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f1122g twinning commonly takes place in a-titanium (a-Ti). High-resolution transmission electron
microscopies (HRTEM) explored various steps along f1122g coherent twin boundary. Topological model
of f1122g twin revealed twinning disconnections (TDs) that are represented by (bi, ihf1122g) corre-

sponding to a step height ihf1122g and a shear vector bi. Atomistic simulations were conducted to study

the energies and kinetics of TDs. Combining microscopies and atomistic simulations, we concluded that
(b3, 3hf1122g) is the elementary TD and (b1, hf1122g) is the reassembly TD. Steps observed in HRTEM thus

can be treated as a reassembly of (b3, 3hf1122g) TDs and (b1, hf1122g) TDs. In addition, Electron Backscatter

Diffraction (EBSD) maps revealed f1122g/f1121g double twins in a-Ti. Using two-dimensional and
three-dimensional atomistic simulations, we demonstrated the nucleation of (b1, hf1122g) TD and

f1122g/f1121g double twin through the interaction between basal <a> dislocation and f1122g twin.
Our results enrich the understanding of f1122g twinning including TDs, steps, and f1121g secondary
twins in hexagonal metals.

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

Twinning is a major deformation mode in a-Ti at room tem-
perature to accommodate strain along the c-axis of the hexagonal
close packed (hcp) structure. Six twinning modes have been re-

ported to date, including three extension twins
n
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,

n
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and
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and three compression twins
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[1,2].

Compression twins are favorable under effective compression
along the c-axis or effective tension perpendicular to the c-axis.
s Engineering, University of

this work.
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Opposite loadings enable the activation of extension twins.n
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oD
1011

E
extension twins and

n
1122
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1123

E
compression

twins are most commonly observed in a-Ti at room temperature
disregarding strain rates [3e5]. Other twinning modes have been
observed while they show strong dependence on temperature,
grain size and strain rate [1,6e9].

f1122g twinning is widely observed in a-Ti under compression
along the normal direction of rolled sheets [10], tension along the
rolling direction [11] and monotonic simple shear tests [12] by
optical and electronic microscopes [13e16]. f1122g twin exhibits a
lenticular shape. Moreover, f1122g/f1012g and f1122g/f1121g
double twins are often observed in a-Ti [2,10]. Associated with
formation of twins and double twins, twin boundaries form and act
as barriers to the motion of dislocations, subsequently affecting
twinning, de-twinning, and slip processes [17e19] and resulting in
increased strain hardening [20,21]. However, fundamental issues of
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f1122g twinning, such as nucleation mechanisms and the
elementary twinning disconnections (TDs), are not comprehen-
sively understood. Nucleation of f1122g twin could be complicated
as f1012g twinning because of its small Burges vector of the cor-
responding TDs and complex atomic shuffles. Recently, in situ/ex
situ microscopies and atomistic simulations made a breakthrough
in the nucleation of f1012g twin. Pure-shuffle nucleation mecha-
nism was demonstrated for f1012g twinning [22e24]. This mech-
anisms is distinct from conventional understanding of either the
pole-mechanisms [25] or the successive TDs-gliding mechanisms
[26,27]. A comprehensive study of f1122g twin nucleation is
needed but exceeds the current focus of this work.

Disregarding the nucleation of f1122g twins, twin propagates or
grows through the shear-shuffle mechanisms via twinning
disconnection [28] which is described by a dislocation b and a step
of height h [29], referred to as (bi, ihf1122g) TD. Using shear with

interference method, Rapperport and Hartley [30] determined the
twin shear of f1122g twinning in Zr to be 0.21± 0.02, which agrees
with the theoretical value of 0.218 associated with the shear of (b3,
3hf1122g) TD [1,31,32]. Thus, (b3, 3hf1122g) TD is accepted to be the

elementary TD associated with f1122g twinning. Serra et al. stud-
ied the glide of (b3, 3hf1122g) TD using molecular dynamic (MD)

method and found that [33] (b-1, -hf1122g) TD was emitted from the

core of (b3, 3hf1122g) TD under 550MPa shear stress at 500 K,

transforming (b3, 3hf1122g) TD to (b4, 4hf1122g) TD. It must be

noticed that the glide of b1 and b3 on the twin plane results in the
opposite shear, corresponding to compression or tension twinning.
From the point of crystallographic view, the resulted twin struc-
tures are identical although the shear deformation gradient is
opposite. In other words, f1122g twinning is of extension if the
twin shear is associated with b1, or of compression as the twin
shear is associatedwith b3. This raises fundamental issues: does the
(b1, hf1122g) TD exist on the coherent twin boundary? Why isn't (b1,

hf1122g) the elementary TD? For other TDs (b2, 2hf1122g), (b4,

4hf1122g), (b5, 5hf1122g), (b6, 6hf1122g) and (b7, 7hf1122g), how do

they form during twinning?
Accompanying with twin propagation, twin boundaries act as

barriers to the motion of dislocations, affecting consequent defor-
mation modes, such as the migration of twin boundary accompa-
nied with the formation of TDs or steps [34e36], secondary
twinning [37,38] and slip transformation [39e41]. Using MD
simulation, Serra et al. [35] found that basal <a> dislocations are
blocked by the f1122g coherent twin boundary (CTB). Capolungo
et al. [42] compared the stress-strain curves of the samples with/
out pre-existing f1122g twins, and found a softer response for the
sample containing pre-existing f1122g twins and the easy activa-
tion of prismatic dislocations in the twin. Salem et al. [43] found
that f1122g twins are always harder than matrix based on micro-
and nano-hardness measurements in Ti and ascribed the hardening
to the trapping of sessile dislocations in the twin. Xu et al. [2]
proposed the nucleation of f1122g/f1121g double twins through
the interaction between basal <a> dislocation and f1122g CTB.
Atomistic simulations have been widely employed to explore the
interactions between dislocations and twin boundaries [34e36,40].
Recently, Gong et al. [44] reported on the formation of steps/facets,
the cross-slip of dislocations, and the creation of stacking faults in
Mg alloys as basal dislocations interact with three-dimensionaln
1012

o
twins. Here, we studied the interactions between basal

<a> dislocations and f1122g twin to address the formation of steps
and f1121g secondary twin.
This work aims to provide comprehensive understanding of TDs,

steps and secondary twinning associated with f1122g twins
through combining microscopes with atomistic simulations. This
article is organized as follows. In section 2, we reported on exper-
imental observations of f1122g twins, including f1122g/f1121g
double twins based on Electron Backscatter Diffraction (EBSD)
maps and steps along f1122g CTB according to high-resolution
transmission electron microscopies (HRTEM). In section 3, we
briefly reviewed characters of (bi, ihf1122g) TDs based on topological

model of f1122g twin. Furthermore, we conducted molecular
statics (MS) and molecular dynamics (MD) simulations of TDs in
terms of their energies and kinetics. In section 4, we performed
two-dimensional and three-dimensional MD simulations of the
<a> dislocations - f1122g twin interactions. Finally, we draw
conclusions based on microscopes and atomistic simulations.

2. Experimental observations of
n
1122

o
twins

The rolled commercially pure titanium T40 sheet (ASTM grade
2) with the thickness of 1.5mmwas annealed in a vacuum furnace
at 800 �C for 3 h. Using a Zwick 120T machine, the annealed sheet
was subjected to a compressive strain of 5.1% at a strain rate 1.0�
�3 s�1 at room temperature. The compression direction is along the
normal direction of the sheet. After that, the surface of the
deformed sample was ground with SiC papers of grits from 1200#

to 4000#. Electrolytic polishing was performed in a solution of 10%
perchloric acid and 90% methanol at 35 V for 5 s at 5

�
C. EBSD

measurements were applied on a JEOL JSM-6500F field emission
gun scanning electron microscopy (SEM) equipped with an EBSD
camera and the AZtec acquisition software package (Oxford
Instruments).

2.1. Morphology of
n
1122

o
twins

We detected 68 f1122g deformation twins and 4 f1012g
deformation twins in the area of 0.15mm2 by using EBSD, showing
f1122g twinning is dominate under current loading. All of the
f1122g twins have regular lenticular shape disregarding observed
directions. A typical EBSD map is shown in Fig. 1a. In grain A, two
f1122g twins are labeled by the red and yellow squares, respec-

tively. For twin B, the pole figures of
D
1010

E
and

D
1123

E
directions

in the parent grain and the twin are depicted in Fig. 1b and c. It can

be noticed in Fig. 1b that the
D
1010

E
zone direction (ZD) is closely

oriented to the center of the pole figure, which represents the
observation direction (OD). The twinning shear direction is near the
edge of the pole figure in Fig. 1c. For twin C, the zone direction is
largely deviated from the OD as shown in Fig. 1d and the twining
shear direction as shown in Fig. 1e. In both cases, twins exhibit a
lenticular shape.

2.2. Steps along
n
1122

o
CTB

We characterized steps along f1122g CTB. Fig. 2a shows a twin
band taken along the ½1100� zone axis. The selected area electron
diffraction (SAED) pattern confirms that the band is of f1122g twin.
Fig. 2b shows multiple steps with the step heights in the order of
2:4:3. Fig. 2c shows multiple steps with the step heights in the
order of 3:3:2:3:4. Fig. 2d shows multiple steps with the step
heights in the order of 7:2:5:2:2. It is noticed that each step isn't
always equal to 3nhf1122g (n � 1). However, it's interesting that the



Fig. 1. (a) A typical EBSD map of the sample that is subjected to a compressive strain of 5.1%. The pole figures of (b)
D
1010

E
and (c)

D
1123

E
direction for twin B as marked in (a). The

pole figures of (d)
D
1010

E
and (e)

D
1123

E
direction for twin C as marked in (a). The view direction is located in the center of the pole figures. In all pole figures, black dots and red

diamonds represent the directions in the parent grain and primary twin, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 2. (a) The bright field TEM image of the f1122g twin. The inserted SAED pattern
confirms twin orientation. (b)e(d) HAADF images of twin boundary, showing multiple
Steps.
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total height of these steps shown in Fig. 2bed are equal to 3nhf1122g
(n � 1), i.e., 9hf1122g, 15hf1122g and 18hf1122g, respectively. This

feature is generally true in other 7 HRTEM images. Therefore, (b3,
3hf1122g) TD might be the elementary TD associated with f1122g
twinning. Non-3nhf1122g steps can be treated as reassembled steps

associated with nucleation and reassembly of (b1, hf1122g) TD. For

example, the steps (2:4:3) in Fig. 2b form through the following
reactions. The 2-layer step is due to the dissociation of (b3, 3hf1122g)

TD into (b2, 2hf1122g)þ (b1, hf1122g) TDs, the dissociated (b1, hf1122g)

reacts with the other (b3, 3hf1122g) to form (b4, 4hf1122g), i.e., one 4-
layer step. Thus the 2:4:3 steps are a result of dissociation and
reassembly of the 3:3:3 steps. It is reasonably believed that (b3,
3hf1122g) TD is the elementary TD associatedwith f1122g twinning,

and (b1, hf1122g) TD is a reassembly TD associated with f1122g
twinning. We will further examine this thought in terms of the
energetics and kinetics of steps using atomistic simulations.
2.3.
n
1122

o
/

n
1121

o
double twin

An EBSDmap in Fig. 3a shows one f1121g secondary twin inside
one f1122g primary twin, referred to as f1122g/f1121g double
twin (a schematic in Fig. 3b). The twin modes are identified ac-
cording to Fig. 3c, where point-to-point misorientation of the blue
arrow labeled in Fig. 3a is presented. The misorientation angle at
points A and D is around 64�, while that at points B and C is about
35�. This indicates that the double twin in Fig. 3a is
f1122g/f1121g. Both the primary and secondary twinning sys-

tems share the zone axis along the same
D
1010

E
direction. The pole

figure of
D
1010

E
directions in Fig. 3d shows that the primary and

secondary twin have the same zone axis as marked by a dashed
black square, revealing that the double twin belongs to co-zone
double twin. Recently, Beyerlein et al. [37] and Xu et al. [2] pro-
posed that nucleation of secondary twin in a primary twin could be
related to the interaction between glide dislocations and twin
boundary. In the following section, we will test this proposal using
MD simulations.
3. Twinning disconnections

3.1. Topological analysis

Using the dichromatic complex of f1122g twin, we show
possible shears associated with f1122g twinning. Fig. 4a shows a
unit cell of hexagonal close packed structure. Atoms in the unit cell
are symbolized with four types (solid circle, solid triangle, open
circle and open triangle) with respect to the coordinate along the
½1100� direction. Circles and triangles represent atoms on A-type
and B-type ð0001Þ planes, respectively. Fig. 4b shows the



Fig. 3. (a) An EBSD map of f1122g/f1121g double twins. (b) A schematic of f1122g/f1121g double twin in (a). (c) Point-to-point misorientation along the blue arrow in (a). (d)
Pole figure of

D
1010

E
zone direction of the f1122g primary twin and f1121g secondary twin. The red dots, green squares and yellow stars represent

D
1010

E
directions in the

matrix, the primary twin and the secondary twin, respectively. (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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dichromatic complex of f1122g twin. The coordinates are the x-axis
along ½1123� direction, the y-axis normal to ð1122Þ plane and the z-
axis along ½1100� direction. Black atoms belong to the matrix and
red atoms belong to the twin. The horizontal dashed line represents
the CTB. Corresponding to the upward migration of the twin
boundary, black atoms will move to red atoms through shear and
shuffle. Burgers vector bi describes the direction and magnitude of
the shear associated with the ith-layer transformation. The dis-
placements of the other black atoms below the ith ð1122Þ plane are
defined as the shuffle vectors.

Taking (b1, hf1122g) TD as an example, a single-layer TD (b1,

hf1122g) glides on the plane between the 0th and 1st atomic planes,

resulting in the one-layer upward migration of the twin boundary.
The Burgers vector b1 and the resulted twin shear are

b1 ¼ a2

3
�
a2 þ c2

�
h
1123

i
; S1 ¼ jb1j

dð1122Þ
¼ 2a

c
(1)

for a-Ti a ¼ 0:295 nm and c ¼ 0:468 nm, the magnitude of b1 is
0.157 nm, the direction of b1 is along ½1123� and the twin shear S1 is
equal to 1.261. This shear process doesn't involve atoms shuffling.
For (b2, 2hf1122g) TD, the Burgers vector b2 and the twin shear are

b2 ¼ c2 � a2

3
�
a2 þ c2

�
h
1123

i
; S2 ¼ jb2j

2dð1122Þ
¼ c2 � a2

ac
(2)

The magnitude of b2 is 0.239 nm for a-Ti and the shear direction
of b2 is opposite to that of b1. Twin shear S2 is 0.956. Fig. 4c shows
shuffle vectors s

0
1 and s

00
1 for atoms on the 1st atomic plane.

s
0
1 ¼ c2 � a2

6
�
a2 þ c2

�
h
1123

i
� 1
6

h
1100

i
(3)

s
00
1 ¼ c2 � a2

6
�
a2 þ c2

�
h
1123

i
þ 1
6

h
1100

i
(4)

The magnitudes of s
0
1 and s

00
1 are 0.147 nm for a-Ti. Using the

samemethod, Burgers vector bi in Fig. 4b, shear strain Si and shuffle
vectors on each plane in Fig. 4cef are summarized in Table 1. These
values are further confirmed by the MD results regarding to atom
movements during glide of TDs in Supplementary figures S-2.

Corresponding to the well-accepted twin shear direction ½1123�,
the gliding of b2 and b3will cause the same signed shear as the twin
shear while the gliding of b1, b4 and b5 will cause the opposite
signed shear to the twin shear. b6 can be treated as two b3. b7 is a
near zero shear and thus can be considered as a pure step [45]. (b1,
hf1122g) TD might have higher mobility than others because the

gliding of (b1, hf1122g) TD doesn't involve atoms shuffling. The

magnitude of (b4, 4hf1122g) TD and corresponding twin shear S4 are

smaller than that of (b3, 3hf1122g) TD. However, neither (b1, hf1122g)

nor (b4, 4hf1122g) TD was considered to be the elementary TD

associated with f1122g twinning, because they don't result in the
same twin shear as identified in experiments. Taking b3 as the



Fig. 4. (a) A hexagonal close packed (hcp) unit cell containing four types of atoms with respect to the coordinate along ½1100� direction. The orange plane shows the ð1122Þ plane in
the unit cell. (b) Dichromatic complex of f1122g twin. Black atoms belong to the matrix and red atoms belong to the twin. Burgers vectors of b1, b2, b3, b4, b5, b6 and b7 are defined in
the dichromatic complex. Shuffle vectors of atoms in (c) 1st layer; (d) 2nd layer; (e) 3rd layer and (f) 4th layer associated with various TDs. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Burgers vector bi, shear strain Si and shuffle vectors in a-Ti.

i 1 2 3 4 5 7

bi /½1123� a2

3ða2 þ c2Þ
a2 � c2

3ða2 þ c2Þ
2a2 � c2

3ða2 þ c2Þ
3a2 � c2

3ða2 þ c2Þ
4a2 � c2

3ða2 þ c2Þ
5a2 � 2c2

3ða2 þ c2Þ
SignðbiÞjbij (a-Ti)/nm 0.157 �0.239 �0.082 0.075 0.232 �0.007
Si 2a

c
a2 � c2

ac
4a2 � 2c2

3ac
3a2 � c2

2ac
8a2 � 2c2

5ac
10a2 � 4c2

7ac
Si (a-Ti) 1.261 �0.956 �0.217 0.152 0.374 �0.001

Shuffle vectors in a-Ti.

/½1123� /½1100� jsij (nm) Involved in /½1123� /½1100� jsij (nm) Involved in

s
0
1 a2 � c2

6ða2 þ c2Þ
� 1

6
0.147 b2, b3, b4, b5 s

00
2 3a2 � c2

6ða2 þ c2Þ
1
6

0.038 b3, b4, b5

s
00
1 a2 � c2

6ða2 þ c2Þ
1
6

0.147 b2, b3, b4, b5 s
0
3 2a2 � c2

3ða2 þ c2Þ
0 0.082 b4, b5

s
0
2 3a2 � c2

6ða2 þ c2Þ
� 1

6
0.038 b3, b4, b5 s

0
4 3a2 � c2

3ða2 þ c2Þ
0 0.075 b5
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elementary TD and b1 as a reassembly TD, these shear vectors can
be related to each other, such as b2 ¼ b3 � b1, b4 ¼ b3 þ b1 and
b5 ¼ 2b3 � b1. In the following, we will examine this proposal by
atomistic simulations.
3.2. Energies and kinetics of TDs

Atomistic simulations were conducted to study the energies and
kinetics of TDs with the embedded atom method (EAM) potential
for Ti developed by Zope and Mishin [46]. The potential has been
examined to reproduce fundamental properties of Ti by comparing
with DFT (GGA) calculations and experimental measurements, as
summarized in supplementary Table S-1. A bi-crystal correspond-
ing to ð1122Þ twin orientation has the dimensions of 80� 80� 1:53
nm. The matrix adopts the coordinates: the x-axis along ½1123�
direction, the y-axis normal to ð1122Þ plane and the z-axis along
½1100� direction. Periodic boundary conditions are applied in the x-
and z-directions. Twin boundary is the x-z plane in the middle of
the model. Two 1 nm thick regions in y-direction are fixed to mimic
bulk property of Ti. The bi-crystal is relaxed until the force acting on
each atom is less than 5 pN. To study the energy of TDs, we intro-
duced TDs in the bi-crystal by applying the anisotropic Barnett-
Lothe solutions [47] for the displacement field of a dislocation in
the bi-crystal and displacing atoms according to their shuffle vec-
tors (Table 1). We apply fixed boundary in the x- and y-direction to
eliminate image force. Dislocated structures are then relaxed until
the force acting on each atom is less than 5 pN. Fig. 5 shows atomic
structures of six TDs. Atoms are colored according to their excess
energy.

The line energy associated with each TD is computed by inte-
grating the excess energy of each atom around the center of the
dislocation corewithin a radius r (Å). Fig. 6a shows the line energies
of five TDs with respect to Ln(r). According to theory of dislocation
[25], the slope of the linear part is proportional to the square of the
magnitude of Burgers vector of each TD. Therefore, b2 and b5 have
larger elastic energy because of their largemagnitudes of 0.239 and
0.232 nm. b3 and b4 have smaller elastic energy associated with
their small magnitudes of 0.082 and 0.075 nm. The magnitude of
Burgers vector b1 is equal to 0.157 nm, correspondingly, the elastic
Fig. 5. Atomic structures of (a) (b1, hf1122g) TD; (b) (b2, 2hf1122g) TD; (c) (b3, 3hf1122g) TD; (d)

The x-axis is along ½1123� direction, the y-axis is normal to ð1122Þ plane and the z-axis is
energy associated with b1 is four times larger than that of b3 and b4.
The non-linear part represents the contribution of the core energy
(or step energy) to the total energy of a dislocation. Corresponding
to the general formula E ¼ EcoreðrÞþ Elineðr� rÞ, in which r is the
dimension of the dislocation core, we determined the core energy
and the core radius for b1 to b5, 0.71 eV/nm and 0.83 nm, 3.43 eV/
nm and 1.38 nm, 1.75 eV/nm and 0.45 nm, 2.60 eV/nm and 0.78 nm,
and 6.32 eV/nm and 3.27 nm, respectively. The results show that
the nucleation of (b3, 3hf1122g) TD is energetically favored because

of the lowest energy among the five TDs.
We further computed kinetic barriers associated with the glide

of each TD by using Nudge Elastic Band (NEB) method with 19 in-
termediate states [48]. The NEB calculations are converged until the
difference in the total energy within 10 iterative steps is less than
10�3 eV. Fig. 6b and c show the kinetic barrier corresponding to the
glide of each TD. Configurations of initial, final and three interme-
diate states are shown in the Supplementary Table S-3. The shuffle
displacements observed in atomistic simulations are consistent
with topological analysis. Kinetic barrier of (b2, 2hf1122g) TD is

around 100 times larger than that of (b1, hf1122g) TD. Kinetic bar-

riers of (b3, 3hf1122g) TD, (b4, 4hf1122g) TD and (b5, 5hf1122g) TD are

around 100 times larger than that of (b2, 2hf1122g) TD. Between two

(b3, 3hf1122g) TD and (b4, 4hf1122g) TD with low linear energy, (b3,

3hf1122g) TD has lower kinetic barrier, indicating the higher

mobility than (b4, 4hf1122g) TD. In conclusion, (b3, 3hf1122g) TD has

the lowest linear energy and relatively high mobility, which ac-
counts for why (b3, 3hf1122g) TD is the elementary TD associated

with f1122g twinning. (b1, hf1122g) TD has the lowest kinetic barrier

because of the planar extended core, indicating the highest
mobility.
3.3. Steps reassembly

It is noted that the line energy of a (b1, hf1122g) TD within a

radius smaller than 5.46 nm is lower than that of other TDs (Fig. 6).
Taking the high mobility of (b1, hf1122g) TD into account, a (b1,
(b4, 4hf1122g) TD; (e) (b5, 5hf1122g) TD and (f) two (b3, 3hf1122g) TDs on the ð1122Þ CTB.
along ½1100� direction.



Fig. 6. Line energy associated with (b1, hf1122g) TD, (b2, 2hf1122g) TD, (b3, 3hf1122g) TD, (b4, 4hf1122g) TD and (b5, 5hf1122g) TD with respect to Ln(r). The slopes of the linear part are in

agreement with the square of the magnitude of Burgers vectors. The nonlinear part shows the dislocation core energy (or step energy). The change in potential energy associated
with the glide of (a) (b1, hf1122g) TD and (b2, 2hf1122g) TD and (b) (b3, 3hf1122g) TD, (b4, 4hf1122g) TD and (b5, 5hf1122g) TD.
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hf1122g) TD dipole could be nucleated between two (b3, 3hf1122g)

TDs, i.e., two (b3, 3hf1122g) TDs (or two 3-layer steps) are reas-

sembled, forming one (b2, 2hf1122g) TD and one (b4, 4hf1122g) TD (or

one 2-layer step and one 4-layer step). Therefore, we refer (b1,
hf1122g) TD to the reassembly TD. This could explain the formation

of 2-layer and 4-layer steps that are observed in HRTEM images.
Using MD simulation, we observed the nucleation of a (b1,

hf1122g) TD dipole at a three-layer step (or (b3, 3hf1122g) TD) (the

same model as shown in Fig. 5c), resulting in the formation of one
4-layer step ((b4, 4hf1122g) TD) and one 1-layer step ((b1, hf1122g)

TD). When a three-layer step (or (b3, 3hf1122g) TD) is gliding on

f1122g CTB under applied shear stress tyx ¼ �600 MPa at 50 K
(Fig. 7a), we observed the emission of one (b-1, � hf1122g) TD from

the lower corner of the three-layer step as shown in Fig. 7b. This is
consistent with Serra's observation [33]. (b1, hf1122g) TD quickly

moves, detwinning the twin by one layer. Fig. 7c shows a four-layer
step.

The possibility of forming steps via the pileup of (b1, hf1122g) TDs

is ruled out because of the strong repulsion among (b1, hf1122g) TDs.

We created a four-layer step by piling up four (b1, hf1122g) TDs. MD
simulation demonstrated the dissociation of such a 4-layer step
into four discrete (b1, hf1122g) TDs, as shown in Fig. 7d.

4. Dislocation-
n
1122

o
twin interactions

The dislocation-twin interaction depends strongly on the slip
systems available in the twin, atomic structure of the twin
boundary, the local stress state, and temperature [39,49e52]. The
last two factors can be varied with loading conditions, but the first
two factors are determined by the geometrical characteristics of the
boundary [53]. Here, we conducted atomistic simulations at 10 K to
study the interactions between a basal <a> dislocation and one
f1122g twin.

4.1. Basal <a> dislocation interactions with a 2D
n
1122

o
twin

We adopted a bi-crystal model corresponding to ð1122Þ twin
orientation. The model has the dimensions of 40� 40� 1:53 nm.
The matrix adopts the coordinates where the x-axis is along ½1123�
direction, the y-axis is normal to ð1122Þ plane and the z-axis is
along ½1100� direction. Twin boundary is the x-z plane in themiddle
of the model. To study the interactions, we introduced a pure edge



Fig. 7. Steps reassembly associated with the glide of one (b3, 3hf1122g) TD under a

shear stress of �600MPa. (a) Initial three-layer step; (b) Nucleation of (b1, hf1122g) TD

loop and glide of (b-1, � hf1122g) TD; (c) Formation of a four-layer step (b4, 4hf1122g) TD.

(d) Atomic structure of four (b1, hf1122g) TDs. The x-axis is along ½1123� direction, the y-

axis is normal to ð1122Þ plane and the z-axis is along ½1100� direction.
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basal <a> dislocation (Fig. 8a) with the Burgers vector
ð0:158; �0:250; 0Þ nm in the upper grain by applying the aniso-
tropic Barnett-Lothe solutions [47] for the displacement field of a
dislocation in the bi-crystal. During simulation, periodic boundary
conditions are applied in the z-direction. Fixed boundary condi-
tions are applied in the x- and y-directions to maintain the
displacement field associated with <a> dislocation.

Possible reactions corresponding to interactions between single
edge basal <a> dislocation and ð1122Þ twin are summarized in
Supplementary Table S-4. Generation of lattice dislocations is ruled
out since the reactions increase total elastic energy. Under an
applied deformation gradient F1 which generates resolved shear
stress of 0.90 GPa on the basal plane in the upper grain, shear
stress �1.23 GPa on the twin boundary (which favors ð1122Þ
twinning), shear stress 0.61 GPa on ð1121Þ plane and �1.00 GPa on
ð1012Þ plane in the lower grain.

F1 ¼
0
@

0:9941 �0:02 0
0 0:9864 0
0 0 1

1
A (5)

Fig. 8b shows one snapshot, demonstrating the nucleation and
glide of one (b1, hf1122g) TD at the interaction site when the leading

partial dislocation interacts with the CTB. The reaction can be

written as 1
3½0110�M/b1 þ br

0
M . The dissociation is caused by the

relatively lower core energy of (b1, hf1122g) TD. Secondary twinning

doesn't happen because of low/negative shear stress.
To evoke nucleation of f1121g twin, we change the applied

deformation gradient to enhance shear stress on ð1121Þ plane in
the lower grainwhile to suppress the glide of (b1, hf1122g) TD on the

CTB. We tested two deformation gradients F2 and F3.

F2 ¼
0
@

1:01 0 0
0 0:9925 0
0 0 1

1
A (6)

which generates resolved shear stress 0.91 GPa on the basal plane
in the upper grain, shear stress 0 GPa on the CTB (which prevents
nucleation and gliding of twinning dislocations on the CTB), and
shear stress 1.00 GPa on ð1121Þ plane and �0.34 GPa on ð1012Þ
plane in the lower grain.

F3 ¼
0
@

1:0259 0:02 0
0 0:9988 0
0 0 1

1
A (7)

Which generates resolved shear stress 0.92 GPa on the basal plane
in the upper grain, shear stress 1.23 GPa on the CTB (which favors
ð1122Þ detwinning), and shear stress 1.37 GPa on ð1121Þ plane and
0.32 GPa on ð1012Þ plane in the lower grain.

MD simulations revealed similar results for the two applied
deformation gradients. Fig. 8c and d show two snapshots, revealing
nucleation and growth of one ð1121Þ secondary twin inside the
primary ð1122Þ twin induced by larger shear stress on ð1121Þ plane.
The reaction is described by 1

3½1120�M/6bð1121Þt þ br
00

M. The result
seems consistent with the EBSD observation [2].
4.2. Basal <a> dislocation interactions with a 3D
n
1122

o
twin

Recently, we conducted 3D atomistic simulation of the inter-
action processes of basal <a> dislocations approaching a three-
dimensional (3D) f1012g twin in Mg, and found that 3D atom-
istic simulation complements the geometric/crystallographic
analysis [54e58] and provides a comprehensive understanding of
dislocation-twin interactions. Here we expect that 3D atomistic
simulation may exhibit some additional information other than the
2D simulation.

We firstly created one ð1122Þ twin domain in a 40� 40� 40 nm
single crystal. The single crystal adopts the coordinates where x-
axis is along ½1123� direction, the y-axis is normal to ð1122Þ plane
and the z-axis is along ½1100� direction. The ð1122Þ twin is infinite
long in x-direction (or the twinning shear direction). Periodic
boundary condition is applied in the z-direction and fixed bound-
ary conditions are in the x- and y-directions. Observed along the
twinning shear direction, the twin has a hexagonal shape (Fig. 9a)
that is outlined by two CTBs and four f1211g k f1211g interfaces



Fig. 8. Basal <a> dislocation interactions with a 2D f1122g twin. (a) Initial structure containing a coherent twin boundary and a pure edge basal <a> dislocation. (b) The formation
of one-layer TD under the applied deformation gradient F1. (c) and (d) The formation of a ð1121Þ secondary twin after slip transformation under applied deformation gradients F2
and F3. The x-axis is along ½1123� direction, the y-axis is normal to ð1122Þ plane and the z-axis is along ½1100� direction.

Fig. 9. Basal <a> dislocations interactions with a 3D f1122g twin under the applied deformation gradient F1. (a) Initial structure of a 3D ð1122Þ twin domain. (b) Relaxed structure
of the 3D ð1122Þ twin and a pure edge basal <a> dislocation. Blue dashed line represents the leading partial dislocation and red dashed line represents the trailing partial
dislocation. (c) The dislocation is blocked by the twin and then loops the twin. (d) The dislocation nearly passes the twin domain by looping it. (e) A close look at the cross-section of
the twin-dislocation intersection on the ½1100� direction, showing the formation of one-layer TD. Which is consistent with Fig. 11b. (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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because of their low interface energies (285mJ/m2 for CTB and
265mJ/m2 for f1211g k f1211g interface). We introduced a pure
edge <a> dislocation on basal plane by the application of the
anisotropic Barnett-Lothe solutions [47] for the displacement field
of a dislocation. The model containing the dislocation and a twin
was relaxed for 5 pico-seconds at 10 K. Fig. 9b shows the relaxed
structure where the ð1122Þ twin is in a cylinder shape with the
radius r of about 5 nm. The basal dislocation has a planar extended
core. Similar to the 2D simulation, we applied deformation gradi-
ents F1, F2 and F3, respectively.
Under the deformation gradient F1, the dislocation approaches
the twin (also see Supplementary movie S-5). Fig. 9c and d show
the looping processes of the dislocation around the twin. Whenwe
took a close look at the cross-section of the twin along the z-di-
rection, one (b1, hf1122g) TD was observed on the CTB, as shown in

Fig. 9e, which is consistent with the 2D simulation.
Under the deformation gradients F2 or F3, the dislocation loops

the twin and finally passes the twin, as shown in Fig. 10a. Inter-

estingly,
n
1121

o
secondary twin nucleated inside the primary twin



Fig. 10. Basal <a> dislocations interactions with a 3D f1122g twin under the applied deformation gradients F2 or F3. (a) Nucleation of ð1121Þ secondary twin at TBs of ð1122Þ twin
after the dislocation loops the twin. (b) Coalescence of secondary twins and the formation of basal stacking faults at the lower TB. (c) Formation of one secondary twin and basal
stacking faults.

Fig. 11. 2D views of basal <a> dislocations interactions with a 3D f1122g twin under the applied deformation gradients F2 or F3. (a) Nucleation of secondary twins ð1121Þ at the
upper and lower TBs. (b) Propagation/growth of ð1121Þ twins. The dashed yellow line is parallel to basal plane in matrix and two solid white lines are parallel to ð1121Þ plane in
ð1122Þ twin. (c) ð1121Þ twins meet and coalesce. (d) and (f) The evolution processes of ð1121Þ twins, accompanying the successive emission of basal <a> dislocations on basal plane
in the primary twin, as shown in (e). Pink dashed lines in (e) show the gliding planes. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

M. Gong et al. / Acta Materialia 164 (2019) 776e787 785
(Fig. 10c, also see Supplementary movie S-6). The primary
n
1122

o

and the
n
1121

o
secondary twin share the same zone axis. In order

to clearly exhibit the formation processes of the
n
1121

o
twin, we

show 3D and 2D cross-sectional views. In 3D view, Fig. 10a shows
atomic structure after the dislocation loops pass the twin. A loop-
like shear region was observed near the twin boundary inside the
primary twin (Fig. 10a); then it propagates and coalesces in the
primary twin, forming a shear band inside the primary twin
(Fig. 10b); the shear band further develops into a f1121g twin
which connects with the lateral boundaries of the primary twin
(Fig. 10c). Besides, basal stacking faults form and connect the
f1121g twin with twin boundaries of the primary twin. The cross-
sectional views of themodel in the z-plane clearly exhibit the initial
nucleation and coalescence of a loop-like shear band and the
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formation of the f1121g secondary twin. Fig. 11a shows two shear
regions that are connected to the upper and lower coherent twin
boundaries after the dislocation loops the twin (also see Supple-
mentarymovie S-7). The yellow line indicates the basal plane in the
matrix, demonstrating that the two shear regions are evoked by the
dislocation-twin interaction. Fig. 11b and c show the propagation
and coalescence of the two shear regions inside the primary twin.
The two white lines indicate ð1121Þ planes in the primary twin,
implying the shear happens on ð1121Þ planes. Fig. 11d and f show
that the two shear regions further develop a single twin band
accompanying complicated reassembly of defects at/near the twin
boundary (zoomed in Fig. 11e) and formation of basal stacking
faults. Fig. 11f shows a lenticular shape ð1121Þ twin and two basal
stacking faults inside the primary twin. Obviously, the ð1121Þ twin
does not connect to the dislocation-TB interaction sites, which is
different from 2D simulations.

The above processes are attributed to two facts. First, twin bands
are evoked by the dislocation-TB interaction. These initial twins
nucleate on the different ð1121Þ planes because the basal plane in
the matrix is not parallel to the ð1121Þ plane in the twin. Second,
these twins on different planes develop a single twin band by
reducing the energy associated with multiple twins. When the
loop-like twins meet inside the primary twin, an irregular-shape
ð1121Þ twin forms. Given the projection of the height of ð1121Þ
twin on the normal of CTB is h, the angle between the yellow line
and CTB is 4 and the angle between the yellow line and the white
line is q, the thickness d of the irregular-shape ð1121Þ twin is
calculated to be d ¼ h

sin 4
sin q and the length is l ¼ h

cosð4�qÞ. h is

10.3 nm, 4 is 57.8� and q is 8.0�. Therefore, the twin length is
l¼ 16.0 nm and the thickness is d¼ 1.70 nm. After the twin de-
velops a single twin band, the twin becomes shorter and thinner,
l¼ 7.4 nm and d¼ 0.8 nm. Thus, reducing twin volume and twin
boundaries enables the complicated reassembly of multiple twins
and the emission of basal <a> dislocations from the tips of the
f1121g twin.

5. Conclusion

We studied structures and energies of TDs, steps along coherent
twin boundary and dislocation-twin interactions by combining
microscopies and atomistic simulations. High-resolution trans-
mission electron microscopies confirm the presence of various
heights of steps along f1122g twin boundary. Interestingly, the
total height of a group of steps is equal to 3nhf1122g (n � 1).

Atomistic simulations of twinning disconnections in terms of their
energies and kinetics suggest that (b3, 3hf1122g) TD is the elemen-

tary TD and (b1, hf1122g) TD is the reassembly TD. Various height

steps (or other TDs) can be treated as a reassembly TD of (b3,
3hf1122g) TDs and (b1, hf1122g) TD. In addition, two-dimensional and

three-dimensional MD simulations of the interactions between
basal <a> dislocation and f1122g twin demonstrated that (b1,
hf1122g) TD and f1122g/f1121g double twin can be nucleated

depending on applied stresses. Our results extend our under-
standing of f1122g twinning and f1122g/f1121g double twin-
ning in hexagonal metals.
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Supplementary Materials 

Steps and 𝟏𝟏𝟐𝟏  secondary twinning associated with 𝟏𝟏𝟐𝟐  twin in titanium 

Mingyu Gong a,Δ, Shun Xu a,∆, Dongyue Xie a, Shujuan Wang b, Jian Wang a,c,*,  

Christophe Schuman d, Jean-Sébastien Lecomte d 
a Mechanical and Materials Engineering, University of Nebraska-Lincoln, Lincoln, NE 68588, USA 
b MST-8, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 
c Nebraska Center for Materials and Nanoscience, University of Nebraska-Lincoln, Lincoln, NE 68588, USA 
d Laboratoire d'Etude des Microstructures et de Mecanique des Materiaux (LEM3), CNRS UMR 7239; Laboratory 

of Excellence on Design of Alloy Metals for low-mAss Structures (DAMAS), Universite de Lorraine, F-57045, 

Metz, France 

 

S-1 Comparison of properties from MD, DFT and experimental measurements. 

 
a 

(Å) 

c 

(Å) 

Ecoh 

(eV) 

C11 

(GPa) 

C33 

(GPa) 

C12 

(GPa) 

C13 

(GPa) 

C44 

(GPa) 

γsf 

(eV) 

EAM 2.95 4.68 -4.85 171 190 84 77 52 56 

GGA 2.95a 4.68a -5.17b 172a 190a 82a 75a 45a 292a 

Exp. 2.95c 4.69c -4.85d 176e 190e 87e 68e 51e 290f 

 

a. DR Trinkle, MD Jones, RG Hennig, SP Rudin, RC Albers, JW Wilkins. Empirical tight-binding model for titanium phase transformations. 

Physical Review B, 73.9 (2006), p.094123. 

b. RG Hennig, TJ Lenosky, DR Trinkle, SP Rudin, JW Wilkins. Classical potential describes martensitic phase transformations between the α, β, 

and ω titanium phases. Physical Review B, 78.5 (2008), p.054121. 

c. WB Pearson. A handbook of lattice spacing and structure of metals and alloys (Pergamon, Oxford, 1987). Vol. 1-2. 

d. C Kittel, P McEuen. Introduction to solid state physics (New York: Willey, 1996). Vol. 8, p. 323-324. 

e. G Simons, H Wang. Single crystal elastic constants and calculated aggregate properties (MIT, Cambridge, MA, 1977). 

f. PB Legrand. Relations entre la structure électronique et la facilité de glissement dans les métaux hexagonaux compacts. Philosophical 

Magazine B, 49(2) (1984), pp.171-184. 

Properties including lattice constants, cohesive energy and elastic modulus from Zope and 

Mishin’s EAM potential have good agreement with DFT results and experimental measurements. 

The stacking fault energy on basal plane from MD simulation is lower than that from DFT or 

experiments. This will cause a slightly increased separation between two partial dislocations on 

basal plane, but no significant influence on the interaction process between edge basal <a> 

dislocation and 1122  twin. 
                                                
∆ Mr. MY Gong and Dr. S Xu contributed equally to this work. 
* Corresponding authors: Dr. Jian Wang (jianwang@unl.edu) 
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S-2 Atoms movements associated with glide of (a) (b1, ) TD, (b) (b3, ) TD and (c) 

(b4, ) TD in MD simulations. (At finite temperature, (b2, ) TD will 

dissociate into (b3, ) TD and (b-1, ) TD. Meanwhile, (b5, ) TD will 

dissociate into (b4, ) TD and (b1, ) TD.) Red arrows have around 0.085 nm 

displacement in z-direction, blue arrows have around -0.085 nm displacement in z-direction 

and black arrows have around 0 nm displacement in z-direction. The MD results are 

comparable to the TM analysis. 

 

Atoms movements associated with glide of (a) (b1, ) TD, (b) (b3, ) TD and (c) (b4, 

) TD in MD simulations. 
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S-3 Minimum energy path associated with glide of (b1, ) TD, (b2, ) TD, (b3, 

) TD, (b4, ) TD and (b5, ) TD. 
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S-4 Possible reactions during interaction between single pure edge basal <a> dislocation and 

1122  CTB. 

Possible reaction 𝒃𝒓𝒊𝒈𝒉𝒕
!
− 𝒃𝒍𝒆𝒇𝒕

!

𝒂 !  
SS (GPa) of product 

(F1, F2, F3) 

1. Pure edge basal <a> in twin 

1
3
1120 ! ⟶

1
3
1120 ! + 𝒃𝒓𝟏 

1.14 0.16, -0.91, -1.97 

2. Mixed basal <a> in twin 

1
3
1120 ! ⟶

1
3
1210 !/

1
3
2110 ! + 𝒃𝒓𝟐/𝒃𝒓𝟑 

1.57 0.08, -0.46, -0.99 

3. Pure edge prismatic <a> in twin 

1
3
1120 ! ⟶

1
3
1120 ! + 𝒃𝒓𝟏 

1.14 0, 0, 0 

4. Mixed prismatic <a> in twin 

1
3
1120 ! ⟶

1
3
1210 !/

1
3
2110 ! + 𝒃𝒓𝟐/𝒃𝒓𝟑 

1.57 1.04, 0.09, -0.87 

5. Pure edge 2nd pyramidal <c+a> in twin 

1
3
1120 ! ⟶

1
3
1123 ! + 𝒃𝒓𝟒 

3.30 1.10, 0.79, 0.48 

6. TDs of 1012  twinning in twin 
1
3
1120 ! ⟶ 4𝑏!

!"!! + 𝒃𝒓𝟓 
-0.61 -1.00, -0.34, 0.32 

7. TDs of 1121  twinning in twin 
1
3
1120 ! ⟶ 6𝑏!

!!!" + 𝒃𝒓𝟔 
-0.84 0.61, 1.00, 1.37 

8. b1 TDs of 1122  twinning in matrix 
1
3
1120 ! ⟶ 𝒃𝟏 + 𝒃𝒓𝟕 

0.00 -1.23, 0, 1.23 

9. b3 TDs of 1122  twinning in matrix 
1
3
1120 ! ⟶ −𝒃𝟑 + 𝒃𝒓𝟖 

-0.14 1.23, 0, -1.23 

 

In the above table, reactions 1-5 generate lattice dislocations. There’s no requirement for the 

direction of shear stress (SS). So, shear stresses in table are displayed in positive value. 

Reactions 6 and 7 show nucleation of secondary twins which is directional. Only positive values 

of shear stress favor the reaction. Reactions 8 and 9 are the twinning/detwinning process of the 

primary twin. Positive value of shear stress indicates twinning and vice versa. 
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S-5 A movie showing 3D view of interaction processes between edge basal <a> dislocation and 

 twin under deformation gradient F1. Atoms are displayed with respect to potential 

energy.  

 
S-6 A movie showing 3D view of interaction processes between edge basal <a> dislocation and 

 twin under deformation gradient F2 or F2. Atoms are displayed with respect to 

common neighbor analysis (CNA). Blue color shows the I2 stacking faults.  

 
S-7 A movie showing 2D view of interaction processes between edge basal <a> dislocation and 

 twin under deformation gradient F2 or F2. Atoms are displayed with respect to 

common neighbor analysis (CNA). Blue color shows the I2 stacking faults.  
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