Acta Metallurgica Sinica (English Letters) (2019) 32:269-285
https://doi.org/10.1007/5s40195-018-0862-x

@ CrossMark

Microstructure and Mechanical Properties of Mg—RE-TM Cast Alloys
Containing Long Period Stacking Ordered Phases: A Review

Huan Liu' - He Huang' - Jia-Peng Sun' . Ce Wang' - Jing Bai? - Ai-Bin Ma' - Xian-Hua Chen3

Received: 30 September 2018 / Revised: 15 November 2018 / Published online: 6 December 2018
© The Chinese Society for Metals (CSM) and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Casting magnesium alloys hold the greatest share of magnesium application products due to their short processing period,
low cost and near net shape forming. Compared with conventional commercial magnesium alloys or other Mg—RE-based
alloys, the novel Mg—RE-TM cast alloys with long period stacking ordered (LPSO) phases usually possess a higher strength
and are promising candidates for aluminum alloy applications. Up to now, two ways: alloying design and casting process
control (including subsequent heat treatments), have been predominantly employed to further improve the mechanical proper-
ties of these alloys. Alloying with other elements or ceramic particles could alter the solidification pattern of alloys, change
the morphology of LPSO phases and refine the microstructures. Different casting techniques (conventional casting, rapidly
solidification, directional solidification, etc.) introduce various microstructure characteristics, such as dendritic structure,
nanocrystalline, metastable phase, anisotropy. Further heat treatments could activate the transformation of various LPSO
structures and precipitation of diverse precipitates. All these evolutions exert great impacts on the mechanical properties of
the LPSO-containing alloys. However, the underlying mechanisms still remain a subject of debate. Therefore, this review
mainly provides the state of the art of the casting magnesium alloys research and the accompanying challenges and sum-
marizes some topics that merit future investigation for developing high-performance Mg—RE-TM cast alloys.

Keywords Magnesium alloys - Long period stacking ordered phase - Casting - Heat treatment - Phase transformations -
Mechanical properties

1 Introduction and transportation [1]. Among various Mg—RE alloy series,

Mg-RE-TM (transition metal) alloys containing long

Owing to the obvious beneficial effects of rare-earth (RE)
elements on Mg alloys, Mg—RE alloy system usually dis-
plays higher strength, better ductility and superior heat
resistance than those RE-free magnesium alloys, thereby
holding great promise for applications in aerospace, military
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period stacking ordered (LPSO) phases have received much
attention in the last decade because of their extraordinary
mechanical properties [2]. LPSO structure was first iden-
tified in a Mg—Y-Zn-Zr alloy by Luo et al. [3, 4] in the
last century. Afterward, Kawamura et al. [5] developed an
LPSO-containing Mgy, Y,Zn, (at.%) alloy using rapidly
solidified powder metallurgy (RS/PM) method, which exhib-
ited an ultra-high tensile yield strength of 610 MPa and a
moderate elongation of 5%. This important discovery pro-
vided a brand new insight for strengthening and toughening
of novel magnesium alloys. Since then, great efforts have
been made to develop high-performance LPSO-containing
Mg alloys, and these investigations were mainly concen-
trated on two aspects: the alloying design and the processing
control [6—-66].

LPSO phase has been observed in abundant Mg—RE-TM
alloys, where RE elements could be Y, Gd, Tb, Dy, Ho,
Er, Tm [6], and TM elements mainly include Zn, Cu, Ni,
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Co and Al [7-14]. For different alloy systems, the struc-
ture of generated LPSO is diverse. For example, 18R and
14H LPSO structures are the most commonly observed and
could form in almost all Mg—RE-TM alloys [15]. 10H and
24R LPSO structures were only reported in Mg—Y—Zn series
[16-18]. Three novel LPSO phases with 15R, 12H and 21R
structures were discovered in an Mg—Co-Y alloy [13]. More
recently, Li et al. [19] observed an 12R LPSO structure in
MggoNisY 5 alloy. Based on the high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) analysis, all LPSO structures consist of two or three
ABCA-type building blocks with 1-4 a-Mg layers inserted
between, and the combination mode of the building blocks
and the number of a-Mg layers determine the types of LPSO
phases [20]. Moreover, the contributions of various LPSO
phases to the mechanical properties of magnesium alloys are
also varied [21]. In general, 18R and 14H LPSO phases play
a more important role in strengthening magnesium alloys
than other types of LPSO phases, as 18R and 14H phases
are more stable and they could be precipitated principally in
the alloy, while the rest are rarely observed in large quanti-
ties [18].

Mg—-Y-Zn and Mg-Gd-Zn alloys garnered the most
extensive attention due to their relative lower cost and supe-
rior properties [22-28]. With the change of Y/Zn mole ratio
in Mg-Y-Zn alloys, three ternary phases could be formed
in sequence, namely, LPSO phase (Mg;,YZn), W-phase
(Mg;Y,Zn;) and I-phase (Mg;YZng) [22-26]. In general,
LPSO phase exhibits the most strengthening effect and the
a-Mg/LPSO double-phase alloys are obtained when the
Y/Zn mole ratio is near 2 [23, 25]. As for the Mg—-Gd—Zn
alloys, Mg;Gd and MgsGd phases usually form apart from
the LPSO phase [27, 28]. Moreover, to obtain a superior
mechanical property, some quarternary or multicomponent
alloys have also been developed, such as Mg-Gd-Y-Zn
[29-31], Mg-Gd-Er-Zn [32, 33], Mg-Gd-Dy-Zn [34],
and so on [35, 36].

Although alloying design is important for these LPSO-
containing alloys, the processing techniques determine the
mechanical properties of Mg—RE—Zn alloys by tailoring the
types, distributions and morphologies of LPSO structures
[37-66]. It has been widely accepted that plastic processing
could significantly improve the strength of LPSO-contain-
ing alloys [37, 38]. However, most of the magnesium alloy
products nowadays are casting alloys due to their short pro-
cessing period, low cost and near net shape forming [67].
Therefore, the LPSO-containing cast alloys hold greater
application potential than their wrought counterparts. As a
result of the synergistic strengthening effects of solid solu-
tion strengthening, fine-grained strengthening, second-phase
strengthening and precipitation strengthening, Mg—RE—-Zn
alloys with LPSO phase exhibit superior mechanical prop-
erties at room and elevated temperatures than commercial
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casting magnesium alloys. So far, various processing tech-
niques, such as rapidly solidification [5, 39-45], directional
solidification [46-53], solid solution treatment [54-57],
aging [21, 32, 33, 58-60], and so on [61-66], have already
been performed on LPSO-containing cast alloys to tailor
their microstructures and properties. To further provide a
guidance on the development of high-performance LPSO-
containing Mg—RE—Zn cast alloys with low cost and broad
applications, it is imperative to understand the relationships
of microstructural evolutions, processing methods and
mechanical behaviors. In this review, therefore, we mainly
focus on the effect of different casting technologies and heat
treatments on the types, morphologies and distributions of
LPSO phases, as well as their influences on the mechanical
properties of the alloys.

2 Conventional Casting
2.1 LPSO Morphologies in Cast Alloys

Mg—-RE-Zn cast alloys were mostly prepared via induc-
tion melting or resistance heating methods, and gravity
casting in metal (steel or copper) molds [8, 23, 68]. Based
on the microstructure of cast alloys, the LPSO-contain-
ing Mg—RE-Zn alloys could be classified into two types.
Type-I includes Mg-Y-Zn, Mg-Dy-Zn, Mg-Ho-Zn,
Mg-Er-Zn and Mg-Tm—Zn alloy series, where 18R LPSO
phase forms during solidification [6, 15]. Type-II mainly
contains Mg—-Gd-Zn and Mg—-Tb—Zn alloys, where LPSO
phase is initially absent in the cast microstructure but forms
and propagates within a-Mg grains during subsequent heat
treatments [6].

The morphology and distribution of LPSO phase in
cast Mg—-Y—Zn alloys are dependent on the Y/Zn atomic
ratio and total amount of Y and Zn elements [23, 24, 69].
Mg—Y—Zn alloys with a Y/Zn atomic ratio of around 2 were
favored in most researches, as LPSO phase serves as the only
second phase in the microstructure [70-72]. Moreover, the
volume fraction and morphology of LPSO phase change dra-
matically with the variation in the Y and Zn contents. Fig-
ure 1 shows the SEM images of Mg—Y—Zn cast alloys with
a constant Y/Zn atomic ratio of around 2 and with different
contents of solute elements [70, 72]. As the solute atoms
increase, the volume fraction of 18R LPSO phase increases
from 3.6 to 54% gradually. In the case of low concentra-
tions of Y and Zn elements, the LPSO particles display an
isolated island shape (Fig. la). Then, a semi-continuous
network (Fig. 1b) and a three-dimensional continuous net-
work (Fig. 1c, d) form at grain boundaries with the increase
in solute atoms. In addition, Fig. 1 shows that 18R LPSO
blocks present the same crystallographic orientation in each
individual grain and diverse orientations across different
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Fig. 1 Microstructure of a Mggg 5, Y 4520 34, b Mgg7 7Y sZng g, € Mgos sY, 3Zn, 5, d Mgy, Y ,Zn, alloys: a—c¢ backscattered electron images [70];

d secondary electron image [72]

grains, resulting from the special orientation relationships
between LPSO phase and a-Mg grains [18, 20]. Apart from
Mg-Y—Zn alloys, Mg-Dy—Zn and Mg-Er—Zn alloys gar-
nered the most attention from an economic standpoint. The
relevant research results showed that the morphology and
evolution of LPSO phase in these alloys were identical to
those in Mg—Y—Zn alloys [6, 55, 60].

For the Mg—Gd—Zn alloy system, the situation becomes
more complicated. It used to be classified into type-II as
no LPSO phase was observed in its cast microstructure [6].
However, in 2009, Wu et al. [73] first reported that fine
lamellae with 14H LPSO structure were observed within
a-Mg grains of as-cast Mgy 5,Gd,Zn, Zr |5 alloy and there-
fore suggested that Mg—Gd—Zn alloy should be included in
type-1. The 14H LPSO phase exhibits thin lamellar shape,
extending from grain boundaries into grain interior. Simi-
lar to 18R phase, the 14H lamellae are parallel with each
other within one grain and exhibit diverse directions for
different grains, owing to the specific orientation relation-
ships between LPSO phase and a-Mg matrix [73, 74].
More recently, Wu et al. [75] also found the existence of
18R lamellae at grain boundaries of as-cast MgysGd;Zn,
alloy, with the coexistence of 14H fine lamellae within a-Mg
matrix. This was the first report that 18R and 14H appeared
simultaneously in the as-cast Mg—Gd—Zn alloy. It is known
that the difference between 18R and 14H LPSO and other
LPSO structures is the arrangement of ABCA building units.

Zhu et al. [18] observed the existence of 18R, 14H and 24R
LPSO fragments by HAADF-TEM in the same Mg—Y—Zn
sample and speculated that solidification conditions could
disturb the formation process of LPSO phase and result in
diverse LPSO structures. Although this has only been dem-
onstrated in the Mg—Y—Zn alloys for now, the same is highly
like true for the Mg—Gd—Zn alloys.

2.2 Relationship Between Microstructure
and Cooling Rate

The formation of LPSO phase involves the generation of
orderly arranged stacking faults and diffusion of RE and
Zn atoms into the SFs [18, 40]. Two factors could affect the
formation process of LPSO phase: alloy compositions and
solidification conditions. Apart from various solidification
techniques, cooling rate plays a crucial role in determining
the morphology of LPSO phase in cast Mg—RE-TM alloys.

Generally, cooling rate influences the formation process
of LPSO phase mainly by affecting the diffusion rate of sol-
ute atoms. The slower the cooling rate, the more sufficient
time for diffusion of RE and Zn atoms, and therefore the
larger of LPSO phase. Yamasaki et al. [76] prepared four
Mgy;Y,Zn, alloys via high-frequency induction melting and
gravity casting in steel mold by controlling the cooling rates
at 0.06 °C/s, 0.18 °C/s, 5.7 °C/s and 9.6 °C/s, respectively.
They found that the average grain size of Mgy;Y,Zn, alloy
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decreased from 0.91 to 0.41 mm with increasing cooling
rate, and the secondary dendrite arm spacing (SDAS) also
declined following an empirical relationship (Eq. 1) between
SDAS and cooling rate:

d=A-R7, (1)

where d is SDAS; R, is cooling rate; A and B are constants
for a given alloy system; and they are 37.1 and -0.33,
respectively, for Mgy,Y,Zn, alloy. Increasing cooling rate
resulted in the refinement of the dendritic a-Mg grains, thus
improving the dispersion of the LPSO phase in the cast state.
However, it is interesting to notice that the volume frac-
tions of the 18R LPSO phase in four Mgy;Y,Zn, alloys were
all about 24% regardless of the cooling rate. This might be
ascribed to the specific alloy composition which intrinsically
determines the microstructure constitutes of a-Mg and 18R
LPSO phase.

However, for a more complex alloy system, the dis-
tribution and morphology of LPSO phase with vari-
ous cooling rates could become a little more sophisti-
cated. Zhang et al. [77] studied the microstructure of a
Mg-10Gd-3Y-1.8Zn-0.5Zr alloy at various cooling rates
from 10* to 0.005 °C/s. They found that no LPSO phase
formed at a high cooling rate of 10* °C/s. With the decrease
in cooling rate from 5 to 0.1 °C/s, two types of 14H LPSO
phases were generated gradually: 14H LPSO blocks at grain
boundaries and fine 14H lamellae spreading from bounda-
ries to grain interior. For the alloys solidified at the slowest
cooling rate of 0.005 °C/s, lamellar 14H-LPSO structure
penetrated throughout the whole matrix grain. Therefore, it
can be concluded that the lamellar 14H LPSO phase might
be the equilibrium phase for these alloys, and the low cool-
ing rate provides sufficient time for the nucleation and flour-
ishing growth of 14H lamellae.

2.3 Effect of Alloying Element on Microstructure

Apart from the LPSO-forming elements, such as RE, Cu and
Ni, other elements were also added into Mg—RE-Zn alloys
in order to tailor their microstructure and mechanical prop-
erties. By far, the reported alloying elements in Mg—RE-Zn
alloys include Zr [78, 79], Sr [80], Ca [81, 82], B [68], Ti
[83], Sn [84] and Mn [85] elements. More recently, the
B,C and TiB, particles were even introduced in the LPSO-
containing alloys [86, 87]. Among these elements, Zr is the
most commonly added element, especially for Mg—Y—Zn,
Mg-Gd-Zn and Mg—-Gd-Y-Zn alloy systems. It was found
that 0.2 at.% Zr addition in MgysGd;Zn, alloy could not
only refine the grain size by providing nucleation sites for
o-Mg phase, but also cause the transformation of the eutec-
tic structure from dendrite shape to homogeneous spherical
shape [78]. Moreover, the content of Zr also affected the
refining effect. Zhang et al. [79] reported that the refining
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effect of Mgy, ,Zn, sDy, sZr, was obvious when the Zr con-
tent was lower than 0.17 at.%, but attenuated with further
increasing the Zr content to 0.35 at.%. Similar to the Zr ele-
ment, the addition of Sr, Ca, Mn, B and Ti elements also
yielded significant refining effects on the Mg—RE—~Zn alloys,
and their additions have critical values. For example, the
addition of 0.34 at.% Ca delivered the most effective refining
effect on the Mgy, ,7Zn, sY, sMn,Ca, alloy when compared
with other additive amounts from 0 to 0.67 at.% [81].

Moreover, the introduction of various alloying elements
could influence the morphology of LPSO phases. For
instance, adding 0.04 at.% Sr promoted the precipitation
of LPSO phase during solidification [80]. Compared with
Mgy,Zn, Y, alloy, the LPSO phase was thinner in the Sr-con-
taining alloy, and its volume fraction was much higher. The
incorporation of Ca element also stimulated the formation of
LPSO phase and delayed the generation of Mg;Y,Zn; phase
[81]. Therefore, even in the Mg—Zn—Y—Mn alloy with a low
Y/Zn atomic ratio, the volume fraction of LPSO phase was
greatly increased by adding moderate calcium. Similar phe-
nomenon was also confirmed by B addition [68]. Importing
a small amount of B to the as-cast Mgy,Zn, 5Y, sMn, alloy
could significantly increase the volume fraction of LPSO
phase from 5.8% at 0 wt% B to 21.9% at 0.003 wt% B. Zhang
et al. [68, 81] contributed the increase in LPSO phase to
the lowered stacking faults energy (SFE) by adding various
alloying elements that have large differences with Mg in
atomic radius. As for the Zr element, however, its increase
could suppress the formation of LPSO phases in the as-cast
Mgy, ,Zn, sDy, sZr, alloy, and MggZnDy eutectic phases,
rather than LPSO phase, were observed with 0.35 at.% addi-
tion in this alloy [79].

To further decrease the cost of Mg—RE—Zn alloys, misch
metal was also selected to substitute the expensive RE ele-
ments. Zhang et al. [88] found that the grain size decreased
gradually with increasing Yttrium-rich misch metal (Ymm),
and the morphology of second phase changed from semi-
continuous network to continuous network. Unlike the
Mg-Y—Zn alloys, the as-cast Mg—Ymm—Zn alloys possessed
both 18R and 14H LPSO phases by water-cooled mold cast-
ing, suggesting that the solidification behavior of the alloy
was changed by the substitution of Ymm.

3 Heat Treatments of Solidified Alloys

Various heat treatments have been conducted on the LPSO-
containing Mg—RE-Zn alloys in order to tune their micro-
structures and improve their mechanical properties. Based
on the different objectives, the heat treatments could be sim-
ply divided into two types. The first type is high-temperature
annealing or solution treatment, which could tailor the types,
volume fractions and distributions of various LPSO phases
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(18R and 14H mainly) by changing the annealing parameters
[54-57]. The second type is aging [21, 32, 33, 58-60]. As
the solubility limits of RE elements in magnesium usually
exhibit a sharp decrease with decreasing temperature, age
hardening by precipitates is a prominent feature for Mg—RE-
based alloys.

3.1 Annealing or Solution Treatment
3.1.1 Microstructure Evolution

For both type-I and type-II Mg—RE—Zn alloys, a new kind
of 14H LPSO phase is formed when annealed at higher
temperatures above 350 °C [8, 89, 90]. Usually, this 14H
phase exhibits a lamellar or needle-like shape, spreading
from grain boundaries to grain interior with the same direc-
tion in a grain. Moreover, as for the type-I alloys, such as
the Mg—Y-Zn alloy, the network-shaped 18R LPSO phase
that formed in the cast stage will be gradually vanished (or
transformed to 14H) during annealing [91]. A wide range of
factors, such as the annealing temperature and time, cooling
mode and cooling rate after heat treatment, alloy composi-
tion and phase constitution, and the initial alloy state before
annealing, could influence the transformation and therefore
affect the sizes, volume fractions, morphologies, and distri-
butions of 18R and 14H LPSO phases [§9-95].

Annealing temperature and time It is commonly accepted
that the critical temperature for activating the transformation
of LPSO phases is 350 °C [89, 90]. The morphology and
structure of LPSO phases usually remain the same when the
Mg—-RE—Zn cast alloys are heat treated at temperatures lower
than 350 °C. However, profuse stacking faults with con-
centrated solute atoms in the two faulted atomic layers are
generated in the Mgy,Gd,Zn, alloy when the heat treatment
temperature is around 300 °C, which might be the precursor
of 14H LPSO phase and could grow into 14H with elevated
annealing temperatures [90]. Since the transformation of
LPSO phase is a thermal activation process, increasing the
temperature and holding time could actuate and accelerate
this transformation. Most researches have already demon-
strated that higher annealing temperatures greatly increased
the growing rate of 14H phase, while the prolonged anneal-
ing time increased the dimensions and volume fractions of
14H lamellae [92-94].

Cooling mode and cooling rate After homogenization at
high temperatures, the subsequent cooling process has a great
influence on the progress and morphology of 14H lamellae.
Li et al. [56] found that two kinds of 14H phase: block-like
14H at grain boundaries and needle-like 14H within a-Mg
grains, formed in the Mg-7Gd-3Y-1Nd-1Zn-0.5Zr (wt%)
alloys during homogenization. In the furnace cooling mode,
block-like 14H phase disappeared at grain boundaries, but
the needle-like 14H phase developed from grain boundaries

to the whole grain interior. This is because the cooling mode
with a lower cooling rate decreased the heat loss so that
the diffusion of Zn and RE solute atoms proceeded fast and
sufficiently, resulting in an explosive growth of needle-like
(lamellar) 14H phase.

Alloy composition and phase constitution Liu et al. [93,
95] investigated the effect of alloy composition on the trans-
formation behavior of 18R — 14H in various Mg-Y-Zn
alloys and found that the phase constitution, particularly
the volume fraction of a-Mg phase, exhibited a remark-
able influence on the formation of 14H phase. In a nearly
18R-single-phase MggYZng alloy (vol%>93%), the 18R
block phase was thermal stable and was not transformed into
14H even after annealing at 500 °C for 240 h. Only a very
small number of 14H lamellae were generated in the slice-
shaped a-Mg phase (vol%<1%) [95]. With the increase in
volume fraction of a-Mg phase, more 14H lamellae formed
and propagated, covering the whole cellular a-Mg grains of
MggeYeZn, and MggyYsZn, alloys after a long time anneal-
ing at 500 °C [93]. In addition, as proved by Mgy;Y,Zn, or
Mgys 5Y37Zn, 5 alloys in reported references [21, 89], with a
further increased volume fraction of «-Mg phase, not only
were abundant 14H lamellae developed within the whole
o-Mg grains, but also the 18R block phases were gradually
dissolved into the matrix.

Initial alloy state For the alloy with the same composition
and constitution, the evolution behavior of LPSO phase dur-
ing the same annealing process could be varied depending
on the initial alloy state. A recent research showed that when
annealing at 500 °C, the 14H LPSO precipitated firstly in the
cast Mgy, Y,Zn, alloy, but then dissolved into a-Mg, while
the 18R phase exhibited no obvious change [91]. This phe-
nomenon could be explained by the microsegregation in cast
alloy state, which hindered the supply of solute atoms when
14H progressed within the a-Mg grain. However, when the
cast Mgy, Y,Zn, alloy was refined (extruded), its microstruc-
ture became homogeneous and the microsegregation was
eliminated. Then, 14H formed and grew continuously, with
18R dissolved step by step, finally leading to a homogeneous
14H/a-Mg microstructure. Therefore, fine and dispersedly
distributed 18R LPSO phase is more prone to dissolving
into the matrix during annealing. Furthermore, in the case
of the same alloy prepared by rapid solidification, the evo-
lution behavior of LPSO phase becomes more complicated
[42, 44].

3.1.2 Formation Mechanism of 14H LPSO Phase

Two main transformation mechanisms of 14H LPSO phase
in Mg-RE-Zn alloys were established by experimental
observations. The first one considered that 14H LPSO
phase was directly transformed from 18R structures dur-
ing high-temperature annealing [74]. The phenomena that
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18R network phase disappeared gradually, but 14H lamel-
lar phases developed through the whole matrix during heat
treatment were always observed in the Mg—Y-Zn alloys
[91, 93]. It is widely accepted that 18R and 14H LPSO are
phases at high temperature and low temperature, respec-
tively, demonstrated by both experimental results [89] and
thermodynamic calculation [25]. The atomic models of
LPSO phases by Zhu et al. [74, 96] revealed that 18R unit
cell was made of three ABCA-type building blocks with
the same shear direction, while 14H unit cell consisted of
two building blocks with opposite shears. Therefore, the
18R phase could be transformed into 14H structure spon-
taneously by the minimization of the shear strain energy
associated with individual building blocks. Moreover, Zhu
et al. [18, 20] characterized the direct transformation of
18R phase into 14H by HAADF-STEM observations. Fig-
ure 2 shows that an atomic model was proposed based on
the HAADF-STEM result. By the gliding of two Shock-
ley partials on two neighboring planes of 18R, an ABCA
building block was shifted upwards by one atomic layer
and its stacking sequence changed to ACBA. Then, with
the concomitant shuffle of Y and Zn atoms, a single unit
cell of 14H was formed. Since only short-range move-
ment of Y and Zn atoms by one atomic layer is required
with no need of long-range diffusion of Mg atoms, this

02 [0001],
°oC <2110 <0110>¢
o o o
° ° 1+

Fig.2 Proposed model showing the transformation process from per-
fect 18R to 14H [18]
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diffusional—displacive transformation process is controlled
by the diffusion rate of Y and Zn atoms into the faulted
layers.

The second viewpoint suggests that the 14H LPSO phase
is formed from the supersaturated a-Mg grains [90, 91, 93].
Yamasaki et al. [90] investigated the precipitation behavior
of a Mgy;,Gd,Zn, alloy and found that at 400 °C, the precipi-
tation sequence is a-Mg — stacking fault (SF) — 14H LPSO.
Since no SFs were formed in the Mg—Gd binary alloys, they
believed that the addition of Zn elements decreased the
stacking fault energy and promoted the generation of SFs
and 14H during annealing. Nie et al. [97] characterized the
precipitates in Mg—Gd-Zn alloys via HAADF-STEM and
proved that the SFs observed in early reports were actually
y' precipitates, which formed as plates of a single unit cell
height on (0001) basal plane, and the length could be several
microns (shown in Fig. 3a). In addition, the HAADF-STEM
image in Fig. 3b demonstrated that the stacking sequence of
an y' precipitate was -ABCACA-, the same as a LPSO build-
ing block (-ABCA-) [97]. Thus, 14H phase could form with
the arrangement of y’ precipitate. For Mg—Y—Zn alloys, apart
from the direct transformation from 18R phase, 14H could
also be precipitated in this way. Zhu et al. [98] confirmed the
existence of y’ precipitates in the Mg—Y—Zn alloy. Liu et al.
[91, 93] also found that abundant SFs (y’ precipitates, shown
in Fig. 3¢) formed in cast Mg—Y-Zn alloys with various
compositions. Moreover, as shown in Fig. 3d, 14H lamellae
could be precipitated directly from these SFs with the diffu-
sion of solute atoms during heat treatment.

3.2 Aging Treatment
3.2.1 Age Hardening of Cast Mg—RE-Zn Alloys

T6 treatment (solid solution treatment and subsequent aging)
is usually employed for the LPSO-containing Mg—RE-Zn
alloys. Although the formation of LPSO phase consumes
some RE elements, the «-Mg matrix can still be supersatu-
rated. In particular, when the alloys are solid solution treated
first, parts of LPSO phases dissolve into the matrix, mak-
ing the a-Mg matrix more supersaturated and enhancing the
age hardening response [21]. Table 1 summarizes the aging
responses of Mg—RE—~Zn alloys with LPSO phase reported
in the last few years [32, 58, 59, 83, 99-101]. It is apparent
that these alloys exhibit strong aging responses, with their
hardness values increasing from 73-92 to 106-137 HV and
with the increasing range of 21-45 HV. The solid solution
temperatures are usually higher than 500 °C, and the aging
temperatures are 200-225 °C. Moreover, the higher the RE
contents of the alloys, the shorter the time it is needed to
reach peak aging states and the larger the hardness values
for peak-aged alloys.
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Isolated

14H phases

.
»
.
-
A

Fig.3 Precipitates in Mg-Gd-Zn and Mg—-Y—Zn alloys. a TEM and b HAADF-STEM images of y' phase in Mg—Gd—Zn alloy [97]. ¢ SFs in
Mg—Y—Zn alloy before heat treatment, d 14H LPSO phase formed after heat treatment [91]

Table 1 Aging response of
LPSO-containing Mg-RE-
Zn-based casting alloys

Alloys (Wt%) Aging treatment Initial hard- Peak hard- References
ness (HV) ness (HV)

Mg-9.53Gd-3.24Y-1.69Zn 520 °C/8 h+220°C/142h 85 106 [83]
Mg-9.85Gd-2.94Y-1.57Zn-0.4Zr 520 °C/8 h+220 °C/126 h 85 110
Mg-9.92Gd-2.87Y-1.61Zn-0.4Ti 520 °C/8 h+220 °C/132h 84 113
Mg-9.87Gd-3.06Y-1.73Zn-0.6Ti 520 °C/8 h+220 °C/136 h 86 116
Mg-9.78Gd-2.91Y-1.52Zn-0.8Ti 520 °C/8 h+220 °C/142 h 87 118
Mg-15Gd-0.4Zr 520 °C/12 h+200 °C/64 h 73 121 [58]
Mg-15Gd-1Zn-0.4Zr 520 °C/12 h+200 °C/64 h 83 127
Mgy 34Gd, sZn,Zr 1 (at.%) 480 °C/12h+200 °C/32 h 81 110 [59]

500 °C/10 h+-200 °C/128 h 116

520 °C/12 h+200 °C/64 h 122
Mg-12Gd—2Er—1Zn-0.6Zr 520 °C/24 h+225 °C/84 h 85 120 [32]
Mg-11Y-5Gd-2Zn-0.5Zr 535°C/20 h+225°C/24h 92 137 [99]
Mg-14Gd-3Y-1.8Zn-0.5Zr 525 °C/10 h+225 °C/16 h 84 127 [100]
Mg-12.56Y-4.88Gd-1.3Zn-0.33Zr 535 °C/16 h+225°C/24h 119 153 [101]
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3.2.2 Precipitation behavior of Mg-RE-Zn alloys

Two series of precipitation behaviors were widely observed
for the LPSO-containing Mg—RE—-Zn alloys. The first pre-
cipitation sequence includes the formation of ", ' (f,)
and S phases, which is identical to precipitates in Mg—Gd
[102] or Mg—Y [103] alloys without Zn addition. Moreo-
ver, some reports also suggested that the ' phase did not
exist in this precipitation sequence [104—106]. Saito et al.
[104] examined the precipitates in a Mg—Nd alloy via
HAADF-STEM analysis and confirmed a planar GP-zones
appeared in parallel to (100),.y, planes with a thickness
of sub-nanometer and a length of 5-15 nm. However, the
" precipitates were not observed by HAADF-STEM. Issa
et al. [105] assessed the binary Mg—RE aging reactions
using first principles calculations and pointed out that the
Mg/p" prismatic interfaces exhibited a negative interfacial
energy and thus were unstable. The atomically thin §" pla-
nar Guinier—Preston (GP) zones can form as a precursor
to B’ precipitation. More recently, Nie et al. [106] also
demonstrated the absence of f' precipitates in the early
stage of Mg—Nd and Mg-Y aged alloys via a combination
of atomic resolution HAADF-STEM characterization and
first principles density functional theory computations.
However, whether " precipitates appear in Mg—RE binary
alloys still remains a question mark. Thus, more efforts are
needed to verify the precipitation in early aging stage of

[0001],
[1210],

Tffoﬂa
[1100],,

these alloys, as well as in Mg—RE-TM ternary alloys. The
second precipitating sequence is SSSS — "' —y'—y (14H
LPSO), reported most in Mg—RE—~Zn alloys [97].

The peak aging states of Mg—RE-based alloys usu-
ally correspond to the prosperous precipitation of ' (and
1) phase or y" phase [97, 107]. In particular, these two
series of precipitations could occur in the same alloy dur-
ing aging, as was reported recently by Fu et al. [107] in
Mg—-Gd-Zn—Zr alloys. Figure 4a and b shows the HAADF-
STEM images of ' and f; precipitates [108]. The ' pre-
cipitates usually form in a lenticular shape with a base-
centered orthorhombic (bco) structure. Its orientation
relationship with a-Mg is identified to be (001),//(0001),,
and [100] ,//2110] . The 8, phase has a face-centered
cubic (fce) structure, and it favors to nucleate adjacent to
p' precipitates.

Figure 4c—e shows the HAADF-STEM morphology of
y"" precipitates [109]. Most y'"" precipitates have a high
aspect ratio of more than 40:1. The y"’ precipitates exhibit
a plate shape with their habit plane parallel to basal plane
of a-Mg. The orientation relationship between y'’ precipi-
tate and a-Mg matrix is (0001),.//(0001), and [1010] o
//2110] , [97.104]. So far, the detailed atomic structure of
y" precipitates is controversial. It is accepted that the y"
phase consists of three atomic layers paralleling to (0001),,
basal plane, where Gd and/or Zn atoms occupy ordered

Fig. 4 HAADF-STEM images of the various precipitates in Mg-RE-TM alloys. a, b " and 3, precipitates viewed from [0001], direction [108].
Atomic structure of y” precipitates viewed from ¢ [1 120] " d [1010] o€ [0001],, directions [109]
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positions (0, 0, 0) in the outer two layers, but the atomic
positions in the middle layer of the structure are not unam-
biguously determined [97, 110—112]. More recently, by
employment of HAADF-STEM, Gu et al. [109] proposed
the atomic structure of y"' phase as a hexagonal structure
with lattice parameters as a=0.556 nm and ¢=0.39 nm,
and Gd atoms locate at (0, 0, 0) position, Mg locate at (1/3,
1/3,0) and (2/3, 2/3, 0), and Zn locate at (1/2, 1/2,1/2),
(1/2, 0, 1/2), and (0, 1/2, 1/2), as shown in Fig. 4c—e. Fur-
thermore, they compared this model with the existing
models in literature by first principles calculation and
showed that all of the structure models reported were not
stable and relaxed to a structure close to the present model.

3.2.3 Interaction Between Precipitates and LPSO Structure

Since precipitating behavior commonly occurred in
Mg-RE-Zn alloys, the precipitates could coexist or inter-
act with LPSO phases, which plays an important role in
improving the mechanical properties of these alloys. The
typical morphology exhibiting the coexistence of ' pre-
cipitates and LPSO phase is shown in Fig. 5a [113]. It is
apparent that they usually form an intercalated structure.
This is because the basal LPSO lamellar phase (especially
14H structure) always forms a sandwich structure with a-Mg
slices, and the g’ precipitates form on the prismatic planes
of a-Mg [18, 102]. Figure 5b presents the schematic spatial
distribution relationship between f' precipitates and LPSO
structures [113]. The LPSO phase exists in cast or annealed
Mg-RE—Zn alloys (annealing temperature above 350 °C),
while f' precipitates form during aging at lower tempera-
tures (180-250 °C). As long as the density and sizes of §’
precipitates grow large enough, they begin to interact with
the neighboring LPSO structures, and thus, the growth of

[1010],,,

% [1120),,

Fig.5 a General morphology of LPSO structures intercalated with f'
precipitates (LPSO phases are denoted by red arrows; an f' precipi-
tate is denoted by yellow curve). Incident beam//[llZO]Mg; b sche-

p' precipitates along [0001], direction is restrained by the
lamellar LPSO phase, forming a sandwich or intercalated
3-D structure. In other words, the lamellar LPSO structure
suppresses the growth of ' phases, which could improve the
strengthening effect of these precipitates.

Chen et al. characterized the f'//LPSO interfaces in an
Mg-10Gd-5Y-2Zn-0.5Zr aged alloy using HAADF-STEM
and confirmed three types of interfaces [113]. The first type
(type-I) is shown in Fig. 6a. A straight gap with a width of
about 1.3 nm exists between #' and LPSO phase. In detail,
this gap is composed of four RE/Zn-free atomic layers and
the width of 1.3 nm corresponds to the theoretic distance
of four pure Mg atomic layers. Figure 6b displays a type-
IT interface where redistributions of heavy atoms within
LPSO structures happen. The periodicity of redistributed
RE-enriched layers is 1.1 nm, which is approximately
equivalent to the distance of 5 atomic sites along [IOTO]a
direction, and also corresponds to the distance between two
adjacent RE zigzag lines in ' structure. Furthermore, as
shown in Fig. 6¢, the §’ precipitates are intercepted by LPSO
structures from [1010](1 direction, which is categorized as a
type-III interaction. In the case of y" or y’ precipitates, since
they are parallel with LPSO lamellae along the basal plane,
interaction between these precipitates and LPSO phase is
seldom investigated.

4 Rapid Solidification (RS)

Rapid solidification (RS) is an effective way to prepare
magnesium alloys with modified microstructures, such
as segregation-less structure, nanocrystalline, supersatu-
rated solid solution, and metastable phases [5, 39, 41-43].
To obtain high-performance magnesium alloys, two main

LPSO =

matic diagram illustrating the spatial relationship between 4’ precipi-
tates and LPSO structures [113]
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B

[0001],,

[1010],,
(0001},

~11120],, e B 3 7 ‘

Fig.6 HAADF-STEM images presenting three types of f'/LPSO interfaces. a RE-absent gaps parallel to (11§O)Mg with a width about 1.3 nm.

b Redistribution of the heavy atoms in LPSO close to ' precipitates. ¢ A #’ precipitate intercepted by LPSO. Incident beam//[l 120] . 1131

rapid solidification techniques: rapidly solidified powders
metallurgy (RS/PM) [5, 39] and melt spinning [41-43],
have already been used to prepare these LPSO-containing
Mg-RE—Zn alloys.

4.1 Rapidly Solidified Powders Metallurgy (RS/PM)

The RS/PM method includes four procedures: induction
melting, gas atomization, cold pressing and hot extrusion.
The gas atomization procedure mainly determines the RS
microstructure, and a typical close-coupled nozzle ultra-
sonic atomization system is shown in Fig. 7 [39]. Using
the RS/PM method, Kawamura et al. [5] first fabricated an
Mgy, Y,Zn, alloy and found that the prepared alloy exhib-
ited excellent mechanical properties at both room tempera-
ture and elevated temperatures. Abe et al. [40] examined
the microstructure of this RS/PM alloy by HAADF-STEM
and confirmed the existence of a lamellar 6H LPSO phase
within the nanosized a-Mg grains (Fig. 8a). This 6H LPSO
structure was demonstrated to be 18R LPSO structure, as
seen from the SAED patterns in Fig. 8b, d [39, 40]. Zhu
et al. [39] further investigated the contents and atomic ratios
of Y and Zn elements on phase constitutions of the RS/PM
Mg-Y—Zn alloys. Similar to the conventional cast alloy, the
RS/PM alloys have a microstructure closely related to the
Y/Zn atomic ratio. A higher Y/Zn ratio (2 or 1.5) promoted
the formation of the a-Mg/18R LPSO two-phase microstruc-
ture, while a lower ratio of 1 or 0.75 favored the formation
of Mg,;Y,Zn; particles. Moreover, it was found that LPSO
phase is most easily obtained when the Y/Zn ratio is 1.5,
which is little different from the convention cast alloys (~2).
This might be caused by the fast cooling rate. Figure 8 shows
the TEM images of two typical RS/PM alloys. The volume
fraction of LPSO phase in Mgy;Y,Zn, alloy (Fig. 8a) is rela-
tively lower than that in the same alloy fabricated by conven-
tional casting [91]. As the solute atoms increased, abundant
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Fig.7 Schematic of close-coupled nozzle ultrasonic atomization sys-
tem: (1) melting chamber, (2) induction coil, (3) nozzle system, (4)
atomization chamber, (5) cyclone separator [39]

lath-shaped LPSO phase was generated in the Mgy,Zn; (Y5 4
alloy (Fig. 8b), almost covering the whole a-Mg grains [39].

4.2 Melt Spinning

Typical microstructure of Mg—Zn—Y melt spun ribbons was
usually characterized by supersaturated a-Mg grains with
a grain size of around 200 nm and primary LPSO phase
segregated at grain boundaries, which is different from the
RS/PM alloys [41]. Garcés et al. [41] studied the formation
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Fig.8 TEM images of RS/PM Mg—Y—Zn alloys: a Mgy;Zn;Y,, b SAED pattern of LPSO phase in a [40], ¢ Mgq,Zn; Y5 4, d SAED pattern of

LPSO phase in ¢ [39]

mechanism of 18R LPSO in melt spun processing using high
energy X-ray synchrotron radiation diffraction during in situ
isochronal heating. The formation of 18R in RS ribbon fol-
lowed the same process as proposed by Zhu et al. [18] in
conventional cast alloy. They also estimated the apparent
activation energy of the formation of 18R LPSO phase to
be 125 kJ/mol, which corresponded to the activation energy
for diffusion of Y and Zn atoms along the Mg basal plane. In
addition, when Y element was partially replaced by cheaper
mischmetal, LPSO structure was also observed in the melt
spun Mg—Zn-Y-LaMM alloys [43].

4.3 Heat Treatment of RS Alloys

Since metastable microstructure is obtained after RS pro-
cessing, the morphology or transformation of various LPSO
phases during heat treatment became more complicated
when compared with the corresponding conventional cast-
ing alloys. The temperature for transformation of 18R to 14H
is usually above 350 °C for conventional casting alloys, but
it decreases for RS alloy. Liu et al. [42] prepared the melt
spun Mg—7Y-4Gd—5Zn-0.4Zr alloy and found that at a low
annealing temperature of 300 °C, transformation of 18R to
14H phase occurred after 0.5 h. With increasing holding
time to 5 h, a new precipitate of 14H was also formed within
supersaturated a-Mg grains. And this precipitation process
accelerated at a higher annealing temperature of 500 °C
for just 0.5 h. Moreover, annealing of the melt spun alloy
stimulated the appearance of various types of LPSO phases.
Matsuda et al. [16] found that four kinds of LPSO phases:
10H, 14H, 18R and 24R, were identified when the melt spun
Mggy;Zn, Y, alloy was annealed at 573 K for 1 h. And these
various LPSO structures could even coexist within the same

grains. As demonstrated by HAADF-STEM, the four LPSO
structures were made of ABCA-type building blocks with
1-4 Mg layers intersected between them [20]. Therefore, due
to the disorder of LPSO phase caused by rapid solidifica-
tion, subsequent heat treatment will induce metastable LPSO
structures before the stable 14H LPSO phase forms com-
pletely. The coexistence of 14H with 18R and 24R structures
has also been reported in heat treatment of the conventional
casting Mg—Y—Zn alloys [18].

5 Other Novel Casting Techniques

5.1 Directional Solidification (DC)

The LPSO phase exhibits obvious mechanical anisotropy,
and the highest strength is attained in the [0001]; pgq direc-
tion [114, 115]. Therefore, preparation of Mg—RE-Zn
alloys with LPSO phase arranged in the preferential ori-
entation might be a good approach for novel high-strength
magnesium alloys. By now, only limited work has explored
the DC Mg—RE-Zn alloys. Hagihara et al. [52] prepared a
near single-phase DC MggeZnsY; alloy (with LPSO vol-
ume fraction more than 85%) using Bridgman technique.
The microstructure of the DC alloy observed in the longi-
tudinal and transverse sections along the growth direction
is shown in Fig. 9a, b [52], respectively, and a schematic
illustration of the DC microstructure is shown in Fig. 9c
[48]. It can be seen that the 18R-LPSO grains exhibit a
lath shape (or plate shape) with a thickness of 100 pm
and a length of over a few millimeters. These 18R laths
grow with their longitudinal direction (basal plane) paral-
lel to the DC direction. When observed in the transverse
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growth direction

Solidification
direction

£ 300pm

Fig.9 OM images of the DS crystal microstructure observed in the a longitudinal and b transverse sections along the growth direction [52]. ¢

Schematic illustration showing the microstructure in a DS polycrystal [48]

sections, however, the 18R grains are randomly arranged.
Similar to the conventional Mg—RE—Zn casting alloys,
the DC MggsZnsY, alloy witnessed the generation of the
14H LPSO phase when subjected to a high annealing
temperature of 525 °C for 3 days [51]. Further investiga-
tions also confirmed the same phenomena in MggsZngY,
and MggsZn, Y alloys [46]. Interestingly, the structure of
LPSO phase formed in DC alloys varies with different
alloy compositions. For example, the DC Mg;sZn Y |5
alloy with higher concentrations of Zn and Y elements pre-
dominantly contained 10H LPSO phases [46, 47], while in
the Mgyg 5Zn, 5Y, alloy with much lower solute atoms con-
tents, 14H LPSO lamellae directly formed in as-DC state
[53]. This implies that not only the DC technical param-
eters, but also the alloy compositions have great impacts
on the formation and morphology of LPSO phases, which
might be determined by the diffusions of solute atoms.
The underlying mechanisms need to be further dissected.

D
a
o

5.2 Ultrasonic Treatment (UT)

Lii et al. [116] recently employed ultrasonic treatment to
prepare the LPSO-containing Mg—Y-Ni alloys and com-
paratively investigated the microstructures and mechanical
properties of alloys with and without UT. By introducing UT
to the melt, the 18R LPSO phases were refined significantly
and distributed uniformly in the Mgyg sNij 5Y 4 alloy, which
remarkably increased its ultimate tensile strength from 206 to
231 MPa and elongation from 7.96 to 14.56%, respectively.

6 Mechanical Properties of Cast Alloys
6.1 Room-Temperature Mechanical Properties
Compared with conventional commercial magnesium alloys,

the LPSO-containing alloys exhibit higher mechanical prop-
erties. Figure 10 shows the room-temperature ultimate tensile

Mg-6Y-2Zn-0.3Sn [84]
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Mg-9.53Gd-3.24Y-1.69Zn [83]
Mg-9.85Gd-2.94Y-1.57Zn-0.4Zr [83]
Mg-9.78Gd-2.91Y-1.52Zn-0.8Ti [83]
Mg-3.1Zn-7.6Y [70]
Mg94Zn2.5Y2.5Mn1-0.003B [68]
Mg-11Y-5Gd-2Zn-0.5Zr [117]
Mg93.66Zn2.5Y2.5Mn1Ca0.34 [81]
Mg96Gd3Ni1 [118]

Mg-6Ymm-4Zn [88]
Mg96.83Zn1Y2Zr0.17 [82]
Mg94Zn2Y4 [82]
Mg95.8Gd3Zn1Zr0.2 [78]
GZ31-0.2Zr [107]
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Mg96.34Gd2.5Zn1Zr0.16 [59]
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Mg-14Gd-3Y-1.8Zn-0.5Zr [100]
Mg-12Gd-2Er-1Zn-0.6Zr [32]
Mg-7Gd-3Y-1Nd-0.5Zn-0.5Zr [119]
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Fig. 10 Tensile properties of LPSO-containing Mg—RE casting alloys at room temperature
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strengths and elongations of casting Mg—RE alloys with
LPSO phases that have been developed in the last 5 years
[32, 58,59, 68, 70, 78, 81-84, 88, 100, 107, 117-119]. Both
the strength (from 150 to 410 MPa) and ductility (from 1.5
to 13%) vary greatly depending on different processing states
and alloy compositions. Generally, the as-cast Mg—RE—Zn
alloys show relatively low strength and ductility [70, 83, 88].
After T4 treatment, the ductility is improved with elonga-
tion of more than 10%, but the improvement in strength is
negligible [32, 83, 119]. With a further aging process, the T6
alloys usually exhibit high ultimate tensile strength of over
300 MPa. As shown in Fig. 10, the alloys with UTS higher
than 300 MPa are all T6-staged alloys, suggesting that pre-
cipitates play an important role in strengthening the LPSO-
containing cast alloys [32, 58, 59, 78, 83, 100, 107, 117].

The 18R LPSO phases in the as-cast Mg—Y—Zn alloys
show a continuous network shape. Microcracks are easily to
be formed during tensile at the junctions of networks, thereby
impairing both the strength and ductility of as-cast alloys
[23]. After T4 treatment, the lamellar-shaped 14H phases
are developed, forming a sandwiched structure with embed-
ded a-Mg slices. The 14H lamellar phase exhibits better
plasticity than the 18R phase, and the 14H/a-Mg sandwich
structure is effective to block dislocations movement within
the a-Mg lamellae [21]. Hence, the T4-treated Mg—RE—Zn
alloys with 14H LPSO lamellae display improved ductil-
ity, as well as enhanced or nearly unchanged strength. With
the further precipitation of nanosized p' phases during
aging, the strength of the alloys increases remarkably. It has
already been accepted that the architecture of lamellar LPSO
phase and p' precipitates within a-Mg grains is effective in
strengthening, and the alloys with this novel microstructure
are considered to be the next-generation magnesium alloys
with high strength and high ductility [2].

Apart from the prismatic f’ precipitates, the basal y" or
y' precipitates also exhibit a great strengthening effect. Wu
et al. [58] introduced y’ precipitates in aged Mg—-Gd-Zn
alloy and found that the composite ' and y' precipitates
with their relative perpendicular distribution provided a
much stronger strengthening effect than the sole g’ precipi-
tates in the Mg—Gd alloys. Moreover, the composite ' and
y' precipitates effectively strengthened the grain interior and
hindered the twining during the tensile tests.

At present, most discussions on the strengthening effect
of LPSO phases were focused on wrought alloys. As for the
LPSO-containing cast alloys, the intrinsic property of LPSO
structure contributes to the improvement in strength. First,
the hardness and modulus of LPSO phase are higher than
those of a-Mg matrix [89]. Thus, the LPSO phase could bear
more stress during loading. Second, the coherent LPSO/
a-Mg interface could effectively hinder the movement of dis-
locations, especially for the 14H lamellae precipitated within
and across the a-Mg grains [21]. Finally, kinking of LPSO

phase formed during tensile could also improve the strength
[52, 120]. As (0001) {1120) basal slip is the dominant slip
system for LPSO phase, which is often inhibited due to the
orientations, kinking become an common plastic mode for
LPSO structure and is observed in deformed alloys. The
formation of kinking is associated with the arrangement of
arrayed dislocations, which could further accommodate a
large number of dislocations within [52].

In addition, alloying with other elements such as Zr
and Ti, or with B,C and TiB, particles, is also effective to
strengthen the alloy [82, 83, 86, 87]. These elements or par-
ticles could provide heterogeneous nuclei for a-Mg or LPSO
phases during solidification, resulting in the formation of
refined a-Mg grains or changing the morphology of LPSO
phase with dispersed distribution. Consequently, the fine-
grained strengthening is activated, and the LPSO strengthen-
ing effect is also improved.

6.2 Elevated Temperature Mechanical Properties

Since LPSO structure is a thermal stable phase with high melt-
ing points, they could improve the high-temperature mechani-
cal properties of the Mg—RE alloys. By now, only a few works
reported the high-temperature tensile or compression proper-
ties of these alloys [117]. Yin et al. [117] tested the peak-aged
Mg-11Y-5Gd-2Zn-0.5Zr alloy at high temperatures system-
atically. The strength of this alloy at above 150 °C was higher
than that of the commercial heat-resistant WES54-T6 alloy and
several aluminum alloys (A380-T6 and AC8A-T6). Moreover,
this alloy even showed the anomalous temperature depend-
ence of strength, with tensile strength at a temperature range
of 150-200 °C higher than that at room temperature. This sug-
gests that the thermal stable LPSO phase greatly improved the
high-temperature tensile strength of the alloy.

To evaluate the heat-resistant properties of the LPSO-
reinforced Mg—RE—Zn cast alloys, creep tests are always per-
formed. Garcés et al. [121] investigated the creep behavior of
a typical Mgy,Y,Zn, alloy in as-cast state (with 18R LPSO
network phase) and thermal treated state (with lamellar 14H
phase inside a-Mg grains) from 200 to 350 °C. Both alloys
exhibited superior creep resistance than conventional com-
mercial magnesium alloys and other Mg—RE-based alloys
without LPSO. At low temperatures and/or high strain rates,
the alloys showed a high stress exponent of 11 and high acti-
vation energy. In this case, the alloy could be regarded as a
composite in which the matrix transferred part of its load to
the hard LPSO phase, and the heat treated alloy displayed bet-
ter creep resistance due to the additional barrier induced by
the 14H LPSO lamellae. However, at high temperatures and/
or low strain rates, the as-cast alloy showed better creep resist-
ance. In this situation, the creep was controlled by non-basal
dislocation slip (with stress exponent of 5). The transforma-
tion from 18R to 14H occurred for the cast alloy during creep,
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and the diffusion of solute atoms inhibited the movement of
dislocations. Srinivasan et al. [122] recently studied the creep
behavior of two Mg—10Gd—xZn (x=2 and 6) alloys. Similarly,
the LPSO-containing alloys exhibited better creep resistance
than other alloy series. High stress exponent values (6.8-8.8)
were obtained for the two alloys, and they considered pipe dif-
fusion and diffusion of Gd as the rate controlling creep mecha-
nism at both 250 and 300 °C. From the above descriptions, it
can be concluded that both 18R and 14H LPSO phases could
improve the creep resistance of the Mg—Y—Zn alloys, but the
role of these two phases during creep was different.

Once again, the unique microstructure of peak-aged
alloys with LPSO lamellae and f' precipitates perpendicu-
lar to each other elicited an excellent strengthening effect
at elevate temperatures [2, 123, 124]. Due to the good
thermal stability, the LPSO phase in Mg—RE-X alloys can
retard grain growth and inhibit the coarsening of predomi-
nant strengthening ' phase at elevated temperatures. As
the sizes of f’ phases remain unchanged by hindering the
LPSO lamellae, the strengthening effect of ' precipitates
on o-Mg grains is still at play at high temperatures for long-
term exposure. By characterizing the microstructures of a
Mg-12Gd-3Y-1Zn-0.4Zr T6 alloy before and after creep
tests, Zhu et al. [123] confirmed that the ' precipitates did
not change after creep at 250 °C for 100 h, but they trans-
formed to S phases and their sizes grew from nanosize to
several micrometers when crept at 280 °C. The size of f
phases grew coarser with further increasing the creep tem-
perature. The formation and growth of § phase plates were
responsible for the softening of material during creep.

7 Conclusions and Future Perspectives

We provide a brief review on the recent development of
Mg—RE-TM cast alloys with long period stacking ordered
phases. Much attention has been placed on the beneficial
effect of alloying elements on the morphology of LPSO
phases, the transformation mechanism of LPSO structures
during heat treatment, the impact of different casting tech-
niques on microstructures, the precipitation behaviors of
various precipitates and their interaction with LPSO phases,
as well as the influence of the above microstructure evolu-
tions on the mechanical properties of the LPSO-containing
cast alloys. Based on the above referred researches, we have
drawn several conclusions and presented some topics that
are worth further investigations in the future for the develop-
ment of high-performance Mg—RE-TM cast alloys.

(1) Alloying with minor Zr, Sr, Ca, B, Ti, Sn and Mn ele-

ments could refine the microstructures, promote the
disperse distribution of LPSO phases and enhance the
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strength of the cast alloys via fine-grained strength-
ening and effective LPSO strengthening. Moreover,
microalloying with Sr, Ca and B elements promotes the
formation of LPSO phases and remarkably increases
the volume fraction of LPSO phase in alloys even with
lower RE contents. Therefore, it is feasible to develop
low-RE alloyed high-strength Mg—-RE-TM alloys with
higher LPSO contents and lower cost by adding proper
alloying elements. Furthermore, developing an RE-free
LPSO-containing magnesium alloy is challenging, but
is equally rewarding.

The thermal activated transformation of 14H LPSO
structure could be proceeded by two ways: direct trans-
formation form 18R structure with the assistance of
two Shockley partials gliding or precipitation from the
supersaturated a-Mg grains on the basal y' precipitates.
Future studies are needed to elucidate which transfor-
mation mechanism plays a dominant role in a certain
situation, especially for the Mg—Y—Zn type-I alloys in
which these two mechanisms could be both at play.
In addition, other LPSO structures, such as 12H and
24R, were also reported in the Mg—RE-TM alloys.
Detailed investigations on the structure and transfor-
mation mechanism are necessary, which could reveal
the possibility of stable and abundant existence of these
LPSO structures independently, as well as their impact
on the mechanical properties of the alloys.

Special casting (such as rapid solidification and direc-
tional solidification) of the LPSO-containing alloys
could introduce unique microstructures, such as
nanocrystalline, nanosized LPSO particles and super-
saturated solid solution, which impart the alloys with
higher strength compared with alloys prepared by
conventional casting. With proper heat treatments, the
conventional casting alloys could obtain high compre-
hensive mechanical properties with ultimate tensile
strength of over 400 MPa and elongation of above
5%, which mainly resulted from the interaction of
LPSO phases and nanoprecipitates. Two precipitation
sequences, f and y series, were reported and established
in these alloys. Future research should place empha-
sis on the thermodynamics and kinetics of these two
precipitates, as well as their competing or synergetic
precipitation mechanisms, in order to accomplish the
controllable preparation of high-performance alloys
with ideal microstructures.

The potential beneficial effects of adding ceramic
particles in the LPSO-containing alloys have already
been confirmed recently. There is an increasing trend
to fabricate high-strength Mg alloys via the compound
strengthening effect. Therefore, the strengthening
strategy combining fine-grained strengthening, LPSO
strengthening, precipitation strengthening, solid solu-
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tion strengthening and even with reinforced ceramic
particles should be adopted. The convenient processing
methods, which could be easily employed in industry
applications, should also be developed.

The performance of these alloys under practical
application environments is rarely studied. To fur-
ther broaden the applications of the LPSO-containing
alloys, more researches on the corrosion, creep, impact,
wear and fatigue properties of the alloys should be per-
formed in the future.
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