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a b s t r a c t

The crystal structure of the 10H-type long-period stacking order structure in Mg–Y–Zn alloy was inves-
tigated by first-principle calculations. The calculated results show that the accurate positions and
distinctive arrangement of Zn and Y atoms in the most stable 10H-type LPSO phase exhibit mirror symme-
try with respect to the atomic layer C6, which agrees well with the experimental observations. Theoretical
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calculations still indicate that the mirror symmetry 10H-type ABACBCBCAB phase is not distorted, the
lattice distortion of other LPSO phases may originate from the asymmetry of Zn element in the chem-
ical order and stacking order. The obtained electronic density of states (DOS) reveals the underlying
mechanism for mirror symmetry of 10H-LPSO phase.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

As structural materials, Mg alloys have advantages such as low
ensity, good stiffness and the highest strength-to-weight-ratio

in various fields are still restrained by low tensile strength and
inferior ductility.

It is well known that the addition of rare-earth elements
and transition metals is one of the most effective methods to
1–3]. Especially, because of their ease of recycling the Mg alloys
idely used can contribute for maintenance of a clean environment

4]. Up to now, Mg alloys are becoming more and more attrac-
ive due to its applications in the microelectronics, automobile and
erospace industries [5–8]. However, the applications of Mg alloys

∗ Corresponding author at: Department of Physics, Xiangtan University, Hunan
rovince 411105, China. Tel.: +86 732 8292195; fax: +86 732 8292468.

E-mail address: tangbiyu@xtu.edu.cn (B.-Y. Tang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.140
optimize the microstructure and improve mechanical properties
[9,10]. In recent years, Mg–Y–Zn alloys have received consider-
able attention due to their excellent mechanical properties and
unique microstructures [11–20]. In particular, various novel lamel-
lar structure of long-period stacking order (LPSO) phases have been
observed, including 6H, 10H, 14H, 18R and 24R [21–31]. The 6H

and 14H structure are commonly observed in conventional casting
production [22], while 18R is the main phase by rapid solidifica-
tion (RS) processing [23]. According to structural feature revealed
by electron diffraction experiments, CTEM and HRTEM observa-

dx.doi.org/10.1016/j.jallcom.2010.09.140
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tangbiyu@xtu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.09.140
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Fig. 1. The 3 × 3 unit cell in the basal plane of structural model for 10H-LPSO phase,
70 J.-X. Yi et al. / Journal of Alloys a

ions, 10H phase has mirror symmetry with ABACBCBCAB stacking
equence [21]. Naturally, the special mirror symmetry of stacking
equence would be related to the distinctive atomic configura-
ion especially the distribution of Zn and Y in the novel structure,
nd further show novel mechanical properties. So the 10H-LPSO
tructure with the perfect mirror symmetry stacking sequence
ould be very interesting, and should be given considerable

ttention.
Unfortunately, 10H LPSO is less commonly observed, and has

een less investigated experimentally, so the atomic arrange-
ent rule of Y and Zn elements in the mirror symmetry stacking

equence is still not well understood. In order to get a deeper
nsight into the detailed atomic configurations and the arrange-

ent role of the Y and Zn in the structural evolution, theoretical
nvestigation is necessary. In this paper, we have carried out first-
rinciples calculations for the 10H LPSO structure in Mg–Y–Zn
lloys based the density functional theory within the generalized
radient approximation (GGA). In the present work, the mirror
ymmetry stacking sequence and chemical order of Zn and Y ele-
ent in 10H LPSO phase were determined theoretically for the first

ime, the geometrical evolution and the lattice distortion were also
nvestigated in detail, and the electronic structures were further
iscussed.

. Computational details

The present calculations were performed using the Vienna ab
nitio Simulation Package [32] based on density functional the-
ry (DFT). The well established Predew-Wang (PW91) version
f the generalized gradient approximation (GGA) was used to
escribe the exchange-correlation functional [33], and the valence
lectron–core interaction was described by PAW potentials [34]
ith Mg (2p63s2), Y (4p64s24d15s2) and Zn (3d104s2) as valence

tates. To ensure enough convergence, the plane-wave energy cut-
ff was chosen to be 350 eV, and the Brillouin zone was sampled
ith a mesh of 5 × 5 × 2 generated by Monkhorst-Pack method [35].

he structural optimization was performed via the conjugate gra-
ient method by full relaxation of the shape and volume of unit
ell as well as internal coordinates of atoms, until the forces on
toms is converged to less than 0.01 eV/Å. Then the calculations of
otal energy and density of states were performed using the linear
etrahedron method with Blöchl correction [36].

. Results and discussion

.1. Crystal structure of mirror symmetry stacking

Because LPSO phase is not only stacking ordered but also
hemically ordered structure [22], the crystal structure of LPSO
hase is sensitive to the Zn and Y concentrations, different con-
ents of Zn and Y would lead to adjustment of the crystal
tructure. On the other hand, it was also indicated by experi-
ents that the ratio of Y/Zn in LPSO phase was approximately

etween 1 and 3 [37–39]. Up to now, the chemical compositions
f Mg97Zn1Y2, Mg94Zn2Y4, Mg91Zn3Y6, Mg87Zn3Y10, Mg90Zn4Y6,
g88Zn4Y8 (at.%) have been found in the five kinds of LPSO struc-

ures, respectively [40,41]. To investigate the mirror symmetry
f 10H LPSO structures in Mg–Y–Zn alloy, the various chemical
ompositions must be determined theoretically. For the sake of
onvenient description, 10H-type ABACBCBCAB LPSO structure was

arked as A1B2A3C4B5C6B7C8A9B10 in the present study and the

ubscript of ten numbers are used to distinguish the different
tomic layers. Here, a unit cell of 3 × 3 × 5 (10 layers) was used,
hich contains 90 atoms. Fig. 1 shows a 3 × 3 unit cell in the atomic
lane of the 10H-LPSO phase perpendicular to c-axis with yellow,
in which yellow, gray and green circles represent the A, B and C layer atoms, respec-
tively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

gray and green circles representing atoms in the A, B and C layer,
respectively.

The calculated results in Table 1 show that when the additive
atom is only one Zn or Y atom, the total energy for the additive
atom in the symmetry layers which respect to the atomic layer C6
are equal. For example, EB2 = EB10 , EA3

= EA9
, and so on. There-

fore, when the 10H-LPSO phase contains only one Y or Zn atom,
the arrangement and distribution of Y or Zn atom in the 10H LPSO
phase exhibit always mirror symmetry. Furthermore, when Y or Zn
atom is located in the A1, B2, C6 and B10 layers the total energy is
relatively lower. Fig. 2 visually shows the mirror symmetry of the
total energies for Zn atom in different layers of 10H-LPSO structure.
Consequently, the Zn atom would be located in B2 or B10 layer,
and the Y atom would be located in A1 layer due to the lowest
energy.

As one Zn atom and one Y atom are added simultaneously, there
are two ways of addition of the substitution atoms. One way is that
Zn atom firstly occupied in B10 layer and kept it unchanged, and
then the Y atom was added in different layers. Similarly, the other
way is Y atom occupied firstly in the A1 layer, and then the Zn atom
was added. The calculation results in Tables 2–4 shows that when
Zn and Y atoms are located simultaneously on A1 layer, the total
energy was the lowest. Furthermore, Y atom firstly located at posi-
tion a in A1 layer in Fig. 1, then Zn atom located at position b in
the vicinity position of Y atom. It is noted that given the small dif-
ference in energy between different variants, Zn atoms may not
only occupy the B2 and B10 layers, but also A1 or C6, Y as well B2
or C6. However, it such an arrangement also does not change the
symmetric feature. From the thermodynamic point of view, the par-
tial enthalpy for ZnY is −151 kJ/mol, which is a far higher negative
value than −27 kJ/mol for ZnMg, so Zn is more likely to form bond-
ing with Y than Mg [42]. The calculated result is consistent with the
experimental observations.

When two Zn or Y atoms are added, the calculation results in
Table 5 indicate that the two of substitution atoms were not limited
in the single layer, but diffused into two different atoms layers B2
and B10, being symmetrical with respect to the atomic layer C6.
Therefore, the 10H-LPSO structure of Mg88Zn2 and Mg88Y2 alloys
also exhibit strict mirror symmetry with respect to the atomic
layer C6.

When a higher ratio of substitution atoms x at.%Zn + y at.%Y was

added into 10H-LPSO structure, following the above procedure in
which Zn and/or Y atom was added eventually one by one, the
accurate positions and arrangement rule of substituted atoms were
determined completely. By a large number of calculations, the accu-
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Table 1
The total energies with the 1Zn or 1Y substituted atoms, “�” represent the 1Zn or 1Y substituted atoms, (–) means no atom added.

Layer A1 B2 A3 C4 B5 C6 B7 C8 A9 B10 Total energy for 1Zn (eV) Total energy for 1Y (eV)

1 � – – – – – – – – – −136.0917 −141.6786
2 – � – – – – – – – – −136.0921 −141.6786
3 – – � – – – – – – – −136.0871 −141.4861
4 – – – � – – – – – – −136.0870 −141.4940
5 – – – – � – – – – – −136.0759 −141.4940
6 – – – – – � – – – – −136.0917 −141.6785
7 – – – – – – � – – – −136.0759 −141.4940
8 – – – – – – – � – – −136.0870 −141.4940
9 – – – – – – – – � – −136.0871 −141.4861
10 – – – – – – – – – � −136.0921 −141.6786

Table 2
The total energies with the 1Zn + 1Y substituted atoms, Zn atom firstly occupied in B10 layer and kept it unchanged, (–) means no atom added.

Layer A1 B2 A3 C4 B5 C6 B7 C8 A9 B10 Total energy (eV)

1 1Y – – – – – – – – 1Zn −141.3254
2 – 1Y – – – – – – – 1Zn −141.3151
3 – – 1Y – – – – – – 1Zn −141.1822
4 – – – 1Y – – – – – 1Zn −141.1234
5 – – – – 1Y – – – – 1Zn −141.1340
6 – – – – – 1Y – – – 1Zn −141.3129
7 – – – – – – 1Y – – 1Zn −141.1066
8 – – – – – – – 1Y – 1Zn −141.2029
9 – – – – – – – – 1Y 1Zn −141.2945

10 – – – – – – – – – 1Zn + 1Y −141.3550

Table 3
The total energies with the 1Zn + 1Y substituted atoms, Y atom firstly occupied in A1 layer and kept it unchanged, (–) means no atom added.

Layer A1 B2 A3 C4 B5 C6 B7 C8 A9 B10 Total energy (eV)

1 1Zn + 1Y – – – – – – – – – −141.3563
2 1Y 1Zn – – – – – – – – −141.3189
3 1Y – 1Zn – – – – – – – −141.3131
4 1Y – – 1Zn – – – – – – −141.1124
5 1Y – – – 1Zn – – – – – −141.2946
6 1Y – – – – 1Zn – – – – −141.3002
7 1Y – – – – – 1Zn – – – −141.3084
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LPSO phases. It is crucial to further reveal the inter-transformation
of various LPSO phases and the microscopic rule. Relevant study
is under the way. It is noteworthy that all calculation are done
assuming T = 0 K. However, at room or even higher temperature,
8 1Y – – – –
9 1Y – – – –

10 1Y – – – –

ate positions of substituted atoms of the most stable 10H-LPSO
hases were shown in Table 6. Clearly, with increasing of substi-
ution atoms, when Zn or Y atoms were even numbers, one half of
n or Y is located in the B2 layer, the other half locates in the B10
ayer. If Zn or Y atoms were odd numbers, one Zn or one Y atom

ould be located in the A1 layer. The remainder would arrange as
he case for both of Zn and Y atoms being even numbers. Excitingly,
he mirror symmetry of substitution atoms in 10H-LPSO phases is
lways remained.

In terms of the present calculations, each layer could be sub-
tituted at most by 3 Y and/or Zn atoms. If Y and Zn atoms were
urther added, the further added Y and Zn atoms would be located
n the C6 stacking layer on the basis of the energy minimum prin-
iple. Therefore, with the increasing of the substitution atoms, the
rrangement of Zn and Y atom always remain the mirror symme-
ry respect to the C6 atomic layer plane. Experiments showed that

ost Zn and Y atoms are located in stacking fault layers at the two
nds of the LPSO phase, a small amount of additives are distributed
n the interior of LPSO phase [41]. The present investigation is in
ood agreement with the experimental observation. Based on the

istribution of the Zn and Y atoms in the C6 stacking layers, it is

nterested to note that the six layer building block “A1B2A3C4B5C6”
ossesses an atomic arrangement similar to the 6H-LPSO struc-
ure. Therefore, the present investigation implies tendency and
haracteristics of inter-transformation between 10H-and 6H-type
– 1Zn – – −141.3152
– – 1Zn – −141.3007
– – – 1Zn −141.3254
Fig. 2. The mirror symmetry of total energy with respect to atomic layer C6 for Zn
atom in different layers of 10H-LPSO structure.
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Table 4
The total energies with the 1Zn +1Y substituted atoms which added in the same layer simultaneously, “�” represent the 1Zn + 1Y substituted atoms, (–) means no atom
added.

Layer A1 B2 A3 C4 B5 C6 B7 C8 A9 B10 Total energy (eV)

1 – � – – – – – – – – −141.3550
2 – – � – – – – – – – −141.3224
3 – – – � – – – – – – −141.2965
4 – – – – � – – – – – −141.3057
5 – – – – – � – – – – −141.3250
6 – – – – – – � – – – −141.3057
7 – – – – – – – � – – −141.2965
8 – – – – – – – – � – −141.3224
9 – – – – – – – – – � −141.3550

Table 5
The total energies with the 2Zn or 2Y substituted atoms, (–) means no atom added.

Layer A1 B2 A3 C4 B5 C6 B7 C8 A9 B10 Total energy (eV)

1 – 1Zn – – – – – – – 1Zn −135.7162
2 1Zn – – – – – – – – 1Zn −135.7121
3 1Zn 1Zn – – – – – – – – −135.7057
4 – 2Zn – – – – – – – – −135.6853
5 – 1Zn – – – – – 1Zn – – −135.6985

6 – 1Y – – – – – – – 1Y −146.8010
7 1Y – – – – – – – – 1Y −146.7929
8 – – 1Y 1Y – – – – – – −146.5538
9 – 2Y – – – – – – – – −146.5427

10 – 1Y – – – 1Y – – – – −146.6336

Table 6
The best optimized and accurate positions of substituted atoms of 10H LPSO phases with the xY + yZn (x + y ≥ 3, 1 < x ≤ 4, 1 < y ≤ 8) substituted atoms, (–) means no atom
added.

xY + yZn A1 B2 A3 C4 B5 C6 B7 C8 A9 B10

1Zn + 2Y 1Zn 1Y – – – – – – – 1Y
1Zn + 3Y 1Zn + 1Y 1Y – – – – – – – 1Y
2Zn + 1Y 1Y 1Zn – – – – – – – 1Zn
2Zn + 2Y – 1Zn + 1Y – – – – – – – 1Zn + 1Y
2Zn + 3Y 1Y 1Zn + 1Y – – – – – – – 1Zn + 1Y
2Zn + 4Y – 1Zn + 2Y – – – – – – – 1Zn + 2Y
2Zn + 5Y 1Y 1Zn + 2Y – – – – – – – 1Zn + 2Y
2Zn + 6Y 1Y 1Zn + 2Y – – – 1Y – – – 1Zn + 2Y
3Zn + 6Y 1Zn + 1Y 1Zn + 2Y – – – 1Y – – – 1Zn + 2Y
4Zn + 6Y 1Zn + 1Y 1Zn + 2Y – – – 1Zn + 1Y – – – 1Zn + 2Y
4Zn + 7Y 1Zn + 1Y 1Zn + 2Y – – – 1Zn + 2Y – – – 1Zn + 2Y
4Zn + 8Y 1Zn + 2Y 1Zn + 2Y – – – 1Zn + 2Y – – – 1Zn + 2Y

Table 7
The variation of the angle � (◦) between the a*- and c*-axes with the concentration and position of Zn and Y elements.

xY + yZn A1 B2 A3 C4 B5 C6 B7 C8 A9 B10 � (a* ∧ c*)

1Zn – 1Zn – – – – – – – – 90◦

2Zn – 1Zn – – – – – – – 1Zn 90◦

2Zn – 2Zn – – – – – – – – 90◦

2Zn 1Zn – – – – – – – – 1Zn 89.77◦

1Zn + 1Y 1Zn + 1Y – – – – – – – – – 90◦

1Zn + 2Y 1Zn 1Y – – – – – – – 1Y 90◦

1Zn + 3Y 1Zn + 1Y 1Y – – – – – – – 1Y 90◦

2Zn + 1Y 1Y 1Zn – – – – – – – 1Zn 90◦

2Zn + 1Y 1Zn + 1Y – – – – – – – – 1Zn 89.80◦

2Zn + 2Y – 1Zn + 1Y – – – – – – – 1Zn + 1Y 90◦

2Zn + 3Y 1Y 1Zn + 1Y – – – – – – – 1Zn + 1Y 90◦

2Zn + 3Y 1Zn + 2Y – – – – – – – – 1Zn + 1Y 89.84◦

2Zn + 4Y – 1Zn + 2Y – – – – – – – 1Zn + 2Y 90◦

2Zn + 5Y 1Y 1Zn + 2Y – – – – – – – 1Zn + 2Y 90◦

2Zn + 6Y 1Y 1Zn + 2Y – – – 1Y – – – 1Zn + 2Y 90◦

3Zn + 6Y 1Zn + 1Y 1Zn + 2Y – – – 1Y – – – 1Zn + 2Y 90◦

4Zn + 6Y 1Zn + 1Y 1Zn + 2Y – – – 1Zn + 1Y – – – 1Zn + 2Y 90◦

4Zn + 7Y 1Zn + 1Y 1Zn + 2Y – – – 1Zn + 2Y – – – 1Zn + 2Y 90◦

4Zn + 8Y 1Zn + 2Y 1Zn + 2Y – – – 1Zn + 2Y – – – 1Zn + 2Y 90◦
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Fig. 3. Total and Partial density of states of 10H-LPSO Mg85Y3Zn2 witho

ntropy becomes more important. Due to the small energy dif-
erences of the substitution models discussed here, incorporation
f entropy may lead to disordered structures. So 10H LPSO struc-
ure is rarely observed experimentally in comparison with other
hases.

.2. Lattice distortion and electronic structure

Lattice distortion is an important feature of the LPSO structures
n Mg–Y–Zn alloy, it means that the c-axis is not perpendicular
o the a-axis, which was observed in 6H and 18R [22,23]. Sepa-

ation and segregation of Zn and Y atoms are considered to result
n the lattice distortion [43]. Our previous work revealed that the
n atoms dispersed in two different layers are the origin of distor-
ion in 6H-LPSO structure [40]. Although the distortion of 10H-type

ig. 4. Total density of states near Fermi energy for the 10H-LPSO Mg85Y3Zn2 with
nd without distortion.
tortion (a) and with lattice distortion (b). The Fermi level is set at zero.

ABACBCBCAB LPSO structure is not reported in experiments up to
now, it is interesting to discuss theoretically this problem for the
10H-type ABACBCBCAB structure with the mirror symmetry. The
calculated results of different chemical compositions for 10H-type
ABACBCBCAB in Table 7 clearly show no distortion, which is dif-
ferent from the case in 6H LPSO phase, where distortion happened
when two Zn atoms occupied in the two fault layers at the two
ends. For further investigation, the two Zn atoms in the 10H LPSO
phase are also assumed to located in the two fault layers at the two
end, then the calculations show that distortion happened, the angle
between the a-axis and c-axis is less than 89.77◦. So an asymmetry
of the chemical order with respect to the 10H-type stacking order
would result in the lattice distortion. It may be further inferred that
the lattice distortion in the LPSO phases is likely to originate from
the asymmetry arrangement of the Zn element with respect to the
central layer of the LPSO structure, which is consistent with the
conjecture in Ref. [19]. On the other hand, the further calculations
show that the lattice distortion due to the dispersion of Zn atoms
in two asymmetry layers can be weaken with incorporation of Y
atoms due to the intimate arrangement of Zn and Y atoms in the
same layer.

Because 10H-type ABACBCBCAB structure shows mirror sym-
metry without distortion, the proliferation of thermodynamic
equilibrium conditions of experimental formation must be
required. So 10H-LPSO structure is difficult to be formed. Amiya
pointed out that such novel structure could be developed by the
control of the atomic scale segregation mode [44].

In order to further study the characteristic of bonding in novel
10H-LPSO structure and the underlying mechanism of mirror sym-
metry, the electronic density of states (DOS) is calculated. For
comparison, we choose the prefect 10H-LPSO Mg85Y3Zn2 phase
without distortion and distorted 10H-LPSO Mg85Y3Zn2 phase in

which one Zn and two Y atoms were located in A1 layer, the remain-
der one Y and one Zn were located at B10 layer in terms of the
general structural model of atom arrangement in the LPSO phases.
The corresponding DOS are shown in Fig. 3(a) and (b), respectively.
It can be seen that the overall shapes of DOS curves without distor-
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ion are similar to that of 10H-LPSO structure with lattice distortion.
n the whole region, the calculated total DOS is dominated by the

g-s states and Mg-p states because of the high content of Mg atom
n structure. And the Y-d states and Zn-p states are the significant
ontribution especially around the Fermi level. Furthermore, the
otal DOS also show that there are deep valleys close to the Fermi
evel, the valley pseudogap indicates the presence of covalent bond
45]. In order to reveal the subtle different of the DOS, Fig. 4 shows
he total densities of states at Fermi level for 10H-LPSO structure
ith and without distortion. A closer inspection shows that the

lectron density-of-states at the Fermi level for the mirror sym-
etry 10H-LPSO structure without distortion is lower than that

f 10H-LPSO structure with lattice distortion, indicating that the
ybridization of Zn-p and Mg-p states with Y-d states are stronger

or 10H-LPSO structure without distortion, while the hybridization
or 10H-LPSO structure with lattice distortion is relatively weaker.
t is generally believed that a reduction in DOS at the Fermi level is
enefit to the stability of a given structure [46]. That is, the lower

s the value, the more is the stability. Moreover, as a conventional
onsideration, the stronger covalent bond in YZn and YMg clusters
or 10H-LPSO structure without distortion may lead to higher yield
trength in (Y,Zn)-rich region of the microstructure in alloys. On the
ontrary, the mechanical properties of the LPSO structure with lat-
ice distortion would be affected due to the weaker covalent bond.
o mirror symmetry without distortion is conducive to the stabil-
ty of 10H-LPSO structure, and further favorable for the mechanical
roperties of Mg-based alloy.

. Conclusions

In summary, a first-principles calculation based on density func-
ional theory is used to investigate the crystal structure of the
0H-type LPSO phase. The calculation results showed that most
table positions of all the substitution atoms exhibited mirror sym-
etry with respect to the plane of C6 atomic layer. The present

heoretical calculations revealed the unique feature of arrange-
ent and distribution of Y and Zn atoms in the mirror symmetry

0H-type LPSO phase. Furthermore, it is found that the most stable
0H-type phase with mirror symmetry has not structural distor-
ion, the lattice distortion in the LPSO phase is likely to originate
rom the asymmetry arrangement of the Zn element with respect
o the central layer of the LPSO structure. The electronic density of
tates (DOS) indicated that mirror symmetry without distortion is
onducive to the stability of 10H-LPSO structure.
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