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Abstract 

In the past two years, significant progresses have been achieved in high-performance cast and wrought magnesium and magnesium alloys, 
magnesium-based composites, advanced cast technologies, advanced processing technologies, and functional magnesium materials, such as 
Mg ion batteries, hydrogen storage Mg materials, bio-magnesium alloys, etc. Great contributions to the development of new magnesium alloys 
and their processing technologies have been made by Chongqing University, Shanghai Jiaotong University, Chinese Academy of Sciences, 
Helmholtz Zentrum Geesthacht, Queensland University, Brunel University, etc. This review paper is aimed to summarize the latest important 
advances in cast magnesium alloys, wrought magnesium alloys and functional magnesium materials worldwide in 2018–2019, including both 
the development of new materials and the innovation of their processing technologies. Based on the issues and challenges identified here, 
some future research directions are suggested, including further development of high-performance magnesium alloys having high strength 
and superior plasticity together with high corrosion resistance and low cost, and fundamental research on the phase diagram, diffusion, 
precipitation, etc., as well as the development of advanced welding and joining technology. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium and its alloys, due to their excellent physical
nd chemical properties such as low density, good damping
erformance, biocompatibility, recyclability, large hydrogen 

torage capacity, and high theoretical specific capacity for
attery, are considered to have great application prospects
n the fields of aerospace, transportation, electronic 3C,
iomedical and energy sectors [1–3] . However, there are
till many difficulties to be overcome for these advantages
f magnesium and its alloys to play a major role in the
arge-scale industrial applications. In terms of structural
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aterials [4 , 5] , the low strength, relatively poor plasticity
nd corrosion resistance of magnesium alloys hinder the
arge-scale applications of magnesium and its alloys; in
erms of functional materials [6 , 7] , problems such as too fast
egradation rate of Mg alloys and narrow hydrogen charging
nd discharging window still need to be solved. 

In the past decade or so, many scholars have carried out
 lot of research on the above deficiencies. The ultimate ten-
ile strength (UTS) of magnesium alloys has reached 500 MPa
8–10] , and the elongation (EL) has attained more than 30%
11 , 12] . Through surface treatment, the corrosion resistance
f magnesium alloys has been effectively improved [13 , 14] .
fter years of research, the hydrogen storage capacity of
g-based materials has also been improved [15 , 16] . Other
g-based functional materials have also made a remarkable

rogress. For example, magnesium alloy has an excellent
hermal conductivity, which has been widely used in LED
. This is an open access article under the CC BY-NC-ND license. 
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Table 1 
Mechanical properties of heat resistant cast magnesium alloys. 

Alloy (wt%) Condition 25 °C 200 °C Creep rate (s −1 ) Ref. 

YS (MPa) UTS (MPa) EL (%) YS (MPa) UTS (MPa) EL (%) 

Mg-3Gd-2Ca T4 – – – – – – 1.96 ×10 − 8 (210 °C/100 MPa/100 h) [24] 
T6 – – – – – – 4.92 ×10 − 8 (210 °C/100 MPa/100 h) [24] 

Mg-7Al-3Ba-3Ca HPDC 203 230 1.6 – – – 8 ×10 − 8 (200 °C/100 MPa/225 h) [25] 
Mg-10Gd-3Y-0.5Zr T6 247 360 2.7 250 350 – – [26] 
Mg-3.5Sm-2Yb-0.6Zn-0.5Zr T6 297 228 5.7 182 279 18.2 – [27] 
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and other fields [17 , 18] ; the electromagnetic shielding per-
formance of magnesium is superior, which has been used in
electromagnetic shielding field [19 , 20] . However, magnesium
and its alloys with excellent properties are still rare, the pro-
cessing technology is still very harsh, and the strength and
plasticity of magnesium alloys still cannot be enhanced si-
multaneously. These shortcomings also restrict the large-scale
applications of magnesium alloys. 

In the past two years, many scholars have done a lot of re-
search on magnesium and its alloys to promote its increasing
applications, including composition optimization, processing
technology improvement, characterization and understanding
of microstructure, etc. [21–23] . The present work seeks to
review the important advances of magnesium and its alloys
worldwide in 2018–2019. 

2. Cast magnesium alloys 

2.1. Heat resistant cast Mg alloys 

In 2018–2019, heat resistant cast magnesium alloys focuses
on RE-containing alloys, especially Gd-containing alloys, the
mechanical properties of some new types of heat resistant cast
magnesium alloys developed worldwide are listed in Table 1 .
The ultimate tensile strength of a sand cast Mg–Gd–Y–Zr
reaches 350 MPa at 200 °C and 368 MPa at 125 °C. However,
the high content of Gd results in high cost which restricts its
automotive applications. The alloy with excellent high tem-
perature performance with low cost is still in need. 

Mingxing Zhang’s group developed a Mg–3Gd–2Ca (wt%)
alloy with a good creep resistance [24] . They found that
when tested at 210 °C/100 MPa for 100 h, the as solid solution
treated (T4) alloy showed a better creep resistance than the
peak aged alloy (T6). At the steady-state creep stage, the min-
imum creep rates were measured to be 1.96 ×10 

−8 s −1 in the
T4 alloy and 4.92 ×10 

−8 s −1 in the T6 alloy. Microstructural
analysis revealed that this is attributed to the synergistical ef-
fects of solid solution strengthening by the Gd–Ca co-clusters
(particularly at the early stage of creep) and dynamic precip-
itation hardening (particularly at the late stage of creep). 

Gavras et al. [25] developed a high-pressure-die-cast
(HPDC) DieMag633 (Mg–6Al–3Ba–3Ca) alloy with good
creep property. They examined the compressive creep re-
sistance of HPDC alloys, including commercial AE42,
AE44-2, AE44-4, MRI230D, DieMag211, DieMag422, and
DieMag633 alloys. The density measurements reveal that
DieMag211 and DieMag633 have the lowest porosities with
nly 1.8% and 1.5%, respectively. MRI230D and two high-
oncentrated DieMag422, and DieMag633 alloys have the
est creep resistance at 200 °C. Similar trends are also
hown in the tensile properties at room temperature and
50 °C. DieMag633 alloy exhibits an outstanding strength.
icrostructural observations revealed various phases in the

igh-pressure-die-cast alloys. Such thermal stable phases help
o improve the creep resistance by suppressing the formation
f thermal unstable phase Mg 17 Al 12 . 

A low pressure sand cast Mg–10Gd–3Y–0.5Zr (wt%) alloy
ith high strength at both room and high temperatures was
eveloped by Wencai Liu et al. [26] , which has excellent heat
esistant properties. The UTS, YS (yield strength) and EL of
he alloy peak-aged at 250 °C for 12 h tested at room tempera-
ure are 360 MPa, 247 MPa and 2.7%, respectively. Both UTS
nd YS of 225 °C ×14 h aged alloy increase with increasing
est temperature from room temperature to 200 °C and reach
he peaks of 350 MPa and 250 MPa at 200 °C ( Fig. 1 (a)), while
TS and YS of 250 °C ×12 h aged alloy increase from room

emperature to 125 °C and reach the peaks of 368 MPa and
55 MPa at 125 °C ( Fig. 1 (b)). 

A cast Mg–3.5Sm–2Yb–0.6Zn–0.5Zr (wt%) alloy with
mproved strength and ductility at elevated temperatures
as successfully developed by Jian Meng’s group [27] . The

lloy prepared with permanent mold cast exhibited a YS of
82 ±4 MPa, a UTS of 279 ±6 MPa, and an elongation of
8.2 ±2.4% at 200 °C and a YS of 127 ±4 MPa, a UTS of
86 ±6 MPa, and an elongation of 15.0 ±3.2% at 300 °C.
t is found that the improved mechanical properties at both
T and high temperatures are mainly attributed to fine
rains, precipitation of both basal and prismatic precipitates,
nd particle-free zones near grain boundaries and around
ridentate precipitates. 

.2. High performance cast Mg alloys 

A lot of high strength magnesium alloys were developed
n the past decades. High strength of as-cast Mg–Gd and

g–Y based alloys developed before 2018 were summarized
y Fusheng Pan et al. [28] and Jinghuai Zhang et al. [29] .
he work before 2018 mainly focused the improvement of

ensile strength, but the elongation was still not so high.
or instance, the ultimate tensile strength and elongation of
g–6.5Gd–2.5Dy–1.8Zn alloy [30] and Mg–8Gd–3Y–0.4Zr

31] is 392 MPa and 362 MPa, 6.1% and 7.6%, respectively.
n 2018 and 2019, several cast Mg alloys with high strength
ere also reported, as summarized in Table 2 . The important
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Fig. 1. Tensile properties of the T6 treated GW103K alloys under different heat treatment conditions at different tensile test temperatures: (a) 
525 °C ×12 h + 225 °C ×14 h, (b) 525 °C ×12 h + 250 °C ×12 h [26] . 

Table 2 
Mechanical properties of high performance cast Mg alloys at room temperature. 

Alloy (wt%) Cast method Heat treatment YS (MPa) UTS (MPa) EL (%) Ref. 

Mg-10Gd-1Zn-0.5Zr Permanent mold cast 460 °C ×12 h + 200 °C ×48h 205 303 6.6 [32] 
Mg-10Gd-2Y-1Zn-0.5Zr Permanent mold cast 480 °C ×12 h + 200 °C ×12h 252 351 10.2 [33] 
Mg–12Gd–0.8Zn–0.4Zr Sand cast 530 °C ×18 h + 225 °C ×8 h – 348 2.6 [34] 
Mg-10Gd-3Y-0.5Zr Sand cast 525 °C ×12 h + 250 °C ×12 h – 325 5 [35] 
Mg–2Zn–0.2Y–0.5Nd–0.4Zr Permanent mold cast As-cast 89 203 35% [36] 
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rogress lies in the great improvement of the elongation of
he cast alloys. 

Fusheng Pan’s group in Chongqing University successfully
eveloped a cast magnesium alloy of Mg–10Gd–2Y–1Zn–
.5Zr with the elongation higher than 10%. The alloy with an
ltimate tensile strength of 351 MPa and a ductility of 10.2%
n the peak aged condition [33] . Besides, a Y-free Mg–10Gd–
Zn–0.5Zr alloy with an ultimate tensile strength of 303 MPa
nd a ductility of 6.6% in the peak aged condition was also
eveloped [32] . Solution treated at 420 °C for 12 h exhibits
he best mechanical properties as the alloy is mainly com-
osed of matrix and block LPSO phase. The LPSO phase is
dentified as 10H and 14H types. 

Wang et al. from Shanghai Jiaotong University developed
 high strength sand cast Mg–12Gd–0.8Zn–0.4Zr alloy with
he ultimate tensile strength of 348 MPa and the elongation of
.6% [34] . The highest strength of the alloys is obtained via
olution treatment of 530 °C ×18 h followed by peak aging of
25 °C ×8 h. 

Enhou Han’s group found an anomalous positive strain-
ate dependence of elongation in a Mg–10Gd–3Y–0.5Zr al-
oy (GW103) ( Fig. 2 ) [35] . At a strain rate of 1 ×10 

−1 s −1 ,
he ultimate tensile strength of GW103 alloy reaches around
25 MPa and the fracture elongation is 5%. Moreover, for
he aging samples of high strength Mg–10Gd–3Y–0.5Zr al-
oy with dominant β ′ precipitates, the precipitate spacing was
eemed as the dominant influence factor for the ductility by
 c  
nfluencing the dynamic recovery in stage III of work harden-
ng [37] . Microstructural characterization by slip trace analy-
is revealed that exclusive deformation mechanism of pyrami-
al 〈 c + a 〉 slip, non-Schmid behavior of basal slip, and slip
ransfer induced the high RT ductility. 

Wang et al. [36] have developed a high plasticity as-cast
g–2Zn–0.2Y–0.5Nd–0.4Zr (wt%) alloy with a high frac-

ure elongation up to 35% ± 3% and a YS and UTS of
9 ±7 MPa, 203 ±5 MPa, respectively. The reported plasticity
or as-cast Mg–2Zn–0.2Y–0.5Nd–0.4Zr alloy is higher than
hat reported for most as-cast Mg −Zn-based alloys. The high
lasticity is due to twinning at the initial stage and activa-
ion of non-basal pyramidal slip systems in a later stage of
eformation. 

.3. Low cost high performance Mg alloys 

Cost generally plays a crucial role in the commercializa-
ion of cast magnesium alloys, thus the development of low
ost magnesium alloy with high performance is of great im-
ortance for the industrialization of magnesium alloy. Some
ew types of cast magnesium alloys reported in 2018–2019
ith low cost are listed in Table 3 . 
Cao and Song [38] have developed a corrosion resistant

g5Y alloy with low cost compared to high purity Mg. The
ow corrosion rate was attributed to the protectiveness of a Y-
ontaining corrosion product film formed on the alloy surface.
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Fig. 2. The variations of (a) yield strength (at 0.2% plastic deformation), (b) ultimate tensile strength and (c) elongation-to-failure with strain rate of different 
alloys [35] . 

Table 3 
Mechanical properties of low cost high performance cast Mg alloys at room temperature. 

Alloy (wt%) Cast method YS (MPa) UTS (MPa) EL (%) Remark Ref. 

Mg-5Y Permanent mold cast – – – Corrosion resistant [38] 
Mg-10Zn-5Al High pressure die cast 188 235 5.6 Superior fatigue property [39] 
Mg −3.5Al −4.2La −0.3Mn High pressure die cast – – – Better property than A380 [40] 
Mg–1Nd–1Ce-0.5Zn-Zr Permanent mold cast 136 237 9 – [41] 
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Interestingly, only a small quantity of Y-containing particles
caused micro-galvanic corrosion of the Mg matrix in the dis-
tilled water as shown by the orange arrows in Fig. 3 (a) and
(b), while the particles indicated by the white arrows caused
ignorable micro-galvanic corrosion. 

Zeng’s group, in collaboration with D. Chen’s group,
developed a Mg–10Zn–5Al (wt%) cast magnesium alloy with
superior tensile properties and fatigue properties [39] , as
shown in Fig. 4 . Unlike extruded magnesium alloys, the cast
alloy exhibited almost symmetrical stress-strain hysteresis
loops due to the presence of τ -Mg 32 (Al,Zn) 49 phase 1 and
nearly random textures. Although slight cyclic softening
occurred at higher strain amplitudes, cyclic stabilization
1 It is of special interest to note that the τ -Mg32(Al,Zn)49 phase in cast 
magnesium alloys was first discovered by a double Nobel Prize Winner, Dr. 
Linus Pauling, and his colleagues in 1952 and published in a Nature paper 
(“Crystal structure of the intermetallic compound Mg32(Al,Zn)49 and related 
phases”, Nature, 1952, 169, 1057–1058). 

a  

 

m
1  

t  
asically remained. This was also reflected by the nearly
ver-lapped cyclic and monotonic stress-strain curves. Fa-
igue crack initiated from the near-surface imperfections, and
rack propagation was characterized by fatigue striation-like
eatures along with tear ridges. 

An outstanding performance and low cost
g −3.5Al −4.2La −0.3Mn (wt%) alloy was successfully

eveloped for high pressure die casting (HPDC) by Meng’s
roup [40] . The yield strength and elongation of the
ewly developed alloy exhibit better strength-ductility bal-
nce compared with the previously studied HPDC Mg
nd A380 alloys. The ultimate tensile strength of HPDC
g −3.5Al −4.2La −0.3Mn alloy is slightly lower than A380

lloy but is the highest among the HPDC magnesium alloys.
With the aim to reduce the cost of Nd containing cast

agnesium alloys, Feng et al. recently developed an Mg–
Nd–1Ce–0.5Zn–Zr alloy [41] . The yield strength, ultimate
ensile strength and elongation in T6 condition of perma-
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Fig. 3. Surface morphology of the Mg5Y after immersion in distilled water for 6 h and removal of corrosion products: (a) as-cast Mg5Y, (b) solution treated 
Mg5Y [38] . 

Fig. 4. Fatigue life of the Mg–10Zn–5Al cast magnesium alloy in comparison 
with those reported in the literature [39] . 
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ent mold cast Mg–1Nd–1Ce–0.5Zn–Zr alloy are 136 MPa,
37 MPa and 9%, respectively. This alloy showed a potential
pplication in car wheels since the requirement of which is
30 MPa–210 MPa-7%. 

In order to replace part of cast aluminum alloys, it is nec-
ssary that the tensile strength and elongation of new cast
agnesium alloys with low cost should not be lower than

80 MPa and 7%, respectively. Therefore, a lot of work needs
o be done on the development of high performance cast mag-
esium alloys with low cost in the future. 

.4. Microstructure and performance of cast magnesium 

lloys 

Microstructure plays a key role in the mechanical and
orrosion performance of as-cast magnesium alloys. During
018–2019, the work on the microstructure focused mainly
n Mg–Sm–Zn–Zr, Mg–Zn–Gd, Mg–RE–TM (TM = Zn, Cu,
i, Mn) alloys. 
Li’s group [42] found that the net-like Mg 41 Sm 5 phase

long the grain boundary in an as-cast Mg–Sm–Zn–Zr
lloy ( Fig. 5 (a)) acted as a cathodic phase instead of
orrosion barrier. This finding provides a novel solution to
btain reliable anti-corrosion performance through regulation 

f phases for Mg-RE alloys. It initiated and boosted galvanic
orrosion of the adjacent α-Mg, accompanied by the accumu-
ation of thick but loose corrosion products and severe local-
zed corrosion. While in extruded alloy the localized corrosion
as inhibited due to small size and homogeneous distribution
f Mg 41 Sm 5 phase and a uniform corrosion film emerged,
nhibiting the expand of corrosion in matrix. Consequently,
he extruded alloy presented a three times better corrosion
mpedance compared with the as-cast alloy in NaCl solution
 Fig. 5 (b)). 

Mg–Zn–Gd alloy is a research hot spot due to its
igh mechanical performance. Luo et al. [43] classified
hase constitutions of as-cast magnesium (Mg)–Zn–Gd alloys
Zn/Gd = 0.25–60, Zn 0–10 at%, Gd 0–2 at%, 48 samples)
nto five regions: (I) α-Mg + W-phase ( + binary compounds),
II) α-Mg + W-phase + I-phase ( + binary compounds), (III) α-

g + I-phase ( + binary compounds), (IV) α-Mg + binary com-
ounds, and (V) α-Mg, as shown in Fig. 6 . 

Long-period stacking ordered structure (LPSO) phases at-
racted much attention due to its excellent contribution to
ield strength and elongation in Mg–RE–TM (TM = Zn, Cu,
i, Mn) systems. Besides the best-known 14H, 18R, 10H

ype, Liu et al. [44] discovered a new type LPSO, 12R
ype ( Fig. 7 ), without Mg layer between L1 2 cluster-rich lay-
rs, which shows the highest Vickers hardness in the LPSO
hases. 

. Wrought magnesium alloys 

.1. Traditional commercial wrought Mg alloys 

No matter composition or processing technology, the tra-
itional commercial wrought Mg alloy has been very ma-
ure and stable. Therefore, the development in recent years
s mainly focused on the evolution of its microstructure and
rystallographic orientation [45–47] . For example, in recent
wo years, the research of AZ31 alloy mainly focuses on
eakening the basal texture of the sheets [48 , 49] , ascertaining
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Fig. 5. (a) AFM surface voltage potential mapping of Mg–Sm–Zn–Zr alloys. The Volta potential of Mg 41 Sm 5 phase was 30–40 mV more positive than that 
of α-Mg matrix. (b) EIS of the as-cast and extruded Mg–Sm–Zn–Zr alloys, high purity Mg, and Mg alloy AZ91 in 0.6 M NaCl solution [42] . 

Fig. 6. Phase formation of Mg–Zn–Gd alloys on the Mg-rich corner 
(Zn 0–20 at%,Gd 0–10 at%): (I) α-Mg + W-phase( + binary compounds), (II) 
α-Mg + W-phase + I-phase( + binarycompounds), (III) α-Mg + I-phase( + binary 
compounds), (IV) α-Mg + binary compounds, and (V) α-Mg [43] . 
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the evolution of microstructure and texture in the process of
dynamic recrystallization and static recrystallization [50–52] ,
as well as the thermal stability of the typical texture [53] . 

Zhao et al. [54] investigated the recrystallization behavior
of cold-rolled Mg alloy strips during electropulsing treatment
(EPT) process. AZ31 Mg alloy with homogeneous refined
microstructure and excellent mechanical properties was ob-
tained by the combined technology of equal-channel angular
pressing (ECAP), rolling and electropulsing treatment (EPT).
The yields strength (YS) and ultimate tensile strength (UTS)
of AZ31 alloy were 320 MPa and 430 MPa, respectively [54] .
It is revealed that EPT works through its athermal effect as
ell as thermal effect, which increase the Gibbs free energy
nd the additional atomic diffusion flux and as a result ac-
elerate the recrystallization of the deformed AZ31 alloy at
ower temperature [55] . Abouhilou et al. [56] studied the mi-
rostructure and texture evolution of as-extruded AZ31 alloy
fter hot uniaxial compression and subsequent annealing. The
lloy annealing at 450 °C for 72 h led to the increase of grains
ize to 28 and 25 μm in the parallel and perpendicular sam-
les, respectively. A random deformation texture was devel-
ped in the parallel sample while the deformation of perpen-
icular samples developed typical basal texture. Zhao et al.
53] investigated the thermal stability of two typical texture
 < 0002 > //ED texture and < 0002 > ⊥ ED texture) components
n an extruded magnesium AZ31 alloy. The results showed
hat normal grain growth took place in the AZ31 alloy dur-
ng annealing at 300 °C and 450 °C. But the grain growth
id not lead to the strengthening of either texture component.
oth the < 0002 > ⊥ ED texture and < 0002 > //ED texture
omponents show good thermal stability, without influencing
he texture volume fraction. 

Twinning and detwinning represent major deformation
echanisms in hexagonal close-packed (hcp) metals [57 , 58] .
hen and co-authors [59] identified twin–twin interactions
nd contraction twin formation in an AZ31 magnesium alloy
hen the compressive direction was changed from the ex-

rusion direction (ED) to the normal direction (ND). { 10 ̄1 2 }
xtension twins of multiple variants were observed after com-
ressive deformation of 4.3% along ED. The detwinning of
 10 ̄1 2 } extension twins occurred along with the formation of
 10 ̄1 1 } and { 10 ̄1 3 } contraction twins, when the compressive
irection was changed to ND. The extension twins in some
rains almost fully vanished, making the grains back to a
win-free state. A new twin–twin interaction mechanism be-
ng different from double twinning (defined as twins within a
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Fig. 7. The SAED patterns of 12R-LPSO with beam direction (a) [11–20] and (b) [10–10], atomic scale HAADF-STEM image from (c) [11–20] and (d) 
[10–10] directions, (e)–(h) the enlarged views of atomic image from (d) showing different shift distances between building clusters [44] . 
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win) was identified, due to the impingement of { 10 ̄1 1 } con-
raction twins nucleated in the matrix grain on a pre-existing
 10 ̄1 2 } extension twin [59] . 

In addition, there is still great enthusiasm for the con-
inuous improvement of traditional alloy composition. There
re some reports about the effect of trace alkaline earth met-
ls (Ca, Sr) on the recrystallization behavior, microstructure
nd properties of extruded AZ31 alloy in the past two years
50 , 60–62] . For example, traces of Sr (0.4 and 0.8 wt%) were
dded to AZ31 alloy to weaken texture and improve the
trength and plasticity [63] . The maximum intensity of the
asal poles figure for AZ31 was 6.4 MRD (multiples of a ran-
om density) while that of AZ31 + 0.4Sr and AZ31 + 0.8Sr
amples was 6.0 and 4.9 MRD, respectively (23% decrease by
dding 0.8%Sr). The alloying elements Sr reduced the basal
exture and homogenized the distribution of strain in uniaxial
ension. Sr enhanced the combination of tensile strength and
otal elongation. 

.2. High strength wrought Mg alloys 

In the past two years, high-strength Mg alloys have mainly
oncentrated on Mg-rare earth (RE) alloys and newly devel-
ped RE-free alloys, such as Mg–Al–Ca, Mg–Sn–Ca, etc.
29 , 64–66] A lot of research has been done on the opti-
ization of alloy composition, aging treatment and plastic

rocess parameters [67 , 68] . At present, the yield strength
f Mg-RE alloy series has reached 480 MPa, and that of
E-free alloy series has reached 450 MPa [66 , 69] . In ad-
ition, the plasticity of high-strength magnesium alloys has
een greatly improved. For example, the elongation of high
trength (538 MPa) Mg–Gd–Y–Zn–Mn alloys developed by
hongqing University could arrive at 13%. The mechanical
roperties of typical high strength wrought magnesium alloys
eveloped recently are shown in Table 4 . It is shown that the
mportant progress occurred mainly in the improvement of
trength-ductility balance. 
.2.1. Mg-RE-based alloys 
Mg-RE alloy has always been an important research di-

ection of high strength Mg alloy [29] . In the past two years,
any scholars from different institutions have done a lot of
ork to improve the properties of Mg alloy via alloy composi-

ion, aging heat treatment, microalloying, and other processes
2 , 5 , 89] . 

Because LPSO is an intermetallic compound with high
trength and superior deformation capacity, it is considered
o be an important strengthening phase in the Mg-RE al-
oy [5 , 90 , 91] . The coefficient of thermal expansion of W
Mg 3 Y 2 Zn 3 ) and LPSO phases were determined [92] . In-situ
igh-temperature XRD results showed that the coefficient of
hermal expansion was derived to be 1.38 ×10 

−5 K 

−1 and
.35 ×10 

−5 K 

−1 for W and LPSO phases, respectively. The
ensity and type of dislocations were investigated in a plasti-
ally deformed high volume fraction ( ∼85%) of long-period
tacking ordered (LPSO) phase of a Mg89Y7Zn4 (at%) al-
oy [93] . The order of magnitude of the dislocation density
as ∼10 

14 m 

−2 after compression to the strain of ∼25%. It
as observed that most of the dislocations formed in the
PSO phase during extrusion and compression were of < a > -

ype. After extrusion, the yield strength of the alloy reached
273 and 385 MPa for the compression direction lying per-

endicular and parallel to the extrusion axis, respectively. The
nfluence of β ′ and γ ′ precipitates on prismatic and basal
lanes and long-period stacking ordered (LPSO) fibers on
he compressive behavior of high strength Mg–Gd–Y–Zn al-
oy was investigated by Garces et al. [67] . Results showed
hat the formation of β ′ prismatic plates and γ ′ basal lamel-
ar precipitates increased the compressive yield stress from
10 to 409 MPa. In the peak aged alloy, prismatic plates and
asal lamellae interact with twins during the propagation and
rowth stages. β ′ precipitates are more efficient than γ ′ basal
amellae not only in hindering extension twinning but also in
he hardening of the basal system. 

Xu et al. [94] investigated the influence of solid solu-
ion solubility of Gd on the hardness and yield stress of
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Table 4 
The mechanical properties of high strength wrought Mg alloys at room temperature in 2018–2019. 

Alloys Process TYS (MPa) UTS (MPa) EL (%) Ref. 

Mg-3.5Sm-2Yb-0.6Zn-0.4Zr Hot extrusion 449 451 4.9 [70] 
Mg-6Er-3Y-1.5Zn-0.4 Mn Hot extrusion 316 354 8.1 [71] 
Mg-8.1Gd-4Y-1Zn Hot extrusion 303 373 11.0 [72] 

Hot extrusion + aging 395 461 6.0 
Mg-12Dy-11Ni Hot extrusion 275 336 13.7 [73] 

Hot extrusion + aging 280 360 22.5 
Mg-8Gd-3Yb-1.2Zn-0.5Zr Hot extrusion 413 425 5.5 [74] 
Mg-9.2Gd-3.3Y-1.2Zn-0.9Mn Hot extrusion + aging 345 418 6.8 [75] 

Hot extrusion + aging 420 525 6.3 
Mg-8.3Gd-4.2Y-1.4Zn-1.1Mn Hot extrusion 282 388 16.4 [76] 

Hot extrusion + aging 390 538 13.1 
Mg-8.8Gd-3.4Y-1Zn-0.8Mn Hot extrusion + hot rolling 362 415 8.3 [77] 
Mg-15Gd-1Zn-0.4Zr Hot extrusion + aging 465 524 4.0 [78] 
Mg-12.6Gd-1.3Y-0.9Zn-0.5Mn Hot extrusion + cold rolling + cold stretching + aging 543 564 1.2 [69] 
Mg-9.5Gd3.8Y-0.6Zr Hammer forging 227 334 7.3 [79] 
Mg-8Gd-1Er-0.5Zr Hot extrusion + hot rolling 425 452 3.2 [80] 

Hot extrusion + hot rolling + aging 518 560 4.8 
Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr Hot extrusion 393 447 16 [81] 

Hot extrusion + aging 466 514 14 
Mg-6Er-3Y-1.5Zn-0.4Mn Hot extrusion 298 336 11.7 [71] 
Mg-0.6Er-0.6Y-1.2Zn-0.2Mn Hot extrusion 320 351 10.0 [82] 
Mg-3.6Zn-0.6Y-0.2Ca Hot extrusion 317 357 6.4 [83] 
Mg-8Al-1Zn-1Ca-0.3Mn Twin-roll-casting + hot rolling 275 371 17.1 [84] 
Mg-5Al-3.5Ca-1Mn Friction stir 322 361 16 [85] 
Mg–8.32Sn–1.85Zn–0.17Mn Hot extrusion 256 324 13.5 [86] 
Mg-2Sn-2Ca Hot extrusion 443 460 1.2 [66] 

Hot extrusion 358 365 8.9 
Mg-2.0Sn-1.95Ca-0.5Mn Hot extrusion 450 462 5.0 [87] 
Mg-5Zn-3.5Sn-1Mn-0.5Ca-0.5Cu Hot extrusion + aging 392 402 7 [88] 
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Mg–Gd and Mg–Gd–Zr alloys with its contents varying from
2 to 15 wt%. The results indicate that the hardness increased
linearly with increasing Gd content. Grain size has little ef-
fect on the hardness of Mg–Gd alloy. Tensile and compressive
yield strengths were both enhanced with increasing amount of
Gd. The tensile/compressive (t/c) yield asymmetry of extruded
alloys reduced. 

Mg–Gd–Y-Zn alloy is considered to be one of the highest
strength alloys. High-performance as-extruded and peak-aged
Mg–9.2Gd-3.3Y–1.2Zn–0.9Mn (wt%) alloys have been fab-
ricated by semi-continuous casting, heat-treating, extruding
and aging processes [75] . After aging, the alloy with profuse
LPSO and β ′ phases achieves the superior mechanical proper-
ties with ultimate tensile strength (UTS) of 525 MPa, tensile
yield strength (TYS) of 420 MPa and elongation to failure
(EL) of 6.3%. The alloy strengthening is mainly attributed to
the bimodal grain microstructure, LPSO phase, Mg 5 Gd ( β)
phase and β ′ phase. Pan’s group [76] reported that the strength
and ductility of as-extruded Mg–1.5Gd–1.3Y–0.6Zn–0.6Mn
(at%) are simultaneously improved during aging at the peak
hardness platform. The alloy aged for 100 hours exhibits ul-
trahigh ultimate tensile strength (UTS) of 538 MPa and good
elongation to failure (EL) of 13.1% (as shown in Fig. 8 ).
They [77] developed Mg–8.8Gd–3.4Y–1Zn–0.8Mn (wt%) al-
loy sheets, which prepared by large-strain high-efficiency
rolling process. The as-rolled sample with ∼91% total reduc-
tion exhibits excellent mechanical properties with an ultimate
ensile strength (UTS) of 434 MPa, a tensile yield strength
TYS) of 318 MPa and an elongation to failure (EL) of 10.7%
arallel to the TD. 

Remarkably enhanced mechanical performance of Mg–
Gd–1Er–0.5Zr alloy (UTS of 560 MPa, YTS of 518 MPa
s well as elongation of 4.8%, depicted in Fig. 9 (a)) with
 lower rare-earth content has been achieved on the route of
xtrusion, rolling and aging process [80] . The β ′ phase (with
 size of 100–200 nm) was precipitated during rolling in ac-
ompany with refined grains and strong basal texture, and the
ayer-structured precipitates with nanoscale were formed dur-
ng aging Fig. 9 , which largely contributed to the enhanced
echanical properties of alloy. 
After hammer forging, a large number of dislocation arrays

ith adjacent distances varying in a range of 0.3–1.4 μm were
btained in Mg–9.5Gd–3.8Y–0.6Zr alloy [79] . The alloy with
islocation arrays presented unusual precipitation behavior at
65 °C: Precipitation chains of β ′ phases and precipitation-
ree zones were obtained, which result from the preferable
recipitation on dislocation arrays. Under the function of
tress field around the dislocation arrays, β ′ phases precip-
tated at 265 °C in the alloy have the same orientation. The
TS, TYS and elongation of the alloy after 8 h aging at
65 °C was 321 MPa, 208 MPa and 7.5%, respectively. An
ltra-strong and ductile Mg–8.2Gd–3.8Y–1Zn–0.4Zr (wt%)
lloy with a tensile yield strength of 466 MPa, an ultimate
ensile strength of 514 MPa and an elongation to failure of
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Fig. 8. (a) Age-hardening curve of the as-extruded alloy aged at 200 °C, and (b) tensile mechanical properties of the as-extruded alloy aged at 200 °C for 
0 h, 20 h, 50 h, 100 h and 150 h, tested at ambient temperature [76] . 

Fig. 9. (a) Strain-stress tensile curves of the R and R + A samples. TEM images of the (b) R sample and (c) R + A sample, and (d) HRTEM image of the 
layer-structure precipitate and Mg matrix with the FFT pattern viewed from [0001] Mg [80] . 

1  

h  

m  

d  

b  

g  

r  

t
8  

n  

i  

i  
4.5% was developed via tailoring the microstructure through
ot extrusion with forced-air cooling and T5 aging treat-
ent [81] . The microstructure of the ultra-high-strength and

uctility alloy is composed of fine DRXed grains pinned
y the nanoscale β-Mg 5 RE particles, and coarse hot-worked
rains with a strong basal texture. An exceptional grain
efinement with an average grain size of ∼33 nm is ob-
ained by high pressure torsion (HPT) of a peak-aged Mg–
.2Gd–3.8Y–1.0Zn–0.4Zr (wt%) alloy [95] . A record hard-
ess of 156 ±1 HV is achieved by subsequent post-HPT ag-
ng at lower temperature and shorter aging time [96] , which
s higher than any Mg-based alloy hitherto reported in the
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Fig. 10. Microstructure of the HPT-processed Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr alloy after peak-aging at 120 °C for 12 h: (a) TEM bright-field image and cor- 
responding SAED pattern; (b) TEM dark-field image; (c) a high magnification TEM bright-field image; (d) HAADF-STEM image; (e) atomic resolution 
HAADF-STEM image of grain A marked in (d) and corresponding Fast Fourier transform (FFT) image, and elemental mappings of red rectangular region 
marked in (e): (f) Mg; (g) Gd; (h) Y; (i) Zn; (j) Zr [97] . 
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literature. This is attributed to the simultaneous hardening
effects from grain refinement, high dislocation density and
solute segregation. 

Zheng and co-authors found that the aging response of
the nanostructured Mg–8.2Gd–3.8Y–1.0Zn–0.4Zr alloy pro-
cessed by HPT is significantly different from that of the con-
ventional coarse-grained alloy [97] . As shown in Fig. 10 , the
main strengthening structure of the peak-aged Mg–Gd–Y–Zn–
Zr processed by HPT is solute segregation at the grain bound-
aries, rather than the βṕhase precipitates formed in peak-aged
Mg-RE alloys processed by extrusion/rolling. The metastable
βṕhase precipitates do not form in the aged nanostructured al-
loy, and instead equilibrium β-Mg 5 (RE,Zn) phase forms dur-
ing over-aging. This altered precipitation behavior is attributed
to the high defect density (e.g., grain boundaries, dislocations
and vacancies) introduced by HPT, leading to enhanced dif-
fusion of solutes. 

In addition to composition control, the precipitation in-
duced by pre-deformation is also used to refine the precipi-
tates, so as to improve the strength of the alloy. Rong et al.
[78] studied the role of bimodal-grained structure in strengths
and asymmetry behavior of GZ151K alloys in the as-extruded,
compressive-yielded and fractured conditions. Eventually, the
aged sample with a bimodal-grained structure exhibited ultra-
high tensile yield strength and ultimate tensile strength of
465 MPa and 524 MPa, respectively. Peng’s group [69] devel-
oped a super high-strength wrought GWZ1311M alloy fab-
ricated by hot extrusion and strain aging. The strain before
aging, including cold rolling or cold rolling plus stretching,
results in strong work hardening and promotes the precipita-
tion of γ ′ phase and chain-like structures during subsequent
aging ( Fig. 11 ). While the grain sizes and texture components
in different aged samples do not show essential difference,
the number densities of both γ ′ phase and chain-like struc-
tures are much higher in strain-aged samples than those in
he aged sample without pre-deformation. The enhanced for-
ation of γ ′ phase and chain-like structures are associated
ith the higher dislocation density imparted by the cold de-

ormation before aging. As a result, the GWZ1311M alloy
fter strain aging at 200 °C achieves super high tensile yield
trength of 475 ±8 MPa (only applying cold rolling before ag-
ng) and 543 ±1 MPa (applying cold rolling plus stretching
efore aging), respectively ( Fig. 11 ). 

To meet the requirements of the high-temperature strength
nd heat-conductivity of Mg alloys, a type of particular mi-
rostructure, i.e., nano-spaced solute-segregated basal plane
tacking faults (SFs) throughout both dynamically recrystal-
ized (DRXed) and un-DRXed grains, is designed and ob-
ained in the hot-extruded Mg-RE-Zn alloys [71 , 82] . Based on
he special microstructure, the wrought Mg alloys exhibit ex-
ellent performance at an elevated temperature of 300 °C, and
he ultimate tensile strength, yield strength and thermal con-
uctivity are above 300 MPa, 270 MPa and 70 W/m �K, respec-
ively ( Fig. 12 ). In addition, the novel SFs-reinforced structure
n Mg-RE-Zn alloys, due to their relatively uniform electric
otential distribution and special nano-structure, can reduce
alvanic corrosion and promote the rapid formation of dense
urface film, thus achieving the simultaneous improvement of
igh strength and corrosion resistance. 

.2.2. RE-free Mg alloys 
Extraordinarily high yield strength has been obtained in

g-RE alloys. However, high cost of rare earth elements
inders their widespread industrial applications. RE-free high
trength wrought Mg alloys are promising candidates for the
ext generation high-strength low-cost wrought alloys [98 , 99] .

An ultrahigh strength AXM5303 (Mg–5Al–3Ca–0.3Mn)
lloy with a yield strength of 420 MPa, an ultimate tensile
trength of 451 MPa and an elongation to failure of 4.1% has
een developed by extrusion [100] . The ultrahigh strength is
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Fig. 11. Flowchart, HAADF-STEM images showing the microstructures of EA, ERA and ERSA samples(The electron beam is parallel to (a), (c) and (e) 
[0001] α and (b, d and f) [1120] α, respectively.) and representative engineering stress-strain tensile curves of E, ER, ERS, EA, ERA and ERSA samples of a 
super high-strength wrought GWZ1311M alloy fabricated by hot extrusion and strain aging [69] . 

Fig. 12. Typical tensile stress-strain curves (a) and thermal conductivity (b) of a Mg–Er–Y–Zn hot-extruded alloy [71] . 
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ainly due to dense homogeneously dispersed Mg 2 Ca nano-
recipitates, grain refinement and strong basal texture. Fur-
her Al addition substantially decreases the number density
f Mg 2 Ca precipitates, causing a decrease in strength. The
imited ductility in as-extruded alloy is caused by the inho-
ogeneously compact distribution of the broken eutectic par-

icles. The multi-pass equal channel angular pressing (ECAP)
as employed on a high-calcium-content Mg–Al–Ca–Mn al-

oy to tailor its microstructure and mechanical properties. The
lmost complete DRX with an average grain size of ∼1.5 μm
as obtained after 12p-ECAP. The maximum strength and
uctility were acquired for 12p-ECAP alloy with an UTS of
72 MPa and fracture elongation of 8%. Mg–Al–Ca alloy with
 higher Al content can also have higher properties. The ul-
imate tensile strength, 0.2% proof stress, and elongation to
ailure along the rolling direction of the sheet are 371 MPa,
75 MPa, and 17.1%, respectively [84] . The high strength
nd ductility are attributed to the fine recrystallized grains
nd densely dispersed fine Mg 17 Al 12 precipitates. Moreover,
he new rare earth-free Mg–5Al–3.5Ca–1Mn (AXM541) al-
oy was developed by friction stir processing (FSP) [85] . The
ynergistic effect of high heat input and the presence of fine
1–4 μm) particles resulted in dynamic recrystallization via
article stimulated nucleation (PSN), with an average grain
ize of 4.5 μm after FSP. This led to improved mechanical
roperties of the AXM541 alloy along the processing direc-
ion, with a tensile yield strength (TYS) of 322 ±14 MPa and
 total elongation of 16 ±3%. 

Pan et al. [66 , 87] reported the low-alloyed Mg–Sn–Ca–
Mn) alloy that exhibits tunable ultra-high tensile yield
trength (360–450 MPa) depending on the extrusion parame-
ers applied. The ultra-high strength is mainly associated with
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Fig. 13. Engineering stress vs. strain curves of present as-extruded TXM220 alloy, and the recently reported Mg–1.0 Ca wt% alloy and TX22 alloy. (b) The 
typical low-magnification OM image, and (c, d) the corresponding inverse pole figure and the band contract images of as-extruded TXM220 alloy [101] . 
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the presence of surprisingly submicron matrix grains (down
to ∼0.32 μm). The ultrafine grain size, Ca enrichment in most
large grain boundaries, and residual Mg 2 Ca nano-precipitates
would in turn contribute significantly to the enhancement of
the yield strength of the as-extruded alloys. Pan and Qin et al.
[101] further optimized the alloy compositions and achieved
exceptionally high yield strength, ∼377 MPa in Mg–1.0 wt%
Ca binary alloy. By reducing the alloying element to only
0.1 wt%, the yield strength of the as-extruded Mg–0.1Ca di-
lute alloy can also reach ∼290 MPa ( Fig. 13 ). Specially, an
excellent combination of ductility, ∼12%, is also produced in
the Mg–0.1Ca alloy. 

Wang et al. [88] reported a new Mg–5Zn–3.5Sn–1Mn–
0.5Ca–0.5Cu alloy with high strength, the yield strength,
ultimate tensile strength and elongation of the alloy after
double aging treatment reach 392 MPa, 401 MPa and 7%,
respectively. The extrusion process refines the microstructure
and leads to fully dynamic recrystallized grains with a
tilted basal texture, which results in moderate mechanical
properties of the extruded alloy. Fine and densely distributed
Mg–Zn and Mg2Sn precipitates after double aging treatment,
which contributes to the strengthening of the alloy. 
Compared with high-strength aluminum alloys, the strength
f high-strength magnesium alloys needs to be further im-
roved, and the plasticity and anisotropy also need to be
mproved. In addition, the magnesium alloy with the high-
st strength is still Mg-RE series alloy, and its cost is very
igh. In order to expand the large-scale applications of high-
trength magnesium alloys, reducing the cost is also the focus
f future research. 

.3. Medium strength wrought Mg alloys 

Low-cost medium strength wrought magnesium alloys
ave been paid more and more attention [102 , 103] . The
trength of this kind of alloys is generally about 300–
00 MPa, and its main feature is composed of low-cost al-
oy elements, which can contain a small amount of rare earth
lements or not [104 , 105] . The strength of magnesium al-
oys can be improved by precipitation strengthening and fine
rain strengthening, mainly including Mg–Sn [106] , Mg–Zn
107] and some low-alloyed alloys [108] . The mechanical
roperties of typical medium strength wrought Mg alloys over
he past two years are summarized in Table 5 . 
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Table 5 
The mechanical properties of typical medium strength wrought Mg alloys at room temperature in 2018–2019. 

Alloys Process TYS (MPa) UTS (MPa) EL (%) Ref. 

Mg-1Ca Hot extrusion 377 392 2.0 [101] 
Mg-6Zn-0.5Zr-0.5Cu-0.5Ce Hot extrusion 304 345 20 [109] 
Mg-9Al-2.5Sn-1.5Ca Hot extrusion + aging 230 309 7.5 [110] 
Mg-5.5Zn-4Sm-0.8Zr Hot extrusion 227 293 28.1 [111] 
Mg–1.2Zn–0.35Zr–0.17Nd Hot rolling 169 231 23.0 [112] 
Mg–4.5Sn–5Zn–0.3Sc Hot rolling 164 293 21.5 [113] 
Mg-0.4Sn-0.7Y-0.6Zn Hot extrusion 188 252 33.1 [114] 
Mg-7Sn-4Al-1Zn Hot extrusion 221 340 15.1 [115] 
Mg-1.0Sn-0.5Zn-0.5Ca Hot extrusion 104 331 30.5 [116] 
Mg-1.0Sn-0.5Zn-2.0Ca Hot extrusion 180 300 17.9 [102] 
Mg-8Sn-2Zn-0.5Cu Hot extrusion 365 388 5.8 [117] 
Mg-1.1Al-0.33Ca-0.44Mn Hot extrusion + aging 272 295 11.2 [118] 
Mg-5Y-1Al Hot extrusion 150 316 17 [119] 

 

c  

D  

t  

g  

w  

t  

h  

f  

[  

g  

M  

∼  

c  

U  

2  

g  

r
 

s  

o  

a  

t  

[
c  

t  

s
0  

s  

b  

o  

C
1  

7  

∼  

a  

p  

h  

l  

a  

z

p  

n  

A
 

s  

l  

v  

e  

f  

l  

r  

Z  

i  

r  

i  

a
 

l  

a  

c  

m  

b  

s  

e  

i  

a  

M
c  

w  

a  

t  

l
1  

a  

t  

T  

a  

w  

s  

M
A

Pan’s group [120 , 121] reported that numerous fine pre-
ipitates in the ingot before extrusion can effectively refine
RXed structures during extrusion. Wrought Mg alloys con-

aining a mass of single Mn phase can effectively restrict grain
rowth and result in fine microstructures [120] . Mg alloys
ith a high Mn content have recently elicited special atten-

ion given their high ductility. The Mg–3Mn alloys exhibit a
igh TYS of 212 MPa and an elongation of 30% [122] . Thus
ar, Pan’s group have verified that Mg–Sn [123] and Mg–Zn
68] systems with a high Mn content can become ultrafine
rained wrought Mg alloys. The average grain size of high
n content Mg–Sn–Mn and Mg–Zn–Mn could be refined to
2 μm. The tensile and compressive strengths remarkably in-

reased with an addition of high Mn content (2 wt%). The
TS, TYS and elongation of Mg–2Zn–2Mn are 315 MPa,
90 MPa, and 24%, respectively. The UTS, TYS and elon-
ation of Mg–1Sn–2Mn are 321 MPa, 233 MPa, and 17.5%,
espectively. 

Yang’s group reported a microalloying approach for
trengthening. Through adding two or more small amount
f alloy elements on the basis of main alloying elements,
nd introduction of high-density nano precipitation phase,
he strength of the magnesium alloy is improved. They
109] adopted the microalloying approach to improve the me- 
hanical properties of Mg–6Zn–0.5Zr alloy by co-addition of
race Cu and Ce elements. The yield strength, ultimate tensile
trength and elongation of the as-extruded Mg–6Zn-0.5Zr–
.5Cu–0.5Ce alloy were 304 MPa, 345 MPa and 20%, re-
pectively. High-density nano-scale precipitates and a stronger
asal texture led to an increase in the tensile yield strength
f approximately 59 MPa compared with that of the Cu and
e free alloy. Huang et al. [110] reported a Mg–9Al–2.5Sn–
.5Ca alloy with a YS, UTS, and EL of 230 MPa, 309 MPa,
.5%, respectively. An increment in UTS of ∼ 46 MPa and

40 MPa was yielded in peak-aged TXA322 and TXA329
lloys, while no obvious variations in UTS were present in
eak-aged TXA324 alloy. It is found that age hardening be-
aviors of as-extruded Mg–2.5Sn–1.5Ca–x Al (2–9 wt%) al-
oys are closely related with the Al concentration, and the
ging nano-phases transform from the Guinier – Preston (GP)
ones in the low-Al content TXA322 alloy to the Mg 17 Al 12 
hases in the high-Al content TXA329 alloy. In particular,
o apparent nano-precipitations are observed in the middle-
l content TXA324 alloy. 
Although Mg–Zn system alloys have ZK series and ZM

eries alloys. Due to the rich resources and low cost of al-
oying element Zn, there is still a great interest in the de-
elopment of high-performance Mg–Zn-based alloys. The as-
xtruded Mg–5.5Zn–0.8Zr alloy with enhanced ductility was
abricated by 4% Sm addition [111] . Compared with ZK60 al-
oy (14.1%), the elongation of Mg–5.5Zn–4Sm–0.8Zr alloys
eached 28.1%, and increased by 100%. Hot rolling of the
EK100 alloy at temperatures from 350 °C to 450 °C was

nvestigated [112] . Results indicated that the increase in the
olling temperature caused reduction of tensile strength and
mprovement of ductility. The UTS, YS and elongation of the
lloy rolled at 350 °C were 257 MPa, 237 MPa and 17%. 

Mg–Sn–Zn alloy has been considered as a low-cost al-
oy with good strength and plasticity. In the past two years,
 number of investigations were conducted to optimize the
omposition of this series of alloys [117 , 124] . The improve-
ent of the microstructure and properties of Mg–Sn–Zn-

ased Alloy by alloying elements addition has been widely
tudied. Alloying elements included: Sc, Y, Al, Ca, and Cu,
tc. [114 , 116 , 119 , 125] . For instance, weakening and deflect-
ng of the basal texture in an as-rolled Mg–4.5Sn–5Zn–Sc
lloy was observed due to Sc addition [113] . The as-rolled
g–4.5Sn–5Zn–0.3Sc alloy exhibits the optimum mechani- 

al properties. The UTS, YS and elongation of the alloys
ere 293.0 MPa, 164.2 MPa and 21.5%, respectively. Park

nd co-authors [115 , 126] investigated the effect of Sn on
he microstructure and properties of extruded Mg–Sn–Zn al-
oys. They found that an addition of 4 wt% Al to Mg–7Sn–
Zn alloy effectively promotes the dynamic recrystallization
nd dynamic precipitation behavior. The strengths of the ex-
ruded alloy were considerably improved with Al addition.
he YS, UTS and elongation of extruded Mg–7Sn–4Al–1Zn
lloys were 221 MPa, 340 MPa and 17.7%. Zhong and co-
orkers [86] investigated the influence of aging prior to extru-

ion (APE) on the tensile strength and ductility of as-extruded
g–8.32Sn–1.85Zn–0.17Mn alloy. Results demonstrated that 
PE treatment improved dynamic recrystallization, thereby 
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refining the grain size of the as-extruded alloy. YS and UTS
of the alloy increased from 242 MPa and 304 MPa to 257 MPa
and 325 MPa, respectively, after APE treatment. The ductility
of the APE alloy markedly increases from 7.1% to 13.5%. 

Moreover, low alloying is a new development direction of
wrought Mg alloys in recent years [68] . As is well known, the
reduction of alloying elements tends to weaken the solid solu-
tion strengthening and precipitation strengthening. Therefore,
the properties of low alloying Mg alloys are usually improved
by fine grain strengthening [70 , 127 , 128] . The reduction of al-
loying elements leads to the low deformation resistance in the
process of plastic processing, which can be relatively easily
processed to obtain fine grain structure at low processing tem-
peratures [129] . Low-alloyed Mg alloys have been developed
into a series of medium-strength alloys. 

A low-alloying Mg–1.38Zn–0.17Y–0.12Ca (at%) alloy
with 1.38 at% Zn, 0.17 at% Y and 0.12 at% Ca has been
developed and then subjected to extrusion [83] . Due to the
significantly refined grains, the precipitation of nano-sized I-
phases and the texture variation affected by extrusion tem-
perature and speed, superior mechanical properties with a YS
of 317 MPa, an UTS of 357 MPa and an EL of 6.4% were
achieved. 

3.4. High plasticity wrought Mg alloys 

Because the Mg alloy has a hexagonal close-packed
(HCP) structure, it is easy to form a basal texture after plas-
tic processing, and the critical resolved shear stress (CRSS)
difference between the basal and the non-basal slip systems
is too large, which inevitably leads to the reduction of the
plasticity of the alloy [130 , 131] . Pan’s group [12] and other
researchers [132–134] have shown that some elements can
reduce the difference of CRSS between the basal and non-
basal slip systems, which is conducive to the activation of
non-basal slip systems, and can simultaneously improve the
strength and plasticity of Mg alloys. Based on the theoretical
calculation and experimental research,Pan et al. [130] devel-
oped a model of “solid solution strengthening and ductilizing”
(SSSD model), which can be used to develop high plasticity
magnesium alloys. On the other hand, the grain size is smaller
than ∼2 μm, the CRSS difference between the basal and
non-basal slip systems decreases, the generation of extension
twins also can be effectively inhibited [68] . The plasticity and
anisotropy of the fine-grained Mg alloys can be improved.
Therefore, the main direction is to improve the plasticity
of the alloys by weakening the texture of the Mg, reducing
the CRSS difference between the basal and non-basal slip
systems (alloying element) or refining the grains to < 2 μm.
The mechanical properties of typical high plasticity wrought
Mg alloys over the past two years are summarized in Table 6 .

Wang et al. [139] found that the extruded Mg–8Al–0.5 Zn
(AZ80) alloy with an addition of 0.8 wt% Ce owns a superior
combination of tensile properties, i.e., a high elongation of
∼29–34% and a relatively high UTS of ∼320–327 MPa.
The AZ series Mg alloys, such as Mg–7Al–5 Zn (AZ75)
[140] and AZ91 [141] alloys processed by hard-pate-rolling
HPR) exhibited the optimum superplasticity at 300 °C and
 ×10 

−3 s −1 , i.e., ∼615% and ∼580%, respectively. The
uperplasticity of uniform fine-grained HPRed Mg–7Al–5 Zn
with an average grain size of ∼6 μm) has been attributed
o the enhanced grain boundary sliding (GBS) promoted by
umerous Mg 17 (Al, Zn) 12 particles along grain boundaries
uring tension. More importantly, the work reported by Zhang
t al. [141] challenged the traditional view that superplasticity
as usually achieved in uniform fine-structured materials. 
Gd atoms can significantly reduce of the generalized planar

ault energy in the prismatic slip system and accelerate the
islocation nucleation in non-basal planes. Mg–Gd alloy with
 low Gd content is considered to be a super-high plasticity
agnesium alloy. Based on the high plastic Mg–2Gd alloy,
u et al. developed the high plasticity with high strength
g–Gd–Zn and Mg–Gd–Mn alloys. Mg–2Gd–0.5Zr–3 Zn al-

oy shows well-balanced strength and ductility with a tensile
ield strength (YS) and ultimate tensile strength (UTS) of
85 and 314 MPa, accompanied by a high tensile elongation
f 24% [137] . The enhanced strength is attributed to grain
efinement, precipitation strengthening, and texture sharpen-
ng induced by alloying with Zn. Moreover, the strength of
he as-extruded Mg–2Gd alloys gradually increases as Mn
ontent increases from 0.5 to 2.0 wt%. The as-extruded Mg–
Gd–0.5Mn alloy has the best ductility with an elongation of
ore than 50%. Mg–2Gd–2.0Mn alloy possesses the highest

trength with YS and UTS of 189 and 243 MPa, respectively
12] . 

In the aspect of grain refinement to improve the plasticity
f alloy, Peng et al. [128] reported that low content Al alloy-
ng in an Mg–1Mn alloy exhibited high tensile yield strength
248 MPa) and ductility (33%), depending on the phase com-
osition. The phase composition of the targeted Mg–1Mn–
Al ( x = 0.3 wt%, 0.5 wt%, 1.0 wt%) alloys were composed
f α-Mn + Al 8 Mn 5 , Al 8 Mn 5 and Al 8 Mn 5 + Al 11 Mn 4 , respec-
ively. Among them, Al 8 Mn 5 particles were the most effective
rain refiner. Mg–1Mn–0.5Al alloy ( ∼1.9 μm) containing spe-
ific Al 8 Mn 5 particles possessed the finest microstructure and
xhibited the best mechanical properties. 

Although the plasticity of magnesium alloys has reached a
ery high level (more than 30%) and the theory of deforma-
ion mechanisms has been established, the high plasticity alloy
ystems are inadequate. Thus, further systematic research is
till needed. 

.5. Superlight wrought Mg alloys 

Because of its low-density Mg–Li-based alloy is widely
sed in the field of aerospace and electronic 3C, etc. [142] .
g–Li alloy has good plasticity but low strength and poor

orrosion resistance [143] . Researchers have always been
ommitted to improving the strength of the alloy, with the
ain means including: alloy composition control and grain

efinement [144 , 145] . The mechanical properties of typical
g–Li-based wrought Mg alloys over the past two years are

ummarized in Table 7 . 
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Table 6 
The mechanical properties of typical high plasticity wrought Mg alloys at room temperature in 2018–2019. 

Alloys Process TYS (MPa) UTS (MPa) EL (%) Ref. 

Mg-8Al-0.5Zn-1.3Ce Hot extrusion 161 320 33.9 [135] 
Mg–7Al–5Zn Hard-plate rolling 218 345 24 [136] 
Mg-2Gd-0.5Zr-3Zn Hot extrusion 285 314 24 [137] 
Mg-2Gd-0.5Mn Hot extrusion 189 243 50 [12] 
Mg–1Mn–0.5Al Hot extrusion 248 263 33.4 [128] 
Mg-2.1Nd-0.2Zn-0.5Zr Hot extrusion 220 267 48.8 [138] 

Table 7 
The mechanical properties of Mg-Li-based wrought Mg alloys at room temperature. 

Alloys Process TYS (MPa) UTS (MPa) EL (%) Ref. 

Mg-7Li-3Al-2Zn-0.2Zr Hot extrusion – 276 19.7 [143] 
Mg-11Li-3Al-2Zn-0.2Zr Hot extrusion – 245 30.5 [143] 
Mg −12Li −3(Al −Si) Hot extrusion – 173 26.0 [145] 
Mg-14Li-6Zn-1Y Hot extrusion 149 168 28.2 [146] 
Mg-14Li-1Al Cryogenic rolling – 223 25.8 [147] 
Mg-9Li-3Al-2.5Sr Hot extrusion – 230 18.1 [148] 

– 208 21.6 
Mg-9Li Hot rolling 132 141 25.8 [149] 

160 171 17.6 
Mg-6.4Li-3.6Zn-0.37Al-0.36Y Hot forging – 286 31.8 [150] 
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Fig. 14. TEM micrographs and SAED image of the cryogenic rolling pro- 
cessed LA141 alloy [147] . 
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When Zn and Y (with a Zn/Y atomic ratio of 6) were
dded, I-phase (Mg 3 Zn 6 Y) with an icosahedral quasicrys-
al structure could be in-situ formed in Mg–Li–Zn–Y alloys
146] , which resulted in the improvement of their mechan-
cal strength, corrosion resistance and thermal stability and
nisotropy. Specifically, the YS, UTS and EL are 137 MPa,
56 MPa and 13.5%, respectively, for the YS, UTS and EL
f “TD” samples, and 149 MPa, 168 MPa and 28.2%, respec-
ively, for the “ED” samples. This anomalous phenomenon 

as not observed in HCP-structured and (HCP + BCC) du-
lex structured Mg–Li based alloy. The I-phase strengthened
g–Li alloys, being as the promising candidate materials,

ould have a great potential in the engineering fields. 
To obtain a super-lightweight alloy with high strength and

longation, LA141 alloy was cryogenic rolling processed with
 large total reduction of 90% [147] . Nano-twins were suc-
essfully introduced by cryogenic rolling under large strain.
n addition, there is obvious recrystallization grain formation
t the end of the twin bands, as shown in Fig. 14 . 

Yang et al. [148] investigated microstructure and mechan-
cal properties of Mg–9Li–3Al–2.5Sr alloy rods extruded at
ifferent temperatures. With increasing extrusion temperature, 
he grain size of the extruded alloy increases, and the strength
ecreases whereas the elongation increases. The alloy ex-
ruded at 250 °C possesses the highest strength of 238 MPa. 

Because the β phase (rich in Li) is very soft, the strength
f Mg–Li alloy is still low. In the future, it is very impor-
ant to improve the strength of the alloy while keeping good
lasticity. 

.6. Magnesium matrix composites 

One of research directions of developing high strength
g alloys is to develop Mg-based composite by adding
einforcement particles such as ceramics [151 , 152] . However,
he chemical activity of Mg is very high, which makes it
ifficult to form a good combination with reinforcement, thus
estricts the development of Mg-based composites. In the past
wo years, the combination of the reinforcement and Mg has
een improved by the pretreatment of the reinforcement. The
n-situ modified graphene oxide was observed to be more uni-
ormly distributed in Mg. The yield strength and elongation of
he new composite increased by a record amount, up to 85.7%
nd 61.4%, respectively, as compared with AZ91 alloy [153] .
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Fig. 15. The fabrication process and microstructures of the SiC p reinforced Mg matrix laminate. [156] . 
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The in-situ synthesized MgO nanoparticles can significantly
improve the interfacial bonding between GNS and α-Mg ow-
ing to the formation of semi-coherent interface of MgO/ α-Mg
and the distortion area bonding interface of GNS/MgO. By
filling 0.5 wt% of GNS, the yield strength and elongation of
the composite increased by 76.2% and 24.3%, respectively,
as compared with the matrix alloy [154] . 

3.6.1. Ceramic reinforced Mg composites 
The AZ91 alloy reinforced by SiC p was fabricated by stir

casting technology, and then it was subjected to extrusion
at 250 °C with the speed of 0.01, 0.1 and 1 mm/s. Owing
to the low temperature and extrusion speed, a large amount
of fine Mg 17 Al 12 phase precipitated in the Mg matrix [155] .
With the help of the fine precipitates and extra SiC p , the
Mg matrix composite with a high strength ( ∼441 MPa) and a
high modulus ( ∼60 GPa) was obtained by Deng et al.’s group
[156] . To realize the formation of high modulus Mg matrix
sheet, the ductile Mg–Zn–Y alloy (ZW31) was introduced into
the 10 μm 15 vol.% SiC p /AZ91 composites (PMMCs) to co-
ordinate the deformation of PMMCs during rolling process,
then the SiC p reinforced Mg matrix laminate with a thick-
ness of ∼1 mm was prepared successfully [156] , as shown
in Fig. 15 . 

Besides, a novel Mg–4Zn–0.5Ca matrix composite rein-
forced by trace concentration of 0.5 vol.% TiC nanoparticles
has been successfully developed and then extruded [157] . The
formability of this nanocomposite at lower temperatures was
improved compared with the unreinforced matrix alloy. A YS
of ∼355 MPa, a UTS of ∼386 MPa and an EL of ∼10.2%
were obtained, which are associated with a combined effect
of the addition of TiC nanoparticles, grain refinement and a
large amount of precipitated MgZn 2 phases. 
.6.2. Nano-carbon reinforced Mg composites 
The toughness mechanism for CNTs/Mg composites has

een investigated via compression test [158] . As shown in
ig. 16 , the formed twins, caused by CNTs interacting with
islocations, result in crystal rotations and promote the non-
asal slip at the hardening stage under the effect of twin shear,
hus improving the toughness of CNTs/Mg composites. To
mprove the interfacial bonding between CNTs and Mg ma-
rix, nano-Mg 2 Ni phase at the interface was in-situ fabricated
sing two-step process ( Fig. 16 (j) and (k)), showing an in-
rease of 77% and 48%, respectively, in the yield and ultimate
ensile strengths compared with the Ni-free CNTs/Mg com-
osite. In a Mg–9Al alloy, it was observed that the addition of
WCNTs significantly affected the size of Mg 17 Al 12 phase,
hich decreased from micron to nano length scale [159] . 
Homogeneous magnesium alloy (ZK60) reinforced by a

ow content of GNPs was fabricated by melt stirring and hot
xtrusion processes [160] . GNPs were pre-dispersed with Mg
owders and extruded into rods used as precursor for melting,
hich effectively guaranteed the integrity and dispersion of
NPs ( Fig. 17 (a)). Compared with ZK60 alloy, the composite
ith only 0.05 wt% GNPs can have 62% enhancement in yield

trength up to 256 MPa, exhibiting an ultra-high strengthen-
ng efficiency of 1550 ( Fig. 17 (b)). In addition, the struc-
ural feature of GNPs was investigated to largely affect the
trengthening in magnesium matrix composites [161] . During
he composite fabrication, Mg atoms restored the sp 

2 structure
f graphene and reacted with the oxygen-containing groups on
raphene ( Fig. 17 (c)), leading to a strong interfacial bonding.
eanwhile, graphene defects scattering in nanoscale triggered

ucleation of Mg nanograins, which connect the “hard” GNPs
nd “soft” Mg matrix for an effective transfer of stress and
train, as shown in Fig. 17 (d). 
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Fig. 16. IQ mapping, misorientation angle distribution and pole figure of the 1.0 wt% CNTs/Mg composite at different stages: (a), (d), (g) elastic stage, (b), 
(e), (h) yield stage, (c), (f), (i) hardening stage (j) HRTEM observation of Ni-CNTs/Mg composite, (k) SAED pattern of (a). (l) HRTEM observation of 
Mg-9Al/0.4MWCNTs composite, (m) partial enlargement at selected region in Fig. 4 (c) [159] . 
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.6.3. Metal reinforced Mg composites 
The bimetal composite rods composed of a softer AZ31

leeve and a harder WE43 core were fabricated via a special
rocess by combining hot-pressing diffusion with co-extrusion
 Fig. 18 ), with particular attention to the characterization of
icrostructure and mechanical properties [162] . The results

howed that a well-bonded interface with a diffusion layer
f ∼20 μm in thickness was achieved. The texture in the
nterfacial region adjacent to the WE43 core changed with
he basal poles largely perpendicular to the extrusion direc-
ion. Compared with the monolithic Mg billet, the co-extruded
Z31/WE43 bimetal composite rods could achieve a gradient
f both composition and microstructure. Such gradients along
ith the superior interfacial bonding led to a higher compres-

ive and tensile yield strength of AZ31/WE43 bimetal com-
osite rods compared with the AZ31 sleeve. This study indi-
ated that combining hot-pressing diffusion with co-extrusion
s an effective method to fabricate the bimetal composites
ith superior mechanical properties. 

. Functional Mg materials 

.1. Bio-magnesium alloys 

As is known to us all, magnesium alloys are biocom-
atible and biodegradable which are promising to be used
s implantable medical devices, such as bone implants,
ascular stent, etc. However, the over-rapid corrosion rate
f magnesium in physiological environment and the insuf-
cient mechanical property have hindered the application
f biodegradable magnesium alloys. Therefore, several re-
earchers designed magnesium alloys and carried out the
n-vitro and in-vivo studies, aiming to find biodegradable
agnesium alloys with better integrated performance. 
Several alloys were reported for orthopedic implant appli-
ation during 2018–2019. Yufeng Zheng’s group developed 

 ternary Mg–1.8Zn–0.2Gd alloy which is suitable for the
rthopedic implant application [163] . Mg–1.8Zn–0.2Gd alloy
howed excellent strength and toughness and its degradation
ate was comparable with that of high pure Mg, and was
ot cytotoxic to L929, MG63 or VSMC cells. With regard
o the in-vivo implantation, Mg–1.8Zn–0.2Gd alloy showed
ast osseointegration without any disturbance of bone remod-
ling in the first 2 months, implying its good biocompatibil-
ty and osteoconductivity. Yufeng Zheng’s group also studied
n-vitro and in-vivo performance of Mg–30Sc alloys for or-
hopedics applications [164] . The single β phased Mg–30Sc
lloy showed the best mechanical performance with an ulti-
ate compressive strength of 603 ±39 MPa and a compres-

ive strain of 31 ±3%. The incorporation of Sc into corrosion
ayer led to the formation of double-layered corrosion prod-
ct and thus improved the corrosion resistance of alloy. The

phased alloy showed no cytotoxicity on MC3T3-E1 cells.
fter implantation into the femoral condyle of SD rats for
4 weeks, the β phase alloy showed good osseointegration
nd superior in-vivo degradation performance (0.06 mm y 

−1 ),
ndicating its potential usage within bone. Shaokang Guan’s
roup developed a novel Mg–Zn–Y–Nd–Zr alloy for the po-
ential application of bone implants [165] . No toxic effect on
929 and MC3T3-E1 cells, as well as a function of promot-

ng the osteogenic differentiation, indicating excellent cyto-
ompatibility of the novel Mg–Zn–Y–Nd–Zr alloy. Hou et al.
166] developed the ZX11 alloys that exhibited a fairly low
egradation rate of < 0.2 mm/year in α-MEM with 10% FBS,
imited cytotoxicity to primary human osteoblasts, adequate 
echanical strength and integrity (with a YS of 213 MPa and
 UTS of 256 MPa), which offers a possible application as
one plates of the alloys. Tanja Kraus et al. [167] reported that
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Fig. 17. (a) GNPs stretching in magnesium matrix like an integral whole, (b) strengthening efficiencies of this work compared with other results [160] . (c) 
Raman spectra of defective GNPs related products, (d) interaction between GNPs and Mg matrix on cross section [161] . 
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biodegradable WZ21 alloy with moderate, homogeneous
degradation characteristics is potential for growth plates appli-
cation. The degradation characteristics of moderately corrod-
ing Mg-alloys (e.g. WZ21) thus seem to satisfy the prerequi-
sites for use in paediatrics when fixation across or close to the
growth plate is required. Hong et al. [168] reported that matrix
GLA protein (MGP) can locally inhibit the mineralization of
WE43 alloy which helps to solve pathogenic calcification. In
the in vivo mouse intramuscular model conducted for 4 and
6 weeks, WE43 rods were embedded in collagen scaffolds,
seeded with cells overexpressing MGP. Results demonstrate
that minerals formed on the Mg implant surface can be sig-
nificantly reduced when MGP was delivered in the vicinity. 

Magnesium alloys were also designed for implantable
stent. Shaokang Guan’s group used a high plasticity cast
Mg–Zn–Y–Nd alloy with an elongation up to 35% was to
fabricate micro-tubes for biodegradable vascular stents [169] .
The micro-tubes having an outer diameter of ∼2.0 mm and
wall thickness of ∼0.15 mm, exhibit a high tensile strength of
98 MPa and a large breaking elongation of ∼20% as well as
 good corrosion resistance in simulated body fluid solution,
roviding the precursor for laser engraving stents. The perfor-
ance of biodegradable magnesium alloy stents (BMgS) re-

uires special attention to non-uniform residual stress distribu-
ion and stress concentration, which can accelerate the local-
zed degradation after implantation. Chen et al. [170] reported
 novel concept in stent shape optimization using a finite el-
ment method (FEM) toolkit which enables in-depth under-
tanding of how deformation history affects the biomechanical
erformance of BMgS. They developed a Rapamycineluting
olymer coated Mg–Nd–Zn–Zr alloy for BMgS applications
ith uniform degradation behavior, excellent in-vitro and in-
ivo performance. Neither thrombus nor early restenosis was
bserved in the coated BMgS after planted in the iliac artery
f New Zealand white rabbit for 5 months. 

Other researchers attempt to develop alloys with better bio-
orrosion resistance or to bring in other functions, such as
ntibacterial properties. It is found that an addition of Li in



J. Song, J. She and D. Chen et al. / Journal of Magnesium and Alloys 8 (2020) 1–41 19 

Fig. 18. A schematic diagram showing (a) the fabrication of Mg/Mg bimetal composite rods by hot-pressing diffusion and co-extrusion; (b) the specimens for 
the compression and tensile tests [162] . 
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n Mg–xLi–1Ca alloy leads to a marked reduction in me-
hanical strength and an increase in ductility, giving rise to a
ecreased corrosion resistance of Mg–Li–Ca alloys in Hank’s
olution [171] . Besides, Mg–Li–Ca alloy with a high content
f Li cannot possess good biocompatibility. In a further study
172] , Mg–3.5Li–0.5Ca alloys show an enhanced mechani-
al strength than pure Mg and suitable corrosion resistance,
ood in-vitro and in-vivo performance. Wang’s group have
eveloped a Mg–4Zn–1.5Sn alloy with a superior alliance of
ytocompatibility, suitable mechanical properties and low bio-
orrosion rate [173] . The developed Mg–4Zn–1.5Sn alloy ex-
ibits a UTS of 238 MPa, a YS of 142 MPa and an elongation
f 20.9%, as well as a low mass loss rate of 0.45 mm/y with-
ut any cytotoxicity to osteoblasts. The in-vivo investigations
hould be carried out in the future for the Mg–4Zn–1.5Sn
lloy as a new biodegradable magnesium alloy. Du et al.
174] developed a Mg–4Zn–0.2Mn–0.2Ca alloy with a corro-
ion rate of ∼0.31 mm/year in Hank’s physiological solution
or 40 days. The decreased corrosion rate results from the
ormation of uniformly distributed Mg–Zn–Ca ternary phase,
hich acts as a temporary local corrosion barrier against the

orrosion attack of the matrix at the initial stage of corrosion.
uan’s group [175] also found that the Mg −Zn −Y −Nd −x Ag
 x = 0.2, 0.4, 0.6, 0.8) alloys exhibit certain antibacterial prop-
rty. Especially, the as-extruded Mg–Zn–Y–Nd–0.4Ag alloy
xhibits a good combination of corrosion resistance, antimi-
robial and mechanical properties. This alloy has a potential
pplication in treating orthopedic infections. 

Moreover, additive manufacturing was recently applied to
abricate porous bio-degradable WE43 alloy [176 , 177] . Re-
ults reveal that the mechanical properties, biodegradation 

ate, cytotoxicity in vitro of WE43 scaffolds are satisfying. Al-
hough pure WE43 itself may not be an ideal surface for cell
dhesion, with the right design and coating, Mg-based bio-
aterials could be part of a new generation of functional

egradable biomaterials, particularly in orthopedic applica- 
ions. Spark plasma sintering (SPS) was also used to fabri-
ate porous magnesium scaffolds. Kang et al. [178] reported
hat SPS prepared Mg scaffolds with hybrid PEI–SiO2 coat-
ng exhibited superior bioactivity due to the improved cor-
osion resistance and hydrophilicity in both in-vitro and in-
ivo animal tests. Bagherifard et al. [179] reported a novel
evere shot peening treatment on AZ31 alloy which highly
mproves its mechanical properties. Shot peening was found
o decrease corrosion resistance and lead to a small decrease
n osteoblast viability during the first three days of culture.
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Table 8 
Recently developed Mg based hydrogen storage materials. 

Material Storage capacity (wt%) Release temperature ( °C) Ref. 

Nd 4 Mg 80 Ni 8 alloy 5.1 – [180 , 181] 
Mg55Co45 alloy 3.2 ( −15 °C) – [182] 
Ultrahigh pressure Mg12NiY alloy 5 (250 °C) 200–250 [183] 
Mg-Al alloy with graphite in Simoloyer-CM08 6.0 (350 °C, 13 bar) – [184] 
Mg@Pt powder 6 (225 °C, 2.8 MPa) 350 (vacuum) [185] 
Mg-Ni@rGO powder 5.5 (100 °C) 292 [186] 
Mg powder with NiHCl(P(C 6 H 11 ) 3 ) 2 6.3 (100 °C) 200 [187] 
Mg powders with Ti-Fe 0.8 Mn 0.2 , Fe, graphite 4.0 (200 °C, 2.6 MPa) 275 [188] 
Mg–Ni/GLM composite powder 6.5 (300 °C, 5.5 atm) – [189] 
Mg particles on MWCNTs-PMMA template 6.7 (200 °C, 20 bar) 3.5 (100 °C, 20 bar) 150 (0 bar) [190] 
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However, the cells fully recovered by day seven, indicating
that there was no lasting cytotoxicity induced by the degra-
dation of the SSP treated samples. 

4.2. Hydrogen storage Mg materials 

Mg-based materials are thought to be promising candidates
for future hydrogen storage applications due to their low cost,
abundant resources and large hydrogen storage capacity. How-
ever, they suffer from the challenges of sluggish kinetics and
large volume change after hydriding/dehydriding (H/D) pro-
cess. Thus, researchers mainly focus on hydrogen storage ca-
pacity, hydriding/dehydriding rate and cyclic stability, as listed
in Table 8 . 

The composition of alloys directly determines the hydro-
gen storage capacity that the alloy can reach. Based on the
review on the enhancement and mechanism of kinetics in Mg-
based hydrogen storage materials [180] , Li’s group proposed
a design idea for Mg alloys that in - situ hydrogenation Mg-
RE alloy to form nano-REH x uniformly distributed hydro-
gen storage alloys. After the thermodynamic calculations and
kinetic investigations ( Fig. 19 (a)), a Nd 4 Mg 80 Ni 8 alloy was
designed which shows good comprehensive hydrogen stor-
age properties (high capacity of 5.1 wt% H 2 and fast hydrid-
ing/dehydriding rate), especially for remarkable cycling sta-
bility even after 819 hydriding/dehydriding cycles ( Fig. 19 (b)
and (c)) [181] . In-situ synchrotron powder X-ray diffraction
and three-dimensional atom probe tomography analysis reveal
that the catalytic NdH 2 nanocrystallites are in-situ formed
during the first hydrogenation of Nd 4 Mg 80 Ni 8 and densely
distribute in the matrix of α-Mg and Mg 2 Ni ( Fig. 19 (d)),
which plays a key part in achieving excellent hydrogen stor-
age properties. Li et al. [182] have successfully synthesized a
Mg55Co45 metastable alloy with a BCC structure, which ex-
hibits a hydrogen storage capacity of 3.24 wt% (hydrogen per
metal or H/M = 1.28, H/Mg = 2.33) at −15 °C. Such an ab-
sorption temperature in Mg-based BCC structure is the lowest
temperature reported for Mg-based materials to absorb hydro-
gen. The enhanced kinetics are due to large surface area, short
diffusion distance of nanostructure, numerous defects and
BCC crystal structure of the nano Mg55Co45 metastable al-
loy. Peng’group firstly observed two-step reaction process and
catalyst formation of 18R-type long period stacking ordered
LPSO) Mg12NiY alloy on an atomic-scale [183] . In addition,
he MgH 2 compound is readily identified in the Mg–Mg6Pd
nterface, which is also not stable. It can spontaneously
hange into MgO increasing the hydrogenation process, which
s also the reason for the failure of hydrogen-storage Mg ma-
erials [191] . Hardian et al. explored the possibility to produce
igh quality MgH2 using waste Mg–Al alloys [184] . Their
im is to reduce the production cost. The results showed that
he highest hydrogen absorption capacity with about 6 wt%
nd the fastest hydrogenation kinetic with 26.9% conversion
er minute were achieved by milling Mg–Al alloy with 5 wt%
raphite in Simoloyer-CM08 ball-mill (R2-120) for 120 min.
his material has a full reversibility even after more than 40
ydrogenation/de-hydrogenation cycles without any obvious
rop of hydrogenation/de-hydrogenation rate. 

Magnesium powders are also potential hydrogen storage
aterials, several catalysts were added to improve the hydro-

en storage properties. Lu et al. [185] synthesized a core-shell
anostructured Mg@Pt composite, consisting mainly of icosa-
edral Mg particles as the core with nano-sized Pt particles
istributed homogeneously on different surfaces. Both hydro-
en absorption kinetics and dehydriding kinetics were im-
roved, compared with those of the pure MgH 2 powders. Lan
t al. [186] incorporated reduced graphene-oxide-supported
ickel (Ni@rGO) as catalysts into magnesium powders with
he aim to improve the hydrogen storage properties. Mg–
i@rGO composites absorbed 5.5 wt% of H 2 at a temperature
f 100 °C, whereas the pure Mg and Mg@rGO composite
bsorbed almost no hydrogen. The heating temperatures re-
uired for releasing 5.0 wt% of H 2 was reduced from 334 °C
o 292 °C for (i) pure Mg and Mg–rGO and (ii) Mg–Ni and

g–Ni@rGO. A nickel hydride complex NiHCl(P(C 6 H 11 ) 3 ) 2 
recursor was mixed with Mg powders by Galey et al. to
mprove the hydrogen storage properties [187] . The addition
f 20 wt% of precursor into Mg can release hydrogen at 200
C and absorb 6.3 wt% of H 2 at 100 °C in less than 1 h. The
ignificantly enhanced H 2 storage properties result from the
nfluence of the highly dispersed nickel on both kinetics and
hermodynamics of the Mg/MgH2 system. Majid [188] co-
dded Ti-Fe 0.8 Mn 0.2 , Fe, graphite to Mg powders and found
hat the composite can absorb 4.0 wt% H 2 at 200 °C under
 hydrogen pressure of 2.6 MPa. Such a composite also re-
uces the desorb temperature to 275 °C from 440 °C of pure
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Fig. 19. (a) The distribution of hydrogen storage capacity in Mg-rich corner of Mg–Ni–Nd system, (b) the hydrogen storage capacity of Nd 4 Mg 80 Ni 8 alloy 
versus cycle number, (c) the hydriding behaviors of this alloy at different cycles, (d) bright field TEM image of fully hydrogenated Nd 4 Mg 80 Ni 8 powder after 
38 H/D cycles with the SAED patterns of NdH 2 and MgH 2 [181] . 
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agnesium. Tarasov et al. [189] introduced Ni/GLM
Graphene Like Material) to Mg powders, and the composite
as a high reversible hydrogen capacity exceeding 6.5 wt%
 2 . Besides, the Mg–Ni/GLM composite also displays high

ates of hydrogen absorption and desorption. 
In addition, Liang et al. [190] designed a nano-sized Mg

upported on a porous structured MWCNTs-PMMA template
o satisfy H 2 storage demand. A hydrogen absorption capacity
f 6.7 wt% at 20 bar and 200 °C was achieved, which was very
lose to the theoretical capacity of 7.6 wt%. The composite
ould release 3.7 wt% of H 2 at 150 °C and 0 bar H 2 , showing
 faster desorption kinetic than the materials reported in the
iterature. In addition, the composite sample could perform a
eversible stabilized uptake/release cycles. 

.3. Mg batteries 

.3.1. Mg–air battery 
Metal-air battery is a promising candidate for the power

ource of electric-driven vehicles (EVs), due to its high
ractical energy densities. Magnesium is a promising anode
aterial for metal–air batteries, due to its high theoretical
pecific capacity (2200 mA g 

−1 ), discharge voltage (3.03 V),
elative low cost and abundant reserves on earth. In 2018–
019, several magnesium alloys were used as anode materials
or Mg–air batteries, such as Mg–Ca, AZ31–Gd, AZ91–Ca–
m–La, Mg–Li–Al–Zn, Mg–Al–Pb, Mg-Al-Pb-RE, Mg–Al–
b–La, etc. [192–201] . The energy density, specific capacity,
node efficiency of these alloys are listed in Table 9 . Among
hese alloys, Mg–Al–Pb based alloys show the highest anode
fficiency of 62.9% −64.8% at a current of 10 mA ·cm 

−2 . 
Mikhail L. Zheludkevich’ group thoroughly investigated 

he self-corrosion and discharge performance of Mg–Ca an-
de [202] . Mg–0.1Ca exhibited the best discharge potential,
igh utilization efficiency and capacity among all alloys. Fur-
her addition of Ca tends to decrease the utilization efficiency
ue to the increasing amount of Mg 2 Ca phase. Deng et al.
192] also revealed that cooling rate impacts the microstruc-
ure, self-corrosion and discharge performance of Mg–0.5 wt%
a alloy. The water-cooled Mg–0.5Ca alloy shows a lower

elf-corrosion rate than the air-cooled one. Moreover, Deng
t al. [203] selected high pure Mg and five Mg alloys (AZ31,
M50, Elektron 21, WE43 and ZE41) as anodes for primary

queous batteries under relatively small load to evaluate their
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Table 9 
Energy density, specific capacity, anode efficiency of Mg alloys as an anode for Mg-air battery. 

Alloys Condition Current (mA ·cm 

−2 ) Energy density (mWh g −1 ) Specific capacity (mAh g −1 ) Anode efficiency (%) Ref. 

Mg-0.5Ca Cast 10 1530 – 53.2 [192] 
Mg-1.5Ca Extruded 20 1413 1296 59.5 [196] 
AZ31-1.3Gd Extruded 10 1623 1271 58.1 [195] 

20 – 1334 61.0 
AZ91-1.5Ca-0.3Sm-0.5La Extruded 40 – 1381 61.9 [197] 
Mg-11Li-3Al-1Zn-0.2Y Rolled 40 – 1478 62.1 [194] 
Mg-6Al-5Pb-0.2Ce-0.2Y Rolled 10 – – 64.8 [200] 

20 – – 65.4 
Mg-6Al-5Pb-0.2Ce-0.2Y Extruded 10 – – 64.1 [199] 

20 – – 69.3 
Mg-6Al-5Pb-1La Cast 10 – – 62.9 [193] 

Fig. 20. The schematic illustration of rechargeable magnesium battery [204] . 
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utilization efficiency. They revealed that “chunk effect” can
cause large efficiency loss of Mg anodes with up to 50%,
which decreases with the increase of current density. In some
cases, the anodic efficiency loss caused by “chunk effect” ex-
ceeds that caused by self-corrosion of anode, especially at
low current density. 

To further improve the anode efficiency of Mg al-
loy, the solution was modified. Guangsheng Huang’s group
[201] added phosphate and vanadate as an electrolyte which
improves the anode efficiency of AZ31 from 59.7% to 72.5%
and 68.8% at a current of 10 mA cm 

−2 , respectively. Re-
duced graphene oxide/Mn3O4 nanocomposite was also intro-
duced as additives by Ma et al. [198] for Mg–6Al–1In (wt%)
alloy anode. The assembled magnesium-air battery possesses
an energy density of 1620 Wh kg 

−1 and an anode utilization
of 82%, being much higher than those achieved with a NaCl
solution and a commercial air cathode (1115 Wh kg 

−1 and
52%). 

4.3.2. Rechargeable Mg battery 
Rechargeable Mg batteries (RMBs, Fig. 20 ) have been

regarded as one of the most potential energy storage de-
vices owing to its abundant ores, atmospheric stability, low
cost and eco-friendly, high theoretical specific capacity of
2205 mA h g 

−1 and volumetric capacity of 3833 mA h cm 

−3 .
However, due to the strong polarization of Mg ions, the ex-
isting electrodes and electrolyte cannot fully facilitate the
Mg 

2 + ion insertion/extraction. In this regard, finding suitable
lectrode materials and electrolytes with high Mg insertion
inetics, excellent reversibility and low cost are still the chal-
enges that hinder the practical application of RMB [204] .
he properties of rechargeable Mg batteries are summarized

n Table 10 . 
Zhao et al. [205] reported a new cathode material for

echargeable magnesium battery: chloride ion-doped polypyr-
ole/carbon nanotube (PPyCl/CNTs) nanocomposite. The
PyCl/CNTs nanocomposite can deliver 95 mAh g 

−1 capac-
ty and a high Coulombic efficiency of about 96%. Cui et
l. [206] used the 3,4,9,10-perylenetetracarboxylic dianhy-
ride (PTCDA) to serve as a cathode material for RMBs
n non-aqueous system, fast diffusion kinetics and remark-
ble Mg-storage performance are obtained. The PTCDA ex-
ibits a reversible capacity of 126 mAh g 

−1 (at 200 mA g 

−1 ),
n excellent rate performance, and a good cycling stability
100 mAh g 

−1 even after 150 cycles). Xu et al. [207] have
ewly designed [Mg(DG)2][HMDSAlCl3]2/DG electrolyte
ith superior properties. The anodic stability (3.5 V vs. Mg)

s excellent, the Mg plating/striping cycling efficiency ap-
roaches ∼100%. In addition, at a high current density up
o 500 μA cm 

−2 , a long Mg plating/striping cycle life of over
60 cycles is achieved. 

Yang et al. [208] have reported CuSe nano-particles as the
athode material for RMBs which was synthesized by a cost-
ffective and facile microwave-assisted method. CuSe nano-
articles show an excellent electrochemical performance, such
s a high specific capacity of 241.2 mA h g 

−1 at 20 mA g 

−1 
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Table 10 
Summary of rechargeable Mg battery. 

Cathode Reversible capacity (mAh g −1 ) Discharge capacity (mAh g −1 ) Cycles Ref. 

PPyCl/CNTs nanocomposite 81 (at 10 mA g −1 ) 95 (at 10 mA g −1 ) – [205] 
PTCDA 126 (at 200 mA g −1 ) 100 150 [206] 
Sulfur – 400 (at 83 mA g −1 ) 100 [207] 
CuSe nano-particles 242 (at 20 mA g −1 ) 107.7 (at 100 mA g −1 ) 150 [208] 
VS2-GO 235 146 10,000 (at 5 C) [209] 
Ni0.75Fe0.25Se2 190 148 500 [210] 
NaTi2(PO4)3@Carbon nanoparticles – 60 26,000 (at 20 C) [211] 

Table 11 
Shielding properties of magnesium alloys. 

Alloy (wt%) Condition Frequency (MHz) SE (dB) Ref. 

Electromagnetic radiation Mg-5Zn-(1–10)Y As-cast 400–600 75–97 [212] 
Mg-5Zn-1Ce-2Y-0.6Zr As-extruded 30–1500 79–118 [213] 
Mg-9Li As-rolled 30–1500 96–109 [149] 

X-band microwave Mg-(5–15)Ti Composites 8200–12,400 72 [214] 
Mg-(5–15)Fe Composites 8200–12,400 66–75 [215] 
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Fig. 21. Shielding effectiveness of the Mg-9Li alloy with different rolling 
strains [149] . 
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nd 200 mA h g 

−1 at 50 mA g 

−1 , a good rate capability, and a
ycling stability. The CuSe nano-particles can maintain a dis-
harge capacity of 107.7 mA h g 

−1 at 100 mA g 

−1 current den-
ity until 150 cycles. A graphene wrapped VS2 (VS2-GO)
athode for hybrid magnesium-based batteries is designed and
resented by Sun et al. for the first time [209] . The cath-
de exhibited a high discharge capacity of 235 mA h g 

−1 ,
n ultra-high rate capability (129 mA h g 

−1 at 80 C) and a
ong life (capacity of 146 mA h g 

−1 even after 10,000 cy-
les at 5 C). Zhou et al. [210] are the first to report that
i–Fe bimetallic diselenides microflowers (Ni0.75Fe0.25Se2, 
FS) as cathode materials exhibits a considerable reversible

apacity of 190 mAh g 

−1 and an excellent Mg-storage cycling
tability (148 mAh g 

−1 even after 500 cycles). 
Zeng et al. [211] designed a new Na–Mg hybrid bat-

ery with the NaTi2(PO4)3@Carbon nanoparticles as a
athode material, the Mg metal as an anode and the
g(TFSI) 2 + NaBH4–triglyme/1,2-Dimethoxyethane (DME) 

s a hybrid electrolyte. The corresponding average capacity
ecays only 0.004% and 0.008% per cycle after 1000 cycles
t 2 C and 10 C, respectively. About 60 mAh g 

−1 can be ob-
ained after 26,000 cycles at 20 C. The capacity retention of
3.7% and 90.2% can be obtained at 5 and 10 C, respectively,
hich is highly impressive. 

.4. Electromagnetic resistant Mg alloys 

Electromagnetic radiation pollution has become a problem
o be solved. Shielding effectiveness (SE) is generally mea-
ured in decibels (DB). Several researchers attempt to develop
g alloys with high electromagnetic shielding properties.

able 11 presents the shielding properties of magnesium
lloys. 

Xianhua Chen’s group [212] have developed Mg–5Zn–
Y alloys for electromagnetic radiation shielding applications.
ith the addition of Y content from 1 wt% to 10 wt%, the SE

f the alloys decreases from 97 dB to 75 dB at 400–600 MHz.
E values of Mg–Zn–Y alloys are higher than that of pure
g (about 60–65 dB at 400–600 MHz) and 2024 Al alloy

about 35 dB at 30–1500 MHz). Besides, high strength and
igh electromagnetic shielding capacity of extruded Mg–5Zn–
Ce–2Y–0.6Zr alloys have also been developed with a SE of
9–118 dB at 30 MHz to 1.5 GHz [213] . The SE was sig-
ificantly higher than that of some aluminum alloys which
re desirable materials to counter the problem caused due
o electromagnetic pollution. Wu’ group [149] found that a
olled Mg–9Li alloy exhibited a good shielding effectiveness
SE) due to a high amount of phase boundary (alpha/beta),
ned-grained boundary and obvious texture. Fig. 21 shows

he SE curves under the frequency of 30–1500 MHz. With in-
reasing rolling strain, the overall SE improves. The as-rolled
g–9Li alloy with a strain of 80% possesses the SE values

f 96–109 dB, which are obviously higher than the normal
agnesium alloys with a SE of ∼60 dB. 
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Gupta’s group focused on the SE of Mg–Fe and Mg–
Ti composites to shield the X-band microwave range (8.2–
12.4 GHz) [214 , 215] . Mg–(5–15 wt%) Ti micro-composites
displayed better EM shielding (72 dB) than pure magne-
sium, although the Ti content has little effect on the EM
shielding properties [214] . In the case of Mg–Fe compos-
ites [215] , the SE values in the X-band are 66 dB, 73 dB and
75 dB for Mg, Mg–5Fe and Mg–15Fe, respectively, indicat-
ing that Fe can be used as reinforcement to enhance EMI
SE of magnesium. The enhancement in EMI shielding is as-
cribed to an increase in the amount of ferromagnetic iron
reinforcement that promoted the absorption capability of the
material. 

4.5. High damping magnesium alloys 

Although some of Mg alloys have high-strength properties,
the damping capacity of those Mg alloys is always poor. It is
challenging for such high-strength Mg alloys to meet indus-
trial requirements by improving damping capacity. Therefore,
an effective way to enhance damping capacity of Mg alloys
with high mechanical properties is crucial for engineering ap-
plications of such alloys. 

Tang et al. [216] reported that the extruded Mg–Y based
alloys exhibited a promising potential for developing high-
performance damping alloys, especially for the elevated-
temperature applications. The extruded Mg–1Y sheet exhib-
ited slightly higher yield strength and Q 

−1 , comparing with
high-damping Mg–0.6Zr at room temperature. At an ele-
vated temperature of 325 °C, the Mg–1Y sheet had a sim-
ilar Q 

−1 but over 3 times higher YS than that of the pure
Mg. 

Chen’ group [217] developed an extruded Mg–7Gd–4Y–
2Zn–0.5Mn–0.8Si alloy with excellent damping properties
and elastic modulus of ∼49.3 GPa. This alloy exhibited su-
perior damping properties at room temperature to that of the
extruded pure Mg at high stain amplitudes. The mechanism
of the increased damping capacity was associated with the
presence of abundant thermal mismatch dislocations around
the phase interfaces. However, at higher temperatures the ex-
truded Mg–7Gd–4Y–2Zn–0.5Mn–0.8Si alloy showed a rel-
atively higher damping capacity compared with that of the
Si-free alloy but lower than that of pure magnesium. 

Niu et al. [218] revealed that Mg–0.6Zr–4Y alloys pre-
sented a good damping properties with good comprehensive
strength and elongation among Mg–0.6Zr–(1–5)Y alloys. In-
creasing Y from 1.0 to 5.0 wt% can significantly affect damp-
ing properties under the condition of ε > εcr = 2.0 ×10 

−2 ,
while no visible effect of increasing Y content on damping
properties at ε < εcr = 2.0 ×10 

−2 was found. 
Yu et al. [219] discovered that the addition of Ti 2 AlC

particles into AZ91D alloy improves its damping proper-
ties, especially at elevated temperatures. With increasing
temperature, especially above 200 °C, the interfacial damp-
ing capacity becomes dominant and dynamic modulus of
composites decreases. 
.6. Other functional Mg materials 

.6.1. Intelligent sacrificial anode 
Song’s group used Mg as an intelligent sacrificial anode

hich can automatically detect the corrosivity of concrete and
ntelligently provide a cathodic protection current to inhibit
he corrosion of steel [220] . Magnesium has a more nega-
ive equilibrium potential ( −2.37 V vs. SHE), which makes it
n effective sacrificial anode material in high impedance cir-
umstances (for instance, in concrete). In addition, Al alloying
an enhance the sensitivity of the Mg anode to chloride ions
nd improve its cathodic protection effect, and thus enhance
he intelligence level of the Mg as a corrosivity detector and
orrosion protector. 

.6.2. High thermal conductivity Mg alloys 
It is very difficult for Mg alloys to be strong and also

ighly thermal conductive since high strength requires defects
o hinder the movement of dislocations whilst high thermal
onductivity requires a perfect crystal for the movement of
honons/electrons. Pan’s group [221–225] did a lot of work
n the effect of alloying elements on thermal conductivity
f magnesium alloys before 2018, which provides an impor-
ant basis for the development of high thermal conductivity

agnesium alloys. 
In 2019, a new magnesium alloy with both very high

trength and high thermal conductivity, Mg–4Al–x La alloy,
as reported in [226] . Both the thermal conductivity and

trength of Mg–4Al–x La ( x = 2, 4, 6 wt%) alloys increase
ith increasing La content, as shown in Table 12 . The ex-

ruded Mg–4Al–6La alloy exhibits a thermal conductivity of
30 W/m K, an ultimate tensile strength (UTS) of 337 MPa
nd an elongation to failure of 8.4%. The mechanism of the
imultaneous increase of strength and thermal conductivity of
he Mg–Al–La alloys is that the precipitation of Al 11 La 3 dur-
ng extrusion strengthens the alloy as well as maintains high
hermal conductivity through consuming solute atoms. Zhu et
l. [227] designed two Mg–La–Zr alloys with high thermal
onductivity of 137 and 114 W/m K through assessing the
g–La–Zr system using CALPHAD method. 

. Cast and processing technologies 

.1. Melting and casting technologies 

Current magnesium alloy castings are generally catego-
ized into permanent mold casting, sand casting, squeeze cast-
ng, investment casting, low pressure casting, and high pres-
ure die casting. Many progresses were made on these casting
echnologies in the past two years. Prior to casting, the quality
ontrol of the melt plays an essential part in the mechanical
nd corrosion behavior of the magnesium alloys [170] . 

By using the melt self-purification method based on low
emperature melt treatment without adding any fluxes, Pan
nd Chen et al. in Chongqing University could significantly
educe the impurity Fe concentration to as low as 10 ppm in
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Table 12 
Mechanical properties and thermal conductivity of magnesium alloys. 

Alloys 
Yield strength 
(MPa) 

Ultimate tensile 
strength (MPa) 

Elongation to 
failure (%) 

Thermal conductivity (W/m K) Ref. 

//ED ⊥ ED Cast 

Mg-4Al-2La (wt%) 221 302 21.1 88 94 – [226] 
Mg-4Al-4La (wt%) 242 311 15.0 101 103 – [226] 
Mg-4Al-6La (wt%) 256 337 8.4 128 130 – [226] 
Mg 99.7 La 0.2 Zr 0.1 (at%) – – – – – 137 [227] 
Mg 99.1 La 0.8 Zr 0.1 (at%) – – – – – 114 [227] 

Fig. 22. (a)–(d) The solidification microstructures of Mg–24 wt%Nd alloys in different conditions, (e) the typical stress strain compression curves, (f) Vickers 
hardness evolution alloys [228] . 
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g–Gd–Zn–Ag–Zr alloy with a high RE content. The low-
ost purification technology has already achieved large-scale
ndustrial applications, providing an important basis for the
evelopment of high-purity magnesium alloys. 

Zhai et al. [228] reported that 1T static magnetic field al-
ered the growth direction of primary α-Mg ( Fig. 22 (a)–(d))
nd influenced the type of second phase in Mg–24 wt%Nd
lloys. It is revealed that the magnetic field makes the critical
ndercooling of Mg 12 Nd more than that of Mg 41 Nd 5 , which
ed to Mg 41 Nd 5 more likely to form in cast samples with
igher strength and hardness of alloys ( Fig. 22 (e)–(f)). Fur-
hermore, the application of 1T static magnetic field during
he heat treatment of Mg–Al–Gd alloys reduced the laths of
5R-type LPSO from 236 nm to 47 nm and enhanced the ul-
imate compressive strength from 447 MPa to 473 MPa [229] .

Squeeze pressure was observed to be an significant factor
or the microstructure and mechanical performance of as-cast

g–15Gd–1Zn–0.4Zr (GZ151K, wt%) alloy [230] . As-cast
Z151K alloy is a typical high strength alloy with an ulti-
ate tensile strength of 405 MPa and an elongation of 2.9%.
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The applied pressure in the squeeze casting further refines the
grain size from 41 μm to 28 μm. 

Yang et al. introduced a high shearing dispersion technique
(HSDT) to incorporate 0.5% AlN/Al nanoparticles (NPs) in
Mg–2.85Nd–0.92Gd–0.41Zr–0.29Zn (El21) alloy [231] . They
observed that after adding AlN nano-particles the creep re-
sistance of El21 alloy was significantly improved by one or-
der of magnitude. The eutectic particles were modified to be
less continuous, much thinner and more homogeneously dis-
tributed in the matrix. They are beneficial for resisting the
grain boundary sliding and hence enhance the creep resis-
tance. Yang et al. [232] also investigated the effects of 0.25%
Al and HSDT on the microstructure and creep resistance of
El21 alloy. The creep resistance of El21 alloy was obviously
improved by about one order of magnitude with the com-
bination of Al addition and HSDT. This is attributed to the
dendritic and denser Mg 3 RE phase. Al 2 Nd and Al 2 Zr parti-
cles also act as efficient obstacles to grain boundary sliding
and inhibit the movement of dislocations, and consequently
enhance the creep resistance of El21 + 0.25% Al. 

5.2. Processing technologies of wrought Mg alloys 

5.2.1. Low temperature extrusion 

In the past two years, a large number of reports about
the extrusion process have been published, aiming to obtain
high performance extruded Mg alloys [45] . As is well known,
the formation of microstructure and the mechanical proper-
ties of extruded alloys depend on the extrusion temperature
to a great extent, which is an important parameter of extru-
sion processing. At present, the main mechanism of plastic
deformation of extruded Mg alloys is cross-slip and climb.
Dynamic recrystallization (DRX) is usually easy to occur at
high temperatures. Mg alloys can commonly have a complete
recrystallization microstructure at an extrusion temperature
higher than 350 °C. The increase in the extrusion temper-
ature promotes the DRX. In Ref. [233] , with an increase in
the extrusion temperature, the predominant DRX mechanism
of the alloy changed from twinning-induced DRX and contin-
uous DRX to discontinuous DRX, which led to an increase in
the DRX fraction of the extruded alloy. Kang et al. [83] re-
ported that the average size and volume fraction of DRXed
grains increased with increasing extrusion temperature in a
Mg–1.38Zn–0.17Y–1.2Ca (at%) alloy. However, this is not al-
ways the case, and can exhibit different phenomena. Yu et al.
[234] reported that the long period stacking ordered (LPSO)
phase promoted the deformation of parent grains and caused
the strain concentration. Then the strain concentration could
be rapidly released as the movement of dislocations became
easier at the elevated extrusion. Thus, the increased extrusion
temperature suppressed the DRX due to the presence of LPSO
phase in Mg–11.5Gd–4.5Y–(1Nd/1.5Zn) −0.3Zr alloys. 

At lower extrusion temperatures, the critical resolved shear
stress of the basal slip and extension twining is much lower
than that of the non-basal slip [235] . Therefore, the basal slip
and tension twining are easily generated to accommodate the
plastic strain. The dislocations accumulate near the twin bands
nd boundaries, leading to DRXed region. As the extrusion
roceeded, the DRXed region expands further into the grains,
eading to a gradual decrease in the size and fraction of the
nDRX grains. However, the driving force of DRX is rela-
ively low. Therefore, unDRX regions with sufficient disloca-
ion and hard orientation will be preserved. The microstruc-
ure of the low temperature extruded Mg alloy consists mainly
f the fine equiaxed DRX grains ( ∼1 μm), elongated coarsen
nDRX grains regions. For example, a Mg–2Zn–1Al alloy
ith a bimodal structure having a high strength of 332 MPa

nd a considerable ductility of 23% of was successfully fab-
icated via the low temperature extrusion at 110 °C ( Fig. 23 )
129] . 

.2.2. Continuous extrusion 

Accumulating strain in the conventional hot extrusion has
 large potential for grain refinement, such as pre-deformation
rocess before extrusion and multiple deformation [236 , 237] .
xcellent grain refinement can be achieved from increasing
train before or during extrusion. It is of great significance to
xplore the cumulative deformation in conventional extrusion
or refining Mg alloys. Pan’s group [238] presented a sim-
le cumulative deformation method called continuous forging
xtrusion (CFE) to fabricating ultrafine-grained (UFG) Mg al-
oys. In the conventional extrusion, the billet is upset and ful-
lled with the container before extrusion other than squeezed

nto the mold immediately because the mold is sealed by the
eft tailings from last extrusion. This upsetting processing will
nduce strain to the billet, while this strain is ignored because
he size of ingot is closed in the container and this strain is
elatively small. In the currently proposed CFE, the induced
train from the upsetting processing is magnified by a reduced
iameter of AZ31 billets before extrusion and a UFG structure
 ∼0.6 μm) is obtained, thereby enhancing the strength and
uctility simultaneously. Torsion shear stress plays an impor-
ant role in grain refinement whether it is in twist extrusion or
igh-pressure torsion process. Pan and co-authors [239] pre-
ented a simple on-line twist extrusion process to fabricate
FG structures of an extruded rod. The schematic illustration
f OLTE is shown in Fig. 24 (a). The proposed method can be
sed to refine the grains of the extruded bar from the surface
o the center, thereby improving its strength, yield asymmetry,
nd ductility. The recrystallized UFG structures with ∼1.2 μm
n a ZK60 alloy exhibits relatively high TYS, UTS, CYS and
ield asymmetry σ CYS / σ TYS of 245 MPa, 347 MPa, 227 MPa
nd 0.93, respectively, as well as 28% fracture elongation
 Fig. 24 (b)). The advantage of the continuous extrusion pro-
ess versus other intense plastic straining processes lies in its
igh productivity and the feasibility of bulk materials. 

.2.3. Hard-pate-rolling 

Zha et al. [240] and Zhang et al. [241] have applied hard-
ate-rolling (HPR) to Mg–9Al–1Zn (AZ91) [240] and Mg–
Al–2Sn–1Zn (ATZ821) alloys [241] . Both HPRed AZ91 and
TZ821 alloys exhibit a high strength (UTS of ∼374 MPa and
362 MPa, respectively) and ductility (uniform elongation of
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Fig. 23. (a) Schematic diagram of experiment flow, (b) Mechanical properties of extruded Mg–2Zn–1Al alloys [129] . 

Fig. 24. (a) Schematic diagram of OLTE process and (b) stress–strain curves of ZK60 alloys [239] . 
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19.6% and 17%, respectively). The increased tensile prop-
rties have been attributed to the formation of bimodal struc-
ures ( Fig. 25 (b) and (d)). At the initial stage of tensile tests,
eformation is mainly accommodated by fine grains with a
eak basal texture ( Fig. 25 (f)). When the applied resolved

hear stress exceeds the CRSS value of pyramidal slip in Mg
lloys, the coarse grains begin to play a prominent role in stor-
ng dislocations and hence promote work hardening, leading
o a simultaneous higher strength and ductility in comparison
ith fine-grained Mg alloys. 

.2.4. Composite extrusion 

Chai et al. [48] reported that grain refinement and tilted
exture were detected in composite extruded AZ31/AZ31
nd AZ31/4047 Al sheets. The schematic diagrams of the
abrication for three sheets are shown in Fig. 26 . The
ompression-tension yield ratio increased gradually from
Z31 to AZ31/AZ31 and AZ31/4047 Al sheets, which was

ttributed to the intense shear deformation at the interface
uring the composite extrusion. This provides a new and ef-
ective method to weaken the texture of extruded Mg alloys
nd improve their mechanical properties. Lee et al. [45] pre-
ented a novel intense plastic straining process called multi-
ass caliber rolling. The strength and ductility of AZ31 Mg
lloy were simultaneously enhanced through the application
f caliber rolling. The AZ31 rod was inserted into the first
aliber with its basal plane parallel to the normal direction
ND). The rods were rotated 90 ° counterclockwise around
he RD for each caliber-rolling pass. 

.3. Other technologies 

.3.1. Thermal explosion synthesized Mg2Si0.5Sn0.5 

ompounds 
Sb-doped Mg 2 Si 0.5 Sn 0.5 materials with decent thermoelec-

ric performance were successfully prepared by a fast thermal
xplosion reaction for the first time by Zhang et al. [242] .
-ray diffraction (XRD) patterns indicate that the immisci-
le composition of 0.5Mg 2 Si-0.5Mg 2 Sn is easily converted
nto a single-phase Mg 2 Si 0.5 Sn 0.5 solid solution via this new
ethod, as shown in Fig. 27 . With increasing Sb content,

he dimensionless thermoelectric figure of merit ZT peak (peak
alue) and ZT ave (average value) are greatly improved, which
re quite comparable to or even better than the values ob-
ained by other methods. Therefore, a significant foundation
as been laid for the future synthesis of other Mg-based and
unctional materials. 
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Fig. 25. (a)–(c) EBSD OIM maps of AZ91 samples processed by HPR at (a) 300 °C, (b) 350 °C, (c) 400 °C, followed by annealing at 350 °C for 5 min [240] . 
(d)-(f) EBSD results of ATZ821 samples, HPRed at 350 °C followed by annealing at 350 °C for 5 min [241] : (d) EBSD OIM map, (e) microtexture of all 
grains and (f) microtexture of fine grains in (d). 

Fig. 26. Schematic diagrams of the fabrication for three sheets and the details of composite extrusion process [48] . 
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5.3.2. Directional solidification 

Yang’s group reported a directional solidification tech-
nique to prepare Mg alloys with different grain morphology
and orientation, which results in different mechanical and
corrosion properties. It is showed that {0002} oriented planes
of directionally solidified Mg–4 wt% Zn alloy had better cor-
rosion resistance than {11–20} and {10–10} ones in 0.9 wt%
NaCl solution, which is attributed to a synergistic effect of
surface energy, atomic packing density and the stability of
oxidation film [243] . Furthermore, the degradation behavior
of directionally solidified Mg–4Zn alloy with cellular struc-
ture in Hank’s solution at 37 °C had a more positive corrosion
potential, lower corrosion current density, larger impedance
and more protective film than the samples with columnar
dendritic and equiaxed dendritic structure [244] . Besides, the
irectionally solidified Mg–4Zn alloy with cellular grains
xhibited mechanical anisotropy when the compression di-
ection was parallel and vertical to the growth direction.
he samples cut longitudinally had higher compression
trength, lower compression rate and different variation ten-
ency of work hardening rate compared with the samples cut
ransversely on account of the activate of {10–12} twin [245] .

. Corrosion and surface treatment of Mg alloys 

.1. Corrosion behavior of magnesium alloys 

.1.1. Environmental corrosion of magnesium alloys 
There are relatively fewer investigations into the influence

f environmental factors on the corrosion performance of Mg
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Fig. 27. Mg 2 (Si 0.5 Sn 0.5 ) 1-x Sb x compounds prepared by thermal explosion (TE) combined with plasma activated sintering (PAS) exhibit superior peak ZT peak 

and average ZT ave [242] . 
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lloys, especially in the polluted marine atmospheric environ-
ent. 
Song’s group found that in the standard artificial seawa-

er, the corrosion rate of the pure Mg was measured to be
nly a half of that in a 3.5 wt% NaCl solution, while the seri-
us localized corrosion of Mg in the NaCl solution was even
nhibited [246] , as shown in Fig. 28 . The main constituents

gCl 2 and Na 2 SO 4 in the artificial seawater appeared to be
nhibitive for the corrosion of Mg. These findings would fur-
her clarify the corrosive and inhibitive effects of other anions
nd cations on Mg dissolution in the artificial seawater. The
ew knowledge will be useful for the application of Mg in
he marine environment. 

Song’s group also investigated the corrosion of magnesium
lloys in Haze, which has recently become severe air pollu-
ion issue [247] . The most deleterious ion in haze is NH 4 

+ .
he presence of NH 4 

+ in haze was found to accelerate the
orrosion of Mg significantly, overwhelming the acceleration
ffect of Cl −. When NH 4 

+ is present in the solution, it can
enetrate into the surface film and combine with the MgO in
he inner layer, accelerating the dissolution of the MgO. After
erforation of the thin protective MgO film by the NH 4 

+ , the
g substrate will actively react with the solution, resulting in

 high corrosion rate. 

.1.2. Oxidation of single crystal Mg 

Understanding the oxidation process of active metals
lays a crucial part in improving their mechanical/oxidation
roperties. Using in-situ environmental transmission electron 

icroscopy and density-functional theory, Qiuming Peng’s 
roup firstly clarify the oxidation process of a single crys-
al Mg at the atomic scale by using a new double-hole tech-
ique. A unique incipient interval-layered oxidation mecha-
ism of the single crystal Mg has been confirmed, in which
 atoms intercalate through the clean (2–1–10) surface into

he alternate-layered tetrahedral sites, forming a metastable
CP-type MgO0.5 structure [248] . 
In addition, the oxidation process of Mg also can be de-

ected in oxidative gas condition. Peng ’s group reported ob-
ervations of rapid oscillation sublimation of Mg at room
emperature in the presence of both CO 2 gas and electron
rradiation. The sublimation is mainly related to phase trans-
ormation of amorphous MgCO 3 . Differing from the direct
ormation of gas-state MgCO 3 , which attributes to the subli-
ation of pure Mg under a mild electron beam dose, a unique

scillation process is detected in the process of Mg sublima-
ion under a harsh electron beam dose. The main reason stems
rom the first-order reaction of a reversible decomposition-
ormation of amorphous MgCO 3 [249] . 

.1.3. Corrosion mechanism of magnesium alloys 
To date, one of the most important findings on the corro-

ion mechanism of Mg alloys is the discovery of exfoliation
orrosion (EFC) of as-extruded Mg–Li–Ca alloy [250] . EFC
f extruded Mg–1Li–1Ca alloy occurred after experiencing 

hree to five-months’ soaking in 3.5 wt% NaCl solution. This
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Fig. 28. Comparison of corrosion rate for each pure Mg specimen in different 
solutions evaluated from average hydrogen volume: (a) addition of various 
concentrations of X; (b) addition of 0.02 normal concentration X [246] . 
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scenario is attributed to typically elongated microstructure,
and the formation of carbonates, e.g., Li 2 CO 3 , CaCO 3 and
Mg 5 (CO 3 ) 4 (OH) 2 along grain boundaries or inside the grain
interiors. As a result, “wedge effect” and “hydrogen blister”,
resulting from the enhanced volume of corrosion products and
hydrogen evolution, respectively, lead to EFC. Moreover, it is
demonstrated that the galvanic corrosion occurs between the
outer skin and the interiors. EFC may be a synergic process
of pitting corrosion, filiform corrosion, and IGC as well as
stress corrosion. 

The purity of water was observed to be important for the
corrosion of magnesium alloys. Jiang et al. found that in
the deionized water, only partially protective Mg(OH) 2 corro-
sion product layer was formed on the surface of Mg0.5ZnX
( X = Ca and Ge) [251] . When non-deionized water with rich
Ca 2 + was utilized, a new corrosion product layer with rich
CaCO 3 was formed covering the top of Mg(OH) 2 layer, lead-
ing to be higher corrosion resistance by one order of mag-
nitude than that tested in the deionized water. Jin et al. in-
vestigated the microstructure and corrosion performance of
as-cast and solution-annealed Mg–0.5Zn–0.2Ca alloys [252] .
Corrosion sequence of the intermetallic particles and the re-
lated mechanisms were unveiled via quasi-in situ corrosion
bservations. Mg 2 Ca acted as an anodic phase respective to
ther intermetallic particles, which corrode preferentially in
.9% NaCl solution. Ca 2 Mg 6 Zn 3 and MgCaSi are effective
athodes. They suggested that Si content needs to be thor-
ughly measured and carefully considered, which should be
ar below 150 ppm. The amount of MgCaSi is of importance
o influence the corrosion resistance. 

Wolff et al. found that iron pick up took place from the
teel bottom plate into the specimen during the sintering of
g–2.6Nd–1.3Gd–0.5Zr–0.3 Zn (EZK400) alloy [253] . The

iomedical EZK400 Mg alloys was prepared by metal injec-
ion moulding (MIM) and sintered. Despite the fact that a
eparating boron nitrite (BN) barrier layer was used and the
g–Fe phase diagram does not predict any significant solubil-

ty to each other. As a result of this study, a new bottom plate
aterial without harming the sintering and the biodegradation

erformance of the as-sintered material, namely a carbon plate
aterial, was suggested. 

.1.4. High efficiency corrosion inhibitors 
Yang et al. [254] achieved a high corrosion inhibition effi-

iency for commercial purity Mg with the addition of sodium
,5-pyridinedicarbolxylate, 3-methylsalicylate and fumarate
nto 0.5 wt% neutral NaCl solution. Its corrosion efficiency
ncreases with increasing concentration of inhibitors. They
oncluded that strong iron complexing agents are effective
orrosion inhibitors to impede the micro-galvanic corrosion
f Mg with a high amount of Fe impurities. 

.1.5. Bio corrosion behavior of magnesium alloys 
Mei et al. [255] found that amino acids, vitamins and sac-

harides, do not critically influence the in-vitro corrosion of
g and Mg–0.8Ca alloy. The presence of penicillin and strep-

omycin at a low concentration in MEM has no significant in-
uence on the corrosion, but a higher concentration of strepto-
ycin accelerates degradation. Promising corrosion inhibitors

or Mg were proposed in their work, such as uric acid (for
P Mg) and ascorbic acid (for both Mg and Mg–Ca). The

ndividual and synergetic influence of simulated body fluid
SBF) components on the corrosion of commercially pure

g was investigated [256] . The results demonstrate that the
orrosion acceleration in the presence of the synthetic pH
uffer, Tris/HCl, is attributed to a combined effect of three
actors: increased Cl − concentration, complexation of Mg 

2 + 

nd Ca 2 + and consumption of OH- needed for the formation
f products. In Tris/HCl-free SBF, the synergy between Ca 2 + ,
g 

2 + , HPO4 

2 − and HCO 

3 − assures the slowest degradation.
he effects of organic components, including L -ascorbic acid
 L -AA), L -glutamine ( L -Gln), L -alanyl- L -glutamine ( L -Ala-
 

Gln) and fetal bovine serum (FBS), on the degradation of
ure Mg under cell culture conditions were investigated [257] .
t is observed that they are time-dependent. Such organic com-
onents play an important part in influencing the formation of
egradation layer. Hou et al. [258] also investigated the influ-
nce of bovine serum albumin (BSA), fibrinogen (Fib) or fetal
ovine serum (FBS) on Mg degradation in Hanks’ balanced
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alt solution without (HBSS) or with Ca (HBSSCa) and Dul-
ecco’s modified eagle medium Glutamax-I (DMEM). The
esults demonstrate that the effect of BSA, Fib and FBS on
he degradation rate of Mg is time- and media-dependent, as
 result of the overlap of protein adsorption, binding/chelating
o ions and interaction between organic molecules. They pro-
osed that the addition of proteins to testing medium was
ecessary for in-vitro tests. DMEM plus 10% FBS was rec-
mmended as the in-vitro testing medium to present an in
ivo-like degradation for Mg. 

.2. Surface treatment of structural magnesium alloys 

Several surface treatment techniques were developed to en-
ance the corrosion resistance of magnesium alloy parts. For
he practical application, some functions are also incorporated
n the coatings. 

.2.1. Anti-corrosive coating 

Na-EDTA is a hexadentate ("six-teeth") ligand and chelat-
ng agent with a strong ability to sequester metal ions such
s Ca2 + and Mg2 + . EDTA molecules may play a vital
ole in the nucleation and growth of Mg(OH)2. Li et al.
259] fabricated a dense Mg(OH)2 film on MAO-coated Mg
lloy AZ31 in an alkaline electrolyte containing ethylene-
iamine tetraacetic acid disodium (EDTA-2Na). Fan et al.
260] prepared a hexagonal nanosheet Mg(OH) 2 coating
hrough a one-step hydrothermal method using LiOH so-
ution as mineralizer. The results EDTA-modified coating
inimizes the rapid corrosion of AZ31 Mg alloy. Also,
DTA accelerates the nucleation and formation of Mg(OH) 2 .

Zhao et al. [261] used a novel spin-assisted Layer
y Layer (LbL) assembling technology to fabricate the
olyvinylpyrrolidone (PVP)/polyacrylic acid (PAA) multilayer 
lm with excellent corrosion resistance and adhesion strength,
hich might be a reliable method to prepare a uniform and

mooth coating due to the fact that the air shear force and
entrifugal force caused by a high-speed spinning process. In
ddition to polyelectrolytes, nanoparticles can also be used as
he assembly units of LbL. 

Han et al. revealed that a rolled AZ31 alloy could be used
ithout any treatment using the plasma electrolytic oxidation

PEO) coating [262] . The corrosion and wear resistance of
EO-coated AZ31 with clean and contaminated surfaces are
asically the same. Jangde et al. compared the PEO coatings
repared using base silicate electrolyte (bPEO) and glycerol
dded silicate elecrolytes (gPEO) [263] . It is shown that gPEO
as a better corrosion resistance than bPEO. Mata et al. stud-
ed the early corrosion sensing poly ether imide (PEI) coatings
ith incorporated pH-sensing phenolphthalein loaded silica
ano-sized capsules (SiNCs-PhPh) for an AZ31 alloy [264] .
he results indicated that SiNCs-PhPh/PEI coatings together
ith SiNCs-PhPh particles acted as effective pH-sensing.
ang et al. developed a hybrid PEO-epoxy coating for Mg

265] . An efficient corrosion inhibitor (3-methysalicylate) was
mpregnated into the anodized layer, which was sealed by
n epoxy layer through dip-coating process. They revealed
hat epoxy polymer could serve as a strong barrier to restrict
he penetration of corrosive medium into the hybrid coating
ystem. 

.2.2. Self-healing coating 

Like other engineering materials, Mg alloy parts are in-
vitable to be crashed or scratched in the actual applications.
elf-healing coatings, which can release corrosion inhibitors

o the damaged areas, are capable of solving this problem.
 duplex self-healing coating, loading interphase inhibitor
a 3 PO 4 into the pores of micro-arc oxidation (MAO) film

nd doping an organic inhibitor MBT into the top paint, is
eveloped by Enhou Han’s Group in the Institute of Metal
esearch (IMR) [266] . When the duplex self-healing coat-

ng is damaged, Na 3 PO 4 and MBT show a synergistic ef-
ect to inhibit the corrosion of Mg substrate. On the one
and, abundant highly soluble Na 3 PO 4 is quickly released
rom the cross-section of scratch, and takes the main role
n self-healing process. On the other hand, a small amount
f MBT which is released from the top organic coating is
bsorbed in the defects of healing film, further enhancing
he self-healing property [267] . This coating shows a supe-
ior self-healing property in the accelerated corrosion tests
nd atmospheric corrosion tests. Zhao et al. [13] fabricated
 self-healing multilayer film composed of SiO 2 and CeO 2 

anoparticles on Mg alloys via spin-spray LbL assembly. In
his multilayer film, SiO 2 could be used to build the physical
arrier against corrosion solution, and CeO 2 was considered
s a corrosion inhibitor to heal the physical damage. Swapnil
. Adsul et al. [268] found that Halloysite nanotubes loaded
ith cationic inhibitors Ce 3 + /Zr 4 + dispersed in hybrid ma-

rix sol provide prolonged corrosion protection due to the
ontrolled release of inhibitors, when exposed to a corrosive
nvironment. G. Zhang et al. developed a composite coat-
ng on Mg alloys with layered double hydroxides (LDHs) (as
hown in Fig. 29 ) exhibited excellent self-healing properties
269] . Because of the synergistic effect between Ce species
nd phosphate, the best self-healing ability was for PEO 

–Ce-
DH-P, where the compact insoluble precipitate covered the
ntire defect. 

.2.3. Gasochromic switchable films 
Gasochromic switchable films, which can reversibly 

witch between hydrogenated and dehydrogenated states to
chieve the switchable conversion of their optical states, have
merged in recent years with the development of hydrogen
nergy. An innovative composite system of fluorocarbon 

FC)/Pd/MgeNb 2 O 5 switchable films was fabricated by Yue
iu et al. [270] . The FC/Pd/Mg-3 mol% Nb 2 O 5 film could
ffectively accelerate the switching response and improve
uch optical properties as transmittance at the transpar-
nt state and dynamic range. The microstructural analysis
 Fig. 30 ) reveals that the Nb 2 O 5 and an appropriate amount of
ernary Mg–Nb–O phase in the Mg-based layer are supposed
o facilitate rapid and sufficient hydrogen absorption and
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Fig. 29. The schematic representation of the entrapment of the aggressive chloride ions and the triggered release of anionic corrosion inhibitors from LDHs 
[269] . 

Fig. 30. The cross section of FC/Pd/Mg-3 mol% Nb 2 O 5 film in the initial state [270] . 

 

 

 

6
 

f
a  
desorption. The excellent optical modulation performance
and enhanced hydrophobicity of the FC/Pd/MgeNb 2 O 5 films
signify an application prospect for gasochromic switchable
mirror. 
.2.4. Superhydrophobic coating 

Superhydrophobic surfaces are generally defined as the sur-
aces on which water contact angles ( θ ) are greater than 150 °
nd the sliding angles are smaller than 5 °. It could exhibit
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elf-cleaning, anti-icing, anti-bacterial, anti-reflection, fluidic 
rag reduction, anti-corrosion, and anti-fogging behavior of
urfaces if the superhydrophobic properties are created in the
extiles, glasses, polymers, and metals [3] . 

Zheng et al. [14] used a one-step electro-deposition
ethod to fabricate a superhydrophobic coating on the

urface of magnesium alloy. Using magnesium nitrate and
thanol solution of stearic acid as electrolyte, four groups
f electrolytes with different ratios of stearic acid and mag-
esium nitrate were designed and the contact angles were
36.4 ±5.8 ° to 156.2 ±4.9 ° Khalifeh et al. have developed
 super-hydrophobic coating on an anodized high purified
agnesium for improving corrosion resistance [271] . The

ormation of the SA layer on the HP-Mg substrate provided
uper-hydrophobicity (165 ° and 164 ° for the anodized coated
ith DC and AC specimens, respectively). 

.3. Surface treatment of bio-magnesium alloys 

Surface coating and surface modification with
iomolecules are useful methods to improve the corro-
ion resistance of magnesium alloys. 

.3.1. Bioactive coatings for bone implantation 

The traditional Mg–Zn–Y–Nd alloy has also been modified
ith MAO/PLLA/paclitaxel coating to design a drug-eluting

tent (MPPS) aiming at the treatment of intestinal stricture
272] . Chen et al. [273] fabricated a citric acid/polydopamine
CA/PDA) composite coating on the Mg–Zn–Y–Nd alloy via
ayer by layer (LBL) assembly, which not only increased the
rowth of endothelial cells, but also inhibited the growth of
mooth muscle cells and macrophages. 

Li et al. [274] utilizes glucose as “catalyst” for boosting
he formation of Ca–P barrier coating on Mg alloys to address
heir corrosion challenges. Liu et al. [275] obtained a refined
nd compact DNA-induced Ca–P coating on the surface of
Z31 alloy. The presence of DNA is beneficial to promote
oth corrosion resistance and bonding strength of the Ca-P
oating. A novel SnO 2 -doped Ca–P coating has been fabri-
ated on biomedical Mg–Li–Ca alloys [276] . The corrosion
esistance of the Ca–P–Sn coating is increased by one-fold
r higher in comparison with that of the substrate. The CFUs
f E. coli implies that the Ca–P–Sn coating shows good an-
ibacterial performance. 

A zinc-loaded montmorillonite (Zn-MMT) coating has
een hydrothermally prepared using Zn 

2 + ion intercalated
odium montmorillonite (Na-MMT) upon magnesium alloy
Z31 as bone repairing materials [277] . The preparation
rocedure of Zn-MMT and Na-MMT coating and coating
roperties are shown in Fig. 31 . Both Na-MMT and Zn-
MT coatings exhibited a better corrosion resistance than

he bare Mg alloy AZ31 counterparts. In-vitro MTT tests
nd live-dead stain of osteoblast cells indicated a significant
mprovement in cytocompatibility of both Na-MMT and
n-MMT coatings. The measured inhibitory zone and bacte-

ial growth rate confirmed that Zn-MMT coatings exhibited
igher suppression toward both E. coli and S. aureus than
hat of Na-MMT coatings. 

.3.2. Self-healing bioactive coatings 
Zheng et al. [278] fabricated a self-healing coating, that

s, bioactive Ca, Sr/P-containing silk firoin films, on Mg–1Ca
lloy. It is observed that the Ca, Sr/P silk group showed excel-
ent corrosion resistance, which is presumably due to the bet-
er retaining of the β-sheet silk conformation and ion-induced
tructural conversion to water-stable structure. Furthermore, 
heng et al. developed two kinds of self-healing coating sys-

ems (denoted as “silk-X”, X = phytic acid, K 3 PO 4 ) [279 , 280] .
oth the phytic acid (PA) and K 3 PO 4 could act as the cor-

osion inhibitor, helping to regulate the secondary structure
f silk fibroin. In the alkaline environment, the structure of
ilk fibroin could be transformed, leading to the rapid release
f corrosion inhibitor and thus improving the corrosion resis-
ance. Such self-healing coatings would not reduce the bio-
ompatibility of alloys. Rather, it is proved that the “silk-X”
ystems had a positive effect on the proliferation, adherence,
preading and differentiation of MC3T3-E1 cells. 

.3.3. Antibacterial coating 

Several coatings were designed to improve the antibacte-
ial properties of magnesium alloys. Zhao et al. [281] devel-
ped a novel antibacterial AgNPs-containing multilayer film
n the surface of Mg alloy through LbL assembly and silox-
ne self-condensation reaction. The composite coating pos-
essed a self-healing ability against physical damages, result-
ng from the water swelling behavior of polysiloxane. A.D.
orero López also introduced silver in the coating to improve
oth the corrosion protection and antibacterial activity [282] .
he as-fabricated composite coating exhibits better corrosion
rotection properties because Ag particles seal porosity of
he film and increase its conductivity. The Ag-modified bi-
ayer exhibits also good antibacterial activity against E. coli.
 MAO coating incorporated with phytic acid (PA) and tan-
ic acid (TA) on an AZ31 Mg alloy shows good antibacterial
roperties [283] , which can be ascribed to the ability of TA
o interact with the bacterial cell wall and chelate metal ions
o reduce the activity of metalloenzymes. 

.3.4. Other coatings 
As depicted in Fig. 32 (a)–(d), biomolecues adsorb on the

g (0001) surface through the coordinate covalent bonds and
at adsorption configurations of biomolecules with more func-

ional groups binding to surfaces were energetically stable
284 , 285] . The electronic structure of Mg alloy surfaces was
hanged by the addition of alloying elements (Zn, Y or Nd)
ue to different electronegativity as shown in Fig. 32 (e) and
f), affecting the bonding ability between biomolecules and

g alloy surfaces instead of the bonding nature. 
Ji et al. [286] prepared a hydroxyapatite coating induced

y ciprofloxacin-loaded and gentamicin-loaded polymeric 
ultilayers on magnesium alloys, respectively. Both coat-

ngs exhibited favorable corrosion resistance, controlled 



34 J. Song, J. She and D. Chen et al. / Journal of Magnesium and Alloys 8 (2020) 1–41 

Fig. 31. Schematic illustration of preparation of Zn-MMT and Na-MMT coating and coating properties [277] . 

Fig. 32. Simulated charge density difference with the value of the isosurface 
of 0.02 e/ ̊A 

3 and 0.005 e/ ̊A 

3 .Mg 1 and Mg 2 represent Mg atoms in the first 
and second layer. 
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antibiotic release, excellent antibacterial activity and suitable
cytocompatibility. 

7. International standards on magnesium and 

magnesium alloys 

Standards on magnesium and magnesium alloys have at-
tracted more attention recently due to the rapid growth
of magnesium market. Since he was elected as Chair-
man of ISO/TC 79/SC 5 (subcommittee on magnesium and
magnesium alloys), Prof. Fusheng Pan chaired the plenary
eetings of ISO/TC 79/SC 5 in Lisbon, Portugal in 2018
nd in Chicago, United States in 2019, respectively. Important
rogress has been made on the development of ISO standards
n magnesium and magnesium alloys. 

As can be seen from Table 13 , four ISO standards out
f 26 were published in 2018–2019, which is quite active in
he aspect of standard preparation. Dr. Zisheng Zhen from

agontec Xi’an Co., Ltd, Prof. Uemoto from Meisei Uni-
ersity (Japan), Prof. Bin Jiang from Chongqing University,
rof. Ping Zeng from Guizhou Institute of Technology act
s the project leader of ISO 26202:2019, ISO 20260:2019,
SO 3116:2019, and ISO 20258:2018, respectively. Twenty
20) wrought magnesium and magnesium alloys newly de-
eloped in China were collected in ISO 3116:2019, which
ere innovatively designated as MG9999, MAQ80, MAL32,
AT11, MAT61, MAJ31, MAZ31c, MVWZ641, MVWE751,
VW83, MVWZ842, MVK41, MLAZ433, MLAZ1033,
WEK711, MWEK911, MZAC811, MZC20, MZME210,
ZM51. Fourteen (14) newly developed alloys from Japan

nd two from United Kingdom were also collected in ISO
116:2019, which were MAX51, MAX61, MAX62, MAM60,
AZ91, MAXZ311, MAXZ611, MXAZ621, MAXZ811,
AXZ911, MAXZ921, MLZ91, MWZ73, MWZ75, and
WE43c, MVW76, respectively. 
In addition, three standards are under development which

re all proposed by China, as listed in Table 14 . ISO/CD
287 was proposed to revise ISO 8287:2011 (Ed. 4) due
o the recent development of primary magnesium industry
y Qinghai Salt Lake Co. Ltd. Prof. Xianhua Chen and Mr.
inyu Gao served as projected leaders of ISO/WD 23700 and

SO/WD 23694, which were proposed to develop standards
n the rolled plates and sheets and extruded rods, bars and
ubes, respectively. 
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Table 13 
Current published ISO standards on magnesium and magnesium alloys. 

No. Standard No. Name Valid since 

1 ISO 26202:2019 
(Ed. 2) 

Magnesium and magnesium alloys – Magnesium alloys for cast anodes 2019–10 

2 ISO 20260:2019 Magnesium and magnesium alloys — Determination of mercury 2019–7 
3 ISO 3116:2019 

(Ed. 5) 
Magnesium and magnesium alloys – Wrought magnesium and magnesium alloys 2019–5 

4 ISO 20258:2018 Magnesium lithium alloys – Determination of lithium – Inductively coupled plasma optical emission 
spectrometric method 

2018–8–10 

5 ISO 16220:2017 
(Ed. 3) 

Magnesium and magnesium alloys – Magnesium alloy ingots and castings 2017–8–1 

6 ISO 16374:2016 
(Ed. 1) 

Evaluation method for cleanliness of magnesium and magnesium alloy ingots 2006–1–1 

7 ISO 8287:2011 
(Ed. 3) 

Magnesium and magnesium alloys – Unalloyed magnesium – Chemical composition 2011–11–23 

8 ISO 11707:2011 
(Ed. 1) 

Magnesium and its alloys – Determination of lead and cadmium 2011–8–2 

9 ISO 23079:2005 
(Ed. 1) 

Magnesium and magnesium alloys – Returns – Requirements, classification and acceptance 2005–3–2 

10 ISO 791:1973 
(Ed. 1) 

Magnesium alloys – Determination of aluminum – 8-hydroxyquinoline gravimetric method 1973–1–1 

11 ISO 809:1973 
(Ed. 1) 

Magnesium and magnesium alloys – Determination of manganese – Periodate photometric method 
(Manganese content between 0,01 and 0,8%) 

1973–1–1 

12 ISO 810:1973 
(Ed. 1) 

Magnesium and magnesium alloys – Determination of manganese – Periodate photometric method 
(Manganese content less than 0,01%) 

1973–1–1 

13 ISO 1178:1976 
(Ed. 2) 

Magnesium alloys – Determination of soluble zirconium – Alizarin sulphonate photometric method 1976–1–1 

14 ISO 4194:1981 
(Ed. 1) 

Magnesium alloys – Determination of zinc content – Flame atomic absorption spectrometric method 1981–1–1 

15 ISO 7242:1981 
(Ed. 1) 

Chemical analysis of light metals and their alloys – Statistical interpretation of inter-laboratory trials 1981–1–1 

16 ISO 3255:1974 
(Ed. 1) 

Magnesium and magnesium alloys – Determination of aluminum – Chromazurol S photometric 
method 

1974–1–1 

17 ISO 2353:1972 
(Ed. 1) 

Magnesium and its alloys – Determination of manganese in magnesium alloys containing zirconium, 
rare earths, thorium and silver – Periodate photometric method 

1972–1–1 

18 ISO 2354:1976 
(Ed. 2) 

Magnesium alloys – Determination of insoluble zirconium – Alizarin sulphonate photometric method 1976–1–1 

19 ISO 792:1973 
(Ed. 1) 

Magnesium and magnesium alloys – Determination of iron – Orthophenanthroline photometric 
method 

1973–1–1 

20 ISO 794:1976 
(Ed. 1) 

Magnesium and magnesium alloys – Determination of copper content – Oxalyldihydrazide 
photometric method 

1976–1–1 

21 ISO 5196-2:1980 
(Ed. 1) 

Magnesium alloys – Determination of thorium – Part 2: Titrimetric method 1980–1–1 

22 ISO 1975:1973 
(Ed. 1) 

Magnesium and magnesium alloys – Determination of silicon – Spectrophotometric method with the 
reduced silicomolybdic complex 

1973–1–1 

23 ISO 5196-1:1980 
(Ed. 1) 

Magnesium alloys – Determination of thorium – Part 1: Gravimetric method 1980–1–1 

24 ISO 1783:1973 
(Ed. 1) 

Magnesium alloys – Determination of zinc – Volumetric method 1973–1–1 

25 ISO 2355:1972 
(Ed. 1) 

Chemical analysis of magnesium and its alloys – Determination of rare earths – Gravimetric method 1972–1–1 

26 ISO 4058:1977 
(Ed. 1) 

Magnesium and its alloys-Determination of nickel-Photometric method using dimethylglyoxime 1977–9–15 

Table 14 
Current ISO standards under development on magnesium and magnesium alloys. 

No. Standard No. Name Project starts at 

1 ISO/CD 8287 Magnesium and magnesium alloys — Unalloyed magnesium — Chemical composition 2017–11–24 
2 ISO/WD 23700 Wrought Magnesium and Magnesium alloys – Rolled Plates and Sheets 2018–12–02 
3 ISO/WD 23694 Wrought Magnesium and Magnesium alloys – Extruded Rods, Bars and Tubes 2018–12–02 

Note: CD-Committee draft, WD-Working draft. 
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However, there are still some issues in the development
of ISO standards on magnesium and magnesium alloys. For
instance, ISO standards are still not enough, and many stan-
dards are obsolete. The system of standards is lack of strategic
design. The quality of some of ISO standards are not satisfied
and are less powerful than ASTM standards. Besides, experts
in the magnesium field are not actively participated in the
development of ISO standards. 

To solve the afore-mentioned problems, Chairman of
ISO/TC 79/SC 5 proposed the following suggestions to fur-
ther improve the impact of ISO standards. 

(1) Present more on the standardization of Mg in the na-
tional and international Mg conferences. 

(2) Provide more trainings on the preparation of Mg ISO
standards. 

(3) Establish an online real-time exchange platform for
standard experts where they can express their thoughts
faster and more easily. 

(4) Intensify face-to-face communication and thorough dis-
cussion during the standards preparation. 

(5) Publish a collection of national standards in English. 

8. Summary and outlook 

More and more scientists and researchers joined in the re-
search and development of magnesium and its alloys in the
world due to the increasing importance of magnesium and
its alloys. A large number of new magnesium alloys have
been developed. Among them, MG9999, MAQ80, MAL32,
MAT11, MAT61, MAJ31, MAZ31c, MVWZ641, MVWE751,
MVW83, MVWZ842, MVK41, MLAZ433, MLAZ1033,
MWEK711, MWEK911, MZAC811, MZC20, MZME210,
MZM51 from China, MWE43c, MVW76 from the United
Kingdom, and MAX51, MAX61, MAX62, MAM60, MAZ91,
MAXZ311, MAXZ611, MXAZ621, MAXZ811, MAXZ911,
MAXZ921, MLZ91, MWZ73, MWZ75 from Japan were
newly collected in the recently published ISO 3116:2019 (5th
edition). 

With further research on the precipitation strengthening
and fine grain strengthening, the strength (especially the yield
strength) of magnesium alloys is greatly improved in 2018–
2019. For some high strength magnesium alloys, the ultimate
tensile strength has exceeded 560 MPa, and the yield strength
has surpassed 540 MPa. The development of rare earth free
and low rare earth high strength magnesium alloys is more
prominent, such as Mg–5Al–3Ca–0.3Mn alloy exhibits a yield
strength of 420 MPa, an ultimate tensile strength of 451 MPa
and an elongation to failure of 4.1%. 

The proposed theory of solid solution strengthening and
ductilizing (SSSD) provided an important theoretical basis
for the development of high plasticity magnesium alloys,
and provided a new solution to the balance between strength
and plasticity of magnesium alloys. The development of high
plasticity magnesium alloys has made an important break-
through in 2018–2019 with comprehensive applications of
he SSSD, grain refinement and controlling of long-period
tacking ordered structure. A batch of high plasticity mag-
esium alloys exhibited great potential in industrial appli-
ations, such as low cost Mg–1Mn–0.5Al alloy showed an
ltimate tensile strength of 263 MPa and a high elongation
f 33.4%. 

The preparation and processing technologies of magnesium
lloys have been further improved in 2018–2019. Among
hem, both the theory and technology of asymmetric pro-
essing technology have made a new breakthrough. Some of
ew preparation and processing technologies show important
rospects, such as melt self-purification, magnetic assisted so-
idification, low temperature extrusion, on-line twist extrusion,
ard pate rolling, composite extrusion, etc. 

Magnesium matrix composites are expected to provide a
ew pathway for improving the strength and elastic modu-
us of magnesium alloys. In 2018–2019, the published results
ave shown that SiC-reinforced AZ91 alloy exhibited a high
trength of ∼441 MPa and a high elastic modulus of ∼60 GPa.

Functional magnesium materials have demonstrated great
otential and will become a hotspot in the breakthrough and
pplication of magnesium and magnesium alloys. Among
hem, hydrogen storage Mg materials, battery Mg materials,
io-Mg materials, etc., have made rapid progresses, which
ave already exhibited advantages in competition with the
raditional materials. Hence, functional magnesium materials
re anticipated to become an important growth point in the
eld of new magnesium materials. 

Compared with traditional materials such as steel and Al,
he comprehensive properties of magnesium alloys need to be
urther improved. For example, the ultimate tensile strength
nd plasticity of ultra-high strength cast magnesium alloys
ust be increased to more than 400 MPa, 7–10%, respectively.
he ultimate tensile strength and the plasticity of ultra-high
trength wrought magnesium alloys must be increased to more
han 600 MPa and 7–10%, respectively. The elastic modulus
f high elastic modulus magnesium alloys must be enhanced
o the level close to that of aluminum alloys. The corrosion
esistance of high corrosion resistant magnesium alloys must
e improved to meet the application requirements in most
ccasions. 

The fundamental research on magnesium and magnesium
lloys needs to be further strengthened. For instance, accurate
hase diagrams of magnesium alloys are awfully insufficient;
undamental data such as diffusion coefficient, thermal con-
uctivity, activity coefficient, etc., of magnesium alloys are
lso scarce; the basic research on a variety of precipitates
nd their precipitation mechanisms including various phase
elationships is limited; and the development of welding and
oining technology in magnesium alloy parts especially more
hallenging dissimilar welding of magnesium alloys to other
aterials such as steels and aluminum alloys is also inade-

uate. It is hoped that most of these pressing issues can be
olved in the next five years or so, so as to promote vig-
rously the widespread industrial applications of lightweight
agnesium alloys. 
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