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Both the solid solution and precipitation are mainly strengthening mechanism for the magnesium-based alloys.
A great number of alloying elements can be dissolved into the Mg matrix to form the solutes and precipitates.
Moreover, the type of precipitates varies with different alloying elements and heat treatments, which makes it
quite difficult to understand the formation mechanism of the precipitates in Mg-based alloys in depth. Thus,
it is very hard to give a systematical regularity in precipitation process for the Mg-based alloys. This review
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is mainly focused on the formation and microstructural evolution of the precipitates, as a hot topic for the
past few years, including Guinier-Preston Zones, quasicrystals and long-period stacking ordered phases formed
in a number of Mg-TM-RE alloy systems, where TM = Al, Zn, Zr and RE = Y, Gd, Hd, Ce and La.

KEY WORDS: Guinier-Preston zone; Quasicrystal; Long-period stacking ordered struc-
ture; Mg-based alloy

1. G.P. Zone (Guinier-Preston Zone)

For a large class of commercial precipitation-
strengthened alloys including Al-, Cu-, Fe-, and Mg-
alloys, the precipitation process mainly starts from
formation of nanometer-sized coherent metastable
precipitates known as Guinier-Preston (G.P.) zones
which can inhibit dislocation glide leading to the in-
crease of the flow stress. Generally, G.P. zones form at
the very early stage of aging. As such, G.P. zones rep-
resent a key component of the precipitation processes.
The discovery of G.P. zones in an age-hardened Al-Cu
alloy, was made by Guinier and Preston using X-ray
Laue diffraction method in 1938[1,2], and these G.P.
zones are composed of Cu-rich layers parallel to [100]
direction of the fcc Al-matrix. The segregation of Cu-
atoms on {100} planes of the Al-matrix is called G.P.-
I zones. However, the mono Cu-rich layers separated
by three Al layers are G.P.-II zones, which can trans-
form into θ and θ′(CuAl2) phases[3−4]. Generally, the
small space size of G.P. zones (on the order of one
to several atom layers) makes it very difficult for the
detection using the conventional electron microscopy.

Scientists and engineers have made lots of efforts
to develop and improve the resolution capability of
microscopy for the characterization of the precipi-
tation process. In the long history of the devel-
opment of characterization instruments, perhaps the
greatest impact is the emergence of transmission elec-
tron microscope (TEM), which has become one of
the primary tools for characterizing the nano- and
micro- structures of materials, because of its very
high resolution capability. For example, the commer-
cial TEM is now routinely available with point res-
olution better than 2 angstroms (Å) (0.2 nm). In
particular, the advent of high-resolution transmis-
sion electron microscopy and three-dimensional atom
probe (3DAP) as well as high-angle annular detector
dark-field scanning transmission electron microscopy
(HAADF-STEM) in materials sciences made it possi-
ble directly to resolve and detect geometric and struc-
tural features of G.P. zones in atomic scale.

Since the first discovery of G.P. zones, a great deal
of investigations of G.P.-zone are mainly focused on
Al-alloys. Fig. 1 shows HAADF micrographs of the
G.P.-zones in Al-Cu alloy, where the Cu atoms ex-
hibit a bright contrast (Fig. 1(a)). Monatomic Cu
layers as small as 2 nm in width can be clearly iden-
tified (Fig. 1(b)), where a G.P. zone is composed of

two Cu layers indicated by an arrow in Fig. 1(b). It is
also found that when the alloy is annealed at a higher
temperature, these zones (G.P.-I) are known to trans-
form into the G.P.-II zones, in which three Al layers
are sandwiched by single Cu layers[5].

Recently, the Mg-Zn based alloys are particularly
interesting for the further development and applica-
tion. A series of reports showed that a number of
different kinds of coherent and semi-coherent precip-
itates were simultaneously present in the Mg-Zn al-
loys aged at 70 ◦C, including [0001]Mg rods and laths,
G.P. zone, G.P.-1 zones {0001}plates and prismatic
precipitates β′

1 and β′
2. The formation of the precipi-

tates mainly depends on the aging temperature, and
generally the precipitation sequence is as follows[6]:

At 160 ◦C: SSSS → Zn clusters → G.P.-I zone +
{0001}Mg rods + (0001)Mg G.P. zone →(0001)Mg G.P.
zones + (0001)Mg plates + [0001]Mg rods + [0001]Mg

laths (β′
2) + [0001]Mg blocks (β′

1) + β′
2 laths.

At 98 ◦C: SSSS → Zn clusters → prismatic pre-
cipitates + (0001)Mg G.P. zones + (0001)Mg plates +
[0001]Mg rods + [0001]Mg laths.

At 70 ◦C: SSSS → Zn clusters → G.P.-I zones
+ prismatic precipitates + (0001)Mg G.P. zones +
(0001)Mg plates + [0001]Mg rods+[0001]Mg laths.

At 22 ◦C: SSSS → Zn clusters → G.P.-I zones +
prismatic precipitates.

After the addition of Ca to the Mg-Zn alloys, the
ageing hardening response of the alloys can be en-
hanced by forming finer precipitates of β′

1 and β
′[7]
2 ,

as well as the formation of monolayer G.P. zones[8].
However, the addition of Cu, and even a trace amount
of Cu to the Mg-Zn alloys can enhance the nucleation
of the precipitates and accelerate the kinetics of pre-
cipitation, in particular during natural aging. This is
believed to be a result of the enhanced favorable inter-
action between Cu, Zn and vacancies. The strength-
ening is mainly ascribed to the formation of a very
high density of the coherent disc-shaped G.P.-I.

Fig. 2 shows the TEM image (Fig. 2(a))
and HREM image (Fig. 2(b)) obtained from the
Mg97.5Gd1.5Zn1 alloy annealed at 200◦C for 100 h
taken with the incident beam perpendicular to c-axis
of the Mg-matrix. The line contrasts perpendicular
to the c-axis in Fig. 2(a) are recognized to be the pla-
nar G.P. zones being parallel to close-packed planes
of the Mg-matrix. Most of the G.P. zones with 50–
100 nm lengths are isolated and independently dis-
tributed, and some of them are double G.P. zones
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Fig. 1 HAADF micrographs of the G.P. zones in Al-Cu alloy: (a) intercalated monatomic Cu layers several
nanometres in width; (b) a two Cu layers thick G.P.-zone [5]

Fig. 2 TEM (a) and HRTEM (b) images of Mg97.5Gd1.5Zn1 cast alloy taken with the incident beam perpendicular
to the c-axis (White arrows in Fig. 2(b) indicate double G.P. zones with a definite interval)[9]

with an interval of about 3c=1.5 nm (c is a lattice con-
stant of the hcp Mg structure) as indicated by arrows
in Fig. 2(a). The HREM image shows the G.P. zones
(Fig. 2(b)), where the dark dots with an interval of
a 2d002 spacing of the hcp Mg lattice are periodically
arranged with an interval of a 3d110 spacing. The
bright dots shown in Fig. 2(b) represent Gd and/or
Zn atoms projected along the 11̄0M direction[9,10].

Fig. 3 shows electron diffraction patterns taken
from Mg97Gd2Zn19 (Fig. 3(a) and Fig. 3(b)) and
Mg97.5Gd1.5Zn1 (Fig. 3(c) and Fig. 3(d)) as-cast al-
loys. Analysis reveals that the weak spots in Fig. 3(a)
and Fig. 3(b) from both β′ and G.P. zones, and the
extra sports at the positions of 1/3, 1/3 and 0 are
shown in Fig. 3(c), and streak reflections shown in
Fig. 3(d) are from G.P. zone.

3DAP technique can effectively detect distribution
of elements in G.P. zone at atomic level[8,11]. Fig. 4(a)

is a bright field image of G.P. zone creating in a Mg-
RE-Zn-Zr casting alloy. HREM reveals that most of
G.P. zones form on a single (0001)a plane of the Mg-
matrix (Fig. 4(b)). It is seen clearly that a distin-
guishable contrast variation (marked by arrows) may
be caused by the segregation of the rare-earth ele-
ments in a single atomic layer of the basal plane due
to the strain extended at both sides of the G.P. zone.

Fig. 5 shows the element distributions of Nd, Ce,
Zn and Zr in G.P. zones obtained by 3DAP. It can be
seen that there are three types of G.P. zones marked
by arrows and two of them are quite similar and sep-
arated by only three or four basal planes of the Mg
matrix. Moreover, these two G.P. zones are enriched
by Nd, Ce and Zn, but no segregated by Zr. These re-
sults can further support the occurrence of G.P. zone
in these kinds of Mg-RE alloys[10].

From these observations, a structural model for
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Fig. 3 Electron diffraction patterns of Mg97Gd2Zn1 (a, b) and Mg97:5Gd1:5Zn1 (c, d) cast alloys taken with the
incident beam parallel to [001] (a, c) and [11̄0] (b, d) directions of the HCP Mg-matrix[9]

Fig. 4 Bright-field (a) and HRTEM (b) images of G.P. zone in Mg-RE-Zn-Zr cast alloy[11]

Fig. 5 Element mappings of Nd, Ce, Zn and Zr obtained by 3DAP (Each black dot represents one atom)[11]
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Fig. 6 A structural model for G.P. zone of the Mg97Gd2Zn1 cast alloy (a, b) and projected atomic arrangements
along [100] (c) and [11̄0](d) directions[10,12]

G.P. zones in the Mg97Gd2Zn1 alloy was constructed
as shown in Fig. 6, where Gd and Zn atoms are
located in two close-packed planes of the Mg ma-
trix (Fig. 6(a)), and occupy the ordered positions
(Fig. 6(b)). The atomic arrangements projected
along the [110] and [11̄0] directions are drawn in
Fig. 6(c) and Fig. 6(d) respectively, where a pair
of Gd-Zn atoms distanced apart by c is periodically
and horizontally arranged with an interval of either
d010=0.28 nm for the [100] view or 3d110=0.28 nm for
the [11̄0] view. This geometrical model can be further
confirmed by the atomic-scale HAADF-STEM obser-
vation to the G.P. zones in a Mg97.5Gd1.5Zn1 as-cast
alloy after annealing at 200 ◦C for 100 h[10].

2. Quasicrystal

One observation of the quasicrystals in a rapid
solidification of Al-rich Al-Mn alloys by melt spin-
ning at 1984 was made by Schechtman, who is the
2011 recipient of the chemistry Nobel prize for his
discovery of quasi-crystals. He stated in his report
that the existence of a metallic solid which diffracts
electrons like a single crystal but has point group
symmetry m35 (icosahedral), which is inconsistent
with lattice translations. Selected-area electron dif-
fraction patterns clearly display the six fivefold, ten
threefold, and fifteen twofold axes characteristic as
shown in Fig. 7. They refer to this kind of phase as

the icosahedral phase with no translational order and
with long-range orientational order[13].

At the same time, Chinese scientist, Kuo and his
colleagues, found quasicrystals with fivefold rotational
symmetry in the nano-domains in σ and Laves phases
in Fe- and Ni-matrix alloys (1984) and soon after, they
again found quasicrystal in Ti-V-Ni alloy in 1985, as
shown in Fig. 7(b)[14−17]. It is well known that the
fivefold symmetry is forbidden in traditional crystal-
lography and is inconsistent with lattice translations.
Therefore, this kind of discovery created a great shock
and impact in solid state physics, chemistry, as well
as materials sciences and the related fields and since
then an argument took place around the formation
and existence of quasicrystals. Pauling argued in his
series papers that so-called icosahedral and decago-
nal quasicrystals as mentioned in Schechtman’s paper
are, in fact, twins of an 820-atom cubic crystal and
he considered that any single crystal with 5-fold axes
could not give reasonably sharp diffraction patterns,
resembling those given by crystals[18−20]. Soon after
that, however, evidences from a series of studies by X-
ray and TEM confirmed further the existence of the
fivefold rotational symmetry quasicrystals with long-
range orientational order, but with icosahedral point-
group symmetry[21−24] and after then, quasicrystals
with 8-, 10-, and 12-fold symmetry have also been
found successively[25−36].
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Fig. 7 Selected-area electron diffraction patterns from the quasicryatls in a rapid solidification of Al-4 at.%Mn
by melt spinning (a)[13] and in Ti-V-Ni alloys (b)[14]

Fig. 8 X-ray diffraction patterns (CuKα) from rapidly
quenched Mg32(Al,Zn)49(a) and Mg2Al3(b)[24]

The studies of the quasidracrystals in magnesium
alloys mainly focused on the systems of Mg-Al-X
(X=Zn, and Cu. . . . . . ) and Mg-Zn-RE (Re=Y, Gd,
and Nd,. . . . . . ). For the former, the quasidracrystals
were usually observed in Mg-alloys produced by rapid
solidification[37−42].

The earlier observations of quasicrystals in mag-
nesium alloys was reported by Rajasekharan et al.[24]

in rapidly quenched Mg32(Al, Zn)49(Fig. 8(a)) and
Mg2Al3(Fig. 8(b)) and by Mukhopadhyay et al.[28] in
Mg32(Al, Zn, Cu)49 alloy, showing the occurrence of
quasicrystals in these alloys. These results are firmly
confirmed by the TEM observation shown in Fig. 9,
where is the selected area diffraction pattern with 5-
fold symmetry from rapidly solidified Mg32(Al, Zn)49.

Although the quasicrystals mentioned above were
mainly produced by non-equilibrium technique, these
kinds of icosahedral quasicrystals have also been
reported in many conventionally processed Mg
alloys[43−59].

The first observation of the quasicrystal phase in
an as-cast Mg-Zn-RE, where RE represents Y or mix-

Fig. 9 Selected area diffraction pattern with 5-fold sym-
metry from rapidly solidified Mg32(Al, Zn)

[24]
49

ture of rare-earths elements of Y, Nd, Gd, Dy and La
etc. was made by Luo et al.(1993)[50]. They found
three kinds of crystals, W, W′ phases (having the
same structures (fcc) and the space group (Fm3m)),
MgZn2-type Laves phase, coexisting with the qua-
sicrystals. Fig. 10 shows the typical SEDPs taken
from the quasicrystal phase in a Mg-Zn-Y cast al-
loy, revealing a distinct characteristic icosahedral qua-
sicrystal with 5-, 3- and 2-fold symmetry axes[50].

A series of subsequent researches further verified
the existence of the icosahedral quasicrystal in the
same rare-earth containing Mg alloy systems[51−59].
Yi et al.[60] reported that the icosahedral quasicrystal
(I-phase) can be formed by a peritectic reaction. As
the first step, (Zn,Mg)5Y is crystallized in the liquid:
L → (Zn,Mg)5Y, and then L+ (Zn,Mg)5Y→I-phase
as shown in Fig. 11, indicating the formation process
of the I-phase in Mg-Zn-Y as-cast alloy[60].

Fig. 12 shows that the icosahedral quasicrystal
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Fig. 10 SEDPs from quasicrystals in a Mg-Zn-RE cast alloy showing 5-fold (a), 2-fold (b) and 3-fold (c)
symmetries[50]

Fig. 11 TEM image taken from as-cast Mg71.8Zn25.2Y3(a), and SAEDP obtained from icosahedral phase (marked
by I) of the lamellar eutectic structure (a) and corresponding to 5-fold (b), 3-fold (c) and 2-fold (d)
symmetry axes[60]
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Fig. 12 The icosahedral quasicrystal phase (marked by i)
and a globular phase (marked by Φ) in a Mg-Zn-
Al cast alloy[43]

(marked by i) were also found in a Mg-Zn-Al as-cast
alloy. Micro-diffraction patterns taken from the icosa-
hedral quasicrystal phase show the typical 5-, 3- and
2-fold symmetry zones (Fig. 13).

Analysis confirms that this dendritic phase has
primitive icosahedral structure with an average com-
position of Mg9±2Zn4±1Al3±1, a space group of m35
and a quasilattice parameter of 0.515 nm, which
is close to those of icosahedral phases obtained in
rapidly solidified alloys by Rajasekharan et al.[24] and
Mukhopadhyay et al.[28], but smaller than that of
Mg32Zn-type icosahedral qnasicrystals Al-Mg-Zn al-
loy formed by solid-state reaction and rapid solidifi-
cation .

Further work revealed that this kind of icosahedral
quasicrystal is a metastable under prolonged holding
at 325◦C, and it will transform into the equilibrium
phase φ(Mg21(Al,Zn)17 with space group of Pbcm [44].

More recently, Rosalie et al.[48] reported that
icosahedral clusters can form in hexagonal MgZn2 and
monoclinic Mg4Zn7 phases in a Mg-Zn-Y as-cast alloy
subjected to be compressively deformed. Both phases
are structurally related to the quasicrystals which
form in the Mg-Zn-Y alloy. Fast Fourier Transforms
(FFTs) (inserts) show existence of both MgZn2 and
Mg4Zn7 on the twin boundary as shown in Fig. 14.

According to these observations above, the con-
structed structural models of two phases of Mg4Zn7

and MgZn2 were proposed as shown in Fig. 15,
from which it is seen that [010]Mg4Zn7//[0001]MgZn2,
(011̄0)MgZn2//(2011̄)Mg4Zny , and the unit cell bound-
aries are shown in dark type. It is seen from Fig. 15(a)
that Zn atoms closed to the edges of the unit cell have
coordination number of 12, and the center of icosahe-
dral clusters is defined with their two-fold axes shown
by dashed lines. Fig. 15(b) shows the MgZn2 struc-
ture, where the icosahedral in both phases shear the
same orientation with the matrix. It can be seen that
one of the two-fold axis parallel to the hexagonal axis
of Mg and a second, perpendicular two-fold axis is
aligned normal to the (201̄)Mg4Zn7 and (011̄0)MgZn2

planes.
Recent research indicated that this kind of icosa-

hedral phase (I-phase) could also exist in the as-cast
Mg-Li alloy containing Zn and Y, where it showed
that both the appropriate quantity and the size of
the I-phase contained in the alloy can strengthen the
Mg-Li alloys[49].

3. Long-period Stacking Ordered Structure

One of the important progresses in strengthen-
ing mechanism of the Mg-based alloys is discovery
of a long-period stacking ordered (LPSO) structure,
and it has received a considerable amount of atten-
tion as new types of strengthening phases in high
strength Mg alloys. This kind of LPSO phase has
been reported to be beneficial to simultaneously en-
dow with high strength and high ductility. At the
beginning of the 21 century, Kawamura et al.[61] have
published a series of papers, and reported that the
yield strength and elongation of a Mg alloy prepared
by warm extrusion of atomized powders at 573 K
achieved 610 MPa and 6%, respectively, which are 2.5
and 5 times higher than those of conventional high-
strength type Mg-based alloy, and their subsequent
work suggested that the excellent mechanical proper-
ties of these alloys are ascribed to the precipitation-
strengthening of a novel structure so called LPSO, ex-
cept for nano-grains[62−65]. Since then, these amazing
findings trigger great enthusiasm in the researches of

Fig. 13 Microdiffraction patterns with 5-fold (a), 3-fold (b) and 2-fold (c) symmetry axes, showing both the
zeroth-order and the first-order Laue zones taken from an icosahedral quasicrystal phase in a Mg-Zn-Al
cast alloy[43]
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Fig. 14 Icosahedral phases formed on the twin bound-
ary of hexagonal MgZn2 and monoclinic Mg4Zn7

phases in an as-cast Mg-Zn-Y alloy subjected to
be deformed in compression[48]

Fig. 15 The structural models of Mg4Zn7 (a) and MgZn2

(b) containing icosahedral[48]

LPSO until now. It should be noticed that how-
ever, the earliest observation with respect to the
LPSO structure in the Mg-based alloys was made
by Luo et al. (1994, 2000)[66,67]. They reported
that there was X-phase in the Mg-Zn-Zr-RE cast
alloys, which had an 18R modulated structure[67],
and further works by X-ray diffraction and high-

resolution microscopy observation made them pro-
pose that this kind of X-phase has an 18R modu-
lated structure with a period of 4.68 nm with a stack-
ing sequence of ABABCACACABCBCBCABA[67] as
shown in Fig. 16, which reveals the orientation rela-
tionship between the X-phase and α-Mg (Fig. 16(a)),
and HREM image (Fig. 16(b)) shows the stacking se-
quence of the atoms consisting of one positive and one
negative, followed by one positive and three negative
stacking (Fig. 16(c)). It is evident from the obser-
vation and analysis that the X-phase mentioned in
Luo′s reports is a long-period stacking ordered struc-
ture with 18R-type, and their pioneering works were
verified by subsequent works in different Mg-alloy
systems[61−65,68−71].

In recent years, a great number of investigations
regard to LPSO structures have been carried out on
the Mg-Zn-RE (RE=Y, La, Ce, Pr, Sm, Nd, Dy,
Ho, Er, Gd and Tm) alloys. There are different
kind of types LPSO structures, including 6H[62,64],
10H[63], 14H[68], 18R[68] and 24R[63], in these kinds
of alloy systems produced by different methods such
as rapidly solidified, powder metallurgy[62,63], melt-
spun[69], Cu-mold casting and induction melting[64]

and conventional casting[70] as listed in Table 1.
Fig. 17 is the many beam bright-field (Fig. 17(a))

and atomic-resolution high angle annular dark field
scanning (HAADF-STEM) (Fig. 17(b)) images taken
from a fine-lamellar grain in Mg97Zn1Y2 alloy pro-
duced by Cu-mold casting and induction melting,
showing the microstructure of LPSO with 6H stacking
sequence of ABCBCB′[62], which is formed by intro-
duction of a faulting on every six close-packed planes
of the 2H (hcp)- Mg crystal shown in Fig. 17(b) and
Fig. 18. Further analysis by EDS reveals that the seg-
regation of Zn and Y atoms on both A and B′ planes
corresponding to the brightest Z-contrast lines leads
to the break of the periodicity of 2H-Mg long period
lattice, displaying a simple chemical order in terms of
every A and B′ layers.

Fig. 16 SEDP (a), HREM image (b) of X-phase projected along the [100] orientation and a unit cell of the X-phase
stacked by three A, B, and C layers (c) in Mg-Zn-Zr-Y cast alloy[67]
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Table 1 LPSO structures produced by different methods in different alloy systems

Condition Composition Type State Ref.

RS/PM

Mg97Zn1Y2 6H Extruded at 573 K [62]

Mg97Zn1Y2 6H At annealed at 573 K and no 6H [82]

phase in initial microstructure

Mg97Zn1Y2 6H Extruded at 573 K [73]

Mg97Zn1Y2 6H Extruded at 573 K [74]

Melt-spun

Mg97Zn1Y2 18R+14H+10H+24R In annealed at 573 K [63]

Mg98Cu1Y1 14H In melt-quenched [75]

Mg97Y2Zn1 14H 6H (As-spun state),

[69]

(in annealed state)

Mg97Gd2Zn1 Mg97Gd2Zn1 6H (No LPSO in as-spun state)

(in annealed state)

Mg97Sm2Zn1 Mg97Sm2Zn1 6H (No LPSO in as-spun state)

(in the annealed state)

Mg97Ce2Zn1 (No LPSO in the as-spun

and annealed states)

Mg97La2Zn1 (No LPSO in the as-spun

and annealed states)

Conventional cast

Mg97Zn1Gd2 14H Annealed at 673 K [71]

Mg97Y2Cu1 18R Hot-extruded [74]

Mg96Gd1.2Y0.3−1Zr0.2 14H Solution-treatment at 773K [76]

Mg88Y8Zn4 6H In as-cast [70]

Induction melting

Mg97Zn1RE2(RE=Y, Dy, Er, Ho, Tm) 14H During solidification [77]

Mg97Zn1RE2(RE=Gd, Tb) 14H Soaked at 773 K [77]

Mg96.5Zn1Gd2.5 14H Aging at 623 K+heat [78]

treatment at 773 K

Mg89.4Y8Zn2Zr0.6 18R Heat treated at 500 ◦C →14H* [79]

Mg91.16Zn1.2Zr0.48Y7.2 18R As-cast [66–67]

Note: *18R transforms into 14H

Fig. 17 Many beam bright field (a) and atomic-resolution high angle annular dark field (b) scanning TEM
(HAADF-STEM) images of LPSO taken from Mg97Zn1Y2 alloy. Z-contrasts appear as bright lines in
Fig. 17 (b), showing the lamellar distribution of Zn and Y atoms[62]

According to these results, Abe et al.[62] pro-
posed an atomic model shown in Fig. 19. 6H-type
LPSO with ABCBCB stacking sequence (Fig. 19(b))
is formed by introduction of stacking faults on every
six close-packed planes of 2H-Mg crystal (Fig. 19(a)),
and the segregation of solute atoms of Zn and Y
around these fault layers (Fig. 19(c)). Z-contrast

imaging and sub-nanometer probe analysis reveal A-
and B′-layers are segregated by both Zn and Y atoms.
Because A- and B′ layers are enriched by some large
atoms Y, so the crystal lattice of 6H-type LPSO Mg-
(Zn,Y) structure is distorted, as it is described by a
monoclinic lattice with β= 88◦, a=0.56 nm, b=0.32
nm, and c=1.56 nm in Fig. 19(c).
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Fig. 18 HRTEM (a) and HAADF-STEM (b) images showing the LPSO ordered structure. The periodic contrasts
with an interval of six close-packed planes corresponding to a distance of 1.56 nm observed in Mg-Zn-Y
alloy. The lamellar Z-contrasts with the same interval of 1.56 nm at some planes (b), showing a chemical
order of the 6H-type structure[62]

Fig. 19 An atomic structure model of 6H-type with ABCBCB sequence, showing the relationship among the hcp-
Mg (2H-type) (a), 6H type (b) and LPSO model (c) formed in Mg(Zn,Y) alloy[62]

3.1 LPSO formation independence of the heating
temperature

Yamasaki et al.[78]reported that the precipitation
behavior of the Mg-Zn-Gd casting alloy is different
with variation of the treat temperature, and the pre-
cipitation sequence of the precipitates is changed with
variation of the treat temperature as follows:

∼ 573 K : α−Mg(SSSS) → β′ → β1 → β

α−Mg(SSSS) → SF

∼ 673 K : α−Mg(SSSS) → SF → LPSO

This indicates that at a low temperature
(∼573 K), the β’ precipitates during aging and over-

aging will lead to the precipitation of a thermally sta-
ble β via the β1. It reveals that there is short of
LPSO structure during precipitation process around
this temperature. However, at a high temperature
(∼673 K), the LPSO occurs mainly around the stack-
ing faults (SF) which are introduced by the decrease
in stacking fault energy. This result further verified
the earlier observation of Nishida et al.[72] found that
6H LPSO phase occurred in the RS ribbon annealed
up to 773 K, but not occurred in RS/PM Mg97Zn1Y2

alloy when annealed at 823 K.

3.2 Effect of alloying additions on the LPSO forma-
tion

It should be stressed that the studies of LPSO
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structures in Mg-alloys are mainly focused on Mg-Zn-
RE system, where RE represents Y, La, Ce, Pr, Sm,
Nd, Dy, Ho, Er, Gd, Tb, Tm or Yb. Kawamura et
al.[71,72] classified the LPSO in Mg-Zn-RE alloy sys-
tems into two types. One is the Mg-Zn alloys con-
taining rare-earth elements of Y, Dy, Ho, and Er, in
which LPSO with 18R can transform into 14H struc-
ture during high temperature treatment at 773 K for
5 h. The others are the Mg-Zn alloys containing Gd,
Tb, and Tm, in which there is no LPSO in the as-cast
state, but it may precipitate from the α-Mg (SSSS)
during annealing at high temperature.

Based on the description mentioned above, it
seems that Zn is an indispensable solute element in
the formation of the LPSO for the Mg-RE alloy sys-
tems. Inoue et al.[73] noticed that there is no LPSO in
the melt-spun alloys in ternary Mg-Al-Y, and binary
Mg-Y and Mg-Zn, but the addition of Zn into Mg-
Y leads to formation of 6H LPSO phase. The same
result was also obtained by Gao et al.[79]. They at-
tributed this to the absence of the plane faults in the
alloys. Yamada et al.[76] also found that there was a
definite range of Zn addition for the formation of the
LPSO in the Mg-Gd-Y-Zn-Zr alloys, and it does not
occur when the content of Zn in the alloy is too low
(<0.3 wt.%) or high (>1.0 wt.%).

Some researches indicate that the precipitation re-
actions in the alloys based on the Mg-Y-Nd, Mg-Dy-
Nd and Mg-Gd-Nd systems showed three- or four-
stage precipitation sequence as follows:

α − Mg(SSSS) → β′′ → β′(Ref. [80])

α − Mg(SSSS) → β′′ → β′ → β1(Ref. [81])

From these precipitation sequences, there is no
LPSO structure in these alloy systems due to Zn-free,
indicating the indispensable role of element Zn in for-
mation of LPSO structure. This implies that Zn and
RE are required for LPSO formation in Mg-RE al-
loy systems. Some exceptions however are that in
some alloy systems, such as Mg-Y-Cu[70] and Mg-Y-
Ni[68,82], LPSO structures were also observed due to
the atom size effect of the substitute element. It is
seen that the atom size of Cu in Mg-Y-Cu alloy is close
to that of Zn, and the atom radium of Ni in Mg-Y-Ni
alloy is larger than of Zn but is still smaller than that
of Y. It is worthy to note that the mixing enthalpies
of every atom pair of Mg-RE, Zn-RE and substitute
elements Cu-RE and Ni-RE are all negative, leading
to the formation of LPSO structures[68,73,77].

Matsuda et al.[62,83,84]reported that there were five
kinds of LPSO structures, i.e. 18R, 14H, 10H, 24R
and 6H in RS-Mg97Zn1Y2 alloy annealed at 573 K.
The difference of the stacking sequence in these LPSO
structures is proposed to be difference of the chem-
ical compositions in each structure. Most observa-
tions have showed that the LPSO phase nucleates
preferentially at the grain boundaries where the el-
ements such Y and Zn and so on, segregated during

Fig. 20 HAADF-STEM image showing the formation
process of 14H LPSO in Mg98Cu1Y1 alloy[75]

Fig. 21 Distribution of the amorphous layer and LPSO
structures along the grain boundary[75]

solidification, and then grows into the grain interior
along the basal plane. In other words, LPSO struc-
ture formation is accompanied by a diffusion trans-
formation of the solute elements. That is to say, it
is not only structurally the stacking ordered but also
chemically ordered structure. These indicate that the
LPSO structure formation is closely related to both
the heat treatment and solute elements as listed in
Table 1. According to the observations and analyses
mentioned above, it is evident that the LPSO forma-
tion is related to the solute atom size and the mixing
enthalpy of the alloy system.

Matsuura et al.[75] proposed the formation mech-
anism of LPSO in the Mg-Cu-Y alloy as shown in
Fig. 20. It can be seen that there are 14H LPSO
(Fig. 20(b)), and amorphous layer (Fig. 20(c)). The
solute atoms Cu and Y are enriched at two atom
planes (Fig. 20(d)) across stacking faults in the stack-
ing sequence of the 14H LPSO structure, where the
arrows indicate the stacking faults. Fig. 21 shows an
amorphous layer along the grain boundary and the
LPSO crystal growing from the boundary into the Mg-
matrix by consuming the amorphous layer and the mi-
gration of Y atoms in the Mg-matrix, which was con-
firmed by the observation of Gao et al.[79]. They found
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Fig. 22 LPSO phase growth from the grain boundaries
into the grain interior[79]

the evidence of the growth of LPSO phases from the
grain boundary into Mg-matrix, as shown in Fig. 22.

Matsuura et al.[75] pointed out that the solubili-
ties of Cu and Y in Mg alloy are low, and they are en-
riched in the amorphous region, and then can migrate
toward the grain boundary leading to the formation
of LPSO structure in this kind of alloy.

4. Further Research Proposed

In this review, we summarize the formation and
microstructures of the precipitates mainly including
G.P. Zones, quasicrystals and long-period stacking or-
dered phases as a hot topic at present, produced in a
numbers of Mg-TM-RE alloy systems, where TM=Al,
Zn, Zr and RE=Y, Gd, Hd, Ce, and it does not in-
volve the other current precipitation phases produced
in various Mg-based alloy systems, such as MgxAly in
Mg-Al system, MgxZny in Mg-Zn system, MgxREyin
Mg-RE system (where x and y represent the natural
numbers which are lager than zero). Although ma-
terial scientists have made lots of efforts to work on
the formation mechanism and microstructures of G.P.
Zones, quasicrystals and long-period stacking ordered
phases and got a great progress during last decade, it
is still quite hard to get a systematic understanding in
depth of the precipitation regularity and a number of
questions still remain open, particularly about Qua-
sicrystal phases and LPSO phases. We would like to
indicate some of the areas that would be worthwhile
of scientific inquiry:

(1) It is known that the addition of the elements
has a pronounced effect of age-hardening response of
the magnesium alloys[8−12]. For example, the ad-
dition of Zn into the Mg-Ca alloy makes the G.P.
zones occur, which may enhance the age-hardening
response of the alloys strongly, but when the con-
tent of Zn in the alloy exceeds a certain amount,
the age-hardening response becomes weaker[8]. It is
found that the segregation of Zn in G.P. zone in the
Mg-Zn alloy is significant, and Zn/Mg ratio (at.%)
may reach 1:2, which is much higher than that in

Mg-matrix approaching 1.9:98.1[85]. It is also re-
ported that G.P. zones can occur in the alloys with
Gd/Zn=2 for Mg97Gd2Zn1, Gd/Zn=1 and 1.5 for
Mg99Gd0.51Zn0.5 and Mg97.5Gd1.5Zn1 by annealing
at 200 ◦C for 100 h[9,10]. These imply that there is a
certain amount of Zn addition to be required for an
optimal strengthening effect of the alloy, and further
investigations of the structure, element segregation as
well as the precipitation processes of the G.P. zones
at different aging temperatures for the alloys are still
needed. Therefore, the researches in depth of the fine
structure, composition segregation and the transfor-
mation in G.P. zones are hopeful for a better under-
standing of the G.P. zone formation mechanism

(2) The formation of the quasicrystals in magne-
sium alloys has widely been found on both systems of
Mg-Zn-RE (RE=Y, Gd and Nd) rare-earth containing
and of Mg-Al-X (X=Zn and Cu). The quasicrystal
production is related to the Zn/RE weight ratio in the
alloy, and it is found that when the ratio is between
6 and 10[86], the quasicrystal phase (I-phase) occurs,
meaning that the regulation of the Zn/RE ratio is re-
quired for quasicrystal formation, but the universal
and applicable Zn/RE ratio and solute element effect
of the quasicrystal phase formation in this kind of al-
loys is still needed to be worked further. Moreover,
the quasicrystal phases have also been observed in
Mg-Al-X (X=Zn and Cu) non-rare-earth containing
alloys. These imply that the factors effecting forma-
tion of the quasicrystal phases are quite complex. The
systematic experimental works and theoretical analy-
sis still have got a long way going, and the issues such
as the regularity for quasicrystal formation; the quasi-
lattice and its structural model; the phase transforma-
tion and defects in the quasicrystal, particularly, the
structural relationships between the stable and one-
, two- and three-dimension quasicrystals; the condi-
tions and processing for the quasicrystal growth; the
growth of large-size quasicrystal monocrystal as well
as large area quasicrystal multi-crystal thin film. Be-
sides, the some important fields such as the electricity,
magnetics, mechanics and optics of the quasicrystals
should be paid more attentions.

Extensive researches and explorations of the qua-
sicrystal have not only developed a number of the alu-
minum alloys with high-strength, but also found some
novel ultra-light Al-Li alloys making the strength of
the alloy containing the icosahedral phase reach 250
MPa, showing a new prospect for the design and de-
velopment of the ultra-light and high-strength Mg-
alloys[49].

(3) A number of factors influence its formation,
growth and microstructure of the LPSO phase, includ-
ing production processing[67], heat treatment[72] and
alloying additions[80], etc.. Thus it is inartificial to
query what are the main factors influencing its forma-
tion and growth. From the alloying additions, it has
already been noted that a certain amount of Zn and
Y, particularly Zn is essential to form LPSO struc-
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ture in the Mg-Zn-RE alloy systems. In other words,
it seems to have a critical amount of Zn and Y[73,76]

and their ratio, therefore, some systematic works are
necessary on these problems.

It is known that the mechanical performance of Mg
alloys containing LPSO structures strongly depends
on the deformation behaviors, such as dislocation slip,
twinning and kinking[87]. However, there has been
relatively little work on the investigation of the de-
formation mechanism to be reported so far. The rela-
tionship among the deformation mechanisms is closely
related to the size, volume friction and distribution of
the LPSO structures. Therefore the systematic re-
search of the interaction of dislocations, twinning and
kinking is of interest and very important for a bet-
ter understanding of the mechanical behavior for the
LPSO containing Mg alloy. Moreover, the issues such
as transformation of LPSO structures subjected to
high temperature deformation, and corrosion behav-
ior are also needed to be studied in the later investi-
gations.
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