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a b s t r a c t 

Classical twinning theory predicted that a simple shear was able to create a perfect, twinned structure 

without the need of atomic shuffles for (11 2 1)[11 2 6 ] twinning mode in hexagonal close-packed (HCP) 

metals, and the elementary twinning dislocation should be a two-layer zonal. However, it was revealed 

in the literature that this particular twinning mode could not have mirror symmetry between the parent 

and twin, and shuffles should be involved during twin boundary (TB) migration. These conflicting reports 

indicate that the (11 2 1)[11 2 6 ] twinning mechanism has not been completely resolved, and what config- 

uration of twinning dislocation mediates twin growth is not well understood either. In this work, atom- 

istic simulation is conducted to further understand the twinning mechanism in titanium. Novel structural 

analyses are performed to reveal how the parent lattice is transformed to the twin lattice. The results 

show that the mirror symmetry of a perfect, unrelaxed TB breaks down after relaxation, because of the 

very high repulsive force between the atom pairs on mirrored positions with a spacing less than half of 

the lattice constant. As a result, the stacking sequence of the twin differs from that of the parent after 

relaxation. During twin growth, each { 1 ̄1 00 } prismatic plane of the parent splits into two layers and reor- 

ganize into the prismatic planes of the twin, such that the twin prismatic are no longer aligned with the 

parent prismatic and the mirror symmetry breaks down. This process is accomplished by atoms shuffling 

in the opposite direction that is perpendicular to the twinning shear. The atomic shuffles spread over 

multiple consecutive twinning planes to minimize the shuffling magnitude on each twinning plane. Thus, 

the actual TB is no longer a single twinning plane, but a multi-layer interface zone. Careful examination 

shows that no well-defined twinning dislocation core can be identified, although single-layer steps can 

still be observed. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Twinning plays a vital role in mechanical properties of metals 

with hexagonal close-packed (HCP) crystal structures. All the twin- 

ning planes in HCP metals are not close-packed, i.e. they are either 

the first order or the second order pyramidal planes. Therefore, 

twinning is a very important deformation mode that is able to ac- 

commodate plastic strain along the c -axis of HCP materials [1–8] . 

There are four major twinning modes in HCP metals: (10 1 2)[10 1 1 ] , 

(10 1 1)[10 1 2 ] , (11 2 2)[11 2 3 ] , (11 2 1)[11 2 6 ] , with the (10 1 2)[10 1 1 ] 

mode being the most commonly observed in all HCP metals. The 

individual twinning modes vastly differ from one mode to an- 

other in terms of atomic shuffles, core structure and configuration 

of twinning dislocations [9–13] . In contrast to twinning in metals 

with cubic crystal structures in which twin nucleation and growth 

are mediated by well-defined partial dislocation on twin bound- 
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aries (TBs) [14–16] , twin growth in HCP metals is often mediated 

by zonal twinning dislocations that simultaneously involve mul- 

tiple twinning planes [ 2 , 5 , 8 , 17–19 ]. Additionally, a homogeneous 

shear alone is unable to complete the twinning process and atomic 

shuffling is required to achieve the correct twin orientation rela- 

tionship [ 1 , 2 , 20 , 21 ]. In predicting possible twinning modes in clas- 

sical twinning theory [ 1 , 2 ], a general, qualitative rule is that a 

small magnitude of twinning shear s and simple atomic shuffles 

are preferred. However, this rule, seemingly simple enough, has 

turned out to be quite complicated. Questions arise such as how 

small is small and how simple is simple for a specific twinning 

mode. For a typical example of (11 2 2)[11 2 3 ] mode in Ti, it has 

been widely accepted that the second invariant plane or K 2 plane 

is { 11 ̄2 ̄4 } which corresponds to a small s of ∼0.22 and very com- 

plex shuffles, but the most recent scanning transmission electron 

microscopy (STEM) work [22] and all the atomistic simulations in 

the literature [ 5 , 22 , 23 ] show that the actual K 2 plane is (0 0 02) 

which corresponds to a much larger s ( ∼0.66) but a much simpler 

shuffle along the direction of twinning shear. Thus, careful analy- 

https://doi.org/10.1016/j.actamat.2022.117943 
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Fig. 1. The twinning elements for { 11 ̄2 1 } 11 ̄2 ̄6 mode as predicted in the classical twinning theory. The elementary twinning dislocation b T is predicted to be a two-layer 

zonal dislocation, which comprises two twinning planes simultaneously. A simple shear mediated by b T moves two layers of atoms to the twin sites. 

ses are required to resolved the twinning mechanism for individual 

modes [24] . 

For titanium (Ti) and zirconium (Zr) and other HCP metals, 

twinning mode (11 2 1)[11 2 6 ] has been observed and reported in 

experiments [25–29] . Fig. 1 shows the twinning elements pre- 

dicted in the classical theory [ 1 , 2 ]. The twin and the parent are in 

perfect mirror symmetry and the twin structure is not relaxed. This 

twinning mode has a twinning shear with a magnitude of s = 1 /γ
( γ is the c / a ratio, 1.588 for Ti). For Ti, s = 0.63. The magnitude 

of the Burgers vector ( b T ) of the elementary twinning dislocation 

equals a/ 
√ 

1 + 4 γ 2 ≈ 0.89 Å ( a is the lattice constant of Ti, 2.95 

Å), which should be a two-layer zonal dislocation. On each twin- 

ning plane, the magnitude is ∼0.45 Å or 0.5 b T . No atomic shuf- 

fles are required because a homogeneous shear is able to carry 

all parent atoms to the twin lattice [2] , as it can readily be seen 

in Fig. 1 . When a simple shear is applied parallel to the twinning 

plane, the twin boundary (TB) migrates upward into the parent by 

two { 11 ̄2 1 } planes via a two-layer zonal dislocation, and the par- 

ent atoms exactly reach the sites of the twin lattice. However, this 

is not the case for a relaxed TB. 

The interfacial structure of a (11 2 1)[11 2 6 ] TB was studied 

in a number of atomistic simulations [ 6 , 10 , 30 , 31 ]. Using a trun- 

cated Lennard-Jones potential in their simulations, Minonishi et al. 

[6] showed that the mirror symmetry of twins broke down because 

alternate basal planes of the twin were displaced normal to the 

plane of shear and no zonal twinning dislocations were necessary. 

They also suggested that atomic shuffles were needed due to the 

change in stacking sequence in the twin. In this pioneer work, no 

simulations were performed to investigate how the TB migrated 

under loading. Thus, how the parent lattice is dynamically trans- 

formed to the twin lattice and exactly what atomic shuffles and 

what twinning dislocations are involved still remain unclear. Serra 

and Bacon [30] simulated the structure of the { 11 ̄2 1 } twinning dis- 

locations and found that it had a very wide core, spreading over 

the relaxable interface region, and the width of the core disreg- 

istry was as large as ∼75 b . They also claimed that no atomic shuf- 

fles were required to move atoms to the correct sites in the twin, 

and a simple shear by the twinning dislocation could generated 

the correct twin structure. 

The discrepancies in the literature in terms of TB structure, 

configuration of twinning dislocations and atomic shuffles war- 

rant further investigations, so that the twinning mechanism of 

(11 2 1)[11 2 6 ] mode can be better understood. The purpose of this 

work is to study the TB structure and migration, as well as the 

configuration of TB defects of (11 2 1)[11 2 6 ] twinning mode, using 

novel structural analyses in molecular dynamics simulations. The 

results obtained provide new insight on the twinning mechanisms 

in HCP metals. 

2. Simulation method 

The interatomic potentials for Ti used in this work were de- 

veloped by Mishin et al . [32] . The embedded atom method (EAM) 

type potential [ 33 , 34 ] was created for Ti-Al alloys. Using the po- 

tentials for Ti, we simulated (11 2 2)[11 2 3 ] twinning in Ti [ 5 , 22 , 35 ], 

pyramidal dislocation slip and (11 2 1)[11 2 6 ] twinning, and the re- 

sults were satisfactory. In this work, we use the same potentials 

to simulate the TB structure and TB migration of (11 2 1)[11 2 6 ] 

mode. Large-scale Atomic/Molecular Massively Parallel Simulator 

or LAMMPS [36] is used for our simulation. Visualization tool 

OVITO [37] is used to analyze the structural evolution during twin- 

ning. 

Fig. 2 shows the initial configuration of the twins after re- 

laxation in our atomistic simulations. The twins are constructed 

such that the two crystals satisfy the perfect (11 2 1)[11 2 6 ] twin 

orientation relationship. The box size is 35 nm × 30 nm × 30 

nm, containing a total of ∼1.8 million atoms. Free surfaces are 

applied to all three dimensions. After relaxation, a shear strain 

is applied by moving the two layers of atoms on the top sur- 

face at a constant velocity of 0.1 Å/ps, which corresponds to a 

strain rate of 2.86 ×10 8 /sec, while the two layers of atoms on 

the bottom surface are fixed. The temperature in the simulation 

is maintained at 5 K to reduce thermal noise in structural analy- 

ses, by applying the Nosé–Hoover [ 38 , 39 ] thermostat to the system 
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Fig. 2. The initial system of (11 2 1)[11 2 6 ] twins. To track structural evolution during 

twin boundary migration, multiple { 11 ̄2 1 } twinning planes, the (0 0 01) basal and 

{ 1 ̄1 00 } prismatic planes are colored differently before a shear strain is applied. The 

color pattern is retained throughout the simulation so that structural change can be 

tracked unambiguously. 

during shear deformation. Although the strain rate in atomistic 

simulations is typically many orders of magnitude faster than in 

experiments, for dislocation structures and energies that are rate 

independent, the strain rate is still able to generate results of 

physical significance. 

As shown in Fig. 2 , a special color scheme is used in our simu- 

lation. Five consecutive { 11 ̄2 1 } twinning planes on the parent side 

are pre-selected and colored differently. A (0 0 02) basal plane of 

parent and a basal plane of twin are also pre-selected and colored 

in blue. Additionally, three consecutive { 1 ̄1 00 } prismatic planes on 

the parent side are pre-selected and colored in green, red and 

blue (a magnified side view of these pre-selected prismatic planes 

is provided below). This color scheme is retained throughout the 

simulation such that the lattice transformation, TB migration and 

structural evolution during twinning can readily be recognized and 

tracked without ambiguity. This strategy is crucial for structural 

analyses. 

3. Simulation results 

3.1. The structure of the relaxed { 11 ̄2 1 } twin boundary 

First, we closely analyze the structure of the unrelaxed and the 

relaxed { 11 ̄2 1 } TB. The radial distribution function (RDF) of the un- 
relaxed TB with perfect mirror symmetry is shown in Fig. 3 a. RDF 

represents the probability of finding a pair of atoms within a spe- 

cific spacing. Careful examination shows that a very small peak ap- 

pears at the spacing of 1.4 Å (see the inset). These atom pairs are 

located on both sides of the TB and are on the mirrored positions 

(connected by the short blue bonds). This spacing is less than half 

of the equilibrium lattice parameter of Ti (2.95 Å), and results in a 

very strong repulsive force between the two atoms of a pair. Cal- 

culation of the energy of the unrelaxed TB shows a value of 11.88 

J/m 2 , which is exceptionally high for a symmetric high angle grain 

boundary. Consequently, the perfect TB with a mirror symmetry is 

unstable. 

After relaxation, the very small peak at 1.4 Å disappears, as 

shown in Fig. 3 b. The atoms at this small spacing are pushed away 

by the repulsive forces and the structure of the TB is reorganized 

into a new one. The TB energy drastically decreases to 171 mJ/m 2 . 

The interatomic spacing of those atoms near the relaxed TB now 

falls in the range of 2.7 ∼2.82 Å (the blue bonds) which is only 

slightly shorter than the equilibrium lattice parameter (see the in- 

set). When viewed along the zone axis [ 1 ̄1 00 ] of the twins, the TB 

structures seems to be similar to that of the unrelaxed TB ( Fig. 3 a), 

but the TB structure actually no longer has a mirror symmetry, as 

seen below. 

Fig. 4 a shows the structure of the unrelaxed TB when viewed 

along the direction of twinning shear, i.e., side view of the twins 

along the [ 11 ̄2 ̄6 ] . The double-layered ( 1 ̄1 00 ) prismatic planes of 

the parent and twin are perfectly aligned along the TB normal di- 

rection. The parent and the twin lattice are perfectly mirrored by 

the TB plane. In stark contrast, after relaxation, the mirror sym- 

metry breaks down, as shown in Fig. 4 b. The original sharp inter- 

face now becomes diffuse and the TB is no longer a plane, but an 

interface zone that spreads over multiple ( 11 ̄2 1 ) planes. A salient 

feature in Fig. 4 b is that the columns of ( 1 ̄1 00 ) prismatic planes 

of the parent and those of the twin are no longer aligned but be- 

come misaligned. The misalignment is denoted by the solid and 

the dashed green lines which marks the traces of the double layers 

of individual prismatic planes in the parent and twin. It appears 

that the individual prismatic planes of the parent, which have two 

layers of atoms, split and then reorganize into the prismatic planes 

of the twin. This new TB structure is produced as a result of the 

very high repulsive force between those short-bonded atoms near 

a perfect TB with mirror symmetry ( Fig. 3 a). 

3.2. Twin boundary migration 

Under the applied shear strain, the TB migrates upward (indi- 

cated by the block arrow), as shown in the 2D view of the TB 

in Fig. 5 . Only a thin slice (6 Å thick) is shown along the [ 1 ̄1 00 ] 

zone axis direction. The TB is displayed as light-gray atoms in the 

common neighbor analysis (CNA) [40] . It can be seen that during 

TB migration, the pre-selected basal plane of the parent, which 

is colored in blue, is deflected and becomes the basal plane of 

the twin. Therefore, the lattice transformation can be described 

as: (0 0 02) P → (0 0 02) T . Thus, the second invariant plane is indeed 

(0 0 02), which is exactly the same as the prediction of the classical 

twinning theory. It appears that, in the (0 0 02) P → (0 0 02) T lattice 

transformation, the parent atoms are directly sheared to the twin 

positions, and no atomic shuffles are involved. However, the stack- 

ing sequence in the parent and in the twin has changed after the 

TB traverses through. 

To show the change in stacking sequence after twinning, two 

neighboring (0 0 02) basal plane in the parent are selected and col- 

ored in green and red, as shown in Fig. 6 . Only a small region that 

contains the TB is displayed. To reveal the stacking sequence of 

the parent, first, the basal planes are tilted such that the viewing 

direction is along the [0 0 01], i.e. the c -axis of the parent lattice 

( Fig. 6 a). The TB is now inclined with viewing direction. A hexago- 

nal motif is delineated by the green lines. The red (0 0 02) plane is 

projected onto the green (0 0 02) plane. A triangle that connects the 

red atoms inside the hexagonal motif is delineated. Next, the two 

basal planes are tilted such that the viewing direction is along the 

[0 0 01] of the twin lattice ( Fig. 6 b). Similarly, the basal hexagonal 

motif of the green plane is delineated by the green lines. However, 

the projected positions of the red atoms on the green (0 0 02) plane 

have changed, as denoted by the red triangle inside the hexag- 

onal motif. If we denote the stacking sequence in the parent as 

…ABABAB …, then the stacking sequence in the twin has changed 

to …ACACAC … after twinning. 

Fig. 6 a and b also reveal the misalignment of individual pris- 

matic columns in the parent and in the twin. To better understand 

what happens to the prismatic planes during TB migration, we fo- 

cus on the three pre-selected prismatic planes in the parent and 

track the changes to these prismatic planes. Fig. 7 shows the three 

pre-selected prismatic planes that colored in green, red and blue 
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Fig. 3. (a) Radial distribution function (RDF) of a perfect (11 2 1)[11 2 6 ] twin boundary with mirror symmetry. Short atom pairs appear at 1.4 Å which is less than half of the 

lattice constant 2.95 Å (the inset). These bonds are shown in blue in the atomic structure. (b) After relaxation, the short bonds disappear and are rearranged into bonds with 

spacings between 2.7 ∼2.82 Å at the twin boundary (indicated by the blue bonds in the inset). 

Fig. 4. (a) Twin structure with a perfect twin boundary before relaxation when viewed along the direction of twinning shear [ 11 ̄2 ̄6 ] . The double-layered columns are ( 1 ̄1 00 ) 

prismatic planes. A perfect mirror symmetry can be seen about the twin boundary. (b) After relaxation, the mirror symmetry breaks down. The twin boundary plane becomes 

a zone with a distorted structure. Note that the prismatic columns in the twin are shifted and no longer aligned with the prismatic columns in the parent. 

and how they evolve during TB migration in time sequence. The 

viewing direction is along the [ 11 ̄2 ̄6 ] , i.e. the direction of twinning 

shear. Fig. 7 a shows the initial structure of the prismatic planes, 

each of which contains double layers of atoms because each pris- 

matic plane is actually comprised of atoms that reside on two 

slightly separated planes with a spacing of 
√ 
3 
6 a . At 40 ps, the TB 

is migrating into these pre-selected prismatic planes as the parent 

lattice is transformed into the twin lattice. It can clearly be seen 

that each double-layered prismatic plane is splitting and reorga- 

nizing into the prismatic planes of the twin. For example, the two 

layers of green atoms separate and move in the opposite direction, 

and so do the two layers of red atoms on the neighboring pris- 

matic plane. Eventually, the green atoms moving toward the right 

and the red atoms moving toward the left combine and reorganize 

into a new prismatic plane that contains mixed colors. This process 

is accomplished by atomic shuffling and occurs to all the prismatic 

planes of the parent, giving rise to the misaligned structure that is 

shown in Fig. 4 and 6 . 

4 
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Fig. 5. Under the applied shear strain, the twin boundary migrates upward. The atoms on the twin boundary are colored in gray. As indicated by the blue atoms, the atoms 

of the parent basal are being aligned to the twin basal, indicating that the second invariant plane K 2 is (0 0 02). 

Fig. 6. (a) The stacking sequence in the parent crystal. Only two basal planes are shown and the viewing direction is along the [0 0 01] of the parent lattice. The twin 

boundary plane is now inclined with the viewing direction. (b) The stacking sequence in the twin crystal. The viewing direction is now tilted to the [0 0 01] of the twin 

lattice. Note that the stacking sequence in the twin has changed. 

To further reveal the split of the parent prismatic planes and 

the following reorganization into new prismatic planes of the twin, 

we take three consecutive, pre-selected twinning planes and ex- 

amine the structure evolution of these planes after the TB tra- 

verses through. The plot is shown in Fig. 8 a and b. In these 

plots, the viewing direction is along the twinning plane normal. 

From top down, the three consecutive { 11 ̄2 1 } planes are col- 
ored in pink, yellow and light-gray. The structural motifs of the 

{ 11 ̄2 1 } planes are denoted by the colored hexagons. The traces 

of the ( 1 ̄1 00 ) prismatic planes are denoted the by the pairs 

of dashed and dotted green lines which represent their double- 

layered structure ( Fig. 8 a). The dotted lines run across the yel- 

low atoms, whereas the dashed lines run across the pink and 

the light-gray atoms. During twinning, the dotted and the dashed 

lines of a prismatic plane move in opposite direction, as indi- 

cated by the black arrows. Then the dashed lines join the dot- 

ted lines from the neighboring prismatic plane, such that the 

split layers are reorganized into the prismatic planes of the twin 

( Fig. 8 b). It can also be seen in Fig. 8 b that, after twinning, the 

pink hexagon, which resides originally to the left of the light- 

gray hexagon before twinning ( Fig. 8 a), has moved to the right. 

The displacement corresponds to the magnitude of the theoretical 
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Fig. 7. Evolution of three prismatic columns colored in green, red and blue. The viewing direction is along the [ 11 ̄2 ̄6 ] , i.e., the direction of twinning shear. During twin 

boundary migration, each of the ( 1 ̄1 00 ) prismatic planes of the parent, which has a double-layered structure, splits into two layers that move in the opposite direction, and 

then reorganize into the prismatic planes of the twin that are now misaligned with the prismatic planes in the parent. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Shear and shuffle in (11 2 1)[11 2 6 ] twinning. The viewing direction is along the twinning plane normal. Three successive { 11 ̄2 1 } planes are pre-selected and colored 
in pink, yellow and light-gray. (a) Before twinning. The black arrows indicate the split of the double-layered ( 1 ̄1 00 ) prismatic planes which are denoted by the dotted and 

the dashed green lines. (b) After twinning. Note the change in relative position of the colored twinning planes, and the split and reorganization of the prismatic planes. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

elementary twinning Burgers vector, i.e. a/ 
√ 

1 + 4 γ 2 , for every two 

twinning planes. 

4. Analysis and discussion 

4.1. Defects on the moving twin boundary 

Twinning dislocations in HCP metals are typically zonal twin- 

ning dislocations, according to the classical twinning theory. The 

height of a zonal twinning dislocation is defined as the number of 

twinning planes that are comprised between the TB and the twin- 

ning plane that intersects the K 2 plane at a lattice point. This con- 

cept was proposed by Thompson and Millard [19] to describe the 

twinning dislocation in (10 1 2)[10 1 1 ] mode. They showed that the 

twinning dislocation for this twinning mode in Cd should comprise 

two { 10 ̄1 2 } planes simultaneously. However, this prediction is at 

odds with most experimental observations and atomistic simula- 

tions in which the actual TB hugely deviates from the { 10 ̄1 2 } twin- 

ning plane [ 12 , 20 , 21 , 41–43 ]. The classical theory is unable to ac- 

count for such an abnormal behavior. Bilby and Crocker [1] , Chris- 

tian and Mahajan [2] showed that the twinning dislocation for 

(11 2 2)[11 2 3 ] mode should be a three-layer zonal twinning dislo- 

cation, which corresponds to the K 2 plane of { 11 ̄2 ̄4 } . But this pre- 
diction has been proven incorrect by recent experiments which 
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Fig. 9. A magnified view of the moving twin boundary (TB) in common neighbor analysis (CNA). The TB is actually a zone of atoms (colored in cyan) that do not have HCP 

structure. One-layer steps (indicated by the blue block arrows) can still be recognized in this 2D view; however, they do not have the characteristics of twinning dislocations 

(see Fig. 10 ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

show that the twinning dislocation only contains a single layer 

[22] . The classical theory predicted that the twinning dislocation 

of (10 1 1)[10 1 2 ] mode should be a two-layer or a four-layer zonal 

twinning dislocation, and this prediction was confirmed in atom- 

istic simulation by Li and Ma [8] . They showed that, indeed, a 

four-layer zonal twinning dislocation mediating (10 1 1)[10 1 2 ] twin 

growth in magnesium dissociated into two two-layer partial zonal 

twinning dislocations. 

In the prediction of the classical theory, the twinning disloca- 

tion mediating { 11 ̄2 1 } TB migration should be a two-layer zonal 

dislocation (see Fig. 1 ). Obviously, the predicted two-layer zonal 

twinning dislocation is not observed in our simulation. The TB, 

when migrating, appears to comprise four or five { 11 ̄2 1 } planes si- 
multaneously ( Fig. 5 ). To better show the structure of the moving 

TB, a magnified view is displayed in Fig. 9 . The color pattern is cre- 

ated by the common neighbor analysis, in which atoms of perfect 

HCP are colored in red, whereas atoms on the TB are colored in 

cyan. Note that the cyan atoms are located inside a zone that com- 

prises multiple twinning planes, mostly four layers. Close examina- 

tion of the TB reveals multiple single-layer steps at the boundary 

between the red region and the cyan region, as indicated by the 

blue block arrows. Thus, from this 2D view of the moving TB, it 

seems that the twin growth is mediated by the motion of single- 

layered “twinning dislocations”. 

However, if the single-layered steps are indeed “twinning dislo- 

cations”, one should be able to identify the dislocation line on the 

twinning plane. Yet it turns out to be very difficult to capture and 

visualize the core of individual twinning dislocations that corre- 

spond to the single-layered steps by using the analytical tools such 

as common neighbor analysis, coordination analysis or bond angle 

analysis. To see if there are twinning dislocation lines on the TB, 

we first select a thin slice that is parallel to the TB and contains 

six twinning planes in the parent and CNA is applied to this se- 

lected region. Then all the atoms that are on the perfect HCP lattice 

are deleted. Hence, before twinning, no atoms are left in the pre- 

selected region and only those atoms on the imperfections such as 

free surfaces are left, i.e., those atoms on the four sides of the rect- 

angular area (the boundaries of Fig. 10 a). Note the viewing direc- 

tion is along the twinning plane normal. As the twin growth pro- 

ceeds, the TB is migrating toward the parent and entering the pre- 

selected region. Atoms on the TB which contains multiple twinning 

planes start to emerge in the pre-selected region ( Fig. 10 a). The 

first { 11 ̄2 1 } twinning plane that emerges in the pre-selected region 

is denoted as TP_1. Near the top of Fig. 10 a, other twinning planes 

are also emerging, adding on top of TP_1. However, the shape of 

the boundary of TP_1 that separates TP_1 from the perfect HCP 

matrix (the blank area) is extremely irregular, and very different 

from the shape of a typical dislocation line. In dislocation theo- 

ries, due to the line tension or elastic energy, which scales with 

Gb 2 (with G being the shear modulus and b the Burgers vector), 

a dislocation line tends to be an arc or an elliptical loop or tends 

to straighten out to reduce the line energy. As TP_1 expands, TP_2 

that is below TP_1 also grows ( Fig. 10 b), again with a very irregular 

boundary shape. Following TP_2, TP_3 and TP_4 also expands and 

thickens the twinned region ( Fig. 10 c and d). Note that all these se- 

quentially emerging twinning planes are actually contained in the 

interface zone and are being transformed into the twin positions. 

From this analysis, it can be seen that no well-defined dislocation 

core can be identified during TB migration, although single-layered 

steps can be seen in the 2D analysis ( Fig. 9 ). 

Regarding “twinning dislocations” mediating migration of a 

{ 11 ̄2 1 } TB, Minonishi et al. [6] suggested that the concept of a 

zonal dislocation was unnecessary to { 11 ̄2 1 } twinning, as the clas- 

sically defined “zonal dislocation” could not exist on the { 11 ̄2 1 } TB. 
Instead, a step with a height of one interplanar spacing could exist 

as a stable fundamental unit. They argued that, along the twin- 

ning plane normal direction, there existed two equivalent bound- 

ary structures, and these boundary structures on both sides of the 

unit step were mirrored by the twinning plane. Thus, a single- 

layered step could be defined as an elementary twinning disloca- 

tion. 

In explaining the twinning mechanism of (11 2 1)[11 2 6 ] mode 

in Co, Vaidya and Mahajan [44] proposed the following dislocation 

reaction for twin nucleation: 

12 ×
1 

12 

{ 
1 

3 

[

1 1 26 
]

( 11 2 1 ) 

} 

→ 2 
{ 
1 

3 

[

2 113 
]

( 11 2 1 ) 
+ 

1 

2 

[

1 1 00 
]

( 11 2 1 ) 

} 

(1) 

and 
[

1 1 00 
]

= 
1 

3 

[

2 1 1 0 
]

+ 
1 

3 

[

1 2 10 
]

(2) 

Hence, the total dislocation reaction could be considered a re- 

action between a < c + a > = 
1 
3 [2 1 1 3] (11 2 1) dislocation and two a 

dislocations. The elementary twinning dislocation was close to 
1 
36 [ 1 1 26] . Vaidya and Mahajan suggested that the dislocation re- 

action in Eq. (2) created a zonal dislocation with its core spreading 

over twelve consecutive twinning planes, and this zonal dislocation 

could be a twelve-layer twin embryo. They claimed that this was 
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Fig. 10. Progression of twin growth in the simulation. The viewing direction is along the twinning plane normal. These plots are made by first selecting a thin cross section 

in the parent along the TB normal, then observing how the twin boundary enters the pre-selected region. (a) The first twinning plane TP_1 appears in the region. (b) The 

second twinning plane TP_2 appears in the region, overlapping with TP_1. (c) and (d) TP_3 and TP_4 are added to the twinned region. Note that the boundary of the twinned 

area on individual twinning plane is extremely irregular, indicating that no well-defined “twinning dislocation core” can be identified during twin boundary migration. 

possible because the interplanar spacing of the twinning plane was 

rather small ( 1 2 γ · a/ 
√ 

4 γ 2 + 1 ≈ 0.7 Å). But this mechanism has 

not been confirmed either by experiments or by atomistic simula- 

tions. A zonal dislocation simultaneously containing twelve twin- 

ning planes would be very difficult to nucleate, and its subsequent 

glide for growing a twin embryo would be difficult too. 

Despite these models of “twinning dislocations” in the litera- 

ture, the actual TB migration mechanism is far more complicated 

due to the complex atomic shuffles that are inevitably involved, es- 

pecially when large shuffles perpendicular to the direction of twin- 

ning shear are needed. In the following, atomic shuffles are ana- 

lyzed in detail. 

4.2. Atomic shuffling during TB migration 

Fig. 6 - 8 show, unambiguously, that complex shuffles must be 

involved in TB migration. Because the parent prismatic plane 

should split and reorganize into the prismatic planes of the twin, 

shuffles in opposite direction but all along the [ 1 ̄1 00 ] , which is 

the normal of the plane of shear, should occur. From Fig. 7 , when 

separation and reorganization of parent prismatic planes occur, 

the shuffling distance along the [ 1 ̄1 00 ] should be 
√ 
3 a 
12 , which is 

about 0.43 Å for atoms on the double layers of individual prismatic 

planes. 

Mininoshi et al. [6] constructed two initial { 11 ̄2 1 } TBs: one con- 
figuration in which atoms on both sides of the TB were mirrored; 

in the other one, the mirror symmetry was disrupted such that 

an A layer of parent basal extended into a B layer of twin basal. 

Then these two structures were relaxed. They proposed four pos- 

sible shuffling mechanisms for migration of an asymmetric { 11 ̄2 1 } 
TB: (1) shuffling of basal planes by 1 2 [1 1 00] ; (2) shuffling of basal 

planes by 1 
6 [11 2 0] ; (3) shuffling of basal planes by 1 

6 1 ̄1 00 ; (4) 

alternate basal planes are displaced in the opposite direction by 

basal planes by 1 
12 [1 1 00] . The first two shuffling mechanisms are 

unfavorable because the shuffling magnitude is large. 

To definitively determine how atoms shuffle during TB migra- 

tion in our simulation, we examine the evolution of pair distance 

between two atoms that reside on the same prismatic plane and 

on two neighboring prismatic planes. In Fig. 11 a, a red and a green 

atom connected by the blue bond are selected, and they reside 

on two neighboring prismatic planes. The evolution of spacing be- 

tween these two atoms is computed. Three components along the 

[ 1 ̄1 00 ] , [ 11 ̄2 ̄6 ] , and ( 11 ̄2 1 ) normal are plotted. The green curve 

represents the change in spacing along the [ 1 ̄1 00 ] , i.e. the zone 

axis of the twins. Obviously, as the TB migrates and transforms the 

parent lattice into the twin lattice, a steep drop in the spacing be- 

tween these two atoms can be seen. Hence, they move towards 

each other in the opposite direction. In contrast, the component 

along the ( 11 ̄2 1 ) normal (in brown) remains almost constant, indi- 
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Fig. 11. (a) Evolution of spacing between the red and green atoms (connected by the blue bond) that reside on two neighboring prismatic planes. The spacing along the 

[ 1 ̄1 00 ] decreases after twinning, whereas the spacing along the twinning plane normal remains almost constant. An increase in distance along the [ 11 ̄2 ̄6 ] can also be seen. 

(b) Evolution of spacing between the red and green atoms (connected by the black bond) that reside on the double layers of the same prismatic plane. An increase in spacing 

along the [ 1 ̄1 00 ] can be seen, indicating the split of the prismatic plane. A decrease in spacing along the [ 11 ̄2 ̄6 ] can be seen. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

cating that there is no shuffling along the normal to the twinning 

plane. However, there is a component along the [ 11 ̄2 ̄6 ] (in black), 

i.e. the direction of twinning shear. Along this direction, the spac- 

ing increases by ∼0.5 Å. In Fig. 11 b, a red and a green atom on the 

same prismatic plane (connected by the black bond) are selected 

and evolution of their spacing is plotted along the same three di- 

rections. The pair spacing increases along the [ 1 ̄1 00 ] (the green 

curve), indicating that these two atoms also move in the opposite 

direction but away from each other. Again, there is no shuffling 

along normal direction to the twinning plane (the brown curve). A 

decrease in spacing along the direction of twinning shear can also 

be observed. Evolution of position of the two pre-selected atoms 

in Fig. 11 b is shown in Fig. 12 . Clearly, they move away from each 

other, and the displacement of each atom is about ±0.4 Å along 

the [ 1 ̄1 00 ] . This distance is close to the theoretical value of 
√ 
3 a 
12 . 

4.3. Non-classical behavior of { 11 ̄2 1 } twinning 

Fig 7 , 8 , 11 and 12 in the present work show that the dou- 

ble layers of individual prismatic planes of the parent split and 

move in the opposite direction towards the neighboring prismatic 

planes. This process is not energetically favorable, however. From 

the viewpoint of generalized stacking fault energy, if the red atom 

in Fig. 11 a moves toward the green atom, a very high energy bar- 

rier must be overcome, because this direction is opposite to the di- 

rection of a Shockley partial dislocation which corresponds to the 

pathway with the lowest energy barrier [ 14 , 16 , 45 , 46 ]. The energy 

landscape of the basal plane of HCP metals is similar to that of the 

close-packed {111} planes of FCC metals. The shuffling direction in- 

volved in (11 2 1)[11 2 6 ] mode is thus highly unfavorable. However, 

the actual TB structure circumvents this difficulty. 

As shown in Fig. 4 , 5 and 7 , the actual TB is no longer a crystal- 

lographic plane, but a zone that contains multiple { 11 ̄2 1 } planes. 
To understand this behavior, we show a magnified view of the 

TB structure during migration in Figure 13 . Only two neighboring 

basal planes are shown, and the viewing direction is now along 

the [0 0 01] of the parent. Red and green hexagons are drawn to 

show the stacking sequence in the parent, which has changed af- 

ter the TB traverses through ( Fig. 6 ). It is clear that, in the inter- 

face zone, the hexagonal lattice is distorted. But away from this 

zone, the distortion in the parent and the twin lattice is mini- 

mal. The high energy barrier along the direction against a Shockley 

partial prevents the parent atoms from shuffling to the twin posi- 

tions in one step. Instead, to accomplish the shuffles involved in 

the reorganization of the split columns of atoms of the parent into 

the twin prismatic planes ( Fig. 7 ), the green and the red atoms 

gradually move toward the twin positions over multiple twinning 

planes. Thus, the total shuffling distance along the [ 1 ̄1 00 ] is spread 

over multiple twinning planes in the interface zone. This behav- 

ior makes the otherwise difficult shuffling process relatively favor- 
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Fig. 12. Evolution of the positions of the red and green atom during twinning. These two atoms move in the opposite direction away from each other along the [ 1 ̄1 00 ] , with 

displacements about ±0.4 Å. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. A magnified view of the interface zone that comprises multiple { 11 ̄2 1 } twinning planes. The viewing direction is along the [0 0 01] of the parent lattice. The red and 

green arrows indicate the directions of the shuffles that split the prismatic columns of the parent. In the interface zone, the shuffling magnitude gradually increases from 

the parent to twin until the change in stacking sequence is completed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

able. Such atomic shuffles must involve all the atoms in the in- 

terface zone and require coordinated movements of those atoms. 

Also, because the direction of shuffling motion is perpendicular to 

the twinning shear, no well-defined dislocation core on each plane 

can be identified from the atomistic simulations, although single- 

layer steps can still be observed on the individual twinning planes 

in the interface zone, as shown in the 2D view in Fig. 9 . 

Note that the existence of an interface zone during TB migra- 

tion is somewhat similar to the concept of “zonal twinning dislo- 

cation”. A zonal dislocation allows reduction in the magnitude of 

twinning shear when multiple K 2 planes are involved. Atoms com- 

prised in a zonal dislocation which simultaneously involves multi- 

ple twinning planes may move in different directions and displace- 

ments [47] in individual planes. Because the displacement of atoms 

on individual twinning planes in the interface zone is spread over 

multiple layers, on each of these layers, the atoms do not move to 

the twin positions and they only arrive at an intermediate position. 

Thus, the movement of the atoms in the interface zone should be 

coordinated. In other words, the movement of atoms on a twin- 

ning plane must be coupled with the movement of atoms on the 

other twinning planes in the interface zone. This behavior is re- 

flected in Fig. 14 , which plots the evolution of the displacement 

of a pre-selected atom in the parent lattice. Only the component 

along the [ 11 ̄2 ̄6 ] , i.e. the direction of the external shear, is shown. 

After twinning, the TB passes through the pre-selected atom, and 

the displacement remains almost constant. However, before the 

TB passes through, the displacement presents a characteristic of 

stick-slip. Note that the overall displacement in each cycle is much 

larger than the Burgers vector of the theoretical elementary twin- 

ning dislocation (0.89 Å), a manifestation of the coordinated move- 

ment of the atoms in the interface zone. When all the twinning 

planes in the interface zone have been transformed to the twin 
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Fig. 14. Evolution of the displacement of a pre-selected atom in the parent along 

the [ 11 ̄2 ̄6 ] , i.e. the direction of twinning shear. A stick-slip behavior can be seen, 

indicating that multiple twinning planes are involved in each cycle as the TB mi- 

grates. 

positions, a relaxation is seen on the displacement curve and this 

causes the stick-slip type of TB migration. 

The simulation results obtained in the present work indicate 

that, for { 11 ̄2 1 } twinning, when the K 2 plane (0 0 02) is transformed 

to the K ′ 2 plane by the twinning shear, complex atomic shuffles 

must be involved. Because of this nature of shuffling, the structure 

of individual { 11 ̄2 1 } twinning plane cannot be maintained invari- 

ant. As seen in Fig. 7 , an expansion must be involved along the 

[ 1 ̄1 00 ] , i.e. the zone axis of the twins. But in the classical theory, 

the strain along this direction should be zero, and the twinning 

plane must be invariant because the parent and the twin lattice 

are mirrored images of each other about the twinning plane. This 

feature deviates from the classical twinning behavior in which no 

structural change should take place to the K 1 and the K 2 plane dur- 

ing TB migration, i.e. the requirement of the invariant plane strain 

(IPS) condition. However, the deviation is mitigated by the fact that 

lattice distortion is spread over multiple twinning planes in the in- 

terface zone. 

Finally, so far there is no experimental observations to verify 

the asymmetric TB and the twinning behavior in our atomistic 

simulations. If the electron beam in a TEM experiment is not far 

away from the direction of twinning shear, the asymmetric TB 

might be observed by carefully tilting the TEM specimen toward 

the direction of twinning shear. 

5. Conclusions 

In the present work, we have performed atomistic simulations 

to investigate the mechanism for an asymmetric TB migration of 

(11 2 1)[11 2 6 ] mode. The following conclusions can be reached: 

(1) A perfect { 11 ̄2 1 } TB with mirror symmetry cannot exist because 

of the high repulsive forces between short-bonded atoms on 

both sides of the TB. As a result, the mirror symmetry breaks 

down and the stacking sequence in the parent and in the twin 

differs. This indicates that shuffling must be involved in twin 

growth, as opposed to the prediction of the classical twinning 

theory that no shuffles are needed. 

(2) During { 11 ̄2 1 } TB migration, the individual ( 1 ̄1 00 ) prismatic 

planes of the parent, which consist of two layers of atoms, split 

and reorganize into the prismatic planes of the twin. This pro- 

cess is accomplished by shuffles of atoms on the double-layered 

prismatic planes in the opposite direction along the [ 1 ̄1 00 ] , i.e. 

the direction perpendicular to the twinning shear. The energeti- 

cally unfavorable shuffles are spread over multiple ( 11 ̄2 1 ) twin- 

ning planes, such that the actual TB is no longer a single atomic 

plane, but an interface zone. The lattice in the interface zone is 

distorted. 

(3) The TB migration involves multiple twinning planes simultane- 

ously. Single-layer steps can still be seen on individual twinning 

planes, but no well-defined dislocation core can be identified 

due to the complex shuffles that are perpendicular to the di- 

rection of twinning shear and the resultant lattice distortion in 

the interface zone. 
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