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Twin–twin interactions (TTIs) take place when multiple twinning modes and/or twin variants are activated and
interact with each other. Twin–twin junctions (TTJs) form and affect subsequent twinning/detwinning and
dislocation slip, which is particularly important in determining mechanical behavior of hexagonal metals
because twinning is one major deformation mode. Atomic-level study, including crystallographic analysis,
transmission electronic microscopy (TEM), and molecular dynamics (MD) simulations, can provide insights into
understanding the process of TTIs and structural characters associated with TTJs. Crystallographic analysis
enables the classification of TTIs and the prediction of possible interfaces of twin–twin boundaries (TTBs),
characters of boundary dislocations, and possible reactions of twinning dislocations and lattice dislocations at
TTBs. MD simulations can explore the process of TTIs, microstructures of TTJs, atomic structures of TTBs, and
stress fields associated with TTJs. The predictions based on crystallographic analysis and the findings from MD
can be partially verified by TEM. More importantly, these results provide explanation for microstructural
characters of TTJs and guidance for further TEM characterizations.

Introduction
Hexagonal metals with hexagonal close-packed (HCP) struc-

ture, such as magnesium (Mg) and titanium (Ti), have wide

application as structural materials. Mg and its alloys with high

specific strength have potential applications in vehicle trans-

portation and aviation to reduce weight and further to increase

fuel efficiency [1, 2, 3]. Ti and its alloys are widely employed in

aerospace industry and medical implants because of their high

strength and good biocompatibility [4, 5, 6]. Plastic deforma-

tion is carried over by slips and twins. Basal and prismatic

a slips are commonly activated [7, 8, 9, 10, 11, 12, 13] in all

HCP metals, but they cannot contribute to plastic deformation

along c. Nonbasal c+a dislocations on the 1st and 2nd

pyramidal planes accommodate plastic deformation along c,

but they have low mobility at room temperature [14, 15, 16, 17,

18]. Deformation twinning becomes an alternate deformation

mode to accommodate plastic deformation along c. Six

twinning modes, �101mf g (m 5 1, 2, 3) and 11�2nf g (n 5 1,

2, 4) twinning, are reported for different hexagonal metals [19,

20]. �1012f g tension twinning is easily activated [21, 22, 23, 24,

25, 26], whereas �1011f g and �1013f g compression twinning are

hard to activate [27, 28, 29] in Mg at room temperature.
�1012f g and 11�21f g tension twins, and 11�22f g, 11�24f g, and
�1011f g compression twins are observed in Ti [30, 31, 32, 33,

34, 35, 36, 37, 38, 39, 40, 41, 42].

Multiple twinning modes and their variants can be acti-

vated concurrently and interact with each other under mono-

tonic loading [36, 43, 44, 45], cyclic loading [46, 47, 48, 49, 50],

shocking [40, 51, 52], etc. Twin–twin interactions (TTIs) take

place and result in the formation of twin–twin junctions (TTJs)

[43, 53, 54, 55, 56, 57, 58], which cause strain hardening [49,

54, 59, 60] and crack initiation [49, 54, 59, 60]. Twin–twin

boundaries (TTBs) associated with TTJs can be described as

a result of reactions of twinning dislocations (TDs). Yu et al.

[53] defined three types of TTBs, which are TTBI parallel to

twinning planes, and TTBO and TTBA on the obtuse and acute

sides of TTJs. Roberts and Partridge [61] characterized TTBs

between two �1012f g twins. TTBO and TTBA are nearly parallel

to the bisection between two twinning planes. Morrow et al.

[48, 62] employed in situ transmission electronic microscopy
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(TEM) to investigate twinning/detwinning behavior under

cyclic loading and found that TTBs retarded detwinning

process. Moreover, residual twins form in the vicinity of TTBs

[49, 50], serving as sources for retwinning and inducing cyclic

hardening. Local stress fields [36, 40, 63, 64] associated with

TTJs affect or trigger anisotropic growth of primary twins [53,

63, 65, 66], sequential primary twinning [36, 54, 56, 57, 67],

secondary twinning [40, 49, 68, 69, 70], and slip bands [71, 72].

Chen et al. [66] observed abnormal migration of twin bound-

aries using in situ electron backscattered diffraction (EBSD).

Twin boundaries (TBs) continue to migrate when the sides of

intersecting twin bands enclose an acute angle but cease to

migrate on the sides enclosing an obtuse angle. The anisotropic

twin growth on two sides of TTJs explains the prevalent

formation of certain types of TTBs [43, 53, 63, 65]. In addition,

activation of secondary twins may be related to fracture

initiation because microcracks are often observed along sec-

ondary twin boundaries [49]. Therefore, the evolution of

microstructures may locally deviate the orientation between

two twin variants, affecting subsequent twinning/detwinning

and slip behavior.

Microstructural evolution during TTIs is related to both

dynamics and energetics associated with growth of twins and

formation of TTBs. Crystallographic analysis offers geometric

insight because twinning is unidirectional with a specific

twinning plane and twinning direction. Pratt [73] analyzed

the crystallography associated with �1012f g TTIs in HCP

metals and observed 10�12ð Þ– 01�12ð Þ and 10�12ð Þ– 01�12ð Þ junc-
tions by optical microscopy. Yu et al. [53] systematically

classified �1012f g TTIs into three types with respect to the

zone axis of twinning, i.e., one cozone (with zone axes of two

twins parallel to each other) and two noncozone (with zone

axes of two twins nonparallel to each other) TTIs and studied

crystallographic aspects of the associated TTBs, including

boundary planes and boundary dislocations. Energetically

favorable TTBs are predicted based on the character of

boundary dislocations with the application of the Frank’s law

[74]. Using a similar approach, Xu et al. [43] classified

interactions between two 11�22f g twins into three types and

explained the formation of prevalent TTBs that are character-

ized by EBSD. At the atomic level, molecular dynamics (MD)

simulations are able to explore the process of TTIs and reveal

the atomic structure and energy of TTBs associated with

cozone [45, 64, 71] and noncozone [63] �1012f g TTIs. High-

resolution transmission electronic microscopy (HRTEM) [44,

45] further reveals structural character of TTBs that were

predicted using MD simulations [45, 63, 71, 75]. Besides

crystallographic characteristics, local stress field associated with

TTJs have been analyzed using molecular statics at the atomic

level and crystal plasticity models at meso-scale [36, 40, 63, 64].

Gong et al. [63] calculated the stress fields near �1012f g

noncozone TTJs via atomistic simulation and correctly pre-

dicted the associated prevalent TTBs as observed by EBSD.

Kumar et al. [64] discussed the effect of stress field associated

with �1012f g cozone TTIs on twinning using elasto-viscoplastic

fast Fourier transformation (EVP-FFT). Xu et al. [40] calcu-

lated the stress field near 11�22ð Þ– 11�24ð Þ junctions with crystal

plasticity fast Fourier transform (CP-FFT) modeling and

explained the formation of 10�12ð Þ/ 01�12ð Þ secondary twins.

In this article, we present a general discussion of �1012f g
TTIs in hexagonal metals through integrating crystallographic

analysis, microscopic characterization, and MD simulation. We

also slightly extend our discussion to other types of twins and

illustrate the feasibility of the described strategy.

General process and features of TTI
Figure 1 schematically shows a general process of TTI during

loading and reverse loading. Figure 1(a) shows an incoming

twin (notated as Tj) approaching an encountering twin

(notated as Ti). The twin tip of Tj is described as an array of

TDs. Correspondingly, a stress field is produced by the array of

TDs. The stress field will affect the nucleation and motion of

TDs associated with the two twins and may trigger other

deformation modes. Figure 1(b) shows the formation of TTBI
as Tj contacts twin boundary of Ti. TTBI represents the

boundary as TDs associated with Tj pile up on the boundary

of twin Ti as boundary dislocations bI. With the thickening of

Tj, more TDs are piled up on the boundary. Consequently, the

local stress associated with Tj increases, which may trigger

dislocation slip and/or secondary twinning in the encountering

twin, as shown in Figure 1(c). Meanwhile, both twins may grow

and new TTBs develop, as shown in Figure 1(d). New TTBs are

referred to as TTBO and TTBA according to the angle between

twinning planes of Ti and Tj. TTBO forms as the angle is

obtuse, and TTBA forms as the angle is acute. They can be

described as an array of boundary dislocations (bO or bA) as

a result of TDs reactions. Twin transmission is generally

prohibited due to the polar nature of twinning [43, 53]. Under

reverse loading, detwinning as shown in Figure 1(e) may occur.

It is accomplished by either dissociation of boundary disloca-

tions or retwinning inside primary twins. Retwinning is

associated with nucleation and propagation of secondary

twinning with the same twin variant as the primary twins.

Besides retwinning, it is also possible that secondary twinning

with the other twin variants takes place in the primary twins, as

shown in Figure 1(f). Boundary dislocations may act as sources

for nucleating the required TDs [53]. These reactions are

determined by character of TTBs, local stress fields, and

available deformation modes.

TTJs and TTBs have been characterized in Mg [44, 45, 48,

49, 50, 54, 58, 61, 62, 63, 71], Ti [36, 43, 56, 65, 72, 76], Zn [73],
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Zr [55, 77, 78], and Re [67, 79] by optical microscopy [50, 61,

73], EBSD [36, 43, 49, 54, 55, 58, 63, 71, 76], and TEM [44, 45,

48, 62, 65, 67, 72, 77, 79]. To facilitate the discussion and

review of these TTJs and TTBs, we followed the notation of

twin variants proposed by Xu et al. [80]. T I
i and T II

i (n 5 1, 2,

. . ., 6) denote the six �1012f g and six 11�21f g twin variants,

whereas CI
i and CII

i (n 5 1, 2, . . ., 6) represent six 11�22f g and

six 11�24f g twin variants. T I
1, T

II
1 , C

I
1, and CII

1 represent 10�12ð Þ,
11�21ð Þ, 11�22ð Þ, and 11�24ð Þ twin variants. The subscript

changes from 1 to 6 following a counter-clockwise rotation

about c axis. As proposed by Yu et al. [53], an interaction

between incoming twin T I
j and encountering twin T I

i is denoted

as T I
j ! T I

i .

Because of fast propagation of twins [81, 82, 83], the

moment when twins nearly intersect is rarely captured.

Figures 2(a) and 2(b) show some of the features of TTJs when

incoming twins nearly reach encountering twins, as schemat-

ically shown in Figure 1(a). For T I
4 ! T I

1 interaction, scanning

transmission electron microscope (STEM) [Figure 2(a)] char-

acterizes a local deviation of encountering TBs from the

twinning plane near the intersection point [62], indicating

possible attraction of encountering TBs by incoming twins.

Figure 2(b) shows several T I
2 ! T I

1 junctions (enclosed by

dashed circles) before they meet each other. Encountering

TBs on the obtuse side of TTJs appears to be attracted by

incoming twin tip, whereas the TBs on the acute side seem to

be repulsed by incoming twin. Such features may be related to

local stress field associated with incoming twin.

Figures 2(c)–2(f) show some typical microstructures of

TTJs after the intersection of two twins. With EBSD

characterization, a TTBI is observed in Mg [Figure 2(c)]

associated with a T I
3 ! T I

1 interaction [63], a TTBO is

observed in Ti [Figure 2(d)] associated with a CI
3 ! CI

4

interaction [43], and a TTBA is observed in Mg [Figure 2(e)]

associated with a T I
4 ! T I

1 interaction [71]. For these cases,

one of the TTBs is prevalent. Figure 2(e9) [71] shows

a backscattered secondary electron (BSE) micrograph of

the same region in Figure 2(e). A basal slip band is found

connected to TTBA. Figure 2(f) shows a secondary twin T I
5

characterized inside the primary twin CII
1 as CI

4 ! CII
1

interaction happens [40]. These observations can be

explained schematically by Figures 1(c) and 1(d). Addition-

ally, it should be noted that a majority of TTBs characterized

by microscopy is in near-equilibrium state due to stress

relaxation [84], and may not be the same as nonequilibrium

TTBs upon formation [84, 85].

Figure 1: Schematics showing TTI during loading and reverse loading. During loading: (a) TTJ before twin–twin contact. Tip of Tj consists of TDs. (b) TDs of Tj
reach and pile up on encountering twin Ti as bI, forming TTBI. (c) TTBI extends while stress relaxation takes place via deformation modes (dislocation slip, secondary
twinning, etc.) other than primary twinning. BI is the misfit dislocation on TTBI. (d) TTBO and TTBA form, whereas growth of both Ti and Tj is favored on the obtuse
and acute sides of TTJs. Misfit dislocations BO and BA form on TTBO and TTBA after stress relaxation. During reverse loading: (e) Detwinning of Ti and Tj may take
place. (f) Secondary twinning in Ti and Tj may form.

Invited Feature Paper

ª Materials Research Society 2020

▪
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch
▪

Vo
lu
m
e
35
▪

Is
su
e
13
▪

Ju
l1

4,
20
20
▪

w
w
w
.m
rs
.o
rg
/jm

r

cambridge.org/JMR 1649



Under reverse loading, detwinning may happen. Yu et al.

[71] observed detwinning associated with T I
4 ! T I

1 interaction

in Mg under in situ optical microscopy. As shown in

Figures 2(g) and 2(h), detwinning of T I
1 and T I

4 mainly takes

place away from TTJs, indicating possible retardation of TTJs

to detwinning. Similar observation of retardation is also

characterized for T I
2 ! T I

1 interaction in Mg [48]. In most

instances, the stress state after loading reversal also favors

secondary twinning [Figure 1(h)] of the same type (tension/

compression) as primary twinning. Figures 2(i) and 2(j) show

the double tension twin structures in T I
j ! T I

i junctions in Mg

[53, 70]. The variant selection of the secondary tension twin

follows the trend that the secondary twinning plane is parallel

to the intersection line between two primary twinning planes.

In other words, the T I
j secondary twin forms in the T I

i primary

twin during T I
j ! T I

i interaction.

These interaction processes can be partially verified by

geometry features of TTJs observed by microscopy, and could

be affected by several factors such as local stress fields and

available deformation modes. Further analysis can be conducted

based on crystallography of TTIs and atomistic simulations.

Crystallographic analysis of TTIs
Classification of TTIs

Taking T I
j ! T I

i interactions as an example, we classify them

into three types, T I
iþ1 ! T I

i , T
I
iþ2 ! T I

i , and T I
iþ3 ! T I

i . For

each type of TTI, positions of the twinning planes associated

Figure 2: (a) STEM image showing TBs deviating largely from the twinning plane of the encountering twin T I
1 during T I

4 ! T I
1 interaction in Mg [62]. (b) EBSD

image showing anisotropic growth of encountering twins T I
1 during T I

2 ! T I
1 interaction in Mg. EBSD images showing (c) formation of TTBI associated with

T I
3 ! T I

1 interaction in Mg [63], (d) formation of TTBO associated with CI
3 ! CI

4 interaction in Ti [43], and (e) formation of TTBA associated with T I
4 ! T I

1

interaction in Mg [71]. (e9) BSE micrograph showing formation of basal slip band attaching to TTBA in the same region in (e). (f) EBSD image showing secondary
twin T I

5 inside primary CII
1 during CI

4 ! CII
1 interaction in Ti [40. (g) and (h) In situ optical micrographs showing detwinning associated with T I

4 ! T I
1 interaction in

Mg under reverse loading [71]. EBSD images showing (i) a secondary twin TI
2 connecting to TTB inside a primary twin TI

1 for TI
2 ! TI

1 interaction, and (j) two
secondary twins TI

2 connecting to TTBs inside a primary twin T I
6 for T I

2 ! T I
6 interaction [53].
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with the involved twin variants are shown in Figures 3(a)–3(c)

in an HCP unit cell in the matrix. The angles between twinning

planes of two twins are 140°/40°, 108°/72°, and 94°/86° for

T I
iþ1 ! T I

i , T
I
iþ2 ! T I

i , and T I
iþ3 ! T I

i interactions. The zone

axis of one twin variant is along the intersection between its

twinning plane and the basal plane. When two twins share the

same zone axis, the interaction is called cozone interaction, and

the others are called noncozone interaction. Thus, T I
iþ3 ! T I

i

interactions are of cozone, whereas T I
iþ1 ! T I

i and T I
iþ2 ! T I

i

interactions are noncozone. For all types of TTIs, twinning planes

of two twins intersect and divide a crystal into four regions. The

intersection lines are along the red dashed lines n, which are
�2�243½ �M , 0�221½ �M , and 1�210½ �M directions for T I

2 ! T I
1, T

I
3 ! T I

1,

and T I
4 ! T I

1 interactions. The divided regions are defined as

obtuse sides or acute sides depending on the angles between the

two twinning planes on those sides. Two twins are bonded by

TTBs: the types of which are determined by their position. TTBI is

parallel to one of the twinning planes of two twins. TTBO forms

on the obtuse sides, whereas TTBA forms on the acute sides. With

the assumption that TTBO and TTBA are parallel to the bisection

between two twinning planes, Figures 3(a9)–3(c9) shows positions

of TTBO (blue planes) and TTBA (red planes) in an HCP unit cell

in the matrix. TTBI, TTBO, and TTBA have high index in two

interacting twins. Table I summarizes the index of TTBs in the

matrix and two interacting twins.

Structural character associated with other TTIs can be

analyzed by using a similar approach. Interactions between two

twins in the same twinning mode, i.e., T I
j ! T I

i and CI
j ! CI

i , are

always classified into three types [36, 43, 53, 55, 63, 65, 76].

Interactions between two twins in different twinning modes, such

as T I
j ! T II

i and CI
j ! CII

i , are classified into four types [55].

Formation and roles of TTBs

TTBs form as one twin encounters and reacts to another twin.

TTBs form based on the reaction of TDs. When the tip of the

incoming twin is blocked at the boundary of the encountering

twin, TTBI forms. The TTB plane coincides with the twinning

plane of the encountering twin and contains boundary dis-

locations that have the same character as the TD associated

with the incoming twin. When both twins grow through the

glide of TDs, these TDs meet, react, and form junctions. The

line senses of TDs are along the n direction upon reaction. The

pileup of these boundary dislocations forms a dislocation wall,

corresponding to the TTBs. Based on the angles between the

two primary twinning planes, one TTB is referred to as TTBA
corresponding to an acute angle, and the other is referred to as

TTBO corresponding to an obtuse angle. The Burgers vector of

the junction is thus equal to the sum of the two TDs.

A TTJ between Ti and Tj is schematically shown in

Figure 4. The TTJ comprises TTBI and prevalent TTBO/TTBA.

The blue and green dashed lines represent TDs of Ti and Tj. On

TTBI (green plane in Figure 4), TDs of Tj pileup on Ti as

boundary dislocation bI (represented by the pink dashed line).

Boundary dislocations bO or bA (represented by the brown

dashed line) lie on TTBO or TTBA (orange plane in Figure 4).

Line senses of bI, bO, and bA upon formation are along the n

direction. Frank’s law [74] is employed [43, 53, 63, 65] to assess

the change in line energy of these dislocations bI, bO, and bA. A

reduction of line energy associated with the formation of

boundary dislocations indicates that the reaction is energetically

favorable and is likely to take place. Taking T I
2 ! T I

1 interaction

as an example, the TDs react when their line senses are along the

n direction ( �2�243½ �M direction). The reactions are expressed as

b
T I
2

tw ! bI ; ð1Þ

b
T I
1

tw � b
T I
2

tw ! bO ; ð2Þ

b
T I
1

tw þ b
T I
2

tw ! bA : ð3Þ

Similar calculations have been applied to boundary dis-

locations bI, bO, and bA associated with other TTIs. The

Burgers vectors of boundary dislocations associated with

T I
j ! T I

i and CI
j ! CI

i interactions, and values of jbIj2/jbtwj2,
jbOj2/(2jbtwj2), and jbAj2/(2jbtwj2) are listed in Table II. When

the values are less than unity, the corresponding reactions are

energetically favorable. There is no elastic energy change after

formation of TTBI because jbIj2/jbtwj2 is one. Formation of

TTBO for T I
2 ! T I

1 interaction, TTBO for T I
3 ! T I

1 interaction,

TTBA for T I
4 ! T I

1 interaction, TTBO for CI
2 ! CI

1 interaction,

TTBA for CI
3 ! CI

1 interaction, and TTBA for CI
4 ! CI

1

interaction reduces elastic energy and are more likely.

It is noted that elastic energy changes associated with the

formation of TTBI, TTBO, and TTBA for T I
3 ! T I

1 and T I
4 ! T I

1

interactions are close. For these reactions, Frank’s law may fail

when other factors such as dislocation core energy and

interface energy of TTBs are taken into account. Correspond-

ingly, TTBI in Mg [63] for T I
3 ! T I

1 interaction as well as TTBO
in Mg [44, 45, 71] for T I

4 ! T I
1 interaction, which are not

predicted by Frank’s law [74], are characterized experimentally.

The discrepancy between experimental observation and crys-

tallographic analysis could be ascribed to structure relaxation of

interfaces, which can be investigated via atomistic simulations

and stress field analysis.

As revealed in Figures 1(e) and 1(f), detwinning and

secondary twinning may take place during reverse loading.

Three possible modes associated with detwinning or secondary

twinning are proposed by Yu et al. [53], including (i) direct

detwinning via dissociation/unzipping of boundary disloca-

tions into TDs, (ii) retwinning inside primary twins, and (iii)
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secondary twinning inside primary twins. In their work, a wide

range of possible reactions on TTBI, TTBO, and TTBA are listed

for T I
j ! T II

i interactions, and the associated changes in elastic

energy are calculated based on Frank’s law [74]. With the

knowledge of prevalent TTBs, the range of possible reactions is

greatly narrowed down. This also raises the necessity to investigate

TTIs by atomistic simulations and stress field analysis.

MD simulations of TTIs
Stress field analysis associated with TTIs

Atomistic simulations are able to investigate both dynamics

[45, 63, 64, 71] and energetics [63, 75] associated with TTIs. As

one twin approaches another, Kumar et al. [64] numerically

studied the role of local stress field on T I
4 ! T I

1 interactions in

Mg via MD simulations and EVP-FFT models. Figure 5(a)

shows the initial structure containing T I
1 and T I

4 twins. Atoms

are colored in accordance to resolved shear stress (RSS)

associated with T I
1 twinning. Along upper and lower coherent

twin boundaries (CTBs), the region near the T I
4 twin tip shows

positive RSS and is greater than the RSS in the other regions,

which is confirmed by Figure 5(b), showing variation of the

Figure 3: (a) T I
2 ! T I

1 twin–twin pair with the intersection line along �2�243½ �M direction. (a9) TTBO (blue) and TTBA (red) on the obtuse and acute sides of
T I
2 ! T I

1 TTJ. (b) T I
3 ! T I

1 twin–twin pair with the intersection line along 0�221½ �M direction. (b9) TTBO (blue) and TTBA (red) on the obtuse and acute sides of
T I
3 ! T I

1 TTJ. (c) T I
4 ! T I

1 twin–twin pair with the intersection line along 1�210½ �M direction. (c9) TTBO (blue) and TTBA (red) on the obtuse and acute sides
of T I

4 ! T I
1 TTJ.

TABLE I: Index of TTBs in the matrix and two interacting twins.

T I
2 ! T I

1 T I
3 ! T I

1 T I
4 ! T I

1

TTBI

In matrix 1 0 �1 2ð ÞM 1 0 �1 2ð ÞM 1 0 �1 2ð ÞM
In T I

1 1 0 �1 2ð ÞT I
1

1 0 �1 2ð ÞT I
1

1 0 �1 2ð ÞT I
1

In T I
j (j 5 2, 3, 4) �1�5 �8 23 �1�6

� �
T I
2

3 �8 5 4ð ÞT I
3

1 0 �1 3ð ÞT I
4

TTBO

In matrix 1 �1 0 0ð ÞM �2 1 1 0ð ÞM 1 0 �1 0ð ÞM
In T I

1 9 19 10 18
� �

T I
1

2 �5 3 14
� �

T I
1

�1 0 1 29ð ÞT I
1

In T I
j (j 5 2, 3, 4) 19 �9 10 18

� �
T I
2

2 3 �5 14
� �

T I
3

�1 0 1 29
� �

T I
4

TTBA

In matrix 1 1 �2 4ð ÞM 0 1 �1 4ð ÞM 0 0 0 2ð ÞM
In T I

1 31 20 51 62
� �

T I
1

�8 �5 13 �6
� �

T I
1

�8 0 8 �1ð ÞT I
1

In T I
j (j 5 2, 3, 4) 20 31 51 62

� �
T I
2

8 13 5 �6
� �

T I
3

8 0 �8 �1ð ÞT I
4

Figure 4: Schematics showing formation of prevalent TTB by pileup of
boundary dislocations (pink and brown dashed line). The boundary disloca-
tions form by reactions of TDs of twin i (blue dashed line) and j (green dashed
line), and have line sense along the n.
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RSS near upper and lower TBs along the black dashed lines.

Figure 5(b) also reveals that the local RSS near the lower CTB is

smaller than that near the upper CTB. Consequently, as shown

in Figure 5(c), the upper CTB migrates upward and lower CTB

migrates downward under a loading favoring T I
1 twinning. The

region close to the T I
4 twin tip migrates faster than the region

far from the twin tip. The MD simulation reveals similar

features to those experimentally observed [Figure 2(a)]. In

comparison, Figure 5(d) shows the stress field calculated by the

EVP-FFT model which displays a similar trend to that in

Figure 5(b). However, the stress predicted by the EVP-FFT

model is lower than that in MD simulations. This is ascribed to

the lack of plastic relaxation due to the limitation of time-scale

in MD simulations. The analysis of the local stress field can be

applied to studies of TTIs of other types. For example, Xu et al.

[36] performed continuum mechanics finite element method

and correctly predicted the formation of sequential primary

twins T I
2 or T I

5 associated with T II
2 ! T II

1 interaction. Gong

et al. [63] studied the local stress fields near T I
2 ! T I

1 and

T I
3 ! T I

1 junctions via atomistic simulations and identified the

formation of TTBO associated with T I
2 ! T I

1 interaction and

TTBI associated with T I
3 ! T I

1 interaction. Xu et al. [40]

performed local stress field analysis via CP-FFT modeling of

CI
3 ! CII

6 junctions and showed the possible activation of T I
3 or

T I
4 secondary twinning in primary twin CII

6 .

Formation and character of TTJs

Yu et al. [71], Sun et al. [45], and Gong et al. [63] performed

MD simulations to investigate the dynamic process associated

with T I
j ! T I

i interaction in Mg. Figure 6 shows MD simu-

lations of T I
2 ! T I

1, T
I
3 ! T I

1, and T I
4 ! T I

1 interactions in Mg.

Figures 6(a)–6(c) show initial structures as one twin

approaches another. �1012f g twins are constructed according

TABLE II: Dislocations associated with the formation of TTBs for T I
j ! T I

i and CI
j ! CI

i interactions [43, 53].

Pair bI bO bA jbIj2/jbtwj2 jbOj2/(2jbtwj2) jbAj2/(2jbtwj2)
T I
2 ! T I

1 k1 0 �1 1 1½ � k1 �1 1 0 0½ � k1 �1 1 2 2½ � 1.00 0.27 1.74
T I
3 ! T I

1 k1 1 �1 0 1½ � k1 �2 1 1 0½ � k1 0 �1 1 2½ � 1.00 0.80 1.21
T I
4 ! T I

1 k1 1 0 �1 1½ � 2k1 �1 0 1 0½ � 2k1 0 0 0 1½ � 1.00 1.06 0.94
CI
2 ! CI

1 k2 1 �2 1 3½ � k2 2 �1 �1 0½ � 3k2 0 �1 1 2½ � 1.00 0.14 1.86
CI
3 ! CI

1 k2 2 �1 �1 3½ � k2 1 �2 1 6½ � 3k2 1 0 �1 0½ � 1.00 1.57 0.43
CI
4 ! CI

1 k2 1 1 �2 3½ � 6k2 0 0 0 1½ � 2k2 1 1 �2 0½ � 1.00 1.43 0.57

*k1 ¼ 3a2�c2

3a2þc2 ; k2 ¼ 2a2�c2

3a2þ3c2.

Figure 5: (a) Unloaded T I
4 ! T I

1 model for MD simulation. Atoms are colored in accordance to atomic stress (RSS of T I
1 twinning). (b) Variation of RSS associated

with T I
1 twinning on upper and lower TBs along black dashed lines. (c) Under loading, upper and lower TBs of T I

1 migrate by nucleation and migration of TDs. T I
1 is

in a convex shape. (d) EVP-FFT calculation of RSS associated with T I
1 twinning along top surface of T I

1 from A to B in four stages: (1) before twinning, (2) after
formation of T I

1 , (3) further compression after formation of T I
1 , and (4) after formation of T I

4 [64].
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to the shear-shuffle mechanism [84, 86, 87]. Figures 6(a9)–6(c9)

show atomic structures of TTBs after loading for a while. A

TTBI always forms when TDs of the incoming twin pileup on

the encountering twin, which is schematically shown in

Figure 1(b). After that, formation of TTBO associated with

T I
2 ! T I

1 interaction, extension of TTBI associated with

T I
3 ! T I

1 interaction, and development of both TTBO and

TTBA associated T I
4 ! T I

1 interaction are observed. These

TTBs are likely to be prevalent TTBs. TTJs in MD simulations

share the same features as experimentally observed [44, 45, 53,

61, 63, 77], revealing the capability of MD simulations to

reproduce the interaction process. It should be noted that MD

simulations can only model the evolution of TTJs with time-

scale limitation. The TTBs shown in Figures 6(a9)–6(c9) are in

nonequilibrium state and are accompanied by a long-range

stress field. Nonequilibrium TTBs can relax into an equilibrium

state through rearrangement of dislocations on TTBs and/or

emitting lattice dislocations into two twins, which can hardly

be modeled by MD simulations of current models

[Figures 6(a)–6(c)] because of the time-scale limitation. The

atomic structures and energies of both nonequilibrium and

equilibrium TTBs can be investigated by application of

bicrystal models with twin–twin orientation.

Structures and energies of TTBs

(i) Instability of nonequilibrium TTBs. TTJs upon

formation as shown in Figures 6(a9)–6(c9) comprise

nonequilibrium TTBs associated with pileup and

reaction of TDs. With the extension of nonequilibrium

TTBs, increasing elastic energy is stored within the

system, leading to greater possibility for TTBs to

degenerate or to relax stress. MD simulations of

structures shown in Figure 6 are less likely to reproduce

such degeneration or stress relaxation in time-scale

associated with MD because the size of TTBs as shown

in Figures 6(a9)–6(c9) (in 2–3 nm) is much smaller than

that experimentally observed, i.e., as shown in Figure 2

(in microscale). To investigate the evolution of atomic

structures of nonequilibrium TTBs, we perform the MD

simulations of bicrystal models containing 80-nm TTBs.

The simulation model is constructed by introducing and

piling up TDs associated with two twins on an imaginary

TTB in a single crystal. Then, shuffling is applied to

move atoms in the sheared region to twin-oriented

positions. With relaxation, TDs react and boundary

dislocations form. Nonequilibrium TTBO for T I
2 ! T I

1

interaction and TTBI for T I
3 ! T I

1 interaction, which are

prevalent TTBs, are created following the above

description. The models adopt a coordinate that y-

direction is perpendicular to the imaginary TTB, z-

direction is along intersection line n, and x-axis is the

cross-product of y- and z-directions. Figures 7(a) and

7(b) show the nonequilibrium TTBs after relaxation at

300 K for 2 ps. Nonequilibrium TTBO associated with

T I
2 ! T I

1 interaction is a coherent 1�212ð ÞT I
1
k 2�1�1�2ð ÞT I

2

interface. The boundary dislocations bO not only

compensate for the misfit between 1�212ð ÞT I
1
and

2�1�1�2ð ÞT I
2
planes but also generate a long-range stress

field with a large elastic energy. The nonequilibrium

TTBI associated with T I
3 ! T I

1 interaction comprises

a CTB of T I
1 and TDs of T I

3. No misfit dislocation is

found, although the boundary has a long-range stress

field and large elastic energy. Structures after relaxation

at 300 K for 1000 ps are shown in Figures 7(a9) and

7(b9). As shown in Figure 7(a9), misfit dislocations

(circled by red dashed lines) form on the TTB and

locally destroy the coherency of the TTB. The formation

of misfit dislocation may be attributed to dislocation

rearrangement and/or emission of lattice dislocations.

The structure is partially relaxed due to the time-scale

limitation of atomistic simulations. In Figure 7(b9),

detwinning of T I
3 is observed. The nonequilibrium

prevalent TTB is stable for neither T I
2 ! T I

1 interaction

nor T I
3 ! T I

1 interaction. The instability of the

nonequilibrium TTBs should be general to all types of

TTIs. In experiments, a majority of the TTBs

characterized are stress-relaxed and in near-equilibrium

state. Thus, there is a necessity to study atomic

structures of equilibrium TTBs.

(ii) Structures and energies of equilibrium TTBs.

Nonequilibrium TTBs can relax into an equilibrium

state through rearrangement of dislocations on TTBs

and/or emitting lattice dislocations into the two twins. It

is noted that TTBs characterized in experiments are

more likely to be equilibrium or nearly equilibrium

TTBs. Stress relaxation may take place right after

formation of TTJs, during preparation of samples and

microscopy characterization. The knowledge of the

structures and energies of equilibrium can help to

understand the formation mechanisms and the effects

on twinning/detwinning of TTBs. The atomic structures

of equilibrium TTBs and corresponding interface energy

can be investigated via atomistic simulations.

Construction of models follows the method to construct

symmetric tilt grain boundaries described by Wang et al.

[88]. Relaxed structures of prevalent TTBs associated

with T I
j ! T I

i interactions in Mg are shown in Figure 8.

All structures adopt a coordinate that y-direction is

perpendicular to the TTB, z-direction is along

intersection line n, and x-axis is the cross-product of y-

and z-directions. The equilibrium TTBs comprise
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coherent TTBs and misfit dislocations. The equilibrium

TTBO associated with T I
2 ! T I

1 interaction is shown in

Figure 8(a) as semi-coherent 1�212ð ÞT I
1
k 2�1�1�2ð ÞT I

2

interface. The Burgers vector of the misfit dislocations is

equal to 0;�2d 11�22f gcos
f
2 ; 0

� �
in the current

coordinate, where f 5 5.1°. The average distance

between two nearby misfit dislocations is 3.1 nm. The

equilibrium TTBI associated with T I
3 ! T I

1 interaction is

shown in Figure 8(b) and is parallel to 10�12ð ÞT I
1
planes.

The misfit dislocation is equal to b 1�101½ �T I
3
, where b 5

�0.47. The average distance between two nearby misfit

dislocations is 3.0 nm, which is around 15 times the

10�12f g interplanar distance. Figures 8(c) and 8(d) show

the equilibrium TTBO and TTBA associated with

T I
4 ! T I

1 interaction. The structures are single crystals

with misfit dislocations. For the TTBO, the Burgers

vector of the misfit dislocations is equal to

6d 0002f gsin
f
2 ; d 0002f gcos

f
2 ; 0

� �
in the current

coordinate, where f 5 7.2°. The average distance

between two nearby misfit dislocations is 1.9 nm. For the

TTBA, the misfit dislocations are a dislocations with

opposite screw components. The average distance

Figure 6: (a) Initial T I
2 ! T I

1 structure. (a9) Final structure of T I
2 ! T I

1 interaction under an RSS of 500 MPa. (b) Initial T I
3 ! T I

1 structure. (b9) Final structure of
T I
3 ! T I

1 interaction under an RSS of 500 MPa. (c) Initial T I
4 ! T I

1 structure. (c9) Final structure of T I
4 ! T I

1 interaction under an RSS of 500 MPa.

Figure 7: Atomic structures of the nonequilibrium TTBO associated with T I
2 ! T I

1 interaction at 300 K for (a) 2 ps and (a9) 1000 ps. Atomic structures of the
nonequilibrium TTBI associated with T I

3 ! T I
1 interaction at 300 K for (b) 2 ps and (b9) 1000 ps. Atoms are colored according to excessive potential energy.
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between two nearby misfit dislocations is 2.3 nm. Similar

approach can be applied to obtain atomic structures of

prevalent TTBs for other TTIs. We further relax

equilibrium TTBI, TTBO, and TTBA for T I
j ! T I

i

interactions in Mg and CI
j ! CI

i interactions in Ti. The

associated interface energies are calculated and listed in

Table III. The TTBO associated with T I
2 ! T I

1

interaction, the TTBA associated with T I
3 ! T I

1

interaction, the TTBA associated with T I
4 ! T I

1

interaction, the TTBA associated with CI
2 ! CI

1

interaction, the TTBO associated with CI
3 ! CI

1

interaction, and the TTBO associated with CI
4 ! CI

1

interaction have the lowest interface energy. However, in

experiments [43, 44, 45, 63, 71], only TTBO for T I
2 ! T I

1

interaction and TTBA for T I
4 ! T I

1 interaction are

prevalent TTBs. The other TTBs with the lowest

interface energies are rarely observed. Formation of

prevalent TTBs with large interface energy depends on

the stress relaxation during interactions. The dynamic

process must precede the energetics process [63].

Conclusions
We present a general discussion of TTIs in hexagonal metals

through integrating crystallographic analysis, microscopic

characterization, MD simulation, and stress field analysis.

Features of microstructures, such as anisotropic primary twin

growth, formation of prevalent TTBs, slip bands, and second-

ary twinning can be predicted by the application of crystallo-

graphic analysis, MD simulations, and/or stress field analysis.

The application of Frank’s law in crystallographic analysis can

partially predict prevalent TTBs observed in experiments, but

may fail in some circumstances. In these circumstances,

changes in elastic energy associated with the formation of

TTBI, TTBO, and TTBA are close. So, kinetics and energies

other than elastic energy should be considered during the

investigation. Stress field analysis associated with TTJs provide

insights into understanding the failure of crystallographic

analysis. MD simulations reveal the process of TTIs, i.e.,

formation of TTJs, and characterize atomic structures of

equilibrium and nonequilibrium TTBs. Equilibrium TTBs with

low interface energies may not be prevalent TTBs, implying the

importance of dynamics associated with TTIs, because non-

equilibrium TTBs with high interface energy can be relaxed

into equilibrium or nearly equilibrium TTBs through rear-

rangement of boundary dislocations and/or nucleation and

emission of lattice dislocations.
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