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A B S T R A C T

Very unusual and interesting interaction between matrix prismatic dislocations and f1011g twin boundaries

(TBs) in Magnesium (Mg) was observed in atomistic simulations. When the first prismatic dislocation impinged

on the TB, the incoming dislocation was transmuted into a thin layer of f1121g twin inside the f1011g twin.

When successive prismatic dislocations on the same slip plane impinged on the same location at the f1011g

TB, the f1121g twin kept growing toward the opposite f1011g TB. Eventually, the f1121g twin reached the

opposite TB and was then transmuted back to prismatic dislocations that exited the f1011g twin and glided

into the matrix. Hence, the matrix prismatic dislocations temporarily lose their dislocation identity during

twin-slip interaction and then resume their dislocation identity after the interaction is complete. The net effect

of these interactions is that the matrix prismatic dislocations transmit across the f1011g twin. Lattice corre-

spondence analysis for f1011g twinning was performed to understand the mechanism of the interactions. The

results show that, the prismatic slip plane is exactly the corresponding plane of f1121g twinning. Such a corre-

spondence is consistent with the crystallographic calculations based on classical twinning theory.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

When a matrix dislocation impinges on a twin boundary (TB),

interaction occurs. In general, such interaction processes are depen-

dent on characteristics of the twinning mode, dislocation type and

grain size, as well as loading condition [1�4]. In cubic metals, when a

TB interacts with matrix dislocations, several scenarios may occur:

(1) TBs act as a barrier to dislocation slip [2,5], resulting in strain

hardening; (2) TBs serve as a dislocation sink, i.e., dislocations are

absorbed by the TBs [6,7]; (3) matrix dislocations can transmit

through the TB into the twin and glide on the corresponding slip

plane [3,8,9]; (4) a matrix dislocation can dissociate into a twinning

dislocation and leaves a residual dislocation at the TB [2,8,10].

Twinning and dislocation slip are the major deformation modes in

plastic deformation of hexagonal close-packed (HCP) metals. Due to

the low symmetry in crystal structures, deformation twinning

accommodates the plastic strain along the c-axis which cannot be

achieved by basal and prismatic dislocations. In magnesium (Mg), the

f1012g extension twinning and f1011g contraction twinning are the

two major modes, and have been studied experimentally and compu-

tationally [11�14]. In terms of twin-slip interaction, the interaction

mechanisms between f1012g extension TBs and matrix dislocations

have been investigated by a number of researchers [15�22]. To

account for the sharp increase in hardening rate during plastic defor-

mation of single crystal and highly textured polycrystal Mg, interac-

tion between matrix dislocations and f1012g TBs was assumed as a

key contributor [15]. However, Capolungo et al. [16] showed that the

stored dislocations in matrix by pre-strainning do not increase the

resistance of the propagation of f1012g TBs. Chen et al. [17] showed

similar behavior in an extruded AZ31 Mg alloy. Recently, Chen et al.

[18] systematically investigated how matrix dislocations interact

with f1012g TBs. They showed that matrix basal and prismatic dislo-

cations can be transmuted to prismatic and basal dislocations in the

twin, only when their Burgers vectors are parallel to the zone axis of

the twins. In contrast, when the Burgers vector of the matrix disloca-

tions is non-parallel to the zone axis, the f1012g TBs act as a disloca-

tion sink that absorbs the dislocations, irrespective of basal, prismatic

or pyramidal dislocations. These simulation results well explain why

f1012g twin-slip interaction only contributes negligibly to work

hardening in Mg and Mg alloys [17].

Unlike f1012g extension twinning which exhibits many non-

classical characteristics [23�27], f1011g contraction twinning is nor-

mally activated at high stress/strain levels near fracture and it has

been considered a key player in fracture of Mg alloys. This twinning

mode is mediated by zonal twinning dislocations [28] and can be well

described by classical twinning theory [29]. When a tensile load is

applied along the extrusion direction of a Mg alloy with a strong basal

texture, the dominant deformation mechanism is prismatic slip
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followed by contraction twinning and pyramidal slip [30]. In this case,

interaction between contraction twins and prismatic slip can be

expected. Kalidindi et al. [31] reported that the interaction between

f1011g twins and dislocations effectively contributes to strain harden-

ing in a Mg alloy by decreasing the mean free path of dislocations, but

no interaction mechanisms were provided. Recently, Peng et al.

[32,33] developed a novel Mg alloy with hierarchical contraction twin

structure which presents strong blocking effect to dislocation motion

and improves the yield strength. Yuasa et al. [34] reported that a screw

basal dislocation can be absorbed into a f1011g TB and split into two

twinning dislocations. Li et al. [35] also studied how basal dislocations

interact with a f1011g TB and showed that pyramidal stacking faults

are generated inside the twin when a basal dislocation impinges on

the f1011g TB. However, interaction of f1011g TB with other matrix

dislocations, e.g., prismatic dislocations, have not been reported.

The aim of this work is to study howmatrix prismatic dislocations

interact with f1011g TBs in pure Mg by using atomistic simulations.

Very interesting and unusual transmutations were observed. Lattice

correspondence analysis was performed to understand the mecha-

nism of such twin-slip interaction. The results obtained provide new

insight on the deformation behavior of Mg and other hcp metals.

2. Simulation method

The embedded atom method (EAM) potential [36,37] for Mg-Al

binary systemwas used in this work. This EAM potential was well devel-

oped by Liu et al. [38], and have been used in numerous atomistic simu-

lations of deformation behavior of Mg andMg-Al alloys [13,18,39�41].

The initial configuration for simulating interaction between pris-

matic dislocations and a f1011g contraction twin boundary (TB) in

magnesium is shown in Fig. 1a. The 3D simulation box of single crys-

tal Mg has a dimension of 25.5 £ 16.5 £ 15.5 nm3, containing a total

of 288,000 atoms. The simulation system was fully relaxed before the

external tensile strain was applied. The tensile load was applied along

the ½2110� direction, which was generated by moving the atoms on

the right free surface away from the box at a constant displacement

rate of a0/10, 000 per timestep, where a0 ¼ 0:32 nm is the lattice con-

stant of Mg. The timestep size equals 3 fs. The corresponding strain

rate is 4.2 £ 109 /s. The temperature was maintained at 100 K during

simulation. Free surfaces were applied to all three dimensions. Note

that no pre-existing dislocations and twins were constructed in our

simulation. Dislocations and deformation twins will be generated by

deformation. This ensures that no artifacts would be generated. The

Fig. 1. (a) Initial, perfect single crystal Mg for simulating interaction between prismatic slip and f1011g twin. A tensile load was applied along the ½2110�. This loading condition dis-

favors f1012g twinning and basal slip, but favors prismatic slip and f1011g twinning. (b) The prismatic slip systems and their Schmid factors (SF). (c) The f1011g twinning systems

and their Schmid factors.
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visualization tool Ovito [42] was used to analyze the simulation

results. Common neighbor analysis (CNA) [43] was used to distin-

guish the crystal structures and lattice defects.

The coordinate system of the hcp unit cell is shown in Fig. 1b and 1c,

which displays the prismatic slip systems and f1011g twinning planes,

alongwith the Schmid factors (SFs) under the applied loading condition.

The basal slip has zero Schmid factor, so no basal dislocations will be

activated. For the prismatic slip systems, a dislocation with Burgers vec-

tor b*

1 ¼ 1
3 ½2110� also has zero Schmid factor. But for prismatic disloca-

tions with Burgers vector b*

2 ¼ 1
3 ½1210� and b*

3 ¼ 1
3 ½1120�, the Schmid

factor equals ~0.43. Thus, these prismatic dislocations can be activated.

For the twin variant with zone axis V3 and its co-zone variant, the

Schmid factor equals zero. Twin variants with zone axes V1 and V2 and

their co-zone variants have a large Schmid factor ~0.31. This coordinate

system will be used for lattice correspondence analysis which is criti-

cally important in understanding the mechanism for interaction

between prismatic dislocations and f1011g twins.

3. Results

Because of the low symmetry of hexagonal-close-packed (hcp)

structures, activation of deformation modes during plastic deforma-

tion of Mg alloys are dependent on the loading direction with respect

to the crystal orientation [44]. In the present simulation, the tensile

strain was along the ½2110� direction, so the Schmid factor of the

basal dislocations equals zero, and no basal slip should be activated.

The loading condition also disfavors f1012g extension twinning but

favors prismatic slip and f1011g contraction twinning.

Fig. 2 shows 3D views of a ð1011Þ twin and a prismatic dislocation.

As shown in Fig. 2a, when the tensile strain was increased to a critical

value, a contraction twin was nucleated and grew. In this plot, the

whole box is tilted by ~60° around the c-axis of the parent, such that

the zone axis of the twin, i.e. ½1210�, is nearly perpendicular to the

figure plane. It can be seen that this variant is indeed a ð1011Þ twin. It

can also be observed that the TB is mostly coherent with steps on it.

This is consistent with previous simulation results [28] and high reso-

lution TEM observations [29]. Li and Ma [28] showed that the one-

layer steps on the TB are immobile, and the two-layer steps are zonal

twinning dislocations that are stable and mobile, whereas the four-

layer steps are mobile but tend to dissociate into two two-layer steps.

Additionally, two types of basal stacking faults can be observed inside

the ð1011Þ twin. It is worth noting that these stacking faults are funda-

mentally different: the single-layered fault (in green) is generated by

large atomic shuffles and have nothing to do with Shockley partial dis-

locations [45], and they are defined “partial stacking faults” [26,27]

because only those atoms on every other basal plane are displaced. In

sharp contrast, the double-layered stacking fault is created by a Shock-

ley partial dislocation [18]. As the deformation proceeds, the ð1011Þ

twin continues growing. Fig. 2b shows a 3D view of the system when

those atoms of perfect HCP structure are removed. It is observed that

the two ð1011Þ twin boundaries (TBs) are coherent. A prismatic dislo-

cation gliding in the matrix toward the TB is also revealed.

Fig. 2. (a) As the tensile strain was increased to a critical value, a ð1011Þ twin was nucleated and grew. (b) 3D view of the ð1011Þ twin boundaries (TBs) which are coherent. Atoms in

the perfect hcp lattice are hidden. A prismatic dislocation gliding in the matrix toward the TB is also revealed.
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In Fig. 3a, as the tensile strain increases, the prismatic dislocation is

gliding toward the TB. To determine its Burgers vector of this prismatic

dislocation, the crystal box is tilted such that the slip plane is edge-on.

Then a Burgers circuit is drawn around the dislocation (the white and

blue atoms, Fig. 3b). It is seen that the dislocation is on the ð1100Þ pris-

matic plane, and its Burgers vector is determined as 1
3 ½1120�. Fig. 3c

schematically shows the ð1100Þ prismatic slip and the ð1011Þ twin. It

can be seen that the prismatic slip plane and the twinning plane inter-

sect. Thus, interaction between the prismatic dislocation and the TB

will occur. Notably, the Burgers vector of this prismatic dislocation is

non-parallel to the zone axis of the ð1011Þ twin.

The process of twin-slip interaction is shown in Fig. 4. The first pris-

matic dislocation glides, approaches and eventually impinges on the

TB (Fig. 4a). This dislocation is designated as the “1st prismatic disloca-

tion” because later on a second prismatic dislocations (see below)

nucleates, glides and then impinges on the TB at the same location. To

record the energy evolution during twin-slip interaction between the

prismatic dislocations and ð1011Þ TBs, a boxed region located at

the right TB was selected (Fig. 4a), and the average potential energy of

the selected atoms were computed vs. simulation time. As the 1st pris-

matic dislocation touches the TB, a new structure (indicated by the

dashed red circle) is created inside the twin (Fig. 4b). This new struc-

ture not only grows toward the interior of the ð1011Þ twin (Fig. 4c),

but also extends along the trace of the impingement (Fig. 4d). As ana-

lyzed below, this new structure inside the twin is actually a

(2111Þ½2116� twin whose parent is the ð1011Þ twin. Eventually, the

1st prismatic dislocation completes the interaction, disappears from

the matrix but creates a ð2111Þ twin inside the ð1011Þ twin. Similarly,

another region, i.e. box 2 (Fig. 4d) which contains a part of the ð2111Þ

twin was selected to compute the energy evolution.

To analyze the new structure that is created by the twin-slip interac-

tion, the ð1011Þ twin is tilted such that this structure is viewed nearly

along the trace of the dislocation line impinging on the TB (Fig. 5a). The

twin-slip interaction creates a step on the TB. It can be seen that this

new structure is only several atomic layers in thickness and height.

Another tilting is then performed such that the viewing direction is

along the ½0110�, i.e. the zone axis for ð2111Þ twins (Fig. 5b). In this

viewing direction, the interface between the new structure (in white)

and the ð1011Þ twin (in red) is edge-on. Thus, the new structure that is

created by the twin-slip interaction is indeed a ð2111Þ twin whose par-

ent is the ð1011Þ twin. But the thickness of the ð2111Þ twin only con-

tains three atomic layers. Hence, the prismatic dislocation in the parent

is transmuted to a ð2111Þ twin inside the ð1011Þ twin.

As the deformation continues, the ð1011Þ twin grows and more

prismatic dislocations are generated and glide toward the TB. Fig. 6a

shows a second prismatic dislocation nucleates and glides on the

same slip plane of the first one and interacts with the TB at the same

location. As the top portion of the 2nd prismatic dislocation impinges

on and interacts with the TB, this interaction causes the ð2111Þ twin

to further grow inside the ð1011Þ twin toward the opposite TB

Fig. 3. (a) The prismatic dislocation is approaching the TB. (b) Burgers circuit analysis shows that the ð1100Þ prismatic dislocation has a Burgers vector of 1
3 ½1120�. (c) Crystallogra-

phy of the ð1100Þ slip system and the ð1011Þ twinning system.
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(Fig. 6b). Eventually, the ð2111Þ twin grows and reaches the opposite

ð1011Þ TB (Fig. 6c). In Fig. 6c, a region located at the opposite TB

(box 3) was selected to compute the energy evolution during the

interaction between the (2111Þ twin and TB. When the 2nd prismatic

dislocation completes its interaction with the ð1011Þ twin, the ð2111

Þ twin detaches from the right ð1011Þ TB on which the prismatic dis-

locations first impinge (Fig. 6d). What happens next is very interest-

ing. A prismatic dislocation, which has the same Burgers vector as

the incoming prismatic dislocations, is formed on the opposite ð1011

Þ TB and glides away from the TB toward the free surface (Fig. 6e). As

this dislocation is exiting the TB, the ð2111Þ twin gradually shrinks

and eventually disappears inside the ð1011Þ twin (Fig. 6f).

To better reveal the twin ! dislocation transmutation during

twin-slip interaction as shown in Fig. 6, the ð1011Þ twin is tilted

while the TBs are maintained edge-on, and the slip plane of the pris-

matic dislocations in the matrix is also edge-on. Fig. 7 shows the

edge-on views of the interaction between the 2nd prismatic disloca-

tion and the ð1011Þ TBs in time sequence. In Fig. 7a, the 2nd prismatic

dislocation impinges on the ð1011Þ TB at the same location as does

the 1st prismatic dislocation. It can be clearly seen that, the impinge-

ment of the 2nd prismatic dislocation on the TB causes the ð2111Þ

twin to thicken and grow toward the opposite ð1011Þ TB (Fig. 7b and

7c). As the interaction continues, the ð2111Þ twin further grows and

reaches the opposite ð1011Þ TB. At this time, an exiting dislocation is

formed at the TB (Fig. 7d), and this dislocation is gliding away from

the TB toward the free surface of the system (Fig. 7e). As the first exit-

ing dislocation reaches and disappears at the free surface, a 2nd exit-

ing dislocation is formed and glide toward the free surface as well.

The ð2111Þ twin gradually disappears from the inside of the ð1011Þ

twin as the 2nd exiting dislocation is gliding away (Fig. 7f). Eventu-

ally, the twin-slip interaction is completed, and the ð2111Þ twin and

matrix prismatic dislocations all disappear.

In Fig. 8a, the lattice is tilted such that the ð2111Þ TBs are edge-on.

It can be seen that the ð2111Þ twin slightly grows (compared to

Fig. 5b) as the 2nd prismatic dislocation is interacting with TB. Fig. 8b

shows the slip plane of the exiting prismatic dislocation. Obviously,

this dislocation is on the prismatic plane of the parent and has the

same Burgers vector of the incoming prismatic dislocations in Figs. 4,

6 and 7. Hence, the whole interaction process can be expressed as:

ð1100Þdislocation ! ð2111Þtwin ! ð1100Þdislocation.

Fig. 5a shows that a step is created when the first dislocation

interacts with the ð1011Þ TB. When a matrix dislocation interacts

with a twin boundary, a residual dislocation and a step could be left

on the TB [2,8,10]. To reveal how the step in Fig. 5a evolves during

twin-slip interaction, another set of close-up views is provided in

Fig. 9. Before the prismatic dislocation impinges on the TB (Fig. 9a),

the TB is coherent. After the prismatic dislocation impinges and inter-

acts with the TB, a one-layer step is left at the TB (Fig. 9b). The one-

layer step can clearly be seen after the dislocation is transmuted into

the (2111Þ twin (Fig. 9c). At this time, a double layered zonal disloca-

tion glides toward the step from the lower right side. However, this

zonal dislocation is a detwinning dislocation and it shrinks the twin

by two ð1011Þ planes. The Burgers vector of this detwinning disloca-

tion equals�bT¼
4g2�9

2ð4g2þ3Þ
1012
h i

(g is the c/a ratio 1.624 for Mg) [46].

This causes the step to switch side due to the local detwinning

(Fig. 9d). As the 2nd prismatic dislocation interacts with the TB

(Fig. 9e), the one-layer step is eliminated by this 2nd dislocation and

the TB resumes coherency (Fig. 9f). The overall reaction of the two

prismatic dislocations and the detwinning dislocation can be

described as: 2 � 1
3 1120
h i

þ 4g2�9
2ð4g2þ3Þ

1012
h i

, which eliminates the

steps on the TB.

Fig. 10 shows the evolution of the step on the opposite side of the

ð1011Þ TB when the (2111Þ twin interacts with the TB and trans-

mutes back into prismatic dislocation in the parent. The TB is initially

coherent before the (2111Þ twin impinges on it (Fig. 10a). As the

(2111Þ twin reaches the TB and is transmuted to prismatic disloca-

tion, a one-layer step is created on the TB (Fig. 10b). The one-layer

step retains after the 1st dislocation completely exits the ð1011Þ twin

Fig. 4. Interaction between the prismatic dislocation and the ð1011Þ twin boundary (TB) in time sequence. The TBs are edge-on. (a) The prismatic dislocation impinges on the TB. A

boxed region was selected at the TB to compute the energy evolution during twin-slip interaction. (b) The prismatic dislocation interacts with the twin and creates a structure (indi-

cated by the dashed red circle) inside the twin. As analyzed in Fig. 5, this structure is actually a (2111Þ twin whose parent is the ð1011Þ twin. (c) The (2111Þ twin grows into the

ð1011Þ twin. (d) The (2111Þ twin lengthens along the TB. Another boxed region containing part of the ð2111Þ twin was selected to compute the energy evolution.
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(Fig. 10c). When the (2111Þ twin continues transmuting to prismatic

dislocations, the one-layer step grows to two layers as the 2nd dislo-

cation exits. Meanwhile, a double layered zonal twinning dislocation

is nucleated at the intersection (Fig. 10d). The Burgers vector of this

twinning dislocation equals bT¼
4g2�9

2ð4g2þ3Þ
1012
h i

[46]. This two-layer

zonal twinning dislocation glides and thickens the twin by two layers

(Fig. 9e) and evens the incoherent TB. Eventually, the two-layer step

disappears, and the ð1011Þ TB resumes coherency (Fig. 10f). The over-

all reaction of the two prismatic dislocations and the twinning dislo-

cation can be described as: 2� 1
3 1120
h i

þ 4g2�9
2ð4g2þ3Þ

1012
h i

, which

eliminates the step on the opposite TB.

Fig. 11 plots the energy evolution of the pre-selected atoms in the

three regions (Figs. 4a, 4d and 6c) during twin-slip interaction. In this

figure, the average potential energy of the selected atoms was plotted

against the energy before interaction. The X axis is the simulation

time relative to a simulation timestep before the twin-slip interac-

tion. Three energy profiles in red, green and blue are plotted in

Fig. 11, corresponding to the energy of region 1, 2 and 3, respectively.

The red profile in Fig. 11 represents the interaction energy

between the incoming prismatic dislocations and ð1011Þ TB. As the

first prismatic dislocation impinges on the TB (Fig. 4a), a sharp

increase in the energy occurs. The twin-slip interaction results in the

nucleation of the (2111Þ twin at the intersection (Fig. 4d), leading to

an energy plateau on the energy plot. It can be estimated that the

energy barrier for the dislocation ! twin transmutation is

~24 meV/atom. As the tensile strain further increases, another sharp

increase in the energy occurs, and this corresponds to the impinge-

ment of the 2nd prismatic dislocation on the TB at the same location

(Figs. 6a and 7b). The second prismatic dislocation adds ~15.5 meV/a-

tom on top of the ~24 meV/atom from the first prismatic dislocation.

Compared to the energy barrier (~4.2 meV/atom) for f1012g twin-

slip interaction [18], this energy barrier for interaction between ð101

1Þ twin and prismatic dislocations is much higher, indicating that f

1011g twins may be a more effective barrier to dislocation slip. This

is consistent with the experimental observation by Kalidindi et al.

[31] who showed f1011g twins can significantly contribute to strain

hardening. When the (2111Þ twin reaches the opposite TB, the

energy drops and levels out. After the (2111Þ twin detaches from the

TB where it nucleates and eventually disappears, the energy returns

to the level close to before interaction.

The blue curve in Fig. 11 corresponds to the time period from the

formation to disappearance of the (2111Þ twin inside the ð1011Þ twin.

A sharp increase in the energy barrier can be seen when the (2111Þ

twin starts forming, followed by a plateau representing the growth of

(2111Þ twin. As the 2nd prismatic dislocation impinges on the TB,

another sharp increase in energy occurs. Then the energy levels out at

about 6 meV higher than the first plateau, which is due to the interac-

tion between the 2nd prismatic dislocation and the TB. After the ð2111Þ

twin disappears, the energy of the selected atoms drops.

The green curve in Fig. 11 shows the energy evolution of region 3,

which results from the impingement of (2111Þ twin on the opposite

TB and the transmutation of (2111Þ twin to prismatic dislocations. It

can be seen that the energy barrier of the twin ! dislocation trans-

formation is ~21 meV/atom. Therefore, the barriers of the unusual

dislocation ! twin ! dislocation transmutations (Figs. 4, 6 and 7) is

much higher than that of f1012g twin-slip interaction [18].

4. Analysis and discussion

4.1. Lattice correspondence analyses

The simulation results in this work present a very interesting but

astonishing scenario in which a prismatic dislocation in the matrix is

transmuted into a ð2111Þ twin when it impinges and interacts with a

ð1011Þ TB, and then the f1121g twin is transmuted back to prismatic

dislocations at the opposite ð1011Þ TB. The net effect of this twin-slip

interaction is that the prismatic dislocations transmit across the ð1011Þ

twin which is a physical barrier to dislocation glide. During the interac-

tion, the incident prismatic dislocations lose their dislocation identity by

transmuting into a ð2111Þ twin which serves as an intermediate struc-

ture. Then the dislocation identity is resumed after the ð2111Þ twin is

transmuted reversely to prismatic dislocations. This behavior has not

been reported before. To understand the mechanism for such an

unusual twin-slip interaction, in the following, a detailed analysis is con-

ducted inside the framework of classical twinning theory.

Conceivably, the observed transformation can be understood from

the perspective of lattice correspondence which is a key feature in the

classical theory of deformation twinning [46]. Naturally, our analysis

begins with analyzing the lattice correspondence for f1011g twin-

ning. According to Christian [46], during deformation twinning or

phase transformation, there exists a uniquely defined one-to-one lat-

tice correspondence between the parent and the twin lattice. The

parent lattice is transformed to the twin lattice and this lattice trans-

formation is achieved by a homogeneous simple shear on the twin-

ning plane, i.e. the first invariant plane (K1), along the twinning

direction (h1). For hcp metals, the simple shear is mediated by zonal

twinning dislocations [28,46]. The lattice correspondence can be

expressed by a linear transformation [46]:

v ¼ Su ð1Þ

Thus, a vector u of the parent is transformed to a vector v of the

twin. These two vectors are called corresponding vectors, and S is a

Fig. 5. (a) Side view of the (2111Þ twin that is created by the twin-slip interaction. The

twin-slip interaction creates a step at the location of impingement. (b) Tilted view of

the (2111Þ twin (the white atoms) with respect to the parent which is the ð1011Þ twin

(the red atoms) (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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second rank tensor. It also holds that a crystallographic plane of the

parent must be transformed to a corresponding plane of the twin

[47]. Using the concept of lattice correspondence, Basinski et al. [48]

explained why the hardness of a twin became higher than the matrix

after twinning in copper, as a result that mobile dislocations in the

matrix were transmuted to immobile dislocations in the twin.

The concept of lattice correspondence in f1011g twinning is

graphically explained in Fig. 12 in which the parent and the twin are

colored in red and green, respectively. The zone axis is along the

h1210 i direction. The twinning plane or the first invariant plane, i.e.,

the K1 plane, is colored in white and denoted by the blue dashed line.

The red and green rectangles denote the unit cells in the parent and

twin. The mirror symmetry about the twinning plane can be seen

from these two unit cells. To the left, the second invariant plane, i.e.

the K2 plane f1013gP (denoted by the brown line) is transformed to

the K 0
2 plane f1013gT (denoted by the green line) by the twinning

shear (denoted by the blue arrow). According to the classical twin-

ning theory [46], each crystallographic plane of the parent must

undergo exactly the same simple shear. For one example, the atoms

on the parent basal plane (0002)P (denoted by the single brown line)

are sheared to the positions in the twin by the same magnitude of

twinning shear (denoted by the blue arrow at the top). It can be seen

that these positions are on the f1011gT plane of the twin (denoted

by the double green lines). Thus, this lattice transformation can be

described as: ð0002ÞP ! f1011gT . Because the f1011gT plane has a

double-layered structure, atomic shuffles must be involved during

lattice transformation. For another example, the atoms on the dou-

ble-layered f1011gP plane (denoted by the double brown lines) are

sheared to the twin positions by the same magnitude of twinning

shear as denoted by the blue arrow at the top. These twin positions

are on the (0002)T plane (denoted by the single green line). Thus, this

lattice transformation can be described as: f1011gP ! ð0002ÞT .

Fig. 12 only shows how two crystallographic planes of the parent are

transformed to the corresponding planes of the twin. Any other

atomic planes must be transformed to the corresponding planes of

the twin by the same twinning shear.

Fig. 6. (a) A second prismatic dislocation nucleates and glides on the same slip plane of the first one and interacts with the TB at the same location. (b) The top portion of the 2nd

prismatic dislocation interacts with the TB, causing the (2111Þ twin to further grow inside the ð1011Þ twin. (c) As the 2nd prismatic dislocation continues interacting with the

ð1011Þ twin, the (2111Þ twin grows and reaches the opposite ð1011Þ TB. A boxed region at the opposite TB was selected to compute the energy evolution as the (2111Þ twin inter-

acts with the opposite TB. (d) As the second prismatic dislocation completes its interaction with the ð1011Þ twin, the (2111Þ twin is detaching from the ð1011Þ TB on the right. (e)

The (2111Þ twin is disappearing inside the ð1011Þ twin by forming an exiting dislocation at the ð1011Þ TB on the left. (f) The (2111Þ twin eventually disappears totally.
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In the simulations of the current work, prismatic slip is activated,

and the prismatic dislocations are transformed to a ð2111Þ twin

inside the ð1011Þ twin when the prismatic dislocations are interact-

ing with the ð1011Þ TB. Thus, it is necessary to analyze all the possible

transformations of the prismatic planes of the parent to what planes

of the twin during ð1011Þ twinning. To this end, another simulation

was conducted with exactly the same configuration to Fig. 1a. In this

simulation, three different prismatic planes and the Burgers vectors

of hai dislocations on these planes were pre-selected and tracked dur-

ing deformation. Fig. 13a shows the simulation strategy. Before the

simulation started, the double-layered ð1100Þ, ð1010Þ and ð0110Þ

planes were colored in pink, white and blue, respectively. Three col-

umns of atoms along the h2110 i , i.e. the Burgers vectors of the hai

prismatic dislocations were also pre-selected and colored in purple,

yellow and green, respectively. As such, the lattice transformations

involving these prismatic planes and the Burgers vectors can be

tracked throughout the simulation and the transformation results

can be analyzed with clarity. A tensile load was also applied along the

½2110� direction. In Fig. 13b, a 3D view of the colored prismatic planes

and the Burgers vectors are displayed and those atoms that were not

pre-selected are hidden. After ð1011Þ twinning, as shown in Fig. 14,

the pre-selected and pre-colored prismatic planes and Burgers vec-

tors in the parent have been transformed to the corresponding planes

and vectors in the twin. In the following, the crystallographic charac-

teristics of the corresponding planes and vectors are analyzed care-

fully and in great detail.

In Fig. 15, the lattice transformation of the ð1100Þ prismatic plane

and the ½1120� vector after ð1011Þ contraction twinning is analyzed.

In Fig. 15a, the twin lattice is tilted such that the transformed pink

plane is edge-on, whereas the blue and white plane are inclined. In

Fig. 7. Side view of the interaction between the 2nd prismatic dislocation and the ð1011Þ TB in time sequence. (a) The 2nd prismatic dislocation is approaching the TB at the location

where the (2111Þ twin is formed. (b) The 2nd prismatic dislocation impinges on the TB. (c) The twin-slip interaction causes the (2111Þ twin to thicken and grow toward the oppo-

site ð1011Þ TB. (d) The (2111Þ twin reaches the opposite TB. An exiting dislocation is formed at the TB. (e) The twin-slip interaction is completed and the exiting dislocation is gliding

away from the ð1011Þ TB. (f) The (2111Þ twin gradually disappears from the inside of the ð1011Þ twin as the exiting dislocation is gliding away.
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this plot, only a thin slice of the bulk is shown. Next, the boxed region

in Fig. 15a is magnified and analyzed in Fig. 15b. It can be seen that

the pink atoms lie on four consecutive ð2111Þ planes, indicating that

the parent ð1100Þ prismatic plane has been transformed to the

ð2111Þ plane in the twin. Note this is the twinning plane of the twin

inside the ð1011Þ twin. The purple atoms appear to be parallel to the ð

2111Þ plane after transformation, however, the direction of the pur-

ple atoms cannot be determined in this view. To determine the direc-

tion along which the purple atoms are aligned, as shown in Fig. 15c,

we tilt the view of Fig. 15b to another viewing direction. In this plot,

it can be seen that the purple atoms also lie in the ð0111Þ plane. Thus,

the purple atoms must be at the intersection of the ð0111Þ plane and

the ð2111Þ plane. In Fig. 15d, the hci component of the transformed

vector is analyzed. The viewing direction is along the ½0110� direction

and three atoms 1, 2 and 3 are highlighted. The distance between

atom 1 and 2 along the [0001] equals hci. Then, we tilt Fig. 15d such

that the viewing direction is along the [0001] to determine the hai

component of the transformed vector (Fig. 15e). Atom 1, 2 and 3 are

on every other basal planes. The projected distance from atom 1 to

atom 2 on basal plane is a full hai, i.e., 13 ½1210�. It is now clear that, the

h a i ¼ 1
3 ½1120� vector in the parent is transformed to a h c þ a i , i.e.,

½0001� þ 1
3 ½1210� ¼

1
3 ½1213�, by the ð1011Þ twinning. These analyses

are schematically shown in Fig. 15f. The purple plane is the ð2111Þ

that is transformed from the parent ð1100Þ, and the purple atoms are

along the 1
3 ½1213� in the ð1011Þ twin. The 1

3 ½1213� is at the intersec-

tion of the ð0111Þ and ð2111Þ. Hence, during ð1011Þ twinning, the

lattice transformation for the prismatic plane and the Burgers vector

in the matrix can be described as:

1100
� �

1120
h i

Parent
! 2111

� �

1213
h i

Twin
ð2Þ

Next, we perform similar analysis for lattice transformation of the

ð1010Þ prismatic plane and 1
3 ½1210� Burgers vector by the ð1011Þ

twinning. The results are shown in Fig. 16. First, the twin lattice is

tilted such that the white plane is edge-on (Fig. 16a). In this thin slice,

the pink and blue plane are inclined. Then the boxed region in

Fig. 16a is magnified and analyzed (Fig. 16b). It is clear that the white

atoms are located on two consecutive ð1013Þ planes in the twin, indi-

cating the parent ð1010Þ prismatic plane is transformed to the ð1013Þ

in the twin. In addition, the yellow atoms are parallel to the viewing

direction, i.e., along the ½1210�. Thus, the Burgers vector remains

unchanged before and after twinning. Notably, this vector is also par-

allel to the zone axis of the ð1011Þ twins, i.e. ½1210�. Hence, the above

transformation can be described as:

1010
� �

1210
h i

Parent
! 1013

� �

1210
h i

Twin
ð3Þ

Fig. 8. (a) A close-up of the (2111Þ twin created by the twin-slip interaction. (b) The exiting dislocation is a prismatic dislocation in the matrix which has the same Burgers vector of

the incoming prismatic dislocations in Figure 4, 6-7.
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The lattice transformation of the ð0110Þ prismatic plane and
1
3 ½2110� Burgers vector by the ð1011Þ twinning is also analyzed simi-

larly and the results are shown in Fig. 17. First, as shown in Fig. 17a,

the ð1011Þ twin is tilted such that the blue plane is edge-on, whereas

the pink and the white planes are inclined. Then the boxed region in

Fig. 17a is magnified and analyzed (Fig. 17b). It can be seen that after

twinning, all the blue atoms are located on a corrugated ð1101Þ plane,

and the green atoms are parallel to the ð1101Þ. When the box is tilted

to another zone axis ½1210�, it can be found that the green atoms are

also parallel to the ð1011Þ plane. Thus, the green atoms, which

represent the vector transformed from the original h a i ¼ 1
3 ½2110�,

actually lie at the intersection of the ð1011Þ and ð1101Þ planes

(Fig. 17c). To determine the hci component of the transformed vector

along the green atoms, the box is tilted to the zone axis of ½1120�, as

shown in Fig. 17d. Five green atoms are selected and numbered.

Atoms 1, 3 and 5 are along exactly the same line while atoms 2 and 4

are on the corrugated positions but along the same direction as are

atoms 1, 3 and 5. It can be seen that the distance from atom 1 to atom

3 along the [0001] is a full hci. After the box is tilted to the [0001]

view direction, the basal component of the transformed vector can

Fig. 9. Evolution of the steps at the ð1011Þ TB when the matrix prismatic dislocations interact with the TB. (a) The 1st prismatic dislocation is approaching the coherent TB. (b) A

one-layer step is generated at the TB when the dislocation is interacting with the TB. (c) The one-layer step and the (2111Þ twin can be seen. (d) A double layered detwinning dislo-

cation glides toward the step and shrinks the twin by two ð1011Þ planes. (e) After detwinning, the step swaps side. The 2nd prismatic dislocation is approaching the TB. (f) The

ð1011Þ TB resumes coherency after interaction with the 2nd prismatic dislocation.
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be determined as ½0110�, as shown in Fig. 17e. Thus, the 1
3 ½2110� vec-

tor in the parent is transformed to ½0001� þ ½0110� ¼ ½0111� by the

ð1011Þ twinning. These analyses are crystallographically summarized

in Fig. 17f. The shaded blue plane is the ð1101Þ which is transformed

from the parent ð0110Þ. The green atoms are along the green vector

of ½0111� in the ð1011Þ twin. This transformed vector is at the inter-

section of the ð1011Þ and ð1101Þ. Thus, the lattice transformation can

be described as:

0110
� �

2110
h i

Parent
! 1101

� �

0111
h i

Twin
ð4Þ

Following the pioneer works of Christian and Basinski [46,48],

Niewczas [49] developed the lattice correspondence matrices for all

four major twinning modes of HCP metals. Transformations of some

crystallographic planes and directions by the twinning modes in Mg

and Ti were calculated. In the case of f1011g h1012 i twinning mode

in Mg [49], the lattice correspondence of the basal, prismatic and

pyramidal slip systems were provided. In Table 1, the calculated

results for the prismatic plane by Niewczas [49] and the results

obtained by our atomistic simulations were listed and compared.

From Table 1, consistency and discrepancy between the mathemat-

ical calculations [49] and our simulations can be seen. For the

Fig. 10. Evolution of the step at the ð1011Þ TB as the (2111Þ twin is transmuted back to prismatic dislocations in the parent. (a) The (2111Þ twin is approaching the coherent ð1011g

TB. (b) A one-layer step is generated at the TB as the (2111Þ twin is transmuted into a prismatic dislocation in the parent. (c) A one-layer step is left at ð1011Þ TB after the first dislo-

cation exits. (d) The (2111Þ twin is transmuted into a 2nd prismatic dislocation. The step height increases to two layers. Meanwhile, a twinning dislocation is being nucleated at the

intersection. (e) The twinning dislocation glides and thickens the ð1011Þ twin by two layers and removes the two-layer step (f).
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ð1010Þ ½1210� slip system, the agreement is excellent. Thus, crystallo-

graphically, this prismatic slip system would be transformed to a slip

system on the ð1013Þ plane in the twin while retaining the original

Burgers vector, which is also the zone axis of the twins. For the

ð0110Þ½2110� slip system, our results show that, this ð0110Þ prismatic

plane should be transformed to the ð1101Þ pyramidal plane and the

Burgers vector should be transformed to the ½0111�. If we compare our

simulation result with the calculated result, a discrepancy can be seen

but the difference between these results is insignificant. For example,

the ð1433Þ in the table is very close to the ð0111Þ, and the ½5416� is

very close to the ½1101�. Thus, most likely, the round-off error in the

matrix transformation is responsible for the discrepancy. A more sig-

nificant discrepancy can be found in the case of ð1100Þ½1120�. Our

results show that the ð1100Þ prismatic plane should be transformed to

the ð2111Þ pyramidal plane and the Burgers vector ½1120� should

be transformed to the ½1213� in the twin, but the calculated result

shows that the transformed plane is the ð3413Þ and the transformed

direction is the ½1456�.

4.2. Mechanism for the dislocation! twin! dislocation

transformations

Based on the lattice correspondence analyses, it can now be

understood why a gliding prismatic dislocation in the matrix can be

transformed into a ð2111Þ twin inside a ð1011Þ twin when interact-

ing with the coherent ð1011Þ TBs.

As seen in Fig. 4, a ð1100Þ 13 ½1120� prismatic dislocation in the

matrix interacts with a ð1011Þ TB and the matrix dislocation is trans-

formed to a ð2111Þ twin with a thickness of a couple of atomic layer

inside the ð1011Þ twin. As analyzed in Fig. 15, the slip plane of the

matrix prismatic dislocation, i.e. ð1100Þ, is transformed to the ð2111Þ

plane of the ð1011Þ twin and this ð2111Þ plane is exactly one of the

twinning planes of HCP metals although not a slip plane. The Burgers

vector of the prismatic dislocation in the matrix, i.e. 13 ½1120� is trans-

formed to the ½1213� of the ð1011Þ twin. But the Burgers vector of the

twinning dislocations of f1121g twinning should be along the

h1126 i . According to Vaidya and Mahajan [50], formation of a zonal

twinning dislocation for f1121g twinning can be described with the

following dislocation reaction:

1

3
h1213 i ¼

1

2
¢
1

3
h2116 i þ

1

2
h0110 i ð5Þ

Thus, the twinning Burgers vector is a major component of the

transformed vector ½1213�, although the transformed vector in theory

is not exactly along the direction of twinning shear. The transforma-

tions of the slip plane and the Burgers vector of a prismatic dislocation

in the matrix make possible the dislocation ! twin ! dislocation

transformation, at least crystallographically such an interesting trans-

formation is feasible.

Fig. 11. Evolution of the selected atoms (region 1, 2 and 3 in Figs. 4 and 6) during twin-

slip interaction. The red curve is the energy evolution of region 1 (Fig. 4a), correspond-

ing to the interaction between the incoming prismatic dislocations and ð1011Þ TB. The

blue curve represents the energy evolution of region 2 (Figure 4d), which corresponds

to the formation and disappearance of the (2111Þ twin inside ð1011Þ twin. The green

curve is the energy evolution of region 3 (Fig. 6c), corresponding to the processes of

ð2111Þ twin impinging on the opposite TB and then transforming to the prismatic dis-

locations (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.).

Fig. 12. Illustration of lattice correspondence in f1011g h1012 i twinning. The parent and the twin are colored in red and green, respectively. Zone axis h1210 i . The twinning

plane, i.e., the K1 plane, is colored in white and denoted by blue dashed line. To the left, the K2 plane f1013gP (denoted by the brown line) is transformed to the K 0
2 plane f1013gT

(denoted by the green line) by the twinning shear (denoted by the blue arrow). Because each plane of the parent must undergo exactly the same twinning shear, as a result, the par-

ent (0002)P plane (denoted by the single brown line) is transformed to the twin f1011gT plane (denoted by the double green lines). Similarly, the parent f1011gP plane (denoted by

the double brown lines) is transformed to the twin (0002)T (denoted by the single green line). The rectangles denote the lattice units in the parent and twin to show the mirror sym-

metry (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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4.3. Comparison with twin-slip interaction in f1012gmode

Twin-slip interaction for f1012g mode has been investigated

extensively by experiments and simulations [17,20,22,51], in an

attempt to account for mechanical properties of Mg alloys. It was

shown that only those dislocations with a Burgers vector parallel to

the zone axis of f1012g twins can be transmuted [18]. In stark con-

trast in this work, the Burgers vector of the matrix dislocation
1
3 ½1120� is not parallel to the zone axis of the twins 1

3 ½1210� (Fig. 3),

but transmutation still occurs. The product vector of the lattice trans-

formation, i.e. ½1213�, is slightly away from the twinning direction.

On the other hand, the transformation of the prismatic slip plane

exactly follows the correspondence predicted by the classical twin-

ning theory. Most interestingly, the mobile prismatic dislocation in

the matrix was not transmuted to an immobile dislocation in the con-

traction twin; instead, it was transmuted to a ð2111Þ twin. The

growth of the ð2111Þ was sustained by the transmutation of succes-

sive prismatic dislocations that impinged at the same location. After

the ð2111Þ twin reached the opposite TB, it was transmuted back to

prismatic dislocations which exited the ð1011Þ twin. Hence, the

matrix dislocations are not absorbed by the TB despite that their Bur-

gers vector is non-parallel to the zone axis of the twins. Similarly, the

interaction of a basal dislocation with ð1011Þ TB is also very different

from the f1012g twin-basal dislocation interaction. Li et al. [35]

reported that when a basal dislocation whose Burgers vector is not

parallel to the zone axis of the ð1011Þ twin, this basal dislocation can

still be transmuted into a pyramidal dislocation on ð1011Þ plane of

the twin, which is a corresponding plane of the parent basal plane.

Similar lattice transformation was reported by Peng et al. [32].

The difference between twin-slip interactions for f1012g exten-

sion twinning and f1011g contraction twinning deserves further

investigations. Herein we only provide preliminary discussion of

underlying physics responsible for the difference. The twinning

mechanism is very different between these two twinning modes. For

f1012g twinning, it has been extensively reported that TBs are highly

incoherent and can hugely deviate from the twinning plane in experi-

ments [24,39,52] and simulations [23,53]. Using molecular dynamics

simulation, Li and Ma [54] found that f1012g twinning is actually

mediated by atomic shuffling which transforms the “parent basal to

twin prismatic and parent prismatic to basal”. Li and Zhang [23] fur-

ther proved that the twinning shear should be zero for f1012g mode

because of the breakdown of the invariant plane strain condition

which is a fundamental assumption in classical twinning theory.

Recent reports [18,53,55] have shown that, despite the definitions of

twinning disconnection [56,57] and disclination [58] on highly inco-

herent f1012g TBs, when lattice correspondence analysis was per-

formed, the twinning mechanism in the works claiming

disconnection and disclination is exactly the same as the Li-Ma [54]

shuffling mechanism. During TB migration, atomic shuffles, which

are required to accomplish the lattice transformation, distort the

structure of the theoretical twinning plane, leading to extremely

incoherent TB structures. During interaction of incoherent TBs with

incoming matrix dislocations, most of the matrix dislocations are

absorbed by the TBs which act as a dislocation sink, except for those

with a Burgers vector parallel to the zone axis of the twins [18].

Although some prismatic dislocations are supposed to be trans-

formed to f1123} pyramidal dislocations according to lattice corre-

spondence calculations, such transformation does not occur possibly

due to the large Burgers vector and complex core structure of pyra-

midal dislocations.

For f1011g twinning, Li and Ma [28] showed that this twinning

mode very well follows the classical twinning theory. A twinning

shear can be well defined on the twinning plane which remains

coherent during TB migration and zonal twinning dislocations are

involved in twin growth. Large atomic shuffles are also needed but

Fig. 13. To analyze the lattice transformation during twin-slip interaction, another sim-

ulation was conducted with a similar configuration to Fig. 1a but three different pris-

matic planes and the Burgers vectors of hai prismatic dislocations were pre-selected and

colored differently. (a) Before twinning, the double layered ð1100Þ, ð1010Þ and ð0110Þ

plane were colored in pink, white and blue, respectively. Three columns of atoms that

are along the h2110 i , i.e. the corresponding Burgers vectors of the prismatic disloca-

tions were also pre-selected and colored in purple, yellow and green, respectively. (b)

3D view of the colored prismatic planes and vectors. The red atoms in the lattice are hid-

den (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.).

Fig. 14. After ð1011Þ twinning, the pre-selected and pre-colored prismatic planes and

Burgers vectors in the parent are transformed to corresponding planes and vectors in

the twin.
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the shuffles are nearly along the same direction and inside the twin-

ning plane. Thus, the twin boundaries retain the coherency during

twin growth, as revealed in experiments and simulations [59]. The

coherent TB structure might be an important factor determining dis-

location transformation at the TBs. For example, the other two pris-

matic dislocations, i.e. ð0110Þ½2110� and ð1010Þ½1210� might be able

to transform to defects on f1011g and f1013g planes, according to

the lattice correspondence analyses in this work. However, more sim-

ulations are needed to verify this point. In addition, in-situ TEM

experiments might be able to provide more insight from experimen-

tal observations.

5. Conclusions

In this work, interaction between matrix prismatic dislocations

and f1011g TBs was investigated by atomistic simulations. Very

unusual dislocation ! twin ! dislocation transmutations on the TBs

were observed. The following conclusions can be reached:

(1) When a matrix prismatic dislocation interacts with a f1011g TB,

the prismatic dislocation can be transmuted to a f1121g twin

inside the f1011g twin. When a second matrix prismatic disloca-

tion impinges on the TB at the same location as does the first

Fig. 15. Lattice correspondence analysis for theð1100Þ prismatic plane and 1
3 ½1120� Burgers vector after ð1011Þ twinning. (a) The twin lattice is tilted such that the transformed pink

plane is edge-on, and the white and blue planes are inclined. Only a thin slice is shown. (b) Magnified view of the boxed region in (a). It can be seen that after twinning, the parent

ð1100Þ prismatic plane is transformed to the ð2111Þ plane in the twin. The purple atoms are also parallel to the ð2111Þ plane of the twin. (c) Tilted view of (b) such that the purple

atoms lie at the intersection of the ð0111Þ plane and the ð2111Þ plane. (d) The transformed Burgers vector has a hci component. The distance between atom 1 and atom 2 along the

[0001] equals hci. (e) Basal view of the purple atoms which are projected along the 1
3 ½1210�. Thus, the

1
3 ½1120� vector in the parent is transformed to h cþ a i , i.e., 1

3 ½1213�, by

the ð1011Þ twinning. (f) Crystallography of the lattice transformation. The purple plane is the ð2111Þ that is transformed from the parent ð1100Þ, and the purple atoms are along

the 1
3 ½1213� in the ð1011Þ twin. The 1

3 ½1213� is at the intersection of the ð0111Þ and ð2111Þ (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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Fig. 16. Lattice correspondence analysis for the ð1010Þ prismatic plane and 1
3 ½1210� Burgers vector after ð1011Þ twinning. (a) The twin lattice is tilted such that the white plane is

edge-on, and the pink and blue planes are inclined. Only a thin slice is shown. (b) Magnified view of the boxed region in (a). It can be seen that the after twinning, the parent ð1010Þ

prismatic plane is transformed to the ð1013Þ in the twin. The yellow atoms are parallel to the viewing direction, i.e., along the ½1210�. Thus, the Burgers vector remains unchanged

before and after twinning. Notably, this vector is parallel to the zone axis of the ð1011Þ twins, i.e. ½1210� (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.).

Fig. 17. Lattice correspondence analysis of the ð0110Þ prismatic plane and 1
3 ½2110� Burgers vector after ð1011Þ twinning. (a) The twin lattice is tilted such that the blue plane is edge-

on, and the pink and white planes are inclined. Only a thin slice is shown. (b)Magnified view of the boxed region in (a). All the blue atoms are located on a corrugated ð1101Þ. The green

atoms are also parallel to the ð1101Þ. (c) Tilted view of (b) such that the green atoms lie at the intersection of the ð1011Þ and ð1101Þ. (d) The vector represented by the green atoms has

a hci component. (e) Basal view of the green atoms. It can be seen that the green atoms are projected along the ½0110� of the basal. Thus, the 1
3 ½2110� vector in the parent is transformed

to ½0001� þ ½0110� ¼ ½0111� by the ð1011Þ twinning. (f) Crystallography of the lattice transformation. The shaded blue ð1101Þ is transformed from the parent ð0110Þ. The green atoms

are along the green vector of ½0111� in the ð1011Þ twin. This vector is at the intersection of the ð1011Þ and ð1101Þ (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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dislocation, the f1121g twin grows toward the opposite f1011g

TB. Thus, the matrix prismatic dislocations lose their identity

after transformation at the f1011g TB.

(2) The f1121g twin transforms back to prismatic dislocations when

the twin front reaches the opposite f1011g TB. The transformed

prismatic dislocations exit the f1011g twin and glide into the

matrix. As such, the prismatic dislocations resume their disloca-

tion identity and the net effect of the interaction between the

matrix prismatic dislocations and f1011g twin is that the matrix

prismatic dislocations transmit across the f1011g.

(3) The dislocation!twin!dislocation transmutations can be well

understood from the perspective of lattice correspondence which

requires that a crystallographic plane of parent must be trans-

formed into a corresponding plane of twin. The slip plane of the

matrix prismatic dislocation is transformed into a f1121g which

is a twinning plane.

(4) Lattice transformation for the other two prismatic planes were

calculated in our simulation and the results show consistency

and discrepancy between the atomistic simulations and the crys-

tallography-based calculations. Analyses from atomistic simula-

tion are more reliable.
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