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Abstract. In this study, atomistic simulations are performed to study the effect of Al solute on the
behaviour of edge dislocation in Mg alloys. After the dissociation of an Mg basal edge dislocation into two
Shockley partials using molecular mechanics, the interaction between the dislocation and Al solute at
different temperatures is studied using molecular dynamics. It appears from the simulations that the critical
shear stress increases with the Al solute concentration. Comparing with the solute effect at T = 0 K, however,
the critical shear stress at a finite temperature is lower since the kinetic energy of the atoms can help the
dislocation conquer the energy barriers created by the Al atoms. The velocity of the edge dislocation
decreases as the Al concentration increases when the external shear stress is relatively small regardless of
temperature. The Al concentration effect on the dislocation velocity is not significant at very high shear
stress level when the solute concentration is below 4.0 at%. Drag coefficient B increases with the Al
concentration when the stress to temperature ratio is below 0.3 MPa/K, although the effect is more
significant at low temperatures.

Keywords: Mg alloys; molecular dynamics; solute effect; edge dislocation; drag coefficient; critical
shear stress

1. Introduction

Magnesium (Mg) alloys have been constantly developed for various structural applications
because of their light weight and high specific strength (Kainer 2000). However, due to the
hexagonal close packed (HCP) structure their limited formability and mechanical anisotropy are
the main obstacles for their wider applications. Since the mechanical properties of metals
including strength and ductility can be influenced by alloysolute, a thorough understanding of the
role of the solid solute in the microstructure-property relations is essential to the improvement of
these mechanical properties of Mg alloys. In particular, studies at the atomistic level can help
elucidate important aspects of solute-dislocation interaction and dislocation motion under different
temperatures.

Dislocations in the alloys are pinned through interactions with the solute atoms. Compared with
dislocation motion in pure crystal, higher shear stresses are therefore required for dislocation
moving through a solute field. Solute strengthening is typically divided into two categories: strong
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pinning, in which individual solutes are sufficient to pin the dislocation at the solute position; and
weak pinning, in which the dislocation is pinned by a favourable collective configuration of
solutes in a region of the material (Olmsted et al. 2006). In many cases, solute strengthening is the
combination of both effects. As the dislocation attempts to move, or bow out in regions where it is
not pinned, the remaining pinned dislocation segments experience increased forces, resulting from
the dislocation curvature, which drive the unpinning. Thus, the amount of strengthening achieved
by solutes is a function of the solute concentration, the fundamental strength and spatial range of
the dislocation-solute interaction, the dislocation line tension, and the spatial configuration of
solutes (Olmsted et al. 2006). The overall picture, however, is not clear and many unanswered
guestions remain with regards to the dislocation-solid solute interactions and the basic
strengthening mechanisms in the alloys (Kong and Shen 2011).

Atomistic simulations can explicitly describe the dislocation core structure, including its
splitting into partials, and solute-dislocation interactions in a physical and realistic manner, as
compared with ad hoc continuum models. They also permit interatomic interactions, as relevant,
among solutes, and the explicit consideration of solute configurations. Molecular mechanics (MM)
simulations can be performed at zero temperature, where system energy is minimized, to analyse
the unpinning of dislocation, or molecular dynamics (MD) can be carried out at finite temperatures
to understand the thermal escape of dislocation from the energy barriers due to the solutes.

There have been quite a few atomistic studies of dislocation in various HCP materials (Bacon
and Martin 1981, Bacon and Liang 1986, Ando et al. 2002). However, these works do not relate
specifically to Mg. Only until recently there are a few atomistic simulations focused on the
dislocation behaviour in pure Mg crystal (Yasi et al. 2009, Groh et al. 2009, Nogaret et al. 2010).
Yasi et al. (2009) studied the core structures of screw and edge dislocations on the basal and prism
planes in Mg, and the associated gamma surfaces, using an ab initio method and the
embedded-atom-method interatomic potentials developed by Sun et al. (2006) and Liu et al.
(1996). Their results showed that the dislocation core structures from ab initio were well
represented by the Sun potential in all cases while the Liu potential showed some notable
differences (Yasi et al. 2009). Groh et al. (2009) investigated the motion of dislocations with 1/3
[1 1 -2 0] Burgers’ vector lying on the basal, prismatic and pyramidal slip planes in pure Mg under
static and dynamic loading conditions using molecular mechanics (MM) and molecular dynamics
(MD). Nogaret et al. (2010) examined screw and edge < ¢ + a > dislocation core structures and
Peierls stresses at 0 K and finite temperature using the embedded-atom-method potentials. It
appears that there are even fewer atomistic simulations of the dislocation-solid solute interactions
in Mg alloys in the open literature. Leyson et al. (2012) studied the finite-temperature yield stress
of Mg-Al alloys undergoing basal slip using a recently developed parameter-free solute
strengthening model, which took input from first-principles calculations of the dislocation/solute
interaction energy and evaluated the solute strengthening due to fluctuations in solute
concentration, taking into account the correlation of these fluctuations as a function of dislocation
roughening. Tsuru et al. (2013) calculated the generalized stacking fault (GSF) energies for basal
and prismatic planes in magnesium using density functional theory, and examined the effect of the
GSF energy on the dislocation core structures using a semidiscret evariational Peierls-Nabarro
model.

In HCP crystals, dislocations lying on different slip and twin systems can accommodate the
plastic deformation (Hirth and Lothe 1992). Basal, prismatic and <c +a>-pyramidal are the most
active slip systems in HCP and are commonly used to model the plastic behaviour at the mesoscale
(Groh et al. 2009). Research has shown that the Peierls/critical shear stress of basal plane



Molecular dynamics study of Al solute-dislocation interactions in Mg alloys 129

dislocation is much lower than those in the other two planes (Yasi et al. 2009, Groh et al. 20009,
Conrad and Robertson 1957, Reed-Hill and Robertson 1957). This study is thus focused mainly on
the role that the basal plane dislocations plays on the deformation and strength of Mg alloys. We
present extensive atomistic simulation results aimed at elucidating the effect of random Al solute
additions on dislocation motion in a binary Mg-Al alloy and the associated solute strengthening as
a function of concentration. In particular, edge dislocation structures in the basal plane of Mg/Al
alloy will be investigated using molecular mechanics at zero temperature and molecular dynamics
at finite temperature. Quantitative comparisons among available theoretical and numerical results
will be presented. The work here on the solute—dislocation interactions could also provide a
starting point for future physically-based crystal plasticity model for Mg alloys.

The remaining sections of the paper are arranged as follows. The computation procedures for
the MM and MD simulations of dislocation-solute interaction are described in Section 2, which is
followed by the demonstration of simulation results and discussions in Section 3. The concluding
remarks are given in the last section.

2. Simulation procedure

In this study, MD simulations are performed to investigate the interaction between basal plane
dislocation and Al solid solute and to study the effect of Al solute on the motion of dislocation and
the critical shear stress of Mg alloys at different temperatures. In the atomistic simulations,
software LAMMPS (Plimpton 1995) is adopted and the embedded atom method (Daw and Baskes
1984) is used to describe Mg-Mg, Al-Al and Mg-Al interactions with the potential model
parameters being obtained from Mendelev et al. (2009). The computational configuration of the
proposed MD simulations was initially developed in Shen et al. (2010) with the intention to allow
the analysis of both edge and screw dislocations in an infinite periodic glide plane. The material is
an Mg crystal with randomly inserted Al atoms deforming only through dislocation slip. The paper
aims to investigate the effect of Al concentration on (1) the critical shear stress of the basal slip
plane and (2) the motion of the edge dislocation in the basal slip plane, at a finite temperature.
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Fig. 1 Schematic diagram of the computational super-cell for simulating the behaviour
of a dislocation in the HCP crystal
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As shown in Fig. 1, the computational super-cell is a three-dimensional box where x, y and z
are the global coordinates. The simulation cell consists of two parts. One part is referred to as the
active zone (labeled as “A”) in which the atoms move according to the interactions among the
neighboring atoms; the other part, labeled with a letter “T” or “B”, is referred to as the boundary
zone, where the atoms are either fixed or assigned with a prescribed displacement to simulate a
shear loading. The dimensions of the active zone are indicated by D, W and H, while the thickness

of each boundary zone (T or B) in the z-direction is c=+/3 a with a being the lattice parameter of

Mg. The simulation cell uses a z coordinate normal to the glide plane. In standard HCP
crystallographic notation, the crystal orientation has x =[1-100],y=[11-20]andz=[000 1]
for the basal edge dislocation. Free surfaces are used along the z direction and periodic boundary
conditions are applied along the x- and y-directions. In this case, the system can be represented as
an array of dislocations periodically repeating in space.

The following procedure is used to form a basal plane edge dislocation: (1) The ideal crystal
(super-cell) is evenly divided into the upper and lower half regions in the z-direction; (2) In the
lower half region, two adjacent atomic half-planes (1 1 -2 0) are removed from the ideal crystal
structure; (3) The y-coordinators of the remaining atoms in the lower half region are readjusted so
that the distance between any two adjacent half-planes is the same while their x- and z-coordinates
are kept the same and (4) The atoms in the “T” and “B” regions are then frozen while the atoms in
region “A” are relaxed to minimize the potential energy of the entire system. It is necessary to
emphasize the importance of the final stage in the above procedure because, at this stage, the pure
dislocation, which is energetically less favourable for the HCP lattice, splits into two partial edge
dislocations

%[11-20]9% [10-10] + % [01-10].

The dissociation of an Mg basal edge dislocation into two Shockley partials can be simulated
using MM (Shen et al. 2010). Fig. 2 demonstrates the dissociation of a basal edge dislocation
into two Shockley partials with 0.5 at% Al atoms randomly introduced into Mg matrix. In this
study, the centro-symmetry deviation (CSD) method (Kelchner et al. 1998) is used to differentiate

Fig. 2 Dissociation of an Mg basal edge dislocation into two Shockley partials with 0.5 at %Al
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the surface and dislocation atoms from the bulk atoms, and only the atoms near the free surfaces
and partial dislocations are shown in Fig. 2. The atoms with CSD parameter falling in the range of
0.5A%P< 4 A? correspond to the cores of the partial dislocations, while the range of P> 20 A%to
the free surfaces. Due to the interactions between the dislocations and Al solutes, the two Shockley
partials are not straight lines as those observed in pure Mg system in Shen et al. (2010).

After the basal edge dislocation is dissociated into two Shockely partials at zero temperature
using MM, MD simulation are performed at a finite temperature. Those atoms in the boundary
zone are fixed and the system is equilibrated in NVT ensemble for 50 ps. The Nose/Hoover
temperature thermostat (Osetsky and Bacon 2003) is used to maintain the constant temperature. As
shown in Fig. 2, with the atoms in region “B” being fixed, a constant velocity in the y-direction is
then applied on the atoms in region “T” to simulate a displacement-controlled shear loading or a
constant shear stress is applied on these atoms in region “T” to simulate a force-controlled shear
loading. During the loading period, the temperature of the system is kept at constant using
Nose/Hoover thermostat after excluding the y-component of the atom velocity. The time step is 1
fs in the MD simulation.

3. Simulation results and discussions

To study the effect of Al concentration on the critical shear stress of basal plane edge
dislocation at a finite temperature, the Mg system with 0, 0.25, 0.5 and 1.0 at% Al is subjected to
shear loading in the MD simulation. Following the convergence study in terms of simulation box
size and loading rate in Shen et al. (2010), MD simulations are performed with active zone
dimension of 100dx50dx40d, where the magnitude of d is a, ¥3a and +/8/3 a in the x-, y- and
z-directions, respectively, and the strain rate of 10° s™'. Fig.3demonstrates the shear stress-strain
curve of Mg crystal containing different at% Al and a basal plane edge dislocation at temperature
T =300 K. It can be found from the figure that the critical shear stress increases with the increase
of the Al concentration, although the slope of the shear stress-strain curve is almost a constant. The
simulated edge dislocation is somehow pinned through interactions with the Al solute atoms.
Compared with dislocation motion in pure Mg, higher stresses are therefore required for
dislocation movement through a solute field and the magnitude of the required stress increases
with the solute concentration.

Fig. 4 demonstrates the effect of Al solute concentration on the critical shear stress of edge
basal dislocation at temperatures T = 1 K, 100 K, 200 K, 300 K and 400 K. It can be found from
Fig. 4 that the critical shear stress of edge basal dislocation increases with the Al concentration
regardless of temperature. In particular, the increase of critical shear stress is very significant when
the Al concentration increases from 0 at% to 0.25 at%, where the critical shear stress increases by
6-8 times. The shear stress increase Az due to solid solution strengthening is proportional to the

concentration of solutes C through the relation of Az, o \J/C . Based on the curves in Fig. 4, itis
proposed that the critical shear stress-concentration relation of Mg-Al system can be described by

7, =7, +110/C (1)

where 7 is the critical shear stress of Mg with Al solutes, 7y is the Peierls stress of pure Mg with
70 = 1.0 MPa (Shen et al. 2010) and C is the atomic percentage of Al concentration. As can be
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Fig. 3 Stress-strain curve of Mg/Al alloy with basal plane edge dislocation at T=300 K
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Fig. 4 Stress-strain curve of Mg/Al alloy with basal plane edge dislocation at T=300 K
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Fig. 5 The displacement history of a basal plane edge dislocation in Mg system with 2.0 at%
Al under a given shear stress at temperature T=100 K
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To study the effect of Al solute concentration on the motion of edge dislocation in Mg alloy,
MD simulation of the behaviour of a basal plane edge dislocation embedded in different Al
concentration under shear stress is performed. Fig. 5 demonstrates the displacement-time curve of
a basal plane edge dislocation in Mg system with 2.0 at% Al under a given shear stress at
temperature T=100 K. As can be seen from the figure, the edge dislocation does not move when
the applied shear stress is smaller than 13 MPa, suggesting that the applied shear stress is too low
to push the dislocation out of the barrier induced by the Al solutes. The edge dislocation starts to
move for about 50 ps and then stops under shear stress of 14 or 15 MPa, indicating the applied
shear stress is high enough to take the dislocation out of the initial barrier of the Al solutes.
However, the motion of the edge dislocation is not sustained and can be stopped when there is
slight increase of the obstacle due to the uneven distribution of Al solutes. A continuous nonstop
motion of the edge dislocation is recorded when the applied shear stress is larger than 16 MPa,
which is the critical shear stress of the Mg system under the given Al concentration and
temperature. A dislocation velocity can be obtained using the slope of the displacement-time curve.
It is obvious that the dislocation velocity increases with the applied shear stress.

To further study the effects of Al concentration on the Mg edge dislocation velocity at different
temperature, MD simulation of the motion of edge dislocation at Al concentration of 0 to 8.0 at%
under the temperatures of T = 100 K, 300 K and 500 K are performed. Fig. 6 demonstrates the
velocity of edge dislocation in the Mg system with different Al concentrations under different
shear stresses and temperatures. As can be seen from these figures, under a given temperature and
external shear stress, the dislocation velocity generally decreases with the increase of the Al
concentration. In particular, there is a significant drop of dislocation velocity when the Al
concentration increases from 4.0 at% to 8.0 at%. Since the dislocation in the alloy is pinned
through interactions with the solute atoms, the strength of the barriers increases with the increase
of Al concentration as a result the dislocation velocity decreases regardless of the temperature.

However, it is found from the further detailed examination of Figs. 6(a) and 6(b) that at
temperature T = 100 K and 300 K the dislocation velocity increases linearly with shear stress and
decreases with Al concentration when the shear stress is smaller than 50 MPa. When the Al
concentration is less than 4.0 at%, the solute effect is not significant when the shear stress is larger
than 100 MPa. On the other hand, it can be found from Fig. 6(c) that the dislocation velocity
increases linearly with the shear stress when the shear stress is smaller than 100 MPa and the
dislocation velocity clearly decreases with the Al concentration.

The evolution of the dislocation velocity as a function of stress to temperature ratio, /T, can be
further plotted at the three temperatures: 100 K, 300K and 500 K (figures not shown here). The
velocity is nearly linear fort/T <0.3MPa/K. This result agrees with the scaling predicted by
phonon damping theory (Hirth and Lothe1992). The dislocation drag coefficient B can be
calculated using the following equation

B=1blv )

wherez is the applied shear stress, b is the burger’s vector and v is the dislocation velocity. The
calculated drag coefficient B for 0<z/T<0.3 MPa/K is shown in Fig. 7. When there is no Al
concentration (0 at% Al), the calculated B is around 5.12~13.9 x 10 Pa-s, which is close to
4.7~18.0 x 10° Pa-s in Groh et al. (2009). Moreover, dislocation drag coefficient B increases with
temperature T and Al concentration and the Al concentration effect is more significant at lower
temperature.
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Fig. 7 The effects of Al concentration and temperature on the drag coefficient B

4. Conclusions

In this study, atomistic simulations have been performed to simulate the interaction between
basal plane edge dislocation and Al solute in Mg system. In the atomistic simulations, the Mg-Mg,
Al-Al and Mg-Al interatomic interactions are described by the embedded atom method with the
potential model parameters being obtained from Mendelev et al. (2009). It appears from the
simulations that generally the critical shear stress increases with the Al solute concentration at both
zero and finite temperature. Comparing with the solute effect at T = 0 K, however, the critical
shear stress at T = 300 K is lower due to the kinetic energy of the atoms at the finite temperature.
The dislocation velocity decreases as the Al concentration increases under low to medium shear
stresses. The Al concentration effect on the dislocation velocity is not significant at very high shear
stress level if the concentration is below 4.0 at. %. Drag coefficient B increases with the Al
concentration for 0<#/T<0.3 MPa/K, although the effect is more significant at low temperatures.
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