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Abstract: Micro-alloying design of wrought magnesium (Mg) alloys is an important strategy to achieve high
mechanical properties at a low cost. In the last two decades, significant progress has been made from both theory and
experiment. In the present review, we try to summarize recent advances in micro-alloying design of wrought Mg alloys
from both theoretical and pragmatic perspectives, and provide fundamental data required for establishing the
relationship between chemical composition and mechanical properties of Mg alloys. We start with theoretical attempts
for understanding the mechanical properties of Mg alloys at different scales, by involving first principle calculations,
molecular dynamics, cellular automata, and crystal plasticity. Then, the role of alloying elements is discussed for a
series of promising Mg alloys such as Mg—Al, Mg—Zn, Mg—RE (rare-earth element), Mg—Sn, and Mg—Ca families.
Potential challenges in the micro-alloying design of Mg alloys are highlighted at the end. The review is expected to
provide helpful guidance for the intelligent design of novel wrought Mg alloys and inspire more innovative ideas in this
field.
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1 Introduction

Magnesium (Mg) alloys are widely known as
the lightest metallic structural material with the
density as low as ~1.8 g/cm’. In combination with
the merits such as high specific strength,
satisfactory  stiffness, good castability and
recyclability, and the abundant resources in earth’s
crust, Mg alloys are deemed to be very promising
materials for structural components in automobile,
aircraft, and aerospace industries [1-3]. The wide
application of Mg alloys is expected to noticeably
contribute to the global issue of energy
conservation and emission reduction. Nevertheless,
while many such potential applications are wrought

forgings, usage of Mg alloys is currently limited to
cast applications [4].

A major barrier to wider application of
wrought Mg alloys is the relatively low ductility
and strength. It is closely correlated with the
hexagonal crystal structure of Mg alloys, which
leads to the absence of sufficient slip systems to
coordinate the plastic deformation [5,6]. Moreover,
owing to the relatively low critical shear stress,
basal slip is readily activated during deformation,
yielding low strength and noticeable anisotropy
in Mg alloys [4]. In order to improve the
comprehensive mechanical properties of wrought
Mg alloys, successive efforts have been made
during last two decades and significant progress has

Corresponding author: Bin JIANG, E-mail: jiangbinrong@cqu.edu.cn; Zhi-hua DONG, E-mail: dzhihua@cqu.edu.cn

DOI: 10.1016/S1003-6326(22)65907-7

1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



1742 Bin JIANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1741-1780

been achieved [7—14]. The processing technologies
such as pre-deformation, asymmetry extrusion,
and thermo-mechanical treatment have been
demonstrated to efficiently improve mechanical
properties of Mg alloys via different mechanisms,
such as weakened texture, grain refinement and
work hardening [15—19]. However, realization of
those technologies requires suited process and
equipment conditions [20,21].

Addition of alloying elements is a very
effective approach to improve mechanical
properties of wrought Mg alloys. In the last two
decades, a series of Mg alloy families, such as
Mg—Al, Mg—Zn, Mg—RE (rare-carth element),
Mg—Sn, and Mg—Ca, have been extensively
investigated and new Mg alloys with improved
mechanical properties have been developed [22—26].
Generally, addition of alloying element impacts on
mechanical properties of Mg alloys via structural
stability, intrinsic elastic and plastic properties,
dislocation behaviors, microstructure evolution, and
deformation mechanisms [27—35]. For instance,
precipitation  strengthening and  dispersion
strengthening can be adjusted by alloying design
via controlling the type, content, size, and
dispersion of precipitates. Solid  solution
strengthening can be achieved through choosing
appropriate solute atoms and controlling their
interactions with dislocations. In recent years,
micro-alloying design of Mg alloys with relatively
low alloying additions has attracted extensive
research interest, which is deemed to be an efficient
way to achieve the desired high mechanical
properties at a low cost and facilitate significantly
engineering applications of Mg alloys [36—38].

Despite numerous efforts made on the
development of Mg alloys, current understanding of
alloying influence on mechanical properties of Mg
alloys is far away from expectation. In addition to
advanced experimental methods, theoretical
calculations performed at different scale levels are
receiving increased attention. Considering the
chemical and physical properties of crystalline
materials, theoretical simulations including, for
instance, first principle calculations, molecular
dynamics simulation, cellular automata, and crystal
plasticity, provide deep insight into the mechanism
of alloying influence, and facilitate the
establishment of the composition—microstructure—
property relationship for Mg alloys [39—45]. With

the development of computational power, the
integrated theoretical and experimental
methodology is expected to significantly facilitate
the design of Mg alloys with exceptional
mechanical properties [46—53].

In the present work, the recent progress in
micro-alloying design of wrought Mg alloys is
summarized from theoretical and pragmatic
perspectives. We start with theoretical attempts for
understanding the mechanical properties of Mg
alloys at different scales, by involving first principle
calculations, molecular dynamics, cellular automata,
and crystal plasticity. Then, the role of alloying
elements is discussed for a series of promising Mg
alloys such as Mg—Al, Mg—Zn, Mg—RE, Mg—Sn,
and Mg—Ca families, for which binary and
multicomponent systems are elucidated and mass
fundamental data are summarized. At the end,
potential challenges in the alloying design of Mg
alloys are highlighted. The present review is
expected to provide helpful guidance for the
intelligent design of novel wrought Mg alloys and
inspire more innovative ideas in the field.

2 Multi-scale simulations for wrought Mg
alloys

2.1 First principle calculations

Intrinsic properties of materials such as Mg
alloys are fundamentally interrelated to interactions
of electrons and nuclei, which can be described by
solving Schrodinger equation in the quantum
mechanics theory [54]. Based on the Born—
Oppenheime approximation [55], the total energy is
described as a unique functional of the electronic
density in the density functional theory [56]. The
true electronic density minimizing the functional is
determined by solving the effective one-electron
Kohn—Sham equations [57], in which the motion of
electrons within fully interacting system is mapped
onto a fictitious state where electrons move within
an effective single-particle potential. With the
self-consistently determined electronic structure, a
great variety of intrinsic properties can be derived
from first principle calculations.

In the following part, we summarize the
attempts applying first principle calculations in
alloying design of Mg alloys, with the special
emphasis on structural stability of intermetallic
compounds, elastic properties, and stacking fault
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energy correlating closely with the mechanical
properties of Mg alloys.
2.1.1 Structural stability of intermetallic compounds
Precipitation strengthening of intermetallic
compounds is one of the most important
strengthening mechanisms in Mg alloys [58].
Understanding of their structural stability is thus of
significance for prototyping novel Mg alloys with
exceptional strength. The structural stability of
intermetallic compounds can be evaluated by the
formation enthalpy AH, which can be calculated
efficiently using ab initio methods. Generally, the
formation enthalpy is expressed as

AH=(E,—) mE)/ D1, (1)

where E; represents the total energy of atomic i in
the equilibrium state and #; is the corresponding
number in the model of compounds. Ei is the total
energy of the compounds underlying with the
certain crystal structure and the chemical order.
Negative formation enthalpy indicates that the
compound is thermodynamically stable. The lower
the AH is, the more stable the phase is.

Rare-earth elements are widely used in Mg
alloys. Figure 1 some typical crystal
structure of Mg intermetallic compounds.
RAMESHKUMAR et al [59] recently compared the
structural stability of the Mg—X (X=La, Nd, Sm)
intermetallics in their respective ground state phase
and metastable phases, as shown in Fig. 1. The
computed AH indicated that C15, D03, and D2,
phases are energetically stable compared to the
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others, while C14, C11y, D09, DO, and LI, phases
are metastable. The relative stability of the main
binary Mg—Ce compounds was investigated by
YANG et al [60]. Accordingly, the cohesive energy
of Mg—Ce intermetallic compounds declined with
Ce content. MgCe compound exhibits a relatively
high structural stability with respect to Mg,Ce and
Mgs;Ce. Similarly, the structural stability was
investigated as a function of Y content in Mg—Y
binary systems [61]. Among the studied compounds,
MgY was found to exhibit the lowest formation
energy and thus the highest structural stability.

Zn and Al are two important alloying elements
in wrought Mg alloys. Their precipitates are
attracting more and more attention. LIU et al [62]
systematically investigated the structural stability
of precipitates in Mg—Zn alloys. Among the
considered phases including MgZn, cubic Laves
phase, MgZn, hexagonal Laves phase, MgiZnj,
MgyZny1, and Mg»iZnys, the formation energies of
MgsZn; and MgZn, (cubic and hexagonal) were
found to be very close to each other owing to the
rather similar lattice structures. Nevertheless, the
MgZn, hexagonal Laves phase becomes more
stable at high temperature. A phase transition from
the mixture of the compounds to the single
hexagonal MgZn, was predicted. Recently, ZHU
et al [63] estimated the relative phase stability of a
series of stable/metastable crystal structures in
Mg—Al system. Mg;sAl, Mgz;Al and MgAl were
determined to be the stable structures at the given
chemical composition. Moreover, AI-RE phase

Al5

° X (X=La, Nd, Sm)

Fig. 1 Crystal structure of Mg—X (X=La, Nd, Sm) intermetallics [59]: (a) Mg,X in C15, C14, Cl11s, C1 and C2 phases;
(b) MgzX in D03, D019, DO, LI, and A15 phases; (c) Mgi»X in D2, phase
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may precipitate in Mg—AI-RE system. According
to the study by CHEN et al [64], the formation
enthalpy of ALRE (RE=Y, Gd) is lower than that
of ALRE, and Al-Y intermetallics show stronger
structural stability than Al-Gd compounds.

Owing to the limited solubility, a series of
alloying elements, such as Ni, Cu, Pb, and Sr,
can form intermetallic compounds during the
processing of Mg alloys. Their structural stability
estimated from ab initio calculations was
summarized by LIU et al [39]. As shown in Fig. 2,
among the collected binary Mg compounds, MgNi,,
Mg>Sn, Mg,Si and Mg,Pb exhibit relatively low
formation enthalpy, whereas Mg,Sc and Mgi7Al;»
indicate the high formation energy and the
relatively low structural stability.
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Fig. 2 Theoretical formation enthalpies of binary Mg
compounds [39]

More recently, the structural stability of
different types of the long-period stacking ordered
phase, which is one of the most important
strengthening phases [65], was investigated by
GUO et al [66] in Mg—Zn-Y and Mg-Ni-Y

systems. Compared with 12R, 10H, and 18R
structures, 14H-type phase was found to be
energetically  preferable.  Nevertheless,  the

differences in the formation enthalpy among the
phases are relatively small. Furthermore, beyond
the binary intermetallic compounds discussed above,
the influence of Zn doping on the AlLi compounds
was recently investigated by GUO et al [67]. The
formation enthalpy of (AlZn)Li phase was
predicted to decrease with Zn concentration,
indicating an increased structural stability. These
advances in the structural stability of intermetallic

compounds provide fundamental understandings

required for optimal controlling of the type,

precipitating order, and amount of precipitates and

ultimately the contribution from precipitation

strengthening in Mg alloys.

2.1.2 Calculation of alloying influence on elastic
properties

Fundamental knowledge of elastic properties
contributes to the understanding of intrinsic
properties of Mg alloys including interatomic
potential, mechanical strength, and stiffness against
deformation. In a hexagonal symmetry crystal
structure, there are five independent elastic
constants including Cii, Ciz, Ci3, Cs3, and Cus,
which can be directly derived from ab initio
calculations [68]. Based on the information, the
polycrystalline elastic moduli, such as bulk
modulus (B), shear modulus (G), and elastic
modulus (£), can be evaluated using the average of
single elastic constants in the schemes like Voigt,
Reuss, and Voigt—Reuss—Hill method [68]. For pure
Mg, elastic parameters Cyi, Ci2, Ci3, Cs3, Cas, Co6=
(Cii—Cn)/2, B, G, and E have been determined to
be ~60, 26, 22, 62, 16, 17, 36, 17, and 45 GPa,
respectively [69]. Those data provide the
benchmark for the design of Mg alloys.

Elastic properties of intermetallic compounds
have been extensively investigated using ab initio
calculations to understand the precipitation
strengthening behaviors in Mg alloys [70—72].
Generally, elastic properties of intermetallics
strongly depend on the crystal structure and the
chemical composition. WANG et al [73] calculated
the elastic moduli of MgRE (RE=Y, Dy, Pr, Sc, Tb)
intermetallics with Br-type structure. Among the
considered intermetallics, MgSc was predicted to
exhibit the largest elastic modulus (B>50 GPa at
equilibrium). Similar conclusion was reached by
TAO et al [74]. As shown in Fig. 3, while MgSc and
Mglu compounds exhibit noticeably large bulk
modulus compared with pure Mg, MgEu and MgYb
show relatively low bulk modulus. For the
intermetallic compounds with AB, structure, CHEN
et al [75] calculated the elastic properties of MgNi,
MgCu,, and MgZn,. Among them, MgNi, was
predicted to have the largest elastic stiffness.
Similarly, MgNi, and MgCu, were demonstrated to
have high elastic moduli by GANESHAN et al [76]
and MAO et al [77]. Regarding the intermetallics
with anti-fluorite structure, FAN et al [78] found
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that the ideal tensile strength of Mg, X (X=Si, Ge,
Sn and Pb) occurs in the [111] directions while the
ideal shear strength appears in the (111)[112]
systems. With increasing atomic number of X, the
two strengths decrease gradually. A comparison
of single crystal elastic parameter of typical
intermetallic compounds was made by LIU
et al [39]. As shown in Fig. 4, MgNi, exhibits the
largest elastic stiffness among the considered
intermetallic compounds.
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Fig. 3 Calculated bulk moduli of Mg, RE and
B>-MgRE [74]
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Fig. 4 Predicted elastic constants of Mg compounds [39]

Alloying elements in solid  solution
significantly influence the intrinsic properties of
Mg matrix. By constructing different supercell
models, increasing Y content in solid solution was
found to improve the strength of Mg [79]. Similarly,
the calculations for Y and Zn in solid solution
showed that the bulk modulus of Mg increases
slightly with adding Y or Zn, while shear modulus
and elastic modulus decrease gradually [80]. In
comparison, Y in solid solution leads to relatively
large effect. The alloying influence of Sc becomes

even more noticeable compared to Y [81]. LIU
et al [69] predicted that when Al and Er are
doped into the Mg matrix, the bulk modulus,
elastic modulus and shear modulus increase
simultaneously, while Er yields relatively large
alloying effect. Based on the calculations of elastic
constants for 12 Mg—X solutions, GANESHAN
et al [82] concluded that addition of solute atoms
belonging to the s-block and p-block in the periodic
table results in a lower bulk moduli than d-block
elements. More recently, FANG et al [83] calculated
the elastic constants for 17 Mg—X solutions. As
shown in Fig. 5, Sc, Gd, Tm, and Y in solid solution
noticeably increase elastic modulus along ¢ axis,
whereas Pb declines it significantly. Moreover, the
alloying influence may change on the non-basal
planes (i.e. xy plane in Fig. 5).

Bl AFE along c axis
[ AE on xy plane

Difterence of elastic mudulus/GPa

YT ERSFSRAEBE ISEE
Fig. 5 Alloying influence on elastic modulus along ¢ axis
and on xy plane in contrast with pure Mg [83]

2.1.3 Calculation of stacking fault energy for Mg—X

binary systems

The generalized stacking fault energy (y curve)
provides valuable information about plastic
deformation of Mg alloys [84,85]. It represents the
excess energy per unit area as a function of the
atomic shear displacement along slip direction,
and is fully accessible to ab initio calculations.
Following the definition of the excess energy, y is
generally expressed as

yM=[E(v)~£(0)}/4 ()

where A is the interface area per atom, v represents
the atomic shear displacement along slip direction,
and E(v) and E(0) are the energies of faulted
structure and lattice without fault, respectively.
With the hep crystal structure, several possible slip
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modes can be activated during plastic deformation,
which includes for instance basal (@) dislocations,
prismatic {(a) dislocations, and pyramidal (ct+a)
dislocations. y value on different slip planes differs
significantly in Mg. I, and I, type stacking fault
energies were predicted to be 8—-20mJ/m? and
30-50 mJ/m* for pure Mg, which are comparable
with the available experiments [86]. They are
however much lower than the intrinsic and unstable
tacking fault energies on prismatic and pyramidal
planes. This is the root cause for the low ductility of
Mg and motivates extensive efforts on alloying
design of Mg alloys.

Slip on the basal plane is preferentially
activated in Mg alloys. The influence of alloying
elements on y value on basal plane has thus
received extensive attention [87] . After the pioneer
calculation of y curve for pure Mg by WEN
et al [88], HAN et al [89] found that addition of
Li increases the y values gradually, whereas Al
reduces them noticeably. The alloying effect may
change depending on slip planes. TSURU et al [90]
reported an opposite/increased effect of Al on
prismatic planes. Nevertheless, Y was predicted to
yield the similar decreasing effect on y values on
both the basal and prismatic planes. Similar
conclusion was reached by PEI et al [91]. Moreover,
SANDLOBES et al [92,93] investigated the effect
of various rare-earth elements on I;-type stacking
fault energy. Y was again demonstrated to
noticeably decrease I; value. This was deemed to
be the root cause for the increased density of I
stacking fault, which promotes the nucleation of
(cta) dislocations on pyramidal plane and
contributes to the improved ductility observed in
experiment.

In order to provide fundamental data of y
required for the optimal design of Mg alloys,
MUZYK et al [94] studied the influence of 13
alloying elements on basal and prismatic planes. Sn
and Pb fully located on the faulted plane were
found to reduce y significantly, whereas Ni and
Cu yielded an opposite effect. Based on the
calculations for 21 alloying elements, WANG
et al [95] found that except a few elements such as
Ti and Zr, addition of alloying elements tend to
reduce y values, which is different from the
aforementioned findings. Moreover, by constructing
different supercell models, ZHANG et al [96]
calculated the y on basal plane as a function of

alloying concentration. Recently, DONG et al [97]
systematically calculated the influence of 43
alloying elements on the y curves on basal plane.
Generally, the characteristic energies on y curves
(except Ij-type fault energy) decrease with
increasing the atomic radius of solutes. With these
data, the authors proposed a model to correlate
quantitatively the I, unstable stacking fault energy
with intrinsic properties including bulk modulus,
binding energy and atomic radius. The influence of
alloying element on basal y value was recently
summarized by NIE et al [98], which is shown in
Fig. 6. It should be noted that the reported alloying
contribution was evaluated for the segregated
solutes in Mg—X binary systems. Namely, during
the calculations, all the solutes substituting Mg
atoms were placed on the slip plane.

Activation of non-basal slip systems is
important to improve the ductility of Mg alloys.
However, understanding of their energetics and
dynamics is far from expectation [99,100]. WU
et al [101-103] performed elaborated investigations
on dissociation and motion of {¢ta) dislocations in
Mg and Mg alloys. The cross-slip between the two
pyramidal planes was deemed to be important to
improve the ductility. Moreover, YIN et al [104]
found that Al, Zn, and Y yield the similar
decreasing effect on the stacking fault energy on
basal plane. Namely, the effect of Y on the energy
of I, fault could not be the root cause for its
noticeable improvement on ductility of Mg, in
contrast with the theory proposed by SANDLOBES
et al [92,93]. Recently, DING et al [105] compared
the y curves on the two pyramidal planes. Addition
of Y atoms in Mg was found to facilitate the
dissociation of {(c+a) dislocations on pyramidal II,
and increase the range of the flat potential-energy
surface, which promotes different sliding pathways
in the Mg—Y alloy and improves the ductility.

2.2 Molecular dynamics calculations

Molecular dynamics (MD) calculation is an
effective method to understand physical properties
of materials at atomic level. Basically, Newton’s
second law is applies in MD to numerically solve
the motion equations of atoms or molecules in
material systems, and obtain the coordinate and
speed of each atom or molecule. Then, according to
the statistical mechanic method, the relevant
physical properties can be derived. The accuracy of
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Fig. 6 Computed energies of I; (a) and I, (b) stacking faults [98]

MD calculations is dominated by the applied atomic
potential [106]. MD method can not only directly
simulate many intrinsic properties of materials, but
also obtain the relationship among microstructure,
particle motion and properties of materials.
Attempts have been made to apply MD
simulations in Mg alloys. WU and HU [107]
investigated thermodynamics, elastic constants and
solid solution strength for Mg—xGd (x=0.5, 1, 2, 3,
4, wt.%) alloys by using MD simulations. Addition
of Gd was found to enhance the strength of Mg, in
good agreement with experimental observation and
ab initio calculations. GROH et al [108] studied
dislocation behavior in pure Mg. The MD
calculations indicated that the dislocation velocity
has a strong anisotropy depending on the
dislocation character (edge or screw) and the slip
system (basal, prismatic and pyramidal). KIM
et al [109] has attempted to probe the plastic
behavior of a nano-crystalline hcp metal using MD
simulations of [1120]-textured Mg. Most of the
experimentally known slip and twin systems have

been reproduced in the simulations. SOMEKAWA
and MUKALI [110] simulated the influence of grain
boundary structure on grain boundary deformation
mechanism and the change of grain boundary
energy. Figure 7 shows the internal energy
distribution during the shearing test for the
78°-tilted boundary model. The migration at grain
boundary was confirmed, and Al atoms were found
to yield noticeable effect on the internal energy
distribution. HUANG et al [111] calculated the
segregation of atoms in Mg—9wt.%Al melt. Mg and
Al were found to have a tendency to form bonds in
Mg—-9wt.%Al melt and the sizes of aggregated
Al-centered clusters were within the characteristic
scale of medium-range order.

Recently, YANG et al [112] simulated the
uniaxial compression deformation at different
temperatures and strain rates for AZ31 alloy, where
the mechanical properties and microstructure
evolution were elaborated. Moreover, the effects of
different solute atoms on grain boundary behaviors
were investigated in AZ31 alloy [113]. The results
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indicated that the solute atoms can inhibit the
grain refinement of Mg, improving the strength
effectively. In addition, the solute atoms can change
the lattice distortion during uniaxial compression of
Mg alloys, which significantly increases dislocation
density.

2.3 Cellular automata simulations

Cellular automata (CA) is one of the powerful
simulation methods for microstructure evolution of
materials. In the CA simulations, the complex
system is discretized in time and space based on the
real physical evolution rule. The interaction among
cells is limited to a certain range, i.e., each cell only
interacts with its neighboring cells and the state at a
certain moment is determined by that at the last
moment according to the established rule. It has the
characteristics of discreteness, synchronization and

(@

Grain boundary

[0001]

Shear stress

homogeneity. To establish the relationship among
meso-/micro-structures, properties and processing
during wrought process, CA has been combined
with principles of dynamic recrystallization (DRX)
to simulate microstructure evolution, especially the
growth direction and the shape of grains [114]. The
variation of dislocation density can be determined
in combination with physical principles.

With the development of numerical simulation,
CA has been increasingly employed in the
microstructure simulation of wrought Mg alloys.
SHU et al [115] modeled the DRX of as-extruded
AMS50 alloy by CA simulation. The flow stress,
DRX volume fraction and DRX grain size of the
as-extruded AMS0 alloy were predicted, which
agrees well with the experimental results. Figure 8
shows the comparison between experimental and
simulated microstructures at different temperatures.

(d) Internal energy/

Fig. 7 Typical snapshots of 78°-tilted boundary model showing internal energy distributions during shearing test at
0 ps (a), 1.0 ps (b), 5.0 ps (c), 10 ps (d) in Mg and 10 ps (e) in Mg—Al alloy [110]

Fig. 8 Comparisons between experimental (a—c) and simulated (d—f) microstructures at different temperatures [115]
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A high deformation temperature was found to
benefit more dislocation energy, which promotes
the DRX and increases the grain size. HATAMI
SADR and JAFARZADEH [116] combined CA and
finite element method to study the evolution of
microstructure and mechanical properties of AZ91
alloy during cyclic shrinkage/expansion extrusion.
The applied plastic strain and the change of
dislocation density were found to induce
discontinuous DRX, which refines grains of AZ91
samples. WU et al [117] combined hot compression
experiment and cellular automata finite element
model to study DRX behavior of AZ61 alloy during
hot deformation. The stress—dislocation relationship
and the strain rate were incorporated into the model.
Both the experiments and CA simulations revealed
the inhomogeneous microstructure during hot
compression process. Recently, HE et al [118]
combined CA and finite element method to study
the dynamic recrystallization behavior of
Mg—Al-Zn—RE alloy during hot extrusion. The
effect of extrusion condition on microstructure
evolution was discussed. More importantly, the
relationship between the flow stress in compression
and the dynamic recrystallization process was
elucidated by the calculations.

2.4 Crystal plasticity simulations

Crystal  plasticity (CP) describes the
relationship between macroscopic deformation and
microstructural evolution of materials, which can
quantitatively reveal the plastic deformation
mechanism of crystalline materials compared
with the conventional macroscopic plasticity
theory [119,120]. In the simulation of CP, the
plastic deformation of crystals is attributed to the
dislocation slip and twinning. The discrete
dislocation slip and twinning are transformed into
plastic deformation by using the
statistical method, thereby building the relationship
between the mesoscopic scale deformation
mechanisms and the macroscopic  plastic
deformation [121—123]. With the improvement of
computational power, CP simulations have been
gradually applied to investigating the deformation
mechanisms of Mg alloys, such as deformation
twinning [124,125], texture evolution [126,127],
grain boundary sliding [128,129] and fracture
[130,131].

ABDOLVAND et al [124] investigated the

continuous

extension twinning in AZ31 with a strong
basal rolling texture by tensile experiment and
CP simulations. The results indicated that
a small difference existed between the stress
normal to the twin habit plane in the parent and
twin. PARAMATMUNI and KANJARLA [125]
developed a model including twinning as
pseudo-slip and accounted for the interaction
between parent grains and the corresponding twin
variants. The analysis of twinning-dominated
deformation in AZ31 revealed that basal slip was
the dominant active slip system during the twin
nucleation and twin growth stages. MAYAMA
et al [126] investigated the texture evolution during
the extrusion of Mg alloy by experiment and CP
simulations. The texture evolution during the
equi-biaxial compression was reproduced through
CP analysis. FEATHER et al [127] investigated the
relationship  among  mechanical  responses,
twinning, and texture evolution during the
deformation of WE43 by using a multi-level crystal
plasticity model, which is shown in Fig. 9.

In the research of LI et al [128], a crystal
plasticity modeling method integrating the slip,
dynamic recrystallization and grain boundary
sliding (GBS) was established to simulate the
deformation behavior and texture evolution of Mg
alloys at high temperatures. It was found that the
grain boundary sliding played a more significant
role in tension than in compression of Mg alloy. To
identify if GBS can generate stress concentration
and related defects at grain boundary, SON
and HYUN [129] investigated the periodic defect
formation along the serrated grain boundary during
cold shear deformation. The results suggested that
GBS at room temperature can nucleate twins and
dislocation arrays periodically. In addition, the
simulations validated that the serrated grain
boundary generated the non-rotating region and
split stress distribution with intensified value.

ARDELJAN and KNEZEVIC [130] used a
three-dimensional crystal plasticity finite element
(CPFE) framework to simulate the nucleation,
formation, propagation, and growth of a discrete
double twin lamella in AZ31. The results suggested
that the contraction of twin—parent boundaries was
weak link in the microstructure where voids can
nucleate. HABIB et al [131] studied the fracture of
an anisotropic rare-earth-containing Mg alloy
(ZEK100) sheet at different stress states and strain
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Finite element homogenization

Fig. 9 Schematic of multi-level modeling framework [130]

rates. The crystal plasticity finite element model
was used to simulate the local stress state and
deformation mechanisms for each loading condition.
The extension twinning was found to play an
important role in the fracture response of ZEK100.
Alloying additions significantly influence the
plastic deformation behavior of Mg alloys. In recent
years, intensive efforts on CP simulations have been
made to reveal the difference in deformation
mechanisms for different Mg systems. For example,
KUMAR et al [132] used a crystal plasticity model
based on fast Fourier transform to characterize
deformation twinning in different Mg alloys. In the
model, the influence of alloying additions was
represented by their effects on the critical resolved
shear stress (CRSS) for slipping and twinning
systems. It was found that the twin growth and twin
transmission were relatively favorable in AZ31,
ZK60 and pure Mg compared to WE54 and ME21.
Similarly, the model was employed to study the
effect of alloying addition on twin thickening in Mg
alloys. The results suggested that the alloy with
high plastic anisotropy favored twin thickening
(see Fig. 10) [132]. HERRERA-SOLAZ et al [133]
used an inverse optimization strategy based on
CPFE simulations of polycrystalline alloys to
obtain the CRSS values of two Nd-containing Mg—
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1%Mn alloys. It was found that, with respect to
pure Mg, the presence of Nd increased the CRSS
value of basal slip. RAEISINIA and AGNEW [134]
simulated the tensile and compressive yielding of
as-cast Mg—Zn alloys, with varying grain sizes and
compositions ranging from 0 to 2.3 at.% Zn. The
influence of grain size and composition on the
CRSS of basal slip and tensile twinning was
determined by the simulated results. The CRSS of
basal slip was found to increase with decreasing the
grain size and increasing the concentration of Zn.
Nevertheless, the CRSS for twinning increased with
Zn content within the interval of 0-0.8 at.%,
whereas it decreased with Zn content when it was
above 0.8 at.%.
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3 Mg—Al system

3.1 Binary system

Mg—Al family is one of the most commonly
used wrought Mg alloys with moderate strength,
high plasticity, good corrosion resistance, and low
material cost [135,136]. Addition of Al reduces the
anisotropy in the critical resolved shear stress
among different slip systems, promotes the
activation of the non-basal {c+a) slip, and increases
the ductility of Mg alloys [137,138]. Besides, Al
can form precipitates with Mg and increase the
strength of Mg alloys. During cooling process,
non-equilibrium solidification may occur with the
formation of a (Mg) and f (Mg;7Al;2) phases [139].
With the addition of a small amount of
alloying elements such as Zn, Ca, Sr, Si, Mn, and
rare-earth elements, the morphology, size, amount,
and distribution of g phase can be changed
noticeably [1,58,139—146]. Moreover, new second
precipitates can be formed and thus hinder the
growth of a-Mg and £ phase.

The microstructure and mechanical properties
of AZ (Mg-Al-Zn), AM (Mg-Al-Mn), AX
(Mg—Al-Ca), and other wrought Mg alloys have
been extensively studied [147—151].

3.2 Influence of micro-alloying Zn

When a small amount (<1 wt.%) of Zn is
added into Mg—Al alloys, the solid solubility of Al
in Mg matrix can be increased noticeably, which
contributes to the improved mechanical properties.
Mg alloys such as Mg-3Al-1Zn (AZ31),
Mg—6Al-1Zn (AZ61), Mg—9Al-1Zn (AZ91), and
Mg—8AIl-0.5Zn (AZ80) are widely applied to

Mg—Al—-Zn alloys [5,152—156].

ZHA et al [155] prepared the fine-grained
AZ31, AZ61, and AZ91 alloys by the combined
method of extrusion, homogenization, and
multi-pass rolling. The rolled AZ31, AZ61, and
AZ91 sheets were found to show the similar
average grain size of ~3.0um with fine
cobblestone-like Mgj7Alj> particles. Nevertheless,
the amount of Mg;7Al;, particles increased with
increasing Al content. Compared to the fine-grained
AZ91 prepared by other processes [152,154], AZ91
prepared by extrusion and multi-pass rolling was
found to exhibit a reasonable comprehensive
mechanical properties with the yield strength (YS),
ultimate tensile strength (UTS), and elongation (EL)
of ~244 MPa, 369 MPa, and 12.9%, respectively.
Moreover, ZHANG et al [157] investigated the
microstructure and mechanical properties of
Mg—Al-Zn alloys prepared by large-reduction
hard-plate rolling (HPR). The multimodal structure
was observed in the HPRed AZ91, which yields
relatively high strength but slightly low ductility
with respect to the fine-grained AZ31 and AZ61.
Recently, TRANG et al [158] designed Mg—3Al-
1Zn—1Mn—0.5Ca (AZMX3110) alloy by taking
advantage of the favorable effect of Zn/Ca
co-segregation along grain boundaries. The
AZMX3110 alloy was demonstrated to show the
improved combination of formability (IE value
of 8 mm) and yield strength (219 MPa). Table 1
lists the mechanical properties of several typical
Mg—Al-Zn alloys at room temperature.

3.3 Influence of micro-alloying Mn
The addition of Mn can improve the
corrosion resistance, creep behavior and damping

Table 1 Tensile mechanical properties of Mg—Al—Zn alloys at room temperature

Alloy Processing condition YS/MPa UTS/MPa  EL/% Ref.
AZ31 Extrusion + multi-pass rolling 201 289 22.2 [155]
AZ31 Large-reduction hard-plate rolling 182 260 17.0 [5]
AZ61 Extrusion + multi-pass rolling 205 327 18.0 [155]
AZ61 Large-reduction hard-plate rolling 221 312 13.5 [5]
AZ91 Powder metallurgy + extrusion - 518 6 [152]
AZ91 Extrusion + multi-pass rolling 244 369 12.9 [155]
AZ91 Spray forming + extrusion - 435 9 [5]
AZ91 Large-reduction hard-plate rolling 246 370 14.0 [5]
Mg—7.6wt.%Al-0.4wt.%Zn Aging prior to extrusion 210 329 25.0 [153]
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capacity of Mg alloys. Strengthening phases such
as o-Mn and AlMn, can form in Mg—Al-Mn
alloys [148,150,159—161]. HU et al [160] studied
Mg—0.4Al-xMn (x=0, 0.3, 1.5, wt.%) alloys
prepared by conventional one-step extrusion
process. a-Mn and AlsMns precipitates were found
to alter the behaviors of recrystallization nucleation
and grain growth. Compared with the dynamically
recrystallized Mg—0.4Al alloy, Mg—0.4A1-0.3Mn
and Mg—0.4Al-1.5Mn alloy showed the bimodal
microstructure (un-dynamically and dynamically
recrystallized grains). Moreover, the dynamically
recrystallized grains exhibit fine grain size of
~l pm with random orientations. Interestingly,
while Mg—0.4A1-0.3Mn shows a reasonable
mechanical properties with the YS, UTS, and EL
of 239 MPa, 262 MPa, and 30.1%, respectively,
Mg—0.4A1-1.5Mn exhibits an extraordinary EL of
52.5% and a reasonable YS of 170 MPa.

3.4 Influence of micro-alloying Ca

With the addition of Ca into Mg—Al system,
Al,Ca, Mg,Ca, and (Mg,Al),Ca phases with high
thermal stability can form during processing, which
can increase the room- and high-temperature
mechanical properties and creep resistance
[162—-166].

JIANG et al [166] studied the microstructure
and mechanical properties of Mg—Al-Ca alloys
with different Al and Ca contents. The extruded
Mg—2.32A1-1.7Ca alloy was found to exhibit the
best mechanical properties with the YS, UTS, and
EL of 275 MPa, 324 MPa, and 10.2%, respectively.
The improved mechanical properties were mainly
ascribed to the combined effects of the fine
dynamically-recrystallized grains, nano-scale plate-
like AlCa (30—50 nm) precipitates and the high
density of submicron Al,Ca particles (0.5—1.0 um)
dispersed in the matrix. Recently, it was proposed
that Mg—Al-Ca—Mn alloys possess great potential
as one of promising high strength and low cost
wrought Mg alloys. Addition of Mn can facilitate
the formation of Al-Mn precipitates and monolayer
Guinier Preston (G.P.) zones with Ca [167-171].
NAKATA et al [171] developed a new wrought
Mg alloy, i.e. Mg—1.3A1-0.3Ca—0.4Mn (namely
AXM10304), that can be extruded at a high
die-exist speed of 24 m/min. The uniformly
dispersed G.P. zones were found to facilitate the
cross-slip. Moreover, the G.P. zones do not work as

nuclei of micro-voids and propagation site during
deformation, which helps to suppress the
degradation of elongation after the age-hardening.
After age-hardening treatment, AXM10304 was
found to exhibit a good combination of strength and
ductility with the YS of 287 MPa and EL of 20%.
Considering the low processing cost associated with
high-speed extrusion and the good workability,
Mg—Al-Ca—Mn alloy could be a promising
candidate for industrially viable low-cost wrought
Mg alloy.

4 Mg—Zn system

Mg—Zn family serves as the strong wrought
Mg alloy and attracts extensive attention [172]. As
shown in Table 2, when the content of Zn increases
from 1.5 to 6.0 wt.% [173—176], the yield strength
and elongation increase noticeably. Nerveless, the
YS and EL values of Mg—Zn binary systems are
usually below 180 MPa and 20%, respectively. To
improve the mechanical properties of Mg—Zn
binary systems, a wide variety of researches have
focused on the development of new-type Mg—Zn
alloys through alloying additions. Table 2 gives the
mechanical properties of Mg—Zn binary systems
and multicomponent systems reported in literatures.

Addition of Ca was found to efficiently refine
grain size and improve the mechanical properties of
Mg—Zn alloys [172]. After hot extrusion at 300 °C,
a YS of 220 MPa and an EL of 19.3% were
achieved in Mg—5.3Zn—0.6Ca (wt.%) [190]. At the
similar extrusion temperature, the EL was increased
to 29% by adding 1wt% Ca into Mg—2Zn
alloy [184]. In addition, HORKY et al [179]
reported that the YS and EL of Mg—0.6Zn—0.5Ca
(wt.%) reached up to 370 MPa and 7%, respectively,
owing to the refined grain size and the high fraction
of unrecrystallization during the process. Zr is
another important alloying element used to
efficiently improve the mechanical properties of
Mg—Z7n alloys. It was reported that the large
elongation of 29% was reached in Mg—0.7Zn—
0.2Zr-0.7Gd (wt.%) alloy by hot rolling at 400 °C
and annealing at 440 °C for 1 h [180].

Addition of rare-earth elements, such as
Gd [186], La [182,188], Ce [174,191], Y [183],
Nd [183], can efficiently enhance mechanical
properties of Mg—Zn alloys. LIU et al [173] studied
the influence of Gd, Y, and Ce in Mg—2Zn alloy. A



Bin JIANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1741-1780 1753
Table 2 Mechanical properties of Mg—Zn alloys

Alloy composition/wt.% Processing condition 1\3/1183; [li/FPSa/ Ff;;/ Ref.
Mg—1.5Zn Rolled at 450 °C + annealed at 350°C for 1|h 110 190 12 [173]
Mg—4Zn Extruded at 300 °C 118 223 154 [175]
Mg—3Zn Extruded at 350 °C, 5 mm/s, 16:1 123 236 253 [174]
Mg—6Zn Extruded at 300 °C, 5 mm/s, 16:1 168 287 16.7 [176]
Mg—-0.21Zn-0.3Ca—0.14Mn Extruded at 300 °C, 6 m/min, 20:1 100 200 30 [177]
Mg—0.4Zn—1.0Zr—1.5Ca—0.8Ti S"lutizrgl:;e;t;‘é gt%ogo:g Of‘;lr Thi 145 32 [178]
Mg—0.53Zn—0.24Ca—0.27Mn Extruded at 300 °C, 6 m/min, 20:1 103 205 33 [177]
Mg—0.6Zn—0.5Ca zg‘ﬁ‘;‘;ﬁ g (2C :3d0°(;ﬂflce fqzuil ;gg‘i‘ée)l 370 373 7 [179]
Mg—0.7Zn—0.2Zr—0.7Gd Rolled at 400 °C + annealed 440 °C for 1 h 88 229 29 [180]
Mg—0.71Zn—0.36Ca—0.07Mn Extruded at 300 °C, 6 m/min, 20:1 108 220 37 [177]
Mg—0.8Zn—0.3Gd—0.2Ca Rolled a;;zg atcl; Saﬂgegf‘; gth35 0°C+ - - 40 22
Mg—-1.21Zn—0.18Zr Rolled at 300 °C + annealed at 300 °C 206 244 22 [181]
Mg—1.21Zn—0.18Zr—0.39Ca Rolled at 300 °C + annealed at 300 °C 197 253 28 [181]
Mg—1.5Zn-0.2Gd Rolled at 450 °C + annealed at 350 °C for 1 h 97 210 27 [173]
Mg—1.5Zn—0.2Y Rolled at 450 °C + annealed at 350°C for | h 130 230 22 [173]
Mg—1.5Zn—0.2Ce Rolled at 450 °C + annealed at 350°C for | h 127 220 22 [173]
Mg—1.5Zn—0.4Mn—0.9LaMM Extruded at 300 °C, 5 mm/s 349 353 194 [182]
Mg—27Zn—-0.4Gd Extruded at 310 °C 140 220 26 [183]
Mg—27Zn—0.4Ce Extruded at 310 °C 190 260 18 [183]
Mg—27Zn—0.4Y Extruded at 310 °C 160 240 30 [183]
Mg—2Zn—0.4Nd Extruded at 310 °C 180 250 28 [183]
Mg—2Zn—1Ca Extruded at 300 °C, 12:1 283 29 [184]
Mg—2Zn—0.7Ca—1Mn Extruded at 300 °C 229 278 10 [185]
Mg—2.4Zn-0.8Gd Extruded at 250 °C, 2 mm/s, 9:1 284 338 24.1 [186]
Mg—2.5Zn—0.7Y—-0.4Zr Extruded at 300 °C 329.3 347.1 12.8 [187]
Mg—3Zn—0.5La—0.2Ca Extruded at 300 °C, 5 mm/s, 16:1 241 292 215 [188]
Mg—3Zn—0.05Ce Extruded at 350 °C, 5 mm/s, 16:1 123 252 340 [174]
Mg—37n—0.9Y—0.6Nd—0.6Zr S"lzge"élgzaztg‘{,g ;?nogiggfhh - 161 262 152  [189]
Mg—5.3Zn—0.6Ca Extruded at 300 °C, 0.2 mm/s, 17:1 220.2 291.5 19.3 [190]
Mg—5.3Zn—0.6Ca—0.5Ce/La Extruded at 300 °C, 0.2 mm/s, 17:1 270.2 311.1 14.8 [190]

relatively large elongation of 27% was achieved by mechanical properties. JIANG et al [177]

adding 0.2 wt.% Gd, while a reasonable UTS of
230 MPa was realized by adding 0.2 wt.% Y. In
contrast, Mg—27Zn—0.2Ce (wt.%) alloy exhibited a
combination of moderate mechanical properties
with UTS of 230 MPa and EL of 22%. Furthermore,
co-addition of Ca with Mn, Zr, and RE [178,189]
was shown as an effective approach to improve

investigated different Ca and Mn additions in
Mg—Zn alloys. A relatively large EL of 37% and
UTS of 200 MPa were achieved in Mg—0.71Zn—
0.36Ca—0.07Mn alloy. BAZHENOV et al [185]
also developed a new Mg—2Zn—0.7Ca—1Mn (wt.%)
alloy with reasonable mechanical properties.
Recently, XIA et al [181] showed that addition of
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0.39 wt.% Ca increased EL and slightly decreased
strength in Mg—1.21Zn—0.18Zr (wt.%) alloy. This
was attributed to the basal poles tilted away from
ND toward TD and the high activity of {(ct+a) slip
and tensile twins. For the co-addition of Ca and Gd,
the modification of nano-precipitates and texture
was investigated in Mg—0.8Zn—0.3Gd-0.2Ca
(wt.%). It was found that the microstructure was
mainly characterized by the fine Mg,Zn;Gd;
precipitates, monolayer ordered G.P. zone enriching
in Ca and Zn atoms and a special circular non-basal
texture [22]. Similarly, XU et al [187] reported that
Mg—2.5Zn—0.7Y—0.4Zr was characterized by the
fine DRXed grains and dense nanoscale precipitates
(MgZn, and W phases) within the matrix, which
increases the YS to 329.3 MPa with the reasonable
EL of 12.8%.

5 Mg—RE systems

5.1 Mg—Gd based alloys

Gd exhibits a high solubility in Mg up to
23.5wt.% at 819 K [192]. Addition of Gd is thus
expected to yield noticeable solid solution
strengthening effect [193]. It was reported that Mg
alloys containing more than 10 wt.% Gd exhibit
exceptional mechanical properties at room and
elevated temperatures, mainly owing to the solid
solution strengthening and the precipitation
hardening. However, high Gd content increases
the alloy density and cost, and decreases the
ductility. Therefore, Mg—Gd alloys with low Gd
content are aimed for the alloying design.
STANFORD et al [194] reported that the addition
of Gd weakens the recrystallization texture when
the concentration is below 1%. Nevertheless, it
remains unchanged with further addition of Gd.
The formation of RE textural component
((1121)|[ED) was found to improve the EL, which
is up to 30% along the extrusion direction [195].
Similarly, WU et al [196] reported an extruded
Mg-1Gd (wt.%) binary alloy showing the
elongation of ~30%. HU et al [197] investigated the
microstructure and mechanical properties of the
extruded Mg—xGd—0.6Zr (x=2, 4, 6, wt.%) alloys.
The elongation of all the extruded alloys is over
30%, and the ultimate and yield tensile strengths of
Mg-6Gd-0.6Zr alloy reach 237 and 168 MPa,
respectively.

Recently, Mg—Gd alloys with micro-alloying
of Mn, Ca, Zn, Ag, Ce and Nd have been
extensively studied. WU et al [198] reported that
the rolled Mg-Gd-Zn alloy sheet shows
exceptional ductility and formability. ZHAO
et al [199] investigated the effect of Mn (0, 0.5, 1.3,
1.5, 2.0, wt.%) on microstructure and mechanical
properties of Mg—2Gd. It was found that addition of
0.5wt% Mn  results in  the complete
recrystallization, yielding the relatively good
ductility. The authors also found that adding Zn to
Mg—2Gd—0.5Zr alloy can effectively improve the
YS and UTS simultaneously [200]. Mg—2Gd-
0.5Zr-3Zn was demonstrated to exhibit the
well-balanced strength and ductility with the YS,
UTS, and EL of 285 MPa, 314 MPa, and 24%,
respectively. Moreover, ZHAO et al [201] reported
that the co-addition of Zn and Ca into Mg—1Gd
alloy resulted in noticeable grain refinement,
yielding the relatively high strength. The authors
also investigated the effect of Nd in the extruded
Mg—4Gd—0.5Zr alloy [202]. It was found that
addition of Nd can weaken the texture and increase
the yield strength without reducing the elongation.
SUN et al [203] developed a Mg—5.7Gd—1.9Ag
(wt.%) alloy with high strength, of which the YS,
UTS, and EL reach 300.1 MPa, 382.6 MPa and
7.2%, respectively. ZHAO et al [204] investigated
the effect of Ce on microstructure and tensile
properties of Mg—1Gd—0.5Zn alloys. It was found
that grain refinement and massive MgxCe
phases primarily contribute to the high strength
of Mg—1Gd—-0.5Zn—1.2Ce sheet. Moreover, the
enhanced ductility of Mg—1Gd—0.5Zn with 0.3 wt.%
Ce was mainly ascribed to the combined effects
from the enhanced activities of basal slip and
pyramidal slip. Table 3 lists the mechanical
properties of different Mg—Gd alloys at room
temperature.

5.2 Mg-Y based alloys

With the high solubility of 12.4 wt.% in Mg, Y
is known to reduce the intensity of deformation
texture of Mg alloys by altering the relative activity
of deformation mechanisms and the interplay
among recrystallization mechanisms [206—208].
The mechanical properties of typical Mg—Y alloys
at room temperature are given in Table 4.



Bin JIANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1741-1780 1755

Table 3 Mechanical properties of Mg—Gd based alloys

Alloy composition/wt.%

Processing condition

YS/MPa UTS/MPa EL/% Ref.

Mg-0.22Gd Hot rolled at 400 °C + 120 190 6 (104
Mg—0.75Gd annealed at 380 °C for 1 h 145 210 12
Hot rolled at 400 °C + annealed at
Mg—1Gd 111 240 29.7 [205
g 350 °C for 1 h+ water quenched [205]
Me—1Gd Solution treated for 15 h at 500 °C + 76 223 253 [201]
g extruded at 450 °C '
Solution treated for 3 h at 530 °C +
Mg—1.55Gd o'ution freafed fof 21 & 102 214 239 [195]
5h at 560 °C + extruded at 450 °C
Mg—2Gd Extruded at 420 °C 115 189 49  [199]
Mg-2.75Gd Hot rolled at 400 °C + 160 205 21 F1od]
Mg—4.65Gd annealed at 380 °C for 1 h 165 210 26
Mg—1Gd-0.7Ca 92 201 13.2
Solution treated for 15 h at 500 °C +
Mg—-1Gd-0.7Z 97 291 30.2 [201
& " extruded at 450 °C [201]
Mg—1Gd-0.7Zn—0.7Ca 135 339 28.5
Mg—1Gd—-0.5Zn 103 288 28.5
Mg—-1Gd—-0.5Zn-0.3Ce Solution treated for 15 h at 500 °C + 107 323 33.6 [204]
Mg—1Gd—0.5Zn—-0.7Ce extruded at 430 °C 115 351 28.9
Mg—1Gd-0.5Zn—1.2Ce 131 351 24.1
Solution treated for 10 h at 500 °C +
Mg—-2Gd—-1Z 129.9 2334 40.3 [198
& n hot rolled at 430 °C + annealed at 400 °C for 1 h [198]
Mg—2Gd—0.5Mn 84 172 51
Mg—2Gd—1.3Mn 132 206 45
Extruded at 420 °C [199]
Mg—2Gd—1.5Mn 154 219 42
Mg—2Gd—2Mn 189 243 33
Mg—2Gd—-0.5Zr-3Zn Extruded at 440 °C 285 314 24 [200]
Solution treated for 10 h at 500 °C +
Mg—-3Gd—1Z 130.6 220 40.3 [198
& n hot rolled at 430 °C + annealed at 400 °C for 1 h [198]
Mg—4Gd-0.5Zr 87.9 185.7 44.6
Mg—4Gd—0.5Zr—0.5Nd Solution treated for 12 h at 510 °C + 96.5 195.9 423 202]
Mg—4Gd—0.5Zr-1Nd extruded at 450 °C 113.6 215.8 40.3
Mg—4Gd—0.5Zr-1.5Nd 160.2 223.9 39.3
Solution treated for 24 h at 500 °C +
Mg—5.7Gd-1.9A 300.1 382.6 7.2  [203
g g hot rolled at 450 °C + aged at 200 °C for 30 h [203]
Mg—6Gd-0.6Zr Extruded at 450 °C 168 237 30 [197]

WU et al [210] reported that Y addition has
noticeable effect on the microstructure evolution of
Mg during hot extrusion and annealing. The
elongation increases with Y addition, while the
strength decreases. It was ascribed to the reduction
of c/a ratio and the CRSS of pyramidal slip
systems with Y. Activation of pyramidal slip
systems was deemed to yield the high ductility of

Mg-Y alloys [213]. ZHOU et al [211] investigated
mechanical properties and deformation behavior of
as-extruded Mg—3Y alloy. It was shown that a high
elongation of ~33% was achieved through common
extrusion. Basal slip and extension twinning
were revealed to be the dominant deformation
modes. TEKUMALLA et al [209] reported

that simultaneous increase in strength and ductility
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Table 4 Mechanical properties of Mg—Y based alloys

Alloy composition/wt.%

YS/ UTS/ EL/

Processing condition Ref.

MPa MPa %

Mg—-0.4Y 120 176 7
Mg-1Y Extruded at 350 °C 111 166 10 [209]

Mg—1.8Y 109 167 31
Mg-2Y Solution treated for 12 h at 480 °C + extruded at 420 °C 92 189 21 [210]
Mg-3Y Extruded at 350 °C 120 200 33 [211]
Mg—-4Y Solution treated for 12 h at 480 °C + extruded at 420 °C 87 177 30 [210]
Mg-2.4Y-0.3Ca Solution treated for 12 h at 400 °C + extruded at 350 °C 117 184  36.6 [212]

was achieved by adding 1.8 wt.% Y into pure Mg.
Moreover, ZHOU et al [211] investigated the
recrystallization  texture, microstructure and
mechanical properties of Mg—2.4Y—0.3Ca alloy. A
remarkable elongation of 37% was achieved. The
enhanced ductility was attributed to grain
refinement and activation of different deformation
modes, resulting from the weakened texture by Ca
and Y addition.

5.3 Mg—Nd based alloys
5.3.1 Binary system

Nd belongs to Y-group and has a maximum
solid solubility of 3.63 wt.% (0.63 at.%) in Mg,
which is an effective element for the improvement
of mechanical properties [214—217]. According to
the Mg—Nd phase diagram [218], Mg41Nds, MgzNd,
Mg,Nd and MgNd intermetallic phases can
precipitate in Mg—Nd system. Recent discoveries
reported that the MgsNds phase was the
equilibrium intermetallic phase at the Mg-rich
side [219-222]. The metastable Mg;;Nd phase,
which is not presented in the phase diagram, was
also frequently found in Mg—Nd alloys. Moreover,
HADORN and AGNEW [223] reported a new
precipitate in a dilute hot-rolled Mg—0.15Nd (at.%)
alloy, which does not belong to any of the
well-documented Mg—Nd phases.

Mg—Nd alloy exhibits apparent precipitation
hardening response during heat treatment. Its
precipitation sequence was extensively studied from
both theory and experiment [224,225]. NIE [219]
concluded that the precipitation sequence of
Mg—Nd is as follows: ssss (supersaturated solid
solution) — ordered G.P. zones — " (Mg:Nd) —
p'MgNd) — fr(Mg:Nd) — f(MgNd) —
P (Mgs1Nds). The detailed characterization on the
crystal structure of ff precipitate in Mg—3Nd

demonstrated that it has the similar structure with £,
precipitate (orthorhombic structure), which often
attached with the end of f; precipitate for the
long aging time. Besides, a novel f3; phase
was discovered at the endpoint of f; precipitate
in an aged Mg—3Nd alloy [226]. CHOUDHURI
et al [227] proposed that the dislocations were
prone to promote the formation of g’ and pi
precipitates significantly even in the primary stage
of annealing in Mg—Nd alloy.

When Mg—Nd alloys subjected to
different thermal-deformation and/or subsequent
heat treatment processes, their microstructural
features, including the dislocation—precipitate
interactions, twinning behaviors, texture evolution
and recrystallization can be different. HUANG
et al [228] elucidated the dislocation—precipitate
interactions in an aged Mg—2.4 wt.%Nd extruded
bar using in-situ TEM characterization and MD
simulation. It was found the basal dislocations can
directly shear S"' precipitates during deformation,
while it is more difficult to bypass S precipitates
due to the creation of antiphase boundaries.
Mg—2.4wt.%Nd with plentiful £ precipitates was
found to show higher ductility than that with g
precipitates only, which was attributed to the
promoted movement of dislocations on prismatic
planes for the preservation of ductility [228]. LIU
et al [229] investigated the effect of intermediate
annealing on twin growth and nucleation in
Mg—0.03Nd and Mg—0.18Nd (at.%). It was found
the increase of Nd content reduces the fraction of
twin nucleation in the alloys without annealing,
whereas the twin nucleation was promoted with the
increase of Nd in the annealed ones. HADORN
et al [230] proposed that the dilute Mg—Nd alloys
(<0.01 at.%) have a strong basal (@) texture after
hot rolling. Nevertheless, the Mg—Nd alloys with
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relatively high Nd show weak textures, which have
predominately prismatic (@) dislocations. Such
different texture effect derives from the dynamic
recrystallization mechanism.
5.3.2 Influence of micro-alloying Zn and Zr

Zn is commonly used in Mg—Nd alloy, which
can reduce the eutectic temperature and make the
precipitation hardening effect stronger. Unlike the
precipitate sequence in Mg—Nd alloy, the
precipitation pathway of Mg—Nd—Zn is changed
significantly: ssss — ordered G.P. zones —
y" (Mgs(Nd,Zn)) — y (possibly Mg3(Nd,Zn)) [219].
Zr was often used as the effective grain refiner in
Mg—Nd—Zn alloys [231]. WU et al [232] reported
that the eutectic Mg;,Nd is the dominant compound
in as-cast Mg—2.7Nd-0.6Zn—0.5Zr (wt.%) alloy.
Subsequent T6  treatment  facilitates  the
improvement of yield strength, ultimate tensile
strength and ductility (191 MPa, 258 MPa and
4.2%, respectively). WANG et al [233] found that
ZnyZr; precipitates were additionally formed in
Mg—2.7Nd—0.6Zn—0.5Zr (wt.%) alloy after solid
solution and aging, which caused noticeable
hardness improvement in the alloy. Meanwhile, the
relatively low concentration of Zn in Mg matrix
resulting from the formation of Zn,Zrs precipitates
increased the density ratio of 8 to y" precipitates.

HA et al [234] studied the mechanical
properties and texture evolution during sheet
rolling for Mg—0.5Nd (NO05), Mg—1Nd (N10) and
Mg—0.5Ca (X05) binary systems, and Mg—1Nd—
1Zn (ZN10) and Mg—Ca—Zn (ZX10) ternary
systems. Tensile properties along RD and TD are
shown in Table 5 for the alloys. It is clear that
NO5 shows higher YS in both RD and TD than
X05, ZN10 and ZX10, while ZN10 and ZX10
show relatively high UTS. The investigation of
dislocation densities indicated that the individual
addition of Nd and Ca yielded the increased
activation of non-basal (a) dislocations in NO5 and

Table 5 Tensile properties of Mg—Nd(Ca)—(Zn) alloys
along RD and TD at room temperature [234]

RD D
Alloy
YS/MPa UTS/MPa YS/MPa UTS/MPa
NO5 118 171 109 170
X05 105 177 108 160
ZN10 113 188 83 181
ZX10 109 200 94 197

XO05 alloys. Moreover, the addition of Zn further
increased the activation of non-basal {(a)
dislocations.
5.3.3 Influence of micro-alloying RE elements

The precipitation strengthening response of
Mg alloy was reported to be enhanced by the
co-addition of different types of REs [219]. REs
from different groups, for instance, Ce-group (with
relatively low solubility in Mg) and Y-group (with
relatively high solubility in Mg), were often
combined to prepare Mg—RE alloys with excellent
mechanical properties. It was reported that the ratio
of two REs in Mg alloys influences the mechanical
properties and microstructure significantly. LIU
et al [235] prepared various Mg—Gd—Y—-Nd—Zr
alloys with the Nd/Gd ratio ranging from 0.29 to
0.75. They found that the amount of fiber-like
second phases increases as the Nd/Gd ratio
increases. Although the mechanical properties of
Mg—Gd—-Y-Nd-Zr alloys negligible
difference with increasing Nd/Gd ratio, their
aging hardening response decreases remarkably.
LEI et al [202] found that the micro-alloying of Nd
remarkably weakens the texture of Mg—4Gd—0.5Zr
(VK41) and reduces the intensity of double peak
texture. With addition of Nd from 0.5% to 1.5%, the
yield strength of VK41 increased significantly
without noticeable loss of ductility. Table 6 shows
that VK41+1.5Nd alloy exhibited the best yield
strength among the considered alloys. It was
ascribed primarily to the solid solution
strengthening.

LV et al [236] combined minor additions of Nd
(0.6 wt.%) and Er (0.3 wt.%) in the extruded
Mg—6Zn—0.5Mn (ZM60) to develop a novel
wrought Mg alloy. It was found that the rod i
(MgsZn7) and some thick f> (MgZny) precipitates
were largely formed due to the dislocation
accumulation, which hindered the growth of DRX
in ZM60—-0.6Nd—0.3Er alloy. Accordingly, the
compressive YS, ultimate compressive strength, and
compressibility were increased from 210.9 MPa,
298.5MPa, 11.8% (ZM60) to 245.8 MPa,
3472 MPa  and 16.3% (ZM60—0.6Nd—0.3Er),
respectively. SHENG et al [237] investigated the
static  recrystallization process of extruded
Mg—4Zn—0.6Y—0.5Nd alloy subjected to different
annealing processes. It was found that the
extruded Mg—4Zn—0.6Y—0.5Nd alloy contains
primarily large elongated grains and some dynamic

show
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Table 6 Tensile properties of as-extruded VK41+xNd alloys [202]

. RD TD
Alloy composition/wt.%
YS/MPa UTS/MPa EL/% YS/MPa UTS/MPa EL/%
VK41 87.9+2.0 185.7+1.0 44.6+0.6 156.6+2.0 204.7£3.0 25.3£0.3
VK41-0.5Nd 96.5+1.0 195.9+2.0 42.3+0.4 152.7£1.0 227.9+£2.0 24.5+0.5
VK41-1Nd 113.6£3.0  245.8+1.0 40.3+0.5 158.3+1.0 238.1£2.0 24.3+£0.4
VK41-1.5Nd 160.2+£2.0  223.9+2.0 39.3+0.5 169.2+2.0 250.0+1.0 23.6+0.5

recrystallized grains. The extruded Mg—4Zn—
0.6Y—0.5Nd alloy annealed at 250 °C indicated the
relatively high mechanical properties (see Table 7).

5.4 Mg—Ce based alloys
5.4.1 Binary system

The solid solubility of Ce is around 1.6 wt.%
at 590°C and reduces as the temperature is
decreased [238]. Accordingly, various intermetallic
phases, such as Mg;>Ce, Mg;Ce, MgsCes, Mg:Ce,
Mgs3oCes, and Mg3;¢Ce can form in binary Mg—Ce
system [239,240]. It was reported that Mg—Ce
alloys show the similar precipitation sequence with
Mg—Nd binary, i.e., ssss — GP zone — " — ' —
f, in which " and f' are the metastable phases and
f is the equilibrium phase [219]. Similar conclusion
was reached by SAITO and KANEKI [241] via the
detailed identifications of precipitation behavior for
the aged-hardened Mg—0.5Ce (at.%) alloy. Because
Ce has a lower equilibrium solid solubility in Mg
than Nd, its age-hardening response is expected to
be weaker than that of Nd.

HADORN et al [242] studied the influence of
Ce (0.0056—0.49 at.%) on the texture evolution in
the hot-rolled Mg. They found that a strong texture
with typical basal {a) dislocations was formed in
dilute Mg—Ce alloy (<0.043 at.%), while the
concentrated Mg—Ce alloys show weaker textures
with accumulations of {(ct+a) and non-basal {(a)
dislocations. Twinning behaviors in the extruded
Mg and Mg—0.5Ce alloy were studied using in-situ
EBSD under compressive loading [243]. It was
found that most of the twins in Mg did not match
the Schmidt’s law, as opposed to the crystal
plasticity simulation findings. A modified threshold
energy criterion was then proposed to predict the
formation of twins in Mg and Mg—Ce alloys.
Recently, JIANG et al [244] studied the dynamic
strain aging behaviors of Mg—0.5Ce alloy within
wide temperature and strain rate ranges.

Table 7 Tensile properties of extruded Mg—4Zn—0.6Y—
0.5Nd alloy [237]

Processing condition

YS/MPa UTS/MPa EL/%

Extruded 153 246 20
Extruded + annealed
at 200 °C for 12 h 166 255 19
Extruded + annealed
at225°Cfor 12 h 162 252 15
Extruded + annealed 174 258 145

at 250 °C for 12 h

5.4.2 Influence of micro-alloying elements

PAN et al [245] developed a novel lightweight
and micro-alloyed Mg—Ce—Al alloy with the high
extruded strength of 365 MPa. As shown in
Figs. 11(a, d, g), the planar co-segregation of Ce
and Al can be found at grain boundaries in both
AE300 and AE300H (denoted by different extrusion
processes). Several linear defects were also
observed within the grain interiors (Figs. 11(b, e, h),
implying the possible solute segregation in the
adjacent of dislocations. The Ce—Al segregations at
both the grain boundaries and dislocations were
thus deemed to facilitate the micro-sized grain
refinement in the matrix, thereby enhancing the
yield strength of AE300. Furthermore, addition of
Zn and Zr was found to noticeably influence
the mechanical properties of Mg—Ce alloys. HU
et al [246] reported that Mg—0.8Ce—0.69Zn—0.03Zr
(wt.%) alloy extruded at 300 °C shows UTS and
EL of ~325 MPa and 7%, respectively. Similarly,
Mg—2.8Ce—0.7Zn—0.7Zr alloy extruded at 350 °C
showed improved ductility with relatively low
strength. The YS, UTS and EL are 222.4 MPa,
257.8 MPa and 12.0%, respectively [247].

In addition, Ce is widely used as micro-
alloying element in other Mg alloys. ZHAO
et al [204] investigated the effect of minor contents
of Ce (0, 0.3, 0.7, 1.2, wt.%) on the microstructures
and tensile properties of the extruded Mg—1Gd—
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0.5Zn sheets. They revealed that Mg;,Ce phase was
additionally formed in Mg—1Gd—0.5Zn—xCe sheets,
the amount of which increases with Ce content.
Table 8 shows that the YS and UTS are gradually
improved with addition of Ce in the extruded
Mg—1Gd—0.5Zn sheets. This was ascribed to the
grain refinement and the increased amount of
Mg,Ce precipitates. LV at al [248] compared the

1759

micro-alloying effects of Ce and Nd on the
mechanical  properties of Mg—2.0Zn—1.0Mn

(ZM21) alloys. Table 9 shows that the minor
addition of 0.4 wt.% Ce improves the mechanical
properties of ZM21, while the addition of Nd
decreases the mechanical properties. Ce was found
to yield relatively large effect on the microstructure
evolution.

Ce N Ce

Fig. 11 HAADF-STEM and related mapping results for AE

300 (a—f) and AE300H (g—1i) alloys [245]

Table 8 Tensile properties of extruded Mg—1Gd—0.5Zn—xCe sheets along ED and TD [204]

Alloys composition/wt.% ED b
YS/MPa UTS/MPa EL/% YS/MPa UTS/MPa EL/%
Mg—1Gd-0.5Zn 103+3.7 288+3.2 28.542.1 154£3.3 285+4.5 22.6+1.6
Mg—1Gd—0.5Zn—0.3Ce 107+2.8 323+3.8 33.6+1.2 158+2.9 288+2.7 21.5£1.5
Mg—1Gd—-0.5Zn—0.7Ce 115+2.4 351+3.6 28.9+1.7 175+3.1 305+3.1 18.7+£2.3
Mg—1Gd—-0.5Zn—1.2Ce 131+2.1 351+2.5 24.1+1.1 185+2.3 320+3.2 16.8+2.4
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Table 9 Mechanical properties of extruded ZM21—
xNd/Ce alloy [248]

Alloys composition/wt.% YS/MPa UTS/MPa EL/%

ZM21 171+£0.9 251+1.2 13.7+0.1
ZM21-0.4Nd 148+1.1 235+0.7 28.8+2.0
ZM21-0.4Ce 185+0.6 261+0.8 19.2+0.4

5.5 La-containing Mg alloys

La is a cheap rare-earth element [249].
However, the solid solubility of La in Mg is
very limited [250]. The eutectic microstructure
consisting of a-Mg and Mg;La generally occur
in Mg—La binary systems. During hot extrusion
process, the precipitation of Mgi,La impacts on the
mechanical properties of Mg—La alloys. A relatively
high EL of 19.4% was reported for extruded
Mg—0.22La (wt.%) alloy by STANFORD and
BARNETT [195], in contrast with ~8.1% for pure
Mg.

With the limited solubility, La is usually taken
as the micro-alloying element in Mg alloys. DU
et al [251] reported that the yield strength, ultimate
tensile strength, and elongation of the extruded
Mg—2.5Zn—0.3Ca—0.4La reach 325 MPa, 341 MPa,
and 15%, respectively. The improvement of
strength was mainly ascribed to grain refinement
and precipitation strengthening. Similarly, DU
et al [176] systematically studied the microstructure
and mechanical properties of Mg—6Zn—xLa alloys
(x=0, 0.2, 0.5, 0.9, wt.%). It was found that the Mg
alloy with 0.2% La shows an outstanding ductility
with large elongation of 35%. Nevertheless, the
ductility and strength decrease with La within the
high concentration regime. For Mg—6Zn—0.5Zr
(ZK60) alloy, addition of 1% La was reported to
lead to exceptional properties with high YS and
UTS of 311 MPa and 360 MPa, respectively, owing
to the good combination of grain refinement and
dispersion strengthening [252]. Interestingly, HU
et al [182] reported a new low Zn-containing
Mg—1.5Zn—0.4Mn—0.9LaMM  (La-rich  misch
metal) alloy, which indicates high strength (UTS
~353 MPa) and good ductility (EL ~19.4%) with
relatively low alloying concentrations. The high
strength was primarily correlated with the grain
refinement, precipitation strengthening, and the
elongated unDRXed grains. Moreover, addition of
0.3% La in Mg—Li alloy was reported to yield a
large elongation of 34% owing to the refined

microstructure and the weakened texture emerging
from rod-like Al,La phase [253].

Addition of La in rare-earth contained Mg
alloys improves mechanical properties significantly.
The influence of La and Gd was systematically
investigated for as-extruded AZS80 alloy (denoted
by AZ80LG) by BU et al [254]. The extruded
AZB0LG was found to exhibit much higher strength
than AZ80. Recently, MA et al [255] reported that
adding 0.5% La can significantly improve the
mechanical properties of Mg—9Gd-3Y—0.5Zr,
which shows high tensile yield strength of
480 MPa. It was mainly correlated with significant
improvement of recrystallization with La addition.
ZHANG et al [256] investigated the influence of
co-addition of Ca and Ce/La. It was shown that the
co-addition yields an enhanced strengthening effect
in the extruded Mg—Zn alloy, owing to the grain
refinement during the extrusion process. Table 10
shows the mechanical properties for typical
La-containing Mg alloys.

6 Other promising Mg alloy systems

6.1 Mg—Ca based alloys

Mg—Ca based alloys, possessing obvious
advantages of high formability and low cost, have
recently received much attention [257]. Extensive
efforts have been made on developing extrusion
alloys based on Mg—Ca system, as given in Table 11.
JEONG and KIM [258] studied the effect of Ca
content on microstructure and mechanical
properties of the extruded Mg alloys. The results
indicated that with increasing Ca to 2 wt.%, the
average grain size was refined to ~3.35 um.
Accordingly, the yield strength was improved
to be 252.8 MPa, while the elongation gradually
decreased to 14.6%.

Micro-alloying elements noticeably impact on
mechanical properties of Mg—Ca system, as shown
in Table 11. SHE et al [259] found that the YS and
EL of Mg—1.0Ca (wt.%) are increased to 305 MPa
and 18.2%, respectively, by adding 1 wt.% Mn.
This was attributed to the ultrafine-DRXed grains
and the formation of ring fiber texture. In
comparison, with adding 1 wt.% Al to Mg—1.0Ca
alloy, the Y'S increased further to 373 MPa, whereas
the EL decreased to 6.1%, owing to the formation
of high-density G.P. zone and nano-disk Al,Ca
phase [260]. Moreover, the addition of 0.5% Sr was
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Table 10 Mechanical properties of La-containing Mg alloys [176,195,251-256]
Alloy composition/wt.% Processing condition YS/MPa UTS/MPa EL/%
Mg—-0.22La Extruded at 450 °C, 30:1 115 232 19.4
Mg-2.5Zn-0.3Ca—0.4La Extruded at 350 °C, 16:1 325 341 15
Mg—6Zn—0.2La Extruded at 300 °C, 16:1 146 275 35
Mg—6Zn—0.5La Extruded at 300 °C, 16:1 150 273 30
Mg—6Zn—0.9La Extruded at 300 °C, 16:1 135 265 26
Mg—6Zn—0.5Zr-0.5La Extruded at 300 °C, 16:1 283 348 14
Mg—6Zn—0.5Zr—0.5La Extruded at 400 °C, 16:1 274 341 16
Mg—6Zn—0.5Zr—1La Extruded at 300 °C, 16:1 311 360 13
Mg—6Zn—0.5Zr—1La Extruded at 400 °C, 16:1 287 346 15
Mg—0.5Zn-0.2Mn—-0.2Sm-0.3La Extruded at 350 °C, 17.4:1 190 239 23.9
Mg—1.5Zn—0.4Mn—0.9LaMM Extruded at 300 °C, 17:1 349 353 19.4
Mg—1.5Zn—0.4Mn—0.9LaMM Extruded at 350 °C, 17:1 287 303 25.6
Mg—1.5Zn—0.4Mn—-0.9LaMM Extruded at 400 °C, 17:1 200 253 333
Mg—8Al-0.5Zn—0.3Mn—0.5Gd—1La Extruded at 230 °C, 22:1 341 397 10.6
Mg-9Gd-3Y-0.5Zr—0.5La Extruded at 360 °C, 7:1 364 407 10.3
Mg—6.0Zn—0.5Ca—0.5RE (Ce/La) Extruded at 300 °C, 17:1 203 297 20.8
Mg—6.0Zn—1.0RE (Ce/La) Extruded at 300 °C, 17:1 140 273 25.7
Mg—14Li—1Al-0.3La (0°) Extruded at 250 °C, 89:1 - 146 29
Mg—-14Li—1Al1-0.3La (45°) Extruded at 250 °C, 89:1 - 137 34
Mg-14Li—1Al1-0.3La (90°) Extruded at 250 °C, 89:1 - 154 20
Table 11 Mechanical properties of typical Mg—Ca based alloys
Alloy composition/wt.% Processing condition YS/MPa UTS/MPa EL/% Ref.
Mg—0.4Ca Extruded at 350 °C, 16.9:1 165.6 243.1 34 [258]
Mg—1Ca Extruded at 350 °C, 16.9:1 185.1 2393 19.5 [258]
Mg—-1Ca Extruded at 280 °C, 2.5 m/min, 25:1 181 209 11.0 [259]
Mg-1.2Ca Extruded at 350 °C, 0.4 mm/s, 20:1 360 370 39 [257]
Mg—-1.2 Ca Extruded at 350 °C, 1 mm/s, 20:1 258 266 12.2 [257]
Mg-1.2Ca Extruded at 350 °C, 2.4 mm/s, 20:1 326 319 8.3 [257]
Mg—2Ca Extruded at 350 °C, 16.9:1 204.7 252.8 14.6 [258]
Mg—3Ca Extruded at 350 °C, 16.9:1 248.9 273.8 7.3 [258]
Mg—0.84Ca—0.4A1-0.02Mn Extruded at 350 °C, 19.6:1 185 239 19.5 [258]
Mg—1Ca—0.6Al Extruded at 250 °C, 0.4 mm/s, 20:1 398 406 1.3 [260]
Mg—1Ca-1Al Extruded at 250 °C, 0.3 mm/s, 20:1 373 378 6.1 [260]
Mg—1Ca—0.5Sr Extruded at 275 °C, 25:1 304.3 307.4 0.104 [261]
Mg—1Ca—0.5Sr Extruded at 340 °C, 25:1 202.7 234.9 0.183 [261]
Mg—1Ca—0.5Sr Extruded at 400 °C, 25:1 157.2 215.1 0.187 [261]
Mg—1Ca—0.3Mn Extruded at 280 °C, 2.5 m/min, 25:1 210 241 15.5 [259]
Mg—1Ca—1Mn Extruded at 280 °C, 2.5 m/min, 25:1 305 322 18.2 [259]
Mg—-1Ca—1Zn—0.6Zr Extruded at 350 °C, 0.1 mm/s, 30:1 314 306 11 [262]
Mg—1Ca—1Zn—0.6Zr Extruded at 400 °C, 0.1 mm/s, 30:1 262 291 11.7 [262]
Mg—-1Bi—1Zn—0.6Ca Extruded at 300 °C, 16:1 215 272 27.1 [263]
Mg—1Al-1Ca—0.4Mn Extruded at 200 °C, 1.0 mm/s, 25:1 445 453 5 [264]
Mg—1Al-1Ca—0.4Mn Extruded at 200 °C, 1.5 mm/s, 25:1 412 419 12 [264]
Mg—1Al-1Ca—0.4Mn Extruded at 200 °C, 2.0 mm/s, 25:1 386 396 13.2 [264]
Mg—1Al-1Ca—0.4Mn Extruded at 200 °C, 4.0 mm/s, 25:1 342 349 14.4 [264]

Mg—-1Al-1Ca—0.4Mn

Extruded at 200 °C, 7.0 mm/s, 25:1

249 301 17.6

[264]
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reported to reduce the YS and slightly influence
the EL [261]. More recently, the co-addition of
alloying elements was conducted to improve the
comprehensive mechanical properties of Mg—Ca
alloy, such as Zn, Bi, Al, and Mn [262,263]. The
addition of 0.4 wt.% Al and 0.02 wt.% Mn was
found to enhance the YS and EL of Mg—0.84Ca
alloy to 185 MPa and 19.5%, respectively. When
the content of Al and Mn were increased to
1.0 wt.% and 0.4 wt.%, respectively, the YS of
Mg—1Ca alloy was improved to a high value of
445 MPa with a relatively low EL of 5% [264].
Also, GENG and NIE [262] found that Mg—1.0Ca
alloy with addition of 1 wt.% Zn and 0.6 wt.% Zr
exhibited the YS of 314 MPa with an EL of 11%
through extrusion at 350 °C.

6.2 Mg—Sn based alloys

Mg—Sn based alloys have attracted a lot of
attention in recent years. For Mg—Sn binary alloys,
ZHAO et al [265] reported that with increasing Sn
content, the yield strength and ultimate tensile
strength of as-extruded Mg—Sn binary alloys
increased, which was mainly attributed to the grain
refinement and the increased volume fraction of
Mg, Sn phase. In contrast, the elongation to fracture
of as-extruded Mg—Sn binary alloys decreased with
increasing Sn, since the Mg,Sn precipitates become
the crack sources during deformation. The
mechanical properties of Mg—Sn binary alloys are
summarized in Table 12 [265—269].
Mg—Sn binary exhibit

However, alloys

Table 12 Mechanical properties of Mg—Sn binary alloys

relatively low mechanical properties, which limits
their wide applications. In order to improve the
comprehensive mechanical properties of Mg—Sn
alloys, the addition of micro-alloying elements is
considered to be an economical and effective
method.

Addition of Y noticeably influences the
mechanical properties of Mg—Sn alloys. QIAN
et al [270] reported that addition of Y into
Mg—0.5Sn decreased the grain size, modified the
texture and increased the activity of non-basal slip.
Accordingly, Mg—0.5Sn—0.3Y alloy exhibited good
mechanical properties with YS of 141 MPa and EL
of 30.3% along the extrusion direction. Similarly,
WANG et al [269] reported that when 0.7 wt.% Y
was added into Mg—0.4Sn, EL was significantly
enhanced along the ED, 45° and TD tensile
directions. In particular, it significantly increased to
32.7% from 7.8% along the ED direction. The
outstanding EL of Mg—0.4Sn—0.7Y alloy was
attributed to the high grain boundary cohesion,
texture modification, grain refinement, and
existence of prismatic {(a) slip.

Zn and Ca are generally considered to be
effective alloying elements for improving the
ductility of Mg alloys. Based on Mg—0.4Sn—0.7Y
alloy showing high ductility but low strength,
WANG et al [271] developed a new Mg—0.4Sn—
0.7Y—0.7Zn alloy, which has a YS of 188.4 MPa
along the ED direction. CHAI et al [266,272]
studied the effect of Ca and Zn addition in Mg—1Sn
alloy by considering both individual addition and

Alloy composition/wt.%  Extrusion condition =~ Tensile direction =~ YS/MPa UTS/MPa  EL/% Ref.
ED 97.4 198.7 7.8

Mg—0.4Sn 400 °C, 51:1 45° 104.6 206.6 8.6 [269]
TD 121.8 229.5 8.7
ED 103.9 218.7 12.9

Mg—1Sn 400 °C, 32:1 [266]
TD 136.3 253.2 8.9

Mg—1Sn 300 °C, 25:1 - 157.7 238.8 19.8 [265]

Mg—2Sn 260 °C, 20:1 - 157.0 230.0 16.0 [267]
Mg—3Sn - 177.1 253.9 17.8

Mg—5Sn 300 °C, 25:1 - 218.4 268.3 11.2 [265]
Mg—7Sn - 234.8 279.3 11.7

Mg—6Sn 300 °C, 25:1 - 191.0 252.0 20.5 [268]




Bin JIANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1741-1780 1763

co-addition. It was found that addition of Zn
improved the strength, while the addition of Ca
improved the strength and ductility simultaneously.
This was attributed to the refined grains and
weakened ED-tilted texture. Furthermore, the
co-addition of Ca and Zn was demonstrated to
significantly improve the EL of Mg—1Sn alloy
because of the activation of prismatic slip and the
enhancement of intergranular strain propagation
capacity. Similarly, PAN et al [267] reported that
when 1% Ca and 2% Zn were added into Mg—2Sn
alloy, MgSnCa, MgZnCa and MgZn, phases were
revealed with refined grain size, which contributes
to the improved YS and EL. When Ca content was
increased to 2 wt.%, Mg—2Sn—2Ca exhibited the
YS as high as 358—443 MPa [273]. On the basis of
Mg—2Sn—2Ca, ZHANG et al [274] developed a
new Mg—2Sn—2Ca—0.5Mn alloy with a high YS of
450 MPa and an improved EL of ~5%. In addition,
Ce addition to ternary Mg—Sn—Ca alloy was found
to refine grain size and change the structural
stability from CaMgSn to (Ca,Ce)MgSn and
Mgi>Ce. The EL of Mg—1Sn—0.6Ca—0.2Ce reached
27.6%, which is larger than that of Mg—1Sn—0.6Ca
(21.9%) [275].

Regarding the influence of Al, SHE et al [268]
investigated the mechanical properties for a series
of hot extruded Mg-xAl-5Sn—0.3Mn alloys
(x=1, 3, 6,9, wt.%). The UTS was found to increase
with Al content increasing, reaching 370 MPa at
9 wt.% Al. However, the increase of Al content was
found to yield negligible role in Mg—9.8Sn—1.2Zn-
based alloys [276]. At relatively low Sn content in
Mg—2.5Sn—1.5Ca—xAl alloys (x=2, 4, 9, wt.%),
increasing Al content was reported to decrease
the grain size, promote (@) and {c+a) dislocations,
and increase the fraction of Mg;ALL
precipitate [277]. The mechanical properties of
Mg—Sn based alloys mentioned above are listed in
Table 13 [266—277].

6.3 Mg—Li based alloys

Li is the lightest metal with the density of
0.533 g/cm®. The advantage of Mg—Li-based alloys
is their ultra-lightweight [278]. With the increase of
Li content, the phase constitution of Mg alloys
changes gradually. When Li content is between
~5.5 and 11 wt.%, the alloy is composed of a-Mg
(hcp) and p-Li (bee) phases. The single f-Li phase
survives when Li content is over ~11 wt.%. Li was

reported to promote the non-basal slips and
ultimately the ductility of Mg—Li alloys. The
mechanical properties of Mg—Li based alloys are
listed in Table 14 [279—288]. It can be seen that the
YS of Mg—Li binary alloys ranges between 60 and
100 MPa. With the increase of Li content, the YS
decreases and the EL increases. The EL of
Mg—11Li—3Zn extruded alloy that predominantly
consists of f-Li phase was reported to be as high as
55% [286].

Addition of Li improves the ductility of Mg
alloys, but the relatively low strength of Mg—Li
binary alloys limits their application. Addition of
micro-alloying elements into Mg—Li binary alloys
is considered to be an effective method to improve
the mechanical properties.

Addition of Al was found to promote the
formation of MgAILi, phase in Mg—Li alloys,
which effectively improves the strength through the
precipitation strengthening and the solid solution
strengthening [283]. Similar conclusion was
reached by GUO et al [282]. Nevertheless, when
the content of Al was higher than 6 wt.%, the
strength remained unchanged and the EL noticeably
decreased with Al content. Zn addition enhances the
strength of Mg—Li alloys owing to the effective
solid solution strengthening effect. HAO et al [283]
developed a new Mg—3.5Li—2Zn alloy, which
exhibited noticeably improved the mechanical
properties compared with ternary Mg—Li—X (X=Al,
Ca, Y, Ce, Sc, Mn and Ag) alloys. Similarly, ZHAO
et al [288] reported that addition of 1 wt.% Zn
increased the EL from 5.6% to 10.1%.

Addition of rare-earth elements in Mg—Li
alloys can noticeably increase the strength mainly
owing to the formation of dispersive RE-rich
precipitates. DONG et al [281] studied the
influence of Y content on microstructure and
mechanical properties of Mg—7Li alloy. They found
that the addition of Y refined the microstructure of
o-Mg. OHUCHI et al [280] reported that MgsNd
precipitate would be formed when Nd was added
into Mg—8Li alloy, which increased the strength of
the alloy. For other elements, addition of 0.5 wt.%
Sr was found to increase the EL of Mg—8Li-based
alloy from 15.6% to 22.4%, and Mg—8Li—3Al—
0.5Mn—0.75Sr alloy showed an optimal tensile
strength of 265.46 MPa [187]. The mechanical
properties of Mg—Li based alloys discussed above
are compared in Table 14.
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Table 13 Mechanical properties of Mg—Sn based alloys

Alloy composition/wt.% Extrusion condition Tensile direction ~ YS/MPa UTS/MPa EL/% Ref.
ED 99.1 264.2 32.7
Mg—-0.4Sn-0.7Y 400 °C, 51:1 45° 115.3 226.8 25.8 [269]
TD 124.9 236.7 24.7
ED 188.4 252.1 33.1
Mg—-0.4Sn-0.7Y—0.7Zn 400 °C, 51:1 45° 130.3 221.8 47.2 [271]
TD 124.3 2314 39.1
ED 141.0 288.0 303
Mg—-0.5Sn-0.3Y 400 °C, 41:1 45° 170.0 286.0 28.1 [270]
TD 188.0 302.0 28.0
ED 129.4 260.9 17.6
Mg—1Sn—0.5Zn
TD 153.1 262.1 14.3
ED 137.8 264.8 17.3
Mg—1Sn—-0.7Ca 400 °C, 32:1 [266]
TD 209.3 293.7 10.3
ED 104.2 311.9 30.5
Mg—1Sn—0.5Zn—0.5Ca
TD 188.9 295.6 12.9
Mg—-1Sn—0.5Zn—-0.5Ca - 158.7 302.2 213
Mg—1Sn—0.5Zn—1Ca 360 °C, 32:1 - 137.3 310.9 23.6 [272]
Mg—1Sn—0.5Zn—2Ca - 180.7 300.0 17.9
Mg—1Sn—-0.6Ca - 933 244.6 21.9
Mg—1Sn—0.6Ca—0.2Ce - 96.8 263.6 27.6
430 °C, 32:1 [275]
Mg—1Sn—0.6Ca—0.5Ce - 109.4 266.3 25.2
Mg—1Sn—0.6Ca—1Ce - 104.2 261.9 22.2
Mg—2Sn—1Ca 260 °C, 20:1 - 269.0 305.0 6.0
Mg—2Sn—1Ca 300 °C, 20:1 - 207.0 230.0 12.0 [267]
Mg—2Sn—1Ca—2Zn 260 °C, 20:1 - 218.0 285.0 23
220 °C, 20:1 - 443.0 460.0 1.2
240 °C, 20:1 - 420.0 435.0 3.0
Mg—2Sn—2Ca [273]
280 °C, 20:1 - 386.0 414.0 5.8
320 °C, 20:1 - 358.0 365.0 8.9
Mg—2Sn—2Ca—0.5Mn 260 °C, 20:1 - 450.0 462.0 5.0 [274]
Mg—2.5Sn—1.5Ca—2Al - 130.0 248.0 12.5
Mg—2.5Sn—1.5Ca—4Al 350 °C, 20:1 - 136.0 252.0 11.4 [277]
Mg—2.5Sn—1.5Ca—9Al - 157.0 269.0 9.8
Mg—5Sn—1A1-0.3Mn - 248.0 294.0 20.6
Mg—5Sn—3Al1-0.3Mn - 240.0 315.0 15.18
300 °C, 25:1 [268]
Mg—5Sn—6Al1-0.3Mn - 232.0 346.0 15.66
Mg—5Sn—9A1-0.3Mn - 298.0 370.0 8.2
250°C, 20:1 - 319.0 358.0 6.1
Mg—9.8Sn—3Al-1.2Zn 300°C, 20:1 - 289.0 353.0 9.1 [276]
400°C, 20:1 - 214.0 315.0 11.0
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Table 14 Mechanical properties of Mg—Sn based alloys

Alloy composition/wt.% Extrusion condition Tensile direction ~ YS/MPa UTS/MPa EL/%  Ref.
ED 104.1 184.6 11.8

Mg-1Li 300 °C, 30:1 45° 89.1 190.8 16.7  [288]
D 90.7 176.5 14.4

Mg-1Li 300 °C, 6.5:1 Fb 0 1620 1> [284]
D 97.0 163.0 14.0
ED 93.4 182.3 14.9

Mg—2Li 300 °C, 30:1 45° 77.3 180.7 24.6  [288]
D 78.6 164.4 19.3

Mg-3Li 300 °C, 6.5:1 Fb 00 1240 100 [284]
D 61.0 144.0 19.0
ED 85.4 173.4 17.5

Mg-3Li 300 °C, 30:1 45° 68.6 148.6 28.6  [288]
D 70.3 178.5 24.8
ED 72.7 175.6 224

Mg—-5Li 300 °C, 30:1 45° 58.5 151.3 33.6 [288]
D 60.3 180.4 273
. ED 77.0 159.0 17.0

Mg—-5Li 300 °C, 6.5:1 [284]
TD 66.0 144.0 19.0
Mg—-3.5Li—0.5Zn - 132.3 202.0 20.8
Mg—-3.5Li—2Zn - 163.7 246.0 21.2
Mg—-3.5Li—4Zn - 160.2 250.0 21.8

) 280 °C, 16:1 [285]
Mg—6.5Li—0.5Zn - 150.8 222.5 23.5
Mg—6.5Li—2Zn - 142.6 188.2 29.0
Mg—6.5Li—4Zn - 167.8 233.7 35.0
Mg—5Li—3Zn - 145.8 204.6 28.8
Mg—8Li—3Zn - 148.3 179.7 43.9
Mg—-11Li—3Zn - 124.5 137.7 56.1

) 200 °C, 40:1 [286]
Mg—5Li—3Zn—1Sn—0.4Mn - 164.8 252.0 18.1
Mg—8Li—3Zn—1Sn—0.4Mn - 157.8 201.1 30.9
Mg—-11Li-3Zn—1Sn—0.4Mn - 156.6 148.7 493
Mg—8Li—3Al-0.5Mn - 222.4 193.6 15.6
Mg—8Li—3Al1-0.5Mn—0.25Sr - 220.2 186.2 19.1

Mg—8Li—3Al1-0.5Mn—0.5Sr 300 °C, 25:1 - 242.2 206.9 224 [287]
Mg—8Li—3Al1-0.5Mn—0.7Sr - 265.5 174.5 17.1
Mg—8Li—3A1-0.5Mn—1Sr - 232.6 204.2 13.8
Mg—1Zn ED 151.2 207.6 10.1
Mg—1Zn TD 164.3 205.3 9.7
Mg—1Zn—1Li ED 112.1 211.6 15.6
Mg—1Zn—1Li TD 97.7 227.5 19.8

. 300 °C, 30:1 [279]
Mg—1Zn-3Li ED 91.4 201.3 18.2
Mg—1Zn-3Li TD 85.6 225.4 23.8
Mg—1Zn—5Li ED 84.7 185.6 22.6

Mg—1Zn—5Li TD 733 228.4 30.3
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6.4 Mg—Bi based alloys

Mg—Bi-based alloys have attracted a lot of
research attention in recent years [289—293]. The
solid solubility of Bi in Mg is 1.12 at.% at 553 °C
and decreases with decreasing temperature [294].
MENG et al [295] compared the mechanical
properties of Mg—6Bi (wt.%) with pure Mg. It was
found that the as-extruded Mg—6Bi alloys showed
reasonable mechanical properties with the YS of
189 MPa, UTS of 228 MPa, and the EL of 19.9%.
The finer grains and the abundant micro-/nano-
sized Mg3Bi, precipitates were deemed to be
responsible for the improvement of mechanical
properties.

The effect of Ca on the mechanical properties
of Mg—Bi alloys was studied by MENG et al [289].
It was found that the weakened texture with
(2112) parallel to the extrusion direction was
obtained by the simple single step extrusion in
Mg—1.32Bi—0.72Ca alloy. In combination with the
influence of grain refinement, the alloy exhibited
the relatively high elongation of 43%. JIN et al [296]
investigated the influence of Sn on microstructure
and mechanical properties of the extruded Mg—Bi
binary alloy. It was found that all the alloys showed
partially recrystallized grain structure independent
of Sn content. Nevertheless, Sn atoms inhibit the
activity of dislocation slip and promote the DRX
process, and finer grains were obtained by adding
Sn. The combined influence of Sn in solid solution
and grain refinement contributed to the improved
mechanical properties in Mg—5Bi—4Sn alloys.
Mechanical properties of typical Mg—Bi based
alloys are compared in Table 15.

Table 15 Mechanical properties of Mg—Bi based alloys

Extrusion YS/ UTS/ EL/
Alloy condition MPa MPa % Ref.
Mg 300 °C, 36:1 120 208 12 [295]
Mg—2.5wt.%Bi 110 °C, 19:1 155 170 [294]
geoWL7o > (110 °C)

Mg—6wt.%Bi 300 °C, 36:1 189 228 19 [295]
Mg—5wt.%Bi—

oS RS, 19:1 240 40 [294]
Mg—5wt.%Bi— _
ot RS, 19:1 205 45 [294]
BAZ811  300°C,30:1 291 331 14.6 [290]
AZ31 300 °C,30:1 200 284 24.5 [290]

6.5 Mn-containing Mg alloys

Mn is one of the most effective clean elements
that can remove impurities in Mg alloys [297,298].
However, the solid solubility of Mn in Mg is as low
as 0.996 at.% at 650 °C, which decreases further
with decreasing temperature [259,299]. Therefore,
nano-sized a-Mn particles exist in Mn-containing
Mg alloys. These nano-sized o-Mn particles
could effectively refine the as-cast grain size and
restrict the grain growth during deformation
process [298,300—303].

Limited by the relatively low solubility in Mg,
Mn is widely adopted as micro-alloying element in
Mg alloys [259,297,299,304]. SHE et al [299]
investigated the effect of Mn content on the
mechanical properties of Mg—Zn alloys. With
increasing Mn from 0 to 1.82 wt.%, the YS was
found to accordingly increase from 173 to 290 MPa,
mainly resulting from the fine grain size and a-Mn
precipitates. Similarly, the improved strength—
ductility balance by Mn addition was reported in
the extruded Mg—Ca alloy [259]. The average size
of dynamically recrystallized grains decreased from
10 to 1 pm with increasing Mn from 0 to 0.82 wt.%.
Accordingly, the YS was increased from 181 to
305 MPa. PENG et al [304] reported a noticeable
improvement of YS for the as-extruded Mg—Gd—
Mn alloy with the addition of Mn. Specifically, for
Mg—1.0Gd—1.5Mn alloy, the average grain size of
dynamically recrystallized grains and the YS were
determined to be ~1.2pum and ~280 MPa,
respectively. The YS was increased significantly
compared with that of Mg—1.0Gd. Two major roles
of Mn in the mechanical properties of wrought Mg
alloys have been reported: (1) Refining the DRXed
grain size via restricting the DRX grain growth
during the hot mechanical process, which ultimately
increases the strength of Mg alloys [259,305—-308];
(2) Mn precipitates on the basal planes of Mg alloys.
Since basal slip dominates the deformation of Mg
alloys at room temperature, Mn precipitates on
basal plane contribute noticeably to the
precipitation strengthening [259,294,297,299,304].
Mechanical properties of Mn-containing Mg alloys
are given in Table 16.

7 Summary and feature outlook

Mg alloys are very promising lightweight
structural material. The wide application of Mg
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Table 16 Mechanical properties of Mn-containing Mg alloys

Alloy Extrusion condition ~ YS/MPa UTS/MPa  EL/% Ref.

MAI105 250 °C, 25:1 343 349 21.3 [297]

MA205 250 °C, 25:1 293 300 28.3 [297]

MA305 250 °C, 25:1 274 279 48.9 [297]

ZM20 280 °C, 25:1 173 255 16 [299]

ZM21 280 °C, 25:1 256 291 23 [299]

ZM22 280 °C, 25:1 290 315 24 [299]
Mg—0.3wt.%A1-0.2wt.%Ca—0.5wt.%Mn 350 °C, 20:1 206 29 [169]
Mg—0.3wt.%A1-0.3wt.%Ca—0.2wt.%Mn 400 °C, 20:1 136 203 29 [309]
Mg—0.3wt.%Al-0.3wt.%Ca—0.8wt.%Mn 400 °C, 20:1 190 229 24 [309]
Mg—0.6wt.%Al-0.3wt.%Ca—0.3wt.%Mn 450 °C, 25:1 165 232 14 [310]

alloys is deemed to contribute noticeably to the
global issue of energy conservation and emission
reduction. Nevertheless, current applications of
wrought Mg alloys are very limited, despite the fact
that many potential applications of Mg alloys are
wrought products. The root cause is the relatively
low ductility and strength of Mg. Alloying addition
is one of the most efficient strategies to solve the
problem. In particular, the micro-alloying design of
Mg alloys is a very promising strategy to achieve
the desired high mechanical properties at a low cost
and facilitate significantly engineering applications
of Mg alloys.

In the last two decades, significant progress in
the alloying design of Mg alloys has been made
from both theory and experiment. A series of new
Mg alloys with improved mechanical properties
have been developed. In the present review, we try
to summarize recent advances in micro-alloying
design of wrought Mg alloys from both theoretical
and pragmatic perspectives, provide fundamental
data required for establishing the relationship
between chemical composition and mechanical
properties of Mg alloys, and clarify to some extent
the role of alloying elements in a series of
promising Mg alloys. It is expected to provide
helpful guidance for the development of novel
wrought Mg alloys. Nevertheless, successive efforts
from theory and experiment are required:

(1) First principle calculations based on
density functional theory provide deep insight into
the mechanisms of alloying influence and the
fundamental data required for intelligent design of
Mg alloys. However, available calculations are
limited to binary systems for both intermetallic

compounds and solid solution phase. More
theoretical efforts are thus needed to properly
describe the intrinsic properties of Mg alloys
containing multiple alloying elements and the
influence mechanisms with complex interactions
among different solute atoms. Moreover, while
attempts have been made to calculate finite-
temperature properties of intermetallic compounds,
it remains very scarce for Mg alloys in solid
solution state.

(2) Attempts adopting theoretical simulations
such as molecular dynamics, cellular automata, and
crystal plasticity have been made to understand the
deformation behavior and microstructure evolution
in some representative Mg alloys. However, they
remain in the preliminary stage and intensive efforts
are required. More importantly, the integrated
theoretical models combined with the merits of
multi-scale simulations need to be developed.

(3) Despite the numerous efforts made on
the mechanical properties and microstructure of
a great variety of Mg alloys, understanding of
alloying influence on microstructure features
including  dislocation—precipitate  interaction,
plastic mechanisms, texture evolution, alloying
segregation, and recrystallization behaviors is far
from expectation. Universal criteria of alloying
design are not established for Mg alloys, especially
in the case of complex multicomponent and
multiphase systems.

(4) On the basis of the developed datasets from
experiment and theory, machine learning methods
can be adopted to establish the correlation between
chemical composition and mechanical properties of
Mg alloys. The algorithms applicable for multi-
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objective optimization such as high strength and
high ductility can significantly facilitate the
intelligent design of novel wrought Mg alloys.
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