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ABSTRACT: The major drawback of some magnesium alloys is their low corrosion
resistance. Therefore, the evaluation of corrosion resistance is a critical factor in
developing new alloys and surface treatments. The techniques employed for the
determination of corrosion rate include mass loss assessment, hydrogen evolution,
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS).
However, there are still difficulties in precisely estimating this parameter in Mg alloys. In
this review, the reported applications, advantages, and disadvantages of the techniques
mentioned above were analyzed. On the other hand, a large number of corrosion
rate values reported for various Mg alloys in 3 different media (NaCl, Hanks " solution
and SBF), using mass loss, hydrogen evolution, and PP, were compared and analyzed.
Generally, corrosion rates obtained from mass loss are higher than those obtained from
hydrogen evolution. On the other hand, it is not possible to obtain correlations between
corrosion rates obtained from PP and those obtained from mass loss and hydrogen
evolution. Even more, dissimilar corrosion rate values are reported for the same alloy,
implying that the measuring procedures are not well standardized.

RESUMEN: La mayor desventaja del uso de algunas aleaciones de magnesio es su baja
resistencia a la corrosion. Por lo tanto, la evaluacion de su resistencia a la corrosion es
un factor critico para el desarrollo de nuevas aleaciones y tratamientos superficiales.
Las técnicas empleadas para determinar la tasa de corrosién incluyen determinaciones
de pérdida de masa, evoluciéon de hidrégeno, polarizacién potenciodinamica (PP) y
espectroscopia de impedancia electroquimica (EIS), pero atn existen dificultades para la
estimacion precisa de este pardmetro en aleaciones de magnesio. En esta revision, se
analizan las aplicaciones, ventajas y desventajas de las técnicas mencionadas antes.
Ademads, se comparan y analizan un gran numero de datos de tasa de corrosion
reportados para varias aleaciones de Mg en 3 electrolitos diferentes (NaCl, solucién de
Hanks y SBF), usando pérdida de masa, evolucion de hidrégeno y PP. Generalmente, las
tasas de corrosion obtenidas mediante pérdida de masa son mayores que las obtenidas
por evolucién de hidrégeno. Por otro lado, no es posible establecer correlaciones entre
tasas de corrosion obtenidas mediante PP y aquellas obtenidas por pérdida de masay
evolucion de hidrégeno. Mas aun, se reportan tasas de corrosion muy diferentes para
la misma aleacidn, lo que implica que los procedimientos de medicién no estan bien
estandarizados.
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absorption [3], high buffer capacity [3], and light weight
[4], magnesium alloys have recently attracted significant
interest and have great potential to serve in different
industries like automotive [4, 5] and aerospace industry
[4, 6], as well as in the area of biomaterials [3]. One
major drawback of Mg is its active nature, making it an
unstable material in almost any environment. Corrosion
processes occur in the anodic areas, where metallic
magnesium (Mg°) passes to Mgt and then to Mg*"
to form Mg hydroxide. The corrosion mechanism of Mg
alloys is similar in both the atmosphere (under a thin
aqueous layer) and total immersion conditions. The only
difference is the contribution of oxygen reduction, which is
considered in atmospheric corrosion but can be ignored
for immersion. The reactions in immersion conditions
correspond to Equations (1) and (2] [7]:

Mg(s) — Mg**(aq) + 2¢~ (anodic reaction) (1)

2H>0(aq) + 2e~ — Ha(g) + 20H™ (aq)(cathodicreaction)

(2)
The overall corrosion reaction can be expressed as
Equation (3) or Equation (4):

Mg + 2H,0 — Mg*t 4 2(OH)™ + Hy (3)

Mg + 2H,0 — Mg(OH), + H, (4)

For Mg alloys, corrosion is caused by the differences
in potential due to the different phases present in the
material microstructure [8]. Thus, the material quickly
loses its properties due to the chemical reaction with the
environment.

Different protection techniques against corrosion have
been developed to solve these problems. The two most
employed groups of techniques are as follows: the first
one modifies the metal from the processing stage by
developing advanced methods such as the compound
extrusion process [9] or adding alloying elements that
improve its corrosion resistance. Mg-Al, Mg-Zn, Mg-RE
(Rare Earths), Mg-Ca, and Mg-Zn-Ca are some of the
alloying systems developed with the aim of improving
corrosion resistance. The second group consists of a
series of surface treatments, such as coatings, in which
a layer of a different material is deposited on the Mg
substrate. Some surface treatment methods, including
plating, electroless plating [10], micro-arc oxidation
[11, 12], paints [13] and conversion coatings have been
used to improve the corrosion resistance of Mg alloys.
For the latter, the adhesion of the layer to the substrate
is good, as well as the corrosion resistance, which is
influenced by the thickness, composition, and morphology
of the coating [14, 15].

To evaluate the performance of the abovementioned
protection strategies, it is necessary to use methodologies
that measure the degradation rate of the treated material
in a given medium. Some techniques, such as weight
loss and electrochemical tests, which have been used
for such a purpose in other metals, have also been
applied in Mg alloys. However, other techniques, such
as the evolution of hydrogen and pH measurements
have taken relevance in the scientific community. On
the other hand, salt spray tests [16], although the high
aggressiveness of the solutions used, can be used to
evaluate the corrosion resistance of Mg alloys effectively.
In this way, this review assesses the methodologies most
widely applied for corrosion evaluation in Mg alloys: weight
loss, hydrogen evolution, potentiodynamic polarization
(PP), and electrochemical impedance spectroscopy (EIS),
comparing the results obtained for each test and analyzing
its advantages and limitations.

The data reviewed here only considered corrosion rate
measurements on bare substrates. The most reported
electrolytes are NaCl[17, 18], Simulated Body Fluids (SBF)
[19, 201, and Hank ‘s solution (HS) [21, 22], and therefore,
almost all papers reviewed used those solutions for testing
the corrosion resistance of various Mg alloys. For a better
analysis of the corrosion behavior from the data reported
for mass loss, hydrogen evolution and PP, different figures
are plotted for three groups of alloys: un-alloyed Mg,
alloys without addition of RE, and alloys with addition of
RE. On the other hand, the different colors of data points
in these figures allow for differentiating the aggressive
media or highlighting some particular alloys.

2. Mass loss

2.1 Basic description

The process consists of weighing the samples before and
after immersion to obtain the weight difference caused
by corrosion in an aggressive environment. To make
the calculations of corrosion rate, different equations are
employed. Equation (5] is extracted from the standard
ASTM-G31 [23] for calculating the corrosion rate Cg in
mm -y~
876 %10* W
B AtS

with W: mass loss (g), A: area of the original surface of
each sample (em?), t: immersion time (h), §: density of
the sample (g . cm*S).

It has also been reported [24] the use of Equation (6] for

measuring the weight loss corrosion rate:

Cr (5)

W, - W,

Cr St

(6)
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with Cg: corrosion rate (g'cm*2 ~d’1), W,: initial
weight (g), Wi: weight after immersion (g), S: surface
area exposed to the test solution (em?), t: immersion time
(days).

2.2 Reported applications

Mass loss is widely employed to study the corrosion of
Mg alloys [25-71]. Figures 1 to 3 include corrosion rates
from studies for different Mg alloys in NaCl, HS and SBF,
using the mass loss technique. It is observed that most
studies report results for immersion times up to 15 days
(~ 83%) and, in most cases, the corrosion rates obtained
are below 5 mm - y~! (~ 67%). For samples tested
for more than two days, corrosion rates well above 5
mm - y_1 are scarce, and in most of those cases, there
is a clear explanation of the result (high contents of Zn,
high contents of both Al and Zn in the same alloy, heat
treatment in an AZ91D alloy) [32, 48-50]. On the other
hand, low corrosion rates (below 1 mm - y’ll have been
reported for very diverse test conditions: various alloys,
test media, and experimental times.

Figure 1 included corrosion rates at different times
for unalloyed Mg. Error bars for the corrosion data
plotted were included when this information was given in
references. In NaCl and Hanks 's solution, the corrosion
rate is high (above 20 mm - y~!) in the first days [42, 44].
For all solutions (including SBF), the corrosion rates are
relatively low at immersion times greater than two days
[37, 41, 55]. The general trend, regardless of the solution
used, is a marked decrease in the corrosion rate with time.

35
ONaCl

30 AHS
25 OSBF

20 A

Corrosion rate (mm-y™)

10

0 o u] a R

5
Time (d)

Figure 1 Corrosion rates vs. time for unalloyed Mg obtained by
weight loss in different media [37, 41, 42, 44, 55]

In Figure 2a, the corrosion rates of Mg alloys without the
addition of RE are plotted [26, 32, 33, 36-46, 48, 50, 52,
56, 69]. Error bars for the corrosion data plotted were
included when this information was given in references.
The trend for Mg alloys tested in HS solution is similar
to that observed for un-alloyed Mg, with the corrosion

rates being higher at low exposure times and lower at
high exposure times. In the first days, the corrosion rates
are higher if compared with un-alloyed Mg data (above 38
mm - y ! [46]). In NaCl, the corrosion rates tend to be
lower than those reported in HS and SBF. In the case of
the SBF solution, there is no clear trend. High corrosion
rates were reported for different alloys even after 30 days.
Almost all data at 30 days correspond to Mg-4Zn-0.2Ca
with different additions of Al. For these contents of Zn and
Ca, the corrosion rate increases to a great extent with the
increment in Al. The authors found that the addition of
Al from 3% to 10% produces intermetallic compounds in
the grain boundaries and, hence, microgalvanic corrosion
acceleration [48].

AZ91, AZ31, and Ca-alloys are the alloys with more
data available among the Mg alloys without RE. Figure
2b included the same data as Figure 2a, but points for
AZXX alloys are highlighted in different forms. For AZ91
alloys (square points), the corrosion rates are not very
high at lower times, but the trend is that there is no
decrease over time. These alloys are characterized by
their good corrosion resistance. [26, 39-43]. However, for
a heat-treated AZ91D alloy, the behavior is very different
compared to other AZ91 and AZ91D data, showing a very
high corrosion rate at seven days (unfilled square point).
Mass loss experiments reveal how heat treatment of this
AZ91D alloy increases the corrosion rate from 6.3 to 28
mm - y~! [32]. For AZ31 alloys, only one point (circular
points] shows a very low corrosion rate after 14 days in
NaCl [36]. For other AZ alloys (AZ61, AZ80 and AZ92), in
general, the corrosion rates (diamond shape points) are
low [36, 36, 44], except for an AZ80 alloy that exhibits a
high corrosion rate (13.37 mm - y~!) at five days in NaCl
[38].

On the other hand, Figure 2c includes the same data
as Figure 2a, but the points highlighted (square points)
correspond to alloys with the addition of Ca and without
Al [33, 45, 46, 48, 50]. The trend is similar to un-alloyed
Mg, and relatively low corrosion rates (2.9 mm - y~!) are
reported for exposure times of up to 30 days [48]. The
highest corrosion rates at low exposure times correspond
to these alloys, reporting values close to 50 mm - y !,
corresponding to an Mg-1.35Ca alloy [46]. However, for an
extruded Mg-Li-Ca alloy, the corrosion rate is very low at a
low exposure time. In this study, the extrusion of the alloy
decreases the corrosion rate from 7 to 1.38 mm - y ! [33].
Other alloys included in Figure 2a are the following:
Mg-0.2Mn-2Zn [40], MRI153M (Al-Zn-Mn-Ca-Sr alloy)
[43], Mg-0.55r [45], and Mg-5AL-1Zn-1Sn [56]. All of them
exhibit relatively low corrosion rates, even at times as long
as 18 days, either in NaCl or HS.

In Figure 3, the corrosion rates of Mg alloys with the
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Figure 2 a) Corrosion rates vs. time for Mg alloys without RE obtained by weight loss in different media, b) The same data as in
Figure 2a, but points corresponding to AZXX alloys are highlighted, c] The same data as in Figure 2a, but points corresponding to
alloys with Ca and without Al are highlighted [26, 32, 33, 36-46, 48, 50, 52, 56, 69]

addition of RE are plotted [27, 39-44, 47, 49-51, 53, b4,
57, 70, 711. Error bars for the corrosion data plotted were
included when this information was given in references.
The higher corrosion rates for this group of alloys are
reported in NaCl, and correspond to 50 mm - y~! for a
Mg-10Y alloy and 30.9 mm - y~! for a Mg-3Zn-0.3Ca-0.4La
alloy. In this cast alloy, there is a strong galvanic process
between cathodic second phases containing Y, Ca, or La
and anodic Mg matrix, prompting the dissolution of the
latter [49, 70]. For ZE41 alloy (Mg-Zn-Zr-RE), the reported
corrosion rates are near 10 mm - y~! at lower exposure
times in NaCl [41, 42], and lower corrosion rates are
reported at higher times, but in Hank s solution [40]. For
WEA43 alloys (Mg-Zr-Y-Nd), only corrosion rates in SBF are
reported [53, 57] and, in all cases, the values are lower
than 3.5 mm - y~! . For a Mg-5.8Zn-0.7Mn-0.5Ca-0.4 Nd
alloy, the corrosion rate in SBF is also near 11 mm - y*1
[50]. In the other cases, the corrosion rate is less than 5 in
almost all the alloys and solutions reported. Despite the
high variation in the composition of the alloys included,

the general trend is a decrease in corrosion rate over time;
however, a high corrosion rate is reported after 30-day
immersion in HS for a Mg-Zr-0.35Zn2.85Nd-1.35Gd alloy.
In this case, authors found intermetallic Mg12(Ndx,Gd1-x)
phases precipitated in grain boundaries, as well as Zn-Zr
phases inside the grains [71], which possibly cause
important micro-galvanic effects. Besides studying the
effect on the corrosion behavior of the addition of alloying
elements [12, 14], the effect of other modifications of the
material, such as heat treatment [31, 32] and mechanical
deformation [33], on the corrosion rate have also been
investigated using mass loss testing. As in many cases,
corrosion of Mg alloys is related to galvanic effects
between the second phases and the matrix, and both heat
treatment and mechanical deformation induce changes
in the alloy microstructure; these treatments may also
modify the corrosion behavior of the alloy.
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Figure 3 Corrosion rates vs. time for Mg alloys with RE
obtained by weight loss in different media
[27, 39-44, 47, 49-51, 53, 54, 57, 70, 71]

2.3 Advantages, and

recommendations

limitations,

As Mg corrodes, it goes from zero to 27 valence, so it
passes to the solution in ionic form, and consequently, the
sample loses mass [25]. However, Mg is not only dissolved,
but it also forms solid byproducts, which are usually
Mg(OH),. Therefore, in order to develop the measurement
accurately, these corrosion products must be removed; in
this sense, chromic acid is the most used compound for
this purpose despite its environmental impact. Different
authors reported the use of an aqueous mixture of chromic
acid and silver nitrate [31, 41, 43, 47, 48]. An advantage
of this cleaning solution is a negligible dissolution of the
metal [42, 58-60]. Although more reports are found using
this procedure at atmospheric temperature [39, 40], some
experiments are also carried out at boiling temperature
[26]. In a couple of cases, the cleaning procedure was
carried out in an ultrasonic bath [44, 45]. Other authors
reported the use of a boiling solution of CrQO3, with [32]
and without AgCrQOy4 [31, 52]. Despite the fact that it
has been reported the absence of chromium compounds
after the cleaning procedure of the Mg alloy surface, it is
recommended, in any case, to avoid using these samples
for further experimentation [42].

ASTM G-31 standard is widely accepted and employed
to determine corrosion rates. 1SO 8407 standard also
specified procedures to remove corrosion products without
significant removal of base metal for determination of
the mass loss of different metals, including Mg. ASTM
standard is particularly useful for in vitro tests, but
has limitations in the interpretation of the degradation
of magnesium alloys in vivo tests for longer periods.
Some authors have proposed alternative methods for the

determination of corrosion rates in hydrogen evolution
tests [72] and in vivo tests [73]. However, there are no
specific standards for these methods until now.

Although in most studies, replicate samples were
used, only a few works report the weight loss
values for each replicate [25], and others present
the data in graphs with the respective uncertainties
[31, 33, 36, 39, 42, 43, 45, 46, 53, 69, 70]. Despite the
dispersion observed in some cases, the authors do
not give any particular explanation. In the absence
of further information, it can be considered that the
method is highly sensible to any variation in sample
processing [27]. Analysis of the same alloy by mass
loss measurements, indicated significant differences
depending on the processing of the alloy (as-cast,
heat-treated, or mechanical processing) [32], which could
be an indication of the sensitivity of the method. On the
other hand, the ratio of solution volume to sample area
employed for the immersion test has been reported to
affect the results of a mass loss measurement [61]. These
authors showed that for a ratio of 0.67, the corrosion
rate was about 75% lower than when using a ratio of 6.7.
However, according to those results, the effect of the
solution volume/sample area ratio becomes insignificant
when this ratio is high enough; in the case of that study
above a 6.7 value, the corrosion rate is constant.

As one of the most important applications wanted for
Mg alloys is in the field of biomaterials, it is very common
to find studies where different simulated body fluid
formulations are employed. As those solutions have
different chemical compositions, it is unsurprising that
different corrosion rates can be obtained for the various
media. However, experiments in which all other conditions
were maintained, except the solution employed are not
very common. For example, for a Mg-Mn-Zn alloy, the
corrosion rate in a Hank's solution was about twice the
measured in a solution known as simulated blood plasma.
The authors explained that the higher content of Cl~ions
in Hank’s solution and the augmented amount of carbonate
and phosphate ions in the other media were responsible
for such a result [61]. Other studies report similar results
[40]. However, uncertainty in the experimental setup
precludes comparison. It is recommended that depending
on the intended application of the biomaterial, both the
solution volume/sample area ratio and the electrolyte
should be carefully selected to ensure the immersion
test results to be more representative of the actual
environment [61]. In a complete review, different aspects
of the experimental setups to be used for investigating
the corrosion of Mg alloys for medical applications are
discussed [62].

On the other hand, mass loss testing for the evaluation of
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coated samples involves some difficulties [25]. Mass loss
is particularly difficult to measure when material from the
substrate becomes part of the coating during the coating
process or is lost in the coating media. This is the case of
conversion layers such as those obtained by anodization.
In addition, coated Mg alloys might form a corrosion
products layer underneath the coating surface, as it is
well known. However, there are works in the literature
reporting the use of mass loss techniques to measure
corrosion rates in samples coated by different methods.
Different situations are found in these works; either the
authors did not remove the corrosion products and only
accounted for the substrate material dissolved into the test
electrolyte [63] or removed both the coating and corrosion
products during the mass loss test [64, 65]. However,
it is not very common that mass loss calculated from a
mass loss test was much smaller than that obtained from
a hydrogen evolution test [65]. Normally, the opposite
is obtained. To avoid a possible artifact of the cleaning
treatment in the CrOs solution in a study where Mg
alloys were coated with a layer of M gF5 [66], the authors
carried out experiments on unexposed samples, in order
to determine the amount of coating removed during this
procedure. They found that the weight loss was just 0.1%.
Due to the relatively high solubility of M gF5 in chromic
acid [67], this is an unsuspected result.

Some authors consider mass loss a standard and
reliable method, but also pointed out some difficulties
with this technique. It is not possible to know how the
corrosion of the sample developed over time, and the
value obtained is just a mean value for a given test period.
On the other hand, the measurement could be inaccurate
as it is not possible to be certain of the complete removal
of the corrosion products without affecting the uncorroded
material to some extent [68], or after long-term tests with
severe corrosion of the samples, where it is very difficult
to remove completely the corrosion products [74].

3. Hydrogen evolution

3.1 Basic description

As mentioned before, Hs is one of the sub-products
generated during the corrosion of Mg alloys, and because
by each mole of H; released, one mole of Mg is oxidized,
as Equation 3 shows, the amount of hydrogen evolved can
be employed to measure the corrosion rate of Mg alloys
[43] and is quite simple to measure [35, 42, 75, 76]. The
sample is immersed in the corrosive solution, being NaCl
in different concentrations, the solution most reported
[33]. The necessary setup is shown in Figure 4, which is
composed of a beaker, a graduated burette, and a funnel.
The sample is placed in the middle of the beaker so that
when Hs is released, it goes directly from the funnel up

to the burette, where a displacement of volume occurs
[27]. Despite this experimental setup looking simple, there
are some considerations to avoid erroneous results, both
regarding the quality of the glassware and the design of
the setup itself [77]. Regarding how the sample is located
in the corrosive solution, i.e., vertically with both sides
exposed or horizontally with the top side exposed, the
results obtained for two different Mg alloys indicate no
particular effect [75].

Figure 4 Setup diagram of the hydrogen evolution test

The evolution of gaseous hydrogen can be used to
calculate the average corrosion rate of the material.
The atmospheric pressure of the location where the
experiment is carried out must be considered, and the
following general expression can be used in order to obtain
the mass change rate in mg - cm~2 - d~! of Mg (AW)
related to the rate of hydrogen evolution (VH) in ml-cm=2-

d~! atany given atmospheric pressure (PATM] in atm. [77]:

AW = 1.085Vy/Parm (7)

On the other hand, the corrosion rate of Mg can be
calculated using the expression [59]:

Py =2.10AW (8)

with Pg: average of the corrosion rate (mm . yfl).
Consequently, for standard conditions of the atmospheric
pressure of 1 atm, the average corrosion rate in terms of
the volume of hydrogen evolved in ml - cm~2 - d~! will be
[22, 59]:

Py =2279Vy (9)

3.2 Reported applications

Hydrogen evolution tests have been used for different
purposes: evaluation of coatings [58, 68, 78], analyses of
the effect of some alloying [23, 79-81], and, in general, to
assess the corrosion rate of Mg alloys [56, 79-99]. Figures
5 to 7 show some corrosion rate values obtained by
hydrogen evolution in bare surfaces of different Mg alloys
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in NaCl, HS, and SBF. Corrosion rates, when required,
were calculated using Equations (7) to (9). According to
the data included in Figures 5 to 7, most of the corrosion
rate values (~ 93%) are below 12 mm - y~!, and the
experiments were carried out in most cases (~ 90%)
by immersion of the samples for up to 20 days. It is
observed that low corrosion rates (below 1 mm - y~!) have
been reported for very different experimental conditions:
various alloy compositions, different electrolytes, and
immersion times.

Figure 5 includes corrosion rates at different times
for unalloyed Mg [21, 22, 40, 41, 45, 89-91]. Corrosion
rates above 10 mm -y ~! have been reported in HS at lower
exposure times, and the highest value (17.1 mm - y~ 1)
[21] is consistent with the highest value reported for mass
loss tests in HS. In NaCl and SBF corrosion rates reported
are very low. The general trend is similar to that found in
mass loss data: a decrease in the corrosion rate with time.
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Figure 5 Corrosion rates vs. time for unalloyed Mg obtained by
hydrogen evolution in different media [21, 22, 40, 41, 45, 89-91]

Figure 6a shows the data of corrosion rates of Mg alloys
without the addition of RE [21, 22, 33, 36, 38-41, 43, 45, 46,
50, 56, 69, 79-81, 85-87, 89, 90, 92-98, 100, 101]. Error
bars for the corrosion data plotted were included when
this information was given in references. The general
trends are similar for the three solutions considered:
corrosion rates above 10 mm - y~! reported at first
immersion times, but lower corrosion rates at higher
times. However, particularly for the HS solution, the
maximum values are lower than those reported for the
other two solutions and very low corrosion rates are
reported even at low immersion times. On the other hand,
the highest corrosion rates in hydrogen evolution tests are
reported in SBF (42.7 mm - y~! for an Mg-5Ca alloy) [22]
and NaCl (36 mm - y~! for an AZ91 alloy) [89], while in
mass loss tests the higher corrosion rates are reported in
HS.

The alloys with more data available from hydrogen
evolution tests are AZ91 and AZ31. Figure 6b includes
the same data as Figure 6a, but points for AZ91 and AZ31
alloys are highlighted (square points for AZ91 and circular
points for AZ31). The trends for both alloys are similar to
the general trend observed for all data points, with lower
corrosion rates at higher immersion times, but in the case
of AZ91 is different from the trend observed for the same
alloys in mass loss tests (Figure 2b). For AZ31 alloys, the
corrosion rates are very low, even at immersion times
between 28 and 48 days (below 0.16 mm - y—1) [85, 94].
In the same figure, the corrosion rates corresponding to
other AZXX alloys are also highlighted (diamond-shaped
points) and include AZ61 [36] and AZ80 [38, 95] alloys. The
values are lower than bmm - y_1 in most cases, similar
to results observed in mass loss data (Figure 2b). There
is only a report of a high corrosion rate (9.8 mm - y~!
at 5 days in NaCl) for an AZ80 alloy, which is consistent
with the corrosion rate for the same alloy in mass loss
tests and similar media, reported by the same authors [38].

In Figure 6c, the highlighted square points correspond
to alloys with an addition of Ca and without Al
[33, 45, 46, 50, 79, 81, 89, 90, 92, 93, 99, 101]. At lower
immersion times, both high and low corrosion rates were
reported, although it must be considered the variability in
aggressive solutions and chemical composition of alloys
included in this group. As in the reports of mass loss, the
highest corrosion rates at low exposure times correspond
to an Mg-Ca alloy (42.7 mm - y~!, reported for an Mg-5Ca
alloy [87]).

Other alloys included in Figure 6a are the following:
Mg-0.2Mn-2Zn 21, 401, Mg-1Zn [21], MRI153M
(Al-Zn-Mn-Ca-Sr alloy) [43], Mg-0.55r [45], AM50 [80],
Mg-5AL-1Zn-1Sn [56] and ZK30 [97]. Most of them exhibit
relatively low corrosion rates, even at times as long as 30
days, either in NaCl or in HS. Only for an Mg-2Zn-0.2Mn
alloy, a corrosion rate of 10 mm - y~! was reported at 5
days in NaCl [22].

In Figure 7, the corrosion rates of Mg alloys with the
addition of RE are plotted [21, 22, 36, 40-42, 46, 49-51, 70,
88, 991 A decrease in corrosion rates with immersion time
is observed, but this reduction is not as marked as in the
previous cases. High corrosion rates are reported at times
as long as 11 days (11.3 mm - y~! for an Mg-3Y alloy in
HS) [99] and 18 days (7.73 mm - y~! for an MRI 202S alloy
in NaCl) [42]. The highest corrosion rate for this group of
alloys is 25.07 mm - y ! for an Mg-3Zn-0.3Ca-0.4La alloy
in NaCl [49]; this behavior is very similar to that observed
in the mass loss tests.

The data from mass loss and hydrogen evolution tests
indicate that despite using very dissimilar experimental

117



118

J. G. Castano-Gonzalezet al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 112, pp. 111-131, 2024

S oNaCl 45
40 sHS 40 BAZ91
s - oSBF —E 15 L] e AZ31
20 E 30 + Other AZ
£ g
% 25 ‘E 25
£ 2 g 22
5 Z
E 15 ° £ 15 u
-] o =3
LIO.QOQ o 10 -.0
00 4 5 %¢0030 g o n
ng"‘%-ﬁe“ﬁe o,q.-l.- : m Ne o " . . .
0 !gﬂaggb an oR 8, a 8t a a a 0 10 20 30 40 50
0 10 20 30 40 50
Time (d) Time (d)
(a) (b)
8 Mg-Ca all
2 = Mg-Ca alloys
40
% 35
E
E 30
£ 25
£
‘g 20
%
g 15 »
S 1w e
-
i L] ‘ e
0 s mgow - [ ]
1} 5 10 15 20
Time (d)
(c)

Figure 6 Corrosion rates vs. time for Mg alloys without RE obtained by hydrogen evolution in different media, b) The same data as
in Figure 6a, but points corresponding to AZXX alloys are highlighted, c] The same data as in Figure 6a, but points corresponding to
alloys with Ca and without Al are highlighted [21, 22, 36, 38-41, 43, 45, 46, 50, 56, 69, 79-81, 85-87, 89, 90, 92-98, 100, 101]

25 o ONaCl
AHS
20 OSBF
'T:'.
£1s o
P o
g
= aa A
10 A
E
s % °
5
A A A
o A
A o A A
0 o A
0 5 10 15 20 25 30
Time (d)

Figure 7 Corrosion rates vs. time for Mg alloys with RE
obtained by hydrogen evolution in different media
[21, 22, 36, 40-42, 46, 49-51, 70, 88, 89]

conditions, for Mg alloys, it is rare to obtain high corrosion
rates for long immersion times. As the data included
in Figures 2 to 7 correspond to bare surfaces of various
Mg alloys, it might wrongly indicate that Mg alloys show
a passivation behavior under different conditions. The

above can be explained as during the corrosion process
of Mg alloys, the pH of the electrolyte rises, and in
most cases, the solution is not replaced; therefore, the
sample-electrolyte system moves from the corrosion
to the passivation zone as indicated in the respective
potential-pH diagram [102].

In addition to the hydrogen evolved being an indicator
of the corrosion kinetics of Mg alloys, , this result also
indicates if a given alloy is suitable or not for use as
implant material. This is due to the formation of gas
pockets close to the implant, which negatively affects the
healing process [21]. In this sense, hydrogen evolution
tests are employed to establish if the gas production rate
is below the maximum value the human body can handle
(0.01 ml-cm~2 - day 1) [21].

On the other hand, hydrogen evolution has been coupled
with electrochemical methods to study Mg alloys’
corrosion behavior both under open circuit conditions
and when anodic polarization is applied [82]. Several
setups of these characteristics have been reported, some
very complex [83] and others more suitable for practical
application in corrosion studies [72]. The latter work uses
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an immersed container in which the Hs gas is collected,
and the Hy volume is quantified using hydrostatic force
principles [82]. On the other hand, a video system could
be used to record the gas evolution in real time [72]. Some
researchers employed a hydrogen evolution setup during
electrochemical impedance measurements, looking to
obtain a more accurate result. The use of hydrogen
evolution measurements, together with weight loss tests,
helped to a better interpretation of electrochemical results
[85].

3.3 Advantages, and

recommendations

limitations,

One advantage of this test, if compared to the weight loss
technique, is that the results are obtained during the
immersion test itself. In contrast, loss mass requires
the samples to be removed and processed at the desired
immersion period, in order to calculate the corrosion rate
at that time. By the hydrogen evolution test, the progress
of corrosion can be easily followed just by looking at the
hydrogen volume vs. immersion time graphs. By this
means, it is possible to observe how an incubation period
takes place at the beginning of the test [22, 40, 103, 104].
During that time, the corrosion rate is very low, and
consequently, low amounts of hydrogen evolve; this period
depends on the system alloy-electrolyte under testing
and can vary from a few minutes to several days. Some
researchers found that the incubation period for AZ41 alloy
in NaCl solutions at various pH values, depends on both
the NaCl concentration and the pH [104]. Other authors
reported that also the duration of the incubation period
is related to the alloy composition, and particularly, this
period is affected by Zn and Mn contents [22, 105].

The incubation period obtained in the hydrogen evolution
test is consistent with the incubation period found when
monitoring the evolution of the open circuit potential
(OCPJ; however, the incubation periods extracted from
the OCP test are much shorter than those attained from
a hydrogen evolution curve [106, 107]. On the other hand,
the duration of the incubation period has been related to
the corrosion rate of the alloy, so long incubation periods
will lead to low corrosion rates and vice versa [105]. The
incubation period is considered to disclose the breakdown
of the partial protective film formed during sample
preparation and the development of a less protective film,
which is closely related to the system alloy-electrolyte
[22, 40].

Generally, corrosion rates obtained from hydrogen
evolution tests are lower than those obtained from mass
loss tests [27, 56]. The explanation reported about this
difference is that hydrogen could be absorbed by the Mg
sample itself [27]. This was discussed in different works

[22] for both pure Mg and various Mg alloys. In those
studies, the authors calculated the amount of hydrogen
dissolved in the metallic sample, assuming that the total
hydrogen generated due to the corrosion process would be
the equivalent of the weight loss value for a given sample,
and plotted the hydrogen dissolved in the Mg alloy sample
during the immersion test against the mass loss corrosion
rate and obtained a linear relationship [106]. However,
according to the literature, the solubility of hydrogen in Mg
at room temperature is about 0.087 cm?®-100 g~ Mg [107],
and the maximum solubility in solid AZ91 alloy is about
24 ppm [108], the values calculated as hydrogen dissolved
in the Mg alloy samples are well above these values.
This disagreement was explained by other authors [109],
noting that those calculations did not consider the amount
of hydrogen that remains dissolved in the electrolyte.
Other sources of error reported were the occurrence of
corrosion mechanisms, which do not involve H5 evolution,
the variation of gas solubility with temperature, and the
use of polymeric material in the measuring setup, which
could be permeable to Hy [77]. The latter two sources
are either negligible or easily avoided. Regarding the
problem with the Hs dissolved in the electrolyte, one way
to solve this problem is to pre-saturate the solution with
H,. This treatment is necessary if the amount of hydrogen
dissolved is significant compared to the hydrogen evolved
[110].

4. Potentiodynamic polarization

4.1 Basic description

This is a direct current electrochemical technique in which,
using a three-electrode cell and a potentiostat, the cell
current is measured as the potential of the working
electrode is varied at a given rate [111]. As it is well known,
by using the corrosion current extracted from PP curves,
the corrosion rate of the alloy can be calculated. Equation
(10) allows calculating the corrosion rate for Mg alloys
[41,112]:

P; = 22.85% 4 (10)

with P;: corrosion rate (mm~y’1),icorr: corrosion
current (mA~cm*2) obtained by means of Tafel

extrapolation.

Mg has an atypical behavior, which is widely known
as the Negative Difference Effect (NDE). Early reports of
this anomalous effect were observed in neutral and acidic
electrolytes [113]. When Mg and its alloys corrode, a strong
evolution of hydrogen is also observed, and this reaction
increases with anodic polarization. Other researchers
stated that for Mg alloys, the electrochemical behavior is
rather different from other metals: when the potential
increases, hydrogen evolution also increases [8]. Although
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similar phenomena can be observed in other metals
(aluminum and ferrous alloys), the case of Mg is more
complicated, as the hydrogen gas evolves both from the
inside of the pits during a process of localized corrosion,
as well as from the external surface, due to a cathodic
reaction [114].  With the aim to explain this unusual
behavior of Mg, several mechanisms have been proposed
based on electrochemical reactions [8]. The definition of
NDE given by these authors was more recently resumed
in another work [115] as follows: if I, is the hydrogen
evolution rate for an Mg electrode at the free corrosion
potential and I, is the hydrogen evolution rate measured
when applying a potential, the difference Iy, — I, is found
to be negative for Mg and increases and the potential
is also increased. The model explaining NDE considers
that corrosion of metallic Mg takes place first by the
formation of Mg* ions, which oxidize to Mg®" by either
an electrochemical or a chemical route. The occurrence of
the univalent M g™ ion had been reported several decades
ago [116]. However, there are other issues leading to
NDE. The variation of the active corrosion areas as the
electrochemical potential also varies; additionally, it
affects the accuracy of Tafel electrochemical methods
for predicting the amount of Mg dissolved [117]. Other
phenomena, such as particle loosening, have been widely
reported during the corrosion of Mg alloys [8]. As the above
problems are more critical during anodic polarization, the
use of Tafel extrapolation of the cathodic branch appears
to be a better approach. However, deviations between 48
and 96% from the corrosion rate values obtained from
mass loss or hydrogen evolution techniques have been
documented [115].

4.2 Reported applications

Figures 8 to 10 show different corrosion rates obtained by
PP for different Mg alloys in NaCl, HS, and SBF. Error bars
for the corrosion data plotted were included when this
information was given in references. This method has been
applied to reveal the effect of either surface modifications
of the alloy [53, 118, 119], changes in the alloy bulk due
to material manufacturing conditions [32, 52, 120-123],
changes in electrolyte due to incorporation of corrosion
inhibitors [124] and variations in the alloy chemical
composition [48, 50, 90, 101, 125-127] or in Mg-based
composite materials [128].  On the other hand, the
polarization technique is widely reported for the evaluation
of coatings [7, 13, 22, 46, 118, 120, 129, 130].

Figure 8 shows the corrosion rates reported for unalloyed
Mg in NaCl [4, 91, 109] and SBF [55, 112, 125]. The
corrosion rates in SBF are much higher, ranging from 7.33
and 35.56 mm-y_l, and exhibit higher variability, whereas
in NaCl, the corrosion rates are below 6.86 mm - y*1
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Figure 8 Corrosion rates for unalloyed Mg obtained by PP in
different media [4, 55, 91, 109, 112, 125]

Figure 9 shows the corrosion rates for alloys without the
addition of RE [32, 33, 38, 41, 44, 48, 50, 52, 56, 69, 76,
85-87, 90, 93-95, 98, 112, 118-120, 124, 125, 127-134].
According to Figure 9a, most of the corrosion rates
are between 0.4 and 3.5 mm - y~'. The median of the
data for all the alloys included in this group is 0.87,
which indicates that in many studies, the corrosion rates
obtained correspond to low values (below 1 mm - y~1!).
Very atypical values correspond to the higher corrosion
rates found in Mg-0.2Ca-4Zn-10Al (28.33 mm - y~!)
(48], Mg-0.5Ca-1Mn-6Zn (25.27 mm - y~!') [50] and
Mg-0.2Ca-4Zn-7.5Al (22.85 mm - y—1) [48] alloys, in all
cases in SBF. The high corrosion rates in Mg-Ca-Zn-Al
alloys obtained by PP by Homayun and Afshar [48]
are similar to those obtained by mass loss. Figure 9b
corroborates that higher corrosion values are reported
in SBF, whereas lower corrosion values are obtained in
HS. There is a great number of alloys included, and only
some AZXX alloys are considered in different studies.
In Figure 9c, corrosion rates for different AZXX alloys
in different media are included. For AZ3X alloys, there
is great variability in corrosion rates, ranging from 3.8
[87] to 9 mm - y~! in NaCl [131], whereas in HS, the
corrosion rates are very lower, ranging from 0.16 [85] to
0.36 mm - y~! [95]. For AZ9X alloys, the corrosion rates
are, in most cases, below 1 mm - y~! but exhibit some
variability. The higher corrosion rates reported are 4.3
mm -y~ for AZ91 in NaCl [69], and 5.36 mm - y~! for
AZ91D in SBF [128].

Figure 10 shows the corrosion rates obtained
by PP for alloys with the addition of RE
[41, 44, 49, 50, 53, 57, 70, 71, 135, 136]. Again, higher
corrosion rates are reported in SBF. The only alloy with
different reports is WE43 [53, 57, 126], and for this alloy,
the corrosion rates have high variability, ranging from
3.5 to 12.7mm - y_l. However, some authors found
similar corrosion rates in mass loss and polarization
tests (3.5 mm - y—!) for WE43 alloy [57]. On the other
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hand, the highest corrosion rate corresponds to an
Mg-0.5Ca-1Mn-6Zn-0.4Nd alloy (26.2 mm - y~1) [50]. High
corrosion rates are also reported for this alloy in mass
loss and hydrogen evolution test, by the same authors, but
in both cases, are around 11 mm - yfl. In this alloy, the

addition of Nd does not seem to be beneficial.

Data in Figures 8 to 10 also show how corrosion rates
obtained for this technique vary despite similar substrates
and electrolytes being used in different studies (For
example, for CP Mg, AZ31, AZ91, and WE43 alloys).
Explanations of these variations include changes in
the exact chemical composition of the electrolytes.
Furthermore, this measuring method is sensible to
differences in surface pretreatment and the time of
immersion of the sample before starting the test. For this
reason, researchers must provide detailed information
on their test conditions. On the other hand, it must
be considered that polarization measurements are
instantaneous values of the corrosion rates, whereas
mass loss and hydrogen evolution provide average values
of corrosion rate in a given exposure time. The only
similarity in Figures 8 to 10 is that the higher corrosion
rates are obtained in SBF media.

4.3 Advantages, and

recommendations

limitations,

Despite the limitations due to NDE observed for Mg
alloys, as discussed above, particularly when using PP for
corrosion rate measurement, this technique is still widely
employed. This is related in some cases to the ability of
the technique to easily show the differences in corrosion
behavior of either various alloys in the same electrolyte
or the same material under various test conditions.
Some researchers used this method to study the effect
of alloy elements, surface treatments, heat treatments,
mechanical treatments, etc., as well as variations in the
test solution, such as the effect of various ions [100,
124-127, 129-137].  On the other hand, this technique
produces instantaneous values of corrosion rates, which is
both a limitation and an advantage: it cannot predict the
long-term performance of the alloy in a given environment
but provides a rapid evaluation and easy comparison of
various material-environment systems.

5. Electrochemical
speciroscopy (EIS)

impedance

5.1 Basic description

EIS uses a small sinusoidal perturbation to study the
reactions on the surface of a sample immersed in a given
electrolyte, allowing a complete view of the corrosive

phenomena on the surface of interest. The measurement
system consists of a three-electrode cell, a potentiostat,
and a frequency response analyzer [86, 111].

5.2 Reported applications

Several authors report the use of this technique
to evaluate Mg alloys in corrosion studies
[44, 47, 53, 70, 98, 112, 128, 138-143]. For example,
in the corrosion process of a WE43 alloy, four stages are
identified from EIS analysis [141]. In the first stage, occurs
the oxidation of the matrix as evidenced by the release
of hydrogen, during which Mg(OH), is formed. The
increase in thickness of the Mg(OH), layer leads in the
second stage to the formation of a MgO protective layer
at the inner interface. For the third stage, the corrosion
rate is reduced as the protective corrosion layer reaches
its maximum, and a balance between the formation and
dissolution rates of the corrosion layer is established. In
this condition, pits are nucleated on the surface, which
during the fourth stage growth to break the inner layer of
MgO, induce further attack of the substrate.

One of the reasons for primarly using EIS for the
study of corrosion mechanism rather than for corrosion
rate measurement in Mg and its alloys has been clearly
explained by Kirkland et al. [77]: In order to obtain
corrosion currents from EIS data, applying the Stern-Geary
equation, it is required to have the values of the cathodic
and anodic Tafel slopes, which are difficult to measure
for these materials as discussed above. For this reason,
the data obtained from EIS in Mg materials are employed
directly using the impedance of the system as indicative
of the corrosion rate [70, 144]. With the use of EIS,
researchers obtain the electrical properties of different
films on the surface, and analysis of this information
allows them to predict the role in the corrosion processes
of the material [69, 98], as well as establish the oxygen
diffusion and correlate this with corrosion and bioactivity
in magnesium alloys used as biomaterials [145]. In
addition, testing at various times is a powerful tool to
follow the formation of corrosion product layers [133, 146].
Comparing Mg-Nd and Mg-Y alloys, some authors found
that in both alloys, the diameter of the high-frequency
capacitive loop decreases gradually as time increases,
indicating that the protective nature of corrosion products
films is affected by micro-galvanic corrosion of the alloys,
and low-frequency inductive loops appear when localized
corrosion starts [70]. Also, EIS analysis is widely employed
to compare the corrosion performance of different Mg
alloys [69, 139, 147], but only a few deducted corrosion
rates from EIS data for this sort of materials [36, 141].

Some authors analyzed the correlation between the
resistance data obtained from EIS and the corrosion rate
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Figure 10 Corrosion rates for Mg alloys with RE obtained by PP
in different media [41, 44, 49, 50, 53, 57, 70, 71, 135, 136]

of Mg alloys [146, 148], and found that to have accurate
corrosion rate values from EIS data, a validation process
should be performed. For instance, for a Mg-1Ca alloy in
SBF, it was concluded that the charge transfer resistance
showed the best correlation with the corrosion current
measured by other techniques [148]. However, other
authors studying pure Mg in a NaCl solution found that
resistance at zero frequency is, for that system, the
resistance value that better represents the corrosion
resistance of the material, as compared with both
mass loss and hydrogen evolution measurements [84].
On the other hand, the use of “Apparent Stern-Geary
Coefficients”, which are obtained empirically, allows for
solving the difficulties in the determination of Tafel slopes
for Mg and its alloys [86]. With these considerations,
some authors have found similar corrosion rates in AZ31

(0.65 mm - y—! by mass loss, 0.67 mm - y~! by hydrogen
evolution and 0.66 mm - y~! by EIS) and AZ41 alloys
(3.23 mm - y~! by mass loss, 2.84 mm - y~! by hydrogen
evolution and 3.58 mm - y ! by EIS) [36].

5.3 Advantages, and

recommendations

limitations,

Some of the more relevant advantages of EIS, are that
little or no sample preparation is required. Measurements
occur in real time, and it allows quantifying the formation
of surface layers and their performance against corrosion
in time. EIS also gives information on the kinetics of the
reactions that occur during the test [41, 138, 141, 142]
and could be a useful tool to determine the appearance
of pitting [49, 70] and intergranular corrosion [149].
In contrast to polarization, the anodic and cathodic
contributions cannot be identified in EIS tests. The biggest
difficulty is the choice of an adequate equivalent circuit,
which is crucial for proper analysis. A complex setup
that, besides EIS experimentation, also allows monitoring
Mg?", pH and Hs, has been reported for analyzing the
behavior of 99.9% pure Mg samples in various electrolytes
[143]. The authors also performed weight loss tests, and
the results indicated good agreement between all the
techniques except for some variation in trend for EIS.
Similar experimental setups have been employed by other
authors [84, 146, 148].

One important advantage of EIS compared to other
techniques of measuring corrosion rates in this sort of
material, such as mass loss and hydrogen evolution, is
its higher resolution. On the other hand, limitations
are related to the difficulty of obtaining accurate
measurements due to the NDE observed in materials
based on Mg, which consequently makes it difficult to
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obtain accurate Tafel slopes, besides instability of Mg
corrosion processes that cause dispersion in the EIS
data. For these reasons, the use of EIS for the qualitative
analysis of corrosion in Mg and its alloys is more frequently
found in the literature, while quantitative measurements
are scarce [86].

6. Comparative analysis

The general behavior of corrosion rates of magnesium and
magnesium alloys has a similar trend in mass loss and
hydrogen evolution tests: a decrease in corrosion rates
with time.

Many corrosion tests are performed in NaCl solutions
at room temperature for the evaluation of magnesium
and magnesium alloys employed in the aerospace and
automotive industries. Chlorides are very aggressive ions
that actively participate in the corrosion process of metals.
The advantage of NaCl solutions is that their concentration
and pH do not change during the tests [150, 151].

Corrosion rates could be expected to be lower in HS
and SBF than in NaCl due to the presence of phosphates
and carbonates that promote the formation of protective
or partially protective corrosion products, decreasing
the corrosion rate [152]. However, this trend is not
always observed. Depending on the test (mass loss or
hydrogen evolution) and the type of alloy (unalloyed Mg,
Mg alloys without RE, and alloys with RE], the corrosion
rates reported for SBF and HS can be lower or higher if
compared with corrosion rates reported in NaCl solutions.
Tests in HS and SBF are performed at 37°C, and this
temperature can somewhat accelerate the corrosion
reactions compared to the room temperature in NaCl
solutions. However, different corrosion product layers
with different protective behavior can precipitate, and
their composition will include different amounts of Ca2+,
carbonates, hydrocarbonates, and phosphates, depending
on the solution employed [151, 152]. These differences in
solutions, as well as the composition and microstructure
of the different alloys included, determine their corrosion
resistance.

For unalloyed magnesium, the corrosion rate decreases
in mass loss and hydrogen evolution tests because of
the formation of protective films on the surface and
the absence of second phases that could originate
micro-galvanic corrosion [150]. For these materials, the
corrosion rates in SBF were always low, both in mass
loss and hydrogen evolution tests. In mass loss tests, the
higher corrosion rate corresponds to CP Mg in NaCl and
low immersion time. The low corrosion rates found at low
times in hydrogen evolution tests and NaCl are explained
because, in this case, the material is high-purity (HP) Mg.

In HP Mg, the impurities content (particularly Fe) is much
lower than in CP Mg [153]. Therefore, its homogeneity is
much higher.

In general, the corrosion rates reported for Mg alloys
are higher than of unalloyed Mg, because Mg alloys
contain, in addition of & — Mg phase observed in high
purity alloys, one or more additional phases, and may
contain other phases associated with impurity elements
(Fe, Ni, Cu and Co) [153]. On the other hand, the grain
size influences the corrosion resistance, and for the same
alloy, the corrosion rate increases if the grains are coarser
[43, 51].

In AZXX alloys, the higher corrosion rates reported in
the mass loss and hydrogen test correspond to AZ91
and AZ80 alloys, while for AZ31 and AZ61 alloys, the
corrosion rates are generally lower in any test or solution.
Al and Zn have a moderate effect on the corrosion of
magnesium alloys, because both increase the cathodic
kinetics [152]. Several authors report that the higher
the aluminum content (as is the case of AZ91 alloys), the
greater the corrosion resistance due to the incorporation
of Al in the bottom of the corrosion products layer,
increasing its protective properties or the formation of
a continuous network of [-phase (Mg17Al12), which
hinders the corrosion propagation [153, 154]. However,
the high corrosion rates reported for AZ91 in both mass
loss and hydrogen evolution tests, even at 14 days, in
tests performed in HS, was attributed to micro-galvanic
acceleration of the corrosion [40], which indicates which
that higher aluminum content does not always guarantee
the formation of more protective phases or corrosion
layers.

Mg-Ca alloys showed very high corrosion tests both
in mass loss and hydrogen evolution tests. Ca is not
beneficial for corrosion of Mg alloys, due to its reactivity.
However, in alloys with low levels of Sr and Ca, corrosion
rates reported in both tests are low, despite Sr having the
ability to increase the corrosion rate of Mg dramatically
[152].  Some researchers found that the addition of
combined Sr and Ca in low levels improves the corrosion
resistance of Mg alloys due to the formation of Ca/Sr-rich
phases both in grain interior and grain boundaries,
decreasing the difference in corrosion potential and hence
the micro-galvanic effect [45]. In alloys with only Zn and
Zn-Mn, the corrosion rates in both tests are always low, in
agreement with the beneficial effect of the two elements
[152]. Only for an Mg-2Zn-0.2Mn alloy, a corrosion rate
near 10 mm-y-1 was reported in hydrogen evolution tests
at 5 days in NaCl. The same authors found a corrosion
rate of only 0.005 mm-y-1 at five days in HS for the same
alloy. They claimed that in the HS the formation of more
protective corrosion products significantly reduces the
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micro-galvanic effects associated with the microstructure,
whereas in NaCl, the microstructure has a great influence
because the corrosion products are less protective [22].
However, the authors do not explain because the corrosion
rate is significantly higher than other Mg-Zn-Mn evaluated
in other studies.

Only for Mg alloys with RE is it clear that higher corrosion
rates are reported in NaCl, both in mass loss and hydrogen
evolution tests. According to the literature, the additions
of some RE, such as Ce, La, Nd, Gd, Sm, and Y, in
concentrations above their respective solubility limit are
detrimental to the corrosion resistance of Mg alloys [152].
The highest corrosion rate in both tests corresponded to
alloys with Mg-3Zn-0.3Ca-0.4La, evaluated in NaCl. In
this case, researchers found a strong galvanic process
between cathodic Mg-2Ca-6Mg-3Zn or Mg-Zn-La-Ca
phases and anodic Mg matrix [49]. High corrosion rates
are also reported in hydrogen evolution tests after 11
days for an Mg-3Y alloy in HS [99] and 18 days for an MRI
202S (0.38Zn-0.07Ca-0.41Zr-2Y-3.06Nd) alloy in NaCl [42],
due probably to the high Y content. However, moderate
corrosion rates are reported in Mg-10Gd alloys, and the
authors claim that the high solubility of Gd in the a — Mg
matrix allows tailoring the corrosion rate in Mg-10Gd
alloys due to the formation of MgbGd phases that reduce
the galvanic effects between other noble phases, as GdH2,
and o — Mg matrix [47].

In Mg-Zn-Y-Mn alloys, the incorporation of low
concentrations of Mo can improve the corrosion resistance
due to the Mo influence in the grain refinement of the
alloy and the higher electronegativity of Mo compared to
other elements, which contributes to the stabilization of
the grain boundaries [51]. On the other hand, in ZE41
alloys, the corrosion rates reported in the mass loss test
are high at lower exposure times. Generally, these alloys
contain approximately 1.53% of RE (1.05%Ce and 0.48La)
and <0.002%Zr. In this case, the high contents of Ce and
La, as well as the very low content of Zr, could explain
the high corrosion rates, since low contents of Zr are also
detrimental to corrosion [152].

Data from various studies [33, 36, 38-41, 43, 45, 49-
51, 56, 691, where both weight loss and hydrogen evolution
were employed to measure the corrosion rate of different
Mg alloys, is presented in Figure 11. The solid line in
the figure represents the condition for equality of the two
measurements of the corrosion rates, and the dashed line
corresponds to the slope (m] of the real data. According
to the slope of the dashed line (m=0.65), generally,
hydrogen evolution tests result in lower corrosion rates, in
agreement with other comparative works [27]. Note that,
in all cases, the results included in Figure 11 correspond to
tests carried out under the same experimental conditions,

i.e., equal materials, immersion solutions, and times.

25

If results are similar

20 Slope=1

m=0.65

Hydrogen evolution corrosion rate (mm-y')

0 5 10 15 20 25
Weigh loss corrosion rate (mm-y')

Figure 11 Comparison of the corrosion rates obtained by both
hydrogen evolution and weight loss
[33, 36, 38-41, 43, 45, 47, 49-51, 56]

Some possible explanations were given in section 3.3:
absorption of hydrogen by the Mg sample itself, hydrogen
that remains dissolved in the electrolyte, the occurrence
of corrosion mechanisms that do not involve hydrogen
evolution, the variation of gas solubility with temperature,
and the use of polymeric material permeable to hydrogen
in the measuring setup. Accounting all the possible
sources of error, some authors considered that only 60%
of the hydrogen generated during the corrosion of a Mg
alloy is measured during a hydrogen evolution test [77].
This value is in close agreement with the value obtained
from the graph in Figure 11 (0.65).

However, there are cases where the comparison of
the corrosion rate of a Mg-Li-Ca alloy assessed by
various methods reported the opposite: the corrosion
rate obtained by weight loss was about 47% lower than
that measured by hydrogen evolution. In this case, the
differences are attributable to the corrosion mechanism
in these alloys is pitting, which is difficult to evaluate
through mass loss measurements [33]. On the other
hand, the corrosion rates obtained from both mass loss
and hydrogen evolution techniques were found to be very
similar for most cases in Mg-Gd alloys, except for higher
Gd content alloy (10 to 15%), where the corrosion rate
calculated from the mass loss was between 17 and 25%
lower than that obtained from hydrogen evolution [47].
The authors explained such a difference due to limitations
in the cleaning procedure for the mass loss technique,
together with errors in measuring the evolved gas amount
[18]. At least, from the data analyzed here, the cases
where weight loss tests generate lower corrosion rates
than hydrogen evolution appear atypical.

The uncertainty or standard deviation between different
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Table 1 Advantages and disadvantages of the different methods

Technique | Advantages Disadvantages
Mass loss Very simple. Measurements could not be accurate.

Does not require complex assemblies or equipment. Not recommended for coated Mg.

Highly sensitive to sample processing. Solutions for removal of corrosion products not

Useful to study the corrosion rate friendly to the environment, such as CrO3

on different simulated body fluids solutions. The samples must be removed and processed at

the desired immersion period to calculate the corrosion rate.

Hydrogen Does not require complex assemblies or equipment. Mg is a sensitive material to absorb hydrogen, which
evolution Suitable for bare and coated Mg. can affect the measurement of the hydrogen volume.

Useful to determine the incubation time before
the corrosion initiation. The results are
obtainedduring the immersion test itself.

Hydrogen evolution could be affected
by the presence of MgO/Mg(OH)2.
Some H> dissolved in the electrolyte, affecting the calculations.

PP Useful to determine the corrosion mechanism

and the effect of time.

Determination of corrosion rate in different media.
Acceptable estimation of the corrosion current and

Wide utilization in corrosion studies of Mg, which allows
comparison with other investigations.

corrosion potential from Tafel extrapolation of the curves.

The hydrogen evolution during the corrosion

process affects the Tafel slope (NDE), which consequently
makes it difficult to obtain accurate Tafel slopes.

The rate of hydrogen evolution increases with increasing
anodic polarization, which affects the corrosion rate value.
The potential sweep rate affects the corrosion mechanisms.

EIS No sample preparation is required.

Measurements take place in real time.
Determination of corrosion mechanisms.

Informs about the porosity of the surface layer.
Highly used for qualitative analysis and comparison.

The surface of the sample changes continuously,

affecting the quantification.

Determination of electrochemical parameters

and corrosion mechanisms depends on

the choice of an adequate equivalent circuit.

Difficulty of obtaining accurate measurements due to the NDE.

techniques is variable depending on the alloys evaluated
and the conditions of the tests. In different works, the
corrosion rate evaluated from weight loss agrees within
an error of ~ +10% with the corrosion rate obtained
from hydrogen evolution [115, 117]. In another report,
the corrosion rate calculated by mass loss for unalloyed
Mg had no significant difference with that obtained
by hydrogen evolution (p < 0.05), if the volume loss is
measured with a eudiometer, a real-time monitoring
system developed in the last decade [74].

Regarding Polarization tests, the corrosion rates of
Mg and Mg alloys in SBF are higher than in HS and NaCl.
The high corrosion rates in Mg-Ca-Zn-Al alloys [48] are
similar to those obtained by mass loss. On the other
hand, some authors found similar corrosion rates in
mass loss and polarization tests for WE43 alloy. Finally,
the highest corrosion rate reported in polarization tests
corresponds to an Mg-0.5Ca-1Mn-6Zn-0.4Nd alloy [50],
and high corrosion rates are also reported for this alloy
in mass loss and hydrogen evolution test, by the same
author. The detrimental addition of Nd is corroborated by
other authors [70], who found high corrosion rates in a
Mg-7 Nd alloy in PP, mass loss, and hydrogen evolution
tests.

However, when corrosion rates of Figures 8 to 10 are
compared with data obtained by immersion tests (Figures
1 to 3) or hydrogen evolution (Figures 5 to 7), it is not
possible to obtain any acceptable correlation. Two
main reasons could explain these low correlations:
First, the polarization technique might not be reliable for
calculating the corrosion rate of Mg alloys, as the corrosion

reactions involved may not comply with some fundamental
requirements for the application of this technique (for
example, there is not a single anodic or cathodic reaction)
[41, 117]. The second reason deals with considering
of similar immersion times for comparison [115]. This
condition is not fulfilled for the data analyzed in this work,
as generally, authors do not report the immersion times
before PP tests. In addition, it must be considered that
polarization measurements are instantaneous values,
whilst hydrogen evolution and weight loss correspond to
average values in time. This is evidenced when comparing
data that despite using the same immersion times, there
is still a large disagreement in the values obtained using
the polarization method compared with the other two
techniques [115].

The corrosion rates obtained from polarization curves
exhibit higher wuncertainties if compared with the
corrosion rates obtained by mass loss or hydrogen
evolution, showing typical deviations between 48 and 96%,
approximately, being much larger than the precision of the
measurement methods [115]. Different authors agreed
that the most likely explanation is that part of the corrosion
reaction is chemical rather than electrochemical [150].
Finally, for some authors, the corrosion rates determined
by EIS have no significant difference from those obtained
by mass loss and hydrogen evolution, if the resistance at
zero frequency is considered for calculating the corrosion
rate [84].

Finally, Table 1 summarizes the advantages and
disadvantages of the revised methods.
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7. Conclusions

All the techniques described in this review are
complementary in the quest to understand and predict
the corrosion behavior of Mg alloys, and the rest of
metallic materials, considering that these techniques are
an approximation of what can happen if the material is
subjected to a certain environment.

Techniques that help visual analysis include immersion,
weight loss, and evolution of hydrogen, but the corrosion
values obtained from the two first methods are higher
than the latter. All these techniques can be easily
complemented; furthermore, weight loss and hydrogen
evolution data can be obtained at the same time. On
the other hand, it is not possible to obtain acceptable
correlations between corrosion rates obtained by PP and
those obtained by mass loss and hydrogen evolution.

From the literature, the sources of error when measuring
corrosion rates for Mg alloys are identified for each
one of the methods analyzed here. For weight loss and
hydrogen evolution, error is mostly related to issues
during the execution of the experiments, while in PP,
the Mg corrosion processes might not comply with the
theory supporting the method due to the NDE. This
fact also causes limitations for obtaining corrosion rate
measurements by EIS.

Very dissimilar corrosion rate values for the same Mg alloy
were found, implying that the measuring procedures need
to be better standardized and consequently a combination
of techniques is always recommended.
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