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Abstract: Magnesium (Mg) alloys have emerged as highly sought-after alloys in aerospace,
automotive, and biomedical engineering industries due to their low density and excellent
mechanical properties. The addition of alloying elements plays a critical role in improving
the performance of these Mg alloys, with rare-earth (RE) elements being especially helpful
in improving mechanical properties, specifically strength and ductility. However, due to
the higher cost and limited availability of RE elements, researchers are trying to explore
non-rare-earth (non-RE) alternatives, such as aluminum, calcium, zinc, etc. These non-RE
elements offer various advantages including cost effectiveness and enhanced manufactura-
bility, but they may not always match the performance improvements of RE elements. This
review critically examines and compares the effects of RE and non-RE alloying elements
on the microstructural evolution, corrosion resistance, and strengthening implications
of Mg alloys. Furthermore, it explores the recent advancements in alloy development
and evaluates the trade-offs between RE and non-RE alloying elements, offering key in-
sights into the optimal approaches for enhancing the performance of Mg alloys across
various applications.

Keywords: rare earth; non-rare earth; Mg alloys; precipitation hardening; texture weakening

1. Introduction

The increasing global emphasis on stringent emission regulations, particularly in
developed countries, has heightened the demand for lightweight, high-strength materials
to enhance fuel efficiency and reduce environmental impact [1,2]. In response, researchers
worldwide are actively pursuing the development of such materials. Among structural
metals, magnesium (Mg) stands out due to its exceptionally low density, making it a
prime candidate for automotive and structural applications where weight reduction is
critical [3]. Despite its advantages, the widespread use of Mg is hindered by its inherently
low strength [4,5]. To address this limitation, significant efforts have been directed toward
developing Mg alloys with enhanced mechanical properties [6-8]. Various alloying ele-
ments are incorporated into Mg, leveraging diverse strengthening mechanisms such as
grain refinement [9,10], precipitation strengthening [11,12], dispersion strengthening [13],
and texture hardening [14,15]. These alloying strategies can be broadly classified into two
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categories: (i) rare-earth (RE) Mg alloys [16] and (ii) non-rare-earth Mg alloys [17]. Each
category offers distinct advantages and challenges, providing a wide scope for tailoring Mg
alloys to meet specific performance requirements for advanced engineering applications.

There is an extensive body of literature on Mg alloys, including several review ar-
ticles that primarily focus on their development and applications [18,19]. Much of the
research centers on alloying strategies, particularly the addition of alloying elements to
improve properties such as extrudability and strength [20-22]. Numerous studies have
reported on the deformation mechanisms of these alloys [23], mechanical properties [24],
and grain refinement strategies [25] and substantial data are available on their corrosion
behavior [26,27]. Additionally, many investigations focus on applications in the biomed-
ical field [28,29], with biocompatibility being a key consideration [30]. There are some
reviews that only focus on the research related to a particular country [23,31]. Some reviews
specifically address RE-based Mg alloys [32-34], while others focus on non-RE-based Mg
alloys [35]. However, there remains a lack of a comprehensive and concise review that
simultaneously discusses the effects of both RE- and non-RE-based Mg alloys. This review
aims to fill this gap by providing an integrated overview of recent advancements in both RE-
and non-RE-based Mg alloys, highlighting their composition, microstructural evolution,
texture development, strengthening implications, and corrosion resistance. By sharing this
knowledge, the review seeks to offer the research community a holistic understanding of
Mg alloys with diverse compositions and properties.

2. Microstructural Variations Induced by RE and Non-RE
Alloying Elements

Rare-earth (RE) alloying in magnesium (Mg) alloys is well known for its signifi-
cant grain refinement capabilities [25]. Elements such as gadolinium (Gd) [36], yttrium
(Y) [37,38], neodymium (Nd) [39], lanthanum (La) [40], and cerium (Ce) [41] have proven
to be particularly effective in improving strength through grain refinement, as explained by
the Hall-Petch relationship [42]. Refinement is attributed to the conventional super-cooling
effect that occurs at the liquid/solid interface during solidification due to the segregation of
RE solutes [43]. This super-cooling effect enhances the nucleation of new grains, effectively
limiting the growth of existing grains when the undercooling conditions necessary for
the most effective nucleating particles are met. Additionally, RE-containing intermetallic
phases observed at grain boundaries support this mechanism by stabilizing the refined
grain structure [44].

A useful parameter for evaluating the grain refinement potential of different RE
elements is the growth restriction factor (GRF), defined by the relation between the liquidus
line slope and the coefficient of solute partition with constant concentration [45]. Higher
GREF values correlate with stronger grain refinement. Studies have indicated that Nd
exhibits a particularly strong effect on restricting the growth of x-Mg grains, surpassing
many other RE elements [46]. Although the refinement effect is significantly enhanced with
increasing RE content, it eventually approaches saturation, yielding negligible incremental
improvement as GRF levels continue to rise. Besides rare-earth elements, zirconium
(Zr) [47] and Zn [48] are frequently used as alloying agents in WE-series Mg alloys. Zn, in
particular, stands out as the most effective grain refiner for magnesium alloys, contributing
to notable enhancements in structural consistency. This uniform microstructure results in
improved overall properties of the alloy. Zr is typically added via commercial Mg-Zr master
alloys, which, based on the Mg-Zr binary phase diagram, have limited solid solubility in
liquid Mg of approximately 0.44 wt.% [49]. This constraint results in Zr existing as both
undissolved particles and dissolved solutes. Each type of Zr influences grain refining
through a distinct method. The presence of Zr solutes causes strong constitutional super-
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cooling that restricts the growth of x-Mg dendrites [50]. The undissolved Zr particles also
aid in intermetallic transition and heterogeneous nucleation. Notably, the Q value for Zr
solutes, calculated at around 38.3 °C for a Zr content of 1 wt.%, is significantly higher
than that of typical RE elements, suggesting a superior grain refinement potential [51].
However, the efficiency of Zr in Mg-RE alloys varies between its solute and particulate
forms. Solute Zr is more effective in refining grains compared to Zr particles. A challenge
with commercial Mg-Zr master alloys is that they often contain clusters of Zr particles,
which can precipitate and settle in liquid Mg, reducing their effectiveness over time [52].

To overcome these challenges, new grain refiners such as Al have emerged as a
promising option due to their affordability and strong refining effects. The mechanism of
Al refinement involves in situ reactions with RE elements to form Al,RE particles, which
reduce interfacial energy with x-Mg and serve as heterogeneous nucleation sites [53]. The
composition, content, and distribution of these second phases vary based on the specific
RE elements and Mg-RE alloy types, affecting the overall refinement effectiveness [32].
For instance, in Mg-Nd alloys refined with Al, a needle-like Alj1Nd3 phase forms as Al
content increases, with the optimal refinement effect achieved at over 2% Al when Al;Nd
phases begin to appear [54]. Conversely, in Mg-Y alloys, a smaller Al content of less than
1% yields the best refinement, forming only the Al,Y phase. The effectiveness of Al as a
refiner is also influenced by the specific combination and concentration of RE elements in
multi-component Mg-RE alloys commonly used in industry [55]. For example, research by
Liu et al. [56] demonstrated that the Gd and Y contents in Mg-Gd-Y-Al alloys significantly
affect phase composition and refinement outcomes, although the underlying mechanisms
require further investigation.

In Figure 1a, the Mg-Y alloy without refinement displays a coarse dendritic structure,
with an average grain size of 694.3 um. As shown in Figure 1b, adding Al to the Mg-Y alloy
leads to substantial grain refinement, transforming the dendritic morphology into equiaxed
grains and reducing the average grain size to 73.2 um [57]. Similarly, the introduction of
Z1, as illustrated in Figure 1c, also refines the grain structure of the Mg-Y alloy, achieving
an average grain size of 71.6 um [58]. The grain refinement effects of Al and Zr are thus
comparable. Moreover, the optical microstructures of the as-cast GWZ alloys, shown
in Figure 1d, reveal a clear dendritic morphology across the samples. Among the alloys
examined, the GZ141M alloy (Mg-2.5Gd-0.5Zn-0.4Mn) demonstrates the smallest grain size,
attributed to its low Y/Gd ratio. As the Y/Gd ratio increases in alloys like GWZ1021M (Mg-
1.75Gd-0.75Y-0.5Zn-0.4Mn) and GWZ741M (Mg-1.25Gd-1.25Y-0.5Zn-0.4Mn), grain size
increases correspondingly, suggesting that Gd is more effective than Y in promoting grain
refinement in as-cast conditions. Additionally, comparing the GZ141M, GWZ1021M, and
GWZ1421M (Mg-2.5Gd-0.75Y-0.5Zn-0.4Mn) alloys (Figure 1a,b,d) reveals that individual
additions of either Y or Gd lead to reduced grain sizes in the GZ141M and GWZ1021M
alloys, in contrast to the GWZ1421M alloy [57].

Ca stands out among alloying elements in Mg alloys for its ability to significantly
enhance fine grain structure and drive the formation of secondary phases within Mg-Zn-RE
systems [59]. Figure 1h,i illustrate the microstructure of two extruded Mg-Zn-Nd alloys,
with and without Ca addition. The addition of Ca significantly refines the grain structure,
reducing the average grain size from approximately 10 um in the ZNd10 alloy to about
5 pum in the ZXNd100 alloy. Here, the addition of Ca to the Mg-Zn-Nd alloy promotes
the formation of nanosized Mg,Ca and Zn3Nd particles. The presence of Mg,Ca particles
acts as heterogeneous nucleation sites, enhancing the grain refinement process. During
recrystallization, these particles create a strong pinning effect on the grain boundaries,
which hinders their movement and prevents grain coarsening. Additionally, the joint
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precipitation of Mg,Ca and Zn3Nd nanoparticles, with their coherent interface with the
Mg matrix, promotes stability within the microstructure [46].

Figure 1. Effect of RE alloying on microstructure variation and precipitate formation; optical micro-
graphs of (a) Mg-Y alloy, (b) Mg-Y-Al alloy, (c) Mg-Y-Zr alloy, (d) GZ141M alloy, (e) GWZ1021M alloy,
(f) GWZ741M alloy, and (g) GWZ1421M alloy; EBSD IPF maps of (h) ZNd10 alloy and (i) ZXNd100
alloy; and SEM images of (j) ZA84-0.5RE alloy, (k) ZA84-1.0RE alloy, and (1) ZA84-1.5RE alloy
(Reprinted from [46,57-59]).

Wang et al. [60] studied the effects of RE additions on the microstructural evolution
of the Mg-8Zn-4Al (ZA84) alloy and found that in the absence of RE, the ZA84 alloy
exhibits a quasi-continuous network of T phases and isolated ¢ phases to form a coarse
dendritic structure (Figure 1j). Upon introducing 1.0 wt.% RE, the microstructure under-
goes significant transformation, with the networked 7 phases breaking into discontinuous,
particle-like, or short-bar shapes (Figure 1k). Additionally, a small fraction of block-shaped
phases (Mg3AlsZn,RE) appears, reflecting the influence of RE in modifying the phase mor-
phology and distribution. When the RE content is increased to 1.5 wt.%, the formation of
Mg AlyZnyRE phases becomes more pronounced, indicating that higher RE concentrations
promote the generation of these block-shaped phases. This microstructural refinement
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contributes to a uniform distribution of phases and reduced grain size, as illustrated by
the relationship between RE content and grain boundaries [60]. However, the high density
of RE elements and their high cost make this technique unfeasible for industrial-scale
applications, hence impeding the widespread usage of RE alloying in large-scale Mg
components [23].

Alloying with non-RE elements is subsequently being investigated in order to pre-
serve cost effectiveness and scalability while achieving the required structure—property
relationship. Al, Ca, Mn, and Zn are among the most widely utilized non-RE elements
for alloying Mg to achieve superior properties through precipitation strengthening and
grain refinement [61-63]. These alloying additions result in precipitates with varying sizes,
shapes, and morphologies, which significantly influence the microstructure and texture
of Mg alloys. The precipitates formed by these non-RE elements nucleate slowly during
aging and are distributed unevenly, potentially causing variations in grain size across
different regions of the samples. For example, the microstructure of AZ61 Mg alloys has
been demonstrated to be significantly impacted by the addition of CaO. Figure 2a—g show
the OM, SEM, and TEM images where the AZ61 alloy is primarily composed of coarse
grains; however, clusters of smaller grains were observed when 0.5 wt.% and 1 wt.% CaO
were added. Additionally, the visible second-phase particles in SEM images were increased
from 1.1% in the AZ61 alloy to 2.4% and 7.8% in the AZ61-0.5CaO and AZ61-1CaO alloys,
respectively. An EDS analysis indicates that these second-phase particles are composed
of Mg, Al, and Ca mostly, which suggest the existence of the (Mg, Al),Ca Laves phase in
addition to the Mgj7Alj, phase. These particles serve as the nucleation sites for dynamic
recrystallization (DRX) during thermomechanical processes and facilitate the growth of
refined grain clusters [64].

Another study reported the formation of MgeZn3Ca; precipitates with varying sizes
and shapes due to the combined addition of Zn and Ca in the Mg alloy (Figure 3a) [65].
Li et al. conducted a detailed analysis of the 3D atom map of Mg, Ca, and Zn in a 0.3
h-aged Mg-Ca-Zn alloy sample, demonstrating the enrichment of Ca and Zn within densely
dispersed plates at a number density of approximately 1.2 x 10** m~2 (Figure 3b). Notably,
these elements exhibit a propensity to segregate along the basal planes, forming ordered
Guinier-Preston [49] zones [66]. G-P zones are essential for altering the microstructure
as they act as precipitate nucleation sites. On particular crystallographic planes, these
atomically organized, coherent zones develop, introducing fine-scale characteristics that
refine the microstructure. Their interaction with the Mg matrix changes the behavior of
grain boundaries, enhances DRX, and affects the distribution of precipitates [67]. For
instance, Ca atoms can segregate and form clusters, eventually leading to the development
of plate-like G-P zones [68], as confirmed by an atom probe tomography (APT) analysis
shown in Figure 3c. However, the limited solubility of Ca in Mg leads to more Mg,Ca
precipitates, which are brittle in nature, causing stress concentrations within the microstruc-
ture. Controlling the Ca/Al ratio is essential to dictate the microstructure and dominance
of intermetallic compounds. The effect of different Al contents in the AZX Mg alloy on
precipitate formation and distribution as well as microstructural alterations was recently
documented by Tariq et al. [69]. They reported a higher area fraction of Mg-Al-Ca inter-
metallic compounds in AZX311 due to increased Al content. Here, smaller intermetallic
spacing (0.1 pm in AZX311 vs. 0.8 um in AZX211) was observed, indicating a refined
microstructure that enhances grain boundary pinning and impedes dislocation motion
(Figure 3d). Li et al. investigated the precipitation behavior in a rolled Mg-3Al-1Ca-1Mn
alloy and its impact on microstructure and mechanical properties. Using APT (as shown
in Figure 3e), they identified nanoscale AlgMns particles (~10 nm thick, 40 nm long) with
localized Ca segregation, likely formed via dynamic precipitation during rolling.
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Figure 2. Microstructures of Mg alloys; optical micrograph of (a) AZ61, (b) AZ61-0.5Ca0O, and
(c) AZ61-1Ca0O. SEM images with EDS point analysis of (d) AZ61, (e) AZ61-0.5Ca0O, and (f) AZ61-
1Ca0. (g—g6) HAADEF-EDS mapping of AZ61-1CaO alloy showing Mg-Al and Mg-Al-Ca precipitates
(reprinted from [64]).

Clusters consisting of Al were also observed within the Mg matrix, while no Ca
segregation was detected around micro-AlgMns or -AlsMng phases. These findings suggest
that dynamic precipitation enhances dynamic recrystallization through particle-stimulated
nucleation (PSN), contributing to grain refinement without significant texture changes. The
next section will cover the impacts of RE and non-RE alloying elements on the evolution
and development of texture in Mg alloys that will be compared.
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Figure 3. (a) TEM image showing precipitate formation and dispersion in Mg-Zn-Ca-Mn alloy;
(b) 3D APT reconstruction image showing precipitation in Mg-0.3Ca; (c) 2D APT map showing
distribution of Al, Zn, Ca, and Mg in ZAXME11100 alloy; (d) SEM images and EDS maps showing
precipitate formation in AZX211 and AZX311 alloys; (e) 3D APT reconstruction image and line profile
showing precipitate formation and their composition in Mg-3Al-1Ca-1Mn alloy (all figures reprinted
from [49,65-69]).

3. Texture Modifications Caused by RE and Non-RE Alloying Additions

Mg alloys, with their HCP structure, exhibit distinct plasticity governed by limited
crystallographic slip. At room temperature, only three basal slip systems with low CRSS
are active, inherently restricting ductility due to insufficient independent slip systems [70].
Moreover, basal textures, often introduced during primary processing, orient grains to have
a <c-axis> normal to the processing direction, and basal slips tend to have low Schmid
factors in these cases, making ductility even lower. To further improve room-temperature
ductility, the basal texture needs to be weakened or other non-basal slip systems need to
be activated [71]. The alloying of Mg with RE elements enables the development of such
an annealing texture with an off-basal pole spread deviating from the normal direction,
driven by unique solute interactions and recrystallization mechanisms [72]. Among these,
the mechanisms investigated to contribute to this unique texture evolution include particle-
stimulated nucleation [73], deformation-induced twin nucleation [74], and shear band
nucleation [75]. These processes are thought to favor the nucleation of recrystallized grains
with either random or off-basal orientations. Since these mechanisms can also operate in
Mg alloys without RE additions, the precise factors responsible for the distinctive texture
in Mg-RE alloys are still under investigation.

Recent studies have pointed out the role of RE solutes in promoting oriented nucleation
and growth during recrystallization [76]. Most importantly, the presence of RE-specific
textures in dilute alloys evidences that the RE additions are mainly in the solution. For
instance, Zhao et al. [77] demonstrated the effect of Y alloying on the texture modification
of Mg-Y alloys during hot extrusion. The macrotexture evolution in Mg-Y alloys, shown
in Figure 4a, reveals that the {0001} plane is concentrically spread around the extrusion
direction at an angle of about 45° from it. The maximum intensity of the macrotexture
decreases sharply from 3.89 to 2.61 with increasing Y content from 1 wt.% to 3 wt.%.
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This progressive weakening of the texture suggests that Y addition promotes a more
randomized grain orientation. This effect is further elucidated by the decrease in the c/a
ratio of Mg alloys due to Y addition, which promotes non-basal slip during deformation.
In this way, the basal planes of grains preferentially align with the extrusion direction.
Grain orientations of this type alter the Schmid factor, which influences the selection of
slip systems. Ansari et al. [78] also demonstrated the influence of an increase in the Y
content of Mg-Y alloys on its texture and presented significant changes in the basal texture
characteristics as shown in Figure 4b. In Mg-5Y, a strong basal texture is observed in
the as-rolled state, wherein basal poles are concentrated along a particular orientation.
This basal texture weakens after annealing, as reflected by the decrease in maximum
texture intensity values. This weakening thus indicates a redistribution of crystallographic
orientations during recrystallization. In contrast, the Mg-10Y alloy exhibited an inherently
weaker basal texture, even in the as-rolled condition. Increased Y content further reduces
the annealing texture strength; such a phenomenon indicates that increasing Y content
effectively suppresses the strong basal orientation characteristic of Mg alloys. This is
believed to be due to the higher solute concentration in Mg-10Y, which enhances grain
boundary pinning and interferes with the homogeneity of basal texture development
during recrystallization. Coupled with the increased Y content, an effective reduction in the
intensity of texture is significant for improving formability in Mg-Y alloys. The addition of
a high level of Y, such as in Mg-10Y, mitigates strong basal textures that limit ductility, thus
enabling more isotropic deformation behavior [78].

@ Sigo.75Ga ©
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Figure 4. Texture variation with RE elements alloying (a) as-extruded Mg-1Y alloy, Mg-2Y alloy, and
Mg-3Y alloy; (b) Mg-5Y alloy, and Mg-10Y alloy. (c) Recalculated (10-10) and (0001) pole figures and
inverse pole figures of M1 and MN11 alloys; (d) pole figure for Mg-0.75Gd alloy; (e) pole figure for
Mg-1Ce alloy, (f) Mg-0.5RE, and (g) Mg—2Zn-0.5RE (all figures are reprinted from [76-81]).

The addition of RE elements is very important for texture evolution in the Mg-Mn
alloy due to the strong basal texture being profoundly weakened. Nd is also one of the
most potential candidates for improvement in texture evolution, as it strongly influences
recrystallization and activates slip systems [79]. It tends to weaken the basal texture by
inducing lattice distortion and the solute drag effect that promotes the activity of non-basal
slips. For example, Woo et al. studied the XRD-measured pole figures and inverse pole
figures for the Mg-Mn (M1) and Mg-1Mn-1Nd (MN11) alloys, respectively (Figure 4c).
According to their findings, it was revealed that the strong basal-type texture of most grains
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with their basal planes parallel to ED was identified in the M1 alloy. The inverse pole figure
further showed strong intensity along the arc spanning the <10-10> and <2-1-10> poles,
which is a typical characteristic of conventionally extruded Mg alloys. The addition of Mn
is in support of this kind of texture formation, enhancing the alignment of basal planes
with ED. However, the MN11 alloy had a distinct texture characterized by basal poles
tilted away from ED. The principal texture components of the MN11 alloy were <20-21>
and <3-1-23>, and the texture intensity was far weaker than that of M1, amounting to
2.7 m.r.d. compared to 4.6 m.r.d. This was attributed to the addition of Nd, which acts to
weaken the texture through promoting non-basal slip and dynamic recrystallization. It is
also stated that the addition of 0.75 wt.% Gd to Mg weakened the strong basal texture. The
intensity has shifted away from the center of the stereographic projection (Figure 4d). This
suggests the redistribution of grain orientations that improve ductility by way of reducing
anisotropic behavior. Similarly, the addition of Ce in the Mg-1Ce alloy also weakened the
basal texture, as seen in Figure 4e, though the degree of modification differs compared with
Gd. The excess of Ce lowers the CRSS required for the motion of dislocations on the slip
systems <c + a>. It forms Mg-Ce phases, which precipitate and distort the more uniform
structure and effectively pin different grain orientations.

It is also established that the addition of Zn in Mg-RE alloys can further suppress basal
textures, thus promoting off-basal characteristics. It reflects a complex interaction mainly
between the involved solutes with quite different atomic radii. Mg-Zn-RE (ZE) alloys
develop a very distinctive texture after recrystallization upon rolling, characterized by the
basal poles showing a marked split toward the TD of the sheet. The TD-spread texture has
been reported in a few Mg-Zn-RE alloys with Ce, Gd, and Nd as the RE additions. The
material usually has a basal pole spread toward the TD in the as-rolled condition and may
retain some split toward the RD. However, this pronounced TD-oriented spread and split
develop more clearly during recrystallization. These alloys have been given considerable
attention owing to the improved formability conferred by their textures, which are superior
to that of conventional Mg alloys and binary Mg-RE sheets. The texture of the Mg-0.5RE
alloy is shown in Figure 4f, and the basal poles of most grains display a clear rotation from
ND toward ED. This gives rise to a typical double-peak texture in the (0001) pole figure.
However, Figure 4g shows the texture of the Mg-2Zn-0.5RE alloy, whose basal poles are
distributed even more widely and exhibit a significant spread not only to ED but also to
TD. The addition of Zn to the Mg-0.5RE alloy contributes to a further weakening of the
texture intensity and enhances the dispersion of basal poles, emphasizing the synergistic
effect of Zn and RE elements in achieving more isotropic texture characteristics [81].

Recent investigations have demonstrated that alloys containing Ca as an alloying
addition to replace the RE elements also exhibit equivalent texture-modifying capabilities.
Of these, the Mg-Ca-based alloys have received considerable interest because dilute ad-
ditions of Ca have been shown to significantly weaken the basal texture and promote the
activation of non-basal slip systems. According to Chaudry et al. [82], pure Mg generally
develops a very strong c-axis texture with the majority of its grains strongly aligned along
the ND and a small remaining tension twin component (Figure 5a). Such texture attained
a maximum intensity of 23.81 m.r.d in their observation. In contrast, this basal texture of
the Mg-Ca alloy significantly weakened and its peaks diffused along the RD and TD. It
means that the basal pole intensities had come down drastically to 11.29 m.r.d in Mg-0.3Ca
and 5.38 m.r.d in Mg-0.5Ca, further confirming the capability of Ca addition for the texture
weakening. The mechanism behind such texture modification is reportedly due to the
intermetallic Mg-Ca particles that induce PSN. These particles play a very important role
in providing a grain boundary pinning effect that reduces the mobility of grain boundaries
and hence hinders grain growth in the basal orientation. Furthermore, it was reported [64]
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that the textural evolution of AZ61 alloys was highly influenced by the addition of CaO.
The normal AZ61 alloy exhibits a very strong basal texture, and its maximum intensity
was determined as 17.4 m.r.d of basal poles aligned along the ND. In the work, striking
changes in texture were achieved with the addition of CaO. In the AZ61-0.5Ca0O alloy,
a splitting of the basal poles towards the rolling direction takes place, together with a
decrease in the basal pole intensity to 13.7 m.r.d. Further CaO addition, in the AZ61-1CaO
alloy, leads to a further spreading of the basal poles perpendicular to the ND, indicating the
weakening of the strong basal texture into non-basal texture components. This evolution,
characterized by the development of texture components near the transverse direction, is
influenced by second-phase particles that restrict preferential crystal alignment. While the
AZ61-1Ca0 alloy has the highest texture intensity of 21.17 m.r.d, the overall distribution
favors non-basal slip activity (Figure 5b).

| (a) Pure Mg Mg-O 3Ca Mg-0.5Ca

o é&.
. pa |

Max~23.81

/

Max-11.29 Max~5.38

(b) AZ61 AZ61-0.5Ca0  AZ61-1Ca0O

Mg-Sn-Zn-1Ca

Max:13.23

Max:7.59

e e e e e e e i st s

Figure 5. Pole figures showing texture variation with non-RE elements alloying (a) pure Mg, Mg-0.3Ca
alloy, and Mg-0.5Ca alloy; (b) AZ61 alloy, AZ61-0.5Ca0 alloy, and AZ61-1CaO alloy; (c) Mg-Sn-Zn
alloy, Mg-Szn-7Zn-0.5Ca alloy, and Mg-Sn-Zn-1Ca alloy (all figures are reprinted from [64,82,83]).

The Mg-Sn-based alloys have been considered a promising pathway in the devel-
opment of high-strength magnesium alloys free of rare-earth elements. In such systems,
the limited solubility of Sb in the magnesium matrix leads to the precipitation of Mg3Sb,.
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With an increase in the Sb content, the density of such precipitates increases; this favors
non-spontaneous nucleation and grain growth restriction, thus refining the microstructure
and improving the strength of the alloy. However, at higher concentrations of Sb, the phases
of Mg3Sb; tend to become coarse and segregated, thus affecting mechanical performance.
The addition of Ca is particularly effective because it enhances texture modification by
DRX and grain orientation adjustment. Chai et al. [83] reported that the addition of Ca
from 0.5 wt.% to 1.0 wt.% in hot-extruded Mg-1.05n-0.5Zn alloys significantly weakens the
strong basal texture, progressively transforming it into an ED-split texture. At 0.5 wt.%
Ca, the basal texture starts to weaken due to the initiation of DRX and grain refinement.
As the Ca content increases to 1.0 wt.%, the texture further weakens, transitioning into a
split-type orientation (Figure 5c). With more of an increase, 2.0 wt.% Ca, the basal texture is
effectively replaced by a weakened ED-split texture, with minimal anisotropy. This trans-
formation is driven by refined grains, promoted by increased dynamic recrystallization,
and the formation of secondary phases such as Ca-Mg-Sn and Mg,Ca, which enhance
non-basal activity, resulting in reduced tension—compression asymmetry and improved
mechanical performance.

4. Corrosion Behavior of RE- and Non-RE-Based Mg Alloy

The standard potential of Mg~—2.37 V cannot prevent its degradation by the formation
of an effective protective layer on it. The oxide layer formed on the Mg surface is porous
and may not prevent Mg from further corrosion like steel, aluminum, or titanium [84].
Therefore, corrosion may occur in different forms, including uniform corrosion, galvanic
corrosion, pitting, stress corrosion, and intergranular corrosion. The anodic and cathodic
reactions responsible for the corrosion of Mg are given by Equations (1) and (2), respectively.

Mg 4 20H~ — Mg(OH), + 2¢~ 1)

2H,0 + 2~ — Hp + 20H~ )

To improve the corrosion resistance of magnesium, alloying elements are incorporated
to develop Mg alloys, or various coatings are applied to provide enhanced protection
against corrosion [85]. However, alloying with other elements can create a potential dif-
ference between Mg and the alloying element, which may promote galvanic corrosion.
Moreover, most of the precipitates or secondary phases formed through the alloying of Mg
more cathodic compared to other Mg, which can lead to the formation of micro-galvanic
cells, thereby degrading the overall corrosion resistance [86]. Therefore, selecting appro-
priate alloying elements and their optimal amounts is essential [87]. This discussion will
summarize the corrosion resistance of Re and non-Re Mg alloys along with the underlying
mechanisms. Alloying additions such as Al or Zn enhance corrosion resistance by promot-
ing the formation of a protective surface layer or by acting as sacrificial elements, thereby
shielding the magnesium alloy from further degradation [88,89]. Al can form the Mg;7Al;,
intermetallic phase and an al-rich protective layer on the Mg alloy to improve the corrosion
resistance [90]. Mn can form complex compounds with other impurities like Fe in Mg and
can help to improve the corrosion resistance [91]. Small additions of Ca can also improve
the corrosion resistance of Mg by forming a protective CaCOj3 layer [92]. Similarly, lithium
can also form a layer of LiyCO3, which can prevent Mg alloys from further corrosion [93].

RE elements have demonstrated significant potential as alloying additions to improve
the corrosion resistance of Mg alloys either by reducing the galvanic cells [94], by formation
or protective layers [95], or by improving the texture. For instance, the alloying of Mg with
Nd enhances the (0001) basal texture, which helps to improve the corrosion resistance of
Mg-Nd alloys [96]. Similarly, other RE elements, such as Gd, Y, and Er, have been reported
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to enhance the corrosion resistance of Mg alloys by reducing the number of active galvanic
cells and promoting the formation of protective surface films [97,98]. However, as discussed
earlier, the formation of the secondary phase may accelerate the corrosion rate as reported
by Shi et al. [96] and Birbilis et al. [99] for RE-based Mg alloys with Ce, La Gd, Nd, and
Y additions.

To summarize, various Mg alloys with RE and non-RE elements, along with their
corrosion rates in different media, are listed in Table 1.

Table 1. RE and non-RE Mg alloys and their corrosion rates in different media.

Corrosion Rate

Mg Alloy Testing Media (mm/year)
Mg-45n [100] HBSS 241
Mg-4Sn-1Ce [100] HBSS 2.00
Mg-4Sn-2Ce [100] HBSS 3.76
Mg-45n-4Ce [100] HBSS 5.28
MgCa4Zn1Gd1 [101] Ringer’s solution 1.86
MgCa4Zn1Gd2 [101] Ringer’s solution 0.62
MgCa4Zn1Gd3 [101] Ringer’s solution 1.48
Mg6Zn3Ag [102] SBF 22.01
Mg7Zn1Ag [102] SBF 28.83
MglCa [102] SBF 31.24
Mg-0.6A1-0.5Mn-0.2Ca [103] 3.5 wt.% NaCl solution 1.0
Mg-0.6A1-0.5Mn-0.2Ca-0.3Ce [103] 3.5 wt.% NaCl solution 0.1
Mg-1.88A1-1.88Ca [104] 0.01M NaCl 0.47
Mg-3Al1-2Ca-0.5Mn [104] 0.01M NaCl 0.23
Mg-3Ca-0.3Mn-0.01Zn [105] Na,SOy solution 16.03
Mg-3.6Al1-2.5Ca-0.5Mn0.01Zn [105] Na,SOy4 solution 3.33
Mg-0.5Mn-0.6Ca [106] 3.5 wt.% NaCl solution 0.64
Mg-2Al-0.5Mn-0.7Ca [106] 3.5 wt.% NaCl solution 1.53
Mg-95n-0.5Mn-0.7Ca [106] 3.5 wt.% NaCl solution 2.02
Mg-4Zn-0.5Mn-0.7Ca [106] 3.5 wt.% NaCl solution 0.46
Mg-47n-0.7Zr-0.4Ce-0.1La-0.1Nd [107] HBSS 13.7
Mg-3Zn-1.3Zr-1.2Ce-0.5La-0.1Nd [107] HBSS 5.0

5. Impact of RE and Non-RE Alloying on Strength and Ductility of
Mg Alloys

To achieve better synergy in strength and ductility through RE addition and the
formation of stable precipitates, RE-containing Mg alloys have been continuously explored
for their enhanced performance [108]. Among RE elements, lanthanum (La), cerium (Ce),
neodymium (Nd), Samarium (Sm), gadolinium (Gd), Dysprosium (Dy), and yttrium (Y) are
some of the RE elements that researchers commonly add to Mg alloys. The effect of each
RE element in detail is beyond the scope of this short review. Therefore, we will provide
a concise overview of how these elements form precipitates and how these precipitates
contribute to the strengthening of Mg alloys.

The limited solubility of individual RE elements in Mg has led to the practice of adding
multiple RE elements to form RE-Mg alloys. The addition of RE elements to Mg alloys
leads to the formation of a super-saturated solid solution, which subsequently evolves
into GP zones, followed by transitions to B”, B’ (bcc), and finally B (fcc) phases [109].
These precipitates and phases contribute to hardening effects. For instance, the addition
of 8 wt.% Gd and 3 wt.% Nd to Mg results in a UTS of 271 MPa [110], while 7 wt.% Gd
and 5 wt.% Y yield a UTS of 258 MPa [111]. Incorporating Gd, Nd, and Y together in
an alloy (Mg-8Gd-2Nd-1Y) achieves an even higher UTS of 293 MPa [112]. A UTS of
355 MPa has been reported for the Mg-8Gd-1Dy-0.4Zr alloy, attributed to the presence of
finely dispersed Mgi5RE; and MgsRE precipitates [113]. These precipitates enhance the
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mechanical strength of RE-Mg alloys by hindering dislocation slip on the basal planes. The
overall mechanical properties can be improved through the combined presence of prismatic
(- and basal y-precipitates. These precipitates can align at right angles to form a compact
structure, effectively blocking dislocation motion and thereby enhancing the strength of
the alloy [114].

These precipitates typically exhibit a melting temperature higher than that of Mg,
providing superior thermal stability. This characteristic enhances their ability to contribute
effectively to the hardening of Mg alloys, even at elevated temperatures. The improved
thermal stability of these phases ensures that they remain effective in impeding dislocation
motion under high-temperature conditions, thereby maintaining the mechanical strength
of the alloy. Table 2 provides an overview of some of the most common phases in RE-Mg
alloys along with their respective melting points. The morphology of these precipitates also
plays a crucial role in determining the final mechanical behavior, as it directly influences
how they strengthen the matrix. Various morphologies, such as globular and plate-like,
have been reported in the literature, as shown by TEM images (Figure 6a) for the Mg-
Y-RE-Zr alloy [115] and APT reconstruction images and line profiles (Figure 6b) for the
Mg-2Nd-4Y-0.5Ca alloy [116].

Table 2. Precipitates/phases in Mg alloys and their melting points (M.P.) [117].

RE-Mg . . M.P. RE-Mg .. M.P.
Alloy Precipitates/Phase °C Alloy Precipitates/Phase °oC
Mg-Al Mg17A112 455 Mg-Yb Mngb 718
Mg-La MgoLa 640 Mg-Y Mgo4 Y5 605
Mg-Ce Mg;,Ce 611 Mg-Al-La AlqjLag 1240
Mg-Nd Mgs1Nd5 560 Mg-Al-Ce Aly; Ces 1235
Mg-Gd MgsGd 642 Mg-Al-Ce Al -Ce 1480
Mg-Dy Mgy4Dys 610 Mg-Al-Nd Aly; Ndj 1235
Mg-Ho Mg,4Hos 610 Mg-Al-Nd Al,Nd 1460
Mg-Er Mgo4Ers 610 Mg-Al-Y ALY 1485
[(¢) s00+ RE-Free Mg alloys
3 Blaseo
A AZ61-1Ca0
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= & AXM10304
(] o AZ211
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Figure 6. Morphologies of RE-rich precipitates in (a) TEM images of the Mg-Y-RE-Zr alloy (figure
is reprinted from [115]), (b) APT reconstruction images and line profiles for the Mg-2Nd-4Y-0.5Ca
alloy (reprinted from [116]) (c) A scatter plot comparing the tensile strength and elongation of
various Mg alloys containing RE and non-RE elements [16,64,82,118-130]. (d) A schematic illustration
demonstrating how the orientation of precipitate plates influences dislocation glide on the basal
plane within the Mg matrix [131].
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Nie [132] proposed an updated version of the Orowan equation to predict the strength-
ening effects of basal and prismatic precipitates, as represented by Equations (3) and (4),

respectively.
AT = Gb ln% 3)
27r\/1 —v<0-9\/5j;3 — 1>D
Ar Gb I 0.886b\/DT @
2n\/ 1—v (0.825\/ DI —0.393D — 0.886T)

Here, D is the diameter, T is the thickness, and f is the volume fraction of precipitates.

According to Nie [132], in addition to the shear modulus (G) and Burgers vector (b),
the diameter, thickness, and volume fraction of the developed precipitates also play a
crucial role in determining the overall strengthening effect.

It is well known that strengthening effects from prismatic precipitates are more pro-
nounced in general than those from basal precipitates. A schematic diagram is included to
show more clearly the different types of hardening effects for basal slip from the two types
of precipitates [131]. The influence of basal and prismatic precipitates upon dislocation
glide along the basal plane of the Mg matrix is depicted in Figure 6d. The slip plane is
designated as basal of the Mg matrix, with dislocation motion direction illustrated in red ar-
rows. The black dislocations show their position before slipping while the red dislocations
indicate after slipping positions. Both basal and prismatic precipitates are inserted into the
Mg matrix accordingly. The conceptual scheme merely suggests that basal precipitates exert
a little blocking effect on dislocation motion, which results in a very small critical resolved
shear stress (AT). Because of this, basal slip is rendered more easily, and so magnesium
alloys with basal precipitates would tend to be of lesser strength. On the contrary, prismatic
precipitates cause more blocking to dislocation motion, leading to a higher value of At.
Accordingly, basal slip is restricted more, and thus magnesium alloys having prismatic
precipitates are generally high in strength.

Processing techniques such as extrusion, rolling, and heat treatment play critical roles
in determining the size, density, and distribution of these strengthening phases, thereby
ensuring a favorable combination of strength and ductility in Mg-RE alloys. By increasing
<c + a> slip activity, RE elements are efficient at improving the ductility of Mg alloys.
For large-scale industrial uses of Mg-RE alloys, however, their high cost, manufacturing
complexity, and lack of recyclability pose critical obstacles. Several alloying elements have
been found to be viable options that provide similar processes for improving the mechanical
performance of Mg alloys, hence increasing their suitability for wider applications. For
instance, when a small amount of Mn (0-0.3 wt.%) is added to an Mg-Al-Ca alloy, both the
yield strength (YS) and elongation (EL) are improved. The YS increases from 366 MPa (at
0% Mn) to approximately 400 MPa with just 0.3 wt.% Mn addition, while the elongation
enhances from about 2.8% to around 4% [133]. Similarly, the addition of Ca in the range of
2-6 wt.% to an Mg-6Al alloy significantly enhances the YS. The YS increases from 248 MPa
at 2.6 wt.% Ca to 289 MPa at 3.68 wt.% Ca and reaches 404 MPa with 5.78 wt.% Ca. This
improvement is attributed to the formation of various nanosized precipitates like Al,Ca
or (Mg, Al),Ca [134]. These strength values surpass those achieved with the addition of
RE elements in alloys such as Mg-17Gd-0.5Zr (YS = 278 MPa) [114], Mg-10Gd-5Y-0.4Zr
(YS = 289 MPa) [135], Mg-11Gd-2Nd-0.5Zr (YS = 231 MPa) [12], Mg-14Gd-55m-0.3Zr
(YS =262 MPa) [136], Mg-8Gd-1Dy-0.4Zr (YS = 261 MPa) [113], Mg-8.1Gd-2.81Ho-0.38Zr
(YS =175 MPa) [137], Mg-8Gd-2Nd-1Y-0.6Zr (YS = 221 MPa) [112], and Mg-2Gd-2Y-2Nd-
25m-1Ag-1Zn-0.5Zr (YS = 228 MPa) [138]. A more detailed comparison of strengths vs.
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elongation to failure of RE and non-RE Mg alloys is also illustrated graphically, as shown
in Figure 6c¢.

As the need for high-strength and -ductility Mg alloys for applications in the automo-
tive, aerospace, and biomedical industries grows, both RE and non-RE alloying strategies
cover a diverse landscape to optimize strength, ductility, and thermal stability. Although RE
elements including Gd, Nd, and Y allow higher strengthening due to the stable precipitates
and unique textures that they produce, they also represent a remaining challenge for cost
and scalability. While non-RE elements such as Al, Ca, Zn, and Mn can be more economic,
their influence on texture development and phase stability in a range of conditions has yet
to be investigated. Moreover, optimizing novel sustainable and energy-efficient processing
technologies such as advanced thermomechanical treatments and additive manufacturing
is key for scaling up the production potential and industrial applicability of Mg alloys.

6. Conclusions

This study critically evaluates the influence of RE and non-RE alloying elements on
the microstructural evolution, thermal stability, and mechanical properties of Mg alloys.
The key findings are summarized as follows:

1.  The addition of RE and non-RE alloying elements in Mg alloys significantly improves
the grain refinement and mechanical properties, by solute segregation, heterogeneous
nucleation, and dynamic recrystallization. RE elements with high grain refinement
potential include Nd, Gd, and Zr due to their ability for constitutional super-cooling
and to form intermetallic phases while non-RE elements (e.g., Al, Ca) are cheaper
alternatives with comparable refinement efficacity. These alloying strategies can yield
tailored microstructures and enhanced performance, all of which come with scalability
constraints and composition optimization challenges.

2. By alloying Mg with the addition of RE and non-RE elements, the texture evolution
is considerably modified with basal texture intensities reduced, and isotropic defor-
mation mechanisms promoted. A translation of the basal texture is obtained when
the RE-type elements (e.g., Y, Nd, Ce) dissolve, subsequently weakening the basal
textures, while the non-RE elements (e.g., Ca, Zn) have been found to result in similar
effects, which could ultimately activate non-basal slip systems and improve ductility
and mechanical performance.

3. RE-alloyed Mg demonstrates superior strength and thermal stability, suitable for
aerospace, biomedical, and electronics industries, but is very expensive. Non-RE
alloys, like Ca and Mn, on the other hand, are cost-effective with good mechanical
properties and hence suitable for automotive and structural applications that require
economy and scalability.

4. The corrosion resistance of Mg is improved by alloying with Al, Zn, and Mn, with
the subsequent development of protective oxide layers. For example, Mg;7Alj> may
form, along with a sacrificial anodic reaction. In general, RE elements such as Nd,
Gd, Y, and Er improve corrosion resistance by the textural modification of the alloy to
reduce the establishment of active galvanic cells, promoting the formation of stable
protective films. However, cathodic secondary phases like intermetallic ones may
form and contribute to localized corrosion through micro-galvanic coupling. The
corrosion behavior thus depends not only on the choice and concentration of alloying
elements but also on the interaction between the matrix and secondary phases, which
may improve or degrade the overall corrosion resistance in various environments.
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