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Magnesium (Mg) alloys are considered a class of “green engineering materials” with the huge potential for in-
dustrial applications. However, Mg alloys still have some yet-to-be-solved deficiencies, such as low yield
strength, low fracture toughness, poor ductility and low corrosion resistance, in comparison to lightweight
aluminum and titanium alloys, and thus severely limiting large-scale applications of Mg alloys. This review
covers recent progresses on the processing techniques, materials strengthening methods, deformation mecha-

nisms and thermal stability of Mg and Mg alloys. Future perspectives on physical characteristics of Mg alloys,
development of multi-functional Mg alloys and development of advanced Mg alloy processing techniques are

provided.

1. Introduction

Magnesium (Mg) alloys are a class of light-weight materials, as if
created to address the energy crisis that is currently being battled by
mankind. Mg are abundant in earth crust and recyclable from end
products [1]. Mg has a low density that is only two-thirds of aluminum
(AD) and one-quarter of iron. Mg alloys offer excellent electromagnetic
shielding and damping capacity, are ideal for packaging and shielding
electronic products [2]; They are biodegradable and non-toxic to the
human body, and are thus safe for orthopedic implant [3,4]. These
abovementioned properties made Mg alloys very attractive to re-
searchers and engineers from various communities and industries [5].
For all potential applications of Mg and its alloys, the mechanical
properties are always concerned [6-8]. However, the absolute strength
of Mg alloys is the lowest among the major structural materials, can
hardly meet the demands of load-bearing structural components. On the
other hand, due to the inherent hexagonal close-packed (HCP) crystal
structure and insufficient number of easy slip systems, Mg alloys are
difficult to sustain homogeneous plastic deformation, and thus in most
cases showing poor ductility and formability [9]. Nevertheless, similar
to many other metallic materials, Mg alloys also face the trade-off be-
tween strength and ductility, therefore it is very difficult to improve the
strength of Mg alloys via conventional cold working methods.

With hope and virtue, whatever the difficulties, materials scientists

grasp the nettle of strength-ductility dilemma and develop Mg alloys
with improved mechanical properties. To date, the feasible methods for
improving mechanical properties of Mg alloys are still alloying and
plastic deformation. For alloying Mg based metals, Al, Zn, and Ca are
popular choice of solutes, moreover, rare earth (RE) elements are found
especially advantageous if cost is not the major concern. By adjusting the
compositions, solid solution, precipitation and/or complexion
strengthening effects can be realized to enhance the strength, and
meanwhile non-basal slip can be promoted to reduce plastic anisotropy
and thus to improve the ductility [10-12]. Plastic deformation can
generate many sorts of defects including grain boundaries (GBs), twin
boundaries, dislocations and stacking faults (SFs) to increase the resis-
tance against dislocation slip and thus to increase the strength of the Mg
alloys [13-15]. For Mg alloys, grain refinement not only enhances the
strength, but also improves the ductility by reducing the propensity of
deformation twinning and increasing the propensity of non-basal slip [8,
16]. To date, severe plastic deformation (SPD) techniques are well
developed to achieve significant strengthening results for Mg alloys.
However, the mechanical configurations of SPD methods, which are
designed particularly for imposing high strains, on the other hand
strictly limit the size and shape of the workpiece [17]. In recent years,
the rotary swaging (RS) process which is capable of imposing
high-frequency pulse loading and high strain rates, has shown promising
results for processing Mg alloys [18-20]. During RS, the radially placed
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dies strike on a tube or rod workpiece to impose compressive stress and
strain in the radial directions, and meanwhile the workpiece is free to
elongate in the axial direction. The mechanical configuration of RS
machine allows the workpiece with theoretically unlimited length to be
processed, and is ready for upgrade and expansion of modules including
automatic workpiece feeding and continuous heat-treatment.

There have been quite a few review papers focusing on specific
conventional deformation and SPD processing methods, and the related
strengthening mechanisms for Mg alloys [21-26]. However, due to the
recently fast development of Mg alloys and the associated processing
methods, the published review papers may seem out-of-date for some
aspects, e.g., the development of Mg alloys with improved thermal
stabilities and RS processing Mg alloys have not been systematically
reviewed. In this paper, in Section 2, we first revisit the fundamental
characteristics and properties of Mg alloys and then classify the popular
grades of Mg alloys. In Section 3, comprehensive review is done on the
popular techniques used for strengthening Mg alloys, with a particular
focus on the RS method; The fundamental strengthening mechanisms
induced by the processing techniques are accordingly reviewed. In
Section 4, we firstly revisited the deformation mechanisms in Mg alloys;
Then we reviewed the methods that have been developed for enhancing
ductility of Mg alloys with respect to the deformation mechanisms. In
Section 5, we discussed the thermal stability of Mg alloys, and system-
atically reviewed the importance and fundamental concepts of intro-
ducing solute segregation, linear complexion, precipitation and
reinforcement particles for improving the thermal stability. Section 6
provides the future perspectives in regarding the developments of
advanced Mg alloys and the corresponding industrial processing
techniques.

2. Fundamental aspects of Mg alloys
2.1. Characteristics of Mg alloys

The first research craze on Mg alloys occurred before World War II,
although steels and Al alloys were by then still favored in both industries
and research due to low cost and mature processing technologies.
However, when the global energy crisis and global warming raised
awareness across the world in 21st century, lightweight metallic mate-
rials, especially Mg alloys have again become the hot research and
development topic [24,27,28]. Engineers and scientists have always had
a special fondness for Mg alloys for the unique properties summarized in
Fig. 1.

Mechanical properties: Mg alloys belong to the group of the lightest
structural materials. They have high specific strength, ranking second
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only to titanium (Ti) alloys, and the highest specific stiffness among all
known metallic materials. For the purposes of weight reduction and
energy conservation, engineers and scientists are keen to explore the
potential applications of Mg alloys in transportation, aerospace, and
national defense industries etc. [29-31].

Physical properties: Mg alloys have excellent damping capacity and
noise reduction functionalities, electrical conductivity, thermal con-
ductivity and electromagnetic shielding properties, and have become
the preferred structural material for the 3 C (computers, communication
devices, and consumer electronics) electronics industry.

Environmental resources: The Earth has abundant reserves of Mg.
Mg is among the top ten most abundant elements in nature, accounting
for ~2 % of the Earth’s crust by mass and ~0.13 % of seawater by mass
[1]. While, China’s Mg reserve ranks the first in the world. Mg is recy-
clable, biodegradable, environmentally friendly and non-toxic to the
human body [32].

In view of the abovementioned advantages, Mg alloys are considered
the most promising “green engineering materials” in the 21st century.
However, Mg alloys also have some deficiencies, such as low strength,
low fracture toughness [10,33], poor plastic deformation ability [34,35]
and poor corrosion resistance [36,37], in comparison to lightweight Al
and Ti alloys, and thus large-scale industrial applications of Mg alloys
are yet to be feasible. Scientists have devoted tremendous efforts to
eliminate deficiencies in Mg alloys via alloying and microstructural ar-
chitecture. In recent years, the top international journals “Nature” and
“Science” have continuously reported breakthroughs in the field of Mg
alloys [34,35,38-40].

2.2. Types of Mg alloys

Based on the processing method, Mg alloys can be categorized into
deformation Mg alloys and cast Mg alloys. In general, the performance
of deformation Mg alloys is better than that of cast Mg alloys. Based on
the composition, Mg alloys can be categorized into Mg-Li, Mg-Al, Mg-Zn
and Mg-Mn based alloys, and Mg-RE series alloys, as shown in Fig. 2.

Mg-Li based alloys: They have the lowest density (1.35-1.65 g/cm>)
among metallic structural materials, and very good formability. The
crystal structure of Mg-Li alloys can change with respect to the content
of Li element. When the Li content is less than 5 wt%, the alloy is an HCP
a-Mg solid solution; when the Li content is between 5 wt% - 11 wt%, the
alloy has the two-phase structure consisting of HCP a-Mg solid solution
phase and body-centered cubic (BCC) Li-rich p phase; when the Li con-
tent exceeds 11 wt%, the alloy becomes a BCC p-phase solid solution
[41,42]. However, compared with many other Mg alloys, Mg-Li alloys
have relatively low strength, poor corrosion resistance, which limit their

— Mechanical properties —— High specific strength and stiffness

Excellent damping and noise reduction,
— electrical conductivity, thermal conductivity,
electromagnetic shielding

Abundant reserves, recycable,
environmentally friendly and non-toxic

— Advantages——  Physical properties
— Environmental resources —
Mg alloys —
—Low strength
I—Low fracture toughness
—Deficiencies—|
I—Poor plastic deformation

“—Poor corrosion resistance

Fig. 1. Properties and deficiencies of Mg alloys.
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Fig. 2. Types of Mg alloys.

industrial applications. At present, the Mg-Li based alloys with the
practical value in industry are LA83, LA93, LA141, LAZ832 and LAZ933
grades.

Mg-Al based alloys: The maximum solid solubility of Al in Mg is
11.5 % at 437°C and decreases with the decreasing temperature. The
addition of Al can provide solid solution strengthening, precipitation
strengthening and improved corrosion resistance to the Mg alloys. At
present, Mg-Al based alloys are the most widely used Mg alloys, mainly
because of the low cost. Recently, a large number of Mg-Al based alloys
have been developed and put in use, such as Mg-Al-Zn, Mg-Al-Mn, Mg-
Al-Si alloys. The commonly used grades are AZ31, AZ61, AZ80, AZ91,
AM50, and AM60.

Mg-Zn based alloys: The maximum solid solubility of Zn in Mg is 3 %
at 341°C, and it decreases significantly with decreasing temperature.
The addition of Zn can also cause solid solution strengthening and
precipitation strengthening. In practice, adding an appropriate amount
of Zr to Mg-Zn alloy can refine the grain size and improve the me-
chanical properties. These Mg-Zn series alloys have high strength, good
plasticity and corrosion resistance, and thus can provide excellent
structural performance. The commonly used grades are ZK21, ZK40, and
ZK60.

Mg-Mn based alloys: The maximum solid solubility of Mn in Mg is
only 0.996 % at 653°C. Mn does not form any compound with Mg. The
addition of Mn shows noticeable strengthening effect. In most cases, the
main purpose of adding Mn is to refine the grain size and improve the
weldability, corrosion resistance and creep resistance of the Mg alloy.
The commonly used grades are MB1, MB7, and MBS.

Mg-RE series: RE elements have the unique extra nuclear orbital
electron configuration, which may pose some interesting effects on the
microstructure and properties of Mg alloys. The solid solubility of most
RE elements in Mg is high, e.g., the maximum solid solubilities of Gd, Y,
Er and Lu are 4.53 % at 548°C, 3.4 % at 467.4°C, 6.9 % at 570°C and
8.8 % at 616°C, respectively. Therefore, the addition of RE elements has
the effects of solid solution strengthening and precipitation strength-
ening. Moreover, adding RE elements can also improve casting perfor-
mance, corrosion resistance and thermal stability of the Mg alloys. The
commonly used sub-series are Mg-Ce series, Mg-Nd series, Mg-Y series
and Mg-Gd series.

3. Preparation of high strength Mg alloys and the strengthening
mechanisms

To date, the high strength of Mg alloys is mainly achieved via two
strengthening methods: (1) SPD for significant grain refinement [43],
and (2) adding alloying elements for solid solution and precipitation
strengthening [44-46].

3.1. Grain refinement via SPD

Usually, the strength of the metallic materials is enhanced by work
hardening during plastic deformation. During SPD processes, drastic
increase in dislocation densities leading to massive dislocation in-
teractions and accumulations and thus rising up the flow stress to very
high levels. The dislocation strengthening effect can be calculated by the
Bailey-Hirsch formula [47,48]:

1
64is = MaGbp2 (@)
Where M is Taylor factor (mean orientation factor), which is typically
the reciprocal of Schmid factor, a is a temperature dependent constant,
G is the shear modulus, b is the magnitude of Burgers vector, p is the
density of dislocations.

Massive dislocation interactions and accumulations under the effect
of increasing shear strain, can eventually lead to grain refinement. Grain
refinement creates new GBs and reduces the mean free path for dislo-
cation slip. A GB divides two neighboring grains with the same crystal
structure but different orientations. GBs can be classified into high angle
GB (HAGB, >15°) and low angle GB (LAGB, <15°), based on the angle of
orientation. Once a gliding dislocation encounters a GB, it will experi-
ence a dramatic change in stress state due to back-stress, image stress
and coherency stress, resulting in stagnation or absorption of the
incoming dislocation by the GB. By either way, more and more dislo-
cations will accumulate on the GB and thus rising up the flow stress,
leading to the GB strengthening effect. Therefore, the higher number of
GBs in a unit volume the higher flow stress of the material; The GB
strengthening effect is governed by the empirical Hall-Petch relationship
[49]:

Aoyp = 60+ Kd /2 @)
Where o( represents the intrinsic lattice friction stress, K is the Hall-
Petch slope (Hall-Petch constant) and d is the average grain size.

Different from the conventional metal forming processes, such as
extrusion, rolling and forging, the SPD processes can impose very large
strains and/or high strain rates, which in turn cause significant grain
refinement to the ultrafine (100 nm < d < 1 pm) and even nano-
crystalline (d < 100 nm) regimes without premature failure. The
commonly used SPD methods are accumulative roll bonding (ARB),
cyclic extrusion-compression (CEC), equal-channel angular pressing
(ECAP), multi-directional forging (MDF), high-pressure torsion (HPT),
friction stir processing (FSP), surface mechanical attrition treatment
(SMAT) and surface mechanical grinding treatment (SMGT) [17,50].
Fig. 3 shows schematics of some SPD processes.

Table 1 collects the grain sizes, mechanical properties, sample sizes
of high-strength Mg alloys processed by SPD methods in the last decade
[49,51-110]. The Mg-8Gd-3Y-0.4Zr alloy processed by RS shows the
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Fig. 3. Schematic diagrams of some SPD methods:

highest yield strength (YS) and ultimate tensile strength (UTS) of
650 MPa and 710 MPa, respectively, comparable to high strength Al
alloys and stainless steels [49]. After surveying the literatures, it is
noticed that successful SPD processing of Mg alloys is very much tem-
perature dependent. In order to impose high strains to Mg alloys without
premature failure, the deformation temperature has to be increased to
activate recrystallization and grain growth to certain extents. As a result,
the grain sizes of many Mg alloys are hardly refined to the ultrafine
grained regime. There is a limited number of reports on nanocrystalline
Mg alloys with the average grain size below 100 nm, which are prepared
by ball milling, surface nanocrystallization and HPT techniques [87,
111-113]. However, they are in the form of powders, films and thin
sheets.

The strength vs. ductility data from Table 1 are plotted in Fig. 4a. It is
clear that Mg alloys with different compositions and grain sizes
demonstrate the “banana-shape” mutually exclusive relationship be-
tween strength and ductility. The majority of the deformed Mg alloys
have the UTS below 500 MPa. In contrast, the UTS of Mg-Al and Mg-RE
alloys prepared by RS and Mg-RE alloys prepared by FSP process are
above 500 MPa. Only the strength of the Mg-RE alloys prepared by RS
exceed 600 MPa. Li et al. [101] performed single-pass FSP and subse-
quent aging at 498 K to the Mg-Gd-Y-Zn-Zr alloy to achieve the YS of
401 MPa, UTS of 522 MPa and elongation to failure (EF) of 6.2 %. Chen
et al. [105] prepared the gradient nanostructured AZ31B alloy rod with
the YS of 491 MPa, UTS of 539 MPa and EF of 7.1 %, via 5-pass RS
process. Chen et al. [106] prepared a high-strength AZ31 alloy rod with
the YS of 488 MPa, UTS of 531 MPa and EF of 6.6 % by RS. Chen et al.
[109] prepared Mg-Y-Zn alloy with the YS of 454 MPa, UTS of 509 MPa
and EF of 5.4 % by RS. Huang et al. [110] performed RS and subsequent
aging treatment to obtain the WE43 Mg alloy with the YS of 477 MPa,
UTS of 516 MPa and EF of 8.5 %. However, the to-date record high
strength for the Mg alloy was set by Wan et al. [49]. They obtained the
high-strength Mg-Gd-Y-Zr alloy with the YS of 560 MPa, UTS of
630 MPa, EF of 5 % by RS process, and the YS and UTS of the RS sample
were further improved to 650 MPa and 710 MPa after aging treatment,
despite the declined EF to 4.5 %.

Fig. 4b shows the Hall-Petch relationship based on the data from
Table 1. While the Mg alloys have very large varieties in terms of
composition and microstructure, the data points agglomerate into two
groups. The group of data set on the left-hand side of Fig. 4b indicates
high lattice frictions and limited grain refinement; The group of data set
on the right-hand side of Fig. 4b indicates low lattice frictions and large
potential for grain refinement. The ARB and RS processes are very
effective for achieving grain refinement in Mg alloys. Despite of

(a) ARB, (b) CEC, (c) ECAP, (d) MDF, (e) HPT, (f) FSP.

significant grain refinement to near nanocrystalline regime achieved by
the ARB process, the strength of the Mg-Li alloy is still below 200 MPa.
For the Mg-Al and Mg-RE alloys, the YS are improved significantly when
grain sizes are refined to the nanocrystalline regime. Most of the Mg
alloys have the grain sizes above 1 pm even after SPD processing. The
smallest average grain size achievable is still larger than 70 nm.

Since 2020, bulk nanocrystalline Mg alloys in the true sense have
been successfully prepared using the RS method [49]. Fig. 5 shows a
schematic diagram of the RS process. RS is a near-net forming process
which uses multiple hammerheads to impact solid shaft or hollow tubes
to reduced cross-sectional areas with high-frequency pulse loading
[114-116]. RS imposes high strain rates (up to 100 s™H and
three-dimensional distributions of complex stress and strain states, and
thus are very effective for achieving grain refinement in Mg alloys. In
addition, RS has the advantages of high-quality surface finish, low
wastage and low cost. The equivalent strain of the round bars deformed
by RS can be calculated by the following equation [114]:

So
&£= lns—1 3
where Sp and S; are the initial and final cross-sectional areas,
respectively.

In 2020, Wan and Zhao et al. obtained Mg-Gd-Y-Zr alloys with an
average grain size of 80 nm by RS process, and the nanocrystalline
samples were ®3mmx 1000 mm rods with the YS up to 650 MPa, as
shown in Fig. 6a-c [49]. During RS at room temperature, the Mg-Gd-Y-Zr
alloy underwent the complex grain refinement process. At the early
stage of plastic deformation, mechanical twins, mostly 86.7° tensile
twins, subdivided the coarse grains into ultrafine platelets, as shown in
Fig. 6d; As the plastic deformation proceeded to higher strains, dislo-
cations accumulated into walls and low angle boundaries to subdivide
the twin platelets into finer sub-grain bands (Fig. 6e); At the same time,
in the non-twinned regions, band structures were formed by mutual
trapping of dislocations and evolution of dense dislocation walls to
sub-GBs, as shown in Fig. 6f and g. In the final stage, extensive SFs on
basal plane and dislocation arrays divided the ultrafine grains into
nano-domains; Dislocations accumulated on the SFs, causing the SFs to
bend and eventually become HAGBs delineating the nano-grains, as
shown in Fig. 6h and i.

In 2022, Chen et al. [106] processed the ®16 mm rods of AZ31 and
Mg-2Y alloys with the average grain sizes of 93 nm and 98 nm,
respectively, by RS process. In 2023, Chen et al. [117] processed the
AZ31B alloy by RS at cryogenic and room temperature. In both ways,
they obtained bulk nanocrystalline Mg alloys, as shown in Fig. 7.
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Table 1
A list of materials properties and grain sizes for Mg alloys processed by different plastic deformation methods including ARB, CEC, ECAP, MDF, HPT, FSP and RS.
Process Material Grain size YS UTsS EF Dimension Ref.
(pm) (MPa) (MPa) (%)
ARB Mg—8Li—3A1-1Zn 3 180 287.02 12.5 1.2 mm sheet [51]
Mg—5Li—1Al 0.1 195 318 8.43 1 mm sheet [52]
AZ31 38.2 222.8 295.4 6 2 mm sheet [53]
Mg—3Gd 0.182 253 265 4 1 mm sheet [54]
Mg—3Gd 0.2 285 300 2.8 1 mm sheet [55]
Mg—3Gd 3.3 173 214 36.6 1 mm sheet [56]
CEC Mg—1.5Zn—0.25Gd 3.4 161 251 31.4 ®20 x 91 mm [57]1
Mg—9.95Gd—2.3Y-0.46Zr 1.5 318 355 16.8 ®20 * 91 mm [58]
ECAP Mg—9Li 1.6 149 187 42 20 x 20 x 40 [59]
Il'll'I'l3
Mg—8.4Li 24.4 175 186 16 10 x 10 x 60 [60]
Mg—8.4Li—3(Al-12Si)—1(Al-5Ti—1B) 22.5 170 243 16.7 mm®
Mg—8.4Li—3.58A1-0.36Si—0.05Ti—0.01B 6.52 167.7 263.4 9.9 10 x 10 x 60 [61]
20 170.6 242.8 16.8 mm?>
AZ31 9-10 189 283 19.4 1.8 x 200 x 200 mm? [62]
Mg—3.5A1-4.5Ca—0.4Mn 2.1,10.9 275 331 7.4 20 x 20 x 45 [63]
HlIIl3
Mg-Al-Ca-Mn 1.5 275 372 8 20 x 20 x 45 [64]
mm3
Mg—3.66A1-4.25Ca—0.43Mn 2.4 300 347 16 50 x 50 x 100 mm® [65]
Mg—13Al 0.79 367 386 3.6 20 x 20 x 45 [66]
mm®
Mg—3.7A1-1.8Ca—0.4Mn 2.6 343 373 16.1 50 x 50 x 100 mm® [67]
EZ33A 0.1-2, 20 327 346 4.1 ®12 mm [68]
Mg—6.52Zn—0.95Y 2.9 290 385 22 20 x 20 x 70 [69]
I‘l’ll’l’l3
ZE41A 0.5-2, 10-20 321 336 6.2 Cross section 10 x 10 mm? [70]
Mg—0.6Zn—0.5Ca 1.5 372 375 7 ®12 x 120 [71]
mm
Mg—6.0Zn—0.5Ca—0.3Mn 1 269.6 3239 22.7 10 x 10 x 70 [72]
l'l'lIIl3
Mg-Zn-Nd 10 213 240 32 ®10 x 100 [73]
mm
Mg-Gd-Zn-Zr — 330 418 7.5 10 x 10 x 50 [74]
mm®
Mg—2.9Gd—1.5Nd—0.3Zn—0.3Zr 1.23 231.4 274.1 20.3 12 x 12 x 80 [75]
Il'lII'l3
E675 1 345 365 22 15 x 15 x 120 mm® [76]
Mg-5Y 1.24 273.9 306.4 23.9 20 x 20 x 70 [77]1
Il'lIIl3
Mg—2.9Gd—1.5Nd—0.3Zn—0.3Zr <2 210.9 263.9 27.9 12 x 12 x 80 [78]
mm®
MDF Mg—6.4Li—3.6Zn—0.37A1-0.36Y 10.8 150 207.5 38 cube [79]
AZ31 3.0-3.9 201 293 24.8 cube [80]
AZ80 — 343 430 11.4 100 x 100 x 140 mm°® [81]
E675 — 306 354 3.3 cube [82]
Mg—8.2Gd—3.8Y—1Zn—0.4Zr 0.9 417 434 129 billet [83]
Mg—5.95Gd—3.21Y—-0.83Zn—0.32Ag—0.44Zr 291 295 364 4.8 160 x 260 x 460 mm® [84]
Mg—8Gd—1Er—1Zn—0.6Zr 5.5 302.4 370.3 11.8 cube [85]
HPT Mg—6.2Zn—0.5Zr—0.2Ca 0.77 235 328 26.1 ®10 x 0.8 [86]
0.98 213 317 21.8 mm
Mg—4.7Y—4.6Gd—0.3Zr — 450 475 2.5 ®20 mm disk [87]
— 335 375 5.5
FSp Mg—10.05Li—2.85A1—-3.07Zn—0.32Si 7.5 164 294 31 — [88]
LA103Z 8.1 285.9 305.5 4.05 — [89]
Mg—5A1-3.5Ca—1Mn 4.5 322 361 16 — [90]
AZ91 5 149 244 21 — [91]
ZKX50 0.8-1.2 146 247.9 15.7 — [92]
Mg—6Zn—1Y—0.5Zr 1.65 170 300 27 — [93]
3.58 140 280 28
Mg—-6Zn—-1Y—-0.5Zr 2.1 170 310 27.7 — [94]
Mg—6Zn 3.6 133 280 18.6
Mg—1Zn—2Dy 3 120 242 28 — [95]
Mg-Mn-Ce 9 41 115 64 — [96]
Mg—4.27Y—2.94Nd—0.51Zr 2.7 290 303 11 — [97]
Mg—14Gd—0.4Zr — 206 301 15 — [98]
WE43 2.1 233 350 16 — [99]
Mg—2Nd—0.2Zn 2 62 150 27.3 — [100]
Mg—13Gd—4Y—2Zn—0.6Zr — 401 522 6.2 — [101]
Mg—10Gd—0.2Zr 5.78 202 272 7.5 — [102]
Mg—14Gd—2.5Zn—0.5Zr <2 289 343 13.3 — [103]
RS Mg—4Li—3Al-3Zn — 360 405 5 ®17.2 mm rod [104]
AZ31B 0.093 491 539 7.1 ®3 mm rod [105]

(continued on next page)
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Table 1 (continued)
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Process Material Grain size YS UTS EF Dimension Ref.
(pm) (MPa) (MPa) (%)
463 507 10.5 ®6 mm rod
AZ31 0.093 488 531 6.6 ®16 mm rod [106]
ZK60 2.3, 14.1 200 341 27.6 ®86.5 mm rod [107]
Mg—0.6Mn—0.5A1-0.5Zn—0.4Ca 1.41 403 427 9.1 ®14 mm rod [108]
Mg—8Gd—3Y-0.4Zr 0.080 560 630 5 ®3 * 1000 [49]
650 710 4.5 mm
Mg—-3.16Y—-1.87Zn 0.107 454 509 5.4 ®16 mm rod [109]
0.116 398 470 11.5
WE43 0.081 477 516 8.5 ®15.6 mm rod [110]
Mg—-2Y 0.098 339 395 10.7 ®16 mm rod [106]
d (um) .
+oo 4.0 1.0 0.44 0.25 0.16 0.11 0.08 0.06
800 TSR TR 700 B) T T T T T T
(a) :ARB(MQ-AI) K HPT(Mg-RE) ( ) *
ARB(Mg-RE) @FSP(Mg-Li)
700 x ICEC(M:-Zn) AFSP(M:-A‘I) ~600 |
x K CEC(Mg-RE) :FSP(Mngn) *
®ECAP(Mg-Li) @FSP(Mg-Mn)
600 ) ECAP(Mi-A‘I) *FSP(M:S;-R}'E‘) 2 500 F A
= f* WECAP(Mg-Zn) @RSMg-Li) | x A X
J ECAP(Mg-RE) ARS(Mg-Al)
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Fig. 4. (a) Comparison of UTS and EF for various Mg alloys prepared by different SPD techniques. (b) A compilation of the tensile YS as a function of grain size of
various Mg alloys produced by different SPD techniques. The upper x-axis is the grain size, which corresponds to the lower x-axis d~/2.

Nevertheless, the cryogenic RS has a better grain refinement effect than
the room temperature RS. Under the combined action of high strain rate
and low temperature, deformation twinning in multiple systems (tensile
twins in dominance) are activated. Deformation twins intersect one
another to divide the coarse grains into lamellar structures. With the
increasing strain, sub-grains formed at twinning intersections and inside
twin bands. Eventually, the dynamic balance between grain refinement
and recrystallization, resulting in nanograins with random orientations.
The grain refinement mechanism of the AZ31B alloy during cryogenic
RS is shown in Fig. 8 [117]. Recently, Yang and Zhao et al. [104] for the
first time used a low-strain RS treatment to prepare ultra-strong bulk
Mg-Li alloys, as shown in Fig. 9a and b. The RS Mg-Li samples were
®17.2 mm rods. The core region of the rod has the UTS of 368 MPa, as
shown in Fig. 9a, and the peripheral region of the rod has the UTS of
405 MPa. The RS Mg-Li alloy has high densities of SFs and twins as
shown in Fig. 9c-f.

Jian et al. [118] used conventional hot rolling to introduce high
densities of SFs in Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr alloy. The hot rolled Mg
alloy has a YS of 575 MPa, UTS of 600 MPa, and uniform elongation of
5.2 %, as shown in Fig. 10. It can be seen that the material strength is
significantly improved as the spacing of SFs decreased to a few tens of
nanometers. Apparently, twins and SFs play indispensable roles for
strengthening Mg alloys, and the strength increments can be calculated
by the equation [104,119]:

Ac = m(k; A7 4 kod ™) 4)

where 1 is the average thickness of twin bands; d is the average spacing
of SFs; m is the volume fraction of twins or SFs, k; is the Hall Petch
constant, k, is an experimental constant.

In summary, the grain refinement effects imposed by conventional
plastic deformation and SPD to Mg alloys are sensitive to the

compositions of alloys and deformation temperatures; nonetheless,
grain refinement to nanocrystalline regime is still a challenge. Before
2020, the nanocrystalline Mg alloys are limited to powder, film and thin
sheets; In order to achieve ultrafine grains and/or nano-grains in Mg
alloys, complex processing routes and the associated high preparation
cost are required. Since 2020, RS treatment has been done to a large
variety of Mg alloys, demonstrating a new route for large-scale low-cost
preparation of bulk nanocrystalline Mg alloys.

3.2. Solid solution and precipitation strengthening via addition of RE
elements

Solid solution and precipitation strengthening are realized by adding
controlled amounts of alloying elements to Mg alloys. Especially the RE
elements pose significant effects to strengthen the Mg alloys, because RE
elements have large atomic sizes and high solubility in Mg. The solute
atoms and precipitates create barriers against dislocation slip in the Mg
alloys [120]. Influenced by the solid solubility of RE elements in the Mg
matrix, the YS of coarse-grained Mg-RE alloy is close to 400 MPa
[121-123].

3.2.1. Solution strengthening

Adding solute atoms to the Mg matrix causes lattice distortions to
some extent, increases the energy barrier against dislocation slip, and
thus increases the strength. This phenomenon is called solution
strengthening. Yasi et al. [124] constructed a mesoscale model for pre-
dicting solute strengthening in Mg alloys based on first principles cal-
culations. As shown in Fig. 11a, the solid solution strengthening effects
of 29 alloying elements in Mg are presented. The solid solution
strengthening effect can be estimated by the equation [49,125]:
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Fig. 5. (a) A photo of a RS machine [114]; (b) The operational principle of RS [115]; (c) As-received Mg ingot and rods [116]; (d) The Mg rods after RS treatment

[116]. Reproduced with permissions from Ref. [114-116].
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Where o), is the YS of pure Mg, ¢ is an experimental constant, G is the
shear modulus, C is the solute concentration in atomic percentage.

Kula et al. [126] found that the critical resolved shear stress (CRSS)
of all slip systems in Mg increased monotonically with the increase of Y
concentration, but the rate of increase was different. Y addition can
significantly increase the CRSS for <c + a> slip. The contribution of
solid solution strengthening to the yield stress of a bulk Mg alloy is
closely related to the CRSS of basal slip. Gao et al. [125] found that the
YS of Mg-Gd, Mg-Y and Mg-Gd-Y alloys is strongly related to the con-
centration of Gd and Y elements; The solid solution strengthening effects
of Gd and Y are much larger than that of Al and Zn. Fig. 11b shows the
mechanical properties of Mg-Gd alloys with different Gd contents. With
the increase of Gd in concentration, YS and UTS of the Mg-Gd alloys
increase, but their plasticity decreases. Kim et al. [127] found that when
the content of Gd was increased from 1 wt% to 10 wt%, the YS of Mg-Gd
binary alloy increased almost linearly, from 94 to 159 MPa, due to solid
solution strengthening. In addition, Mo et al. [128] used atom probe
tomography (APT) analysis and atomic-resolution high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) to
verify for the first time that Gd and Ca in Mg have the strong tendency
for co-cluster formation, and the Gd-Ca co-clusters with short-rang or-
ders can provide significant solid solution strengthening effect.

3.2.2. Precipitation strengthening

Precipitation strengthening is a convenient and effective strength-
ening method, which is suitable for industrial applications. The shape,
quantity and distribution of precipitates are the main factors that
determine the precipitation strengthening effect. Dislocation-precipitate
interactions are governed by two mechanisms: the Orowan bypass
mechanism and shearing mechanism. Fig. 12a presents a schematic

diagram of the Orowan bypass mechanism. When a gliding dislocation
encounters a hard and non-deformable particle, the dislocation bends
and eventually bypasses the particle under the applied stress, and
leaving a dislocation loop around the particle. The strengthening
contribution of the Orowan bypass mechanism can be calculated by the
following equation [129]:

Gb d,

Ar=——o—In2
211 —v 1o

(6)

where At is critical shear stress, G is the shear modulus, b is magnitude
of the Burgers vector of the gliding dislocation, 4 is the effective planar
interparticle spacing, v is Poisson’s ratio, d, is the mean planar diameter
of the particles and ry is the core radius of the dislocation. Recently, Xu
et al. [129] observed that <a> dislocations squashed into the interface
and bowed out to bypass the §’ phase in the Mg-10Gd alloy by using an
in-situ TEM technique. The result supports Orowan mechanism as the
main strengthening mechanism in Mg-Gd alloys.

When a dislocation encounters a particle which is comparatively soft
and semi-coherent to the matrix, the dislocation can shear through the
particle and continue to slip via the shearing mechanism, as shown in
Fig. 12b. The strengthening effect by the shearing mechanism can be
calculated by the equation [130]:

AT = BGe3/2\/§ @

where B is a constant, G is the shear modulus, ¢ is the misfit strain, f is
the volume fraction of particles, and r is the mean radius of the particles.
Jiang et al. [131] studied Mg-Zn-Mn alloys by means of high-resolution
TEM and found the shear trace lines left after that <c + a> dislocations
sheared through (0001) precipitates.

The strength of the Mg-Li binary alloy is very low. Al or Zn are
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Fig. 6. Mechanical properties, microstructure and grain refinement mechanisms for the RS Mg-Gd-Y-Zr alloy. (a) Tensile properties; (b) Bright-field TEM image
showing ultrafine/nano grains in the RS Mg-Gd-Y-Zr alloy; (c) Grain size distribution chart for the RS Mg-Gd-Y-Zr alloy; (d) At 6 % RS strain, {1012} tension twins
were produced; (e) At 16 % RS strain, the twins were segmented into smaller sub-grain bands, and the selected area electron diffraction (SAED) pattern revealed
LAGBs; (f) At 6 % RS strain, numerous primary deformation bands were observed in the twin-free regions, and the SAED pattern revealed LAGBs; (g) At 16 % RS
strain, dislocation arrays divided the primary bands; (h, i) At 26 % RS strain, a series of SFs were observed [49]. Reproduced with permission from Ref. [49].

usually added to the Mg-Li based alloys for precipitation strengthening.
For example, Park et al. [132] added different amounts of Al to the
Mg-15Li alloy to make lightweight and high-strength Mg-Li-Al alloys.
The compressive YS of the alloy increased and the density of the alloy
decreased slightly with the increasing content of Al Ji et al. [133] re-
ported that precipitation of the semi-coherent (Mg, Li)sZn phase is
responsible for the rapid age hardening of the Mg-10Li-5Zn alloys. High
densities of Mg;7Al; 5 precipitates in the form of platelets on basal planes
are observed in the AZ80 Mg alloy, as shown in Fig. 13 [134]. When the
matrix grain is oriented to [0001], zone axis, Mg;7Al 5 platelets are
oriented to three < 2110 >,//< 111 >4 directions; When the matrix
grain is oriented to [1010], direction, all Mg17Al;, platelets are parallel
to the basal plane. Readers can refer to Celotto et al. [135] and Lai et al.
[136] for detailed survey of the Mgj7Aly, precipitates in Mg-Al alloys.
Conventional thermal aging processes can significantly improve the
mechanical properties of many Al alloys, but in contrast the strength-
ening effect is very much limited in Mg alloys, because of the easy for-
mation of coarse intermetallic particles and the sparse particle spacing.
If the aging temperature is lowered, the growth of particles can be

inhibited, but the peak aging time will become unacceptably long.
Recently, Ma et al. [137] compared the dynamic precipitation and
conventional aging precipitation of the Mg-9wt%Al alloy. A large
number density of nano-precipitates with low aspect ratios were suc-
cessfully made in the Mg-9wt%Al alloy via dynamic precipitation
induced by warm ECAP, as shown in Fig. 14. Liu et al. [134] regulated
the orientations of precipitates in the AZ80 Mg alloy to significantly
increase the YS to 311 MPa. Rod-shape B’ (MgZny) and plate-shape B’
(MgZny) precipitates play the major roles in precipitation strengthening
of Mg-Zn alloys. Li et al. [138] found that the CRSS for basal slip and
extension twinning are increased due the formation of high densities of
MgZn; precipitates in Mg-Zn alloys, while the CRSS for pyramidal slip
was less affected. In addition, the solid solution strengthened Mg-Zn
alloys have high anisotropy ratios which are significantly reduced in
the precipitation strengthened Mg-Zn alloys. Zhou et al. [139] simul-
taneously improved the tensile strength and plasticity of the Mg-Zn alloy
by low-temperature aging. The aged Mg-Zn alloy has the UTS of
232 MPa, YS of 89 MPa and EF of 11 %, which are 5.5 %, 12.7 %, and
22.2 % higher than that of the solution-treated alloy, respectively. For
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Homogeneous nano-grains [117]. Reproduced with permission from Ref. [117].

Mg-Mn binary alloys, the addition of Mn improves the ductility, but the
YS is unsatisfactory. Recently, Peng et al. [140] added a small amount of
Al to a Mg-Mn alloy to obtain a low cost, high strength and high ductility
Mg-1Mn-0.5Al alloy. The AlgMns particles in the Mg-1Mn-0.5Al alloy
have a significant effect on the mechanical properties. The YS, UTS, EF
of the Mg-1Mn-0.5A1 alloy are 248 MPa, 263 MPa, and 33 %,
respectively.

For many of the Mg-RE alloys, when the contents of RE elements are
higher than 10 % in mass fraction, the precipitation strengthening

effects become suddenly noticeable. Mg-Gd series alloys have remark-
able age hardening effects. Adding Y, Nd, Zn, Li, etc. to Mg-Gd alloys can
further improve the mechanical properties and reduce the cost. For
example, Yu et al. [141] solved the ambient strength-ductility dilemma
in Mg-Gd alloys via Li addition. As shown in the Fig. 15, the addition of
Li boosted precipitation of B, f1r, p’u.ir phases with different sizes, and
enhanced the activity of <c + a> dislocations. The Mg-Gd-Y series al-
loys developed by Rokhlin and Kamado et al. are representative
high-performance Mg-RE alloys, and have been extensively studied in
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recent years [142,143]. It is found that adding Zn or Ag elements to
Mg-Gd-Y alloy can further improve the precipitation strengthening ef-
fect [144]. Homma et al. [145] prepared an ultra-strong
Mg-1.8Gd-1.8Y-0.7Zn-0.2Zr alloy with the UTS of 542 MPa, YS of
473 MPa and EF of 8.0 %. The high strength is attributed to precipita-
tion of fine particles at the boundaries of dynamically recrystallized
grains, as shown in Fig. 16. Moreover, Wang et al. [146] added Ag to the
Mg-Gd-Y alloy to obtain an ultra-strong Mg-RE alloy. After aging
treatment, the YS, UTS and EF of the as-cast Mg-Gd-Y-Ag alloy at room
temperature were 268 MPa, 403 MPa and 4.9 %, respectively. Zhou
et al. [147] revealed the effects of Ag on segregation at twin boundaries,
SFs and GBs in the Mg-Gd-Y alloys using atomic-resolution HAADF--
STEM imaging and EDS mapping.

In recent years, many scientific research teams have carried out
research work on the phase diagram, grain refinement, deformation
behavior, dynamic recrystallization, strengthening mechanism and
other aspects of Mg-Gd-Y alloys [148-152]. For example, He et al. [153,
154] systematically studied precipitation dynamics in Mg-Gd and
Mg-Gd-Y alloys at different aging stages, and found the precipitation
sequence of super-saturated solid solution (S.S.S.S.) = " -’ - p1 — p.
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Fig. 13. (a) Schematic morphology of Mg;,Al;, precipitates observed from the
[0001], and [1010], zone axes; TEM images showing actual Mg;;Al;, pre-
cipitates observed from the (by [0001], and (c) [1010], zone axes, respectively
[134]. Reproduced with permission from Ref. [134].

B’ has the base-centered orthorhombic (BCO) crystal structure, and is the
major beneficial precipitate for strengthening the Mg alloys. The §’
precipitate is formed via ordered substitution of Mg atoms by RE atoms.
The B’ precipitates show convex lens shapes. The B’ precipitates have the
long axes parallel to {1120}, planes and thus perpendicular to the
(0001), basal planes, creating closely spaced interfaces to block
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dislocation slip on basal planes. Provided that the main slip systems in
Mg alloys at room temperature are the basal slip systems, the mechan-
ical properties can be significantly improved with increasing volume
fraction, density and aspect ratios of the p’ precipitates [155].

Adding Zn to Mg-Y alloys can form precipitates with long period
stacking ordered (LPSO) structures which can be further derived into
10 H, 14 H, 18 R, and 24 R structures [156-162]. Fig. 17 [159] shows
electron diffraction patterns of LPSO structures in some Mg-Zn-RE al-
loys. The formation of LPSO structures is strongly affected by the ther-
mal history and shear strain fields. The precipitates with LPSO structures
are found to co-exist with the f’ phase in the peak aged samples, and can
improve the age strengthening effect for the Mg-Zn-RE alloys. Appar-
ently, the lattice structure, micromorphology, compound type, size,
distribution and density of the precipitates are all important factors that
determine the precipitation strengthening effect.

Chen et al. [39] added 14 vol% of SiC nanoparticles into the Mg2Zn
alloy, and then conducted HPT for grain refinement. The HPT processed
nanostructured Mg2Zn alloy has the YS of 710 MPa. Wu et al. [38]
prepared a 10 pm thick composite film having MgCus, particles with the
sizes of ~6 nm embedded in the amorphous Mg matrix, by magnetron
sputtering. The composite film shows the ultra-high stress of 3.5 GPa.
The abovementioned Mg alloy-based composites are different from
traditional Mg alloys. Note that the strength of the composites has been
measured by micro-pillar compression tests which may be sensitive to
the size effect. Another critical issue for the Mg alloy-based composites
with ultra-high strength, is how to scale up the sample size.
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4. Deformation mechanisms in Mg alloys and the various
schemes to improve plasticity

4.1. Deformation mechanisms in Mg alloys

Fig. 18 shows a schematic diagram of HCP structure and the slip
systems. The independent slip systems in HCP structure are listed in
Table 2 [34,163]. Mg and Mg alloys with the HCP structure thus have
basal, prismatic and pyramidal slip systems. In all available slip systems,
<a> slip has the lowest CRSS, and thus easily activated. However, there
are no more than four independent slip systems available for <a> slip.
According to the von Mises criterion for homogeneous deformation,
activation of at least five independent slip systems is needed. Therefore,
<c + a> slip and/or deformation twinning are necessary to accommo-
date plastic strains in Mg alloys. However, the CRSS for twinning and <c
+ a> slip is significantly higher than <a> slip, leading to inhomoge-
neous deformation and even premature failure in Mg alloys especially
for coarse grain Mg alloys.

Basal <a> dislocation, non-basal <c¢> and <c + a> dislocations are
commonly observed in deformed Mg alloys. Non-basal <c + a> slip
alone can provide five independent slip systems in Mg alloys, and most
importantly to accommodate the strains along the c-axis. Therefore, the
ductility of Mg alloys is strongly related to the activities of non-basal <c
+ a> dislocations. In other words, massive activation of non-basal <c
+ a> dislocations are the key to high ductility of Mg alloys. Liu et al.
[164] conducted in-situ TEM compression tests to investigate <c
+ a> dislocation motions in Mg single-crystal pillars, as shown in
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Fig. 16. (a) Mechanical properties of as-extruded and T5-aged samples under tension and compression; TEM images showing precipitates at GBs in the (b) as-
extruded and (c) T5-aged samples [145]. Reproduced with permission from Ref. [145].

Fig. 19. There are literatures reporting that the non-basal <c
+ a> dislocation is metastable, and thus can easily dissociates [165].
There are two <c + a> dislocation decomposition mechanisms that
have been proposed [166]: (1) As shown in Fig. 20a, a gliding <c
+ a> dislocation on a pyramidal plane dissociates into a sessile
<c> dislocation and a glissile <a> dislocation in a cross-slip process;
This decomposition is energetically favored. (2) As shown in Fig. 20b, a
gliding <c + a> dislocation on a pyramidal plane may become unstable;
Hence, a segment of the <c + a> dislocation (the purple segment) dis-
sociates into the I1 SF enclosed by a leading partial and a trailing partial;
Another segment of the <c + a> dislocation (the blue segment) disso-
ciates into a sessile <c> dislocation and a glissile <a> dislocation which
glides away on another slip plane. Curtin et al. [34] found that a <c
+ a> dislocation ~may undergo thermally activated and
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stress-dependent transition to one of three lower-energy basal-disso-
ciated immobile dislocation structures, which exerts the strong blocking
effect against the movement of other dislocations, resulting in the low
plasticity of Mg.

While HCP Mg alloys have low lattice symmetry and an insufficient
number of easy slip systems, deformation twinning is necessary to co-
ordinate the plastic deformation, especially the strain along c-axis.
Experimentally verified twinning systems in HCP Mg alloys are listed in
Table 3 [167-171]. The main twin systems in Mg alloys are {1012}
tensile twins, {1011} compressive twins and {1013} twins. The gener-
ation and annihilation of deformation twins, and the segregation of
solute atoms at twin boundaries have important effects on the me-
chanical properties of Mg and Mg alloys [172-174].
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Fig. 17. Electron diffraction patterns of the LPSO phases in (a-c) Mgo;Zn;Y», (d-f) MggyZn;Er,, (g-i) MggsZngYe alloys [159]. Reproduced with permission

from Ref. [159].
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Fig. 18. A schematic diagram showing the HCP structure and slip systems.
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Table 2
Independent slip systems in HCP Mg alloys [34,163].
Slip system Slip Slip direction Number of independent slip
plane system
Basal slip {0001} <1120 > <a> 2
Prismaticslip {1010} <1120 > <a> 2
{1010} < 0001 > <c> 2
{1120}
Pyramidal {1011} <1120 > <a> 4
slip {1011} <1123 > <c+ 5
{1122} a>

SFs are easily formed during the plastic deformation of Mg alloys.
Different types of SFs in HCP Mg alloys are collected in Table 4 [175].
The generation of SFs is related to the slip motion of dislocations. The
commonly observed SFs in Mg alloys are I1 and I2 faults. The I1 fault is
also known as the solidified fault, and is formed by the collapse of va-
cancies or a vacancy loop. The 12 fault is commonly known as the
deformation fault, which is formed by the decomposition of a full
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a half loop; (b) motion of an edge segment; (c) Formations of a dislocation dipole and debris [164]. Reproduced with permission from Ref. [164].

Stage 11

Stage IIT

Fig. 20. Schematic diagram showing the <c + a> dislocation decomposition mechanisms [166]: (a) <c + a> dislocation completely dissociates into a sessile
<c> dislocation and a glissile <a> dislocation in a cross-slip process; (b) segmental decomposition of a <c + a> dislocation. Reproduced with permission

from Ref. [166].

<a> dislocation to Shockley partial pairs on a basal plane. Examples of
I1 and I2 faults in a Mg-Y alloy are shown in Fig. 21 [176].

4.2. The schemes to improve plasticity

According to literature review, there are three effective ways to
improve the tensile plasticity of Mg alloys at room temperature: (1)
adjusting alloy compositions, (2) grain refinement, and (3) increasing
the deformation temperature.
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4.2.1. Adjusting the alloy composition to increase plasticity

The addition of alloying elements can alter the CRSS of various
deformation modes, can thus potentially promote non-basal slip by
reducing the difference of critical stress between basal and non-basal
slip, thereby improving the ductility of Mg alloys at room tempera-
ture. Liu et al. [177] studied the electron work function (EWF) of 63
solutes, and proposed the principle for selecting appropriate solutes to
improve the plasticity of Mg alloys. Their results revealed that adding
solutes with the EWF lower than Mg can simultaneously improve the
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Table 3
Independent twinning systems in HCP Mg alloys [167-171].

Type Twin Plane Twin Direction Rotation angle
Primary twin {1011} <1012 > 56°

{1012} <1011 > 86°

{1013} <3032 > 64°

{1121} <1126 > 34°
Secondary twin {1011} — {1012}  <1012> — <1011 >  38°

{1013} — {1012}  <3032> — <1011 >  22°

Table 4
Types of SFs in HCP Mg alloys [175].

Type Stacking order Stacking fault energy (mJem 2)
11 eeeABABABCBCBCBeee 17.98
12 000 ABABABCACACAeee 33.84
E eeeABABABCABABABeee 52.57
T2 eeeABABABCBABABAeee 40.55

strength and plasticity of the Mg alloy; adding solutes with higher EWF
can improve the strength of the Mg alloy at the cost of plasticity, as
shown in Fig. 22a. At room temperature, coarse-grained Mg has low
strength and poor tensile plasticity. During plastic deformation of a
coarse-grained Mg metal, high densities of basal <a> dislocations can
easily form throughout deformed Mg grains [178], but in contrast the <c
+ a> dislocations tend to accumulate into band structures at isolated
local areas, as shown in Fig. 22b [179].

Both first-principles calculations and experimental work show that
the addition of RE alloying elements, such as Y, Gd, Er, Ho, etc., can
promote activations of non-basal slip systems in Mg alloys, as shown in
Fig. 22c¢ [180]. Therefore, RE alloying is an effective method to
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strengthen and toughen Mg alloys [126,181-185].

Sandlobes et al. [178] compared the tensile deformation mechanisms
in Mg metal and Mg-Y alloy, and found that the active deformation
modes in a Mg metal were mainly basal <a> slip and tensile twinning.
In contrast, multiple twinning systems and pyramidal <c
+ a> dislocation slip are activated in the Mg-Y series alloys for signifi-
cantly improved plasticity. The activations of prismatic and pyramidal
slip systems in Mg alloys are attributed to Y alloying [186]. Moreover, Y
alloying can promote cross-slip of <c + a> dislocation, benefitting both
strength and ductility, as shown in Fig. 23 [35]. Appropriate addition of
Al, Zn and Y elements can reduce the SF energy on pyramidal plane to be
even lower than the basal plane; therefore, slip and cross-slip on pyra-
midal plane are promoted [187-189]. Ding et al. [180] used the xz-relax
method to study the influence of the seven alloying elements (Y, Ca, Al,
Tb, Dy, Ho, Er) on the generalized SF energy curves of the {1122} <
1123 > slip system. The result presented in Fig. 22c shows that the
width of potential-energy surface for Mg alloy is increased after alloying
with Y, Ca, Tb, Dy, Ho and Er, except Al, indicating that adding these
elements can reduce the global unstable SF energy for promoting the
pyramidal <c + a> slip.

4.2.2. Grain refinement for improved plasticity

Grain refinement can significantly improve the strength, ductility
and toughness of Mg alloys. Therefore, extensive research has been
conducted in the last two decades to investigate grain refinement of Mg
and Mg alloys to ultra-fine grain and nanocrystalline regimes. Reducing
the grain sizes can inhibit twinning and promote non-basal slip. Sun
et al. [190] found that the <c> dislocation density in a Mg alloy
increased with the decrease of grain size in the submicron regime (0.1-1
pm), while the density of deformation twins decreased. In other words,
the dominated deformation mechanism changed from twinning to

Fig. 21. High-resolution TEM images obtained at the [2110] axis in a Mg-3Y alloy: (a) I1 faults; (b) a 1/6< 2023 > Frank partial; (c) 12 faults; (d) a 1/3< 1010 >
Shockley partial. The insets show the Burgers vectors [176]. Reproduced with permission from Ref. [176].
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Fig. 23. (a) Tensile properties of Mg metal and Mg-Y alloys at room temperature; TEM and pole figures of deformed (b) Mg metal, (c) Mg-3 wt% Y and (d) Mg-1 wt%

Y alloys [35]. Reproduced with permission from Ref. [35].

dislocation slip. Li et al. [191] reported that the compression deforma-
tion behavior of pure Mg at room temperature depends on the grain size.
They found that sufficient reduction of grain size makes the twinning
stress higher than the dislocation slip stress, thus changing the defor-
mation mode from twinning to dislocation slip. Luo et al. [56] and Wei
et al. [166] recently found that the strength and EF of Mg-3Gd alloy and
pure Mg can be improved simultaneously by decreasing the grain sizes
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to a few micrometers, as shown in Fig. 24a-c. As shown in Figs. 24d-1 to
d-3, a large number of <c + a> dislocations formed in fine grains with
the sizes of a few micrometers. Usually, in TEM observation of Mg and
Mg alloys, the two-beam conditions are set according to the invisibility
criterion of g e b =0 to distinguish different types of dislocations,
where g and b represent the reflection and Burgers vector, respectively.
The invisibility criterion is shown in Table 5 [166,176]. For example,
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Fig. 24. (a, b) Tensile properties and the corresponding dominant deformation mechanisms of Mg-3Gd alloys with different grain sizes [56]; (c) Tensile properties of
pure Mg with different grain sizes [166]; (d-1, d-2) TEM images showing <c -+ a> dislocations in a pure Mg with an average grain size of 5.5 pm; (d-3) An enlarged

view of d-2 [166]. Reproduced with permissions from Ref. [56,166].

when the two-beam condition is set to g = 2110, the <a> and <c
+ a> dislocations are both visible, while the <c> dislocation is invis-
ible; when the two-beam condition is set to g = 0002, the <c> and <c
+ a> dislocations are visible, but the <a> dislocation is invisible.
Comparing Figs. 24d-1 and d-2, it can be seen that there is a large
number of <c + a> dislocations in fine-grained Mg, indicating that
grain refinement activates pyramidal slip systems and thus to improve
the ductility significantly.

B. Figueiredo et al. [192] showed the high ductility of ultrafine
grained pure Mg, and claimed that GB sliding plays a key role in low
strain rate deformation of pure Mg with the grain sizes smaller than ~5
pm. Similarly, Zeng et al. [193,194] also showed high ductility of pure
Mg with an average grain size of ~1 pm, and verified the dominant role
of intergranular deformation in fine-grained Mg by in-situ scanning
electron microscopy. They used in-situ TEM to show that dislocations
easily slip to and annihilate at GBs in fine-grained Mg. In addition,
Azghandi et al. [195] found that grain refinement can inhibit the growth
of voids during failure of Mg alloys, and thus increase the EF of
fine-grained Mg alloys.

In summary, grain refinement inhibits twinning in Mg and Mg alloys
and facilitates activations of non-basal slip, during plastic deformation.
As a result of grain refinement, the densities of GBs are significantly

Table 5
Diffraction conditions and visibility of dislocations in Mg and Mg alloys [166,
176].

Reflection <a> dislocations (1/  <c> dislocations <c + a> dislocations

vector, g 3< 1120 >) or (<0001 >) (1/3< 1123 >) or
Shockey partials (1/ Frank partials (1/
3< 1010 >) 6< 2023 >)

g=2110 x v

g=0110 V x v

g = 0002 x Vv v

g=0111 V vV v

g=om1 vV % %
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increased. Small grain size provides shortened intragranular mean free
path for dislocation slip, and therefore reduces the chance for disloca-
tion entanglement; the high density of GBs provides large numbers of
boundary sources and sinks for dislocation slip. Moreover, ultrafine
grains and nanograins are susceptible to GB sliding and grain rotation
under high stress. Comprehensive coordination of the abovementioned
grain size effects can delay the occurrence of local stress concentration
and hence to improve the plasticity of Mg and Mg alloys. In short, sig-
nificant grain refinement changes the deformation mechanisms, thereby
significantly improves the plasticity of Mg and Mg alloys.

4.2.3. Increasing the deformation temperature to increase plasticity
Temperature as an important source of thermal energy, poses sig-
nificant effects on the deformation mechanisms and plasticity of Mg
alloys. With the increase of deformation temperature, the number of
activable slip systems increases, the strength decreases, and the plas-
ticity improves significantly for Mg alloys. The CRSS for the pyramidal
<c + a> slip at room temperature is about two orders of magnitude
larger than that for the basal slip [196]; therefore, the pyramidal <c
-+ a> slip is very difficult to activate at room temperature. When the
deformation temperature is increased to 300°C, the atomic mobility is
dramatically enhanced, and the activation energy for the non-basal slip
in the Mg alloy will decrease significantly; Then, non-basal slip systems
can be activated just as easy as the basal slip systems [197]. Moreover,
high temperature facilitates stable deformation of Mg alloy to ultra-high
strains under SPD. In order to gain deep understanding of the plastic
deformation mechanisms in Mg alloys at high temperature, for the ul-
timate purpose of improving high temperature formability of Mg alloys,
scholars have carried out extensive research work. Mathis et al. [197]
used X-ray diffraction techniques to study the increasing fraction of <c
+ a> dislocations in pure Mg with the increasing deformation temper-
ature. Chapuis et al. [198] found that tensile twinning and basal slip in a
single crystal Mg are less dependent on temperature, while the CRSS for
compressive twinning, prismatic slip, and pyramidal II <c + a> slip
decreases significantly with increasing temperature. Sim et al. [199]
reported that when the deformation temperature is sufficiently high, the
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deformation mechanism in the single crystal Mg changes from twinning
to non-basal slip. Similarly, Ventura et al. [200] found that when the
temperature is less than 423 K, the plastic deformation of a single crystal
Mg is dominated by twinning; As the temperature increases, the CRSS
for non-basal slip gradually decreases; Eventually, when the tempera-
ture is higher than 423 K, the deformation mechanism changes from
twinning to non-basal slip. These results are shown in Fig. 25 [199-204].
So far, the principle for activating non-basal slip systems by high tem-
perature has been successfully applied to the production of Mg alloy
sheets at industrial scale.

In summary, basal slip systems in Mg alloys are easily activated at
room temperature, but are insufficient for homogenous plastic defor-
mation. Twinning, non-basal slip and SFs play very important roles in
ensuring the homogeneous plastic deformation and enhanced plasticity
for Mg and Mg alloys. The proven effective methods for improving the
tensile plasticity of Mg alloys are: (1) adjusting alloy compositions, (2)
grain refinement, (3) increasing deformation temperature. To date, our
knowledge about the grain size effect on deformation mechanisms in Mg
and Mg alloys are limited to ultrafine grained regime, as grain refine-
ment to nanocrystalline regime is still a challenge.

5. Strategies to improve the thermal stability of Mg alloys

Thermal stability refers to the ability of a material to withstand high
temperature without significant change in microstructures and me-
chanical properties. The thermal stability of a material is crucial for the
industrial applications, especially in the service environment concerning
elevated temperature and high pressure. Unfortunately, Mg and Mg al-
loys usually have poor thermal stabilities [205]. Mg alloys are prone to
dislocation recovery, grain growth and dissolution of secondary phase
under high-temperature conditions, leading to decrease in strength.
Currently, many of the research work regarding the thermal stability of
Mg alloys primarily focus on improving the GB stability [206]. More-
over, some studies have indicated that the stability of precipitates also
plays a significant role in determining the thermal stability of Mg alloys
[207,208].

5.1. GB stability for enhanced thermal stability

The grain sizes of Mg alloys are very likely to increase in the high
temperature environment, and the microstructures change accordingly,
resulting in rapid decline in strength and catastrophic fracture. Con-
trolling the thermal stability of the alloy lies fundamentally in control-
ling the stability of GBs [209]. The effective driving force P for grain
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Fig. 25. CRSS versus temperature for basal and non-basal slip in pure Mg, under the condition ¢ = 10~3

Reproduced with permission from Ref. [200].
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growth and the growth velocity V can be expressed as follows [210]:

P =y;K €)

V = MP = Myg,K ©)
where M is the GB mobility, y5 is the GB energy, and K is the local mean
curvature. For ultrafine and nanocrystalline Mg alloys, the GB curvature
is large and the stored energy is high, therefore the driving force for
grain growth is large. Apparently, the thermal stabilities of ultrafine and
nanocrystalline Mg alloys are significantly lower than their coarse-
grained counterparts. The grain growth behavior of ultrafine/nano-
crystalline Mg alloys is not only affected by temperature and time, but
also by the deformation history, alloying elements, impurity content,
secondary phases, porosity and microscopic strain. According to litera-
tures [211,212], the so far practical method for improving the thermal
stability of Mg alloys is alloying.

Some solute atoms can significantly enhance the stability of GBs in
two ways: (1) segregation of solute atoms to GBs to form interface
complexions or precipitates, resulting in ordering of lattice structures at
the GBs and hence reduce the GB energy and improve the GB stability
[206,212]; (2) solute atoms at GBs poses pinning effect that lowers the
mobility of the GBs, and thus improves the GB stability [10,206]. An
interface complexion is an interface-stabilized state that has a structure
and composition different from that of the matrix, and remain confined
in a thickness of a few atomic layers. Interface complexions can form at
SFs, twin boundaries and GBs in deformed Mg-RE alloys after heat
treatment at medium temperatures [213,214]. Interface complexions
are much larger than clusters and even larger than precipitates in terms
of planar areas, but the thickness is only a few atomic layers; Therefore,
it is also called linear complexions [215]. Nie et al. [216] conducted
HAADF-STEM analysis to resolve the periodic segregation structures on
the {1011}, {1012} and {1013} twin planes in Mg-Gd and Mg-Zn alloys
at the atomic scale, as shown in Fig. 26. Xie et al. [173] studied the linear
complexions at the {1011} twin interfaces in a Mg-Nd alloy.

Zhou et al. [147] conducted systematic study on the interfacial
segregation in Mg-Gd-Y alloys, and some results are shown in Fig. 27a.
Segregations of Ag and Gd to different types of twin boundaries in the
Mg-Gd-Y alloy are studied in detail. The thermodynamics and stability of
the interfacial segregation structures were also studied. Xiao et al.
conducted heat treatment to a Mg-Gd-Y alloy in the temperature range
250-400°C. As shown in Fig. 27b, both intragranular precipitates and
linear complexions are seen in the Mg-Gd-Y alloy after annealing at
250°C. In contrast, after annealing treatment at 350°C, all of the
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Fig. 26. (a) Schematic illustration and (b) [1210] projected view of «-Mg lattice; HAADF-STEM images showing (c, d) {1011}, (e, f) {1012}, and (g, h) {1013} twin
boundaries in Mg-Gd alloys; (i-k) schematics showing atomic arrangements at the corresponding twin boundaries. HAADF-STEM images showing {1012} TBs in (I,
m) Mg-1.9 at% Zn and (n, 0) Mg-1.0 at% Gd-0.4 at% Zn-0.2 at% Zr alloys; (p, q) schematics showing atomic/elemental arrangements at the {1012} twin boundaries

[216]. Reproduced with permission from Ref. [216].

intragranular precipitates disappeared, but the linear complexions
remained. According to the work by Xiao et al., the linear complexions
in the Mg-Gd-Y alloy is stable up to the annealing temperature of 400°C
[217]. Tang et al. [112] found that the addition of Gd and Y elements to
a Mg alloy facilitates nano-crystallization during SPD. Moreover, the
SPD Mg-Gd-Y-Zr alloy with an average grain size of 80 nm, show ther-
mal stability up to 250°C, due to the strong pinning effect of precipitates
on GBs.

Fig. 28 [218] shows that solute segregation assisted
nano-crystallization during annealing of a cold-rolled Mg-Ag alloy.
During cold rolling, non-basal <c + a> dislocations entangled to form
cell walls which were pinned by Ag segregation; upon heat treatment the
Ag rich cell walls transformed into stable GBs. Moreover, due to the
enrichment of Ag at the GBs, the nanocrystalline Mg-Ag alloy exhibits
improved thermal stability at 150°C. Wu et al. [219] also conducted
HAADF-STEM analysis to investigate the segregation structures at the
{1011}, {1012} and {1013} twin boundaries in a Mg-Ag binary alloy.
Substitutional segregation of Ag is observed at {1011} and {1012} twin
boundaries, and a unique composite type segregation with two substi-
tutional columns and one interstitial column in each periodic
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segregation unit is observed at the {1013} twin boundaries.

In addition, reinforcement particles in Mg matrix composites have
similar microstructural stabilization effect to the precipitates in Mg al-
loys. The reinforcement particles can pose resistance against GB
migration, inhibit grain growth, and thus significantly enhance the
thermal stability of the composite. Su et al. [220] reported that the
addition of Ti particles effectively suppressed grain growth. As a result,
the nanocrystalline Ti/AZ61 Mg matrix composite exhibited superior
thermal stability than the nanocrystalline AZ61 alloy in the temperature
range of 573-723 K. In another study, Su et al. [221] demonstrated that
adding submicron SiC particles effectively suppressed grain growth in
the nanocrystalline AZ91 matrix, and therefore enhanced the thermal
stability of the nanocrystalline SiCp/AZ91 composite at 673 K. Zhang
et al. [222] reported that the nanocrystalline AZ31-2.5 wt%Vp com-
posite exhibited excellent thermal stability even at 450°C. They found
that the V particles in the AZ31 matrix suppressed GB migration and
increased the activation energy for grain growth, thereby effectively
stabilized the microstructure at high temperatures. It is noted that the
reinforcement particles shall be small in size, non-thermosensitive and
uniformly dispersed for the purpose of thermal stability enhancement in



Z. Lietal

Journal of Alloys and Compounds 1018 (2025) 179151

e S

o
N N N e ot

STEM intensity

{1

S
L € o o
o

STEM intensity

A NN

350°C

Fig. 27. Interfacial segregation structures in a Mg-Gd-Y-Ag alloy: (a) linear complexions formed at {1010} and {1012} twin boundaries, and elemental concen-
trations on a {1012} twin boundary; (b) thermal stabilities of intragranular precipitates and linear complexions at different annealing temperatures [147,217].

Reproduced with permissions from Ref. [147,217].
Mg matrix composites.

5.2. Precipitate stability for enhanced thermal stability

The thermal stability of precipitates directly affects the thermal
stability of the bulk Mg alloys. Gerashi et al. [223] changed the content
of Sr in the Mg-4Zn alloy, and annealed the samples at 400°C. The result
shows that the grain size of the Mg-4Zn alloy without Sr increased
significantly, while the grain size of the Sr-containing Mg-4Zn alloy was
nearly unchanged after annealing. This is because the Mg4Zny particles
in the Mg-4Zn alloy dissolve at 400°C, whereas the Mg;,Sr; particles are
stable in the Sr-containing alloy. The study also demonstrates that when
the Sr content exceeds 0.3 wt%, the precipitates coarsen, leading to
decline of mechanical properties for the Mg-4Zn alloy; This is because
coarse precipitates are likely to become crack initiation sites, leading to
embrittlement of the alloy [11]. For another encouraging result, the
Mg,Sn phase in the Mg-Sn based alloys can remain stable even at 770°C,
rendering the alloy with exceptionally high thermal stability and thus
making them promising heat-resistant Mg alloys [207].

As mentioned in Section 3, precipitation strengthening plays a
pivotal role in optimizing the mechanical properties of Mg alloys. The
precipitation strengthening effect may persist in elevated temperatures.
In high temperature environments, multiple dislocation slip systems are
easily activated. While the easy activation of dislocation slip can
enhance the plasticity of Mg alloys, it also leads to the reduction in
strength. In high-temperature environments, precipitates can still hinder
dislocation slip and climb, and thus can help sustain the strength and
thermal stabilities of Mg alloys. Sun et al. [208] developed a
Mg-4Sn-3Al-1Zn alloy by adding Sn to the AZ31 alloy, which exhibited
excellent thermal stability at 230°C; in this work, the Mg»Sn precipitates
played a critical role in enhancing the high-temperature strength by
hindering non-basal dislocation slip in the Mg-4Sn-3Al-1Zn alloy.
Mg-Gd alloys usually exhibit excellent strength even at 250°C, primarily
because the p’ and y*’ phases can effectively hinder dislocation motion
even under high-temperature conditions to provide the strengthening
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effect [224].

In summary, precipitates with high thermal stabilities play an
essential role in enhancing the mechanical properties of Mg alloys at
elevated temperatures.

6. Future perspectives

Mg alloys being so far the lightest metallic structural materials, are
considered green engineering materials with the potential applications
to fight back against environmental pollutions and energy crisis. How-
ever, the prerequisite for large scale applications of Mg alloys is to make
the alloys sufficiently strong and ductile. Over the last 20 years, many
researchers have made a lot of attempts to improve the mechanical
properties of Mg alloys via grain refinement, alloying and changing
processing conditions (strain rate and temperature). As a part of the
attempts, a variety of Mg alloy forming processes have been adopted and
developed: (1) the conventional metal forming processes including
extrusion, rolling, forging, etc.; (2) SPD processes including ARB, CEC,
ECAP, MDF, HPT, FSP, etc. Recently, new routes that employs RS for
preparing bulk nanocrystalline Mg alloys, was investigated systemati-
cally. On the other hand, many rare-earth Mg alloys, rare-earth-free Mg
alloys and Mg-based composites have been developed. The microstruc-
tural evolutions and deformation mechanisms of Mg alloys and com-
posites under different deformation conditions have been studied
systematically by means of experimental and simulation techniques, and
a wealth of research results have been obtained. A large number of
research results provides important guidance for the future development
of high strength and high toughness Mg alloys.

In this review article, we make a bold prediction for the future
development of Mg alloys:

1. With the development of nano-scale and micro-scale in-situ me-
chanical test methods and heat treatment methods, in-depth under-
standing of deformation mechanisms and heat induced
microstructural evolutions in Mg alloys can be achieved.
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Fig. 28. (a) A TEM image showing the nanocrystalline structure in a Mg-Ag sample processed by cold rolling + annealing at 150°C for 15 mins (the inset is the grain
size distribution histogram). HAADF images showing microstructures in the Mg-Ag alloy annealed at 150°C for (b) 5 mins and (c) 15 mins. (d) Energy-dispersive X-
ray spectroscopy image of the area enclosed by the white rectangle in (c) [218]. Reproduced with permission from Ref. [218].

2. Development of multi-functional Mg alloys and Mg-based compos-
ites with combined properties including strength, ductility, tough-
ness, corrosion resistance, thermal stability, damping capacity,
electromagnetic shielding property, electrical conductivity and
thermal conductivity, will keep going forward at an ever faster pace.

3. The development of advanced, low-cost, high-efficiency Mg alloy
forming technologies will make it possible to prepare bulk nano-
crystalline Mg alloys with engineering application values, and to
realize the large-scale applications of Mg alloys.
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