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Abstract: Recent progress is reviewed. Recent developments include: (i) accumulation of evidence
that electrochemical measurements of the Mg corrosion rate often do not agree with the steady
state Mg corrosion rate as measured by weight loss; (ii) low Fe tolerance limits are caused by heat
treatment of nominally high-purity Mg and the presence of Si, (iii) the intrinsic Mg corrosion rate
is 0.3 mm/y in a chloride solution as measured by weight loss, (iv) there are many Mg alloys with
corrosion rates between 0.3 and 1.0 mm/y, (v) there are few Mg alloys with corrosion rates less
than 0.3 mm/y, (vi) experimental evidence contradicts the enhanced catalytic activity mechanism
of Mg corrosion, (vii) experiments support the uni-positive Mg* mechanism, (viii) new compelling
experimental evidence supporting the uni-positive Mg* corrosion mechanism has been provided by
electrochemical impedance spectroscopy (EIS), and (ix) the uni-positive Mg* corrosion mechanism
provides new insights for understanding the performance of Mg-air batteries and for the development
of better Mg anodes.

Keywords: Mg corrosion; anodic hydrogen; intrinsic Mg corrosion rate; uni-positive Mg* corrosion
mechanism; enhanced catalytic Mg corrosion mechanism; apparent Mg valence; Mg-air battery; Mg
anode efficiency

1. Introduction

This paper reviews recent progress in the understanding Mg corrosion, with an empha-
sis on “general corrosion” in chloride solutions, an improved understanding of the anodic
hydrogen evolution on anodic polarization and an improved understanding of the Mg corro-
sion mechanism. There have been a series of reviews on Mg corrosion and oxidation [1-12].
These reviews provide the interested reader with an excellent understanding of Mg cor-
rosion and oxidation. They are essential reading for anyone undertaking research on Mg
corrosion and oxidation. There is also much important detail in the recent literature on Mg
corrosion [13-50] and in our other recent papers [51,52]. There are also reviews on stress
corrosion cracking (SCC) of Mg [53-59], biocorrosion of Mg [1,60-64], oxidation and burning
of Mg alloys [65-69], Mg anodes in Mg batteries [70], and much the literature on the effect
of inhibitors and coatings [71-75]. These references introduce these topics. However, the
interested researcher needs to dig deeper for a comprehensive overview.

“General corrosion” is the main topic of this review, in the sense of Mg corroding
when exposed to an electrolyte solution such as a chloride solution. Chloride solutions are
popular because chlorides are ubiquitous in most service environments (e.g., close to the
sea, salt used for road de-icing, sweat, synthetic body fluids used to study biocorrosion)
and are typically more corrosive than other common solutions such as sulphate and acetate
solutions. The corrosion of Mg alloys tends to be limited in depth because of the associated
alkalinization, except for corrosion associated with second phases when the corrosion of the
adjacent alpha-Mg matrix is typically accelerated by the micro-galvanic corrosion caused
by the second phase acting as a more-efficient cathode for the cathodic hydrogen evolution
reaction [4,5].
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Corrosion in solution can be studied by a wide variety of techniques [2-5,76,77] such
as weight loss and electrochemistry, so the study of such Mg corrosion continues to be
popular, and of technological importance. However, a purpose of such studies has also
been to understand corrosion in such service applications as in automobile service and
in biodegradable medical implants. There are clearly other factors of importance in such
service applications [1,2], although the studies of Mg corrosion in chloride solutions does
provide a useful framework to understand Mg corrosion in the more complex environments,
such as encountered during bio-corrosion, during auto service and during exposure to the
atmosphere. The understanding of Mg corrosion in chloride solutions provides a useful
foundation for the study of Mg corrosion in the more complex environments.

There is good evidence [52] that there is typically a double layer film on the surface of
Mg during corrosion in chloride solutions. A thin MgO layer (~3-10 nm thick) adjacent
to the Mg metal surface provides some corrosion protection, on top of which is a thicker
(~0.02 mm) porous layer of Mg(OH),. X-ray diffraction typically detects the Mg(OH); layer,
whereas the MgO layer is harder to detect [78] and has been studied using techniques such
as XPS (X-ray photon spectroscopy) and TEM (transmission electron microscopy).

This review starts with the measurement of the corrosion rate of Mg alloys. This is not
a new topic, nevertheless there are important aspects that need to be repeated because they
should be better understood by researchers studying Mg corrosion. It is well known that
there is an extreme increase in the Mg corrosion rate for a Mg alloy containing an impurity
element concentration above the tolerance limit. An overview of recent new insights is
provided herein. There continues to be much effort to produce more corrosion resistant
Mg alloys. These works need to compare the measured corrosion rates of their alloys with
the intrinsic Mg corrosion rate. Recent work on anodic hydrogen evolution has provided
strong experimental evidence contradicting the enhanced catalytic activity mechanism
and in support of the uni-positive Mg* corrosion mechanism. Atrens et al. [2] provided
a thorough review of the evidence relevant to the understanding of the Mg corrosion
mechanism, and the interested reader should consult that review. The new compelling
experimental evidence supporting the uni-positive Mg* corrosion mechanism is herein
reviewed. This new evidence relates to anodic hydrogen evolution, new experimental
evidence gathered using electrochemical impedance spectroscopy (EIS) and the new insights
that the uni-positive Mg™* corrosion mechanism provides for understanding the performance
of Mg-air batteries.

2. Corrosion Rate Measurement

This section briefly introduces the common methods used for the measurement of the
Mg corrosion rate for Mg exposed to an electrolyte solution such as a chloride solution.
The good agreement between the hydrogen evolution method and the weight loss method
indicates that both methods are reliable for the measurement of substantial corrosion rates.
The hydrogen evolution method indicates corrosion rates that are much too low for low
Mg corrosion rates. Furthermore, the hydrogen evolution method is often not useful in the
synthetic body fluids used to study the biocorrosion of Mg alloys.

2.1. Hydrogen Evolution

The overall Mg corrosion reaction is as follows.
Mg + H" + H,O — Mg?" + OH™ + H, (1)

One atom of Mg reacts with water to produce one Mg** ion and one hydrogen
molecule. Consequently, the corrosion rate of Mg can be conveniently measured by means
of measurement of the volume of hydrogen evolved per unit time as suggested by Song,
Atrens and StJohn [79]. A convenient method of measuring the evolved hydrogen is
illustrated in Figure la. The evolved hydrogen from a freely corroding Mg specimen is
channeled by an inverted filter funnel into a burette, which allows the periodic recording
of the evolved hydrogen volume. The volume of evolved hydrogen can also be measured
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as the buoyancy caused by the displaced water [80]; nevertheless, the principle of the
technique remains the same.

Figure 1. Cont.
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Figure 1. (a) Schematic for the apparatus for the measurement of the evolved hydrogen from a freely
corroding Mg specimen [79]. The evolved hydrogen is channeled by an inverted filter funnel into
a burette, which allows the periodic recording of the hydrogen volume. This technique has been
modified to allow measurement using the buoyancy of the displaced water [80], nevertheless the
principle remains the same. (b) An illustration of the fishing line method [76,77], wherein the Mg
specimen is supported in the solution by a fishing line, so that the specimen surface exposed to the
solution is maximized. (c) A Mg specimen mounted in metallurgical epoxy, with an electrical connec-
tion to the back of the specimen to allow the specimen to be used for electrochemical measurements,
such as illustrated in (d). The front surface can be ground and polished using standard metallurgical
methods. (d) A plug-in specimen ((A) shows assembly of a plug-in specimen) and the arrangement
(as shown in (B)) by which the plug-in specimen can be used for (i) weight loss measurements, (ii)
measurements of the evolved hydrogen volume, and (iii) electrochemical measurements. The bared
copper conductor is pressed into the undersized hole drilled into the Mg specimen to provide a
reliable electrical contact. With care the electrical conductor can be removed after exposure to the
corrosive solution allowing weight loss measurement.

Figure 1b provides an illustration of the fishing line method [76,77], wherein the Mg
specimen is supported in the solution by a fishing line, so that the specimen surface exposed
to the solution is maximized, and there is minimum influence of the specimen mount or
support. Figure 1c provides a photo of a Mg specimen mounted in metallurgical epoxy,
with an electrical connection to the back of the specimen to allow the specimen to be used
for electrochemical measurements, such as illustrated in Figure 1d. The front surface can
be ground and polished using standard metallurgical methods to easily produce a highly
reproducible surface. Figure 1d provides an illustration of a plug-in specimen and the
arrangement by which the plug-in specimen can be used for (i) weight loss measurements,
(ii) measurements of the evolved hydrogen volume, and (iii) electrochemical measure-
ments. The bared copper conductor is pressed into the undersized hole drilled into the Mg
specimen to provide a reliable electrical contact. With care, the electrical conductor can be
removed after exposure to the corrosive solution, allowing weight loss measurement.
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Typical corrosion rate data [81] is presented in Figure 2, which presents a cross plot of
independent measurements of the average corrosion rate evaluated from the total volume
of evolved hydrogen, Pay, plotted against the average corrosion rate over the experimental
duration measured from the weight loss, Py, which is typical of measurements in chloride
solutions. Figure 2 shows that, for substantial corrosion rates, the average corrosion rate
evaluated from the total volume of evolved hydrogen, Py, is in good agreement with the
average corrosion rate over the experimental duration measured from the weight loss, Py .
This gives credence that both measurements represent good measurements of the actual
Mg corrosion rate.
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Figure 2. A cross plot [81] of independent measurements of the average corrosion rate evaluated
from the total volume of evolved hydrogen, Pay, plotted against the average corrosion rate over
the experimental duration measured from the weight loss, Py. Open symbols represent data from
solution treated alloys. Full symbols represent data from as-cast alloys.

Figure 2 indicates that, for low corrosion rates, the average corrosion rate evaluated
from the total volume of evolved hydrogen, Py, is less than, and sometimes very much
less than, the average corrosion rate over the experimental duration measured from the
weight loss, Py. Under these conditions, the average corrosion rate evaluated from the
total volume of evolved hydrogen, Py, is not a good measure of the Mg corrosion rate.
This provides one obvious limitation to the measurement of the Mg corrosion rate using
hydrogen evolution. It must also be remembered that the weight loss method is limited by
(i) the resolution of the scale used for the weighing of the specimen (typically 0.1 mg), and
(ii) the requirement to remove all corrosion products and no uncorroded metal. (Weight
loss measurements are in error if the weight loss measurements are carried without removal
of corrosion products).
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Another limitation of the hydrogen evolution method for the measurement of the Mg
corrosion rate is that the method typically does not work well in the synthetic body fluids
used to characterize Mg biocorrosion, particularly at low corrosion rates. An example is
shown in Figure 3 [82]. Figure 3 presents hydrogen evolution data for various Mg alloys in
Nor’s solution: CO,-bicarbonate buffered Hanks’ solution. The amount of hydrogen dis-
solved in the solution caused decreases in the total measured volume of evolved hydrogen,
which in some cases decreased with elapsed time, leading to apparent negative corrosion
rates. One expects that such an apparent negative corrosion rate would alert the researcher
that there is something inappropriate in the experimental arrangement or analysis. This
example is presented herein to provide an alert to this possibility.
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Figure 3. Hydrogen evolution [82] for various Mg alloys in Nor’s solution: CO;-bicarbonate buffered
Hanks’” solution.

2.2. Electrochemical Measurements

Mg corrosion rates measured by electrochemical methods have typically not agreed
with the steady state corrosion rates measured by weight loss. This is not a new observation.
This has been well known for a long time. Figure 4 provides typical data from a recent
compilation of experiment measurements [83]. Mg corrosion rates were measured by elec-
trochemical methods (Mg corrosion rates measured by Tafel extrapolation of polarization
curves, P;, and using electrochemical impedance spectroscopy, Pgis) (The electrochemical
measurements of the corrosion rate in Figure 4 were those in each of the papers. They
typically made an estimate of the anodic Tafel constant from the anodic branch of their
measured polarization curves). These measurements were cross plotted against indepen-
dent measurements made in the same paper of the steady state corrosion rate as measured
by weight loss, Pyy, or by hydrogen evolution, Py. Figure 4 shows that the Mg corrosion
rates measured by electrochemical means were typically much less than the Mg steady
state corrosion rates, Py or Py,
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Figure 4. Typical data from a recent compilation of experiment measurements [83]. Mg corrosion
rates were measured by electrochemical methods (Mg corrosion rates measured by Tafel extrapo-
lation of polarization curves, P;, and using electrochemical impedance spectroscopy, Pgis.) These
measurements were cross plotted against independent measurements made in the same paper of
the steady state corrosion rate as measured by weight loss, Py, or by hydrogen evolution, Pyy. The
line drawn in the figure is a guide to the eye and shows the condition of equality. The experimental
measurements clearly show that the Mg corrosion rates measured by electrochemical methods did
not agree with the steady state corrosion rates measured by weight loss or hydrogen evolution.

Part of the explanation is that electrochemical measurements are often carried out
soon after specimen immersion in the solution. This is often before steady state conditions
have become established. This can be understood from Figure 5 [84]. Figure 5 presents
the evolved hydrogen volume as a function of immersion time for high purity Mg as-cast
and after heat treatment at 550 °C. The corrosion rate is evaluated from the slope of the
hydrogen evolution curve. The data represented by the squares indicates that there was
an initial low corrosion rate, which accelerated with immersion time until a steady state
corrosion rate was reached that was significantly greater than the initial corrosion rate. This
indicates that the initial corrosion rate (as typically measured by electrochemical methods)
was not representative of the steady state corrosion rate, (as measured by weight loss).
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Figure 5. The evolved hydrogen volume [84] as a function of immersion time for high purity Mg
as-cast and after heat treatment at 550 °C. The corrosion rate is evaluated from the slope of the
hydrogen evolution curve. The data represented by the squares indicates that there was an initial low
corrosion rate, which accelerated with immersion time until a steady state corrosion rate was reached
that was significantly greater than the initial corrosion rate. This indicates that the initial corrosion
rate (as typically measured by electrochemical methods) was not representative of the steady state
corrosion rate, (as measured by weight loss). Low corrosion rates were measured for the pure Mg in
the as-cast state (open circles). As predicted by the Mg-Fe equilibrium phase diagram, heat treatment
caused much higher corrosion rates due to the precipitation of Fe-rich particles.

3. Tolerance Limits

Figure 6 presents data [84] indicating that the corrosion rate is high above the compo-
sitional dependent tolerance limit, whereas there is a low corrosion rate for compositions
below the tolerance limit.
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Figure 6. Data [84] indicate high corrosion rates above the compositional dependent tolerance

limit (i.e., for positive values on the variable plotted on the X-axis), and a low corrosion rates for
compositions below the tolerance limit (i.e., for negative values of the X-axis).

The Fe tolerance limit can be understood by considering the equilibrium Mg-Fe phase
diagram [84] which is shown in Figure 7. The Mg-Fe equilibrium phase diagram is an
eutectic phase diagram [84]. The eutectic concentration of 0.018 wt% Fe (180 wt ppm)
corresponds to the Fe tolerance limit for a pure Mg casting. Solidification of a casting
with a higher Fe content causes primary solidification of the Fe-rich BCC, so that all such
compositions contain the Fe-rich BCC phase on solidification, which causes high corrosion
rates of the Mg alloy because the Fe-rich BCC phase is an extremely effective hydrogen
evolution cathode. Only alpha-Mg is typically the result of normal solidification of a Mg
alloy with a Fe content less than the eutectic concentration. As-solidified, such alpha-Mg
produces low corrosion rates. However, the Mg-Fe phase diagram indicates that such
alpha-Mg is in a meta-stable state. The equilibrium microstructure is alpha-Mg plus the
Fe-rich BCC phase. This predicts that heat treatment of as-cast Mg with an Fe-content
between 2 wt ppm and 180 wt ppm causes precipitation of Fe-rich particles and a significant
increase in the corrosion rate. This prediction was verified by the data in Figure 5 by the
much higher corrosion rates after heat treatment of the as-cast pure Mg.
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Figure 7. The Mg-Fe equilibrium phase diagram is a eutectic phase diagram [84].

This indicates that the Fe-tolerance limit may be dependent on heat treatment. The Fe
tolerance limit is 180 wt ppm Fe for pure Mg in the typical as-cast condition, but ~2 wt ppm
after heat treatment.

The Fe tolerance limit can also be drastically decreased in the presence of small
concentrations of Si [85]. Si has extremely low solubility in Mg and easily forms Fe-rich
precipitates containing FeSi. The low Fe tolerance limit can be easily understood from
Figure 8. Figure 8 presents corrosion rates evaluated by weight loss for pure Mg containing
Fe: (i) the stars represent data from Yang et al. [85] for corrosion of pure Mg also containing
Siin 3.5 wt% NaCl for 2 days, and (ii) the squares represent data from Hanawalt, Nelson
and Peloubet [86] (HNP) for alternate immersion in 3% NaCl. Figure from [85].

The data represented by the solid squares [86] represents the influence of Fe on
the corrosion rate of as-cast pure Mg (purified by distillation). This data shows that the
corrosion rate of pure Mg is 0.3 mm/y for an iron content below 180 wt ppm. This corrosion
rate, measured by weight loss, can be considered as the intrinsic Mg corrosion rate in a
chloride solution. Incidentally, for pure Mg, the corrosion rate is similar for a wide range of
chloride concentrations because there is no micro-galvanic corrosion acceleration [87]. The
data represented by the squares defined the Fe-tolerance limit at 180 wt ppm Fe for pure
as-cast Mg.

The data in Figure 8 represented by the stars indicate low Fe tolerance limits in the
presence of Si [85] and concomitantly high corrosion rates.
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Figure 8. Corrosion rates [85] evaluated by weight loss for pure Mg containing Fe: (i) stars represent
data from Yang et al. [85] for corrosion of pure Mg also containing Si in 3.5 wt% NaCl for 2 days,
and (ii) the squares represent data from Hanawalt, Nelson and Peloubet [86] (HNP) for alternate
immersion in 3% NaCl. Figure from [85].

4. Intrinsic Mg Corrosion Rate

As indicated in Figure 8 by the squares, the intrinsic Mg corrosion rate in a chloride
solution is 0.3 mm/y as measured by the weight loss method. This intrinsic Mg corrosion
rate is identified as the lowest measured corrosion rate for pure Mg is such solutions. The
above discussion indicates that the intrinsic Mg corrosion is only reliably measured using
the weight loss method. At such low corrosion rates, the other measurement methods
provide measurements that are erroneously too low, perhaps by orders of magnitude. All
techniques for the measurement of the corrosion rate are limited by the resolution of the
measuring method; this includes weight loss and hydrogen evolution. Although the weight
loss and hydrogen evolution methods would have limitations for any Mg alloys that would
form a protective or passive surface film, it must be remembered that the film that forms
naturally during Mg corrosion in chloride solutions provides minimal corrosion protection,
and the intrinsic Mg corrosion rate of 0.3 mm/y is actually quite substantial.

Figure 8 indicates that it has been known since 1948 that the intrinsic Mg corrosion
rate in a chloride solution is 0.3 mm/y. Any claim for exceptional corrosion performance
after that year for an Mg alloy with a significantly higher corrosion rate [88,89] is not valid.

The intrinsic Mg corrosion rate provides a useful benchmark against which to compare
Mg alloy corrosion measurements. Typically, Mg alloys have corrosion rates significantly
greater than the intrinsic Mg corrosion rate, often due to micro-galvanic corrosion accelera-
tion by second phases. Often there is discussion about how microstructural changes in such
Mg alloys “improve the corrosion resistance”. However, consideration should be given to
simply a change in the amount of micro-galvanic corrosion caused by the microstructure
changes in the “improved” alloy if the resultant corrosion rate of the “improved” alloy is
greater than the intrinsic Mg corrosion rate.
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In addition, the intrinsic Mg corrosion rate of 0.3 mm/y as measured by weight loss
provides a useful benchmark. A lot of effort has been expended to try to develop a Mg
alloy with a much lower corrosion rate.

5. Mg Corrosion Rates

Figure 9 provides a recent compilation [83] of corrosion rates of Mg alloys that was
focused on Mg alloys with low corrosion rates. The corrosion rate, as measured by weight
loss or hydrogen evolution, is plotted against total alloy content for convenience to display
a large amount of data. There is no expectation that the corrosion rate is simply related to
the total alloy content. The two horizontal lines are drawn representing corrosion rates of
0.3 mm/y and 1.0 mm/y. These horizontal lines are merely drawn as a guide to the eye.
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Figure 9. A recent compilation [83] of corrosion rates of Mg alloys that was focused on Mg alloys
with low corrosion rates.

The corrosion rate of 0.3 mm/y represents the intrinsic Mg corrosion rate for Mg
corrosion. This corrosion rate is the lowest corrosion rate measured for high purity Mg in
a chloride solution [86,90]. It is worth mentioning that there are many independent mea-
surements of such a corrosion rate for high purity Mg. The existence of many independent
measurements of such a corrosion rate for high purity Mg validates the concept of the
intrinsic Mg corrosion rate. It is also noteworthy that there are a number of Mg alloys with
a corrosion rate approaching the intrinsic Mg corrosion rate. These measurements include
measurements of Hanawalt, Nelson and Peloubet [86] from 1942 and Cao et al. [90] of 2013
and Yang et al. [91] of 2018.

There were a few Mg alloys with corrosion rates in chloride solutions with corrosion
rates somewhat lower that the intrinsic Mg corrosion rate. Such alloys are of immerse
technological and scientific interests; however, they continue to be rare.
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The corrosion rate of 1.0 mm/y is an arbitrary corrosion rate used to distinguish
between low corrosion rates and substantial corrosion rates. It is worth noting that there
are many Mg alloys with corrosion rates between 0.3 mm/y and 1.0 mm/y. This indicates
that the claims [88,89] in 2015 were not consistent with the literature that an alloy had been
produced that was more corrosion resistant than any Mg alloy produced so far [88,89].

The data presented by the full squares indicates that there are many Mg alloys with
corrosion rates significantly greater than 1.0 mm/y in chloride solutions and in synthetic
body fluids. In fact, most Mg alloys have such corrosion rates. This is because Mg
alloys typically contain phases in addition to the alpha-Mg matrix and these second phase
typically cause micro-galvanic acceleration of the corrosion rate of the Mg alloy because
the second phases are typically cathodic and are more efficient cathodes for the cathodic
hydrogen evolution reaction than the alpha-Mg matrix. Particularly deleterious are Fe-rich
second phases.

The green diamonds in Figure 9 [83] represent atmospheric corrosion rates of Mg
alloys. These are largely Mg-Al alloys. These corrosion rates are significantly lower that the
intrinsic Mg corrosion rate in chloride solutions and in synthetic body fluids. This lower
corrosion rate during atmospheric exposure is attributed to the more protective surface films
formed on the surface of the Mg alloy by the periodic drying during atmospheric drying.

6. Anodic Hydrogen Evolution

Li et al. [92] have provided new insights into the issue of anodic hydrogen evolution
on Mg. The cathodic partial reaction during Mg corrosion is mainly hydrogen evolution,
which in a neutral or alkaline solution can be written as follows.

1
H,O+e™ — OH™ + 5 H, 2)
For normal electrochemistry, if such a cathodic reaction is governed by Tafel kinetics,
the current density of the cathodic reaction, i.ggR T, at an applied potential, E, is given by

icHER,T = ioH exp {—(E-Ex)/ b} 3)

where iy is the exchange current density (i.e., a constant which is the speed of the forward
reaction rate at equilibrium which is equal to the speed of the backward reaction rate) and
by is the Tafel constant. Equation (3) indicates that cathodic current density of the cathodic
partial reaction, i.gr T, decreases rapidly with increasing anodic potential, and rapidly
reaches negligible values.

Mg is different in that the rate of hydrogen evolution increases rapidly with anodic
polarization as indicated in Figure 10 [92]. This rapid increase in the hydrogen evolution
rate with anodic polarization has been well known for a long time [4,5] and is labelled the
negative difference effect [4,5]. This evolved hydrogen evolution during anodic polarization
has also been designated as anodic hydrogen.

Clearly, the rapid increase in hydrogen evolution with anodic polarization is in con-
tradiction to normal Tafel kinetics for a cathodic reaction if it is assumed that the evolved
hydrogen on anodic polarization of Mg is evolved by the cathodic partial reaction. Thus,
the designation as anodic hydrogen is useful in that the designation “anodic hydrogen”
does indicate that the hydrogen evolution mechanism is different to cathodic hydrogen
evolution by the cathodic partial reaction.
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Figure 10. The anodic hydrogen evolution rate for various values of applied current density for pure
Mg and the Mg alloy WE43 [92].

7. Enhanced Catalytic Activity Mechanism

The enhanced catalytic activity mechanism for Mg corrosion [93,94] assumes that
(i) the anodic partial reaction for Mg corrosion occurs in one step by the simultaneous
exchange of two electrons as follows:

Mg — Mg?* +2e (4)

and that (ii) hydrogen evolved on anodic polarization of Mg is evolved by the cathodic
partial reaction, Equation (2), except that the current density of the cathodic hydrogen
evolution reaction, i.HgR ¢, is given by:

icHERc = loH,c xp {—(E-En)/ b} ®)

where the terms have the same meaning except that igp . is a constant for cathodic polariza-
tion BUT increases rapidly on anodic polarization, increases much faster that the decrease
caused by the exponential term, so that there is nevertheless an increase in current density
with increase in anodic polarization as measured experimentally.

Birbilis et al. [94] proposed that this enhanced catalytic activity mechanism and the
predicted increase in the speed of the cathodic hydrogen evolution reaction could be
validated by the measurement of the speed of the cathodic hydrogen evolution reaction
immediately after anodic polarization.

Li et al. [92] carried out such an evaluation of the enhanced catalytic activity mecha-
nism, and rather than the validation proposed by Birbilis et al. [94], found the experimental
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evidence contradicted the predictions of the enhanced catalytic activity mechanisms of Mg
corrosion [93,94]. Li et al. [92] measured the volume of anodic hydrogen evolved on anodic
polarization as presented in Figure 11, and measured the potential of the Mg electrode
during each anodic polarization as shown in Figure 12. The cathodic hydrogen evolution
was characterized by the measurement of the cathodic polarization curve as shown in
Figure 13, immediately after each anodic polarization experiment. Extrapolation of each
cathodic curve to the potential during the anodic polarization as presented in Figure 12
yielded the “enhanced” cathodic evolution rate corresponding to each anodic hydrogen
evolution rate for that anodic polarization. This “enhanced” cathodic hydrogen evolution
rate is plotted in Figure 14 to allow a direct comparison with the anodic hydrogen evolution
rate. The enhanced catalytic evolution mechanism predicts that the “enhanced” cathodic
hydrogen evolution rate must be equal to the anodic hydrogen evolution rate.
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Figure 11. Typical measurements of the anodic hydrogen volume evolved on pure Mg and the Mg
alloy WE43 on anodic polarization [92]. The slope of each curve gives the anodic hydrogen evolution
rate as plotted in Figure 10.
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Figure 13. Typical cathodic polarization curves [92] for pure Mg and the Mg alloy WE43 measured
immediately after the anodic polarizations. Extrapolation of each curve to the potential during
the anodic polarization as presented in Figure 12 yielded the “enhanced” cathodic evolution rate
corresponding to the anodic hydrogen evolution rate for that anodic polarization. This “enhanced”
cathodic hydrogen evolution rate is plotted in Figure 14 to allow a direct comparison with the anodic
hydrogen evolution rate. The enhanced catalytic evolution mechanism predicts that the “enhanced”
cathodic hydrogen evolution rate must be equal to the anodic hydrogen evolution rate.
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Figure 14. The “enhanced” cathodic hydrogen evolution rate [92] (open symbols) as evaluated from
Figure 13 is plotted together with the anodic hydrogen evolution rate (closed symbols) as a function of
the applied anodic current density to allow a direct comparison with the anodic hydrogen evolution
rate. The enhanced catalytic evolution mechanism predicts that the “enhanced” cathodic hydrogen
evolution rate must be equal to the anodic hydrogen evolution rate. The fact that the “enhanced”
cathodic hydrogen evolution rate was significantly less than the anodic hydrogen evolution rate for
substantial applied anodic current densities indicates that experimental evidence contradicted the
enhanced catalytic activity mechanism of Mg corrosion.

Figure 14 presents the “enhanced” cathodic hydrogen evolution rate (open symbols) as
evaluated from Figure 13 plotted together with the anodic hydrogen evolution rate (closed
symbols) as a function of the applied anodic current density to allow a direct comparison
with the anodic hydrogen evolution rate. The enhanced catalytic evolution mechanism
predicts that the “enhanced” cathodic hydrogen evolution rate must be equal to the anodic
hydrogen evolution rate. The fact that the “enhanced” cathodic hydrogen evolution rate
was significantly less than the anodic hydrogen evolution rate for substantial applied
anodic current densities indicates that experimental evidence contradicts the enhanced
catalytic activity mechanism of Mg corrosion.

Figure 15 provides similar plot replotted from the work of Fajardo and Frankel [95],
who made measurements similar to those described above from the work of Li et al. [92].
The enhanced catalytic evolution mechanism predicts that the “enhanced” cathodic hy-
drogen evolution rate must be equal to the anodic hydrogen evolution rate. The fact that
the “enhanced” cathodic hydrogen evolution rate (open symbols) was significantly less
than the anodic hydrogen evolution rate (closed symbols) for substantial applied anodic
current densities in Figure 15 indicates that experimental evidence contradicts the enhanced
catalytic activity mechanism of Mg corrosion.
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Figure 15. Anodic hydrogen evolution rate (closed symbols), and corresponding cathodic hydrogen
evolution rate (open symbols) plotted against the applied anodic current density, replotted from the
work of Fajardo and Frankel [95]. The enhanced catalytic evolution mechanism predicts that the
“enhanced” cathodic hydrogen evolution rate must be equal to the anodic hydrogen evolution rate.
The fact that the “enhanced” cathodic hydrogen evolution rate was significantly less than the anodic
hydrogen evolution rate for substantial applied anodic current densities in Figure 15 indicates that
experimental evidence contradicted the enhanced catalytic activity mechanism of Mg corrosion.

Figure 16 provides a further test for the enhanced catalytic activity mechanism of
Mg corrosion from the data measured by Li et al. [92]. As stated above, the enhanced
catalytic activity mechanism of Mg corrosion assumes that the anodic partial reaction for
Mg corrosion occurs in one step by the simultaneous exchange of two electrons as presented
in Equation (4). This means that he enhanced catalytic activity mechanism of Mg corrosion
predicts that the apparent valence of Mg during Mg must be equal to 2.0. Figure 16 plots
the measured apparent Mg valence from the work of Li et al. [92]. The apparent valence of
Mg, V, was evaluated as

V:Ne,a/NW (6)

where Ny (mmol cm~2 h™1) is the flux of Mg atoms corresponding to the measured weight

loss rate and N, (mmol cm~2 h™1) is the corresponding electron flux corresponding to

the anodic partial reaction, I, driven by the applied current density, I pplied, Where Nea is

given by

I, Iapplied + I

Nea=—=—""7-—— 7

o = = . )

where [ is the cathodic current density and F is the Faraday. Thus, Equation (6) allows

evaluation of the number of electrons produced by the anodic partial reaction per Mg atom
during the anodic polarization experiment.
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Figure 16. Plot of apparent Mg valence as evaluated from the experimental data of Li et al. [92].
The valence was evaluated as the number of electrons for each atom of Mg produced by the anodic
partial reaction during the anodic polarization experiment. The experimental evidence indicates that
there were 1.2 electrons per Mg atom. This value of apparent Mg valence V = 1.2 contradicts the
assumption of the enhanced catalytic activity mechanism that assumes that V = 2.0.

A value of apparent Mg calence V = 2.0 is predicted by the enhanced catalytic activity
mechanism of Mg corrosion. A value of V = 1.2 is shown in Figure 16 evaluated from the
above experimental results of Li et al. [92]. This provides further experimental evidence in
contradiction to the enhanced catalytic activity mechanism of Mg corrosion.

This value of apparent Mg valence V = 1.2 is as expected by the uni-positive Mg*
mechanism as explained in the next section.

8. Uni-Positive Mg* Mechanism

Quantum mechanics forbids the simultaneous transfer of two electrons [96]. In addi-
tion, the first principles research of Ma et al. [97,98] indicates that it is much easier for a
Mg atom to lose two electrons sequentially than in one step. Thus, it is expected that there
are a number of elementary steps in the overall anodic partial reaction of Mg corrosion
as indicated by Equation (4). Thus, a simplified reaction sequence for the Mg corrosion
reaction at steady state is as follows. The anodic partial reaction can be considered to occur
in two steps as follows, whereby a fraction designated as k reacts electrochemically to
produce Mg*™.
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Mg — Mg" +e” (8)
kMg* — kMg?* + ke~ ©)

The total anodic partial reaction (made up of Equations (8) and (9)) is balanced by the
following cathodic partial reaction:

(1+k)H20+(1+k)e*—>(1+k)OH*+%(1+k)H2 (10)
The complementary fraction (1 — k)Mg* reacts chemically with water as follows:
1
(1 —KMg" + (1 — KHO — (1 — kMg?" + (1 — k)OH ™ + 5 (1 -k Hp (11)

The reaction sequence made up of Equations (8)—(11) sums up to provide the overall
Mg corrosion reaction as given by Equation (1). However, the apparent Mg valence is less
than 2.0 because (1 — k) Mg* reacts chemically with water and produces no electrons to the
external circuit. The apparent Mg valence is predicted to be equal to 1 + k.

Anodic polarization is predicted to increase the number of Mg* ions which produces
more evolved hydrogen as measured experimentally.

In addition, the Mg valance is predicted to be (1 + k) during Mg corrosion by the
uni-positive Mg*™ mechanism. This is consistent with the data of Figure 16, which indicates
that V =1.2,so thatk =0.2.

Li et al. [92] also made an independent evaluation of the value of k using the following:

k=(1—-X)/(1+X),X=Nu/Nea (12)

where Ny (mmol cm~2 h~1) is the corresponding number of hydrogen atoms. The value of
k so evaluated from Figure 16 is in good congruence of the value of the apparent valence.
The reaction sequence given by Equations (8)-(11) indicates the following relationship

Nu/Nw = (1 - k)/2 (13)

which indicates Ny /Nw = 0.4 fork =0.2.

Figure 17 plots Ny against Nyy from the experimental data of Li et al. [92]. The experi-
mental data points are presented. The line drawn is that predicted by Equation (13) and is
not a line of best fit through the data. Nevertheless, the line predicted by Equation (13) is a
good fit through the experimental data providing further experimental validation for the
uni-positive Mg* corrosion mechanism.

Thus, strong experimental evidence for the uni-positive Mg™* corrosion mechanism
has been provided by (i) an apparent valence of 1.2 during the anodic polarization of pure
Mg and the Mg alloy WE43 (where the apparent valence was evaluated from the ratio of
Ne,a/Nw, ((the number of electrons taking part in the anodic partial reaction)/(the number
of Mg atoms)), (ii) that the fraction k of Mg™ ions electrochemically oxidized to Mg?* was
measured to be 0.2 during anodic polarization of pure Mg and WE43 in agreement with
the measured apparent valence of 1.2, and (iii) that the evolution rate of hydrogen, Ny,
increased linearly with the weight loss rate of Mg, Ny, and that Nyj/Nw = 0.4 consistent
with k = 0.2 and the value of the apparent valence of 1.2. Thus, the uni-positive Mg*
corrosion mechanism was supported by all the relationships between the experimental
quantities N, Ny and Nyj.
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Figure 17. Plot of Nyj against Ny from the experimental data of Li et al. [92]. The experimental data
points are presented. The line drawn is that predicted by Equation (13) and is not a line of best fit
through the data. Nevertheless, the line predicted by Equation (13) is a good fit through the experi-
mental data providing further experimental validation for the uni-positive Mg* corrosion mechanism.

Figure 18 provide a schematic of the Mg corrosion mechanism. The anodic reaction
occurs in two steps via the uni-positive Mg* ion that is sufficiently reactive to chemically
split wa to produce hydrogen. Anodic polarization produces more Mg* and hence a greater
volume of anodic hydrogen.
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Mg2+ + Hz

Some H dissolves in Mg

Figure 18. A schematic of the Mg corrosion mechanism. The anodic reaction occurs in two steps via
the uni-positive Mg* ion that is sufficiently reactive to chemically split was to produce hydrogen.
Anodic polarization produces more Mg* and hence a greater volume of anodic hydrogen.

9. Electrochemical Impedance Spectroscopy

Figure 19 provides experimental impedance spectroscopy (EIS) diagrams [45] for a
rotating disc Mg electrode (1000 revolutions per min) after 30 min at the corrosion potential
in 1 M NaSOy (blue circles) and the result of the fitting procedure with a Mg corrosion
model based on the uni-positive Mg™* ion (red crosses) at (a) pH = 1.8, (b) pH = 2.9, and
(c) pH =7.7. The good fit between the Mg corrosion model based on the uni-positive Mg*
ion provides strong support for the Mg corrosion mechanism based on the uni-positive
Mg™* ion.
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Figure 19. Experimental impedance diagrams [45] for a rotating disc Mg electrode (1000 revolutions
per min) after 30 min at the corrosion potential in 1 M NaySOj (open circles) and the result of the fitting
procedure with a Mg corrosion model based on the uni-positive Mg* ion (crosses) at (a) pH=1.8,
(b) pH = 2.9, and (c) pH = 7.7. The good fit between the Mg corrosion model based on the uni-positive
Mg* ion provides strong support for the Mg corrosion mechanism based on the uni-positive Mg* ion.

The model [45] is as explained above in simplified form. The details of the uni-positive
Mg* ion model [45] can be summarized as follows. In an acid medium, there are the
following four anodic, chemical and cathodic reactions:

Mg — Mgl +e~ (Istanodic partial reaction) (14)
Mg!, <> Mg®t +e~ (2nd anodic partial reaction) (15)
Mgl +H" — Mgt + %Hz (Chemical reaction) (16)

H" +e~ — H,qgs (1stcathodic partial reaction) (17)

H.gs + H" + e~ — Hy (2nd cathodic partial reaction) (18)

In neutral and alkaline solutions, the anodic partial reactions remain as given by
Equations (14) and (15); the chemical and cathodic reactions are as follows.

1
Mg, +H0 — Mg?* + OH™ + EHz (Chemical reaction) (19)

H,O+e~ — Hugs + OH™  (1st cathodic partial reaction) (20)
Hags + HHO+e~ — Hy + OH™  (2nd cathodic partial reaction) (21)
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The modelling and fitting of the EIS data assumed that the adsorbed species each
followed a Langmuir isotherm and that the electrochemical reactions were exponentially
potential dependent (i.e., obey the Tafel Law).

The good fit between this model and the experimental data as shown in Figure 19
provide strong support for this Mg corrosion mechanism based on the uni-positive Mg*
ion [45].

10. Mg-Air Battery

The primary Mg-air battery has been regarded as a low cost, clean, safe and environ-
mentally friendly energy storage system to reduce dependence on fossil fuel and achieve
carbon neutrality. The battery is an emerging star in applications requiring ultrahigh energy
densities that electrically rechargeable batteries are still unable to meet (e.g., long-range
drones, off-grid power systems, and range extenders for electric vehicles) [99], sparked by
its superior theoretical discharge voltage (3.1 V) and energy density (6.8 Wh kg~1) [100].

The Mg-air battery produces electricity through an overall electrochemical reaction
in an aqueous electrolyte of the Mg alloy and the oxygen in the air, wherein the anode
reaction (Equation (22)) is spatially separated from the cathodic reaction (Equation (23)),
which are given by:

Anode : Mg — Mg?* +2e~ (22)

Cathode : Oy + 2H,O + 4e~ — 4OH™ (23)

This battery has a simple structure and is easy to assemble, as shown in Figure 20.
However, Mg-based anodes suffer from self-corrosion due to the anodic hydrogen reaction
(also known as the negative difference effect) chemical step Equation (11). This chemical
step produces no electrons for the Mg-air battery, leading to poor anodic efficiency and
poor discharge capacity. This chemical step is part of the overall Mg corrosion reaction.

N\

Air cathode -
— Mg anode

’ N
/

Electrolyte

Figure 20. Schematic diagram of the structure of a Mg-air battery.

The apparent Mg valence, V ipattry, for the Mg anode during discharge of a Mg-Air
battery can be evaluated from [101]:

N, e,ibatter;
, y
Ve,ibattery = NW (24)
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where N ipattery 1S the electron flux produced by the battery corresponding to the flux of
dissolving Mg atoms, Ny, This is an operational definition of the apparent Mg valence
based on the battery performance. The electron flux produced by the battery, N ipattery, can
be evaluated using:

Ipatt
N, e ibattery ~ aFel’y (25)

where Ipattery is the applied current density used in the evaluation of battery performance.

Note that the apparent valence, Ve ipatiry, evaluated using Equation (24) is different to
that evaluated using Equation (6) in that Equation (25) uses the applied current density
used in the evaluation of battery performance, Ipattery, which does not take into account
the cathodic current at the Mg anode, particularly at low current density values. Thus, the
apparent valence, Ve ipatiry, evaluated using Equation (25) provides an underestimate of the
apparent valence as determined using Equation (6), particularly at low current densities.

Figure 21 presents the apparent Mg valence V¢ ipattery, for UHP Mg, AZ80 and ZK60
at different current densities during battery testing [101]. The increase in apparent Mg
valence with increasing current density is attributed to the decreasing importance of the
cathodic partial current at the Mg anode.
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Figure 21. The apparent Mg valence Ve ipattery, for UHP Mg, AZ80 and ZK60 at different current
densities during battery testing [101]. The increase in apparent Mg valence with increasing current
density is attributed to the decreasing importance of the cathodic partial current at the Mg anode.

Figure 22 presents [101] the relationship between anodic efficiency and Ve ipattery /2
during battery testing for (a) UHP Mg, (b) AZ80 and ZK60. This provides an explanation
for the low values of anodic efficiency for Mg anodes in terms of the Mg corrosion mech-
anism This also provides a methodology for the design and production of more efficient
Mg anodes.
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Figure 22. The relationship [101] between anodic efficiency and Ve ipattery /2 during battery testing
for (a) UHP Mg, (b) AZ80 and ZK60. This provides an explanation for the low values of anodic
efficiency for Mg anodes in terms of the Mg corrosion mechanism This also provides a methodology
for the design and production of more efficient Mg anodes.

11. Future Prospects

A significant effort has been expended in an attempt to produce a Mg alloy with a
corrosion rate much lower than the intrinsic Mg corrosion rate of 0.3 mm/y in a chloride
solution as measured by weight loss. There was a significant amount of activity devoted
to the idea that As and similar alloying elements could decrease the corrosion rate of the
Mg alloy by decreasing the rate of the hydrogen evolution reaction. There was also some
interest when it was proposed that a Mg-Li alloy had a low corrosion rate, but this was also
not proved because of the high corrosion rate of the reference “pure Mg”.

The recent review of Mg corrosion rates [83] summarized in Figure 9 indicated the
existence of some Mg alloys with lower corrosion rates, but these were nevertheless within
a factor of five of the intrinsic Mg corrosion rate. Song and Atrens [4] suggested in
2003 that a Mg-X alloy would have better corrosion resistance if the surface film was
based on the alloying element X. This approach has produced Mg alloys with better
oxidation resistance [65-67], and is expected to produce Mg alloys with better resistance to
atmospheric corrosion. In fact, development of a Mg alloy for resistance to atmospheric
corrosion has been a neglected area of study, and it would be expected that significant
advances were possible.

12. Conclusions

1.  For substantial corrosion rates, the average corrosion rate evaluated from the total
volume of evolved hydrogen, Pay, is in good agreement with the average steady-state
corrosion rate over the experimental duration measured from the weight loss, Pyy.
This gives credence that both measurements represent good measurements of the
actual steady-state Mg corrosion rate.

2. There is good evidence that there is typically a double layer film on the surface of Mg
during corrosion in chloride solutions. A thin MgO layer (~3-10 nm thick) adjacent to
the Mg metal surface provides some corrosion protection, on top of which is a thicker
(~0.02 mm) porous layer of Mg(OH)s.

3. Corrosion rates of Mg measured by electrochemical methods have typically not agreed
with the steady state corrosion rates measured by weight loss. They are typically too
low in chloride solutions.

4.  Part of the explanation for the low Mg corrosion rates measured using electrochemical
techniques is that electrochemical measurements are carried out soon after specimen
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immersion in the solution before steady state conditions have become established.
The initial corrosion rate (as typically measured by electrochemical methods) may not
be representative of the steady state corrosion rate, (as measured by weight loss).

5. The Fe tolerance limit can be understood from the Fe-Mg equilibrium phase diagram.

6.  The Fe tolerance limit is 180 wt ppm Fe for pure as cast Mg, but Fe-rich particles may
precipitate after heat treatment and cause high corrosion rates if the Fe content is
greater than 2 wt ppm Fe in pure Mg.

7. The Fe tolerance limit for as cast Mg can be very low in the presence of Si.

8.  The intrinsic Mg corrosion rate in a chloride solution is 0.3 mm/y as measured by the
weight loss method.

9.  The enhanced catalytic evolution mechanism predicts that the “enhanced” cathodic
hydrogen evolution rate must be equal to the anodic hydrogen evolution rate mea-
sured during anodic polarization. The fact that the “enhanced” cathodic hydrogen
evolution rate has been repeated measured to be significantly less than the anodic
hydrogen evolution rate for substantial applied anodic current densities indicates
that experimental evidence contradicts the enhanced catalytic activity mechanism of
Mg corrosion.

10.  Strong experimental evidence for the uni-positive Mg™ corrosion mechanism has been
provided by (i) an apparent valence of 1.2 during the anodic polarization of pure Mg
and the Mg alloy WE43 (where the apparent valence was evaluated from the ratio of
Ne,a/Nw ((the number of electrons taking part in the anodic partial reaction)/(the
number of Mg atoms)), (ii) that the fraction k of Mg™ ions electrochemically oxidized
to Mg?* was measured to be 0.2 during anodic polarization of pure Mg and WE43
in agreement with the measured apparent valence of 1.2, and (iii) that the evolution
rate of hydrogen, Ny, increased linearly with the weight loss rate of Mg, Ny, and
that Ngy/Nw = 0.4 consistent with k = 0.2 and the value of the apparent valence
of 1.2. Thus, the uni-positive Mg* corrosion mechanism was supported by all the
relationships between the experimental measured quantities Ne,, Ny and Ny.

11. The anodic reaction during Mg corrosion occurs in two steps via the uni-positive Mg*
ion that is sufficiently reactive to chemically split water to produce hydrogen. Anodic
polarization produces more Mg* and hence a greater volume of anodic hydrogen.

12.  New compelling experimental evidence supporting the uni-positive Mg* corrosion
mechanism has been provided by electrochemical impedance spectroscopy (EIS).

13.  The uni-positive Mg* corrosion mechanism provides new insights for understanding
the performance of Mg-air batteries and for the development of better Mg anodes.

14. Development of a Mg alloy for resistance to atmospheric corrosion has been a ne-
glected area of study, and it would be expected that significant advances were possible.
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