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Magnesium and magnesium alloys have attracted growing attention over the last
decades as lightweight materials for a wide range of applications. In particular, WE
series magnesium alloys have experienced growing interest over the last years due to
their favourable mechanical properties at room and elevated temperatures. In
addition, it has been reported that these rare earth-containing alloys possess
superior corrosion resistance compared to other commonly used magnesium
alloys, such as AZ series. This review aims at providing a concise overview of the
research efforts made during recent years regarding the properties of WE series
magnesium alloys (e.g., mechanical properties, corrosion behaviour), how these
properties can be enhanced by controlling the microstructure of these materials,
and the role of specific alloying elements that are used for the WE series. The
widespread use of these materials has been limited, mainly due to their
susceptibility to corrosion. Thus, in the present review, strong emphasis has been
given to recent work studying the corrosion behaviour of the WE series alloys, and to
protective strategies that can be employed to mitigate their degradation.
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INTRODUCTION

Magnesium and Magnesium Alloys

Magnesium Alloys as Lightweight Solution

Growing environmental concerns have been leading to the need for reduction of greenhouse gas
emissions into the atmosphere. This reduction in emissions has been heavily regulated for several
industries. In particular, the automotive and aeronautic sectors are expected to meet specific targets
over the next years (European Union, 2009; European Union, 2014). Thus, substantial research
efforts regarding possible solutions for mitigation of greenhouse gas emissions, such as improved
component design and performance, and fuel efficiency improvement, have been made in these
industries. Weight reduction of components has been regarded as the most simple and cost-effective
solution to improve fuel efficiency and reduce greenhouse gas emissions (Grote et al., 2014; Kiani
et al., 2014; Esmaily et al, 2017). To meet this goal, the use of lightweight magnesium alloys
represents an interesting approach for component weight reduction, since magnesium is the lightest
structural metal. With densities ranging between 1.74 and 1.81 g/cm’, magnesium and magnesium
alloys are lighter than the most commonly used materials in the automotive and aeronautic
industries, such as aluminium (density of 2.7 g/cm3 ) and steel (density of 7.86 g/cm3 ) (Kulekci,
2008; Prabhu et al., 2017). Furthermore, magnesium alloys possess high strength-to-weight ratio,
good castability, and good damping capacity, while being non-toxic and recyclable (Cizek et al., 2004;
Kulekei, 2008).
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TABLE 1 | Lettering code for main alloying elements in magnesium alloys. Data
based on (Moosbrugger, 2017).

A Aluminium J Strontium R Chromium
B Bismuth K Zirconium S Silicon

(o] Copper L Lithium T Tin

D Cadmium M Manganese Vv Gadolinium
E Rare Earths N Nickel w Yitrium

F Iron P Lead Y Antimony
H Thorium Q Silver z Zinc

The Challenges

Despite the advantages of magnesium alloys for overall
structural weight reduction, the widespread use of these
materials has been limited, mainly due to their high
susceptibility to corrosion, and, to some extent, due to
inferior mechanical properties compared to other structural
metals. Therefore, magnesium alloys are currently used for
non-structural applications. In the automotive industry,
magnesium alloys are used, for instance, for manual
transmission housings, steering wheels, and clutch and
brake pedal support brackets, while the aeronautic industry
makes use of magnesium alloys for aircraft door panels,
gearboxes, and transmission casings, for example (Kulekci,
2008; James et al., 2011; Mirza et al., 2013; Czerwinski, 2014;
Moosbrugger, 2017). Other applications for magnesium alloys
include frames for eyeglasses, electronic devices, and luggage
(Callister and Rethwisch, 2014). Furthermore, in recent years,
magnesium alloys have been intensively studied as materials
for biodegradable implants (Cordoba et al., 2016) due to their
high biocompatibility. However, the high corrosion
susceptibility of these materials is a concern for biomedical
applications as well. Different strategies have been used to
mitigate this issue and, as a consequence, magnesium alloys are
gaining interest as bioresorbable materials (Zomorodian et al.,
2013; Zomorodian et al., 2015).

Alloying Magnesium

Over the past years, many different magnesium alloy systems
have been developed as an effort to improve the mechanical
properties and corrosion resistance of these lightweight materials.
To date, the coding system developed by the American Society for
Testing and Materials (ASTM) has been the most widely used
both in industry and in research (Moosbrugger, 2017; Mouritz,
2012). It is an alphanumeric system, in which each alloy
designation is composed of four main parts, in the following
order: two letters indicating the main alloying elements; two
numbers indicating the percentage of each of the main alloying
elements (rounded-off); one letter to distinguish different alloys
that differ only in type and amount of minor alloying elements;
and temper designation (Moosbrugger, 2017). The lettering code
for alloying elements in magnesium alloys is shown in Table 1.
For example, magnesium alloy WE43C-T5 has yttrium (W) and
rare earths (E) as main alloying elements, in approximate
amounts of 4wt.% and 3 wt.%, respectively. The letter C
indicates that it is the third composition of this alloy that
became standard, and T5 designates the temper condition
(Moosbrugger, 2017).

Rare Earth Based Magnesium Alloys

The most common magnesium alloys belong to the AZ series.
These alloys typically consist of a a-Mg matrix and intermetallic
B-Mg;,Al;;, phase, distributed along the o grain boundaries (Song
et al,, 1999). These intermetallic particles have a strengthening
effect, and the presence of aluminium-containing [-phase
increases the corrosion resistance of the magnesium alloy
(Song and Atrens, 1999; Mouritz, 2012). The presence of zinc
is believed to enhance the tolerance of magnesium alloys for
impurity elements, such as nickel and iron (Song and Atrens,
1999; Kabirian and Mahmudi, 2009). However, the use of these
types of alloys is limited to low-temperature applications due to
deterioration of alloy properties at temperatures above 120°C,
ascribed to the softening of the p-Mg;,Al;, phase at high
temperatures (Ghali and Revie, 2011; Mokhtarishirazabad
et al., 2013). This issue can be overcome by the introduction
of other alloying elements, such as calcium or rare earth elements
(REEs), thereby creating thermally stable precipitates
(Mokhtarishirazabad et al., 2013). Another problem associated
with the AZ series is the fact that their toughness and ductility
tend to be low (Mouritz, 2012). For this reason, magnesium alloys
with a reduced aluminium content were developed, namely
AM60 and AMS50, which display improved toughness and
ductility due to a reduction of Mg;,Al;, intermetallic particles
(Magnesium Alloy Fatigue Data, 1995).

Most magnesium alloys possess inferior mechanical properties
than other commonly used structural metals such as aluminium,
steel, and titanium (Callister and Rethwisch, 2014; Prabhu et al.,
2017). Compared to these widely used materials, magnesium
alloys generally possess lower strength, creep resistance, fatigue
properties, and high-temperature capability (Toda-Caraballo
et al, 2014; Manakari et al, 2017; Kujur et al, 2018).
Furthermore, the flammability, and ignition behaviour of
magnesium alloys can also constitute a downside to their use
for many potential applications (Czerwinski, 2014).

The use of different alloying elements has been an effective
way to improve the properties of magnesium alloys. For example,
zinc is often used to improve the strength of magnesium-based
materials, leading to grain refinement and precipitation
strengthening (Gupta and Sharon, 2011; Hu et al, 2018; Juan
etal,, 2021). Creep resistance and thermal stability of magnesium
alloys can be enhanced with the addition of calcium (Li et al.,
2016; Kondori and Mahmudi, 2017; Incesu and Gungor, 2020).
The use of calcium as alloying element leads to the formation of
Al,Ca secondary phase, replacing the thermally unstable -
Mg;,Al;, phase. Furthermore, calcium also improves the
biocompatibility of the alloys (Esmaily et al, 2017). Besides
alloying, the properties of magnesium alloys can also be
improved with addition of nanoparticles. Metal oxide
nanoparticles such as ZnO (Tun et al,, 2012) or CeO, (Kujur
et al, 2018) have been shown to improve the strength of
magnesium alloys, while SiC nanoparticles have been studied
as reinforcements to improve the creep resistance (Ganguly and
Mondal, 2018). These types of nanoparticles hinder dislocation
motions, thereby reinforcing the alloy (Ganguly and Mondal,
2018; Kujur et al., 2018). The improvement of magnesium alloy
properties with addition of rare earth elements has been described
since the 1930s (Luo, 2004). For example, cerium can improve
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deformability at room temperature (Wang et al., 2019a), addition
of neodymium has been shown to decrease the corrosion rate
(Zhang et al.,, 2011; Arrabal et al,, 2012), and yttrium has been
found to improve the ultimate tensile strength and elongation of
magnesium alloys (Li et al., 2007).

Corrosion of Magnesium and Magnesium
Alloys

Corrosion can be defined as the degradation of a material and its
properties due to interaction with its environment (Montemor,
2014). To this regard, magnesium is an extremely reactive
material. It is anodic to almost all metals and will, therefore,
corrode preferentially when present in any galvanic couple.
Corrosion of magnesium in aqueous media involves metal
dissolution and water reduction, via the following generally
accepted reaction (Makar and Kruger, 1993):

Mg +2H,0 — Mg(OH), + H, (1)

During magnesium corrosion, formation of a magnesium
hydroxide film on the surface of the metal occurs,
accompanied by local alkalization (Makar and Kruger, 1993).
The global corrosion reaction of magnesium (Eq. 1) can be
divided into an anodic and a cathodic reaction (Feliu and
Llorente, 2015):

Mg — Mg™ +2¢ (2)
2H,0 +2¢” — 20H" + H, 3)

Some authors consider that the magnesium oxidation reaction
(Eq. 2) could be a two-step process, involving the formation and
hydrolysis of monovalent magnesium ions (Makar and Kruger,
1993; Natta, 2001; Gomes et al., 2019). However, the increased
reactivity of Mg" would lead to a significantly short lifetime of this
ion in solution, and recent experimental evidence, as well as
computational analysis, point to direct conversion from Mg to
Mg>* as the most probable mechanism for magnesium
dissolution (Cain et al,, 2017; Esmaily et al, 2017; Yuwono
et al., 2019). Nevertheless, the monovalent Mg theory is, to
date, still a controversial and intensively discussed topic.

The nature and composition of the surface film formed on
magnesium and magnesium alloys during corrosion depends on
the alloy composition and on its external environment. Research
work regarding this topic has shown that this surface film can be
composed of an inner MgO and outer Mg(OH), layer
(Santamaria et al, 2007; Liu et al., 2009). In the specific case
of magnesium-aluminium alloys, a three-component surface
layer has been suggested, with an inner aluminium-enriched
layer at the alloy surface, followed by a middle MgO layer and
an outer layer composed of Mg(OH), (Zhang et al., 2015; Esmaily
et al., 2016). Furthermore, it has been shown that atmospheric
exposure of magnesium alloys can lead to a mixed surface film,
composed of MgO, Mg(OH),, and MgCO; (Feliu et al., 2009;
Feliu and Llorente, 2015). Alongside the surface film, the exact
composition of the corrosion products that are formed is also
dependent on the elements present in the magnesium alloy (Ghali
and Revie, 2011).

Rare Earth Based Magnesium Alloys

Aluminijum, neodymium, yttrium, cerium, and zinc have been
shown to improve the corrosion behaviour of magnesium alloys
(Zhang et al., 2009; Ghali and Revie, 2011; Zhang et al,, 2011;
Gusieva et al.,, 2015). The beneficial effects are, however, greatly
dependent on the concentration of the alloying elements. While
some detrimental effects on the corrosion rate have been observed
with the addition of calcium, for example, magnesium alloy
corrosion is heavily accelerated when iron, nickel, copper, and/
or cobalt are present (Song and Atrens, 1999). These elements are
generally known as impurity elements and their concentration in
the alloy is maintained as low as possible (Song and Atrens, 1999).
Manganese is often added to Mg-Al alloys as scavenger for
impurity elements, decreasing the corrosion rate of the alloy
due to the decrease of impurity contents (Song and Atrens, 1999;
Gusieva et al., 2015).

One of the most efficient strategies against magnesium and
magnesium alloy corrosion has been the application of protective
coatings. These coatings act as a physical barrier between the
underlying metal and the external environment (Montemor,
2014). Many different types of coatings have been developed
and applied to various magnesium alloys. Examples include
epoxy-based coatings, sol-gel coatings, and protective films
formed via plasma electrolytic oxidation. In addition, the
concept of self-healing coatings has been studied in more
detail in recent years. These coatings contain corrosion
inhibitors that are able to impart active protection to the
substrate. Furthermore, these corrosion inhibitors can be
stored in appropriate carriers, and release of the inhibitor (or
inhibitors) is achieved in response to specific stimuli, such as
mechanical stress, the presence of certain ions, or changes in local
pH (Montemor, 2014). These types of coatings have been
designated as “smart” coatings throughout the literature
(Montemor, 2014).

WE SERIES MAGNESIUM ALLOYS

As previously mentioned, WE series magnesium alloys possess
yttrium and rare earths as major alloying elements (see Corrosion
of Magnesium and Magnesium Alloys ). Usually, minor alloying
elements for this series of alloys include neodymium, zinc, and
zirconium.

Development of Mg-Y alloys has been an ongoing process for
several decades (Polmear, 1994). Continuous demands for high
performance lightweight alloys led to the development of the WE
series magnesium alloys (Lyon et al, 1991). Several different
alloys are part of this category, but the most common are WE43
and WES54. Other alloys in this class include WE32, WE33, and
WE94. However, to date, these alloys have rarely been discussed
in literature, and no significant studies can be found regarding
these alloys. This is mainly related to the fact that WE43 and
WES54 possess the most adequate cost-benefit relation of the
alloys included in the WE series. In recent years, the increasing
interest in WE43 and WE54 as lightweight solutions for different
industry sectors has brought on and increasing number of
publications regarding these two alloys, in detriment of other
alloys included in the WE series. For this reason, the present
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Rare Earth Based Magnesium Alloys

TABLE 2 | Comparison of mechanical properties at room temperature of as-fabricated WE43, WE54, and AZ91.

WE43 WE54 AZ91
Tensile Strength (MPa) 220-300 280 165-230
Elongation (%) 7-14 4 3
Ultimate Shear Strength (MPa) 162 150 140

References

(Gupta and Sharon, 2011; Penghuai et al., 2014; Chen et al., 2019; Zeng et al., 2019)
(Gupta and Sharon, 2011; Penghuai et al., 2014; Chen et al., 2019; Zeng et al., 2019)
Gupta and Sharon, (2011)

TABLE 3 | Comparison of different physical properties of as-fabricated WE43, WE54, and AZ91.

WE43

Thermal Conductivity (Wm~'K™) 51.3
Electrical Resistivity (nQm) 148
Melting Range (°C) 540-640

review focuses primarily on WE43 and WE54. However, with
continued research regarding WE series Mg alloys, new and
improved alloy formulations are likely to be developed and
implemented in industry.

Properties

Magnesium alloys with addition of yttrium and rare earth
elements were designed to possess enhanced properties
compared to other commonly used alloys, such as AZ3I.
Room temperature mechanical properties of WE alloys are
superior when compared to other magnesium alloys (Szakacs
et al, 2014). Table 2 shows the comparison of some room
temperature mechanical properties of WE43 and WE54 with
the properties of the most used all-purpose magnesium alloy
today, AZ91. A summary of additional alloy properties is shown
in Table 3.

WE43 and WE54 are able to retain their properties at high
temperatures (Gupta and Sharon, 2011), which is a clear
advantage to the use of magnesium alloys belonging to the
AZ, QE, and ZE series (Szakdcs et al, 2014). Long-time
exposure tests at temperatures up to 250 °C showed that WE43
retains its initial tensile properties, exhibiting a superior high-
temperature performance than aluminium alloys (Lyon et al,
1991). Furthermore, WE series alloys have been shown to be
more creep resistant than other magnesium alloys (Jahedi et al.,
2018a), while also displaying superior ductility, strength, and
corrosion resistance (Ghorbanpour et al, 2019a). In addition,
these alloys are biodegradable (Oshibe et al., 2019), extending
even further the advantages of their use for a wide range of
applications.

Contrary to alloys belonging to the AM series, for example,
WE series alloys are age hardenable (Pan et al., 2016). Typically,
depending on the specified conditions, higher hardness is
achieved with the lowest ageing temperature, while the highest
ageing temperature leads to a decrease in peak ageing time (Kang
et al, 2017). Throughout literature, the hardness testing
conditions, the ageing temperature and ageing time ranges, as
well as the initial state of the alloy before testing vary greatly.
Nevertheless, the general consensus lies in the good age
hardening response of WE series magnesium alloys below

WE54 AZ91 References
52 84 Gupta and Sharon, (2011)
173 141 Gupta and Sharon, (2011)
545-640 470-595 Gupta and Sharon, (2011)

300°C, as well as the fact that lower ageing temperatures
generally lead to increased peak ageing hardness values
(Mengucci et al., 2008; Kandalam et al., 2015; Huang, 2017;
Kang et al.,, 2017; Kielbus et al., 2018). In addition, it has been
reported that double-step ageing treatments can bring additional
benefits for WE alloy performance (Riontino et al., 2008). The age
hardening characteristics of WE series magnesium alloys are
closely related to the precipitates that are formed during these
treatments (see Heat Treatments).

Comparing the age hardening behaviour of WE alloys with
other magnesium alloys, WE43 and WE54 usually present
enhanced age hardening response. AZ31, for example, exhibits
a weak strengthening effect, displaying a nearly constant hardness
over ageing time (Xu et al., 2018). Furthermore, artificial ageing
processes have also a more positive effect on the mechanical
properties of WE series magnesium alloys than on EV31 (Kietbus
et al., 2018).

Microstructure

The microstructures of both WE43 and WE54 have been reported
to be rather similar. These alloys consist of the a-Mg matrix,
usually with Y and Nd present in solid solution in the matrix, and
several types of precipitates distributed along grain boundaries
and in the grain interiors (Rzychon and Kietbus, 2007; Soltan
et al, 2019; Kang et al., 2020). Figure 1 shows a typical
microstructure of as-cast WE43. The most commonly
identified precipitate phases in WE series magnesium alloys
are based on the ternary Mg-Y-Nd system (Zumdick et al,
2019). Rectangular-shaped precipitates are found in these
alloys mostly along grain boundaries (Xiang et al, 2018).
These precipitates have been identified as Mg,4Ys (Soltan
et al,, 2019). In addition, fine particles composed of Mg,;Nd;
phase and Zr-rich globular precipitates are also part of the
microstructure of these alloys (Barylski et al, 2017; Soltan
et al., 2019).

In order to further enhance alloy performance, WE series
magnesium alloys are usually subjected to different heat
treatments (see Heat Treatments). Heat treatment has an
important influence on alloy microstructure and, therefore, on
the alloy properties.
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FIGURE 1 | Microstructure of as-cast WE43. (A) Optical micrograph evidencing the a-Mg matrix of WE43; (B) Scanning Electron Microscopy image of WE43.
Images reproduced from (Kang et al., 2020) under the terms of the Creative Commons CC-BY 4.0 License.

Eutectic

Zr-rich
k p
& particle

4
o.-Mg matrix

50 pm

SN
S

Heat Treatments
Tempers designate a series of different natural or artificial ageing

procedures. The designation of each temper for magnesium alloys
follows the system generally used for aluminium alloys. For WE
series magnesium alloys, the most used tempers are the age-
hardening processes (Mouritz, 2012) T5 and T6. T5 indicates that
the alloy was cooled from fabrication temperature and then
artificially aged, while T6 indicates solution-treatment,
followed by artificial ageing (Mouritz, 2012). During T6
treatment, the alloy wundergoes full recrystallization
(Ghorbanpour et al., 2019a; Ghorbanpour et al.,, 2019b). The
precipitates formed during this process tend to be localized at
grain-boundaries (Ghorbanpour et al.,, 2019a). In contrast, the
materials’ original grain structure is maintained during T5
treatment, and the formed precipitates are more evenly
distributed (Ghorbanpour et al., 2019a).

Precipitation during ageing treatments of WE series
magnesium alloys and the effect of these precipitates on alloy
properties have been heavily studied topics in recent years (Nie
and Muddle, 2000; Nie et al., 2001; Antion et al., 2003; Nie, 2012;
Jiang et al., 2017). The exact structure and composition of the
formed precipitates depend on the processing history of the
material (Ghorbanpour et al, 2019b). The most commonly
encountered precipitates in WE alloys are designated as §”, p/,
B, and B (Ghorbanpour et al, 2019b). The B” phase is
characterized by a Mg;Nd composition and contributes to an
increase in alloy hardness during the initial stages of the ageing
process (Liu et al., 2010; Ghorbanpour et al., 2019b). This p”
phase is gradually transformed to ' phase (Mg;,NdY) at ageing
temperatures between 200°C and 250°C (Jiang et al, 2017;
Ghorbanpour et al., 2019b). Ageing of the alloy at 250°C leads
to the appearance of the f; phase, with a Mgs(Nd,Y) composition
(Jiang et al., 2017; Ghorbanpour et al, 2019b). If the ageing
process is being conducted at 250°C for a long time, precipitation
of the equilibrium f phase (Mg;4Nd,Y) occurs (Jiang et al., 2017;
Ghorbanpour et al., 2019b). From these precipitation phases, '
has been identified as the phase mostly responsible for the
enhanced strength of WE series magnesium alloys after heat
treatment, although it has been found that ” can also contribute
to the precipitation strengthening effect (Nie and Muddle, 20005
Liuetal., 2013; Jahedi et al., 2018a). It has been demonstrated that

the shape and orientation of ’ precipitates can have an important
effect on dislocation motions by creating effective barriers to this
movement (Nie and Muddle, 2000; Xu et al., 2018).

In general, WE series magnesium alloys exhibit superior
mechanical properties after appropriate heat treatment,
compared to their properties before these treatments (Yu
et al,, 2008). Comparing the effects of T5 and T6 treatments
to WE43, it has been demonstrated that WE43-T6 usually
exhibits limited ductility compared to WE43-T5 due to large
grain-boundary precipitates that facilitate intergranular fracture
(Jahedi et al., 2018a; Ghorbanpour et al., 2019¢). Furthermore,
fatigue strength of WE43-T5 tends to be improved in comparison
to WE43-T6 due to finer grain size achieved after the T5
treatment (Adams et al, 2016; Wang et al, 2019b;
Ghorbanpour et al., 2019c¢).

Processing Methodologies
To date, magnesium alloys are most commonly produced by
casting methods (Luo, 2013), and the WE series is no exception.
WE43 and WE54 are often processed by sand casting or
permanent mould casting (Jiang et al., 2017; Westengen et al,,
2006). In recent years, direct-chill casting has emerged as a
favourable alternative to conventional casting methods. Direct-
chill casting makes use of a higher cooling rate than other casting
techniques (Jahedi et al., 2018b). A higher solidification rate of the
cast material leads to high supersaturation and solid solubility of
Nd and Y in the a-Mg matrix (Jiang et al., 2017). Therefore, an
improvement in strength and hardness of the as-cast material can
be achieved (Jiang et al., 2017). In general, however, magnesium
alloys are not used in the as-cast condition, as further property
improvement is usually needed for most applications (Jahedi
et al, 2018b). In this sense, the cast material is subjected to
mechanical and/or thermal processing (thermal treatments were
discussed in Heat Treatments) (Jahedi et al., 2018b).
Mechanical deformation is employed for alloy grain
refinement and microstructure homogenization (Jahedi et al.,
2018b). Examples of common deformation techniques include
hot-rolling (Yu et al., 2008), forging (Salandari-Rabori et al.,
2018), and hydrostatic pressing (Pachla et al., 2012), all of which
have been employed for grain refinement of WE43 (Lukyanova
et al., 2017). Alloy deformation by rolling, for example, leads to
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crystallographic reorientation of the grains, which can lead to an
increase in dislocation density in the alloy microstructure (Jahedi
et al, 2018b). Dislocations represent preferential sites for
precipitate formation (Ghorbanpour et al., 2019b). Thus, an
increase in dislocation density can lead to increased density of
precipitates within the microstructure of the processed alloy, with
consequent improvement in alloy strength, elongation in tension,
and fatigue resistance (Ghorbanpour et al., 2019b). This has been
demonstrated for WE43 (Ghorbanpour et al., 2019b). If both
mechanical deformation techniques and heat treatments are
employed to the same alloy, the deformation techniques are
used before the thermal treatments (Choudhuri et al., 2013).

Continuous improvements in alloy processing technology
have led to the development of several new processing
techniques to further enhance the properties of magnesium
alloys in general, and WE series in particular (Minarik et al.,
2018). Many of these techniques are based on severe plastic
deformation (SPD) of the material (Minarik et al., 2018).
From these, the most commonly studied in combination with
WE series magnesium alloys are Equal Channel Angular Pressing
(ECAP) and High Pressure Torsion (HPT) (Torkian et al., 2018).

During ECAP, the material (usually in rod or bar form) is
forced through a bended channel (Pereira et al., 2017). At the
channel bend, shear strain is generated in the material as it passes
through (Shaat, 2018). The intensity of the shear deformation can
be controlled by varying the internal channel angle and the outer
curvature angle of the channel (Shaat, 2018). Furthermore, higher
strains can be obtained by repeating the process several times
(Wang et al, 2017). These multiple passes can be performed
repetitively with no change to the processing conditions, or a
rotation can be imposed on the material between different ECAP
passes (Wang et al., 2017). Scalability of the ECAP process to
industrial standards is currently being investigated (Frint et al.,
2011; Lefstad et al., 2012; Frint et al., 2016; Shaat, 2018). ECAP
processing leads to significant grain refinement of the alloy,
generally resulting in improved strength. For example, Zhang
et al. (Zhang et al., 2020) found that the ultimate tensile strength
of WE43 increased from 255 MPa in the as-extruded condition,
to 380 MPa after three-pass ECAP. This increase in the strength
of the alloy was accompanied by a decrease in the ductility, as
expected: from 20.9% in the as-extruded alloy to 8.8% after three-
pass ECAP (Zhang et al.,, 2020). Furthermore, the authors found
that multi-pass ECAP led to the generation of significant
dislocations and residual stresses, resulting in significant work
hardening of the WE43 alloy (Zhang et al., 2020).

For HPT processing, the material, in the form of a thin disk, is
compressed under high pressure, and simultaneously subjected to
torsional strain (Zhilyaev and Langdon, 2008). The material is
deformed by shear due to surface frictional forces that arise during
the process (Zhilyaev and Langdon, 2008). Similar to ECAP, HPT
leads to an increase in the ultimate tensile strength and yield strength
of the alloy (Figueiredo and Langdon, 2019). Liu et al. (Liu et al., 2017)
found that extruded WE43 possessed an ultimate tensile strength of
244 MPa, with 8% elongation, while processing by HPT yielded an
ultimate tensile strength of 256 MPa with 0.5% elongation. Once
again, the strengthening effect conferred by SPD processing of the
material led to a significant decrease in alloy ductility (Liu et al., 2017).
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Both ECAP and HPT are used to achieve an ultrafine grain
microstructure in the processed material (Mindrik et al., 2018). It
has been extensively demonstrated that using ECAP
(Martynenko et al,, 2018; Mindrik et al., 2018; Torkian et al.,
2018) or HPT (Lukyanova et al., 2016; Lukyanova et al., 2017) for
WE43 processing can lead to improvements in hardness and
overall mechanical properties of the alloy due to significant grain
refinement.

Over the last 2 decades, additive manufacturing has been
considered an attractive manufacturing process for a wide
range of materials (Bourell et al, 2009). Additive
manufacturing has been established as a cost-efficient method
to manufacture complex shapes (Zumdick et al., 2019). In recent
years, additive manufacturing technology has begun to be tested
for WE series magnesium alloys. To date, the most investigated
additive manufacturing technique for WE43 is selective laser
melting (SLM). SLM is a powder bed fusion process: thin layers of
metal powder are deposited onto the working area and focused
laser radiation is responsible for melting the powder into the
desired shape (Frazier, 2014; Zumdick et al., 2019). Repetitive
powder deposition and melting leads to the creation of three-
dimensional components (Frazier, 2014). It has been shown that
it is possible to manufacture WE43 with a dense and
homogeneous microstructure via SLM (Zumdick et al., 2019;
Gangireddy et al., 2019). However, SLM requires secondary
densification processes to achieve the desired material
properties (Calvert, 2015; Gangireddy et al, 2019). For
example, Zumdick et al. (2019) found no significant
improvement in the ultimate tensile strength of as-extruded
WEA43 and the same alloy subjected to SLM. In addition, high
operating temperatures during SLM can lead to loss of material
performance due to increased grain growth (McClelland et al,,
2019). Therefore, other additive manufacturing techniques, such
as additive friction stir deposition, are currently being
investigated as an alternative to SLM (Calvert, 2015).

In general, direct comparison of mechanical properties of WE
series alloys obtained by different processing methodologies and/
or subjected to different heat and ageing treatments is not feasible,
since widely different processing parameters are used throughout
literature, in addition to the varying original conditions of the
studied alloys.

Alloying Elements

The rare earth content specified for each magnesium alloy from
the WE series is a mixture of different rare earth elements that
vary from alloy to alloy. Most commonly, the rare earth elements
included in the alloys are Nd and other heavier REEs such as Gd
(Pan et al.,, 2016).

Addition of rare earth elements to magnesium and
magnesium alloys brings improvements to the
properties of these materials. Rare earths are able to improve
the mechanical properties of magnesium-based materials at
ambient and elevated temperatures due to the precipitation of
stable RE-Mg intermetallic compounds (Maruyama et al., 2002;
Pai et al,, 2012). These intermetallics can act as obstacles to
dislocations, therefore improving the creep resistance of the
material (Witte et al., 2008; Pai et al., 2012). Furthermore, it
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has been shown that the presence of rare earth elements in
magnesium alloys can have a positive effect on the corrosion
resistance of these materials (Zhang et al., 2011). In general, rare
earth elements have the ability to form intermetallic compounds
with impurity elements, such as Fe for example, therefore
providing a scavenger effect that mitigates the negative effect
of the presence of impurity elements in magnesium alloys (Zhang
et al.,, 2011). Furthermore, studies have shown that rare earth
elements can be incorporated into the passive oxide/hydroxide
surface film on magnesium alloys in aqueous media, stabilizing it
and thereby increasing the protective performance of this film
(Nordlien et al., 1997; Zhang et al., 2011). Despite the advantages
of using rare earths as alloying elements, the addition of heavy
REEs can lead to processing issues that often result in
inhomogeneous composition and, therefore, performance-
related problems in the final alloy (Ning et al, 2014; Pan
et al., 2016). In addition, the cost of heavy rare earth elements
can be very high, due to the fact that the global reserves of these
elements are limited (Ning et al., 2014; Pan et al.,, 2016). Thus,
several studies have been devoted to the modification of
commercial WE series magnesium alloys, aiming for the
reduction of heavy rare earth elements (Pan et al., 2016). Such
modifications have mainly been focused on the substitution of
heavy rare earth elements by other elements such as Y, Nd, and Zr
(Pan et al., 2016).

The solid solubility of yttrium in magnesium is relatively high
and yttrium enhances the strength of magnesium alloys, mainly
due to solid-solution hardening (Gupta and Sharon, 2011;
Ghorbanpour et al.,, 2019a). At 500°C, the solid solubility of Y
in the a-Mg phase is ~4 at. % (Zhao et al., 2011). This solubility
decreases significantly with decreasing temperature (at 450°C,
solid solubility of Y decreases to 2.7 at. %), which enables effective
solution and ageing strengthening effects in yttrium-containing
magnesium alloys (Zhao et al., 2011; Jiang et al., 2017). It has been
reported that the use of yttrium as alloying element improves the
hardness and creep resistance of magnesium alloys via
precipitation of intermetallic phases that impede dislocation
movements (Aghion et al., 2008; Su et al., 2013). Furthermore,
the increase of Y in Mg-Y-RE alloys leads to continuous increase
of the yield strength of these alloys (Su et al., 2013; Luo et al,
2019). Further increase of yttrium content can, however, lead to
coarse grain boundary precipitates which can lead to a decrease of
the tensile strength and elongation of the alloy due to a reduction
in the cohesive strength of the grain boundaries (Su et al., 2013).
The precipitation of metastable Y-containing phases also
contributes to the increase in the heat resistance of
magnesium (Anyanwu et al., 2001). These precipitate phases
remain stable at temperatures >200°C (Anyanwu et al., 2001).
However, it has been reported that yttrium can be oxidized at the
melting stage during alloy processing (Luo et al., 2019). If very
high amounts of yttrium are used, Y,O; inclusions may be
formed during the casting process (Luo et al, 2019). These
inclusions have a detrimental effect on the mechanical
properties of the alloy (Luo et al, 2019). To overcome this
issue, gadolinium can be used as a partial substitute for
yttrium in magnesium alloys, due to the fact that Gd has a
low tendency to form oxide inclusions during alloy processing

Rare Earth Based Magnesium Alloys

(Luo et al., 2019). In addition, it has been shown that, due to the
similar atomic radius of yttrium and gadolinium, these two rare
earth elements are easily interchangeable in magnesium alloy
formulations (Luo et al., 2019). Furthermore, Gd has a
strengthening effect similar to the one reported for yttrium
(Hort et al., 2010; Jiang et al., 2017; Luo et al, 2019). In fact,
several studies have shown that an increased amount of Gd (up to
10 wt.%) can lead to a more significant improvement in the
mechanical properties of WE series magnesium alloys than
yttrium (Hort et al, 2010; Szakdcs et al, 2014; Pan et al,
2016; You et al, 2017). However, the use of high weight
fractions of Gd leads to an increase in alloy density, with the
added disadvantage of higher cost (Li et al., 2019). Therefore, Gd
content in commercial WE series magnesium alloys is usually
kept low.

Similarly to yttrium and gadolinium, neodymium, as alloying
element, also has a positive effect on the mechanical properties of
magnesium alloys (Jin et al., 2015). This element has been used as
a substitute of heavy rare earth elements (Ning et al, 2014).
Neodymium displays a decreased solid solubility in Mg compared
to Y (0.63 at. % at 550°C), and forms stable precipitates with
magnesium (Yan et al., 2008; Le et al., 2010; Gupta and Sharon,
2011). The Mg;,Nd phase is thermally stable and able to pin
dislocation movement, thereby improving the high temperature
creep resistance of magnesium alloys (Yan et al., 2008; Gupta and
Sharon, 2011). Furthermore, the presence of Nd in aluminium-
containing magnesium alloys can decrease the microgalvanic
corrosion rate in these alloys via formation of Al;Nd phase
(Zhang et al., 2011).

In addition to the benefits discussed above, yttrium,
gadolinium, and neodymium increase the ignition temperature
and flammability resistance of magnesium alloys (Tan et al,
2019). This effect has been attributed to the ability of these
elements to form a rare earth-containing oxide layer on the
magnesium alloy surface, preventing the access of oxygen,
moisture and aggressive species to the alloy (Tan et al., 2019).

Apart from rare earth elements, zirconium and zinc are
common alloying elements for WE series magnesium alloys.
Zirconium is the most efficient grain refiner for magnesium
alloys to date, leading to significant improvement in structural
uniformity of the alloys, and to consequent improvement in alloy
properties (StJohn et al., 2005; Ali et al., 2015). Zinc is usually
present in WE series magnesium alloys in low quantities
(<0.02 wt.%). The main effect of the use of zinc is the
improvement of alloy ductility due to formation of Zn-Zr
secondary phases (Jahedi et al, 2018a; Ghorbanpour et al,
2019a). In addition, it has been shown that addition of zinc to
Mg-Y binary alloys leads to improved creep strength of the alloy
due to a higher dislocation density in the presence of zinc
(Maruyama et al., 2002; Suzuki et al, 2004). Extensive
research work has been performed on the modification of
commercially available WE series magnesium alloys with an
increased amount of Zn. It was found that WE43-T6 modified
with 0.2wt.% of zinc leads to a tensile strength of 345 MPa,
representing an improvement of 38% (Pan et al, 2016).
Furthermore, it has been suggested that the use of a higher
Zn-content in WE43 can lead to a decrease in the solubility of
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rare earth elements, resulting in a higher volume fraction of
precipitation phases that are able to reduce the mobility of
dislocations (Kang et al, 2014). Zinc can also improve the
stability of the passive layer formed on the surface of
magnesium alloys in aqueous media (Nordlien et al., 1997).

CORROSION OF WE SERIES MAGNESIUM
ALLOYS

Corrosion Mechanism

The corrosion mechanism of WE series magnesium alloys has
been extensively studied over the years. In general, the corrosion
resistance of metal alloys is tested during immersion of the alloy
under study in an appropriate electrolyte. In the case of WE series
magnesium alloys, these studies have been carried out in a wide
range of different electrolytes. The most commonly used media
for the study of aqueous corrosion of WE magnesium alloys are
NaCl, Na,SO,;, and electrolytes that simulate physiological
conditions, such as SBF (Simulated Body Fluid).

Similarly to the general corrosion processes observed for pure
magnesium and for many other magnesium alloys (as discussed
in section 1.3), WE series magnesium alloys also form protective
surface layers, mainly based on Mg(OH), and MgO. However, the
exact composition of these surface films is highly dependent on
the conditions in which they are formed, i.e. on the composition
of the electrolyte to which the alloys are exposed, and on the
original alloy composition. Nonetheless, the surface films formed
in Na,SOy, NaCl, or SBF seem to be qualitatively similar. While
some authors report the formation of a uniform surface layer,
mainly composed of Mg(OH), and with low amounts of rare
earth elements (Arrabal et al., 2008), others suggest a bi-layered
surface film: Mg(OH), outer layer, which has been reported to be
porous, and an inner layer constituted mainly by MgO, Y,03, and
Y(OH); (Ardelean et al., 2013; Chu and Marquis, 2015). Caand P
are usually present in the surface film when the alloy is exposed to
SBF (Dvorsky et al., 2019). WE43 has also been tested in alkaline
media containing Cl™ ions, and this alloy was reported to form a
passive layer composed of MgO, Mg(OH),, and RE,O; phases
(where REEs can be Y, Nd, or Gd) (Ninlachart et al., 2017). (Chu
and Marquis, 2015)

In general, it has been found that the surface films formed on
WE series magnesium alloys are thinner than for pure
magnesium (Zucchi et al., 2006a; Leleu et al.,, 2018). This has
been attributed to the fact that a steady-state condition between
surface film thickening and propagation of corroded area may be
achieved for WE magnesium alloys, while expansion of the
corroded area prevails for pure magnesium (Zucchi et al,
2006a). While thinner, the surface films formed on WE series
magnesium alloys have been reported to be more stable and more
protective due to the presence of rare earth elements in their
composition (Kalb et al., 2012; Dvorsky et al., 2019; Leleu et al,,
2019; Soltan et al., 2019).

Comparing the corrosion behaviour of WE series magnesium
alloys with pure magnesium or with other magnesium alloys,
there seems to be no definitive consensus as to which magnesium-
material has the superior corrosion resistance. WE43 has been
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reported to be less susceptible to the action of aggressive Cl™ ions
than pure magnesium (Leleu et al., 2018; Knapek et al., 2018),
while also displaying much less severe localized damage in SBF
than ZK60 (Jamesh et al., 2015). In comparison to the commonly
used AZ91, it has been shown that WE43 possesses a slower
hydrogen evolution reaction (Eq. 3) in Na,SO4 (Ardelean et al,,
2013), and an overall higher corrosion resistance in NaCl
(Arrabal et al., 2008). However, a higher corrosion rate of
WE43 in Na,SO, compared to AZ31 and AZ91 has also been
reported (Leleu et al., 2019). The corrosion rate of WE43 has been
shown to be lower than other rare earth containing magnesium
alloys, such as EV31 and ZE41 (Soltan et al., 2019). WE54 was
found to be slightly more resistant to in vitro degradation than
pure magnesium, but the corrosion performance of WE54 was
reported to be significantly poorer than for AZ91 for the same
testing conditions (Walter and Kannan, 2011). Other authors
reported that the corrosion rate of WE43 and WE54 during salt
fog tests was only slightly higher than for AZ91 and for some
aluminium casting alloys (e.g. A201) (Cho et al., 2008). These
seemingly contradictory results can be related to the use of
different combinations of parameters such as electrolyte type,
electrolyte concentration, processing methodology of the studied
alloys, and heat treatments to which the alloys were subjected
prior to corrosion testing. As is the case for the previously stated
mechanical properties of WE series magnesium alloys, the
microstructure of these materials has a major influence in
their corrosion behaviour.

Despite the different conclusions drawn by different researchers,
the general consensus regarding the corrosion mechanism of WE
series magnesium alloys lies in the fact that corrosion of these types
of alloys involves the Zr-rich precipitates present in the
microstructure, due to microgalvanic coupling effect (Coy et al,
2010; Ardelean et al., 2013). Zr-rich particles can be found both in
WEA43 and in WE54, and it has been demonstrated that these
precipitates possess a Volta potential difference with respect to the
magnesium matrix superior to +170 mV (Coy et al., 2010). This
difference is high enough to cause significant galvanic coupling
between the precipitates and the magnesium matrix, favouring the
dissolution of the latter (Coy et al., 2010). This high Volta potential
difference has been attributed to the presence of Fe in these
precipitates (Coy et al, 2010). In this sense, the intermetallic
particles act as local cathodes that promote the dissolution of the
neighbouring magnesium matrix, with eventual propagation of the
corrosion process (Leleu et al., 2019; Soltan et al., 2019). This
phenomenon has been consistently reported for WE series
magnesium alloys (Coy et al,, 2010; Kalb et al., 2012; Ninlachart
et al,, 2017; Leleu et al., 2019; Soltan et al., 2019). In contrast, it has
been reported that yttrium-containing intermetallic phases have
little to no effect on the corrosion process of WE magnesium alloys.
The Volta potential difference of these precipitates in relation to the
magnesium matrix has been demonstrated to be negligible
compared to the Zr-rich intermetallic phases, even though they
demonstrate cathodic behaviour relative to the magnesium matrix
(Coy et al., 2010; Kalb et al., 2012; Soltan et al., 2019; Kharitonov
et al.,, 2021).

In general, micro-galvanic corrosion in WE series magnesium
alloys may be reduced through grain refinement and a more
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FIGURE 2 | Possible mechanism of corrosion for WE series magnesium
alloys (A), involving the formation of a Mg(OH), layer on the surface of the alloy
(B), with localized microgalvanic corrosion at preferential sites (C). Figure
reproduced from (Kharitonov et al., 2021) under the terms of the Creative
Commons CC-BY 4.0 License.

continuous distribution of secondary phases (Pereira et al., 2021).
A high density of REE-containing secondary phases in WE series
Mg alloys has been shown to attenuate the corrosion process of
these alloys since these secondary phases may act as corrosion
barriers (Xie et al, 2021). However, an increased density of
intermetallics also increases the density of corrosion-prone
grain boundaries (Eivani et al, 2021). The overall corrosion
behaviour of WE series Mg alloys is, in general terms,
governed by two major factors: a) the microgalvanic coupling
effect between the intermetallic phases/particles and the
magnesium matrix has a detrimental effect on the corrosion
performance of these materials; and b) the inclusion of REEs in
the alloy matrix and the incorporation of these elements in the
surface film during alloy corrosion can be beneficial (Leleu et al.,
2019). Figure 2 illustrates the possible mechanism of corrosion
for WE series magnesium alloys, involving the formation of a
Mg(OH), layer on the surface of the alloy and localized
microgalvanic corrosion at preferential sites. However, it

should be stated that, for binary Mg-Y alloys, it has been
demonstrated that an increase in the Y content, which leads to
an increase in the volume fraction of Mg,,Ys phase, may be
responsible for inferior corrosion resistance due to the increase in
cathodic sites (Sudholz et al., 2011). Yttrium, when present in
solid solution, delays the dissolution of the magnesium matrix
(Sudholz et al, 2011). It is worth to note that high purity
magnesium is often reported as a material possessing higher
corrosion resistance compared to magnesium alloys due to the
absence of intermetallic phases that can induce microgalvanic
coupling (Dvorsky et al., 2019).

As previously mentioned, the corrosion behaviour of WE
series magnesium alloys is dependent on the specific
microstructure of the alloy. Thus, the processing conditions
can play a major role in the resistance of these alloys to
degradation. Comparing as-cast and aged WE54 specimens, it
was reported that corrosion propagation was most uniform for
the as-cast condition (Rzychon et al., 2007). This was related to
the fact that an increase in ageing time leads to an increase in the
volume fraction of intermetallic phases and, therefore, of
microgalvanic cells (Rzychon et al, 2007). Similar findings
were reported for both WE54 and WE43 (Smola et al., 2012;
Yang et al., 2020). However, if a fine dispersion of precipitates can
be achieved through ageing treatments, propagation of alloy
dissolution can be delayed (Chu and Marquis, 2015).

The overall corrosion behaviour of WE series magnesium
alloys seems to be governed by two major factors: on the one
hand, the microgalvanic coupling effect encountered between the
intermetallic phases and the magnesium matrix has a detrimental
effect on the corrosion performance of these materials; on the
other hand, the incorporation of rare earth elements in the
surface film during alloy corrosion can be beneficial (Leleu
et al,, 2019).

Even though WE series magnesium alloys may possess a
somewhat enhanced corrosion resistance when compared to
other magnesium alloys, the anticorrosive performance of
these materials has to be further improved for most
applications. Several different protection strategies against
corrosion of WE magnesium alloys are reported in Corrosion
Protection Strategies .

Corrosion Protection Strategies

The application of protective coatings has been the most efficient
way to protect magnesium alloys from corrosion. These coatings
are designed to be effective barriers that protect the underlying
metallic substrate from the aggressive environment. For years,
chromate coatings were the dominant protection method for
several different metals and alloys. These coatings offer a highly
inhibitive effect of the corrosion processes, while displaying
improved coating strength and hardness (Eppensteiner and
Jenkins, 1999; Gray and Luan, 2002). However, hexavalent
chromium is linked to serious health hazards and, thus, its use
has been heavily regulated (European Union, 2006; Annangi
et al, 2016; Junaid et al, 2016). In this sense, extensive
research has been carried out regarding the search for safer
coating formulations. For magnesium alloys, the most used
coating alternatives to chromate are anodized coatings (Pinto
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et al., 2010), Plasma Electrolytic Oxidation (PEO) coatings (Liu
et al., 2016a), rare-earth conversion coatings (Montemor et al.,
2007), and organic coatings (Calado et al., 2017; Calado et al,,
2018). The development of protective coatings for magnesium
alloys for their use in the automotive and aerospace industries, for
example, is aimed at the maximum possible long-term protection
of the alloy. In contrast, coatings developed for biological
applications are often aimed at slowing down substrate
dissolution, to allow for the use of magnesium alloys as
bioresorbable temporary implants.

Given the newly-gained interest in WE series magnesium
alloys for industrial applications, the vast majority of literature
concerning protective strategies for WE series magnesium alloys
to date is based on protective solutions which have proven
efficiency for other magnesium alloy series. Coatings applied
by electrolytic processes (e.g., PEO) seem to display minimal
dependency on the specific composition of the alloy and/or on the
type and distribution of its secondary phases. However, the
microstructure and composition of each alloy is expected to
play a more major role in the application of organic and
hybrid organic-inorganic coatings, mainly due to different
interactions between the coating and the alloy surface,
influencing coating adhesion. Moreover, corrosion inhibitors
may display protective mechanisms which are dependent on
the interaction with specific alloying elements and/or
secondary phases of the Mg alloy under study. However,
presently, literature on passive corrosion protection strategies
and active, self-healing coatings for WE series magnesium alloys
is too scarce to evaluate these specific challenges effectively and
objectively. For this reason, the protective strategies cited in this
review give an overview of protective mechanisms with proven
efficiency for WE43 and WES54 alloys. These examples are
given below.

Anodization is an electrolytic process through which the
surface of the metal is modified by formation of a stable oxide
layer through the application of anodic voltage or current
(Blawert et al., 2006; Gupta and Sharon, 2011). WE43 was
successfully anodized in an alkaline silicate-based electrolyte
(Xia et al, 2004). It was shown that the anodized coating
increased the protection of the alloy during testing in 0.86 M
NaCl, as no pitting of the anodized surface was detected after
140 h of immersion in the corroding medium (Xia et al., 2004).
This effect was attributed to formation of MgO, and subsequent
hydration of MgO to Mg(OH),, which was found to actively block
the pores of the anodized film (Xia et al., 2004). Anodized WE43
was also tested in in vivo implants (Oshibe et al., 2019). The
phosphorous-based anodized coating was able to delay the
degradation of the implants while inhibiting the formation of
hydrogen gas (Oshibe et al,, 2019). This anodized coating also
displayed good biocompatibility in bone tissue during long-term
follow ups (Oshibe et al., 2019). If anodization is performed at
very high voltages, the process is mostly known as Plasma
Electrolytic Oxidation (PEO) (Bender et al, 2013). This
process has effectively been applied to WE43. For example,
subjecting  WE43 to PEO in a silicate/phosphate-based
electrolyte led to increased polarization resistance and
decreased corrosion rate in comparison to the untreated alloy
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FIGURE 3 | Evolution of low frequency impedance modulus (0.01 Hz) of
WE43 coated with a hybrid epoxy-silane coating (reference coating), and with
a hybrid epoxy-silane coating containing 325 ppm Ce(DEHP)s, during
immersion in 0.5 M NaCl. Image reproduced from (Calado et al., 2021)

with permission.

in 3.5wt.% NaCl (Tekin et al, 2013). Using a commercial
electrolyte formulation, it was demonstrated that implants
made of WE43 subjected to PEO displayed a delayed gas
release at the implant surface, while also enabling the alloy to
retain its strength during an in vivo implantation period of
12 weeks (Imwinkelried et al, 2013). Since the coatings
formed via anodization or PEO are usually porous, a top-layer
can be applied to seal the pores and impart additional protection.
This top-layer can, for example, be a polymeric coating.

In addition to coatings applied by electrolytic processes,
organic coatings have also been successfully applied for WE
series magnesium alloys. For example, long-chain silane
compounds have been shown to form a crystalline-like
protective structure on the surface of WE43, thereby aiding in
the corrosion protection of this alloy (Zucchi et al., 2006b). In
recent years, significant attention has been given to the
development of coatings for biomedical
applications of WE43. For example, efficient protection of
WE43 has been achieved with bi-layered coatings consisting of
hydroxyapatite/poly-L-lactic acid (Diez et al., 2016), or chitosan/
bioactive glass (Witecka et al., 2021). To further improve the
protective ability of coatings, corrosion inhibitors can be used.
These additives have the ability to impart active protection in case
the applied coating is damaged during its service-life. 8-
hydroxyquinoline (Argade et al, 2019) and sodium
dioctylphosphate (Chirkunov and Zheludkevich, 2018) have
been found to be efficient inhibitors for WE series magnesium
alloys due to their ability to form stable species with magnesium
cations during substrate corrosion, thereby forming protective
surface films. However, to date, very few inhibitors have been
identified as effective for the protection of WE series magnesium
alloys, and the protection conferred by these corrosion inhibitors

anticorrosive
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FIGURE 4 | Mechanism of corrosion protection conferred by Ce(DEHP)3
to WE43 magnesium alloy. Figure reproduced from (Calado et al., 2021) with
permission.

has mostly been studied in non-coated systems (Argade et al.,
2019; Shi et al.,, 2020; Yang et al., 2015). Recently, Calado et al.
(Calado et al, 2021) reported a newly-developed cerium
organophosphate corrosion inhibitor for smart corrosion
protection of WE43. The authors showed that addition of
cerium tri(bis(2-ethylhexyl)phosphate) (Ce(DEHP);) to a thin
epoxy-silane coating significantly improved coating barrier
properties in comparison to the unmodified coating (Calado
et al, 2021). In addition, Ce(DEHP); displayed a cyclic
protective behaviour, as illustrated in Figure 3 (Calado et al,
2021). The corrosion protection conferred by Ce(DEHP); was
linked to its pH-dependent activation: local alkalization due to
magnesium corrosion (see Eq. 3) leads to hydrolysis of
Ce(DEHP);, resulting in the formation of cerium and
organophosphate ions (Calado et al,, 2021). The interaction
between OH™ and cerium ions, and between OH and ions
released from the substrate (ie. Y>*, Nd**, and Mg**) leads to
the formation of Ce(OH)s, Y(OH);, Nd(OH);, and Mg(OH),
(Calado et al., 2021). While Mg(OH), is relatively soluble, the rare
earth-containing hydroxides are extremely stable species,
providing efficient local corrosion inhibition at cathodic sites
(Calado et al,, 2021). In addition, organophosphate ions can
interact with Mg** ions released during magnesium
dissolution, thereby ~ forming stable magnesium-
organosphosphate species, which confer corrosion inhibition at
anodic sites (Calado et al.,, 2021). Figure 4 shows the corrosion
protection mechanism proposed by the authors. Overall,
Ce(DEHP); was shown to be one of the first truly efficient
corrosion inhibitors for WE series magnesium alloys,
conferring long-term, pH-sensitive, and self-healing protection.
This inhibitor was also shown to be effective for AZ series
magnesium alloys (Calado et al, 2020), and for mild steel
(Morozov et al., 2019).

Apart from the most common coating methods that were cited
above, WE series magnesium alloys have also been subjected to
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other alternative coating methods. Improved corrosion resistance
of WE43 has been achieved, for example, by a) application of
biofunctional  chitosan-bioactive  glass  coatings  via
electrophoretic deposition (Heise et al., 2017; Hohlinger et al.,
2017); b) surface modification using Laser Surface Melting (LSM)
technique (Guo et al., 2005; Liu et al., 2016b); ¢) ion-implantation,
e.g. hafnium (Jin et al, 2016) or Ti-O (Zhao et al, 2013); d)
application of amorphous SiC film via Plasma Enhanced
Chemical Vapour Deposition (Li et al, 2012); and e)
application of TaN film using reactive magnetron sputtering
(Jin et al., 2018).

The development of protective coatings for WE series
magnesium alloys is still a growing research topic, which is in
no way as explored as the development of protective solutions for
other magnesium alloys, such as AZ series.

APPLICATIONS

The superior properties of WE series magnesium alloys has led to
an increasing usage of these types of alloys in different industries,
in addition to a growing research interest in several fields. The
good high temperature behaviour of WE magnesium alloys, allied
to the low density of these materials, has been of particular
interest for the automotive and aerospace industries.

In the automotive sector, WE alloys are widely used in high-
performance cars as engine block components, e.g., pistons and
cylinders (Kierzek and Adamiec, 2011; Malayoglu and Tekin,
2015). Furthermore, given their superior creep resistance and
high temperature stability, in contrast to other magnesium alloys,
WE series alloys are expected to be suitable for powertrain
applications (Blawert et al., 2004).

WE43 and WE54 are both used in helicopters (Gupta and
Sharon, 2011). For example, WE43 is used in the gearboxes of the
Eurocopter EC120, Eurocopter NH90, and Sikorsky S92 (Mouritz,
2012). Due to their stability at high temperatures, WE series
magnesium alloys are used in jet engines, particularly in auxiliary
power units, accessory drives, constant speed drives, and engine
gearboxes (Malayoglu and Tekin, 2015; Luxfer MEL
Technologies and Engines, 2019). The Lockheed Martin F-16
and F-35 are two examples of fighter aircraft that make use of WE
alloys as engine components (Luxfer MEL Technologies and
Engines, 2019).

In the past, the use of magnesium alloys for applications in
commercial aircraft interiors has been restricted due to concerns
about the flammability of these materials in general. However,
extensive tests conducted by the FAA (U. S. Federal Aviation
Administration) (Marker, 2013) have shown that WE43 meets
the necessary performance and safety requirements imposed for
materials to be used in aircraft interiors (Luxfer MEL Technologies
and Engines, 2019). In fact, the favourable outcome of the FAA
flammability tests conducted on WE43 was a major driving force in
the decision to lift the long-standing ban of the use of magnesium
alloys in aircraft interiors in 2015 (Society of Automotive Engineers,
2015; Luxfer MEL Technologies and Aircraft Interiors, 2019). Thus,
WE43 became particularly interesting for application in cabin seat
frames.
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The favourable combination of properties inherent to the WE
series magnesium alloys is driving further research related to
these alloys, regarding their properties and potential future
applications. The high damping capacity and overall good
ballistic performance of WE43 and WE54 have led to several
studies regarding these alloys as armour materials, such as for
lightweight armoured ground vehicle applications (Cho et al,
2008) and for protective helmet shells (Mathaudhu et al., 2014).

The biodegradability of magnesium alloys in general has led to
increased interest in these materials for biomedical applications
(Chen et al, 2018). Furthermore, the elastic modulus of
magnesium alloys (41-45 GPa) is similar to the elastic
modulus of natural bone (3-20 GPa) (Chen et al, 2014).
Therefore, magnesium alloys can prevent clinical issues related
to biomedical incompatibility (Chen et al, 2014). In fact, the
elastic modulus of common stent-material 316L stainless steel
(193 GPa) is much higher than that of WE43 (44 GPa), while
displaying similar yield strength (Chen et al., 2014). Given this
positive biocompatibility, and the adequate corrosion resistance
of WE series magnesium alloys, intensive research on the
potential use of these materials for the healthcare industry has
been carried out in recent years. For instance, clinical trials have
been performed with WE43-based bioresorbable screws and
cardiovascular stents, positively demonstrating the applicability
of this alloy in the medical field (Erbel et al., 2007; Plaass et al.,
2016; Chen et al, 2018). However, despite of the promising
results, these alloys have to be further studied to evaluate the
potentially harmful effect of certain alloying elements on human
health (Chen et al., 2019).

FUTURE TRENDS

In general terms, magnesium and magnesium alloys are
attractive  lightweight materials for many different
industries, such as the automotive and aerospace sectors.
These materials are also envisaged as appropriate for
biodegradable implants. In particular, the good high
temperature properties and general mechanical behaviour of
WE alloys make this class of magnesium-based materials
especially interesting for a wide range of applications.
However, as all materials, these alloys have some drawbacks
associated to their use for certain applications, such as a high
cost of rare earth elements and general susceptibility to
corrosion. In the near future, research regarding WE series
magnesium alloys will continue to focus on further
enhancement of the properties of these materials and
mitigation (or even elimination) of some shortcomings of
these alloys. Fine-tuning alloy composition and
microstructure through alloying and/or through the use of
new processing methodologies will play an important role for
further property improvement. To take full advantage of the
favourable properties of WE series magnesium alloys, the
corrosion susceptibility of these materials needs to be
addressed. Advances the development of efficient
corrosion protection strategies tailored for these types of
alloys are currently being made. Undoubtedly, development
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and application of multifunctional and self-healing coatings
that are able to provide long-term protection, and that are able
to prevent corrosion propagation if the coating is damaged
during its lifetime, will play a major role in further improving
the performance of WE magnesium alloys for an even wider
range of applications. Thus, in addition to a growing interest in
these materials for several industries, mainly the automotive
and aerospace sectors, emergence of an increasing number of
new applications is expected to lead to a continuous increase in
the global demand for WE series magnesium alloys over the
next years.

CONCLUDING REMARKS

WE series alloys possess superior room temperature mechanical
properties when compared to other magnesium alloys. In
addition, these alloys have the ability to retain their properties
at high temperatures, which constitutes a clear advantage in
comparison to other classes of magnesium alloys, such as AZ
and ZE.

Several different thermal and solution treatments are
available for WE series magnesium alloys. Properties such
as strength and ductility can be precisely controlled by the
use of different combinations and sequences of ageing
temperature and duration. For this purpose, continued
research efforts have been carried out to obtain a
fundamental understanding of the precipitation sequence
that occurs during ageing treatments, and of the possible
changes in alloy microstructure. In addition, the role of
specific alloying elements and their content in common WE
series magnesium alloys has been heavily studied over the
years. Direct modification of the content of specific alloying
elements, or minor addition of other elements, can also be a
way of controlling alloy properties.

New processing methodologies have been emerging as a
means to improve the properties of magnesium alloys in
general. For WE series magnesium alloys, most experimental
processing techniques are based on severe plastic deformation of
the alloy. These techniques have been used to obtain ultrafine
grain microstructure in the processed material. Significant grain
refinement has been obtained for WE alloys using ECAP and
HPT, which in turn leads to improvement in hardness and overall
mechanical properties of these alloys. The scalability of these
processes to industrial scale is currently under study.

Despite their various advantages, WE series magnesium
alloys are susceptible to corrosion. For most applications,
efficient protection strategies are needed to mitigate the
degradation of these materials. Anodization and PEO have
been the most used techniques for the protection of WE alloys,
but a wide range of coating types has been successfully tested
for this class of magnesium alloys. The development of WE-
specific anticorrosive coatings is a topic that has recently been
receiving growing research interest, with very fast
developments.

While WE43 and WE54 are already being used in the
automotive and aerospace industries, there has been an
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increasing interest in these alloys as lightweight biodegradable
materials. Continued improvement, property tailoring for specific
applications, and development of protective anticorrosive
strategies for WE series magnesium alloys, will allow to take
full advantage of these materials, and enable their widespread use
for a wide range of applications.
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