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W N e

Abstract: Application of polycrystalline hexagonal close packed (HCP) metals in engineering designs
has been constrained by their anisotropic responses due to twinning and limited plasticity. In
deformation, twins most often initiate at grain boundaries (GBs), and thicken and propagate across
the grain. In this work, the GB twin embryos in Mg and Mg alloys, and the conditions that influence
their propagation are investigated. Using a micromechanical crystal plasticity model, the role of
embryo shape on the driving forces prevailing at the embryo boundaries that could support its
expansion is studied. The modeled embryos are either planar, extending more in the shear direction
than normal to the twin plane, or equiaxed. Results show that the thinner the embryo, the greater
the driving forces for both thickening and forward propagation. Alloys with low prismatic-to-basal
critical resolved shear stress (CRSS) ratios promote embryo thickening and large CRSS values for
the slip mode that primarily accommodates the twin shear encourage propagation. The neighboring
grains with orientations that enable local accommodation of the embryo twin shear by pyramidal slip
promote forward propagation but have little effect on thickening. When two like embryos lie along
the same GB, their paired interaction promotes forward propagation but hinders thickening.
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1. Introduction

Dislocation slip and deformation twinning are two main mechanisms in plastic defor-
mation of metals. In hexagonal close packed (HCP) metals, plastic slip is limited and hence
deformation twinning becomes the main plastic deformation mechanism [1-3]. Unlike plas-
tic slip, which tends to be homogeneous over the crystals and is associated with relatively
small amounts of lattice rotation and shear, twins usually attain heterogeneous lamellar
shape with abrupt lattice rotation and large amounts of shear [4—6]. Deformation twinning
significantly affects the deformation behavior [7-9], ductility [10,11], formability [12,13],
and failure [14-16] of HCP metals.

Twins develop within grains over a series of three stages that span a broad range of
length scales from the atomic to the grain scale [17]. Understanding all stages and their
transitions is important for potentially controlling twinning for customized properties
and performance. The process starts with the creation of an embryo (nucleation) at the
atomic scale. In polycrystalline metals, twins are seen to most often emanate from the grain
boundaries (GBs), where stress concentration and defects are present [18-21]. Following
embryo formation is stage two, in which the embryo propagates into the interior of the
grain taking the shape of a lamella. This stage begins with an atomic-scale embryo and
usually ends with a high aspect ratio, nanoscale lamella that has fully crossed the grain and
intersected with the GBs [22-26]. Twin propagation in this stage has been studied through
in situ analyses as well as ex-situ analyses of twins that have terminated in the interior of
the grain [4,6,27]. The final stage is thickening of the grain-scale lamella. The tips are often
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stationary, pinned at GBs, while the coherent twin boundaries (CTBs) migrate by the glide
of twinning dislocations [4,6,27-29]. The portion of the twin within the interior of the grain
can experience faster growth rates than the pinned ends, giving the lamella an ellipsoidal
shape [30,31]. Furthermore, multiple parallel, same variant twins and also non-parallel,
different variant twins also formed, and significantly affect the mechanical response and
microstructure evolution [32-35].

For several decades, extensive research efforts have been dedicated to understanding
the first stage, twin nucleation, and the mechanisms at the atomic-scale [22,25,26,36—45].
From these studies, twin nucleation has been visualized as a sequential process of interac-
tion of dislocation pile-ups with the defect structure at GBs, dissociation of GB dislocations
into twinning dislocations (TDs) and then coalescence of these TDs to form a stable twin
embryo [18,21,44-47]. The boundaries of small twin embryos are for the most part faceted,
composed of basal-prismatic (BP), prismatic-basal (PB), or CTBs [22,36-38,48-50]. The PB
boundary interfaces the (1100) prismatic plane in the twin nucleus with the (0001) basal
plane in matrix and the BP boundary, vice versa [22]. The formation of these boundaries has
been rationalized as a shuffling mechanism [22] or using interfacial defect theory [36,37].
In Mg, the interplanar basal spacing is 5.21 A and prismatic spacing 5.55 A. In principle,
advancing a PB in Mg requires a compression stress acting normal to its face and a BP
boundary a normal tensile stress. The effects of solutes on this process have been recently
probed via atomic scale simulation and post-mortem microscopy [51-53]. Compared to
ordered twin boundaries, these facets have lower segregation energy [51,53]. In an experi-
mental study of Mg-Y alloys, nanosize Y clusters were observed to preferentially form on
PB and BP facets unlike at the CTBs in same alloy [52].

Many research studies have also focused on the third stage. The approaches taken
range from atomistic simulation of the migration of a boundary to mesoscale phase field
approaches for dynamics of boundaries and to micromechanical approaches that model
the elastic and crystal plasticity response [21,54]. When provided a source for twinning
dislocations (or disconnections), these defects can glide along the CTBs under a positive
twin resolved shear stress (TRSS), changing the boundary location by its height. For the
common {1102} twin, atomistic simulations find the TD to be two planes high [21,55].
In alloys, atomistic simulations and microscopy analysis have shown that solutes can
periodically decorate CTBs and hinder twin boundary migration [52,53,56,57]

Micromechanical approaches include discrete twin domains within crystals, per-
mitting elastic anisotropic deformation, slip on crystallographic slip systems, and twin
transformation strains. They have studied the expansion of the grain-scale lamella, and the
strain and microstructural conditions required for the twin boundary migration [31,58-65].
For instance, such approaches have focused on the effect of grain neighbor orientation and
its plastic response twin thickening. It was found that the effect of neighbor orientation
arises from the slip systems it activated to locally accommodated the twin shear [63]. It
could explain grain size effects as well as why some hcp materials promote thick twins
while others thin ones [65]. In this type of approach, alloying effects are taken into ac-
count through the critical resolved shear stress (CRSS) values for the slip modes [66—68].
By affecting the local plastic response of the surrounding matrix and grains needed to
accommodate the characteristic shear imposed by the twin, alloying controls the stresses
at the twin boundary needed for propagation and growth [65]. At the mesoscale of such
models, the effect of solutes on twinning were reflected by a change in the critical glide
stress for TDs [69,70].

The less well-studied stage is the embryo expansion step within the second stage.
Studies in this area have primarily utilized molecular dynamics (MD) simulation and/or
in-situ transmission electron microscope (TEM). A number of joint atomistic simulation and
experimental studies have suggested that before a twin nucleus at a GB can propagate into
the grain interior, it needs to reach a critical size [21,25,71,72]. Producing a nucleus of critical
size, approximately tens of nanometers in width, involves the coalescence of many tinier,
nanometer size twin embryos. MD was employed to study the stress-driven expansion
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of an embryo fully embedded in its parent crystal [24]. They found that TDs formed at
the intersection of the CTB and PB boundaries and moved along the CTBs causing them
to migrate. The growth of the embryo was anisotropic, with the PB/BP fronts moving
outwards (propagation), extending its length in the twin shear direction, faster than the
CTB migration (thickening) process. The effect of solutes on the propagation of embryo into
a lamella is yet to be studied. Based on the prior atomistic and micromechanical studies on
boundary migration, however, it can be anticipated that alloying would play an important
role on the twin embryo expansion. Last, most twins emanate from GBs, and thus, similar
to nucleation and growth, the neighbor orientation will likely influence the propagation of
an embryo formed at GBs.

In this work, we employ a micromechanical full-field crystal plasticity fast Fourier
transform (CP-FFT) model that accounts for the twin transformation strain within discrete
twin domains [28] to study the transition from stage one to two in the twinning process; that
is, when a twin embryo begins to expand into a lamella. The micromechanical technique
is applied to calculate the stresses along the boundaries of a model embryo lying at a GB.
For simplicity, the simulated crystalline microstructure is columnar and the embryo is
represented by a parallelogram with two CTBs and a single PB twin front (TF). In all cases,
the embryo is initially equiaxed or planar, extending from the GB into the parent crystal
more than its thickness. We investigate the role of alloying, through its affect on CRSS
for slip, and of the neighboring grain orientation. Based on the insight gained from the
single embryo case, we perform simulations on a pair of embryos, in order to elucidate the
effect of their spacing on their individual growth. The model suggests that alloying and
grain neighbor orientation strongly influences the critical shape for either thickening (CTB
migration) or propagation (PB advancement).

2. Methodology
2.1. CP-FFT Formulation for Explicit Crystallographic Twins

Based on the FFT framework proposed by Moulinec and Suquet [73], various CP-
FFT models have been developed and employed to study crystalline materials, while
considering different deformation modes, such as elasticity [74], incompressible visco-
plasticity [75,76], dilatational visco-plasticity [77], infinitesimal elasto-visco-plasticity [78]
and finite elasto-visco-plasticity [79]. Based on the infinitesimal elasto-visco-plastic FFT
formulation of [78], Arul Kumar et al. [28] extended the CP-FFT model to account for the
twin shear transformation within a preset twin domain. This formulation is used here and
in this section, briefly reviewed.

The constitutive behavior of an elasto-visco-plastic material under an infinitesimal
strain approximation with shear transformation is given by

o(x) = C(x) : € (x) = C(x) : (e —ePl(x) — etr(x)> 1)

where o (x) is the Cauchy stress, C(x) is the elastic stiffness tensor, eel(x) is the elastic
strain, eP!(x) is the plastic strain due to dislocation slip, and €' is the transformation
strain at a material point x. €™ represents the shear transformation process of deformation
twinning. The local stress field at each material point is calculated using an semi-implicit
time discretization of the form:

0_t+At(x) _ C(X) . <€t+At _ €pl,t(x) _ épl,tJrAt(x’ 0_t+At)At _ etr,t (X) . Aetr,tJrAt(x)) (2)

The plastic strain is assumed to be accommodated by dislocation slip. Accordingly
the plastic strain-rate tensor éP! is written as

-pl _ o s .5
P (x) = ;m ()7 (%) ®)
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where m® is the Schmid tensor, ° is the shear rate, N* is the total number of slip systems,
the superscript ‘s” denotes a specific slip system, and

m®(x) : tf(x)l}'10
7 (x)

me(x) = 5 [b°(x) © 0°(x) + () @ b ()] ©)

T (x) = o [ x sgn[m®(x) : o(x)] 4)

The multiplier 7 is non-negative and controls the magnitude of eP!. Regarding the
other parameters, 1 is the stress exponent, 7: is the CRSS, b® is the Burgers vector, and n®
is the unit vector along slip plane normal.

For material points in the twin domain, the tensor €' is built up over several strain
increments until the characteristic twinning shear strain Tt is reached, i.e.,

Ae'(x) = m"™ (x) Ay (x) (6)

where m'" is the Schmid tensor associated with the twinning system, Ayt is the incremen-
tal shear strain, superscript ‘tw” denotes a specific twinning system, and

m™ (x) = % [b™(x) ® n™ (x) + n™(x) @ b™ (x)] )
ay (g = T ®

where b™ is the unit vector along the twinning direction, n'" is the unit vector along the
twin plane normal, and N* is the number of increments to reach T*". Note that e" is
non-zero only during the build-up of the twin transformation strain.

2.2. Model Set-Up

Figure 1 shows the bicrystal model unit cell containing GB twin embryos adopted for
all calculations. The left crystal is a neighboring grain and the right crystal is the parent
grain into which a twin embryo will expand. The parent orientation in Bunge convention
is (0°, 0°, 0°), which aligns its c-axis with the z axis of the model unit cell. The simulated
twin embryo variant is (0112)[0111]. The bicrystal microstructure is columnar extending
through the thickness of the cell in x direction. The twin shear of this variant acts in plane
(y-z plane). The twin embryo is L long and T thick.

The parent grain contains either a single twin embryo or two twin embryos. An em-
bryo is modeled as a parallelogram with two CTBs inclined along the twin plane, a planar
interface with the GB, and a single planar PB facet as the TF in the parent crystal, as illus-
trated in Figure 1a. The simulated twin embryo geometry is motivated by experimental
and atomistic calculations. TEM-based experimental studies reveal that the twin nucleus
in Mg is bounded by PB or BP facets [25,45]. Further, MD calculations suggest that the
interaction of basal dislocations with GBs form several small twin embryos, and then
they coalesce to develop a larger stable twin embryo with PB, BP, and CTBs as bounding
interfaces [20,22,36,37]. The effect of the thickness of the twin embryo, T, is studied by
varying the dimensionless ratio t = T/L from 0.17 to 1 with the length of the twin embryo,
L = 24 voxels. That is, the twin embryo thickness is varied from 4 voxels to 24 voxels.
Note that we do not observe any noticeable Gibbs oscillations in the fields for these twin
embryo configurations. Thus, the considered mesh sizes, i.e., twin embryo discretization,
are sufficient to obtain the micromechanical fields correctly. The simulated thicknesses
represent different stages of twin embryo expansion. For instance, t = 1 corresponds to an
equisized stable twin embryo that has not yet propagated into the grain. On the other hand,
t < 1refers to the configurations where the twin embryo starts to propagate into the grains.
In the two-embryo case, the influence of their spacing S, the distance between the lower
CTB of the upper twin embryo (T1) and the upper CTB of the lower twin embryo (T2) along
the z axis, is examined by varying the ratio s = S/T from 0.5 to 8 (see Figure 1b). These
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twin embryo spacings are consistent with the experimentally observed spacing between
twin lamellae [4,23]. The simulation cell lengths are 0.125L (3 voxels), 21.2L (510 voxels),
and 21.2L (510 voxels), along the x, y, and z directions, respectively. The simulation cell
is encased by an outer layer (not shown) in the y-z plane with properties of a uniformly
textured polycrystal to minimize periodic image forces. A thickness of 25 voxels is sufficient
for this purpose and hence is used in all calculations that follow.

The twinning calculations are performed for both pure Mg and the alloys listed in
Table 1. Three alloys are binary Mg-Y with three different Y wt.% and the fourth one is a
Mg-0.47% Ca alloy. These binary alloy systems are selected such that the required crystal
plasticity model parameters are already available. Furthermore, they were obtained using
a similar modeling framework and constitutive law [69,70,80]. Further, these alloy systems
are shown to exhibit excellent corrosion resistance and creep properties [81-85]. Thus,
Mg-Y and Mg-Ca alloys are of great interest for several industrial applications, including
the medical industry for bio-degradable implant material [86].

The model constitutive law requires elastic moduli, lattice parameters, and CRSS
7; for three slip modes-basal (a), prismatic (a), and pyramidal (c + a) slip. The elastic
moduli and lattice parameters for all alloys are set equal to those of pure Mg, under the
assumption that they are not significantly altered by alloying [87,88]. The five independent
elastic constants used are those measured for Mg at room temperature: C1; = 59.75 GPa,
Cyp = 23.24 GPa, Cy3 = 21.7 GPa, C33 = 61.7 GPa, and Cy4 = 16.39 GPa [87]. We model the
effect of alloying on plastic response by using the 77 values corresponding to each alloy.
Note that these CRSS values account for an increase in the lattice friction for dislocation
glide due to the presence of the solutes. Apart from this increase in the lattice friction,
the alloying addition can potentially affect microstructure features via modulating the twin
and GB migration. In this work, we focus on the driving stresses that could support twin
embryo migration but not the kinetics of twin boundary migration. Thus, the effect of
solutes on twin boundary migration is not accounted for. Further, the presence of solutes
may govern the migration of GBs, and so the grain sizes. For example, the average grain
size in Mg with 0.2% and 3.0% Y is 35.0 um and 26.0 pum, respectively [69]. Since here we
simulate a local region at the GB with twin embryos, the grain size reduction may not be
relevant for the reported findings. For the calculation, we employ the 77 values for the
three slip modes, which have been characterized previously for these four alloys [69,70,80]
and they are summarized in Table 1. In all alloys, basal slip is the easiest and the 7 values
for prismatic and pyramidal slip are relatively close compared to those of in pure Mg. These
alloys are distinguished by their 1y value for basal slip, being hardest for the Mg-0.47% Ca
alloy and easiest for Mg, and their ratio of hard (c + a) pyramidal slip to easy (a) basal slip,
with Mg having the highest and the Mg-0.47% Ca alloy the lowest ratio.
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Figure 1. Schematic of the simulation cells containing (a) a single twin embryo and (b) two twin
embryos. In both cases, the parent grain is oriented at (0°, 0°, 0°). Different neighboring grain
orientations and twin embryo thicknesses T are studied. In the two-twin case, different twin embryo
spacings S are studied.

The modeled embryos lie at a GB, and in the micromechanical simulation, the neigh-
boring grain will be required to accommodate the twin shear. The local elastic and plastic
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response of the neighbor will influence the stress fields generated around the embryo.
For this reason, the calculations are repeated for a handful of neighboring grain orientations.
Table 2 presents the crystallographic orientations of the neighboring grains considered.
The list is not extensive, as the present focus lies on alloying effects. To select these, we aim
to gain a rough idea of which slip mode is likely to contribute the most to accommodating
the twin shear. For this, we employed the following geometric m’ factor for a given slip
system s in the neighboring grain [64]

m' = (by - bie) (e - nye) ©

where subscripts ‘t’ and ‘ne’ denote the simulated twin variant and neighboring grain,
respectively, and b® and n® are the Burgers vector and plane for the slip system s in the
neighboring grain. To calculate ', the slip systems in all three slip modes for Mg alloys are
considered. Table 2 provides the slip system that leads to the maximum value of m’ within a
slip mode. As shown, the group of studied neighboring orientations represents two extreme
ends—orientations that are either basal-slip or pyramidal-slip well-aligned to accommodate
the twin shear. For an embryo fully embedded in its parent (C0) or joined to neighboring
grain orientations C3 and C5, the accommodating slip mode would be pyramidal {(c + a)
slip. This is a relatively hard mode for all alloys and only in this respect, are these neighbors
viewed to have “hard” orientations. The remaining neighboring grains are oriented such
that basal (a) slip would mostly accommodates the twin shear and accordingly anticipated
to be “soft” orientations. Note, however, that the CP-FFT calculations will predict the actual
slip activity at the neighboring grain/embryo junction and '’ is solely used to pre-select
neighboring orientations.

Table 1. The CRSS, 17 (MPa), for three slip modes in pure Mg [80], Mg-Y [69], and Mg-Ca [70].

Case Basal Prismatic Pyramidal (¢ + a)
Mg 33 35.7 86.2
Mg-0.2% Y 6 105 90
Mg-0.6% Y 9 85 100
Mg-1.0% Y 11 85 100
Mg-0.47% Ca 15 55 80

Table 2. Crystallographic orientations in the neighboring grain in Figure 1. The geometric measure
m' for each slip system is defined in Equation (9).

Case Euler Angles (in°) m’ (Basal) m’ (Prismatic) m’ (Pyramidal {c + a))

0 0,00 0.4609 0.2161 0.8651
1 75,62,0 0.8652 0.1528 0.5436
2 50,43,30 0.8866 0.2869 0.3914
3 0,90,0 0.4052 0.2161 0.8996
4 0,30,0 0.8212 0.0960 0.4191
5 0,100,0 0.2590 0.1983 0.9574

The micromechanical calculations for the stress fields are performed over a series of
steps. First, a twin-free cell is subjected to a uniaxial compression of 0.1% strain along the y
direction. Next, a twin embryo or embryos are introduced at the GB as pre-selected regions
with a given shape L, T, and if applicable S. Under this compression state, the Schmid
factor of the embryo tensile twin variant is 0.5. The embryo domain(s) are reoriented to the
twin/matrix orientation relationship and the characteristic twin shear is built up slowly
and relaxed at every time step. We use a small timestep size of 10~% s and a large NV
of 2000. Although not a limitation of the present formulation, the simulations here do
not invoke strain hardening in 7 and texture hardening, via plastic slip-induced lattice
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re-orientations, for simplicity and to help focus on alloying effects through their marked
differences in the initial 7;.

From the full-field CP-FFT simulation, the spatially resolved complete stress and
strain tensor, and slip activity are calculated. Of interest are the profiles of the driving
forces along the three boundaries of the embryo interfacing with the surrounding parent
matrix. The thickening of twin embryo by migrating the CTBs can be achieved by gliding
of twinning dislocations, which is driven by the twin plane resolved shear stress (TRSS).
Thus, the TRSS on the CTBs is calculated to study the driving force for embryo thickening.
Similarly, the propagation of twin embryo by migrating the PB facet requires a favorable
normal stress. As mentioned in Section 1, based on the separation between basal plane
and prismatic plane, a compressive force is need to migrate PB facets. So, the normal stress
on the PB twin front (TFNS) is calculated as the driving force for embryo propagation.
These defects are unidirectional and a positive TRSS is required to move a positive TD
and a negative (compressive) TENS acting on PB boundary from the matrix is required
to move the PB forward. In some cases, just in the post-analysis, we find it useful to
arbitrarily assign a material twin critical glide shear stress (CGSS) and critical value for the
TENS, called CENS, for TD and PB motion, respectively. A CGSS of 20 MPa and the TENS
equivalent to the CGSS, —40 MPa, are selected. We emphasize that these values are not
used in the computation.

3. Results and Discussion
3.1. Single Twin Embryo in Mg and Mg Alloys

For reference, we first examine a single embryo in pure Mg. Using a representative
planar embryo t = 0.25 and the C3 neighboring orientation for demonstration, Figure 2
presents typical TRSS/CGSS and TENS/CENS profiles. Along both the upper and lower
CTBs, the TRSS varies from positive at the CTB/GB junction to negative (anti-twinning
sense) over most of the CTB and back to positive near the end where the CTB and PB
intersect. Due to the asymmetry of the embryo orientation relationship with the GB,
the TRSS at the top and bottom CTBs are not the same. For the lower one, the TRSS acts in
the twinning sense over a larger region than the upper one. Using the CGSS as a guide,
we find that the TRSS exceeds the CGSS in two regions in the upper CTB (locally at the
GB and at the CTB/PB intersection) and in one region in the lower one (at the CTB/PB
intersection). The peak TRSS is, however, larger at the bottom CTB/PB junction.

The calculations find that due to the constraint from the GB and surrounding parent
crystal, the TRSS is not constant along the CTB. A positive TRSS of sufficient intensity
is presumed here to indicate an opportunity for thickening. We do not directly model
the formation and glide of TDs nor do we consider how and when they form. This
subject has been addressed but still remains to be clarified. In MD simulations of isolated
embryos under deformation, TDs are seen to form at CTB/PB intersections or when lattice
dislocation impinges on the CTBs [21,24], an observation that is consistent with stress
fields from the present work. In simulations of planar CTBs under deformation, a dipole
comprising a positive and negative TD have also been seen or proposed to form on the
CTB [89,90]. The role of dislocation reactions on twin boundary migration seen in MD has
been questioned and with micromechanical modeling it was argued that TD formation and
glide from the GB junction was more likely than from lattice dislocation impingement [6].
The present micromechanical stress calculations here identify peak stresses that could
locally push a positive TD from the GB junction along the CTB towards the interior or a
negative TD at the the CTB/PB site towards the GB. Because of the anti-twinning region
formed along the CTB, formation of the TD is anticipated to be easier than propagation.
This notion is consistent with the observations of embryo growth in MD simulations [24,91].
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Figure 2. (a) The red (top CTB), blue (lower CTB), and black (BP) lines indicate the horizontal axes
in (b,c) used by the lines in the same colors. (b) Profiles of TRSS along the upper and lower twin
boundary TOy and TOy, (Figure 1a) in the single twin embryo. The neighboring orientation is C3
(Table 2). Indicated by the red and blue arrows shown in (b), the profiles start at the GB, extend
along the CTBs, and end at the CTB/PB intersection. The location of the GB and the TF are indicated
by a solid and a dashed vertical line, respectively. The TRSS is normalized by the CGSS (20 MPa).
The x-axis is the distance to the GB normalized by the length L of the twin embryo. (c) Profiles of
TENS (black curve) along the TF shown in (b). The TFNS values are normalized by CFNS = —40 MPa,
the uniaxial stress corresponding to CGSS = 20 MPa.

The TENS/CENS profiles from A to B along the PB boundary are presented in
Figure 2b,c. The traction is non-uniform across the front. A compressive stress (where
TENS/CFNS > 0) that could propagate the embryo forward develops in the lower half
of the PB front. The peak TENS is reached at the lower CTB/PB intersection and with
all else being the same, implies that propagation is likely to initiate there. In the case
CENS = —40 MPa (TENS/CFENS > 1), for instance, any portion of the lower third of the
front could propagate.

The effect of embryo shape on these boundary stresses is investigated by varying t
from 0.17 to 1. Over this f range the embryo is either planar, extending into the crystal
more than its thickness or nearly equi-axed. These calculations are repeated for an embryo
fully embedded in its parent crystal (C0) or the five other neighboring orientations listed
in Table 2. For all ¢, the forms of the TRSS and TFNS profiles are the same as in Figure 2,
but the peak values change. Figure 3a presents the variation in the peak TRSS. A strong
shape effect is seen, with decreasing TRSS for thicker embryo. This result is insensitive
to neighboring grain orientation. If CGSS is set to 20 MPa (or higher), the critical t above
which CTB migration is unlikely is 0.4 (or lower).

Figure 3b shows the peak (compressive) TENS along the PB front. As in the TRSS,
a strong size effect is also seen in the peak TFNS, where a thicker embryo is less likely to
propagate forward. As the embryo thickens from a thin lamella to a thickness-to-length
aspect ratio of 0.5, the driving force decreases. A significant observation is the sensitivity
to neighbor orientation. For the parent grain and two hardest orientations, the TFNS
remains compressive and more prone to propagation. For the three other softer neighboring
orientations, the peak TFNS becomes tensile, even for a thin embryo, ¢t > 0.2, shutting
down the chance for propagation. These soft neighbor orientations locally accommodate
the twin shear primarily by basal slip system, the easiest slip system, and reducing the
backstress that develops back onto the embryo from the resistance of the neighboring grain.
The TENS and the peak TRSS at the GB/twin intersection (not shown) are consequently
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lower for these three basal-slip accommodating orientations compared to the pyramidal-
slip accommodating ones (C3 and C5), while only a small group of neighbor orientations
are tested, there is clearly a chance that propagation can be suppressed from lack of driving
force due to a soft, plastically accommodating neighbor orientation.
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Figure 3. (a) TRSS and (b) TENS corresponding to where the TRSS/CGSS and TFENS/CFNS reach a
peak value as a function of t and for grain neighbor orientations CO-C5 in Table 2.

The variation in the peak TRSS and TENS with ¢ for different alloys are presented in
Figure 4 (“soft” neighbor C4) and Figure 5 (“hard” neighbor C3). In the study of pure Mg,
hard neighbor orientations tend to promote forward propagation while soft ones do not.
The alloy calculations are performed for one of the soft (C4) and hard neighbor orientations
(CB3). From Figures 4a and 5a, we observe that compared to pure Mg, alloying can increase
the drive for embryo thickening. For guidance, the CGSS values found previously for
each alloy [69,70] are indicated. The more heavily alloyed the material, the lower the
prismatic-to-basal 77 ratio is. For the embryo, this reduction has the effect of increasing the
peak TRSS and twin thickening. As for pure Mg changing the neighbor orientation from
soft to hard for the alloys had negligible effect on the peak TRSS.

Figures 4b and 5b show the corresponding variation in peak TFNS. As expected
from the pure Mg case, soft neighbor orientations generally hinder forward propagation
compared to hard ones in the alloys. For the soft neighbor (Figure 4), the peak TENS is
seen insensitive to alloy composition, with the exception of the dilute Ca alloy. Employing
the m’ factor as a measure, soft alloys are classified as those that accommodate the twin
shear locally by activating basal slip. This alloy had the highest basal 7:. Nonetheless,
the peak TFNS values are tensile for all alloys and would not enable forward propagation
of the embryo. In contrast, as shown in Figure 5b, the hard neighbor generates compressive
peak TENS in every alloy studied. Hard neighbors are defined here as those that promote
(c + a) activity towards accommodation. The results identify those alloys that enhance the
pyramidal 77 generate the large peak TFNS/CENS values that could drive propagation.
Although a full sweep of alloy types and neighbor orientations was not tested, the present
results hint that the impact of alloying depends on neighbor orientation. Alloying that
increases the resistance of the slip mode that chiefly acts to accommodate the twin shear
facilitates propagating the embryo forward into the crystal.
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Figure 4. (a) TRSS and (b) TFNS where TRSS/CGSS and TENS/CFNS achieve a maximum for pure
Mg, Mg-Y, and Mg-Ca in C4 (“soft” neighbor). CGSS values are taken from Refs. [69,70,80].
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Figure 5. (a) TRSS and (b) TFNS where TRSS/CGSS and TENS/CFNS achieve a maximum for pure
Mg, Mg-Y, and Mg-Ca in C3 (“hard” neighbor). CGSS values are taken from Refs. [69,70,80].

3.2. Two Twin Embryos

We also preformed simulations on two like embryos separated by s along the GB. A rel-
atively “soft” neighbor orientation (C2) and “hard” neighbor orientation (C3) are selected
and hereinafter referred to as the soft and hard neighbors, respectively. For comparison
with the single embryo cases, these embryos are also planar in shape, protruding into the
crystal at a greater distance than their thickness.

Figure 6 considers two closely spaced embryos, s = 0.5, and studies the effect of their
thickness t, by varying ¢ from 0.17 to 1, on the TENS. For comparison, the TRSS/CGSS
profile for the single embryo with the same t in each case is included. The striking results
are the asymmetry and suppression for propagation relative to the isolated embryo. For the
range of ¢, the lower twin (T2) has the higher peak TENS/CFNS than upper one (T1) and it
occurs at its bottom CTB/PB intersection. The interactions between the embryos cause the
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lower twin (T2) to become more likely to propagate forward relative to the upper one (T1).
Their differences reduce as t increases above 0.7 and their TENS distributions are nearly
equal when the embryos are equiaxed.
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Figure 6. TENS profile along the PB front for T1 and T2 as the thickness, ¢, varies from 0.17 to 0.67.
The neighboring grain orientation is C3 and a spacing s = 0.5. The blue curves are the TENS/CFNS
profiles of the single embryo with the same thickness t.

The effects of their strong interactions on the TFNS are expected to decrease as s
increases from 0.5. Figure 7 investigates the influence of s on the TENS/CFNS distributions
along the PB front, for a pair of moderately thin embryos t = 0.5 by increasing their s from
0.5 to 5. To elucidate the effect of their paired interaction, the TFNS/CFNS profile of the
single embryo with the same t = 0.5 is overlaid on each profile. The important result to
note is that for s > 1, the TFNS/CENS ratio reaches a peak at the CTB/PB intersection
on the PB front of both twins. The upper twin T1 has the slightly higher peak. As their s
increases (approaching just two times their thickness in this particular case), their profiles
become similar. As expected, when s increases even further, the distributions approach that
of the single embryo although within the range of s studied, do not achieve it.

With interest in propagation, we observe that the peak TFNS/CENS that could support
propagation occurs at the lower CTB/PB intersections of both embryos and is for the most
part not that different from the maximum in the isolated embryo case. To closely examine
the differences in the peak TFNS/CFNS between these two embryos, Figure 8 shows the
variation in peak TFNS/CFNS at all four CTB/PB junctions as a function of s. For all
s, the peak TFNS is compressive. Significantly with the exception of the closest spacing
s = 0.5, the peak TFNS intensity is greater at all four CTB/PB intersections than those for a
single embryo. The interaction of the two embryos promotes forward propagation.

For the same cases, Figure 9 shows the corresponding peak TRSS values that develop
on all four CTBs, the upper and lower boundaries of the top embryo T1 and the bottom
embryo T2. For the range of s, the interactions between the embryos cause the upper twin
(T1) to become more likely to thicken relative to the lower one (T2). This upper twin has
the higher peak TRSS and likely to thicken from its upper boundary, the one furthest away
from the lower twin. This driving force is insensitive to s and it is nearly equal to its peak
when it was an isolated embryo. For closely spaced embryos, growth of T2 is suppressed.
However, for separations as small as s = 2 (and also greater), the effects of their interaction
already weaken and hence thickening of T2 is possible.
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Figure 7. TFNS/CFNS profile along the PB front of the two twin embryos as the spacing s varies
from 0.5 to 5. The neighboring grain orientation is C3 (see Table 2) and the normalized twin embryo
thickness f is 0.5. The blue curves are the TENS/CFNS profiles of the single embryo with t = 0.5.
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Figure 8. The peak TFNS/CFNS obtained from Figure 7 with red symbols representing the upper
CTB/PB intersection of each embryo (B1 or B2 in Figure 1b) and blue symbols for the lower intersec-
tion one (A1l or A2 in Figure 1b). The shaded region indicates areas with TFNS/CFNS > 1. (a) T1
(upper twin embryo) and (b) T2 (lower twin embryo) in Figure 1b. The red and blue stars are the
single twin embryo results at upper (B) and lower (A) CTB/PB intersections, respectively, as indicated
in Figure 1a.

Since both s and t can influence the local stresses relevant for thickening and prop-
agation, we plot the peak driving forces on s and ¢ axes in Figure 10 (map of TRSS) and
Figure 11 (map of TFNS). Figure 10 presents the peak TRSS in the upper CTB of T1 for
a soft and hard neighbor orientations. The map identifies that for most s, thickening is
possible when the embryos are thin, ¢t < 0.4. It also reveals that closely spaced embryos can
promote thickening, particularly when the neighboring orientation is plastically hard.
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twin embryos and blue the lower one. The shaded region indicates areas with TRSS>CGSS. (a) T1
(upper twin embryo) and (b) T2 (lower twin embryo) in Figure 1b. The red and blue stars correspond
to the single twin embryo case.

The maps in Figure 11 of the TFNS corresponding to the peak TFNS/CENS on the
upper twin (T1) show regions in t-s space that would potentially lead to propagation.
The soft neighbor nearly suppresses all chances for propagation. Over most of the space,
the TENS is tensile. Compressive TFNS that can trigger propagation only develops for
large s and either very thin t or t ~ 0.5. In stark contrast, for a hard neighbor, the peak
TFENS/CENS is compressive over most of the space. For close spacings, s < 2, propagation
is possible for nearly all t. For larger s, the embryos need to be thinner, ¢ < 0.6.
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Figure 10. Map of the peak TRSS along the CTB of T1 in the two twin embryo system for the soft (C2)
and hard (C3) neighbor for combinations of ¢ from 0.17 to 1 and s from 0.5 to 8. Areas where TRSS
exceeds the CGSS are delineated by a red dashed line.
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Figure 11. Map of the TENS corresponding to the peak TENS/CFNS along the PB front of T1 in the
two twin embryo systems for the soft (C2) and hard (C3) neighbor for combinations of ¢ from 0.17 to
1 and s from 0.5 to 8. Areas where TENS lower than —40 MPa are delineated by a red dashed line.

4. Discussion

The present study focuses on stresses along boundaries of an embryo of a given
shape and not on the dynamics of boundary motion. The relative mobilities of these
two boundaries under these stresses would depend on material properties, such as the
mobilities of TDs on CTBs and PB facets for the {1012} twin and the effect of alloying
elements [51]. However the calculations could provide direct insight in the event that
differences between TD and PB formation energies and mobilities are small. Comparison of
the extent of favorable driving forces would suggest that the propagation of its PB front is
more likely than migration of its CTB. Unequal driving forces for migration vs. propagation
may also explain the wedge-like shape of twin embryos protruding from GBs [25,92]. When
the TF propagates forward, away from the GB, its length-to-thickness ratio increases. This
shape change increases the peak TRSS along its CTBs, increasing the chances for CTB
migration. If it were to consequently thicken, its length to thickness ratio would decrease
and so will the intensity of the TRSS. With the drive to continuing thickening reduced,
the embryo would need to propagate forward at its front. This sequence of crystallographic
boundary migrations could lead to an embryo that is finer at its tip than the length it
overlaps with its originating GB.

Alloying affects the 77 values among the preferred slip systems [12]. With the few
choice alloys tested, the analysis points to alloys with low prismatic-to-basal 7 ratio for
promoting embryo thickening and high t? values for the accommodating slip mode for
forward propagation. Oftentimes multiple fine twin lamellae are desired for hardening the
grain. This twin structure can be realized by adjusting alloying to ease the activation of
pyramidal slip and enable embryos to grow into the crystal as thin lamellae.

Although all studied embryos are planar or equiaxed, i.e., t <1, the results could give
insight into the case of super thick embryos, i.e., t > 1. For the planar embryos here, TRSS
increases as the distance between its CTB/PB and the GB increases. This result would imply
that in the case of very thick embryos, elongated along the GB more so than they protrude
into the crystal, would not thicken. For such large ¢, the key question could then concern
the critical shape that would enable the embryo front to propagate forward. The study of
stress states along the PB front here would suggest that propagation of such thick embryo
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would be sensitive to the orientation of the neighbor grain. In fact, the peak TFNS becomes
compressive for larger t beyond ~ 0.6. This trend could indicate that embryos with very
large t could develop compressive TENS values that would drive propagation.

Figure 9 would imply that the stress state does not favor merging of the two closely
spaced twin embryos. For the pair to merge, we would look for sufficient driving forces
for the migration of the two inner CTBs (T1y, and T2y in Figure 1b) towards each other.
As s reduces to 0.5, the TRSS on these two inner CTBs T1y, (indicated by the blue dots
in Figure 9a) and T2y (indicated by the red dots in Figure 9b) is nearly zero or negative
(anti-twinning).

5. Conclusions

In this work, we study the role of twin embryo shape on the stresses that would be
responsible for moving its twin boundaries from a GB into its parent crystal. The embryo
lies at a GB, is a {1012} twin, and belongs to Mg or an Mg alloy. Using CP-FFT adapted
for discrete twin lamellae, we investigate the role of alloying as well as orientation of the
neighboring grain. For simplicity, the model crystalline microstructure is columnar with
the twin variant and its twin shear lies within a plane. The embryo is represented as a
parallelogram with two CTBs that can migrate, thickening the twin, a stationary interface
with the GB, and a single PB TF that can move forward propagating the embryo. The TRSS
on the CTBs is calculated to study the driving force for embryo thickening. Likewise, TENS
is calculated to analyze the driving force for embryo propagation. Based on the insight
gained from the single embryo case, we perform simulations on a pair of embryos, in order
to elucidate the effect of their spacing on their individual growth. Key results are as follows:

1.  The TRSS that could drive CTB migration develop at the CTB/GB and CTB/PB
intersections. The larger the aspect ratio (length to thickness) of the embryo, the greater
is the intensity.

2. The compressive normal stress that could propagate the PB front into the parent
crystal intensifies as the aspect ratio increases.

3. Thickening is promoted in alloys with low prismatic—to-basal CRSS ratio and propa-
gation of the embryo into the parent grain is encouraged in alloys with high CRSS for
the slip mode that accommodates the twin shear.

4. The peak TFNS for forward propagation is strongly influenced by neighbor orienta-
tion, increasing for grain neighbors well suited to accommodate the twin shear via
pyramidal slip, the hardest slip mode. Thickening is relatively insensitive to grain
neighbor orientation.

5. For a pair of embryos, thickening would occur unevenly, being preferred in one of
the outer CTBs but not both. This result is insensitive to their spacing and neighbor
orientation.

6.  With the exception of the closest spacing s = 0.5L, where L is the embryo length,
the peak TENS intensity is greater at all four CTB/PB intersections than those for a
single embryo. The interaction of the two embryos promotes forward propagation.
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