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Abstract
Recent research is summarised with an emphasis on the use of Mg alloys for biodegradable medical applications. Mg melt purification using
Zr has been shown to provide the opportunity to produce ultra-high-purity Mg alloys, which could lead to stainless Mg. Nor’s solution may be a
good starting model for the study of Mg for biodegradable medical implant applications. A systematic laboratory investigation is needed to
elucidate the details of how the corrosion behaviour is controlled by the various constituents of the body fluids.

In the evaluation of the Mg corrosion mechanism there is a critical lack of understanding of (i) the amount of hydrogen dissolved in the Mg
metal during corrosion, and during anodic polarisation, and (ii) the size film-free area where corrosion occurs, and how to measure this area.

In the evaluation of the apparent valence of Mg using an applied anodic current density, for reliable values, it is important to apply a
sufficiently large applied current density.

The available data are consistent with the slightly modified uni-positive Mgþ ion mechanism, which maintains that (i) the surface of Mg is
covered by a partially protective film, and the film-free area increases as the potential becomes more positive (i.e. a catalytic activation process),
(ii) corrosion occurs preferentially at breaks in the partial protective film, (iii) corrosion at the breaks in the partially protective film involves the
uni-positive Mg ion, (iv) undermining of particles occurs when Mg is severely dissolved, and (v) there may be some self-corrosion not covered
by these four processes, which may be associated with crevice-like features on a severely corroded surface or hydride dissolution at relatively
negative potentials. Self-corrosion might also be possible under condition of essentially uniform corrosion.

Mgþ has not been experimentally observed. Its existence is postulated as an extremely-short lifetime intermediate in the reaction sequence
between metallic Mg and the equilibrium ion Mgþþ. There has been no direct experimental examination of this sequence, and a key challenge
remains to devise an experimental approach to study the details of this reaction sequence and the intermediate steps.

The apparent valence of Mg continues to be a critical question. If defendable values of effective valence for Mg less than 1.0 were measured,
this would indicate that some phenomena contribute to these low values that are not currently accounted for in the uni-positive Mgþ corrosion
mechanism. The most likely candidate would be self-corrosion.
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1. Introduction

The purpose of this review is to provide an understanding
of useful research directions (i) for producing Mg alloys with
lower corrosion rates, (ii) for the use of Mg alloys for
biodegradable medical applications, and (iii) for under-
standing the Mg corrosion mechanism. This requires a review
of our understanding of Mg corrosion as elucidated by recent
research, and as summarised by previous reviews. The
overarching motivation is to try to counteract the poor
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corrosion performance, which limits the wider application
of Mg.

Magnesium (Mg) alloys are being researched intensively
for use as biodegradable medical implants [1e3], in applica-
tions such as (i) cardiovascular stents, (ii) bone fixations, and
(iii) sutures. It is planned to use these Mg implants in appli-
cations where the implant is required for a relatively short
period of time w6 months, during which the body heals.
Thereafter, there is an advantage in biodegradation of the Mg
implant, as the biodegradation obviates a second surgery,
which would be necessary without the biodegradation.

There are many uncertainties about Mg biodegradation, and
an excellent starting point in is to build on the extensive
literature on Mg corrosion [4e6] which has been established
with the aim to use Mg in other applications, particularly in
transport (cars, aerospace) where the low density of Mg pro-
vides potential advantages of light weighting, and conse-
quently in fuel savings.

Mg is the most active of all engineering materials [4,5].
Corrosion typically limits the use of Mg in many applications,
particularly in applications where the Mg component would be
expected to be exposed to aqueous solutions, such as in vivo,
and also in transport applications where there is exposure to
aggressive environments like sea spray, or road salt. Never-
theless, it is worth remembering that for atmospheric expo-
sure, Mg alloys can have corrosion rates lower than that of
steel or aluminium alloys [4,5]. Galvanic corrosion is an
important consideration in many applications, because Mg
corrodes preferentially when coupled to typical construction
materials like steels, stainless steels, Al alloys, Ti alloys and
copper alloys.

Song and Atrens [4] proposed an alloy development
approach that could lead to the development of a stainless Mg.
Recent research is summarised that provides promise of
the production of stainless Mg using conventional ingot
metallurgy.

Key issues for Mg as a biomedical implant are discussed.
Recent insights are summarised regarding corrosion rate
Fig. 1. The corrosion rate for Mg alloys AZ91, AM60, AS41 and AE42 plotted

as a function of the Fe content above the tolerance limit. After Liu et al. [9]

who replotted literature data. DC is die cast, GC is gravity cast.
measurements, and a critical evaluation is carried out of recent
data that elucidates the Mg corrosion mechanism.

2. Stainless magnesium
2.1. Corrosion of pure Mg and tolerance limits
Metallic Mg, in contact with an aqueous solution contain-
ing Mgþþ ions of unit activity, has a standard potential of
�2.373 VSHE [5]. However, the free corrosion potential of Mg
and Mg alloys is usually much more positive, indicating that
metallic Mg is not in direct contact with the solution. There is
a surface layer consisting mainly of Mg(OH)2, with probably
MgO at the metal film interface [7]. This naturally occurring
surface layer is not particularly protective, however it is
thought to decrease the corrosion rate somewhat [4,5].

Mg in the high-purity form has the lowest corrosion rate.
Impurity elements (Fe, Ni, Cu, Co) are particularly delete-
rious. It has been found that a simple cleaning step to remove
the surface Fe impurity can dramatically reduce the corrosion
rate of AZ31B by 50 times [8]. High corrosion rates occur for
Mg containing any of these elements at a concentration above
their tolerance limit, as illustrated for the case of Fe in Fig. 1
[9]. The metallurgy of the tolerance limits for cast Mg was
explained by Liu et al. [9]. The Fe tolerance limit can be
understood based on the MgeFe phase diagram as illustrated
in Fig. 2 [9]. The eutectic concentration corresponds to a Fe
content of 0.018 wt% Fe (180 wt ppm). This concentration
corresponds to the Fe tolerance limit for pure Mg as-cast. The
Fe-rich BCC-phase forms during solidification if the alloy
contains a Fe concentration greater than the eutectic
Fig. 2. MgeFe phase diagram calculated with the Pandat software. After Liu

et al. [9]. Normal cooling of pure Mg containing a Fe content greater than the

eutectic concentration, leads to a solid containing alpha-Mg and the Fe-rich

BCC phase. A high corrosion rate ensues due to the micro-galvanic acceler-

ation of the alpha-Mg phase by the Fe-rich BCC phase. High-purity cast Mg

solidifies for normal cooling and solidification for Mg containing a lower Fe

content. High-purity cast Mg contains only alpha-Mg, all the Fe is in meta-

stable solid solution, and the corrosion rate is low. However, the cast Mg is not

high purity and has a high corrosion rate if the Fe-rich BCC forms during

solidification, even if the Fe content is less than the eutectic concentration.
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concentration, and high corrosion rates ensue by galvanic
acceleration of the corrosion of the alpha-Mg matrix by this
BCC phase, which is assumed to be an efficient cathode (i.e.
the cathodic reaction of hydrogen evolution occurs orders of
magnitude easier on this phase compared with on the matrix
alpha-Mg). For normal cooling of an alloy containing a lower
Fe concentration, the as-cast Mg alloy has a lower corrosion
rate because no BCC-phase forms on normal solidification.

Fig. 2, however, indicates that normally solidified pure Mg
is in a metal-stable state as alpha-Mg containing Fe in solid
solution. In equilibrium there is the alpha-Mg containing
w1 ppm Fe (designated as HCP in Fig. 2) plus the BCC Fe-
rich phase. This predicts that heat treatment of high-purity
cast Mg (i.e. as-cast Mg containing less than 180 ppm Fe)
leads to the precipitation of the Fe-rich phase and significantly
higher corrosion rates. Fig. 3 presents data that verifies this
prediction [9].

If this prediction also applies to Mg alloys, then a heat-
treated Mg alloy is only high-purity if (i) the Fe content is
less than w1 ppm, or (ii) any Fe-rich phase is modified to not
be an efficient cathode by the alloying element(s). Thus heat-
treated Mg alloys may have high corrosion rates dominated by
the Fe impurity concentration, if heat treatment causes the
precipitation of a deleterious Fe-rich phase. The extent to
which this is a practical issue for Mg alloys is not known at
this stage, and requires systematic research with ultra-high-
purity alloys, containing less than w1 ppm Fe.

Fig. 2 further indicates that the BCC-phase forms on
equilibrium cooling if the Fe content is greater than w2 ppm.
This implies that normally cooled as-cast Mg is not in equi-
librium. This also means that a casting may behave as low-
Fig. 3. Corrosion rate from the hydrogen evolution data, PH, for HP Mg, and

for HP Mg after heat treatment at 550 �C [9]. The MgeFe phase diagram

indicates that high-purity Mg containing an Fe content less than the eutectic

concentration forms on normal solidification only alpha-Mg, all the Fe is in

meta-stable solid solution, and the corrosion rate is low. However, heat

treatment causes the Fe-rich BCC phase to precipitate, and causes the corro-

sion rate to increase.
purity even though the Fe content is substantially below the
usual value of the tolerance limit (i.e. below 180 ppm Fe), and
then the corrosion rate is much higher than that of HP Mg.
Such a case is illustrated in Fig. 4 [10] where the corrosion
rates for specimens 19 and 28 from the ingot produced by the
Helmholtz Zentrum Geesthacht, Germany (designated HZG
ingot) containing 32 ppm Fe are compared with those for
specimens 26 and 27 (HP Mg containing 20 ppm Fe). The
corrosion rates for specimens 19 and 28 were significantly
higher, consistent with micro-galvanic acceleration by a Fe-
rich phase that had formed during solidification. The appear-
ance of the corroded surface of the HZG ingot was consistent
with this interpretation, as illustrated in Fig. 5(a) [10,42].
Fig. 5(a) shows that some grains of the HZG had deep-layered
corrosion, and different grains exhibit various corrosion
damage morphologies, which can be attributed to the grain
orientation. The corrosion rate of a Mg alloy varies on
different crystal planes [11,12]; localised corrosion is more
likely to initiate from a non-closely packed crystal plane [13];
and the corrosion damage inherits the microstructure texture
of the Mg alloy [14]. An important implication of the highly
grain-dependent corrosion damage shown in Fig. 5(a) is that a
large theoretical error may be introduced in the calculation of
the corrosion rate of Mg based on polarisation curve mea-
surement due to the non-uniformity of the surface. Different
from the long-term immersion, for short immersion times less
than 14 days, HP Mg typically showed corrosion in the form
of shallow pits that linked up and some filiform corrosion, as
illustrated in Fig. 5(b) and (c). Fig. 5(d) shows that the
corrosion morphology changed for a longer immersion; there
developed crack-like features at the bottom of the corrosion
cavities. The possible significance of these crack-like features
is discussed below.

High-purity for Mg thus means that the corrosion rate is
low due to the presence of only alpha-Mg in the microstruc-
ture produced typically by normal cooling from the melt of
Fig. 4. Corrosion rate from the hydrogen evolution data, PH, for the plug-in

specimens immersed for 7 days at the open circuit potential in 3.5% NaCl

saturated with Mg(OH)2 [10]. Specimens 19 and 28 are from the HZG Mg

ingot [10]. Specimens 26 and 27 are from UQ HP Mg.



Fig. 5. (a) Typical corrosion morphology was different in the adjoining grains for corrosion of the HZG Mg. Some grains exhibited superficial corrosion with some

filiform corrosion. The adjacent grains exhibited deep-layered corrosion. HZG Mg ingot after immersion for 7 days, [10]. (b)e(d) SEM images [41] for surfaces

after removal of corrosion products for (b) HP Mg specimens hung with fishing-line in 3.5% NaCl solution saturated with Mg(OH)2 for 5 days, and (c) and (d) for

HP Mg plug-in specimens immersed in the same solution for (c) 7 days and (d) 31 days. Corrosion for short time immersion took the form of shallow pit which

gradually linked up and some filiform corrosion. Corrosion after 31 days had in addition significant crack-like features and crevice-like features at the bottom of the

corrosion cavities.
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Mg containing less than the tolerance limit of each of the
impurity elements, (and also containing a concentration of
alloying elements such that there are no second phase particles
in the microstructure). Thus low-purity can occur (i) if the
tolerance limit is exceeded for normally solidified Mg, (ii) if
the nominally high-purity as-cast Mg is heat treated, or (iii) if
the BCC-phase forms during solidification.

It needs to be stressed that it is not understood why it ap-
pears that the BCC phase formed during solidification of the
HZG ingot (with 32 ppm Fe) and not in the UQ HP Mg
(20 ppm Fe), so there is a substantial gap in our understanding
of the metallurgy and corrosion of pure Mg [10]. The recent
research by Liu and Song [15] provide useful insights.

Recent work [16,17] has indicated that particles in the
microstructure may also lead to high corrosion rates, and this
is also poorly understood.

Recent work [18] indicated that ultra-high-purity (UP) Mg
had an intrinsic corrosion rate of 0.25 � 0.07 mm y�1 in 3.5%
NaCl solution saturated with Mg(OH)2,while the intrinsic
corrosion rate high-purity Mg is 0.38 � 0.24 mm y�1 in the
same solution [42]. Thus production of stainless Mg needs a
development strategy that changes the Mg alloy.
2.2. Requirement for UP Mg alloys
Typical commercial Mg alloys contain two or more phases,
and typically corrode significantly faster than high-purity Mg.
This is shown in Fig. 6, which provides a recent compilation of
corrosion data for Mg alloys [16,17]. Typical second phases
cause micro-galvanic acceleration of the corrosion of the
alpha-Mg matrix.

A corrosion rate lower than that of high-purity Mg is only
possible for such a conventional Mg alloy containing two
phases, if the amount of the second phase is sufficiently large
so that the second phase is continuous. An alloy containing a
continuous second phase can have a steady state corrosion rate
lower than that of high-purity Mg, provided that the corrosion
rate of the second phase is lower than that of high-purity Mg.
Such corrosion is illustrated in Fig. 7, which shows a cross-
section of the alloy exposed to the solution at only the top
surface. Fig. 7(a) shows the initial state. Both the alpha-matrix
and the beta phase are exposed to the solution. The second
phase is assumed to have a corrosion rate significantly lower
than that of the matrix, alpha-phase. Initially the corrosion is
essentially characteristic of that the alpha-phase, until the
alpha-phase has been corroded away. Thereafter, the corrosion
is dominated by that of the second phase. However, second
phases in Mg alloys are intermetallics and are typically brittle.
Thus, this strategy is unlikely to produce a high-performance,
tough, ductile Mg alloy with a low corrosion rate.

Recently, Birbilis et al. [19] reported corrosion rates in 0.1 M
NaCl for as-cast two-phaseMg0.37As lower than that of HPMg.
The lower corrosion rates for Mg0.37As were attributed to
poisoning of the hydrogen evolution reaction by As [19].
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Fig. 6. Corrosion of Mg alloys [16,17]. No alloying element has been iden-

tified that consistently gives corrosion rates lower than that of high-purity Mg

in a technically relevant solution like 3.5% NaCl solution saturated with

Mg(OH)2. Ultra-high-purity (UP) Mg had an intrinsic corrosion rate of

0.25 � 0.07 mm y�1 in 3.5% NaCl solution saturated with Mg(OH)2, only

slightly lower than the intrinsic corrosion rate of high-purity Mg,

0.38 � 0.24 mm y�1 in the same solution, although individual specimens do

give somewhat higher corrosion rates. The vast bulk of Mg alloys give

corrosion rates higher than that of HP Mg. The corrosion rate measured by

hydrogen evolution for low corrosion rates under-estimates the real corrosion

rate because the amount of hydrogen dissolved in the Mg specimen causes a

significant error in the corrosion rate at low corrosion rates.
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Song and Atrens [4] proposed that a stainlessMg alloy would
be developed if an alloying element could be found that would
produce a surface film much more stable than that typically
produced on Mg. This is the strategy which forms a passive film
on stainless steels, and nickel and cobalt base alloys, where Cr
alloying produces low corrosion rates [20e29] above a critical
Cr concentration by means of a more stable passive film.

For Mg alloys this could be possible for a Mg alloy con-
taining a substantial amount of alloying and having all the
alloying in solid solution in the alpha-Mg matrix. Such Mg
alloys typically form second phases on solidification. Heat
treatment is required to dissolve all the alloying elements into
the Mg alpha-matrix. However, as discussed above, heat
treatment is likely to cause the precipitation of the BCC Fe-
rich phase and produce an alloy with a corrosion rate domi-
nated by the Fe impurity concentration, unless the Fe impurity
concentration is w2 ppm.

This means that it has not yet been possible to evaluate the
possibility of a stainlessMg. To date, it has been readily possible
to produce high-purity Mg alloys with Fe contents w40 ppm,
but such alloys are expected to exhibit corrosion behaviour
dominated by the Fe impurity content after heat treatment.

What is needed is a systematic evaluation of the corrosion
behaviour of ultra-high-purity (UP) Mg alloys.
2.3. Melt purification
Our recent research [30] has indicated that it is possible to
produce UP Mg alloys using melt purification using Zr.
It is also possible to produce ultra-high-purity Mg by
distillation, and Cao et al. [18] carried out a first evaluation of
UP Mg produced by distillation. Production of ultra-high-
purity Mg alloys would also be possible if the alloying ele-
ments (or master alloys) were also available in ultra-high-
purity form. Unfortunately, Mg master alloys often contain
w1000 ppm Fe [30].

Fig. 8 is an isothermal section through the MgeFeeY
phase diagram at 651 �C [30], that is at a temperature just
above the eutectic temperature. This indicates that Y has no
influence on the Fe solubility in molten Mg. Similarly there
was no influence from a large number of elements including
Sn, Ca, Sr, Ce, Gd, Nd and Zn. In contrast, Zr drastically
decreases the solubility of Fe in the Mg melt. Thus, melt
purification is possible using Zr, acting by the precipitation of
Fe2Zr or FeZr2 from the melt. Al, Si and Mn also decrease the
solubility of Fe, but are not as effective as Zr in reducing the
Fe concentration to the required low level [30].

Fig. 9 illustrates the methodology by which a Mg-X alloy
can be produced with the required Fe impurity concentration
of 2 ppm [30]. The melt is equilibrated at 700 �C, sufficient Zr
(or master alloy containing Zr) is added to achieve a Zr con-
centration of 0.2%, the melt is cooled to 660 �C, and the FeZr2
is allowed to settle from the top part of the melt. Recent
research has shown that this approach works in principle [30].
This means that for the first time it has become possible to
explore the production of stainless Mg using conventional
ingot metallurgy.

3. Biocorrosion
3.1. Key issues
Mg alloys are good biodegradable material candidates.
Their rapid degradation has been realised to be the most
critical roadblock to their successful applications, and the
solution of the hydrogen evolution and alkalisation related
problems relies on effective control of their biodegradation
rates [31]. Currently, alloying and surface treatment/coating
are the two most popular approaches for improving the
biodegradation resistance for Mg alloys [32e34]. Moreover,
Staiger et al. [35] summarising the panel discussions at the 2nd
symposium on biodegradable metals, Maratea, Italy, 2010,
maintained that a key requirement was to produce a stand-
ardised laboratory test in vitro to predict corrosion in vivo.

This issue was considered by Zainal Abidin et al. [2,3] who
maintained that, to produce a standardised laboratory test
in vitro to predict corrosion in vivo, it was necessary to un-
derstand Mg biocorrosion to a sufficient degree to be able to
understand the Mg corrosion mechanism and the main deter-
mining factors for corrosion.

In addition, there are two requirements for the in vitro tests:
(i) the in vitro test needed to be a valid measurement (see the
discussion in Section 4), and (ii) the in vitro tests needed to
have test conditions that would be expected to lead to a
corrosion mechanism similar to that in vivo. Section 4 reviews
what is required for a valid measurement for the Mg corrosion



Fig. 7. (A) A cross-section of a Mg alloy containing a continuous second phase

(beta) in an alpha-matrix is exposed to the solution at only the top surface [5].

(A) shows the initial state. Exposed to the solution is both the alpha-matrix and

the beta phase. The second phase is assumed to have a corrosion rate signif-

icantly lower than that of the matrix, alpha-phase. Initially the corrosion is

essentially characteristic of that the alpha-phase, until the alpha-phase has

corroded away. (B) illustrates steady state. The corrosion is dominated by that

of the second phase. However, second phases in Mg alloys are intermetallics

and are typically brittle. Thus, this strategy in unlikely to produce a high-

performance Mg alloy with a low corrosion rate.

Fig. 9. Methodology [30] by which a Mg-X alloy can be produced with the

required Fe impurity concentration of 2 ppm. The melt is equilibrated at

700 �C, sufficient Zr (or master alloy containing Zr) is added to achieve a Zr

concentration of 0.2%, the melt is cooled to 660 �C, and the FeZr2 is allowed

to settle from the top part of the melt.
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rate. Section 3.2 considers in vitro and in vivo comparisons,
and future related research requirements.
3.2. In vitro in vivo comparison
It is well known that the body fluids are a dilute chloride
bicarbonate solution maintained at a constant pH by the
interaction of CO2 and the bicarbonate ions, and that the
temperature is maintained constant at body temperature,
Fig. 8. Isothermal section through the MgeFeeY phase diagram at 651 �C,
just above the eutectic temperature, indicating that Y has no influence on the

Fe solubility in molten Mg [30]. Similarly there was no influence from a large

number of elements including Sn, Ca, Sr, Ce, Gd, Nd and Z [30].
37 �C. It is well known that the corrosion of Mg is strongly
dependent on the pH, temperature, chloride concentration, and
buffer system [1,4e6]. When the literature data was selected
on the basis of relevance, Zainal Abidin et al. [3] found that
there was correspondence between in vitro testing and in vivo
behaviour.

Subsequently, Zainal Abidin et al. [2] showed that Nor’s
solution was a good model for in vitro testing for alloys like
HP Mg and WE21 that had low to moderate corrosion rates.
They compared corrosion rates for HP Mg and the two alloys
WZ21 and AZ91 in vitro in Nor’s solution in comparison with
in vivo testing of the same alloys implanted in the back
muscles of rats. Nor’s solution was the designation given to
Hank’s solution, which had the pH maintained constant by the
same buffer as in blood: CO2 at the appropriate partial pres-
sure interacting with the bicarbonate in the solution [3]. The
in vitro corrosion rates for HP Mg and WZ21 agreed well with
the in vivo corrosion rates, as is evident from the data in Table
1 [2]. This was attributed to the fact that Nor’s solution has (i)
a similar concentration as blood of the corrosive inorganic
ions, particularly the chloride ion, and (ii) the same buffer as
in blood giving a similar pH.

The corrosion rate of AZ91 was significantly higher in
Nor’s solution, attributed to the significant amount of micro-
galvanic corrosion caused by the second phase in the micro-
structure. The lower corrosion rate in vivo was attributed to the
tight encapsulation minimising the micro-galvanic accelera-
tion by the second phase.

Walker et al. [36] found a similar agreement between
in vitro and in vivo behaviour for pure Mg, and the Mg alloys
AZ31, Mg0.8Ca, Mg1Zn, Mg1Mn, and Mg1.3Ca3Zn.

The next step is a systematic laboratory investigation of the
details of how the corrosion behaviour is controlled by the
various constituents of the body fluids. This research is
ongoing.



Table 1

Corrosion rates in vitro (immersed in Nor’s solution at 37 � 2 �C) and

in vivo [2]

Alloy Corrosion rate, PW, mm y�1

Nor’s solution In vivo 30 days In vivo 60 days

HP Mg 0.9 � 0.3 1.0 � 0.3 0.7 � 0.3

WZ21 1.0 � 1.0 1.8 � 0.4 1.0 � 0.2

AZ91 6 � 2 0.7 � 0.5 0.7 � 0.2
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4. Corrosion rate measurement
4.1. Measurement techniques
Since the review of Mg corrosion by Song and Atrens [4] it
has been know that there are issues with the measurement of
Mg corrosion using electrochemical means, and this was
verified by Shi et al. [37] and discussed by Shi et al. [38,39].

Mg corrosion is somewhat of an ideal system as there are
numerous independent techniques to measure the Mg corro-
sion rate. The instantaneous Mg corrosion rate can be evalu-
ated from (i) the evolved hydrogen, PH, (ii) Tafel extrapolation
of polarisation curves, Pi, and (iii) electrochemical impedance
spectroscopy (EIS), Pi,EIS (see e.g. Refs. [16e18]), and the
average corrosion rate over the whole immersion test can be
evaluated from the weight loss, PW and the total amount of
evolved hydrogen, PAH.

Furthermore, polarisation curves can provide information
about the anodic and cathodic reactions; EIS can provide in-
formation about the influence of surface corrosion-product
films on the corrosion behaviour; and an examination of the
corroded surface (by for example scanning electron micro-
scopy) can give valuable information about the corrosion
mechanism.
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published data [10]. Both corrosion rates are directly comparable as both are

average values across the whole surface area of the specimen. If the same

quantity was measured by both measurements, then the data points should lie

on the line drawn on the plot. After Qiao et al. [10].
If these independent techniques were to measure the same
quantity, then they would provide the same numerical value
for the corrosion rate of Mg. However, these techniques tend
to measure slightly different quantities, and it is important to
understand what each technique is measuring, its advantages
and shortcomings.

Fig. 10 provides an illustration [10]. Independent measure-
ments of the corrosion were carried out [40] using Tafel
extrapolation and weight loss. This figure compares the corre-
sponding corrosion rates Pi (mm y�1) and PW (mm y�1), con-
verted from the published data [40] by Qiao et al. [10]. Both
corrosion rates (Pi and PW) are directly comparable as both are
average values across the whole surface area of the specimen. If
the same quantity was measured by both techniques, then the
data points should lie on the line drawn on the plot.

However, Pi is an instantaneous measurement, typically
measured soon after specimen insertion into the solution [46].
In contrast, PW measures the corrosion rate over the whole
immersion test. There can be significant differences if the
corrosion rate changes during the immersion test, as is known
to occur for Mg-Y alloys [41]. An analogy is the prediction of
the sample temperature and microstructure of a metal sample
placed in a heat treatment furnace. Measuring the initial
temperature as the specimen is placed into the furnace may
give little information about the steady state temperature.
Similarly, the microstructure at the steady state temperature in
the furnace may be different to that of specimen after only a
short period in the furnace.

It needs to be stressed that both of themeasurement techniques
used in Fig. 10 can provide valid measurements of the corrosion
Fig. 11. The plug-in specimen [42,43]. An oversized bared copper conductor is

forced into an undersized hole in the side of a rectangular Mg specimen

providing a robust mechanical joint with good conductivity. The careful as-

sembly of the plug-in specimen and the Teflon tape ensures that there is no

crevice corrosion.
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rate. The two techniques may provide significantly different
values because subtlety different quantities are measured.
4.2. Plug-in specimen
Shi and Atrens [42,43] developed the plug-in specimen and
the fishing-line specimen because crevice corrosion was iden-
tified to be an issue with mounted specimens, and crevice
corrosion may be an issue for electrochemical measurements
for Mg if a mounted electrode has been repeatedly used or used
for long-term immersion. Under those conditions, softening of
the epoxy resin may occur, resulting in penetration of solution
into the crevice between the Mg sample and the mount.

The new plug-in specimens allow study to understand the
fundamental mechanistic reasons why different measurement
techniques have provided different values as illustrated in
Fig. 10.

The plug-in specimen is illustrated in Fig. 11 [42,43]. An
oversized bare copper conductor is forced into an undersized
hole in the side of a rectangular Mg specimen providing a
robust mechanical joint with good conductivity. The careful
assembly of the plug-in specimen and the Teflon tape ensures
that there is no crevice corrosion. Fig. 12 shows a typical
experimental set up with the plug-in specimen in a standard
three-electrode cell.

In our measurements [4,10,16e18,44,45], PAH has been in
good agreement with PW giving confidence in both measure-
ments. However, exceptions do occur (i) at low corrosion
rates, see Fig. 13 [16,17], and (ii) in Nor’s solution [2,3], see
Fig. 14. Sources of error are thought to include dissolution of
hydrogen in the metallic magnesium and, potentially, in the
test solution. In contrast Pi and Pi,EIS typically do not agree
with PW and PH [16e18].
4.3. Crevice corrosion
Fig. 12. A typical experimental set up with the plug-in specimen in a standard

three-electrode cell [42,43]. The instantaneous corrosion rate can be evaluated

from (i) the evolved hydrogen, PH, (ii) Tafel extrapolation of polarisation

curves, Pi, and (iii) electrochemical impedance spectroscopy, Pi,EIS, and the

average corrosion rate over the whole immersion test can be evaluated from

the weight loss, PW and the total amount of evolved hydrogen, PAH.
The research of Shi and Atrens [42] found that crevice
corrosion was an issue, despite the fact that crevice corrosion
was thought not to occur for Mg. Fig. 15 illustrates a typical
mounted specimen widely used in Mg corrosion research,
typically used for electrochemical measurements [42]. A Mg
specimen is encapsulated in metallurgical resin. An electrical
contact is provided to the back of the specimen, typically
enclosed within the metallurgical resin. This type of specimen
is convenient. It is easy to produce and use. One well-defined
surface is exposed to the solution. This surface can be easily
prepared to any desired metallurgical finish. Grinding and
polishing is easy.

A large number of repeat measurements showed that the
corrosion rate for high-purity (HP) Mg in 3.5% NaCl solution
saturated with Mg(OH)2, measured with a mounted specimen
as illustrated in Fig. 15, was [42]

Pi;mounted ¼ 1:38� 0:63 mm y�1 ð1Þ
The fishing-line specimen was developed [42] to have the

most minimal possible crevice. Fig. 16 illustrates a typical
fishing-line specimen. The specimen is supported in a cradle
of fishing-line, and suspended in the solution without touching
any surface. The corrosion rate can be evaluated from the
evolved hydrogen and from the weight loss.

A large number of repeat measurements showed that the
corrosion rate for high-purity (HP) Mg in 3.5% NaCl solution
saturated with Mg(OH)2, measured with a fishing-line spec-
imen as illustrated in Fig. 16, was [42]

PAH;fishing�line ¼ 0:35� 0:20 mm y�1 ð2Þ

and

PW;fishing�line ¼ 0:38� 0:24 mm y�1 ð3Þ

There was good agreement between PAH,fishing-line and PW,fishing-

line. The higher value of Pi,mounted was attributed to crevice
corrosion in the crevice between the Mg specimen and the
mount.

Fig. 17 presents the typical corrosion morphology for high-
purity (HP) Mg fishing-line specimens after immersion in
3.5% NaCl solution saturated with Mg(OH)2, for the stated
duration, and after removal of the corrosion products [42].
Corrosion was in the form of shallow corrosion cavities and
some filiform corrosion. The actual surface area was
measured, and the calculated to projected area ratios were:
1.18 � 0.07, 1.28 � 0.24, 1.43 � 0.12, 1.47 � 0.34 and
1.27 � 0.20. Corrosion caused a small increase in surface area,
not sufficient to account for the difference between Pi,mounted

and PAH,fishing-line and PW,fishing-line.
Consequently, it is important to consider the possible

contribution of crevice corrosion whenever the corrosion rate



Fig. 13. Good agreement at high corrosion rates between PAH and PW. At low

corrosion rate PAH was less than PW attributed to the dissolution of some

hydrogen in the Mg specimen. Data from Refs. [16,17].

Fig. 15. A typical mounted specimen widely used in Mg corrosion research,

particularly for electrochemical measurements. This specimen type is quick

and easy to prepare. The surface exposed to the solution can be prepared to any

desired finish. Shi and Atrens [42] found that there was significant crevice

corrosion between the specimen and the mount. Such crevice corrosion could

be an issue whenever the specimen is mounted to produce a crevice.
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of Mg is measured using a mounted specimen. It is best
practice to examine each specimen for signs of crevice
corrosion after each measurement.
4.4. Measurement time
Time of measurement of the Mg corrosion rate is important
because Mg corrosion typically changes with time of immer-
sion as discussed by Zainal Abidin et al. [2,3]. Typically the
initial corrosion rate is small, and then the corrosion rate ac-
celerates to steady state [31e34]. This is observed both in vitro
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Fig. 14. There was a good correlation between PAH and PW in Nor’s solution,

but PAH was significantly lower than PW, attributed to some hydrogen dis-

solving in the Mg specimen [2,3]. In addition, the triangles represent data from

Kirkland et al. [46].
and in vivo. When the aim is to understand the probable ser-
vice life of an implant, what is the use of unrepresentative
measurements after short immersion times? Nevertheless,
Kirkland et al. [46] recommend that Pi be measured soon after
specimen immersion in the solution.

The data in Fig. 4 [10] can be used to assess the quality of
this recommendation. Specimens 19, 26e28 all have the same
initial corrosion rate, but the steady state corrosion rate for
specimens 19 and 28 is about an order of magnitude higher,
which means that the error is a factor of ten for an evaluation
Fig. 16. A typical fishing-line specimen designed to have the least possible

minimal crevice [42]. The specimen is supported in a cradle of fishing-line,

and suspended in the solution without touching any surface. The corrosion rate

can be evaluated from the evolved and the weight loss.



Fig. 17. Typical corrosion morphology for high-purity (HP) Mg fishing-line specimens after immersion in 3.5% NaCl solution saturated with Mg(OH)2, for the

stated duration, and after removal of the corrosion products [42].
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of long-term corrosion behaviour from the short-term mea-
surements for specimens 19 and 28. Furthermore, there is no
means of evaluating from the initial measurements the
magnitude of the steady state corrosion rate. This is a mea-
surement issue. An inappropriate measurement leads to an
inappropriate analysis of long-term behaviour. More infor-
mation is gained by carrying out multiple measurements at
different immersion times.
4.5. Measurement issues
There are experimental issues that need to be addressed for
each of techniques used for the measurement of the corrosion
rate of Mg. These include the following, but are not limited to
these points.

The key issues with the weight loss technique include the
following:

(i) It is important to ensure identical (film-free) specimen
conditions before and after the exposure to the corro-
sive environment. The water adsorbed on the surface
can provide sufficient mass to give an appreciable error
if conditions are not the same before and after. We have
used (a) 2 days in a desiccator, and (b) drying with a
hair dryer and measuring the weight at a specified time
thereafter [16,18].

(ii) The corrosion products need to be removed completely
after the exposure to the corrosive environment, without
removal of any Mg metal. Cao et al. [16,18] and Shi
et al. [17] have verified that there is little Mg metal loss
due to the cleaning with the chromic acid solution.

Key issues with the hydrogen evolution technique include
the following:

(i) All the evolved hydrogen needs to be collected, and
there should be no inclusion of other gasses such as
CO2 as used in Nor’s solution [2,3].

(ii) The dissolution of some hydrogen in the Mg specimen
needs to be considered, particularly in Nor’s solution
[2,3] and for Mg specimens corroding at a low rate
[16e18], see Figs. 13 and 14.
(iii) The dissolution of some hydrogen in the solution (and
the consequences thereof) needs to be considered [18].

Key issues with electrochemical methods include the
following:

(i) Specimen mounting needs to be carried out in a manner
to exclude the possibility of crevice corrosion, and each
specimen should be examined after the test for the
occurrence of crevice corrosion [42].

(ii) Polarisation curves (and EIS measurements) can be
carried out after various immersion times in the solu-
tion. Consideration should be given as to the most
appropriate immersion time, because measurements at
short times may not relate to steady state corrosion.

(iii) Polarisation curves are typically curved, so iR correc-
tion should always be considered.

(iv) The curvature of cathodic curves often indicates
increasing resistance with increasing polarisation. In
such cases, the region for Tafel extrapolation should be
limited to the range from Ecorr � 75 to Ecorr � 170 mV.
Alternatively, consideration should be given to the
simultaneous measurement of the appropriate value of
the resistance R [16e18].

(v) The LEV method {fitted to the range Ecorr þ 20 to
Ecorr � 170 mV} has the advantage that both the anodic
and cathodic Tafel constants can be evaluated [16e18]
from the cathodic polarisation curve.

(vi) It is possible that polarisation of Mg alloys may not
follow the traditional Tafel equation due to the compli-
cated (unknown) reaction steps/procedures involved in
the corrosion process. In this case, the corrosion rate
cannot be estimated from a measured polarisation curve,
and points (i) through (v) are meaningless.

General due diligence.

(i) It is always useful to use several independent mea-
surements to characterise the corrosion behaviour, as
each technique provides complementary information.

(ii) The independent measurements should be converted to
the same units and compared. The actual unit used is
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less important than the fact that the measurements are
compared. This provides added confidence that each
measurement has been carried out appropriately.

(iii) For the evaluation of long-term corrosion behaviour, the
units of mm y�1 are useful. However, care must always
be exercised in the evaluation of long-term corrosion
behaviour from relatively short-term tests, particularly
when the corrosion is heterogeneous, as is often the
case for Mg alloys.
4.6. Solutions
Fig. 18. Comparison of Pi and PH for a HP Mg plug-in specimen immersed for

7 days in 3.5% NaCl saturated with Mg(OH)2 [42].
Nor’s solution may be a good start model for the study of
Mg for biodegradable medical implant applications [2,3].
Nor’s solution is the name given to Hank’s solution through
which CO2 is bubbled at a partial pressure of 0.9 atm. This has
several advantages. The pH is maintained constant at w7.4 by
the same buffer as in the body in blood: the interaction be-
tween CO2 and bicarbonate ions. Furthermore, the concen-
trations of the inorganic constituents are similar to those in the
blood, particularly the corrosive chloride ions. The chemistry
of CO2 and bicarbonate ion buffering was considered in detail
in Ref. [3]. It was shown that the bubbling of CO2 does not
result in H2CO3 continuously generated in the solution.

Concentrated chloride solutions are widely used for the
study of Mg corrosion (i) for transport applications such as
aerospace and auto construction, and (ii) to understand the Mg
corrosion mechanism. The pH of an un-buffered chloride so-
lution rapidly increases to a pH of w10.3 due to the low
solubility of Mg(OH)2. This typically occurs in a few hours.
We have widely used 3.5% NaCl solution saturated with
Mg(OH)2 and immersion tests using relatively small speci-
mens (such as 10 mm � 10 mm � 5 mm) in a large volume of
solution (500 mLe1 L) [10,16e18]. This has the advantage
that the solution concentration and pH does not change during
the experiment.

The solution pH can be understood in terms of the low
solubility of Mg(OH)2, which is associated with the following
equilibrium reaction:

MgðOHÞ2 ¼Mg2þ þ 2OH� ð4Þ

At equilibrium of a solution saturated with Mg(OH)2, the
following relationship pertains between the concentration in
solution of Mg2þ and OH� ions:

�
Mg2þ

�¼ 2
�
OH�� ð5Þ

where [Mg2þ] is the concentration of Mg2þ ions in the solu-
tion, and [OH�] is the concentration of OH� ions.

The solubility product, Ks, is given by [47]

Ks ¼
�
Mg2þ

��
OH��2 ¼ 1:2� 10�11 ð6Þ

Substitution of Eq. (5) into Eq. (6) allows evaluation of the
concentration of OH� ions. This concentration can be
substituted into the equation for the ionisation constant for
water, KW, which is given by [47]
KW ¼ �
Hþ��OH��¼ 10�14 ð7Þ

where [Hþ] is the concentration of Hþ ions in the solution.
The evaluated value of the concentration of Hþ ions is
substituted in the definition of pH to give

pH¼�log10
��
Hþ��¼ 10:3 ð8Þ

5. Phenomenological implications
5.1. Apparent valence of Mg
The apparent valence of Mg is given by

VeW ¼ Ne

NW

ð9Þ

where Ne is the flux of electrons involved in the dissolution
rate of NW, provided both Ne and NW are expressed in the same
units. An equivalent expression is given by

ViW ¼ 2Pi

PW

ð10Þ

provided that both Pi and PW are valid measurements, and that
both measurements correspond to each other, and that both are
directly comparable measurements.

However, typically PW is an average corrosion rate aver-
aged over the whole immersion period, whereas Pi is an
instantaneous measurement. Typically Pi is measured soon
after specimen immersion in the solution [46], or at the start of
an immersion experiment. However, in principle Pi can be
used to measure the corrosion rate throughout the immersion
experiment.

If the corrosion rate is constant throughout the immersion
experiment, then Eq. (10) provides a valid measurement of the
apparent valence for Mg, even if Pi and PW are measured at
different times, that is if Pi is measured soon after specimen
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immersion in the solution, whereas PW measures the corrosion
rate throughout the immersion experiment and provides an
average value.

In contrast, if the corrosion rate varies during the immer-
sion experiment, then Eq. (10) provides a valid measurement
only if Pi and PW are measured at the same time.

Alternatively, PH typically equals PW (as was the case for
the fishing-line specimens above), see Eqs. (2) and (3). If this
is applicable, then the apparent valence for Mg can be eval-
uated to a good approximation by

ViH ¼ 2Pi

PH

ð11Þ

The use of Eq. (11) is easier experimentally, because both Pi

and PH are instantaneous quantities, and it is relatively easy to
measure both quantities as the same time, as illustrated in
Fig. 18 [42].

Shi and Atrens [42] carried out extensive simultaneous
measurements of Pi and PH, and the average measured value
of apparent valence for HP Mg immersed for short periods (up
to w10 days) in 3.5% NaCl saturated with Mg(OH)2 was

ViH ¼ 2Pi

PH

¼ 1:45 ð12Þ

The corresponding corrosion morphology consisted of
relatively open corrosion cavities (which tended to link up)
and some filiform corrosion, as illustrated in Fig. 5(b) and (c).
5.2. Galvanostatic experiments
Galvanostatic experiments are involved in much of the
literature associated with trying to understand the Mg corro-
sion mechanism [1,4,5,38,39]. For the case where Mg is
studied galvanostatically, the applied current density, Iapplied, is
given by

Iapplied ¼ Ia � Ic ¼ Ne appliedF ð13Þ

where Ia and Ic are the anodic and cathodic current densities
on the working (Mg) electrode, respectively, Ne applied

(mmol cm�2 s�1) is the applied flux of electrons, and F is the
Faraday (96 500 C mol�1).

The apparent valence of Mg is typically calculated [4,5]
using an expression equivalent to

VegW ¼ Ne applied

NW

ð14Þ

It is important to note that the applied flux of electrons, Ne

applied, is not the same as Ne the flux of electrons involved in
the dissolution rate of NW in the evaluation of the apparent
valence of Mg, Eq. (9).

Ne appliedsNe ð15Þ

The applied flux of electrons, Ne applied, is only the same as Ne

if the cathodic current density can be neglected, because its
magnitude is so close to zero.
Shi and Atrens [48] pointed out that the assumption (that
the cathodic current density can be neglected) was unlikely to
be correct in the experiments being discussed in that work
[49]. In particular, Kirkland et al. [49] measured low values of
apparent valence that increased with increasing applied current
density, as has been previously measured [38,39]. Eq. (14)
gives low values of apparent valence of Mg for low values
of applied anodic current density because there is a substantial
contribution due to Ic, as is clear from Eq. (13). Thus Eq. (14)
gives good values of apparent valence for Mg only for suffi-
ciently large values of applied current density.

Thus, Eqs. (9)e(11) are to be preferred in the evaluation of
the apparent valence for Mg.
5.3. Hydrogen bubble isolation
Decoupling of the actual corrosion from that measured by
the electrochemical system is illustrated by the data in Fig. 19
[42] for the immersion test after 14 days. For shorter periods
the data as shown in Fig. 18 in that Pi was only slightly less
than PH. For immersion times greater than 14 days, the
corrosion rate as measured by hydrogen evolution increased
significantly, whereas this change was not measured by the
electrochemical technique.

Shi and Atrens [42] attributed this to the fact that some of
the actual corrosion was isolated from the electrochemical
measurement system by the corrosion products and the
evolving hydrogen. Fig. 20(a) provides a schematic of the
relevant corrosion morphology (see Fig. 5(d)) and provides an
illustration of the concept. Corrosion can proceed within the
crack-like features at the bottom of the corrosion cavities
shown in Fig. 5(d). If the evolved hydrogen collects as a
bubble at the mouth of the crack-like feature, then the
hydrogen bubble can isolate the corrosion within the crack-
like feature from the outside environment, and in particular the
corrosion in the crack-like features can proceed without being
measured or influenced by the electrochemical measurement
system. The blockage of the corrosion path by gaseous bub-
bles has been proposed to successfully explain the improved
protection performance of an electroless E-coating on Mg
[50]. The hydrogen bubbles trapped in cracks may play a
similar role as those in the coating. Therefore, corrosion can
proceed inside such a crack-like feature with local anodes
being balanced by local cathodes, and with no influence of
external polarisation on the corrosion within the crack-like
features.

Fig. 20(b) provides an idealisation based on the corrosion
morphology shown in Fig. 5(a). Fig. 20(c) provides an ideal-
isation based on the corrosion morphology shown in Fig. 22.
Corrosion could proceed at breaks in the partly protective film
if isolated by a hydrogen bubble, with local anodes being
balanced by local cathodes, and with no influence of external
polarisation on the local (self) corrosion.

In Fig. 20 the hydrogen bubbles are shown stationary for
purposes of illustration. A similar effect would occur also for
intermittent hydrogen bubbles, which would be equivalent to
there being a significant resistance between the external



Fig. 19. Instantaneous corrosion rate for HP Mg determined from hydrogen

evolution, PH, open symbols, and the corresponding corrosion rate determined

from the corrosion current density from the polarisation curve, Pi, full sym-

bols, plotted versus immersion time, for immersion at the open circuit po-

tential in 3.5% NaCl solution saturated with Mg(OH)2 at 25 �C [42]. The

triangles represent data from specimen PMg1e4, squares represent data from

specimen PMg1e5, and circles represent data from specimen PMg1e3, see

also Table 2.
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polarisation and the corrosion occurring inside a tight deep
crevice.

6. Magnesium corrosion mechanism
6.1. Possibilities
Fig. 20. (a) Provides a schematic idealisation of the corrosion morphology

corresponding to Fig. 5(d). Corrosion can proceed within the crack-like or

crevice-like features at the bottom of the corrosion cavities. If the evolved

hydrogen collects as a bubble at the mouth of the crack-like or crevice-like

feature, then the hydrogen bubble can isolate the corrosion within the

feature from the outside environment, and in particular the corrosion inside the

features can proceed without being measured or influenced by the electro-

chemical measurement system. Corrosion can proceed inside with local an-

odes being balanced by local cathodes, and with no influence of the external

polarisation on the corrosion within the crack-like or crevice-like features. (b)

Provides an idealisation based on the corrosion morphology shown in

Fig. 5(a). Corrosion can proceed inside such a crack-like feature with local

anodes being balanced by local cathodes, and with no influence of external

polarisation on the corrosion within the crack-like features. (c) Idealisation

based on the corrosion morphology shown in Fig. 22. Corrosion could proceed

at breaks in the partly protective film if isolated by a hydrogen bubble, with

local anodes being balanced by local cathodes, and with no influence of

external polarisation on the local (self) corrosion.
Mg corrosion has two seemingly strange manifestations: (i)
the amount of hydrogen evolved increases with anodic
polarisation which decreases the speed of a normal cathodic
reaction, and (ii) the amount of Mg corroded is greater than
expected based on the charge consumed and the assumption
that all the charge is used to convert metallic Mg to the
equilibrium Mg2þ ion. The first of these two manifestations is
designated the negative difference effect (NDE).

In addition, Song [51] introduced the term “anodic
hydrogen evolution” to describe the observed location of the
evolved hydrogen during free corrosion, and during anodic
polarisation. During free corrosion and during anodic polar-
isation, hydrogen was observed to evolve copiously at sites
associated with anodic dissolution. The location of the anodic
hydrogen evolution was distinctly different to the locations
for hydrogen evolution during cathodic polarisation. The
amount of hydrogen evolution increased with increasing
anodic polarisation. The locations of cathodic and anodic
hydrogen evolution were the same after changing the poten-
tial in a cyclic fashion from cathodic to anodic and back to
cathodic.

Possibilities for the Mg corrosion mechanism are discussed
under the following headings: (i) partially protective surface
film [52], (ii) uni-positive Mgþ ion [1,4e6,38,39], (iii) gas
bubble isolation, (iv) hydride dissolution mechanism [18], (v)
catalytic activation, (vi) undermining [53] and (vii) self-
corrosion [38,39,54].

A complicating factor is that Mg is known to be a hydride
former with a high solubility for hydrogen, and there is evi-
dence that some of the evolved hydrogen dissolves in the Mg
metal matrix, see Figs. 13 and 14.

There is always the desire to provide as simple as possible
explanation for all the observed phenomena, nevertheless, it
has long been maintained [4,5] that there are at least two
mechanisms occurring simultaneously.
6.2. Partially protective surface film (PPSF)
There is always a surface film on Mg and its alloys even
after polishing, and the film mainly consists of magnesium
oxides and hydroxides, which has been confirmed by XRD
and XPS [55]. The treatment herein follows that of Song et al.
[52]. The overall corrosion reaction for pure Mg can be
written as

Mgþ 2H2O/MgðOHÞ2 þH2 ð16Þ
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and consists of overall anodic and cathodic partial reactions as
follows:

Mg/Mgþþ þ 2e ð17Þ

2H2Oþ 2e/H2 þ 2OH� ð18Þ

and the film formation reaction

Mg2þ þ 2OH�/MgðOHÞ2 ð19Þ
The partially protective surface film (PPSF) mechanism for

Mg corrosion assumes that the Mg surface is covered by a
partially protective film, even in a concentrated chloride so-
lution. Song et al. [52] concluded that their experimental data
indicated that there was essentially complete film coverage for
cathodic polarisation, but film breakdown commenced just
before the corrosion potential for a polarisation curve
measured in 1 M NaCl solution, and the fraction of film-free
surface increased with anodic polarisation. It was assumed that
both the anodic partial reaction and the cathodic partial re-
action occurred much more easily on the film-free areas
compared with the filmed areas.

Under conditions that the surface film breaks down on
anodic polarisation, the simplest assumptions that the anodic
and cathodic partial reactions are governed by Tafel kinetics,
and the assumptions that Eqs. (17) and (18) represent the
anodic and cathodic partial reactions, the anodic and cathodic
current densities are given by

Ia ¼ qðE;pHÞIa0 expfðE�EaeÞ=ba0g ð20Þ

Ic ¼ qðE;pHÞIc0 expf� ðE�EceÞ=bc0g ð21Þ

where Ia is the anodic current density at an applied potential E,
q(E,pH) is the film-free area which is dependent on potential,
E, and pH (see [52]), Ia0 is the exchange current density for the
anodic reaction, Eae is the equilibrium potential for the anodic
reaction, ba0 is the Tafel constant for the anodic reaction, Ic is
the cathodic current density at an applied potential E, Ic0 is the
exchange current density for the cathodic reaction, Ece is the
equilibrium potential for the cathodic reaction, and bc0 is the
Tafel constant for the cathodic reaction.

The equation for the anodic current density, Eq. (20), is
composed of two terms, both of which increase with
increasing potential E.

Similarly, the equation for the cathodic current density, Eq.
(21), is composed of two terms. However, the second (expo-
nential term) has a negative sign, which means that this term
decreases (exponentially) with increasing potential. Never-
theless, the cathodic current density can increase if the in-
crease in the first term is sufficiently rapid.

This means that hydrogen evolution (by the cathodic partial
reaction Eq. (18)) can increase initially on anodic polarisation,
if the first term in Eq. (21) dominates. However, for suffi-
ciently large applied potential, it would be expected that the
film-free area would become asymptotic to a value of unity,
and the second term would come to dominate, and the
hydrogen evolution rate would start to decrease.
In the PPSF mechanism, anodic polarisation is accompa-
nied by an increase of film-free area, and as a result, hydrogen
evolution increases, by means of the cathodic partial reaction.

For the case where Mg is studied galvanostatically, the
applied current density, Iapplied, is given by Eq. (13). For the
PPSF mechanism, Eq. (13) can be rewritten as

2ðNW �NHcÞ ¼ Ne applied ð22Þ

where NW (mmol cm�2 s�1) is the measured rate of Mg metal
dissolution, and NHc (mmol cm�2 s�1) is the average measured
rate of hydrogen evolution which is assumed to be the same as
the cathodic partial reaction, and each quantity is in the same
units (mmol cm�2 s�1).

Song et al. [52] concluded that this PPSF mechanism could
explain all their measured data for corrosion of pure Mg in
1 M NaCl.

However, the measurements of Shi and Atrens [42] provide
good evidence that valid measurements can give values of
apparent valence for Mg between 1.0 and 2.0. But, the PPSF
mechanism cannot explain values of Mg valence less than 2.0,
because the PPSF mechanism maintains that the partial re-
actions are adequately and completely described by Eqs. (17)
and (18). This is an apparent shortcoming for the PPSF
mechanism, and indicates that there are complexities inherent
in Mg corrosion that are not completely explained by the PPSF
mechanism.

Song et al. [56] carried out critical experiments in
concentrated hydrochloric acid (1 M HCl) and concentrated
sulphuric acid (0.5 M H2SO4) to explore the corrosion
behaviour of Mg under conditions where it was extremely
unlikely that there were any surface films. They found that the
rate of hydrogen evolution increased with increasing anodic
polarisation. This required a re-evaluation of the corrosion
mechanism. The uni-positive Mgþ was the only existing
mechanism consistent with the data, and it was therefore [56]
argued that this mechanism was generally applicable at film-
free areas for Mg corrosion.

The mechanism developed by Song et al. [56] is that (i) the
surface of Mg is covered by a partially protective film, (ii)
corrosion occurs preferentially at breaks in the partial pro-
tective film, and (iii) corrosion at the breaks in the partially
protective film involve the uni-positive Mg ion (as detailed in
the next section) [57].

However, there is a critical lack of understanding con-
cerning the actual surface area that is film-free, and how to
measure this area. This is potentially a fruitful area of
fundamental research.
6.3. Uni-positive Mgþ ion mechanism
In the uni-positive Mgþ ion mechanism, the anodic partial
reaction is assumed to occur in two steps, because one
electron transfer is more probable than the simultaneous
transfer of two electrons [58,59]. The second step assumes
that some fraction, k, undergoes electrochemical anodic
oxidation at the Mg surface to the equilibrium Mgþþ ion. The



Fig. 21. Schematic of the Mg corrosion mechanism involving the uni-positive

Mgþ ion. Metallic Mg is converted to the stable Mg2þ ion in two steps via the

highly energetic meta-stable Mgþ which can react with water some distance

from the Mg metal surface, so that the Mg corrosion reaction is only partly

under electrochemical control and electrochemical measurement give corro-

sion rates lower than weight loss. The cathodic partial reaction is hydrogen

evolution, which is particularly fast on Fe-rich phase particles. Some of the

hydrogen dissolves in the Mg metal, and if this amount of hydrogen is sig-

nificant, then the corrosion rate evaluated from the measured amount of

evolved hydrogen is less than that evaluated from weight loss.
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complement, 1 � k, of uni-positive Mgþ ions reacts some
distance from the Mg metal surface to produce the stable
Mgþþ ion and H2. The two anodic partial reactions are
balanced by the cathodic partial reaction. This reaction
sequence is as follows:

Mg/Mgþ þ e ð23Þ

kMgþ/kMgþþ þ k e ð24Þ

ð1�kÞMgþþð1�kÞHþ/ð1�kÞMgþþþ�
1�k

�1
2
H2 ð25Þ

ð1þ kÞHþ þ ð1þ kÞe/ð1þ kÞ1
2
H2 ð26Þ

Summation of Eqs. (23)e(26) gives the following overall
reaction:

Mgþ 2Hþ/Mgþþ þH2 ð27Þ

which is essentially the same as Eq. (16). If the Mg corrosion
mechanism is studied galvanostatically, and if the anodic and
cathodic current densities obey Eq. (13), it was shown [60]
that

2ðNW �NHmÞ ¼ Ne applied ð28Þ

even though part of the corrosion reaction (Eq. (25)) does not
occur at the Mg metal surface and does not contribute elec-
trons to be measured by an electrochemical measurement
system, and only part of the measured evolved hydrogen, NHm,
is evolved by the cathodic partial reaction (Eq. (26)).

Note that NHm in Eq. (28) is the measured hydrogen
evolved rate per unit area, which IS NOT the same as the
hydrogen evolution reaction by the cathodic partial reaction,
NHc. This is different to the definition in Eq. (22) wherein NHc

is measured hydrogen evolved rate per unit area, which IS the
same as the hydrogen evolution reaction by the cathodic par-
tial reaction (Eq. (26)).

Fig. 21 provides a schematic of the Mg corrosion mecha-
nism involving the uni-positive Mgþ ion.

Song [51] maintained that anodic hydrogen evolution was
strong evidence for the Mg corrosion mechanism involving the
uni-positive Mgþ ion, particularly the facts that (i) the anodic
hydrogen evolution occurred at locations different to hydrogen
evolution during cathodic polarisation, and (ii) the anodic
hydrogen evolution was associated with locations of anodic
corrosion. In the Mg corrosion mechanism involving the uni-
positive Mgþ ion, the anodic regions are the regions of pro-
duction of increasing amounts of the uni-positive Mgþ ion that
increase with anodic polarisation, cleanly explaining the
increased amount of hydrogen evolution with increased anodic
polarisation.

The uni-positive Mgþ ion mechanism expects that the
apparent valence for Mg has a value between 2.0 and 1.0. The
limit for the apparent valence equal to 2.0 corresponds to
k ¼ 1, and both the electrochemical steps between metallic Mg
and the equilibrium ion Mg2þ occur on the metallic Mg sur-
face. The lower limit value of apparent valence equal to 1.0
corresponds to k ¼ 0, and all the meta-stable Mgþ react away
from the Mg metal surface.

The uni-positive Mgþ ion mechanism cannot explain a
value of apparent valence of less than 1.0. However, so far the
believable values of apparent valence reported by other groups
have always been between 1.0 and 2.0 [59].
6.4. Gas bubble isolation
This mechanism can account for an un-specified amount of
self-corrosion that occurs in parallel with what might be
considered more normal corrosion that is controlled by the
applied potential, whereas the self-corrosion is independent of
the applied potential. This means that any value of apparent
valence for Mg is possible in relation to the applied current,
including low values of apparent valence, including values of
apparent valence less than 1.0. The applied current controls only
some part of the total corrosion, and the apparent valence is
simply related to the fraction of the total corrosion controlled by
the applied current. Any value of apparent valence less than 2 is
conceivable, down to exceedingly low values.

On first blush, it would seem that a requirement for this
mechanism is that the form of the corrosion produces a ge-
ometry suitable for isolating some of the corrosion from
electrochemical control. Thus, this mechanism would seem to
be unlikely if the corrosion were uniform and planar, such as
that illustrated in Fig. 5(b) and (c) or in Fig. 22, and is easily
conceivable if the corrosion morphology gives rise to deep
crevices and crack-like features that can be easily isolated
from the external current. The geometry associated with the
corrosion illustrated in Fig. 5(a) and (d) might be particularly
suitable for this mechanism. However, Fig. 20(c) provides a
suggestion for the case where the corrosion morphology is
essentially uniform.



Fig. 22. Surface appearance [18] after immersion at the open circuit po-

tential in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days at

25 � 2 �C and after removal of the corrosion products for UP Mg specimens

(a) A2 and (b) B3.
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6.5. Hydride mechanism
Cao et al. [18] proposed the hydride dissolution mechanism
in response to measured values of apparent valence much less
than 1.0. If such low values measured by electrochemical
methods are assumed to be reliable, then it was suggested that
some of the hydrogen evolved at the metal surface dissolves
into the Mg metal and forms magnesium hydride by the
following reaction:

Mgþ 2H/MgH2 ð29Þ

The magnesium hydride is not stable in the presence of water,
and can react with water as follows:

MgH2 þ 2H2O/Mg2þ þ 2OH� þ 2H2 ð30Þ

The overall reaction is the sum of Eqs. (29) and (30) is the
same as Eq. (19).
It should be noted that the H in Eq. (29) is actually gener-
ated from a cathodic partial reaction (H2O þ e ¼ H þ OH� or
Hþ þ e ¼ H) on the Mg surface. It cannot come from the
Mgþewater reaction in the solution. As a result, anodic
polarisation leads to a reduction in the Mg hydride amount,
resulting in a slow Mg dissolution process (Eq. (30)), which
contradicts to the common knowledge. Therefore, this mech-
anism may only be applicable at very negative polarisation
potentials.
6.6. Catalytic activation
Frankel et al. put forward a proposal, which can be
considered to be a variation of the partially protective surface
film model. The model can be expressed by the anodic and
cathodic current densities given by

Ia ¼ Ia0 expfðE�EaeÞ=ba0g ð31Þ

Ic ¼ Ic0 expf� ðE�EceÞ=bc0g ð32Þ
They suggest that the observed increase in hydrogen evo-

lution on anodic polarisation is explained by the rapid increase
in the exchange current density Ic0 to overcome the expo-
nential decrease in the second term for the hydrogen evolution
reaction, which is proposed as the total of the cathodic
reaction.

This model also cannot explain the observed values of
apparent valence less than 2.0.
6.7. Undermining
Undermining can also account for the low value of apparent
valence of Mg if undermined particles move far away from the
sample and the weight loss or hydrogen evolution from these
particles have not been properly measured. Undermining
usually occurs when the corrosion damage is extremely severe.
Sometimes, it explains accelerated the corrosion damage of a
Mg alloy in the later stage [53].
6.8. Self-corrosion
In summary, all the above mechanisms were proposed to
account for the fact that the dissolution of Mg is more than
that predicted by Faradic law, which means that a self-
corrosion process that does not consume electrical current is
involved in the dissolution of Mg. In other words, self-
corrosion is a general concept describing the dissolution of
Mg not directly affected by the applied potential or current
density.

Self-corrosion has been used to describe excess corrosion in
the galvanic corrosion experiments of Jia et al. [54]. Self-
corrosion was also needed by Shi et al. [38,39] for their
galvanic experiments. A somewhat related idea is the concept
of decoupling between the actual corrosion and the electro-
chemical measurement system as illustrated in Fig. 19 [42].

Fig. 20(a) and (b) provides illustrations of the concept.
Corrosion occurs within a crevice (or crack-like feature),
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which is partly filled with a hydrogen bubble, and is covered
by a partly protective surface film. The anodic dissolution of
Mg by means of the anodic partial reaction Eq. (17) (or Eq.
(23) plus Eq. (24)) is balanced locally by a local cathodic
reaction of hydrogen evolution by the cathodic reaction Eqs.
(18) or (26). The overall reaction is given by Eq. (27).
However, there is no interaction with the electrochemical
measurement system. Anodic polarisation does not change
what is happening inside the crevice. Furthermore, the rela-
tionship between weight loss and hydrogen evolution has to
be governed by the overall corrosion reaction, Eq. (16),
so that

2ðNW �NHÞ ¼ 0 ð33Þ

This description is clearly an idealisation, but is nevertheless
conceptually useful.

It is conceivable that anodic polarisation can induce sig-
nificant pitting, which in turn would increase the amount of
hydrogen produced.

Self-corrosion may be interpreted by different mecha-
nisms, such as the Mgþ, MgH2, particle undermining, and
gas bubble isolation models. In the explanations offered by
these mechanisms, a key point is that reaction of Mg occurs
not at the Mg metal surface, and does not involve electrons
that flow to or from the Mg metal. To some degree the
dissolution is potential or current independent. However,
after carefully analysing the models, one would find that
applied potential or current actually can indirectly affect
these processes. For example, increasing anodic potential or
current will lead to more Mgþ, less MgH2, and more gas
bubbles to isolate cracks, which will accelerate or decelerate
the corrosion of Mg.
Table 2

Values of apparent valence calculated using ViH ¼ 2Pi/PH for HP Mg (specimens P

19, 28, 10, 11, 20, 21 from Qiao et al. [10]), HP Mg (Specimens 26 and 27 from Qia

NaCl solution saturated with Mg(OH)2. Also given are the values of apparent val

calculated in this work from the data in the mentioned research works. Corrosion mo

cavities and some filiform corrosion as illustrated in Fig. 5(b) and (c); (ii) “crevic

Fig. 5(d), or deep-layered corrosion as in Fig. 5(a); (iii) “mild crevice” for deep c

Specimen, material Exposure period (day) Corrosion Morpholo

PMg1e4, HP Mg 1e7 Shallow

PMg1e5, HP Mg 1e14 Shallow

PMg1e3, HP Mg 4e13 Shallow

PMg1e3, HP Mg 25e31 Creviced

19, HZG Mg 1e7 Creviced

28, HZG Mg 1e7 Creviced

10, HZG Mg 1e3 Creviced

11, HZG Mg 1e3 Creviced

20, HZG Mg 1e5 Creviced

21, HZG Mg 1e5 Creviced

26, HP Mg 1e7 Mild crevice

27, HP Mg 1e7 Mild crevice

A1, UP Mg 14 Mild crevice

A2, UP Mg 14 Shallow

B1, UP Mg 14 Mild crevice

B2, UP Mg 14 Mild crevice

B3, UP Mg 14 Shallow
7. Critical evaluation
7.1. Measured apparent valence
There appear to be at least two critical issues in the eval-
uation of the various corrosion mechanisms: (i) anodic
hydrogen evolution, and (ii) the measured value of apparent
valence of Mg being somewhat less than 2.0. Regarding the
apparent valence of Mg, the data from critical papers are
examined in the next sub-sections. In addition, the recent
galvanostatic studies by Shi et al. [38,39] are critically re-
examined.

7.1.1. Shi and Atrens [42]
Shi and Atrens [42] carried out three experiments using

plug-in specimens that produced data as illustrated in Figs. 18
and 19. Specimens PMg1e4 and PMg1e5 were exposed to
3.5% NaCl solution saturated with Mg(OH)2 for 7 and 14 days
respectively. The instantaneous corrosion rate evaluated from
hydrogen evolution, PH, was consistently greater than the
corresponding corrosion rate measured from extrapolation of
the cathodic polarisation curves, Pi, as illustrated in Fig. 18 for
specimen PMg1e4. The average corrosion rate over the whole
immersion tests as evaluated from the measured average
evolved hydrogen, PAH was in good agreement with the
average corrosion rate measured by weight loss, PW, although
PAH was somewhat lower as indicated in Table 2.

Table 2 also provides values of apparent valence evaluated
using Eq. (11) as evaluated by Shi and Atrens [42], and
evaluated using Eq. (10). These provide an average value of
the apparent valence of Mg of 1.3. The morphology of the
corrosion for specimens PMg1e4 and PMg1e5 was in the
form of shallow corrosion cavities with some filiform
Mg1e4, PMg1e5, PMg1e3 from Shi and Atrens [42]), HZG Mg (specimens

o et al. [10]), UP Mg (A1, A2, B1eB3 from Cao et al. [18]) immersed in 3.5%

ence for Mg calculated using and ViW ¼ 2Pi/PW, calculated by the authors or

rphology is designated as follows: (i) “shallow” to designate shallow corrosion

ed” to designate corrosion containing crack-like or crevice-like features as in

orrosion cavities as observed by Qiao et al. [10] for HP Mg.

gy j(PW � PAH)j/PW, % 2Pi/PH 2Pi/PW

40 1.44 � 0.27 0.89 � 0.30

5 1.48 � 0.23 1.45 � 0.35

2 1.44 � 0.21 1.46 � 0.21

2 1.05 � 0.12 1.07 � 0.12

22 0.96 0.85

9 1.34 1.24

27 0.78 0.61

38 1.18 0.86

17 1.13 0.94

28 1.05 0.82

39 1.72 1.05

37 1.56 0.98

47 0.7 0.7

18 0.3 0.1

58 0.8 0.3

40 0.6 0.4

78 1.4 0.4
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Fig. 23. Instantaneous corrosion rate PH and Pi,EIS during immersion at the

OCP in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 25 � 2 �C
for the UP Mg plug-in specimens of ingot A [18]. Full symbols pertain to PH,

whereas open symbols pertain to Pi,EIS.
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corrosion. Thus it is unlikely that there was any contribution
from self-corrosion for these two specimens. Specimen
PMg1e3 exhibited similar corrosion during the first part of the
immersion test, see Fig. 19, and the values of apparent valence
for Mg were similar.

During the later part of the immersion test for specimen
PMg1e3, the corrosion rate as measured by hydrogen evolu-
tion increased significantly, whereas the corrosion rate evalu-
ated from Tafel extrapolation did not. This was consistent with
the corrosion morphology of crack-like or crevice-like features
at the bottom of the corrosion cavities, and these causing some
isolation of the corrosion from the electrochemical measure-
ment system. This appears to be consistent with the lower
values of apparent valence of Mg for this specimen for longer
exposure times (25e31 days) indicating that there was a
contribution to these low values of apparent valence from the
self-corrosion in the crack-like or crevice-like features.
However, it is unclear why the gas bubbles only isolate the
corrosion current from the cracks, not the hydrogen evolution
in the cracks, and why the gas bubbles generated during
corrosion-product removal cannot isolate the cracks to stop the
corrosion products in the cracks from being removed.

7.1.2. Qiao et al. [10]
Qiao et al. [10] studied the corrosion of HZG Mg and HP

Mg immersed in 3.5% NaCl solution saturated with Mg(OH)2
for various periods of time. The values of apparent valence for
Mg from Qiao et al. [10] are included in Table 2.

For the HZG Mg material it was argued that (i) some Mg
metal was probably lost during the removal of the corrosion
products, and (ii) some hydrogen dissolved in the Mg metal. It
was not possible to quantify either mechanism. It was
concluded that there was some unquantifiable error in the es-
timates of the apparent valence, and that these estimates were
under-estimates. This would be consistent with some self-
corrosion occurring during the corrosion of the HZG material.

For the HP Mg, it was concluded that the apparent valence
for Mg was an over-estimate when evaluated from using
ViH ¼ 2Pi/PH and under-estimate when evaluated from using
ViW ¼ 2Pi/PW and, so that the actual value of the apparent
valence was somewhere between 1.02 and 1.64, consistent
with the uni-positive Mgþ corrosion mechanism.

7.1.3. Cao et al. [18]
Cao et al. [18] studied the corrosion of ultra-high-purity

(UP) Mg immersed in 3.5% NaCl solution saturated with
Mg(OH)2 for 14 days. Typically values of apparent valence for
Mg were low, less than 1.0. Particularly noteworthy were the
results for specimens A2 and B3. The corroded surface for
specimen A2 is presented in Fig. 22(a). The appearance was of
a polished surface of shallow hills and valleys. There was
some filiform corrosion. There was no evidence of any
crevice-like features. Fig. 22(b) presents the surface appear-
ance of specimen B3. There was superficial corrosion in the
form of shallow pits, which joined up. The larger pits had a
polished appearance. Again, there was no evidence of any
crevice-like features.
Pi,EIS was consistently less than PH, as shown by Fig. 23.
The apparent valence was also evaluated using

ViEISW ¼ 2Pi;EIS

PW

ð34Þ

ViEISW was typically less than 1.0 for all experiments. The EIS
data was consistent with a partly protective surface film that
suffered film breakdown and repair events during the immer-
sion test.

As mentioned earlier, the polarisation behaviour of Mg in a
NaCl solution may not be described by a known theoretical
equation. In that case, even if resistance values can be obtained
by EIS, it is not possible to estimate the corrosion rates that
were occurring. Thus, the reliability of Pi,EIS and Vi,EIS is
questionable. It is quite possible there is a significant theo-
retical error in Eq. (34).

If the theoretical error in Eq. (34) is ignored, the low values
of apparent valence for Mg, values less than 1.0, could indi-
cate that there was some mechanism operating in addition to
the uni-positive Mgþ mechanism, and the hydride mechanism
(see Section 6.5) was proposed.

An alternative possibility was that some self-corrosion
occurred, despite the smooth appearance of the corroded sur-
faces with there being no evidence of any crevices. This might
be by the mechanism illustrated in Fig. 20(c).

7.1.4. Cao et al. [16] and Shi et al. [17]
Cao et al. [16] and Shi et al. [17] studied the corrosion of

binary Mg-X alloys immersed in 3.5% NaCl solution saturated
with Mg(OH)2. They found that PH was always larger than Pi

and Pi,EIS, indicating that Mg corrosion was only partly under
electrochemical control. The values of the apparent valence
were always less than 2. The values less than 1.0 provided
support for the hydride mechanism. The lowest values of
apparent valence were for specimens with heterogeneous
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corrosion indicating that self-corrosion was likely on at least
some of the specimens.

7.1.5. Critical summary
Self-corrosion appears to offer an explanation for anodic

hydrogen evolution that is different to the explanation based
on the uni-positive Mgþ ion mechanism. If the anodic disso-
lution is associated with a geometry conducive to some self-
corrosion, then the anodic dissolution may be accompanied
by hydrogen evolution associated with the self-corrosion.

Regarding the apparent valence of Mg, the data from the
critical papers can be summarised as follows. Shi and Atrens
[42] measured values of apparent valence consistent with the
uni-positive Mgþ mechanism, and some low values of
apparent valence consistent with self-corrosion in crevice-like
features. The results of Qiao et al. [10] were consistent with
this view. In contrast, the data of Cao et al. [18] indicated that
there could be low values of apparent valence for Mg under
conditions that produced smoothly corroded surfaces with no
sign of crevices. If these low values of apparent valence are
indeed correct, they would indicate a hydride mechanism or
could indicate that self-corrosion can occur even on a smooth
surface with no crevices. Fig. 20(c) provides a suggestion how
self-corrosion could be significant in the case of uniform
corrosion.

The EIS was data of Cao et al. [16,18] and Shi et al. [17]
were consistent with a partly protective surface film that suf-
fered film breakdown and repair events during the immersion
test.
7.2. Galvanostatic polarisation
Fig. 24. Both NW and NH increased in the same manner with increasing applied

flux of electrons (corresponding to an increase in the applied anodic current).

Initially there was little increase with an increased applied flux of electrons,

and subsequently there was a significant increase (which was linear on the

logelog plot). NW (pmol cm�2 s�1) is the measured rate of Mg metal disso-

lution, and NH (pmol cm�2 s�1) is the average measured rate of hydrogen

evolution which is not necessarily the same as the cathodic partial reaction,

and each quantity is in the same units (pmol cm�2 s�1). This indicates that

there are two different mechanisms operating with increasing applied anodic

current. Data are from Refs. [38,39].
Shi et al. [38] measured galvanostatic anodic polarisation
curves for high-purity Mg in 3.5% NaCl solution saturated
with Mg(OH)2, and Shi et al. [39] measured galvanostatic
anodic polarisation curves for AZ31B in 0.01 M Na2SO4

saturated with Mg(OH)2. In both cases the data was very
similar as summarised in Figs. 24e27.

Fig. 24 shows that both NW and NH increased in the same
manner with increasing applied flux of electrons (corre-
sponding to an increase in the applied anodic current). Initially
there was little increase with an increased applied flux of
electrons, and subsequently there was a significant increase
(which was linear on the logelog plot). In Fig. 24, NW

(pmol cm�2 s�1) is the measured rate of Mg metal dissolution,
and NH (pmol cm�2 s�1) is the average measured rate of
hydrogen evolution, which is not necessarily the same as the
cathodic partial reaction, and each quantity is in the same units
(pmol cm�2 s�1). This indicates that there were two different
mechanisms operating with increasing applied anodic current.

Fig. 25 presents a plot of the theoretical expectations, Eq.
(28) of the uni-positive Mgþ ion mechanism, namely
2(NW � NH) is plotted against Ne for galvanostatic dissolution
experiments from Ref. [48]. This plot includes all the data
available from the literature [38,39,52,56,60e62]. The red
dashed line plots the theoretical expectation of Eq. (28). Just
like in Fig. 24, 2(NW � NH) shows two different tendencies
with increasing Ne, initially there is a slow increase with
increasing Ne, then there is an increase which is similar in
slope to the expectations of Eq. (28). Some of the data fall on
the dashed red line in Fig. 25 corresponding to Eq. (28). The
data above the dashed line are attributed to some hydrogen
dissolution in the Mg specimen.

Fig. 26 presents a plot of the apparent valence for Mg
evaluated using Eq. (14), namely VegW ¼ Ne applied/NW against
Ne applied for HP Mg in 3.5% NaCl solution saturated with
Mg(OH)2 during measurement of the Mg anodic galvanostatic
polarisation curve. The figure is from Shi et al. [38] who used
the following notation: (i) apparent valence was expressed as
v ¼ Ne/NW, and (ii) applied flux of electrons used Ne.

The values of apparent valence in Fig. 26 are on first blush
surprisingly low. However, these low values can be understood
in terms of a decreasing amount of self-corrosion with
increasing anodic polarisation. For zero applied anodic
polarisation, all the corrosion can be designated as self-
corrosion. For a large amount of anodic polarisation, the
limit is that all the corrosion is determined by the applied
anodic polarisation. In between these two limits, there must be
a smooth transition.

The start of this transition is seen in Fig. 27, in which the
ratio of the self-corrosion rate to the total corrosion rate is
plotted versus Ne, for HP Mg in 3.5% NaCl saturated with
Mg(OH)2, from Shi et al. [38]. Please note that their termi-
nology is used. Shi et al. [38] evaluated the amount of self-
corrosion as follows. Shi et al. [38] assumed a value of
apparent valence for HP Mg as measured by Shi and Atrens
[38] to be 1.45, Eq. (12), which determines the amount of Mg



Fig. 25. Plot of the theoretical expectations, Eq. (23) of the uni-positive Mgþ

ion mechanism, namely 2(NW � NH) is plotted against Ne for galvanostatic

dissolution experiments from Ref. [48]. This plot includes all the data avail-

able from the literature. The red dashed line plots the theoretical expectation of

Eq. (28). The data above the dashed line is attributed to some hydrogen

dissolution in the specimen.
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expected to be dissolved by a flux of electrons equal to Ne

applied, if it is assumed that the apparent valence corresponds to
that given by Eq. (14). The amount of self-corrosion is given
by subtracting this amount of Mg from the actual amount
measured to have corroded, NW, so that the amount of self-
corrosion is given by

Nc
Mg ¼ NW � Ne

1:45
ð35Þ

and the fraction of self-corrosion to total measured corrosion
can be evaluated from the fraction Nc

Mg=NW . This fraction is
Fig. 26. Plot [38] of the apparent valence for Mg evaluated using Eq. (14),

namely VegW ¼ Ne applied/NW against Ne applied for HP Mg in 3.5% NaCl so-

lution saturated with Mg(OH)2 during measurement of the Mg anodic galva-

nostatic polarisation curve. The figure is from Shi et al. [38] who used the

following notation: (i) apparent valence was expressed as v ¼ Ne/NW, and (ii)

applied flux of electrons used Ne.
plotted in Fig. 27. This indicates that self-corrosion plays an
important part over the whole range of experimental condi-
tions studied. Shi and Atrens [38] used a value of apparent
valence of 1.45 in the evaluation of self-corrosion for Fig. 27.
Similar curves result if different values of apparent valence are
used, such as 0.1 or 2.0.

This data can be understood by considering the measure-
ment of a polarisation curve using an applied galvanostatic
current as illustrated in Fig. 28. Fig. 28(a) and (b) has been
adapted from Jones [63]. Fig. 28(a) is a schematic showing
idealised anodic and cathodic reactions intersecting at a
corrosion potential. Superimposed is an applied cathodic
current density iapp ¼ ic � ia and equivalent applied potential
εc. Fig. 28(b) is a schematic showing the measured curves.
Fig. 28(c) presents the expected Mg mass loss as a function of
applied anodic current density.

Fig. 28(c) shows that the corrosion rate increases from the
value at the free corrosion potential to the corrosion rate gov-
erned by the applied anodic current density. A similar transition
(from the corrosion rate at the free corrosion potential to the
corrosion rate governed by the applied anodic current density)
would occur if it is assumed that both the anodic and cathodic
partial reactions change with anodic polarisation, instead of the
assumptions used in Fig. 28 that the anodic and cathodic partial
reactions did not change with anodic polarisation.

This suggests that much of the data associated with Mg
corrosion is consistent with an appreciable amount of corro-
sion not associated with the applied anodic current, particu-
larly for Mg corrosion as studied using anodic polarisation.
This includes the literature associated with the Negative Dif-
ference Effect. As already discussed in Section 5.2, Eq. (14)
gives low values of apparent valence of Mg for low values
of applied anodic current density because there is a substantial
contribution due to Ic, as is clear from Eq. (13). Any values of
low apparent valence measured in this way pertain only to an
inappropriately measured value. These values have no mech-
anistic significance.
Fig. 27. The ratio of the self-corrosion rate to the total corrosion rate plotted

versus Ne, for HP Mg in 3.5% NaCl saturated with Mg(OH)2 [38].



Fig. 28. (a) Schematic showing idealised anodic and cathodic reactions

intersecting at a corrosion potential. Superimposed is an applied cathodic

current density iapp ¼ ic � ia and equivalent applied potential εc. Adapted from

Jones [63]. (b) Schematic showing the measured curves corresponding to (a).

Adapted from Jones [63]. (c) Presents the expected Mg mass loss as a function

of applied anodic current density corresponding to (a), showing that the

corrosion increases from the value at the free corrosion potential to corrosion

governed by the applied anodic current density.
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Thus, it is important to note that Eq. (14) gives good values
of apparent valence for Mg only for sufficiently large values of
applied current density.

Fig. 29 shows that the average hydrogen evolution rate, NH,
increased steadily with increasing average weight loss rate,
NW. This behaviour contrasts that in Figs. 24e27. This implies
that there was one mechanism by which NH increased with
increasing NW, and the mechanism was the same for both al-
loys in both solutions.
Fig. 30 shows the average hydrogen evolution rate, NH,
plotted against the average weight loss rate, NW, for the data of
Shi et al. [38,39] full symbols, compared with the other data
available from the literature [52,56,60e62]. As mentioned
above regarding Fig. 25, the data of Shi et al. [38,39] was
interpreted that there was some hydrogen dissolved in the Mg
metal. Moreover, the amount of dissolved hydrogen most
probably increases with increasing applied anodic current
density. If this interpretation is correct, then the full symbols
would be expected to move upward if the total hydrogen
evolved in the corrosion was plotted rather than the amount of
measured evolved hydrogen as plotted.

The uni-positive Mgþ ion mechanism predicts that the rate
of evolved hydrogen should be given by

NHm ¼ NW �Ne applied=2 ð36Þ

which is obtained by rearranging Eq. (28). A similar equation
is predicted for the partially protective surface film mecha-
nism, obtained by rearrangement of Eq. (22), the only differ-
ence being the interpretation of the mechanism by which the
hydrogen is evolved.

Furthermore, a central experimental observation of Mg
corrosion is that

NW > Ne applied ð37Þ
This means that the rate of hydrogen evolution (predicted

by the uni-positive Mgþ ion mechanism) will be slightly
under-estimated by

NHm;u ¼ NW �NW=2¼ NW=2 ð38Þ

Similarly, an over-estimate of the measured rate of hydrogen
evolution (predicted by the uni-positive Mgþ ion mechanism)
is given by

NHm;o ¼ NW ð39Þ

These two lines have been included in Fig. 30.
The data of Fig. 30 are consistent with the predictions of

the uni-positive Mgþ ion model, particularly considering that
some amount of hydrogen dissolves in the Mg metal.

Similarly, the data are consistent with the partially protec-
tive surface film mechanism (PPSF) and may also be
explained using the bubble isolation hypothesis, and the hy-
dride dissolution mechanism.

However, there is a critical lack of understanding of the
amount of hydrogen dissolved in the Mg metal during corro-
sion and during anodic polarisation.
7.3. Most probable corrosion mechanism
The uni-positive Mgþ ion mechanism remains viable but
needs a slight modification. This mechanism, as developed by
Song et al. [4,51,56e59], is that (i) the surface of Mg is
covered by a partially protective film and the film-free area
increases as the polarisation potential becomes more positive
(i.e. a catalytic activation process), (ii) corrosion occurs
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preferentially at breaks in the partial protective film, (iii)
corrosion at the breaks in the partially protective film involves
the uni-positive Mg ion, and (iv) undermining of particles
occurs when Mg corrodes severely. The required modification
is that there may be some self-corrosion that is not covered by
these processes, such as dissolution associated with MgH2 at a
negative potential or within deep crevice-like features on a
severely damaged surface.

However, this view would need modification if defendable
values of effective valence for Mg less than 1.0 are measured,
which would indicate that some phenomena contribute to
these low values that are not currently accounted for in the
uni-positive Mgþ corrosion mechanism or any other proposed
mechanism.
Fig. 30. Average hydrogen evolution rate, NH, plotted against the average

weight loss rate, NW, for the data of Shi et al. [38,39] full symbols, compared

with the other data available from the literature [52,53,60e62].
The most likely candidate would be self-corrosion. How-
ever, in this context, self-corrosion is somewhat unsatisfactory,
as it would be indicating that there would be something not
understood in the Mg corrosion mechanism at a quite funda-
mental level.

8. Research suggestions and recommendation

Research is needed

(i) To understand the conditions that can lead to the for-
mation of a deleterious Fe-rich phase during solidifi-
cation of Mg containing less than 180 ppm Fe, see Ref.
[10].

(ii) To understand the formation of particles during the
production of Mg alloys, and the details of their influ-
ence on corrosion, see Refs. [16,17].

(iii) To provide a systematic evaluation of the corrosion of
ultra-high-purity Mg alloys.

(iv) To provide a systematic laboratory investigation of the
details of how the corrosion behaviour is controlled by
the various constituents of the body fluids.

(v) To provide understanding of the amount of hydrogen
dissolved in the Mg metal during corrosion and during
anodic polarisation.

(vi) To measure the actual surface area that is film-free
during Mg corrosion and during anodic polarisation.

Furthermore, Mgþ has not been experimentally observed.
Its existence is postulated as an intermediate in the reaction
sequence between metallic Mg and the equilibrium ion Mgþþ.
Despite its ability to explain several aspects of magnesium
corrosion, there has been no direction experimental examina-
tion of this sequence. Thus a key challenge remains to devise
an experimental approach to study the details of this reaction
sequence.

Moreover, the apparent valence of Mg continues to be a
critical question. If defendable values of effective valence for
Mg less than 1.0 are measured, this would indicate that some
phenomena contribute to these low values that are not
currently accounted for in the uni-positive Mgþ corrosion
mechanism. The most likely candidate would be self-
corrosion.

The following are recommended:

(i) It is important to consider the contribution of crevice
corrosion whenever the corrosion rate of Mg is
measured using a mounted specimen or similar. It is
best practice to examine each specimen for signs of
crevice corrosion after each measurement [42].

(ii) Nor’s solution may be a good start model for the study
of Mg for biodegradable medical implant applications
[2,3].

(iii) 3.5% NaCl solution saturated with Mg(OH)2 for im-
mersion tests using relatively small specimens (such as
10 mm � 10 mm � 5 mm) in a large volume of solution
(500 mLe1 L) [16e18,42]. This has the advantage that
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the solution concentration and pH does not change
during the experiment.

The recent study by Birbilis et al. [19] reported corrosion
rates in 0.1 M NaCl for as-cast two-phase Mg0.37As lower
than that of HP Mg. This would benefit from independent
verification because this is the first report of a Mg alloy with a
corrosion rate lower than that of HP Mg in a technically
relevant testing solution.

9. Conclusions

Regarding the apparent valence of Mg, the data from crit-
ical papers can be summarised as follows. Shi and Atrens [42]
measured values of apparent valence consistent with the uni-
positive Mgþ mechanism, and some low values of apparent
valence are associated with a kind of self-corrosion probably
in crevice-like features. The results of Qiao et al. [10] appear
to be consistent with this view. In contrast, the data of Cao
et al. [18] obtained from EIS measurements indicated that
there could be low values of apparent valence for Mg under
conditions that produce smoothly corroded surfaces with no
sign of crevices. This could indicate a hydride mechanism at
the corrosion potential or could indicate that self-corrosion can
occur even on a smooth surface with no crevices.

The EIS data of Cao et al. [16,18] and Shi et al. [17] were
consistent with a partly protective surface film that suffered
film breakdown and repair events during the immersion test.

The available data of the average hydrogen evolution rate,
NH, plotted against the average weight loss rate, NW, are
consistent with the predictions of all the mechanistic models:
the uni-positive Mgþ ion model, the partially protective sur-
face film mechanism (PPSF) with catalytic activation, bubble
isolation hypothesis, and the hydride dissolution mechanism.

There is a critical lack of understanding of the amount of
hydrogen dissolved in the Mg metal during corrosion and
during anodic polarisation.

There is a need to develop a methodology to measure the
film-free area during Mg corrosion.

Fig. 28 suggests that the data associated with Mg corrosion
may have an appreciable amount of self-corrosion, particularly
for studies using anodic polarisation. Eq. (14) gives good
values of apparent valence for Mg only for sufficiently large
values of applied current density.

The available data are consistent with the slightly modified
uni-positive Mgþ ion mechanism, which maintains that (i) the
surface of Mg is covered by a partially protective film and the
film-free area increases as potential becomes more positive
(i.e. an catalytic activation process), (ii) corrosion occurs
preferentially at breaks in the partial protective film, (iii)
corrosion at the breaks in the partially protective film in-
volves the uni-positive Mg ion, (iv) undermining of particles
occurs when Mg is severely dissolved, and (v) there still is
some self-corrosion not covered by these four processes,
which may be associated with crevice-like features on a
severely corroded surface, and with MgH2 dissolution at a
negative potential.
The reasons for adopting this formulation include: (i) the
evidence is not sufficiently strong to accept that there are valid
values of apparent valence less than 1.0, and (ii) it does no
appear likely that self-corrosion can occur on a smooth Mg
surface.

Mgþ has not been experimentally observed. Its existence is
postulated as an intermediate in the reaction sequence between
metallic Mg and the equilibrium ion Mgþþ. There has been no
direct experimental examination of this sequence, and a key
challenge remains devise an experimental approach to study
the details of this reaction sequence.

The apparent valence of Mg continues to be a critical
question. If defendable values of effective valence for Mg less
than 1.0 were measured, this would indicate that some phe-
nomena contribute to these low values that are not currently
accounted for in the uni-positive Mgþ corrosion mechanism.
The most likely candidate would be self-corrosion.
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