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Abstract: The corrosion of magnesium alloys is often considered to differ in behaviour and devel-
opment with time from most other metals and alloys because they show evolution of hydrogen
right from first exposure. However, data extracted from the open literature indicate that magnesium
alloys develop corrosion mass-loss trends with time that are consistent with the so-called bimodal
pattern, which is topologically similar to those of other alloys. Examples are given of such trending
for magnesium alloys under immersion, half-tide and various atmospheric exposure conditions. The
critical roles of corrosion pitting and its development into localised corrosion are discussed. For
high-purity magnesium alloys, the transition to longer-term corrosion, which is rate-controlled by the
hydrogen evolution cathodic reaction, occurs quickly, within days. Comments are made about the
application of measurements of hydrogen evolution and of electrochemical methods to make rapid
estimates of shorter-term corrosion rates.
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1. Introduction

Magnesium alloys have long been of practical interest because of their light weight.
They have found various specialised applications, but wide-scale use has been hindered
by their relatively low strength and low resistance to corrosion. Alloying, principally with
aluminium, has tended to improve both these aspects (Evans 1960 [1]; Atrens et al., 2013 [2],
Esmaily et al., 2017 [3], Song & Atrens 2023) [4].

The corrosion of magnesium alloys is usually considered to differ in behaviour
and development with time from other metals and alloys, principally because hydro-
gen evolution from the metal has been observed right from first exposure. This goes
back to the original observations by Beetz (1866) [5], who noted hydrogen bubbles from
both the cathode and what normally would be considered the anode in electrochem-
ical experiments. This is quite unlike what is conventionally observed for the corro-
sion of most other metals and alloys. It has been termed the ‘negative difference ef-
fect’ (NDE) (Song et al., 1997 [4], Atrens at al., 2013 [2], Abildina et al., 2023 [6]) or ‘anoma-
lous hydrogen evolution’ (AHE) (Esmaily et al., 2017 [3]). Potential explanations for
these observations have been discussed extensively in the magnesium corrosion litera-
ture (Atrens at al., 2013 [2], Esmaily et al., 2017 [3], Abildina et al., 2023 [6]). Importantly,
Beetz (1866) [5] did observe that the total rate of hydrogen evolution was highly correlated
with the loss in mass of magnesium and thus could be used to estimate the rate of corrosion.
Thus, one modern technique for rapid estimation of a corrosion rate is the measurement
of hydrogen evolution from the metal. Another is the use of electrochemical methods to
estimate the corrosion current and thereby estimate the corrosion rate. Both these tech-
niques yield estimates of corrosion rates much more quickly than the traditional method
of estimating corrosion losses and corrosion rates from changes in mass (or weight) over
time (Atrens et al., 2013 [2], Esmaily et al., 2017 [3], Tao and Zhang 2023 [7]). However,
these techniques have mostly been applied for a relatively short period of time (days), with
the result that they estimate a short-term corrosion rate that may or may not be valid for
extrapolation to estimate or predict longer-term corrosion losses. Evidently, the magnitudes
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of corrosion rates so estimated differ between alloys of different compositions and with
other factors such as inclusions and imperfections, surface condition, etc.

In contrast to these rapid methods, for comparative purposes the ‘gold standard’ is
the use of mass-loss observations (Esmaily et al., 2017) [3]. They obviate a number of the
above issues (Atrens et al., 2013 [2], Tao & Zhang 2023 [7], Song & Atrens 2023 [8]). With
a suitable experimental design, they also enable the measurement of the development of
corrosion loss (and pitting) over extended periods of time. This is likely important for
magnesium alloys since for metals and alloys other than magnesium alloys, it has long
been accepted that the rate of corrosion (mass loss) declines with longer exposure periods.
Typically, the reduction in the (instantaneous) corrosion rate is characterised by a continuous
monotonic function, such as the well-known power-law function: c(t) = A tB, where c is
corrosion loss, t is exposure time and A and B are experimentally determined constants
(Evans 1960) [1]. However, experience for a variety of alloys has shown that a power-
law or similar simple extrapolation is seldom consistent with actual high-quality data of
sufficient discrimination (Melchers 2018) [9]. Specifically, it has been demonstrated, both
empirically and by detailed observation (Melchers and Jeffrey 2022 [10]) and theoretically
(Melchers and Jeffrey 2022 [11]), that the so-called bimodal model (as detailed later in this
paper) provides a more appropriate description of the development of corrosion loss
with time. That model previously has been found applicable to a variety of other alloys,
including steels, aluminium alloys, copper alloys and nickel alloys (Melchers 2018 [9]).
These alloys all have quite different initial surface responses to exposure environments
but soon become governed in their corrosion response by diffusion mechanisms. This has
been known for a long time for corrosion rates controlled by the cathodic oxygen reduction
reaction and the effect of corrosion products on oxygen diffusion. As outlined in more
detail later in this paper, in the bimodal model, longer-term corrosion-loss behaviour is
rate-controlled by the outward diffusion of hydrogen resulting from the cathodic hydrogen
evolution reaction (Melchers and Jeffrey 2022 [11]).

The question of interest herein is whether the bimodal model for corrosion mass
loss with time is also applicable for magnesium alloys. This is a matter of similarities
in the topology of the corrosion mass-loss functions. It is not immediately a question of
the actual magnitude of corrosion loss, as potentially influenced by alloy composition,
exposure environments, surface condition, inclusions, etc. That aspect can be considered
once the overall model is established. Hence, herein, only the topology of the observed
corrosion mass-loss functions is considered, together with preliminary observations as to
the likelihood that these factors will have an influence on that topology. To obviate issues
with corrosion-loss estimates using electrochemical or hydrogen evolution techniques,
herein, only mass-loss observations are employed, all from various experimental programs
reported by others.

The next section summarises the (very limited) corrosion mass-loss data available
in the open literature on corrosion of magnesium alloys for exposures ranging in time
from 16 years down to 25 days and under various environmental conditions. From those
data, corrosion-loss time trends are constructed, in some cases with a degree of subjective
interpretation. The section that follows outlines the bimodal model and its principal
features and uses that to compare with the trends obtained for magnesium alloys.

The Discussion Section reviews the implications of the bimodal model in terms of the
relevant cathodic reaction(s) for each phase of the model and the implications when applied
to magnesium alloys. Specifically, it is noted that soon after first exposure, the corrosion of
magnesium alloys and high-purity magnesium involves pitting corrosion. This has been
observed for steel and is a critical factor in the development of the bimodal behaviour in
natural (or open-circuit) conditions. Pitting and localised corrosion, almost from first expo-
sure, have been widely reported for magnesium alloys in various experimental programs,
suggesting that they are also a critical factor in the corrosion of magnesium alloys and their
bimodal behaviour, as seen in the examples. As for other alloys such as steel, the occurrence
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of pitting of magnesium is likely to have significant implications for the development of
hydrogen evolution. It can also affect the results from electrochemical methods.

2. Data and Data Trends
2.1. Magnesium Alloys

A large number of magnesium alloys are available (Atrens et al., 2020 [12]). The alloys
of most commercial interest are AZ31, AZ61, AZ91 and AM50. For reference, Table 1
summarises the compositions. It is for these that most information is available about mass
loss as a function of period of exposure and environmental conditions. Some information
is also available for magnesium alloyed with lithium.

Table 1. Typical compositions of magnesium alloys considered herein.

Designation Alloys % by Weight (Balance Mg)

AZ31 3% Al, 1% Zn, 1% Mn Common Mg alloy

AZ61 6% Al, 0.7% Zn, 0.2% Mn

AZ91 9% Al, 1% Zn, 0.2% Mn

AM50 5% Al, 0.1% Zn, 0.35% Mn

AM60 6% Al, 0.1% Zn, 0.35% Mn

LAT971 8.8% Li, 7% Al, 1% Sn Older terminology 2611

LAMT9710 8.8% Li, 7% Al, 0.05% Sn, 1% Mn 2613

LAZ958 8.7% Li, 5% Al, 8% Zn 2615
Note: the suffixes A, B, D, X etc. where shown elsewhere refer to quite small additional alloying elements.

The data sources for the corrosion of magnesium alloys fall into two broad
groups—the early US Navy field exposures in the Panama Canal Zone (PCZ) and the
more recent (c. 2010) field exposure tests at various locations, many in China. For the
present purposes, each data set reported for ‘weight loss’ was interpreted as mass loss and
taken at ‘face value’. Herein, the intent is to ascertain the way corrosion loss develops as
the exposure period extends and whether that development can be considered consistent
with the bimodal model (described further below). The actual values of corrosion loss are
not primarily of interest. In any case, these can be obtained from the data as reported or in
original references, together with information about the testing conditions.

Except as noted, no attempt was made to account for apparent inconsistencies in data,
for idiosyncrasies of location or of means or variations in water or atmospheric temperatures,
for the effect of rainfall or water quality, etc. In some cases, metal surface conditions were
reported. In most cases, it was assumed that the surfaces were ‘as supplied’ and cleaned prior
to deployment to a standard finish, as is conventional for corrosion coupons.

The summary below commences with the longest exposures, 16 years, and works
towards the shortest period of exposure (25 days) for which the development of mass loss
with time has been reported. There are observations of mass loss for shorter exposures
(e.g., Zhiming Shi and Atrens 2011 [13]) but these do not provide sufficient information to
determine the nature of the development of mass loss with the period of exposure.

2.2. Long-Term Exposures (16 Years)—Panama Canal Zone

Some of the earliest and longest exposures of magnesium alloys were those conducted
after the Second World War in the Panama Canal Zone under the auspices of the US Naval
Research Laboratory (Southwell et al., 1964 [14]). The exposure tests were for alloys AZ31X
and AZ61X for exposures in seawater, seawater half-tide (Christobel), freshwater (Gutan
Lake), onshore marine atmosphere and inland atmosphere (Figures 1–4). The test program
used coupons 225 mm × 225 mm × 6.3 mm (9′′ × 9′′ × 1/4′′) for immersion corrosion and
similar 1.56 mm (1/16 inch) plates for atmospheric exposures. The marine atmosphere
coupons were located at an elevation of 16 m above the Caribbean sea level on a hotel roof
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100 m from the shoreline. The inland tests were located near the Miraflores locks, some
12 km from the Pacific Ocean coast. All coupons were mounted vertically. All were exposed
in duplicate for 16 years, but the seawater and half-tide coupons of alloy AZ31X were too
heavily corroded after year 8 to use for analysis. The reported data for alloy AZ61X in both
the seawater immersion and the half-tide exposures show the year 4 losses being much
lower than the earlier and the longer exposures (Figure 3). It is possible that the actual
losses were 10 times greater than those recorded—the effect of this possibility is indicated
in Figure 3.
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Figure 1. Data and added piecewise linear trends for corrosion losses of AZ31X coupons in Panama
Canal Zone seawater immersion and half-tide exposures in non-quiescent waters at Christobel. In this
case, the coupons were abandoned after 8 years, owing to excessive subsequent corrosion. Exposure
period is in years. Data from Southwell et al. (1964) [14].
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Figure 4. Data and added piecewise linear trends for immersion corrosion loss and for maximum pit
depth of AZ31D alloy in the open freshwater of Gutan Lake, PCZ. Exposure period is in years. Data
from Southwell et al. (1964) [14].

None of the data in Figures 1–4 can be considered to be closely representable by
a linear trend. It should be immediately evident that those in Figures 1–3 are also not
consistent with the well-known simple power law. On the contrary, both data sets show
trends with significant departures from such a trend within the first 4 years. Similar
changes in trending can be seen in data reported for other alloys (Southwell et al., 1964 [14],
Schumacher 1979 [15]). Figure 4 is considered further in the Discussion.

2.3. Two-Year Tropical Marine Atmosphere Exposures

For the tropical marine atmosphere exposure tests on the Xisha Islands, China, sheets
of 3 mm thick (nom.) AZ31B were cut to samples of 100 mm × 50 mm, ground to grit,
degreased and cleaned in distilled water. The samples were placed at 45◦ to the horizontal,
facing south. The percentage time of wetness was nominally 30% but likely much affected
by the heavy deposition of chlorides. At each recovery time, three replicate samples were
used to estimate mass loss (Zhongyu Cui et al., 2013) [16]. Only the average results are
shown in Figure 5. It is clear that neither a linear function of time nor a power law is
appropriate to represent the trending in the data.
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Figure 5. Data and added best-fit smooth trends for AZ31 coupons exposed to unprotected tropical marine
atmosphere exposure conditions. Exposure period is in months. Data from Zhongyu Cui et al., 2013 [16].

2.4. One-Year Exposures—Various Environments
2.4.1. Marine Atmosphere Environments

Test results for coupon mass loss were obtained at Brest, France, using coupons
that were 130 mm × 100 mm × 3 mm thick of die-cast AZ31D and AM50, which were
commercially supplied and polished down to 1200 grit. Three coupons were recovered
at each recovery time point (Jonsson et al., 2008) [17]. The average mass-loss results are
shown in Figure 6. It is clear that, overall, neither a linear nor a power-law function is
appropriate to represent the trends in the data, noting that there are no data points between
years 3 and 12. Although shown as a linear trend between these two points, this cannot be
considered a definitive conclusion.
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Figure 6. Data and added piecewise linear trends for AZ91D and AM50 magnesium alloy coupons exposed
to unprotected marine atmospheres. Exposure period is in months. Data from Jonsson et al. (2008) [17].

Atmospheric corrosion-loss tests were carried out in the marine environment of
Shimizu City, Japan, and in the nominally urban environment of Osaka City, Japan. The
tests used AZ31B coupons (120 mm × 70 mm × 4 mm) with exposed surfaces only upwards
or only downward and also used both fine-grained and coarse-grained alloys with similar
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grain structures and textures (Jinsun Liao et al., 2013) [18]. The results from the marine
environment are shown in Figures 7 and 8 and those from the nominally urban environment
in Figure 10 (see below). Even though these were short-term (one-year) exposures, it is
clear that the data trends are not linear. Since they have an upward trend, they are not
consistent with the possibility of a power law for longer exposures. However, as will be
evident after considering bimodal trending below, they are consistent with the early part of
such trending.
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2.4.2. Urban and Rural Atmosphere Environments

The results shown in Figure 9 are from part of the same test series as for Section 2.4.1
above and used the same materials and preparations and exposure conditions, except that
the urban test site was in Stockholm on the roof of the Corrosion and Materials Institute and
the rural test site in Ruda, inland some 100 km west of Stockholm (Jonsson et al., 2008) [17].
In this case, it is very clear that a linear trend is not appropriate for either data set. A
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power law could be applied, but this would not easily account for the perturbation at about
6–12 months of exposure that is evident in both trends.
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The data shown in Figure 10 are from experiments conducted in parallel to those of
Figures 7 and 8 (Jinsun Liao et al., 2013) [18]. They show similar trending (but somewhat
different corrosion losses) to Figures 7 and 8. As for these, linear and power-law trending
is not appropriate for the data in Figure 10.
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2.4.3. Industrial Atmosphere Environments

Industrial environments have long been known to be subject to sulphur deposits
(cf. Evans 1960) [1], and this was also the case for the results reported by Yong-gang Li et al.
(2013) [19] for exposures of AM60 in the heavy industrial atmosphere of Taiyuan, Northern
China, for which sulphate deposition rates of up to 113 µg/m−3 and nitrate deposition rates
of up to 39 µg/m−3 were reported. The tests included cast and extruded material, giving
rise to different grain sizes. The test coupons (20 mm × 20 mm × 3 mm) were smaller than
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typical. They were ground to 2000 grit, cleaned as conventional and exposed, oriented at
45◦ horizontally. The test results are shown in Figures 11 and 12, together with fitted trend
lines. It is clear that these are far from linear and also not consistent with conventional
power-law trends.
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Crystals 2024, 14, x FOR PEER REVIEW 9 of 17 
 

 

(2013) [19] for exposures of AM60 in the heavy industrial atmosphere of Taiyuan, North-
ern China, for which sulphate deposition rates of up to 113 µg/m−3 and nitrate deposition 
rates of up to 39 µg/m−3 were reported. The tests included cast and extruded material, 
giving rise to different grain sizes. The test coupons (20 mm × 20 mm × 3 mm) were smaller 
than typical. They were ground to 2000 grit, cleaned as conventional and exposed, ori-
ented at 45° horizontally. The test results are shown in Figures 11 and 12, together with 
fitted trend lines. It is clear that these are far from linear and also not consistent with con-
ventional power-law trends.  

 
Figure 11. Data and added piecewise linear trends for AM60 magnesium alloy exposed to an indus-
trial city environment, also showing effects of casting versus extrusion. Exposure period is in 
months. Data from Yong-gong Li et al. (2013) [19]. 

 
Figure 12. Data and added best-fit trends for AZ91D magnesium alloy exposed to an urban envi-
ronment with industrial pollution, also showing effects of ingot casting versus high-pressure die 
casting. Exposure period is in months. Data from Li-jing Yang et al. (2010) [20]. 

2.4.4. Magnesium Alloyed with Lithium—Marine Atmospheres 
Some early investigations showed that alloying with lithium has been found to have 

a positive effect on magnesium strength. Some of the various lithium alloys have been 
found to have good corrosion resistance in 3% NaCl solutions. The more resistant of the 
alloys were tested at the marine atmosphere corrosion test site located about 19 km south 
of Daytona (FL) and about 150 m from the shore of the Atlantic Ocean. The tests used 
coupons 4 inch × 6 inch × 0.064 inch thick (100 mm × 150 mm × 1.7 mm), inclined 30° to the 

Figure 12. Data and added best-fit trends for AZ91D magnesium alloy exposed to an urban environ-
ment with industrial pollution, also showing effects of ingot casting versus high-pressure die casting.
Exposure period is in months. Data from Li-jing Yang et al. (2010) [20].

2.4.4. Magnesium Alloyed with Lithium—Marine Atmospheres

Some early investigations showed that alloying with lithium has been found to have
a positive effect on magnesium strength. Some of the various lithium alloys have been
found to have good corrosion resistance in 3% NaCl solutions. The more resistant of the
alloys were tested at the marine atmosphere corrosion test site located about 19 km south
of Daytona (FL) and about 150 m from the shore of the Atlantic Ocean. The tests used
coupons 4 inch × 6 inch × 0.064 inch thick (100 mm × 150 mm × 1.7 mm), inclined 30◦

to the horizontal and facing south. The mass-loss data for the alloys tested are shown in
Figure 13, together with observations for magnesium alloy AZ31A, which was tested at
the same time in the same location (Frost et al. 1955) [21]. Piecewise trend lines have been
added to all the data. The least resistant alloys (LAT971 and LAMT9710, Table 1) display
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inconsistencies with a power-law function in the first 2–4 months of exposure. Neither data
set is consistent with a linear function.
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exposed to marine atmospheric conditions. Exposure period is in months. Data from Frost et al. (1955) [21].
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For the most corrosion-resistant alloys (LAZ958 and AZ31A), the data sets show
deviations from a potential power law fit to the data within the first 4 months (Figure 13).
When the plot is expanded (Figure 14), it is clear that the data for alloys LAT971 and
LAMT9710 are also not consistent with a power-law function. Closer examination shows
that after about 18 months, both sets of data show an upward trend.
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2.5. Short-Term Exposures—Immersion

Most of the trends shown in Figures 1–14 indicate that corrosion of magnesium alloys
does not progress in a linear manner, even over relatively shorter periods of examination.
Usually, the mass losses over shorter periods of exposure (e.g., 14 days) have been assumed
to follow a linear pattern as a function of time and are then labelled ‘average’ corrosion
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rates (Fuyong Cao et al., 2013, Table 3a) [22]. Whether this is an appropriate representation
is of interest since a considerable number of rates so estimated from single observations
of mass loss are available in the literature (Atrens et al., 2020) [12]. They have provided
a comparison for corrosion rates estimated by other means and in particular, from the
measurement of corrosion current or of hydrogen evolution, with various degrees of
success (Atrens et al., 2020) [12]. However, the question of whether the assumption of
linear corrosion behaviour for short-term exposures is realistic remains. In this regard, the
immersion corrosion observations reported by Sherif (2012) [23] for 99% pure magnesium
are of interest.

Figure 15 shows the corrosion-loss data for exposures of up to 15 days, one set for
coupons continuously immersed in aerated natural seawater from the Arabian Gulf and the
other for coupons continuously immersed in aerated 3% NaCl solution. Both experiments
used triplicate coupons (40 mm × 20 mm × 4 mm), but only the average mass losses are
shown in Figure 15. Best-fit (Stineman 1980) [24] trend lines have been added throughout
the data for each exposure environment. It is clear that the trending of the data in each case
is not linear in time, even for quite short subsets of the overall exposure period. It is also
clear that corrosion losses do not follow power-law trending.
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Figure 15. Corrosion-loss data for 99% pure magnesium in aerated stagnant seawater and in aerated
3.5% NaCl solution for exposures of up to 25 days, with best-fit trends added. Exposure period is in
days. Data from Sherif (2012) [23].

Other observations reported by Sherif (2012) [23] are also of interest. All coupons showed
extensive pitting corrosion. Both pit depth and numbers of pits were observed to increase
with longer exposures. Areas of amalgamated (‘linked-up’) pitting were observed, and these
appeared to then merge into areas of localised corrosion, amongst areas of metal surface that
appeared largely unaffected. Similar observations have been made by others, including for
ultra-high-purity Mg (Atrens et al., 2013 [2], Figures 5, 17 and 22) and for various magnesium
alloys (Jonsson et al., 2008 [16], Figures 5–7; Li-jing Yang et al., 2010 [20], Figure 4; Yong-gang
Li et al., 2013 [19], Figure 4), mostly within 7 days after first exposure and also over longer
periods of exposure, including up to 16 years (Southwell et al., 1964) [14]. These various
observations show the pervasiveness of pitting and localised corrosion in the corrosion of
magnesium alloys.

Sherif (2012) [23] also reported on the extensive amounts of corrosion products ob-
served on the coupons. Those products were found to consist mainly of MgO, with some
Mg(OH)2. They appeared to be greater overall in the natural seawater but had a thicker
layer of MgO in the NaCl solution. The spatial extent and uniformity or nonuniformity
of coverage of the corrosion products was not noted, although in observations elsewhere,
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the corrosion products were noted to typically be ‘patchy’ (cf. Esmaily et al., 2017) [3].
Electrochemical observations were made, but only at 60 min and at 6 days.

3. Data Analysis

With the exception of Figure 4 for the corrosion-loss trend of AZ31D in freshwater
immersion exposure in Lake Gutan (PCZ), Figures 1–15 all show, to a greater or lesser extent,
non-linear corrosion-loss trending during the first few years or, in some cases, months
or days. Many of these trends can be interpreted as showing the ‘bimodal’ characteristic
shown in Figure 16.
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As the name suggests, the bimodal model is based on the notion that corrosion-
loss development with time occurs in two distinct modes. It was originally developed
for steels immersion exposed in seawater but has since been extended to a variety of
exposure conditions and also shown to be applicable to copper, aluminium and nickel
alloys (Melchers 2018 [9]). A detailed investigation of the processes involved was carried
out for steels (Melchers and Jeffrey 2022 [10,11]), and this provides a useful reference for
description of the model prior to considering its application to magnesium alloys.

The experimental observations supported the notion that Mode 1 is predominantly
governed by the cathodic oxygen reduction reaction (ORR), but, importantly, during this
period, there is also incidence of pitting corrosion. The pits develop (initiate) very early in
the exposure period and then increase in frequency of occurrence over the metal surface
(i.e., greater density). There is also an increasing depth of individual pits. As the pits
develop with further exposure periods, they may link or amalgamate with other pits, pro-
ducing areas of localised corrosion in the process. Similar observations were reported earlier
by Mercer and Lumbard 1995 [25] (Figure 2) for steel coupons in triply distilled water at
70 ◦C, with pitting occurring within 5–10 days of first exposure. The pits then increased in
depth and in number per unit area as exposure time increased. Both mass losses and pit
depths can be interpreted as showing bimodal trending. Generally similar observations
were reported for seawater immersion and for immersion in (slightly hard) tap water
(Mercer and Lumbard 1995 [25]) In addition, rather similar patterns of development of
pitting and localised corrosion have been reported for aluminium in seawaters within hours
of first exposure (Glenn et al., 2011 [26]; Liang and Melchers 2020 [27]).

The second mode in Figure 16 is predominantly corrosion under anaerobic conditions,
brought about by the exhaustion of oxygen from the earlier corrosion in Mode 1. Corrosion
in Mode 2 exhibits very extensive pitting and localised corrosion (Melchers and Jeffrey
2022 [10]), which is consistent with the dominance of anaerobic conditions and hydrogen
evolution from the pits (Pickering 2008 [28]; Jones 1996 [29]) resulting from the governing
hydrogen evolution cathodic reaction that applies to the acidic conditions inside pits (Jones
1996 [29], Wranglen 1974 [30]). Phase 3 represents a period during which the further build-
up of corrosion products increasingly inhibits outward hydrogen diffusion (Melchers and
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Jeffrey 2022 [11]), with a concomitant reduction in the corrosion rate. Phase 4 represents a
pseudo-steady-state condition with a low rate of outward hydrogen diffusion, the continued
(small) loss of corrosion products to the environment and a degree of oxidation of the
external corrosion products (Stratmann et al., 1983 [31]). While these descriptions have
been derived primarily from the corrosion of steels, they are likely to also have implications
for the corrosion of magnesium and magnesium alloys.

In summary, comparison of the data sets and the trends for Figures 1–15 reveals that
they exhibit consistency with the bimodal model of Figure 16 to a greater or lesser degree.
The only possible exception is Figure 4. However, care is required. In this case, comparison
with the other data sets suggests that in Figure 4, the available data are spaced at intervals
that effectively hide the period 0–ta—that is, it likely falls within the first year, and, thus,
within the first period of observations of mass loss. In this case, the change from Mode 1
to Mode 2 would not be seen in the trend derived from the data. This demonstrates the
importance of the planning of experiments to enable extraction of the information being
sought (cf. Melchers and Jeffrey 2022 [10]).

4. Discussion

While Figures 1–15 can be interpreted as showing bimodal trending, they also show a
remarkable difference in the time to occurrence of the time point ta at which the change-over
occurs from Mode 1 to Mode 2. Thus, for high-purity magnesium in stagnant chlorinated
immersion conditions (Figure 15), the change-over time ta (Figure 16) is after only 12–14 days,
while for atmospheric corrosion (e.g., Figure 13), it appears to be around 12 months. Particularly
for field exposures, these estimates may not be particularly accurate, owing to the influence of
‘time of wetness’, a well-known factor in atmospheric corrosion (Leygraf et al., 2016 [32]). It
was not reported in the source materials for the corrosion of magnesium alloys. Also, the time
intervals for the data as observed are, for most data sets in Figures 1–15, relatively coarse.

Inspection of the trends in Figures 1–3 and Figures 5–14 suggests that 0–ta appears
to be influenced by alloy composition, in particular, the content of aluminium. This is
summarised in Figure 17. Exposure environments such as the presence of water currents
or bold exposure to weather conditions also have an influence. Both water currents and
weather conditions, such as the impact of rainfall and of UV radiation, may affect the
formation of protective (and other) corrosion products. This has been reported for steels in
flowing seawater (Melchers and Jeffrey 2004 [33]). Similar effects can be expected for the
generally weaker corrosion products formed by the corrosion of magnesium alloys. The
original data sources for Figures 1–15 did not record detailed environmental conditions.
However, the summary of information in Figure 17 suggests both a trend with aluminium
content and one with exposure conditions. On the other hand, comparisons of Figures 1–14
suggest little effect on corrosion loss from grain size or casting versus extrusion.

In terms of the magnitude of corrosion losses, Figures 1–15 show that the exposure
environment can have a significant effect and that this occurs mainly in Mode 2. The
effect of grain size overall is indiscernible for Mode 1. It appears to have a small but
noticeable effect in phase 3 but for phase 4 appears to reflect only the change in phase 3.
The effect of coupon surface orientation can best be compared using Figures 7, 8 and 10,
noting from Figures 7 and 8 that there is little difference between upward- and downward-
facing coupons until the start of what appears to be Mode 2, after which downward-facing
coupons showed mass losses some 25% greater than for upward-facing coupons. Similar
effects of up- versus downward-facing exposed surfaces on longer-term corrosion have
been noted for other alloys (Leygraf et al., 2016 [32]). However, the present interpretations
of corrosion loss in terms of the bimodal characteristic have added the extra dimension that
the effect changes with exposure period.
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Figure 17. Transition time ta as a function of aluminium content and coupon environmental exposure
conditions. For all atmospheric exposures, an equivalent ‘time of wetness’ of 25% was adopted in
lieu of data.

The corrosion products typical of Mg corrosion in wet and moist exposures are MgO
and Mg(OH)2 plus, in some environments, Ca and other lesser components, which are
usually attributed to air or other pollution effects (Atrens et al., 2013 [2]). Both MgO and
Mg(OH)2, with the concurrent evolution of hydrogen, are considered the normal corrosion
products for the corrosion of Mg. Both are attributed to the hydrogen evolution reaction
as the critical cathodic reaction. This is despite remaining uncertainty about the precise
processes involved (Esmaily et al., 2017 [3], Song & Atrens 2023 [4]). In the context of the
bimodal model and the existence of Mode 2 under conditions predominantly of oxidation, it
is relevant to note that both MgO and Mg(OH)2 are corrosion products that may arise from
the oxygen reduction reaction (ORR) of Mg. This is relevant since ORR is an important part
of Mode 1 in conjunction with increasing pitting corrosion and the consequential hydrogen
evolution of more advanced pits. Of course, the ORR by itself does not produce hydrogen.

Usually, MgO is observed as a thin film close to the metal surface, with a very thin
layer of Mg(OH)2 between it and the metal surface. It is structurally stronger and less
permeable than the more voluminous layer of Mg(OH)2 on the exterior corrosion product
surface (Atrens et al., 2013 [2]). Usually, this set of layers is considered to offer little
corrosion protection, although that is seldom considered in terms of diffusion considerations
(Esmailly et al., 2017 [3]). On the other hand, there has been extensive discussion of the so-
called ‘partial protective surface film theory’ mechanisms in which a very thin layer of MgO
is considered to play an important role for the rate-controlling behaviour of magnesium
corrosion (Atrens et al., 2013, 2020 [2,12]). In terms of the bimodal model, with its emphasis
on diffusion as its rate-limiting process, this immediately suggests that the MgO corrosion
product layer may be a crucial component as a diffusion barrier for oxygen in Mode 1.
Because application of the bimodal model to magnesium alloys has not been considered
previously, the potential role of MgO as a diffusion-limiting layer has not, apparently, been
investigated. Similar considerations apply for the outward diffusion of hydrogen in Mode 2.

Since both the ORR and the HER produce the same corrosion products (MgO and
Mg(OH)2), it is not possible to infer from the composition of the corrosion product alone
by which cathodic reaction they were formed. Thus, any investigation of the proposed
bimodal behaviour of magnesium alloys cannot rely on the composition of the corrosion
products—nor can reliance be placed on the measurement of hydrogen evolution, as
according to the bimodal model, hydrogen evolution develops with pitting corrosion that
is initially in parallel with the ORR. The details of those reactions, particularly those in
the very early stages of first exposure, remain a matter for further investigation, noting
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that much has been made of some apparently unique features of the very early corrosion
mechanisms of magnesium and its alloys (Esmailly et al., 2017 [3], Song and Atrens 2023 [8]).
Whether these have an effect on the bimodal behaviour deduced from the (mainly) field
observations reported herein remains a matter for clarification, even if, empirically, it
appears not.

The potential implications of the revised view proposed herein for the development of
the corrosion of magnesium alloys in natural environments will need further investigation.
Nevertheless, it is considered that it can be expected to influence practical issues, such
as the action of corrosion inhibitors intended to apply from the very first exposure and,
similarly, for protective coatings and possibly cathodic protection.

Finally, the data and analyses presented herein support the notion that the bimodal
model applies to magnesium alloys, with the transition from oxygen reduction to hydrogen
evolution occurring quite soon after first exposure but delayed for higher degrees of
alloying and non-quiescent conditions. Since bimodal behaviour has also been observed
for a number of other alloys, the present exposition provides an enhanced degree of unity
to the literature on metallic corrosion.

5. Conclusions

1. Open-source data for the trending of corrosion mass losses with the exposure period
for magnesium and magnesium alloys in various environments can be interpreted as
showing bimodal behaviour, which is consistent with that observed previously for a
number of other alloys.

2. For high-purity magnesium alloys, the first mode of bimodal behaviour for corrosion
loss occurs within only a few days after first exposure, which is much faster than for
other less-reactive alloys and metals.

3. The first mode of bimodal behaviour is extended progressively (weeks, months) with
increased (aluminium) alloy content (in the range 0–9% by weight).

4. There is no experimental evidence that grain size, surface condition and surface
orientation have a significant effect on the observed bimodal behaviour, although they
do have some effect on the magnitude of corrosion losses.

5. Based on observations for steel, it is inferred that pitting corrosion is also an important
part of the transition from Mode 1 to Mode 2 for magnesium and its alloys. This also
provides an explanation of the reported progressive increase in hydrogen evolution
with longer exposure periods.
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