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Abstract

This work presents a detailed investigation of twin inception to identify site of twinning, variant
type selected, and the strain to nucleate it within a full 3D reconstructed microstructure
obtained using 3D-EBSD. Microstructurally-faithful 3D crystal plasticity analysis provides
quantitative insight to show that stored energy density is a key factor (rather than stress or other
criteria) which identifies the experimentally observed twin nucleation site (which supersedes
twin inception), and the strain necessary to drive nucleation. 3D (as opposed to 2D surface)
analysis has been shown to be essential. The critical energy density for twin nucleation was
found to be ~0.015 Jm? in Mg alloy AZ31. Further, at the predicted nucleation site, the
experimentally observed twin variant is shown to be driven by the local twin resolved shear

stress.
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1. Introduction

The current study aims to achieve a mechanistic understanding of the deformation twin
nucleation sites and associated variant selection within magnesium (Mg) alloy AZ31, a
representative candidate of hexagonal close-packed (HCP) materials. The novelty of this work
lies in the detailed investigation of the twin nucleation sites and variant types in three
dimensions (3D) within a deformed, reconstructed microstructure obtained using block face
serial section 3D-EBSD (Echlin etal. (2020)). The consideration of the 3D microstructure
allows a detailed layer-by-layer experimental and numerical analysis of the drivers of twin
nucleation. It is important to understand twin nucleation as it may allow texture modification
to inhibit twinning, which otherwise results in a complex deformation response (Easton et al.
(2008)) leading to poor room-temperature formability (Kumar et al. (2017)) and also causes
initiation of material failure (Al-Samman and Gottstein (2008), Yang et al. (2008), Hazeli et al.

(2015)).

Although the formation of twinning is being actively explored, twin nucleation has not been
studied in 3D with thorough experimental comparisons. Twin formation is broadly considered
to comprise three stages: nucleation, propagation and growth (Christian and Mahajan (1995)).
In heterogeneous twin nucleation, which is supported by much experimental and numerical
evidence, the twin nucleus forms either by stress assisted dissociation of dislocations that occur
due to plasticity within parent grains at the grain boundaries (Mendelson (1969), Barrett et al.
(2012), Jeong et al. (2018)) and/or due to the interaction between the dislocations and the parent
grain boundaries (e.g. Wang et al. (2014)). The type of mechanism leading to the formation of
twin nuclei may be related to the parent grain orientation. While in less favourable grains
(global Schmid factor of ~0.3) the formation of twin nuclei may result from the dissociation of
dislocations (accumulated as a result of plasticity within parent grain) and/or interaction

between dislocations and parent grain boundaries, the formation of twin nuclei in the most
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favourable grains may not require the presence of dislocations. Several experimental and
modelling approaches have been developed across length-scales to understand the twin
nucleation process (Bell and Cahn (1953), Price (1961), Capolungo et al. (2009), Wang et al.
(2009a), Wang et al. (2009b), Beyerlein and Tomé (2010), Wang et al. (2010b), Wang et al. (2010a),
Beyerlein et al. (2011), Wang et al. (2013), Barnett et al. (2014), Prasad et al. (2014), Abdolvand
et al. (2020)). However, before a stable twin nucleus forms, there exists an incubation/inception
period, where the dislocations in the parent grain develop and accumulate at the grain
boundaries. The interaction between these dislocations and/or between dislocations and grain
boundaries increases local stresses, thereby increasing the energy that is stored in the material

in the form of local dislocation structures.

The evolution of this local stored energy during twin inception has been utilized in several
numerical studies to account for twin nucleation, wherein the dissociation of accumulated (a)
or {c + a) dislocations occur only after the local energy reaches a critical value (Capolungo
and Beyerlein (2008), Ghazisaeidi and Curtin (2013), Cheng and Ghosh (2015)). In other non-
energy based approaches, either an ‘imperfection’ that drives nucleation (Qiao et al. (2016)) or
the twin nucleus itself is introduced within the (single/bi-crystal) computational domain (Liu
et al. (2018)). In other approaches twinning is treated as pseudo-slip and the twin volume
fraction is used to describe deformation by twinning (Tomé et al. (1991), Abdolvand et al.
(2011), Wu et al. (2015), Paramatmuni and Kanjarla (2019)). However, these approaches need
like-for-like comparison with the experimental data in 3D. In summary, twin inception
precedes the nucleation stage and tracking the evolution of local stored energy at the twin
inception sites allows precise identification of twin nucleation locations, where local stored

energy reaches some critical value.

In this context, Paramatmuni et al. (2020) showed that the total stored energy density is a
promising candidate for locating the twin nucleation sites (twin inception site after total stored

3
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energy reaches a critical value). It was shown that the total stored energy density locates the
twin nucleation site within unfavourably oriented parent grains and the shear stored energy
density drives variant selection (Paramatmuni et al. (2020)). Although this and other numerical
approaches attempt to provide a mechanistic understanding of twin nucleation, there are two
limitations. These studies are typically based on experimental evidence obtained on 2D (free)
surfaces and use pseudo 3D domains, which lack the subsurface information, to simulate twin
formation. In addition, it is known that twins are 3D defects (Liu et al. (2019)) that may nucleate
in the subsurface and propagate to the free surface of the sample. Thus a detailed 3D
microstructural information is essential to locate twins in parent grains and to study their

formation.

In the present work, as a first step, these limitations are overcome by performing 3D-EBSD to
obtain the 3D microstructure of a deformed small-scale pillar fabricated from the bulk Mg alloy
AZ31. The aim of the present work is to investigate the precursors that drive twin nucleation
(potential twin inception sites that reach a critical value of stored energy) in the parent grains
as distinct from modelling the progressive formation of twin nuclei. Within this full 3D
microstructure, a grain and a twin of interest are identified to locate the potential twin
nucleation site and to identify the active variant type. As the main aim of this paper is to provide
a mechanistic view of the drivers of twin nucleation, which requires analyses of the parent
grain and corresponding twin in 3D, only a single parent-twin pair is investigated in great detail.
The current 3D study in conjunction with the previous study of twin nucleation (Paramatmuni
et al. (2020)), provides broader statistical evidence for the proposed drivers of twin nucleation.
The uniaxial deformation of the undeformed 3D microstructure is then simulated within a
crystal plasticity finite element framework by adopting realistic boundary conditions. This
allows systematic study of the 3D distribution of deformation variables to understand the

mechanistic drivers of twin nucleation and variant selection. Here the main focus is on locating
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twin nucleation sites that occur only due to dissociation of accumulated dislocations at parent
grain boundaries when the local stored energy reaches a critical value, rather than that caused
by the interaction between the dislocations and the parent grain boundaries (e.g. Wang et al.
(2014)). As a result we do not need to consider an explicit definition of the grain boundaries

within the computational framework.
2. Methods

This section details material characterisation, small-scale pillar fabrication and the procedure

followed to generate the deformed 3D microstructure.
2.1 Material preparation and characterization

Mg alloy AZ31 was received as warm-rolled plate with dimensions, composition and strong
basal texture, as detailed in (Paramatmuni and Dunne (2020)). The as-received material with an
average grain size of 11 pm, was annealed at 525 °C for 24 hours to obtain a suitable grain size
for 3D-EBSD. In order to avoid excessive oxidation at the annealing temperatures, the sample
was maintained in an argon atmosphere before furnace cooling post heat treatment. After
annealing, it was mechanically polished to 4000 grit silicon carbide paper followed by fine
polishing using 50 nm colloidal silica suspension for about 30 minutes. The sample was then
Ar ion polished with a PECS-11 system under dual beam condition using 4.0 keV beam energy
with rotational speed of 4 rpm for about 40 minutes, followed by 20 minutes fine polishing
using 2.0 keV and a speed of 2 rpm. The average grain size was measured by performing EBSD
in a ZEISS Sigma 300™ SEM equipped with Bruker high resolution EBSD detector with

voltage of 20 kV and ~13 mm working distance.

Once the material with appropriate average grain size was obtained, a small pillar of

dimensions ~0.5x0.5x0.9 mm? and taper angle of ~2° was fabricated by an initial rough laser
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cut using Gatan microPREP, and then fine polished using an FEI Helios PFIB (Xe*) with

voltage 30 kV and current 59 nA.
2.2 Uniaxial compression, serial sectioning and EBSD

The small-scale pillar was compressed to 4% strain at a rate of 0.002 s in a Deben Microtest
200 N stage. After deformation, an FEI Helios Dual Beam PFIB-SEM equipped with Oxford
Instruments NordlysNano EBSD detector was used for block face serial sectioning followed
by EBSD of the newly revealed surface (see Burnett et al. (2016) for technical details). Serial
sectioning was conducted parallel to the Z-axis (loading direction) on a volume of 350 x 350 x
235 um?® with a section thickness of 0.5 um resulting in 470 (X-Y) slices. Before commencing
the 3D-EBSD process, some material on the top surface of the pillar was removed to obtain a
clean surface for EBSD. The PFIB was operated at a voltage of 30kV and 59 nA current using
a rocking polish of + 3° leading to a sectioning time of 2-3 minutes per slice. After removing
the slice, the surface was characterized by EBSD using a voltage of 20 kV and a working
distance of 9.2 mm, 4x4 binning and a step size of 0.5 um was used to give cubic voxels

(0.5umd) for the 3D microstructure reconstruction.

Dream3D (Groeber and Jackson (2014)) was used for reconstruction of the 3D data from the
unaligned 2D EBSD slices. The raw EBSD slices were first stacked using an appropriate
reference frame taking into account the slice thickness (0.5 um). The top 28 slices (~14 um)
were omitted from the reconstruction to ensure that only the best quality EBSD slices were
included in the analyses. The unaligned 3D data were filtered to identify voxels with poor
indexing. These unreliable voxels were removed by introducing two more filters based on
misorientation and confidence index of neighbouring voxels, where the data from unreliable
voxels were replaced by that of neighbouring reliable ones. The alignment of slices in the Z-

direction was achieved by using two filters based on the reliability of data (indexing quality)
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and misorientation angle between the sections. The aligning process during data reconstruction,
adjusted sections in the XY plane to give the best overlap between them. After the alignment
process, the features (parent grains and twins) were segmented based on misorientation angle
(tolerance of 2.5°) to obtain grains, twins and unindexed data. Then the grains and twins were
segmented further based on their respective feature sizes. Finally, these aligned and segmented

data were filtered again to remove/fill poor quality data.
2.3. Computational framework and material properties

The crystal plasticity finite element formulation developed in Dunne et al. (2007), which is
implemented in ABAQUS FE solver as a user subroutine (UMAT) that accounts for strain
gradients and rate-sensitivity, is employed here to address the development of mechanical field

guantities which may ultimately lead to the formation of twin nuclei.

Pointwise deformation comprises shear of the crystal lattice (slip), elastic distortion and rigid
body rotation. Thus the total deformation gradient F can be decomposed into elastic (F€) and

plastic deformation gradient tensors (FP) as

F = F°FP @)

The crystallographic shear rates from all slip systems result in the plastic velocity gradient

LP = Z yasa & n* (2)

where n® and s* are the plane normal and direction of slip system o respectively. The slip rates

recognising both forward and backward thermally activated dislocation escape are given by

AF

ya = pmb“ZVDeXp <_ _> sinh (

kT

(T - T?)AV“> 3)
kT
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in which p,, is the mobile dislocation density, b* the magnitude of the Burgers vector, vy the
Debye frequency, k the Boltzmann constant, T the temperature, and t* and Tt are the resolved
shear stress (RSS) and the corresponding critical resolved shear stress (CRSS) for the slip
system o. The strain rate sensitivity is determined by the activation energy AF and a
corresponding activation volume AV for the slip system a. The evolution of the CRSSs is
defined using the isotropic Taylor's equation used in Paramatmuni and Dunne (2020) for

hardening due to the evolution of statistically stored and geometrically necessary dislocations,

T = T8+ D Jpssa + Tt g @

where t¢ is the initial friction stress of the slip system a, G is the shear modulus of the material
and ¢y is the hardening coefficient for a given slip system a, which accounts for different

hardening rates of the slip systems.

The evolution of statistically stored dislocations (SSDs) is given as
t.
Pssa = r fo ngf dt (5)

where T is an isotropic hardening coefficient and €l is the effective plastic strain rate defined

as E (€:€), and € is the plastic strain rate tensor.

The distribution of geometrically necessary dislocation (GND) density is calculated from the
strain gradients accommodating lattice curvatures that are represented using the Nye tensor
(Nye (1953)), which is determined from the curl of plastic deformation gradient tensor. The

Nye tensor is related to the GND density on an individual slip system by

n
curl (F,) = Z A%Pgna (6)
a=1
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where A% is the second order tensor that contains the crystallographic information of the slip
systems (see (Arsenlis and Parks (1999)) and p&np the GND density on slip system o. Many
metals give rise to more active slip systems than the nine independent components of the
dislocation density tensor, so that the solution to eqg. 6 is non-unique. Thus, the L1 minimization
scheme detailed in Paramatmuni and Dunne (2020) is used to obtain the GND density, which is

shown to satisfactorily predict the experimental trends (also see Paramatmuni et al. (2020)).

The material properties including elastic constants obtained in Paramatmuni and Dunne (2020)
for Mg alloy AZ31 are used in the current study. In summary, 12 slip systems - three basal slip
systems < 1120 > {0001}, three prismatic slip systems < 1120 > {1010}, six pyramidal slip
systems < 1123 > {1122} - are considered. The rate sensitive single crystal properties are

summarized in table 1.

Table 1: Single crystal elastic and slip parameters for Mg AZ31 at room temperature

(Paramatmuni and Dunne (2020))

Elastic constants

C,,=58.0, C;,=25.0, C;5=20.8, C55=61.2, C,,=16.6 (GPa) (Tromans (2011))

Slip parameters

Mode 5 AVE (D) G AF(J) pm(um™2) Vp(s™H) T (um™2)
Basal 12 62.5 0.15
7.5
Prismatic 62.4 62.5 0.4 1 1.2 x 1013 750
x 10720
Pyramidal
108 5 1.0
Il order
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In order to investigate the location of twin nucleation sites, the total stored energy density
approach presented by Paramatmuni et al. (2020) is used. In addition, Xu et al. (2021), in their
crystal plasticity modelling, analytical and experimental study of the effect of microstructure
on fracture mechanics, also recently reported a good agreement between the numerical and the
experimental stored energy density ahead of a crack tip. This energy density is that stored in
the material resulting from dislocation structures formed during plastic deformation. In
particular, Zheng et al. (2019) showed that this energy is stored preferentially within GND
structures, which attributes a characteristic length scale to this quantity. Thus, the length scale
associated with this quantity is that of dislocations within the parent grain that potentially drive
twin nucleation. Paramatmuni et al. (2020) showed that this criterion successfully predicts the
nucleation sites of twins within unfavourable parent grains as it is a measure of available local
defect and energy sources in the microstructure. In the context of twins, it is shown in
independent experimental studies that the dissociation of local dislocation structures leads to
the formation of twin nuclei (Jeong et al. (2018)). In Paramatmuni et al. (2020), 5% of total
energy due to plastic deformation is taken as that stored in dislocation structures with the
remaining 95% dissipated as heat. The accumulated total stored energy density Ggg at each

point in the microstructure is

(|o: deP|

JPSSD + XL piGND (7)

Gsg =

in which ¢ represents the fraction of plastic energy stored locally, i.e. { = 0.05. Zheng et al.
(2019) using discrete dislocation plasticity (DDP) modelling recently demonstrated that this
assumption of 5% is reasonable such that equation (7) agrees well with the local dislocation

configurational energy calculated in their DDP studies.
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3. Results
3.1 Reconstructed 3D deformed microstructure, grain and twin of interest

Fig. 1(a) shows the heat treated twin-free microstructure with an average grain size of 55 pm
and Fig. 1(b) the small-scale pillar, which may contain ~150 grains, fabricated from a bulk
cube (5x5x5 mm?) of Mg alloy AZ31 such that the pillar is supported by a base. Loading was

parallel to the rolling direction, which causes extension twinning dominated yielding of the

Loading
Loading flat-punch

\ Pillar
Precipitates /ﬂ k| 1
) SR | Base
1

RD ()

- (b)
Figure 1: The undeformed material: (a) IPFZ map of the heat treated sample and (b) SEM micrograph
showing the undeformed small-scale pillar of dimensions ~0.5x0.5x0.9 mm? fabricated from bulk Mg alloy
AZ31, where RD (Z) is the loading direction and TD||X, NDJ|Y.

pillar. The surface of the pillar in Fig. 1(b) shows precipitates (Mgi7Al12) that have grown to a

considerable size due to heat treatment.

The small scale pillar is deformed at room temperature until 4% strain at the strain rate of 0.002
s’%. Fig. 2 shows the top view and the side views of the deformed pillar. From the top view, the
deformation appears to be uniform without any evidence of buckling. This is further confirmed
in the side views that show macroscopic uniform deformation with some barrelling, as seen in
faces 2 and 4. After uniaxial compression, the pillar is subjected to serial sectioning followed
by EBSD of each slice. Fig. 3 shows the sequence of steps followed in obtaining a reconstructed

3D deformed microstructure. The deformed pillar shown in Fig. 3(a) is serial sectioned along

11
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Figure 2: The SEM micrographs of deformed small-scale pillar showing homogeneous deformation without
buckling. The white arrow indicates the craters on the surface formed due to detached precipitates.

the loading (Z) direction to obtain 470 EBSD slices, as shown in Fig. 3(b). Fig. 3(c) shows the
unaligned stack of EBSD data that is in the form of a cube, where the colour of grains and twins
represent their respective feature identification numbers (IDs). After implementing the data
reconstruction steps explained in section 2.2, the resulting aligned 3D microstructure is shown

in Fig. 3(d). The alignment process translates sections in the XY plane to obtain the best registry

Serial sectioning
direction

Figure 3: The sequence of steps involved in generating the reconstructed 3D deformed microstructure showing
(a) the deformed pillar, (b) a schematic of the serial sections showing the sectioning direction, (c) the stack of
unaligned EBSD slices and (d) the final outcome after aligning the EBSD slices and data processing.
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between them, which leads to heterogeneities on the outer surface of the reconstructed 3D

microstructure.

The reconstructed 3D microstructure consists of 34 grains. In this work, extension twins are
classified as non-classical and classical based on the corresponding parent grain orientations
and the mechanical fields that drive their nucleation and variant selection. Non-classical twins
are those that are active in unfavourably oriented parent grains, where their nucleation is driven
mainly by local stored energy (Paramatmuni et al. (2020)) and/or strain gradients (McClelland
et al. (2015), Molodov et al. (2016)). In contrast, classical twins are those that nucleate within
favourably oriented parent grains, which are considered to be driven by local stress fluctuations
(Qiao et al. (2016)). In order to investigate and locate twin nucleation sites, a grain of interest is
first identified within the microstructure based on two criteria : (a) favourable orientation for
twinning (classical twin), (b) the entirety of the grain should be well within the microstructure
with some distance from the free surfaces. Fig. 4(a) shows the selected grain of interest (GOI),
where it is embedded within the microstructure, situated well away from the side free surfaces
and a few microns away from the top free surface. Note that this grain lies at a considerable
distance from the original top (loaded) surface of the sample. As mentioned earlier, some
material is removed before serial sectioning to obtain a good surface finish and the first 28
slices are not considered in the reconstruction process. In addition, Fig. 1(b) shows the presence
of precipitates on the surface of the small-scale pillar. While the detailed analysis of the
reconstructed 3D volume of the microstructure does not show the presence of these precipitates
within the grain of interest, it is shown in other studies that the former has a negligible influence
on twin nucleation (Robson et al. (2010), Stanford et al. (2012), Wang and Stanford (2015), Wang
et al. (2019), Robson and Barnett (2019)). Thus, the precipitates are not considered in subsequent

experimental and numerical analyses.
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Grain of
interest

SV1

(c)
Figure 4: The deformed microstructure (compressed along Z direction) with (a) a section ABCD within which
the crystallographic orientations of the grain of interest (GOI) and its neighbours are studied, and the grain of
interest and twins within the GOI, where a few noticeable twins are labelled 1-7, (b) the IPFZ map of the section
ABCD, and (c) Top (TV) and side views (SV1 and SV2) of GOI and twin of interest (TOI), which shows that
the periphery of the TOI meets that of the GOI. The black ellipse indicates a discontinuity in the reconstructed
twin caused by a malfunction of the EBSD detector and PQRS indicate the edges of the TOI.

In order to study the crystallographic orientation and thus the propensity of the GOI to twin, a
section ABCD that cuts through the middle of the GOl is considered. Fig. 4(a) shows this plane,
while the corresponding IPFZ map is shown in Fig. 4(b) along with the HCP unit cells that
indicate the orientation of respective grains and twins. The IPFZ map shows the presence of
extension twins within the GOI. This is expected as the loading is in the Z direction and the
magnified view of the GOI shows that its crystallographic orientation is favourable for
activation of extension twinning with its c-axis aligned away from the loading direction. Thus,
the GOl is a classical case, where twins nucleate within a favourably oriented parent grain. Fig.

4(a) also shows around 19 twins (only 7 are labelled for the sake of clarity) within the grain of
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interest, which makes it a suitable candidate for twin nucleation analysis. In order to study twin
nucleation, it is preferable to identify the twin that nucleated first in the deformation history.
This is necessary as it is argued in several independent studies that the local stresses and energy
are relaxed/redistributed once a twin nucleates, which may then lead to the activation of other
twins in the microstructure (Barnett et al. (2012), Liu et al. (2018), Paramatmuni et al. (2020)). In
addition, other studies have also shown that once a lenticular twin forms (nucleation and
propagation), it further accommodates strain by growing laterally (Qiao et al. (2016), Liu et al.
(2019)). Therefore, in the current analysis, among the 19 twins shown in Fig. 4(a), the twin with
the highest volume fraction is assumed to be that which nucleated first within the GOI. Table.

2 lists the volume fractions of the parent grain and the associated twins, where among the 19

Table 2: Summary of volume fractions of gain of interest
Volume fraction (%)

Parent grain 86.18

1 4.79

2 2.55

3 0.78

4 0.72

5 0.70

6 0.66

7 0.58

8 0.34

@ 9 0.34
s 10 0.28
= 11 0.23
12 0.23

13 0.20

14 0.18

15 0.18

16 0.18

17 0.16

18 0.15

19 0.10

twins, twin 1 has the highest volume fraction followed by twin 2. Therefore, the drivers for the

nucleation of twin 1 are investigated in this study.
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The top (TV) and side views (SV 1 and 2) of the grain of interest along with the twin of interest
(TOI) are shown in Fig. 4(c) to study the shape of the latter. The black ellipse in the TV
indicates a region of twin with an abrupt discontinuity on its surface. This is formed due to the
lack of data for about 2 um thickness caused by malfunctioning of the EBSD detector. The
figure also shows points on the twin boundary indicated as P, Q, R and S. The preliminary
observation is that the twin grows in the form of a plate in three dimensions and that the
thickness along the twin surface normal is less than that in other directions, as observed in other
studies (Liu et al. (2019)). Further, it appears that this twin has grown up to the periphery of the
parent grain. From the TV, the edges QR and PS are indeed at the periphery of the parent grain.
Further, the side views confirm that the edges PQ and RS also meet the parent grain at its
periphery. In addition, from the side views (e.g. SV1) it is evident that the twin surface normal

is inclined at an angle of 35.2° with the Z (loading) direction.

Of the six possible symmetric twin planes and directions shown in Table 3, the twin variant

can be determined by the orientations method (Paramatmuni et al. (2020)) and/or by twin trace

Table 3: Extension twin variant types
Variant type | Crystallography
1 (1012)[1011]
(0112)[0111]
(1102)[1101]
(1012)[1011]
[
[

(0112)[0111]
(1102)[1101]

OOk, WN

analysis (Jonas et al. (2011)). Here, the twin variants are arbitrarily called variants 1-6 for the
sake of clarity as mentioned in Paramatmuni et al. (2020). Fig. 5(a) shows the crystallographic
orientations as measured by EBSD and those calculated numerically that suggest the active
twin to be variant 3, which is confirmed by the trace analysis in Fig. 5(b). For the sake of
completeness, global Schmid factors, which rely on remote loading conditions, are also

determined for all six twin variants, as shown in Table 4. From this analysis, variant 3 has the

16
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(0002) . Parent
Y ’ Twin - numerical

5 Twin- experimental

direction

(©) (d)
Figure 5: Twin variant type, twin plane and direction identification: (a) orientation method, where the basal
pole figure shows discrete orientation of GOI, experimentally measured and numerically calculated TOI
orientations (b) twin trace method, where the (1012) pole figure shows the twin plane poles and twin traces
(c) the HCP unit cell along with the twin plane and direction corresponding to variant 3 and (d) the Top view
of the TOI along with a projection of the independently calculated variant 3 twin direction on the XY plane,
which shows that the twin may have nucleated at the vicinity of Q.

Table 4: Global Schmid factors of twins in the grain of interest

Euler angles Variants
D ) ) 1 2 3 4 5 6
7 111 5 0.20 -0.06 0.30 0.24 -0.06 0.26

highest global Schmid factor followed by variant 6 and 4. Therefore, the global Schmid factor
also identifies the correct twin variant, again confirming that the TOI is, indeed, a classical
twin. In summary, the selected TOI in the current study possesses the highest global Schmid
factor among all the available six twin variants and also corresponds to that with highest
volume (see Table 2). These observations agree well with other studies, which suggest that the
classical twin with highest global Schmid factor nucleates first in the parent grain (Godet et al.

(2006), Barnett et al. (2014), Wang et al. (2020)) and possesses a high rate of twin growth as
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indicated by its global Schmid factor (Beyerlein et al. (2010), Paramatmuni and Kanjarla (2019)).

Thus, the TOI has, indeed, nucleated first in the GOI.

In order to study the local drivers of twin nucleation, it is necessary to locate the nucleation site
of the TOI without ambiguity. It is shown in Fig. 4(c) that all the twin edges (P, Q, R and S)
meet the parent grain at its periphery. As a consequence, it is challenging to identify the twin
nucleation site in the parent grain. However, extension twinning is a unidirectional 3D defect.
This implies that after a twin nucleates, it propagates along the twin shear direction only (hence
unidirectional) and later grows in the lateral directions. Thus determining the twin shear
direction in 3D is sufficient to locate the twin nucleation site. Therefore, the twin plane and
direction of TOI (variant 3) are first plotted in the {0,0,0} reference crystallographic
orientation, which are then rotated to the orientation of the GOI. Fig. 5(c) shows the plane and
the corresponding twin shear direction after rotation. This configuration of twin plane, when
viewed along the Z direction, is similar to that of the top view of twin in Fig. 5(c) , where the
twin at PQ grows into the GOI until RS. In addition, as mentioned earlier, the normal to the
twin surface is inclined at an angle of 35.2° with the Z (loading) direction. From the twin shear
direction in Fig. 5(c), the twin appears to have nucleated on the edge PQ. This is further
independently confirmed by rotating the (1101) twin direction of variant 3 to the orientation
of the GOI (see Guo et al. (2020) for the procedure) and then projecting this direction onto the
XY plane, as shown in Fig. 5(d) . This projection confirms that the twin direction is indeed the
vector originating at the vicinity of Q. Thus the TOI has indeed nucleated at the vicinity of Q
and propagated until the vicinity of S before growing laterally towards the P and R directions.
This is in line with a recent 3D study (Liu et al. (2019)), which suggests that the nucleated twin
initially propagates along the shear direction (in this case Q-S) and then grows in the lateral

directions (widens along P-R). In addition, from Fig. 5(c), considering the twin plane and twin
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shear direction, the nucleation of the TOI is likely to be slip-assisted instead of being driven by

an incoming twin from the neighbouring grain (twin-assisted twinning).

Fig. 6(a) shows the GOI along with neighbouring grains at the vicinity of Q as indicated by a
black solid circle. The twin nucleation site appears to be at a triple junction, which is a preferred
location as it is a source of high energy and defects necessary for twin nucleation (Abdolvand
and Daymond (2013)). This is further corroborated in the grain boundary misorientation map
shown in Fig. 6(b) of a section at some distance from the top surface. The vicinity of location
Q is formed by a high angle grain boundary that favours slip-assisted twin nucleation, where
the dislocation pileup dissociates to form a twin nucleus (Khosravani et al. (2015), Jeong et al.

(2018)). This further confirms that the TOI is a typical example of slip-assisted twinning. In
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Figure 6: Investigation of the location of twin nucleation site (a) the 3D representation of the TOI, GOI and
immediate neighbours of GOI, where the back circle indicates the tip of twin at the vicinity of Q that is close
to the triple junction formed by these grains, (b) the grain boundary misorientation angle within a section of
microstructure showing the tip of twin at the vicinity of Q, (c) the microstructure showing a section from a
distance of 51.5 um from the top surface, where the top tip of TOI is observed and (d) the detailed view of this
section, where section | shows the magnified view of the twin. The band contrast (BC) map of section | shows
a fully formed TOI band in 2D.
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order to precisely locate the nucleation site, a plane containing the location Q is probed, which
is at a distance of 51.5 um from the top surface of the microstructure as shown in Fig. 6(C).
This plane is shown in Fig. 6(d) along with the magnified view of section | that contains the
location Q. The magnified view at the top is the microstructure coloured according to the
feature IDs whereas the one at the bottom shows the band contrast (BC) map of the section I.
While the feature 1Ds map shows an under developed twin, the respective BC map (bottom
insert in Fig 6(d)) shows that this, in fact, is a fully developed twin that extends to the grain
boundaries on either side. This implies that this section at a depth of 51.5 um is not the precise

location of the twin nucleation site.

It is shown thus far that the twin nucleation site lies in the approximate vicinity of location Q
but at a depth less than 51.5 pm from the top surface. The microstructure in this vicinity is

carefully investigated to locate the twin nucleation site. Fig. 7(a)-(c) show the BC maps of

51 um 50.5 ym

(b)
50 um

(©
Figure 7: Band contract maps in the region of Q for sections lying at depths of (a) 51 pm, (b) 50.5 um and (c)
50 um from the top surface of the reconstructed 3D microstructure.
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region-Q at a distance of 51 um, 50.5 um and 50 um respectively from the top surface. The
BC map at a depth of 51 um shows a twin extended into the GOI, which is smaller than that at
51.5 um. Although the map at 50.5 um also shows a defect bulging into the GOI, it, however,
cannot be unambiguously classified as a twin as the BC map at 50 pm also looks similar with
a small protrusion into the GOI. These protrusions in Fig. 7(b) and (c) could either be the grain
boundary itself or dislocation pileup developed to accommodate shear strain caused by the
nucleation of twin, as observed elsewhere (Khosravani et al. (2015)). Therefore, the location of
the twin nucleation site is thought to be at 51 um, which is further addressed by investigating

the local drivers of twin nucleation in the next section.

3.2 Crystal plasticity analysis of twin nucleation in 3D

Here we use modelling to better understand the drivers for the nucleation of the TOI within the
GOl in the vicinity of Q. Previous studies (e.g. Qiao et al. (2016), Ardeljan et al. (2017)) have
shown that classical twins nucleate when the positive twin resolved shear stress (TRSS : stress
resolved on the twin plane along the twin shear direction) of a given variant at a particular
location within the parent grain reaches a critical value. However, in these studies, either a local
imperfection is introduced within the parent grain or other deformation fields such as the von
Mises stress are typically employed to locate twins. Paramatmuni et al. (2020) have shown that
the total stored energy density criterion naturally locates such twin nucleation sites without
having to introduce any imperfections. For the crystal plasticity finite element modelling, it is
necessary to establish the initial microstructure prior to the applied loading at which stage the
grains are twin free. Of course as a destructive sectioning method, 3D-EBSD is not able to
ascertain the grain microstructure before and after straining and so this must be estimated from
the post-deformation 3D-EBSD characterisation. To do this, all the twins are subsumed within

their parent grains and assigned the orientation of the latter to reflect the pre-twin state. Hence
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the 3D-EBSD characterised microstructure containing twins shown in Fig. 8(a) is transformed

into the corresponding twin-free parent grains microstructure as shown in Fig. 8(b).

A sub region of the 3D microstructure with dimensions of 125x140x125 pum? as shown in Fig.
8(c) is used, where the GOI is surrounded completely by neighbouring grains. It is also ensured
that the GOI does not directly impinge surfaces to reduce any boundary effects. The sub region,
which consists of 12 grains shown in Fig. 8(c), is discretised into a total of 77,326 C3D20R
finite elements, with the GOI comprising 11,226 elements. This implies that the size of each
element is 3x3x3 um?®, which governs the resolution of the current crystal plasticity analysis.

This FE model is loaded along the Z direction with periodic boundary conditions at strain

(b)

Grain of

350 x 350 x 230 um?®

Sub-region of microstructure FE mesh

z 125 X 140 x 125 pm? Periodic boundary conditions

Y\[/.X 77,326 C3D20R elements

(©
Figure 8: Simulation setup for the crystal plasticity analysis showing (a) the reconstructed microstructure
cropped to a cube, (b) the microstructure in which the twins are merged into the respective parent grains to
infer an initial undeformed microstructure and (c) the sub-region of microstructure, containing the grain of
interest, considered for finite element crystal plasticity analysis.

rate of 0.002 s until 1% strain. The material properties detailed in section 2.3 are used in the
simulation. The material crystallographic texture and the macroscopic loading condition are
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favourable for the nucleation of twins. Thus the material deformation fields are first studied at

0.5% strain, which is closer to the macroscopic material yield point (nominal 0.2% strain).

Several types of boundary conditions (BCs) can be implemented in numerical analyses of
heterogeneous domains (RVES) to understand the effective properties manifested by the local
deformation of materials. The commonly used BCs are the part-constrained ones (where only
one end of the RVE is constrained, while loading in the opposite end) (Zhang et al. (2015)), the
uniform displacement or Dirichlet, uniform traction or Neumann, Dirichlet-Neumann or mixed
ones (combination of displacement and traction) (Yue and Weinan (2007)) and the periodic ones
(e.g. Terada et al. (2000), Abdolvand et al. (2011)), which require the opposite faces of the RVE
deform in a similar manner. It is demonstrated in several studies that the mixed BCs, which are
more realistic, lead to better approximations of effective properties compared to that of the
uniform displacement and uniform traction BCs (Hill (1963)). Further, when considering
between the mixed and periodic BCs, Van der Sluis et al. (2000) in their detailed microscopic
analyses of a periodic structure suggested that the latter is more appropriate (also see Yue and
Weinan (2007)). Thus, in summary, implementing periodic BCs on a heterogeneous RVE with a
periodic structure leads to a better representation of the effective and microscopic properties.
However, Terada et al. (2000) have shown that for general heterogenous materials, periodic BCs
applied on a relatively small non-periodic RVE also provide reasonable trends of effective and

microscopic properties.

It has been shown by Paramatmuni et al. (2020) that the total stored energy density is a driver
for the nucleation of non-classical twins. Here, the spatial distribution of this energy density in
3D is investigated by measuring it along the perimeter of the GOI at depths of 15 pum, 30 um,

45 um, 51 pm, 60 pm, 75 um, 90 um and 105 um as shown in Fig. 9. Table 5 shows the
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Figure 9: The sub-region of microstructure showing the planes at depths of 15 pm, 30 pm, 45 pm, 51 pm, 60
pum, 75 um, 90 pm and 105 um on which the deformation fields are measured along the periphery of the GOI.

microstructures, corresponding to the spatial distribution of stored energy density at 0.5%
strain and the paths along the perimeters of the GOI that are used to measure the local total
stored energy density. The qualitative analysis shows that the total stored energy density is low
at the depths of 15 um and 30 pum, increases between depths of 45 um and 90 pm, and decreases
at depths greater than 90 um. Although the stored energy density between 60 pum and 90 pm
depths is high, its magnitude along the grain boundaries appear lower than that within the grain.

It has been established in other independent studies that the favourable locations for the slip-

Table 5 : The sections of microstructure showing the spatial distribution of the total stored energy density
Depth (um) Stored energy density (FE model Microstructure

GJ/m~?

15 -3.092e-03
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60
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75

90

105

Note : The arrows indicate the path along which the deformation field variables are measured. The dot indicates
the start and end points of these paths. The numerical results correspond to total strain of 0.5%, while the
corresponding experimental sections are obtained after deformation until 4% strain. In addition, note the
development of the TOI at depths greater than 51 um and the corresponding stored energy density at the grain
boundary of the GOI. The qualitative observations indicate that the stored energy density at the grain boundary
is high only at the depths of 51 um, 45 pm and 60 pm.

assisted nucleation of twins are the grain boundaries (Beyerlein et al. (2010), Khosravani et al.
(2015)) and that a twin nucleates within the parent grain when heterogeneities such as
dislocation pile-ups lead to high local stresses. Thus from this qualitative analysis, it appears
that the stored energy does not predict twin nucleation at depths greater than 60 um, which is

consistent with the earlier experimental analysis.
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Fig. 10(a) shows the distribution of total stored energy density measured along the perimeters
at different depths as shown in Table 5. The dashed line indicates the twin nucleation site at 51
um as speculated in the earlier experimental analysis. From the figure, the peak value of total
stored energy occurs at the depth of 51 um, which coincides exactly with the speculated twin
nucleation site (dashed line). Thus, the stored energy density analysis aids confirmations that
the TOI did indeed nucleate at the triple junction at 51 um from the top surface. Further, as
mentioned earlier, the resolution of the current modelling is 3 um. Thus, the stored energy is
further investigated at the vicinity of 51 um depth. Fig. 10(b) shows the stored energy measured
along the periphery of GOI at depths of 45 pm, 48 um, 51 pm, 54 um and 57 um. From this
figure, the stored energy density at 48 um is close to but still less than that at 51 um. Further,

as mentioned earlier, the numerical results at depths of 60 um, 75 pm and 90 pm show hotspots
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(b) (©
Figure 10: The total stored energy density spatial distributions: (a) measured along the GOI perimeters (paths
shown in Table 5) at the depths indicated, where the dashed line indicates the twin nucleation site at 51 pm
depth and (b) at depths of 45 pum, 48 pm, 51 pm, 54 pm and 57 pum and (c) the total stored energy density
quantified along the path at 51 um depth for strains of 0.1 % - 0.5 %.
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of stored energy density within the GOI. The quantitative analysis, however, in appendix A
demonstrates that the magnitude of these hotspots is less than that at a depth of 51 pm. This
further establishes that the twin shear direction speculated earlier in Fig. 5(c) and (d) is indeed
correct and that the TOI nucleated at the triple junction at 51 um depth and propagated from Q

in the direction of S and grew laterally in P and R directions.

It is reported that extension twins nucleate when the local total stored energy density reaches a
critical value of the order 0.015 Jm™ (Paramatmuni et al. (2020)). The maximum value of stored
energy density at the twin nucleation site in Fig. 7(b) at 0.5% strain is 0.0158 Jm, which is
close to the reported critical stored energy density. This energy density is stored within local
GNDs, the density of which may vary with the mesh element size (in general, the reference
volume used to average the dislocation density (Arsenlis and Parks (1999)). However,
Paramatmuni et al. (2020) demonstrated that, although the mesh size (reference volume) does
affect the GND density, the order of magnitude remains the same (in their case, the magnitude
of GND density for four different mesh sizes remained between 14 to 15 (log10(m2))). This
implies that the order of magnitude of the stored energy density determined locally remains the
same for a range of mesh sizes. Thus it is suggested that the TOI nucleated at the critical stored
energy density of the order 0.015 Jm that occurs at 0.5% strain, which is further corroborated
by the crystallographic orientation of the parent grain that is oriented favourably for activation
of both basal slip and extension twinning. That is, although the parent grain orientation is
favourable for the nucleation of extension twins, it first activates basal slip, which is then
followed by extension twin nucleation. In addition, the global Schmid factor of the TOI is 0.30
(< 0.5), which implies that its nucleation occurs at strain levels greater than the nominal 0.2%
yield strain. This is verified by extracting the stored energy at 51 pm depth from 0-0.5 % strain

in steps of 0.1% applied average strain. Fig. 10(c) shows the stored energy from 0.1% -0.5%,
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where the stored energy density at the twin nucleation site is less than the critical value at

strains 0.1%-0.4%. The critical value is reached only at macroscale (average) strain of 0.5%.

While it is shown in independent studies that the von Mises stresses can locate twins (Ardeljan
et al. (2017)), a few other studies have also reported high GND density at the vicinity of twin
tips (Khosravani et al. (2015)). Thus the distribution of von Mises stresses, effective plastic
strain and the GND density are investigated by measuring these quantities along the paths
shown in Table 5. Fig. 11(a) shows the von Mises stresses at different depths of microstructure,
where the dashed line indicates the twin nucleation site. From this figure, the von Mises stress
is high both at 45 pm and 51 pm depths, which leads to ambiguity in locating the twin

nucleation site. Similarly, Fig. 11(b) shows the distribution of effective plastic strain, where it
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Figure 11: The distribution along the path at 51 pm as shown in Table 5 for (a) von Mises stress, (b) effective
plastic strain and (c) GND density, where the dashed line indicates the twin nucleation site.
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is high at the vicinity of, and not precisely at, the twin nucleation site at 51 um and 60 pm. In
addition, the plastic strain is also high at the normalized distance of 1 at 15 um and 30 um
depths. Thus the effective plastic strain also leads to ambiguity in locating the nucleation site.
The distribution of GND density in Fig. 11(c) shows interesting trends, where the GND density
is high near the twin nucleation site at depth of 51 um. Therefore, although the von Mises
stress, effective plastic strain and GND density appear relevant for twin nucleation, they do
not, in their own right, predict twin nucleation sites, similar to observations in the 2D analyses
of Paramatmuni et al. (2020). In addition to the above deformation fields, the twin resolved

shear stress is typically used to explain twin nucleation, which is now studied in detail.

Fig. 12(a) and (b) show the distribution for TRSS of all six twin variants, where the local stress
within the parent grain is resolved on six available twin planes and twin directions, along the
paths at depths of 51 um and 45 pm respectively. The TRSSs of variants 2 and 5 are consistently

lower than the other variants, while the variants 3 and 6 possess highest TRSSs. The
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Figure 12: The predicted distributions of TRSS measured along the GOI perimeters for each of the six twin
variant types at depths of (a) 51 um and (b) 45 um, where the dashed line in (a) indicates the twin nucleation
site.

experimental analysis shows that the variant 3 is active within the GOI. At 51 pum, the TRSS
for variant 3 is clearly the highest, which agrees well with the experimental observations.

However, the variants 3 and 6 show higher TRSSs at 45 um compared to that of 51 um. This
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implies that the TRSS criterion predicts the twin nucleation to occur at 45 um, which is in
conflict with the experimental evidence. Thus the TRSS criterion alone does not appear to
satisfactorily explain twin nucleation. However, from Fig. 10(a), the total stored energy shows
that the twin nucleates at 51 um without any ambiguity. While this only explains the twin
nucleation, employing the TRSS criterion at 51 um (where the twin is shown to nucleate) shows
that variant 3 has the highest TRSS, which is selected by the parent grain. Therefore, from these
analyses, the total stored energy density criterion locates the twin nucleation site within the

parent grain, while the TRSS criterion explains the variant selection.

4. Discussion

The crystal plasticity analysis shows that, while the effective plastic strain, von Mises stresses
and GND density are relevant to twin nucleation, they do not precisely locate the twin
nucleation site. It is shown that the total stored energy density, which is the fraction of plastic
energy that is stored in the material in the form of local dislocation structures, precisely locates
the twin nucleation site. This is reasonable as this criterion considers both the localization of
stresses (energy) and defects (dislocations) necessary for the nucleation of twins. Thus the
present results in conjunction with the previous work of Paramatmuni et al. (2020), show that
the stored energy criterion is necessary to predict the nucleation sites of both classical and non-

classical twins.

It is speculated in Paramatmuni et al. (2020) that in the case of classical twins, the TRSS
criterion may dominate over the total stored energy density while locating the twin nucleation
sites. The present study confirms that the stored energy density criterion is necessary to locate
the twin nucleation site, while the TRSS criterion explains the variant selection. In addition, it
is also shown in Paramatmuni et al. (2020) that the shear stored energy density (Sse), which is

a measure of that energy stored within the embryo of a potential active twin nucleus, predicts
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the active twin variant. According to this criterion, in the case of non-classical twins, the twin
variant that possesses minimum energy of formation is selected by the parent grain. On a
continuum scale, this energy was approximated to be equivalent to shear stored energy density

on a given twin variant B that depends on the local TRSS (t®), resolved plastic shear strain

(yE) and local dislocation structures as shown in equation (8) (Paramatmuni et al. (2020)).

oy

Ssg = :
JPSSD +Z?=1 plc;ND

(8)

This criterion is now investigated by measuring the Sse along the path at depth of 51 pum shown
in Table 5. Fig. 13 shows the distribution of Ssg, where it is least for variant 4 and highest for
variant 3. The energy density is high for variant 3 since its local TRSS, which is the highest

among all six variants as shown in Fig. 12(a), dominates the local energy density. This shows

0.01 :
51 micron —Variant 1
=Variant 2
Variant 3
0.008 - Varants
——Variant 6|
< 0.006
£
=
o
w . 0.004 "
0.002 ;
D 1
0 0.25 0.5 0.75 1

Normalized path length
Figure 13: The distribution of the shear stored energy density (Ssg) along the GOI perimeter on a section at a
depth of 51 um from the top surface.

that the Sse criterion proposed earlier seems not to explain variant selection in the case of
classical twins. It is to be noted that the TOI in this work is indeed classical and that it nucleated
within a parent grain well oriented for nucleation of twins. This implies that, in classical twins,
the TRSS criterion is sufficient to explain variant selection at a given twin nucleation site,

which is correctly located by the total stored energy density. Thus in summary, the current
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analysis confirms that the stored energy density is necessary to locate twin nucleation sites in
both classical and non-classical twins. Further, while the Sse criterion explains the variant

selection in non-classical twins, the TRSS criterion does so in the case of classical twins.

It is shown in Appendix A that the magnitudes in hotspots of total stored energy density at
depths of 60 um, 75 pm and 90 um within the GOI are less than the critical value for twin
nucleation reported in the current study. However, the numerical results in table 5 also show
high localized spots of stored energy density within neighbouring grains. In order to investigate
the magnitudes at these locations, the stored energy density is measured along specific paths
within neighbouring grains as shown in Appendix B. Among all the measured distributions in
Table B1 of Appendix B, the stored energy density exceeds the critical value within two grains
—grain Q at a depth of 15 um and grain P at a depth of 30 um. These distributions and their
implications are now investigated in detail. It is noted that the small-scale pillar is deformed to
4% strain as mentioned in section 2.2, while the numerical analysis is conducted until 1%
strain. The numerical results at 0.5% strain and the experimental results at 4% strain are shown
together in table 5 to indicate that the stored energy density reaches the critical value only at
51 um, where the TOI is expected to nucleate. It is, however, consistently lower than the critical
value at the boundary of GOI at depths greater than 51 um. Therefore, the presence of high a
density of twins within the GOI (except the TOI) and the neighbouring grains that possess
lower stored energy density in Table 5 (e.g. observe high density of twins in experimental
microstructure and corresponding lower stored energy density at the depth of 75 um), implies
that these twins are formed at higher strains (>1%) when the corresponding local stored energy

density reaches the critical value.

Fig. 14(a) shows the section of 3D microstructure containing grain Q and the path AB along
which the distribution of total stored energy density is measured. This distribution is shown in
Fig. 14(b), where the dashed line in the figure indicates the critical value for twin nucleation
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observed in this study. Here, the path begins at the vicinity of the RVE surface, where the
boundary effects are significant, and ends at the grain boundary. From Fig. 14(b), the total
stored energy density increases as the path progresses from the grain interior (close to the RVE
surface) towards the grain boundary, where it exceeds the critical value. This implies that the

current numerical analyses predict the presence of a twin at the boundary of grain Q at a
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Figure 14: Twin nucleation analyses for grain Q showing (a) the spatial distribution of the total stored energy
density at the depth of 15 um and the path AB along which the energy density is measured, (b) the distribution
of the total stored energy density along path AB, where the dashed line indicates the critical value of the energy
density reported in the current study, (c) the IPF map showing the microstructure for a section of grain Q and
the twin of interest at 15 pm depth, (d) the grain boundary misorientation map of the microstructure, (e) the
orientation analysis of the TOI in grain Q and (f) the distribution of TRSSs of all six twin variants along the
path AB
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depth of 15 pum. In order to confirm this further, the microstructure at 15 pm depth is
investigated in Fig 14(c) and (d). Fig. 14(c) shows the IPF map of this microstructure, where
the hexagon indicates the crystallographic orientation of grain Q. This figure clearly shows the
presence of a twin at the boundary within grain Q, where the total stored energy exceeds the
critical value in Fig. 14(b). In addition, the figure also shows the presence of a twin in the
adjacent grain, indicating a twin-assisted twin nucleation event. It is reported in other studies
that a grain boundary misorientation angle less than ~35° promotes twin-assisted twin
nucleation (Beyerlein et al. (2010), Khosravani et al. (2015)). The grain boundary
misorientation angles within the microstructure at a depth of 15 um are shown in Fig. 14(d).
From this figure, the boundary misorientation angle of grain Q at the location of interest is
~15°, which is favourable for twin-assisted twin nucleation. Thus, it appears that the twin
within grain Q nucleated when the local total stored energy density reached the critical value,
which may have then nucleated a twin within the adjacent grain. Therefore, this analysis,
similar to a previous study (Paramatmuni et al. (2020)), confirms that the total stored energy

density also locates the sites of twin-assisted twin nucleation events.

The next step after locating the twin nucleation site is the prediction of the active twin variant.
The active twin variant in this case is identified using the orientation analysis as shown in Fig.
14(e), where the analysis shows that the twin within grain Q belongs to variant type 3. Fig.
14(f) shows the TRSSs measured along the path AB (Fig. 14(a)) of all the available six variants.
From this figure, the TRSS of variant 3 is the highest at the vicinity of the grain boundary.
Thus, the current numerical analyses precisely locate the twin nucleation site and predict the

active twin variant in grain Q.

The next location of interest with high total stored energy density lies within grain P at a depth
of 30 um as shown in Fig. 15(a). The total stored energy density measured along the perimeter
of grain P is shown in Fig. 15(b), where the dashed line indicates the critical value of energy
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573  density. From this figure, the total stored energy density reaches the critical value at the triple
574  junction. However, the corresponding microstructure (IPF map) in Fig. 15(c) shows a twin
575 located away from the triple junction. As shown in the orientation analysis in Fig. 15(d), this

576  twin belongs to the variant type 3. In addition, the location of high total stored energy density

GJ/m2
+3.243e-02

0
0 0.25 0.5 0.75 1
A Normalized path length B
(b)
(0002) . Parent
Y-

. Twin - numerical

<> Twin = experimental

(d)

misorientation angle

Figure 15: Twin nucleation analyses for grain P showing (a) the spatial distribution of the total stored energy
density at the depth of 30 um and the path AB along which the energy density is measured, (b) the distribution
of the total stored energy density along path AB, where the dashed line indicates the critical value of the energy
density reported in the current study, (c) the IPF map showing the microstructure for a section of grain P and
the twin of interest at 30 um depth, (d) the orientation analysis of TOI in grain P and (e) the grain boundary
misorientation map of the microstructure.
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is at the vicinity of a high angle boundary (~60°) within grain P as shown in Fig. 15(e). In
summary, there appears to be a discrepancy between the twin nucleation site as predicted by
the stored energy density criterion and experimental observation of the twin. However, as the
observed twin is located at the vicinity of the triple junction, it may have indeed nucleated at
the triple junction either over or under the depth of 15 um. From table 5, while the total stored
energy density within grain P is less than the critical value at the depth of 15 pum, it is closer to
the critical value at 45 pm. Thus, the 3D volume is investigated further at depths >30 pm to
understand the discrepancy between the experimental observations and numerical analysis

observed at the depth of 30 um.

Table 6 shows the IPF maps, the spatial distribution of the total stored energy density, and the
latter measured along the specified paths at the depths of 33 um and 36 pum respectively in two
columns. The last row shows the TRSSs of all six twin variants measured along the path AB at
the depth of 36 um. From the microstructures in Fig. 15(¢c) and first row of table 6, it is evident
that the twin lamella develops closer to the triple junction with an increase in depth, which

suggests that the twin may have, indeed, nucleated at the triple junction. While the

Table 6 : Twin nucleation analyses of grain P at depths of 33 um and 36 um.

IPF Map

0001 121
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microstructure at 33 um shows a fully developed twin away from the triple junction, that at 36
um shows the twin tip located at the triple junction. Thus, this twin may have nucleated at the
depth of ~36 um. The spatial distribution of total stored energy density at depths of 33 um and
36 um show high stored energy density at the triple junction of interest (note that the maximum
value in the scale is limited to a energy density value of 0.016 Jm). Table 6 also shows the
energy density measured along the paths AB, which confirm that the energy densities at these
depths are higher than the critical value. Thus, this analysis confirms that the twin nucleated at

a depth of ~36 um. As twin nucleation is a local plastic relaxation phenomenon, if the
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progressive twin formation were to be included, it is feasible that the nucleation of the twin at

36 um would relax and redistribute the total stored energy density at 33 um and 30 um depths.

Further, in order to assess the variant selection, the TRSSs of all six twin variants are measured
along path AB at 36 um depth, which is shown in the last row of table 6. The vertical dashed
line in this figure indicates the location corresponding to high total stored energy density. The
magnified view shows the distribution of TRSSs at this location of interest. From this figure,
while only variants 3 and 6 possess positive TRSSs, the TRSS of variant 3 is greater than that
of variant 6. Thus, the numerical analysis predicts the activation of variant 3, which is in line
with the experimental observations made in Fig. 15(d). Thus, these analyses further indicate
that while the total stored energy density criterion successfully predicts slip-assisted nucleation
of twins, the TRSS criterion predicts the active classical twin variant at depth of 36 um within

grain P.

Thus, it is now demonstrated in three independent cases that the total stored energy density
precisely locates the classical twin nucleation sites. The GOI investigated in table 5 and the
grain P provide strong evidence that it is absolutely necessary to study the nucleation of twins
in 3D. For instance, considering only the 2D numerical results of grain P at a depth of 30 um
would lead to incorrect prediction of the twin nucleation site. Similarly, locating the
approximate site of twin nucleation within the GOI in Fig. 7 required detailed analysis of a few
sections of 3D reconstructed microstructure. This implies that while the 2D analyses are only
indicators and provide some understanding of twin nucleation, they neither lead to precise
location of the twin nucleation sites nor provide mechanistic insights into their formation. This
is in-line with other numerical studies that demonstrated the importance of studying the 3D
microstructure to understand the evolution of local deformation variables (e.g. Zhang et al.
(2015)). In summary, the current study demonstrates that it is necessary, where possible, to
investigate twin nucleation in 3D by integrating numerical with experimental analyses.
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The crucial aspect in understanding microscopic properties within a given grain is the boundary
effects imposed by the neighbouring grains. These effects could either be soft, that is the
neighbouring grains are allowed to deform independently or hard, where the neighbouring
grains impose boundary effects on the grain of interest (Zhang et al. (2015)). The former is
achieved by using the part-constrained BCs, while the latter is achieved using the uniform
displacement (planar) BCs. Recently Zhang et al. (2015), in their crystal plasticity finite
element framework, demonstrated that the hard BCs satisfactorily reproduce the experimental
lattice reorientation. The periodic BCs are more realistic, which vary with the local
heterogeneity within the RVE (e.g. Kumar et al. (2006), Zhang et al. (2007), Heripre et al. (2007),

Abdolvand et al. (2011)).

In order to understand the effect of BCs, the sub-region of microstructure shown in Fig. 8(c) is
subjected to uniform displacement (planar) BCs as shown in Fig. 16(a). Fig. 16(b) shows the
spatial distribution of stored energy density at 0.7% strain at a depth of 51 um, where the twin
is shown to nucleate within the GOI. The qualitative observations show two hotspots, D and
C, of the total stored energy density within the GOI. In order to understand this distribution,
the energy density is measured along the path indicated in Fig. 16(b), which is similar to that
shown in table 5 at depth of 51 um. Fig. 16(c) shows the distribution of the energy density,
where it is higher than the critical value at both the locations D and C. The distribution of the
TRSSs of all six twin variants along the path indicated in Fig. 16(b) is depicted in Fig. 16(d).
This distribution, which is strikingly similar to that in Fig. 12, clearly shows that the TRSS of
variant 3, which is the experimentally observed active twin variant, is highest at location D
compared to that of C. That is, both the twin nucleation and the variant selection are driven
more at location D. If progressive twin formation were to be considered explicitly, the
formation of a twin at location D would relax and redistribute the energy density at location C,

as twin nucleation is a stress relaxation phenomenon. Thus, the planar uniform displacement
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Figure 16: Twin nucleation analyses within the GOI using uniform displacement (planar) boundary conditions
showing (a) the RVE and the applied boundary conditions, (b) the spatial distribution of the total stored energy
density at a depth of 51 pm at 0.7% strain, where D and C indicate hotspots of energy density within the GOI,
(c) the distribution of the energy density along the path and (c) the distribution of TRSSs for all six twin variants
along the path shown in (b).

BC also predicts the twin nucleation at the same location as that of periodic BCs. However,
while the former predicts the nucleation to occur at 0.7% strain, the latter does so at 0.5% strain.
These differences in the numerical results are expected as the BCs have considerable influence

on the interaction between the GOI and its neighbours.

The current study shows that the TRSS criterion is sufficient to explain twin variant selection
in the case of classical twins. However, the magnitude of the TRSS of variant 3 within the GOI
(Fig. 12) at the twin nucleation site is ~75 MPa, which is about 2-3 times the CRSSs (25-40
MPa) reported elsewhere (Liu et al. (2017), Paramatmuni and Kanjarla (2019), Jeong et al. (2018)).
In addition, other studies have also shown that the yield stress (and therefore the CRSS) in
twinning dominated yielding decreases with an increase in grain size (Barnett et al. (2012)).

These observations imply that for the grain size (55 pum) of the material used in the current
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study, much lower magnitudes of TRSSs should be expected. However, the previously reported
CRSSs values are averaged single crystal properties. The TRSSs reported here are local and at
the periphery of the GOI, which are high due to the highly localized accumulation of material

defects at grain boundaries that result in high local stresses.

This effect, and that of grain boundaries, is investigated by simulating uniaxial compression of
a micropillar, which is devoid of any heterogeneities such as grain boundaries. In a micropillar,
the heterogeneous deformation, if any, is typically due to the geometry or inherent deformation
behaviour of the material. A pillar FE model, comprising 2904 elements, with square cross
section of size 5 um, taper angle 2° and an aspect ratio of 1:2.6 is used, which is similar to other
independent experimental studies (e.g. Jeong etal. (2018)). Fig. 17(a) shows this pillar
supported by a single crystal base with the same crystallographic orientation. This micropillar
and the base are assigned the material properties shown in section 2.3 and the crystallographic
orientation of the GOI. It is loaded along the Z direction in compression at the strain rate of
0.001 s* to 2% strain. The accumulated total stored energy density during deformation reaches
a critical value at macroscopic strain of 0.8% and at 633 (macroscopic stress along the loading
direction) of 80 MPa. Fig. 17(b) shows the spatial distribution of stored energy density and Fig.
17(c) the TRSS of variant 3, and the path XY in Fig. 17(b) along which these quantities are
measured. The figure also shows heterogeneous deformation with high localisation of stored
energy density and TRSS on the surface of the pillar. This is consistent with other studies that
reported the nucleation of twins on the free surface of micropillars (e.g. Liu et al. (2017)). Fig.
17(d) and (e) show the distribution of stored energy density and TRSSs of all six variants
respectively along the path XY, where the dashed line indicates the location of high stored
energy density that is greater than the critical value of 0.015 Jm. Fig. 17(e) shows that variants
3 and 6 possess high TRSSs compared to other variants. At the high stored energy density

location, the TRSS of variant 3 is ~40 MPa, while that of variant 6 is ~36 MPa. These TRSSs
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Figure 17: The single crystal deformation analysis showing (a) the isometric view of pillar configuration and
magnified view of the pillar, the spatial distribution of (b) total stored energy density and (c) the TRSS of
variant 3, where the path in (b) indicates that along which the (d) total stored energy density and (e) TRSS of
all six variants are measured.

are greater than the CRSSs reported in independent experimental studies (Liu et al. (2017),
Jeong et al. (2018)). However, these experimental studies typically report average CRSSs as
opposed to the local TRSSs shown in Fig. 17(e). In order to put the current results in the context
of the literature, the average TRSS (TRSSs in elements averaged over the entire micropillar in
Fig. 10(a)) at 0.8% strain is determined for variant 3, which is found to be 29.2 MPa which is

close to the CRSSs of 29 MPa (Liu et al. (2017)) and 32 MPa (Jeong et al. (2018)) reported in
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other experimental studies. Further, the maximum stored energy density in Fig. 17(d) is 0.017
Jm, which is close to the stored energy density of 0.0158 Jm™ at the twin nucleation site in
Fig. 10(a). For these similar stored energy densities reported in the single crystal (Fig. 17(d))
and polycrystal (Fig. 10(a)) settings (for the same crystallographic orientation), the
corresponding TRSSs are ~40 MPa and ~75 MPa respectively. This suggests that the TRSS
magnitudes reported in Fig. 12(a) are high as a consequence of grain boundary effects and local
constraint but, as the analysis above shows, are completely consistent with the independent

measurements of average TRSSs values in the literature.
5. Conclusions

In summary, we have undertaken a 3D investigation based on 3D-EBSD of deformed
micropillars and crystal plasticity modelling to better understand the environment leading to
twin nucleation. Our experimental and modelling results show a high degree of alignment and
suggest that the total stored energy density can precisely locate the twin nucleation site in the
case of classical twins, where the nucleation is driven by local dislocation structures in
favourably oriented parent grains. Further, based on the evolution of stored energy density with
deformation history and the parent grain orientation, it is observed that these classical twins
nucleate at a critical stored energy density of the order 0.015 Jm™, which is similar to that of
the non-classical twins. It is shown that the variant selection in the case of classical twins is
driven by the local resolved stresses instead of the previously shown shear stored energy
density, which explains variant selection in non-classical twins. However, the orientation of
the parent grain in the current study is such that it nucleates basal slip before the extension twin
and the global Schmid factor of the twin is ~0.3. The extreme case in this scenario is the
orientation of a parent grain that is favourably oriented only for extension twinning, where the
global Schmid factor is ~0.5. In such cases, where the parent grain preferentially activates
extension twins before slip, the validity of the stored energy criterion needs to be explored. In
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addition, the availability of 3D information of twins allows detailed investigation of twin

growth and variants selection, which may form scope of future work.
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Appendix A. The distribution of total stored energy density within the grain of interest at

depths of 60 pm, 75 pm and 90 pm

Table 5 shows hotspots of total stored energy density within the grain of interest (GOI) at the
depths of 60 um, 75 um and 90 um. In order to investigate the magnitudes at these depths, the
energy density is measured along three additional paths that pass through these hotspots. Fig.
Al shows these paths and the corresponding total stored energy density at 0.5% strain, which
clearly demonstrate that the latter is indeed less than that observed at the boundary of the GOI
at 51 um depth. That is, the total stored energy density, which is argued here to locate the slip-
assisted twin nucleation sites, is highest at the grain boundary compared to that of grain interior.
This agrees well with the experimental evidence that the slip-assisted twin nucleation typically

occurs at the grain boundaries.
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Figure Al : The distribution, both spatial and along the defined paths (AB), of total stored energy density within
the GOI at the depths of (a) and (b) 60 um, (¢) and (d) 75 um, and (e) and (f) 90 um. The dashed lines indicate
the magnitude of total stored energy density (0.0158 Jm™) at 51 pm depth.

Appendix B. The distribution of total stored energy density within neighbouring grains

The numerical results in Table 5 show hotspots of the total stored energy density within
neighbouring grains. In order to understand the magnitude of these distributions, the total stored
energy density is measured along the perimeters and in the interiors of the neighbouring grains
that possess high energy density. Table B1 shows these paths and corresponding total stored

energy density. This quantification demonstrates that the energy density is less than that of the
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749  critical value within majority of neighbouring grains except within grains P and Q at the depths

750  of 15 um and 30 pum respectively. These sections of the 3D microstructure are analysed in

751  detail.

Table B1 : The sections of microstructure showing the spatial distribution of total stored energy density and

that measured along the specified paths in the neighbours of the GOI

Stored energy density (FE model)

Total stored energy density measured along
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