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Abstract

Twins in hexagonal close-packed polycrystals, most often
nucleate at grain-boundaries (GBs), propagate into the
grain and terminate at opposing GBs. Regularly, multiple
parallel twins of the same variant form inside the same
grain. When twins terminate inside the grains, rather than
the grain boundary, they tend to form a staggered
structure. Whether a staggered twin structure or the more
common grain spanning twin structure forms can greatly
affect mechanical behavior. In this work, the underlying
mechanism for the formation of staggered twins is studied
using an elasto-visco-plastic fast Fourier transform model,
which quantifies the local stresses associated with
{1012 }-type staggered twins in magnesium for different
configurations. The model results suggest that when a
twin tip is close to the lateral side of another twin, the
driving force for twin propagation is significantly
reduced. As a result, the staggered twin structure forms.
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Introduction

Deformation  twinning in  hexagonal close-packed
(HCP) metals, particularly in magnesium and its alloys, is a
prevalent deformation mechanism due to the scarcity of rel-
atively easy dislocation slip modes [1-3]. Unlike slip, a
deformation twin forms as a lamellar domain with significant
lattice reorientation relative to the parent crystal and local
shear [4-6]. For instance, {10T2} tensile twin in HCP Mg
reorients the crystal by 86.3° with 12.6% local shear [2]. The
crystallography and morphology of deformation twin can
therefore be easily seen in microscopy techniques like elec-
tron backscatter diffraction (EBSD) and transmission electron
microscopy (TEM) [4, 5, 7, 8]. Based on the loading condi-
tion with respect to c-axis of the crystal, different twinning
modes can be formed. For example, tensile twins { IOTZ} and
{1121} form when the loading condition extends the crystal
along the c-axis, and compression twins {11?2} and { 1011 }
form when the loading condition results in contraction of the
c-axis [1-3]. Among all possible twinning modes, the {1012}
tensile twin type is the most frequent one in HCP Mg and it is
considered in this article [4].

Most deformation twins in polycrystals nucleate at grain
boundaries, where stress concentrations and a high density
of defects are both located [4, 6, 9, 10]. Successfully formed
twin embryos propagate into the grain and terminate at the
opposing grain boundaries. Under further straining, twins
can continue to propagate across the grain boundaries and
develop twin chains [4, 11] or they can expand in size by
thickening. Often, multiple twins form inside a grain, which
leads to either parallel twins or twin—twin junction mi-
crostructure [4, 12]. Every twinning microstructure affects
the material behavior differently. For example, parallel twins
increase the density of barriers for dislocation motion [13,
14]. Twin—twin junctions can increase the local strain
hardening rate as well as act as preferential sites for damage
nucleation [15, 16].
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Recently, we have observed a staggered twin microstruc-
ture in HCP magnesium. This type of structure is frequently
seen but has not received much attention to date. The EBSD
and scanning TEM images of a particular Mg grain that shows
the staggered twin structure is shown in Fig. la and b,
respectively. Similar to parallel twin configuration, staggered
twin structure also increases the density of barriers for dis-
location motion and so increases the grain size induced strain
hardening behavior. In this case, AZ31 Mg polycrystal with
an initial basal texture compressed along the rolling direction
to 2% engineering strain. It imposes tension along the c-axis
for most of the grains and thus leads to the activation of tensile
twin. Here, the twin tips of staggered twins have terminated
inside the grain and not at the grain boundary. This situation
differs from the typical one in which twins would very easily
and relatively rapidly propagate in the crystal compared to the
time scales of slip [17, 18]. As a result, twins frequently
terminate at the opposing grain boundaries and hence fully
span the grain [4, 6]. Thus, by comparison, the formation of
staggered twin structures, wherein the twin tips terminate in
the crystal, implies a significant departure in the usual twin-
ning dynamics. Currently, is it not clear how a staggered twin
configuration would develop.

In this work, we employ a crystal plasticity-based
micromechanical model to study how stable staggered
twinning microstructure could be formed. Using a full-field
elasto-visco-plastic Fast Fourier Transform model, we cal-
culate the local stresses at the tips of an isolated and stag-
gered set of twins. The stress calculations show that the
presence of an adjacent staggered twin decreases the driving
stress for twin tip propagation. Thus, for similar defect
configuration, the twin propagation rate will be lower for
staggered twins compared to isolated twins. This may be the
reason for the stable staggered twin structure observed in an
HCP Mg crystal. The understanding of underlying physical

Fig. 1 Experimentally observed
staggered {10T2} tensile twin
microstructure in HCP
magnesium. a, b EBSD and
STEM image of part of the
twinned grain that shows
staggered twins

(a) EBSD image

mechanisms for staggered twin formation could pave a
platform for designing controlled in situ experiments to
characterize the local stresses at the twin tips. Twins that
terminate at grain boundaries restrict the characterization of
local stresses at the twin tips and twin propagation process.

Numerical Method: FFT Model

To calculate the local stresses around twin tips, we employ a
version of a full-field, elasto-visco-plastic Fast Fourier
Transform (EVP-FFT) model that has been advanced to treat
discrete twin lamella [12, 19]. The original FFT formulation
was developed to study the local and effective mechanical
response of composite materials [20, 21]. Later, Lebensohn
[22] adapted it for polycrystalline materials to study the
effective and local responses associated with the hetero-
geneity in the spatial distribution of crystallography and
directional dependence of mechanical properties. This basic
FFT formulation has been extended to different deformation
regimes like elasticity [23], incompressible visco-plasticity
[22, 24], dilatational visco-plasticity [25], infinitesimal
elasto-visco-plasticity [26, 27] and finite -elasto-visco-
plasticity [28]. The current EVP-FFT version used here
incorporates the twin transformation strain in regions pre-
defined with a twin orientation. It has been successfully
applied to study neighboring grain and grain size effect on
twin growth, parallel twin formation and twin transmission
across grain boundaries [11, 12, 29-31].

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

(b) STEM image
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o(x) = C(x) : &°(x) = C(x):(e(x) — & (x) —&"(x)) (1)

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

0_1+A[(X) — C(X) . (81+ Al(x) _ Sp'[(X) _ ép,l+Al(x)At _ atr,l(x) _ AS"““FA[(X))

(2)

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

Az"(x) = m"™ (x)Ay™ (x) (3)

For material points outside the twin domains, Ag"(x) is
zero. The tensor m™ =1 (b™ @ n™ +n"™ @ b™) is the
Schmid tensor associated with the twin system, where b™
and n" are unit vectors along the twinning direction and the
twin plane normal, respectively. The number of increments
NWiner heeded to reach the characteristic twinning shear, s"
is simply:

StW

tw _

AV (X) - Ntwincr <4)
In the following calculations, we set the time increment

At and N™ gyfficiently low and high, respectively, to

ensure convergence.

FFT Simulation Details

In this work, we study the role of local stresses on stable
staggered twin formation. To clearly understand the effect of
twins’ interaction on local stresses and then on its propa-
gation, we simulate different staggered twin configurations.
We also consider the stress field around an isolated twin as a
reference. To simplify the analysis, the calculations are
performed within a single grain and any effects from
neighboring grains are neglected. Figure 2 shows a sche-
matic representation of the simulation setup for (a) an iso-
lated twin and (b) staggered twin structure. This setup
consists of one orientation (grain) finely discretized, sur-
rounded by a buffer layer consisting of 20,000 voxels, with
each voxel being assigned a randomly generated orientation.
While one may regard this layer as an effective surrounding
medium, the simulations that we present here treat the
central part as the representative volume and are not affected
by the details of the buffer construction. The unit cell is
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discretized into 510 x 510 voxels and has three voxels in
the X-direction. This thickness is determined to be sufficient
for capturing the spatially resolved stress distribution and is
unaffected by this boundary cell size.

For the calculations, we select the crystallographic ori-
entation of the grain to be (0°, 0°, 0°), in the Bunge con-
vention, which corresponds to alignment of the [1010] and
[0001] axes parallel to the Y- and Z-directions, respectively.
The unit cell is subjected to compression along the
Y-direction, and thus gives a high Schmid factor (~ 0.5) for
the (IOTZ) [TOll] twin variant, lying in the Y-Z plane. Due
to this geometry, there is no out-of-plane twin shear in the
X-Y and X-Z planes. The twin domain in the simulation is
assumed to have elliptical shape with an aspect ratio of 25.
The minor axis is spanned by eight voxels for both the
isolated and staggered twin pairs. The inclination of the
twinning plane with respect to the compression axis is
+43.1°.

Figure 2 shows the model staggered twin pair. These two
twins are positioned with a spacing s and relative inclination
0. To study the effect of the relative arrangement of twins on
their local stresses, we systematically vary the spacing s and
relative inclination 0 and in each case calculate the resolved
shear stresses along the twin boundary.

The stress state corresponds to the equilibrium state. For a
given configuration of twins, we perform the following
sequence of steps to achieve equilibrium. First, the entire unit
cell is compressed along the Y-direction under a constant
applied strain rate to 0.001 strain (compressive stress in
Y-direction is ~40 MPa). This imposes compression normal
to the c-axis (or tension along the c-axis), which replicates the
experimental condition. This imposed strain induces a posi-
tive resolved shear stress (RSS) of ~ 20 MPa. This value is
of the order of a critical threshold of the twin resolved shear
stress for {IOTZ} twining in Mg [32]. Second, the discrete
twin(s) is/are introduced, by reorienting the crystal on those
voxels pre-selected for the twin domain and enforcing
twinning transformation shear in several increments. During
these steps, the externally imposed strain is fixed.

At all stages in the simulation, the deformation is
accommodated by elastic and plastic deformation. The
constitutive law material parameters used in simulations are
the elastic moduli tensor, the plastic slip modes, and the
CRSS values for activating them. For pure Mg, the elastic
constants at room temperature used are: C;; = 58.58,
Ci, =25.02, Ci53=20.79, C33=61.11 and Cyy = 16.58
GPa [33, 34]. Plasticity is accommodated by three slip
modes: basal <a>, prismatic <a>, and pyramidal <c + a> II
slip and the corresponding CRSS values are: 3.3, 35.7 and
86.2 MPa, respectively [32]. In these calculations, we expect
that work hardening and lattice rotations will be negligible
since the calculations involve only a few percent
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(b)
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Fig. 2 EVP-FFT model setup for isolated and staggered twins
simulations. a {10T2} tensile twin inside a grain, which is surrounded
by a buffer that represents the polycrystal with uniform crystal

macroscopic strains. Therefore, a constant, non-evolving
CRSS value for slip on each slip system will be employed in
the calculations here. However, should larger macroscopic
strains be desired, hardening effects could easily be con-
sidered in this model framework.

Results and Discussion

The EVP-FFT model calculations provide complete stress,
elastic and plastic strain tensors and other micromechanical
fields at every material point (i.e. voxel). Among all the stress
components, the resolved shear stress on the twin plane along
the twin direction (TRSS) is a key variable for twin propa-
gation and thickening. For the analysis in this study, the TRSS
fields are evaluated. As mentioned early, we first consider the
stress fields around an isolated twin as a reference case.
Figure 3a shows the TRSS fields around the isolated twin,
and it is highly heterogenous. Note that the TRSS before
twinning is positive and homogenous everywhere in the
simulation cell. Twin formation results in significantly
heterogeneous stress fields. Particularly, the constraint for
twinning shear induces a TRSS reversal (i.e. blue, negative
TRSS) within and in the vicinity of twin; see Fig. 3a. The
amount of stress reversal could be viewed as a twin back
stress, since it acts in the sense that opposes twinning and
restricts further twin thickening process. Contrary to stress
reversal in the twin domain, we observe a stress concentration
at the twin tips and its sense favors further forward twin
propagation. This high-stress concentration at twin tips,
referred as a forward stress, supports the experimentally
observed “self-catalytic” tendency of twin propagation in
crystals; i.e., twin propagation unhindered across the crystal.
Considering the twin in isolation does not explain how a
staggered twin structure would be mechanically stable.

orientation distribution. The grain orientation is ((0°,0°,0°)) in Bunge
convection, which aligns the grain c-axis with Z-direction. b Staggered
twins of same type and variant with spacing s and relative inclination 6

To understand the formation and stability of stagger
twinning microstructure, we have performed similar local
stress calculations for staggered twin configurations varying
in s and 6 (see Fig. 2b). As we have seen in Fig. 3a, the
stress field generated around a twin is highly heterogenous
and the stress reversal region formed around the twin
extends distances several times the twin thickness and
decaying in magnitude with the distance from the twin.
Another twin identical in crystallography and size would
interact with this twin, particularly if it were located within
this region. Next, we repeat the calculations for two stag-
gered twins, in which their spacing s lay within this region.
Figure 3b and c shows the calculated TRSS fields for the
case of s =41, 6 =0° and s =4¢t, 0 = 40°, respectively,
where ¢ is the twin thickness. By comparing the TRSS fields
of isolated and staggered twin cases, we can immediately
confirm that their stress fields differ from that of the isolated
twin, indicating that they have been altered by the twin—twin
interaction. First, the resolved twin shear stress along their
lateral twin boundaries is, like the isolated twin, directed in
the anti-twinning sense but, compared to the isolated twin,
even more intense. Hence, this staggered twin configuration
would tend to stunt their thickening. For forward propaga-
tion (lengthening), the stress concentration at the twin tip is
important. We find that the stress concentration at the stag-
gered twin tips is significantly different from that of the
isolated twin tips.

As a measure of twin tip stress concentration, we calcu-
late the average TRSS in the stress concentrated volume Q
ahead of the twin tip (see insert in Fig. 4). The average
TRSS values at the two tips of the isolated twin are 41.18
and 41.17 MPa. Similarly, the average TRSS values at the
tips of T1, T2, T3 and T4 belonging to the staggered twin
pair with s = 4¢, 0 = 0° (see Fig. 4 insert) are 23.81, 21.25,
21.30 and 23.82 MPa, respectively. These values are
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(a) Single twin
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Fig. 3 TRSS distribution for a isolated twin and for closely spaced twins with bs = 4tand 6 = 0° and ¢ s = 4t and 6 = 40°. The closely spaced
twins interact and alter the TRSS fields in the vicinity of each twin, particularly at the twin tips

significantly lower than that of isolated twin case, which
suggests that the driving force for further twin propagation is
lower for all the tips of staggered twins compared to isolated
twin. To study the effect of the staggered twin geometry, we
calculate the average TRSS at the twin tips for different
spacings (s = 2t, 3t and 4t) and relative inclinations (0 = 0,
10°,20°, 30° and 40°). The results are plotted in Fig. 4 along
with isolated twin case for comparison. For all values of s,
we observe a similar trend with respect to 0. The effect of the
twin interaction decreases with increasing relative inclina-
tion 0 for the tips that are “away” from the interaction region
(T2 and T3), but not for the tips that are “inside” the inter-
action region (T1 and T4). For 6 > 30°, the twin forward
stress at tips T2 and T3 are comparable to those of the
isolated twin case. Consequently, we can expect that the
driving force for twin propagation will be lower for the twins
that are sufficiently close, specifically lying within the twin

Fig. 4 Changes in the average
TRSS at the twin tip as a function
of twin spacing, s, and relative
inclination, 6. The interaction

interaction region. Due to the staggered configuration, the
staggered twin microstructure cannot undergo propagation at
the same rate as that of the isolated twin.

Characterizing both the local microstructure and
micromechanical fields at the twin tips and twin interfaces is
essential for understanding the propagation and thickening
processes of twins. Several experimental efforts using
high-resolution microscopy and/or X-ray diffraction tech-
niques have recently focused on twin interfaces and the
effect of paired twin interactions on subsequent twin
boundary migration [8, 35-40]. However, to date, similar
in situ tests have not yet been performed for twin tips and
their relation to twin propagation, likely because twin
propagates rapidly due to the high driving force at the twin
tips. Results of this work on stagger twin formation suggest
that the twin tip propagation rate can be controlled by the
nearby twinning microstructure. With this in mind, one
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could think on an interesting set of in situ experiments for
characterizing the motion of twin tips. For instance, we
propose the following possible design for controlled in situ
experiments. (1) Prepare either micropillar samples or TEM
thin foil samples from the bulk polycrystal such that they
contain a pre-existing twin. If this sample is subjected to a
loading that favors twinning, then pre-existing twins can
thicken or a new twin can be formed if the appropriate stress
and/or defect concentrations are present [41, 42]. It can,
however, be difficult to anticipate the twin nucleation site for
these samples. Introduction of a geometrical perturbation,
like a notch, near the pre-existing twin before applying the
load could help to nucleate a new twin preferably at this site.
The local micromechanical fields associated with the
pre-existing twin will control the propagation rate of the
newly formed twin. This approach permits monitoring and
characterizing the twin propagation process dynamically.

Summary

In this work, for the first time, we have investigated the
underlying mechanisms for staggered twin structure forma-
tion. The interaction of nearby twins affects the local stresses
associated with individual twins. In particular, the driving
force for twin propagation at the twin tips is substantially
reduced due to the local twin—twin interaction compared to
that for the tip of an isolated twin. Thus, the propagation rate
of a pair of staggered parallel twins will be lowered, and the
likelihood of stabilizing a staggered twin structure will be
enhanced. Based on this finding, we have proposed a possible
design for a controlled experiment that would enable char-
acterization of twin propagation by closely monitoring the
twin tips.
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