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Abstract 

Pyramidal dislocations in magnesium (Mg) and other hexagonal close-packed metals play an important role in accommodating plastic 
strains along the c -axis. Bulk single crystal Mg only presents very limited plasticity in c -axis compression, and this behavior was attributed 
to out-of-plane dissociation of pyramidal dislocations onto the basal plane and resulted in an immobile dislocation configuration. In contrast, 
other simulations and experiments reported in-plane dissociation of pyramidal dislocations on their slip planes. Thus, the core structure and 
mode of dissociation of pyramidal dislocations are still not well understood. To better understand the dissociation behavior of pyramidal 
dislocations in Mg at room temperature, in this work, atomistic simulations were conducted to investigate four types of pyramidal dislocations 
at 300 K: edge and screw Py-I on {101̄ 1 } , edge and screw Py-II on {112̄ 2 } by using a modified embedded atom method (MEAM) potential for 
Mg and anisotropic elasticity dislocation model. The results show that when energy minimization was performed before relaxation, in-plane 
dissociation of edge dislocations on respective pyramidal plane could be obtained at room temperature for all four types of dislocation. Without 
energy minimization, the edge dislocations dissociated out-of-plane onto the basal plane. Calculations of potential energy and hydrostatic 
stress of individual atoms at the edge dislocation core show that the extraordinarily high energy and atomic stresses in the as-constructed 
dislocation structures caused the out-of-plane dissociation onto the basal plane. The core structures of all four types of pyramidal dislocation 
after in-plane dissociation were analyzed by computing the distribution of the Burgers vector. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium (Mg), as the lightest structural metal with a
ow density of 1.74 g/cm3 , is very attractive for engineering
pplications for improved energy efficiency. In recent years,
g and its alloys have been studied extensively, especially in

erms of mechanical properties. One of the major technical
urdles that prevents Mg alloys from widespread structural
pplications is their relatively low room temperature ductil-
ty [1–8] . It has been observed that, when a bulk Mg single
rystal is compressed along the c -axis, the strain to failure is
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ypically only a few percent [ 9 , 10 ]. Similar behavior has also
een observed in compression of highly textured, wrought
olycrystalline Mg samples, for example, along the normal
irection of a rolled sheet or plate [11–15] . The mechani-
al behavior of Mg is inherently related to its low symmetry
exagonal close-packed (HCP) crystal structure. It is generally
elieved that the critical resolved shear stress ( τCRSS ) for dif-
erent slip systems, i.e. (0002) basal, {11̄ 00 } prismatic, {101̄ 1 }
Py-I) and {112̄ 2 } (Py-II) pyramidal, varies significantly. The
asal slip has the lowest τCRSS which is one to two orders
f magnitude lower than that of the prismatic and pyrami-
al slip [16–23] . Thus, during plastic deformation, basal slip
ccurs predominantly [24–26] . But the basal slip only pro-
ides two independent slip systems. Therefore, the lack of
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Fig. 1. (a) Py-I 〈 c + a 〉 dislocation on the {101̄ 1 } plane (the shaded). The two green arrows represent the partial dislocations as a result of dissociation of the 
Py-I dislocation [29] . (b) Py-II 〈 c + a 〉 dislocation on the {112̄ 2 } plane (the shaded). The large Burgers vector dissociates into two equal partial dislocations 
indicated by the two green arrows [30] . 
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ufficient easy slip systems gives rise to the low room tem-
erature ductility. However, Bhattacharya [27] , Bhattacharya
nd Niewczas [28] showed in experiments that high purity Mg
 ∼99.999%) single crystals presented superior ductility over
 wide range of temperatures (from 4.2 K to 300 K) when
eformed along different directions, contrary to the well ac-
epted notion that Mg has low ductility at room temperature.
hese contrasting results in the literature raise an interesting
uestion as to whether Mg is intrinsically brittle or not. 

Activation of pyramidal dislocations is crucial to the duc-
ility of Mg. These dislocations are necessary for accommo-
ating the strains along the c -axis, because basal and pris-
atic dislocations cannot. Fig. 1 a and b schematically show

he two pyramidal slip systems, i.e., Py-I and Py-II in HCP
etals. Possible dissociation of these dislocations is schemat-

cally shown by the green arrows which represent the Burgers
ectors of partial dislocations [ 29 , 30 ]. Due to the significance
f these dislocations for the plasticity of Mg, extensive exper-
mental and simulation investigations have been conducted, in
rder to understand the origin of low ductility of Mg and its
onnection to the dissociation and motion of pyramidal dislo-
ations. Wu and Curtin [31] conducted atomistic simulations
f dissociation of an edge Py-II dislocation. They suggested
hat Py-II dislocations with a Burgers vector of 1 

3 〈112̄ ̄3 〉 {112̄ 2 } 
ended to dissociate onto the basal plane, and this out-of-
lane dissociation could be facilitated thermally and created
n immobile configuration: two Frank partials on the basal
lane connected by an I1 basal stacking fault. This mode of
issociation was deemed the root cause of the low ductility of
g. Similar out-of-plane dissociation was also obtained for a
ixed Py-I dislocations [32] . Prior to these simulation works,

yramidal dislocations and their dissociations were studied by
ther researchers in simulations [33–40] , but different disso-
iation modes were reported. Minonishi et al. [36] simulated
he core structure of a 1 

3 〈112̄ ̄3 〉 {112̄ 2 } edge dislocation in HCP
etals using a truncated Lennard-Jones pair potential. Af-
er dissociation, structural units close to {112̄ 2 } and {112̄ 1 }
wins were observed near the dislocation core. Minonishi et al.
35] also simulated the motion of 1 

3 〈112̄ ̄3 〉 screw dislocations
nder various loading conditions and found that irrespective
f the core structure, the pyramidal dislocations were mobile
n either {112̄ 2 } or {101̄ 1 } plane. In-plane and out-of-plane
issociation of a mixed Py-I dislocation parallel to the [12̄ 10 ]
ere observed by Numakura et al. [ 33 , 34 ]. In their work, a
ixed Py-I dislocation extended onto the basal plane. Non-

lanar dissociation of a Py-II dislocation was observed by
iang and Bacon [38] as well. Possible dissociation of pyra-
idal dislocations was also studied by Morris et al. [40] by

alculating the generalized stacking fault energy which has
een used to predict probable low energy dissociation paths.
n addition to those works in which a pyramidal dislocation
as constructed, activation of pyramidal slip was also inves-

igated by deforming a perfect single crystal Mg in simula-
ions, and indeed, pyramidal dislocations without out-of-plane
issociation were obtained but mostly on the {101̄ 1 } plane
 29 , 41 , 22 ]. Non-planar glide of 〈 c + a 〉 screw dislocations
n pyramidal planes via atomic shuffling and kink pair for-
ation on the trailing partial was reported by Srivastava et al.

42] . Ghazisaeidi et al. [30] investigated the dissociation of a
y-II edge and screw dislocation using first principles simu-

ation and showed that a full Py-II dislocation dissociates into
wo 

1 
2 〈c + a 〉 partials. Depending on the simulation method

nd interatomic potentials that were used in the simulation,
iscrepancies can be seen in the literature reports, and the
issociation of pyramidal dislocations remains not well un-
erstood. 

Post-mortem transmission electron microscopy (TEM) was
onducted by researchers to investigate pyramidal dislocation
lip in HCP metals [ 16 , 43–52 , 35 , 53 , 54 ]. In these works, the
orphology of pyramidal dislocations appeared to be straight

ines that are parallel to the trace of the basal plane, but
hese dislocations did present both 〈 c 〉 and 〈 a 〉 component
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Fig. 2. Activation of pyramidal dislocations in a submicron Mg pillar after c -axis compression. A series of dark field TEM images (a-h) are obtained by 
rotating the deformed pillar around the c -axis. Four of the pyramidal dislocations are highlighted by red, orange, green and blue dots in (a). The electron 
beam direction and the angular intervals are indicated in (h). The diffraction contrast show that pyramidal dislocations are activated during deformation. The 
3D reconstructed dislocation structure is provided in Supplemental Material. 
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n diffraction contrast analysis. It should be noted that such a
orphology in TEM does not necessarily indicate dissociation

f pyramidal dislocations onto the basal plane. Careful spec-
men tilting is needed to resolve the dislocations at different
one axes. Preferably, weak beam dark field (WBDF) imag-
ng at different zone axes should be conducted. Most recently,
iu et al. [55] performed in-situ TEM to observe pyramidal
islocations. Both Py-I and Py-II dislocations were confirmed
y using 3D tomography. Fig. 2 a-g shows dark field TEM im-
ges in which a Mg single crystal was compressed on the top
pproximately along the c -axis. The images were taken by
otating the deformed Mg pillar and then imaging at various
ngles ( Fig. 2 h). Note that the reflection g = 0002̄ was used
o image the dislocations, hence, the visible dislocations have
 strong 〈 c 〉 component. Thus, these dislocations are neither
asal nor prismatic, but are pyramidal dislocations. The 3D
econstructed dislocation structure is provided in Supplemen-
al Material 1. These in-situ TEM observations indicate that
yramidal dislocations are stable and mobile, although the
issociated core structure is hard to resolve in TEM. 

Despite extensive research on pyramidal dislocations in
CP metals over the past few decades, dislocation core struc-
 o  
ure and mode of dissociation are still not well understood.
dditionally, how an edge Py-I dislocation in Mg dissociates
as not been reported. This motivates the present work to in-
estigate and understand the core structure and dissociation
ehavior of edge and screw Py-I and Py-II dislocations in
g at room temperature, by using atomistic simulations. In

articular, in-plane and out-of-plane dissociation of pyrami-
al dislocations are carefully examined, and the reason behind
s analyzed and discussed. The results obtained provide new
nsight on the nature of pyramidal slip in HCP metals. 

. Simulation method 

Modified embedded atom method (MEAM) [ 56 , 57 ] poten-
ial for Mg was used in this work. This MEAM potential was
eveloped by Wu et al. [58] . The software package Atomsk
59] was used for constructing all the pyramidal dislocations.
our types of pyramidal dislocation were considered: (1) Py-
 edge; (2) Py-II edge; (3) Py-I screw; and (4) Py-II screw.
n our simulations, dislocations were introduced into a sin-
le crystal Mg by using anisotropic elasticity model so that
ur results can be compared with the results reported in the



Y. Yang, F. Liu, K. Chen et al. / Journal of Magnesium and Alloys 11 (2023) 4498–4512 4501 

l  

s  

e  

c  

a
 

M  

n  

c  

p  

p  

t  

a  

o  

t  

a  

r  

l  

c  

c  

n  

s  

d
 

d  

b  

w  

i  

t  

v  

d  

M  

n  

t  

c  

l  

e  

f
 

(  

c  

w  

c  

t  

c  

o  

t  

b  

f  

d  

s  

t  

a  

a  

p  

t  

v  

u  

u  

T  

p  

[  

d

3

3

 

s  

t  

F  

v  

d  

t  

a  

i  

d  

a  

t  

w  

i  

s  

i  

T  

T  

 

c  

t  

p  

p  

s  

o  

i  

t  

[  

b  

T  

o  

t
 

t  

F  

i  

w  

fi  

t  

t  

S  

i  

i  

a  

 

t  
iterature. The classical sextic anisotropic elasticity theory of
traight dislocations was developed by Eshelby et al. [60] and
xtended by Foreman [61] to include anisotropy in energy cal-
ulations. The elastic constants for creating a dislocation in
n anisotropic material were obtained from Ref. [31] . 

In our simulations, firstly we constructed a perfect HCP
g single crystal with dimensions of 20 nm × 20 nm × 20

m, and then a straight dislocation was introduced into the
enter of the Mg matrix by using Atomsk. We noted that for
yramidal dislocations with very complex core structures, the
osition of the initial dislocation core significantly affected
he output configuration. In our construction, we searched for
 relatively low energy dislocation core while the coordinates
f the core were varied by fine-tuning the core position in
he simulation cell. Secondly, in order to compute the per-
tom Nye tensor [62] which is calculated by comparing the
eference lattice of a perfect HCP crystal to the dislocated
attice, the total atoms of the reference lattice and the dislo-
ated lattice should be equal. So, the edge dislocations were
onstructed by using the method without changing the total
umber of particles. For screw dislocations, this is not an is-
ue because there is no extra half-atomic plane, unlike edge
islocations. 

The above method worked well for creating an edge Py-II
islocation. After energy minimization and relaxation, a sta-
le Py-II edge dislocation was obtained. But unexpectedly, it
as very difficult to obtain an edge Py-I dislocation by us-

ng a similar method. A possible reason might be that, along
he line direction of the edge Py-I dislocation, periodicity is
ery poorly defined. To overcome this difficulty, instead of
irectly creating an edge Py-I dislocation in the single crystal
g, a very large Py-I dislocation loop with a radius of 150

m was first created on the {101̄ 1 } plane. Then, a small por-
ion with dimensions of 20 nm × 20 nm × 20 nm, which
ontains mostly the edge part of the loop, was taken out of the
arge system box and used as the initial structure. Then en-
rgy minimization followed by dynamic relaxation were per-
ormed. 

Large-scale atomic/molecular massively parallel simulator
LAMMPS) [63] was used for all the simulations and cal-
ulations. All the as-constructed Py-I and Py-II dislocations
ere first energy-minimized. This step turned out to be cru-

ially important to obtain a stable pyramidal dislocation. Af-
er energy minimization, the system was fully relaxed. This
onspicuous difference between the results with and with-
ut energy minimization is presented in the following. The
emperature of our simulations was maintained at 300 K
y applying the Nose-Hoover thermostat [ 64 , 65 ]. Free sur-
aces were applied to all three dimensions. Conjugate gra-
ient (CG) algorithm was used for energy minimization, the
topping tolerance for energy was 10−20 , and the stopping
olerance for force was 10−20 eV/Å, and the maximum iter-
tion number was set at 100,000. Typically, the system took
bout 1,000 ∼2,000 steps to reach an energy minimum, de-
ending on the system size. For dynamic relaxation, the sys-
ems were run for 100 ps (the time step size was 1.0 fs). The
isualization package Ovito [66] was used to analyze the sim-
lation results. Common neighbor analysis (CNA) [67] was
sed to distinguish the crystal structures and lattice defects.
he atomic stress and potential energy per atom were com-
uted during MD simulations by LAMMPS. The Nye tensor
68] , which describes the degree of lattice distortion at the
islocation core were calculated by using Atomsk. 

. Simulation results 

.1. Dissociation of pyramidal edge dislocations 

First, we present the simulation results of how a con-
tructed Py-II edge dislocation dissociates. The structure of
he as-constructed Py-II edge dislocation is displayed in
ig. 3 a. Only a thin slice (1.0 nm thick) is shown along the
iewing direction, 〈11̄ 00 〉 , which is the direction of the edge
islocation line. In the CNA, atoms in red are in the HCP lat-
ice, and atoms in yellow represent the dislocation core with
 large lattice distortion. Fig. 3 b shows that, after energy min-
mization followed by relaxation, the Py-II edge dislocation
issociates into two edge partial dislocations connected by
 stacking fault (SF). Notably, the plane of SF remains on
he Py-II, {112̄ 2 } plane, not the basal plane. The SF has a
idth of roughly 1.8 nm. The trace of the slip plane {112̄ 2 }

s denoted by the dashed black line. Burgers circuit analy-
is indicates that Py-II edge dislocation dissociates into two
dentical partials: 1 

3 [112̄ ̄3 ] → 1 
2 · 1 

3 [112̄ ̄3 ] + SF + 1 
2 · 1 

3 [112̄ ̄3 ] .
his in-plane dissociation mode was previously reported by
ang et al. [41] and Fan et al. [ 22 , 69 ] and Morris et al. [40] .

However, in sharp contrast to Fig. 3 a in which the as-
onstructed Py-II edge dislocation was energy minimized and
hen relaxed, if only relaxation was performed without the
receding step of energy minimization, the result was com-
letely different. The result is shown in Fig. 3 c. It can be
een that the as-constructed Py-II edge dislocation dissociates
nto the basal plane, rather than onto the {112̄ 2 } plane which
s the original slip plane. This scenario is somewhat similar
o the “out-of-plane” dissociation of Py-II edge dislocation
31] . An I1 SF (displayed as the green atoms) is bounded
y two immobile Frank partials (displayed as yellow atoms).
his configuration, which lies on the basal plane as a result
f the out-of-plane dissociation, was deemed immobile and
he root cause of low ductility of Mg [31] . 

The dissociation of a Py-I edge dislocation is similar to
hat of the Py-II edge dislocation. The results are shown in
ig. 4 . The as-constructed Py-I edge dislocation is shown

n Fig. 4 a in which the dislocation line is slightly inclined
ith the viewing direction 〈21̄ ̄1 0 〉 . Energy minimization was
rst performed, followed by relaxation. It is seen ( Fig. 4 b)

hat the as-constructed Py-I edge dislocation dissociated into
wo partial edge dislocations. Between the two partials, an
F with a width of ∼2.5 nm can be observed. The plane

n which the SF lies can be identified as the {01̄ 11 } , which
s exactly the slip plane of Py-I dislocations. Burgers circuit
nalysis shows that the leading partial has a Burgers vector of

1 
2 · 1 

2 [011̄ 2 ] and the trailing partial has a Burgers vector along
he 1 · 1 [011̄ 2]+ 1 · 1 [21̄ ̄1 0 ] , i.e., the trailing partial has a half
2 2 2 3 
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Fig. 3. (a) The core structure of the as-constructed 〈 c + a 〉 Py-II edge dislocation before energy minimization. Atoms are colored according to the local crystal 
structures identified with common neighbor analysis (CNA). The red atoms are in hcp lattice, and the yellow atoms are located at the dislocation core. (b) 
After energy minimization and relaxation, the dislocation dissociates into two partials connected by a stacking fault (SF) on {112̄ 2 } . The SF width is about 
1.8 nm. The dashed line indicates the trace of the slip plane, {112̄ 2 } . (c) If the as constructed structure in (a) is directly relaxed without energy minimization, 
the 〈 c + a 〉 dislocation dissociates onto the basal plane, and an I1 SF (the green atoms) is created on the basal plane. 
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2 · 1 

3 [21̄ ̄1 0 ] [29] . A Burgers circuit analysis is
rovided in Fig. S1 of Supplemental Material 2. Along the
iewing direction of Fig. 4 b, the half 〈 a 〉 component cannot be
een because this component is exactly parallel to the viewing
irection. However, if only relaxation was performed without
nergy minimization, the as-constructed Py-I dislocation dis-
ociated into two immobile dislocations on the basal that are
onnected by an I1 SF (displayed in green) in between. The
nal structure of this dissociation of the Py-I edge dislocation

s shown in Fig. 4 c. 

.2. Dissociation of pyramidal screw dislocations 

Unlike the edge dislocations, dissociation of the as-
onstructed screw dislocations, irrespective of Py-I or Py-II,
s always in-plane with or without energy minimization. All
he as-constructed screw dislocations can be relaxed and then
issociated into an in-plane structure on their respective slip
lane, and no out-of-plane dissociation onto the basal plane
as observed. 
The core structure of the initial, as-constructed Py-II screw
islocation is shown in Fig .5a, in which the viewing direc-
ion is tilted to the [112̄ 0 ] to better reveal the structure of the
issociated dislocation. The atoms at the core are displayed
n yellow. After relaxation, the screw dislocation dissociated
nto two slightly separated partial dislocations ( Fig. 5 b). The
plit distance between the partials is ∼1.0 nm. The extended
ore of the dissociated screw dislocation can be better viewed
hen the CNA is turned off, as shown in Fig. 5 c. In this plot,

he original color pattern of the single crystal is shown, in
hich the basal stacking sequence …ABABAB … is displayed

lternately in green and in yellow. The solid blue and dashed
ed lines clearly reveal the spiral structure of the screw dislo-
ation core. The components of the Burgers vector along the
 -axis are composed of splitting of every two basal planes,
hich exactly equals a full 〈 c 〉 component of the 〈 c + a 〉
islocation. 

The dissociation of the as-constructed Py-I screw disloca-
ion is shown in Fig. 6 a and b. In these plots, the viewing di-
ection is tilted to the [112̄ 3 ] , i.e., along the line vector of the
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Fig. 4. (a) The core structure of an as-constructed Py-I edge dislocation before energy minimization. The yellow atoms are at the dislocation core. (b) After 
energy minimization and relaxation, the dislocation dissociates into two partials connected by a stacking fault ( ∼2.5 nm) on the {101̄ 1 } plane. The trace of 
the slip plane is indicated by the dashed black line. (c) If the as-constructed dislocation is relaxed without energy minimization, the dislocation dissociates 
onto the basal plane and an I1 SF is created on the basal plane. 
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Table 1 
Dissociation behavior of pyramidal dislocations with and without energy min- 
imization before relaxation 

With energy minimization Without energy minimization 

Py-I edge In-plane Out-of-plane 
Py-I screw In-plane In-plane 
Py-II edge In-plane Out-of-plane 
Py-II screw In-plane In-plane 

4

 

t  

m  

s  

d  

T  
crew dislocation. After relaxation, the atoms at the disloca-
ion core are spread on the {01̄ 11 } slip plane (denoted by the
lack dashed line in Fig. 6 b), rather than on the basal plane.
hen the viewing direction is tilted to the [011̄ 0 ] ( Fig. 6 c),

he spiral structure of the screw dislocation can be well re-
olved, as denoted by the solid blue and dashed red lines. The
ore structure is similar to that of the Py-II screw dislocation
 Fig. 5 c) 

In summary of the simulation results, for the as-constructed
dge dislocations, both Py-I and Py-II, an additional step, i.e.,
nergy minimization before relaxation is crucially important
o obtain a stable core structure of in-plane dissociation on
heir individual slip planes. For the as-constructed screw dis-
ocations, both Py-I and Py-II, relaxation can be performed in
he simulation without the need of energy minimization, and
he as-constructed screw dislocations stably dissociate onto
heir individual slip planes. Table 1 summarizes the dissocia-

ion behavior obtained in our simulations. c  
. Analysis and discussion 

The simulation results obtained in this work are consis-
ent with those in the literature in which in-plane dissociated,

obile Py-I and Py-II dislocations were obtained when a Mg
ingle crystal was deformed and no pre-constructed pyramidal
islocations were introduced before deformation [ 29 , 41 , 22 ].
he fact that no energy minimization is needed for the as-
onstructed screw Py-I and Py-II dislocations and direct re-
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Fig. 5. (a) The core structure of the initial, as-constructed Py-II screw dislocation. The viewing direction is tilted to the [112̄ 0 ] . (b) After relaxation, the 
dislocation dissociates into two partials with a narrow stacking fault ( ∼1.0 nm) in between. (c) The CNA is turned off. The basal planes are now colored 
alternately in green and yellow for a better revelation of the dislocation core. The solid blue and the dashed red lines denote the “screw” structure along the 
dislocation line. 

l  

(  

I  

r  

i  

t  

d  

b  

t  

a
 

o  

s  

t  

P  

e  

f  

c  

t  

m  

i  

T
 

t  

a  

a

4

 

d  

o  

t  

l  

t  

e  

i  

e  

a  

s  

f  

−  

t  

p  

e  

e  

b  

e

axation generates in-plane dissociation of these dislocations
 Figs. 5-6 ), whereas for the as-constructed edge Py-I and Py-
I dislocations, energy minimization is needed before dynamic
elaxation ( Figs. 3-4 ), indicates the importance of energy min-
mization in the atomistic simulations where complex struc-
ures are introduced are used. In our cases of out-of-plane
issociations of the edge Py-I and Py-II dislocations onto the
asal plane at 300 K, such a dissociation behavior is likely
o be caused by the extremely high energies or stresses in the
s-constructed configurations. 

For comparison, we also tested the EAM potential devel-
ped by Liu et al. [70] by using similar technique. These re-
ults are shown in Supplemental Material 2. The EAM poten-
ial is able to describe in-plane dissociation of edge and screw
y-I dislocations (Fig. S2-S3), but not Py-II dislocations. Un-
xpected structures were obtained (Fig. S4-S5). These dif-
erences indicate that the MEAM describes better the disso-
iation behavior of pyramidal dislocations in Mg than does
he EAM which does not include angular bonding in its for-

ulism. Additionally, the MEAM potential predicts the stack-
ng fault energy with a better accuracy than does the EAM.
hese factors may contribute to the observed differences. 

In the following, we quantitatively compute and compare
he potential energy, hydrostatic stresses of individual atoms
t the dislocation core before and after energy minimization
nd relaxation. 

.1. Analysis of the potential energy at the dislocation core 

The potential distribution of the as-constructed Py-II edge
islocation is shown in Fig. 7 a. This distribution is plotted
ver a region of ∼5 nm × 5 nm and 1 nm thick that con-
ains the dislocation core in the center, with the dislocation
ine along the thickness direction (see Fig. 3 a). For clarity,
he atoms in the selected region are displayed below the en-
rgy plot with those atoms at the dislocation core displayed
n dark green and the other atoms in pink. The potential en-
rgy of each atom of the as-constructed structure is computed
nd plotted. It is seen that the highest potential energy of the
elected atoms is −0.36 eV/atom. After energy minimization
ollowed by relaxation, the highest potential energy drops to
1.27 eV/atom ( Fig. 7 b), and the two energy peaks represent

he core of the two partial dislocations lying on the {112̄ 2 }
lane after stable dissociation. It is worth noting that, if no en-
rgy minimization and only relaxation was applied, the Py-II
dge dislocation dissociates onto the basal plane (see Fig. 3 c),
ut the minimum energy is similar to that of the structure with
nergy minimization. 
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Fig. 6. (a) The core structure of an as-constructed 〈 c + a 〉 Py-I screw dislocation before relaxation. (b) After relaxation, the dislocation slightly dissociates 
into two partials which has an SF width about 1.8 nm. The dashed line indicates the slip plane, {101̄ 1 } . (c) The basal planes are colored alternately in green 
and yellow for a better revelation of the relaxed core structure of the screw dislocation. The “screw” structure can be clearly seen. 
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Different from the edge Py-II dislocation which has a very
igh initial potential energy ( Fig. 7 a), the as-constructed screw
y-II dislocation has a much lower potential energy, as shown

n Fig. 7 c. Only the energy of each atom in a selected region
5 × 5 × 1 nm3 ) is plotted. The potential energy is plotted
long the dislocation line (the dark green atoms) direction.
he maximum potential energy of the as-constructed screw
islocation is −0.95 eV/atom, which is nearly three times
ower if compared to −0.36 eV/atom of the as-constructed
dge Py-II dislocation ( Fig. 7 a). After relaxation without en-
rgy minimization, the initial Py-II screw dissociates onto the
y-II slip plane rather than the basal plane, and the maxi-
um potential energy of the relaxed structure drops to −1.30

V/atom ( Fig. 7 d). 
A salient contrast is seen in the as-constructed Py-I edge

islocation, as shown in Fig. 8 a. Before energy minimiza-
ion, the maximum potential energy of the as-constructed Py-
 edge dislocation is 5.48 eV/atom, which is extraordinarily
igh. Such a high potential energy indicates that there are
tom pairs with very small separation in the as-constructed
y-I edge dislocation, and with very strong repulsive forces
etween them. After energy minimization followed by sub-
equent relaxation, the maximum potential energy drops to
1.35 eV/atom, and this value is comparable to the min-
mum energies in the cases of stable dissociation of Py-II
dge ( Fig. 7 b) and Py-II screw ( Fig. 7 d). The high energy
eak splits into two short peaks which correspond to the two
artial dislocations on the {01̄ 11 } plane (se Fig. 4 b). 

As shown in Fig. 4 c, if the as-constructed Py-I edge dislo-
ation is only relaxed without the preceding energy minimiza-
ion, the edge dislocation dissociates into partial dislocations
hat lie on the basal plane, most likely due to the unusually
igh potential energy of the atoms along the constructed dis-
ocation line. Again, this is not seen for the as-constructed
y-I screw dislocation ( Fig. 8 c). The as-constructed dislo-
ation has the highest potential energy of −0.68 eV/atom,
hereas the maximum energy after relaxation drops to −1.26

V/atom ( Fig. 8 d). 
From our results, for both Py-I and Py-II, the initial,

s-constructed edge dislocations always have a significantly
igher potential energy than screw dislocations. The high po-
ential energy of edge dislocations offers a clue why the as-
onstructed edge dislocations tend to dissociate onto the basal
lane when no energy minimization is performed before re-
axation. As seen in Fig. 7 - 8 , without minimization, the ini-
ial potential energy of the as-constructed edge dislocation is
o high that the system is relaxed in a chaotic fashion to
he low energy configurations on the basal plane, i.e., out-of-
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Fig. 7. (a) The potential energy distribution of the as-constructed Py-II edge dislocation. (b) The potential energy distribution of the energy minimized and 
relaxed dislocation. Note that the maximum potential energy of the initial structure is −0.36 eV/atom, whereas the maximum value of the energy minimized 
and relaxed structure is −1.27 eV/atom. The dark green atoms represent the dislocation core. (c) The potential energy distribution of the as-constructed Py-II 
screw. (d) The potential energy distribution of the relaxed Py-II screw. The maximum potential energy of the as-constructed structure is −0.95 eV/atom, 
whereas the maximum value of the relaxed dislocation is −1.30 eV/atom. The dark green atoms represent the dislocation core. 
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lane dissociation. In contrast, when energy minimization is
erformed, the system is relaxed along a different pathway
hat leads to the in-plane dissociation on the pyramidal plane.
or the as-constructed screw dislocations, either Py-I or Py-II,
o energy minimization is needed. With and without energy
inimization, very similar in-plane dissociation can always be

btained (see Fig. S6-S7 in Supplemental Material 2), likely
ecause the initial energy is much lower than that of the edge
islocation ( Figs. 7-8 ). 

.2. Analysis of the hydrostatic stress at the dislocation core 

To further verify that the unstable dissociation of pyrami-
al dislocations onto the basal plane is a result of relaxation
f the extraordinarily high energy state of the as-constructed
onfiguration, in the following, hydrostatic stresses of each
tom at and near the dislocation core are computed at the
nitial and the final state. The hydrostatic stress is computed
s: σ = −( Wxx + Wyy + Wzz )/3 V , where Wxx , Wyy and Wzz 

re the diagonal components of the per-atom stress tensor
hat have the units of energy, and V is atomic volume [63] .
hus, to compute the hydrostatic stress, the atomic volume
 must be known. However, in atomistic simulations, atomic
olume is not well defined when crystalline defects such as
rain boundaries, dislocations and free surfaces are present,
r when the system is strained. LAMMPS provides a method
o estimate the atomic volume which is computed as the vol-
me of a Voronoi cell enclosing an atom. The Voronoi cell
ontains all points closer to the atom than any other atoms. 

The hydrostatic stress and its distribution of the as-
onstructed Py-II edge dislocation is displayed in Fig. 9 a. No-
ably, the maximum value is as large as 27.71 GPa, which is
xtremely high. After energy minimization and relaxation, the
y-II dislocation dissociated onto the {112̄ 2 } slip plane, and

he maximum value drastically drops to 6.31 GPa ( Fig. 9 b),
nly about a quarter of that of the as-constructed dislocation.
n contrast, the hydrostatic stress difference between the ini-
ial and relaxed structure is not so huge in the case of Py-II
crew dislocations. As shown in Fig. 9 c, the maximum value
f the as-constructed Py-II screw is only 13.05 GPa. After
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Fig. 8. (a) The potential energy distribution of the as-constructed Py-I edge dislocation. (b) The potential energy distribution after energy minimization 
and relaxation. The maximum potential energy of the as-constructed structure is 5.48 eV/atom, whereas the maximum value after energy minimization and 
relaxation is −1.35 eV/atom. The dark green atoms represent the dislocation core. (c) The potential energy distribution of the as-constructed Py-I screw. (d) 
The potential energy distribution of Py-I screw after relaxation. The maximum potential energy of the as-constructed screw dislocation is −0.68 eV/atom, 
whereas the maximum value after relaxation is −1.26 eV/atom. The dark green atoms represent the dislocation core. 

r  

s  

d
 

o  

a  

o  

t  

8  

i  

m  

m  

s  

t  

t  

s  

P  

s  

fi  

o  

v  

f  

I  

a  

d  

p
 

i  

p  

o  

d  

u  

f  

t  

h  

t  

d  

m

elaxation without energy minimization, the Py-II screw dis-
ociates onto the {112̄ 2 } slip plane, and the maximum value
rops to 4.78 GPa ( Fig. 9 d). 

Similar to the potential energies, the hydrostatic stresses
f Py-I dislocations show a huge difference between the edge
nd screw structure. Fig. 10 a illustrates the hydrostatic stress
f the as-constructed Py-I edge dislocation. It is seen that
he maximum value of this initial structure is as high as
0.72 GPa, implying the presence of atom pairs in short spac-
ngs and very high repulsive forces are present. After energy

inimization ( Fig. 10 b), the maximum value of the energy-
inimized Py-I edge is only 4.85 GPa. However, for Py-I

crew dislocation ( Fig. 10 c), the maximum value of the ini-
ial structure is only 11.03 GPa and the maximum value of
he relaxed structure is 4.37 GPa ( Fig. 10 d). The hydrostatic
tress mapping of the dissociated Py-I edge dislocation and
y-II edge dislocation is also plotted in Fig. 11 a and b, re-
pectively. In these plots, the compressive and tensile stress
eld of the in-plane dissociated pyramidal edge dislocations
n their slip planes are mapped atom by atom. To better re-
eal the compressive and tensile stress field, only the range
rom −2 GPa to 2 GPa is shown. But actually, for the Py-
 edge dislocation, the peak compressive stress is 4.61 GPa
nd the peak tensile stress is −3.83 GPa; for the Py-II edge
islocation, the peak compressive stress is 6.31 GPa, and the
eak tensile stress is −4.76 GPa. 

Conceivably, the initial edge dislocations with extraordinar-
ly high hydrostatic stress cannot stably dissociates onto their
yramidal plane if no energy minimization is performed. If
nly relaxation is performed, the core structure of the edge
islocations will be relaxed into the immobile basal config-
rations which consist of Frank partials and an I1 stacking
ault on the basal plane, but this process is not necessarily
he intrinsic behavior of the pyramidal dislocation. Thus, the
igh hydrostatic stresses and the high potential energies of
he edge dislocations are likely the cause of the out-of-plane
issociation of pyramidal dislocations when no energy mini-
ization is conducted for edge dislocations. 
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Fig. 9. (a) The atomic stress of the as-constructed Py-II edge dislocation, i.e., before energy minimization. (b) After energy-minimization and relaxation. Note 
that the maximum atomic stress of the initial structure is 27.71 GPa, whereas the maximum value of the energy-minimized structure is 6.31 GPa. The dark 
green atoms represent the dislocation core. The atomic stresses of the as-constructed structure are extremely high. (c) The atomic stress of the as-constructed 
Py-II screw, i.e., before energy minimization and relaxation. (d) After energy minimization and relaxation. The maximum value of the as-constructed structure 
is 13.05 GPa, whereas the maximum value after energy minimization and relaxation is 4.78 GPa. The Dark green atoms represent the dislocation core. 
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.3. Calculation of the Nye tensor 

The Nye tensor was initially used to describe the distor-
ion of slip planes in bending of metal sheets, which can
e accommodated by the presence of geometrically necessary
islocations (GNDs) [68] . Hartley and Mishin [62] demon-
trated that the Nye tensor, which was initially inferred from
acroscopic deformation gradient, could also be extended to

escribe the degree of lattice distortion near a dislocation core
f the Burgers vector was treated as a sum of numerous in-
nitesimal Burgers vectors distributed on the slip plane. For
 narrow dislocation core, most of the Burgers vectors are
istributed near the core region and the majority of lattice
istortion would be concentrated at the core. The reverse is
rue for a wide dislocation core. Using this concept, we com-
uted the Nye tensors for the edge and screw Py-I and Py-II
islocations obtained in our simulations. 

The Nye tensor αij ( i represents the direction of the Burg-
rs vector and j the direction of the dislocation line) was
omputed with Atomsk by comparing a perfect reference lat-
ice with the dislocated lattice. Fig. 12 a shows the distri-
ution of α12 component of the Py-I edge dislocation, and
ig. 12 b shows the distribution of α22 of the Py-I screw dislo-
ation. Similar plots for Py-II edge and screw dislocation are
hown in Fig. 12 c and d, respectively. In these color plots, the
tomic structure (the white spheres) of the individual disloca-
ions is superimposed with the Nye tensor component distri-
ution. Some interesting features can be observed from these
lots. For the Py-I edge ( Fig. 12 a), the core mostly spreads
long the normal direction of the {01̄ 11 } slip plane, whereas
or the Py-I screw ( Fig. 12 b), the core also spread on the
lip plane. The core of Py-II edge dislocation mostly spreads
long the normal direction to the basal plane, i.e., the c -axis
 Fig. 12 c). But for the Py-II screw dislocation, the core mostly
pread along the normal direction of the slip plane {112̄ 2 }
 Fig. 12 d). 

The Nye tensor for the Py-II edge dislocation ( Fig. 12 c)
btained in our calculation is similar to the literature report
31] . The Nye tensor of a Py-I edge dislocation that dissoci-
tes in-plane on the {101̄ 1 } was not reported before, because
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Fig. 10. (a) The atomic stress of the as-constructed Py-I edge dislocation core. (b) The atomic stresses after energy minimization and relaxation. The maximum 

atomic stress of the initial structure is 80.72 GPa which is extraordinarily high, whereas the maximum value of the energy-minimized and relaxed structure 
is only 4.85 GPa. The dark green atoms represent the dislocation core. (c) The atomic stress of the as-constructed Py-I screw. (d) The atomic stresses after 
relaxation (no energy minimization is needed). The maximum atomic stress of the initial structure is 11.03 GPa, whereas the maximum value of the relaxed 
structure is 4.37 GPa. The dark green atoms represent the dislocation core. 

Fig. 11. (a) Mapping of the atomic stress of a dissociated Py-I edge dislocation. (b) Mapping of the atomic stress of a dissociated pyramidal II edge dislocation. 
For the convenience of color mapping, only the range from −2 GPa to 2 GPa is shown. 
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o stable configuration of dissociated Py-I edge dislocation
as successfully obtained from a pre-constructed dislocation.
ince the Nye tensor describes the distribution of the Burg-
rs vector of a dislocation, the mobility of dislocation may
e affected by the distribution. The motion of the dissoci-
ted edge and screw Py-I and Py-II dislocations under shear
oading will be presented elsewhere. 

It is seen from the present work that energy minimization
hould be performed when using MEAM potentials to sim-
late complex crystalline defects such as pyramidal disloca-
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Fig. 12. (a) Distribution of α21 of the Py-I edge dislocation. (b) Distribution of α22 of the Py-I screw dislocation. (c) Distribution of α12 of the Nye tensor 
of the Py-II edge dislocation. (d) Distribution of α22 of the Nye tensor of the Py-II screw dislocation. 
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ions. Although energy minimization is often interspersed with
ynamic runs, our results do show there could be a significant
ifference. According to LAMMPS [63] , energy minimization
lgorithms bound the distanced atoms to move in one itera-
ion, so that the systems with highly overlapped atoms (with
igh energies and forces) can be relaxed. This may explain
hy energy minimization should be performed before relax-

tion in the studies of pyramidal dislocations and other com-
lex structures. The extraordinarily high stresses and energies
f the as-constructed edge dislocations, both Py-I and Py-II,
ndicate the presence of such highly overlapped atoms. Thus,
nergy minimization is needed before relaxation such that in-
lane dissociations can be obtained. In contrast, for screw
yramidal dislocations with relatively low initial potential en-
rgies and atomic stresses, they can be relaxed without energy
inimization. 
In actuality, when a dislocation is nucleated during plas-

ic deformation of a crystal, irrespective of dislocation type,
.e., basal, prismatic or pyramidal, a leading partial is always
ucleated first, followed by the nucleation of the trailing par-
ial. The elastic energy of a partial dislocation is significantly
ower than that of an undissociated, full dislocation. Thus,
n real-life deformation, the initial energy of pyramidal dis-
ocations, whether Py-I or Py-II, edge or screw, cannot be
s high as that of the as-constructed pyramidal dislocations
n atomistic simulations. Hence, in-plane dissociated, stable
yramidal dislocations are highly likely to occur during plas-
ic deformation of Mg and other HCP metals. In small scale
 -axis compression of Mg single crystal pillar ( Fig. 1 ), the
tress level (close to 1.0 GPa [55] ) is much higher than that
or bulk samples. Thus, nucleation and glide of Py-I and Py-II
islocations are highly favorable and feasible. 

. Conclusions 

In this work, stable Py-I and Py-II edge and screw dislo-
ations in pure Mg that are dissociated on respective pyrami-
al slip plane at 300 K are successfully obtained in atomistic
imulations in which energy minimization is used prior to dy-
amic relaxation. The following conclusions can be reached: 

(1) In atomistic simulations of complex atomic structures
such as dislocation core and dissociation of pyrami-
dal slip systems in HCP metals, energy minimization
is needed before dynamic relaxation is performed. This
step is crucial for achieving stable, in-plane dissociation
of these dislocations. 
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(2) For edge dislocations, Py-I and Py-II, the as-constructed
structure will dissociate into two partial dislocations
on the pyramidal slip plane when energy minimiza-
tion is conducted before relaxation in simulations. With-
out energy minimization, out-of-plane dissociation into
an immobile structure on the basal plane will occur.
In contrast, for screw dislocations, no energy mini-
mization is needed, and they dissociate in-plane on
the respective pyramidal slip plane after relaxation.
The Py-II is dissociated into two equal partials, i.e.,
1 
3 [112̄ ̄3 ] → 1 

2 · 1 
3 [112̄ ̄3 ] L + SF + 1 

2 · 1 
3 [112̄ ̄3 ] T ; whereas

the Py-I dissociation can be described as: 1 
3 [112̄ ̄3 ] →

1 
2 · 1 

2 [011̄ 2 ] L + SF + { 1 
2 · 1 

2 [011̄ 2 ] + 1 
2 · 1 

3 [21̄ ̄1 0 ] } T . 
(3) The distribution of potential energies and hydrostatic

stresses of individual dislocation core structures show
that the as-constructed edge dislocations contain very
high potential energy and atomic stresses, which pro-
vide a clue to the out-of-plane dissociation of pyramidal
dislocations. 
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