Surface and interfacial energies of Mg;Al;;-Mg system
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Abstract

For upscale simulation and modeling of magnesium alloys, data of surface and interfacial energies are critical. In this
work, we calculated the surface energies of Mg 7Al, B-phase with different surface configurations by using molecular
dynamic simulations. Surface terminations were carefully selected to calculate the energy of B-phase. The lowest
energy surface for each crystallographic plane was determined by varying the surface termination. The results show
that surfaces occupied by higher fraction of magnesium atoms generate lower surface energies. The interfacial energy
for Mg 7Al;, B-phase and Mg matrix was calculated as well based on the Burger’s orientation relationship. We found
that the lowest energy surface of Mg7Al;» does not generate the lowest interfacial energy. The interfacial energy for
Mg;7Ali> B-phase and a {1012} twin was also calculated. The interfacial energy increases by ~250 mJ/m? due to the

change in orientation relationship between Mg;7Al;; and the matrix after twinning.
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1. Introduction

Magnesium (Mg) alloys have great potential for applications in automobile, aerospace, and other industries [1] due to
their relative low densities and high specific strength [2, 3]. Magnesium-aluminum alloys are the most common
commercial Mg alloys and have been widely used as model alloys for research [4]. In these alloys, B-phase (Mgi7Ali2)
is the primary equilibrium precipitates in the AZ series Mg alloys. From the literature [5], there are two types of
morphology for Mgi7Ali»: continuous precipitation and discontinuous precipitation. The discontinuous precipitation
is usually occurred at high grain boundary, and the precipitate growth cellularly to give alternating layers of B-phase
and matrix. The continuous precipitation forms large plate B-Mg;7Al > at the rest area of the matrix where is no
discontinuous precipitation[6], and the B-Mg;7Al;» prefers the Burgers orientation relationship (OR) with magnesium

matrix, i.e., (0001)4,411(011)p, [2110]4,4|[[111]p [5-7].

It is well known that Mg;7Al;; precipitates influence the mechanical behavior of Mg alloys [cite J.F. Nie’s papers].
Robson et al. discussed the effect of precipitates on strengthening considering the precipitate hardening against slip
and twinning [8]. They calculated precipitate hardening effect based on Orowan’s mechanism. They found that the
basal plate precipitates were inefficient to block basal slip, but it hindered twinning growth, because precipitates
provided the maximum back-stress and prevented plastic relaxation in the twin. Liao et al. studied the interaction
between both prismatic slip and basal slip with a Mg;7Al;, precipitate in magnesium using molecular dynamics
simulations. Their results indicated that both a basal dislocation is able to pass the precipitate without strong
interaction, whereas a prismatic dislocation may cut through the precipitate [9, 10]. They also showed that the interface
between the precipitate and the matrix was incoherent and the interfacial strength was weak to hinder dislocation slip.
Li and Zhang showed that the twinning shear for {1012}{1011) mode should be zero [11]. Consequently, twin-
precipitate interaction should be minimal, which explained why precipitate hardening in magnesium alloy is not as
effective as alloys with cubic structures [12]. It was also reported that Mg Al phase influences the corrosion behavior
[13, 14] because of the free corrosion potential of the B-phase is relative more positive in the electrolyte. Mg/Mg;7Al»

interfaces can act as a source of crack initiation [15].

Despite the extensive research on precipitation in Mg alloys, key information of surface and interfacial energies are
missing. For upscale simulation and modeling, such energies between Mg;7Ali» and Mg matrix are critically important.

Han et al. studied morphological evolution of Mg;7Ali, phase using phase field simulation. Anisotropy of interfacial



energy and interface mobility, and elastic strain energy was considered [16—18]. How the energy data was calculated
was not shown [19]. Hutchinson calculated the interfacial energies in [5],but only the average interfacial energies for
Mg;7Al»/matrix was considered, but the effect of surface termination of Mg;7Al» was not considered. Xiao et al.[20]
calculated the surface energies of the precipitate for several planes using atomistic simulation but surface termination

was not considered as well.

In this paper, we calculated the surface energies of Mg;7Ali» B-phase with different surface configurations by using
atomistic simulation. Surface terminations were carefully selected to calculate the energy of Mg;7Ali2. The interfacial
energy between Mgi7Al;; and Mg matrix was calculated as well based on the Burger’s orientation relationship.
Because twinning changes the orientation relationship, the interfacial energy between Mgi7Al> and matrix after

{1012} twinning was also calculated.

2. Simulation Method

The EAM [21] interatomic potential for Mg and Al developed by Liu et al. [] was used in our molecular dynamics
simulations. This potential has been used in extensive atomistic simulations of physical properties of Mg and Mg
alloys [23-26]. Simulation package XMD was used to perform the calculations, and visualization program Ovito

[27]was used for graphic presentations.

The Dimensions of the simulation system are 42(X)*42(Y)x11(Z)nm? (Fig.1(a)). The orientations are X — [100],Y —
[010], Z — [001]. The time step size is 3 fs. The system was relaxed for 10,000 time steps (30 ps) to the local minimum
potential energy before the surface energy calculation. The temperature for the system was constant at 10 K. Free
surfaces were applied to the system. The total number of atoms of the system was about 928,000. To calculate the
surface energy of the bottom xy-surface (bottom (001) plane), a box A with the dimension 20(X) x 20(Y) x 3(Z) nm3
(35811 Mg atoms and 25486 Al atoms) was selected in the center of the above relaxed simulation cell, and the average
potential energy per atom for each type of atoms was calculated. Another box B with dimension 20(X) x 20(Y) % 5(Z)
nm? (59019 Mg atoms and 41880 Al atoms) which contains part of the bottom xy-surface was selected, and the average
potential energy per atom was calculated. The surface energy y was given by

y = (Emg — Emg) X Nug + (Egy — Eq) X Ny
a A




Where Ey, and Ey; are the average potential energies per atom for Mg and Al from box A; Ey, and Ey; are the
average potential energies per atom for Mg and Al from box B; Ny, and Ny, are the number of Mg and Al atoms in
box B; 4 is the area of the precipitate bottom xy-surface in box B. Fig.1 (b) shows the schematic view of the above
calculation methods. The surface energy of each termination was calculated. Then, the system was reoriented to the
directions X — [211],Y — [111],Z — [011], and the surface energies were calculated similarly. The system shows
periodicity in all three axes. To find the lowest surface energy termination, we removed the outermost atoms of each
surface layer by layer until periodicity is reached, and then calculated the surface energies of different terminations
using the above methods. The lowest energy surface termination, as well as the highest energy surface termination
can then be determined. Fig.2(a) shows the (010) surface configuration of the precipitate and Fig.2(b) shows the

reoriented (211) surface configuration.

In the calculation of the interfacial energy of the bottom xy-surface (bottom (011) plane) of the reoriented precipitate
and the Mg matrix, the dimensions of the system are 29(X)x29(Y)*56(Z)nm?. The system was constructed in the
Burger’s OR (Fig.3), and six surfaces of the precipitate were the lowest surface energy termination. The system was
relaxed for 20,000 time-steps. Free surfaces were applied to the system. The total number of atoms was about
2,244 481. After relaxation, box A and box B with the dimension 10(X) x 10(Y) x 10(Z) nm? were selected inside the
precipitate and matrix, and the average potential energy per atom for each type of atoms was calculated. Another box
C with dimension 20(X) x 20(Y) x 7(Z) which contains the matrix/precipitate interface was selected, and the average

potential energy per atom for each type of atoms was calculated as well. The interfacial energy was given by

!

(EMg(m) - EMg(m)) X NMg(iM) + (EMg(p) - EMg(p)) X NMg(ip) + (EAl(p) - EAl(p)) x NAl(ip)
A

Interfacial enegy =

where Ey 4y and Ey;;,y are the average potential energies per atom for Mg and Al in box A; Epg4(m) is the average

potential energy per atom for Mg in box B; Ey 4, and Ey;,,) are the average potential energies per atom for Mg and

g(p

Al in the precipitate in box C; Ej, y 18 the average potential energy per atom for Mg in the matrix in box C; Nyg(ip)

g(m
and Ny (ipy are the number of Mg and Al atoms in the precipitate in box C; Ny g(im) is the number of Mg from the

matrix in box C; ; 4 is the area of the matrix/precipitate interface in box C (Fig.4). Then, the matrix was rotated along

the [2110] for 90°, and the new interfacial free energies were calculated as well.



3. Results and discussion

The surface termination for the original Mg 7Al;» B-phase simulation system shows the same periodicity along the
three axes. Each repetition contains 12 atomic layers (Fig. 2(a)) (Mg atoms in red and Al atoms in blue). Therefore,
we calculated the surface energies for all the 12 layers as bottom surface. We found that the lowest surface energy
termination appears when the 8" atomic layer becomes the surface for this structure (Fig. 5(a)), and the surface energy
equals 742.7 mJ/m?. The highest surface energy termination gives the surface energy about 980 mJ/m? on the 10%
atomic layer (Fig. 5(b)).

For the reoriented B-phase, it shows periodicity along each axis (Fig 2(b)). Along the positive [111] direction, the
structure repeats every 9 atomic layers. However, this case does not show central symmetry as the structure before
reorientation. Therefore, the layer structure underneath a specific top or bottom atomic surface will be different, and
so will be the surface energies. Fig. 6 shows such differences in detail. Consider the 6" atomic layer becomes the
bottom (111) surface (Fig.6(a)), the underneath layers will be layer 7 to 9 in one period. This termination shows the
lowest surface energy of about 775.6mJ/m?. For the top (111) surface, the lowest energy termination is the second
layer (Fig.6 (c)).

The surface energies result are summarized in Table.1. For the (011) surface, there is only one result because the atom
layers show axial symmetry. The (011) surface energy shows a value close to Xiao’s result [20] which is 716 mJ/m?.
Other surface energies reported by Xiao [] fall within the range of our calculations. Because no details how surface
termination was chosen was provided, discrepancies may incur. Ning et al. calculated the surface energy for (001)
plane with atomic layer 1 as the surface by using density functional theory calculation [28]. The value is 799 mJ/m?,
which is slightly higher than the result in our calculation (783 mJ/m?). For BCC and FCC structures, the closed packed
plane surface will usually give the lowest surface energies [29, 30]. Mgi7Ali» has a BCC structure, the (011) surface
indeed provide the lowest surface energy of 715.7 mJ/m?. In our result, Fig. 6(a) shows the atom layers 6-9 which has
a high atomic density gives the lowest surface energies for bottom (111) plane, but Fig. 6(c) indicates the lowest
energy surface termination is not provide by the same layers for top (111) plane. Therefore, the atom layers with
higher atomic density do not necessarily give the lowest surface energies. Additionally, Fig. 5(b) and Fig 6(b,d) show
the highest surface energy terminations and these surfaces have more Al atoms. In contrast, surfaces occupied by a

higher fraction of magnesium atoms generate lower surface energies.



Lowest surface energies termination is then used to calculate the interfacial energies based on the Burger’s OR. After
{1012} twinning, the OR changes because the Mg matrix was reoriented by ~90 degrees around the zone axis (2110).
The interfacial energies between Mgi7Ali» and a twinned matrix was calculated as well [31]. The results are shown in
Table 2. In this case, the lowest energies surface termination generates a relative low interfacial energy about 250
mJ/m?, which falls in the range of 140~390 mJ/m? in [17]. In [5], the interfacial energy was 430 mJ/m?, and the author
showed the effective interfacial energy of nucleation of Mg;7Al > was 114 mJ/m? by using assessed thermodynamics.
Li et al. assumed the interfacial energy of semi-coherent interfaces parallel to the basal planes was 60 mJ/m?, and 100
mJ/m? for incoherent interfaces [19]. Our results show that, for the incoherent interfaces with the Burger’s OR, the
interfacial energy should be higher than the reported values. Additionally, the lowest energy surface of Mgi7Ali» does
not generate the lowest interfacial energy. The interfacial energy the (011) surface plane of Mg7Al;; increases by
~250 mJ/m?, which indicates that the prismatic plane of the matrix has higher bond strength with the p-phase (011)

surface than that of basal plane.

4. Conclusion

In this work, we provided detailed calculations of the surface energies and interfacial energies between Mg 7Al, and
Mg matrix, using molecular dynamic simulations. Atomic layers were carefully selected to find the lowest surface
energy termination for each crystallographic plane of Mgi7Ali2 B-phase. The surface energies vary as the surface
structure changes. Generally, surfaces with higher fraction of magnesium atoms generate lower surface energies. The
lowest surface energies termination of Mg;7Al;> does not generate the lowest interfacial energies. The interfacial

energy increases by ~250 mJ/m? for Mg;7Al;; f-phase (011) plane after a {1012} twinning.
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Table.1. Surface energies results for Mg 7Ali» B-phase

Direction Lowest Highest
Plane
(layer removing) mJ/m? mJ/m?
Mgi7Al2
(001) [001] 742.7 980.0
without reorient
(211) [211] 789.4 1052.5
(211) [211] 762.5 952.7
Mgi7Al2 _ _
(111) [111] 775.6 959.6
reoriented
(111) [111] 761.3 898.2
(011) [011] 715.7 1008.6
Table.2. Interfacial energies results for Mg;7Ali» B-phase/Mg matrix
Direction
Plane Interfacial energy
(correspond to the surface
(based on B-phase) mJ/m?
in Table.1)
Mg17A112/Matrix (011) [011] 248~252
Mg;7Al2/Twin matrix (o11) [011] 492~496
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Fig. 1. (a) The 3-D view of the simulation system for Mgi7Ali2. (b) The schematic view

of the calculation method for surface energies.
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Fig. 2. (a) The (010) surface configuration of the simulation system for Mg,,Al,, (b) The reoriented

(211) surface configuration.
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Fig. 3. Schematic 3-D view of the simulation system for interfacial energies calculation

with the Burger’s OR.
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Fig. 4. The schematic view of the calculation methods for interfacial energies calculation.
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Fig. 5. The side view of the surface termination for Mgi7Al;» B-phase without reorienting, (001) plane.
(a) Lowest surface energy termination (Atom layer 8; Bottom (001) plane);

(b) Highest surface energy termination (Atom layer 10; Bottom (001) plane).
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Fig. 6. The side view of the surface termination for reoriented Mg;7Al;» B-phase, (111) plane.

(a) Lowest surface energy termination (Atom layer 6; Bottom (111) plane) for reoriented B-Mg17A112;

(b) Highest surface energy termination (Atom layer 9; Bottom (111) plane) for reoriented B-Mg”Allz;

(¢) Lowest surface energy termination (Atom layer 2; Top (111) plane) for reoriented B-Mg 17Al W

(d) Highest surface energy termination (Atom layer 3; Top (111) plane) for reoriented p-Mg LAL
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