Acta Materialia 168 (2019) 353—361

journal homepage: www.elsevier.com/locate/actamat

Contents lists available at ScienceDirect

0P

= X 2
N\
m@h oy

Acta Materialia s -

R

Full length article

Role of local stresses on co-zone twin-twin junction formation in HCP N

magnesium

Check for
updates

M. Arul Kumar **, M. Gong *®, 1. Beyerlein ¢, J. Wang °, C.N. Tomé °

@ Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM, 87545, USA
b Department of Mechanical and Materials Science Engineering, University of Nebraska, Lincoln, NE, 68588, USA
€ Department of Mechanical Engineering, Materials Department, University of California at Santa Barbara, Santa Barbara, CA, 93106, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 28 September 2018
Received in revised form

21 February 2019

Accepted 22 February 2019
Available online 26 February 2019

Keywords:
Twin-twin junction
Local stresses
Crystal plasticity
Molecular dynamics
Magnesium

Twin-twin interactions control the formation of twin-twin junctions (TTJ) in hexagonal metals when
multiple twin variants are activated in a grain. In this work, we employ a combination of two compu-
tational techniques, a 3D full-field crystal plasticity model (CP) and large-scale molecular dynamics (MD),
to study the TT]J formation associated with two non-parallel {1012} twins in Mg. The local intra-granular
stresses generated by discrete twins are computed using a spatially resolved CP model. Atomic-scale
knowledge regarding formation processes and local stresses is revealed by MD. The combined ana-
lyses suggest that the twin junction forms by the migration of the boundaries of both, the impinging and
impinged twin, taking place in the immediate vicinity of the contact point. It is further shown that local
stress fields that are generated after initial contact promote thickening of the impinging twin, and may
facilitate nucleation of a new twin on the opposite boundary of the recipient twin. Calculations of the
strain energies suggest that formation of the co-zone twin-twin junction is energetically favorable but
detwinning of the TT] upon load reversal or under cyclic loading is not.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Lightweight magnesium (Mg) and its alloys are being widely
used in structural components [1—4]. Thus, motivates the need to
understand their deformation behavior, particularly when they are
strained beyond their elastic limit. Important in the plastic defor-
mation of Mg and its alloys are two mechanisms: the motion of
dislocations, and the formation and propagation of deformation
twins. The stresses required to activate and propagate these
mechanisms translate to their yield strength, peak strength, and
ductility [5—7]. Deformation twins are sub granular domains that
impart shear on the surrounding crystal and bear a distinctly
different crystallographic orientation. They typically grow to span
the grain cross-section [5,8—12], their influence on plastic response
is less well understood than the one of slip. Twin size, number, and
configuration, can have a profound effect on plastic anisotropy,
yield strength, flow stress, hysteresis in cyclic loading, and strain
hardening. The shear they impose generates local stress fields that
can affect recrystallization, cracking, void formation, and
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coalescence to failure [13—21].

For these reasons, many studies have sought to understand the
development of microscopic details of twin lamellae within grains,
such as the variables that dictate their size, shape, arrangement,
variant selection, and their transmissibility across grain boundaries
[8—10,12,22—29]. The common picture of a twinned granular
microstructure consists of grains containing many parallel twins of
the same variant (lattice orientation) [8,12,27,30]. In many alloys,
however, twinning can be sufficiently profuse that multiple, non-
parallel twin variants can form within a grain, forming a 3D twin
network connected by twin-twin junctions (TTJs) [10,31—40].
Activation of non-parallel twin variants is found in materials with
heterogeneous grain microstructure, in grains favorably oriented
with respect to the applied stress, and in the case of complex loading
conditions [20,21,31,37]. In particular, recent works have demon-
strated that twin junctions can play a distinctive role compared to
isolated twins in what concerns interaction with glide dislocations,
further twinning, local strain hardening, and void formation and
fracture [10,20,31,37,38,41,42]. For example, El-Kadiri et al. [31]
showed that in Mg twins forming junctions are less likely to thicken
than isolated twins. As a result, twin propagation entails forming
new twin lamellae. To demonstrate that, they closely examined two
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grains with roughly the same Schmid factor, one showing a single
twin variant and the other two intersecting twin variants. Upon
further loading, the pre-existing twins grew in the former grain, but
notin the latter. At the same time, in the twin intersecting grain new
twins formed, suggesting that the presence of TTJs favors the
nucleation of new twins and hinders the growth of existing twins. A
statistical study by Juan et al. [10] on Zirconium (Zr) demonstrated a
similar impeding effect of twin junctions on twin thickening. Jiang
etal.[42] and Yu et al. [37] reported that an increase in the number
of twin junctions increases the strain-hardening rate in AZ31 Mg
alloy and pure Mg, respectively.

Most of the available works aiming to understand the formation
and evolution of TTJs have been experimental and only provide
partial information [35,37—39]. In efforts to provide understanding
concerning the micromechanics of junction formation, recent work
of Xu et al. [39] calculated the local stresses associated with TTJs
using continuum mechanics Finite Element modeling, which ap-
proximates the material as a linear elastic solid. The results account
for the formation of the preferred configuration of twin junctions.
Note, however, that plastic relaxation greatly affects the calculation
of the local stress fields and further twinning [25,27,43—46], and a
full-field elastic-plastic analysis is required for understanding local
stress states associated with the formation and evolution of TT]Js.

In this work, we study local stress states associated with the
formation and evolution of TTJs by employing a crystal plasticity
Fast Fourier Transform approach developed to model deformation
twinning in HCP metals [27,45]. The advantage of this approach is
that the spatially resolved stress fields can be calculated based on
the local anisotropic elasticity and plasticity of the crystal. It treats
much larger length scales than atomic scale simulations, and
therefore examines stress fields of different possible variants and
configurations of twins. However, local atomic processes, particu-
larly those responsible for the migration of two interacting twin
boundaries, cannot be explicitly modeled. For determining the
atomic level characteristics of boundary migration suggested by the
calculated stress fields, we employ molecular dynamics simulations
of the same twin junction. The combined analyses show that the
local stress fields promote twin-twin junction formation, and that
the process is energetically favorable. It also suggests that under a
load reversal, migrating the twins apart becomes increasingly un-
favorable the closer the twins become, and breaking the twin-twin
junction after it has formed is unfeasible. Most interestingly, the
calculations indicate that twins do not transmit across one another
but that the twin impinging on one boundary, may re-nucleate on

and Zr [10,31,35,37]. Fig. 1(a) shows examples of experimentally
observed co-zone junctions in single crystal Mg compressed along
[1010] direction [37].

In this work, we focus on the most commonly observed co-zone
twin junction in HCP Mg. Without loss of generality, we treat the
case of two twin variants making a co-zone junction with the
following crystallography: T1 ((1012)[1011]) and T4 ((1012)
[1011]), and as shared zone axis [1210], see Fig. 1(b). With this
crystallography the problem becomes a two-dimensional one with
the zone axis as the plane normal.

2.2. Full-field fast fourier transform model

To calculate the local stresses around twin-twin junctions, we
employ a version of a full-field, elasto-visco-plastic Fast Fourier
Transform (EVP-FFT) model that has been created to treat discrete
twin lamella [27,45]. The original FFT formulation was developed to
study the local and effective mechanical response of composite
materials [47,48]. Later, Lebensohn [49] adapted it for poly-
crystalline materials to study the effective and local responses
associated with the heterogeneity in the spatial distribution of
crystallography and directional dependence of mechanical prop-
erties. This basic FFT formulation has been extended to different
deformation regimes like elasticity [50], incompressible visco-
plasticity [49,51], dilatational visco-plasticity [52], infinitesimal
elasto-visco-plasticity [53,54] and finite elasto-visco-plasticity [55].
The current EVP-FFT version used here incorporates the twin
transformation strain in regions predefined with a twin orientation.
It has been successfully applied to study neighboring grain and
grain size effect on twin growth, parallel twin formation and twin
transmission cross grain boundaries [25—27,43,44].

The twin FFT model builds upon an infinitesimal elasto-visco-
plastic formulation. Within this framework, the deformation twin
is a domain that undergoes a shear transformation. Taken together,
the constitutive behavior for an elasto-visco-plastic material under
an infinitesimal strain approximation including the shear trans-
formation is given by

o(x) =C(x) 1 e°(x) = C(x) : (e(x) — P (x) —e"(x)) (1)

In the above expression, o(X) is the Cauchy stress tensor, C(x) is
the elastic stiffness tensor, g(x), £5(x), and €P(x) are the total, elastic
and plastic strain tensors, and e is the transformation strain. The
local stress field at a material point x is solved using an implicit
time discretization of the form:

Gt+At (X) :c(x) . <8t+At(X) _ f;‘p’t(X) _ éP,H—At(X)At _gth t(X) _ AStr‘t+At(X)) (2)

the opposite boundary of the impinged twin.

2. Numerical simulation
2.1. Crystallography of twin-twin junction

Twin-twin junctions can be broadly classified into three types
based on the relative orientation of the participating variants. In an
HCP crystal, every twin type has six different variants. The first
junction type (type-I) is called a co-zone junction where two twins
share the same zone axes. The second (type-II) and third (type—III)
are called non-co-zone junctions. The minimum angles between
the zone axes of the twins are 27/3 and m/3 for type Il and type III
junctions, respectively. Both co-zone and non-co-zone types junc-
tions have been observed in many structural HCP metals, like Mg

Within the twin domain, twin transformation strain is imposed.
To build-up the twinning transformation, successive shear in-
crements are imposed within the twin domain using the following
strain increments:

Ae™(x) = m™ (x)Ay™ (x) (3)

For material points outside the twin domains, A" (x) is zero. The
tensor m" =1 (b" @n™ + n"®b™) is the Schmid tensor associ-
ated with the twin system, where b™ and n'" are unit vectors along
the twinning direction and the twin plane normal, respectively. The
number of increments N™I needed to reach the characteristic-
twinning shear, sV is simply:
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(b)

Fig. 1. Experimentally observed twin-twin junctions in single crystal magnesium compressed along [1010] [37]. (b) Schematic representation of the co-zone twin-twin junction

considered here, formed by tensile twin variants T1 and T4 sharing the same zone axis.

stW
Ntwincr (4)

Ay™(x) =

In the following calculations, we set the time increment At and
NNt syfficiently low and high, respectively, to ensure
convergence.

2.3. FFT simulation details

In this work we study the role and characteristics of the local
stresses and associated energetics on twin-twin junction formation
in order to understand the process leading to twin junction. To
simplify the analysis, we consider this process within a single grain
and effects from neighboring grains are not taken into account.

Fig. 2 shows a schematic representation of the simulation setup.
This setup consists of one orientation (grain) finely discretized,
which will contain the twins, surrounded by a buffer layer. The unit
cell is assumed to be periodic in all three directions and discretized
into 3 x 750 x 750 voxels with a buffer layer 25 voxels thick, which
is sufficient for making the spatially resolved stress distribution in
the cell interior insensitive to how the boundary conditions are
applied. Twins are introduced in the center of the unit cell, away
from the buffer layer. Each voxel of the buffer layer is assigned a
randomly generated crystal orientation. The simulation results that
we present here are not affected by the specific thickness and
crystal orientation of the buffer layer.

For the following calculations, we select the crystallographic
orientation of the grain to be (0°, 0°, 0°), in the Bunge convention,
which corresponds to alignment of the [1010] and [0001] axes
parallel to Y and Z directions, respectively. The unit cell is subjected
to compression along the Y-direction, and thus gives high Schmid
factor (~0.5) for both twin variants T1 and T4.

For this combination of grain orientations and loading condi-
tions, the twin plane normal and twin shear directions of both twin
variants lie in the Y-Z plane. There is no out-of-plane twin shear in
X—Y and X-Z planes. The twin domain in the simulation is assumed
to have two parallel interfaces corresponding to the twin plane of
each variant. The inclination of the twinning plane with respect to
the compression axis is +43.1°. The twin thickness is spanned by
nine voxels, which corresponds to a total twin volume fraction of
~0.95% in the model grain. [nitially, the separation between T1 and
T4 is s, T1 is the impinged twin and T4 the impinging twin. To
capture the different stages in junction formation, a series of

simulations with different spacings s between twins T1 and T4 is
performed (see Fig. 2).

To calculate the stress state at each stage it is important to
achieve equilibrium for each configuration. For a given configura-
tion of T1 and T4, we perform the following sequence of steps. First
the entire unit cell is compressed along the Y-direction under a
constant applied strain state to 0.001 strain (compressive stress in
Y-direction is ~40 MPa). This imposed strain induces a positive

Fig. 2. (a) Schematic representation of the simulation unit cell with two tensile twin
variants (T1 and T4). The spacing between twins T1 and T4 is characterized by spacing
parameter, s; and different s values are considered for numerical simulations. The
orientation of the parent grain is assumed as (0°, 0°, 0°), i.e., c-axis is parallel to Z-
direction, and so the crystal is subjected to in-plane compression. (b) Relaxed MD
model prior to twin-twin interaction simulations. Simple shear favoring both T1 and
T4 twinning is then applied to this model.
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resolved shear stress (RSS) of ~20 MPa on both twin variants. Such
value is of the order of the critical resolved shear stress (CRSS) for
{1012} twin in Mg [56]. Second, twin T1 is introduced, by reor-
ienting the crystal on those voxels pre-selected for the twin
domain, and enforcing in this set the twin transformation shear in
several increments. In this work, twinning shear (=13% for Mg) is
accommodated in 2000 steps. During these steps, the externally
imposed strain is fixed. Under this boundary condition, stresses
relax after T1 twin transformation, affecting the region where the
twin T4 will be introduced, and reducing the RSS on the twin plane
T4. Accordingly, before introducing T4, the externally applied
compression is increased such that the RSS in the domain of twin T4
becomes slightly greater than the CRSS. Once this state is achieved,
the T4 twin is introduced using the same two steps described above
for the T1 twin.

At all stages in the simulation, the deformation is accommo-
dated elastically and plastically. The constitutive law material pa-
rameters used in simulations are the elastic moduli tensor, the
plastic slip modes, and the CRSS values for activating them. For pure
Mg, the elastic constants at room temperature used are:
Cq1 =58.58, C12=25.02, C13=20.79, C33=061.11 and
C44=16.58 GPa [57,58]. Plasticity is accommodated by three slip
modes: basal <a>, prismatic <a> and pyramidal (c+a) slip and the
corresponding CRSS values are: 3.3, 35.7 and 86.2 MPa, respectively
[56]. In these calculations, we expect that work hardening and
lattice rotations will be negligible since the calculations involve
only a few percent macroscopic strain. Therefore, a constant, non-
evolving CRSS value for slip on each slip system will be employed
in the calculations here. However, should larger macroscopic
strains be desired, hardening effects could easily be considered in
this model framework.

2.4. Atomistic simulation details

To reveal the processes underlying junction formation at the
atomic scale, we carried out Molecular Dynamics (MD) simulations
using an in-house code. The MD model was designed to simulate
the interaction of T1 and T4 just prior to and after their contact. The
MD calculations employ the EAM empirical interatomic potential
for Mg, described in Ref. [59].

The simulation model has dimensions 480 x 120 x 1.6 nm in
the x’-, y’- and z’-direction, and periodic boundary conditions are
adopted in the z'-direction. The parent crystal containing T1 and T4
adopts the following coordinates: the x’-axis is along [1011] di-
rection, the y’-axis is normal to (1012) plane and the z’-axis is along
[1210] direction. We begin by introducing T1 in this crystal ac-
cording to its specific twin/matrix orientation relationship. The T1
lamella is 25.5 nm thick in the y-direction and crosses through the
model crystal in the X’- and z’-direction. With T1 in the crystal, the
model becomes a sandwiched structure without internal stresses
because the upper matrix shifts relative to the lower part of the
model due to the net shear associated with T1. Next, T4 is created in
the upper matrix by introducing two sets of 20 twinning discon-
nections associated with T4 (20 on a Basal/Prismatic (BP) plane and
20 on a Prismatic/Basal (PB) plane). The Burgers vector is equal to
(0.003,-0.049,0) nm in the current coordinate system [60]. Ac-
cording to the shear-shuffle mechanism [32,61], the introduction of
twinning dislocations (TDs) into the model is first accomplished
through the application of the anisotropic Barnett-Lothe solutions
for the displacement field of dislocations [62]. This process is per-
formed while fixing a 1 nm wide layer on the surfaces of the cell
perpendicular to the x’- and y’-directions in order to preserve the
displacement fields associated with T4 twinning. After shearing the
crystal associated with the gliding of TDs, atoms in the sheared
region are displaced according to the corresponding shuffle vectors

[33]. When introduced in this way, the thickness of T4 is 15.1 nm
and the twin tip is 18.5 nm away from T1. Energy minimization is
then performed with a damped dynamic minimizer for 40 pico-
seconds to relax the model into near-equilibrium state. During
minimization, the velocity v; (i =1, 2, 3)is set to zero when the dot
product of velocity and acceleration is negative.

In the relaxed model shown in Fig. 2(b), T1 is bounded by two
flat CTBs while T4 is a blunt twin tip bounded by CTBs, BP and PB
facets. The relaxed model is then loaded at 50 K with an applied T4-
TRSS of 500 MPa to simulate the interaction processes of twins T1
and T4. The shear stress is achieved by applying a homogeneous
deformation gradient to all atoms in the cell, with one non-zero
shear component Fa;. The induced shear stress favors propagation
of both, T4 and T1. During loading, position and atomic stress of
atoms are output for configurations at all deformation stages.

3. Results and discussion
3.1. Prior to twin-twin contact (s> 0)

Calculations are performed to study the stress fields that
develop around two co-zone twins as they approach each other
prior to contact. The two twins, one T1 and the other T4, have equal
thickness t and T4, the impinging twin, approaches T1, the
impinged twin. Fig. 3 shows results for the specific case in which
the tip of T4 is at a distance twice the twin thickness t from T1. As a
way of inferring the forces driving twin migration we analyze the
twin resolved shear stress field (TRSS) along the twinning direction
of twin variants T1 and T4. This resolved shear could drive glide of
twinning dislocations on a coherent twin boundary as well as the
climb of disconnections on basal-prism (BP) facets, two mecha-
nisms for twin boundary migration [61,63,64]. An advantage of our
calculations is that the full stress and strain tensors can be calcu-
lated, and thus all stress components acting on the twin interface
can be determined.

Prior to contact, two possible events can enable junction for-
mation: migration of the T1 boundary, the impacted twin, and
propagation of T4, the impinging twin. Our previous analysis of the
stress field surrounding isolated twins indicates that ahead of the
twin tip the TRSS is positive and favorable to propagation, while in

30 | |
e ===hefore t\'/vin'ning i i T4
===After twinning of T1 : ! A
===Compression after T1 i i N
0 | ==After twinning of T4 i : B
s E T
2 15 I
0 —_— 1
] H 1
o« 1 |
= i i
i -30 1 i
- | i
-45 e V E :r
A P B
-60 —— ‘
-6 -4 -2 0 2 4 6

Normalized position along T1 boundary (position/t)

Fig. 3. Twin plane resolved shear stress profile for twin T1 (T1-TRSS) along top
interface of T1 from A to B, corresponding to the following simulation steps: before
twinning, after twinning of T1, further compression immediately after T1, and after
twinning of T4. The spacing s, between T4 tip and T1, is two times the twin thickness t.
The position along T1 interface is normalized with respect to twin thickness.
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the vicinity of the coherent boundary interface it is negative and
tends to arrest twin thickening [27,43,45]. The conditions for
forming a twin junction will be determined by the characteristics of
the superimposed fields associated with T1 and T4. To determine
the driving force for the migration of T1 boundary, the TRSS for the
T1 variant along the twin boundary (T1-TRSS) is calculated
immediately next to the T1 twin interface on the side closer to T4.
Similarly, to determine the driving force for propagating the T4
variant, the TRSS for the T4 variant along the twin boundary (T4-
TRSS) is calculated in the matrix region between T1 and T4. First,
we discuss the driving force for the migration of the T1 boundary.

To first demonstrate the importance of achieving an equilibrium
stress state for the twin-twin configuration, we describe the in-
termediate stages of stress for one case. In Fig. 3, the T1-TRSS profile
along the twin boundary from A to B (see inset) is shown at four
stages in the simulation: (1) after imposing initial compression
along Y-direction to the twin-free crystal, (2) after introducing twin
T1, (3) after further compression along the Y-direction with T1
present to increase the T4-TRSS slightly past the CRSS, and (4) after
introducing twin T4 under the final applied strain. As shown in
figure insert, the points A and B encompass the junction region. In

particular the two vertical dashed lines correspond to the points in
the twin boundary where T4 would impinge on T1, i.e., the twin-
twin junction points. The final result is a local increase in the T1
driving force, suggesting that prior to contact the boundary of T1
may locally migrate towards T4. As reported in our previous works,
the stress concentration developed ahead of the T4 twin tip due to
the shear transformation of T4 favors the forward propagation of T4
towards T1. The average T4-TRSS in a small volume in the vicinity of
T4 tip is calculated to be 11.24 MPa for s =2.0t. In the remaining
calculations only the final relaxed stress state will be presented and
analyzed.

Next, we study the variation in driving forces as the two twins
draw closer. The EVP-FFT calculations are repeated for different
spacings between twin T4 tip and T1, i.e. s/t =2.0, 1.5, 1.0 and 0.5.
The driving force for the forward propagation of T4 twin (forward
stress at T4 tip) does not vary appreciably with the reduced
spacing, and in fact reduces slightly as the twin draws closer. The
calculated values are 11.24, 11.22, 11.15 and 11.12 MPa for s/t = 2.0,
1.5, 1.0 and 0.5, respectively. Therefore, it appears that the
impinging twin is not driven preferentially towards the impinged
twin boundary.

15 | wilofore T4
——After T withs=2.0t
o | =ARer T4withs= 15t
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——hfter T4 with s= 1.0t

=——After T4 with s= 0.5
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B,=[2110)

Fig. 4. (a) Twin plane resolved shear stress (T1-TRSS) profile along top interface of T1 for different spacing, s/t = 2.0, 1.5, 1.0 and 0.5. (b) EBSD and (c) STEM images showing the large
deviation in the twin plane as result of twin-twin interactions. The experimental microscopy images are taken from Morrow et al. [35].
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To analyze the concomitant effect on the boundary of T1, we
study the TRSS along the T1 boundary as the T4 twin draws closer.
Fig. 4(a) shows several T1-TRSS profiles similar to the one in Fig. 3
for different spacings s between the tip of twin T4 and the boundary
of T1. Interestingly it shows that the driving force for the local
migration of T1 boundary becomes more localized and intense as s/
t decreases. This enhancement suggests that the stress state would
drive migration of T1 toward T4. Therefore, junction formation is
more likely accomplished by boundary migration of the recipient
twin (T1) than forward motion of the impinging twin tip (T4).

This perhaps non-intuitive result could explain the twin “reach
out” observations recently reported by Morrow et al. (2014), ob-
tained with in-situ TEM and post-mortem EBSD. Fig. 4(b) shows a
configuration of {1012} tensile twins in an EBSD micrograph of
deformed pure Mg where a few ‘reach-outs’ are marked. Fig. 4(c)
shows a scanning transmission electron microscopy (STEM) image
of a twin junction shown in Fig. 4(b) clearly displaying the local
deviation from the recipient twinning plane at the twin-twin
interaction point. These experimental observations provide the
evidence for the local migration of the recipient twin from its
coherent twin boundary (CTB) to form a twin-twin junction.

3.2. Atomistic simulation of twin-twin junction

Following the EVP-FFT findings, MD simulations are performed
to reveal the junction formation process at the atomic scale. Stress
field near the junction is shown in Fig. 5. The atoms are colored
according to the atomic shear stress 7xy, which is the same as T1-
TRSS. We observe that the region at the front of T4 shows greater
positive T1-TRSS than the other region along the CTB of T1. Fig. 5(b)
shows the variation of T1-TRSS along the two black dashed lines
(denoted in Fig. 5(a)) that are 1 nm away from the CTB. The locally
high shear stress ahead of T4 will favor the nucleation and glide of
twinning dislocations associated with T1. The snapshot in Fig. 5(c)
shows that T1 propagates towards T4, growing through the
nucleation and gliding of twinning disconnections on the upper
and lower CTBs. The preferred nucleation of TDs takes place in the
region ahead of the T4 tip, where the shear stress due to T4 is
higher. As a result, the upper CTB of T1 migrates towards T4,
forming a convex twin boundary. This morphology agrees with
experimental observations and is consistent with the configuration
of local stresses predicted by the EVP-FFT calculations. Further, we
see that the lower twin boundary of T1 migrates downwards
through the nucleation and glide of TDs on the lower CTB. Since the
local shear stress near the lower CTB is smaller than that near the
upper CTB (Fig. 5(b)), less TDs have nucleated on the lower CTB. By
the migration of CTBs, T1 grows thicker and the stresses in the
model reduce. These simulations confirm the “reach-out” phe-
nomenon suggested by the EVP-FFT calculated local stress states
around these two twin lamellae.

A comment is in order concerning the different stress magni-
tudes predicted by the EVP-FFT and the MD methods. The resolution
of the former is on the sub-micron scale, stress values are bounded
by plastic slip relaxation, and nanometric details of the twin inter-
face are not captured. The MD calculation, on the other hand, pro-
vides local fields at the atomistic scale in the vicinity of interfaces,
but no plastic relaxation via dislocations. As a consequence, the
stress magnitudes are much larger for MD, as a comparison of
Figs. 4a and 5 reveals. From a qualitative perspective, however, the
predictions consistent with each other: the field of the T4 twin
‘attracts’ the T1 twin interface and induces twin-joint formation.

3.3. Twin-twin junction and detwinning

To understand the energetics behind twin-junction formation,

the calculated mechanical fields are used to compute the change in
the elastic interaction energy in the vicinity of the approaching
twin tip as the separation s between the twins decreases. In the
simulation, the region R is varied from 0.5 to 1.0 times the thickness
of the twin t. Fig. 6 shows that the integrated elastic energy in R
decreases as the twins draw closer, indicating that junction for-
mation becomes increasingly favorable. The implication is that the
reverse process, detwinning, would be energetically unfavorable
once the co-zonal twins form a junction. Accordingly, junction
breaking will require an increase in the applied stress under load
path reversal or cyclic loading. The junction would “pin” the twins
and oppose detwinning, consistent with increased hardening ob-
servations reported experimentally [38].

3.4. After twin-twin contact

The studies above show that under a mechanical driving force,
the formation of co-zone twin-twin junctions is energetically
favorable, provided the load is not reversed. When the applied load
is sustained, the twins may continue to accommodate deformation
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Fig. 5. MD simulations of the (a) unloaded twin-twin interaction. Atoms are colored
according to atomic stress 7xy (T1-TRSS). (b) Variation of T1 resolved shear stress (T1-
TRSS) on the upper and lower CTBs along the two dashed lines. (c) Formation of twin-
twin junction, showing convex twin boundaries associated with preferred nucleation
of TDs in the front of T1. Only a portion of the 480 x 120 x 1.6 nm cell used in the MD
calculation is shown here.
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by propagating and growing. The question then becomes: how does
the twin pair continue to propagate, specifically, does one twin
cross the other?

(a) T4-TRSS profile along T1 top interface
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(¢) T4-TRSS profile from MD simulations

In microscopy of deformed single and polycrystals, twin-twin
junctions frequently suggest the existence of an ‘apparent
crossing’ process. In other words, the two twins appear to inter-
penetrate, wherein the same twin variant of one twin lies on both
sides of another twin. Sun et al. [39] speculate, from post-mortem
analysis showing one twin partially penetrating another, that
crossing is feasible. However, recent evidence from Yu et al. [36],
explain the observed configuration as follows: following the for-
mation of the twin-twin junction, both T1 and T4 continue to
thicken via emission of twin dislocations, and the final configura-
tion is one of apparent penetration. In addition, Yu et al. [37] show
that the stress state and the crystallography of the ‘apparent-
crossing’ domain are unfavorable for twin formation, and that the
crystallographic orientation of the domain is not consistent with
twin reorientation. Instead, they argue that a new twin of the same
variant either nucleates at (and eventually propagates from) the
opposite side of the junction, or impinges the opposite side, grows
by thickening, and appears like it has been transmitted through the
recipient twin.

To understand the process, calculations are carried out to
analyze the stress fields associated with the newly formed twin-
twin junction. Specifically, we focus on the calculated T4-TRSS
fields generated around the twins. This particular component can
help us to determine whether the impinging twin would continue
to propagate after making contact and, if so, how. Fig. 7(a) shows
the T4-TRSS profile along the top interface of T1 (see inset), where

(b) T4-TRSS profile along T1 bottom interface
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Fig. 7. Twin plane resolved shear stress (TRSS) profile along (a) top and (b) bottom interface of T1 with impinging T4. TRSS profile along top interface prevents the penetration of T4
into T1 and the same TRSS profile along bottom interface suggests that the nucleation of T4 on the opposite side of T1 is possible and may lead to the formation of a ‘twin-crossing’
configuration. (c) Distribution of T4-TRSS from atomistic simulations after twin junction formation also confirms that the penetration of T4 into T1 is not possible. Only a portion of
the 480 x 120 x 1.6 nm cell used in the MD calculation is shown here.
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T1 and T4 contact each other. High stress concentrations are
observed at the junction at the point marked as L. Provided that T4
twinning dislocations can be supplied to this boundary, the large
stress components at the junction can drive twinning dislocations
to glide along the T4 boundary, thereby migrating it laterally, and
widening the T4 twin after contact. But on the region below the T4
tip inside the T1 boundary, the T4-TRSS is large and negative. There
an anti-twinning stress component develops. Such an intense re-
gion of anti-twinning TRSS indicates that T4 growth into T1 would
not be supported. The matrix region below the opposite facet of T1
experiences a positive T4-TRSS, which suggests that nucleation of
the T4 variant is favored, and so T4 propagation from there, leading
to a configuration that will appear as a ‘crossing’ process.

Fig. 7(b) focuses on the T4-TRSS concentration seen along the T1
boundary opposite the contact point (see inset). The T4-TRSS is
particularly high along the parts of the boundary where the T4 twin
tip meets T1. It is in this region (between the dashed lines) that a
new twin is likely to form, of the same type and variant as T4.
Formation and extension of a new T4 twin would give the
appearance that it has transmitted across the T1 twin. At the same
time, nucleation of a twin from the twin boundary is also one of the
most likely events [31]. Similar response is also observed from MD
simulations and it is shown in Fig. 7(c). Taken together, the results
indicate that the approaching twin, upon making contact and
forming the junction, would not likely transmit through the
existing twin, but instead widen, starting at the junction point, and/
or create a new twin of the same variant on the other side of the
recipient twin, creating the appearance of a crossed-twin structure.

4. Conclusions

In this work we have employed a full-field crystal plasticity
model called Elasto-Visco-Plastic Fast Fourier Transform (EVP-FFT)
and atomic-scale molecular dynamics calculations, to understand
the role of local stresses on twin-twin junction formation and its
characteristics. In developing the micromechanical and atomistic
model for the paired twin lamellae interactions within a crystal of
Mg, it was important that these simulations were performed in a
sequential order, with one twin variant being activated first, fol-
lowed by the other variant being activated at different relative
positions.

The micromechanical simulations are performed for different
configurations of stationary twins. The changes in the stress fields
and the associated strain energies are calculated for each configu-
ration in the process towards junction formation. The decrease in
energy as the twin separation is reduced suggests that under the
given loading condition, twin-twin junction formation is energet-
ically favorable. As the dynamic evolution of twins is governed by
the motion of interface defects at the atomic scale, it was essential
for confirmation to perform molecular dynamics simulations of the
process of twin-twin junction formation. Both the atomistic sim-
ulations and stress fields from the micromechanics simulations
show that the contact of two twins is accomplished by the migra-
tion of the impinged twin boundary in the local area of contact,
explaining the apparent “reach-out” phenomenon seen in in-situ
experiments.

While the results reveal that the formation of a co-zone twin
junction in Mg is energetically favorable, they also show,
conversely, that retracting of the twins once they are closely
interacting, or breaking the twin-twin junction, once formed, are
not favorable processes. This result suggests that detwinning of the
twin-twin junction upon load reversal or under cyclic loading
would be significantly hampered compared to detwinning of sin-
gle, isolated twins.

Lastly, the model calculations confirm that when one twin

impinges on another, it does not directly transmit through the
recipient twin. Instead, the local stress state increases in value on
the other side of the recipient twin boundary and favors nucleation
of a new twin of the same variant as the impinging twin. The result
would favor creation of a cross-twinned structure.

The predicted stress concentration due to twin-twin interaction
may explain the experimentally observed increase in the flow
stress and strain hardening with number of cycles in magnesium
[37]. The stress concentration developed as a consequence of twin-
twin interaction can locally increase the strength of the material. As
a consequence, if the entire single crystal or the grains in the
polycrystal develop twin-twin junctions, the global strength of the
material will increase. Under cyclic load, the number of twin-twin
junctions increases with number of cycles and so it naturally in-
creases the flow stress and strain hardening.
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