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Abstract: Transmission electron microscopy characterization of two major long-period stacking ordered
~LPSO! phases in Mg–Zn–Y alloy, i.e., 18R- and 14H-LPSO are reported. The space group and atomic-scale
microstructures of both compounds were determined using a combination of electron diffraction, convergent
beam electron diffraction, high-resolution transmission electron microscopy, and Z-contrast scanning transmis-
sion electron microscopy. The 18R-LPSO phase is demonstrated to have a point group and space group 3m and
R3m ~or N3m and R N3m!, with the lattice parameter a � 1.112 nm and c � 4.689 nm in a hexagonal coordinate
system. The 14H-LPSO phase has a point group 6/mmm and a space group P63 /mmc, and the lattice parameter
is a � 1.112 nm and c � 3.647 nm. In addition, insertion of extra thin Mg platelets of several atomic layers,
results in stacking faults in the LPSO phase. These results may shed some new light on a better understanding of
the microstructure and deformation mechanisms of LPSO phases in Mg alloys.
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INTRODUCTION

Magnesium alloys have attracted increasing interest as light-
weight structure materials owing to their low density, high
specific strength, good damping, and ease of recycling,
which can be used in many fields including automotive,
tools, sports equipment, electronic equipment, and aero-
space ~Zhang et al., 2007a!. However, the low strength and
poor ductility of Mg alloys are critical issues and so far have
strongly limited their widespread application. Adding alloy
elements is one of the most effective methods to improve
mechanical properties of Mg alloys ~Inoue et al., 2001; Bae
et al., 2002; Yamasaki et al., 2005; Honma et al., 2007!.

Mg97Zn1Y2 ~at%! alloy exhibits high thermal stability
and exceptional mechanical properties ~Inoue et al., 2001;
Kawamura et al., 2001!, owing to a novel precipitate with
long-period chemical and stacking ordered ~LPSO! struc-
ture ~Abe et al., 2002!. Various LPSO phases of 10H, 14H,
18R, and 24R types LPSO have been observed in several
kinds of ternary Mg–Zn–RE ~rare earth! systems ~Chino
et al., 2004; Itoi et al., 2004; Matsuda et al., 2005; Kawamura
& Yamasaki, 2007!. It has been reported that LPSO phases
play a significant role in strengthening and toughening Mg
alloys, especially at high temperatures ~Shao et al., 2010;
Hagihara et al., 2013!.

The LPSO structures in as-cast Mg–Zn–Y alloys were
reported as a monoclinic 6H type in the beginning ~Abe
et al., 2002; Ping et al., 2002!. Afterwards, 18R other than
6H was examined to describe the LPSO phase formed in
as-cast state and rapid solidification process ~Luo & Zhang,

2000; Itoi et al., 2004; Matsuda et al., 2005!. The lattice
parameter was a � 0.321 nm and c � 4.86 nm in hexagonal
coordinates, with a stacking sequence of ABABABCACA
CABCBCBCA along the @0001# direction ~Luo & Zhang,
2000; Itoi et al., 2004; Matsuda et al., 2005!. Meanwhile, the
14H-LPSO phase was identified as the major LPSO phase in
Mg–Zn–RE alloy after suitable heat treatment ~Yoshimoto
et al., 2006; Kawamura & Yamasaki, 2007; Yamasaki et al.,
2007; Zhu et al., 2007, 2010!. The 14H-LPSO phase has a
hexagonal lattice ~a � 0.325 nm and c � 3.694 nm!, with a
stacking sequence of ACBCBABABABCBC along the @0001#
direction ~Matsuda et al., 2005!. In addition, other stacking
sequences have also been reported, e.g. ABABABACACA
CAC ~Amiya et al., 2003! and ABACBCBCBCABAB ~Mat-
suura et al., 2006!. Recently, Zhu et al. ~2007, 2010! pro-
vided a new result of 18R- and 14H-LPSO structures in
Mg–Y–Zn alloys. 18R-LPSO structure has an ordered base-
centered monoclinic lattice ~a � 1.112 nm, b � 1.926 nm,
c � 4.689 nm, b � 83.258!, with Y and Zn atoms having an
ordered arrangement in the close-packed planes. Further-
more, the composition of 18R is suggested to be Mg10Y1Zn1,
instead of the Mg12Y1Zn1 composition that is commonly
accepted ~Luo & Zhang, 2000!. The 14H has a hexagonal
unit cell ~a � 1.112 nm, c � 3.647 nm! and the ordered
distribution of Y and Zn atoms in the unit cell is similar to
that in the 18R and its composition is Mg12Y1Z1. A fully
crystal characterization of LPSO structures may result in a
further understanding of microstructures and deformation
mechanisms of LPSO phases in Mg alloys.

A combination of electron diffraction pattern ~EDP!
and convergent beam electron diffraction ~CBED! was suc-
cessfully applied in determining the symmetry of ternary
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carbides such as Ti3AlC2 ~Ma et al., 2004! and Zr–Al–C
~Lin et al., 2006!. Therefore, in this work these two meth-
ods were employed to identify the symmetry of the LPSO
phase in Mg–Zn–Y alloys. It should provide more precise
information about the space group. We report the detailed
microstructural characterization of LPSO structures in
Mg97Zn1Y2 ~at%! alloy via transmission electron micros-
copy ~TEM!. The symmetry of both 18R- and 14H-LPSO
phases was determined using a combination of EDP and
CBED. Atomic-scale microstructures were achieved by means
of high-resolution TEM ~HRTEM! and Z-contrast scanning
transmission electron microscopy ~STEM!.

MATERIALS AND METHODS

Samples with a nominal composition of Mg97Zn1Y2 ~at.%!
were prepared from high purity Mg, Zn, and Mg–25Y
~wt%! master alloy by high-frequency induction melting in
a graphite crucible at ;7508C under an argon atmosphere.
The heat treatment samples were solution treated at 5008C
for 5 h sealed in a quartz tube in an Ar atmosphere in order
to avoid Mg alloy oxidation. Both samples at cast state and
after heat treatment were observed using a LEO supra 35
scanning electron microscope ~SEM! and TEM. Thin foil
samples for TEM were prepared by conventional ion-
milling methods. A 200 kV JEOL-2100 TEM was used for
EDP and CBED analysis. A 300 kV Tecnai G2 F30 TEM,
equipped with an HAADF detector, was used for high-
resolution imaging and Z-contrast STEM imaging. Fast
Fourier transformation ~FFT! was carried out using a Digi-
tal Micrograph software package.

RESULTS AND DISCUSSION

Figure 1a shows a BSE-SEM image exhibiting general char-
acteristics of the microstructures present in the as-cast
Mg97Zn1Y2 ~at.%! alloy. The LPSO phase with 5–35 mm in
thickness results in a three-dimensional dendritic microstruc-
ture in the Mg alloy. Figure 1b is a low-magnification TEM
image of the LPSO phase. When imaged along the @hki0#
direction of Mg matrix, the LPSO phase shows parallel
fringes along the @0001# direction. Statistical analysis on 20

EDX spectra shows that composition of the 18R-LPSO
phase is Mg:Zn:Y � ~83.2 6 1.0!:~8.7 6 0.9!:~8.1 6 1.2!. It
has been reported that the 18R-LPSO phase is the dominant
LPSO phase in Mg97Zn1Y2 ~at.%! alloys at the as-cast state
~Itoi et al., 2004; Matsuda et al., 2005; Kawamura & Ya-
masaki, 2007; Ono et al., 2008; Zhu et al., 2009!.

EDPs of the 18R-LPSO phase are displayed in Figure 2.
The @0001#a pattern in Figure 2a obviously shows that there
are five additional reflections at positions of 1/6$11 N20%a,
1/3$11 N20%a, 1/2$11 N20%a, 2/3$11 N20%a, 5/6$11 N20%a, respec-
tively, and another extra spot at position 1/2$11 N20%a. Fig-
ure 2b is a corresponding CBED pattern recorded along the
@0001# zone axis. There is a threefold axis of rotational
symmetry, as well as a mirror plane ~which is reproduced
every 1208 by the action of the threefold axis!. Combining
the EDP pattern ~Fig. 2a! and CBED pattern ~Fig. 2b!, it is
clear that the symmetry along the @0001# zone axis is 3m.
Referring to the international tables for crystallography
~Hahn et al., 1983!, the symmetry of 3m along the @0001#a

zone axis and the reflection conditions of h Nh0l: h � l � 3n,
hh N2 Nhl: l � 3n correspond to point group and space groups:
3m and R3m; N3m and R N3m, respectively. Moreover, it is
seen that there is one higher-order Laue zones in Figure 2b.
When the electron beam passes exactly along the @uvw#
direction in the crystal, the radius of the center of the Laue
zones, R, is approximately given by ~Hirsch, 1977!:

R � lL~2Nd '/l!1/2, ~1!

Figure 1. a: A BSE-SEM image showing the general characteristics
of the microstructures in as-cast Mg97Zn1Y2 ~at.%! alloy; ~b!
low-magnification TEM image exhibiting salient features of the
LPSO phase.

Figure 2. a: Selected-area electron diffraction ~SAED! pattern of
the 18R-LPSO phase recorded along the @0001# direction. b: A
corresponding CBED pattern along the @0001# zone axis, show-
ing the symmetry of a threefold rotation about the @0001# axis
and also the symmetry of the mirror reflection across the ~1 N210!
plane. c, d: SAED patterns of the 18R-LPSO phase with the
electron beam parallel to the zone axis of @1 N210# and @1 N100# ,
respectively.
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where lL is the diffraction constant, N is an integer that
indicates the order of the Laue zone, d ' is the spacing of the
~uvw! reciprocal lattice plane, and l is the electron wave-
length. d ' was calculated to be about 4.72 nm from the
first-order Laue zones in Figure 2b when the electron beam
is parallel to the @0001# direction, suggesting that the lattice
parameter c is about 4.72 nm.

From the @1 N210#a pattern shown in Figure 2c, it can be
observed that five extra diffraction spots are present at
positions of n/6 ~where n is an integer! of the ~0002!a

diffraction. In addition, there are weak but still visible
diffuse streaks ~marked by arrows! along the g~0002!a direc-
tion and at the 61/2$1 N100%a positions. Figure 2d shows the
@1 N100#a pattern, it should be noted that there are five
diffuse streaks through n/6$11 N20%a ~where n is an integer,
denoted by arrows! along the c* direction, which is consis-
tent with the results of the @0001#a pattern shown in Fig-
ure 2a. Thus the EDPs ~Fig. 2! can be indexed using a unit
cell with hexagonal axes a � 1.112 nm and c � 4.689 nm
~regarding the a-Mg-lattice aa � 0.321 nm and ca �
0.521 nm!. The reflection conditions are summarized as
follows:

hkil: �h � k � l � 3n, h Nh0l: h � l � 3n,

hh N2 Nhl: l � 3n and 000l: l � 3n.

Based on aforementioned analyses, the space group of
the 18R-LPSO phase is R3m or R N3m, and the lattice param-
eter is a � 1.112 nm and c � 4.689 nm.

Figure 3a is a HRTEM image of the 18R-LPSO recorded
with the incident beam parallel to the ^1 N210&LPSO direction,
showing a stacking sequence of ABABCACACABCBCBCAB
with a periodicity of 4.7 nm along @0001# , where the under-
lined letters indicate the fcc stacking units. Figure 3b is an
HR-STEM image of the 18R-LPSO phase and Figure 3c is an
FFT-filtered image of Figure 3b, respectively. These demon-
strate the heavier Zn and/or Y atoms distributed periodi-
cally at two middle layers of FCC units, denoted by BC, AB,
and CA, in the 18R-LPSO phase viewing from the ^11 N20&LPSO

direction ~Abe et al., 2002; Ping et al., 2002; Zhu et al., 2009,
2010; Shao et al., 2010!, since the intensity Z-contrast STEM
image is approximately proportional to Z2 ~the square of
atomic number! ~Pennycook & Jesson, 1992! or more accu-
rately to Z1.8 ~Mizutani et al., 2009!. Thus 18R-LPSO phase
consists of two Mg layers alternating with one FCC stacking
unit.

Figures 4a–4c show EDPs of the hexagonal 14H-LPSO
phase in Mg97Zn1Y2 ~at.%! alloy after being heated at 5008C
for 5 h, which are indexed as @0001# , @1 N210# , and @1 N100# ,
respectively. From these low-index basic zone axes, the
lattice parameters can be derived as a � 1.112 nm and c �
3.647 nm, which is consistent with the data reported earlier
~Zhu et al., 2007, 2010!. These EDPs are also informative for
determining the extinction rules. In the @1 N210# EDP, all
reflections appear, but, in @1 N100# the ~000l ! reflections with
l � odd are extinct, implying the existence of a c glide plane.
Figure 4d shows an EDP whose orientation is positioned
between @1 N210# and @1 N100# . It can be seen from Figure 4d
that the ~000l ! reflections with l � odd are also absent,
indicating there is a 63 screw axis along the @0001# axis. The
appearance of the $000l % ~l � odd! reflections in the @1 N210#
pattern can be attributed to double diffraction ~Ma et al.,
2004!. Figure 4e shows a CBED pattern obtained from a
14H-LPSO phase along the @0001# zone axis. A sixfold axis
of rotational symmetry as well as two independent mirror
planes ~each of which is reproduced every 608 by the action
of the sixfold axis! were observed. These two types of
mirror planes are parallel to the sixfold axis. The symmetry
was determined to be 6mm. In addition, the symmetry
shown in the EDP @1 N210# pattern ~Fig. 4b! was 2mm. A

Figure 3. High-resolution ~a! TEM and ~b! Z-contrast STEM
images of the 18R-LPSO phase recorded with the incident beam
parallel to the @1 N210# direction. c: Fast Fourier transformation
filtered image of ~b!. These images clearly show the stacking
sequence and the layers enriched with Zn/Y elements of the
18R-LPSO phase. Figure 4. a–c: Selected-area electron diffraction ~SAED! patterns

of 14H-LPSO indexed as @0001# , @1 N210# , and @1 N100# , respectively.
d: An EDP, the orientation of which is positioned between @1 N210#
and @1 N100# . e: A CBED pattern showing the symmetry of a sixfold
rotation about the @0001# axis and also the symmetry of the mirror
reflection across the ~1 N210! and ~10 N10! planes. f: A CBED pattern
showing the existence of a mirror plane on ~0001!. A combination
of the information derived from these EDP and CBED patterns
indicates that 14H-LPSO has a point group of 6/mmm and a space
group of P63/mmc.
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6mm symmetry and a 2mm symmetry indicate a unique
6/mmm point group for the 14H-LPSO phase. Figure 4f
shows a CBED pattern showing the existence of a mirror
plane on ~0001!. A 6mm symmetry and a mirror plane on
~0001! further confirm the 6/mmm point group for the
14H-LPSO phase. A combination of information derived
from these EDPs and the CBED patterns indicates that the
14H-LPSO phase has a point group of 6/mmm and a space
group of P63/mmc. Moreover, according to equation ~1!,
the lattice parameter c was calculated about 3.68 nm from
the first-order Laue zones in Figure 4e, which is consistent
with the data deduced from the EDPs aforementioned.

Figure 5a is a HRTEM image of the 14H-LPSO phase
recorded with the electron beam parallel to the ^11 N20&LPSO

direction, showing a stacking sequence of ABABCACA
CACBAB with a periodicity of 3.68 nm along the @0001#
direction, where the underlined characters denote two fcc
stacking units. Figure 5b is an HR-STEM image of the
14H-LPSO phase and Figure 5c is a filtered image of Fig-
ure 5b, respectively. Similar to the 18R-LPSO phase, the
heavier Zn and/or Y atoms distributed periodically at two
middle layers of the fcc units, denoted by BC, CB, in the
14H-LPSO phase viewing from the ^11 N20&LPSO direction
~Zhu et al., 2009, 2010!. Statistical analysis on 20 EDX
spectra shows that the composition of the 14H-LPSO phase
is Mg:Zn:Y � ~85.6 6 1.3!:~7.1 6 1.0!:~7.3 6 0.8!. Hence, the
14H-LPSO phase is composed of three Mg layers alternat-
ing with one fcc stacking unit.

The 18R- and 14H-LPSO phases are the most fre-
quently observed structures in Mg–Zn–Y alloys in an as-
cast state ~Luo & Zhang, 2000; Itoi et al., 2004; Matsuda
et al., 2005; Zhu et al., 2010! and after heat treatment
~Kawamura & Yamasaki, 2007; Yoshimoto et al., 2006; Ya-
masaki et al., 2007; Zhu et al., 2007, 2010!. Meanwhile, there
is also coexistence of these two LPSO phases in the local
domains. Figure 6a shows a medium-magnification TEM
image of an intergrown structure 18R- and 14H-LPSO
phase in Mg–Zn–Y alloys after heat treatment, combining a
very thin Mg slab, about 10 nm in thickness. The inter-
growth between these two LPSO phases and Mg platelets

can be understood as follows. The lattice parameters a of
the 18R-LPSO phase and that of the 14H-LPSO phase are
essentially equal and proportional to aa, respectively, allow-
ing an intergrowth with the negligible lattice misfit; in
addition, the 18R-LPSO phase shares similar basic stacking
layers with the 14H-LPSO phase with the only difference
the number of Mg layers between the fcc stacking units ~two
layers of 18R-LPSO phase and three for the 14H-LPSO
phase!. Similar intergrown structures have been identified
in the ternary Ti–Al–C ~Ma et al., 2004!, Zr–Al–C ~Lin et al.,
2006! ceramics and LPSO phases in Mg–Zn–Y alloys ~Zhu
et al., 2010!, which should be a normal phenomenon in the
polytypic domains ~Lin et al., 2006!.

Besides the intergrowth of 18R and 14H-LPSO phases,
various number of Mg planes separating the fcc stacking
units with two enriched Zn/Y planes were also identified in
this Mg–Zn–Y alloy. The Z-contrast STEM image of the
intergrown structure of different Mg layers distributing
Zn/Y layers is illustrated in Figure 7, suggesting that there
are two, three, or four Mg layers between two fcc stacking
units. If we consider the structures in the left and middle
image are 14H- and 18R-LPSO phases, the two Mg layers
inserting between the LPSO phases result in stacking faults
in the LPSO structures. These stacking faults also are re-
ported in several ternary ceramics due to the insertion of
thin layers ~Yu et al., 2003; Lin et al., 2006!.

Comparing EDPs of the 18R-LPSO ~Figs. 2a, 2c, 2d!
and 14H-LPSO phases ~Figs. 4a–4c!, it can be found that
the salient feature of the super lattice reflections in the
EDPs is almost identical for these two phases. That is, the
super lattice spots are relatively sharp on the ~0001!* plane

Figure 5. High-resolution ~a! TEM and ~b! Z-contrast STEM
images of the 14H-LPSO phase recorded with the incident beam
parallel to the @1 N210# direction. c: Fast Fourier transformation
filtered image of ~b!. These images clearly show the stacking
sequence and the Zn/Y segregation layers of the 14H-LPSO phase.

Figure 6. ~a! A mid-magnification TEM micrograph showing 18R-
LPSO and 14H-LPSO phases and Mg platelets alternating with
each other; ~b! the corresponding EDP; ~c! the intensity profile of
reflections among the rectangle denoted in ~b!, the strong peaks
arising from the 18R-LPSO phase and the small peaks ~shown by
arrows! resulting from the 14H-LPSO phase, demonstrates the
intergrowth of the two LPSO phases.

4 Xiaohong H. Shao et al.



~Figs. 2a, 4a!, while the systematic weak diffuse streaks
extend along the c* direction when the electron beam is
parallel to the @11 N20#a ~Figs. 2c, 4b! and @1 N100#a directions
~Figs. 2d, 4c!. The notable characters of EDPs indicate that
there is a comparatively long length of the ordered state in
the ~0001! basal plane, but a relatively short coherence
length of the Zn/Y enriched planes along the c* direction.
This is in good agreement with the Z-contrast STEM pic-
tures in Figures 3 and 5–7 that were obtained along the
@11 N20#a direction, i.e., relatively heavier Zn and/or Y ele-
ments concentrated in the adjacent two basal planes and
forming a subunit among the LPSO phase. This is similar to
the anisotropic features in layered structures, i.e., charge
ordering RFe2O4 ~Zhang et al., 2007b! and strontium order-
ing of Sr0.35CoO2 ~Yang et al., 2005!.

CONCLUSIONS

Microstructural characteristics were investigated in the 18R-
LPSO and 14H-LPSO phases using TEM. The point and space
groups of the 18R-LPSO phase were determined to be N3m
and R N3m ~or 3m and R3m!, respectively, and the lattice pa-
rameter is a � 1.112 nm and c � 4.689 nm. In contrast, the
14H-LPSO phase has a point group of 6/mmm and a space
group of P63/mmc, and the lattice parameter is a �1.112 nm
and c � 3.647 nm. 18R- and 14H-LPSO phases were identi-
fied to form an intergrown structure. Moreover, stacking
faults in the LPSO phase resulted from the insertion of addi-
tional thin, i.e., only several atomic layers, Mg slabs. The study
may lead to a better understanding of the deformation micro-
structure and properties of LPSO phases in Mg alloys at the
atomic level.
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