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Abstract

A combined experimental and computational analysis is performed to investigate the less commonly studied embryo-to-lamella transition
of deformation twins in magnesium. This work aims to understand the structural variables controlling the embryo-to-lamella transition from
grain boundaries. Statistical analysis of hundreds of early-stage twins in the lightly deformed microstructure reveals a prevailing wedge shape,
with a much thicker base along the grain boundary (GB) where they originate and a thinner tip terminating in the crystal. The analysis also
shows that the GB base is super thick and identifies a minimum GB twin thickness among all early-stage twins that is about one micron. A
crystal plasticity-based full-field model is employed to calculate the driving forces to migrate the boundary of a three-dimensional GB twin
embryo. The stress analysis, considering a full range of embryo shapes and neighboring grain orientations, indicate that the twin embryo is
most likely going to form a wedge shape when it first propagates. The calculations predict that the thickness of the embryo at the GB needs
to be significantly larger than its length into the crystal in order to propagate into the crystal. The analysis finds that the more aligned the

twin embryo variant is with basal slip in the neighboring grain, the thinner the twin embryo needed for propagation.
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Hexagonal close packed (HCP) magnesium and its alloys
deform as easily by deformation twinning as by slip, which
distinguishes them from the more common cubic crystals
(both face-centered (FCC) and body-centered (BCC)) [1-3].
At the mesoscopic scales, twins in HCP crystals are rec-
ognized as plate-like lamellae, lenticular or planar in cross
section, that often span the entire crystal [4—11]. Hence, twins
can grow to be as large as the crystal itself. Twins shear
the crystal by a specific amount [3]. This distinct shearing
action re-positions the atoms in a certain way, resulting in a
new lattice orientation, that is the characteristic of the twin
as well [12,13]. As a result, the crystal, surrounding the
twin, becomes locally sheared, and it gains a twin/matrix
boundary, which delineates the twin-reoriented domain from
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the original crystal [4,9,12,13]. Undoubtedly, HCP twins
profoundly alter the microstructure, deformation response
(strength), and functional properties of their parent crystal
relative to the untwinned state [14—18]. For this reason, HCP
twins have been and continue to be intensely researched and
questions regarding which twins form, why they form, and
where they form have yet to be clarified.

Yet although a common mechanism, HCP twinning is not
as well understood compared to slip or deformation twinning
in simpler FCC and BCC crystals. The study of HCP twin-
ning is complicated by the fact that twin formation involves
several steps at distinct length scales. It begins with the ini-
tial atomic-scale defect that transforms into the first twin em-
bryo [19-23], is followed by the extension of an embryo into
a submicron-size lamella, and then after fully spanning the
grain, thickens and/or crosses the boundaries of its own par-
ent [4-6,24-28]. Over the years, every step in this process has
received attention analytically and numerically [22,23,25,29-
35], and experimentally [4-6,9,36-44].
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Fig. 1. Microscopy evidence of embryonic and wedge shape twins in Mg. (a) In-situ TEM reveals the formation of a {1012} tensile twin embryo at the
Junction of prismatic (a) slip and basal stacking faults in high pure Mg, followed by the development of an embryonic twin, marked in yellow [9]. (b) TEM
images show wedge-shape {1012} tensile twins in hot rolled Mg-Gd-Y-(Ag)-Zr alloy [48]. Figures are reproduced with permission from the publishers.

The one step that has in fact received the least attention is
the one that controls when a twin transitions from the embryo
to the submicon-size lamella. In Transmission Electron Mi-
croscopy (TEM) studies of many different kinds of HCP met-
als, twin embryos are found in a seed-like shape [9,20,45-48].
They all bear the characteristic twin/matrix orientation rela-
tionship at the boundary and their boundaries, being curved,
are comprised of connected B/P (Basal/Prismatic) facets, P/B
(Prismatic/Basal) facets, and coherent twin boundary (CTB)
segments [49-53]. Although observations find that these em-
bryos vary widely in size, they are not just a few atomic
planes thick (as in FCC and BCC twins) but in fact several
tens to hundreds of atomic planes thick or nm in dimension.

As an example, {1012} tensile twin nucleation in single
crystal Mg is shown in Fig. 1(a), in which a twin embryo is
seen to nucleate at the junction of prismatic (a) slip and basal
stacking faults [9]. When first detected, it was a few tens of
nm in size. Later under further straining, the twin embryo
is seen to extend anisotropically from an ellipsoid to a more
planar-like shape. Atomic-scale simulations have sought to
determine the minimum number of twin planes needed for
a twin embryo to be stable under zero stress, and they have
suggested that the critical size is not just a few, but 17 atomic

planes, at least in the case for the most common HCP twin
{1012}(1011)[49]. For an embryo in the GB, atomistic and
analytical models find it to be much smaller, just three to
five atomic planes [54]. The fact that twin lamellae begin
as embryos several nm in size distinguishes them from slip
and from twinning in simpler structured crystals (e.g., FCC).
Yet still, the stable embryo size proposed from simulation and
theory is still finer, by an order of magnitude, than the size de-
tected via microscopy. The transitions from a stable twin em-
bryo to a growing embryo to a submicron-size lamella are not
well understood. Understanding such transitions is paramount.
Twins can only shear the crystal by a characteristic amount
per twin plane, so for twin embryos to become effective de-
formation mechanisms for their parent crystal, they need to
increase in volume.

Twin growth involves migrating the twin boundary into
perfect crystal and that this process is usually driven by
stress [24,25,34,55,56]. Given its typical ellipsoidal-like shape
it can either grow laterally, normal to the twin plane, or
transversely, along the twin plane, extending into the elon-
gated twin lamella, the shape that is often seen, or both.
Growth of twin embryo would involve the migration of de-
fects on the boundary, the P/B and B/P facets and twinning
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disconnections. Recently, using atomistic calculations, a few
studies clearly demonstrated the role of disconnections on the
twin/matrix boundary on the growth of twin embryos formed
in the interior of the crystal [57,58]. Defect migration on
the twin boundary is driven by local stress tractions on the
boundary. These local stresses will most likely be determined
by the twin shear and morphology of the embryo, and the
deformation reaction of the parent grain, as well as the neigh-
boring grain if the twin embryo is formed at a GB. With these
considerations, transition of an embryo into a lamella would
depend on embryo shape and orientation of the surrounding
crystal(s).

In this work, using microscopy and a 3D crystal plasticity
model for discrete twin domains within crystals, we aim to
gain insight into the intermediate step of embryo-to-lamella
transition. A detailed statistical analysis of the incipient twins
in a lightly deformed magnesium polycrystal is performed.
They reveal that many wedge-shaped twin embryos lie in
the GBs. The calculations are designed to establish the
correlation between the local stresses on the crystallographic
defects comprising the twin embryo/matrix boundary and the
twin embryo-to-lamella transition process. We identify the
existence of a critical embryo aspect ratio, that extends over
ten times longer in the GB than for self-propagation into
the crystal. The analysis further indicates that the stress field
induced by the twin would result in a wedge shape. Based
on these findings, we rationalize that the wedge-shaped twins
in the GB indicate that twin embryos must reach a critical
length in the GB to propagate the embryo into the crystal as
a wedge shape.

2. Methods
2.1. Experiment

High-purity, fully recrystallized rolled magnesium plate
with the strong initial basal texture is used in this work.
The initial undeformed microstructure consists of twin-free,
equiaxed grains. To activate {1012} tensile twinning, the Mg
sample was compressed at 1073/s along the rolling direction.
To ensure a sufficient number of early-stage twins in a suf-
ficient number of grains form, the sample was compressed
to 1% strain at room temperature. Deformed microstructures
were mapped using Electron Back Scatter Diffraction (EBSD)
and the collected maps were analyzed using an automated
twin analysis software [59,60]. First the deformed material
was mechanically ground and polished with 1 pm diamond
in propylene glycol and then chemically polished in 10% ni-
tric and water for 10 s. The EBSD data was collected in an
FEI XL30 FEG-SEM at 20 kV using a 0.5 pm step size.
The reader is referred to [4,5,28,33] for more details about
the initial microstructure and texture, mechanical testing, and
microstructural mapping and statistical analysis.

2.2. The crystal plasticity model

Twin embryo growth is driven by the stresses acting on
the embryo/matrix boundary. Because the embryos lie in a

hexagonal close packed crystal, the heterogeneous stresses
vary about the embryo and depend on elasticity and crystal
plasticity. For this reason, a 3D full-field elasto-visco plas-
tic fast Fourier transform based crystal plasticity (EVP-FFT)
model is employed to calculate the local stresses around the
twin. This work employs a multi-scale version of this model
that builds upon the original infinitesimal EVP-FFT model
[61] and incorporates: (1) module for explicit twinning shear
transformation simulation [34,62] and (2) dislocation density-
based hardening law [63]. For the sake of completeness, the
EVPFFT framework, constitutive model, and hardening laws
are briefly revisited here.

Under an infinite strain approximation, the elasto-
viscoplastic constitutive behavior of the materials is written
as,

ox)=C(x): e’(x) =Cx): (e(x) — e’ (x) —&"(x)) (D)

where o(x), C(x), €°(x) are the Cauchy stress tensor, elastic
stiffness tensor, and elastic strain at a material point x, re-
spectively. The elastic strain is the difference between total
strain &(x) and the sum of the plastic strain &”/(x) and trans-
formation strain &”(x). Using an implicit time discretization
scheme, the Cauchy stress at time ¢t + At is given by,
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where 7 is the viscoplastic strain rate. It is assumed to be
accommodated by dislocation glide, and thus constitutively
related with the stress at material point x through the sum-
mation over N active slip systems, of the form:

n
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where 7} is the critical resolved shear stress. A dislocation
density-based hardening scheme is used to evolve t7 with
strain as a function of the imposed strain rate ¢ and tem-
perature T. The term ms(ms = 0.5 (b’®ns + nsb%)) is the
symmetric part of the Schmid tensor, where b* and n® are
two orthonormal unit vectors representing the slip direction
and slip plane normal, respectively. The shear rate y; is a
normalization factor, and n is the rate-sensitivity exponent.

The twin transformation strain within the explicit twin do-
main is imposed via successive increments using:
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where m" is the Schmid tensor associated with the explicitly
simulated twin system, s and N™iner are the characteristic
twin shear and the number of increments, respectively.

Following the work of [63], the critical resolved shear
stress (CRSS) is expressed in terms of dislocation density
as:
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Fig. 2. Geometric and crystallographic details of embryonic twins in Mg grain. (a) Simulation unit cell comprises a parent grain with a 3D twin embryo at the
boundary and neighboring grain. (b) Rectangular parallelopiped-shaped twin embryo formed at the GB. (c) The crystallographic details of the twin embryo.
Since, the parent grain c-axis is aligned with the Z-axis, the twin embryo boundaries with normal direction aligned with the X-axis, Y-axis, and Z-axis are
pyramidal/pyramidal (Py/Py), prismatic/basal (P/B), and basal/prismatic (B/P) facets, respectively. Twin embryo is characterized by its length L, thickness t,

and width w.

Here, 7 is the initial slip resistance that depends on slip
mode, solute density, temperature, and strain rate. The second
and third terms represent work hardening due to dislocation-
dislocation interactions. In the above equation, the terms y,
W, Kdeb»Pfors Paeb are, respectively, the interaction coefficient,
shear modulus, material-independent constant, forest dislo-
cation density and debris dislocation density. The following
equation governs the evolution of dislocation density:

a_p _ 8pgen B apdeb . aparm
dy 9y  dy By
which states that the rate of accumulated dislocation equals
the difference between the rate of generation and the rate of
removal, which includes the dislocation density that converts
to sessile debris, o4, and that is annihilated, ;.
Following the work of Beyerlein et al. [63] for HCP met-
als, the evolution of dislocation density is expressed as,

(6)
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where kj is a coefficient for dislocation storage via statistical
trapping of gliding dislocations by forest obstacles and k3
is a coefficient for dynamic recovery by thermally activated
mechanisms, and it is given as:
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Here, k, &g, ¢° and D* are the Boltzmann constant, a ref-
erence strain rate, an effective activation enthalpy and a drag
stress, respectively. The change in substructure dislocation
density is controlled by the rate of recovery of all active dis-
locations through:
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where ¢° is a dislocation recovery rate that quantifies the frac-
tion of dislocations stored as substructure.

The model calculates the equilibrium mechanical fields,
such as the strain and stress tensors, everywhere, inside

and outside the twin domain, as the crystal by elastic and
visco-plastic deformation. The elasticity law used is gener-
ally anisotropic with five elastic constants for a hexagonal
close packed material. For Mg, we use experimentally mea-
sured constants at room temperature which are: C;; = 59.5;
C12 = 26.1; C13 = 21.8; C33 = 65.6 and C44 = 16.3 in
GPa [64], which we note corresponds to a nearly isotropic
material. Plastic deformation follows crystal plasticity theory,
permitting deformation via basal (a), prismatic (a), and pyra-
midal (c + a) slip modes. The initial CRSS and the associated
hardening parameters for these slip modes used in the dislo-
cation density hardening model Eqs. (5)-(6) are taken from
[65].

2.3. Model setup

Fig. 2(a) shows a schematic of the 3D bi-crystal simulation
unit cell comprising a parent grain with a twin embryo and the
neighboring grain. A buffer layer with uniformly distributed
crystal orientation surrounds the entire bi-crystal, not shown
in Fig. 2. The crystallographic orientation of the parent grain
in the Bunge convention is (0°,0°, 0°). It aligns the c-axis of
the parent grain with the Z-axis of the unit cell. The neighbor-
ing grain crystallographic orientation is chosen differently for
different cases to demonstrate the effect of neighbors on the
local stresses associated with twin embryos. A set of voxels
in the parent grain at the grain boundary (GB) is preselected
as the twin embryo. An isolated view of the twin at the GB
is shown in Fig. 2(b).

Twin embryos are three-dimensional domains that formed
most often at the GBs [4-6,66]. Commonly the 3D twin do-
main boundaries are associated with twin crystallographic di-
rections such as the twin plane normal, twin shear direction
(commonly referred as forward direction) and lateral prop-
agation/growth direction [49,50,56,67-71]. The normal twin
boundary is composed mainly of a coherent twin boundary
(CTB) along with a few P/B and B/P facets [49,67-69]. Here
P/B facet refer to a twin interface where in which the pris-
matic plane of twin is parallel to the basal plane of par-
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ent crystal, and vice versa for B/P facets. The twin forward
boundaries form because of edge-type twinning dislocations
and mainly contains B/P and P/B facets [50,56,70,71]. The
lateral twin boundary is reported to form by screw type twin-
ning dislocations and contain pyramidal/pyramidal (Py/Py)
and prismatic/prismatic facets [49,67,68]. The earlier two-
dimensional atomistic studies suggest that the twin embryos
are composed of P/B and B/P facets and their growth will
form the CTBs [23,72,73]. Following these works, here, the
3D twin embryo is assumed to be surrounded by P/B, B/P and
Py/Py facets. Since, the c-axis of the parent grain is aligned
with the Z-direction of the simulation cell, the normal vector
to the P/B, B/P and Py/Py facets are parallel to the Y, Z and
X directions, respectively, see Fig. 2(c).

The twin embryo is characterized by its length (L) into
the crystal and its thickness () and width (w) within the GB
plane. The twin propagation conventionally refers to increases
in L and thickening usually to increases in ¢ and/or w. Three-
dimensional experimental characterization of the twin embryo
is needed to appropriately choose the shape and sizes. But
most of the experimental literature and the present work is
two dimensional as surfaces are analyzed. Further, In turn,
it is nearly impossible to obtain the three-dimensional mor-
phology of the twin embryo. Thus, for the sake of simplicity,
in the work, the initial twin embryo thickness (#) and the
width (w) are assumed to be the same (see Fig. 2). This will
be suitable in identifying a critical value of the ratio #L. In
most standard crystal plasticity calculations, individual dislo-
cation lines are not explicitly modeled. Thus, material points
in such calculations most appropriately apply to distances be-
tween material points that are more one to two orders of
magnitude than the core of a dislocation (~0.5 nm). Thus,
twin embryos that are at least 50 to 100 nm in one dimen-
sion can be modeled, which aligns well below the sizes of
embryos seen experimentally [9,66,74].

3. Results and discussion
3.1. Twin thickness t at GBs

Fig. 3 displays a representative EBSD image of the pure
Mg sample after compression. Despite being lightly deformed,
extensive activation of tensile twins is evident and most of
twin lamellae fully span the grain and contact another GB.
However, twins that terminate inside the crystal are also seen.
We refer to these terminating twins as early-stage twins as
they are undergoing the embryo-to-lamella transition, and are
clearly not embryos nor are they advanced twin lamellae.
Most importantly, most early-stage twins have a wedge shape,
where the thickness of the twin overlapping the GB is thicker
than that of the tip that terminates in the crystal. Some early-
stage twins are connected at the same location in the GB to
another twin in the neighboring grain and are referred to here
as connected twins. Other early-stage twins at GB have no
direct connection with any other twin and are referred as iso-
lated twins. Both the isolated and connected twins are marked
in Fig. 3.

Fig. 3. EBSD image showing several early-stage {1012} tensile twins in high
pure Mg exhibits wedge shape. A few of these twins are indicated by a black
circle. The concept of wedge shape twins is true for both isolated (dashed
line) and connected twins (solid line).

Terminating twins, as well as their wedge shape, are not
often discussed or reported. Closer inspection of previously
published EBSD data on a deformed Mg alloy reveals sim-
ilar wedge-shaped GB twin embryos [48]. Fig. 1(b) shows
a few twins in their early stages of growth, in which they
have already propagated into the crystal but terminated inside
the matrix grain taken from [48]. Here the {1012} tensile
twin is activated in an Mg-Gd-Y-Ag-Zr alloy. The wedge-like
shape of these twins is apparent with a broader base lying
in the GB and the finer tip of the wedge protruding into the
crystal. Inspection of EBSD micrographs from a study fo-
cused on incipient {1012} twins in Ti similarly reveals many
submicron-sized wedge-shaped twins terminating in the inte-
rior of the grains. Note that this observation of the wedge
shape of these twins is not discussed in these works.

The submicron scale thickness at the GB of these early-
stage twins suggests that each one originated in the GB and
before it could propagate across the entire crystal, it grew into
the observed wedge shape. How the embryo transitioned from
a seed lying within the GB to a wedge-shaped early-stage
twin is unclear. Using 3D discrete twin crystal plasticity tech-
niques, many studies have shown that the stress field ahead
of a twin with uniform thickness is sufficiently high to sup-
port its propagation, but not its thickening [34,62,75,76]. Such
predictions of self-propelling twin-tip stress fields have been
supported by experimental evidence. [40,44,77-79]. Thus, it
is unlikely that the wedge shape of early-stage twins was
formed by the twin first propagating into the crystal followed
by thickening at the GB. Accordingly, the converse is the
more likely scenario. The embryo had to first expand within
the GB to a critical thickness before propagation into the crys-
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Fig. 4. Statistical analysis of twin thickness at GBs (t). Distributions of twin
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tal is favorable. Much like it has been proposed that interior
ellipsoidal embryos need to grow to a certain characteristic
major-to-minor axis ratio before expanding into a lamella,
GB embryos may also need to expand to a certain thickness
within the GB before propagating away from the GB into the
parent crystal.

Twinning is well known to be a statistical event, and thus
to obtain quantitative confirmation of the wedge shape of
early-stage twins, a detailed statistical analysis is performed.
Several EBSD maps of lightly compressed Mg were collected,
and the maps were analyzed using an automated twin analysis
software [59,60]. The number of grains, twins and GBs inves-
tigated in this work respectively are: 1254, 4875 and 18,542.
Among 4875 twins, only 318 early-stage isolated twins are
considered for statistical analysis.

Analysis of these 318 twins confirms a prevailing wedge
shape of early-stage twins. Fig. 4(a) plots the thickness of
the twins within the GB ¢ as a function of the twin Schmid
factor, which is a projection of the twin plane and the twin
direction with respect to the applied load. It would be ex-
pected that if twins were stress-driven then r would increase
with its Schmid factor. The data show that this is indeed the
case. The remarkable finding is that a minimum thickness #y;,
appears even for twins that formed with nearly zero Schmid
factor. Apart from the Schmid factor, it is commonly reported
that the neighboring grain orientation can significantly influ-
ence the twin thickness that overlaps with GB [62,75,76,80].
Fig. 4(b) shows the correlation between the GB twin thickness
¢t and the (minimum) misorientation angle between the grains.
Here, the ¢ decreases with increasing misorientation angle. A
similar trend has been reported in previous studies, where they
found that twin thicknesses at the GB from where the twin
originated were thicker than that at twin/boundary junctions
where they terminated [4,80]. In addition, the distribution in
Fig. 4(b) clearly implies a strong influence of the neighbor-
ing grain orientation, a point we return to later. We should
note that since these are 2D cross sections of 3D twins, the
twin thickness is not the thickness of the actual twin in the
absolute sense. Nevertheless, it is clear that these early-stage
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twins bear a wedge shape and that even when considering the
full range of parent or neighboring grain orientations, includ-
ing those that would not favor or be suitable for twinning,
a minimum GB 7, still exists. Further, it is orders of mag-
nitude higher than any theoretical or numerically predicted
stable twin embryo size. This supports the concept of a crit-
ical GB thickness for twin propagation; the GB embryo had
to first expand within the GB before propagating into crystal.

3.2. Stress fields on faceted twin embryo boundaries

Twin embryos and twin lamellae alike expand their volume
by migrating the twin/matrix boundary. At the length scale
studied, the crystallography of the matrix and twin domains
and twin boundary surface dictate the local stress and strain
fields. Due to the twin shear alone, these boundary tractions
can grow sufficiently intense to invoke localized plastic de-
formation at the boundary and in the vicinity of the embryo.
In this section, the stress state produced by a model 3D em-
bryonic twin (Fig. 2) is calculated via the full-field, spatially
resolved crystal plasticity technique EVP-FFT and analyzed
to determine whether the nature of the stress (directionality,
sign, magnitude) is sufficient to migrate any portions of the
embryo/parent boundary.

The simulation begins with an already formed elementary
3D embryo (see Fig. 2), the smallest unit seed from which for-
ward, lateral, and transverse expansion is possible, and under
a pre-assigned applied stress. The latter is imposed because it
is very likely that such embryonic seeds would have formed
under mechanical stress. Prior work finds that the variant of
the twin embryo corresponds to one with the highest twin re-
solved shear stress (TRSS) from the local stress state [4,6,28].
To best represent these conditions, a far field mechanical load-
ing is first applied to the outer polycrystal, when the material
is twin-free. In the present calculations, a far-field compres-
sive strain of 0.5% in the Y-direction is applied since it is pre-
sumed sufficient to induce a local stress in the parent grain
that would form a {1012} twin embryo. Next, while under
fixed macroscopic strain, the twin embryo is formed in the



M.A. Kumar and 1.J. Beyerlein/Journal of Magnesium and Alloys 11 (2023) 4485-4497 4491

(a) Slice-A

(b) Slice-B

6.0e+01

I

Twin

I
3
TRSS (MPa)

I: -80
-1.0e+02

Fig. 5. Model calculated twin plane resolved shear stress (TRSS) field after
the formation of the twin embryo (a) in slice-A, which is adjacent to the GB
in the parent grain and (b) in slice-B, which shows the cross-section of the
twin embryo. Refer Fig. 2(b) for details of slice-A and B. Here, size of the
twin embryo is: L =3, /L =7 and w/L = 7.

preselected domain by reorienting the lattice according to the
twin/matrix relationship and imposing the characteristic twin
shear. In all the stages, the deformation is accommodated by
anisotropic elasticity and visco-plasticity as mediated by crys-
tallographic slip.

From the model calculated full stress tensor, the twin plane
resolved shear stress (TRSS), which is commonly considered
as a driving stress for twin nucleation and growth, is cal-
culated. Fig. 5 shows the TRSS distribution in two cross-
sections, slices-A and -B, after the formation of a twin em-
bryo. The twin domain is the black region. Here the neigh-
boring grain orientation is the same as the parent grain to
eliminate neighbor effects. Slice-A in Fig. 5 is parallel to the
X-Z plane and taken at a point in the parent grain next to
the GB, see Fig. 2(b). This slice provides the distribution of
micromechanical fields at the B/P and Py/Py facet interfaces.
Slice-B, which is parallel to the Y-Z plane, reveals the fields
at the P/B and B/P facets. The TRSS distribution in slice-A
shows that expansion of embryo by migrating the Py/Py facet
is favorable, but not so by the P/B facet. This observation
suggests that lateral growth of the twin is favored over thick-
ening, which is in agreement with prior reports [26,81,82].
Fig. 5(b) shows the TRSS field in slice B. It reveals that the
local stress at the P/B facet face favors its migration. Slice-A
helps to understand the possibility of expanding twin domain
along the GB, whereas slice-B provides information on for-
ward migration of the twin tip into the crystal. To understand
the embryo-to-lamella transition by the propagation of twin
tip into the crystal, only slice-B is considered hereafter.

Although the TRSS is commonly used as a driving force
for twin formation, the crystallographies of these three twin
facets indicate that the stress traction that would drive their
migration are not necessarily the same. Fig. 6(a) shows the
crystallographic plane arrangements of the P/B, B/P and
CTBs when the c-axis of the parent grain is parallel to the
Z-axis. The boundary B/Ps and P/Bs lie parallel to the Y-axis
and Z-axis, respectively, and the CTB lies on the {1012}
plane. For CTB migration, a positive TRSS shear stress is
needed. For Mg, the separation between the basal planes is

5.21 A° and the prismatic planes is 5.55 A°. Accordingly, to
migrate a B/P facet, a tensile traction acting on the B/P face
is needed, and likewise, to migrate a P/Bs facet, a compres-
sive traction on its face is required. The stress components
that drive migration for each facet are schematically shown
in Fig. 6(b).

Fig. 6(c) shows the calculated driving force, the Syy com-
ponent, for migrating the P/B facet along the facet face of
the model embryo. At the twin front, the Syy is compressive,
ranging from ~ —24 MPa to ~ —7 MPa, with the highest
compressive (minimum Syy) value generated in the center of
the facet. The sign and profile of Syy across the facet sug-
gest that the migration of P/B facet into the crystal would be
favored and more importantly would develop into a wedge
shape. Whether the magnitude of these compressive tractions
can propagate the twin depends on local material strengths.
The significant finding is that tractions on the P/B facets of an
embryo have the sign and character needed to grow the em-
bryo into the crystal. Since these features result predominantly
from the interaction of the twin shear of the embryo itself
and the surrounding matrix, the embryo could self-propagate
should the intensity of Syy reach a characteristic material
strength.

3.3. Critical aspect ratio for twin embryo expansion

The aforementioned calculation considers only one embryo
aspect ratio of #/L = 7, for which Syy had the sign and char-
acter needed for propagation. Whether these self-propelling
stresses meet this criterion would depend on #/L. To identify
this dependency, we repeat the calculations for aspect ratios
(#/L) ranging from 1 to 21. The #L values of interest are
greater than unity since the notion tested is that the embryo
needs to grow in the plane of the GB before it can propagate
away from it.

Fig. 7 shows the Syy stress field along the P/B front for
the full range of #/L > 3. Only for #/L > 5, the Syy values are
compressive. P/B migration is, therefore, possible as along as
the embryo is extended within the GB more than 5 times its
length out of the GB plane (see Fig. 6(b)). Also, for all #/L,
the Syy profile is nearly symmetric, minimizing at the center
of the P/B front. The variation arises due to the reaction of
the surrounding crystal to the twin shear at the two ends of
the embryo. The distribution of TRSS along twin front (see
Fig. 5) also peaks at the center and decreases gradually to the
edges. Overall, these stress profiles in the twin embryo front
face suggest that the region most likely to first propagate is
the center of the embryo front.

The migration of the B/P facets on the lateral sides of the
embryo requires the driving stress Szz to be tensile. Calcula-
tions find that the Syz ranges from —150 to —170 MPa for
the full range of #/L (not shown). Lateral migration of the B/P
facets for thickening the embryo within the GB is not pos-
sible when #/L > 1. This means that for the same #/L range
that the P/B facet can migrate away from the twin, the B/P
facets cannot migrate.
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The TRSS distribution across the Py/Py facet shown in
Fig. 5 suggests that the twin embryo can expand in the GB
plane in its width (w) dimension. In the calculations thus
far, w = t. Thus, this poses a natural question of whether a
twin embryo can propagate into the crystal even for smaller
t/L, while w/L is larger. To address this, calculations were
performed for the full range of w/Lwith w/L > /L and
fixed /L = 3 or 7. For both #/L, the Syy profiles shown in
Fig. 7 do not change significantly (sign and magnitude) for
varying w/L. It confirms that w/L of the embryo in the GB
plane is not governing the migration of the P/B facet into the
crystal. Thus, in the rest of the analysis, the w/L is assumed
to be the same as #/L.

The results identify that the “self-stress” induced by the
twin embryo alone is directed to extending it into the crystal

but not thickening it within the GB. In addition, if a constant
critical force criterion is applied to the twin front, it will likely
start to migrate heterogeneously, starting in the middle. It can
be easily anticipated that a wedge-like twin front would form
as a result. Another important finding made here is that the
P/B migration stress Syy is more likely to reduce (become
more compressive) and favor propagation into the crystal as
t/L of the embryo increases. More significantly, the minimum
value of Syy across the facet lowers as #/L increases until at
some critical (#/L)., and it reaches a saturation point, as shown
in Fig. 7. To identify (#/L)., we first identify the minimum
Syy for each t/L, over a much broader range from 1 to 30.
Fig. 8 clearly suggests that (Syy)min drops with #/L, becoming
compressive once #/L > 3, and it saturates at some critical
(t/L). that lies /L > 14. To estimate (#/L)., the percentage
of change in (Syy)min for a change in #L is calculated and
plotted versus the secondary, right-hand axis in Fig. 8. The
change becomes almost negligible (here we choose 1%) when
(#/L). = 16 as marked in Fig. 8.

The significance of these results is that they reveal the
existence of critical #/L >> 1 for self-propelled embryo-to-
lamella transition. Again, we mention that when given a char-
acteristic critical force needed to extend the twin, a critical
twin embryo shape and size can be determined.

3.4. Grain neighbors that promote expansion

Atomic scale calculations and analytical models for twin
nucleation have suggested that embryos that originate at GBs
may have to grow within and along the GBs before extending
into the crystal [23,72,83]. The calculations performed here
indicate that the stress field along its boundaries generated by
the characteristic twin shear within the 3D embryo domain in-
troduces an unanticipated #/L effect for embryo propagation.
To focus on f/L effects, the neighboring grain orientation was
set to be the same as the parent grain orientation. This sce-
nario can be considered as the nucleation of twin embryos
inside the grain. The simulation results suggest that the lo-
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cal stresses favor the propagation of the twin embryo, and
it can eventually reach the grain boundaries. However, it is
commonly reported that the deformation twins mostly nucle-
ate at the grain boundaries where local stress concentration
and defects are present. In this usual scenario, the neighbor-
ing grain orientation differs from the parent. Since the neigh-
boring grain is another Mg crystal, which is known to have
a highly plastically anisotropic response, it can be expected
that the embryo-boundary stress fields could depend on the
orientation of the neighbor and its ability to dissipate the
strain energy caused by the twin shear. To study this aspect,
the calculations are repeated for the total of 221 neighboring
grain orientations for the same fixed parent grain orientation.
For each orientation (Syy)min iS obtained for a range of #/L
from 1 to 30. Using the same procedure as in Fig. §, the
(t/L). is identified.

Fig. 9(a) presents the distribution of (#/L). for all neighbor-
ing orientations. In this analysis, the neighboring grains are
classified by a factor that measures their ability to plastically
accommodate the twin shear imposed by the embryo. In this
regard, in prior works, the relative position of a given slip
mode in the neighboring grain with respect to the twin has
been considered an appropriate factor to classify the neigh-
boring grain orientation [33,75,84]. This factor is given by,

m' = (br.by)(nr.ny) @)

where, by and nr is the Burgers vector and plane normal of
the simulated twin system in the parent grain, and b; and
ng is the Burgers vector and plane normal of different slip
modes of the neighboring grain. If the value of m' is 1.0,
then the shear imposed by the twin variant in the parent is

well aligned to cause shear on this particular slip system in
the neighbor. Using this measure, a plastically soft neighbor
would be oriented such that m’ is not only non-zero on many
slip systems, but predominantly on the ones that are relatively
easier to activate. Likewise, a plastically hard neighbor may
have a non-zero m’ on slip systems that are harder to activate.
Since the easiest slip mode is basal (a) slip in Mg, only the
m' of basal slip mode is considered in Fig. 9(a) [75].

Fig. 9(a) reveals that (#/L). decreases with increasing m'.
The neighboring grain that is better suited for accommodat-
ing the embryo twin shear via basal slip, the more easily
the embryo-to-lamella transition occurs or equivalently, the
smaller the (#/L). (i.e., smaller the embryo GB thickness needs
to be).

For comparison, Fig. 9(b) shows the experimentally mea-
sured GB thickness of the isolated early-stage twins observed
in the deformed Mg as a function of the relative orientation
of the basal slip (m'). Here, the maximum m’ among all three
basal slip systems and the early-stage twin variant is used in
this analysis. Fig. 9(b) clearly reveals that the twin thickness
at the GB decreases with an increase in the relative position
of basal slip in the neighboring grain.

3.5. Wedge shape twin embryo propagation

The twin front stress profiles shown in Fig. 7 suggest that
the propagation of the embryo may follow a wedge shape. To
test whether the wedge-like step formation at the embryo front
favors further propagation and growth, here, a quasi-dynamic
step-by-step twin propagation simulation is performed. First,
a twin embryo of size % =7 =7 and L = 3 is introduced.
The stress field at the front of this initial twin embryo fa-
vors propagation, see Fig. 7. Based on this stress profile, a
domain is identified for formation of a smaller twin step (or
protrusion). The dimension of the protruded twin domain is
chosen to be ZT’; = % =5 and Ly, = 1. This leads to a
wedge-like twin morphology. This protruded twin is formed
by lattice reorientation and imposing twinning shear strain.
The TRSS profile along the protruded twin front and adja-
cent to the GB are plotted in red in Figs. 10(a) and (b),
respectively. For comparison, the TRSS profiles after the
formation of initial twin embryo are also shown in blue.
Fig. 10(a) reveals that the TRSS profile at the twin front
increases when the wedge-like twin propagation has per-
formed. Thus, twin propagation propensity increases even fur-
ther when the wedge shape has formed. Similarly, the TRSS
profile along the GB shown in Fig. 10(b) suggests that the
wedge-shape twin propagation increases the local stresses
around the twin, and that favor the thickening process. Over-
all, the simulations results support the proposed wedge-like

propagation of twin embryo into the grain.

3.6. Remarks on sensitivity to model conditions

Before continuing further, it is worth remarking on the sen-
sitivity of the findings to some of the preset model conditions.
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The calculations discussed thus far were carried out in a par-
ticular applied loading direction. In actuality, the loading/grain
orientation relationship can vary. The findings reported here
originate from the self-stress created by the twin embryo and
arise due to a coupling between the twin shear and the elastic
and plastic response of the surrounding crystal(s). Therefore,
an overpowering effect of external loading is not anticipated.
At the same time, based on our previous studies, it is ex-

pected that compared to the external stress, the local stress
may play a more dominant role in the reported critical em-
bryo thickness for propagation. Further, the variations in #/L
were accomplished by changing the thickness while keeping
the length constant. With the model, it is just as possible to
change the length instead to achieve the same #/L. We repeated
the calculations for various L ranging from 3 to 5, and the
results are also shown in Fig. 8. It is clear that the results de-
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pend on /L, not L alone independently. Furthermore, as stated
in Section 2.3, since the actual three-dimensional morphology
of the embryo is not known, the thickness and width of the
modeled twin embryo are assumed to be the same. Despite
of the same size, the simulation result shown in Fig. 5 in-
dicates that the TRSS fields are significantly different in the
thickness and width direction. Thus, one can speculate that
the embryo thickness and width cannot be the same.

3.7. Mechanisms for embryo thickening

This study introduces a new concept of a critical #/L >>
1 for a GB embryo, above which self-propelled propagation
is possible. The physical picture this criterion paints is that
the embryo is an order of magnitude thicker in the plane of
the GB than normal to it. However, twin embryos, when they
first form in the GB are nm in dimension, have low aspect
ratios, and are detectable only via TEM or HR-TEM. These
seedling embryos, thus, possess subcritical thicknesses, pos-
sibly explaining why they are not seen to propagate into the
crystal. In fact, many embryos could form at the GB un-
der the appropriate defect and stress conditions [23,72]. They
may even be stable, that is, they would not shrink or detwin
when the external load is released. Yet still, the existence
of a critical thickness implies that even stable embryos can-
not propagate into the crystal and move across the crystal
by forming a lamella unless they have grown to a sufficient
thickness within the GB. It would explain the minimum GB
twin thickness seen here in the statistical analysis of hundreds
of early-stage twins.

Twin embryos when they first form are likely of subcritical
t/L. The question that remains is how an embryo can achieve
a sufficiently high aspect ratio (%). Analysis of the bound-
ary stresses on the B/P facets indicate that boundary stresses
act against thickening. An alternative mechanism to stress-
driven B/P migration is needed for thickening. One reason-
able proposal is that the thicker embryo is constructed by the
nucleation of several, closely spaced smaller, subcritical twin
embryos or so-called “seeds”. Prior work on parallel twin
lamellae has shown that when closely spaced, by distances
ranging from a few to several times their thickness, the back-
stress on the boundary that resists widening increases beyond
that generated by an isolated twin [62]. Thus, the formation
of a thicker embryo by the coalescence of smaller twins is
not a plausible mechanism. It suggests that atomic descrip-
tions would be necessary to understand the development of
a super embryo. In Wang et al. [23,72] atomistic simulations
of twin formation at HCP symmetric tilt boundaries showed
that multiple tiny (~nm) twin seeds form at GB defects when
acted upon by an impinging pile-up. As more seeds formed
along the GB and became closely spaced, they appeared to
eventually merge, producing a single embryo several tens of
nm thick along GB. While the atomic-scale process was not
detailed, it seems that more seeds formed both in between and
outside the first seeds. As more support, a recent in-situ ex-
perimental study on Mg observed the development of a wide
twin embryo in a defective boundary via the nucleation of

several closely spaced twin seeds [66,74]. Thus, for embryos
to reach the needed thickness in a GB, the GB would need
to be sufficiently defective such that under stress create mul-
tiple, closely spaced twin seeds that together span a region
several tens of nm in size. The spacing between the tiny twin
seeds should be small enough that the elastic/plastic strain
field interactions between them may not play a role in their
merger.

The calculations show that the driving force to push out
a twin embryo increases as the twin becomes thicker. While
thicker twins can propagate easily, the twin cannot thicken by
its own self-stress. This dilemma may explain why twins in
HCP metals generally do not form easily and are a rare sta-
tistical event. The size effect or critical “thickness” revealed
here suggests that while many stable GB embryos could form,
only some can propagate away from the GB. This may ex-
plain why twins seen to start to propagate have a minimum
thickness at the GB from which they originate. The strong
grain neighborhood effect on the critical thickness seen here
would imply that some neighboring grain orientations can fa-
vor twinning, while others do not, and thus, the same suitably
oriented parent grains in the polycrystal would not all equally
support twin propagation.

3.8. Impact on the design of high-performance materials

The findings here can substantially increase the amount
of information gained from microscopy analyses of deformed
Mg alloys. To quantify microstructure-twin relationships and
gain an understanding of deformation twinning, orientation
mapping of deformed materials is being continuously being
pursued, and to date, these have been advanced to include
automated acquisition of statistically significantly large data
sets (several thousands of twins) in 2D and even 3D [4-
6,26,28,80,85]. Apart from carrying out in-situ deformation
studies, the findings here indicate where twins originate and
where they terminate. Our results imply that twins will be rel-
atively thick at their GB of origin and relatively thin at GBs
they intersect. Further, twins that terminate inside the crystal,
having not yet propagated across the grain, will have a wedge
shape with their thick wedge base along the GB, where they
originate. The thickness of the twin where it overlaps the
boundary will likely correspond to the thickness of its critical
shape.

These findings also suggest significant changes need to be
made in the way higher-length scale models treat twinning.
Many constitutive laws involved in the development and de-
sign of structural HCP metals have reached a level of sophis-
tication that they can account for the formation and growth of
twin lamella inside grains and their interaction with crystallo-
graphic slip in the calculations of texture evolution and stress-
strain response [86—90]. These models, however, require crite-
ria for the formation and growth of these twins, since they are
based on processes operating at length and time scales much
below those accessible by the model. At present, they predict
well the thickness of twin variants that are well oriented with
respect to the applied loading, so-called “high-Schmid factor
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twins”, but grossly underestimate by 200% the thickness of
observed low Schmid factor twins [65,75]. The former is suit-
ably oriented to continue thickening beyond the thickness of
its critical embryo, but the latter is likely to not grow further
and hence preserve its original critical width.

4. Conclusions

In this work, the transition of twin embryo to sub-micron
scale lamella is studied using the experimental and numerical
methods. Detailed statistical analysis of early-stage twins in
the deformed Mg microstructure is performed to establish the
correlation between the twin thickness at the grain bound-
aries, and the misorientation angle and the relative position
of easy slip in the neighboring grain. A full-field, spatially
resolved crystal plasticity model, called elastic-visco-plastic
fast Fourier transform (EVPFFT), coupled with a dislocation
density-based hardening model, is employed to quantify the
local stresses at the interfaces that borders the twin embryo.
This combined experimental and computational study leads
to the following key findings.

1. Experimental statistical analysis shows that the thickness
within the grain boundary (GB) of early-stage twins de-
creases with increasing misorientation angle and increasing
misalignment between the twin embryo variant and basal
slip in the neighboring grain.

2. The twin embryo formed in a GB can propagate if its
thickness at the GB (#) is significantly larger than the
length of the embryo (L) into the crystal, #/L >> 1.

3. The local driving stress profile along the twin front indi-
cates that propagation initiates in the center of the facet
and, thus, is most likely to develop into a wedge shape
with a thick base at the GB.

4. The model calculations show that the more aligned the
twin variant is with basal slip in the neighboring grain
(greater m’), the smaller the critical aspect ratio needed
for propagation.
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