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The core structures and mobility of ⟨c⟩ dislocations in magnesium were predicted using both density functional
theory and molecular dynamics simulations. The pure edge and screw cores are compact at 0 K. With increasing
temperature up to 700 K, the edge dislocation dissociates into two ⟨c⟩/2 partials on the basal plane, but remains
immobile. The screw dislocation remains compact and continuously cross-slips between the three prismatic
planes. At room temperature, the screw dislocation only glides after emitting a vacancy at 420 MPa. The Peierls
stress of the dislocation after vacancy emission is 50 MPa.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Magnesium (Mg) is the lightest-weight structural metal. However,
its poor ductility seriously limits its applications in many industries.
Based on the hexagonal closed packed (HCP) lattice structure ofMg, dis-
locations can be classified to be ⟨a⟩, ⟨c⟩ or ⟨c+ a⟩ dislocation according to
their Burgers vectors. Enhancing the ductility of Mg depends greatly on
the non-basal deformation modes required to accommodate c-axis de-
formation, including ⟨c + a ⟩ and ⟨c⟩ dislocations. Among the three
types of dislocations, ⟨a ⟩ and ⟨c + a⟩ dislocations have received ample
attentions in recent years. However, so far, the fundamental under-
standing of ⟨c⟩ dislocations, including the dislocation core structure,mo-
bility, and cross-slip, remains elusive. It is still questioned whether ⟨c⟩
dislocation can contribute to plastic slip or not. Recently it has been
shown that ⟨c + a⟩ dislocations can decompose into ⟨a⟩ and ⟨c⟩ disloca-
tions on the basal planes [1–4]. Since this decomposition of ⟨c + a⟩ dis-
locations can adversely affect the slip contribution of ⟨c + a⟩
dislocations, it is of great importance to develop a quantified under-
standing of ⟨c⟩ dislocations. This is also significant for incorporating ⟨c⟩
dislocation plasticity in micro-scale simulations, such as discrete dislo-
cation dynamics and crystal plasticity simulations [5–8].

In the current study, the core structures and mobility of ⟨c⟩ disloca-
tions are studied using density functional theory (DFT), molecular stat-
ics (MS), and molecular dynamics (MD) simulations. The DFT
calculations have been performed by the ab-initio total-energy andmo-
lecular-dynamics programVASP (Vienna ab-initio simulation program)
[9,10], using exchange correlation function parameterizationwithin the
generalized gradient approximation [11]. Plane waves with a kinetic
ier Ltd. All rights reserved.
energy up to 130 eV were used to expand the wave functions, and the
electronic charge density was obtained by a 5 × 1 × 1 k-point grid with-
in the Brillouin zone. The simulation cell size is 0.64 × 6.8 × 12.2 nm3,
containing 2390 atoms, for the edge dislocation simulations, and
0.52 × 6.4 × 12.2 nm3, containing 1760 atoms, for the screw dislocation
simulations. Periodic boundary conditions are imposed along all three
directions, therefore two opposite-signed ⟨c⟩ dislocations that are
6 nm vertically apart were introduced into the simulation cell by initial-
izing all atoms according to the Volterra fields. Structural optimization
was performed until the force acting on each atom is below a threshold
of 0.01 eV/Å. Besides, the generalized stacking fault energy (GSFE) curve
along ⟨c⟩direction on prismatic planewas calculated on a simulation cell
0.52× 0.64× 13.8 nm3. All the atoms shown in this work are colored by
common neighbor analysis (CNA) as indicated by the legend in Fig. 1,
and all images are exported using the visualization tool OVITO [12].

The edge and screw ⟨c⟩ dislocation cores as predicted from DFT cal-
culations are shown in Fig. 1. The edge dislocation core is compact and
resides along the intersection line between the basal and prismatic
planes. In Fig. 1(b) the positive and negative screw dislocation cores
are shown, both of which are also compact. Although the screw disloca-
tion cores were initialized on horizontal prismatic planes, after relaxa-
tion both reside on 60° prismatic planes. This is because screw
dislocations can easily cross slip between the different prismatic planes.
Furthermore, the screw dislocations were observed to glide during the
minimization process, as shown in Fig. 1(b1)–(b4). In Fig. 1(b1), the
upper screw dislocation starts gliding downwards along the 60° pris-
matic plane after emitting a vacancy, while the lower dislocation does
notmove. The upper dislocation then cross slips onto the−60° prismat-
ic plane, and continues to glide towards the lower dislocation. Finally,
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mailto:xbtian@scu.edu.cn
http://dx.doi.org/10.1016/j.scriptamat.2017.03.012
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scriptamat


Fig. 1. The core structures of (a) edge and (b) screw ⟨c⟩ dislocations as predicted from DFT calculations. The sequence (b1) through (b4) shows the glide, cross-slip and annihilation of the
screw dislocation cores.
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these two opposite-signed dislocations annihilate fully and an intersti-
tial is left behind. As will be shown in the following MD simulations, a
stress driven vacancy emission is always observed from the screw dislo-
cation core before steady glide is attained. In the DFT calculations, it is
clear that this vacancy emission does not occur simultaneously for
both screwdislocations. As such, the upper screwdislocation emits a va-
cancy and glides while the bottom dislocation remains immobile for the
duration of the simulation.

It should be noted that the current DFT calculation only predicts the
dislocation cores at 0 K. In addition, the simulation cell is very small,
thus, the local stress is not zero due to the dislocation interactions and
boundary conditions. Despite this, the DFT predictions can be treated
as a reference state of the dislocation cores. In order to calculate the dis-
locationmobility and temperature effects, bothMS andMD simulations
are employed, which facilitate a large scale simulation. These simula-
tions were conducted using the open source code LAMMPS [13]. Only
one dislocation core is introduced into the center of simulation cells
having dimensions of 30 × 30 × 0.64 or 30 × 30 × 0.52 nm3, with the
dislocation line being parallel to the shortest dimension. Periodic
boundary conditions are imposed along thedislocation line and glide di-
rections, while free boundary conditions are imposed along the third di-
rection. An energy minimization step is then performed, which leads to
an initial dislocation core under stress-free condition. The temperature
of the simulation cell is increased using the NPT ensemble bymaintain-
ing a zero pressure state and a heating rate of 1.0 K/ps, until the target
temperature, T, is reached [14]. A pure shear stress along the dislocation
Burgers vector is finally imposed on the top and bottom surfaces using
the NVE ensemble to study the dislocation mobility [15]. The pure
shear stress increases linearly with simulation time. In order to avoid
inertia effects introduced by a high loading rate [16], a low stress rate
of 0.77 MPa/ps is employed. In addition, the dislocation core energy
per unit length Ec was calculated from the energy increase within a cy-
lindrical region of radius 5 nm around the dislocation core. The GSFE
curve along ⟨c⟩ direction on prismatic plane was calculated on a simula-
tion cell 15 × 15 × 15 nm3.

Three commonly used Mg potentials were adopted and compared
with the DFT observations. The potentials used are themodified embed-
ded atom method (MEAM) potential developed by Kim et al. [17] and
the EAM potentials developed by Sun et al. [18] and Liu et al. [19]. The
dislocation cores after minimization (0 K and 0 MPa) predicted from
MS simulations are shown in Fig. 2. The edge dislocation core predicted
from the Kim et al. potential [17] is compact and in good agreement
with the one predicted from the DFT calculations. However, the other
two potentials predict strange core structures, obviously at odds with
theDFT calculations. On the other hand, the screwdislocation cores pre-
dicted by the three potentials are similar, and all reside on a prismatic
plane. Although the screw dislocation cores from the MS simulations
are similar to the DFT in shape, they are more compact because they
are in a stress-free condition. In addition, the core energy of the screw
dislocation is lower than that of edge dislocation. The GSFE curves as
predicted by the three potentials and DFT are shown in Fig. 2(c). The
curve of DFT is lower than those of the three potentials, which agrees
with the previous comparisons of the ⟨c + a⟩ GSFE curves [20]. The
curves of Kim potential and DFT display no local minima during the dis-
placement, which are correspondingwith the observation that the edge
dislocation core is compact with no stacking faults. The other two po-
tentials predict (quasi) local minima, and the dislocation cores have
stacking faults residing on two prismatic planes. This is probably why



Fig. 2. The core structures of (a) edge and (b) screw ⟨c⟩ dislocations and (c) the GSFE curves as predicted from Kim, Liu and Sun potentials and DFT.
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the Kim potential predicts dislocation cores that are in good agreement
with DFT versus the other two potentials. Together with the previous
comparisons of the three potentials for ⟨c + a⟩ dislocations [20], it can
be concluded that the Kim et al. potential [17] predicts the ⟨c⟩ and ⟨c
+ a⟩ dislocation cores more accurately, as compared to the DFT calcula-
tions, than the two EAM potentials.

The effect of temperature on the edge and screw ⟨c⟩ dislocation cores
is shown in Fig. 3 for 0 K, 300 K, 500 K, and 700 K. To facilitate visualiza-
tion, thermal fluctuations are removed by performing conjugate gradi-
ent relaxation for 50 steps. It is clear that the screw dislocation cores
display weak temperature dependence. With increasing temperature
from 0 K to 700 K, the screw core width increases, but consistently re-
mains on the prismatic plane, retaining a compact structure without
any dissociation. On the other hand, the edge dislocation cores show a
strong dependence on temperature. The edge core at 0 K is compact,
but becomes dissociated with increasing temperatures. The stacking
faults (SFs) connecting the two partials also increase in width as the
temperature increases. According to the HCP crystalline structure, the
⟨c⟩ dislocation is expected to dissociate on the prismatic plane. Surpris-
ingly, the dissociated dislocation cores predicted from the current sim-
ulations reside on the basal plane. According to the Burgers circuit
analysis, shown in Fig. 3(a) at 700 K, the full ⟨c⟩ dislocation dissociates
into two ⟨c⟩/2 partials, as follows

c→c=2þ SFbasal þ c=2 ð1Þ
Fig. 3. The effect of temperature on the core structures of (a) edge a
Furthermore, the mobility of the edge and screw ⟨c⟩ dislocations
under a pure shear stress was also investigated. The edge dislocation
is observed to be immobile up to a shear stress larger than 500 MPa at
all considered temperatures. This can be attributed to the dissociation
of the edge ⟨c⟩ dislocations on the basal plane. On the other hand, the
dislocation velocity versus applied shear stress curve for the screw dis-
location at 300 K is shown in Fig. 4. The dislocation glide process is also
shown in the online Supplementary movie. Below a shear stress of
420MPa, the screw dislocation does not glide; however, the dislocation
core continually changes its slip plane by cross-slip along the three pris-
matic planes, or resides on three prismatic planes simultaneously. At a
stress of 420 MPa, the dislocation begins to glide stably on the horizon-
tal prismatic plane (i.e. plane with the maximum resolved shear stress)
after emitting a vacancy behind, as shown in the online Supplementary
movie and the inset in Fig. 4. The vacancy emission is in agreementwith
the DFT observations discussed above. It can be seen the screw ⟨c⟩ dislo-
cation is glissile with a high critical gliding stress of 420MPa. It is worth
noting that this glide process is also observed at other temperatures, but
with a critical gliding stress that decreases with increasing temperature,
namely 460 MPa at 100 K, 420 MPa at 300 K, 340 MPa at 500 K, and
380MPa at 700 K. The current simulations were performed in a simula-
tion cell with small size along the dislocation line, and thus only one va-
cancy was emitted. Simulations with a much longer dislocation show
that many vacancies are emitted randomly on the dislocation slip
plane since they are not emitted synchronously.
nd (b) screw ⟨c⟩ dislocations as predicted by the Kim potential.



Fig. 4. Mobility curves at 300 K for the initial screw dislocation core and the core after
vacancy emission.
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Themobility of the screwdislocation depends strongly on the vacan-
cy emission. Although vacancy emission was commonly observed in
previous MD simulations on the ⟨c + a⟩ dislocations in magnesium
due to the formation of dislocation jogs [3,21], the current vacancy for-
mation is not a result of the dislocation jogs, since the dimension along
the dislocation is only a periodic lattice. From the energy increase after
vacancy emission (inset of Fig. 4), it is observed that the dislocation
core energy after vacancy emission is slightly higher than the initial
core energy. This indicates that the initial dislocation core structure is
an energetically favorable structure, while the vacancy emission is driv-
en by stress and temperature. This also suggests that the vacancy emis-
sion could be attributed to a core structure correction to make it glissile.

To investigate the screw dislocation after the vacancy emission, the
simulation cell was unloaded following the vacancy emission and then
reloaded. The mobility curve for this dislocation core is also shown in
Fig. 4. In this case the dislocation core is observed to first cross-slip con-
tinually between the three prismatic planes, until the stress reaches a
critical stress of ~50 MPa at which the dislocation core begins to glide
stably on the horizontal prismatic plane without any vacancy emission.

Although the ⟨c⟩ dislocations received rare attentions, they are sig-
nificant for the property of ⟨c + a⟩ dislocations. In previous studies [2–
4], the pyramidal ⟨c + a⟩ dislocations were observed to decompose
into edge ⟨a⟩ and edge ⟨c⟩ dislocations, both of which reside on the
basal plane. The ⟨a⟩ and ⟨c⟩ dislocations then combine and form a⟨c
+ a⟩ dislocation dissociated on the basal plane, which thus limits the
contribution of edge ⟨c + a⟩ dislocations to plasticity in Mg. Based on
the current analysis of the ⟨c⟩ dislocations it can be suggested that the
thermally activated dissociation of edge ⟨c + a⟩ dislocations on the
basal plane is mostly driven by the thermally activated dissociation of
the ⟨c⟩ component of the dislocation on the basal planes. This suggests
View publication statsView publication stats
that the ⟨c + a⟩ dislocation behavior is controlled predominantly by its
⟨c⟩ component.

The ductility enhancement of Mg depends greatly on the non-basal
deformation modes accommodating c-axis deformation including ⟨c ⟩
and ⟨c+a⟩ dislocations. The presentwork showed that the Peierls stress
of the ⟨c⟩ screw dislocation is ~50 MPa possibly, which would be an al-
ternative method to accommodate the c-axis deformation. As shown
by Agnew et al. [1,22], dense dislocations having ⟨c⟩ component (⟨c⟩
and ⟨c + a⟩) were observed in the Mg-Li alloys having good ductility.
Therefore, future efforts can bemade towards regulating the ⟨c⟩ disloca-
tions, such as decreasing the Peierls stress, and/or preventing the edge
dislocation from dissociating on the basal planes.

In summary, the ⟨c⟩ dislocation core structureswere calculated using
the density functional theory. The dislocation mobility and effect of
temperaturewere also investigated bymolecular dynamics simulations.
The edge dislocation cores were observed to be sessile due to their dis-
sociation on the basal planes, while the screw dislocations are compact
and immobile before emitting a vacancy at 420 MPa at room tempera-
ture. After vacancy emission, the dislocation core is highly glissile and
the Peierls stress is ~50MPa. The ⟨c⟩dislocation could be regulated to ac-
commodate the c-axis deformation and produce an enhanced ductility.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scriptamat.2017.03.012.
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