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Abstract

Understanding the deformation mechanisms of hexagonal close-packed (HCP) polycrystals at the grain
scale is crucial for developing both macro and micro scale predictive models. Slip and twinning are the
two main deformation mechanisms of HCP polycrystals at room temperature. In this paper, the
development of grain-level stress tensors during nucleation and growth of twins is investigated. A pure
zirconium specimen with HCP crystals is deformed in-situ while the centre-of-mass, orientation, elastic
strain, and stress of individual grains are measured by three-dimensional synchrotron X-ray diffraction
(3D-XRD). The observed microstructure is subsequently imported into a crystal plasticity finite element
(CPFE) model to simulate the deformation of the polycrystal. The evolution of stress in twin-parent
pairs at the early stages of plasticity, further into plasticity zone, and unload is studied. It is shown that
twins do not relax very much at the nucleation step, but the difference between the measured stress in
the twin and parent increases further into plastic zone where twins relax. While at the early stages of
plasticity all six twin variants are active, a slightly better estimation of active variants is obtained using
the measured grain-resolved stress tensors.

Keywords: Hexagonal close-packed crystals, Zirconium, Synchrotron X-ray Diffraction, crystal
plasticity finite element, twinning
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1. Introduction

Understanding the deformation mechanisms of polycrystalline materials has been at the centre of many
studies for decades. In metals and alloys, plastic deformation is controlled by the movement of
dislocations on a particular plane in a particular direction, i.e. slip. In the absence of “easy” slip systems,
deformation twinning may become active where a discrete domain of the crystal reorients to
accommodate the applied strain through the twin transformation strain. In hexagonal close-packed
(HCP) polycrystals deformation by twinning is often active. When all twinned zones orient towards one
unique direction, a large macroscopic strain equal to the twin transformation strain will be observed,;
however, when different variants of the same twin system become active, the effects of the
transformation strain from different twins will be homogenised. While it is known that the formation of
a twin alters the local state of stress within the parent grain, it has proven to be challenging to quantify
the state of deformation within the parent and the twin. This paper focuses on quantifying the evolution
of stress in twin and parent pairs, and on how different twin variants become active while deforming a
polycrystalline zirconium specimen.

Since deformation twins nucleate and grow with mechanical loading, it is challenging to measure elastic
strains within twins, especially at the early stages of plasticity when the size of twins is small.
Diffraction based experimental techniques are mainly used to quantify load partitioning between twins
and parents [1-9]. For example, the development of internal lattice strains during twinning and
detwinning of magnesium alloys is studied using neutron diffraction [10-12]. It is generally shown that
changing the direction of applied load directly affects twinning and detwinning. The lattice strains
measured with neutron diffraction have significantly improved our understanding of load sharing
between twin and parent grains, yet in such measurements, the local interactions between grains is
usually homogenized. Such interactions can be characterized using higher resolution techniques. For
example, three dimensional synchrotron micro-Laue X-ray diffraction was used to study twinning and
de-twinning in Mg alloys where it was shown that lattice strains measured inside a parent decrease
towards the twin interface [13]. Using the same technique, Kumar et al [14] measured the stress tensor
within a parent grain and showed that the stress is localized at the vicinity of the twin boundary. While
these studies provide valuable insight into understanding twinning, they are mainly conducted on a few
twin-parent pairs.

A better statistical analysis of twins can be provided by the use of electron diffraction [15-18]. For this
purpose, the high angular resolution electron back scatter diffraction (HR-EBSD) technique is mainly
used [19-21]. For example, Guo et al [22] used HR-EBSD to measure localized stress fields around
twins in titanium. They showed that, a better estimation of active twin variant can be achieved if the
measured local stresses are used for determining Schmid factor. With the use of the same technique,
Khosravani et al [23] showed that, while both first and second predominant twin variants are active in
magnesium, slip transfer from a soft grain to a hard grain can trigger formation of twins in the hard
grain. In this context, grains that have “easy” slip systems and undergo plastic deformation by prism or
basal are called plastically “soft” whereas those that lack easy slip systems are plastically “hard” grains.
In addition, nano-beam electron diffraction was recently used to understand how strain fields around
twin boundaries are affected by twin morphologies. It was observed that elastic strains accumulate at
the vicinity of semi-coherent twin boundaries within the parent grain [24].

In addition to experimental measurements, numerical modelling techniques have been used to
understand the interactions between twins and parent grains [25], twins and twins [26], and twins and
slip bands [27]. For modelling twins at meso-scales, crystal plasticity is used in the self-consistent [28—
31], fast Fourier transform (FFT) [32], and finite element frameworks [33,34]. For example, Want et al
[31] have recently developed a self-consistent model for simulating twinning and de-twinning in
magnesium. They found that less internal strain develops in hard grains surrounded by hard
neighbouring grains. By adapting the self-consistent framework, Barrett et al [35] studied the
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deformation behaviour of a-uranium and found that twinning and de-twinning control the response of
uranium during a load reversal. In addition, Grilli et al [36] used crystal plasticity finite element (CPFE)
to characterise slip and twin activity in the same material. It was shown that for replicating the
experimental data measured by digital image correlation, it was important to consider the interactions
between coplanar twins in full-field models. More recently, the CP-FFT full-field modelling scheme
was used for studying twins [37,38]. For example Paramatmuni and Kanjarla [39] have developed a
CP-FFT model to study the interaction of twins and their corresponding parents. This model shows that
the evolution of stress in parents and twins depends on their misorientation with respect to the loading
direction.

The further development of full-field numerical models requires the measurement of comprehensive
experimental data sets that can explain the interaction between twins and their corresponding parents.
In this paper, three-dimensional synchrotron X-ray diffraction is used to measure the evolution of stress
in individual twin and parent pairs. The centre-of-mass (COM), orientation, relative volume, elastic
strain, and stress for individual grains is measured during in-situ deformation of a pure zirconium
specimen. Post-processing procedures are developed to find twins and their corresponding parents and
track them during early stages of plasticity, further into the plasticity zone, as well as unload. Special
focus is given to evolution of stress within the identified pairs and variant selection at the early stages
of macroscopic plasticity.

2. Experiment

2.1 The experiment

Specimens were cut from a pure zirconium bar that was heat-treated at 650 °C for two days and
subsequently slow cooled to room temperature. The heat treatment was done to recrystallize grains and
reduce as much as possible the residual stresses that existed in the bar. The tensile specimen was cut
from the radial-transverse face of the bar with the c-axis of HCP crystals oriented towards and
perpendicular to the loading direction. The pole figure of the specimen, measured with EBSD prior to
the 3D-XRD experiment, is shown in Fig. 1la. The specimen was cut using electrical discharge
machining with the geometry shown in Fig 1b. The final cross section of the specimen after mechanical
and electro- polishing was 0.78mm x 0.67mm.

The in-situ 3D-XRD experiment was conducted at ID11 at the European Synchrotron Radiation Facility
(ESRF), France. The coordinate system of the specimen is shown in Fig. 1b and is defined based on the
loading direction (LD), X-ray beam direction (BD), and transverse direction (TD). The experiment was
carried out by illuminating the specimen with a planar beam of monochromatic X-rays with the energy
set at 78.395 keV. The beam height was initially set at 40 um where 25 layers of the specimen were
measured to cover 1 mm height of the specimen. To avoid overlapping of broadened diffraction peaks,
the height of the beam was reduced to 25 pum towards the end of the experiment and the number of
scanned layers increased to 40 to cover the same specimen volume. The specimen was mounted on an
ADMET tensile rig and was deformed with the average strain rate of 10° s™. The axial force was
measured by a load cell and the applied strain was monitored by a strain gauge attached to the specimen.
For collecting diffraction patterns, the specimen was rotated around the LD in the angular range of
[—234.5° to —125.5°] and [—54.5° to 54.5°] at the step size of 0.25°. The diffraction patterns were
collected on a Frelon2K detector with 2048 x 2048 pixels with each pixel size of 50 x 50 um?. The
distance between the specimen and the detector was fixed at approximately 312 mm.
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Fig. 1. (a) The measured (0002) pole figure of the undeformed specimen. (b) A schematic of the specimen with the
coordinate system used in this paper. (c) An example of the twin-parent pairs found in Step-4. Grains are colour
coded with respect to their c-axis misorientation with the loading direction and the size of each sphere is proportional
to the measured relative volume of the grain. In (a) and (b) LD, BD, and TD refer to loading, X-ray beam, and
transverse directions.
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Diffraction patterns were collected at 9 different loading steps; in the first step, Step-1, the specimen
was preloaded to 8 MPa (see Fig 2c¢). The collected patterns at this step were used to calibrate the single
crystal lattice parameters of pure zirconium. In the Step-2, the specimen was deformed to an axial strain
of 0.257% , which is in the elastic zone but close to the onset of plasticity. This was followed by three
more measurements performed at the early stages of macroscopic plasticity, i.e., at the applied strains
of 0.355%, 0.565%, and 1.087% for Step-3, Step-4, and Step-5, respectively. In addition, three more
measurement steps were performed in the plastic zone where the specimen was deformed up to 2.6%.
The specimen was finally unloaded in Step-9 and the residual stresses were measured. For each
measurement step, firstly the positions of the grips of the deformation rig were fixed, the specimen was
realigned, and diffraction patterns were subsequently collected. During the alignment and pattern
collection, the specimen relaxed, and creep was observed in the gauge length of the specimen. Both
macroscopic stress and strain were recorded for CPFE modelling.

2.2 Post-processing procedure

The post-processing of the collected patterns was mainly done by developing python codes to use the
subroutines embedded in Fable (https://github.com/FABLE-3DXRD) and ImageD11 for peaksearching
and indexing grains. Once grains of each layer were identified, they were used to reconstruct the 3D
grain maps by adding layers and merging the common grains. Peaks assigned to each grain were used
to determine 12 grain properties: three positions, three orientations, and six strain components or lattice
parameters (a ,b, ¢, a, B, v) [40]. On average, more than 97 peaks were assigned to each grain allowing
to determine both grain properties and “errors” associated with them. The method used for calculating
errors is explained in Oddershede et al [41]. At the preload, a set of initial lattice parameters were
defined to calculate elastic strains for individual grains. The weighted average of the corresponding
stress was then calculated and used for adjusting the “stress-free” lattice parameters. This procedure
was conducted for the seven layers of the probed volume. An average of the acquired lattice parameters
from the seven layers was subsequently used for calculating strains across the all 25 layers. When the
stress from all layers was equal to the applied stress, the initial lattice parameters were deemed to be
converged. The fitted lattice parameters for preload were used, without any alteration, for all other
loading steps to determine elastic strain within individual grain. Also, at the preload and unload steps,
any deviation from the “stress-free” lattice parameters was assumed to arise from residual stresses.

Since the scope of this study is to investigate the evolution of stress within individual grains, the
measured 3D maps from each step were compared to other steps to match grains following the
procedure described in [42,43]. The grains that were not matched between any two consecutive steps
were considered as potential twins that nucleated in between the steps. For determining twin-parent
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pairs, the layer at which the twin was found was firstly determined and codes were developed to search
for a parent grain in the same layer in the vicinity of the twin. A twin-parent pair is defined when (a)
one of the variants of {1012} tensile twinning system could be identified as the common habit plane,
(b) the misorientation between the c-axis of the twin and the parent was 85.25°+1.5°, (c) the distance
between the twin and parent was less than the summation of their radii and (d) only one unique parent
could be identified. With the procedures developed for matching twin-parent pairs in this paper, it was
possible to determine grains with multiple twins.

3. Crystal plasticity model

The development of accurate constitutive models for simulating nucleation and propagation of twins in
the finite element framework is an active research area [44-48]. In this paper, however, CPFE modelling
is used to investigate the evolution of stress only in the parent grains and to simulate how the
crystallographic texture evolves with formation of twins. A detailed numerical study discussing
constitutive modelling of twins is underway. The details of the model used for simulating plastic
deformation by slip and twinning can be found in [49], only a brief description and the changes made
to the model is provided here. The total velocity gradient (L) can be decomposed to its elastic (L¢) and
plastic (LP) parts, where in the presence of twinning, LP at each integration point (IP) can be written as:

LP=01- ffW)Zsay +Nztvfst ¢ D

where S represents the Schmld tensor that can be calculated using the dyadic product of the normal to
the slip/twinning plane and slip/twinning direction. NS and N*" represent the number of slip and
twinning systems and ¥ is the relative volume of the twin at a given IP. Here, we assume that no
plasticity takes place in the twinned zone and that the stress in the twin is equal to that in the parent.

The shear strain rate (y*) on each slip or twinning system is calculated using a rate-dependent equation
[50]:

a,n %
YE=7¢ 77 sign(g—a) (2)
where y§ is the reference shear rate of the slip or twin system, t%is the resolved shear stress acting on
the slip or twinning plane and g“ is the current critical resolved shear stress (CRSS) for the slip or

twining system It can be assumed that the evolution of twin volume fraction (f ) correlates with y ¢,

e ftW = ytw, where y£W is the characteristic twin shear, which is 0.169 for zirconium. The resolved
0

shear stress (t%) on each slip system is calculated using the symmetric part of the Schmid tensor (P%)
and the Kirchhoff stress (¥):

% =pP* Y (3)
The Jaumann rate of Kirchhoff stress (¥) is calculated as:

Y =C:D®where ¥ =¥ — Q°W + @¥n° (4)
where C is the stiffness tensor, and D¢ and £2¢€ are the elastic parts of the deformation rate and spin
tensor, respectively. They can be calculated using the symmetric and asymmetric parts of L®.

The strength of each slip system (g%) is assumed to follow an extended Voce hardening rule [51]:

6aT
g% =g¢ + (g1 +61T) (1 —exp (—g—>) (5)

1
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where g“ is the current CRSS, g§ is the initial CRSS, T is accumulated shear on all slip/twinning
systems, 6§ is initial hardening rate, and g and 85 determine asymptotic characteristics of hardening.
A cubic volume with the side length of 400 um, located in the centre of the 3D-XRD probed volume
was meshed for CPFE modelling. First order cubic elements (C3D8) were used for meshing the
simulation cube. To assign a grain orientation to each element, the weighted Voronoi tessellation
scheme described in Abdolvand et al [52] was used:

C; = {X € Rd|||X—Si||2 —w? <||X_5j”2 _WJ'Z’i ij} ©

where X is the position vector of the element C; in the cube, s; is the position vector of the seed point
of the grain i, and w; is the radius of the same grain measured by 3D-XRD. To determine the seed point
of each grain, Eqg. 6 is solved in two steps. In the first step, s; is replaced by the measured COM,; of the
grain Gi. This results in a new COMy for G; which does not necessarily coincide with the actual
measured COM,;. In the second iteration, s; is set equal to 2COMp- COM;. An example of the simulation
cube imported into Abaqus FE solver is shown in Fig. 2a where 108 IPs were used to discretise 1335
grains, i.e., more than 749 IPs per grain.

To simulate the experiment, the model was first cooled down to room temperature to model the thermal
residual stresses that develop during the heat treatment. The coefficients of thermal expansion for single
crystal zirconium are 5.3 x10® and 10.1x10® 1/°C along the crystal a- and c-axis, respectively [53].
Although the positions of the grips were fixed during each measurement step and total elongation of
the specimen was constant, deformation creep was observed over the gauge of the specimen. Hence,
the “as-measured” strain rate of each step was applied to the model as a velocity. This was done by
dividing each measurement step into three sub-steps; in the first sub-step, the specimen was deformed
to a peak load, in the second sub-step the specimen relaxed while realigning, and in the third sub-step
the specimen relaxed during the collection of diffraction patterns. The recorded strain and time at the
beginning and end of each sub-step were used to calculate the applied velocity to the model. In Fig 2b,
the recorded strain-time during the experiment is compared with the calculated one from the CPFE
model. It can be seen that the applied velocity successfully replicates the measured strain-time curve.
In Fig. 2c, the corresponding stress-strain curve from the CPFE model is compared to the one measured
during the experiment.

a. b. c.
: 3
——Measured Strain 500 Step-4  Step-5 Step-6
i Step-7
®
400
— ]
x 300
)
3
& 200
100 —&—3D-XRD
0
0 2 4 6 8 10 0 0.5 1 1.5 2 25 3
Time (Sec) «10% (applied o

Fig. 2. (@) The simulated microstructure imported into the finite element solver. (b) A comparison between the in-
situ measured strain and the calculated strain from the model. (c) A comparison between the in-situ measured and
simulated macroscopic stress strain curve.

The slip systems considered in the modelling are prismatic(1120), basal {1120), and pyramidal (1123)
with the {1012} (1011) twinning system included as pseudo slip. The strain rate and hardening
parameters used for each slip or twinning system are provided in Table 1. The elastic constants of
zirconium single crystal were taken from Fisher and Renken [54]: C1:=143.5 GPa, C33=164.9 GPa,
C12=72.5 GPa, C13=65.4 GPa, and C4=32.1 GPa. No twins existed in the model in the first increment,
but nucleation was allowed when the relative volume fraction of a “possible” twin at an IP reached a
critical value, i.e. 0.03. At this stage, the orientation of the twin was determined by reflecting the parent
orientation across the twin habit plane as explained in Abdolvand et al [49]. No stress calculation was
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done for the twinned domain and it was simply assumed that stress in the twin was equal to that of the
parent.

Table 1: The single crystal properties of zirconium used in CPFE modelling [49]

n Yo(s™) 9o (GPa) g1 (GPa) 05 (GPa) 01 (GPa)
Prism 20 3.5x10* 0.12 0.33 0.01 0
Basal 20 3.5x10* 0.168 0.22 0.05 0
Pyramidal 20 1.0x10* 0331 0.27 0.62 0.28
Twinning 20 1.0x10* 0.25 02 0.05 0

4. Results

In all results presented, a1, g52, 33, represent the normal stresses measured along the beam direction,
the transverse direction, and the loading direction, respectively.

4.1 General trends

The statistics of the 3D-XRD experiment for the measured volume are shown in Table 2. At the preload
(Step-1), 11703 grains were indexed with an average of 119 peaks per grain. It is shown that all volume
average stress components are close to zero except for a3, which increases with the macroscopic stress.
The grain weighted average for o35 falls in between the maximum macroscopic stress measured for
each step and the one at the end of the pattern collection when the specimen is relaxed. Due to the
conservative criteria imposed in the grain indexing codes and plasticity-induced peak smearing, the
number of measured grains drops with increasing strain, except for the unload step (Step-9) where
elastic strain and rotations are restored, and it was possible to index more grains. The average number
of peaks per grain, however, is more than 97 for all steps. The measured error bar for each stress
component is also provided in Table-2.

Table 2: 3D-XRD measurement steps and statistics.

Ste Applied Applied stress No. of No. of Grain weighted average of stresses with estimated Beam
|Dp Description Strain (MPa) ra{ins Peaks per errors (MPa) height
% Start* End** g grain 011 [ 033 03 043 (2P (um)
-4.0 0.3 1.6 0.1 0.3 -1.0
! Step-1 0.001 8 8 11703 119 $175  +133  +114 32 34 43
2 Step-2 0.257 180 172 11308 118 +::L6638 ;&26 iig'g +°3'21 +13'43 j‘i
3 Step-3 0.355 233 226 11087 117 -;f;lg ij > figé 32'79 é‘;’ - j"‘(‘)
4 Step-4 0565 | 297 274 10995 115 ;5585 +if7 i%é 32'98 +§'33 é‘g 40
5 Step-5 1.087 321 295 10578 109 +-22i10 ;11587 fiég +13'19 &61 éz
6 Step-6 1.524 329 304 9071 105 +369 5 &'91 5 iﬁg 3478 f;z é%
7 Step-7 1.890 335 310 8042 102 +1229'75 +gf7 iigg f5'84 +15'38 +173é
20.3 3.1 327 2.4 0.3 -1.4
8 Step-8 2.600 344 306 7312 97 10 137 380 180 56 110
+44, +32. +28. +8. +8. +11. ’s
17.8 322 -3.9 0.8 0.2 2.7
£ sigpe e £ g e o +433 314 273  +7.6 84 107

*Measured at the end of reloading; ** Measured at the end of pattern collection. *XMeasured strain at unload

In Fig. 3. the propensity of the misorientation between the HCP crystals c-axis and the beam direction
(B) for different steps are shown. The specimen was cut so that HCP crystals have their c-axis both
along the LD and TD so that with loading, a combination of both twinned and un-twinned grains can
be studied. The twinned grains are mainly the “hard” grains with their c-axis along the LD and since
tensile twinning results in 85° reorientation, twins will appear along both TD and BD. In the undeformed
specimen, only a few grains had their c-axis along BD (see Table 3), hence, we plot the propensities
with respect to BD to avoid mixing parents with twins. For each step, propensities are determined by
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the number of grains measured for a given § range to the total number of grains indexed for the same
step.

a. b.
0.3 All grains Twins
| Il step-2 Bl step-2
-Step-4 w60t Bl Step-4
c
- Bl Step-5 = Il Step-5
f 2
= 0.2 Step-6 2 Step-6
c [ Istep-8 S 40 [ Istep-8
8 5
£ 04 g
i 5 20
Z
0
0 20 40 60 80 0 20 40 60 80
B (Deg) B (Deg)

Fig. 3. The distribution of B for (a) all grains and (b) only twins, at different measurement steps. g is the rotation
angle between the HCP crystal c-axis and the beam direction.

In Fig. 3a, the propensity of g for all grains is shown. It can be seen that, while the propensity of grains
with B > 75° decreases, that of grains with f<25° increases. This shows that twins form with tensile
loading, where a fraction of parent grains transforms into twins. Since £ for twins spread from 0° to
90°, i.e. from BD to TD, the propensity of twins is overshadowed by those from parents. Hence, the
number of twins as a function of g is plotted in Fig. 3b. In this figure, only the twins that were
successfully matched with parent grains are shown. It can be seen that in Step-2 only a few twins exist,
but with further loading, the number of twins increases where a peak is observed at § = 25°. At the
early stages of plasticity, a rapid growth in the number of twins is observed, e.g in steps 3, 4, and 5, but
the number of captured twins has relatively stayed the same for steps further into the plasticity zone,
e.g., steps 6, 7, and 8.

Table. 3. Results from twin-parent matching process

Step Number of grains Number of grains Number o_f
with 8 < 30° with 8 < 40° matched pairs
Step-1 7 53 16
Step-2 18 82 80
Step-3 34 100 113
Step-4 87 189 282
Step-5 187 341 499
Step-6 196 354 506
Step-7 181 303 410
Step-8 212 348 492
Step-9 255 431 591

The number of captured twins from the developed matching method is provided in Table 3. In order to
confirm the validity of this method, the number of matched twins is compared with the total number of
grains with £ less than 30° and 40°. This can be considered as a “validation” test for the developed
matching method as S was not used for defining a twin or a pair. In Table-3, it is shown that it was
possible to track 16 pairs back to Step-1. We believe that these pairs formed during polishing of the
specimen. This number falls in between 7 and 53 grains that have their 8 less than 30° and 40°. It is
worth mentioning that twins form with their c-axis both along BD and TD and the numbers presented
in the second and third columns of Table 3 only show a fraction of twins, not all of them. Nevertheless,
the observed trends are consistent from the two methods; for example, the number of twins jumps in
Steps 3, 4, and 5 and stays unchanged in step 6, 7, and 8. The reduction observed in Step-7 is due to
plasticity and significant peak smearing that reduces the number of indexed grains; however, due to
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reducing the X-ray beam height in the subsequent step (Step-8), a better grain indexing rate was
achieved and the number of pairs returned close to what it was in Step-6.

In order to determine the smallest twin size indexed in this experiment, the measured relative volumes
for twin-parent pairs are used. Grain size for parent grains is defined as grain diameter assuming that

grains are spherical and space filling. Since twins are lenticular, if we assume that they cut through their

parent grain, their thickness can be determined as tt = %, where V7 is the volume of the twin from

mDp
peak analysis, and Dp is the diameter of its corresponding parent grain. With the use of this analysis,
the thickness of the smallest twins at Step-2 and Step-3 are 0.051 um and 0.059 um respectively. If
these twins were assumed to be spherical, their diameters would respectively be 11.5 um and 14.3 um.

The distribution of g33 and evolution of texture are shown in Fig. 4. The results shown in Fig. 4a-4h
are the (0002) pole figures from 3D-XRD, where each circle represents a grain, with the colour being
proportional to the measured a3 and the size being proportional to the measured relative volume for
the grain. Similarly, the results for the modelled grains are shown in Fig. 4i-4l. To better show the
variations, the limits of the colour bars are rescaled for each of the sub-figures. It is shown that, at the
preload, crystals with their c-axis oriented towards the LD generally have tensile g3, whereas those
oriented towards TD have compressive ag;5. These are the residual stresses that developed during the
heat treatment. The trends observed in the experiment at the preload are consistent with those calculated
with CPFE considering thermal contraction during cooling as shown in Fig. 4i. Further, in section 5.2,
it is shown that the tensile residual o35 observed in some grains will promote nucleation of twins as
early as Step-2, before the onset of macroscopic plasticity. In Fig. 4b the measured poles at Step-2 are
shown. The poles located towards TD are elastically and plastically “soft” grains that exhibit low
stresses. This is further captured in the CPFE modelling as shown in Fig. 4j. In Fig. 4c, new poles are
observed at ~25° from the BD, which are also observed in the results of CPFE modelling (Fig. 4k)
confirming the nucleation of twins at the onset of macroscopic plasticity. The stresses calculated with
CPFE are slightly higher, consistent with the simulated macroscopic response. This is due to the
assumption that stress within the twin is equal to that of the parent and underestimating the effects of
the twin transformation strain. Specifically, the constitutive model, which uses a pseudo-slip
formulation, does not explicitly consider twinned domains. It therefore does not allow evaluating how
stresses are partitioned between parent and twinned domains. A rapid increase in the number of new
poles is observed in Fig. 4d and 4e reflecting formation of more new twins. The same trend is observed
in the results of CPFE where new poles are clearly formed close to TD with many others at ~25° from
the BD. In steps 6 to 8, the distributions of a53 and (0002) poles do not change significantly (Fig. 4f-
4h). This is also reflected in the macroscopic stress-strain curve where almost no hardening is observed
between these steps.
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Fig. 4. The evolution of texture and stress for individual grains. 3D-XRD (0002) pole figures for (a) Step-1, (b) Step-
2, (c) Step-3, (d) Step-4, (e) Step-5, (f) Step-6, (g) Step-7, and (h) Step-8. CPFE results for (i) Step-1, (j) Step-2, (k)
Step-3, (I) Step-4. Each circle represents a grain where the colour of the circle is proportional to the measured or
calculated stress along the loading direction (a33), as shown in the colour bar in the right-hand side of the figure. In
(@) to (h) the size of the circles is proportional to the measured relative volume of the grain.
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4.2 Twin-parent pairs: early stages of plasticity

The development of stress in the matched twin-parent pairs is shown in Fig. 5. Only steps 3 to 5 are
discussed in this section, i.e., the nucleation steps at which a jump in the number of twins is observed.
In Fig. 5a, the measured axial stress o35 of twins at Step-3 is plotted as a function of that of the
corresponding parents. The blue circles represent the pairs while the red dot represents the average
value calculated for all pairs. The black dashed lines are to bisect the figures and highlights when the
guantity of the vertical axis is equal to that of the horizontal axis. It can be seen that, on average, twins
are generally less stressed than their parents, although some twins develop higher a35 than their parents.
The measured o35 in twin and parent pairs for steps 4 and 5 are respectively shown in Fig 5b and 5c.
While more twin and parent pairs are captured, on average twins are generally less stressed. However,
with applying more strain, the red dots are distancing from the dashed black line. That is, a3 in twins
is closer to their corresponding parents, and twins are more stressed in Step-3 than Step 4 and 5.

Unlike 33, the stresses in the TD (a,,) and BD (a,,) within twins are higher than their corresponding
parents (see Figs. 5d and 5e). These two stress components are only provided for Step-3, but the
observed trends hold for the rest of the steps. For example, while the average o,, and oy, for parent
grains are nearly zero, the corresponding values for twins are positive and moderately increasing from
Step-3 to Step-5 (Fig. 5f).

With the method developed for matching twin-parent pairs it was possible to determine which one of
the six variants of {1012} (1011) twinning system was active. Once the active variant was determined,
it was possible to rotate the measured stress tensor to the twin coordinate system. In Figs. 5g to 5i,
aiwin - and oharent represent the stresses normal to the twin habit plane calculated using the measured
stresses within the twin and parent, respectively. Likewise, in Figs. 5j to 51, T5%™ and t2%7™ represent
the shear stress calculated on the twin habit plane in the twinning direction using the measured stresses
within the twin and parent, respectively. In all figures, the normal to the habit plane and shear direction
from the parent grain is used to project stresses into a given direction. A nearly “perfect” linear
relationship between oZW™  and of%e™ is observed which holds for all measurement steps. For
example, the average of of%7¢™, at Step-3 is 121.3 MPs while that of o7% . is 119.9 MPa. With
increasing the applied strain and proceeding to Step-4, this average for parents and twins is respectively,
135.8 MPa and 127.9 MPa. In all measurement steps, a,,,maq: fOr both twin and parent grains is positive
and varies between 50 MPa and 300 MPa.

It is shown in Fig. 5 that while the resolved shear stress within both twin and parent is positive, TE%7¢™t
is two times higher than T5%™. Proceeding to Step-4 and Step-5, a wider distribution of 7¢ within the
parent grains is observed, but not so within the twins. This suggests that, at the early stages of plasticity,
parent grains undergo more plastic deformation than the twins, and since twins are thin, they deform
mainly elastically. In addition, on average, Tz in both twin and parent grains increases with increasing
the applied stress. To better visualize the state of Tz¢ within the captured twin-parent pairs at Step-5, a
3D plot of the pairs is shown in Fig. 6a.
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Fig. 5. Stress in the twin as a function of stress in the corresponding parent: a33 at (a) Step-3, (b) Step-4, and (c)
Step-5; g, at (d) Step-3, and a4, at (e) Step-3, and (f) Step-5; o normar @t (9) Step-3, (h) Step-4 and (i) Step-5; tgs
at (j) Step-3, (k) Step-4, and (I) Step-5. ayormar @Nd Tgs are the normal and shear stresses acting on the twin habit
plane and in the twin direction, respectively. The dashed back lines are to bisect the figures and indicate when the
quantity of the vertical axis is equal to that of the horizontal axis. Red crosses are the average values for each

population with their corresponding average error bars.

The populations of twins for the extracted twin variants in steps 3 and 4 are shown in Fig. 6b and 6c.
To calculate the twin local Schmid factor (SF), the measured stress tensor within the parent (gP%"ént)

in the step prior to detecting the twin was substituted into SF =

Pa.GParent

Toraren where the denominator

represents the norm of stress tensor and P¢ is the symmetric part of the Schmid tensor for the active
variant [55]. The same equation is used for calculating the global SF, but the applied stress was used
instead of the grain resolved stress tensor. Once the SFs for all six twin variants were calculated, they
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were sorted from the highest to the lowest and the rank of the twin variant was determined. The rank of
the twinned variants for global and local SFs was determined independently.

In Figs 6b and 6c, it is shown that all twin variants are active, but the first three variants are more
frequent, regardless of using global or local stresses in determining SFs. The twins captured in Step-3
are generally from the parent grains with their c-axis nearly parallel to the LD and hence, all of the six
twin variants are equally active. However, with the use of the local stress for calculating SFs, a better
estimation of the active variants is obtained since the frequency of the strongest variants is higher. With
proceeding to Step-4, similar trends are observed for the distribution of twin variants using local and
global SFs.
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X 400 Qs F9° 40
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Fig. 6. (a) a 3D view of twin-parent pairs captured in Setp-5. The size of the spheres is proportional to the measured
relative volumes and colours are proportional to the measured resolved shear stresses on the twin habit planes. The
number of twins for a given twin variant at (b) Step-3 and (c) Step-4. In (b) and (c) Global SF and local SF represent
the Schmid factors calculated using the measured global or local stresses and twin variants are ordered from highest
to the lowest.
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4.3 Twin-parent pairs: plasticity

Between Step-6 and Step-8, the macroscopic strain varies from 1.52% to 2.6 % while the macroscopic
axial stress remains quasi-constant, which corresponds to the absence of work hardening. The
development of stresses in twin-parent pairs for steps 6 to 8 are shown in Fig. 7. It is shown that, similar
to steps 3 to 5, the axial stress a55 in twins is generally less than that of parents (Figs. 7a to 7¢). Due to
the absence of work hardening, the average values (red dots) for the stress components o35, ¢,, and
0141 do not change significantly between steps 6 and 8.

The normal stresses (oyormar) acting on the twin habit plane for steps 6 to 8 are shown in Figs. 7d to
7f. Results are consistent with those measured in steps 3 to 8 where a linear relationship between
Onormar Within parents and twins is captured. In all cases oy ,rmq; 1S POSitive and varies between 50
MPa to 350 MPa, a slightly broader range than that measured for steps 3 to 5. Tz measured in twin-
parent pairs for steps 6 to 8 are shown in Figs 7g to 7i. Consistent with previous results, tzs within
parents are higher than 275%™, Also, with further loading from Step-6 to Step-8, the distribution of 74
for parents further broadens, whereas for twins not much broadening is observed. This is also reflected
in the calculated average error bars and indicates that twin and parent grains accommodate the applied
strain at different rates.
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Fig. 7. Stress in the twin as a function of stress in the corresponding parent: a33 at (a) Step-6, (b) Step-7, and (c)
Step-8; O normar at (d) Step-6, (e) Step-7 and (f) Step-8; Tgs at (g) Step-6, (h) Step-7, and (i) Step-8. Gyormar and
Tgs are the normal and shear stresses acting on the twin habit plane and in the twin direction, respectively. The
dashed back lines are to bisect the figures and indicate when the quantity of the vertical axis become equal to that
of the horizontal axis. Red crosses are the average values for each population with their corresponding average

error bars.
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4.4 Twin-parent pairs: Unload

After deforming the specimen to 2.6% strain, the specimen was unloaded to nearly zero applied stress
at the unload step (Step-9). The measured (0002) pole figure for all grains measured at Step-9 is shown
in Fig 8a. The range of g55 at unload is similar to that of preload, i.e. -150 MPa to 150 MPa, but a less
distinct variation of 55 from TD to LD is observed at the unload step. This means that after deforming
the specimen to 2.6% applied strain, the effects of thermal residual stresses disappear. In addition, at
unload, the grains located at TD are slightly in compression while those located at LD are in tension.
This follows the trends observed at Step-8 where the soft grains with their crystal c-axis pointing
towards TD are less stressed than hard grains (Fig. 4h).

The stress state within twin-parent pairs at unload is shown in Fig. 8b-8d. It is shown that upon
unloading, the average of o35 for both twins and parent grains is nearly zero (Fig. 8b) while oy orma: I
twins is still linearly correlated to that of the corresponding parents (Fig. 8c). At unload, unlike the other
7 steps, anormai 1S NOt Systematically positive and varies between -100 MPa to 100 MPa. Interestingly,
while the average of 7xzsin the twins is -36.9 MPa, that in parent grains is positive and is 6.8 MPa (Fig.
8d). An important conclusion that can be drawn from these data is that Tz in both twin and parent can
be negative while the twin is still not annihilated.
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Fig. 8. 3D-XRD results for unload (Step-9): (a) (0002) pole figure; stress in the twin as a function of stress in the
corresponding parent (b) o33, (C) 6 normat» @nd (d) Tgs. The color of each pole in () is proportional to the measured
o33 and the size of the pole is proportional to the measured relative volume.

5. Discussion
5.1 General discussion

So far the state of stress within twin and parent pairs of each step is studied independently from other
steps and from CPFE results. The stress-strain curve for all twin-parent pairs measured in the 3D-XRD
experiment is shown in Fig. 9a. The blue and black lines represent individual parent and twin grains,
respectively, while the green and red line respectively represent the average stress measured for parents
and twins. In section 4.2, it was shown that a55 within twins at Step-3 is close that in parents, but with
proceeding to step 5, the difference between the stresses increases and twins relax. In Fig 9a, it is shown
that the red line nearly coincides with the green line at Step-3. This could be due to a size effect, i.e.
that twins of Step-3 are smaller than those in steps 4 and 5 and hence are harder. To further investigate
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this aspect, the state of stress for the 64 twins that were captured in Step-2 is studied. These 64 twins
are the ones that nucleated in the hard grains with positive thermal residual stresses that helped
nucleation of twins in Step-2. The average stress for all twins of each step are calculated and reduced
from those from the parents and results are provided in Table 4. It can be seen that the difference
between a3 of the pairs increases from Step-3 to Step-5. While this difference at Step-3 is 28.5 MPa,
at Step-2 is only 16 MPa indicating that twins are not much relaxed at the early stages of plasticity.
Similarly, the difference between the resolved shear stress within twin and parent in Step-2 is minimum
yet increases with further loading and increasing to Step-5. This observation supports the previous
numerical studies that concluded that directional Hall-Petch effects [56], as well as non-local effects
[46] should be incorporated into modelling of twins. In addition, it suggests that twin and parent grains
accommodate the applied strain at different rates.
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Fig. 9. (a) The measured stress-strain curve for twin-parent pairs from 3D-XRD. The green and red lines represent
the average values for each population. (b) CPFE results for paent grains. (c) Comparison between CPFE and 3D-
XRD results for the grain that did not twin. In all sub-figures strains on the horizontal axis are the macroscopic
applied strains.

Proceeding further into the plasticity zone, no significant changes in the difference between measured
033 Of twins and parents is observed in steps 5 to 8 (Table 4). Interestingly, oyormar in all steps,
including unload, stays the same in parents and twins. The CPFE results for the stress-strain curve for
all parent grains are shown in Fig. 9b. Results are for the average stresses calculated from all IPs
assigned to each grain so that a like-to-like comparison can be made and data are extracted at the end
of each measurement step. Generally, a good agreement with experimental results is achieved for the
average response of the cluster of modelled parent grains. The stress-strain curve for some of the grains
that did not twin in the experiment and model are plotted in Fig. 9c. This figure shows that in the absence
of twinning, a good agreement can be achieved at the grain level, however, the current constitutive
equation should be modified to capture a better response for the twinned grains (see below).

Table 4. The average difference between measured stresses in twins and parents

Step 0’3’§‘ - a§3w oxzrmal - Um'mql Tﬁg - ‘tﬁ‘;’
(MPa) (MPa) (MPa)
Step-2 16 1.4 62.7
Step-3 28.5 14 702
Step-4 46 7.9 74.6
Step-5 51.3 78 780
Step-6 49.4 8.2 80.0
Step-7 45.7 115 791
Step-8 35.8 3.6 818
Step-9 35 5.5 43.6
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5.2 Stress development: individual pairs

In this section, the behaviour of individual twin-parent pairs is studied to understand the origin of the
trends reported in the previous sections for the average behaviour of the pairs. In Fig. 10, the measured
stress-strain curves for several twin-parent pairs are provided. For these pairs, the parent grains were
imported into CPFE model and it was possible to track them back to Step-1. Only the steps that the
pairs were indexed, matched, and tracked with high confidence are shown. Modelling results for each
step are the average o34 calculated from all IPs assigned to the parent.
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Fig. 10. Stress-strain curve for individual twin-parent pairs. Parent IDs are provided in the titles of figures, and I1Ds
are generated during grain indexing. Blue curves represent 3D-XRD results for parents, black and green curves
represent 3D-XRD results for twins, and red curves represent CPFE results for parent grains. In all sub-figures
strains on the horizontal axis are the macroscopic applied strains.

In Figs. 10a to 10c, a twin was captured in Step-3 where in all cases, a distinct drop in the stress of the
parent is observed. This means that upon nucleation of twins, a discernible relaxation takes place within
the parent grain which is not observed in any of the CPFE results. The stress relaxation is due to twin
transformation strain that is underestimated in the current constitutive equations. This stress relaxation
in combination with the hard behaviour of twins at the nucleation step, due to their small sizes, are the
reasons for the high stress measured for the twin of the grain 5311 (Fig. 10a). A similar trend is observed
in grain 4828 and 5623 (Figs. 10c and 10d), where g35 in the parent is relaxed at the nucleation step,
but g55in twins in steps 3 and 4 are close to those of their corresponding parents. With further loading,
the difference between the stress of twin and parent increases. In addition, two more pairs are shown in
Figs. 10d and 10e, where in both cases, a3 of the twin coincides with that of the corresponding parent
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at the nucleation step, but similar to the previous cases, the difference between the two increases with
further loading.

In Figs. 10f and 10g, a twin was captured as early as Step-2 where in both cases, g;5 of twins are nearly
equal to those of their corresponding parents. It can be seen that both parent grains had tensile thermal
residual stresses at the preload step, which promoted nucleation of twins in Step-2. Further, with the
matching method that was developed in this paper, it was possible to capture multiple twins for a single
parent as shown in Fig 10g. Two distinct stress relaxation events are observed in the grain 3685 (Fig.
109); the first in Step-3 after the nucleation of the first twin and the second in Step-5, upon nucleation
of the second twin. Interestingly, the stress in the second twin is also very close to that of parent
confirming that twins at nucleation are not very much relaxed.

In Figs. 10h and 10i, two pairs are shown where the twins were captured in Step-4 and were relaxed. In
the parent grain 5380 (Fig. 10h), a stress relaxation is observed in Step-5 which is due to twinning. The
difference between the measured a5 for twin and parent is minimum in Step-4, but increases with
further loading. This is also observed in grain 7459 (Fig. 10i).

In all results presented in this paper, the measured and simulated stresses are the average values for
twins or parents. The state of the stress within a twin can vary significantly particularly close to twin
tips and boundary [57,58]. Likewise, stress within the parent grain can significantly vary close to twin
boundaries. In section 4.4, we showed that upon unloading, tzs Within twins and parents can be negative
while the twin is not yet annihilated. Higher resolution experimental techniques as well as numerical
modelling are required to further study the stress field in the vicinity of twins.

6. Conclusions

A three-dimensional synchrotron X-ray diffraction experiment was conducted on a pure zirconium
specimen to study the evolution of stress in twin-parent pairs. The measurement was conducted during
an in-situ uniaxial tensile experiment and in nine steps: preload, one step in the elastic zone but close
to onset of plasticity, three steps that covered the onset of plasticity, three more steps in the plastic zone,
and finally at unload. The measured microstructure was imported into a crystal plasticity finite element
model to simulate deformation of individual grains. A new method was developed to match the newly
nucleated twins with their corresponding parents and track them over different loading steps. It is shown
that

(1) The difference between the stress along the loading direction (a53) measured for twins and
parents is at minimum at the early stages of plasticity but increases with more plastic
deformation.

(2) Twins are generally not relaxed, rather stressed in the first step that they are captured.
Relaxation due to plasticity takes place within twins with further loading, but at a different rate
relative to their corresponding parent grains.

(3) The other two normal stress components, a;;and a,,, in the twins are slightly higher than their
corresponding parents.

(4) A distinct relaxation is observed in the stress-strain curve of the parent grains at the twin
nucleation step.

(5) The normal stress acting on the twin habit plane (oyormaz) 1S Similar for both parent and twin
grains.

(6) When twins are nucleated with their c-axis perpendicular to the tensile loading direction, the
resolved shear stress acting on the twin plane in the twinning direction (tgs) within the twin is
less than half of the Tpgmeasured in the corresponding parent grain.
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(7) For a subset of twin-parent pairs, Tz at the unload was negative in both twin and parent grains
while the twin was not annihilated.

(8) The tensile thermal residual stresses within parent grains promote nucleation of twins as early
as the beginning of the onset of plasticity.

(9) Thermal residual stresses in zirconium disappear with unloading from 2.6% applied strain.

(10) The first three twin variants with higher Schmid factors are the most active ones,
regardless of using the local measured stress tensor or the applied stress in determining Schmid
factors. A better estimation of the active variants is obtained at the early stages of plasticity
with the use of the local stresses for calculating Schmid factors.

(11) With the method developed here, it was possible to capture multiple twins per parent.
It is shown that the evolution of stress within the second twin follows the trends reported, i.e.
stressed at nucleation but relaxed with loading.
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