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Abstract

Magnesium alloys have emerged as promising light weight materials due to their low density, high specific strength, excellent machinability,
and superior damping capacity, making them ideal for aerospace, automotive, and electronics applications. However, broader use of magnesium
alloys is limited by poor thermo-mechanical performance, corrosion susceptibility, and low formability at room temperature. The addition
of rare-earth elements such as gadolinium, yttrium, and neodymium has meaningfully improved these limitations, enhancing the overall
performance of magnesium alloys. This review highlights recent advancements in rare-earth magnesium alloys, focusing on their improved
thermo-mechanical properties, microstructural evolution, crystallization behavior, and texture development. Herein, strengthening mechanisms
associated with rare-earth additions are discussed in detail. Furthermore, the article explores growing relevance of these alloys in advanced
applications, including biomedical implants, IoT devices, aerospace structures, defense systems, and general engineering. With their enhanced
mechanical and functional properties, rare-earth magnesium alloys represent a new generation of high-performance, functional materials
poised to drive innovation across multiple technology sectors.
© 2025 Chongqging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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Amid resource depletion and environmental concerns, opti-
mizing efficiency is crucial. Rising global warming and crude
oil prices drive industries to seek innovative solutions for sus-
tainable and efficient resource utilization in today’s evolving
technological landscape. This demand has sparked a renewed
emphasis on the design, development, and implementation of
lightweight materials [1]. Composite materials are currently
regarded as the most promising choice for density-optimized
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material applications. When utilized in the design of vari-
ous structural components, these materials can demonstrate
pertinent efficiency and contribute to reductions in fuel con-
sumption by lowering the overall weight of vehicles in the
automation and aeronautics sectors. Research indicates that
a weight reduction of 10% in passenger vehicles can result
in achieving fuel savings of 20-30 %, without any modifica-
tions to the existing design [2]. In this regard, lightweighting
has become a core focus of different design manufacturing
industries.

To achieve the desired objectives, the primary consider-
ation is the selection of materials and their suitability for
specific applications. Among the various materials available,
Magnesium (Mg) and its alloys are recognized as some of
the lightest options, offering a wide range of applications
[3]. Currently, these materials are increasingly replacing com-
monly used steel and aluminum (Al), establishing a notewor-
thy role in many engineering fields [4,5]. But, the low cor-
rosion resistance of Mg in various environments puts a limit
to its potential applications [6]. Notably, galvanic corrosion is
a critical concern, to a great extent when Mg is used along-
side materials such as stainless steel and other alloys [4,5].
The reduced corrosion rate of pure Mg can be attributed to
the presence of alpha-Mg microstructures, which develop due
to trace amounts of impurities such as nickel (Ni), copper
(Cu), cobalt (Co), and iron (Fe) [6]. These impurities often
exceed acceptable tolerance levels, further affecting the ma-
terial’s performance. But, the excellent benefits of Mg and
its alloys have caught the attention of researchers from every
domain. Therewithal being effectively used in automation and
aeronautics, owing to their biocompatible nature with better
mechanical and physical properties they are being intensely
scrutinized for the bioimplants [3-6]. The magnesium alloys
(MAs) exhibit a greater resistance to hydrogen porosity, re-
sulting in a castability that is 50 % higher than that of copper
(Cu) and Al alloys [7]. Furthermore, the properties attained
by Mg and its alloys also favors its use for electromagnetic
shielding [8,9]. Owing to its adaptability feature it can be eas-
ily produced via rolling. Due to high damping ability, it can
absorb energy of any substance, thus being effectively used
for load-bearing purposes [8]. With its ease of machinability,
it is being effectively used for designing complex structures
with great dimensional precision [10]. High precision being
an important aspect in the biomedical field further increases
its applicability in the domain [11,12]. In Contrast to poly-
mers, it possesses high thermal conductivity with cent percent
recyclability. The heat dissipation ability of Mg is 100 times
more than that of plastic [13].

Despite being rich in properties, the use of Mg and its
alloys is limited by several drawbacks, with the most impor-
tant being their high degradation rate [14]. The addition of
various alloying elements can improve the properties of ma-
terials; however, selecting the appropriate alloying element is
crucial, as it may enhance one property whereas adversely
affecting another. Typically, the choice of alloying element is
based on the intended application. For instance, Mg, due to
its pyrophoric nature, oxidizes quickly when exposed to air

[15]. Due to release of hydrogen gas on interacting with the
air it is highly prone to corrosion as well [16]. Resolving the
issues with due care of enhancing the properties, researches
have observed that using rare-earth (RE) elements as alloy-
ing elements has provided the better results in every aspect.
The unique electronic structure of RE metals, with high elec-
tron density and substantial localized characteristics in the 4f
electron shell, endows them with high reactivity and respon-
siveness in the alloy system. There is substantial practical
use of RE elements in alloy design and development due to
the fact that they tend to increase the mechanical qualities,
corrosion resistance, magnetic properties, etc. [17-23].

To provide an all-inclusive understanding of the effects
and enhancements of various characteristics of MAs result-
ing from the incorporation of RE elements, there is cur-
rently no consolidated source in the existing literature. This
review article aims to present a clear overview of Mg, its al-
loys, and the influence of RE ions. It will explore the role
of RE elements in MAs and how their integration enhances
the properties of these materials. A detailed examination of
how these elements contribute to the strength of MAs will
be conducted, including an analysis of the mechanisms of
deformation such as lattice distortion, slip dislocation, and
twinning deformation. Besides, the review will address the
impact of lattice mismatch on the mechanical properties of
RE-incorporated MAs and how RE elements affect twinning
behavior, subsequently influencing the ductility and toughness
of the alloys. An emphasis will be laid to discuss the unique
magnetic properties of these elements and their interactions
with microstructural components, including dislocations, grain
boundaries, and phase interfaces within the alloys. Finally, the
article will outline the applications of these alloys in various
sectors, such as automotive, defense, aerospace, electronics,
communication, and the medical field.

2. Historical prospect and importance of magnesium and
its alloys

Magnesium, the lightest structural metal with a density
of 1.74 g/cm?, has long captured attention in materials sci-
ence for its unique combination of low weight, high specific
strength, and electromagnetic shielding capabilities. The his-
torical trajectory of Mg and its alloys reflects a continual
interplay between scientific advancement, technological de-
mand, and strategic importances, highlighting both the chal-
lenges and immense potential of this element in engineer-
ing applications [24]. Elemental Mg was first isolated by
Sir Humphry Davy in 1808 through the electrolysis of a
magnesia—mercuric oxide mixture. However, significant in-
dustrial production began only in the late 19th and early 20th
centuries [25]. The carbothermic and electrolytic extraction
processes most notably the development of electrolytic Mg
production by IG Farben in Germany enabled large-scale ap-
plications [26]. The early 20th century witnessed the rise of
magnesium’s strategic relevance, mainly during World Wars
I and II, when it was widely employed in aircraft compo-
nents, incendiaries, and structural applications owing to its
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low density and availability [27]. During these wartime pe-
riods, foundational MAs such as Mg-Al-Zn (AZ) and Mg-
Mn systems were developed. Although these alloys offered
favorable casting behavior and adequate strength-to-weight
ratios, they were hindered by poor corrosion resistance and
limited high-temperature performance. Nevertheless, their use
in aerospace underscored magnesium’s importance in weight-
sensitive applications, marking the beginning of sustained in-
terest in improving its mechanical and chemical behavior [28].
Post-war industrial and scientific efforts shifted toward de-
veloping wrought MAs, particularly those incorporating zir-
conium (Zr) and RE elements. The discovery that RE ele-
ment, such as yttrium (Y), neodymium (Nd), and gadolinium
(Gd) could enhance high-temperature strength and creep resis-
tance, thereby significantly broadened the functional domain
of MAs. Alloys like WE43, containing Y and Nd, became
critical in aerospace and defense sectors [29]. These RE-
containing alloys form thermally stable intermetallic phases
(e.g., Mg;sRE, Mg;RE) that improve their microstructural
stability under elevated temperatures, a breakthrough in ex-
tending magnesium’s use beyond ambient conditions.

The importance of MAs lies primarily in their excep-
tional specific strength, which makes them indispensable in
industries where weight reduction translates directly into im-
proved energy efficiency, that is key aim of this review and
will be discussed in details [24]. In the automotive sector,
substituting steel and Al with Mg components reduces fuel
consumption and CO, emissions. For aerospace, the weight
savings are even more critical, affecting payload capacity,
fuel economy, and performance. These systemic benefits il-
lustrate magnesium’s integral role in achieving lightweight,
high-performance design in transportation and structural en-
gineering. The 1980s and 1990s saw renewed interest in Mg
driven by global energy concerns, automotive efficiency stan-
dards, and a rising demand for environmentally conscious
materials. Novel alloy systems such as AE42 (Mg-Al-RE)
and AS21 (Mg-Al-Si) emerged, offering enhanced creep re-
sistance and improved casting capabilities [30]. Concurrently,
advancements in solidification processing; such as thixomold-
ing, squeeze casting, and rapid solidification, allowed better
microstructural control and defect minimization, thereby ex-
panding magnesium’s design window. But, inherent limita-
tions in magnesium’s hexagonal close-packed crystal struc-
ture, mainly its limited number of easy slip systems at room
temperature constrained its ductility and formability [31]. The
addition of RE elements emerged again as a key strategy.
RE atoms alter texture development during thermomechanical
processing, reduce basal texture intensity, and promote activa-
tion of non-basal slip systems. These effects not only enhance
ductility but also allow for more uniform plastic deformation
[32]. Advanced characterization techniques, including EBSD
and in-situ neutron diffraction, have elucidated these mecha-
nisms, confirming the role of REs in improving the overall
deformation response.

In recent decades, magnesium’s potential in biomedical,
electronics, and energy applications has become increasingly
evident. Its biodegradability and biocompatibility make Mg

alloys attractive candidates for orthopedic implants and biore-
sorbable vascular stents [33]. Alloy systems like Mg-Zn-Ca
and Mg-Sr are being tailored for such uses, with research
focused on optimizing corrosion rates and mechanical reten-
tion during healing. The environmental importance of Mg is
increasingly recognized in the context of sustainability. Com-
pared to heavier structural metals like steel and copper, Mg
offers advantage of lower life-cycle emissions when used ef-
fectively. Furthermore, it is highly recyclable, and ongoing
efforts are focused on developing green extraction technolo-
gies, including molten salt electrolysis powered by renewable
energy sources [34,35]. Given that over 85% of global Mg
production currently relies on the Pidgeon process an energy-
intensive method advancing cleaner production routes remains
a key objective [36]. Despite its promising attributes, several
challenges persist, including limited ductility, high reactivity,
and cost constraints especially for RE-containing alloys. How-
ever, the ongoing integration of computational materials sci-
ence, additive manufacturing, and advanced thermomechani-
cal treatments is accelerating the discovery and deployment
of next-generation magnesium alloys.

3. Rare-earth magnesium alloys (REMAs)
3.1. Importance of studying REMAs

The alloying process has meaningfully improved the char-
acteristics of Mg and its alloys; however, REMAs have
demonstrated superior performance in various applications
due to their enhanced properties [37]. The incorporation of
RE elements has shown significant results in texture weak-
ening and in enhancing the deformation capabilities of MAs
[38,39]. Their incorporation results in the development of new
eutectic phases which in turn enhance the strength of these
alloys [40]. Therefore, it is necessary to understand the role
of RE interaction with the alloy’s microstructure. These ele-
ments also tend to enhance the ductility as well as formability
of the Mg and its alloys [41]. To comprehend the interac-
tion mechanism, it is essential to understand the deformation
mechanism of RE magnets through both theoretical analysis
and practical foundations for the selected designs and opti-
mization of MAs. In recent developments, various MAs have
been enhanced with RE elements to improve their mechanical
properties. Table 1 illustrates the REMAs developed domes-
tically and internationally along with their mechanical prop-
erties [23,42-49].

As outlined in Table 1, the alloys are characterized by their
unique compositions and have been tested under T6 condi-
tions, which typically involve solution treatment followed by
artificial aging to optimize their strength and ductility [50].
The alloys ranges from AZ91, which primarily consists Mg,
Al, and Zn, to more complex alloys like VQ182, which in-
cludes higher concentrations of Gd and Ag. Some alloys have
noticeably showed improvements in their mechanical charac-
teristics due to the inclusion of RE elements, including Y, Nd,
and Gd. With ultimate tensile-strength values ranging from
108 MPa for MEZ (Mg-2.5RE-0.5Zn) to 414 MPa for VQ182
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(Mg-18.2Gd-1.9Ag-0.3Zr), these alloys have a wide range of
industrial uses. This large variation shows how the alloying
components affect the tensile-strength (TS) of MAs. Elevated
TS values are characteristic of alloys like VQ182 and VW 102,
which include weighty amounts of Gd and other RE elements.
Similar to TS, the yield strength (YS) also varies significantly
among the alloys, from 76 MPa for MEZ to 293 MPa for
VQ182. The correlation between the YS and the composition
of RE elements is evident, indicating that these elements play
an important role in increasing the YS of MAs. Alloys like
VWI114 and VWZ1142 exhibit high TS and YS, showcas-
ing the beneficial effects of combining Gd, Y, and Zn. The
presence of these elements, primarily in T6 heat treatment
conditions, contributes to the formation of stable phases that
resist deformation, thereby enhancing the mechanical proper-
ties. When comparing alloys like AZ91 to advanced compo-
sitions like VQ182, the substantial impact of RE additions on
mechanical properties is clearly evident. This improvement is
vital for applications requiring structural integrity under high
stress and temperature. Fig. 1 shows a histogram of elon-
gation percentages, with VZ61 alloy exhibiting the highest
elongation, indicating superior ductility among the alloys.
From the above discussion, it is clear that the mechani-
cal characteristics of REMAs, especially their TS and YS,
have been greatly enhanced due to incorporation of RE ele-
ments. The variations in alloy composition highlight the tai-
lored approach in enhancing material properties for specific
industrial applications. The data provided in Table 1 serve as
a valuable reference for selecting suitable REMAs for engi-
neering applications requiring weight-reducing materials with

Table 1
REMAs developed their scientific name, composition and properties.

3527

WES4
WE43
MEZ
NEZ
GWQ832K
VW102
VQIS2
VEL12
VWZ1142
VW14
XZE111
VZ61
EV31
MEZ
WE43
WES4
QE22
7AS85
7C63
7K61
AZ91

Alloys

EL (%)

Fig. 1. Elongation strength of REMAs that have been developed across the
globe.

high strength. Moreover, due to the increasing demands of
engineering applications, REMAs are continuously advancing
to meet the demands, forming a virtuous cycle of mutual re-
inforcement.

3.2. Origin and development
Among the families of MAs, Mg-Mn, Mg-Al, Mg-Zn, Mg-

RE, Mg-Th, Mg-Ag, and Mg-Li are the most common, with
further variations depending on their principal elements. But,

Alloys Alloy composition Test condition UTS/ Mechanical property
MPa YS/MPa

AZ91 Mg-8.7A1-0.7Zn-0.1Mn T6 200 120
ZK61 Mg-6Zn-0.7Zr T6 310 195
7C63 Mg-6Zn-2.7Cu-0.3Mn T6 210 125
ZA85 Mg-7.7Zn-4.9A1-0.3Mn T6 195 138
QE22 Mg-2.5Ag-2.1Di-0.7Zr T6 260 195
WES54 Mg-5.2Y-3RE-0.7Zr T6 280 205
WE43 Mg-4Y-3.4RE-0.7Zr T6 250 180
MEZ Mg-2.5RE-0.5Zn T6 108 76
EV31 Mg-3Nd-2Gd-0.6Zn-0.5Zr T6 292 178
/ Mg-2.6Nd-1.5Gd-0.5Zn-0.5Zr T6 295 165
VZ61 Mg-6Gd-1Zn-0.6Zr T6 220 127
XZE111 Mg-1Ca-1Zn-Nd-0.6Zr T6 227 153
Vw114 Mg-11.3Gd-3.8Y-0.7Zr T6 330 300
VWZ1142 Mg-11.1Gd-4.1Y-1.7Zn-0.5Zr T6 361 231
VE112 Mg-11Gd-2Nd-0.5Zr T6 350 230
/ Mg-4.5Gd-2.6Nd-0.5Zn-0.5Zr T6 325 205
VQ182 Mg-18.2Gd-1.9Ag-0.3Zr T6 414 293
VW102 Mg-10Gd-2Y-0.5Zr T6 362 239
GWQ832K Mg-7.77Gd-2.73Y-2.04Ag-0.37Zr T6 402 268
NEZ Mg-3Nd-0.5Zn T6 165 114
MEZ Mg-2.5RE-0.5Zn T6 108 108
/ Mg-8Gd-2.5Nd-0.5Zr T6 251 228
/ Mg-6Gd-2.5Y-1Nd-0.5Zr T6 289 241
WE43 Mg-4Y-3.4RE-0.7Zr T6 345 196
WE54 Mg-5.2Y-3RE-0.7Zr T6 280 205
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because of the lower melting points and greater atomic dif-
fusion capabilities, the strengthening phases of MAs such as
Mg7Al,, Mg-Zn, and B-phase are highly susceptible to soft-
ening and over-aging at high temperature (HT) [52]. Although
at HT alloys grain boundary rotation is not affected so much
but performance suffers because of grain boundary sliding.
The radioactive properties of thorium (Th) restrict the use
of Mg-Th series alloys, even though it is the ideal element
for enhancing the HT performance of MAs. The extensive
usage of Mg-Ag series alloys is further restricted by silver
being a valuable metal. Although the impact of Mn on MAs
heat resistance is not as strong as that of RE elements, it
is nevertheless noticeable. Furthermore, the Mg-Mn alloy se-
ries face several challenging issues such as casting problem,
solidification shrinkage, and hot cracking. For these reasons,
creating heat-resistant MAs that function very well at HTs
requires only Mg-RE series alloys [53]. The main function
of RE elements in this alloy series is to improve creep re-
sistance and casting characteristics at HTs. Nonetheless, due
to the high separation costs of individual RE elements, early
research and development of MAs were focused on their mix-
tures. The light RE elements that make up these mixed REs
was La, Ce, Pr, and Nd. The primary categories were La-Ce,
and Nd-Pr, mixed RE compositions. Among the first RE ele-
ments introduced to Mg-RE series alloys were La, Ce, Pr, and
Nd. Haughton and Prytherch found in 1940 that Mg-Ce alloys
have a higher tensile strength (TS) when heated to HT. After-
ward, in 1949, Leontis’ research showed that adding La, Ce,
Mishmetal (RE mixture rich in Ce), and Nd greatly tends to
improve the HT performance of MAs [54]. By 1951, Leontis
had delved deeper insights into the study of Mg-RE deforma-
tion (extrusion) alloys. He discovered that these alloys exhibit
improved mechanical properties when La, Ce, non-Ce mixed
REs, and Nd were added.

Moreover, it has been observed that heat treatment further
tends to increase the strength of these alloys. Research on mi-
crostructure was first restricted to the study of metallographic
structures, whereas these early studies were mostly concen-
trated on improving mechanical qualities. Findings from this
study provided a solid theoretical and practical groundwork
for future commercial alloy development and evaluations for
the role of RE elements in MAs. With advancements in RE
separation technology, by the mid-1960s, it was possible to
produce RE metals with 99 % purity, and by the end of the
20th century, purities of up to 99.99 % were achievable. This
facilitated the study of phase diagrams between Mg and in-
dividual RE elements. Therefore, the phase diagram research
of Mg with individual REs that began in the early 20th cen-
tury achieved considerable results by the late 1980s and early
1990s [55,56]. It has been found that, the Mg-rich regions in
most Mg-RE (except in case of Sc) binary phase diagrams ex-
hibited simple eutectic reactions, yielding the high solubility
of these elements in Mg and compound phases that coex-
ist with the Mg-based solid solutions, as is clearly depicted
pictorially in Fig. 2 [57] and Table 2 [37].

From the Table 2, it is evident that the solubility of the
elements in the La series in Mg matrix generally, increases

I solid solution limit at.%
[ Solid solution limit wt.%

50

40

& BB

20 ¢

Solid solution limit

.mmmmmm.. ol L I

Sc Y La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
Element symbol RE

Fig. 2. Maximum solubility and binary compounds of RE metals in Mg
matrix. Reproduced with permission from Elsevier [57].

with the increase in their atomic number. But, the solubility of
the radioactive element Pm is yet to be determined, whereas
the solubility of Eu (with a half-filled 4f electron shell) and
Yb shows an abnormal decrease. The solubilities of Sc and
Y in Mg-matrix are also relatively high. The strengthening
property of the alloys increase due to incorporation of RE el-
ements from La to Dy (with Y falling between Sm and Gd),
reaching the highest strength in Mg-Gd, Mg-Tb, and Mg-Dy
alloys, whereas the strength of Mg-Ho, Mg-Er, and Mg-Tm
alloys slightly decreases [58]. At typical aging temperatures
roughly about 12 wt.% of Ho, Er, and Tm is quite soluble in
Mg. Even though, they do not attain enough aging strengthen-
ing. Considering the phenomenon that increasing the content
of RE elements leads to a rise in alloy density and cost, cur-
rent research and development efforts are primarily focused
on binary and multicomponent REMAs containing La-Dy (ex-
cluding Pm and Eu) as well as Sc and Y, in order to ob-
tain sufficient aging strengthening effects. The former Soviet
Union and other countries have extensively studied REMAs
for developing new alloys suitable for aviation and rocket ap-
plications. Studies have found that MAs containing 10% Y
can be used at 260°C. Thus, Mg-Y alloys have been applied
in helicopter tail rotor parts and assemblies. Instead of the
radioactivity of Th, the element now utilized to increase the
heat resistance of MAs is Y, as its heat resistance level can
reach up to 370°C [59,60].

Research on REMAs has come a long way in the last 30
years, with several notable advances and breakthroughs in this
field is discussed elsewhere [61-69]. So far researchers have
employed different techniques such as vacuum melting, elec-
tromagnetic stirring, and inert gas protection melting for the
fabrications and analysis of different REMAs. Wang et al.
[70] has observed that the YS of Mg-Gd alloys at 200°C has
greatly increased by using the right aging treatment, which
in turn, results in improving the heat resistance of the alloys.
Liu et al. [71] has studied the in vitro comparative analy-
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Table 2
Maximum solubility and binary compounds of RE metals in Mg matrix.

Element symbol Atomic number Eutectic temperature

Solid solution limit Solid solution limit Coherent compound

(RE) (K) (wt.%) (at.%) phase
Sc 21 - 25.9 15.9 MgSc
Y 39 838 12.4 3.35 Mgy Ys
La 57 886 0.79 0.14 MgipLa
Ce 58 863 1.6 0.28 Mg;Ce
Pr 59 848 1.7 0.31 Mg, Pr
Nd 60 821 3.6 0.63 Mg2Nd
Pm 61 823 2.9(7 0.5(7) ?
Sm 62 815 5.8 0.99 Mgq; Sms
Eu 63 844 (~0) (~0) Mgi7Eu;
Gd 64 821 23.5 4.53 MgsGd
Tb 65 832 28.0 4.57 Mgo4Tbs
Dy 66 834 32.7 4.83 Mg24Dys
Ho 67 838 28.0 5.44 Mgz4Hos
Er 68 857 32.7 6.56 Mgo4Ers
Tm 69 865 31.8 6.25 Mg24Tms
Yb 70 782 3.3 0.48 Mgy Yb
Lu 71 889 41.0 8.80 MgosLus
sis of the Mg-RE based alloys. They have analysed that Gd  Table 3
based Mg alloys exhibits good precipitation hardening, which ~ Properties of commonly used magnesium alloys.
is supported by the reduction of solubility limit of Gd in REMAs Capability
Mg from 23.49 % at 548°C to 3% at 200°C. The hardening number plate
through ageing enhances the mechanical properties of the al- Mg-Ce Improved strength and HT stability.
loys by restricting the dislocations. In case of Gd based MAs Tmax = 2509°C
hardening through aging process mainly depends on the size, =~ Mg&Y Good casting, age-hardening and high-temperature creep
number, orientation and plane of the precipitates. And, it has resistance temperature creep resistance

’ . . . ’ Mg-Nd Higher HT strength and room temperature strength than
been observed that precipitates with diamond shaped plays a magnesium alloys strength
critical role in improving the strength of these alloys [72].  Mg-Gd Greatly enhanced creep resistance than other alloys
The appearance of the y” and B’ precipitates during ageing  Mg-RE-Al Higher mechanical properties than Mg-Al alloys
process by suitable addition of alloying element further en- Me.REZ E;;Petmesth 4 .

. - -Lr stren, anda creep resistance

hances the strength of the alloy. Same thing hgs been observed Mi—RE—Zn High castging performgnce instead of EK30A alloy flame
by Zhang et al. [73], when they were studying the effect of retardant good flame-retardant effect
Ag on the Mg-Gd based alloy. So, remarkable improvement Mg-RE-Ag Good tensile properties and creep resistance
has been observed in the kinetics and hardness of Mg-Gd Mg-RE-Zn-Zr Heat-resistant, high-strength casting alloys

based alloys with Ag as compared to those without Ag. The
improvement in the characteristics has been attributed to the
formation of y” and B’ precipitate phases which has been
verified from TEM images as depicted in Fig. 3. Apart from
the occurrence sequential precipitation on prismatic plain of
«-Mg matrix, unique sequential precipitation was observed
on base plain also. The observed base plane sequential pat-
tern was found to possess the hcp structures y”, y’, y which
corresponds to the precipitates Mg;0Gd sZn;s, Mg-GdZn, and
Mg ,GdZn, respectively.

Zhang et al. [74,75] has prepared Mg-Gd alloys using vac-
uum melting technology and found that the oxidation could
be reduced along with improving the micro-homogeneity of
the alloy by controlling the gas atmosphere during the melting
process. Amberger et al. [76] has also studied the creep resis-
tance and HT strength of Mg-Gd alloys at 200°C. Through
the nanoindentation process they have clearly observed that
intermetallic metallic phases are responsible for enhancement
in the creep resistance of the MAs. Tian et al. [77] has re-
cently reported a study, in which without altering any con-

stituent in the WE54 alloy, they have developed Mg-5Y-
2.5Nd-1.5Gd-0.5Zr alloy by adding Gd to the composition.
As per the study, the alloy has outperformed the conventional
WES54 and WE43 MAs in terms of mechanical parameters,
including TS (295 MPa), YS (216 MPa), and elongation (up
to 8.9% under peak aging conditions at 225°C). Thus, by
carefully manipulating the alloy’s composition, scientists have
created a number of novel REMAs. Some of the REMAs de-
veloped so far and their properties are presented in Table 3
[45].

3.3. Long-period stacking ordered (LPSO) phase in REMA

LPSO phases are the unique types of honey comb like
3D structures found in MAs which usually remain present at
the grain boundaries [78]. In general, these phases exist in
both stacking and chemical ordered arrangements [78—82]. In
REMAs (Mg-M-RE systems), four type of LPSO structural
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Fig. 3. TEM micrographs of the GQ162K alloy aged at 200°C for different time periods (a) 20 mins, (b) 8 h, (c) 32 h, and (d) 600 h, along with the SAED

patterns. Reproduced with permission from Elsevier [73].

phases have been identified based on the stacking arrange-
ment. These structures are being designated as 10H, 18R,
14H and 24R, among which the designation 18R represents
the LPSO phase which has been designated wrongly earlier
as 6H [79,83]. However, Mi et al. [84] while studying Mg-
Co-Y alloy came across three more new LPSO structure and
have been designated as 15R, 12H, and 21R. Every LPSO
structure has its unique stacking arrangement. The arrange-
ment corresponding to every LSPO structure is presented in
Table 4 [81,84,85]. In the designation, the layers tagged with
prime represents the places mainly occupied by M/RE ele-
ments [86].

From the Table 4, it is evident that in case of LPSO struc-
tures 10H, 18R, and 24R, two layers are occupied by the
heavier atoms, with 1-4 layers of Mg sandwiched between
the building block atomic layers. On the other hand, in case
of structures 15R, 12H, and 21R only one layer is occupied
by the heavier atoms, with 2—4 layers of Mg sandwiched be-
tween the building block atomic layers. The characteristics
of these LPSO structures is governed by the electronic struc-
ture of element M present in the configuration of REMA

Table 4
Possible sequence of stacking for different LPSO phases in different REMAs.

S.no LPSO Stacking sequence (Along c-axis)

01 10H AB'C’ACAC'B’'AB

02 12H AB’CBCBCB’ABAB

03 14H AB'C’ACACAC'B'ABAB

04 15R AB'CBC BC'ACA CA'BAB

05 18R AB'C’ACACA'B'CBCBC’A’BAB

06 2IR AB’'CBCBC BC'ACACA CA'BABAB

07 24R AB'C’ACACACA'B'CBCBCBC’'A'BABAB

alloys. Apart from these two LPSO structures, the in-plane
arrangement of solute atoms is also of great significance. The
characteristic of in-plane that is ordered and disordered are
very crucial in MAs, as they play a major role in stability
and development of LPSO structures. These in-plane charac-
teristics provide us insights about the range of composition
variation for a particular LPSO structure [87]. Zhu et al. [80]
while studying the ternary Mg-Zn-Y REMA, has found that
the presence of in-place ordering of Zn and Y in two back-to-
back atomic planes corresponds to 18R and 14H. On behalf
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Fig. 4. High resolution TEM image corresponding to the Mg-Al-Gd alloy recorded along two different directions (a) [2-1-10] (b) [1-100]. Reproduced with

permission from Elsevier [88].

of the arrangement, they came up with a model based on
the ordered configuration of Zn and Y atoms. Also, there are
high chances that the streaks from the LSPO structures (18R
and 14H) in the composition may belong to the disordered
configuration rather than expected long-range structure.

In the REMA Mg-Al-Gd, Yokobayashi et al. [88] have re-
ported the in-plane ordering of the Gd and Al in the atomic
planes of LSPO phases. The richness of the atomic planes
in Gd and Al facilitates in understanding the crystal struc-
ture of developed LPSO structures. The existence of long
range ordering of Gd/Al atoms in the planes is clearly ev-
ident from the STEM images as depicted in Fig. 4a and b
[80]. From the images it is evident that in the enriched por-
tions M/RE atoms are present in four back-to-back planes
rather than two as proposed in the model. In case of Mg-
Zn-Y (MgssZngYo) alloys, a short range weak LPSO phase
of L12-type was clearly evident [89]. Theoretical simulations
have also been applied for analyzing these ordered and disor-
der LPSO structures in REMA [87]. In this regard, Kimizuka
et al. [87] has applied the DFT calculation for understating
the ordered TMgREg LPSO structure in REMAs like Mg-
Al-Gd and Mg-Zn-Y. Moreover, it has been reported by the
Yamasaki et al. [90] that the 10H LPSO generated in Mg-Zn-
Y alloys when calcinated at 773 K is similar to that of the
Mg-Al-Gd alloy. Therefore, heat treatment enhances spot vis-
ibility in SAED patterns, indicating improved ordering of the
LPSO structure in Mg-Zn-Y alloys. High-resolution STEM
confirms the highest in-plane order for the 20H-LPSO phase.
However, in-plane LPSO structures in Mg-Co-Y alloys re-
main unclear, and no literature reports exist on over-diffusion
or weak streaks in 15R, 12H, or 21R LPSO structures within
the planes [84].

4. Role of rare-earth elements in MAs

RE elements are widely used across different sectors due
to their unique properties. While traditionally prominent in

ferrous metals, growing understanding of their role in alloys
and mechanical behavior has extended their use to non-ferrous
metals. Notably, under heat treatments, RE elements enhance
casting, strengthen materials, and improve alloy quality, lead-
ing to a continuously expanding range of applications [91-
95]. Research into developing RE elements for HT applica-
tions has recently been a priority, specifically in the MAs
[96—104]. Research has shown that the impact of RE elements
on MAs becomes more noticeable as the atomic number in-
creases. Elements like La, Ce, Ce-rich mixed RE, Pr, and
Nd exhibit the most noticeable impacts. The growing signifi-
cance of RE elements in materials research and engineering is
demonstrated by their integration into MAs, which consider-
ably enhances a range of physical and chemical properties
[105-108]. Some of these properties which gets improved
significantly by the addition of RE elements [109-113] are
briefly discussed as:

4.1. Removal of oxidation inclusions

A wide variety of oxidation inclusions at times occurs in
MAs as they are being manufactured. These inclusions typi-
cally exist in the form of flakes, particles, or aggregates within
the alloy’s matrix or at grain boundaries, which can lead to fa-
tigue crack initiation and reduced mechanical properties and
corrosion resistance [114-118]. Due to magnesium’s highly
reactive chemical nature, it has a strong affinity for oxygen,
readily forming stable oxide: magnesium oxide (MgO) at el-
evated temperatures. Consequently, oxidation inclusions pre-
dominantly exist in MAs as MgO. During the metal melting
process, the oxidation behavior is mainly controlled by the
oxide film, and according to the Pilling Bedworth ratio (&)
for densification of the oxide film, with «(Mg) < 1, the oxide
film of Mg is usually porous and lacks protective properties.
In contrast, RE metals have an « value greater than one, capa-
ble of forming a protective denser oxide film that effectively
slows down the oxidation rate of the metal melt. In addi-
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tion, RE elements are more reactive with oxygen than Mg;
therefore, when these elements are added to molten MAs,
RE oxides are produced [117]. This process assists in the
removal of oxidation inclusions, thereby enhances the purity
and performance of MAs. The frequent and general reactions
are as:

3MgO+2[RE] = RE,03+3Mg(l)

4[RE]+30, = 2[RE],03

2MgO(s) = 2Mg(1)+0,1 (High temperature)

4.2. Hydrogen removal

MAs are susceptible to casting flaws, including porosity,
pinholes, and shrinkage, when they melt, because the alloy
may absorb hydrogen from atmospheric moisture during re-
action. For this reason, lowering the capability of hydrogen
absorption capability in MA melt’s is essential. The incorpo-
ration of RE elements promotes the reaction with water vapor
and hydrogen in the Mg melt, forming RE-hydrides and RE-
oxides, which effectively decreases the hydrogen content in
the alloy melt [58,62—-64]. This dehydrogenation process can
be represented by the following reactions:

H,0(g)+Mg(l) = MgO(s)+2[H]

[RE]+2[H] = [RE]JH,

2[RE]+3MgO = [RE],0;3+3Mg(l)

Through this reaction, RE elements aid in the removal of
hydrogen from the MA melt, thereby improving the quality
and performance of the final product.

4.3. Interaction with fluxes

During the melting of MAs, fluxes are commonly used to
cover and refine the alloy, preventing the formation of oxides
and inclusions. Yet, if fluxes are used improperly, they may
introduce flux inclusions, which can affect the alloy’s per-
formance. Thermodynamic calculations indicate that all RE
elements can react with fluxes in the melt form and thereby
reduces interaction of MAs with fluxes. Among the RE ele-
ments, La has the strongest reactivity, whereas Y is relatively
less reactive. The reaction between common fluxes is mainly
composed of MgCl,, and the reaction with RE elements is
represented as follows:

2[RE]+3MgCl, = 2[RE]Cl;(1)+3Mg

This reaction consumes the flux’s RE elements, altering
the alloy’s ultimate composition and qualities.

4.4. Strengthening

Binary alloys of Mg combined with RE elements typically
exhibit poor tensile performance at room temperature, which
does not meet the requirements for structural applications.
This defect is mainly due to the large size of the alloy grains,
which directly affects its mechanical properties. A number of
MA compositions using RE elements have been developed as
a result of this problem’s amelioration after it was discovered
that Zr can efficiently refine Mg grains. Adding RE elements
to cast MAs doesn’t do much to improve their tensile proper-
ties at room temperature, but it does a great job in increasing
their creep strength and tensile performance at HTs. This is
especially true for Mg-Al alloys that have a low Al content.
There have been a lot of recent findings from studies inves-
tigating how heavy RE elements, such as Gd and Nd, affect
the characteristics of MAs. Research has shown that by con-
trolling the rate of precipitation and the percentage of volume
occupied by precipitated phases, these RE elements enhance
the characteristics of MAs. Due to elemental interaction, the
solubility of RE element in MAs decreases and their effects
on the kinetics of precipitation from supersaturated solid so-
lutions can impart additional strengthening effects when two
or more of these elements are added to these alloys at the
same time. MAs with RE elements exhibit a reduced solidifi-
cation temperature range, a decreased risk of weld cracking,
and enhanced casting densities [119].

4.5. Improving corrosion resistance

Mg has a low standard electrode potential, and the nat-
urally formed surface oxide film is not dense and has poor
protective properties, making Mg highly susceptible to corro-
sion in natural environments [65-67,120]. Both conventional
elements like Al, Mn, Zn, Ca, and RE elements like Gd, Nd,
Y, Ce, Dy, as well as elements like Zr and B, have certain
effects on the corrosion resistance of MAs.

As per the reported research, the addition of RE element
tends to improve corrosion resistance, optimize microstruc-
ture, and purify MA grains within a limited range [121,122].
In this regard, it has been observed that the incorporation of
Nd into MAs, for instance, results in enhancing the alloys’
corrosion and equilibrium potential, refining the grains and
in turn making the alloys more resistant to corrosion. Dif-
ferent studies are present in the literature which report the
effects of RE elements La, Ce, and Y on the microstructure
and mechanical properties of AZ91 MAs. It has been ob-
served that La, Ce, and Y can refine the microstructure of
MAs, which is important for improving the corrosion resis-
tance of AZ91 MAs [69,70,72,123]. In this line, Song et al.
[124] found that when the content of Nd is not greater than
1.0 mass %, the incorporation of Nd also improves the cor-
rosion resistance of AZ91 MAs. The resistance was optimal
when the Nd content is 1.0 mass %, with a corrosion rate
of 0.28 mg~cm‘2-d'1. Mordike et al. [65] and Azzeddin et al.
[125] has also analyzed the corrosion resistance of various
cast MAs (including Mg-Sc, Mg-Gd Mg-Sc-Mn, Mg-Sc-Ce-
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Mn, Mg-Cd-Sc-Mn, Mg-Y-Mn, Mg-Sc-Mn) and found that
RE elements notably tend to increase the corrosion resistance
of MAs. Kumar et al. [126] has also reported the effects of RE
elements on the corrosion resistance of Mg-Zn alloys. The re-
sults have revealed that the incorporation of RE elements like
Nd, Y, Gd in Mg-Zn alloys at a 2% mass ratio enhance the
alloys’ corrosion resistance to varying degrees. As a result of
this improvement, the material’s impedance is enhanced, mak-
ing electromagnetic transmission more challenging. Moreover,
the corrosion potential shifts towards more positive values, the
corrosion current decreases, and consequently, the corrosion
rate slows down. Among different RE elements, it has been
observed that Y, and Gd have noteworthy effects on enhancing
the corrosion resistance of MAs.

Likewise, Meng et al. [127] and Sun et al. [128] has ob-
served that the incorporation of Sr to the Mg-Zn-Ca alloy
also impacts its corrosion resistance. For analyzing the im-
pact, they have employed different electrochemical methods,
such as electrochemical impedance spectroscopy and potentio-
dynamic polarization, in conjunction with the hydrogen col-
lection method to evaluate the corrosion performance. It has
been observed that the incorporation of Sr to the Mg-Zn-Ca
alloy drastically decreases its corrosion resistance. This was
mainly because a higher number of secondary phase particles
precipitated, leads to the generation of more micro-galvanic
couples. The films experienced a reduction in compactness
with extended exposure, resulting in the formation of a cor-
rosive product layer on the surface of the samples, which
subsequently improved their corrosion resistance.

5. RE integration and boosting of MAs
5.1. Plastic deformation in MAs

Hexagonal close-packed Mg and its alloys possess only
two independent slip systems which can readily get activated
at room temperature. It contradicts with the von Mises and
Taylor criteria for maintaining uniform plastic deformation,
that requires at least five independent slip systems [129-131].
The basal slip in Mg is more likely to occur at room temper-
ature, but the critical shear stress (CRSS) for the pyramidal
<c + a> slip is much higher than that for basal slip, making
it difficult to achieve non-basal slip and thereby affecting the
room temperature ductility of Mg [132,133].

The incorporation of alloying elements, that is RE ele-
ments Y and Ce, tends to efficiently enhance the plasticity
and ductility of Mg. Wu et al. [134] found that the ductil-
ity of Mg-Y alloys mainly relies on the number of activated
pyramidal <c + a> slips. Meanwhile, Chino et al. [135]
confirmed that solid solution strengthening element Y can
promote cross-slip and prevent the decomposition of unsta-
ble <c 4 a> slips, thereby improving the ductility of Mg. In
addition, Zheng et al. [136] examined that the integration of
Ce results in activation of prismatic and pyramidal slip, thus
enhancing the plasticity of Mg. Regarding Sm, an important
RE element comparatively low in cost, tends to effectively im-
prove the properties of MAs due to its similar atomic size and

electronegativity to Mg. Studies have shown that the incor-
poration of Sm promotes the precipitation response and solid
solution strengthening, thereby results in enhancing the me-
chanical properties of alloys. Guan et al. [137] has observed
that the Mg-3Sm-0.5Zn-0.4Zr alloy exhibits brilliant mechan-
ical properties, due to the development of a large number of
fine plate-like precipitates at the grain boundaries attributed
to the incorporation of Sm. Hu et al. [138] has reported that
the incorporation of Sm in MAs leads to the formation of fine
and stable spherical nanoscale precipitates within the matrix,
thereby enhancing the performance of the ZK60 alloy. Fur-
thermore, they have found that the mechanical properties of
the Mg-9Li-5AI1-0.4Sm alloy were improved, primarily due
to the grain refinement and precipitation strengthening of Sm
particles promoted by the addition of Al. Similarly, Zhou et al.
[139] has reported that the incorporation of Sm has made it
easier for Mg-1Sm to activate pyramidal slip compared to
pure Mg, as is evident from Fig. 5.

In addition to the experimental approach, the impact
of incorporating the RE ion into MAs has been investi-
gated through various theoretical simulations, including first-
principles calculations. Through simulation researchers have
calculated the generalized stacking fault energy of MAs and
have optimized the crystal structures [140]. In this process,
they have optimized the structural parameters and employed
the Perdew-Burke-Ernzerh of generalized gradient approxima-
tion along with suitable ion-electron interaction potentials.

Gaun et al. [141] while employing the simulation, primar-
ily constructed a supercell containing 144 atoms, and sampled
the Brillouin zones of three different slip systems using a k-
mesh grid generated by the Monkhorste-Pack method. The
calculation results revealed that the GSFE of the basal [0001]
<11> slip system is 143.2 mJ/m”. To understand role of Sm
in Mg alloys, they doped the supercell with 0.69 wt.% of
Sm atoms and calculated its GSFE. This analysis aids in un-
derstanding how Sm affects the plastic behavior of MAs and
provides theoretical support for the microstructural design and
mechanical property optimization of the alloys. Zhou et al.
[139] has also performed the phase and structural study via
XRD, morphology via SEM backscattering and TEM for Mg-
xSm alloy, as shown in Fig. 6. Through thermodynamic calcu-
lations using Thermo-Calc software and CCMgS5 database, it
has been found that in regions with higher Mg content, the o-
Mg phase and Mgy Sms phase coexist. It has been observed
that at temperature of about 530°C, 1% Sm is completely
dissolved in the Mg-matrix. The XRD pattern indicates that
the Mg-1Sm alloy is predominantly composed of the o-Mg
phase, similar to pure Mg, indicating that the addition of Sm
did not form new intermetallic compounds. The SEM image
and EDS spectrum shows that Sm is uniformly distributed in
the Mg-matrix without any segregation or secondary phases.
These findings suggest that Sm exists as solute atoms in the
Mg-lattice, influencing the microstructure and phase compo-
sition of the alloy, which facilitates twinning and slip. In the
Fig. 6d—f, many <c + a> dislocations were observed to ap-
pear in the early stages of deformation under 5% strain, in-
dicating that the solid solution strengthening attained by Sm
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Fig. 5. EBSD micrographs, grain size distribution histograms, pole figures, and IGMA maps of the compressed Mg-xSm alloys: (a) to (a-3) pure Mg alloy,
(b) to (b-3) Mg-1 wt.% Sm alloy. Reproduced with permission from Elsevier [139].

is beneficial for the deformation of Mg. The incorporation of
Sm easily triggers more pyramidal and basal slip, thus adapt-
ing the c-axis strain. As the strain rises to 15% (Fig. 6g-
i), an enormous number of <c + a> slips, and dislocations
were observed. Therefore, the pyramidal <c + a> disloca-
tions plays an important role in the tensile deformation pro-
cess, making twinning and slip more likely to occur in terms
of structure and phase composition [139].

The incorporation of RE element Y meaningfully pro-
motes the activation of non-basal slip systems in Mg-Y alloys,
especially the prismatic and pyramidal slip systems, which
markedly enhances the ductility of the alloy. In a study re-
ported by Chen et al. [142] they have analyzed 100 activated
slip bands in 82 Mg-Y grains and 48 activated slip bands in
48 AZ31 grains using high-resolution digital image correla-
tion (DIC) technology. The study found that although the ten-
sile deformation of Mg-Y alloys is still predominantly basal
slip, the addition of Y suggestively increases the activation
of non-basal slip systems. This phenomenon was attributed
to the decrease in the CRSS difference between basal and
non-basal slip systems.

During the tensile deformation of Mg-Y alloys, an in-
creased activation of non-basal slip systems was observed,
contributing to enhanced ductility. Fig. 7a, b illustrates the
identification of slip traces in the Mg-Y alloy, while Fig. 7c
summarizes the statistical distribution of activated slip sys-
tems. At a tensile strain of 5%, the activation ratio of non-
basal slip systems reaches approximately 31 %.

The phenomenon of non-basal slip activation increasing
with strain has also been verified by other researchers. In
contrast, in AZ31 alloys, the activation ratio of non-basal slip
at 5% tensile strain is only 7%, which is significantly less
than that of Mg-Y alloys. The deformation mode of AZ31
alloys is primarily dominated by basal slip.

In addition to this, the incorporation of elements such as
Al and Zn into MAs leads to an increase in stacking fault
energy (SFE). A stacking fault is a type of defect in the
crystal structure, and the elevation of its energy barrier implies
that the movement of dislocations within the crystal becomes
more difficult, thereby increasing the activation energy for
the transition from basal plane slip to non-basal plane slip
[143].

This increases the difficulty of activating pyramidal slip;
hence, Mg-Zn and Mg-Al series alloys often require pro-
cessing at higher temperatures. However, the incorporation
of RE elements, and sometimes calcium, reduces the width
of the dislocation core. This facilitates the cross-slip of a-type
dislocations from the basal to the pyramidal planes, thereby
enhancing the ductility of the MAs. Furthermore, the intro-
duction of alloying elements causes distortion in the lattice
structure of MAs. By adjusting the alloy elements, the axial
ratio (i.e., the c/a lattice ratio) of the MA can be modified,
which regulates the processability of using these alloys at
different temperatures. For example, adding elements such as
lithium (Li) and indium (In) to MAs can lower the axial ra-
tio, increase the lattice symmetry, and thereby reduces the
CRSS for specific slip systems, as illustrated in the Fig. 8
[143]. This allows the activation of multiple slip systems in
the MAs even at lower temperatures, thereby demonstrating
good ductility.

5.2. Improvement of mechanical properties

RE elements exhibit unique properties due to their dis-
tinctive electronic configurations, particularly the distribution
of electrons in their outer shell orbits [144]. In MAs, the
strengthening effect of RE elements is principally serious.
This is mainly attributed to the fact that some of the RE ele-
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ments have a similar atomic radius to Mg and exhibit a large
solubility in it. During aging, dispersed strengthening phases
are formed in the alloy, which provide intense aging harden-
ing effects, thus enabling the alloy to exhibit excellent solute
and precipitation strengthening characteristics [97,145,146].
Fig. 9 shows the solubility of RE elements in solid Mg as a
function of atomic number. This plot illustrates how the sol-
ubility of RE elements in a host metal varies with the atomic
number of the solute element at different temperatures, pro-

viding insights into the thermodynamics of alloy formation
[147].

The vertical axis indicates the solubility limit in atomic
percent, which shows the maximum concentration of the RE
element that can be dissolved in the host lattice. The horizon-
tal axis represents the atomic number of RE elements, starting
from La to Lu including Yttrium which is often associated
with RE due to its chemical similarity. The plot lines corre-
spond to different temperatures (300 °C, 400°C, and 500°C),
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Fig. 8. Effect of the addition of Li elements on the c/a ratio of magnesium
alloys. Reproduced with permission from Springer Nature [143].

showing that the solubility of most RE elements increases
with temperature. A noticeable trough in the solubility is ob-
served around Eu (atomic number 63), which indicates that
Eu has a consequential lower solubility in comparison to its
neighboring elements. The solubility peaks begin with Y and
end with Lu, suggesting that these elements have the high-
est solubility in the host metal at elevated temperatures. The
sharp increase in solubility at higher atomic numbers suggests
that heavier RE elements may form more soluble alloys at the
given temperatures. The increased solubility with temperature
is consistent with the expectation that solute diffusion and
lattice spacing generally increase with temperature, allowing
more atoms to be added into the host lattice. The reduced
solubility of Eu might be related to its electronic structure or
atomic radius, which may not fit as easily into the host lattice
as other RE elements. The higher solubility of Lu could be
explained by their specific atomic radii and electronic struc-
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Fig. 9. Variation of solid solubility of RE elements in solid magnesium with
atomic number. Reproduced with permission from Springer Nature [147].

tures, which might make them more compatible with the host
lattice, especially at HTs. This plot can be used in the devel-
opment of new alloy compositions, as it indicates which RE
elements are more likely to form solid solution at given tem-
peratures and which might lead to the formation of secondary
phases. The graph provides valuable data for the design and
processing of REMAs.

The incorporation of RE elements is a key strategy for
strengthening MAs, as it effectively enhances the mechani-
cal properties of the material [98-100]. This strengthening
mechanism typically involves the combined addition of RE
elements, especially the combination of Y and Nd which
is very common and technically mature in MA strengthen-
ing [101,102]. For instance, in the WE series MAs (includ-
ing WE43 and WE54) which are the prominent alloys. Al-
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though WES54 alloy has high strength, its low plasticity limits
its applications. Therefore, to broaden the scope of applica-
tions, WE43 alloy with fewer RE elements was developed,
which provides better mechanical performance while main-
taining lower production costs, making it one of the widely
used MA in industry.

Using Y and Nd composite materials, Xie et al. [148]
has examined the effects of RE elements on the mechani-
cal characteristics of Mg-6Al alloy at both room temperature
and HT. According to the findings, the alloy’s plasticity, YS,
and TS gets considerably improved as the Y and Nd con-
tent increased (from O to 1.8% by mass). Wu et al. [149]
investigated the impact of lanthanide elements like Ce, Nd,
Y, and combination of Y4+Nd on the mechanical character-
istics of MAs. It has been observed that MAs mechanical
characteristics gets enhanced by distributing the intermediate
phases Mg-Ce and Mg-Nd, which are produced by Ce and
Nd with Mg, along grain boundaries. Son et al. [150] has
investigated the impact of Sm on the characteristics of Mg-
5Al-3Ca MAs. The alloy’s grains were refined once Sm was
added, and the amount of grain refinement also got increased
with the increase in the concentration of Sm, according to
the experiment. The alloy’s TS and YS were optimal at Sm
concentration of 2%, which has been attributed to the for-
mation of Al,Sm phase at grain boundaries. This phase be-
ing both evenly distributed and mechanically stable, tends to
greatly improves the alloy’s mechanical characteristics. Em-
ploying the double-stage ageing treatment and deformation
processing, Zhang et al. [151] has studied the effects of Sm
incorporation on ZM6 alloy. They observed that the incor-
poration of Sm tends to change the alloy’s ageing precipita-
tion behavior, making the alloy stronger and thereby open-
ing up new possibilities for its use in lightweight structural
components for aerospace and other industries. The effect on
the mechanical properties of MAs with varying contents of
RE element Y has also been explored to great extent. The
main phase in the as-cast AZ91 alloy without Y treatment is
the continuous eutectic phase Mg;7Al;;. Although, with the
incorporation of Y, momentous changes occur in the nature
of the precipitates: when the Y content is only 0.3% (by
weight), no Y precipitates are detected in the alloy; when
the Y content is in the range of 0.6-0.9 % (by weight), a new
Al,Y phase begins to form, and the growth morphology of the
Mg 7Al; phase also changes; when the Y content is increased
to 1.2% (by weight), the Al Y phase becomes rougher, while
the Mg;7Alj; phase transforms into a structure resembling
cotton [98]. Fig. 10a depicts the relationship in-between the
Y content and the strength of the AZ91 alloy. From the plot,
it is evident that the AZ91-Y MA containing RE element Y
has higher strength than the AZ91 alloy without Y under dif-
ferent temperature conditions. At room temperature and at an
effective temperature of 200°C, both the YS and TS of the
alloy increase with the increase in Y content, reaching a peak
between 0.6 % and 0.9 % with Y content. When the Y content
exceeds 0.9 %, the alloy strength begins to decline.

Similarly, addition of the Y to AZ91D alloy extruded at
300°C was found to suggestively enhance the alloy strength,

especially when the Y content was 2% (by weight), the alloy
was found to exhibits the best mechanical properties. This en-
hancement effect was attributed to two reasons: first, the stress
on the Mg-matrix can be effectively transmitted to the Al,Y
phase, thereby tends to increase the overall strength of alloy;
second, the Al,Y phase hinders the dislocations, prompting
more dislocations to accumulate around it, thereby enhanc-
ing the dislocation strengthening effect [109]. In comparison
with the AZ91 alloy, the Mg-12.55A1-3.33Zn-0.58Ca-1Nd al-
loy has a higher TS, reaching 481 MPa, however the elon-
gation length was limited to 5% only [110]. Upon analyzing
the effect of Gd on the Mg-2Al-1Zn performance, it was dis-
covered that the Mg-2Al-1Zn-4Gd alloy has excellent thermal
stability, as shown by its greatest YS and TS at both room
temperature and at an elevated temperature of 200°C [152].
Yang et al. [153] used first principal investigations for study-
ing the different alloys. As per the studies, although AM60Z,
AMG60B, AM50A, and AM20 MAs are known for their excel-
lent fluidity and toughness at room temperature, together with
their relatively low strength. RE elements like Ce and Y may
be added to these alloys to make them stronger. In their study
they have analyzed the effects of Ce on the Mg-5A1-0.3Mn
alloy. The estimated results depict that the elongation is (8 %),
YS (64 MPa), and TS (158 MPa) of the Mg-5A1-0.3Mn al-
loy devoid of Ce are all rather low. Nevertheless, the alloy’s
tensile characteristics are much enhanced as the Ce level in-
creases. The alloy’s TS, YS, and elongation achieve their
maximum values at 1.5% Ce, with enhancements of 28.5 %,
37.5 %, and 150 %, respectively. However, the tensile strength
of the alloy starts to decrease as the Ce % keeps going up.
Thus, Ce improves the mechanical characteristics of MAs till
the optimum concentration, but too much of it is harmful. The
Al;;Ces phase is formed at the alloy’s grain boundaries when
Ce is added. This phase enhances the mechanical character-
istics of the alloy by effectively preventing the movement of
dislocations and the sliding of grain borders [154]. The me-
chanical characteristics of the Mg-5A1-0.3Mn-1.5Ce alloy are
improved when Ce is added because it refines the S-Mg;Al;»
phase and reduces its volume percentage. Elements Y, tends
to increase the microhardness and tensile strength of Mg-6Al-
0.3Mn-xY alloys (where x = 0, 0.3%, 0.6%, or 0.9% by
weight), according to studies [155]. Fig. 10b shows that the
elongation increases from 11.8% to 12.6 % as the Y content
increases from 0% to 0.9% (by weight). Equally, Fig. 10c
shows that the rolled alloy’s TS and YS increase from 293
MPa and 221 MPa to 303 MPa and 255 MPa, respectively,
along with the increase in elongation from 10.3% to 17.1 %.
As the Y content goes from 0 to 0.9% (by weight), the as-
cast alloy’s TS and YS goes from 179 MPa and 56 MPa
to 192 MPa and 62 MPa, respectively. The existence of the
stable phase of Al,Y with high-melting point of 1758 K is
responsible for the alloy’s improved microhardness and ten-
sile characteristics. Al,Y tends to improves the microhardness
and tensile characteristics of the alloy by preventing disloca-
tion movement and grain boundary sliding during hot rolling.
As the degree of deformation rises, more pressure is required
because the alloy’s dislocation density increases during defor-
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mation, creating more obstruction between dislocations. The
alloy’s YS and other mechanical property indices gets further
enhanced by the inclusion of the Y element and hot rolling
treatment, which refine the grains. According to the findings,
it is possible to efficiently improve the mechanical character-
istics of metal materials by controlling the alloy composition
and heat treatment techniques that would suit the needs of
individual engineering applications [155]. Zhang et al. [156]
has reported the impact on toughness and hardness of Mg-
RE alloys with varying amounts of mixed RE elements by
measuring their mechanical properties. The alterations to the
alloys’ microstructure were studied using metallographic mi-
croanalysis methods. Fig. 10d shows the experimental find-
ings demonstrating that when the concentration of mixed RE
elements rises, the impact toughness of Mg-RE alloys first
increases and then eventually declines. At RE percentage of
0.1 %, the alloy reaches its maximum impact toughness of 24
J/em?, which is 41 % more than pure Mg. Similarly, the al-
loy’s hardness rises from 42 HB to 50 HB, a 19 % increase,
as the concentration of RE element increases.

Thus, the mechanical qualities of MAs, such as YS and
TS, are greatly enhanced by including RE elements. This
is because these elements are soluble in metals to a cer-
tain extent and tend to improve the mechanical character-
istics of materials via processing steps, including grain re-
fining, dispersion strengthening, solid solution strengthening,
and ageing precipitation strengthening, and other properties.
Table 5 lists the mechanical properties of some alloys con-
taining Y along with their characteristics such as YS, TS,
and elongation limits [103,104,106-108]. Y has been often
added to MAs to enhance their mechanical characteristics.
The tests were carried out under different temperatures and
circumstances. The table lists alloys with varying amounts
of Y and other elements like Sn, Gd, and Zn. The “Condi-
tion” column refers to the physical state of the alloy, such as
“Extruded state,” “Extrusion-T5,” “Cast state,” “ECAP.” and
“Rolled state,” which reflect the manufacturing process and
subsequent heat treatments that alloys have undergone. The
“Temperature” column distinguishes between room tempera-
ture (25°C) and high temperature (250 °C) testing conditions,
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Table 5
Mechanical properties and strengthening mechanism of some Y-containing MAs.
Alloy Condition Temperature (°C) YS/MPa UTS/MPa EL (%)
Mg-0.5Sn-0.3Y Extruded state 25°C 141 288 30.3
Mg-0.5Sn-2Y Extruded state 25°C 132 299 -
Mg-0.5Sn-2Y Extruded state 250°C 110 213 -
Mg-0.5Sn-3.5Y Extruded state 25°C 165 297 -
Mg-0.5Sn-3.5Y Extruded state 250°C 151 223 -
Mg-14Gd-2Y-1Zn-0.5Mn Extrusion-T5 25°C 448 520 3.5
Mg-14Gd-2Y-1Zn-0.5Mn Extrusion-T5 250°C 322 344 18.8
Mg-2Y-3Gd-2Nd-0.5Zn-0.5Zr Extrusion-T5 25°C 198 281.7 11.1
Mg-2Y-3Gd-2Nd-0.5Zn-0.5Zr Extrusion-T5 250°C 171.6 216.7 16.1
Mg-4Gd-1Y-1Zn-0.5Ca-1Zr Cast state 25°C 93.1 204.2 12.5
Mg-4Gd-3Y-1Zn-0.5Ca-1Zr Cast state 25°C 104.6 212.6 10.1
Mg-4Gd-5Y-1Zn-0.5Ca-1Zr Cast state 25°C 112.7 2153 8.4
Mg-10Gd-0.2Zn-1Y-0.4Zr Extrusion-T5 25°C 233 370 4.8
Mg-5Y ECAP 25°C 273.9 306.4 23.9
Mg-9.8Y-6.6Ni Extruded state 25°C 502 542 4.5
Mg-3.7Y-2.5Ni Extruded state 25°C 390 415 9.2
Mg-6.7Y-4.3Ni Extruded state 25°C 465 510 72
Mg-4Li-3A1-0.5Y Extruded state 25°C - 529 22.8
Mg-4Li-3Al-1.5Y Extruded state 25°C - 248 27.1
Mg-5Li-3A1-2Zn-0.8Sn-1.2Y Cast state 25°C 166.2 228.6 14.8
Mg-8Li-1Al-0.6Y-0.6Ce Rolled state 25°C - 278.7 15.0
Mg-9Li-3A1-2Y Extruded state 25°C 187 239 43.8

which are crucial to considerate the alloy’s performance in
different working environments.

A general trend of decreasing YS and ultimate TS is
observed as the testing temperature increases from 25 °C
to 250 °C, indicating a typical reduction in mechanical
strength at elevated temperatures. However, certain alloys,
such as Mg-14Gd-2Y-1Zn-0.5Mn, retain considerable strength
at high temperatures, suggesting the presence of effective
heat-resistant alloying elements and beneficial microstructural
characteristics. The elongation varies meaningfully across dif-
ferent alloys, suggesting different levels of ductility which
is a critical property for various applications were flexibil-
ity and toughness are required [157]. Alloys like Mg-9Li-
3Al-3Sn-1Y exhibit exceptional ductility at room temperature
(EL = 43.8%), which could be advantageous for different
applications. This study’s evidence shows that Y and other
elements affect the mechanical characteristics of MAs [158].
Solid-solution strengthening, grain refinement, and precipita-
tion hardening are just a few of the strengthening mechanisms
that might result from certain components and manufacturing
procedures like extrusion and heat treatment. Metal alloys be-
have as expected at HTs, where thermal activation may cause
atomic mobility to rise and deformation resistance to decrease.
This explains why mechanical characteristics fluctuate with
variation in temperature.

Thus, from the above discussion it is evident that the in-
clusion of mixed RE elements mainly causes the alloy matrix
structure to be refined and secondary phases to be formed,
which in turn increases impact toughness and hardness. On
the other hand, if the alloy has too many secondary phases,
its impact toughness can go down after an initial spike. This
research lends strong credence to the idea that MAs charac-
teristics may be optimally optimized.

5.3. High-temperature performance of MAs

Researchers have investigated a number of alloying pro-
cedures for improving the high-temperature performance of
MAs, one of which is the incorporation of RE elements (Gd,
Ce, etc.). The addition of RE elements to MAs tends to im-
proves their high-temperature performance in a number of
ways [133,159-161] such as:

a) Grain boundary strengthening:- Compounds formed by RE
elements often form precipitate at grain boundaries, which
effectively hinder grain boundary slip, thereby increasing
the HT strength and plasticity of the material [113,162].

b) Grain refinement:- RE elements aid grain refining, increas-
ing the material’s YS and toughness [163—167].

c¢) Pinning effect:- Precipitated phases formed by RE elements
can pin dislocations, preventing their movement, thereby
maintaining the strength of the material at HTs.

Apart from that, the intermetallic compounds such as
Al,Gd and Al;;RE; are formed when RE react with Al in
MAs. These compounds enhance the HT strength of MAs
because their thermal stability is often better than that of
other phases [134,168,169]. This stability allows the com-
pounds to stay stable even when heated to very HTs. In addi-
tion, RE elements may strengthen the bond between the ox-
ide layer and the alloy matrix, thereby preserving the oxide
layer’s integrity, decrease oxide shedding, and increase inter-
face integrity. By preventing oxide development, RE element
segregation at oxide grain boundaries tend to increase sur-
face oxide particle production, decrease microcracks in the
oxide film, and reduce the likelihood of oxide film peeling
[170]. Wei et al. [171] have reported that adding an appro-
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priate amount of Gd to the AZ81 MA results in the for-
mation of Al,Gd grain phase. These phases possess much
higher thermochemical stability than the MgAl, phase and
can maintain more strength at HTs. They tend to improve the
mechanical properties of AZ81 at HTs by effectively inhibit-
ing dislocation movement and grain boundary slip in these
alloys. Similarly, Mahmudi et al. [172] have observed that
the addition of RE element like Ce results in the formation
of rod-like precipitates of Al;;RE; in the microstructure, as a
result of which Mg;7Al;, phase gradually decreases and be-
comes finer. Due to its higher melting point compared to the
Mg 7Al; phase and its distribution at grain boundaries, the
Al RE; precipitate improves the HT strength of the MA by
preventing grain boundary slip at HTs. Thus, the MAs with
RE elements added have a better chance of succeeding in HT
applications due to improved performance by creating stable
intermetallic compounds, strengthening of grain boundaries,
refinement of grains, and the pinning effect.

5.4. Creep resistance of MAs

The use of RE elements in MAs is essential for augment-
ing the characteristics of these alloys. The high solubility of
these elements in MAs enhances the microstructure, result-
ing in improved performance at both room temperature and
HTs. As the temperature drops, the solubility of RE elements
reduces considerably, allowing them to readily form precipi-
tates during the ageing process of the alloy. This ultimately
augments the strength of the alloy. It has been reported that
incorporating small amount of Y into AM50 MA tends to suc-
cessfully enhance the structural grains of the alloy and thereby
greatly enhance its TS and YS at both room temperature and
HT (150°C). This development effectively increases the re-
sistance of AM50 MAs to deformation under constant stress,
known as creep resistance [173,174]. Akin to, the incorpora-
tion of RE elements like Y and Gd results in the development
of short-range ordered structures that cause dislocation hard-
ening and increase the alloy’s creep resistance. This strength-
ening effect persists even at HTs. The Gd element in the Mg-
18Gd alloy creates precipitates mostly of Mg;Gd or MgsGd,
which greatly aid in the ageing hardening process because
of their dense distribution [175]. The pre-aging treatment in
the Mg-2.5Nd binary alloy produces huge, high-density pre-
cipitates that effectively impede dislocation movement and
increase the alloy’s creep resistance [176]. Zhuo et al. [177]
has examined AZ61 alloy and found that the RE element Ce
is present in it as Al4Ce compound in blocky and rod-like
shapes. The structural confirmation was observed while ana-
lyzing the effects of Ce on the microstructure and HT perfor-
mance of Mg-Al alloys (like AZ61). The developed structural
units apart from being insoluble in the alloy matrix, have high
melting temperatures, with small amount getting separated at
grain boundaries. Apart from that, Ce also tends to enhance
the quality of Mg-Al alloys by smoothing out their matrix
grains and decreasing the amount of 8-Mg;7Al}; phase in the
alloy. f-Mgj7Al;, phase is a primary factor affecting the HT
performance of MAs alloys. This is because the B-phase has

a low melting point (approximately 300°C) and poor thermal
stability. At lower temperatures, the S-phase is prone to dis-
continuous precipitation in the a-saturated solid solutions near
grain boundaries where it grows and softens easily at HTs,
leading to increased grain boundary diffusion and thereby
weakening the resistance to grain boundary slip. Therefore,
the addition of Ce suggestively improves the HT creep resis-
tance of MAs alloys. It has been observed that in the cast
based REMAs, steady-state creep rate initially increases and
then decreases with change in grain size, indicating the pres-
ence of an optimal grain size range where the creep rate is
the lowest. Both too small and too large grain sizes lead to
increased creep rates. At 523 K, for the ZM6 alloy, as the
grain size decreases, the EL, TS, and creep resistance are all
improved. This is mainly because during creep, as the grain
size reduces, the strain produced by grain boundary slip ac-
counts for an increasing proportion of the total strain, thereby
enhancing the overall EL and TS of the material [178,179].
Geng et al. [180] has reported that in the similar way Gd
also results in the formation of precipitates mainly composed
of Mg7;Gd or MgsGd after being incorporated in MAs. These
tightly packed precipitates exhibit noteworthy strengthening
effects during aging. Li et al. [181] has reported the effect of
Nd incorporation in the MAs. They have reported that after
the pre-aging treatment the creep behavior of the Mg-2.5Nd
binary alloy possess high-density of precipitates that effec-
tively prevents dislocation movement, thereby increasing the
alloy’s resistance to creep deformation.

From the above discussion it has been observed that during
creep deformation, the alloy’s properties are affected by the
complex interaction of grain size. Although the Hall-Petch
formula suggests that the strength of a material is inversely
proportional to grain size, at HTs. Grain boundary softening
leads to high-density grain boundaries in small grains, which
thereby affects the strength of material. Therefore, the impact
of grain size on performance is not simple but plays an active
role in both strengthening and softening effects.

5.5. Thermal conductivity of MAs

RE elements in MAs typically exist either in solid solutes
or as intermetallic compounds. For solid solution REMA,
Chen et al. [182] have experimentally measured the ther-
mal conductivity of Mg-11Y-5Gd-2Zn-0.5Zr (mass fraction,
%) alloy and found that by incorporating high content of
RE elements, the thermal conductivity of the alloy decreases
from 158 W/(m-K) for pure Mg to only about 23 W/(m-K).
This phenomenon indicates that RE elements like Gd and
Y greatly reduce the thermal conductivity of MAs. The de-
crease was found to occur because of their high solubility in
Mg, with solubility limit of 4.53% and 3.35% (mole frac-
tion), respectively [132]. The substitution of RE atoms for
Mg atoms produces severe lattice distortion, disrupting the
original lattice arrangement of the Mg matrix. This greatly
obstructs the movement of electrons and phonons, which are
scattering sources, thereby reducing their average free path
which notably lowers the thermal conductivity of the MAs
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[153,154]. The degree of lattice distortion in Mg strongly de-
pends on the type of alloying element and increases with the
element content. Zhong et al. [183] has reported the impact
of Gd, Ce, Nd, and Y elements on the thermal conductivity
of MAs and found that in addition to the solute atom con-
tent, the size difference of RE atoms, their valence, and the
stability of sub-electron layers also affect the thermal con-
ductivity (Fig. 11c) [159]. According to the Linde rule, the
higher the valence of the solute atom, greater will be the
thermal resistance of the alloy, with the thermal resistance
increment proportional to the square of the valence of the
solute atom. Additionally, rise in the number of empty or-
bitals in the valence electron layer of the solute atom makes
it easier to capture conduction electrons, which reduces the
concentration of free electrons in the alloy and thus lower-
ing the thermal conductivity [133]. When RE elements tend
to form the intermetallic compounds within MAs, the mis-
match of their lattice constants with the Mg matrix lattice
causes lattice distortion at the interface, serves as an effective
center for electron and phonon scattering. In this way, it has
been observed that as compared to solute atoms, intermetallic
compounds have a relatively smaller impact on the thermal
conductivity of the alloy.

Fig. 11a-b shows a statistical comparison of the thermal
conductivity of MAs with RE elements presented as solid-
solutes, and intermetallic compounds. It is evident that in-
troducing 1.0% (molar ratio) of RE elements into MAs can
significantly affect the thermal conductivity characteristics.
If the RE elements are present as solute atoms, the result-
ing decrease in thermal conductivity reach 123 W/(m-K); in
contrast, when the RE elements are present as intermetallic
compounds, the decrease in thermal conductivity is sugges-
tively reduced, ranging only between 6.5 and 16.4 W/(m-K).
Hence, optimizing the technique and composition that will
directly led to the development of intermetallic compounds
instead of solute RE elements in MAs is an excellent way
to increase their thermal conductivity [184]. Su et al. [185]
have analyzed the effects of adding different Al concentra-
tion on the thermal conductivity of the Mg-4Ce-xAl-0.5Mn
(mass fraction, %) system alloys, and the observed variation
is depicted in Fig. 11d. It has been observed that within the
range of 0 to 2.0% (mass fraction) of Al added, the thermal
conductivity of the alloy remains stable, at the level of 126
W/(m-K). This has been attributed to the fact that the added
Al elements mainly forms either of the Al,Ce, Al;oCe;Mnj,
and Al;;Ce; phases. Interestingly, when the amount of Al
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added is further increased, the excess Al element begins to
dissolve in the alloy matrix, leading to a gradual decrease
in thermal conductivity of the alloy. Furthermore, Yamasaki
et al. [186] has reported that the transition metals incor-
poration in REMAs also tends to enhance the interaction
in between the elements and the matrix that result in the
generation of long-range ordered phases, which are advan-
tageous for enhancing the alloy’s thermal conductivity prop-
erties. From the above discussion, it is evident that REs as
solid-solutes in MAs have less impact on their thermal con-
ductivity behavior as compared to the ones resulting in the
formation of intermetallic compounds. Thus, developing RE-
MAs with high thermal conductivity, certain light RE ele-
ments like Ce and La will be ideal candidates because they are
less soluble in Mg and are more likely to form intermetallic
compounds.

6. Strengthening mechanisms of REMAs

The above discussion has clearly favored the fact that
incorporation of the RE in the MAs remarkably led im-
provement in different characteristic features including their
strengthening. There are different ways through which the in-
corporation of REs led to strengthening of MAs, some of the
prominent ways are discussed below:

6.1. Solid solution strengthening

The process of strengthening involves adding solute ele-
ments to the metallic matrix of an alloy in order to increase
its strength and hardness. The interaction of solute atoms with
the dislocations disrupts the alloy lattice which is the key to
this strengthening. Solute atoms having different atomic radii
and elastic moduli from the matrix, tends to create local stress
fields in the alloy that hinder the movement of dislocations,
making slip more difficult and thereby strengthening the alloy
[121,181,187,188].

According to the Hume-Rothey principle, the solubility of
solute atoms in the solvent is affected by the difference in
their atomic radius. When the atomic radius difference ex-
ceeds 15%, the solubility is usually low; the solubility is
higher when the difference is less than 15%. A stronger solid
solution is produced when there is a large disparity between
the elastic modulus and valence electron number, as well as
when the solubility of the solute atoms in the solvent is high.
Since the atomic size of RE metals is similar to that of Mg,
the atomic radius difference between most of RE metals and
Mg atoms is within 15 %, which enables these metals to pro-
duce significant solid solution strengthening effects in MAs
[122,189]. Liu et al. [179,190] have studied the solid solu-
tion strengthening effect of WE43 alloy. They have reported
that the alloy acquired with fine grain strengthening and solid
solution strengthening has substantially showed the improved
mechanical properties. Zhang et al. [191] have observed that
the incorporation of 1.5 % Sm. into the Mg-10Y alloy not only
enhances the alloy matrix but also the Mg,4Ys phase in the
alloy. These microstructural improvement results in enhanc-

ing the mechanical properties at Hats’ He et al. [192] has
analyzed the enhancement in the ductility through extrusion
temperature and variation of atomic ratios in Mg-yNd-zZn-
xZr alloy microstructures. It has been observed that modifi-
cation in the texture plays an important role in enhancing the
strength and ductility of the alloy. The increment in ductility
has been attributed to grain refinement. It is the solubility of
RE elements in Mg that plays an important role in the en-
hancing the characteristic features MAs [193]. The maximum
solid solution percentage of RE elements in Mg is given in
Table 2.

The table lists the elements in ascending order of atomic
number, providing the electron configuration for each. The
eutectic temperature is the lowest temperature at which a
mixture of substances will melt or solidify, and the max-
imum solid solution is the highest concentration at which
the element will dissolve in Mg. Eutectic temperatures are
included, indicating the temperature at which the solubility
limit is determined. The data shows a general trend where
certain RE elements have very low solubility in Mg (e.g.,
La, Ce, Pry, Nd), as indicated by their atomic percent values.
Conversely, elements like Gd, Tb, Dy, and others toward the
end of the series show pointedly higher solubility. The ta-
ble also includes the electron configuration of each element,
which can affect solubility due to the size and valency of the
element.

Among all the RE elements, Y has a solid solution capa-
bility of the order of 3.35% and a mid-range eutectic temper-
ature of 565°C. The eutectic temperature generally increases
with the atomic number, except for Eu, which has a solubility
of 0%, indicating no solid solution formation with Mg. Lu
shows the highest solubility capability of the order of 8.8 %,
coupled with the highest eutectic temperature, suggesting a
strong interaction with Mg. The fact that RE elements have
different maximum solid solution percentages indicates that
atomic size, electron configuration, and valency are major
variables in deciding how well an element dissolves in Mg.
The tabulated solubility and eutectic temperature values thus
provide a basic insight into the design of REMAs. Materials
scientists aiming to optimize alloy composition for enhancing
qualities, including strength, ductility, and temperature resis-
tance, will find these insights crucial.

When RE elements dissolve into the MA matrix, they en-
hance the interatomic binding force, cause lattice distortion,
thereby slowing down the rate of atomic diffusion and hin-
dering dislocation movement. This way they help in achiev-
ing strengthening of the alloy matrix and thereby improving
their mechanical properties. Solid-solution strengthening ef-
fect of heavy RE elements is generally better as compared
to that of light RE elements, but light RE element is more
easily enriched at the solid-liquid interface, forming high-
melting intermetallic phases. Therefore, the combination of
light and heavy RE elements tends to achieve the optimal
effect of RE elements. Furthermore, the impact of RE el-
ements on MAs in solid-solution strengthening has shown
that heavy RE elements substantially tend to strengthen the
alloys.
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6.2. Precipitation hardening

Precipitation hardening is a mechanism that enhances the
YS of a material by forming fine precipitates within the alloy
that hinder the movement of dislocations [194]. This is one
of the most effective strengthening methods in MAs. As dis-
cussed, that RE elements possess high solubility in MAs, but
as the temperature decreases their solubility considerably de-
creases [195,196]. For example, when the temperature drops
to about 200°C, the solubility of RE metals can decrease up
to one-tenth of their maximum solubility. The decrease in sol-
ubility results in the development of stable precipitates inside
the alloy. These precipitates effectively stop dislocations from
moving, which increases the alloy’s YS. The solubility limits
and types of precipitate phases for some commonly used RE
elements in MAs are shown Table 2 [197]. The size, number,
morphology, and distribution of precipitates all play a crucial
role in hardening of MAs. More the number of precipitates
with smaller sizes, more dispersed distributions, resulting in
better strengthening effects. The hardening impact is also af-
fected by the orientation relationship among the precipitate
phases and the matrix. The strongest strengthening effects are
provided by coherent relationships [198-200].

The interaction between precipitate phases and slip disloca-
tions enhances the YS of the alloy by reducing the occurrence
of slip dislocations in the microstructure. Currently, there are
two main mechanisms for precipitation hardening: the Orowan
mechanism [201,202] and the Friedel mechanism [197,203].
The difference between these two mechanisms lies in the fact
that in the primary mechanism, the secondary phase particles
are treated as invariable mass points [204]. When dislocations
encounter these mass points, they will move around them, and
the movement is governed by the equation [201,205]:

Gb 1 d,
C 2ma—v f 10
Where: At is the increased CRSS, G is the shear modulus
of the matrix, b is the Burgers vector of dislocation slip, v is
Poisson’s ratio, A is the effective distance between secondary
phase particles, d, is the average diameter of the secondary
phase particles, and ry is the length of the dislocation core.
In Friedel mechanism the dislocations cut through secondary
phase particles and move forward. The interaction mechanism
between dislocations and secondary phase particles that cut
through includes: modulus strengthening, interface strength-
ening, order strengthening, coherent strengthening, and stack-
ing fault strengthening. The change in strength due to this
interaction is represented by the Friedel relationship equation
[197,203]:

v (r) () G)

Studies have shown that MAs can achieve very high pre-
cipitation hardening effects through appropriate selection of
alloying elements and heat treatment processes. Jia et al. [194]
reported that after the incorporation of alloying element in
Mg-4Y-1.6Nd-1Sm-0.5Zr alloy. It was found to exhibit pre-
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cipitation hardening due to the formation of excessive number
of precipitates in its microstructure, which existed in the form
of needles and particles. These microstructures being fine in
size, were dispersed evenly, which thereby notably improved
the mechanical properties of the alloy. Jiu et al. [206] has
reported that due to the presence of microstructural Mg-RE
phases in Mg-4Y-2Nd-1Gd-0.4Zr alloy, considerable precip-
itation hardening was observed after solution ageing. These
precipitates greatly improved the alloy’s mechanical character-
istics since they were small, scattered, and varied in kind. Due
to low diffusivity of RE metals and their precipitate phases
in Mg, the MAs shows a strong thermal stability [207,208].

Thus to achieve the optimal precipitation hardening effect,
the ideal alloying elements should possess the characteristics,
that is: should have a high solubility in MAs and experience a
rapid decrease in solubility as temperature decreases, enabling
the formation of supersaturated solid solutes during solution
treatment; they should have a slow diffusion rate in MAs
to inhibit the formation of coarse precipitates during aging;
the precipitated phases formed should contain high amount
of Mg, which helps to precipitate more phases during ag-
ing and reduces the amount of alloying elements required.
Apart from these, the precipitated phases should possess high
melting point. Also, the number of precipitated phases can
be increased through multicomponent alloying or the forma-
tion of various secondary phases containing multiple alloying
elements.

6.3. Dispersion strengthening

Dispersion strengthening is an effective mechanism for en-
hancing the strength and heat resistance of metallic materials.
Intermetallic compounds with high melting points and strong
HT stability can be formed in MAs by adding alloying and
trace metals [100,182,209-211]. Compounds with poor matrix
solubility tend to be dispersed as microscopic particles either
within or on the edges of grains. At HTs, these fine alloy
phases can impede the sliding of grain boundaries through
a pinning effect and simultaneously inhibit the movement of
dislocations, thereby enhancing the mechanical properties of
the matrix as well. Moreover, in REMAs some eutectic phases
with high melting points and thermal mechanical stability are
formed during solidification, which further increases the HT
performance of these alloys. Plastic forming techniques can
refine these eutectic phases by improving their shape, making
them more evenly distributed in the matrix, thus achieving
better reinforcement effects [184,212]. Compared to precip-
itation hardening, dispersion strengthened alloys have parti-
cles with higher melting points and characteristics of being
insoluble in the matrix, thus exhibiting better thermodynamic
stability. At room temperature, both precipitated phases and
dispersed particles hinder dislocation slip, thereby strength-
ening the alloy. Still, at HTs, precipitated phases tend to be-
come coarse and lose their strengthening effect, causing ma-
terial softening. However, the uniformly distributed fine parti-
cles can still effectively impede dislocation movement, main-
taining the HT mechanical properties of the alloy. To ensure
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that such alloys maintain structural and performance stabil-
ity at HTs, it is important that the interface bond between
the particles and the metallic matrix is strong. If the inter-
face bond is poor, the bond between the matrix and particles
may crack during plastic deformation, thereby weakening the
overall toughness of the alloy. Therefore, while developing
and manufacturing this dispersion strengthened alloys, it is
necessary to comprehensively consider the alloy formulation,
heat treatment steps, and forming processes for achieving the
excellent overall performance.

6.4. Grain refinement

Grain refining is a process that decreases the grain size
of metal MAs, which improves their mechanical proper-
ties [213]. Incorporating this strengthening process into MAs
greatly enhances their properties. Some of the benefits of MA
grain refining are as follows:

< The solubility of RE element such as Ce, Y, Sc in ¢-Mg
determines the amount of RE needed to refine the grains
in MAs. Materials’ strength and flexibility gets improved
by adding RE elements, which in turn notably reduce grain
size. Solute segregation and nucleation site provision are
the primary mechanisms that accomplish this. Because of
solute segregation, the alloy composition is supercooled,
and the RE elements that are rich at the solid-liquid inter-
face can prevent dendrite growth, which in turn prevents
grain growth [167].
The addition of RE elements provides new nucleation sites,
thereby promoting the formation of fine equiaxed grains.
% An enormous number of Mg-RE phases on the grain
boundaries further control grain growth, not only by lim-
iting the growth of grains at the source but also making
already grown grains smaller. This dual strategy notably
improves the performance of MAs.

K2
o

K2

In particular, different research studies have concluded that
the RE element Gd greatly improve the grain refinement of
ZK MAs by converting the MgZn, phase into uniformly fine
granular particles [214]. Many studies have tested the effects
of different Gd contents on alloy microstructure, hardness,
and room temperature tensile mechanical properties. When
the Gd content is 1.6%, the alloy performance reaches its
optimal level. It has been reported that with the increase in
Gd content, as-cast microstructure of the alloy grains gets re-
fined, and the Mg-Zn-Gd phase at the grain boundaries gradu-
ally increases, forming a continuous network-like distribution;
the hardness value first increases significantly, then gradually
decreases, and then increases again. But, at the room tem-
perature tensile mechanical properties remains relatively un-
changed [215-217]. Pucun et al. [100] has reported that the
addition of Nd element in Mg-12.55A1-3.33Zn-0.58Ca alloy
has notably improved its microstructure by transforming them
into fine equiaxed grains with a maximum grain size not ex-
ceeding 5 wm. Apart from that, the incorporation of Nd has
efficiently enhanced the YS and TS of the alloy. The effect of
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Fig. 12. Critical shear stress (CRSS) for basal and non-basal slip of mag-
nesium at different temperatures. Reproduced with permission from Elsevier
[132].

Zr on refining the different properties of MAs has also been
explored. Su et al. [184] have studied the refining effects of
dissolved or undissolved Zr elements in the Mg-Nd-Zn-Zr al-
loy. It has been observed that Zr in both the cases tends to
refine the grains. However, Zr being costly as compared to
Al, thus preferential effect of Al on Mg-RE alloys has been
studied mostly. Liu et al. [210] has analyzed the effect of
Al on the Mg-RE alloy and have observed that incorporation
of Al tends to reduce the solute content in the «-Mg melt,
thereby resulting in a lower grain growth restriction factor (Q
value).

Thus, grain refinement plays a crucial function in MAs, as
depicted by these experimental results. To top it all off, some
elements can refine grains by acting as heterogeneous nucle-
ation sites. The metallurgical quality and mechanical qualities
of the original castings are greatly enhanced through grain re-
fining, which not only reduces grain size but also alters the
type, shape, and distribution of secondary-phase particles.

7. Deformation mechanism of REMAs
7.1. Slip systems in REMAs

In pure Mg with hcp crystal structure, the main slip sys-
tem at room temperature is the basal slip, but due to presence
of only two independent slip-systems in the basal slip system
it does not meet the Von-Mises yield criterion, so five inde-
pendent slip systems are needed to achieve uniform plastic
deformation of polycrystalline materials. The CRSS values
corresponding to the basal and non-basal slips for Mg along
with the twinning at 1 % plastic strain at varying temperatures
are depicted in Fig. 12 [133,134]. A system with only basal
slip is considered to be the simplest possible system. Lower
CRSS value in the basal slip system makes it most active for
deformation process at HTs (over 300°C). The strain hard-
ening effects of the prismatic and secondary pyramidal slip
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systems are found to be modest within this temperature range.
It is more challenging to activate the non-basal slip system
during deformation because it requires a substantially greater
CRSS as compared to the basal slip system.

However, since the basal <a> slip system can only accom-
modate strain along the basal plane and cannot achieve defor-
mation along the c-axis, this results in significant anisotropy
in the material’s deformation behavior. Such anisotropy fur-
ther limits the plastic deformation capacity of MAs. Prism
and pyramidal slips, which are not part of the basic slip sys-
tem, become active when RE elements are added, mostly be-
cause of their unique valence electron shell structure. In order
to enhance the plastic deformation capacity and formability
of MAs, mainly at ambient temperature, where substrate slip
is insufficient, this activation is crucial. Liu et al. [169] has
conducted an in-depth study on pure Mg and MAs containing
0.8% Y (mass fraction), exploring their texture and mechan-
ical properties. It has been observed that the addition of a
trace amount of Y to MAs remarkably reduce the texture
strength by 18.2 %, as compared to 13.3 % in pure Mg, thus,
result in a random distribution of textures. Furthermore, when
containing 0.8 % Y (mass fraction), the MAs were found to
exhibit an almost 20% increase in EL, whereas the EL of
pure Mg was less than 5%. This suggests that the incor-
poration of Y significantly increases the plastic deformation
capability of MAs. Panda et al. [218] has experimentally in-
vestigated the texture and mechanical performance of rolled
pure Mg and MAs containing 0.2 % Ce (mass fraction). They
have reported that the addition of a trace amount of light Ce
greatly reduced the texture strength of the MAs by roughly
4.7 %. Meanwhile, the formability of the MAs was greatly im-
proved. This change was attributed to the activation of mul-
tiple non-basal slip systems during deformation due to the
presence of Ce, thereby promoting uniform plastic deforma-
tion of the material. Similarly, it has been reported by Wu
et al. [134] that MA with 3% Y (mass fraction) exhibits an
excellent plastic deformation capabilities. The enhancement
was attributed to the fact that during the deformation pro-
cess, a multiple number of <a+c> dislocations on the cone
surfaces are activated, which contributes to the uniformity of
deformation. Furthermore, the addition of Y tends to affects
the SFE on various slip planes. The variation in SFE results in
changing the activation resistance of slip systems and thereby
encouraging non-basal dislocations to become more active.
The deformation process of Mg-Y alloys was examined by Li
et al. [154] using the crystal plasticity finite element method.
They observed that the material’s plasticity was greatly im-
proved due to the broad activation of the prismatic slip and
primary cone slip systems. The light RE element, that is Ce
plays an important role in weakening the texture of MAs.
In addition to this, RE elements also have a significant im-
pact on the ease of activation of slip systems i.e., CRSS and
the regulation of slip mechanisms during deformation. Jang
et al. [219] has employed the molecular dynamics simula-
tions to explore the effect of varying Y content on the stress-
strain relationship and CRSS of Mg-Y alloys. Fig. 13 depicts
the CRSS ratios for different slip systems in MAs contain-

ing 1% Y as follows: prismatic slip system (CRSS,;): basal
slip system (CRSSp,s,1): non-basal pyramidal <a-+c> slip sys-
tem (CRSSpyir<ate>) = 1.1:1.0:1.8. When the Y content in-
creases to 3 %, the CRSS ratio gets decreased to 1.1:0.8:1.0,
notably lower than that of pure Mg (22:1:276). This find-
ing reveals that the incorporation of Y not only enhances the
CRSS of different slip systems in the alloy but also reduces
the ratio differences between different slip systems, promoting
the activation and initiation of non-basal slip systems during
plastic deformation. Subsequently, using 3D X-ray diffraction
technology, Wang et al. [161] has studied the deformation
mechanisms and CRSS of slip systems in MAs enriched with
3% and 5% of Y. The studies have revealed that in MAs
with 3% Y content, the non-basal to basal slip CRSS ra-
tio was CRSS;;i: CRSSpasal:CRSSpyiqr<ate>= 3.0:1.0:3.2. But,
for MAs with 5% Y content, the CRSS,sm/CRSSpasa and
CRSSpyr<as/CRSSpasa ratios were nearly 1.8-2.7 and 1.6-1.8,
respectively. This finding emphasizes the effectiveness of Y
element in reducing the CRSS ratio among non-basal and
basal slip systems, thereby enhancing the material’s ability
for uniform plastic deformation.

RE elements not only adjust the slip system CRSS ratios
but also promote dislocation cross-slip, expanding the path-
ways for dislocation movement, thereby improving the plas-
tic deformation capability of MAs. Sandlobes et al. [133] has
observed through TEM that the addition of RE element Y
facilitate cross-slip of <c+a> dislocations between primary
and secondary pyramidal planes. Nitol et al. [220] has utilized
density functional theory (DFT) for evaluating the effect of
different alloying elements on the cross-slip energy barriers
between primary and secondary pyramidal planes, and the
comparative results are depicted in Fig. 14a. Among the diif-
ferent RE elements Y, Ce, Er, Gd, and Nd has notably reduced
the cross-slip energy barriers, thereby effectively promoting
the cross-slip of <c+a> dislocations and improving the ma-
terial’s plastic deformation capability. Using the first principle
calculations, Liu et al. [221] has obtained the electronic work
function of the Mg matrix after the incorporation of differ-
ent solute atoms and predicted the basal-prismatic cross-slip
capability of the alloys. Fig. 14b illustrates the relationship
between the basal-prismatic cross-slip softening ratio and the
electronic work function after the incorporation of alloying
elements.

Alloying elements with larger ratios, located in the upper
left region of the figure, notably reduce the stress required for
basal-prismatic cross-slip. This area is mostly composed of
RE elements, as can be seen in the graphic. The RE element
La promotes basal-prismatic cross-slip more than any of the
others.

Deng et al. [222] has subjected Mg-8Gd-4Y-Zn MAs
sheets to rolling treatment. The results indicate that simple
rolling twins are not sufficient to fully promote plastic de-
formation in the alloy. Instead, the main function of twins
is to provide the Mg matrix with crystal orientations fa-
vorable for slip. Also, it has been observed that the CRSS
required to activate non-basal slip system is lowered due
to incorporation of RE element. The alloy’s propensity to
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fracture during rolling was lessened by the non-basal slip
activation, which efficiently coordinated strain along the c-
axis. For investigating the plastic and facture mechanism
REMAs sheets were synthesized via cross rolling method.
While comparing the fracture mechanism and plastic de-
formation for conventional and cross rolling’s it has been

found that the later has a significant effect on slip activa-
tions with small Schmid factor. It was found that the MAs
developed via cross-rolling possess both basal and non-basal
slips as it tends to reduce the CRSS of non-basal slip.
Fig. 15 illustrates how non-basal slip systems are activated
[170].
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7.2. Recrystallization behavior in REMAs

Recrystallization is a key to microstructural change dur-
ing the plastic deformation of metallic materials, encompass-
ing both dynamic and static recrystallization. For traditional
Mg-Zn and Mg-Al alloy systems, the influence of dynamic
recrystallization (DRX) on texture after hot deformation is
typically not pronounced [167]. Studies have shown that even
when numerous fine equiaxed grains are generated during de-
formation, these grains tend to maintain the same orientation
as the original parent grains, leading to the formation of a
pronounced deformation texture in subsequent deformation
[223]. The scenario, however, alters the structure of REMAs.
Hantzsche et al. [163] has also studies the deformation mech-
anism of MAs. They have found that during the deformation
process, RE elements facilitated the appearance of secondary
and compression twins and thereby serve as nucleation sites
for recrystallization, thus weakening the texture, as illustrated
in Fig. 16.

7.2.1. Static Recrystallization

MAs undergo a dramatic transformation in texture upon
doping with RE elements like Gd and Nd. The correct con-
centration of RE elements added to AZ80 MAs improves the
material’s isotropy by weakening the basal texture and thereby
encourages the creation of non-basal textures [224]. In case
of Mg-Al alloys, RE element when added during casting of
a material causes the dendritic structure to vanish and the
lamellar Mgj7Al;; phase composition at grain boundaries to
increase. After homogenization treatment, the grain size is

notably reduced. Predominantly when 2% of RE elements
(Gd, Nd) are added, the precipitated phases not only hin-
der the growth of recrystallized grains but also contribute
to fine-grain strengthening through the particle-stimulated nu-
cleation mechanism, which remarkably improves the alloy’s
YS [37]. During the annealing process of MAs, grain bound-
aries, twins, shear bands, and secondary-phase particles al
provide nucleation sites for recrystallization. Therefore, nucle-
ation sites, stored energy, and the migration ability of grain
boundaries are key factors affecting static recrystallization.
Recrystallized grains with noticeable orientation differences
may occur as a result of the increased lattice distortion en-
ergy brought about by adding RE components, which in turn
facilitate static recovery.

7.2.2. Dynamic recrystallization

DRX plays a crucial role in the microstructural changes of
REMA:s, especially when they undergo HT processing. The
alloy’s mechanical properties are greatly influenced by its im-
pact on grain refinement, texture alteration, and interaction
with other microstructural features. During the DRX process
in MAs, RE elements act as nucleating agents which facil-
itates the initiation of DRX [225,226]. RE elements, due to
their high melting points and chemical stability, remain stable
at grain or sub-grain boundaries during the thermal process-
ing of the alloy, thus providing the necessary initial sites for
recrystallization. For instance, the addition of a certain num-
ber of RE elements can lower the starting temperature and the
critical strain required for DRX of the alloy, allowing it to oc-
cur at lower temperatures and smaller strains. MAs with RE
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Fig. 16. EBSD antipodal plots (red: [10-12] stretching twins, blue: [10-13] compression Li crystals, yellow: [10-11]/[10-12] and [10-13]/[10-12] twin
crystals) and neighboring orientation difference plots: (a), (¢) MgNdO0.01; (b), (d)MgNd0.04203. Reproduced with permission from Elsevier [163].

elements have better isotropy and deformation ability because
of unique ““RE-texture,” which is distinct from the conven-
tional basal texture. Furthermore, the incorporation of these
elements affects the selection of recrystallization nucleation
sites, tending to occur on specific crystal planes and orienta-
tions, thereby adjusting the type and strength of the texture
[227,228]. Reducing residual stresses, refining the microstruc-
ture, and improving the alloy’s mechanical characteristics are
all goals of DRX. The behavior of RE elements during DRX
is of great importance in the superplastic deformation process
of MAs [229-231]. Under certain strain rate and temperature
conditions, DRX initially refine the coarse-grained REMAs,
thereby enhancing their super-plasticity. Simultaneously, the
enhanced super-plasticity is a result of the quick diffusion
channels provided by the numerous high-angle grain bound-
aries that are formed during DRX. Zhang et al. [225] has
reported that the incorporation of the RE elements like Ce,

Y tends to reduce the intensity of the basal texture in AZ321
sheet materials. They also enhance the nucleation directions
for DRX in grains, thus boosting the performance of RE-
MAs. Li et al. [226] have analyzed that the incorporation of
Ce in the Mg-Al-Zn alloys promotes the formation of nu-
merous small-sized DRX grains during deformation, which
greatly improves the alloy’s plastic deformation capabilities.

Stanford et al. [227] has observed that the grains formed
during DRX exhibit a clear regularity in their crystallographic
orientations, tending to grow and align in directions similar
to the original deformed grains. In the 0001-pole shown in
Fig. 17, the orientations of the DRX grains are roughly cen-
tered around those of the original deformed grains. This phe-
nomenon has been observed consistently in several samples
which is in agreement with earlier observation on the textural
behavior of conventional MAs like AZ31 and REMAs during
deformation.
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These investigations suggest that plastic deformation leads
to the development of a distinct crystal orientation distribu-
tion in the alloy. As a result, DRX grains arise with com-
parable orientation features. This similarity reflects the sta-
bility of crystal orientations during recrystallization as well
as the combined action of deformation and recrystallization
mechanisms. Furthermore, it has been found that DRX typ-
ically occurs through two primary mechanisms: continuous
DRX (cDRX) and discontinuous DRX (dDRX). It involves
the gradual evolution of sub-grains within deformed grains,
resulting in the development of new grains with low dislo-
cation density. On the other hand, dDRX is characterized by
nucleation and growth of new strain-free grains at the expense
of the deformed matrix. The presence of RE elements affects
the activation energy of DRX and the relative advantage of
cDRX or dDRX mechanisms. DRX plays a crucial role in
refining the grain size of REMAs. Compared to the origi-
nal deformed grains, the new grains formed during DRX are
typically smaller and more equiaxed. According to the Hall-
Petch relationship, the refinement of grain size directly con-
tributes to the improvement of the alloy’s YS and hardness.
Additionally, the uniform grain size distribution achieved via
DRX enhances the overall toughness and mechanical prop-
erty uniformity of the alloy. DRX also leads to noteworthy

changes in the texture of REMAs. During thermal deforma-
tion, the development of DRX can disrupt the strong basal
texture typically associated with MAs, resulting in a more
random texture. This modification of texture is beneficial for
improving the ductility and isotropy of mechanical proper-
ties, as it allows for more uniform deformation behavior un-
der multi-axial loading. The interaction of DRX with other
microstructural features, such as LPSO phases, precipitates,
and existing dislocations, is crucial for determining the to-
tal performance of the alloy. For instance, the presence of
LPSO phases can hinder grain growth during DRX, resulting
in a finer and more stable grain structure. Comprehending
and managing the DRX process is crucial for maximizing the
efficiency of REMAs, enabling their use in high-performance
sectors that demand materials with outstanding strength, mal-
leability, and resistance to heat.

7.3. Texture properties of REMAs

The MAs undergo changes in their crystal structure and
textural development upon addition of RE elements. The me-
chanical qualities of a material get greatly affected by its
texture, which relies on the arrangement of grains. From the
different studies it has been observed that RE elements gets
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Fig. 18. Block weave and microstructure of Mg-1Ce in IPC (a), Mg-1Gd in IPC (b), Mg-1Gd in TTC and (d) Mg-1Ce in TTC. Reproduced with permission

from Elsevier [232].

dilute in Mg matrix, and thereby affects the MAs textures
[228].

The effects of RE elements are mainly manifested in three
aspects: adjusting SFE, fixing grain boundaries, and changing
the axis ratio (c/a). SFE affects the generation and propagation
of dislocations within the crystal. In MAs, a lower SFE leads
to wider dislocations, making it difficult for partial disloca-
tions to aggregate into full dislocations. Therefore, reducing
the basal SFE decreases the likelihood of basal cross-slip,
while increasing the likelihood of pyramidal cross-slip. To il-
lustrate the point, MAs can have their flexibility increased by
adding RE metals like Y, which decreases the activation en-
ergy for basal external shear modes and increases the activity
of pyramidal dislocations. Further it is well-known that when
MAs undergo recrystallization, their crystal structure changes,
which thereby has a direct effect on the deformation texture.
Typically, MAs develop a strong basal texture after recrys-
tallization, but certain compositions of MAs can develop a
weak basal texture or even eliminate the basal texture com-
pletely, forming non-basal textures under specific conditions.
This change is closely related to the added elements, espe-
cially RE elements. RE elements are considered to be impor-
tant in regulating the recrystallization texture of MAs, with
this specific recrystallization texture previously referred to as
the “RE-texture.”

In the same line, recent studies have found that differ-
ent types of RE elements and their concentrations notably
influence the formation of recrystallization textures. Fig. 18
shows that block weave and microstructure of REMAs con-
taining RE elements Ce, and Gd. These components promote
the creation of various recrystallization patterns. Different RE
elements produce significantly different types of textures in
MAs under the same external conditions [232]. According
to studies reported by Hantzsche et al. [163] alloy deforma-
tion texture can be effectively reduced during annealing by
adding elements like Y, Nd, and Ce. Furthermore, the addi-
tion of Gd and Dy elements not only reduces the basal texture

but also promotes the formation of annular non-basal textures
when the annealing temperature is increased, demonstrating
excellent texture control capabilities [233]. Thus, the recrys-
tallization texture in binary REMAs is directly related to the
type of RE element chosen. It can be inferred that by pre-
cisely controlling the type of RE element added, the recrystal-
lization process of MAs can be effectively manipulated, and
their texture characteristics can be optimized. Moreover, lower
diffusivity of RE elements causes them to accumulate near
grain boundaries and dislocations, thereby impeding disloca-
tion movement and inducing solute drag effects. This mecha-
nism hinders the activation of basal slip mechanisms, increas-
ing the CRSS required for basal slip. This in turn weakens
the texture and enhances the plastic forming performance of
the material [132]. Sandlobes et al. [234] have experimentally
proven that when Y is added to Mg to form Mg-Y alloys, it
aids in activating non-basal shear deformation modes, thereby
substantially reducing the I1 type SFE. This change makes the
slip of <c+a> dislocations more active, introducing an addi-
tional pyramidal slip mechanism into Mg-Y alloys, ultimately
improving the plasticity of Mg alloys. In summary, the ad-
dition of Y enhances the plasticity of Mg alloys because Y
promotes different types of dislocation slip within the alloy,
thus increasing the deformation capacity of the material.

RE elements, due to their high solubility in Mg, promote
the formation of nanoscale precipitates during deformation,
which hinder dislocation motion [107,241-243]. Additionally,
RE additions reduce the axial ratio of Mg alloys, facilitating
the activation of non-basal slip systems. This axial ratio reduc-
tion alters deformation modes and recrystallization behavior,
leading to texture weakening and improved plasticity.

8. Applications of REMAs
REMAss are the most wonderful materials governed by dif-

ferent mechanisms. Owing to their special characteristic fea-
tures they are being used in different technological domains
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Fig. 19. Pictorial representation depicting the application of REMAs in different fields.

Table 6
The approximate mechanical property intervals of the alloys.

Alloy number plate TS range YS interval Elongation range
AM60B 240-300 90-160 5-15%
AZ91X 250-350 90-160 5-15%
MB26 300-420 120-240 5-15%
AM20 160-260 40-120 5-15%
AMS0 210-310 90-160 5-15%

for different purposes. The main application fields of REMAs
are shown in Fig. 19 followed by a brief discussion about each
one of them.

8.1. Automotive industry

The automobile industry has made extensive use of RE-
MAs owing to their high strength and low weight, espe-
cially in the production of vital parts such as engine cylinder
heads, transmission housings, and engine housings. Several
well-known automotive manufacturers, including Ford, Gen-
eral Motors, Daimler Chrysler, Mercedes-Benz, Volkswagen,
Toyota, and Fiat-Alfa Romeo, have already begun to use RE
die-cast MAs for reducing the component weight and im-
proving performance. Table 6 shows the range of mechanical
properties for some of these alloys. From the data in the table,
it is clear that these alloys have good mechanical properties,
with their higher strengths supporting their use in their re-
spective areas of expertise.

In modern automotive manufacturing, the application of
REMAs is gaining increasing attention, mostly in the pur-
suit of lightweighting to achieve energy savings and reduced
emissions. Taking Toyota Motor Corporation as an example,
the company has integrated the airbag into the steering wheel
design and replaced traditional steel and Al materials with
AMO0B die-cast MAs, successfully achieving 45 % and 15 %
weight reduction while reducing vibrations in the steering sys-
tem. Similarly, V6 engine heads which earlier was fabricated

with JDM1 alloys using low pressure and cast process is now
being prepared with REMAs through tile pouring technique
as shown in Fig. 20a and b [235,236]. These heads are being
employed in car for testing on the road sites. Also because of
the good casting and ductility of the JDM1 alloy, fabricated
via cast and flowing technology are now being used in car
wheels (Fig. 20c) [235].

Also, Chery Automobile Company and Changchun In-
stitute of Applied Chemistry collaborated to develop high-
performance REMAs that substantially improved the alloy’s
heat and creep resistances. They also achieved mass produc-
tion of MAs die-castings at a rate of 1500 tons per year,
establishing the largest industrial base for REMAs in China,
used for manufacturing key components such as engine cylin-
der heads. Dongfeng Technology Brake System Company and
Likon Group have separately established MA die-casting pro-
duction lines with annual capacities of 630 tons and 3000
tons, respectively. Chang’an Automobile further promotes the
application of REMAs, by mastering the reconstruction design
technology of vehicles and components after replacing tradi-
tional materials with these alloys. This achievement includes
the industrial development of multiple components such as
power trains, seat frames, steering wheel frames, wheels, and
spare tire racks. The current developed MA materials include
new RE die-cast MAs (AZ91X), high-strength REMAs (Mg-
Gd-Y), and high-toughness REMAs (MB26). These materials
are not only used domestically but also internationally. There-
withal these some other REMA series such as AE, WE, and
OE have also been developed. Globally, the automotive in-
dustries in North America, Europe, Japan, and South Korea
have begun to extensively use REMAs, primarily replacing
cast iron, Al, plastic, and stamped welded parts, especially in
the application of die-castings. The use of MAs in automo-
tive die-casting in North America is growing at an annual rate
of 15%. Chinese Academy of Sciences and institutions such
as FAW have successfully developed over 60 types of MA
based automotive components, covering key areas such as in-
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Fig. 20. (a) V6 engine block casted via low pressure casted process (b) Engine cylinder head fabricated via tile-pouring method (c) Car wheel fabricated via

cast and flow process. Reproduced with permission from Elsevier [235].

strument panels, seat frames, steering wheels and columns,
engine cylinder heads, and transmission housings.

Automotive lightweighting is not only an effective way to
improve energy efficiency and reduce emissions but is also
crucial for enhancing vehicle safety and comfort. With the
increasing demand for safety devices and advanced interiors
in the automotive industry, the application of light-structured
materials becomes more widespread. For instance, Mercedes-
Benz uses die-cast MAs from the AM20 and AMS50 series
as seat frame materials, successfully reducing weight and
substantially decreasing vibrations, thus improving the riding
experience. Currently, the average use of MAs per vehicle
abroad has reached 40 kg. With the progress in REMA tech-
nology and reduction in manufacturing costs, the application
of MAs in automobiles is increasing continuously and is ex-
pected to reach up to 150 kg, and which will result in weight
reduction of 10-15% for the vehicles, reduction in fuel con-
sumption by 6-10%, and CO, emission reduction of about 5
g/km.

8.2. Defense and aerospace fields

High-performance light metal materials play a significant
role in aerospace and defense construction [237-239]. RE-
MAs, with their excellent casting and machining properties,
are suitable for manufacturing large, complex, thin-walled
structural components which are commonly used in the shells
of aerospace power system components. Considering that
aerospace engine components operating under HTs and high

Table 7
Room temperature mechanical properties of cast REMA materials for aero-
engine components.

Alloy Number Plate Preparation process UTS/MPa YS/MPa EL%

QE22 Metal mold casting-T6 199 274 13.0
WE25 Metal mold casting-T6 198 282 11.1
WE33 Metal mold casting-T6 188 275 11.7
WE34 Metal mold casting-T6 189 272 13.2
WEA43 Sand casting-T6 198 247 4.0
EV3l1 Metal mold casting-T6 170 280 5.0
EV33 Sand casting-T6 220 308 4.1
ZE41 Metal mold casting-T6 153 245 13.4
ZM6 Sand casting-T6 130 220 5.5

vibrations for long periods, REMAs acts as unique materials
for component fabrication which requires high-strength heat-
resistance. Using the JDM1 and JDM2 alloys researchers have
developed different types of weapons for missiles and along
with components for radars as shown in Fig. 21 [235].

In this regard, Table 7 shows a comparison of the me-
chanical properties of commonly used REMAs in aerospace
engine components, and also lists the mechanical property
data of newly developed REMAs based on WE43, EV3l,
and other series alloys. Although the YS and EL of QE22
alloy are outstanding, however, its cost is not advantageous
due to the presence of 2% Ag element. With a TS beyond
280 MPa and outstanding mechanical qualities, WE43 is now
the market leader among REMAs.
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Fig. 21. Different spherical parts (a-c) missile shells (d-g) components for radars, fabricated JDM1 and JDM2 alloys. Reproduced with permission from

Elsevier [235].

REMAs are being studied more and more for use in
aerospace applications due to their desirable mechanical prop-
erties at HTs and good strength-to-weight ratios. From the
tabular data (Table 7), we can see the mechanical properties
at room temperature compared for a number of REMAs. Ac-
cording to the results, the casting process and RE elements
are two most important factors in deciding how well MAs
mechanically function. Selecting suitable materials for aero-
engine components requires a comparative study of room-
temperature mechanical characteristics. As the choice of alloy
and manufacturing process directly impacts the performance
and reliability of these components in service. In the field
of aerospace, weight has a fundamental impact on economic
efficiency and performance optimization. For example, the
MDG600ON helicopter’s transmission system utilized REMAs,
successfully reduced the structural weight and meaningfully
improved the rotor efficiency. In China’s space missions, the

Shenzhou series manned spacecraft achieved weight savings
of about 13 kg by applying an electrical box developed from
the MB26 MA, reflecting the potential of MAs in weight-
sensitive applications [240]. Materials for aerospace and de-
fense equipment must operate under a variety of complex
conditions, such as vibration, dust, corrosion, and HTs. In
these harsh environments, REMAs such as WE43 and WE54
are used in key components like aerospace engine gearboxes
and helicopter transmission systems for their excellent per-
formance. Various types of Chinese fighter jets, bombers,
helicopters, transporters, shipborne radars, surface-to-air mis-
sile systems, launch vehicles, artificial satellites, and manned
spacecraft widely employ these alloy components. It is note-
worthy that Shanghai Jiao Tong University used a coating
transfer precision casting technique combined with the low-
RE JDMI1 casting MA to successfully prepare a lightweight
missile’s cabin and engine casting, meeting high internal sur-
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face finish requirements [241]. Similarly, by combining low-
pressure casting technology with the high-RE JDM2 casting
MA, a helicopter tail gearbox and missile casing were de-
veloped, demonstrating MAs application prospects and opti-
mization potential in aerospace structural materials. The use
of REMAs in aircraft vehicles is anticipated to grow in the
next years as manufacturing prices for these alloys are re-
duced and new technology is developed.

8.3. Electronics and communications field

In today’s technological world, 3C (computers, communi-
cations, consumer electronics) products are constantly striv-
ing for lighter, thinner, and smaller design concepts, driving
the widespread application of REMAs in this field [188,242—
244]. Traditionally, the casings of 3C products often use
plastic materials such as polycarbonate (PC), acrylonitrile-
butadiene-styrene (ABS) copolymers, and PC/ABS alloys,
which are lightweight but poor in electromagnetic shield-
ing performance, often requiring subsequent treatments to
improve their performance. Also, REMAs offer unique ad-
vantages in electronic devices, especially for laptop com-
puters, smartphones, cameras, and their casings due to their
lightweight, attractive appearance, excellent electromagnetic
shielding effects, effective thermal dissipation, corrosion resis-
tance, and high specific strength and stiffness [244-246]. The
touch sensation provided by REMAs also offers a more com-
fortable experience for consumers. Global electronic brands
such as Lenovo, Dell, Apple, Toshiba, Panasonic, and Sony
have adopted RE die-cast MAs in many of their flagship prod-
ucts, pointedly enhancing the structural integrity of products
while effectively reducing potential electromagnetic radiation
exposure to users’ health. Among various REMAs, AZ91D
has become the mainstream choice in the market due to its
wide range performance advantages.

As technology advances and cost-effectiveness continues
to improve, REMAs are expected to play an even more crit-
ical role in future 3C product design, a trend closely tied to
the increasing global focus on green manufacturing and sus-
tainable development. Increased progress towards 3C product
lightweighting, performance optimization, and environmental
friendliness is anticipated as a result of ongoing research and
development of REMAs.

8.4. Healthcare sector

REMAs play a crucial role in the medical field, providing
advanced materials that are lightweight yet strong, biocompat-
ible, and capable of withstanding sterilization processes, mak-
ing them ideal for surgical instruments, implants, and other
medical devices [207,247]. Some of the prominent application
of REMAs in medical field are briefly discussed below:

8.4.1. Orthopedic applications
In the field of orthopedic implants, emerging REMAs ma-
terials are gradually becoming the focus of research, as they

offer a series of significant advantages over traditional medi-
cal metal materials such as stainless steel, cobalt-based alloys,
and titanium alloys [208,248,249]. REMAs implants are de-
signed to be gradually absorbed by the body following the
completion of bone repair. This advantageous feature elim-
inates the necessity for patients to undergo secondary re-
moval surgery, thereby suggestively alleviating both discom-
fort and financial burden throughout the treatment process
[214,255,256]. The physical properties of these alloys, re-
markably their congruent density and elastic modulus relative
to human bone, contribute to the reduction of stress shielding
and facilitate accelerated bone healing. As a fixation material
in the early stages of fracture management, these alloys pro-
vide essential mechanical support to promote fracture healing
while minimizing the risk of stress shielding due to their com-
parable mechanical properties to human bone. This demon-
strates their excellent biocompatibility and positions them as
a promising innovation in the field of orthopedics [250,251].

For the treatment of bone defects, bone repair materials
play a critical role and form an important branch of ortho-
pedic implant devices, and thus have remained a hotspot in
bone repair research. An ideal artificial bone should not only
replace the missing bone but also degrade gradually in vivo
while promoting the growth of bone cells, ultimately achiev-
ing self-repair of the bone. Although existing porous bone tis-
sue engineering materials, such as bio-ceramics and polylactic
acid, have certain clinical application potential, their mechan-
ical properties are still not ideal [252,253]. Porous REMAs,
as an innovative biodegradable material, not only meets the
requirements for mechanical properties but also its inherited
bioactivity promotes cell differentiation and proliferation, as
well as angiogenesis, thus providing a potential strategy for
the repair of bone defects. Kraus et al. [254] have analyzed
the responsive growth of bone and tissue in Mg alloys with
and without RE elements that is WZ21 and ZX50. Both of
these advanced alloys were found to exhibit distinctly differ-
ent degradation behaviors. The primary sample, containing 2
wt.% of Y, demonstrated a linear degradation pattern follow-
ing implantation, with minimal loss of pin volume. In con-
trast, ZX50 sample, which lacks a RE element, exhibited a
rapid degradation rate leading to complete loss of pin volume
within a short period. Furthermore, it was noted that corro-
sion effects are more pronounced in this latter sample, as
gas generation occurs within a brief timeframe. The overall
degradation trends over time are illustrated in Fig. 22.

The biodegradable properties of MAs lead to significant
degradation rates, which consequently restrict their applica-
tion in medical devices. Several factors influence the degrada-
tion behavior of MAs. Notably, their low standard electrode
potential and chemical reactivity make them susceptible to
corrosion in biological environments. As well, the corrosion
layers that form on the surface of the MAs can be adversely
affected by chloride ions under harsh environmental condi-
tions, resulting in the development of porous structures [255].
The degradation process generates hydrogen gas, which can
lead to the breakdown of corrosion layers and consequently
fails to protect the MAs from degradation. As a result, the
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Fig. 22. Thin slides of (a—d) ZX50, (e-h) WZ21 (e-h) pins stained with Levai—Laczko provides insights into their interaction with surrounding tissue. WZ21
highlights the positive attributes of magnesium alloys, demonstrating their ability to promote new bone formation around the implant. Reproduced with

permission from Elsevier [254].

use of MAs in implants has been limited, as their mechanical
properties tend to deteriorate before the bone can accommo-
date the actual load. However, the integration of RE elements
into MAs has addressed many of these challenges, leading to
momentous improvements that have facilitated the use of RE-
MAs as bio-implants in recent times. These enhancements are
primarily driven by three mechanisms: the mitigation of cor-
rosion, changes in the types of phases, and variations in the
arrangement and volume fractions, alongside the maintenance
of an intact protective corrosion coating layer [255]. Some
of the REMAs along with their improvement mechanism are
presented in Table 8.

Therewithal this researchers have explored the biocompat-
ibility of REMAs in different animal bodies and found that
it is better as compared to the other biomaterials [250]. Of
course, further exploration needs to be done for evaluating
the short and long-term uses of these materials.

8.4.2. Cardiovascular and general surgery applications
Owing to their good controllability of mechanical prop-
erties and corrosion kinetics under physiological conditions,
REMAs have shown significant advantages in vascular di-
latation applications [267]. The utilization of these materi-
als not only facilitates vascular dilation but also substan-
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Table 8

Mechanism of improving the degradation behavior in REMAs by the incorporation of different rare-earth elements.

REMA Improvement mechanism Ref.
Mg-Dy Trapping of the impurities from the intermetallic compounds. [256]
Mg-Gd Development of protective oxide film on the surface of REMA. [257]
Mg-Sc Results in the formation of Sc;O3 on the REMA surface. [258]
Mg-Sc-Y Results in the formation of two oxide films that is Sc;O03 and Y03 on the surface. [259]
Mg-Nd Generate a strong oxide film on the matrix surface. [260]
Mg-Al-Ce Intends to change the change the phase. [261]
WwzZ21 Alterative in the volume fraction and phase change. [159]
WE43 Alterative in the volume fraction and phase change as well as development of oxide film. [262]
AZ61 Reduces the Alj2Y phase to Mgj7Alj, phase at the grain boundaries. [263]
Mg-Zn-Zr-Nd Suppression of galvanization among the secondary phases by Nd. [264]
Mg-Zr-Sr-Sc Development of protective layer of ScyO3. [265]
Mg-Zn-Y-Zr Inhibition of the secondary phase generations. [266]

tially minimizes the complications commonly associated with
long-term implantations. Additionally, the biodegradability of
these alloys facilitates repeated interventional treatments at
the same lesion site. In the same line, the negative charge
characteristics of the REMA surface reduce the risk of acute
thrombosis, thereby decreasing the incidence of stent throm-
bosis [268,269]. In the field of hepatobiliary surgery, bil-
iary stricture is a common and frequently occurring prob-
lem that poses a challenge to surgeons [270]. The advance-
ment of endoscopic and interventional radiological techniques
has led to biliary stent drainage becoming the primary treat-
ment for biliary strictures. This method is widely acknowl-
edged for its minimally invasive nature, convenience, effec-
tiveness in achieving drainage, and reduced treatment costs
[250].

Currently, commonly used biliary stents in clinical prac-
tice include metal stents and plastic stents, each with their
own advantages [271] but their inherent limitations have also
led to many defects, which limit their more extensive ap-
plication. Against this backdrop, biodegradable stents, espe-
cially REMAs stents, have received increasing attention due
to their ability to degrade in vivo and their excellent mechan-
ical support performance. The superior mechanical properties
of these alloy stents provide temporary support for the biliary
tract, whereas their biocompatibility and biodegradability re-
duce the risks and complications associated with long-term
implantation [272].

A study reported by May et al. [273] carried out on 48
patients suffering from malleolar factures. On performing the
surgery 23 among them were treated with RE based Mg alloys
screws and remaining were treated with conventional screws
(Ti based). Taking a follow up after one year, it was found that
REMASs based screws are better as compared to the Ti ones as
no secondary surgery for their removal was needed. Likewise,
Aktan et al. [274] have reported a study on a general surgery
where in REMA screws has been used for the fixation of
osteochondral fragment in distal humerus facture. Apart from
that, the lateral column of the facture has been stabilized by
the Ti column plate, both of them were separated as shown in
Fig. 23. Therefore, it has been noted that a small amount of
gas was generated around the screw, which results in minor
surface reduction.

Apart from these, there are lot of studies carried out by
different researches mentioning better results of REMAs over
other conventional materials, thereby signifying their impor-
tance in our day-to-day life.

8.4.3. Dental applications

REMAs, due to their similarity to human bone cortical
density, exhibit excellent biomechanical compatibility in the
field of dental implants. Additionally, they promote the depo-
sition of calcium and phosphorus and the growth of cortical
bone, indicating great potential for application in the field of
oral implantology.

Currently, researchers have begun to explore the applica-
tion of REMAs in various branches of dentistry, including
oral surgery, oral implantation, oral medicine, orthodontics,
and tissue engineering scaffolds. For example, the develop-
ment of absorbable REMA repair systems for oral guided
bone and tissue regeneration, as well as porous REMA den-
tal implants. At the same time, RE-Mg and its alloys are also
considered as potential materials for inlays, crown restora-
tions, and removable partial dentures, as well as for poten-
tial applications in orthodontics. But, most of these studies
are still in the preliminary stage. In the field of hepatobil-
iary surgery, biliary stricture is a common and challenging
disease to treat. With the development of endoscopic and in-
terventional radiological techniques, biliary stent drainage has
become the main treatment for biliary stricture, widely rec-
ognized for its minimally invasive, convenient, effective, and
low-cost characteristics [250].

Bioresorbable materials developed using MAs have proved
to be highly useful for guided bone regeneration (GBR).
These materials are now widely used in maxillofacial surg-
eries [275]. When jaw bones are removed due to conditions
such as periodontitis, infected teeth, tumors, cysts, or other
abnormalities, it leads to various challenges, including disfig-
urement. To address bone deformities and promote osteogene-
sis, GBR, which involves bone scaffolds and bio-membranes,
has proved to be incredibly beneficial. The bio-membranes
serve as a barrier between the hard and soft tissues, creat-
ing space for osteoprogenitor cells and preventing soft tis-
sues from interfering with the osteogenesis process [276].
Because Mg-based bioresorbable membranes are biodegrad-
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Fig. 23. Post operated X-ray images of (a) anteroposterior, (b) lateral-elbow, with yellow marked designated REMA based screws. Reproduced with permission

from Cureus [274].

able, they eliminate the need for a second surgery, unlike
non-bioresorbable options. In cases of alveolar sockets or
substantial bone defects, these membranes help preserve the
space needed for osteogenesis and bone height due to the
mechanical properties of MAs [277]. Guo et al. [278] devel-
oped a composite material by combining MAs with reinforced
block mineralized collagen (MC) for rebuilding the alveolar
bone, specifically targeting the buccal canine plate. To com-
pare the effectiveness, both the composite and MC implants
were placed in the mandibular buccal plate, and bone regener-
ation was assessed over a period of 12 to 24 weeks. In the 12-
week period, both implants showed similar progress with only
minimal differences. However, after 24 weeks, while both im-
plants demonstrated comparable bone growth and overall vol-
ume, the bone formed with the composite was found to be
denser than the bone formed with MC alone. This analysis
clearly indicates that incorporating MA into the MC enhances
the restoration of alveolar ridges, particularly in the buccal
bone area. Wang et al. [279] studied the impact of osteoge-
nesis on mandibular canine defects using magnesium-silver
(Mg-Sr) MA. After the removal of the second and third pre-
molars, the corresponding MA was placed on the mandibular
buccal fracture of the canines. The progress of the MC and
MA scaffolds was compared. The results showed that both
the volume and thickness of the bone were greater in the
MA group compared to the MC group. These findings suggest
that MA scaffolds have superior osteogenic capabilities when
used in canine mandibular lesions. In another study by Lee
et al. [280] a comparison was made regarding stress-bearing
capabilities in sagittal split ramus mandible osteotomy us-
ing biodegradable MA and titanium screws. The load-bearing
tests concluded that MA-based screws could withstand more
stress than titanium screws, reducing the negative impact on
the stability of the sagittal split ramus. Therewithal that, the
flexibility of MAs is also an advantage, allowing for easy
modification of membranes to fit complex bone defect shapes
[281,282]. Furthermore, the antibacterial properties of MAs
decrease the chance of bone resorption as well as bacterial
infections [283].

9. Challenges and prospects

The incorporation of RE elements in magnesium alloys
shows considerable promise; however, it also introduces sev-
eral challenges due to the complex physical and chemical
behaviors of these elements. Five key challenges in incorpo-
rating rare-earth elements into MAs are pointed below

a) REEs tend to segregate during solidification, leading to
inhomogeneous microstructures that can negatively affect
mechanical properties and corrosion resistance.

b) REEs are expensive and geopolitically sensitive materials.
Their high cost and limited global supply constrain the
large-scale application of RE-containing magnesium alloys.

¢) The addition of REEs can lead to the formation of inter-
metallic compounds that may improve strength but reduce
ductility and formability, complicating processing steps
like extrusion, rolling, or forging.

d) REEs often form complex intermetallic phases (e.g.,
Mg,RE, Mg;RE) whose stability and morphology de-
pend on precise alloying and processing conditions. These
phases influence mechanical properties and corrosion re-
sistance in non-trivial ways.

e) Recycling RE-containing magnesium alloys is difficult due
to the complexity of separating REEs from magnesium,
potentially increasing environmental burden and reducing
sustainability.

10. Conclusion

This review provides a comprehensive analysis of metal
alloys with a focus on the influence of REEs on key per-
formance characteristics such as mechanical strength, forma-
bility, and thermal conductivity. Special emphasis is placed
on the role of RE-induced intermetallic compounds, which
seriously enhance high-temperature strength and oxide scale
adherence. In addition, the grain refinement effects of REEs
contribute to improved mechanical strength and ductility. The
impact of REEs on deformation mechanisms is particularly
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notable and descried with proper citations. They reduce tex-
ture strength, activate non-basal slip systems, and promote
uniform plastic deformation, thereby enhancing formability.
Our review also highlights how RE incorporation facilitate
dislocation cross-slip by reducing the critical resolved shear
stress ratio between basal and non-basal systems, as demon-
strated using various models and datasets. Although a slight
reduction in thermal conductivity is observed with RE incor-
poration, this can be mitigated through careful alloy design
and processing optimization. However, the detailed mecha-
nisms of RE-induced deformation and their microscopic be-
havior in MAs require further investigation. We recommend
future research to integrate both experimental and theoret-
ical approaches, including molecular dynamics simulations,
to deepen understanding. Key future directions include opti-
mizing processing and heat treatment parameters to improve
plastic deformation, hot workability, and superplasticity. Envi-
ronmental considerations such as the selection of eco-friendly
alloying elements, life cycle impact analysis, and microstruc-
tural optimization will also be critical for the sustainable de-
velopment of RE-containing alloys.
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