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Abstract

Low absolute strength becomes one major obstacle for the wider applications of low/no rare-earth (RE) containing Mg alloys. This
review firstly demonstrates the importance of grain refinement in improving strength of Mg alloys by comprehensively comparing with other
strategy, e.g., precipitation strengthening. Dynamic recrystallization (DRX) plays a crucial role in refining grain size of Mg wrought alloys.
Therefore, secondly, the DRX models, grain nucleation mechanisms and the related grain refinement abilities in Mg alloys are summarized,
including phase boundary, twin boundary and general boundary induced recrystallization. Thirdly, the newly developed low-RE containing
Mg alloy, e.g., Mg-Ce, Mg-Nd and Mg-Sm based alloys, and the RE-free Mg alloys, e.g., Mg-Al, Mg-Zn, Mg-Sn and Mg-Ca based alloy,
are reviewed, with the focus on enhancing the mechanical properties mainly via the grain refinement strategy. At the last section, the
perspectives and outstanding issues concerning high-performance Mg wrought alloys are also proposed. This review is meant to promote the
deep understanding on the critical role of grain refinement in Mg alloys and provide reference for the development of other high strength

and low-cost Mg alloys which are fabricated by the conventional extrusion/rolling processing.
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Research background of wrought Mg alloys

Magnesium (Mg) alloy is commonly recognized as the
lightest metallic structural materials [1-3]. Under the back-
ground of the continuous pushing on the “double carbon”
target and also the urgent weight-saving demand for major
equipment, Mg alloys have been considered as the critical
materials, and have great opportunity to be used in the fields
of aerospace, transportation and military [4-6]. However, the
absolute strength of conventional Mg alloys is low, and their
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plasticity is poor due to the limited slipping system in the
close-packed hexagonal structured matrix [7]. Therefore, de-
veloping Mg alloys with excellent mechanical properties such
as strength and plasticity is one of the essential prerequisites
for their service as structural materials. Previous studies have
shown that precipitation strengthening (Mg-RE alloys [8—10]),
grain refinement strengthening (extrusion, rolling, etc. [11-
14]), and texture strengthening [15], are all beneficial for
enhancing strength in wrought Mg alloys [15-18]. For ex-
ample, the RE-containing Mg-6.8Y-2.5Zn (wt.%, Mgo7Y,Zn,
(at.%)) alloy processed via rapid solidification method has
been reported to have yield strength exceeding 600 MPa [19].
More recently, the same Mgy;Y,Zn; (at.%) alloy processed
by ECAP and hot extrusion was prepared, exhibiting the high
tensile yield stress of 475 MPa along with elongation of
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14.5% [20]. The highly-alloyed Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr
alloy also reaches an ultra-high strength of 575 MPa after
rolling and following age-treatment [21]. Even at high tem-
perature of 250 °C, the low alloyed Mg-RE alloys can reach
160 MPa [22]. In other words, the Mg alloys containing large
amounts of heavy RE elements exhibit a good age-hardening
response and can reach a high yield strength level (400 ~
600 MPa) [23-26]. However, the high cost of heavy RE ele-
ments and the scarcity of heavy RE resources (Gd, Ho, etc.),
render the large-scaled usage of RE elements impossible in
the wide industrial applications.

On the other hand, the Mg alloys containing non-RE el-
ements of Zn, Sn and Al [27,28], and Mg alloys containing
the light-RE elements of Nd, Sm and Ce [29,30], have also
recently been developed. However, the non-RE/light-RE Mg
alloys above usually exhibit low nucleation rate of the pre-
cipitated phases during the ageing treatment, and also the dis-
tribution of nano-phases are heterogeneous, which thus lead
to the non-ideal strengthening effect. The rolling or extru-
sion process can effectively promote the dynamic precipita-
tion of the nano-second phases and can simultaneously lead
to grain refinement of the ¢-Mg matrix, which can contribute
to the increased strength. The routine has been widely ap-
plied to many Mg alloying systems: Mg-Zn-Ca-Mn/Sm, Mg-
Sn-Zn-Al/Nd, Mg-Zn-Ag-Ca-Zr and Mg-Al-Ca-Mn/Ce alloys
[31-40]. However, the yield strengths of these non-RE/light-
RE Mg alloys are yet less than 300 MPa, which cannot
be comparable with those of the heavy-RE containing Mg
alloys.

In fact, grain refinement is an important routine to in-
crease the strength of Mg alloys, and the previous works
have been focused on the severe plastic deformation (SPD)
methods. The ultra-fined grains (< 1 pwm) can be achieved in
Mg alloys using SPD methods such as equal channel angu-
lar pressing [41-44] (ECAP), multi-directional forging [45—
47] (MDF) and high pressure torsion [48,49] (HPT), and the
yield strength of Mg alloys is thus significantly improved.
For example, Ding et al. [50] obtained a high-strength AZ31
alloy (yield strength of 372 MPa and tensile strength of 445
MPa) using multi-pass ECAP. By controlling the deformation
temperature and optimizing the path, the average grain size of
AZ31 alloy can be refined to only 0.37 wm after 10 passes,
which also has a strong basal texture, resulting in the ultra-
high strength. Li et al. [51] fabricated Mg-1Ca alloys with a
grain size of approximately 0.17 & 0.52 wm by HPT, which
increased the yield strength to 229.4 MPa, significantly higher
than that of extruded Mg-1Ca alloys (~ 130 MPa). Despite of
that, the dimension of Mg samples produced by SPD routine
is usually limited, which is insufficient for industrial applica-
tions. At the same time, Mg alloys fabricated by SPD meth-
ods are generally needed to be processed by several passes,
thus bringing additional costs as compared with those of Al
alloys. Considering this, manufacturing the high-performance
Mg alloys with low/no RE content, i.e., low cost, and high
strength-ductility synergy based on the conventional rapid ex-
trusion and/or rolling process is now the key-point to further
broaden their industrial applications.

Fig. 1. (a) Morphology of the fractured precipitates in the severely deformed
region of Mg-Zn alloy, (b) high magnification image showing the mechanisms
of precipitate shearing by basal dislocations [67].

2. The importance of grain refinement for wrought Mg
alloys

The bottleneck problem of current low-cost Mg wrought
alloy is the insufficient absolute strength. Strengthening of
Mg alloy can be achieved by introducing high density of
the second phases, whereby age-hardening Mg alloying sys-
tems, including the Mg-Al-(Zn/Mn), Mg-RE(-Zn), Mg-Zn-
(Zr) and Mg-Sn-(Zn/Al) alloys have been developed. How-
ever, the age-hardening effect of the above Mg alloys is not
significant. For example, the precipitation strengthening con-
tribution in the Mg-Al/Sn based alloys is only 30 ~ 40 MPa
[52-55], and the age-hardening value of Mg-Zn-(Zr) alloys
with precipitation phases distributing on the prismatic plane
can be slightly increased to 50 ~ 70 MPa [56-59]. For the
highly-alloyed Mg-RE-(Zn) based alloys, the age-hardening
response is yet limited, only 140 ~ 170 MPa [60-63]. It
can be seen that there exists a large gap for the precipitation
strengthening effect between Mg alloys (< 100 MPa) and Al
alloys (300 ~ 400 MPa [64-66]).

The mechanism for the above problem is that the typi-
cal strengthening phases in Mg alloys (Mg7Al,, B, etc.)
can be easily cut through by dislocations, as evidence by the
recent TEM examinations [67], so that the age-hardening ef-
fect of Mg alloys is not significant. For instance, LLorca et al.
[67] performed micro pillar compression tests on an aged Mg-
47n alloy, and found that the interactions between dislocations
and precipitates during deformation contain more than just the
dislocation bowing around the precipitates (MgZn,, 81,), but
also the occurrence of precipitates shearing (Fig. 1). The dis-
locations shearing causes the fracture of the precipitated phase
on the prismatic plane, and the shearing of 8] phase can be
ascribed to the fact that (2110) plane of the B phase has the
highest atomic packing coefficient with the matrix of «¢-Mg.
This was also confirmed by in situ TEM observations of the
Mg-RE alloy by Huang et al. [68] and Bhattacharyya et al.
[69]. The precipitate shearing on the prismatic plane has been
observed in the WE43 alloy under the tension state, which is
caused by basal slipping of <a> dislocations, while the other
non-basal <a> and <c + a> dislocations cannot shear the
precipitates. Ma et al. [70] directly observed that the basal
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dislocation slipping can shear the LPSO phase with a high
elastic modulus (75 + 5 GPa) in Mg-Zn-Y alloy at the atomic
level. The results show that even though the precipitates are
located on the basal plane and have a high elastic modu-
lus, the phases are still penetrated by many basal dislocations
during deformation, which results in shearing. Besides, Wang
et al. [71] further reported that pyramidal <c + a> disloca-
tions can shear the plate precipitates along pyramidal planes,
when there is a good alignment between the slip plane of the
incoming matrix dislocation and the pyramidal plane of pre-
cipitates. Otherwise, pyramidal <c + a> dislocations sliding
on matrix planes with low geometric compatibility with pre-
cipitates would bypass the nano-particles via Orowan looping
mechanism.

A more detailed description of the shearing mechanism in
the precipitates is investigated by molecular dynamics sim-
ulations by Esteban-Manzanares et al. [72]. The simulations
show that the dislocations firstly enter the precipitates and
form the Orowan loop nearby the precipitates. The appear-
ance of new dislocations and the stress concentration associ-
ated with the dislocation pile-up eventually lead to the col-
lapse of the Orowan loop and the precipitates shearing. By the
way, experimental observations on precipitate shearing have
also reported in the other Mg samples, including Mg-Nd [73],
Mg-Mn-Nd [71] and Mg-Al [72,74] alloys. Consequently, sec-
ond strengthening effect predicted by Orowan model should
be overestimated considering only the case for precipitates
shearing. Bhattacharyya et al. [69] obtained a strengthening
value of 98 MPa for the precipitates in Mg-RE based on the
Orowan bowing model, which is much higher than the experi-
mental value of only 55 MPa. In other words, the precipitates
in Mg alloys cannot effectively impede the slipping of <a>
and/or <c + a> dislocations, thereby resulting in the limited
strengthening effects.

In contrast, the grain refinement strengthening in Mg
alloys is particularly effective, as compared with second
phase hardening (All refer to room temperature unless oth-
erwise specified). Since Mg matrix is mainly deformed
via dislocation slipping and twinning, the grain boundaries
(GBs), as the atomic disorder regions, would impede the
dislocation/twinning movement and create stress concentra-
tion in front of GBs, thus increasing the yield strength
of the Mg alloy. According to the Hall-Petch relationship:
oy, =09+ kd=12, where oy is the yield stress, oy is the fric-
tion stress, d is the average grain size, and k is the strength-
ening parameter, the above equation shows that grain size
and strength are negatively correlated [75-77]. The slope k
in the Hall-Petch relationship for Mg alloys can be as high
as 200 ~ 300 MPa pm"? [78], which is 3 ~ 5 times higher
than the k value for Al alloys or steel (only 40 ~ 70 MPa
wm'2) [79]. For example, Huang et al. [80] prepared Al-
0.3% Cu alloys with ultra-fine grains by cold rolling, and
accurately quantified the contribution of boundary strength-
ening to flow stresses by excluding the dislocation strength-
ening and solid solution strengthening. By comparison with
previous reports, it is shown that the Hall-Petch relation-
ship for Al alloy can be extended from the micron- to the

S. Wang, H. Pan, D. Xie et al./Journal of Magnesium and Alloys 11 (2023) 4128-4145

d (pm)
25pm  3.12pm  1.18pum  0.61pm 050 um 0
400 1 1 ] 1 ]
— o
m -
% 350 L
= .-=" k904263
c -
£ %7 =*"+ ® G=208+30.7
7}
-~
23 2504
N Jain et al. [12)
o del Valle et al. [11]
A Yuan et al. [14]
¢ 2004
o Bhargava et al. [20]
(*,-‘) Yuan et al. [21]
150 - Present study
g AA Data having grain sizes of > 2 ym
o = = = Data having grain sizes of <2 ym
100 T T T
0.0 0.5 1.0 1.5 2.0
12 1/2
d (um )

Fig. 2. Corresponding Hall-Petch (H-P) plot for prismatic slip including the
data from the literature. One plot only includes the data for grain sizes >1
pwm, the other plot consists of grain sizes down to 350 nm. ky is the H-P
slope [85].

submicron-meter range with a slope k of approximately 45
MPa um'2. For the Mg alloys, on the other hand, the k val-
ues for Mg-Al, Mg-Zn, Mg-Y and Mg-Gd alloys are fitted to
324, 322, 220 and 285 MPa um”z, respectively [81]. Even
though adding Gd and Y elements weakens the texture, result-
ing in extensive activation of both twinning and basal slip and
thus decreasing the k values, they are still maintained above
200 MPa pm'?.

In general, the Hall-Petch relationship can be applied for
Mg alloys with grain sizes in the micron-meter range. When
the grain size is refined to the nanometer level, a differ-
ent Hall-Petch relationship slope can be obtained [82]. The
change in k values is mainly attributed to a shift in the de-
formation mechanism caused by the variation in grain size.
In metals with grain sizes at the microscale, dislocation or
twin deformation mechanisms dominate the plastic deforma-
tion behavior; however, when grain sizes are reduced to the
nanoscale, the deformation mechanism becomes associated
with grain boundaries (e.g., grain boundaries sliding or creep)
[83,84]. The k values corresponding to different grain sizes
of AZ31 alloy have been studied by Razavi et al. [85]. As
can be seen from the Fig. 2, the two regions corresponding
to different k values are obtained, with k values of approxi-
mately 205 £ 10.6 MPa wm'? when the grain size is greater
than 2 wm, and k values of 90 & 26.3 MPa um!? when
the grain size is less than 2 pm. Statistical analysis of Mg-
3Al-1Zn, Mg-9Al(—1Zn), and Mg-3Gd alloys by Zhang et al.
[86] also showed that, regardless of the size of the grains used
as the transition point, the k values of Mg alloys are yet much
larger than those of Al alloys.

The refinement of grain size and thus the improvement
of the strength in Mg alloys processed by various methods
have been reported in many works [87-93]. For examples,
the yield strength of AZ31 alloy increased from 244 MPa to
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385 MPa when the grain size was refined from 2.9 pm to 0.3
pm, and an increase in strength of 141 MPa can be obtained
[85]. The yield strength of AZ31 can be also increased by a
factor of 2.65 when the grain size is refined from 75 wm to
2.5 pm through ECAP treatment, as reported by Lin et al.
[94]. Pan et al. [95] obtained Mg-1.0Ca-1.0Al1-0.2Zn-0.1Mn
alloys with grain sizes in the range of 0.3 ~ 0.6 um after
a simple extrusion treatment, which achieved an high yield
strength of 425 MPa, accompanied by an elongation of 11%.
The results above proved that the low/no-RE containing Mg
alloys can be effectively strengthened via grain refinement.

3. Dynamic recrystallization and grain refinement of Mg
alloys

Dynamic recrystallization (DRX) plays a crucial role in
refining grain size during the plastic deformation of Mg al-
loys [96-98]. Previous studies have shown that during the
low to mediate temperature forming process of pure Mg with
low melting point, the activated dislocations mainly belong
to the basal <a> and/or prismatic <a> type, with few oc-
currences of pyramidal <c + a> slipping due to the high
critical stresses [99,100]. In this sense, the migration rate of
dislocation walls formed by the <a>-type dislocations re-
covery is quite fast because of the corresponding low critical
resolved shear stress (CRSS) value, which leads to a rapid
transformation from low angle grain boundaries (LAGBs) to
high angle grain boundaries (HAGBs), thus offsetting most of
the grain refinement effect. This is also one of the important
reasons that it is difficult to obtain submicron sized grains Mg
or Mg alloys (<1 pwm) using traditional rolling or extrusion
processes.

In order to fabricate the fined grains (< 10 pm) and/or
ultra-fined grains (< 1 wm) in metals, the recrystallization
process and controlling factors must be understood. It is
widely accepted that DRX mechanism of metals is closely
related to their stacking fault energy (SFE). For example, the
low SFE of Cu undergoes discontinuous dynamic recrystal-
lization (DDRX) mechanism which present clearly nucleation
and growth stage, while the high SFE of Al tends to oc-
cur continuous dynamic recrystallization (CDRX) mechanism
due to its easer cross slip capacity. The static dynamic re-
crystallization (SRX) mechanism during annealing after cold
deformation is analogous, categorized as discontinuous static
recrystallization (DSRX) mechanism and continuous static re-
crystallization (CSRX) mechanism. Great effort has been paid
to study the recrystallization process from macro- to meso—
scale, including the computer-aided microstructure simulation,
which is benefited from improved computational methods and
characterization technologies.

This section would sequentially introduce some typical
simulation methods and the microstructural recrystallization
mechanisms. We firstly separate simulation methods to two
aspects: phenomenological model and computer-aided mi-
crostructural simulation. Then, the recrystallization mecha-
nism according to the different recrystallization sites refer-
ring to the interface, such as phase boundary, special grain

boundary (e. g., twin boundary) and general grain boundary
are introduced, categorizing them by particle stimulated nu-
cleation of recrystallization mechanism (PSN), deformation
twinning induced nucleation of recrystallization mechanism
(DTIN), and general grain boundary induced nucleation of
recrystallization mechanism (GBIN), respectively.

3.1. Recrystallization simulation

3.1.1. Phenomenological constitutive model

Hot compression simulation was the earliest method to
investigate the relationship between recrystallization pro-
cess and the stress-strain correspondence. Arrhenius equa-
tion [101] is most widely used with the format of ¢ =
A(sinhao)'exp(—Q/RT), and this model is capable to sim-
ulate the stress-strain curves during hot compression at dif-
ferent temperature and strain rates by solving for the con-
stants (A, «, n and Q) in the equation. Hu et al. [102] further
implemented constitutive model into ABAQUS software, and
found that it can simulate the measured force-displacement
curves. Johnson-Cook model was proposed mainly to de-
scribe the deformation at high temperature and high strain
rate. Compared with other models, this mode has received
much attention due to its simple polynomial multiplication
form (o = (A+Be")(1+Cln 5-)(1 - D(%)m)(eoz refer-
ence strain rate)), fewer solution parameters and more accu-
rate prediction ability. Recently, Chen et al. [103] modified
both the Arrhenius equation and Johson-Cook model in AZ80
alloy to more accurately match the flow stress curves. They
found that Arrhenius type relation predicts the peak stress
with high accuracy but cannot satisfy the strain relevant re-
quirement while the Johnson-Cook model exhibits an inap-
propriate ability to describe the constitutive behavior. Fur-
ther, the modified Arrhenius type relation is used to reflect
the constitutive behavior before peak strain and the modified
Johnson-Cook model can exhibit the stages after peak strain.
Hollomon model [104] with the format of o = K&"e" can
describe the sensitivity of materials to strain rates. Besides,
there are also other constitutive models such as Ludwigson
[105], Voce [106], KM[107], EM[108], Laasraoui-Janos[109],
and Swift [110] model, which can be also used to predict the
flow stress.

Based on the simulated macro stress-strain curve, phe-
nomenological models for DRX simulations have also been
developed. For example, the Zener-Hollomon parameter Z =
eexp(Q/RT) can be used to quantitatively analysis the DRX
kinetics and DRXed grain size. Barezban et al. [111] found
that the DRXed grain size can be expressed as D = AZ™” of
Mg/Mg-0.5Gd/Mg-1.5Gd alloy with p value of —0.118, which
is independent of the Gd content. Li et al. [112] obtained the
relation of Dpgry = 57.74 - Z%%* in a Mg-5.8Zn-0.5Zr-1.0Yb
alloy. As regards the recrystallization kinetics, the widely used
method is Johnson-Mehl-Avrami-Kalmogorav (JMAK) equa-
tion and presented as X = 1 — exp( — bt"), which can predict
the recrystallization fraction (Fig. 3) [112—114]. Nevertheless,
it is noted that the phenomenological models mentioned above
are all based on the macro stress-strain curves and constitutive
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Fig. 3. The isofraction contour map of the parameter Xpgry to the relation
among the Z parameter and ¢ [112].

theory which cannot directly reflect the microscopic deforma-
tion mechanism during the processing of Mg alloys and also
always incapable to fully understand the detailed recrystal-
lization mechanism.

3.1.2. Computer-aided microstructure simulation
Microstructure simulation is to analyze the micro-plastic
deformation law of the polycrystalline under the applied ex-
ternal load based on the microscopic deformation mechanism,
and then study the macroscopic plastic behavior of the ma-
terial, which mainly including phase field (PF), cellular au-
tomata (CA), and Monte Carlo (MC) method. The above
models can quantitatively reveal the microscopic deformation
mechanism of the crystalline material, and thus establish the
relationship between the microscopic deformation mechanism
and the macroscopic mechanical behavior of the materials
[115]. The greatest advantage of PF method is that there is
a clear physical meaning since it is based on the Ginzburg-
Landau theory. For example, Cai et al. [116] investigated the
microstructure evolution and corresponding mechanical re-
sponse based on the hot compression process by coupling
PF-DDRX model and aforementioned phenomenological KM
model, and the result is in good agreement with experimental
data. They demonstrated that the developed model can quan-
titatively predict and design grain microstructures and me-
chanical properties. Recently, Song et al. [117] simulated the
grain growth with second phase particles and applied stress
during annealing process on industrial scale in a Y-alloyed
ZK60 alloy by using phase field method. Their results re-
vealed that there exists critical range of second particle size
(0.3~0.4 pm) that can obtain the most refined grain size.
Zhu et al. [118] further considered the pinning effect when
particle size is refined and also considered the effect of sec-
ond phase on the dislocation density evolution. As a result,

their newly developed model exhibits great reliability and ac-
curacy by inspecting the AZ80 alloy. Therefore, this model
could be used to quantitatively predict the DRX behaviors in
second phase containing Mg alloy, and could also be used to
optimize the initial second phase morphology to obtain the
desired microstructure. Popova et al. [119] integrated a CA
model on the basis of a crystal plasticity finite element (FE)
model, and calculated the evolution of the dislocation density
during the material forming by the crystal plasticity model
and analyzed the probability of the occurrence of recrystal-
lization. The accuracy of the new method was also confirmed
by studying the recrystallization data on a thin plate of AZ31
magnesium alloy. Duan et al. [120] investigated the dynamic
recrystallization behavior of extruded AZ80A magnesium al-
loy during plastic deformation by coupling the physical-based
FE method and the developed CA model. The established
model was also embedded in DEFORM-3D software to simu-
late the grain evolution under various deformation conditions.
This combined method was capable of predicting the evolu-
tion of flow stress, DRX volume fraction, and DRX grain size
in various deformation conditions. He et al. [121] simulated
the microstructure evolution of AZ31 Mg alloy at different
temperatures and strain rates by using MC method. The re-
sults showed that high temperature is the main reason for
grain growth, and increasing strain rate can promote recrys-
tallization and refine grain size. Mohseni et al. [122] introduce
pinning effect to MC method of the hot-rolled AZ61 Mg al-
loy, and successfully predicted the grain growth by comparing
with experimental data. It is worth noting that even though all
of the above models are able to simulate the DRX process,
the specific DRX mechanism in the corresponding process
yet cannot be revealed. In the following sections, the DRX
mechanism based on the microstructure evolution, including
the particle, dislocations, twins and grain boundaries would
be reviewed.

3.2. Particle-stimulated nucleation of recrystallization (PSN)

During the thermomechanical processing, the DRX often
occurs around isolated large particles (> 1 pwm) in the ma-
trix, and this phenomenon is called as the PSN. As early
as 1994, Ball and Prangnell [123] investigated the recrystal-
lization behavior of WE54 magnesium alloy, and firstly re-
ported the recrystallization of PSN mechanism in Mg alloys.
Xu et al. [124]. systematically studied the recrystallization be-
havior of AZ91 alloy and observed that the Mg;7Al;, phase
can cause the pinning effect, which prevent the recrystallized
grains growth. They found that the conventional relationship
between DRXed grain size and the Zener-Hollomon param-
eter (Z = se%) would break down if the pinning effect of
the precipitates is not fully considered. This indicates the im-
portance of the PSN mechanism in refining grains, and the
fine grains with the size of ~ 1.5 um can be obtained under
the Mgj7Alj, pinning effect [125]. In the Mg-6.8Gd-4.5Y-
1.1Nd-0.5Zr alloy, Xia et al. [126]. found the grain size can
be refined from 200 wm to 27.2 wm when the strain increases
to 1.61 at conditions of 500 °C and 0.5 s~', and suggested
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Fig. 4. EBSD band contrast microstructure of extruded ZWEK1000 magne-
sium alloy (a) and enlarged view of one fine grained area evincing particle-
stimulated recrystallization [127].

that the second phase particles precipitated along the DRX
grain boundaries play an important role in grain refinement.

In addition, Al-Samman et al. [127] performed a com-
parative experiments using Mg-1Zn-0.4Zr alloy without par-
ticles, and the RE-modified Mg-1Zn-0.4Zr alloy with 1 ~
10 pm particles. It is shown that the remarkble grain refining
of ~ 5 pwm can be induced by particle stimulated nucleation,
whereas the grain structure in the adjacent “particle-free” area
is tremendously coarser (d ~ 40 wm) (Fig. 4). Pei et al.
[128] claimed that the coarse particle can served as particle
stimulated nucleation site depending on clearly the locally
stored dislocation density and the particle environment. No-
tably, Robson et al. [129]. conducted a PSN mechanism study
on the model Mg-Mn binary alloys, and found that Mn par-
ticles greater than 1 pm can increase the strain gradient of
the nearby Mg matrix during deformation, which is similar
to the PSN mechanism in Al alloys [130]. The incompati-
ble deformation between the second-phase particles and the
Mg matrix would generate a high density of geometrically
necessary dislocations and large orientation gradient around
the hard particles, which can provide the necessary energy
for DRX grains nucleation and growth. During annealing, the
grains with size of ~ 10 pm will be generated nearby the
particles. Generally, the average size of DRX grains via PSN
mechanism in Mg alloys would be larger than 1 pm, and
other DRX mechanisms should be incorporated.

3.3. Deformation twinning induced nucleation of
recrystallization (DTIN)

Besides the DRX at phase boundaries (PSN mechanism),
twin boundaries can also serve as the nucleation site for re-
crystallization, especially the compression twin boundary with
limited mobility. Generally, three typical DRX sites have been
reported in regard to the DTIN mechanism, including the twin
interiors, twin—twin intersection and twin—GB intersection.

Firstly, the recrystallization can readily occur in the twin
interiors due to the dislocation concentration. For the tension
twins, the internal strain can be easily released due to the
high twin boundary mobility, which would not lead to high
strain accumulation. On the other hand, for the compression
twins formed at the later stage of deformation, the dislocations
would gradually accumulate around the twin boundary, which
also lead to the inhomogeneous lattice strain in the twin in-
teriors. These localized deformation areas can easily serve as
the nucleation sites for DRX, which also act as an effective
softening mechanism. Particularly, the previous works have
showed that the DRX behaviors at the twin interiors are deter-
mined by the twin types and twin generation. For example, Li
et al. [131] investigated the early stage static recrystallization
process of the AZ31 extruded plate, and found that recrystal-
lization mainly arise from the compression twins, rather than
extension twins, and the orientations of new DRX grains are
close to those of the twin matrix. The recrystallization grain
size is limited to 1 ~ 3 pwm since the thickness of formed
compression twin is only 3 ~ 5 pm. Furthermore, Basu et al.
[132] studied the recrystallization mechanism of Mg-1Gd and
Mg-1Ce alloys, and found that both the compression twin and
double twin interior regions can be recrystallized during hot
compression process. The newly formed grains’ orientation is
also close to twined grain’s orientation, and the misorientation
between new DRX grains is low at the early stage of recrys-
tallization. Besides, the recrystallization inside compression
twin and double twin can effectively refine the initial parent
grains size by 1 ~ 2 orders of magnitude, ~ 10 pm in size.
Guan et al. [133] further studied the effect of twin on the
recrystallization behavior of WE43 magnesium alloy, and the
quasi-in-situ EBSD results indicate that the preferential nu-
cleation site for recrystallization was {1011}—{1012} double
twins (DTWs) interiors, and the recrystallized grains can be
decreased from ~ 200 pm to ~ 70 pm.

Secondly, when recrystallization nucleation site is at the
compression twin—twin intersections, the orientation of the
new grain is more random and the grain size can be also re-
fined due to the DRX process. For example, Li et al. [131] in-
vestigated the case of recrystallization from intersection of
two compression twin bands, and the experimental results in-
dicate that DRXed grains with a spread spectrum of orienta-
tion up to 90° away from original twinned matrix, and with
size of 1 ~ 3 pm (Fig. 5). Thirdly, when the recrystalliza-
tion nucleation site are at compression twin—GB intersections,
the newly formed grains’ orientation are also random. Guan
et al. [133] reported that the most recrystallized grains were
from DTWs and also DTW-GB intersections. During subse-
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Fig. 5. Orientatin map of nucleation at two compression twin bands (a) micrograph (b) orientation map (c) (0002) pole figure (d) Kikuchi band quality [131].

quent growth, the recrystallized grains within the individual
DTW lamellae are constrained and are even consumed by
the other recrystallized grains. Moreover, the recrystallized
grains originating from DTW-DTW and DTW-GB intersec-
tions can readily grow into the deformed parent grains and
subsequently into the neighboring deformed grains, i.e., the
regions with higher stored energy (Fig. 6).

By the way, shear bands can act as the additional sites
for nucleation of DRX grains in Mg alloys. In plastically
deformed alloys, shear bands are narrow regions involving
severe plastic deformation [134]. In Mg alloys, shear bands
are generally composed of compression twin and double twin
arrays, as well as a large number of dislocations. Zeng et al.
[135] reported that in cold rolled Mg-0.3Zn-0.1Ca alloy, shear
bands induced recrystallization occurred at the beginning of
annealing treatment, which is similar with the DRX nucle-
ation at twin sites above. For the texture intensity and tex-
ture type of recrystallization grains origination from shear
band, there still exist some controversy viewpoints. The “RE-
texture” was first proposed in some low alloyed extrusion
Mg-RE binary alloys by Stanford [136], and the “RE-texture”
grains are found to nucleated at the shear bands with an an-
gle deviation of ~ 35° from extrusion direction. Guan et al.
[137] also reported that the shear bands can be the prefer-
ential recrystallization sites but they claimed that shear band
nucleation contribute little to the RE-texture component. Fur-
ther works are yet needed to clarify the role of shear bands
on DRX process in Mg alloys. Besides, the grain refinement
effect by shear bands is similar to that of compression twins
and double twins. It is concluded that the average size of DRX

grains formed via TSIN mechanism in Mg alloys would be
larger than 1 wm, frequently even larger than 10 pm.

3.4. General grain boundary induced nucleation of
recrystallization (GBIN)

Besides the recrystallization sites at phase boundary and
twin boundary, general grain boundary can also act as the
recrystallization site due to the dislocation accumulations at
the grain boundary. For example, Jiang et al. [138] found
that during the extrusion of a AZ31 alloy there is no obvi-
ous evidence showing the DRX nucleation at twinning and/or
particles, but the occurrence of nucleation at GBs are found
due to severer lattice rotations around the GBs and thus
LAGBs or sub-grains are gradually formed. At the micro-
scale, the formation of new grains in Mg alloys occurs mainly
via the dislocation activation, movement and rearrangement.
Imandoust et al. [139] noted that during CDRX of Mg al-
loys, basal <a>/pyramidal <c + a> dislocations can ac-
cumulate to form the basal-typed LAGBs (parallel to basal
plane) and/or the prismatic-typed LAGBs (parallel to pris-
matic plane), while the prismatic <a> dislocations can only
rearrange to form the prismatic-typed LAGBs. The formed
LAGBs can continue to absorb dislocations and gradually
evolve into the HAGBs in the subsequent recrystallization
process. The results indicate that new grains formed via the
CDRX mechanism in Mg-0.51Ce alloy are usually < 5 pm
in size, despite that the deformation temperature is as high as
~ 450 °C (Fig. 7). On the other hand, when DDRX occurs
in Mg alloys, recrystallization originates from the aggregated
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Fig. 6. Quasi-in-situ EBSD IPF maps superimposed by band contrast maps displaying evolution of twins in individual grains annealed at 490 °C with various
times (a-g) DTW, (h-n) DTW, TTW-TTW, (o-t) DTW, TTW, TTW-TTW and (u-za) DTW-GB intersections [133].
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Fig. 7. (a) EBSD results of Mg-0.51 wt% Ce extruded alloy presented relax-
ation of basal/<c + a> (red lines) and prismatic dislocations (black lines).
(b) concomitant relaxation of basal/<c 4 a> and prismatic dislocations at
CDRX front [139].

dislocations around the original HAGBs. Imandoust et al.
[140] considered that a dislocation density gradient can be
formed from the grain boundaries to the grain interiors due to
the dislocations aggregate. Consequently, recrystallized grains
are formed through the grain boundary bow out mechanism.
The newly developed recrystallized grains exhibit a “necklace
like” distribution, with recrystallized grain sizes ranging from
5 to 10 wm. Another work on Mg-1.10Zn-0.49A1-0.30Mn-
2.2Y-0.41MM (misch metal) wt.% also show that the new
grains formed via DDRX mechanism is usually < 10 pm in
size, when the deformation temperature is ~ 450 °C.

In addition, the solute segregation can also modify the av-
erage size and orientation of DRX grains to some certain
extents. In conventional Mg alloys, there exists a preferred
selection of crystal orientation during nucleation and growth
of dynamically recrystallized grains, either <1120> axis or
the <1010> axis being parallel with the extrusion direction.
The extrusion <1010>||ED texture can always transform to
<1010>—<1120>||ED texture component by subsequent an-
nealing or continuous deformation. Barrett et al. [141] re-
ported that the experimental-observed {1340} boundary is as-
sociated with the texture transformation, which is also known
as 213 boundary with 30° <0001> misorientation between
the two textured grains above. The further simulation results
show that the {1340} boundary has a minimum local en-
ergy, which will be preferentially formed during the recrystal-
lization process. However, after the addition of RE elements
which can easily migrate to the GBs, the other general GBs
energy can be remarkably decreased, which is even compa-
rable with that of the {134_10} GB [142]. Consequently, the
preferential 30° <0001> transformation would be suppressed,
and the other ordinary GBs would have more opportunity for
growth, which thus lead to the fiber textures randomization.

Further, the solute segregation not only decorates the re-
crystallization texture but also limit the growth of recrystal-
lized grains. It is known that the tendency of solute segrega-
tion at grain boundaries is strongly associated with the type
of solute elements in Mg alloys. Ordinarily, RE [143], Ca
[135], Zn [144], and Ag elements [145] have been confirmed
to segregate at grain boundaries, which should be due to the
large segregation energy [142,146]. For example, Zhang et al.
[147] obtained grain size of ~ 6.9 wm in a Mg-2Er alloy ex-
truded at 320 °C. After the subsequent annealing at 300 °C
for 1 h, the fully recrystallized grains remain fine grain size of
~ 8.3 wm due to the segregation of Er atoms at grain bound-

aries. Pan et al. [148,149] reported that extruded Mg-Sn-Ca-
(Mn) alloys can refine to only ~ 320 pm due to the Ca segre-
gation at LAGBs and dislocations. Xiao et al. [145] found that
Ag segregation can refine the grain size of Mg matrix to only
~ 105 nm (Fig. 8). In the case of multiple-solute Mg alloys,
the elements with diameter larger than Mg (i.e., Ca, RE), and
the elements with diameter less than Mg (i.e., Al, Zn), are
prone to co-segregate towards the GBs and dislocations. And
the grain refinement efficiency would also be increased. For
example, the recrystallized grain size of an extruded Mg-1Al-
1Ca-0.3Zn-0.4Mn alloy can be reduced to only ~ 0.4 pm,
since the Ca, Al and Zn atoms can co-segregate at GBs, en-
hancing the thermal stability of GBs [150]. Sun et al. showed
that, the recrystallized grain size of Mg-8.2Gd-3.2Y-1.0Zn-
0.4Zr alloy after HPT treatment can be even refined to only
~ 35 nm, mainly due to co-segregations of Gd, Y and Zn
atoms [151,152]. The results above shown that solute segre-
gations are effective in refining the DRX grain size in Mg
alloys.

More interesting, Hucheng Pan’s group found that the grain
refinement in Mg alloys can be achieved via tuning the dis-
location behavior, i.e., changing the dominant slipping mode
from basal/prismatic <a> to the pyramidal <c + a> type. In
fact, it is noted that the CRSS values of different slip systems
in the Mg alloys can be significantly changed after the appro-
priate addition of solute atoms dissolved into the Mg matrix.
Especially, the addition of Ca and/or RE elements will sig-
nificantly increase the basal slip CRSS value and reduce the
pyramidal/basal slip CRSS ratio, which leads to an alteration
in the proportion of dislocations generated in the Mg alloy,
such as an increase in the proportion of <c¢ + a> disloca-
tions. For example, Yu et al. [153] reported that due to the Y
and Ca additions, Mg-5Y-0.08Ca alloy present a profound in-
crease in CRSS for <a> basal slipping (29 + 5 MPa), thus
leading to a reduced pyramidal/basal slip CRSS ratio of ~
7.14, as compared with the high ratio of ~ 100 for pure Mg.
The simulation results also showed that the small amount of
Ce addition can significantly increase the CRSS values for the
basal and prismatic slipping, while it has little effect on the
CRSS value for the pyramidal II slipping [154]. In this sense,
Li et al. [155] prepared the model Mg-0.3Ce binary alloy and
clarify the critical role of Ce addition in tuning the recrys-
tallization behavior. It was shown that Ce addition can effec-
tively increase the activation ratio of <c + a> dislocations.
Screw-typed pyramidal <c + a> dislocations participate in
the formation of low angle interfaces being perpendicular to
the basal plane, while subsequent <c + a> edge-type dis-
locations take part in the formation of low angle interfaces
being parallel to the basal plane, ultimately leading to the
formation of fine DRX grains. Because of the addition of
Ce element, the dislocation component in the formed LAGBs
mainly belong to the <c 4 a> type, which exhibit much
lower mobility than that of the <a> type in conventional Mg
alloys. Consequently, the recrystallization temperature of the
Mg-Ce alloy was increased and the recrystallization process
was suppressed. Statistics show that the recrystallization grain
size of the alloy is only ~ 0.5 pum (Fig. 9). The concept of
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Fig. 9. Typical TEM images at the position of 7.5 mm below extrusion die exit of Mg-0.3Ce billet (a, b, ¢) showing the initial formation stage of LAGBs
which are perpendicular to basal plane via <c¢ + a> dislocations accumulation, under the two-beam conditions of (a, b) g = 0002 and (c) g = 1010, and (d)

the corresponding schematic image [155].

changing the CRSS for different slip systems by Ca and/or
RE additions to modify the dominant deformation behavior in
polycrystal and thus tune the recrystallization mechanism has
also been successfully applied to the other Mg wrought alloys,
including the Mg-Ce-Al [156], Mg-Ce-Ca-Al [157] and Mg-
Ca-Mn-Ce [158] alloys. Generally, the average size of DRX
grains formed via GBIN mechanism in Mg alloys can be as
fine as < 0.5 wm, which should be effective in enhancing the
yield strength.

4. High-strength wrought mg alloys based on the grain
refinement strategy

4.1. Light rare-earth containing mg alloys
4.1.1. Mg-Ce-based alloys

Mg-Ce-based alloy is the typical wrought Mg alloys, and
its strengthening contribution mainly come from grain refine-

ment, rather than age-hardening, due to a quite low solid sol-
ubility in Mg. Zhao et al. [159] prepared the fine-grained
Mg-Ce alloys by hot-extrusion and found that increasing Ce
content leads to an obvious grain refinement effect, with the
grain size of ~ 2.5 pm and ~ 2.2 um in Mg-0.5Ce and
Mg-1Ce alloys, respectively. Thus, a higher YS of ~ 295
MPa and ~ 316 MPa was obtained in extruded Mg-0.5Ce
and Mg-1Ce alloys, as compared to low strength of only ~
80 MPa in pure Mg with the grain size of ~ 29 pwm. Further,
Li et al. [155] optimized the extrusion process and achieved
a maximum YS of ~ 356 MPa in a dilute Mg-0.3Ce al-
loy. They found that decreasing extrusion temperature from
350 °C to 280 °C results in a reduction of the recrystallized
grain size from ~ 1.26 wm to ~ 0.51 wm, which contributes
to enhanced YS values. In addition, it was shown that the
extruded Mg-0.3Ce alloy characterizes the typical sub-grain
lamellae with the thickness of ~ 100 nm, in which the Ce-
induced multiple slipping and Ce-enriched nano-phases are
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mainly responsible to the formation of sub-grain lamellae.
Considering that it is difficult for further refining grain in
Mg-Ce alloy by extrusion process, Pan et al. [156] employed
trace Al (~ 0.05%) addition into Mg-0.2Ce alloy to induce
solute segregation at both GBs and dislocations, which thus
results in the formation of ultrafine sub-grains with the size
of ~ 390 nm and ~ 640 nm after the indirect extrusion at
260 °C and 300 °C, respectively. The highest yield strength
of ~ 365 MPa was obtained in a dilute Mg-0.2Ce-0.05Al
extrusion alloy. As mentioned above, the efficient grain re-
finement of Mg-Ce-based alloy should be related with the re-
duced pyramidal/basal slip CRSS ratio due to the Ce addition
[154,155,160], and more thermally stable LAGBs containing
the <c 4 a> dislocations can be formed.

4.1.2. Mg-Nd-based alloys

Mg-Nd-based (Mg-Nd-Zn-Zr) alloys have great potential
for industrial applications, particularly in the biodegradable
implant materials. Since Nd possess a large solid solution
in the Mg matrix of ~ 3.6 wt.% at eutectic temperature,
the certain precipitation hardening by ageing is expected in
Mg-Nd-based alloys. However, for the Mg-Nd-based cast
alloys, the yield strength is usually lower than ~ 200 MPa
due to the large grain size (~ 50 wm), which largely limited
their extensive applications. Therefore, the grain refinement
by thermomechanical processing is necessary for enhancing
the strength. For example, Zheng et al. [161] refined the grain
size from 25 ~ 35 pm in as-cast sample to 10 ~ 20 pm in the
extruded Mg-3.0Nd-0.2Zn-0.4Zr (NZ30) alloy via employing
hot extrusion, which also exhibit a higher yield strength of
250 ~ 270 MPa and larger ductility of 14 ~ 16%, comparted
to coarse-grained Mg cast alloy with yield strength of ~ 112
MPa and ductility of ~ 12%. Zhang et al. [162] reported that
increasing the extrusion ratio from 8 to 18 can significantly
refined recrystallized grains of Mg-3.08Nd-0.27Zn-0.46Zr
alloys extruded at 280 °C, leasing to a distinct improvement
in the yield strength from ~ 306 MPa to ~ 360 MPa, but
the ductility is slightly reduced. When the extrusion ratio is
further increased to 25, the yield strength is yet decreased
to ~ 246 MPa, while the elongation greatly increases to ~
26.5%. This is largely because the larger extrusion ratio of
25 induces fully recrystallized fine grain structure, while the
smaller extrusion ratio of 8 and 18 produce inhomogeneous
grain structures consisting of fine recrystallized grains and
coarse non-recrystallized grains. The inhomogeneous grain
structures not only cause fine-grained hardening but also
texture strengthening, which is thus favorable to the enhanced
strength. Wang et al. [163] fabricated fine-grained (~ 1 wm)
Mg-2.5Nd-0.5Zn-0.5Zr sheet via using the high strain rate
hot-rolling process, in which refinement strengthening, dislo-
cation strengthening, precipitation strengthening and texture
strengthening are together responsible with the high strength
of 248 ~ 298 MPa. It is suggested that the grain refine-
ment of Mg-Nd-based alloys should be related to the PSN
mechanism during the recrystallization procedure due to low
solubility and high adding amount of Nd element. Besides,
tuning CRSS of different slip/twin systems and also the solute

segregation at grain boundaries also play the important roles
[163].

4.1.3. Mg-Sm-based alloys

Among all light RE elements, Sm has the largest misci-
bility gap in Mg matrix (~ 5.8% at eutectic temperature),
and thereby Mg-Sm-based alloys have more obvious precipi-
tation hardening effect than the other light-RE containing Mg
alloys [164]. Similar to Mg-Nd-based cast alloys, however,
Mg-Sm-based cast alloys with coarse grains often exhibit low
yield strength (< 200 MPa). Likewise, refining grains via
thermomechanical processing is feasible approach for the de-
velopment of high-strength Mg-Sm-based alloys. Guan et al.
[165] developed a high-strength Mg-3.5Sm-0.6Zn-0.5Zr al-
loy extruded at 320 °C, in which the yield strength of as-
extruded Mg sample is as high as ~ 363 MPa, and can fur-
ther increase to 416 MPa after ageing at 200 °C for 24 h The
alloy features the bimodal microstructure including ultrafine
recrystallized grains with size of ~ 470 nm and coarse un-
recrystallized grains containing profuse dynamic precipitates,
and thus the dominant strengthening mechanisms should be
the grain-boundary hardening and dispersion strengthening.
Zhang et al. [166] further optimized extrusion process and al-
loying composition of Mg-Sm-based alloy, and fabricated an
ultrahigh-strength Mg-4Sm-0.6Zn-0.4Zr alloy, exhibiting an
ultra-high yield strength of ~ 458 MPa by low-temperature
extrusion at 300 °C together with ageing at 200 °C for 28
h This alloy presented a bimodal microstructure, and the
high-density MgszSm particles were dynamically precipitated
along grains boundaries as well as hot-worked grains inte-
rior during extrusion, which plays a crucial role in forming
fine grains and strengthening matrix. In addition, Zhang et al.
[167] also developed a high-strength Mg-3.5Sm-2Yb-0.6Zn-
0.4Zr extruded at 300 °C, and the alloy exhibited a high
yield strength of ~ 450 MPa but a low elongation of ~5%.
Submicron recrystallized grains of 0.82 wm was obtained
mainly due to the dynamic precipitation of Mgi;RE phases
at grain boundaries, and thus the grain-boundary hardening
contribution to the yield strength is over 120 MPa. Mean-
while, strong texture and numerous precipitated particles also
contribute to the high strength. Although these Mg-Sm-Zn-
Zr alloys exhibited high tensile yield strength over 400 MPa
by conventional extrusion followed by artificial aging, their
compression-tension yield asymmetry (CYS/TYS) is yet no-
ticeable, with the CYS/TYS ratio of around 0.7. Therefore,
further works to improve the yield asymmetry is indispens-
able for boarding their application. Recently, Zhang et al.
[168] fabricated a low-alloyed Mg-2Sm-0.8Mn-0.6Ca-0.5Zn
alloy by low-temperature and low-speed extrusion. The as-
extruded alloy can exhibit an ultra-high yield strength of 453
MPa, mostly because of the fine-grained structure containing
high-density residual dislocations and Mn nanoparticles. Un-
expectedly, subsequent simple annealing leads to an excellent
combination of high-strength of 403 MPa and high-ductility
and 15.5%. Grain boundary co-segregation of Sm, Zn and Ca
atoms inhibits grain growth during annealing, which is crucial
to maintain high strength. This work shows the importance of
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grain boundary segregation in forming fine grains to achieve
both high strength and high ductility. It is thus concluded that
the refined grains in Mg-Sm-based alloy are originated from
both the multiple slipping system in Mg matrix due to the
Sm addition, as well as the stabilized grain boundaries due
to the solute segregations.

4.2. Rare earth free Mg alloys

4.2.1. Mg-Al-based alloys

Mg-Al-based alloy is the most widely used Mg alloy, es-
pecially Mg-Al-Zn (AZ) and Mg-Al-Mn (AM) series. Tradi-
tional AZ series Mg alloys lack effective grain refinement and
precipitation strengthening effect, and thus the yield strength
is lower than 250 MPa. Kim et al. [169] found that artificial
cooling of Mg-3Al-1Zn alloy during the indirectly extrusion
at low temperature could refine the grain from 5.5 pm to 1.8
pm, and yield strength at room temperature was increased ~
50 MPa. Li et al. [170] carried out pre-homogenization and
ECAP pre-processing in AZ91 alloy before single-pass high-
reduction rolling, which contributes to the improvement of
formability, provides favorable conditions for further dynamic
recrystallization, and also promotes the formation of bimodal
microstructure, leading to the yield strength and elongation at
room temperature of 335 MPa and 19 %, respectively. Razavi
et al. [85] found that the texture and grain size of Mg-3Al-
1Zn alloy can be accurately controlled by multi-temperature
ECAP. The grain size can be refined to 0.35 pwm, and excel-
lent strength and ductility are obtained at room temperature,
with the yield strength and elongation of 385 MPa and 12.7%,
respectively. Zeng et al. [82] constructed ultra-fine recrystal-
lized grains (~ 0.65 wm) and grain boundary segregation of
Zn atoms in AZ31 alloy, and found that it could significantly
inhibit common intergranular deformation modes in Mg al-
loys, such as grain boundary sliding, grain boundary migra-
tion and grain rotation, and the yield strength of the alloy
could reach 380 MPa. Yu et al. [171] prepared an ultra-high
strength Mg-8Al-0.5Zn alloy via low temperature and low
speed extrusion, with the yield strength of 403 MPa, the ten-
sile strength of 437 MPa, and the elongation of 10.7%, and the
tension-compression yield asymmetry was up to 0.97, which
was significantly higher than traditional extrusion alloy, and
the ultra-fine recrystallized grain (~ 0.4 wm) is responsible to
the excellent mechanical properties. Kim et al. [172] prepared
an ultra-high strength Mg-3Al-1Zn alloy sheet with grain size
of ~ 0.6 wm by optimizing the high-ratio differential speed
rolling process, where the yield strength and ultimate tensile
strength at room temperature of the alloy could be enhanced
to ~ 382 MPa, and its tensile strength was 401 MPa. Zhang
et al. [173] prepared a large-sized commercial AZ80 sample
with dimensions of 100 x 100 x 140 mm by multi-directional
forging, and the recrystallized grains could be refined to ~
1.5 pm, leading to a high yield strength of ~ 343 MPa at
room temperature, where the high-density defects introduced
by the MDF process include grain boundaries, dislocations
and stacking faults (SFs) could accelerate the subsequent ag-
ing response.

At the same time, the synergistic effect of multiple com-
ponents also has an important effect on grain refinement in
Mg-Al-based alloy [174]. Pan et al. [37] prepared a low-cost
and high-strength Mg-Al-Ca-Zn-Mn-Ce alloy through single-
pass large-strain rolling process. The nano-precipitates and
solute segregation in the microstructure can effectively hinder
the growth of recrystallized grains, with the size of ~ 0.8 pm,
leading to the yield strength at room temperature of ~ 290
MPa. Fu et al. [157] found that adding a trace amount of Ce to
Mg-Al-Ca alloy can induce solute segregation along disloca-
tions and grain boundaries, widen the processing temperature
range of the alloy, and obtain ultra-fine recrystallized grains
with 0.7 ~ 0.8 wm in a wide temperature range, leading to the
yield strength and elongation of ~350 MPa and 12.1%, re-
spectively. Zha et al. [175] obtained high strength and ductil-
ity in Mg-1.1Al-1.1Zn-0.2Sn-0.3Ca alloy by sub-solidification
followed by hot rolling and annealing process, and the yield
strength and elongation at room temperature are ~ 249 MPa
and ~ 14%, respectively, where the contribution of fine re-
crystallized grains (~ 2 pm) and high density LAGBs to yield
strength can reach ~ 65%. Liu et al. [176] prepared a low-
alloyed Mg-0.68A1-0.32Ca-0.50Mn alloy with high strength
by conventional extrusion process, where the average size of
DRX grains was only ~ 2.1 wm, and the yield strength at
room temperature could reach ~ 316 MPa. The recrystal-
lization mechanism in Mg-Al-based alloy is mainly involved
GBIN and DTIN, and the poor segregation ability of Al in
Mg alloys results in restricted refinement capability. Thus the
refinement capacity of Mg-Al based alloys exhibit an upper
limit of a few micrometers, which are produced by the con-
ventional processing techniques (e.g. extrusion, rolling).

4.2.2. Mg-Zn-based alloys

Grain growth is easy to occur in Mg-Zn based alloy due to
the low eutectic temperature, and thus the mechanical prop-
erties of low-alloyed Mg-Zn alloy are usually poor. In order
to improve the strength of the alloy at room temperature, it
is necessary to add trace elements such as Zr, Mn and Ca
to refine the grain. Hofstetter et al. [177] prepared a low-
alloyed Mg-Zn-Ca alloy with excellent mechanical properties
through industrial extrusion, where the recrystallization and
grain growth can be controlled by adjusting the size and distri-
bution of the second phases, and the grain size can be refined
to 1.8 pm, leading to the yield strength and elongation of 240
MPa and 30%, respectively. Zareian et al. [178] investigated
the effects of Ca addition amounts on the microstructure and
mechanical properties of extruded Mg-2Zn alloys, and found
that when Ca content exceeded 1 wt.%, the grain refining ef-
fect was no longer obvious, and thus the size of DRX grains
and yield strength at room temperature were 1.83 pm and
283 MPa in Mg-2Zn-1Ca alloy. Zhang et al. [179] found that
the grain size of Mg-1Zn-0.5Ca alloy can be refined to 0.5
~ 0.6 pm by reducing the extrusion temperature, and the
yield strength could be increased to ~ 297 MPa. Peng et al.
[180] studied the role of Mn particles in Mg-Zn alloy on
its microstructure and mechanical properties, and found that
the pre-existing nano-scale «-Mn particles present excellent
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pinning effect on refining grains, while the micron scaled o-
Mn phase can activate the PSN mechanism and promote the
nucleation of recrystallized grains, which lead to the grain re-
finement to ~ 1.3 wm, and the yield strength and elongation
at room temperature of 267 MPa and 28.6%, respectively.
Jiang et al. [181] developed a low-cost high-strength Mg-
0.21Zn-0.30Ca-0.14Mn alloy with yield strength and elonga-
tion of 307 MPa and 20.6%, respectively, where the bimodal
structure composed of fine dynamic recrystallized grains (~
2.3 pm) and coarse un-recrystallized grains with strong tex-
ture is the main reason. Nie et al. [182] also obtained bimodal
microstructure in Mg-Zn-Ca-Mn alloys by low temperature
and low speed extrusion, and the yield strength at room tem-
perature could reach ~ 364 MPa. Du et al. [183] found that
the grain size of Mg-4.50Zn-1.13Ca alloy could be signifi-
cantly refined through the secondary extrusion process, and
the yield strength of the low-temperature extrusion sample
can reach as high as ~ 370 MPa. It is supposed that Mg-
Zn alloys have weaker refining capacity due to low melting
point of Mg-Zn phases and weak tuning effect of CRSS val-
ues. Formation of Mg-Zn nano-phases and the possible Zn
segregations along GBs work together and lead to the certain
grain refinement in Mg-Zn based wrought alloys.

4.2.3. Mg-Ca-based alloys

Mg-Ca-based alloy is a new type of high-strength Mg al-
loy, which has the advantages of low cost, low density and
excellent biocompatibility, and has a wide range of appli-
cation prospects in industrial and biomedical fields. Naoko
et al. [184] studied the effect of extrusion temperature on the
microstructure and mechanical properties of Mg-0.3 at.% Ca
alloy, and found that the average grain size of the alloy can
be refined to ~ 0.5 wm when extruded at 250 °C, and the
yield strength at room temperature is ~ 363 MPa. Pan et al.
[185] performed traditional one-step extrusion on Mg-1Ca to
obtain multi-scale substructures, including ultrafine recrystal-
lized grains, dispersed Mg,Ca nano-phases and high-density
residual dislocations, with yield strength up to ~ 377 MPa.
Based on process optimization, Pan et al. [186] further de-
veloped an ultra-high strength Mg-1Ca alloy, where the DRX
grains can be refined to 0.2 ~ 0.5 wm, and the yield strength
at room temperature can be increased to ~ 377 MPa. She
et al. [187] found that the addition of Mn element can help
to hinder the grain growth during the extrusion process of
Mg-Ca alloy, thus increasing the yield strength of the alloy
by ~ 120 MPa. Liu et al. [188] prepared Mg-0.3Ca alloy with
excellent mechanical properties by low temperature extrusion,
where the yield strength and elongation at room temperature
were 361 MPa and 10.6%, respectively, mainly due to the
segregation of Ca atoms at grain boundaries, which refined
the DRX grains to ~ 0.7 pm. Pan et al. [95] found a con-
trollable strategy for developing Mg-Ca-Al-Zn-Mn alloy with
excellent mechanical properties, and the bimodal microstruc-
ture with ultra-fine recrystallized grains (~ 0.33 wm) and low
residual dislocation was constructed by optimizing the extru-
sion temperature, which provided excellent grain refinement
hardening effect, where the yield strength and elongation at

room temperature reached ~ 425 MPa and ~ 11%, respec-
tively. Mg-Ca based alloys have many similar effects with
Mg-RE based alloys, suggesting that the Ca atom can act as
the alternative element to develop high performance RE-free
Mg alloys [153,189,190]. It has been reported that the Ca
can dramatically tailor both the CRSS values and segrega-
tion energy [190]. Moreover, the strong tendency of interac-
tion between Ca and Al/Zn [144] give more space to ma-
nipulate the microstructure of Mg-Ca alloys. The refinement
pathways of Mg-Ca based alloys include promoting <c + a>
dislocations percentage via reducing pyramidal/basal CRSS
ratio, promoting multi-element segregation at grain bound-
aries/dislocations, as well as facilitating nano-precipitations
to pin the grain boundaries.

4.2.4. Mg-Sn-based alloys

Compared with Mg-Al-based and Mg-Zn-based alloys,
Mg-Sn-based alloys can be extruded over a wider range of
extrusion temperatures and speeds. Zhou et al. [191] found
that ECAP method can significantly refine the grain size of
Mg-Sn-Zn-Zr alloy, and promote non-basal slip and texture
weakening, where the yield strength and elongation at room
temperature were ~ 311 MPa and ~ 20.5%, respectively. A
novel dilute Mg-0.55n-0.7A1-0.8Zn alloy was developed by
Cheng and directly extruded after casting process, and the
grain size of ~ 1.79 um and the yield strength of ~ 262
MPa were achieved [192]. Elsayed et al. [193] developed a
new type Mg-Sn-Al-Zn-Na alloy through low temperature and
low speed extrusion with the average grain size of ~ 0.4
pm and the yield strength of ~336 MPa. Otherwise, Yan
et al. [194] found that low temperature extrusion in Mg-3Sn-
2Al-1Zn alloy can effectively refine the average size of DRX
grains to ~ 0.46 wm, and an ultra-high yield strength of ~
413 MPa was achieved. Pan et al. [195] found that adding 1
wt.% Ca element to Mg-2Sn can refine the DRX grain size
to ~ 0.8 wm, and promote the formation of high-density dis-
locations, sub-grain boundaries and nano-phases, contributing
to the yield strength of ~ 269 MPa. Subsequently, a new
low-alloyed high-strength Mg-2Sn-2Ca alloy was developed
by conventional extrusion process, and the yield strength at
room temperature reached ~ 443 MPa, where the ultra-fine
grain (~ 0.32 pwm) was the main reason for its excellent me-
chanical properties. The characteristics of low content of al-
loying elements, fast extrusion process and low cost make
it extremely potential for large-scale industrial applications
[148]. Based on this, Zhang et al. [149] further developed
low-alloyed Mg-2.0Sn-1.95Ca-0.5Mn alloy, which increased
the yield strength to ~450 MPa at room temperature. The
Sn element exhibits an appreciable solubility in Mg alloy,
which sharply decrease with decreasing temperature [196].
Thus PSN mechanism would be included in the high-alloyed
Mg-Sn based samples containing numerous second phases.
For convenience, Fig. 10 summarized the Hall-Petch relation-
ship for the RE-free Mg alloys above, including the Mg-Al
based, Mg-Zn based, Mg-Ca based and Mg-Sn based alloys.
It can be seen that the ultra-high strength above 450 MPa has
been achieved in RE-free Mg alloys mainly due to the effec-
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tive grain refinement, which should be comparable with other
high-content RE elements containing Mg wrought alloys.

4.3. Grain refinement strengthening efficiency of different
alloy system

The grain refining strengthening strategy in Mg alloys is
more effective than that in Al alloys as mentioned above.
However, the k value of Hall-Petch relationship has a large
variation in different systems. Basically, the main factors that
affect k values include CRSS of different slip systems, so-
lute segregation, coherency of the grain boundary, tempera-
ture, and so on. Importantly, the texture is one major factor
that dramatically influence the k value [197,198] (Fig. 11).
Different alloying element contribute to the large difference
in texture, which thus results in an obvious variation in the k
values. For example, Wen et al. [81]. compared the k value of
extruded Mg-0.35at.%X alloy (X represents Y, Gd, Al, Zn),
and found that Mg-Y/Gd alloys exhibit the low k values of
220~285 MPa-um'?, while Mg-Al/Zn alloys present higher
k value of ~ 323 MPa-pm!?. The weakened texture is usu-
ally formed in the Gd/Y-containing Mg alloys, which lead
to the activation of easy mode of <a> slipping, which thus
contribute to the low k value. Jing et al. [199]. obtained the
similar low & value of ~ 280 in Mg-1Gd-2Zn alloy. In con-
trast, the k value of a hot-rolled AZ31 plate can be increased
up to 411 MPa-um'"? since the non-basal slipping becomes
the dominant mode. Beside slipping, deformation by twining
can also lead to the large discrepancy in the k values, ranging
from 219 MPa-pm'? to 435 MPa-um'? [200]. It is specu-
lated that the different activation stress for twinning between
the two neighboring grains should be major reason. Moreover,
it is noted the k values mentioned above are calculated in the
grain size range of more than 1 pwm. When the grain size is
refined down to sub-micrometer scale (650 nm for instance),
the dominant deformation mode would transit to the grain

boundary sliding [201,202], which resulted in the reversed
Hall-Petch relationship. Nevertheless, when decreasing the
deformation temperature to cryogenic temperature [203] or
using the grain boundary segregation strategy [152,204], the
ordinary Hall-Petch relationship would re-establish, and the
critical grain size for reversed Hall-Petch relationship can be
further decreased.

5. Perspectives and outstanding issues

Mg alloys naturally present low density and high specific
strength, thus having unique competitive advantage as struc-
tural material in terms of lightweight applications. However,
traditional strengthening approaches such as solid solution
strengthening and precipitate strengthening in Mg alloys can-
not be comparable with those in Al alloys and steel. Fortu-
nately, polycrystalline Mg alloys usually present higher Hall-
Petch slope than that of the counterpart Al alloys, which is
mostly associated with the low ability of intergranular defor-
mation due to the limited number of slipping systems. Con-
sequently, the yield strength can reach as high as 300 ~ 350
MPa in Mg alloy, when the grain size is decreased to only the
sub-micrometer scale. In other words, grain refinement is the
most effective way for strengthening in Mg wrought alloys,
especially for the low-alloyed Mg alloys. In the following,
we would give two scientific and engineering issues that are
hitherto important in this field.

The first issue is to develop low-cost and heat-resistant
Mg alloy via constructing fine grained structure with excel-
lent thermal stability. It is proposed that promoting multiple
slip system during plastic deformation can be a promising
strategy to fabrication ultrafine grained alloys with strong tex-
ture, and also the high density of LAGBs with low-energy
character can be formed via controlling the recrystallization
process. On the one hand, the constructed dislocation walls
are thermally stable and the migration resistant is high, due
to the <c + a>-type character with relatively larger CRSS
values. On the other hand, the formed LAGBs exhibit a high
lattice coherency, and the relaxed grain boundaries can be
stable against migration under thermal activation, which has
been verified in other metals, including Al, Cu and Ni al-
loys. Moreover, solute segregation at grain boundaries can
dramatically reduce the grain boundary energy and make these
boundaries become more stable. In this context, the possi-
ble case of solute precipitations at GBs at high temperature
should be avoided. Rational design of grain boundary seg-
regation can be achieved via optimizing the solute elements
with high segregation energy and low diffusion coefficient in
Mg alloys. It will be useful in the future work for fabricating
the ultrafine grained alloys with both high thermal stability
and high temperature mechanical property.

The second issue is to explore the extreme value for grain
refinement in Mg alloys prepared by the traditional fabrica-
tion process. The importance of multiple slip system in grain
refinement has been verified in the typical Mg-Ce based alloy.
However, the role the other ternary element on grain refine-
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ment of Mg-Ce based alloys, and the development of other
Mg based alloys, should be emphasized in the future. Specif-
ically, the CRSS values variation in the ternary and multiple
Mg alloying systems above should be clarified, and the dislo-
cation activation, movement and rearrangement in the newly
developed Mg alloy should be investigated, with the purpose
of achieving more effective grain refinement and thus the high
strength in Mg alloys. More interestingly, when the homoge-
neous CRSS value among different slip system is realized in
Mg alloys, the strength-ductility combination can be also ex-
pected. In this sense, we propose a new designing concept
for Mg wrought alloys, namely the strategy of solid solution
strengthening and plasticization, to achieve both grain refine-
ment during fabrication and high strength-ductility synergy
during post tension.
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