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Magnesium alloys containing long period stacking ordered (LPSO) phase have been received a great deal
of attention in the last decade owing to their excellent comprehensive properties of mechanical strength
and corrosion resistance. In this paper, some fundamental aspects of LPSO containing Mg alloys have
been reviewed, including: (1) microstructural characterization, formation conditions and the associated
phase transformation of LPSO phases in Mg alloys; (2) deformation mechanism of LPSO phases and their
influence on the deformation mechanism of the Mg matrix; (3) effect of LPSO structure on the me-
chanical performance such as tensile strength, creep resistance, fracture toughness and fatigue strength;
(4) corrosion behavior of LPSO containing Mg alloys and their possible applications as the biomaterials.
Moreover, some remaining unsolved issues of the LPSO containing Mg alloys and the future target about
how to further improve their service properties have been also described.
& 2016 Published by Chinese Materials Research Society. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Magnesium alloys are of great interest as the lightweight
structural materials for many potential applications including
transportation, aerospace and electric communication as well as
medical device and so on. In particular, Mg alloys containing long
period stacking ordered (LPSO) structure received considerable
concerns in the last decade due to their good combined properties
of mechanical strength and corrosion resistance [1–3]. At the be-
ginning of the 21st century, Kawamura et al. reported that the
tensile yield strength and elongation of a Mg97Zn1Y2 (at%) alloy
prepared by rapid solidification processing and hot extrusion can
reach 610 MPa and �5%, respectively [1,4]. These excellent me-
chanical properties are ascribed to the dispersed nano-scale long
period stacking ordered (LPSO) phases [2]. Since then, this kind of
novel structure has raised a great enthusiasm for researching the
LPSO phases in Mg alloys and their effect on the mechanical per-
formance. Actually, Luo et al. observed the X-phase, an 18R
modulated structure with a period of 4.68 nm in Mg–Zn–Zr–RE
(RE¼rare earth element) alloy as early as 1994 [5,6], which was
later designated as 18R-LPSO phase [5–9]. After that, researchers
search Society. This is an open acc

als Research Society.
also observed 18R-, 14H-, 10H-and 23R-LPSO structures in Mg–TM–

RE (TM¼Zn, Cu, Ni; RE¼Y, La, Ce, Pr, Sm, Nd, Dy, Ho, Er, Gd and
Tm) alloys. More recently, three new types of 15R-, 12H-and 21R-
LPSO structures were also found in an as-cast Mg–Co–Y alloy [10].
These various LPSO phases in Mg–M (M¼Zn, Cu, Ni and Co)-RE
alloys were characterized by using transmission electron micro-
scopy (TEM) techniques, such as electron diffraction pattern (EDP)
[5,8,10–12], energy dispersion X-ray spectroscopy (EDX) [11],
convergent-beam electron diffraction (CBED) [13], and high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) [2,10–14].

Due to the complexity of the LPSO structures, their effects on
the mechanical properties and corrosion resistance have been
widely investigated in different kinds of Mg-based alloys [3,15–19].
It demonstrated that the LPSO phase can strengthen the alloys
without sacrificing the ductility. Meanwhile, the existence of the
LPSO phase can retain the strength of Mg alloys during the hot
deformation, and then enhance their creep resistance. In addition,
LPSO containing Mg-alloys exhibit a better corrosion resistance
when compared to the conventional Mg alloys such as AZ31,
WE43, ZK60 and ZX60.

In this paper, the current understanding about the micro-
structure, phase transformation and deformation mechanisms of
the LPSO structure in Mg alloys and their effects on the mechanical
properties at both room and elevated temperatures and corrosion
behavior of Mg alloys are reviewed.
ess article under the CC BY-NC-ND license
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2. Structure of LPSO phase

2.1. Stacking and chemical ordered LPSO structures

Generally, LPSO structures in Mg alloys mainly exist in the form
of a three-dimensional quasi-continuous honeycomb-like network
at grain boundaries [13], as shown in Fig. 1. These LPSO phases are
not only stacking ordered but also chemical ordered [2,11–14].
According to their different stacking sequences, so far, four types
of LPSO structures including 10H, 18R, 14H and 24R have been
reported in Mg–M–RE systems (M¼Al, Ni, Cu and Zn; RE¼Y, Gd,
Dy, Ho, Er, Tb and Tm). The LPSO phase was initially designated as
6H or 6H′ [2,20], which was subsequently considered to be in-
correct and replaced by 18R. Fig. 2 shows that the stacking se-
quences of these LPSO phases along the c-axis contain an AB′C′A-
type building block [12]. More recently, Mi et al. reported that the
other three kinds of LPSO structures, i.e. 15R, 12H and 21R exist in
an as-cast Mg–Co–Y alloy [10]. Moreover, the stacking sequence of
these LPSO structures includes an AB′C-type building block. For
comparison, all of the LPSO structures in Mg alloys observed so far
are summarized in Table 1, where the layers denoted by a prime
are enriched with M/RE atoms [21]. Obviously, two atomic planes
are enriched with heavier atoms in the 10H-, 18R-, 14H-and 24R-
LPSO structures, while one atomic layer exists in the 15R-, 12H-and
21R-LPSO structures. In addition, there are 1–4 layers of Mg
sandwiched in the AB′C′A-type building block for the former types
of LPSO phases, while 2–4 layers of Mg sandwiched in the AB′C-
type building block for the latter types of LPSO phases. These
significant features of LPSO structures are possibly related to the
intrinsic electronic structure of the M elements.

Besides the stacking and chemical ordering of the LPSO phase
along the basal plane, the in-plane ordering of solute elements has
attracted increasing attention. The features of in-plane ordering or
disordering of M-RE clusters are crucial for understanding the
stability and formation of LPSO structures in Mg-based ternary
alloys because they can influence and even determine the allow-
able range of composition and stoichiometry for the formed LPSO
phases [22]. Zhu et al. [11] disclosed the existence of in-plane or-
dering of Zn and Y atoms in two consecutive close-packed atomic
planes in 18R and 14H LPSO phases in Mg–Zn–Y ternary and
proposed a modeling crystal structure containing an ordered ar-
rangement of Zn and Y atoms. However, the diffuse streaks taken
Fig. 1. (a) SEM images showing the general characteristics of the microstructures in a
features of the LPSO phase. Reproduced from Ref. [13].
from 18R-and 14H-LPSO phases in the Mg–M–RE ternary systems
may imply a disordered nature of the structure rather than the
long-range ordered structure. Yokobayashi et al. demonstrated
that the in-plane ordering of Gd (and possibly Al) atoms in the
close-packed atomic planes in the LPSO phase of Mg–Al–Gd alloys,
where the enrichment of Gd and Al atoms are expected to occur in
order to fully describe the crystal structure of the LPSO phase [23].
Fig. 3 shows that the Gd atoms (or Al) actually exhibit long-range
ordered arrangements in-plane in the quadruple enriched close-
packed planes [23]. Obviously, the enrichment of RE and M atoms
is in the four (not two) consecutive planes, which is different from
the atomic model proposed in Mg–Zn–Y alloys [11]. As for the LPSO
phase in Mg–Zn–Y alloys, a well-annealed Mg85Zn6Y9 (at%) alloy
was firstly observed to show weak but clear local L12-type in-
plane short ordering [24]. Kimizuka et al. explained the fully or-
dered and local short range ordered TM6RE8 in Mg–Al–Gd and Mg–
Zn–Y alloys via DTF [22]. More recently, Yamasaki et al. [25] ob-
served that the degree of order for the 10H-LPSO Mg–Zn–Y phase,
formed in Mg75Zn10Y15 (at%) alloys annealed at 773 K, is similar to
that of the Mg–Al–Gd alloys. Obviously, the spots in all of three
SAED patterns became sharper after annealing, indicating that the
degree of order of the LPSO phase in Mg–Zn–Y alloys is changed by
heat treatment. Moreover, the HAADF-STEM image demonstrates
that the highest in-plane order exists in the 10H-LPSO phase of
Mg–Zn–Y alloy. As for Mg–Co–Y alloy, the in-plane order of LPSO
phases is still unclear. Any SAED patterns of 15R, 12H, or 21R do
not show extra diffuse diffractions and/or weak streaks along the
c* direction as observed in the LPSO structure of Mg–Zn–RE alloys,
implying that the Co/Y chemical order may not occur within the
close-packed planes [10].

2.2. Formation, transformation and coexistence of LPSO structure

Generally, 18R-LPSO phase forms at the grain boundaries as a
secondary phase during solidification, whereas 14H-LPSO phase
precipitates during heat treatment at elevated temperatures after
casting [15]. Their formation could be ascribed to different meth-
ods, such as, the rapidly solidified/powder metallurgy [2,3,26,27],
melt-spun [8,28,29], Cu-mold casting and induction melting
[5,6,15,30,31] and conventional casting [3,32–34].

For the original formation region of LPSO phases, Matsuura
et al. proposed a formation mechanism of LPSO in a Mg–Cu–Y alloy
s-cast Mg97Zn1Y2 (at%) alloy; (b) low-magnification TEM image exhibiting salient



Fig. 2. Selected area electron diffraction (SAED) patterns and Z-contrast STEM images of (a) hcp-Mg and long-period stacking ordered structures of (b) 10H-type, (c) 18R-
type, (d) 14H-type, and (e) 24R-type, respectively. Reproduced from Ref. [12].

Table 1
Stacking sequence of various LPSO phases in Mg–M–RE alloys [21].

LPSO Stacking sequence along c-axis Reference

10H AB′C′ACAC′B′AB
18R AB′C′ACACA′B′CBCBC′A′BAB [8]
14H AB′C′ACACAC′B′ABAB [12]
24R AB′C′ACACACA′B′CBCBCBC′A′BABAB
15R AB′CBC BC′ACA CA′BAB
12H AB′CBCBCB′ABAB [10]
21R AB′CBCBC BC′ACACA CA′BABAB
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[35]. It mainly contains two steps, i.e., (1) the formation of an
amorphous layer along the grain boundary and (2) the LPSO
crystal growth from the boundary up to the inside of the Mg
matrix crystal. It indicates that the LPSO crystals evolve and grow
towards the Mg matrix by consuming the amorphous layer [35].

On the atomic level, LPSO structure is referred to the in-
troduction of a new long-period ordered lattice in original crystal
lattice period. Abe et al. reported [2] that the 6H′- (later denoted as
18R) type LPSO with ABCBCB stacking sequence forms from 2H
hcp-Mg. It mainly includes two steps: (1) introduce the stacking
faults on every six close-packed planes of 2H-Mg crystal, and (2)
the segregation of solute atoms of Zn and Y around these stacking
fault layers. The former is a stacking ordered process, which re-
quires a propagation of Shockley partial dislocations, and the
segregation of solute atoms of Zn and Y around these faults in-
duced by the local strain field around the dislocations.

Zhu et al. observed the growth of LPSO phases and
transformation between 18R and 14H phases in a Mg–8Y–2Zn–
0.6Zr (wt%) alloy using TEM and atomic resolution HAADF-STEM
[14]. The growth of both 18R and 14H within the α-Mg matrix
occurs via a ledge mechanism, with the thickness of the particle
increasing by the height of the ledge as it propagates. The unit
height of the growth ledges or disconnections is 1.563 nm
(6� d(0002)Mg) for 18R and 1.824 nm (7� d(0002)Mg) for 14H, and
the displacement vector is a/3o1004α [14]. This mechanism is
roughly analogous to that proposed by Abe et al. [2]. The 14H-LPSO
phase is a thermodynamically stable structure and can still safely
exist even after annealing at 773 K [7,11]. In agreement with ex-
perimental observations, DFT simulations disclose the transfor-
mation of the 18R LPSO structures to 14H [36].

Based on the observations to the microstructure of Mg–Y–Zn
alloys during the prolonged heat treatment at 500 °C, the trans-
formation mechanism from 18R-to 14H-LPSO phase was put for-
ward [14]. Moreover, the transformation from 18R to 14H occurs
most readily in the regions where the 18R structure is irregular in
the building block stacking and the diffusion rate of Y and Zn
atoms into the segregation layers controls the phase
transformation.

Different from 18R-LPSO phase in Mg–Zn/Cu–Y alloy mentioned
above, the 14H-LPSO phase in Mg–Zn–Gd alloys can not only
precipitate from the supersaturated 2H-Mg matrix, but also can
transform from Mg3Gd-type compound phase during heat treat-
ment [33]. Yamasaki et al. investigated the formation process of
the LPSO in Mg–Zn–Gd alloys, and proposed a time-temperature
transformation (TTT) diagram. At �623 K, the 14H LPSO phase
mainly precipitates and grows from highly dispersed stacking



Fig. 3. Atomic resolution HAADF-STEM images of the Mg–Al–Gd LPSO phase taken along (a) and (b). Reproduced from Ref. [23].

Fig. 4. Time–temperature transformation diagram for precipitation processes of β′,
β1, β, SF, and 14H-LPSO in Mg97Zn1Gd2 alloy. Reproduced from Ref. [33].
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faults [33]. When the temperature is in the temperature range
723–773 K, the 14H LPSO phase forms as block-like shapes from
the decomposition of Mg3Gd. Fig. 4 shows the precipitation pro-
cesses of the Mg97Zn1Gd2 alloy as shown in the TTT diagram [33],
indicating that the formation of β′, β1, β, SF and 14H-LPSO is de-
pendent on the temperature and holding time.

A number of observations demonstrate that the coexistence
and transformation of LPSO structures may take place in a number
of the Mg–TM–RE alloys [8,7,11,13]. Matsuda et al. [8] have found
the coexistence of four types of 18R-, 14H-, 10H-and 24R-LPSO
structures in a rapid solidified Mg97Zn1Y2 alloy followed by an-
nealing at 573 K for 3.6 ks. These types of LPSO structures can be
observed not only in the same specimen, but also in the same
grain. Additionally, no differences in their morphologies and for-
mation sites can be observed. Usually, the 18R structure can be
transformed into 14H structure after heat treatment at a certain
temperature [15]. Thus, 18R and 14H structures should be able to
coexist with each other under some situations. Based on the Cal-
phad-type thermodynamic calculations about Mg–Zn–Y system
alloys [37], it demonstrated that the 18R and 14H structures could
stably coexist in the temperature range from 483 to 537 °C. In
previous work, Shao et al. found that the 18R- and 14H-LPSO
structures could grow alternatively in a Mg-Zn-Y alloy after hold-
ing at 500 °C for 5 h [38]. Moreover, the difference in stacking
sequence between 18R- and 14H-LPSO phases is that there are two
or three Mg atomic layers between the two adjacent ABCA-fcc
stacking units. Furthermore, the insertion of several Mg layers
between the LPSO phases can result in the stacking faults in the
LPSO structures [13]. This is consistent with the results observed in
Mg–8Y–2Zn–0.6Zr (wt%) alloy [14].

Occasionally, the transformation from 14H structure into 18R
structure can also be observed in the Mg83Ni6Zn5Y6 alloy after
high temperature annealing at 673 or 773 K [39]. This opposite
phase transformation is probably ascribed to the addition of Ni
and content of alloying elements. However, so far, no relevant
explanation can be referred. Thus, the effect of chemical compo-
sitions on the stability and phase transformation of LPSO struc-
tures still needs to be further investigated.

2.3. Effect of element addition on the formation and microstructure
of LPSO structures

2.3.1. Additions and atomic ratio of alloying elements
It should be noticed that the previous studies about LPSO

structures in Mg-alloys are mainly focused on Mg–Zn–RE system.
Inoue et al. [27] report that there are no LPSO structure in the
melt-spun alloys in ternary of Mg–Al–Y, and binary of Mg–Y and
Mg–Zn, but the addition of Zn into Mg–Y can lead to 6H LPSO
phase formation. The same result has been also reported by Gao
et al. [31]. However, Apps et al. have found that LPSO phases can
hardly exist in Mg–Y–Nd, Mg–Dy–Nd and Mg-Gd-Nd system alloys,
and this is attributed to the absence of the plane faults in these
alloys [39]. The addition of Zn makes a remarkable decrease of
stacking fault energy (SFE) of the basal plane and Y stabilizes the
long periodicity of LPSO phases [40]. Thus, it seems that the ele-
ments of Zn and RE are indispensable solute elements for the
formation of the LPSO phases in Mg-RE system alloys. Moreover,
Yamada et al. demonstrated that there was a definite content
range of Zn addition for the formation of the LPSO in the Mg–Gd–
Y–Zn–Zr alloys, and no LPSO phase could be formed when the
content of Zn in the alloy was low than 0.3% or higher than 1.0%
[34].

Afterwards, LPSO structures were also observed in other Mg-M-
RE alloys, such as Mg–Y–Cu [3], Mg–Y–Ni [26,41], Mg–Al–Gd [42]
and Mg–Co–Y [10]. Fig. 5 shows that LPSO phases can be formed in



Fig. 5. Schematic quasi-isothermal section of the Mg–Zn–Y ternary phase diagram.
Experimentally determined compositions of the Mg–Zn–Y LPSO phases
[2,7,11,20,43,44] annealed at temperatures of 573–793 K are plotted together with
the ideal stoichiometry compositions of the present LPSO models (red). 14H–
Mg83Zn11Er6 is also plotted as no. 9 for comparison. Reproduced from Ref. [24].

Fig. 6. Stability of 14H- and 18R-LPSO structures predicted by DFT, for all Mg–XL–XS

ternary systems. XS and XL elements are given along the vertical and horizontal
axes, respectively. Reproduced from Ref. [45].

Table 2
Characteristics of metal elements and LPSO polytypes in Mg–TM–RE alloys [21].

Mg–TM–

RE
Atomic radius
of TM (nm)

Mixing enthalpy be-
tween Mg–TM (kJ/
mol)

LPSO phases Reference

Mg–Zn–Y 0.139 �4 10H, 14H,
18H, 24R

[8,11]

Mg–Cu–Y 0.128 �3 18R [46]
Mg-Ni–Y 0.124 �4 18R [46]

14H, 18R-
twin

[41]

10H [26]
Mg–Al–
Gd

0.139 �2 18R [23]
14H [47]

Mg–Co–Y 0.126 3 15R, 12H, 21R [10]
18R, 15R-
twin, 18R-
twin

[48]
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the Mg–Zn–Y ternary systems with non-stoichiometric composi-
tions and the Zn/Y atomic ratio is required to be less than 1
[2,7,11,20,24,43,44], suggesting that the LPSO phases could toler-
ate a considerable degree of disorder at the Zn and RE sites with
statistical co-occupation by Mg, and thus the degree of order of the
LPSO phases depends on the occupation conditions at the Zn/RE
sites [24]. Moreover, the local atomic substitution behavior in the
LPSO phases were deeply discussed in terms of the formation
conditions of the Zn6RE8 clusters, and qualitatively explained
about why the non-stoichiometric composition range was boun-
ded by a fixed Zn/Y ratio [24].

2.3.2. Mixing enthalpy and atomic radius
As for Mg–Zn–RE (Y, La, Ce, Pr, Sm, Nd, Gd, Dy, Ho, Er, Tb, Tm

and Yb) alloys, Kawamura et al. proposed a criteria for RE that
could participate in the formation of LPSO phases [15]. The criteria
mainly includes the following aspects [15]: (1) negative mixing
enthalpy for Mg–RE and Zn–RE pairs, (2) HCP structure at room
temperature, (3) large solid solubility limits above approximately
3.75 at% in magnesium, and (4) larger atomic size than Mg by 8.4–
11.9%. After the observation of LPSO phases in Mg–Co–Y alloy, the
above criteria were specified in Mg–TM–RE ternary systems. The
mixing enthalpy between Mg–TM, Mg–RE should be �4 to 3 kJ/
mol and �38 to �22 kJ/mol, respectively. Additionally, the atomic
diameter of TM should be 0.124–0.143 nm [21].

Recently, Saal et al. examined the thermodynamic stability of
these LPSO precipitates with density functional theory (DFT), and
predicted the stabilities for 14H-and 18R-LPSO structures for many
Mg–XL–XS ternary systems, where XL and XS were elements larger
and smaller than Mg, respectively [45]. The stability of LPSO phase
in 85 kinds of Mg–RE–XS and 55 types of Mg–XL–XS (XL≠RE)
ternary systems are summarized in Fig. 6. Here, the experimentally
observed LPSO-formation systems were denoted by the symbol of
“� ” and the blue squares without a “� ” indicated that the systems
could be predicted the existence of stable LPSO phases. Moreover,
it demonstrated that the favorable mixing energy between Mg and
XL on the fcc lattice and the size mismatch together served as the
excellent criteria for determining the formation of XL LPSO. Based
on the criteria, the Ca-, Sr- and Th-containing LPSO structures are
the most competitive with the ground state [45].

2.3.3. Impact of RE elements on the structural and chemical order of
LPSO structures

Kawamura et al. reported that the LPSO phases were only ob-
served in Mg–Zn–RE alloys with REs having a hexagonal closed
packed (HCP) structure which is the same as Mg and Zn. The RE
elements of non-LPSO Mg–Zn–RE alloys are hexagonal (HEX), face
centered cubic (FCC), body centered cubic (BCC) or rhombic [15].
Therefore, it can be seen that the crystal structure of RE elements
influences the formation of the LPSO phase.

2.3.4. Impact of TM elements on the structural and chemical order of
LPSO structures

Generally, the 10H-, 14H-, 18R- and 24R-LPSO phases in Mg–
TM–RE (TM¼Ni, Cu, Al and Zn) alloys contain an ABCA-type
building block, while the 15R-, 12H- and 21R-LPSO phases in Mg–
Co–Y alloys include an ABC-type building block. The mixing en-
thalpy and atomic radius of these LPSO structures are summarized
[8,10,11,21,23,46–48], as listed in Table 2. It can be seen that the
difference in the mixing enthalpy of Mg–Co–Y is positive, while the
others are negative. Thus, the mixing enthalpy between Mg–TM
may be the critical factor affecting the stacking sequence of LPSO
phases. Moreover, the atomic radius is possibly the key factor for
determining the chemical order along basal plane of the alloys.
Since the atomic radius of Al is almost the same as that of Zn, the
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LPSO phases in Mg-3.5 at% Al-5.0 at%Gd and Mg-10 at% Zn-15 at%Y
alloys have the similar chemical order in basal planes. In contrast,
the SAED patterns of LPSO phases in Mg-Co/Ni/Cu-Y indicated that
the solute atoms could not arrange in order on basal planes, where
the atomic radius of Co/Ni/Cu was smaller than that of Al/Zn. The
possible reason is that the Al/Zn (0.139 nm) and Y/Gd (0.180 nm)
pairs could better offset the induced strain due to the addition of
solute elements.

So far, lots of research work has been focused on the micro-
structure characterization, formation mechanisms and stability of
LPSO phases, but the key factors determining the intrinsic for-
mation of the LPSO phases are still not well understood and need
to be further investigated.
Fig. 7. Schematic illustrations of kink deformation: (left) nucleation of dislocation
dipole pairs occurs within a grain interior. (Right-top) Dislocation walls moved
apart and form sharp interfaces with a stepwise shape. (Right-bottom) Array of
kink interfaces observed in the study. Reproduced from Ref. [53].
3. Deformation mechanisms of LPSO structures and its effect
on twinning and dynamic recrystallization

3.1. Deformation kink

Deformation kink can be formed in the LPSO structures during
various kinds of deformation [16,43,49,50]. The deformed micro-
structures of a Mg97Zn1Y2 (at%) alloy with a compression strains of
23% (Sample 23%) and 60% (Sample 60%) under a strain rate of
10�3 s�1 at 573 K were observed, respectively. Obviously, the
grains were elongated along the perpendicular directions with
respect to the loading axis for both samples. Moreover, the multi-
kinking bands could be observed and exhibited serrated mor-
phology and kinking angle increased with increasing strain to up
to 60% [16].

To understand the micro mechanism on the atomic scale about
the deformation kinking of LPSO phases, TEM and HRTEM in-
vestigations were performed. TEM image of a deformation kink
with relatively sharp and flat boundaries obtained in the Sample
23% revealed that the rotation angle was about 15° around < ¯ >1100
zone axis (inserted SAED Pattern). HRTEM images demonstrated
that the boundaries of the deformation kink consisted of edge-
type dislocations with a Burgers vector b¼ < ¯ >11201

3
Obviously,

the dislocations of the left and right KBs showed the opposite
signs, i.e. the low angle kink bands were bounded by the opposite
“tilt walls” of dislocations. Based on the HRTEM observations
mentioned above, the synchronized slip of dislocations mechan-
ism of kinking was deeply analyzed at the atomic scale [51,52].

Recently, Egusa et al. observed a micro-kinking feature oc-
curred in the LPSO structures in a hot-extruded Mg97Zn1Y2 alloy
[53]. The kink boundaries were composed of multiply segmented
kink-interfaces that were sequentially rotated with small angles in
a definite direction. To explain this, schematic illustrations of kink
deformation were proposed, as shown in Fig. 7. However, the
micro-kinking mechanism can hardly be explained by the gen-
eration of dipole-pair dislocations in the early stage of kinking
because this process can still occur when the grains were under
multiple stress conditions such as shearing, bending, torsion and
etc [53]. Therefore, further investigations are still needed to deeply
clarify the microscopic mechanism of micro-kinking (rotational
kinking) deformations.

3.2. Interaction between LPSO structures and deformation twinning

Due to the limited slip systems, the deformation twinning can
play as one of the important deformation mechanisms in the
metals and alloys with HCP structure. However, the formation of
LPSO phases can inhibit the nucleation and growth of the de-
formation twinning [16,54,55]. For the Mg97Zn1Y2 alloy tensile
tested at room temperature, the dense LPSO phases can prevent
the growth of {10–12} deformation twinning in the α-Mg matrix,
while the low density LPSO phases cannot inhibit the twinning
activation [54]. Additionally, the interactions can exist between
the deformation twin, LPSO structures and basal stacking faults
(SFs). Previous work demonstrated that {10–12} twin can pene-
trate through SFs in the Mg97Zn1Y2 alloy [55]. It is apparent that
the interaction makes the misorientation angle of 84° between the
basal planes of matrix and the twinned areas. This value slightly
deviates from the misorientation due to the activation of an ideal
{10-12} twinning. Meanwhile, the twin boundary is curved and
deviated from the (10-12) habit plane and has a 4 nm wide waved
ledge of severely distorted lattice contrast. Additionally, the de-
formation twin could re-orientate the SFs to the twinning or-
ientation, but this process needs to pass through a relatively thick
LPSO phase (�12 nm) under special deformation conditions. Fur-
thermore, the reaction between deformation twin and basal SFs
can not only lead to the formation of terraces along the basal
planes in the twinned areas, but also can extend the severely
distorted TBs. However, this case is slightly different from that of
the fully coherent twin boundaries with periodic segregation of
solute atoms in Mg-0.2 at%Gd, Mg-0.8 at%Gd, Mg-1.9 at%Zn and
Mg-1.0 at%Gd-0.4 at% Zn-0.2 at% Zr alloys [56], which is due to the
limited solute atoms existed in the α-Mg matrix compared with
that of the Mg97Zn1Y2 alloy.

3.3. Effect of LPSO structures on the dynamic recrystallization (DRX)

Generally, DRX is the result of rearrangement and/or annihi-
lation of dislocations during high-temperature deformation pro-
cessing. In the traditional compression or tensile tests performed
at elevated temperatures, the LPSO phase can delay the occurrence
of DRX due to its high thermal stability [57,58]. For example, only a
very small volume fraction of DRX grains were observed in the
Mg–Zn–Y alloys under compression at 573 K (10�3 s�1) [16]. Fur-
thermore, it has been reported that in Mg–2.0Zn–0.3Zr–5.8Y alloy,
both 18R- and 14H-LPSO phases play an important role in delaying
occurrence of the DRX under conditions of the temperature of
573–623 K and strain rate range of 0.001–0.01 s�1, and the tem-
perature 573–723 K and strain rate range of 0.1–1 s�1 [59,60]. The
main reason can be ascribed to the retarding effect of the LPSO
phase on the dislocation motion and migration of grain boundaries
at high-temperatures. However, there still existed some large
DRXed region in the Mg matrix for the hot-extruded Mg alloys
performed at 623 K and 723 K [59,60]. Thus, the effect of LPSO
structures on the DRX should be closely related to the deformation
temperature and processing.



Fig. 8. Texture evolution of the Mg/LPSO alloy with different annealing temperatures: SEM-EBSD maps (a, c, e and g) and corresponding {10-10}, {11-20} and (0001) pole
figures from the Mg-matrix grains: as-extruded (b) and annealed at 400 °C (d), 450 °C (f), and 475 °C (h). Reproduced from Ref. [50].
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3.4. Texture evolution

Hagihara et al. compared the texture evolution of the
Mg97Zn1Y2 and Mg99.2Zn0.2Y0.6 alloys annealed at different tem-
peratures and found that grains in the LPSO containing Mg97Zn1Y2

alloy exhibited a strong fiber texture [50], as shown in Fig. 8. It is
worth to be noted that the intensity concentrations of the (0001)
peak perpendicular to the extruded direction and that of {10-10}
peak along the extruded direction in Mg97Zn1Y2 alloy are con-
siderably weaker than those of the conventional Mg alloys,
meaning that the recrystallized grains in the LPSO-containing Mg
alloy exhibit a randomized texture. However, after annealing at
400 °C, the intensity concentrations of (0001) peak perpendicular
to the extrusion direction, and {10-10} peak along the extruded
direction are weakened (Fig. 8(b)). However, during annealing at
both 450 and 475 °C, these concentrations can be intensified, as
shown in Fig. 8(c) and (d). Compared with these observations
mentioned above, the basal fiber texture can be remarkably
weakened during annealing at 400 °C and eliminated by annealing
both at 450 and 475 °C for the Mg-solid solution Mg99.2Zn0.2Y0.6

alloy [50]. It can be expected that the enhancement of the basal-
fiber texture will be surely beneficial for improving the mechanical
properties of the LPSO-containing Mg alloys. The yield stress of the
as-extruded Mg97Zn1Y2 alloy with strong basal texture can reach
270 MPa. Although the texture intensities of the alloy are slightly
weakened after annealing at different temperatures, their
strengths are still higher than those of Mg99.2Zn0.2Y0.6 alloy. Later,
Laser et al. further confirmed these results and found that the fiber
texture of Mg–Ca–Ce alloys produced during extrusion may dis-
tinctly improve the strength of the Mg alloy [61]. More recently,
Jono et al. reported the effect of LPSO phase-stimulated texture
evolution on the creep resistance of extruded Mg–Zn–Gd alloys
and found that the induced o1004 fiber textures can increase
their creep strength [62].
4. Effect of LPSO structures on mechanical properties of Mg-
alloys

4.1. Tensile properties at ambient and elevated temperatures of Mg
alloys containing LPSO phase

Compared with the other commercial Mg alloys, LPSO-con-
taining Mg alloys exhibit better mechanical properties. For ex-
ample, the yield strength, tensile strength and elongation of a hot-
extruded LPSO Mg97Y2Cu1 alloy at ambient temperature are re-
spectively 297 MPa, 377 MPa and 8.1%, whilst even at 473 K, these
values can still be 273 MPa, 344 MPa and 16.3%, respectively [3].
When compared with that of the commercial Mg magnesium al-
loys, the strengths of the wrought LPSO-containing Mg97Y2Cu1
alloy at room temperature are just slightly higher, but the alloy can
exhibit remarkably higher strengths at elevated temperature
[3,63], as shown in Fig. 9.

4.2. Compressive properties at room and elevated temperatures of
LPSO containing Mg alloys

Besides the tensile properties, the LPSO-containing Mg alloys
also have superior compressive properties [16,50,64]. When the
compression tests were performed at the temperature of 573 K
and strain rate of 10�3 s�1, the as-cast Mg97Zn1Y2 alloy exhibited
the highest peak stress of 190 MPa compared with pure Mg and
commercial Mg alloys [16,65–69], as listed in Table 3. The reason
can be mainly ascribed to the following three factors: (1) de-
formation kinking in LPSO phases play a key role in strengthening
and toughening the Mg alloy; (2) the hardening LPSO phases have
coherent interfaces with Mg matrix; and (3) LPSO phases inhibit
the deformation twinning and delay the DRX [16].

Through investigating and comparing the compressive yield
strengths of Mg97Zn1Y2 extruded alloys containing with and



Fig. 9. Tensile properties of the hot-extruded Mg97Y2Cu1 alloy compared with the
as-cast Mg97Y2Cu1 alloy at room temperature (a) and 473 K (b), and the extruded
commercial Mg alloy [63] also included for comparison. Reproduced from Ref. [3].

Table 3
Comparison of the peak stresses of the Mg alloys tested in hot compression at
573 K [16].

Mg alloy Peak stress/MPa Strain rate/10�3 S�1 Ref.

Pure Mg 30 1.7 [65]
Mg-0.035 at% Ce 60 1.7 [65]
AZ31 42 1.0 [66]
AZ91 79 1.0 [67]
ZK60 72 2.8 [68]
Mg92Zn6Y1.5Zr0.5 90 1.0 [69]
Mg97Zn1Y2 190 1.0 [16]

Table 4
Variation of Vickers hardness with the volume fraction of LPSO phase in the alloys
[18]

Alloy %LPSO HV

MgY3Zn1.5 35 84.770.6
MgY2Zn1 21 82.570.7
MgY1Zn0.5 9 65.470.1

Fig. 10. Changes in Yield (a) and UTS (b) strengths as a function of the test tem-
perature for the three alloys [18].
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without LPSO structures at room temperature, Hagihara et al. [50]
reported that the yield stress of the alloy with a volume fraction
24% LPSO phase was higher than that of the LPSO phase-free alloy
(3% LPSO phase) under all annealing conditions with the tem-
perature ranging from 400 to 475 °C. For example, the yield
stresses of the as-extruded Mg97Zn1Y2 and Mg99.2Zn0.2Y0.6 alloys
were respectively 270 MPa and 140 MPa for the specimens with
the annealing temperature of 400 and 475 °C [50]. And it has been
observed that although the strengths decreased with increasing
annealing temperature and time, the decreasing rate in yield stress
for the Mg97Zn1Y2 alloy was apparently lower than that of
Mg99.2Zn0.2Y0.6, indicating that the more LPSO phase containing
Mg alloy can have good mechanical stability at elevated tem-
perature due to the suppressing effect of LPSO phases on the grain
growth. It has been found that the grain sizes of Mg97Zn1Y2 alloy
are much smaller than those of Mg99.2Zn0.2Y0.6 alloys after an-
nealing for about 200 h at both temperatures of 400 and 475 °C,
indicating that the precipitation of LPSO structures in Mg alloys
can decrease the grain size, and hence increase the compressive
yield strengths.
4.3. Effect of volume fraction of LPSO phase on mechanical properties
of Mg alloy

Recently, Oñorbe et al. investigated the effect of the volume
fraction of LPSO phase on the mechanical properties of three ex-
truded Mg100�3xY2xZnx alloys (here x¼0.5%, 1% and 1.5%) [18], and
found that the volume fraction of LPSO phase increased with the
increasing of both Y and Zn contents. The hardness variations of
the alloys with the volume fraction of LPSO phase are listed in
Table 4, showing that the hardness the alloys increased with the
increment of the volume fraction of LPSO phase. Fig. 10 shows the
dependence of yield stress and UTS on the testing temperature. It
can be observed that for these three alloys, the yield stress and
UTS values gradually decreases with the testing temperature in-
crease, except a sharp decrease taking place at the temperature of
523 K. Although the mechanical strengths increase with the vo-
lume fraction of LPSO phase when the test temperature is lower
than 523 K, the alloy (MgY1Zn0.5) with the lowest volume fraction
of LPSO phase has higher yield and UTS values than those of other



Table 5
Ranges of strain rates and temperatures, creep exponent, and proposed creep
mechanisms observed in the extruded Mg97�3xY2xZnx alloys [19].

High strain rates (410�4 s�1) n410 473–523 K
(200–250 °C)

Load transfer
mechanism

n�5 573–623 K
(300–350 °C)

Non-basal dis-
location slip

n¼3 673 K
(400 °C)

GBS

Intermediate strain rates
(10�4 s�1�10�6 s�1)

n�2 to 3 573–673 K
(300–400 °C)

GBS

Low strain rates (410�6 s�1) n45 573–673 K
(300–400 °C)

GBS (threshold
stress)

Fig. 11. S–N curves of the as-cast Mg–Gd–Zn–Zr alloys: black triangles: the as-cast
alloy; Red circle: the solution treated alloy (T4); and Blue square: solution and
artificial aged alloy (T6). Reproduced from Refs. [71,72].
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two alloys (MgY2Zn1 and MgY3Zn1.5) with higher volume fraction
of LPSO phase when the test temperature is higher than 523 K. The
reason for this may be related to the change of deformation me-
chanism of LPSO phases at the temperature higher than 523 K [18].

4.4. Effect of LPSO phase on creep behavior of Mg alloys

Generally, the LPSO-containing Mg–Zn–Y alloys can exhibit a
high-stress exponent and high-activation energy at low-tem-
perature and/or high strain rates. The superior creep resistance is
originated from the LPSO-containing Mg alloys behaving as a
metal matrix composite, where the Mg matrix can transfer part of
loads to the LPSO phase [17]. Onorbe et al. reported that the creep
resistance of LPSO-containing Mg alloys increased with the vo-
lume fraction of the contained LPSO phase [18]. Meanwhile, the
alloys after heat treatment can still show the high creep resistance
since the formed lamellar structure acts as an additional barrier
against creep deformation [18]. To have a good understanding
about the creep behavior of the LPSO-containing Mg alloys, the
different dominant deformation mechanisms at different tem-
perature and strain rates are summarized [19], as listed in Table 5.

4.5. Effect of LPSO phase on the fracture behavior of Mg alloys

In the investigation of the fracture behavior of Mg–Zn–Y alloys
containing with different volume fractions of LPSO phases, Mine
et al. demonstrated that the higher volume fraction of LPSO phases
decreased the fracture toughness of Mg alloys [70]. For the
Mg97Zn1Y2 alloy, the calculated fracture toughness (KIC) from the
Ј-integral of the P–δ curves can reach 20–22 MPa at room tem-
perature, which is higher than those of commercial heat-resistant
AZ80 and WE54-T6 alloys (16 MPa in L-T orientation). In micro-
fracture testing, the Mg97Zn1Y2 alloy exhibited ductile fracture at
523 K, whereas it underwent brittle fracture at room temperature.
For the Mg88Zn5Y7 alloy, it shows a brittle P–δ response, irre-
spective of testing temperature.

4.6. Effect of LPSO phase on fatigue behavior of Mg alloys

So far, there has been a little work reported on the fatigue
behavior of Mg alloys containing with LPSO phases. He et al.
[71,72] reported the high-cycle fatigue behavior of the as-cast
LPSO-containing Mg–Gd–Zn–Zr alloy and compared with that of
the conventional Mg-based alloys, indicating that the fatigue
strength of this alloy (105 MPa) is higher than those of the con-
ventional Mg alloys (AZ91, AZ61, AM60 and ZE41) and even that of
A356 Al alloy. Fig. 11 shows that the fatigue strengths after solu-
tion (T4) or solution and artificial aging (T6) can be improved to
112 and 130 MPa, respectively.

5. Corrosion behavior of LPSO phase containing Mg alloys

So far, lots of research works demonstrated the LPSO containing
Mg alloys having a better corrosion resistance compared with the
conventional Mg alloys such as AZ31, WE43, ZK60 and ZX60 [73–
79]. Izumi et al. [73] reported that the LPSO containing Mg–Zn–Y
alloys exhibited the excellent corrosion performance and ascribed
this to the passivity and the improvement of resistance to local
breakdown of the films due to the combination effects of Al ad-
dition and rapid solidification [73]. Zhao et al. compared the me-
chanical properties and corrosion behavior of warm extruded
LPSO containing Mg99.83Zn1Y2Zr0.17 alloy with those of the con-
ventional alloys (AZ31, WE43, ZK60 and EX60), and found that the
former exhibited a better combination of mechanical strength and
corrosion performance [75]. However, Zhang et al. reported that
the corrosion behavior of Mg–Zn–Y alloys depended on not only
the volume fraction of LPSO phase, but also their distribution and
morphology [76]. It revealed that the net-like continuous dis-
tribution and an appropriate volume fraction (moderate) of LPSO
phase could ensure the alloy having the lowest corrosion rate [76].
Wang et al. [77] compared the corrosion potential (Ecorr) of an Al-
containing Mg alloy (Mg96–Zn1Y2–Al1) with those of Al-free Mg
alloy (Mg96–Zn1Y2) and relatively less Al content alloy
(Mg96.5–Zn1Y2–Al0.5), and found that the Ecorr value of the former
alloy was lower than those of the latter two. It firmly indicates that
the addition of Al can increase the corrosion resistance of the LPSO
containing Mg alloys.

Okouchi et al. investigated the corrosion behavior of both Mg–
Zn–Y–Al alloys containing with and without LPSO phases, and
found that the corrosion rate of the alloy with LPSO phase was
1.5 times lower than that of the alloy containing without LPSO
phase [78].
6. Biodegradation behavior of LPSO phase containing Mg
alloys

Due to the similar strength to the natural bone and better bio-
compatibility, many efforts have been made for developing the
biodegradable Mg-based alloys as the implant materials for the
cardiovascular and orthopedic applications. So far, lots of scientific
and technological articles have been published [79–85], and sev-
eral comprehensive review articles about bio-degradation of Mg
alloys can also be referred [79–81].

Zhao et al. investigated the bio-degradation behavior of the as-
extruded LPSO containing Mg–Zn–Y–Zr alloy, and found that the



Fig. 12. Cyclic polarization curves of Mg alloys with 18R (a), and 14H LPSP
(b) phases in 0.9 wt% NaCl solution after immersing for 10 min, 2 h and 4 h, re-
spectively [84].
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alloy exhibited a good combination of high mechanical strength,
lower biodegradation rate and better biocompatibility [82]. How-
ever, with increasing in the volume fraction of LPSO phase, the
biodegradation rate of the alloy was accelerated [83]. Moreover,
Zhao et al. proposed that the biodegradation behavior of Mg alloys
both in vitro and vivo was dominated by their corrosion me-
chanism [82,83]. Although the formation of LPSO phases in Mg
alloys can decrease the degradation rate, the corrosion mechan-
isms of different LPSO structures were different [84]. Peng et al.
compared the cyclic polarization behaviors of Mg-alloy with 18R-
and 14H-LPSO phases in 0.9 wt% NaCl solution after immersing for
different time [84], as shown in Fig. 12. It was found that the Icorr
value of the 18R-LPSO containing alloy increased with immersion
time, leading to a larger ACR value, whereas, a relative stable Icorr
and ACR values could be maintained for the alloy containing with
14H. These observations show that for the Mg alloy containing
with 18R, the porous bands distributed along the grain boundaries
extended with the preceding of the degradation process and the
surface oxidation film was broken down during polarization test.
However, for the 14H-LPSO containing alloy only some isolated
pitting spots occurred during cyclic polarization test.

7. Future trends

So far, the formation and microstructural evolution in LPSO-
containing Mg alloys, as well as their effects on the mechanical
and corrosion properties at both room and elevated temperatures
have been briefly reviewed in this article. Recently, besides the
LPSO-containing Mg alloys, the formation of quasi crystalline
phases (I-phase) and their effect on the service properties of Mg
alloys is another hot research topic [85–107]. Previous work de-
monstrated that the formation of I-phase particles in the matrix
can also be beneficial for improving the mechanical strength,
fracture toughness, corrosion resistance and fatigue strength of Mg
alloys [85–89,91–92,101–103]. Compared with these two alloys,
they are all the promising high-strength rare-earth containing Mg
alloys for the potential engineering applications. However, since
the deformation kink can occur in the LPSO structures during
various kinds of deformation modes, the LPSO-containing Mg al-
loys can not only have high-strength, but also have a remarkable
deformability with compression strains up to 60% [16,43,49,50].
Therefore, LPSO-containing Mg alloys could be more suitable for
the plastic forming process of final products. Based on the referred
research work mentioned above, however, some scientific ques-
tions have still not been satisfactorily answered. Here, we just
make several conclusions and point out some areas that would be
worthwhile for further scientific investigation in the future.

(1) Although there are five types of LPSO phases (6H, 10HR, 14H,
18R and 24R) existed in ternary system alloys of Mg–Zn–RE
(RE¼rare elements), Mg–Y–TE (TE¼Cu and Ni), and qua-
ternary system alloys such as Mg–Y–Gd–Zr and Mg–Y–Zn–Zr,
Mi et al. reported that some new kinds of LPSO structures
(15R, 12H and 21R) can still be observed in Mg alloys [11]. It is
reasonable to anticipate that besides these eight kinds of LPSO
phases (6H, 10HR, 14H, 18R, 24R, 15R, 12H and 21R) mentioned
above, some new types of LPSO structures can probably be
observed in the newly developed or processed Mg alloys.
Therefore, the systematically investigation about the forma-
tion conditions for LPSO phases and the determinant factors
for their structural variation are quite essential to be further
carried out.

(2) To obtain the key factors for determining the order structure
of LPSO phases, besides considering the stacking and chemical
order along c-axis of LPSO structures, the in-plane orders of
different types of LPSO structures are also needed to be clar-
ified. Moreover, more emphases should be put on the elec-
tronic structures, atomic radius, mixing enthalpy of the LPSO
containing Mg alloys.

(3) Although lot s of research work demonstrate that LPSO
structure can have a positive effect on the properties of the
alloys, the associated mechanism are quite complicated such
as their structure, size, morphology, distribution and volume
fraction and etc. In this aspect, a systematic work in-depth is
still of absence, in particular, the effect of LPSO phase on fa-
tigue behavior of the alloy is quite limited. Generally, the de-
sign criteria for the alloy development require the materials to
have a better combined mechanical property. Therefore, the
extensive researches about the mechanism for property im-
provement due to the presence of LPSO phases and their effect
on fatigue behavior are still needed to be deeply carried out.

(4) Previous work indicates that LPSO phase can be helpful for
improving the corrosion resistance of Mg alloys. However,
further studies demonstrate that the corrosion properties of
LPSO containing Mg alloys are related to the distribution,
morphology and volume fraction of LPSO phases. As for
whether it has a critical requirement for their existing state to
ensure a better corrosion resistance, so far, no relevant re-
search work can be referred. Therefore, deep investigations
are still needed to be further performed as for the effect of
LPSO phase on the corrosion behavior of Mg alloys.

(5) Currently, Mg alloys being used as biodegradable implant
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materials become one of the hottest topics. Although the
LPSO-containing Mg alloys can have excellent properties in
terms of mechanical properties and corrosion resistance, their
application for the implant materials requires the excellent
combined properties, including biocompatibility, mechanical
properties, and corrosion performance as well as the better
loading-bearing capability [79]. Therefore, the future work
about the application of the LPSO-containing alloys being as
the biomaterials should focus on the improvement of their
combined properties.
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