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Plasticity in magnesium crystals oriented for c-axis compression has been usually attributed to 〈cþ a〉
dislocation slip on second-order pyramidal {11 2̄2} planes. Through molecular dynamics simulations, we
investigated the formation and slip characteristics of 〈cþ a〉 dislocations on second-order pyramidal
planes. It is shown that the critical c-axis compressive stress for these dislocations is almost seven times
that for 〈c þa〉 dislocations on ﬁrst-order pyramidal {101̄1} planes. In particular, it is concluded that ﬁrstorder pyramidal near-screw 〈cþ a〉 dislocations play a predominant role during the c-axis compression of
magnesium crystals. Careful reexaminations of published experimental observations show good agreements with the current predictions.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Hexagonal closed packed (HCP) crystals are anisotropic in their
mechanical properties, and mostly exhibit limited ductility [1].
Pyramidal slip has been shown to be very important for improving
the ductility of polycrystalline HCP materials. Both titanium [2]
and zirconium [3] demonstrate good ductility through commonly
observed ﬁrst-order pyramidal slip. Furthermore, the addition of
yttrium in magnesium (Mg) was shown to remarkably improve
ductility compared to pure Mg through a high activity of both ﬁrstorder and second-order pyramidal slips [4].
While Mg and its alloys have been extensively studied over the
past few decades, there is still an ongoing debate on the nature of
pyramidal slip in these crystals. Many conﬂicting experimental
results have contributed to the confusions on whether 〈cþa〉
dislocation slip is predominant on ﬁrst-order pyramidal {10 1̄1}
(Pyramidal-I) or second-order pyramidal {11 2̄2} (Pyramidal-II)
planes. These confusions either originated from incorrect analysis,
or claims without sufﬁcient supporting evidences.
One of the most widely cited experiments suggesting Pyramidal-II 〈cþa〉 slip during c-axis loading of Mg is based on surface
slip trace analysis by Obara et al. [5]. Fig. 1(a) shows a reproduction
of those slip traces nearly on the {11̄00} surface after 2.9% strain at
room temperature [5]. The authors have identiﬁed the horizontal
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slip traces coincide with basal slip, and the inclined slip traces
make an angle of 55° on average with respect to the basal plane.
Based on this, the authors have suggested that these inclined lines
coincide with Pyramidal-II slip traces within 5° error. Similar slip
trace angles were reported for ZK60 [6] and pure Mg [7] and were
also suggested to coincide with Pyramidal-II slip. As shown in
Figs. 1(b), (c), and Appendix A, by simple geometric analysis of the
HCP lattice, the ideal angles for slip traces of Pyramidal-I and
Pyramidal-II planes on the {11̄00} surfaces are in fact 58.4° and
39.1°, respectively. This indicates the reported slip traces in [5–7]
probably coincide with Pyramidal-I slip, and not Pyramidal-II slip
as commonly cited.
It should be noted that Pyramidal-II slip traces were recently
reported during c-axis compression of bulk Mg crystals [8].
However, their slip trace observations were performed on samples
before yielding, which could suggest they are a result of sample
preparation.
Pyramidal-II slip was also passingly suggested to occur in both
bulk [9] and micro [10] Mg crystals during c-axis compression,
while based on TEM observations of c-axis compressed micropillars, it was suggested that 〈cþ a〉 dislocations may be on Pyramidal-I planes [11]. However, these conclusions are mostly
speculative without any conclusive evidences. In addition, in the
drop hammer tests of single crystal Mg, only twinning deformation was reported to be effective for c-axis compression [12].
Molecular dynamics (MD) simulations have showed that during c-axis compression and tension, 〈c þa〉 dislocations predominantly nucleate on Pyramidal-I planes from free surfaces and
cavities [13–15], while discrete dislocation dynamics (DDD)

H. Fan, J.A. El-Awady / Materials Science & Engineering A 644 (2015) 318–324

319

Slip direction
Pyramidal-I
plane
Prismatic
surface

51.8°

Pyramidal-I
slip trace

58.4°

56.29°

Slip direction

Pyramidal-II
plane

54.0°

39.1°

Pyramidal-II
slip trace
Fig. 1. (a) Slip bands nearly on {11̄00} surface of a Mg single crystal after 2.9% compressive strain along the c-axis and at room temperature from Obara et al. [5]. Reprinted
with permission from Elsevier Limited. (b, c) Schematics of slip trace angles of Pyramidal-I and Pyramidal-II planes on the {11̄00} surface, respectively. See Appendix A for full
schematics of all possible slip trace angles.

simulations support Pyramidal-II slip [16–18]. On the other hand,
the transition of slip from Pyramidal-I to Pyramidal-II planes was
shown to be plausible through cross-slip or cooperative slip at
high applied stresses [13]. These results also agree with the analytical stochastic model proposed by Zhang et al. [19].
These disagreements in experiments and simulations indicate
the necessity to critically reevaluate our understanding of pyramidal slip in Mg. This is particularly important since confusions
over which slip plane is predominant can lead to inaccuracies in
predicting the mechanical response of Mg and its alloys. As such,

Notch

the aim of this study is to address the perplexing nature of pyramidal slip in magnesium.

2. Simulation methods
MD simulations are utilized to study dislocation slips on both
Pyramidal-I and Pyramidal-II planes. These simulations are performed using the MD simulator LAMMPS [20]. Two modiﬁed
embedded atom method (MEAM) potentials developed by Kim
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Fig. 2. Nucleation of Pyramidal-II 〈c þa〉 dislocations from free surfaces during bending simulations: (a) schematic of the simulation cell; (b, c) nucleating Pyramidal-II
dislocations; and (d) the core of the nucleating Pyramidal-II 〈cþ a〉 dislocation. The inverted “T” indicates the location of the leading and trailing partial dislocations.
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Fig. 3. Mobility curves for 〈c þ a〉 edge dislocations on the Pyramidal-II plane. The thick lines are predicted using the Kim et al. potential [21], while the thin lines are
predicted using the Jelinek et al. potential [22]. The red and blue curves indicate the response to negative and positive shear, respectively. The dislocation cores at zero load
and during slip are shown in the insets, with the inverted “T” indicating the location of the leading and trailing partial dislocations. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

et al. [21] and Jelinek et al. [22] are used to model the interatomic
interaction. The Kim potential was shown to be in good agreement
with density functional theory (DFT) simulations, especially for the
〈c þa〉 dislocation cores [23]. All the atoms in this paper are visualized using OVITO [24].
Since Pyramidal-I slip was previously studied by the embedded
atom method (EAM) potentials [13,25], Pyramidal-II slip is the
main focus of the current work. Firstly, the surface nucleation of
Pyramidal-II 〈cþa〉 dislocations is studied during bending of a
rectangular simulation cell with edge lengths of 20 nm 
30 nm  50 nm, as shown schematically in Fig. 2(a). Free surface
boundary conditions are applied on all 3 directions. The crystal
orientation is also shown in Fig. 2(a). A bending deformation is
imposed by applying opposite rotation angles on the top and
bottom ends, respectively. In addition, a notch is also introduced at
the sample corner to accelerate dislocation nucleation. In the
bending simulations, a normal stress is induced on the cross-section with its maximum on the outmost surfaces. Thus, the stress is
highest at the notch, due to the induced stress concentration. As
shown in Fig. 2(a), the notch edge resides fully on the Pyramidal-II
plane. Therefore, Pyramidal-II slip would be more plausible.
In order to compare dislocation behaviors on Pyramidal-I versus Pyramidal-II planes, a second simulation cell with edge lengths
30 nm  10 nm  30 nm is adopted for simulations of both screw
and edge Pyramidal-I and Pyramidal-II 〈cþa〉 dislocations. Periodic
boundary conditions are imposed along both the dislocation line
(parallel to the shortest edge) and glide directions, while free
surface conditions are imposed along the directions normal to the
slip plane. All the considered dislocations are introduced into this
simulation cell by computing the anisotropic displacement ﬁeld on
all atoms in the simulation cell, followed by energy minimization.
This leads to a dissociated dislocation under stress-free condition.
A pure shear stress is imposed on the free surfaces of the simulation cell using a ramp loading with a stress rate of 1.0 MPa/ps.
This was shown to greatly minimize the inertial effects that would
develop within the sample [26]. The shear stress was applied using
the NVE ensemble from a fully relaxed system. As such, the simulation cell temperature is less than 0.01 K before dislocation
glide, and increases to less than 90 K due to plastic dissipation
after dislocation glide. To identify any possible tension–compression asymmetry, the shear stress is imposed along two opposite
directions for each dislocation. The positive shear denotes the

deformation causing c-axis tension, while the negative shear denotes c-axis compression.

3. Results and discussions
In order to examine the possibility of 〈c þa〉 dislocations on
Pyramidal-II planes, bending simulations are particularly performed, as shown in Fig. 2(a). Fig. 2(b) shows the instance just
after the nucleation of two leading partial dislocations from the
simulation cell corner, dragging two stacking faults behind them.
Further examination of the two partial dislocations and connected
stacking faults indicates that one nucleates exactly from the notch,
and its slip plane coincides with a Pyramidal-II plane, as shown by
the dashed line in Fig. 2(a). The other partial dislocation and
stacking fault are observed to reside entirely on the Pyramidal-I
plane, as indicated in Fig. 2(b). Due to the stress gradient from the
bending deformation, the partial dislocation on the Pyramidal-I
plane cannot glide further, whereas a trailing partial nucleates
from the notch on the Pyramidal-II plane, leading to the formation
of a full Pyramidal-II dislocation, as shown in Fig. 2(c). The nucleated dislocation core is shown in Fig. 2(d), and is planar on the
Pyramidal-II plane. This dislocation core structure is identical to
the 〈c þa〉 dislocation reported from DFT simulations of 〈c þa〉
dislocations on Pyramidal-II planes [23]. These bending simulations suggest that Pyramidal-II slip is plausible in Mg single
crystals.
This 〈c þa〉 dislocation is subsequently introduced as an inﬁnitely long dislocation into the second simulation cell, as discussed in Section 2, to identify the characteristics of Pyramidal-II
〈cþ a〉 slip in terms of the Peierls stress and mobility. The dislocation velocity curves for an edge 〈c þa〉 dislocation on a Pyramidal-II plane is shown in Fig. 3. The stress-free equilibrium
dislocation core as predicted by the Kim potential is shown in
Fig. 3(S0). The dislocation core is planar on the Pyramidal-II plane,
and the two edge partials are separated by 3.5bc þ a, with bc þ a
being the magnitude of the 〈c þa〉 Burgers vector. By identifying
the atom positions, it is observed that this dislocation core is
identical to those nucleating in the simulations under bending
loads shown in Fig. 2 and those in DFT simulations [23]. Furthermore, the computed Peierls stress is 208 MPa for both positive and
negative shear stresses, above which the edge dislocation glides in
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Fig. 4. Mobility curves for 〈cþ a〉 screw dislocations on the Pyramidal-II plane. The thick lines are predicted using the Kim et al. potential [21], while the thin lines are
predicted using the Jelinek et al. potential [22]. The red and blue curves indicate the response to negative and positive shear, respectively. The dislocation cores at zero load
and during slip are shown in the insets. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

a smooth manner. With increasing applied shear stress, the dislocation velocity increases nonlinearly. The gliding cores under
both positive and negative shear stresses are shown in Fig. 3(S1)
and (S2). The cores are always stable and the velocity curves are
very similar, indicating a weak tension–compression asymmetry.
To avoid the dependence of the results on a particular potential,
the simulations were also performed using the Jelinek potential
and the results are also shown in Fig. 3. The stress-free equilibrium
dislocation core is shown in Fig. 3(S3), and is similar to that predicted by the Kim potential and DFT simulations [23]. The velocity
curves are also similar to those predicted by the Kim potential,
whereas the Peierls stress is 18% higher and equal to 247 MPa.
The dislocation velocity curves for the screw 〈c þa〉 dislocation
on Pyramidal-II planes, as predicted by the Kim potential, are
shown in Fig. 4. The stress-free equilibrium core is shown in Fig. 4
(S0), which disassociates into two 0.5〈c þa〉 partials. This core is
similar to that predicted by DFT simulations [8]. The core is also
planar on the Pyramidal-II plane. Under a positive applied shear
stress, the screw dislocation is immobile on the Pyramidal-II plane
up to a shear stress of 418 MPa. Subsequently, the screw dislocation cross-slips onto Pyramidal-I planes and glides smoothly until
it exits the simulation cell from the free surface. The Pyramidal-I
core after cross-slip is shown in Fig. 4(S1), and is identical to the
un-shufﬂed core predicted in MD simulations using the EAM potentials [25]. The Peierls stress of pure screw dislocations on Pyramidal-I plane is much lower (i.e. 93 MPa [25]), which is probably
the reason for the preferential cross-slip from Pyramidal-II to
Pyramidal-I planes. Under a negative applied shear stress, the

screw dislocation glides on the Pyramidal-II plane above a shear
stress of 493 MPa. The gliding core is shown in Fig. 4(S2), and is
always stable. However, its motion is rough, leaving behind large
quantities of vacancies and interstitials. This rough motion is similar to that of screw dislocations in BCC iron crystals [27].
Comparing the screw dislocation responses under positive and
negative shear stresses indicates a strong tension–compression
asymmetry.
The simulation results for the screw dislocation on the Pyramidal-II plane as computed using the Jelinek potential are also
shown in Fig. 4. The dislocation behaviors are similar to those
predicted by the Kim potential. However, the Peierls stresses
predicted here are slightly different. Under positive shear stress,
the screw dislocation cross-slips to a Pyramidal-I plane at
157 MPa. Under negative shear stress, the dislocation begins
gliding at 360 MPa, in a rough manner.
Pyramidal-I dislocation cores have been previously studied in
details [25] using both the Sun et al. [28] and Liu et al. [29] EAM
potentials. To facilitate comparisons with the current MEAM potential results, the Pyramidal-I dislocations are also studied here
using the Kim potential. To guarantee periodic boundary conditions along both the dislocation slip and line directions, only the
¯ ] direction) and near-screw (i.e.
near-edge (i.e. along the [2 1̄ 10
¯ ] direction) dislocations are investigated, since the
along the [0112
pure edge and screw dislocations cannot meet these conditions.
All the Peierls stresses computed in this study for the Pyramidal-I
and Pyramidal-II dislocations are summarized in Table 1. The
Peierls stress for near-screw dislocations on Pyramidal-I planes is

Table 1
Peierls stress for Pyramidal-I and Pyramidal-II dislocations under pure shear stress (in MPa). The ‘þ’ and ‘  ’ signs denote positive and negative shear stresses. The
dislocations shown in Fig. 5 are indicated here in bold.
Pyramidal-I

Pyramidal-II

Kim et al. [21]

Near-edge
Near-screw

Liu et al. [29]

Kim et al. [21]

þ



þ



Sessile o 527
Glide 17

Decompose422
Glide 27

Glide 423
Glide 15

Glide 480
Glide 35

Edge
Screw

Jelinek et al. [22]

þ



þ



Glide 208
Cross-slip 418

Glide 208
Glide 493

Glide 247
Cross-slip 157

Glide 247
Glide 360
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near-screw dislocations, which have a much smaller Peierls stress
than all other pyramidal dislocations. Furthermore, edge dislocations were observed experimentally to be less mobile than screw
dislocations [5], which again agrees with the current Pyramidal-I
dislocations in Table 1. Based on the current MD simulations and
direct comparisons with the experiments, it can be concluded that
Pyramidal-I slip plays the major role during c-axis compression of
Mg crystals.
To provide further rationale for the lower Peierls stress on
Pyramidal-I plane, it is worth noting that the deﬁnition of the
Peierls–Nabarro stress can be expressed as [30]

σ
σ

d
τ0 ∝ exp( − k )
b

Fig. 5. Dislocation velocity for Pyramidal-I (blue) and Pyramidal-II (red) dislocations as a function of the c-axis compressive stress. All curves are computed using
Kim et al. potential [21]. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

17 MPa for positive shear stress and 27 MPa for negative shear
stress. These values agree well with predictions from the Liu potential (see Table 1). On the other hand, the near-edge dislocation
stays sessile below a positive shear stress of 527 MPa. Under negative shear stress the dislocation is observed to decompose into
〈c〉 and 〈a〉 dislocations at 422 MPa.
Fig. 5 shows a direct comparison between the Pyramidal-I and
Pyramidal-II dislocation velocities as a function of c-axis compressive stress. All the curves are computed using the Kim potential. The Peierls stresses of all the dislocations reported in Fig. 5
are indicated in bold in Table 1. The c-axis compressive stress is
computed using Schmid factors equal to 0.4 and 0.45 on the Pyramidal-I and II planes, respectively. With increasing c-axis compressive stress, ﬁrstly, near-screw dislocations on Pyramidal-I
planes begin gliding at a critical c-axis compressive stress of
68 MPa. Secondly, when the stress reaches 462 MPa the edge
dislocations on Pyramidal-II planes will be activated. This critical
c-axis compressive stress is almost  7 times that for Pyramidal-I
near-screw dislocations. Finally, the remaining two dislocation
types are very difﬁcult to be activated (i.e. critical stress 41 GPa).
In addition, the yield and ultimate stresses as measured experimentally by Obara et al. [5] are 89 MPa and 378 MPa, respectively, and are also indicated in Fig. 5. By comparing these values to
the dislocation slip activity, it is clear that during the plastic stage,
only Pyramidal-I dislocations would be expected. This shows excellent agreement with the Pyramidal-I slip traces of Obara et al.
[5] in Fig. 1. In particular, the experimental yield stress corresponds with the critical c-axis compressive stress for Pyramidal-I

(1)

where k is a material constant, d is the interplanar spacing, and b is
the magnitude of the Burgers vector. Thus, for 〈cþa〉 pyramidal
slip, the Peierls stress is largely dependent on the interplanar
spacing. The interplanar spacings of Pyramidal-I and Pyramidal-II
planes are shown in Fig. 6. Through simple geometric calculations,
the interplanar spacing of Pyramidal-II planes is equal to:

dII =

ac
2 a2 + c 2

= 0.426a.

On the other hand, as shown in Fig. 6(c), it is clear that the
interplanar spacing of Pyramidal-I planes is not uniform, with the
large spacing, dIL , being 5 times larger than the small spacing, dIS .
As Tang and El-Awady [13] showed, slip would favorably occur
between the large spaced planes, and the large spacing is equal to

dIL =

5 3 ac
6 3 a2 + 4 c 2

= 0.637a

(3)

This is obviously larger than the Pyramidal-II spacing, and thus
a lower Peierls stress is expected here, which is in good agreement
with the current MD predictions.
It should be noted that for micro- and nano-crystals, where the
applied stress can be signiﬁcantly higher than that in bulk crystals
[31], slip might be activated on Pyramidal-II plane or both pyramidal planes, as previously shown during c-axis compression of
nano-crystals [13].

4. Summary and conclusions
In summary, molecular dynamics simulations of 〈c þa〉 Pyramidal-I and Pyramidal-II dislocations show that the critical c-axis
compressive stress for activation of Pyramidal-II slip is almost
seven times that for Pyramidal-I slip. This indicates that Pyramidal-I slip, and in particular near-screw dislocations, play a
major role during c-axis compression of Mg. Careful re-examinations of published experiments also support these conclusions.
This work provides new insight in regards to pyramidal slip in

dII
a

(2)

√3 / 2

¯ ) view of the Pyramidal-II planes; (c) (11 20
¯ ) view of the Pyramidal-I planes.
Fig. 6. The HCP lattice in magnesium. (a) 3D view of a unit cell; (b) (1 100

H. Fan, J.A. El-Awady / Materials Science & Engineering A 644 (2015) 318–324

323

Fig. A1. Full schematics of the slip trace angles of (a) Pyramidal-I and (b) Pyramidal-II slips on the prismatic surface.

magnesium, which is of great importance for discrete dislocation
dynamics [17–32] and crystal plasticity [33] simulations.
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