 1.8

In a recent study [94], a perfect agreement was obtained between the corrosion rates determined
from atomic absorption measurements and those calculated from the electrochemical data, assuming
an average Mg oxidation number of 1.5 (due to the existence of monovalent and divalent ions in the
same proportions in the mechanisms of Mg corrosion) and using Faraday’s law.

5.2. Use of the Polarization Resistance, Ry, Determined from the EIS Data for Determination
of the Corrosion Rate

Over the last decade, several studies have been performed by Atrens and coworkers [6,28,29,87,88]
to explore EIS measurements of the corrosion rate for Mg alloys. In general, these studies have used
the polarization resistance, Rp,, defined as the real part of the impedance at the lowest frequency,
in the Stern-Geary equation. The corrosion rates evaluated by EIS were consistently lower than
those produced using the hydrogen evolution and weight loss methods. The authors [6,28,29,87,88]
suggested that the underestimation of the corrosion rate by EIS is linked to a mechanism of Mg
corrosion involving the uni-positive Mg™ ion, in which part of the reaction is chemical rather than
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electrochemical. This experimental evidence tends to suggest that EIS data do not provide accurate
measurements of the corrosion rate [6,28,29,87,88] (Figure 8).
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Figure 8. Comparison of the corrosion rates evaluated from weight loss, hydrogen evolution, and the
corrosion current density from cathodic polarization curves and EIS, during immersion testing at the
open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH), for 7 days at 25 + 2 °C for
as-cast HP Mg and as-cast Mg—X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg6Al, Mg55n, Mg0.35i, Mg5Zn,
and Mg0.1Zr [88]. Reprinted with permission from [88]; 2013, Elsevier.

Recently, Scully and coworkers [9,91,92] studied possible correlations between the “real” corrosion
rate (determined from gravimetric mass loss, Hy collection, or chemical analysis techniques) and
impedance measurements for commercially pure Mg and a broad range of Mg-Al alloys. Two capacitive
loops and an inductive loop were observed in the Nyquist plots of Mg/Mg alloys in various
chloride-containing environments, similar to the diagram reported earlier for Mg in sulfate [100].
The impedance spectra were fitted with the equivalent circuit shown earlier in Figure 6f. Scully and
coworkers showed the corrosion rate calculated from EIS data using the polarization resistance, Ry,
determined as the frequency approached zero by the extrapolation of the impedance data (Figure 9).
Their results revealed an excellent correlation with non-electrochemical evaluations of the corrosion
rates (Figure 10). These authors [9] critically addressed previous studies that used the charge transfer
resistance, R¢, measured at an intermediate frequency, neglecting the inductive behavior, stating that
they may have underestimated the magnesium corrosion rate; in most cases by a factor of two or more.
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Figure 9. EIS measurement (scatter plot) and model fit (solid lines) of high purity Mg after 24 hrs of
immersion at open circuit in quiescent 0.1 M NaCl displaying low frequency inductance. R; defined as
the value corresponding to Z’ when —Z” = 0, whilst Rp is defined as the zero frequency impedance at
-Z” = 0. Reprinted with permission from [9]; 2014, Elsevier.

400

4[] Gravimetric mass loss
360 4 ZA H, collection

320 4 55 ElS-estimated R‘

280 4

FOUSRNR |
A

240 +
200-
160 4
120

,/vl

80 4

N
r

Anodic Charge Consumed/C.cm”

40 -

T e

0 v Y v T
0.1 1.0 50

NaCl conc./mol.dm™

Figure 10. Anodic Mg charge consumed during 24 h full immersion in ambiently aerated, quiescent
0.1, 1.0, and 5.0 M NaCl solution at open circuit as estimated by gravimetric mass loss, H; collection,
and EIS-estimated Rp. Reprinted with permission from [9]; 2014, Elsevier.

5.3. Use of Apparent Stern—Geary Coefficients (B’)

As mentioned above (Section 4), because the polarization curves for pure Mg/Mg alloy often do
not exhibit linear Tafel regions, especially in the anodic branch, the determination of Tafel slopes is
not accurate [1]. For this reason, some investigations have recently been conducted with the aim of
estimating the B constant from the correlation between EIS and non-electrochemical evaluations of the
corrosion rates [19,34,109,110].

In our previous study of AZ31 and AZ61 alloys’ corrosion, empirical determination of B’ from
the correlation between ElS-estimated R; values and gravimetric measurements yielded values of
approximately 65 mV for the AZ31 specimen and 120 mV for the AZ61 specimens [110]. In more
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recent studies, we obtained a good agreement between the corrosion rates measured by weight loss
and hydrogen collection and those calculated from EIS measurements (Figure 11) assuming these B’
values [16,97,113,114]. Overall, we observed that B’ is specific to the system studied and can vary
substantially depending on the composition of the alloy and the corrosive medium [17,99,109].
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Figure 11. Comparison of corrosion rates (mm/y) obtained from EIS with weight loss and hydrogen
evolution measurements for (a) AZ31 and (b) AZ61 alloys after 14 days immersion in 0.6 M NaCl.
Reprinted with permission from [113]; 2014, Elsevier.

As commented earlier, King et al. [9] measured the corrosion current by mass loss and
hydrogen collection methods and estimated R, values from EIS data for high-purity magnesium in
NaCl 0.6 M, obtaining an “apparent” Stern—-Geary coefficient (B") of 36 mV. This work was continued
by Bland et al. [91,92] for several Mg—Al alloys (AZ31, AM50, AM60, and AZ91) in 0.6 M NaCl, who
presented a B’ value of 36 mV, similar to that previously reported by King et al. [9].

Finally, Curioni and coworkers [19,55] observed a linear relationship between the corrosion current
measured by hydrogen collection and/or weight loss and the reciprocal of the Rt value estimated by
EIS in NaCl solutions for pure Mg/Mg alloys (Figure 12) The experimentally measured proportionality
constant provided a B’ value of 253 mV for Mg in NaCl solutions and 85 mV for Mg-1Ca in simulated
body fluid (SBF) [19,55].
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Figure 12. Corrosion current as a function of (a) the reciprocal of the zero-frequency resistance (RA

in parallel with the series of Rcp and Rcrt), (b) the reciprocal of the series of Rcp and Ret and (c) the

reciprocal of the series of Rct. The slope of the fitting line provides direct estimation of the ‘apparent’

Stern—-Geary coefficients. Filled symbols are obtained from measurement 3.5% NaCl, empty symbols

from measurement in 0.35% NaCl [19].

6. Conclusions

A brief review of the EIS technique was given, which can provide kinetics in the form of corrosion
rates and mechanistic information of Mg corrosion processes. The basics of EIS measurements, their
advantages and disadvantages, and the typical spectra and equivalent circuits used for interpretation



Metals 2020, 10, 775 17 of 22

of EIS data of Mg were described and discussed. Electrochemical evaluation of the corrosion rate
is considered a key requirement to evaluate the corrosion performance of new Mg-based materials.
The EIS technique has been demonstrated to be a powerful tool for continuous quantitative assessments
of the corrosion rate of Mg/Mg alloys in real time due to its “non-destructive” nature and its ability
to detect minute variations in the corrosion rate, which are significantly smaller than in other
non-electrochemical methods, such as weight loss or hydrogen evolution. Furthermore, EIS provides
qualitative information on the mechanism of Mg corrosion. However, the use of this technique for
the quantitative measurement of the corrosion rate of Mg/Mg alloys, which have more complex
electrochemical behavior than most other metals, presents limitations and complications when trying
to interpret the multiple capacitive and inductive loops drawn on the impedance diagrams and the
evolution of the electrochemical parameters that are deduced from them as a function of time. Though
much insight has been now gained on the application of EIS to assess the corrosion rate of Mg alloys,
some controversies regarding the use of the Stern-Geary relationship have not been settled beyond
doubt. It is expected that the next decade will shed more light on the capabilities of EIS for addressing
Mg/Mg alloys’ corrosion phenomena. Comparative studies using surface, optical, and/or physical
chemical analysis and EIS data need to be carried out in order to interpret the impedance diagrams
obtained in this complex electrochemical system correctly. As has been shown in this review, a good
agreement has been observed between “electrochemical” and “non-electrochemical” methods for
measuring the corrosion rate of Mg alloys. The use of “apparent” Stern-Geary coefficients is an
interesting approach to circumvent the problem of accurate determination of Tafel slopes of Mg/Mg
alloys, but the quantity of the results published using this approach is still small, and diverse to make
this a real alternative.
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