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1 Introduction
Conventional magnesium alloys often encounter 
challenges such as poor corrosion resistance, thermal 
stability, and inferior mechanical properties at high 
temperatures [1, 2]. To address these limitations, various 
strategies have been employed, including chemical 
composition modification [3, 4], homogenization [5, 6], 
precipitation hardening [7, 8], texture modification [9-11], and 
grain refinement [12]. Recently, numerous investigations 
have been conducted focusing on Mg-M-RE alloys 
(where M comprises Al, Co, Ni, Cu, Zn, and Ga; and 
RE includes Y, Gd, Tb, Dy, Ho, Er, and Tm) due to 
their exceptional mechanical properties [13-15] and unique 
structural features [16, 17]. For instance, the Mg97Zn1Y2 
alloy, synthesized through rapid solidification powder 
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metallurgy, demonstrated an impressive tensile yield 
strength exceeding 600 MPa at room temperature and 
an elongation of about 5% [13, 14]. Subsequent Mg-M-RE 
alloys have exhibited tensile yield strengths ranging 
from 297 to 377 MPa [18-20]. The outstanding mechanical 
properties of Mg-M-RE alloys primarily originate from 
both grain refinement and the presence of long-period 
stacking ordered (LPSO) structures [13-15]. The formation 
of LPSO structures involves the periodic introduction 
of AB′C′A blocks into the hexagonal close-packed 
structure, with the prime-annotated letters indicating 
layers enriched with M/RE elements [21, 22]. These 
LPSO structures can exhibit both hexagonal (H) and 
rhombohedral (R) Bravais lattices, depending on their 
stacking sequence. 

To comprehend the varied configurations of LPSO 
structures, explore their formation mechanisms, and 
establish inherent connections with the mechanical 
properties of magnesium alloys, extensive analytical 
studies have been undertaken, emphasizing their 
microstructure [23-30]. In this regard, various LPSO 
structures have been identified in different magnesium 
alloys [31-34]. In Mg-Zn-Y alloys, configurations such as 
10H, 18R, 14H, and 24R have been observed, wherein 
1, 2, 3, and 4 layers of magnesium atoms interspersed 
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between every two neighboring AB′C′A blocks [18-22, 29, 35]. In 
Mg-Co-Y alloys, structures such as 15R, 12H, and 21R have 
been identified, featuring 2, 3, and 4 layers of magnesium 
atoms between every two neighboring AB′C blocks [32]. 
Moreover, Jin et al. [33, 34] discovered six additional LPSO 
structures, including 72R, 29H, 102R, 192R, 51R, and 60H, 
in a Mg92Co2Y6 alloy. These structures incorporate both 
AB′C′A and AB′C blocks [33]. Furthermore, an ultra-long 654R 
structure, derived from an ordered arrangement of 15R and 
12H components, has been identified in a Mg88Co5Y7 alloy [34].

In Mg97Zn1Y2 alloys, the diameters of Mg, Zn, and Y 
atoms adhere to the sequence rZn(0.133 nm)<rMg(0.16 nm)<
rY(0.18 nm). This specific arrangement of their atomic diameters 
facilitates the formation of Zn6Y8 or Zn6Y8(Mg, Zn, Y) 
clusters, effectively minimizing compression and extension 
strains associated with Y and Zn atoms, respectively [33]. It is 
significant that calcium (Ca), with a larger atomic diameter of 
0.197 nm compared to the Mg atom, emerges as a promising 
candidate for the stable formation of the LPSO phase [36]. 
Furthermore, the addition of Ca enhances the mechanical 
properties of Mg alloys with LPSO structures [37] and improves 
corrosion resistance [38]. Therefore, it is imperative to explore 
the potential substitution of Y atoms with Ca in LPSO 
structures and assess the influence of Ca addition on the 
morphology and crystal structure of LPSO formations. This 
exploration aims to reduce the cost of Mg97Zn1Y2 alloys and 
enhance their mechanical properties.

In this study, a non-equilibrium solidified Mg97Zn1Y1.6Ca0.4 

alloy was fabricated by casting in a steel mold with a 
rapid cooling rate. Microscopic morphology was observed 
using spherical aberration-corrected transmission electron 
microscopy, and the composition was analyzed through energy 
dispersive spectroscopy (EDS). This analysis aimed to analyze 
the microstructural characteristics of non-equilibrium solidified 
magnesium alloys, with a focus on elucidating the formation 
mechanism of LPSO structures.

2 Experimental section  
A quaternary alloy with a composition of Mg97Zn1Y1.6Ca0.4 was 
prepared by melting high-purity Mg, Zn, Mg-30wt.% Y, and 
Mg-30wt.% Ca master ingots in a resistance furnace under a 
protective mixed gas of SF6 (0.5vol.%) and CO2 (99.5vol.%), 
followed by casting in a steel mold preheated to 400 °C. The 
cavity size of the mold was 40 mm in width, 150 mm in length, 
and 20 mm in thickness. Micromorphology was observed 
using scanning electron microscopy (SEM; JEOL JEM-
6390LA). Thin-foil samples for TEM and STEM observations 
were prepared through cutting, mechanical grinding, dimpling, 
and Ar ion milling while employing the Gatan Precision 
Ion Polishing System (PIPS 695). An aberration-corrected 
scanning transmission electron microscope (JEM ARM 200F, 
Japan) with a cold field emission gun operated at 200 kV was 
employed for microstructure and composition analysis. X-ray 
energy dispersive spectroscopy (EDS) was performed using a 

detector (JEOL JED2300, Country). The probe convergence 
angle and collection semi-angle were 20.6 mrad and 54-220 mrad, 
respectively. All HAADF-STEM images were captured along 
[2 0]α axis. Novel methodologies have been introduced for 
the analysis of the stacking sequence in LPSO structures and 
for determining their corresponding Bravais lattices and space 
groups in Mg-M-RE alloys [33]. AB′C′A (and/or AC′B′A) blocks 
are defined as F-blocks and denoted as F (and/or ). The Mg 
layers sandwiched between the F-blocks are written as n-Mg. 
The subscript reflects the number of repeated (sub) unit cells.

3 Results
3.1 SEM observation of LPSO structures
Figure 1 illustrates a back-scattered electron (BSE)-SEM 
image of the as-cast Mg97Zn1Y1.6Ca0.4 alloy, where the 
contrast correlated with the chemical composition. In BSE-
SEM conditions, the Mg matrix appears dark, reflecting the 
average (standard deviation) for the atomic percentage of the 
Mg matrix composition: Mg: 99.39 (0.16), Zn: 0.34 (0.17), 
Y: 0.16 (0.04), Ca: 0.11 (0.07). The bulk LPSO structure 
is characterized by a light contrast, reflecting the average 
(standard deviation) for its atomic composition: Mg: 89.43 
(0.88), Zn: 5.61 (0.51), Y: 4.48 (0.30), Ca: 0.48 (0.07). 
Moreover, an intergrowth structure of LPSO and Mg matrix, 
displaying grey contrast, is observed. This contrast is induced 
by the refinement effect of the Ca element [38, 39]. Unidentified 
phases in white contrast are denoted by yellow arrows, where 
the Ca element is in the minority.

Fig. 1: A BSE-SEM micrograph showing an overview of 
as-cast Mg97Zn1Y1.6Ca0.4 alloy

3.2 New poly-types of LPSO structures
Figure 2 depicts Z-contrast images recorded from the Mg 
matrix in the as-cast Mg97Zn1Y1.6Ca0.4 alloy along the [2 0] 
zone axis. The bulk LPSO structure displays a bright contrast 
caused by the enrichment of Zn and Y atoms, while the Mg 
matrix reveals a dark contrast. The bright and dark stripes 
reflect the intergrowth of thin LPSO structures and the Mg 
matrix. Figure 2(b) reveals the 14H and 18R LPSO structures 
in bright contrast, along with large planar defects in the Mg 
matrix indicated by the long bright lines. Moreover, Fig. 2(c) 
illustrates large planar defects and LPSO structures containing 
1 to 6 blocks, with the volume fraction of the LPSO structures 
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Fig. 2: Distribution of LPSO structures in Mg matrix (a), intergrowth of 14H, 18R and Mg matrix containing 
planar defects (b), distribution of ultrafine LPSO structures in Mg matrix (c), and stacking sequence 
of ultrafine LPSO structures in Mg matrix (d) 

Fig. 3:	HAADF-STEM image of LPSO structures obtained from a 
Mg97Zn1Y1.6Ca0.4 (at.%) alloy along the [2 0] zone axis of 
the Mg matrix: (a) low-magnification HAADF-STEM image 
showing stacking ordered structures 66H and stacking 
disordered structures; (b) atomic-resolution HAADF-STEM 
image shows the structure details of 66H in Region b

(a)

(c)

(b)

(d)

reaching up to 1/3. The high-resolution Z-contrast image 
depicted in Fig. 2(d) demonstrates that all the planar defects 
and LPSO structures consist of AB′C′A blocks.

Figure 3 illustrates Z-contrast images of LPSO structures 
obtained from a Mg97Zn1Y1.6Ca0.4 alloy. In the low-
magnification HAADF-STEM image illustrated in Fig. 3(a), 
AB′C′A blocks exhibiting bright contrast are separated by 
n-Mg structure exhibiting dark contrast in Regions a and c, 
forming stacking disordered structures. In Region b, three 
AB′C′A blocks, sandwiched by four thick n-Mg structures, 
and five AB′C′A blocks, separated by thin n-Mg structures, 
are arranged alternatively. The incoherent interface between 
the LPSO structures and Mg is not parallel to the (01 0) 
plane. Figure 3(b) shows the corresponding atomic-resolution 
HAADF-STEM image in Region b. Two repeated unit cells 
F2F3 3F2(F6)2F8F4 and five repeated unit cells F2F3 3F2(F6)4 
are observed. The correlation between the first layer of a 
closely packed structure and the next layer follows either 

s1=e, a      b   es2 , or a      b   es3 , where a and b 

denote hexagonal basic translational vectors in the layer, and 
e is a vector perpendicular to a and b. The translation of the 
F(2k) structure is s3, and the translation of the F(2k+1) and 

(2k+1) structure is s1 
[40]. It should be indicated that both 

F2F3 3F2(F6)2F8F4 and F2F3 3F2(F6)4 structures contain 
66 layers. The F2F3 3F2(F6)4 structure is dominant and 
its translation can be calculated to be s1. Consequently, the 
F2F3 3F2(F6)4 structure can be denoted as 66H. Inversion 
center  exists at the center of F and F blocks in bold in 
the F2F3F3F2F6F6F6F6 structure, and its space group is P

m1. For a66H=aMg and , lattice parameters in 

hexagonal coordinate are a=0.321 nm and c=17.2 nm.
Figure 4(a) displays a low-magnification HAADF-

STEM micrograph of the step-like LPSO/Mg interfaces, 

encompassing (0001) coherent boundaries and (01 0) semi-
coherent boundaries. The right part of the LPSO structure is 
identified as 18R containing F4 stacking faults, as illustrated 
by atomic-scale HAADF-STEM images [41]. Figure 4(b) reveals 
a new structure on the left part with a stacking sequence of 
F2F2F4. The translation of F2F2F4 is calculated to be s1. 
Accordingly, the structure is determined to be a hexagonal 
Bravais lattice comprising 20 layers, denoted as 20H. Inversion 
centers are observed at the central positions of 4-Mg and 
F-block structures, as indicated by white arrows. Therefore, 
the space group of this structure is determined to be P m1. For 

a20H=aMg and , its lattice parameters in hexagonal 

coordinate are a=0.321 nm and c=5.21 nm.

(a)

(b)
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Fig. 4: Low-magnification HAADF-STEM image showing the semi-coherent (SC) interface between Mg 
and LPSO structures (a), atomic-resolution HAADF-STEM image of crystal structure of 20H 
and interface structure between 20H and Mg matrix (b). Pure edge dislocations b1, and mixed 
dislocations b2 and b3 are arranged periodically, recorded along the [2 0]α axis.

Fig. 5: Atomic-resolution HAADF image of 60R (a), corresponding EDS mappings (b-d) of the 60R structure 
showing the distribution of Mg (b), Zn (c), and Y (d), recorded along the [2 0]α axis

(a)

A distinct structure, characterized by a repeating unit F16, 
is identified at the interface between 20H and the matrix. 
This novel structure is designated as 60R1, and its stacking 
sequence is represented as (F16)3, corresponding to the 
translations of F16 being s2 

[33]. Arrays of b1 dislocations, along 
with arrays of b2 and b3 dislocations, are observed arranged on 
(01 0) planes in a repetitive pattern, as indicated in Fig. 4(b). 
The 60R1/Mg interface comprises purely edge (90°) Shockley 
partial dislocations, where the Burgers vector b1 is defined 
as 1/3[0 10]. In contrast, the 18R/60R1 interface involves 
a combination of b2 and b3 mixed (30°) Shockley partial 
dislocations. Consequently, it can be inferred that b2=1/3[10 0]
and b3=1/3[ 100] (or b2=1/3[ 100] and b3=1/3[10 0]), with 
their screw components having the same magnitude but 
showing opposite signs. Moreover, there is a slight tilt angle of 
2.03°, observed between (0001)60R1 and (0001)Mg or between 
(0001)60R and (0001)18R, caused by two dislocation arrays 
in the 60R1/Mg and 60R1/18R interfaces, respectively. The 
width of 60R1 is measured at about 3.4 nm (2.2y0), exceeding 
the thermodynamic equilibrium width of (1.8y0) 

[42, 43]. The 

interaction between solute atoms and dislocation is proportional 
to the edge component of its Burgers vector. The stronger 
interaction between solute atoms and b1 dislocations can be 
anticipated, given b1e=2b2e=2b3e, facilitating the motion of b1 
dislocations compared to the double-core dislocations b2 and 
b3. Therefore, the observed phenomenon elucidates the reason 
behind the width of 60R1 surpassing the thermodynamic 
equilibrium width.

Figure 5(a) depicts a high-resolution HAADF-STEM image 
of a complex LPSO structure within a Mg97Zn1Y1.6Ca0.4 alloy 
obtained along the [2 0]α axis. The recurring structure 
denoted as F2F3 3, comprises 20 layers. The translations 
of LPSO structure’s components were introduced [40]. The 
relation between the first layer of a structure and the layer 
following the structure is one of the three translations, s1=e,  

a      b   es2  and a      b   es3 , where a and b denote 

hexagonal basic translational vectors within the layer, and 
e is a vector perpendicular to a and b. The translation of F2 
is s3, The translation of F3 or 3 is s1, and the translation of 

(a)

(b) (c) (d)

(b)
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Fig. 6: HAADF-STEM image of superstructure 116L (a), 
atomic-resolution HAADF-STEM images of 18R 
containing F4 (b) and F3F3 (c) SFs

(a)

(b)

(c)

a repeated unit is the sum of all the structure components’ 
translations. The translation of F2F3 3 can be calculated 
as s3+s1+s1=s3. Thus, it is identified as a 60R structure and 
expressed as (F2F3 3)3. The space group is defined as R m, with 
inversion centers located at the center of 2-Mg and F-block 
structures, as indicated by arrows in Fig. 5(a). For a60R=aMg 

and , the lattice parameters in hexagonal 
coordinate are a=0.321 nm and c=15.6 nm.

The chemical composition of the 60R LPSO structure is 
identified as Mg82.22Zn7.28Y10.44Ca0.05. This analysis confirms 
that Ca atoms cannot substitute for Y atoms within the LPSO 
structure. Atomic EDS mappings, illustrating the distributions 
of Mg, Zn, and Y atoms, are presented in Figs. 5(b-d), 
respectively. A brighter contrast in Fig. 5(b) corresponds to 
the 2-Mg and 3-Mg structures, while in Figs. 5(c-d), the B′ 
and C′ layers within the AB′C′A blocks exhibit bright contrast. 
These EDS maps support the conclusion that Zn/Y elements 
are enriched in the AB′C′A blocks of the 60R structure, 
primarily in the layers denoted by primes, consistent with the 
observations in Mg97Zn1Y2 alloys [40]. 

3.3 Stacking faults (SFs) in 18R LPSO structures
SFs within the 18R structure typically reveal disorder, as 
illustrated in Fig. 4(a). However, Fig. 6(a) reveals that ordered 
or statistically ordered SFs can be occasionally observed 
within the 18R. The detailed structure is analyzed through 
atomic-resolution HAADF-STEM images in Figs. 6(b-c). The 
most common and less common stacking faults are F4 and 
F3 3, respectively, denoted by white arrows. The structure 
in Fig. 6(a) can be described by the (F2)pF4 and (F2)pF3 3
structures. The number p was counted and tabulated in Fig. 6(a). 
As the superstructure is induced by SFs and the stacking 
sequence is not strictly repetitive, its Bravais lattice and space 
group are not discussed here. The dominant structures are 
(F2)18F4 and (F2)16F4, with an average number of p around 18. 
Therefore, this superstructure is denoted as (F2)18F4 and named 
116L, signifying that the superstructure comprises 116 layers.

4 Discussion
The microstructural characteristics of LPSO structures in 
the Mg97Zn1Y1.6Ca0.4 alloy were thoroughly investigated, 
encompassing  morphology, distribution, crystal structures, and 
interface structures various aspects. Significantly, the LPSO 
structures in this alloy are considerably thinner compared to 
those observed in the near-equilibrium Mg97Zn1Y2 alloy [42]. 
This thinning trend is consistent with experimental results in 
the Mg97Zn1Y2-xwt.%Ca alloys [38]. Particularly, the absence 
of Ca2Mg6Zn3 in samples may originate from the lower 
concentration of Ca atoms in the alloy.

In this alloy, the predominant LPSO structures reveal 18R 
and 14H characteristics. However, the unexpected presence 
of n-Mg structures introduced a myriad of novel polytypes of 
LPSO structures and stacking-disordered configurations, as 
illustrated in Fig. 3. Previously documented LPSO structures 
in Mg-M-RE (M=Zn, Cu, Ni, Al; RE=rare earth) alloys, 
including 12R, 10H, 18R, 14H, 24R, feature AB′C′A blocks, 
with 0 to 4 Mg layers sandwiched in between [19, 21, 30, 44]. The 
analysis in a near-equilibrium Mg97Zn1Y2 alloy reveals eight 
additional polytypes of LPSO structures, encompassing 60R, 
78R, 26H, 96R, 38H, 40H, 108H, and 246R, each containing 
AB′C′A blocks along with 2-Mg and 3-Mg structures [40]. 
In the current alloy, a complex 66H structure featuring a 
6-Mg structure, along with 60R, 60R1, and 20H structures, 
was observed only once. However, it is significant that the 
introduced trace amount of Ca does not replace the Y atoms 
in LPSO structures, as depicted in Fig. 5. Table 1 provides 
expressions and crystallographic parameters of these newly 
identified LPSO structures in Mg-M-RE-based alloys. 
Moreover, the coexistence of LPSO structure laths and Mg 
laths is commonly observed, accompanied by high-density 
planar defects and LPSO structures containing 1-6 AB'C'A 
blocks distributed within the Mg matrix. The volume fraction 
of LPSO structures may reach up to one-third of Mg matrix, 
all featuring AB'C'A blocks. Occasional stacking faults are 
observed in 18R, and their ordered distribution leads to the 
formation of superstructures, exemplified by 116L, which 
exhibited similar structrure character with 62L in previous 
work [41]. The disordered distribution of stacking faults in 
18R disrupted the periodicity of the 18R/Mg interface. These 
findings suggest that the presence of Ca atoms further reduces 
the stacking fault energy in Mg alloys, promoting a more 
homogeneous intergranular LPSO structure. Considering that 
the introduction of Ca to Mg alloys with LPSO structures 
enhances corrosion resistance [38], the relatively thin LPSO 
structures and/or AB'C'A blocks induced by trace Ca addition, 
as depicted in Fig. 2, may be an effective parameter.

Similar to the occurrence of 54R at the 18R/Mg interface in 
both near-equilibrium and non-equilibrium Mg-Zn-Y alloy [42, 43],
the presence of 60R1 is observed at the 20H/Mg interface. 
The Bravais lattice type of 20H and 18R LPSO structures is 
hexagonal and rhombohedral, respectively. However, their 
stacking sequences, F2F2F4 and F2F2F2, respectively, reveal 
similarities. No tilt or twist misorientation between 20H (or 
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Table 1: Parameters of new LPSO structures in Mg-M-RE-based alloys

18R) and Mg matrix is detected, which indicates that the sum 
of both edge components and screw components of three 
interfacial dislocations in a unit cell is zero. b1=1/3[0 10], 
b2 =1/3[10 0], and b3=1/3[ 100]. Hence, the strong interaction 
force between two neighboring b2 and b3 dislocations with 
opposite screw components would always be attractive. The 
pure edge dislocation array b1 and double-core dislocation 
array b2/b3 are most stable while lying on the (01 0) planes, 
which are dominated by the elastic interaction between 
neighbor b1 dislocations and the elastic interaction between 
neighbor double-core dislocations. The grain boundary is at 
an unstable equilibrium state if the b1 dislocations lie on the 
same (01 0) plane as b2 and b3 dislocations. The interaction 
between the b1 array and b2/b3 array is repulsive when the 
distance between them is smaller than the equilibrium width, 
and attractive when the distance between them is larger than 
the equilibrium width. In the 20H/Mg and 18R/Mg incoherent 
interfaces, 60R1 and 54R, with a width of about 3.4 nm (2.2y0) 
is observed between b1 pure edge Shockley partial dislocations 
array and b2/b3 mixed Shockley partial dislocations array [42].

5 Conclusion
In the present study, the detailed analysis of the non-equilibrium 
Mg97Zn1Y1.6Ca0.4 alloy was conducted through Cs-modified 
HAADF-STEM imaging, providing atomic-level insights into 
the morphology, distribution, crystal structures, and interface 
structures of LPSO structures. The alloy reveals a high density 
of ultra-fine LPSO structures. Significantly, four novel poly-
types of LPSO structures are identified: 66H, 20H, 116L, 
and 60R1. The 66H LPSO structure, in particular, features a 
stacking sequence of F2F3 3F2(F6)4 and includes a 6-Mg 
component.
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