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ABSTRACT

How matrix dislocations, i.e. basal, prismatic and pyramidal, interact with {1012}1011 twin boundaries
in hexagonal close-packed metals has been discussed extensively in the literature. However, so far no
systematic investigation has been reported. In this work, we performed atomistic simulations to study
interaction between matrix dislocations in pure Mg with a {1012} twin boundary. Our results show that
for the basal and the prismatic slip, when the Burgers vector is parallel to the zone axis of the twins, a
matrix basal dislocation can be transmuted to a twin prismatic dislocation and vice versa. However,
when the Burgers vector of the matrix dislocation is non-parallel to the zone axis, no transmutation
occurs and the dislocation is absorbed by the twin boundary which acts as a dislocation sink. For a matrix
pyramidal dislocation, the dislocation is absorbed by the twin boundary and no transmutation occurs
either. It appears that if the product dislocation is a real slip system, transmutation may occur during
twin-slip interaction. Otherwise the matrix dislocation will be shredded by atomic shuffling and then
absorbed by the twin boundary. If the core structure of the product dislocation is complex, transmutation
may not occur as well and dislocation absorption will occur. Lattice correspondence in deformation
twinning was applied in explaining the interaction mechanisms. Our results can be well correlated to
macroscopic experimental observations which show twin-slip interaction only contributes negligibly to
work hardening in deformation of hcp metals.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

slip plane; (4) The dislocation slip is hindered by the TB which acts
as a barrier to dislocation slip [8—10]. In cubic metals, TBs are

Dislocation slip and deformation twinning are the most
important mechanisms determining the mechanical properties of
crystalline materials. When a dislocation impinges on a twin
boundary (TB), several scenarios may occur: (1) The dislocation
may be absorbed by the TB [1,2]; (2) The dislocation transmits
through the TB and then glides on a slip plane in the twin that is
crystallographically equivalent to the original slip plane in the
parent [3—7]. For instance, in face-centered-cubic (fcc) metals, a
dislocation on a {111} slip plane may transmit through a TB and
then glides on a {111} plane of the twin; (3) Dislocation may be
transmuted by the TB. In this case, the matrix dislocation is trans-
formed to a dislocation in the twin, but the slip plane is a corre-
sponding plane of the original slip plane in the parent [5,7], which
is oftentimes a crystallographically different plane than the original

coherent and coincident with the twinning plane, transmission of
matrix dislocations into the twin is often observed and interaction
mechanisms between a matrix dislocation and a TB have been
investigated [4,11]. In nanostructured metals in which twinning is
more favored than in coarse-grained metals [12—16], twin-slip
interaction was found to be affected by the twin boundary
spacing [13,14], dislocation density [15] and loading direction with
respect to the twinning plane [14,16].

For hexagonal close packed (hcp) metals, unlike fcc metals in
which dislocation slip dominates plastic deformation under con-
ventional conditions in terms of temperature and strain rate, pro-
fuse and multiple twinning modes can be activated [17,18], with
{1012}1011 mode being the most commonly observed one
[19-23]. How this twinning mode interacts with matrix

* Corresponding author. Department of Chemical and Materials Engineering, University of Nevada, Reno, USA.

E-mail address: binl@unr.edu (B. Li).

https://doi.org/10.1016/j.actamat.2018.10.064
1359-6454/© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.



P. Chen et al. / Acta Materialia 164 (2019) 440—453 441

dislocations has been an important subject in the studies of
deformation behavior of hcp metals, especially in recent years
when magnesium (Mg) and its alloys have been deemed as
promising lightweight structural materials for engineering
applications.

Twin-slip interaction in Mg and other hcp metals has been
studied in numerous reports [24—31], and how twin-slip interaction
affects the hardening behavior has been discussed extensively
[32—35]. Generally it has been believed that twin-slip interaction
contributes to hardening in three ways: (1) TBs act as obstacles to
dislocation slip [36] and preexisting dislocations in matrix may
impede twin nucleation and twin growth [37]; (2) Dynamic Hall-
Petch effect [34,38,39]. Twin laths divide the parent grains into
smaller grains, reducing the mean free path for dislocation interac-
tion; (3) Dislocation transmutation [40—42]. This mechanism was
proposed in light of the Basinski effect [43] which was observed in
fcc copper. Basinski et al. [43] found that the hardness of twins was
higher than that of the matrix and this increase in hardness was
ascribed to transformation of mobile dislocations to immobile dis-
locations in the twin. However, the contribution of twin-slip inter-
action to work hardening was questioned by a number of
researchers. Capolungo et al. [44] showed that the preexisting dis-
locations in the matrix have almost no barrier effect on migration of
{1012} TBs. Hiura et al. [45] performed nano-indentation mea-
surements and showed that the hardness difference between the
twin and the surround matrix is insignificantly small in single crystal
Mg. Kalidindi et al. [34] showed that the contribution of {1012}
twinning to hardening in AZ31B alloy is very limited, only about
0.03G (G is the shear modulus) compared to the peak strain hard-
ening rate (~0.3G). More recently, Chen et al. [46] used pre-straining
to investigate how matrix dislocations affect {1012} twinning and
the hardening behavior of an AZ31 extruded Mg alloy. Their results
showed that, even with a pre-strain as high as 10%, the stress-strain
curve presents little difference from that of zero pre-strain. These
results indicate that twin-slip interaction through the Basinski
mechanism and dynamic Hall-Petch effect only contributes negli-
gibly to work hardening in Mg and Mg alloys.

It is worth noting that the twinning mechanisms in fcc metals
and hcp metals are significantly even fundamentally different. In
twinning of fcc metals, the twinning plane is exactly the slip plane
of matrix dislocation. Both are the {111} close-packed plane and the
TBs are always coherent. But for {1012} twinning in hcp metals,
this twinning plane is not a slip plane of any matrix dislocation.
More importantly, {1012} TBs are always incoherent in experi-
mental observations and in simulations [47—50] and can hugely
depart from the theoretical twinning plane [51], and the misori-
entation angle can vary over a wide range of values [52]. These non-
classical characteristics of {1012} twinning mode must be taken
into consideration when twin-slip interaction is studied and dis-
cussed. More complex in twin-slip interaction in hcp metals is
multiple slip systems, i.e. basal, prismatic [53,54] and pyramidal
slip systems [55,56], can be activated. Interactions between {1012}
TBs and these different slip systems have to be investigated such
that a definitive conclusion can be reached. So far, how these dis-
locations interact with {1012} TBs and how the interaction in-
fluences macroscopic mechanical behavior of Mg alloys remains
unclear, and no systematic investigation on this important issue has
been reported.

The purpose of this work is to conduct atomistic simulations on
how matrix dislocations in pure Mg interact with a {1012} TB. The
dislocations considered include basal, prismatic and pyramidal
dislocations. The Burgers vectors of these dislocations are either
parallel or non-parallel to the zone axis of the twins. The results
obtained provide a much deeper insight on the mechanical
behavior of Mg and other hcp metals.

2. Method

The embedded atom method (EAM) potential [57,58] for Mg-Al
binary system was used in this work. This EAM potential was well
developed by Liu et al. [59], and have been used in numerous
atomistic simulations of deformation behavior of Mg and Mg-Al
alloys [47,49,54,55,60].

Three scenarios of {1012} twin/dislocation interactions are
simulated, respectively: (1) a TB migrates and interacts with a
stationary matrix dislocation; (2) a mobile matrix dislocation glides
and interacts with a stationary TB; (3) a mobile matrix dislocation
interacts with a migrating TB, i.e. both the matrix dislocation and
the TB are mobile. In these simulations, two crystals that satisfy the
{1012} twin relationship were constructed and then a matrix
dislocation was introduced into the parent by either artificially
constructing a dislocation or deforming the system via applying an
external strain.

Three types of dislocations were introduced into the system:
(0002) basal, {1010} prismatic and {1011} pyramidal. No {1122}
pyramidal dislocations can be activated with the interatomic po-
tential developed by Liu et al. [59]. For the basal and the prismatic
dislocations, their Burgers vectors are all (a) = 11502I type, but
two different scenarios need to be considered: (1) the Burgers
vector is parallel to the zone axis of the twins; (2) the Burgers
vector is not parallel to the zone axis of the twins, i.e. the Burgers
vector of basal dislocation makes a 60° angle with the zone axis. For
the pyramidal dislocations, the Burgers vector of these dislocations
are always not parallel to the zone axis. Details of the initial
structure of each scenario are shown below.

For each simulation, the system was relaxed before an external
tensile strain was applied. The tensile strain was generated by
moving the fixed surface atoms at a constant displacement rate of
0.01 nm per ps. The temperature was maintained at 100 K during
simulation. Free surfaces were applied to all three dimensions. All
simulations were run for 1000,000 timesteps and data was
collected every 0.5 ps. The visualization tool Ovito [61] was used to
analyze the simulation results.

3. Results

To visualize the structural evolution during simulation, common
neighbor analysis (CNA) [62] was performed to distinguish the
structures of dislocations, stacking faults (SF) and TB. 2D cross-
sectional views and 3D views are provided to analyze the struc-
tural evolution.

3.1. Interaction between a {1012} TB and a basal dislocation

3.1.1. The Burgers vector is parallel to the zone axis

Fig. 1a shows the initial configuration for simulating the inter-
action between a stationary matrix basal dislocation and a mobile
twin boundary (TB), which is a 2D cross-sectional view. The two
crystals have a misorientaion of 90°1210, i.e. the TB is a basal/
prismatic interface. In simulations and experiments, the

90°<1§10> twin relationship has been extensively observed

[47,50,51], although the theoretical misorientation is 86.3°<1§10>.
A tensile load was applied along the [0002] of the parent. An edge
basal dislocation with a Burgers vector of 1[1210] was pre-
constructed inside the parent by removing a half-plane of atoms.
The half plane contains two columns of atoms on the {1210}
planes. The Burgers vector of the created edge dislocation is parallel
to the zone axis. Then the system was fully relaxed. The two ends of
the dislocation are terminated at the free surfaces. A 3D view of the
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Fig. 1. (a) Initial configuration for simulating interaction between a matrix basal
dislocation and a twin boundary (TB). The two crystals have a misorientaion of
90°[1210], i.e. the TB is a basal/prismatic interface. A tensile load was applied along the
[0002] of the parent. Atoms inside the black box were selected for computing the
interaction energy. (b) 3D view of the TB and the basal dislocation. Atoms in perfect
hcp lattice are removed. (c) When viewed along the c-axis of the parent, the Shockley
partial dislocations (in white and blue) and the basal SF (in green) can be seen. The
Burgers vector of the basal dislocation is parallel to the zone axis [1210]. The width of
the basal SF is ~2.0 nm. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

TB and the basal dislocation are shown in Fig. 1b. In this plot, atoms
in perfect hcp structure are removed such that only those atoms at
the free surfaces, the partial dislocations, the SF and the TB are
shown. When viewed along the c-axis of the parent, the Shockley
partial dislocations (in white and blue) and the basal SF (in green)
can be readily seen (Fig. 1c). The width of the basal SF is ~2.0 nm.
The dissociation of the basal dislocation can be described as:

%[1210] :%[ﬁoo] +SF+% [0110] (1)

Fig. 2 illustrates the interaction between the basal dislocation
and the TB. Under the external tensile strain, the TB starts migrating
toward the parent (Fig. 2a). As shown in the top portion of the TB,
when the TB approaches and interacts with the basal dislocation,
the original basal dislocation on the parent basal plane now be-
comes a dislocation on the twin prismatic plane and the color of the
atoms changes from green to white. Notably, the dislocation lines in
the parent and in the twin are parallel. As the strain increases, the
TB continues traversing through the parent. Eventually, the TB
entirely passes and transforms the basal dislocation to the

Fig. 2. Interaction between the basal dislocation and the twin boundary (TB). (a) The
TB approaches and interacts with the basal dislocation under the tensile strain. The top
potion of the TB passes the SF and transforms the basal dislocation into a prismatic
dislocation. (b) The TB entirely passes and transforms the basal dislocation to a pris-
matic dislocation. A basal stacking fault, represented by a single layer green atoms, is
created inside the twin as a result of TB migration. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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prismatic dislocation (Fig. 2b). During straining, the basal disloca-
tion remains still because the Schmid factor equals zero. After the
TB transforms the basal dislocation to the prismatic dislocation, the
prismatic dislocation also remains still, i.e. immobile. Inside the
twin, another basal SF is generated. This basal SF is shown in a
single layer of green atoms, different from the basal SF of two-layer
green atoms (cf. Fig. 2a). With one end anchored at the TB, this SF
grows as the TB migrates, thus, the width of this SF can be much
wider than the equilibrium width (~2.0 nm, Fig. 1c). This new basal
SFis called “partial stacking faults” [49,63,64] and has nothing to do
with the activities of partial dislocations.

To identify the Burgers vector of the prismatic dislocation inside
the twin, Burgers vector analysis was performed. In Fig. 3a, a Bur-
gers circuit was drawn surrounding the basal dislocation in the
matrix before straining. It can be readily seen that the Burgers
vector equals 1[1210] which is parallel to the zone axis. After the TB
traverses through, the parent basal planes are transformed to the
twin prismatic planes. Accordingly, the dislocation line now lies in
the prismatic plane with a Burgers vector of 1[1210]. This indicates
that the TB-dislocation interaction does not change the Burgers
vector in this particular case. These Burgers vector analyses were
also confirmed by the dislocation analysis tool in Ovito [65]. This
transmutation can be described as:

(a)
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Fig. 3. Burgers vector analysis for the dislocations. (a) Before the interaction. The
Burgers vector of the matrix basal dislocation is determined as 1/3[1210] which is
parallel to the zone axis of the twins. (b) After the interaction. It can be seen that the
parent basal planes are transformed to the twin prismatic planes. Accordingly, the
original basal dislocation is transformed to a prismatic dislocation and the Burgers
vector is still 13 [1210], indicating the interaction does not change the Burgers vector.

1r.- 1r.-
§[1210] (0002)\Parent_)§[1210] (1070)|Twin 2)

To quantitatively evaluate the energy barrier for dislocation
transmutation in this scenario, we computed potential energy of
the atoms inside the black box (Fig. 1a) and plotted the evolution of
the energy during deformation. The result is shown in Fig. 4. The
box contains a portion of the basal dislocation line with 18940
atoms. As the deformation continues, the energy gradually in-
creases due to the elastic deformation. As the deformation further
proceeds, at 850 ps, a sharp increase of the energy occurs, corre-
sponding to the occurrence of the interaction between the TB and
matrix basal dislocation (Fig. 2a). After the matrix basal dislocation
is transmuted to the prismatic dislocation in the twin, the energy
plummets, corresponding to the completion of the transmutation.
The energy barrier of the dynamic transmutation of a matrix basal
dislocation to a prismatic dislocation in the twin is ~4.2 meV/atom.
Compared to the energy barrier for homogeneous {1012} twin
nucleation (~27 meV/atom) for Mg [66], this value for TB migration
is reasonable. In nano-twinned fcc copper, Zhu et al. [12] computed
the activation energy, i.e. the energy barrier for direct transmission
ofa {111}(110) dislocation through a {111} coherent TB, by using
the climbing image nudged elastic band (CINEB) [67] method. A
value of 670 meV/atom was obtained. Thus, the energy barrier of
dislocation transmutation in fcc is two orders of magnitude higher
than that in hcp Mg, indicating the twinning mechanisms are very
different in these two crystal structures.

3.1.2. The Burgers vector is not parallel to the zone axis

To simulate the interaction between an immobile matrix basal
dislocation and a mobile TB but the Burgers vector of the disloca-
tion is not parallel to the zone axis, we used similar construction to
Fig. 1a, however, we rotated the twin lattice around the [0002] of
the twin by 60°. Thus, the c-axes of the parent and the twin remains
perpendicular to each other, but the twin variant is different. The
initial configuration is shown in Fig. 5. Now the Burgers vector of
the basal dislocation makes 60° with the zone axis [1210]. Atoms
inside the black box (a total of 23718 atoms) were selected for
computing the interaction energy. The process of interaction is
shown in Fig. 6. In Fig. 6a, as the TB approaches and finally impinges
with the matrix basal dislocation, both the partial dislocations and
the basal SF disappear, i.e. they are absorbed by the moving TB.
Eventually, the basal dislocation is fully consumed as the TB sweeps
through the parent (Fig. 6b). A 3D view of Fig. 6b is displayed in
Fig. 6¢. It can be seen that no trace of the partial dislocations and the
SF is left behind after the TB entirely passes the original dislocation
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Fig. 4. Energy evolution during interaction between the TB and the basal dislocation
when transmutation occurs. The energy barrier for dislocation transmutation is about
4.2 meV/atom.
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Fig. 5. Initial configuration for simulating the interaction between a matrix basal
dislocation and a TB, but the Burgers vector of the basal dislocation makes 60° with the
zone axis [1210]. A tensile load was applied along the [0002] of the parent. Atoms
inside the black box were selected for computing the interaction energy.

line. In this scenario, the Schmid factor of the basal dislocation also
equals zero, so the dislocation remains still during straining.

The energy barrier for the basal dislocation absorption by the TB
is shown in Fig. 7. The energy barrier equals ~3.1 meV/atom. The
energy barrier for dislocation absorption in fcc copper was ~490
meV/atom [12]. Again, the energy barrier for dislocation absorption
in Mg is much lower than fcc metals.

In the following, we examine how a mobile basal dislocation
interacts with an immobile TB by changing the loading direction
with respect to the normal of the parent basal plane. Fig. 8 shows the
initial configuration for simulating the interaction between a mobile
matrix basal dislocation and an immobile {1012} TB. The twin
crystals have a misorientation of 86.3°[1210]. A basal dislocation was
pre-constructed in the parent, but its Burgers vector is not parallel to
the zone axis of the twins. The nearly coherent TB is parallel to the
{1012} twinning plane which is horizontal. A tensile load was
applied perpendicular to the TB. In this configuration, the basal
dislocation has a maximal Schmid factor and will glide toward the TB
when the critical shear stress is reached. In Fig. 9, we show snapshots
in time sequence to illustrate how the matrix basal dislocation glides
and interacts with the TB. Fig. 9a and b shows the basal dislocation
glides and approaches the TB under the external strain. In Fig. 9c, the
basal dislocation impinges on the TB. Eventually, the basal disloca-
tion is completely absorbed by the TB (Fig. 9d). At the location of
impingement, the TB becomes less coherent. Obviously, no disloca-
tion transmutation occurs in this case.

In the simulation of the interaction between a mobile matrix
basal dislocation and a mobile {1012} TB, we first constructed twin
crystals that satisfy 86.3°[1210] twin relationship, similar to Fig. 8,
but the tensile load was applied in the vertical direction with a 70°
angle with the TB (Fig. 10). As shown in Fig. 11, under the tensile
load, the TB migrates downward. Meanwhile, a leading Shockley
partial dislocation is nucleated on the free surface and glides to-
ward the moving TB. The boxed region in Fig. 11 is further analyzed
in Fig. 12 in time sequence. In Fig. 123, the leading partial is gliding
toward the TB, and then impinge on the TB (Fig. 12b). The trailing
partial is falling behind and a wide basal SF can be seen. During
interaction, the leading partial is absorbed by the TB. Meanwhile,
the trailing partial catches up and eliminate SF (Fig. 12c). Eventu-
ally, the trailing partial also impinges on the TB. As a result, the two
partials and the SF completely disappear and are absorbed by the
TB (Fig. 12d). Obviously, no dislocation transmutation occurs either.

Fig. 6. Absorption of the basal dislocation by the moving twin boundary (TB) when the
Burgers vector is not along the zone axis of the twins. (a) As the TB impinges with the
basal dislocation, the partial dislocations and the SF disappear. (b) The matrix basal
dislocation is fully consumed by the TB. (c) 3D view of (b). No trace of the partial
dislocations and the SF is left behind as the TB sweeps through.

3.2. Interaction between a {1012} TB and a matrix prismatic
dislocation

3.2.1. The Burgers vector is parallel to the zone axis
Similar to the simulations of interaction between a matrix basal
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3.1 meV/atom.
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Fig. 8. Initial configuration for simulating interaction between a mobile matrix basal
dislocation and an immobile {1012} twin boundary (TB). The two crystals have a
misorientaion of 86.3°[1210]. A basal dislocation was preconstructed in the parent. A
tensile load was applied perpendicular to the TB.

dislocation and a {1012} TB, we performed simulations of inter-
action between a matrix prismatic dislocation and a {1012} TB.
Two scenarios were considered: (1) the Burgers vector of the ma-
trix prismatic dislocation is parallel to the zone axis of the twins;
(2) the Burgers vector of the matrix prismatic dislocation is not
parallel to the zone axis of the twins.

Fig. 13 shows the initial configuration for simulating interaction
between a matrix prismatic dislocation and a TB with the Burgers
vector being parallel to the zone axis [1210]. Similar to the con-
struction of an edge basal dislocation, an edge prismatic dislocation
was created in the parent by removing a half-plane of atoms. Then
the system was fully relaxed. It can be seen that the prismatic
dislocation is slightly dissociated. A tensile load was applied along
the [0002] of the parent. A 3D view of the TB and the prismatic
dislocation is displayed in Fig. 13b in which the atoms of hcp
structure are removed. It can be seen that one end of the prismatic
dislocation is terminated at the TB and the other at the free surface.

Under the tensile strain, the TB migrates and interacts with the
prismatic dislocation (Fig. 14a). As the TB is interacting with the
prismatic dislocation, left behind is a new dislocation on the basal
plane in the twin. The two dislocations connect at the TB. The basal
dislocation in the twin is slightly dissociated and an SF (in green) is
bounded by the two partial dislocations. As the TB traverses
through the parent, the matrix prismatic dislocation is gradually
transformed into a basal dislocation in the twin.

We performed Burgers vector analysis for the TB-prismatic
interaction in Fig. 14 and the results are shown in Fig. 15. The
dislocation analysis tool in Ovito [65] was also used to confirm the
analysis. Fig. 15a shows the Burgers vector of the prismatic dislo-
cation before interacting with the moving TB. The Burgers vector of
the matrix prismatic dislocation can be identified as 1/3[1210].
After the TB interacts and transforms the matrix prismatic dislo-
cation into basal dislocation in the twin, the Burgers vector remains
parallel to the zone axis. This interaction can be described as:

11,5 1r.= 1r —
§[1210}(1070)|Parent_>§[1210} (0002)(Twin 3 [1100} +SF
+%[0T10]

(3)

3.2.2. The Burgers vector is not parallel to the zone axis

The initial configuration of the simulation of the interaction
between a {1012} TB and a matrix prismatic dislocation that has a
Burgers vector making 60° with the zone axis [1210] is shown in
Fig. 16. This configuration is similar to that in Fig. 13a, but the twin is
rotated around the c-axis of the parent by 60°. The process of
interaction is shown in Fig. 17. It can be seen from Fig. 17a that, as
the TB migrates into the parent and interacts with the matrix
prismatic dislocation, the prismatic dislocation is being absorbed
by the TB and no trace of the prismatic dislocation is left behind the
TB inside the twin. This is further revealed in the 3D view (Fig. 17b).
Obviously, no dislocation transmutation occurs in this case, which
is similar to the case in which the Burgers vector of the matrix basal
dislocation is not parallel to the zone axis of the twins.

3.3. Interaction between a {1011} pyramidal dislocation and a
{1012} TB

In the literature, two types of pyramidal slip systems in Mg and
Mg alloys were reported: {1 122 }<1 lﬁ> and {10T1 }<1 lﬁ>

[55,56,68]. Possible dissociation of these pyramidal dislocations
were investigated by using atomistic simulations [55,68,69], how-
ever, the obtained results have not been confirmed by experiments.
Experimentally it is very difficult to definitively determine the slip
plane and the Burgers vectors of the partial dislocations of these
pyramidal slip systems. To overcome these uncertainties, we did
not pre-construct a pyramidal dislocation in the system, instead,
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Fig. 9. Snapshots in time sequence showing the matrix basal dislocation glides and interacts with the TB. (a) The basal dislocation glides toward the TB. (b) The basal dislocation
approaches the TB. (c) The basal dislocation impinges on the TB. (d) The basal dislocation is completely absorbed by the TB. No transmutation occurs in this case.

we pre-planted a nano-sized crack in the parent to facilitate the
pyramidal dislocation nucleation during straining. As such, the TB
will migrate and interact with whatever pyramidal dislocations
that are nucleated by the deformation. Fig. 18 shows the initial
configuration for simulating the interaction between a TB and a
pyramidal dislocation. A nano-crack is pre-planted on the bottom
surface of the parent to facilitate nucleation of pyramidal disloca-
tions. A tensile load was applied along the [0002] of the parent.
The evolution of the system under the external tensile strain is
shown in Fig. 19. We present snapshots of the interaction process in
time sequence. In Fig. 193, as the tensile strain increases, the TB
migrates toward the parent. Meanwhile, two leading partial dislo-
cations nucleate from the nano-crack. One partial glides toward the
TB and the other away from the TB. The slip planes can be identified
as {1011}, i.e. the first order pyramidal. Each partial leaves an SF
behind its wake. The trailing partials are not nucleated yet. Even-
tually, the left leading partial impinges on the TB and interacts with
the TB. At the location of impingement, the TB becomes more
incoherent in the sense that two small basal/prismatic and pris-
matic/basal interfaces are created (Fig. 19b). As the TB continues
gliding forward, a basal SF is created with one end being connected
to the impinging point and the other end being anchored at the
moving TB. Again, this basal SF is shown in a single layer of atoms
that are colored in green in the common neighbor analysis. Thus,
the basal SFs are partial stacking faults (PSFs) that have nothing to
do with the activities of partial dislocations [63,64]. This implies
that during the interaction between the leading partial on the
{1011} pyramidal plane and the TB, the leading partial is absorbed
by the moving TB. However, the impingement disrupts the struc-
ture of the TB and hence the lattice transformation, causing some
atoms to shuffle to the faulted positions of the basal plane and
producing the PSFs on the twin basal planes that appear as a single
layer of green atoms (Fig. 19¢). As the TB keeps gliding forward and
interacting with the pyramidal SF, more PSFs are created emanating
from the faulted {1011} plane. Further straining causes more

parent lattice transformed to the twin lattice (Fig. 19d). Now the left
leading partial is totally absorbed with multiple PSFs left behind.
The TB continues migrating forward and now interacting with right
pyramidal SF. Finally, both pyramidal SFs are consumed by the
moving TB (Fig. 19e), and more PSFs are created as a result of the
interaction.

The Burgers vector of the leading partial on the {1011} plane is
analyzed in Fig. 20a. It can be seen that the Burgers vector equals
1/4[1012]. This Burgers vector has both (a) and (c) components. A
3D view of the pyramidal SFs is shown in Fig. 20b.

4. Analysis and discussion
4.1. Basinski effect and dislocation transmutation

The concept that a dislocation in the matrix can be converted to
a dislocation in the twin came from the fact there is a strict one-to-
one lattice correspondence between the parent and the twin [17].
This concept was well explained by Christian in his posthumous
book [70]. It follows that a crystallographic plane of the matrix
must be converted to a corresponding plane of the twin by the
lattice transformation. In the classical theory of deformation
twinning, the lattice transformation from parent to twin is
accomplished by a homogeneous simple shear which carries all or a
portion of the atoms in the parent to the twin lattice. This simple
shear is mediated by the gliding of twinning dislocation on the first
invariant plane (K; ) along the shear direction (7). In the case of fcc
metals, twinning occurs by a simple shear on the close-packed
planes of (111) along the (121) direction mediated by Shockley
partial dislocations. The transformation of parent lattice to the twin
lattice was described by Basinski et al. [43] with the following
transformation relations:

Vr =CVy (4)
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Fig. 10. Initial configuration for simulating interaction between a mobile matrix basal
dislocation and a mobile {1012} TB. A tensile load was applied in the vertical direction
with a 70° angle with the TB such that both the dislocation and the TB are mobile.

nr = nMC‘] (5)

where V), and ny; are any vector or any plane normal in the matrix
lattice, V; and nr represent the corresponding vector or plane
normal after the slip system is transformed into the twin, C is the
correspondence matrix.

In light of the work by Basinski and Christian [17,43], Niewczas
[71] considered all four major twinning mode in hcp metals
including Mg and developed the corresponding matrices for these
twinning modes. Specifically for Mg, the following lattice corre-
spondences (Table 1) between planes/directions in the parent and
planes/directions in the twin were obtained for {10T2}<10ﬁ>
twinning mode [71]:

Table 1 only lists the basal and the prismatic slip systems
calculated by Niewczas [71]. It can be seen that, for the three basal
slip systems, transmutation only occurs for one of them in our
simulations and in this particular case the Burgers vector is parallel
to the zone axis of the twins. As shown in Figs. 2 and 3, the Burgers
vector remains unchanged before and after transmutation. Because
the parent basal and the twin prismatic are reciprocal corre-

sponding planes in {10T2}<1OT1> twinning, it is understandable
that a parent prismatic dislocation will be transmuted to a twin
basal dislocation when the Burgers vector is parallel to the zone

axis of the twins. For other parent basal and prismatic dislocations
with Burgers vectors non-parallel to the zone axis of the twins,

Fig. 11. Under the tensile load, the TB migrates downward. Meanwhile, a Shockley
partial dislocation nucleates and glides toward the moving TB. The boxed region is
analyzed in Fig. 12.

transmutation did not occur although mathematically such trans-
mutations were predicted. For {10T1}<11ﬁ> pyramidal slip sys-

tems in the parent, none of these Burgers vectors is parallel to the
zone axis of the twins, thus, no transmutation occurs. According to
our simulation results, when transmutation does not occur, the
dislocations are simply annihilated or absorbed by the TB which
acts as a dislocation sink. During twin-slip interaction, at the
location of impingement, the movements of the parent atoms may
be interfered by the interaction, and this causes some parent atoms
to shuffle to the faulted positions in the twin, leading to the widely
observed PSFs inside the twin.

4.2. {1012} TBs acting as dislocation sink as related to the twinning
mechanism

From our simulation results, it appears that, when the Burgers
vector of a matrix dislocation is parallel to the zone axis of the
twins, the dislocation will be transmuted to a dislocation in the
twin, and the two slip planes are simply the corresponding planes
between the parent and the twin. Such a lattice correspondence can
be well predicted by the classical twinning theory. However, when
the Burgers vector of a matrix dislocation is not parallel to the zone
axis of the twins, no dislocation transmutation occurs and the
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Trailing partial

Fig. 12. Snapshots in time sequence showing the interaction between the mobile matrix basal dislocation and the mobile TB in the boxed region in Fig. 11. (a) The leading partial
glides toward the TB. (b) The leading partial impinges on the TB. (c) The leading partial is absorbed by the TB while the trailing partial eliminating the SF and moving toward the TB.

(d) All the partials and the SF are absorbed by the TB. No transmutation occurs.

dislocation will be absorbed by the TB. This important characteristic
has not been reported before.

Another important factor is the coherence of a TB. It was re-
ported that a matrix dislocation is able to transmit through a
coherent twin boundary. Fang et al. [72] reported that in fcc metals,
a screw dislocation in the parent will directly transmit into the twin
when the TB is perfectly coherent; whereas a kinked, incoherent TB
changes the interaction mechanism from dislocation transmission
to dislocation absorption. They also suggested that the dislocation
absorption mechanism does not contribute to hardening. Although
dislocation transmission is different from dislocation trans-
mutation, it appears that the coherence of a TB may strongly affect
the interaction between matrix dislocations and the TB.

In experimental observations, most {1012}(1011) twin
boundaries are extremely incoherent in the sense that they may
hugely deviate from the {1012} twinning plane [50—52], and the
misorientation angle has a wide range of values unequal to the

theoretical value of 86.3°. In atomistic simulations, { 1 OTZ} <l 0ﬁ>

twin boundaries are composed of coherent segments and inco-
herent basal/prismatic interfaces and the average TB are extremely

incoherent as well [47,49,50]. Therefore, {10T2}<10ﬁ> twin

boundaries will act as a dislocation sink when matrix dislocations
glide to the TBs, with the exception only for those dislocations that
have a Burgers vector parallel to the zone axis of the twins.

Using atomistic simulations, Li and Ma [73] showed that
{1012}1011 twinning is accomplished by the transformation of
parent basal to twin prismatic and vice versa. This transformation
only invokes atomic shuffling and no twinning dislocations are
needed. This mechanism fundamentally differs from the classical
twinning theory and the “disconnection model” [74,75]. Despite
the difference, the Li-Ma model has been validated, though
implicitly, by numerous researchers. Serra and Bacon [24] simu-
lated the interaction between a screw dislocation and a {1012} TB.
They showed that a basal slip in the matrix was transformed to a

prismatic slip in the twin, clearly indicating that the lattice trans-
formation is “parent basal” to “twin prismatic” and vice versa,
which is exactly the Li-Ma mechanism. Khater, Serra and Pond [76]
analyzed the shearing and shuffling involved in {1012}1011
twinning by applying the classical twinning theory. It can be readily
seen that their analysis ended up with exactly the “basal to pris-
matic” and “prismatic to basal” lattice transformation [77]. The
shuffling mechanism can also readily be recognized in the simu-
lations by Hirth et al. [78], Wang et al. [66], Barrett and El Kadiri
[79]. In these works the misorientation angle equals 90°, thus the
twinning shear must be zero and no twinning dislocation should be
defined [50]. Recently, Gong et al. [26] simulated the interaction
between basal dislocations and a {1012} twin, transformation from
a matrix basal dislocation to a twin prismatic dislocation was re-
ported. Thus, the lattice transformation is exactly the same as the
Li-Ma model as well [73]. Gong et al. [26] also reported that an {(a, )
basal dislocation was transformed to a 1(c+a)or (c+a). This
transformation is mathematically possible but remains unclear
because no Burgers vector analysis was conducted in their paper.
Another interaction is also reported [80] in which a matrix dislo-
cation dissociates at a TB forming twinning dislocations that cause
the twin to grow or shrink, leaving behind a residual dislocation.
This reaction is questionable because the twinning mechanism in
these reports is actually the same as the shuffling mechanism [73],
thus no twinning dislocation should exist. It can be readily shown
[50] that during the transformation from parent basal to twin
prismatic and vice versa, the {1012} twinning plane must be dis-
torted, thus the twinning plane is not an invariant plane and no
homogeneous simple shear can occur on the twinning plane [77].
This is the very reason why {1012} TBs are incoherent in most
experimental observations and simulations.

The “twinning dislocation theories” for {1012} mode were first
questioned by Song and Gray [63,64]. In their TEM work, a high
density of anomalous basal stacking faults, called “partial stacking
faults”, were observed. The presence of these PSFs cannot be
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Prismatic
dislocation

Prismatic
dislocation

Fig. 13. (a) Initial configuration for simulating interaction between a matrix prismatic
dislocation and a TB. The Burgers vector of the prismatic dislocation is parallel to the
zone axis [1210] of the twins. The prismatic dislocation is slightly dissociated. A tensile
load was applied along the [0002] of the parent. (b) 3D view of the TB and the prismatic
dislocation. Atoms of hcp structure are removed.

explained by the twinning dislocation theories. More recently,
Cayron et al. [81] analytically proved that invariant plane strain
condition, which is a fundamental condition in the classical twin-
ning theory, does not hold for {1012} mode, calling into question
the shearing paradigm for this particular twinning mode.
Dislocation absorption at {1012} TBs can be readily explained
by the atomic shuffling mechanism [82]. Pan et al. [83] also re-
ported that at the dislocation-grain boundaries impingement, the
accommodation of free volume carried by incoming dislocations is
associated with atomic shuffling. In our work, when the Burgers
vectors of a matrix basal dislocation is parallel to the zone axis
(Figs. 1-3), the incoming basal dislocation line can be transformed
while the original Burgers vector is retained. The product disloca-
tion is one of the real slip systems which is energetically favorable.
Thus dislocation transmutation can occur. In contrast, when the
Burgers vector of a matrix dislocation is not parallel to the zone
axis, the original Burgers vector would be transformed to a corre-
sponding vector in the twin, but such a product dislocation is likely
energetically unfavorable and unstable. Thus, dislocation trans-
mutation would not be feasible. As a result, the original dislocation
line is “shredded” by atomic shuffling and absorbed by the TB.
Presumably, if the Burgers vector of a product dislocation is very
large, for example, (c + a), the core structure and its dissociation of
such a dislocation could be very complex, transmutation would be
unfavorable as well. This may explain why the prismatic dislocation
with a Burgers vector non-parallel to the zone axis is still absorbed

(a)

Basal
dislocation

Prismatic
dislocation

(b)

Prismatic
dislocation

Basal
dislocation

Fig. 14. (a) Under the tensile strain, the TB migrates and interacts with the prismatic
dislocation. During interaction, the matrix prismatic dislocation is transformed to a
basal dislocation in the twin. A basal SF (in green) bounded by two Shockley partials
can be seen. (b) As the TB traverses through, the matrix prismatic dislocation is
gradually transformed into a basal dislocation in the twin. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

by the TB, even though the product dislocation is a possible slip
system for hcp metals, i.e. (1212)[1213], one of the (c+a)
dislocations.

4.3. Correlation between dislocation sink and the hardening
behavior

Twin-slip interaction has been considered as a hardening
mechanism in deformation of Mg and Mg alloys on the basis that
mobile dislocations in the matrix becomes immobile in the twin
after transmutation at the TB [40,41,84—86]. This hardening
mechanism was based on the Basinski effect [43] which was
observed in fcc metals, as well as the dynamic Hall-Petch effect in
which TBs were considered as extra grain boundaries that reduce
the effective sizes of parent grains and a barrier to dislocation slip
[85,87,88]. In the Basinski effect, glissile dislocations on the {111}
planes were transformed to sessile dislocations on the {200}
planes, resulting in strength/hardness increase in twin. In contrast
to fcc metals, nano-indentation measurements in magnesium [45]
show that the hardness difference between {1012} twin and ma-
trix is insignificantly small, indicating the hardening by dislocation
transmutation is ineffective in Mg. More recently, Chen et al. [46]
reported that the contribution of {1012} twin-slip interaction to
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Fig. 15. Burgers vector analysis. (a) The Burgers vector of the matrix prismatic dislo-
cation is identified as 1/3 [1210]. (b) The Burgers vector of the basal dislocation in the
twin after the TB interacts and transforms the matrix prismatic dislocation. The Bur-
gers vector remains parallel to the zone axis of the twins.
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Fig. 16. Initial configuration for simulating interaction between a matrix prismatic
dislocation and a TB while the Burgers vector of the prismatic dislocation makes 60°
with the zone axis [1210] of the twins. A tensile load was applied along the [0002] of
the parent.

hardening in an extruded AZ31 Mg alloy is negligible. In their work,
specimens were pre-strained to 5% and 10% tensile strain such that
only dislocation slip was activated. Then the specimens were sub-
jected to compression such that {1012} twinning was activated.
Comparison of the stress-strain curves of these specimens shows
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Fig. 17. (a) As the TB migrates into the parent and interacts with the matrix prismatic
dislocation, the prismatic dislocation is being absorbed by the TB and no transmutation
occurs. (b) 3D view showing the prismatic dislocation disappears after interacting with
the TB.

Fig. 18. Initial configuration for simulating the interaction between a TB and a {1011}
pyramidal dislocation. A nano-crack is pre-planted on the bottom surface of the parent
to facilitate nucleation of pyramidal dislocations. A tensile load was applied along the
[0002] of the parent.

negligible difference in the hardening behavior. Kalidindi et al. [34]
also showed that the hardening effect of {1012} twinning was very
limited in Mg alloy. These reports indicate that twin-slip interaction
may be not an important contributor to hardening for Mg and Mg
alloys.

The hardening behavior in textured wrought Mg and Mg alloys
can now be well correlated to our simulation results. At the early
stage of plastic deformation, matrix dislocations especially the
basal dislocations are activated. Immediately after the basal slip,
{1012} twinning is activated and twin growth dominates the
deformation [20]. Based on our simulation results in this work,
when the matrix dislocations interact with {1012} TBs, most of
them will likely be absorbed by the TBs that act as a dislocation
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Leading

Basal SFs

Basal SFs

Fig. 19. Snapshots in time sequence showing the interaction between mobile matrix
{1011} pyramidal dislocations with a mobile TB. (a) Under the tensile loading, the TB
starts migrating. Meanwhile, two {1011} leading partials nucleate from the nano-
crack, leaving SFs behind. (b) The left {1011} leading partial impinges on the TB. (c)
The leading partial is absorbed by the TB which continues migrating forward. At the
location of impingement, a PSF is created. Along the wake of the leading partial,

Fig. 20. Burgers vector analysis of the {1011} pyramidal dislocations. (a) The Burgers
vector of the leading partial is identified as 1/4[1012]. (b) 3D view of the leading
partials and the resultant SFs on the (1011) and (1011) planes.

sink, irrespective of dislocation types. Only those dislocations with
Burgers vectors parallel to the zone axes of the twins can be
transmuted. Consequently, the transmuted dislocations only ac-
count for a small portion of the matrix dislocations. As a result, the
effect of twin-slip interaction on the hardening in Mg is insignifi-
cant. Also, during deformation the interaction energy barriers be-
tween the matrix dislocations and the TBs are only a few meV/
atom, thus, the contribution of twin-slip interaction on hardening
should be negligible.

5. Conclusions

In this work, interaction between a matrix dislocation and a
{1012} TB is systematically investigated by atomistic simulations.
The following conclusions can be reached:

(1) When the Burgers vector of a matrix basal (prismatic)
dislocation is parallel to the zone axis of the twins, the matrix
basal (prismatic) dislocation can be transformed to a

multiple PSFs are created as the TB interacts with the pyramidal SF. (d) The right ends
of these PSFs are anchored at the TB and the SFs grow wider as the TB migrates. (e) The
TB interacts with the other {1011} pyramidal SF, erasing it and creating more PSFs
inside the twin.
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Table 1

Dislocation transmutation [71] as compared to simulation results.

Parent slip system Corresponding twin slip system Simulation result

(0001)[1270] (1070)[T270] Observed
(0001)2770] (1010)[1273] Not observed
(0001)2710] (1010)[1273] Not observed
(1070)[1210] (000T)[1210] Observed

(0T10)[2710] (1212)[1213] Not observed
(T100)[T120] (1212)[1213] Not observed

prismatic (basal) dislocation in the twin, with the original
Burgers vector retained. This dislocation transmutation is
consistent with the calculations based on the lattice corre-
spondence in the classical twinning theory.

(2) When the Burgers vector of a matrix dislocation, irrespective
of basal, prismatic and {1011} pyramidal, is not parallel to
the zone axis of the twins, the matrix dislocation is not
transmuted. Instead, these dislocations are absorbed by the
TB which acts as a dislocation sink.

(3) It appears that dislocation transmutation can only occur
when the product dislocation in the twin is a real slip system,
i.e. a slip system that is energetically favorable and stable.
Otherwise dislocation transmutation cannot occur and the
matrix dislocations will be absorbed by the TB.

(4) The twin-slip interaction revealed in our simulations can be
well correlated to experimental observations which show
twin-slip interaction only plays a very insignificant role in
hardening in deformation of Mg and Mg alloys.
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