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Abstract: The microstructure of the 18R-type long period stacking ordered (LPSO) phase in Mgy,Y,Zn, alloy was investigated by
the first principles calculation. The arrangement rule of Zn and Y atoms in the LPSO structure is determined theoretically. The
calculation results reveal that the additive atoms are firstly located in the fault layers at the two ends of the 18R-type LPSO structure,
and then extend to fault layers in the interior, which is in good agreement with the experimental observations. This feature also
implies the microstructural relationship between 18R and other LPSO structures. The cohesive energy and the formation heat indicate
the dependence of the stability of 18R LPSO structure on contents of Y and Zn atoms. The calculated electronic structures reveal the
underlying mechanism of microstructure and the stability of 18R LPSO structure.
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1 Introduction

Great importance has been attached to Mg-based
alloys, because of its low density, high specific strength
and specific elastic modulus, exceptional dimensional
stability, high damping capacity, and high recycling
efficiency[1]. Mg-based alloys with superior properties
have been applied in many areas such as
microelectronics, automobile and aerospace industries.
However, the lower tensile strength and inferior ductility
of Mg-based alloys still limit its wide applications.

Much effort has been devoted to further improving
the mechanical property. Recently, the Mgy;Y,Zn;(mole
fraction, %) alloy with a yield strength of 610 MPa and
elongation of 5% was developed by rapidly solidified
powder metallurgy (RS P/M) processing, and it also
exhibited high corrosion resistance at room temperature
[2—3]. These excellent properties are considered to be
due to the hep (2H)-Mg fine grain matrix of 100-200 nm
in diameter, a novel long-period stacking ordered (LPSO)

phase and homogeneously dispersed Mgy, Ys fine
particles[4—6]. Since LUO et al[7-8] identified the
X-phase in Mg-Y-Zn cast alloy as an 18R-tpye LPSO
structure, many investigations have been focused on the
novel LPSO phases. Up to now, five kinds of LPSO
structures (6H, 10H, 14H, 18R, and 24R) have been
observed experimentally[8—14]. Furthermore, two kinds
of 18R-type LPSO structures have been reported with
electron diffraction experiments[12—13]. One is
ABABABCACACABCBCBC with the lattice constants
of a=320 A and c=46.78 A, the other is
ACBCBCBACACACBABAB with the lattice constants
of a=3.20 A and c=48.6 A. On the other hand, the
inter-transformation is also observed among different
LPSO structures. Experimental investigations revealed
that the 18R LPSO structure ACBCBCBACACACBA-
BAB was transformed to 14H LPSO structure
ABABABACBCBCBC in the cast Mg-Zn-Y alloys
during heat treatment[13], and the 14H LPSO structure
ABABABACACACAC was found to change into a
six-layered atomic array structure ABACAB by
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annealing [14].

The novel LPSO structures have also been found
experimentally in other Mg-RE-Zn, Mg-Cu-RE and
Mg-TM-Zn alloys[15—19]. It can be predicted that
various LPSO phases would be found in many
Mg-TM-RE alloys, so the investigations of the
microstructure and formation are necessary and
important. However, the theoretical study of LPSO
structures in such Mg-RE-Zn alloys is very scarce. In the
present work, the accurate positions and arrangement
rule of Zn and Y atoms were firstly determined
theoretically, and then the space distributions of the Y
and Zn atoms in 18R-type LPSO structure of
ACBCBCBACACACBABAB were studied. The
inter-transformation among different LPSO structures
and the stability of various LPSO structures were also
discussed.

2 Calculation method

The present calculations were performed using the
Vienna Ab initio Simulation Package (VASP)[20—-21].
The exchange-correlation functional was described
within the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE)[22], and the projector
augmented wave method[21-22] was wused for
description of the ion-valence electron interaction, and
the kinetic energy cutoff was chosen to be 300 eV. The
valence electron configurations considered were 3s, 2p
for Mg, 3d, 4s for Zn and 4s, 4p, Ss, 4d for Y. The
Brillouin zone was sampled with a mesh of 5 x 3 x 1
k-points of Monkhorst-Pack scheme[23] for the supercell
(2x3x18) 18R-tpye LPSO. These parameters were tested
to be sufficient for convergence. Structural optimization
was firstly performed using the first-order Methfessel—
Paxton method with a temperature broadening parameter
of 0.2 eV, and the positions of atoms were fully relaxed
until the total forces on each ion were less than 0.03
eV/A. Then the total energy was calculated using the
tetrahedron method with the Blochl corrections[24].

3 Results and discussion

3.1 Microstructure

In order to test the parameters and pseudopotentials,
lattice constants of the 2H pure Mg were calculated. The
obtained results were a = 3.19 A and ¢ = 5.20 A for 2H
pure Mg, which were in good agreement with the
experimental  values[14] and other theoretical
calculations[25].

To simulate the configuration of 18R-type LPSO
structure in Mgy;Y,Zn; alloy, we adopted a 2x3x18
supercell with 108 atoms. Figure 1 shows the two-

dimensional lattice in the base plane of the structural unit.

If only one Zn or Y atom is added, the present calculation
results show that the single Zn or Y atom would occupy
any position in the fault layer A at the end of the LPSO
structure, which is similar to our previous investigation
for 6H LPSO structure[26—27]. For convenient of
description, it is assumed that the single Zn or Y atom
occupies the origin of layer A in the unit cell, labeled by
point 1 in Fig.1. In terms of the present calculation
results shown in Table 1, if one Zn and one Y atoms are
simultaneously added, the additive Zn and Y atoms
would locate in positions 1 and 4 in the layer A,
respectively. The calculation results in Table 2 show that
when one Zn and two Y alloys are added, if the first Zn
atom occupies the origin of layer A, the other two Y
atoms will locate in the points 4 and 6. If the alloys
simultaneously contain two Zn atoms and two Y atoms,
Zn atoms will take up positions 1 and 3 while Y atoms
occupy points 4 and 6. With further addition of Zn or Y
atom, the following Zn or Y atom will diffuse to other
atomic layer, indicating that the atomic number for
substitution saturation of the bottom layer A of 18R
LPSO structure is approximately 4. Moreover, when the
contents of Zn and Y atoms in the bottom layer A reach
saturation, the atomic arrangement forms two parallel
lines, the left one is Zn atoms, while the right one is the
Y atoms.

Fig.1 Atomic arrangement model of 18R-type LPSO structure
(The model is 2x3 unit cell, and A, B and C represent the layers
of A, B and C, respectively)

Table 1 Distribution of 1Zn+1Y atoms in bottom layer (Points
1—6 correspond to number in Fig.1)

Point Total
1 2 3 4 5 6 energy/eV
1Zn 1Y —168.832 40
1Zn 1Y —168.832 39
1Zn 1Y —168.863 19
1Zn 1Y —168.817 45
1Zn 1Y -168.81869
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Table 2 Distribution of 1Zn+2Y and 2Zn+1Y atoms in bottom
layer (Points 1—6 correspond to number in Fig.1)

Point Total
1 2 3 4 5 6 energy/eV
1Zn 1Y 1Y —173.519 27
1Zn 1Y 1Y —173.387 39
1Zn 1Y 1Y —173.368 45
1Zn 1Y 1Y —173.654 38
1Zn 1Zn 1Y 1Y —173.547 93
1Zn 1Zn 1Y 1Y —173.65384
1Zn 1Y 1Zn 1Y —173.59472

The microstructure of the bottom layer A for 18R
LPSO structure is different from that of 6H LPSO
structure due to the difference of the two-dimensional
unit cell (4x4 and 2x3 for 6H and 18R LPSO structure,
respectively). For 18R LPSO structure, before the
saturation of substitution atom in the bottom of layer A,
two Zn atoms will simultaneously locate in the single
layer A. For 6H LPSO structure, two Zn atoms will
diffuse into two different atomic layers[26—27].

When more atoms X Zn and y Y (5<x+y<8, 3<x<4),
are added in the 18R-type LPSO phase, the additive
atoms Zn and Y will not be restrained to a single layer
but diffuse to another one. The following additives will
locate in the second layer C, corresponding to the other
end of the LPSO structure. Similar to the arrangement in
the layer A, the third additional Zn atom would take up
the point 1 in the layer C, while following more Y atoms
will locate in points 4 and 6 in layer C. Therefore, the
present calculations show that with eventual addition of
Zn and Y atoms, the additive atoms will be significantly
enriched at both the bottom layer A and the second layer
C in the 18R LPSO structure. This arrangement of
additive atoms on the fault layers at the two ends of the
LPSO structure is in good agreement with the
experimental observations[15, 28-29], and is also
similar to our previous investigation for 6H LPSO

structure[26—27]. The arrangement in the second layer C
will be also along two diagonal lines. Furthermore, the
diagonal line in the second layer C is parallel to the
diagonal line in the layer A.

Experiments also show that most Zn and Y atoms
locate in stacking fault layers at the two ends of the
LPSO phase, a small amount of additives are distributed
in the interior LPSO phase[6]. The distribution position
and mechanism are still not clarified. In order to clearly
investigate the small amount of additives in the interior
LPSO structure, more Zn and Y atoms are added. The
calculation results in Table 3 reveal that the following Zn
atoms will take up the point 6 of the 8th layer in the 18R
LPSO structure, while the following two atoms of Y will
occupy point 3 in the 8th layer and point 6 in the 14th
layer of the 18R LPSO structure. The overall space
distribution feature of the additive atoms indicates that,
most Zn and Y are mainly enriched in the stacking fault
layers AC at the two ends of the
ACBCBCBACACACBABAB structure, then a small
amount of the additive atoms Zn and Y are distributed at
the three stacking fault layers AC, BA and CB in the
interior of LPSO phase. The present results are well
consistent with the experimental observations[6, 28—29].

It has been reported that various LPSO structures
could be inter-transformed from one type into
others[13—14]. From the calculation results shown in
Table 3, it is found that the additive elements of Zn and
Y in the 8th implied inter-transformation
tendency among 18R and other LPSO structures.
Because Zn and Y atoms are distributed in the fault
layers AC, BA and CB of the 18R-tpye LPSO
ACBCBCBACACACBABAB stacking sequence, when
their contents reach definite values, the 18R-tpye LPSO
may break from the fault layer, forming the stacking
sequences of ACBCBC and BACACACBABAB or
the stacking sequences of CBABAB and
ACACABCBCBCA. Further study on the microscopic
details of the inter-transformation is under way.

layer

Table 3 Element distribution at relatively high concentrations in long-period ordered structure

Layer Total
A C BCBC B A CACA C B ABAB energy/eV
27Zn+2Y —173.460 46
27Zn+2Y 2Y —184.551 69
27Zn+2Y 1Zn+2Y —184.332 05
27Zn+2Y 1Zn+2Y 1Y —189.339 00
27n+2Y 1Zn+2Y Y 1Y —194.354 54
27n+2Y 1Zn+2Y Y 1Y 1Y —199.417 23
27n+2Y 27n+2Y Y 1Y 1Y —199.238 57
27n+2Y 27n+2Y Y 1Zn 1Y 1Y —199.197 51
27n+2Y 1Zn+2Y Y 1Y+Zn 1Y 1Y —204.104 57
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3.2 Formation heat and cohesive energy

In order to assess structural stability of alloys[30],
the average formation heat of the 18R-tpye LPSO
structures per atom can be calculated by[31]

1

AH=——
X+y+12

M Y z
(Etot - XEsol%d - yEsolid - ZEsorllid (1)
where E,y is the total electronic energy of unit cell;
EMe

e EXiqsand EZL, are the total energies of single

solid »

Mg, Y and Zn atom in their pure solid states, and the
calculated values are —1.517 3, —6.381 1 and —1.109 8
eV for Mg, Y and Zn, respectively; X, ¥ and z are the
numbers of Mg, Y and Zn atoms, respectively, in unit
cell. The average formation heats of 18R-type LPSO for
various compositions are displayed visually in Fig.2. It is
clearly shown that the stability of the 18R LPSO phases
is better with addition of Y.
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Fig.2 Formation heats of 18R-type LPSO phase

The stability of crystal structure is also correlated to
its cohesive energy[32], and the cohesive energy is often
defined as energy needed when crystal is decomposed
into the single atom. Hence, the lower the cohesive
energy is, the more stable the crystal structure is[32]. In
this work, average cohesive energy per atom for the
18R-tpye LPSO structures was calculated using the
following expression[31]:

1

M Y z
Ecoh = (Etot - XEato%n - yEatom - ZEatgm) (2)
X+y+12
Mg Y Zn :
where E;., Euom and Ejg. are the total electronic

energies of single Mg, Y and Zn atoms in freedom states,
and they are —0.0398, —1.987 0 and —0.005 5 eV for Mg,
Y and Zn free atoms, respectively. The obtained cohesive
energies are displayed in Fig.3. It can be clearly found
that the average cohesive energy of 18R-type is negative,
hence 18R-type LPSO structures are stable. It is
interesting that with addition of Zn atoms, the cohesive

-1.5958 -1.6526
-1.5300 —1.5975 ~1.6241

- 15 -1.5324
-1.4760 15074
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Fig.3 Cohesive energies of 18R-type LPSO phase

energy is increased slightly. From the above calculation
results of formation heats and cohesive energies, it could
be expected that the 18R-type crystal is stable.

3.3 Electronic structure

In order to further understand the structural feature
of 18R LPSO phase in the Mgy;Y,Zn;, the charge
densities are calculated, as displayed in Fig.4. The higher
charge density region corresponds to the core electron
distribution of Y, Zn and Mg atoms, which contributes
relatively little to the bonding. It can be seen from Figs.4
(a) and (b) that the obvious overlap of the charge
densities occurs among Mg-Mg, Mg-Y and Mg-Zn,
indicating that the covalent bonding is formed among
those atoms. From the electronic structure, a maximum is
observed in the center of the tetrahedral electronic
network, corresponding to the midpoints between
Mg-Mg atoms. The charge distribution displayed in
Figs.4 (c¢) and (d) also shows that maxima between
Mg-Y and Mg-Zn atoms becomes weaker. In contrast to
the Mg-Mg bonding, there is no overlap of electron
densities between Y-Y and Zn-Zn atoms. The electron
structure exhibits a metallic bonding between Y-Y and
Zn-Zn, and can be described by the nearly free electron
model.

4 Conclusions

1) The additive Y and Zn atoms are firstly mainly
concentrated in the stacking fault layers at the two ends
of the 18R-type LPSO phase, and then a small amount of
additional atoms disperse into the stacking faults BA and
CB in the interior of the LPSO structure, which is in
good agreement with the reported experimental
observation. This distribution feature implies the
inter-transformation tendency among 18R-type and other
type LPSO structure.
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Fig.4 Charge densities of 18R-type LPSO phase containing 1Y (a), 1Zn (b), 1Zn1Y (c) and 3Zn6Y (d)

2) The calculation results of cohesive energy and

formation heat show that 18R-type LPSO structure is
stable from the energetic point of view.

3) The calculated electronic structures demonstrate

that the covalent bonding is formed among Mg-Mg,
Mg-Y and Mg-Zn atoms, so the 18R LPSO structure
possesses higher stability and strength.
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3. BRI RS MERES TR%E, BE4eR SR ER TR0, L 200030

O VRS Moy YoZn, A4t 18R B AP A (LPSO) IR &5 H4
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MR RIEM . A RS SARFE YIS . [N, BT 18R HIHAL LPSO MZ MM A R R e
SRZIMKR THERRIN R T4 ER T 18R 1Y

AEFITE UG 2 W] T 18R 1 LPSO AHHIFaE M S Y A1 Zn JR

LPSO HHML &5 K RIS E PV A2 I HLEE .
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