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ARTICLE INFO ABSTRACT

Keywords: The interplay between microstructure and deformation twinning in a WE43-T6 Mg alloy under uniaxial
Twinning compression was investigated using a combination of scanning electron microscopy with digital image corre-
Digital image correlation lation (SEM-DIC) and crystal plasticity finite element (CPFE) simulation. To improve understanding of the sta-
gg::rllﬁf:my tistical characteristics of deformation twin formation, microstructural effects were characterized in over 1000
Magnesium grains through metrics including the nominal Schmid Factor, grain size, geometric compatibility factor (m’),

residual Burgers vector, and the strain accommodated by neighboring grains. There was a strong correlation
between the nominal Schmid Factor and both twin activation and variant selection, but this was not fully
deterministic. Deformation twinning also exhibited a strong dependence on existing slip and twinning in the
neighboring grain and on the m’ value. Within the range of grain sizes present in this condition, grain size was
determined to have minimal effect on deformation twinning. Statistical analysis of CPFE simulations was used to
further investigate microstructural effects on twinning, and qualitatively captured the effect of the nominal

Schmid Factor.

1. Introduction

Magnesium (Mg) alloys are of interest for lightweight structural
applications, including automobiles, aerospace, aircraft, and biomedical
devices [1,2]. To accelerate the development and application of Mg al-
loys, work is needed to better understand their deformation behavior,
particularly their strengthening and failure mechanisms. Twinning is an
important mode of deformation in hexagonal close-packed materials
such as Mg. For Mg and its alloys, basal slip exhibits a much lower
critical resolved shear stress (CRSS) than all other slip modes, and
twinning plays an important role in accommodating deformation along
the c-axis. It significantly affects the material and mechanical properties
of Mg, including its crystallographic texture, tension-compression
anisotropy, and formability. An improved understanding of twinning
activity, including twin nucleation, variant selection, and twin growth,
is a key component in the accurate modeling of Mg alloys and in their
targeted design for desired properties.

The nucleation of deformation twinning has been modeled as a
process that requires twinning partials from the dissociation of pre-
existing dislocations [3-8]. Grain boundaries are preferential sites for

twin nucleation, as they are sources for high densities of dislocations,
can support the complex rearrangement to form stable twin nuclei, and
are favorable locations for stress concentrations that drive these re-
actions [9]. The nucleation and growth of deformation twinning in Mg
are influenced by factors including the driving force in the parent grain
and the constraints and stimuli imposed by the neighboring grains.

An important criterion for twin activation is the nominal twin
Schmid Factor (SF) in individual grains. The nominal SF indicates the
extent of the external stress field as defined by assuming a uniaxial stress
in a specific sample direction and resolving this onto the twinning plane
in the twinning shear direction in each individual grain. The nominal SF
does not take into account the influence of the strain from neighboring
grains, which may result in an actual SF different than the nominal.
Throughout this paper, the term Schmid Factor (SF) denotes the nominal
Schmid Factor unless otherwise noted. Many studies have observed
strong correlations between twin activation and/or twin variant selec-
tion with SF, or related concepts such as the rank of the SF or the
‘normalized’ SF (e.g. the SF of a twin variant normalized by the highest
possible SF among all crystallographically equivalent variants) [10-16].
In general, twins with a high twin SF are more likely to activate, and
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most active twin variants exhibit a high SF. However, active variants are
not always those with the highest SF, and likewise, high SF variants do
not always exhibit twinning.

The effect of strain accommodation on twin nucleation has been
proposed in a series of prior works [11-13,17]. The primary idea is that
twin nucleation requires strain accommodation in the neighboring ma-
trix, and the ease of such strain accommodation can affect twin variant
selection. These analyses were based on transforming the shear or
displacement gradient tensor of a given twin system into the crystal
coordinate system of a neighboring grain, and then correlating the
transformed value with the extent of activity required for different
deformation modes in the neighboring grain. The models provided
reasonable explanation for twin nucleation and variant selection in
several conditions, e.g., for both extension and contraction twins, for
primary, secondary, and tertiary twins, in AM30 and AZ31 alloys
[11-13,17]. However, there exists disagreement in the literature on this
mechanism, where some studies have found that the strain accommo-
dation models do not accurately predict twin variant formation [15,18].
Alternate effects, such as the stimulation from slip activity in neigh-
boring grains [15] and the interaction among twin variants [18] have
been proposed as more important for twin nucleation and variant
selection.

To evaluate the effect of grain boundaries and neighbor grains on
twin activity, metrics that describe the geometric alignment of the lat-
tice or slip/twin systems across the grain boundary have been consid-
ered. These include the geometric compatibility factor (m’), the residual
Burgers vector, and the grain boundary misorientation, etc. The m’
factor, originally defined by Luster and Morris [19] to describe the
alignment of slip systems, was later extended to the analysis of both slip
and twinning [20]. A high value of m’ represents good alignment of both
the slip/twin planes and the slip/twin directions. Some investigations
found that the stimulation from basal slip in a neighboring grain with a
high m’ factor can induce twinning [14,15], but counter evidence also
existed where the correlation between twinning and m’ factor was not
observed [17]. The residual Burgers vector only considers relationship
between the slip/twin directions and is more often used to analyze slip
transfer [21]. The grain boundary misorientation does not explicitly
measure the alignment of slip/twin planes or directions, but some
studies have shown that twinning was preferred at low misorientation
grain boundaries [10].

Crystal plasticity is a useful means to capture the mechanical
response of Mg alloys [22-33]. Crystal plasticity models have success-
fully captured the macroscale response of Mg alloys, including its
anisotropy under varied loading conditions due to twinning. Crystal
plasticity models have been combined with microscale deformation in-
formation from both SEM-DIC and synchrotron X-ray diffraction ex-
periments to examine the deformation mechanisms present in Mg alloys
[34-41]. Abdolvand et al. [34] addressed deformation twinning in an
AZ31B Mg alloy using data from synchrotron X-ray diffraction experi-
ments combined with CPFE simulation. Greeley et al. [35] captured the
evolution of slip and twinning mechanisms in an Mg-Nd alloy using the
HEDM and CPFE. Githens et al. [36] calibrated a crystal plasticity model
for the Mg alloy WE43 using SEM-DIC experimental data and compared
the results of full-field CPFE simulation with experiment. They showed
that if the material model properties are calibrated appropriately, CPFE
can capture the slip and twinning patterns observed in experiment.
Ganesan et al. [37] incorporated an integrated framework of SEM-DIC
with CPFE to capture the effects of heat treatment on the response of
WE43 Mg. They compared both the stress-strain response and slip ac-
tivities of T5 and T6 tempers, and showed that simulation is an essential
part of the framework to unravel the effect of heat treatments on the
underlying deformation mechanisms. Yaghoobi et al. [38] presented a
framework to calibrate and validate the CPFE simulation of extension
twinning using the SEM-DIC experimental data for WE43-T6.

As introduced above, although many studies have been performed to
investigate the effect of different microstructure descriptors/metrics on
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twinning activity, there exist contradictory findings. Many conclusions
were based on a limited number of observations, and their general
applicability remain to be investigated. One motivation of the current
study is to evaluate the effect of microstructure features on twinning
based on statistically significant number of observations. In addition,
although strain accommodation models [11-13,17] provide reasonable
explanations to a number of observations, none of the studies directly
measured the experimental strain field. Therefore, another motivation
of the current study is to take advantage of the full-field strain mea-
surement capability of digital image correlation to analyze the correla-
tion between strain distribution and twinning activation. The
experimental procedures for in-situ SEM-DIC compression tests per-
formed on a WE43 Mg alloy were previously reported by the authors
[37,38]. In the current investigation, the relationship between micro-
structural features and twin activation and variant selection was
analyzed in over 1500 grains in the WE43-T6 Mg alloy. Different
microstructural criteria were analyzed including the SF, grain size, grain
boundary, neighboring grains, m’ factor, residual Burgers vector, and
strain accommodation by neighboring grains. A multi-scale rate--
independent crystal plasticity model, developed and calibrated for
WE43-T6 by Yaghoobi et al. [24,38], was used to further investigate the
effect of microstructure on deformation twinning. The multi-scale
crystal plasticity model was implemented in the open source
PRISMS-Plasticity CPFE software [39]. While in the previous work on
WE43 [38], the CPFE framework was calibrated using macroscopic
stress-strain and twin content, the focus of the current simulation is to
evaluate the twin statistics in WE43 alloy provided by the SEM-DIC
experiment.

2. Materials and experiment

The material and experimental details are reported in previous work
by the authors [38,40] and are briefly described as follows. A rare earth
containing Mg alloy WE43 in the T6 condition was received from
Magnesium Elektron Ltd as a hot rolled plate in the T5 condition, so-
lution treated at 525 °C for 8 h, water quenched, and peaked-aged at
250 °C for 16 h to reach the T6 condition. The nominal composition of
the alloy in wt.% is 3.74 Y, 2.10 Nd, 0.52 Gd, 0.45 Zr, 0.016 Zn, and Mg
in balance. A dogbone-shaped test specimen with a gage dimensions of
10 mm long, 3.5 mm wide, and 3.5 mm thick was cut using electrical
discharge machining with the loading direction along the rolling di-
rection (RD), and sample normal direction (ND) along the normal di-
rection of the plate. The specimen was polished and etched using
standard metallographic techniques and characterized by electron
backscatter diffraction (EBSD).

The sample surface was patterned with 300 nm diameter gold
nanoparticles for deformation tracking, following the method of [41,
42]. In-situ compression testing was performed inside a FEI Teneo
scanning electron microscope (SEM) using a Kammrath & Weiss
thermo-mechanical testing stage, with a nominal strain rate of 10™%s™1.
The test was paused at global strain levels of € = —0.003, —0.004,
—0.012, —0.023, and —0.039 to capture secondary electron images
using a custom automated system for multi-tile imaging [43] for a
sample area of 5.7 mm x 3.4 mm with 88 nm/pixel resolution. DIC was
performed using a commercial software Vic2D 6 (Correlated Solutions,
Inc., Irmo, SC) with a subset size of 21 pixels and step size of 5 pixels to
extract displacements and Lagrangian strain fields.

3. Results
3.1. Microstructure

The microstructure and texture of the sample are shown in Fig. 1.
The sample contained equiaxed grains. The average grain diameter,

calculated from EBSD using 5° tolerance angle and area weighted
method, was 116 pm [38]. The material exhibited a moderately weak
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(b)

texture, where the basal poles exhibited the highest intensity around the
sample normal direction (ND), and there was a slight split of the basal
poles towards the rolling direction (RD). A slight six-fold symmetry was
observed on the prismatic pole figure. Orientations that favor either
basal slip or extension twinning were found in a large percentage of
grains.

3.2. Deformation twin variant identification

Twinning variants were identified via physics-based clustering and
computer vision (for more details on this identification process, please
see Refs. [38,40]). The intersection of twinning and grain boundaries
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Fig. 1. (a) EBSD inverse pole figure map of the
sample normal direction. Reprinted from Materials
Science and Engineering A, vol. 736, Z. Chen, S.
Daly, Deformation twin identification in magne-
sium through clustering and computer vision,
61-75, (2018), with permission from Elsevier. (b)
Basal and prismatic pole figures of the WE43-T6
sample. Reprinted by permission from Springer
Nature Customer Service Center GmbH: Springer,
Integrating Materials and Manufacturing Innova-
tion, Crystal Plasticity Finite Element Modeling of
Extension Twinning in WE43 Mg Alloys: Calibration
and Validation, M. Yaghoobi et al. (2021).

0001 2110

was manually identified from axial strain (&,,) and twin variant maps at
multiple global strain levels. Fig. 2 shows an example of a twin variant
map at ¢¢ = —0.023, with twin variants marked by different colors. The
inset shows the axial strain map and the twin variant map at high
magnification. The six variants of the {1012}(1011) type extension
twinning were considered. Most twinned grains contained one or two
twin variants: among the 1515 grains in the sample area, 357 (~23%)
grains had twinned prior to a global strain of € = —0.039. 154 grains
exhibited one variant, 199 grains exhibited two variants, and 4 grains
exhibited three variants.

T(\Jrvin System #

Y (mm)

4 5 6

Fig. 2. Twin variant map at £€© = —0.023. The six variants of the {1012}(T1011) type extension twinning were considered. Different variants are marked by different
colors. The inset provides a magnified view of the axial strain map (left) and twin variant map (right) of a local microstructure.
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3.3. Effect of grain features on twinning

3.3.1. Effect of Schmid Factor

Consistent with previous studies, Schmid Factor (SF) significantly
influenced the activation of twin variants in WE43, but was not a
singularly deterministic factor. A representative example is shown in
Fig. 3(a), which summarizes the number of potential twin variants that
were twinned (red) and not twinned (blue) versus their SF at €°
—0.039. All six possible extension twin variants in each grain were
considered, but only those with positive SF were summarized. The
overall twin area fraction measured on the surface was 8.7% =+ 0.51%,
and the percentage of twin variants active was larger in grains with
larger SFs. However, even across all grains with a SF > 0.45, only ~60%
of variants twinned, as shown in Fig. 3(a).

Most grains with a high basal SF did not twin. Fig. 3(b) summarizes
the number of grains twinned (red) and not twinned (blue) versus the
maximum basal SF of the grain at € = —0.039. A maximum nominal
basal (twin) SF is the maximum nominal SF among the three basal (six
twin) systems. The observations are consistent with the literature, i.e.,
that twins are not necessarily observed at all variants that have high
values of twin SF, and that not all twinned variants have a high twin SF
[10]. As expected, twins with a higher SF were more likely to twin, and
twins in a grain with a high maximum nominal basal SF were unlikely to
twin.

Twin variants with a relatively high nominal twin SF tended to
comprise a larger area fraction of their parent grain, and the area frac-
tions of high twin SF grains exhibited a larger scatter. Fig. 4 summarizes
the distribution of the active twin variant sizes represented as the area
fraction of their parent grain by box plots, where active twin variants
were grouped by their nominal SF at a globally applied uniaxial
compressive strain of ¢¢ = —0.039. The number of observations in each
group is indicated by the text in the parentheses above the bottom axis.
For each box, the central bar indicates the median, the bottom and top
edges indicate the 1st and 3rd quartiles (Q1 and Q3), and the whiskers
extend to the most extreme data points that are not considered outliers
(where outliers are data points less than Q1 — 1.5 x (Q3-Q1) or greater
than Q3 + 1.5 x (Q3-Q1)). The notches, placed at 1.57 x (Q3-Q1)/ v/n
above and below the median (light blue shaded regions in each box in
Fig. 4), where n is the number of observations, provide an approximate
measure of the significance of the difference between the medians of
different bins. If the notches of two boxes do not overlap, the medians
are considered significantly different at a ~95% confidence level. The
twin area fractions for groups with SF > 0.4 were, with statistical sig-
nificance, larger than for those with SF < 0.3 (Fig. 4). Although a small
number of low SF twins were also activated, they generally accounted
for less than 20% of the parent grain.

The WE43 Mg investigated here exhibited a weak basal texture in the
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Fig. 4. Box plot summarizing the distribution of the active twin variant size
represented as the area fraction of the parent grain, where active twin variants
are binned by their nominal SF, at a globally applied strain of ¢€¢ = —0.039. The
number of observations in each group is indicated by the red text in the pa-
rentheses above the bottom axis. Detailed interpretation of the box plot is
provided in the text.

rolling plane and had a large number of grains oriented to favor basal
slip. Basal slip was likely the dominant deformation mechanism, espe-
cially in untwinned grains, as seen in Fig. 5(a). Fig. 5(a) summarizes the
distribution of the grain-averaged effective strain for all untwinned
grains at a globally applied uniaxial compressive strain of £ = —0.039.
The grains were binned by maximum basal SF, and the grain average
effective strain was calculated by averaging the effective strain of all
data points within that grain. At every data point, the effective strain
was calculated by:

2
Eoff = g (S)Zu + 8)2{\' + 28,%‘*) Eq. )

For grains with a maximum basal SF > 0.2, the effective strain inside
the grain increased with increasing maximum basal SF.

A high twin SF encouraged twin activation, but did not necessarily
result in a high effective strain inside the grain. This is shown in Fig. 5
(b), which summarizes the distribution of grain averaged effective strain
for all twinned grains at ¢¢ = —0.039, with grains binned by their
maximum twin SF. The grain-averaged effective strain exhibited a slight
trend of decreasing strain with increasing maximum twin SF, but the
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(a) Twin Variant Schmid Factor (b) Maximum Basal Schmid Factor
Fig. 3. (a) Number of twin variants twinned (red) and not twinned (blue) vs. their nominal SF at ¢€& = —0.039. The percentage of twin variants twinned is plotted
using the y-axis on the right. (b) Number of grains twinned (red) and not twinned (blue) vs. their maximum basal SF at % = —0.039.
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Non-twinned Grains
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Fig. 5. Boxplot summarizing (a) the distribution of grain-averaged effective strain for all untwinned grains at £ = —0.039, with grains binned by their maximum
basal SF. For grains with a maximum basal SF > 0.2, the effective strain inside the grain increased with increasing maximum basal SF. (b) Distribution of grain-
averaged effective strain for all twinned grains at e€© = —0.039, with grains binned by their maximum twin SF. The number of observations in each group is
indicated by the red text in the parentheses above the x-axis.
difference between groups were not statistically significant based on the
overlap of the notches of the boxes. The number of observations in 1 ! [ ! ! ! ' '
groups with max twin SF < 0.25 were small, and therefore may not T 9
provide statistically significant information. It is possible that basal slip g 0.8+ = 1
also contributed significantly to the strain in the twinned grains, 8 ° &
although slip traces were much less evident than twinning on the DIC- ® o6t ]
. . o . . . S . T
obtained strain map. In addition, the effective strain calculation only L
considered the 2D component of the strain tensor; it is therefore also ]
possible that the high maximum twin SF grains contributed more to the ©04r 1
strain in the out-of-plane direction, as this information was not provided < 8
by the 2D DIC analysis. § 0.2+ 1
o =
3.3.2. Effect of grain size ot 1 o L ]
The nominal grain size of the WE43 was 116 pm with a grain size (18) (28) (62) (54) (56) (48) (35) (56)
distribution shown in Fig. 6(a). The number fraction of twinned grains is o S S N N N S N
shown in Fig. 6(b) with grains grouped by diameter (calculated by Q,Q) be NEENZEE AN NS N
assuming the grain to be circular). This information was determined at ©

four different globally applied strains. A smaller percentage of the small
grains were twinned; however, this could be significantly affected by the
fact that the smaller grains contained a larger percentage of noisy data
points, which could prevent clear identification of twinning. At ¢€ =
—0.023 and above, approximately 30% of the grains with a diameter
larger than 80 pm were twinned, which is comparable to prior work
[10].

Grain size did not appear to affect twin area fraction. Fig. 7
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Fig. 7. Distribution of grain twin area fraction at a globally applied strain of &
= —0.039, with twinned grains binned by diameter. The twinned area fraction
of a grain decreased slightly with increasing grain size, but the difference be-
tween most groups was not significant. The number of observations in each
group is indicated by the red text in the parentheses above the bottom axis.
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Fig. 6. (a) The grain size distribution of the WE43 sample, b) Ratio of twinned to total number of grains, binned by the grain diameter, at four different globally
applied strains. There are nominally 100-200 grains in each grain diameter bin, indicated by the text in the parentheses above the bottom axis. The first and last grain
diameter bins were adjusted to a larger size as there were very few grains with very small/large grain diameters.
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summarizes the distribution of the twin area fraction inside each grain at
9 = —0.039, with twinned grains binned by diameter. Most bins contain
30-60 grains, as indicated by the text in the parentheses above the
bottom axis. The twinned area fraction of a grain decreased slightly with
increasing grain size, but the difference between most groups was not
significant. This observation differs from Reference [10], where twin
area fraction was observed to increase with increasing grain size.

Grain size did not significantly affect the distribution of the grain-
averaged effective strain in either non-twinned or twinned grains.
Fig. 8(a) and (b) summarize the distribution of the grain-averaged
effective strain for non-twinned and twinned grains, respectively, at
€9 = —0.039. Grains are binned by their diameter. Overall, no significant
difference was observed in the distribution of the grain-averaged
effective strain for grains within different diameter bins.

3.4. Effect of grain boundaries and neighboring grains on twinning

The effect of grain boundaries and neighboring grains on the selec-
tion and growth of twin variants was investigated. We use the following
nomenclature:

e Active twin system: Twin systems visible on the DIC strain map.

e Possible twin systems: All six extension twin systems in each grain.

e Available deformation modes in the neighboring grain: To examine the
effect of the deformation of the neighboring grain on twin variant
selection in the grain of interest, we considered the available defor-
mation modes in the neighboring grain, which are only a part of all
deformation modes in the neighboring grain. If the active twin sys-
tems in the neighboring grain intersected the grain boundary at or
prior to the strain level under consideration, those twin systems were
considered. Otherwise, only basal slip systems in the neighboring
grain were considered. In addition, the slip/twin system considered
must have a nominal SF > 0.2, or a nominal SF normalized by the
maximum nominal SF of these slip (twin) systems >0.8. These
criteria were applied to reduce the total number of deformation
systems under consideration in the neighboring grain to the ones
most likely to be active and to interact with the twin system in the
grain of interest.

Nucleating grain boundary: A grain boundary where a twin nucleated.
Terminating grain boundary: A grain boundary where a growing twin
terminated.

Intersecting grain boundary: A grain boundary that a twin intersected,
including both nucleating and terminating grain boundaries. Twin
nucleation and growth were not continuously experimentally
observed, and it was common that at the strain level a twin was first
identified, it already spanned the grain and intersected two bound-
aries on two opposite sides of the grain, so the nucleating and
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terminating boundary could not be differentiated. Each intersecting
grain boundary, and the strain level at which the twin system first
intersected the grain boundary, were recorded.

e Predominant twin nucleating grain boundary: The experimentally
determined grain boundary at which a twin system first nucleated in
a grain.

e Grain boundary zone: The local area in a grain adjacent to the grain
boundary.

Fig. 9 illustrates the different types of grain boundaries, by sche-
matically considering the evolution of twinning at two strain levels in a
microstructure containing seven grains labeled A-G. Grain boundaries
are labeled by the grain pairs that form them. For example, for twinning
observed in grain D, grain boundary AD was its nucleating grain
boundary (at Strain Level 1), and grain boundary DE was its terminating
grain boundary (at Strain Level 2). Both AD and DE were its intersecting
grain boundaries, and AD was the predominant twin nucleating grain
boundary. For the twinning observed in grain C (at Strain Level 2), both
AC and BC were intersecting grain boundaries. As we cannot differen-
tiate between the nucleating and terminating grain boundaries, both AC
and BC were considered predominant twin nucleating grain boundaries.

A unique aspect of this work is the ability to track full-field strains
during mechanical loading in order to correlate strain evolution and
incipient twinning; for example, one can investigate the state of a region
that is about to twin, and the state of its surrounding neighborhood.
Hypothetically, twinning in a grain depends on the presence of existing
slip and twinning in its neighboring grains. Based on the assumption that
twinning nucleates at grain boundaries, we focused our investigation on
the grain boundary area, where one grain was considered as the grain of
interest, and the other grain was considered as the neighboring grain. The
grain boundary zone in the grain of interest was classified into a cate-
gory, based on the deformation modes in the grain boundary zones on
each side of the grain boundary, from the following: (1) no twinning
observed, therefore inferred as slip-dominated deformation, (2) newly
twinned at this strain level, and (3) pre-existing twin from a previous
strain level. Considering both sides of the grain boundary, this results in
nine possible combinations. In each grain under examination, the grain
boundary zone was classified into one of nine categories, summarized in
Table 1 and illustrated in Fig. 9. Note that as a grain boundary is shared
between two grains, each grain boundary was assessed twice. Each time,
the grain boundary zone in one of the two grains sharing the grain
boundary was assessed. For example, at Strain Level 1, twinning was not
observed at grain boundary AB. Twinning nucleated at grain boundary
AB into grain B at Strain Level 2, and this is categorized as slip-induced
twin nucleation, i.e., twinning in grain B was induced by slip in grain A.
Therefore, the grain A side of grain boundary AB is designated as
“category 27, as grain A was not twinned and the neighboring grain B

Twinned Grains

(18) (28) (62) (54) (56) (48) (35) (56)

Grain Average Effective Strain
=
()]
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Fig. 8. The distribution of the grain-averaged effective strain of grains that were (a) not twinned, and (b) twinned, at a globally applied strain of £8 = —0.039, with
grains binned by their diameter. The number of observations in each group is indicated by the red text in the parentheses above the bottom axis.
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Strain Level: 1

Strain Level: 2

Fig. 9. A schematic microstructure illustrating the types of grain boundaries and grain boundary zones. Twinned areas are marked with stripes, and the twin
evolution at two strain levels in grains labeled by letters A — G is shown. The categories of grain boundary zones are marked by numbers in parentheses near grain

boundaries that refer to those tabulated in Table 1, and discussed in the text.

Table 1
Categories of the grain boundary zone in the grain of interest based on the
deformation activity on each side of the grain boundary at a given strain level.

Activity in the neighboring grain

Not twinned Newly Pre-existing
twinned twin
Activity in Not (1) No (2) Slip- (3) Slip-
the grain twinned twinning induced twin induced twin
of interest activity nucleation growth
Newly (4) Slip- (5) Co-twin (6) Twin-
twinned induced twin nucleation induced twin
nucleation nucleation
Pre- (7) Slip- (8) Twin- (9) Co-growth
existing induced twin induced twin of twinning
twin growth nucleation

was newly twinned. The grain B side of grain boundary AB is designated
as “category 4”, as grain B was newly twinned and the neighboring grain
A was not twinned.

A summary of the number of incidents of the nine categories of grain
boundary zones at each of the global strains is provided in Table 2. Of
the 1515 grains examined using SEM-DIC, a total of 8612 grain
boundary zones were characterized and classified. At the maximum
global compression ¢¢ = —0.039, twins were observed in 357 out of
1515 grains; and 1310 out of 8612 grain boundary zones exhibited
twinning. The incidents represented in these tables are instantaneous
values determined at each applied strain level, and thus the grain
boundary zone categories can fluctuate with applied strain and either
increase or decrease. Most grain boundary zones did not contain twins at
any strain level (Table 2). Even at the highest strain, twins were only
observed in 2026 out of the 8612 grain boundary zones. Category 3 and
7 are the predominant categories which indicates that twin growth is
generally associated with slip in adjacent grains. Categories 2, 4 and 5,

Table 2
The number of incidents of the 9 categories of grain boundary zones at a global
strain of £€¥ = —0.039.

Global Strain € Grain Boundary Zone Category

1 2 3 4 5 6 7 8 9
—0.004 8354 122 0 122 14 0 0 0 0
—0.012 7338 469 107 469 78 15 107 15 14
—0.023 6614 350 532 350 24 44 532 44 122
—0.039 6328 140 850 140 6 32 850 32 234

which represent slip-induced twin nucleation are prevalent at low
strains and decrease as strain increases. Presumably these reflect the
transition to twin growth represented by Categories 3 and 7. Categories
5, 6 and 8 occur in relatively few grain boundary zones. These categories
represent twin nucleation due to twinning in an adjacent grain which
appears to be infrequent.

3.4.1. Strain distribution characteristics

In this section, we analyze the effective strain distribution in the
grain boundary zone of different categories. The classification of the
grain boundary zone depends on the active deformation mechanisms at
strain level N. However, the strain data at strain level N-1 are summa-
rized for analysis, as this enables examination of the relationship be-
tween twinning and the strain distribution prior to twinning. For each
grain boundary zone k of category j, let d represent the distance between
a data point and the grain boundary, with all distances rounded to
integer values. The mean effective strain of all the data points with the
same distance to the grain boundary, denoted by f; ;(d), was calculated
as:

14,
fij(d) =N ;etﬂ(l) Eq. (2)
where Ny is the number of data points with distance d to the grain
boundary, and sfff(i) is the effective strain of data point i with distance
d to the grain boundary. For each grain boundary zone category j, the
fx;j(d) values of all grain boundary zones of that category were averaged

again, to represent the mean effective strain distribution for this cate-
gory of grain boundary zone:

Fd) =2 > igld) Eq. (3)
k=1

where M is the number of grain boundary zones in the category
considered. The mean effective strain distribution in different categories
of grain boundary zones was summarized at different globally applied
strains (eG) in Fig. 10. Caution should be taken when comparing the
strain distribution in a twin-containing grain boundary zone to that in a
slip-dominated grain boundary zone, as the intensity of slip deformation
can be represented by its associated strain field, whereas twinning ex-
hibits a fixed twin shear and associated strain. Other measures, such as
the twinned area, may better represent the intensity of twinning
deformation.

Only four categories of grain boundary zones existed at €& = —0.004,
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Fig. 10. The experimentally measured strain distribution in the grain of interest in the nine categories of grain boundary zones at four different globally applied
compressive strains. The legend indicates the grain boundary zone category from Table 1 (in parentheses), and the number of incidents for each category. A total of
8612 grain boundary zones were characterized of which only 1310 ultimately exhibited the presence of twinning at ¢ = —0.039.

which was the lowest strain level where twins were identified, as shown
in Fig. 10(a). There was no noticeable difference observed between the
strain distributions in the four categories, possibly because there was a
low signal to noise ratio at this small €.

Twinning appears to activate in order to accommodate existing
deformation in a neighboring grain. This is seen in Fig. 10(b)—(d), where
regions that were more likely to initiate twinning in their neighboring
grain exhibited higher strains. Prior to twinning nucleation, areas
generally exhibited limited deformation. This trend became more
distinct as the globally applied strain increased.

The 9 categories of grain boundary zones (Table 1) can be roughly
divided into 3 groups:

(1) In the case of slip-induced twin growth, the side of the grain
boundary with active slip (category 3) exhibited the largest strain
among these 9 categories. One possible explanation is that this
type of grain boundary zone is one in which slip activated the
easiest. The continuous buildup of dislocations caused early twin
nucleation in the neighboring grain and provides a driving force
for twin growth.

(2) Areas that were about to twin exhibited very low strains in the
load step immediately prior to twinning nucleation. These areas
included 3 categories: the co-twin nucleation area (category 5),
the new twin side of the slip induced twin nucleation (category
4), and the new twin side of the twin induced twin nucleation
(category 6). These areas were likely less favorable for slip
activity.

(3) The remaining 5 categories exhibited medium strain, which
included 2 slip dominated areas (those not involved in twinning
activity - category 1, and the slip side of the case of slip-induced

twin nucleation - category 2), and 3 twin-containing areas (the
old twin side of twin-induced twin nucleation - category 8, the
twin side of slip-induced twin growth - category 7, and areas with
co-growth of twinning activity - category 9). This means that after
a twin has been activated, the strain in these areas (the 3 twin-
containing areas) tend to increase to a similar level to the strain
in areas (the 2 slip dominated areas) that were about to activate
new twinning or slip in neighboring grain.

3.4.2. Effect of m’ factor

To study the correlation between geometric compatibility and
twinning, the m’ factor [19,20] was calculated between each of the six
extension twinning systems (including both active and non-active) in the
grain of interest, at each of the grain boundaries with each available
slip/twinning system in the neighboring grain, and at each globally
applied strain level. The m’ factor, defined as m’ = cos(x) cos(y), where
K is the angle between two slip/twin directions, and y is the angle be-
tween two slip/twin plane normal directions, is used to describe the
geometric compatibility between two slip/twin systems across a grain
boundary. An m’ factor of 1 means the two slip/twin systems are
completely compatible, where the slip/twin planes are parallel and the
slip/twin direction are the same. An m’ factor of O indicates the two
slip/twin systems are completely incompatible, and either the slip/twin
planes or the slip/twin directions are orthogonal. An m’ factor of —1
means the slip/twin planes are parallel, but the slip/twin directions are
opposite. For each considered twin system, whether active or not, there
is an m’ value with each of the potential slip or twin systems in the
neighboring grain.

To simplify the analysis, the largest m’ value between the considered
twin system and all available deformation modes (either slip or
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twinning) in the neighboring grain, defined as M’, was selected to
represent the geometric compatibility. The definition of ‘available
deformation modes in the neighboring grain’ can be found at the
beginning of section 3.3. The probability distribution of the M’ factor
was investigated for its effect on twin nucleation. Rather than examining
the M’ distribution for active twin systems, it is more important to
examine how it compares with that of randomly selected twin systems
(regardless of active or not) in the sample. This is because, for example,
if it is frequent to observe large M’ values in active twin systems, it does
not necessarily mean a large M’ is correlated with the ease of twin
nucleation if it is also frequent to observe large M’ values in randomly
selected twin systems. The comparison between the distributions was
made by taking the ratio of the probability mass function of these two
distributions. The probability mass function (p) was calculated using the
following equation:

p(X€B;)=N;/N Eq. (4
where N; is the number M’ factors with a value in the bin B; and N is the
total number of M’ factors.

A high M’ value was found to be correlated with the nucleation of a
twin variant. Fig. 11 summarizes the probability mass function of
experimentally-determined M’ values for all active twin systems at their
predominant twin nucleating grain boundaries with available slip or
twinning systems in the neighboring grain, the M’ for all possible twin
systems with available slip or twinning systems in the neighboring grain
(which represents the M’ distribution for randomly selected twin sys-
tems in the specimen), and the ratio between these two functions at £ =
—0.039. The population size of the M’ values are indicated in the legend.
The M’ distribution suggests that it is not necessary for an active twin
system to exhibit a high M’. However, the ratio between the two dis-
tributions became larger than 1 when M’ reached approximately 0.8,
indicating that it is more frequent to observe an M’ larger than 0.8 in an
active twin system than in randomly selected twin systems, and could be
up to 6 times higher than a random density as the M’ value approached
1. This does indicate a correlation between a high M’ value and twin
nucleation. When M’ was negative, the ratio exhibited fluctuations due
to the small number of samples in this range.

The effect of M’ rank was also analyzed. At each grain boundary, the
M’ values of the six twin systems were ranked in descending order from 1
(highest) to 6 (lowest). The effect of M’ rank on twin variant selection is
not significant, although there is a slight tendency that active twin

0.2r 17
—©— Active Variants (1027)
- € - All Possible Variants (51672) - 6
0.15 | |—©—Ratio

Probability
Ratio

1 05 0 05 1
M' Factor

Fig. 11. The probability mass function of M’ for active twin variants at their
predominant twin nucleating grain boundaries with available slip or twin sys-
tems in the neighboring grain, for all possible twin variants with available slip
or twin systems in the neighboring grain, and the ratio of these two functions at
£% = —0.039. The population size of the M’ factors is indicated by the number in
the parentheses in the legend.
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variants are more likely to have the highest M’ rank.

Fig. 12 summarizes the probability mass function of the M’ rank for
all active twin systems at their predominant twin nucleating grain
boundaries with the available slip or twinning systems in the neigh-
boring grain, the M’ rank for all possible twin systems with the available
slip or twinning systems in the neighboring grain, and the ratio between
these two distributions. The active twin variants exhibit a larger prob-
ability (~0.36) to have the highest M’ rank. However, there were a
significant number of active twin systems with the other M’ ranks,
including at the lowest M’ values (rank 5 and 6). For the M’ rank for all
possible twin systems with the available slip or twinning systems in the
neighboring grain, there are slightly more twin systems with M’ ranked
1. This is because not all of the potential twin systems have an available
slip or twinning system in the neighboring grain (see the definition of
‘available deformation modes’ at the beginning of section 3.3). Ac-
cording to the ratio between these two functions, an active twin system
with an M’ rank of 1 was observed approximately twice as frequently as
the randomly selected twin systems. In a study by Guan et al. [15], more
than 80% of active twin variants exhibited the 1st or 2nd highest m’
rank; the current study did not find as distinct a differentiation in the M’
rank of active twins.

3.4.3. Effect of residual burgers vector

Another metric that represents the geometric compatibility of two
slip/twinning systems in neighboring grains is the residual Burgers
vector [44]. At each grain boundary and global strain, ¢°, the residual
Burgers vector was calculated between each of the six extension twin
systems in the grain of interest and each available slip/twinning system
in the neighboring grain. The smallest residual Burgers vector between
the considered twin system and all available slip/twin systems in the
neighboring grain was selected (defined here as RBV) to represent the
geometric compatibility of that twin system with the available defor-
mation modes in the neighboring grain. In addition, at each grain
boundary, the RBV values of the six twin systems were compared and
ranked in ascending order from 1 (the smallest) to 6 (the largest), termed
the RBV rank.

The probability mass function of the RBV for active twin systems at
their predominant twin nucleating grain boundaries with the available
slip or twinning systems in the neighboring grain, for all possible twin
systems with the available slip or twinning systems in the neighboring
grain, and the ratio between these two probability mass functions are
shown in Fig. 13(a). Fig. 13(b) performs the same analysis to RBV rank.

—©— Active Variants (1027)
0.35 - &~ All Possible Variants (51672) 12
—S—Ratio
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>
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o
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Fig. 12. The probability mass function of the M’ rank for active twin systems at
their predominant twin nucleating grain boundaries with the available slip or
twinning systems in the neighboring grain, for all possible twin systems with
available slip or twinning systems in neighboring grain, and the ratio between
these two functions, at a globally applied strain of € = —0.039. The population
size of the distributions is indicated by the text in the parentheses in the legend.
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Fig. 13. The probability mass function of the (a) RBV and (b) RBV rank for the active twin systems at their predominant twin nucleating grain boundaries with
available slip or twinning systems in the neighboring grain, for all possible twin systems with available slip or twinning systems in the neighboring grain, and the
ratio between these two functions, at a globally applied strain of € = —0.039. The population size of the distributions is indicated by the number in the parentheses

in the legend.

In comparison to a randomly selected twin system, a larger percentage of
the active twin systems exhibited an RBV smaller than 0.5, and exhibited
the 1st rank (smallest) RBV. However, the maximum ratio of the prob-
ability mass functions was relatively small, and this suggests that the
effect of RBV or RBV rank on twin variant selection is smaller than that
of M.

3.4.4. Effect of strain accommodation

The effect of strain accommodation on twin variant selection was
examined using a similar approach to Ref. [17]. Briefly, for a given twin
system, the displacement gradient tensor (e;) was transformed into the
coordinate system of a given deformation mode M (including basal slip,
prismatic slip, pyramidal <a> slip, 2nd order pyramidal <c+a> slip,
and extension twinning) of the neighboring grain. A parameter, ek,
which is the maximum of the xz-component of the transformed
displacement gradient tensors, was used to represent the strain accom-
modation that needs to be provided by deformation mode M in the
neighboring grain. Based on €Y, two additional parameters, y and ¢¥,
were also introduced by Shi et al. [17] to evaluate the extent of high
demand and low demand of the accommodation deformation modes.
Details for the calculation and interpretation of the parameters are
provided in Appendix B.

In the current work, the effect of the strain accommodation param-
eters (such as eﬂ’i and yM) on twin variant selection had minimal signif-
icance; only €22 exhibited a slight correlation with active twin
variants. Fig. 14 summarizes the probability mass function of 22 for
the active twin variants and all possible twin variants, and the ratio
between these two probability mass functions. The active twin variants
were slightly more likely to exhibit an eb3 > 0.1. However, the
maximum ratio was about 1.5 times higher than a random density,
which suggests that the effect of €225 on twin variant selection is smaller
than that of m’. Apart from the slight correlation of 222l shown in
Fig. 14, none of the strain accommodation parameters exhibited sig-
nificant correlation with twin variant selection. Therefore, the strain
accommodation models found in the literature [12,13,17] do not fully
explain the experimental observations of this work.

3.5. PRISMS-plasticity CPFE simulation of SEM-DIC experiment

The multiscale rate-independent crystal plasticity model developed
by Yaghoobi et al. [24] was incorporated in the current work to simulate
the response of WE43-T6 sample. The details of the selected model have
been published elsewhere [36-39] and an overview is provided in Ap-
pendix A. Four slip modes including basal (a) ({0001}(1120)), prismatic
(a) ({1010}(1210)), pyramidal (a) ({1011}(1210)), and pyramidal (c +
a) ({1122}(1123)), along with one extension twin mode ({1012}(1011)
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Fig. 14. The effect of the strain accommodation parameter 2% (as defined in

section 3.3.5) on twin variant selection had minimal significance. The plot
shows the probability mass function of 222! for active twin systems at their
predominant twin nucleating grain boundaries and for all possible twin systems
in the sample, and the ratio between the two functions. All plots were for a
globally applied strain of e€¢ = —0.039. The population size of the distributions
is indicated by the text in the parentheses in the legend.

) were considered in modeling the WE43-T6 alloy in this work. Similar
to other work by the authors, Githens et al. [36] and Yaghoobi et al.
[38], the precise boundary conditions for the simulated sample were
extracted from the experimentally-obtained displacement map using an
automated pipeline procedure linked with the PRISMS-Plasticity CPFE
code. The displacement map was measured on the traction-free sample
surface, and therefore a plane-stress assumption was used [36,38].
Accordingly, a 3D plate with the thickness to length ratio of 0.1 was used
for all simulations. Since no variation of the variables u and v was ex-
pected in the z-direction, a single layer of elements was assumed in the
z-direction along with a 500 x 400 mesh. Githens et al. [36] compared
the results of the generated columnar sample versus 3D sample, and
showed that generalized plane-stress on a columnar grain structure (as
the surface is traction free) exhibited a good match to the SEM-DIC
results.

The rate-independent crystal plasticity model was calibrated for the
WE43-T6 sample by Yaghoobi et al. [38] using its uniaxial compression
and tension responses. The simulation microstructure including texture
and grain morphology was generated using the experimental data pre-
sented in Fig. 1. Yaghoobi et al. [38] also incorporated twinning data to
calibrate the twinning parameters of the crystal plasticity model. The
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elastic constants of pure Mg at room temperature [24,30,38] were
incorporated into the CPFE model and are presented in Table 3. Table 4
presents the crystal plasticity parameters for slip and twinning modes
were determined previously [39] but are provided here for complete-
ness. The twin can grow due to the parent reduction, i.e., twin nucle-
ation (Operation A), and/or child propagation, i.e., twin growth
(Operation B). As described by Qiao et al. [45] and Yaghoobi et al. [24,
38], the CRSS for twin nucleation is higher than that of twin growth,
which can mimic the stress relaxation due to twinning. The latent
hardening ratio of ¢ = 1.4 was used for the slip deformation according to
the Ganesan et al. [37] and Yaghoobi et al. [38]. In the case of latent
hardening ratio for twinning, following Qiao et al. [45] and Yaghoobi
et al. [24], the latent hardening ratio g was taken to be 1 for operations A
and B.

The effect of the maximum basal Schmid factor and twin variants
Schmid factor on the twinned grain ratio were investigated for the re-
gion of the sample that was simulated by PRISMS-Plasticity, as shown in
Fig. 15. The PRISMS-Plasticity simulation shows minimal activity of
twin variants with SF < 0.2 which is similar to the SEM-DIC results as
shown in Fig. 15(a). As the twin variant SF increases, the proportion of
twinned variants increases in both the PRISMS-Plasticity simulation and
SEM-DIC results. Furthermore, the twinning propensity increased as the
basal nominal SF decreased in both the CPFE and SEM-DIC results as
shown in Fig. 15(b). This relationship was observed more strictly in the
PRISMS-Plasticity simulation than in the experimental SEM-DIC results.
This can be attributed to the application of a deterministic rule to model
twinning in PRISMS-Plasticity. Fig. 15 shows that PRISMS-Plasticity
overpredicted the experimental ratio of twinned grains.

The twin variant area fraction in each grain, which can be obtained
as the active twinned area of that variant divided by the total area of the
parent grain, is plotted versus the nominal twin variant SF in Fig. 16 for
both PRISMS-Plasticity and SEM-DIC using box plots. The active twin
variants were binned by their nominal SF, at a globally applied strain %
= —0.039. In both PRISMS-Plasticity simulation and SEM-DIC, the
largest twin area fractions occurred for twin variants with the highest
nominal SF. The standard deviation as represented by the box plots were
similar for both experimental and simulation, which suggests that
PRISMS-Plasticity reasonably captures the appropriate factors affecting
twin variant selection.

4. Discussion
4.1. Effect of grain features and geometric compatibility

The SF is a good indicator for the likelihood of twin activation. It
describes the ratio of the externally applied stress resolved to activate
the slip/twin system based on a pure geometric consideration. The
WE43 alloy in the current study has a weak texture. As shown in Fig. 3
(a), there were many slip/twin systems in each SF bin, making the
sample proper for statistical analysis. Fig. 3(a) shows that twin variants
with high SF are more likely to nucleate, and Fig. 4 shows that once
nucleated, twins with high SF are easier to grow into a larger area
fraction within their parent grain. However, it is clear from Fig. 3 that
the SF alone does not have a deterministic effect on twinning. The local
stress differs from the global stress because grains of different orienta-
tions react differently to applied stresses, and neighbor grains interact
with each other. In addition, twin nucleation is often considered to be a
process with stochastic nature [3]. Slip and twinning are competing
mechanisms. As shown in Fig. 5(a), grains with high maximum basal SF
show relatively high strain, most likely due to the high activity of basal

Table 3

The elastic constants (MPa) of pure Mg at room temperature [24,30,38].
Cl1 C12 C13 C33 C44
59,400 25,610 21,440 61,600 16,400
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Table 4
The calibrated values of initial slip resistance and corresponding hardening
parameters for slip and twinning modes of WE43-T6 Mg alloy [36].

Mode s¢ (MPa) hg (MPa) s¢ (MPa) a*

Basal 47.6 250 144.4 2.5
Prismatic 92.2 350 289.0 2.5
Pyramidal<a> 104.5 350 347.5 2.5
Pyramidal<c+a> 117.3 350 304.9 2.5
Twinning (operation A) 93 1000 350 2.5
Twinning (operations B) 85 1000 320 2.5

slip, and these grains are less likely to twin, as suggested by Fig. 3(b).

Grain size appears to have little effect on twinning in the current
study. However, it should be noted that the grain size was obtained from
2D surface measurements, which may not represent the grain size in 3D.
In addition, the range of grain size is limited, where about 95% of the
grains exhibited diameter within the range of 30 pm-240 pm. Therefore,
the conclusion should be interpreted with caution.

4.2. Effect of geometric compatibility

Considering the effect of neighbor grains, the m’ factor is a good
indicator for deformation system alignment, as it considers both the
alignment of the slip/twin plans and the slip/twin directions. However,
it is based on pure geometric consideration. It does not describe the
strain fields in the grain of interest, and it does not describe the amount
of deformation occurred in the neighboring grain which might stimulate
twin nucleation in the grain of interest. In the current study, the
maximum m’ factor, M/, was shown to be a more important factor
compared to other metrics including the M’ rank, the RBV, and the RBV
rank. However, there are many more grain boundaries than grains, and
there are many pairs of slip/twinning modes to consider at each grain
boundary. As shown in Fig. 11, the absolute number of active twin
systems (1027) is much smaller than the total number of twin variants
(51627) that could possibly be activated. Therefore, it is not reasonable
to expect the m’ alone to be a reliable metric to predict twin activation.

The current study concluded that the M’ factor correlates with twin
variant selection. However, the effect appears to be much less dominant
compared to that in Guan et al. [15] and Liu et al. [14], where more than
80% of the active twin variants were variants with high m’ value and of
1st or 2nd rank. In the current study, the effect of m’ factor was
demonstrated from a different perspective, that is, by comparing the
probabilities of high M’ values between active and possible twin variants
(Fig. 11). The current study observed a wide range of M’ values for
active twin variants, which is also observed in Reference [17], although
it did not reach a similar conclusion as the current study.

4.3. Strain accommodation models

The effect of strain accommodation on twin nucleation has been
proposed in a series of work [11-13,17], with the idea that twin
nucleation requires strain accommodation in the neighboring matrix,
and the ease of such strain accommodation can affect twin variant se-
lection. In Martin et al. [11], the activation of the low SF secondary
extension twins in AM30 was attributed to the low accommodation
strain required in the matrix of the parent grain, represented by the large
angle between the shear direction of the secondary twin and the habit
plan normal of the primary twin. Jonas et al. [12] extended this analysis
to focus on low SF primary contraction twins in an AM30 alloy. The
twinning shear displacement gradient tensor (e;;) was rotated into the
crystallographic reference frame of the neighboring grains, and the
tensor components were subsequently correlated with different slip and
twinning modes. Later, Mu et al. [13] extended this analysis to three
generations of twins (i.e. primary, secondary, and tertiary) in an AZ31
alloy. Both studies [12,13] found the importance of strain
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Fig. 15. The effect of nominal Schmid factor on twinning obtained by either SEM-DIC experiment or PRISMS-Plasticity simulation at a globally-applied compressive
strain, €%, of —0.039. (a) The ratio of variants that are twinned, i.e., the number of twinned variants divided by the total number of variants, versus their nominal
Schmid factor. (b) The ratio of grains that are twinned, i.e., the number of twinned grains divided by the total number of grains, versus their maximum nominal basal

Schmid factor.
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Fig. 16. Box plot summarizing the distribution of the active twin variant size represented as the area fraction of their parent grain, where the active twin variants
were binned by their nominal SF, at a globally applied strain of —0.039: (a) SEM-DIC experiment and (b) PRISMS-Plasticity simulation. The largest twin area fractions
occurred for twin variants with the highest nominal SF for both PRISMS-Plasticity simulation and SEM-DIC experimental results.

accommodation for twin variant selection, e.g., twins formed when they
require least accommodations by prismatic slip in the neighboring grain.
However, References [12,13] failed to consider crystal symmetry, so the
analysis was in fact not based on an unambiguous value representing the
strain accommodation. Shi et al. [17] studied low SF extension twins in
Mg AZ31, and found that active twin variants with a low SF either: (1)
required greater accommodation in the neighboring grain through basal
slip, and less accommodation through pyramidal slip; or (2) required
less accommodation through pyramidal slip and/or contraction twin-
ning, and greater accommodation through prismatic slip and/or exten-
sion twinning. As described in Appendix B, the analysis took crystal
symmetry into consideration, which is an improved approach compared
to that in Refs. [12,13].

Although the strain accommodation models provided reasonable

12

explanation for twinning activity in some studies [12,13,17], they were
not able to explain the twin variant selection in the current study, shown
in Section (3.4.4). The strain accommodation models suggest that
certain types of deformation occur in the neighboring grain to accom-
modate twinning in the grain of interest, which means the accommo-
dation strain in the neighboring grain should occur no earlier than
twinning in the grain of interest. The current study, by performing
unique analysis on the local strain evolution in different types of grain
boundary zones, suggests the opposite. Instead of introducing accom-
modation deformation in the neighboring grain, twinning is more likely
to accommodate deformation in the neighboring grain. In another word,
the stimulation for twinning comes from the buildup of local stress/-
strain concentration in the neighboring grain, whereas twinning reacts
passively. It can be seen from Fig. 10 that, the grain boundary zones that
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are about to twin exhibited lower strain compared to the grain boundary
zones on the opposite side of the grain boundary. For example, the strain
in grain boundary zone of category 4 is lower than that in category 2,
and category 6 is lower than that of category 8. Due to the weak texture,
many grains in the sample favors basal slip, and it can be seen from
Fig. 10 that grain boundary zones with slip activity (categories 2 and 3)
generally exhibit high strain, which agrees with their role of driving
twin nucleation and growth in the neighboring grain.

5. Summary

The effect of microstructure and microstructural neighborhoods on
the nucleation and growth of deformation twinning in WE43-T6 Mg
under in situ compression was examined. Deformation twinning was
identified from the full-field strain evolution, which was characterized
by digital image correlation inside a scanning electron microscope. Over
1515 individual grains and 8612 grain boundary zones were charac-
terized. Based on a statistically significant number of observations, the
following was concluded:

(1) Consistent with prior literature, the macroscopic nominal Schmid
Factor significantly affected twinning nucleation and growth. The
nominal SF is an important variable affecting both twinning
activation and twin variant size, as twinning statistics from CPFE
compared well with experimental observation. Twin variants
with a higher twin Schmid Factor were more likely to nucleate.
Twinning nucleation in grains with a high maximum basal SF was
unlikely. Twin variants with higher twin Schmid Factors
accounted for a larger area fraction of their parent grains and
exhibited a larger scatter in that area fraction. The effective strain
distribution positively correlated with basal Schmid factor in
grains that did not twin.

(2) SEM-DIC experiment showed that the grain size effect on twin-
ning is not considerable. The number fraction and area fraction of
twinned grains did not vary significantly with grain diameter.
The effective strain was similar in grains of various sizes.
The maximum m’ factor, M/, exhibited a moderate correlation
with twin variant selection. This correlation was slightly larger
compared to the M’ rank, residual Burgers vector, and residual
Burgers vector rank which had a low correlation with twin
variant selection. The effect of m’ factor was demonstrated by
comparing the probabilities of high M’ values between active and
possible twin variants, which is a new perspective comparing to
existing literature.
Unique analysis on the local strain evolution in different types of
grain boundary zones showed that the twinned areas correlated
with grain boundary zone that exhibited relatively high strain in
neighboring grains. This indicates that a buildup of a local stress/
strain concentration occurs prior to the initiation of twinning in
the neighboring grain. Strain accommodation models found in
the literature do not fully explain the experimental observations
of this work.

(3)

(C))

Appendix A. Simulation Methodology: Crystal Plasticity Model
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(5) CPFE simulation successfully captured the twin statistics and
showed that the largest twin area fractions occurred for twin
variants with the highest nominal SF. Also, the CPFE simulation
accurately captured the effect of nominal Schmid factor on
twinning. However, this relationship was observed more strictly
in the CPFE simulation than in the experimental SEM-DIC results,
which can be attributed to the application of a deterministic rule
to model twinning in the CPFE framework.

6. Data and code availability

e The experimental data and PRISMS-Plasticity results files supporting
this publication are available in the Materials Commons at DOI:
http://doi.org/10.13011/m3-wke3-th61, and DOI: https://doi.org/
10.13011/m3-thgc-jj93.

o Input files for the PRISMS-Plasticity simulations can be downloaded
from Materials Commons using the following link: https://materials
commons.org/mcapp/#/data/dataset/8125b518-4955-4a5f-b
887-24bc5544af38.

e MATLAB codes for analyzing the SEM-DIC data are available on
Github: https://github.com/chenzhe3701/DIC_Analysis.

e PRISMS-Plasticity software can be freely downloaded from the
following link: https://github.com/prisms-center/plasticity.
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The multiscale rate-independent crystal plasticity model developed by Yaghoobi et al. [24] was implemented in the open source PRISMS-Plasticity
CPFE software [39]. In this model, the contributions of both parent grain and twinned regions, called children, are included. The superscripts mt and
tw, k in this section correspond to the parent and child nucleated due to the activation of the k™ twin system of the parent. In this model, the parent
grain and twinned children at a material point are subject to the same deformation gradient tensor F. The multiplicative decomposition is [46]:

F= FemlemL _ Fezw.katw,k

Eq. (A1)

where F¢ and FP are elastic and plastic deformation gradient tensors, respectively.
The additive decomposition of macroscopic velocity gradient tensor L was performed as follows:
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L= L™ 4 LP™ — L™k 4 Lok Eq. (A2)

where L® and LP are the elastic and plastic velocity gradient tensors, respectively, defined as:

NN
P = Z J-/asa Sigl’l(’[a) Eq. (A3a)
a=1
NI NP
LPovk — Z 7/,:Sf sign(rf) Eq. (A3Db)
p=1

where the twinning systems are modeled as pseudo-slip systems. 7%, 7, and S* are the resolved shear stresses, shearing rate, and Schmid tensor,
respectively, on slip systems a in parent grain. Tﬁ, V;, and Sf are the resolved shear stresses, shearing rate, and Schmid tensor, respectively, on A"
system of the k™ child. N; and N, are the number of slip and twinning pseudo-slip systems. N™ is equal to twice the material twin systems, in which the
first set corresponds to twin growth and the second set corresponds to twin shrinkage. In the current model, N = 2 including one for twin growth and

one for shrinkage inside the child, which is the same as the twinning system of the parent which generates that child.
The resolved shear stress, slip resistance, and yield surface in both parent and child are defined as:

=" - Sa; f//: — G;{w . Sf Eq. (A4a)

ga:‘,ra‘isa; gf:|ff| 73,21 Eq. (A4b)

§0— th?}'/“); &= Zhﬁwﬂ Eq. (A4c)
9 @

where o is the Cauchy stress tensor, and h*® and h{(}"’ are the hardening moduli of the parent and child respectively. A power-law relationship is used to
capture the combined effects of work hardening and recovery:

574
hY {l - %} if a =49 (coplanar systems)
-

s

hm? — Eq (AS)

9 e

hgq{1 —f—&} if a#d

where g is the latent hardening ratio, h denotes the initial hardening parameter, s! is the saturation slip resistance, and a’ is a material constant that
controls the sensitivity of the hardening moduli to the slip resistance.
The homogenized response of a material point can be obtained using the Taylor-law as follows:

n

6=(1—fu)6" + Y _fio) Eq. (A6)
k=1

mt
i

where fy, is the total fraction of the reoriented children nucleated due twinning, i.e., f,, = Zgl £, f& is the fraction of the reoriented child nucleated
due to the activation of k* twin system of the parent, and n is the number of nucleated children.

In the current work, the sample was loaded in uniaxial compression and no detwinning occurred. Accordingly, the original twinning-detwinning
model of Yaghoobi et al. [24] was simplified. Two operations responsible for twinning are considered, termed operations A and B. The twin can grow
due to the parent reduction which occurs when %" +* > s¥"+k (Operation A). A twin can also grow due to the child propagation which occurs when

TkNEW” < 0and Tfiw”‘ > sl,:’?uz (operation B). Accordingly, the evolution of twin fraction is defined as follows:
N SN2
P x Vi

Fu= =l =+ Eq. (A7)

where S is the characteristic twin shear strain, which is calculated as 0.129 in the case of magnesium [47], 7™ ¥ is the shear rate of (N™* + k)th system

inside the parent corresponds to operation A, and ﬁv‘ *2 is the shear rates of (N3, + 2)[" systems inside the child nucleated due to the activation of k™
twin system of the parent, which corresponds to operations B. In this model, after the twin fraction of f5; reaches a critical value of fy, the child is
created by lattice reorientation of parent according to the ¥ twin system, and fwm and f;, become equal to f::, and f.

The evolution of total nucleated children fraction f,,, is defined as:

mt

Fu="10 Eq. (A8)
k=1

where n* is the number of children nucleated due to twinning with a twin volume fraction larger than fy. Here, as the full scale CPFE is conducted,
compared to the work of Yaghoobi et al. [24] in which each grain was modeled using a cube element, multiple twin reorientation is prohibited. After
one twin system reaches a critical orientation threshold of fy, other twin systems are deactivated at that material point.
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Appendix B. Calculation of the Strain Accommodation Parameters

This section describes the calculation of the strain accommodation parameters, using a similar approach to Reference [12,13,17]. Briefly, the
deformation gradient tensor of the considered twin system was expressed in the reference frame of a neighboring grain, and the transformed
displacement gradient tensor was taken to represent the extent of deformation needed in the neighboring grain to accommodate the considered
twinning. The analysis involves tensor transformation in multiple sets of coordinate systems: (1) the twinning coordinates in the parent grain (T, (2)
the crystal coordinates of the parent grain (CP), (3) the lab coordinates (C), (4) the crystal coordinate of the neighboring grain (€M), and (5) the slip or
twinning coordinates in the neighboring grain (TN).

For the slip or twinning system coordinate (T? and TV), the x direction corresponds to the slip/shear direction, the z direction corresponds to the
slip/twinning plane normal, and the y direction is perpendicular to the z-x plane following the right-hand rule, which is the shear plane normal for a
twinning system. The displacement gradient tensor (E) of twinning can be defined in the twinning coordinates of the parent grain by the following
equation, where y is the twinning shear with value 0.129:

o
ox dy 0z
€ €yy €y 00 14
ETP:eif: Cyx Gy €y :g_u: ? ? ? =(0 00 Eq. (B1)
ey ey e X x Y < 0 0 0
o ow v
ox dy 0z

Based on the orientation relationship between different coordinate systems, the displacement gradient tensor E™ can be transformed and
expressed in any of the five coordinate systems introduced previously, following the path: TP —CP—Cl—>CN-TN,

The tensor transformation was performed from TP to TV, following the method described by Shi et al. [17], which extended prior works [12,13] by
considering crystal symmetry. For each twin system under consideration, the displacement gradient tensor was transformed into the coordinates of all
possible slip and twinning systems (including all possible variants) in the neighboring grain, which were considered as the accommodation defor-
mation modes. 24 slip or twinning systems belonging to 5 deformation modes were analyzed, including 3 variants of basal slip, 3 variants of prismatic
slip, 6 variants of pyramidal <a> slip, 6 variants of 2nd order pyramidal <c+a> slip, and 6 variants of extension twinning. The transformed
displacement gradient tensor was expressed in the ith (i = 1, 2, ... 24) accommodation deformation mode in the neighboring grain as:

e/\\’ e\’.\ e)(’

i | i i i
E=]¢€, ¢, e, Eq. (B2)

e, e e

A physical meaning was associated with the ek, component, as it represents the shear along the accommodating slip/twin direction, on the ac-
commodating slip/twin plane. The maximum e of all the variants of the same accommodation deformation mode, here denoted as el (M = one of the
5 deformation modes), was used to represent the accommodation that needs to be provided by the deformation mode in the neighboring grain.

Shi et al. [17] introduced two parameters in the range [0, 1], defined as follows, to evaluate the extent of high demand and low demand of the
accommodation deformation modes:

M min (¥
M= mwf(eM) el = eﬁg ) Eq. (B3)

A preferred distribution of the two parameters were found for active low SF twin variants in their study. For example, the active twin variants tend
to require the most/more accommodation in the neighboring grain through basal slip (large "), and the least/less accommodation through py-
ramidal slip (large eP™5™).
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