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Abstract—High anisotropy in the elastic and plastic properties of hexagonal close-packed (hcp) structured metals not only results in drastic stress
variation across grain boundaries, but also heterogeneous distributions within grains. Understanding the mechanism of load sharing between differ-
ent grains becomes more complicated when deformation twinning plays a significant role in accommodating an externally applied load. In this paper,
a comprehensive study of stress development in a coarse grained strongly textured hcp polycrystal Zircaloy-2, is given using three-dimensional X-ray
diffraction (3DXRD) microscopy. In-situ uniaxial straining was carried out at seven steps up to 2.7% in the macroscopic direction that favors twin
formation, while center-of-mass position, crystallographic orientation, elastic strain, stress, and relative volume of each grain were measured. This
information was used to reconstruct the 3D microstructure and statistically study neighborhood effects on the load sharing. The investigated volume
of the sample contained 6132 grains initially, yet as a result of twin formation, 9724 grains were measured in the same volume at the last loading step.
It is shown that the most favored (highest Schmid factor) twin variant contributes the most to the twin number fraction; however, if the measured
local stress within each grain is used for the calculation of Schmid factor, the contribution of other variants is relatively independent of Schmid
factor.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Understanding deformation mechanisms in polycrys-
talline materials has been an active area of research for a
long time. Zircaloy-2, a dilute alloy of zirconium with an
hcp crystal structure is a material that has been extensively
used in structural components and cladding in nuclear reac-
tors; it has a relatively low crystal symmetry and exhibits
different modes of plastic deformation when loaded in dif-
ferent directions relative to the source texture [1,2]. Under
tension along the c-axis of the crystal, the lack of easy slip
systems results in reorientation of a discrete part of the
grain by mechanical twinning. It is reported that formation
of twins can affect crack nucleation [3,4] and the stress field
around the crack tip [5–9]. Hence, understanding the
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mechanism of load sharing between grains and twins could
effectively lead to a better insight into the analysis of crack
initiation and propagation and a better estimation of the
lifetime of in-service components.

Various experimental methods have been used to study
deformation in individual grains [10] or families of grains
[11,12] in hcp crystals. At the lower scale, the strain gradi-
ent across a grain containing twins embedded in the bulk of
a polycrystalline Mg AZ31 sample was studied by Balogh
et al. [13]. Using the differential-aperture X-ray microscopy
method, high stress gradients close to the twin boundary
were observed. A similar experiment was performed by
Aydiner et al. [14] where they showed that the normal stres-
ses at the twin boundary in a single parent and twin pair are
identical. A more detailed description of the twin nucle-
ation mechanism in another hcp polycrystal, a commer-
cially pure titanium (CPTi) sample, was given by Bieler
et al. [15] where the effects of soft and hard neighbors on
the variant selection occurring during twin nucleation in
three twinned grains was studied using 3DXRD. At a larger
reserved.
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scale, a comprehensive 2D statistical study of grain size,
orientation, and boundary lengths on twin nucleation in
Zr and Mg samples was given by Capolungo et al. [16]
and Beyerlein et al. [17], respectively, using Electron-
Backscattered Diffraction (EBSD). Also, neutron diffrac-
tion measurements have revealed that stresses in some mea-
sured directions are relaxed in newly born twins in
comparison to their parent grains [18,19]. Although neu-
tron diffraction provides a good statistical picture of inter-
action between all twin and parent grains, the stress tensor
within each twin and its specific parent grain has not yet
been measured statistically.

Studies of the interaction between twin and parent pairs
have indicated that neighboring grains can play a signifi-
cant role in stress development inside the twin or even in
the thickening of twins [10,14,15,20]. Hence, a thorough
understanding of deformation twinning requires a high
population of twinned grains, where each grain experiences
a different neighboring arrangement. Such a measurement
can now be done by 3DXRD, a novel method that allows
measuring of full stress tensors in a high population of
grains quickly and non-destructively [21,22]. With
3DXRD, clusters of grains are illuminated simultaneously
and the diffracted signals from these grains are measured
with a detector while the sample is rotated about an axis
perpendicular to the beam. Center-of-mass position, vol-
ume, crystallographic orientation, average elastic strain
(and hence stress) within each grain are among the param-
eters that can be measured using 3DXRD. Diffraction
Contrast Tomography (DCT) is another method that has
been used to study deformation in large populations of
grains. DCT has a similar characteristic to 3DXRD, yet
the sample has to be close to the detector, and consequently
it is difficult to extract stress and strain from DCT with suf-
ficient accuracy [23–25].

In this study, deformation in each grain of Zircaloy-2 is
studied, as an example of a polycrystalline hcp material that
twins. A statistical analysis of stress development in each
parent and twin is provided. Stress development in each
grain during in-situ uni-axial loading along the direction that
favors mechanical twinning is measured using 3DXRD. We
note that this is the first time such a statistical set of data has
been collected in 3D; previous 3D work has examined only a
handful (3 or fewer) twinned grains [13–15]. In the first part
of this study, the 3D microstructure of the investigated vol-
ume is generated based on the measured center of mass and
volume of each grain, and the effects of microstructure on
stress development in the parent and twin grains are studied
statistically. In the second part [26], the measured 3D
microstructure is imported into Abaqus [27] and simulated
using a crystal plasticity finite element model [2,28] to study
local effects on the behavior of each individual parent and
twin pair and to provide complementary information about
local twin-parent pair interaction.
2. Experimental set up

2.1. Material

The material used was a plate taken from the mid thick-
ness of a warm rolled Zircaloy-2 slab, a place with uniform
texture. This slab has been well characterized by the
authors with in-situ neutron diffraction experiments [29]
and various types of crystal plasticity modeling [2,30].
The slab has an hcp crystal structure at room temperature
with nominal composition Zr, 1.2–1.7 wt% Sn, 0.07–
0.2 wt% Fe, 0.05–0.15 wt% Cr, 0.03–0.08 wt% Ni,
1400 ppm oxygen [31]. A previous texture measurement
on the slab indicated that most of the basal plane normals
are oriented toward the Normal Direction (ND) with more
distribution toward the Transverse Direction (TD) than the
Rolling Direction (RD) [29]. In order to avoid overlapping
of diffraction spots from different grains, coarse grained
samples are favorable for 3DXRD. The grain size of the
starting plate was �13 lm, hence, in order to produce
potential grain nucleation sites, the plate was cold-rolled
to 10% (compression along the previous rolling direction)
and then heat treated at 720 �C for 48 h, in an argon envi-
ronment, to prevent oxide layer formation. The resulting
material has equiaxed grains with an average grain size of
�50 lm. An EBSD map of the initial material and the cor-
responding pole figure are shown in Fig. 1(a) and (b).
Tensile dog-bone samples with 10 mm gauge length and
rectangular cross sections (see Fig. 1(c)) were then made
by carefully machining the heat treated plate using an elec-
tric discharge machine. In order to minimize the effect of
surface residual stresses associated with machining, the
samples where mechanically polished down to 1200 grid
on both ND/RD sides, and then with 6, 3, and 1 lm dia-
mond paste. Subsequent attack polishing of the sample
was performed several times with a solution of 5% H2O2,
5% HNO3, 5% HF, and 85% H2O for 15 s until a shiny sur-
face with no visible scratches resulted. The final gauge cross
section of the samples before the 3DXRD experiment was
0.842 � 0.877 mm2.

2.2. In-situ synchrotron experiment

Diffraction of high energy X-rays was used to study
deformation in individual grains while a tensile load was
applied. The experiment was carried out at beamline
ID11 of the European Synchrotron Radiation Facility
(ESRF). One sample was used for the measurement, over
a period of approximately one week. The prepared dog
bone sample was mounted in an Admet tensile rig where
uniaxial tensile load was applied in the plate normal direc-
tion (ND), the direction that activates twinning the most
(see Fig. 1(b) and (c)). The load cell of the stress rig mea-
sured the macroscopic stress in the sample, while the
macroscopic strain was determined by monitoring the
change in distance between two silver wires mounted on
the ND/RD face of the sample. The wire positions were
determined as the maxima in the fluorescent X-ray signal
when scanning along the length of the sample. With the
wire separation of 3.1 mm and a scanning step size of
5 lm the accuracy in the macroscopic strain was deter-
mined to be of the order of 3E-5 using Gaussian fitting of
the fluorescent peak profiles. To have an independent mea-
sure of the strain, a resistive strain gauge was also glued
onto the ND/RD face of the sample outside the investi-
gated gauge volume. Our previous study on the same mate-
rial indicated that the onset of macroscopic plasticity for
this material is at e = 0.6% [10], hence, measurements were
carried out at seven different steps; one at an “unloaded”
step, i.e. prior to loading, another in the elastic zone, one
at the onset of macroscopic plasticity, and four in the
plastic zone to monitor twin nucleation and thickening
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Fig. 1. (a) an EBSD map of the material used for 3DXRD; (b) pole figures of the same material; (c) a schematic of the experimental set-up and the
sample used for 3DXRD; loading direction is along the ND axis as indicated; (d) flow curve for continuous loading of the material used for 3DXRD
compared with the one measured during the in-situ experiment; (e) an EBSD map of the probed area after the 3DXRD experiment; (f) Weighted
Voronoi estimation of the EBSD map shown in (a); same color coding is used.
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(see Table 1 for more details). The sample was loaded under
stress control in the elastic zone and strain control in the
plastic zone with a strain rate _e ¼ 5E � 5s�1. Deformation
was then stopped, and the sample held at constant strain.
In the plastic zone, X-ray measurements for each step
started only after the stress relaxed and reached a constant
value (after approximately 20 min). The holding time for
each measurement step is given in Table 1. The largest
stress relaxation, which occurred for the last measurement
step, was 50 MPa. A separate experiment was conducted
to continuously measure the stress–strain curve without
interruption (at same strain rate of 5E-5 1/s) and to
compare against the one measured during the X-ray
experiment. This is shown in Fig. 1(d).

The 3DXRD experiment was carried out by illuminating
the volume of interest with a planar beam, which was
initially defined by a slit to be 760 lm in the horizontal
direction and 50 lm in the vertical direction (ND). The
X-ray beam energy was calibrated to the Pt K-edge at
78.395 keV. By translating the sample with respect to the
beam, the sample was probed in layers perpendicular to
the tensile axis. To probe all grains in the illuminated
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volume, and not just those that satisfy a single Bragg con-
dition, the sample was rotated around the tensile axis and
diffraction images were acquired in the angular range
[�144�–�35�] and [36�–145�] in steps of 0.25�; the limits
to the angular coverage are imposed by the pillars of the
tensile stage. The diffraction images were collected on a
Frelon2K detector where the exposure time throughout
the experiment was constant at 0.25 s per image. The detec-
tor was placed at 0.37 m away from the sample to enable
the detection of the first nine full Debye–Scherrer rings.
The Frelon2K is a fast read out/ low noise detector which
uses a multi-channel chip for fast read out and has
2048 � 2048 pixels [32]. As the sample is deformed, the
number of diffraction peaks increases due to twinning,
and the diffraction peaks smear out due to the induced
internal orientation spread. To ensure that peaks can be
separated as required for the reconstruction, the vertical
dimension of the beam was slit down from initially 50 lm
for strains less than 1% to 40 lm for strains between 1–
2% and 20 lm for strains larger than 2%. Strain maps were
collected at seven different load steps where at each load
step, the number of consecutive layers was adjusted to
cover at least 0.9 mm along the common tensile and rota-
tion axis (see Fig. 1(c)). Details of the 3DXRD test set up
for different load step are briefly shown in Table 1.
3. Analysis of the diffraction data

3.1. Detection and refinement of grains

The positions of the diffraction peaks were located using
the peaksearch module from FABLE (http://sourceforge.
net/apps/trac/fable/wiki). Thresholds for peaksearch were
set at 50, 100, 200, 400, 800, 1600 and 3200 counts above
the background level, after which a watershed-type merging
algorithm was employed. Flood field and spatial distortion
corrections were performed as part of the segmentation
process. During the experiment the incident beam current
ranged from 200 mA right after a refill of electrons into
the synchrotron storage ring to 160 mA just before the next
refill 12 h later. Therefore the intensities of all reflections
were scaled to correspond to an incident beam current of
200 mA in order to put the grain volumes refined from peak
intensities on an absolute scale.

The preliminary grain center-of-mass map was then
reconstructed in an iterative procedure where GrainSpotter
[33] was used to index grains from unassigned reflections,
and make map from ImageD11 was employed to filter off
the assigned reflections and produce a reflection list that
could be recycled into GrainSpotter. The process is contin-
ued as long as new grains with at least 50% of the expected
reflections are found within a tolerance of 0.02 in hkl during
the indexing step. After this a test is carried out to ensure that
none of the grains found in adjacent layers, or in the present
layer at the previous load step, have been missed in the map.
At the end of this procedure more than 90% of the reflections
have been assigned to grains at strains below 1%, and more
than 80% for the remaining load steps. FitAllB [22] was then
run to simultaneously refine grain positions, orientations and
strain tensors in each illuminated layer of the sample. The rel-
ative grain volumes were estimated from the intensities of the
assigned reflections, taking the non-negligible absorption in
the Zircaloy-2 sample at 78.395 keV into account. As a final
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step the 2D layers were stacked in 3D using distance criteria
of 0.07 mm and misorientation criteria of 1� between parts of
the same grain distributed over adjacent layers in the illumi-
nation. The positions, orientations, strain and stress tensors
for the resulting 3D grains are calculated as volume weighted
averages over the corresponding 2D contributions. Table 1
gives statistics on the grains refined at each load step.

3.2. Grain labelling

The result from the analysis in Section 3.1 is grains that
are independently labeled for each step, i.e. an identical
grain in two different steps does not necessary have the
same ID. In order to assign one unique ID to each grain
that can be followed through the whole experiment, grains
from each step were independently compared with those in
Step-1 as well as their previous step. For this purpose, the
center-of-mass of the probed volume at each step was cal-
culated, and the effects of rigid body movement from step
to step were eliminated by comparison to Step-1. Then
for each step, the position and orientation of each grain
were compared against all of the grains in Step-1. If two
pair of grains, from Step-n and Step-1, have total misorien-
tation as well as basal plane misorientation less than 5� and
have less than 30 lm displacement, the same ID (label) was
assigned to them. Since plastic deformation in some soft
grains results in displacements of more than 30 lm in later
steps, it is not possible to label these with the mentioned
assumptions. This may happen especially if the grains are
small and/or significantly deformed, resulting in weak
diffraction spots that fall below the detection limit of the
peaksearch. Further, twinning results in some new grains
that cannot be labeled by comparing these newly born
grains to grains from Step-1. Hence, an extra cross correla-
tion between unlabeled grains in Step-n and those in Step-
(n-1) was performed to ensure that twins or deformed
grains are also labeled under the same ID. Finally if any
grain remained unlabeled, a new ID was assigned to it.

3.3. Twin identification

The procedure described for defining annealing twins in
copper using 3DXRD by Oddershede et al. [34] is adapted
here for finding deformation twins. EBSD measurements
on the annealed undeformed Zircaloy-2 sample have
revealed that almost no twins exist prior to loading (see
Fig. 1(a)). Hence, we assume that grains measured in
Step-1, and followed under the same ID in the subsequent
steps, can solely act as parent grains whereas new grains,
first labeled in Step-2 to Step-7, can be twin candidates.
As twins are indexed as ‘new’ grains, any two grains with
distance between their center-of-mass positions less than
the sum of their respective radii are candidates for being
a twin and parent pair (see Fig. 1(e)). It is worth mention-
ing that the radius of each grain is calculated using Eq. (1);

V g ¼ V g
R �

V TI

V M ð1Þ

where V g represents the “actual” volume of grain g, V g
R is

the measured relative volume for grain g, V TI is the total
volume that was inspected and calculated based on the
measured minimum and maximum in the center-of-mass
positions, and V M is the total volume measured for all of
the inspected grains, i.e. summation over V g

R for all
inspected grains. It is assumed that the probed grains are
space filling and there are no defects or missed grains in
the probed volume.

For each step, once the candidate parent and twin pairs
are identified, the misorientation between the normal to the
basal planes of the pair and that of the twin habit planes in
the parent and twin are calculated based on the measured
orientation matrices. Since tension along the ND of
Zircaloy-2 results in formation of tensile twins, if the basal
misorientation is in the range of 85� ± 5� and the habit
plane misorientation is less than 5�, then the pair that ful-
fills these misorientation criteria is considered as a twin
and parent pair. This method, in some cases, defines more
than one parent grain to a twin, hence extra constraints are
applied to define one unique parent grain to a twin. The
results that are reported here are for parent and twin pairs
that besides satisfying the described misorientation condi-
tion, have minimum distance, minimum misorientation in
basal plane normal, and maximum local twin Schmid factor
(see Section 4.3). This process is repeated independently for
each step, i.e. the twin and parent pairs for Step-n are
defined only by investigating grains in Step-n. Eventually
the pairs that are successfully defined in more than two
independent steps are considered as final twins and will be
subsequently discussed here. While this therefore represents
only a subset of the twins that will have formed in the mate-
rial, it does mean that we have a high confidence of having
successfully identified the twin with its true parent.
4. Results and discussion

Center-of-mass positions, orientations, volumes, elastic
strains, and stresses of each individual grain along with
associated error bars are outputs of the measurement for
each loading. This is a lot of information, hence, selected
results will be shown here and the observed trends will be
explained. Also, for calculating stresses from measured
elastic strains, the elastic constant of pure zirconium is used
which is given by Fisher and Renken [35]: C11 = 143.5 GPa,
C33 = 164.9 GPa, C12 = 72.5 GPa, C13 = 65.4 GPa, and
C44 = 32.1 GPa.

4.1. Reconstructed volume

Two reconstructed maps from 3DXRD measurements
for the unloaded and maximum load cases are shown in
Fig. 2(a) and (c). Colors are coded with respect to the
ND loading axis direction (see Fig. 2(b)) where the average
measured orientation is compatible with the EBSD mea-
surement shown in Fig. 1(b), i.e. the majority of grains have
the c-axis oriented toward the loading direction, which is
thus favorable for tensile twin formation under the stress
applied. The size of the sphere representing each grain in
Fig. 2 is proportional to the relative volume of the grain.

The number of measured grains and twins is reported in
Table 1. As expected, the number of grains does not really
change between Step-1 and Step-2 since no twins form.
Step-3 is the onset of plasticity, and in-situ tensile experi-
ments in SEM have indicated that it is also the onset of
twin formation (at about e ¼ 0:6% [10]). However neither
an ex-situ low resolution EBSD measurement nor the pre-
sent 3DXRD measurement could capture twin formation
at this stage. This is probably because the twins are less
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according to the Inverse Pole Figure in (b) that shows the crystallographic orientation of the grain along the tensile ND direction.
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than a micron in thickness, although they are mostly long
enough to intercept two grain boundaries; this small vol-
ume will make X-ray scattering from the twins relatively
weak. Twin thickening then takes place between Step-4
and Step-7, accompanied by the formation of more twins.
At e ¼ 1:1% the thickness of many of the twins is more than
3 lm, which is above the 3DXRD detection limit and the
reason why the number of the grains is observed to increase
in Step-4. In comparison to Step-4, the number of indexed
grains is observed to slightly decrease in Step-5 although
the same volume was probed. This will be due to plastic
deformation and the smearing of diffraction spots, reducing
the signal to noise and placing some grains below the detec-
tion threshold. Nevertheless, the number of twins has
increased as expected. The formation of twins is also con-
firmed by reviewing the reconstructed 3D volume as in
Fig 2(c), where more small green and blue grains, i.e. those
with their basal plane normal perpendicular to the loading
direction, are observed in comparison to the unloaded case.

It is worth mentioning that the filters applied for identi-
fying twins will have led to missing many of the twins - at
the benefit of having substantially higher confidence in
associating the twins that are identified with their parent.
As a consequence the number of twins reported in
Table 1 are considerably lower than what can be observed
using SEM/EBSD for this material [10]. Only about 11
twins are identified in Step-2 and Step-3 independently,
which is acceptable since we know that a few twins do exist
in our starting material (since it was rolled), and it is rea-
sonable to assume that the recrystallization did not fully
remove the twins (our subsequent EBSD measurements
have confirmed this). The algorithm identified 1079 twins,
of which 200 were formed at Step-4 and could be followed
all the way through to Step-7. These twins are studied in
detail in [26]. The number of parent grains that are assigned
to the 1079 twins is 342, i.e. 3.1 twins per grain, where some
of the grains have more than three twins and some of them
have only one. In Fig. 1(e), an EBSD map of the area that
was probed by synchrotron X-rays is illustrated, prepared
after Step-7. The number of measured twins per grain in
the scanned area using EBSD and 3DXRD are compatible.
A previous statistical study of twins in pure zirconium
using EBSD has indicated that the chance of having a grain
twinned increases with the size of the grain, as does the
number of twins per grain [16]. The average grain diameter
of the Zircaloy-2 sample used in this experiment is 50 lm,
and about half of the parent grains have diameters larger
than this average value, which is also consistent with the
EBSD observation.

4.2. Size effects

As we used grain sizes and orientations for identifying
twin and parent pairs, it is essential to have an understand-
ing of the distribution of both grain sizes and orientations.
In order to shed more light on the trends observed in mea-
sured stresses for each step, measured Von Mises stresses
are plotted against grain size and orientations. A
600 � 600 � 600 lm3 cube containing more than 2700
grains located in the center of the probed volume are used
to generate Figs. 3 and 4. The distribution of grain diameter
measured in Step-1 is shown Fig. 3(a). The frequency of
grains having average grain size (�50 lm) is the peak in
the distribution, but more than 1500 grains are larger than
the measured average grain size.

The measured Von Mises stress for each grain as a func-
tion of grain diameter for Step-4 and Step-5 are shown in
Fig. 3(b) and (c). Not surprisingly, both the average and
maximum stresses for each family of grain diameters reduce
as the grain size increases. This phenomenon is generally
known as the Hall–Petch effect, stating that coarse grained
samples normally yield sooner than fine grained ones due to
the presence of larger mean free paths for dislocation move-
ment. Also, the number of neighboring grains normally
increases with an increase in grain size, and hence so does
the probability of having a hard neighboring grain that
can cause early yield, due to load sharing with a softer
coarse grain. As coarse- grained Zircaloy-2 hardens with
a gentle slope (i.e. low work hardening), the range of stress
variations stays almost the same for the steps indicated.
This is also reflected in the average stress strain curve
shown in Fig. 1d. Further, although the average stress in
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Fig. 3(b) and (c) (red line) stays somewhere between
400–500 MPa, a rather wide variation about this mean
value is observed in individual grains. This distribution of
stresses reflects the effects of orientation and neighborhood,
coupled with the high anisotropy in elastic and plastic
properties of Zircaloy-2.

4.3. Orientation effect

Two different parameters that reflect the effects of
average and local misorientation are used to study the
evolution of stress within the probed volume. In
Fig. 4(a) the frequency of misorientation between basal
plane normal and loading direction (a) for the grains
measured in Step-1 and Step-7 is illustrated. As the sam-
ple is highly textured (Fig. 1(b)), most of the parent
grains have basal plane normals aligned with the loading
direction (a < 30�). These are plastically ‘hard’ grains
since they have low basal and prism (i.e. easy) slip activ-
ity. With more deformation at Step-7, the population of
grains at a > 65� increases, which is due to tensile twin
formation.

The stress distribution in each grain as a function of a
for the elastic Step-2 and plastic Step-7 are shown in
Fig. 4(b). As elastic deformation is the dominant deforma-
tion mechanism in Step-2, the variations here are mostly
controlled by elastic anisotropy and the orientation of
grains. In contrast, in Step-7 both elastic and plastic aniso-
tropy play a role. The average stress in Step-2 varies from
375 MPa to 235 MPa depending on grain orientation, while
in Step-7 it varies from 520 MPa to 300 MPa, i.e. higher
stress values are obtained due to hardening, while a wider
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range of stresses reflects the effects of plastic anisotropy /
plasticity induced load sharing. The influence of neighbor-
ing grains can be clearly seen in Step-7 where for a > 60�,
high stresses are present in many grains above the blue
(average) line that, based on their orientation, should have
an easy slip system available, yet they act like ‘plastically
hard’ grains. More detailed information on the effect of
neighboring grains can be extracted by investigating the
local misorientation between any two neighboring grains
(Fig. 4(c)).

In order to define the neighbors of each grain, a
weighted Voronoi method is used to construct a 3D
space-filling map of the grains based on the measured cen-
ter-of-mass position and volume of each grain. Details of
the method are given in [36] and its application for con-
structing 3D maps is given in [26,37]. In order to validate
the code that we developed and as an example of how well
neighbors of a grain can be identified, as well as how grain
boundaries can be simulated, the measured EBSD map
shown in Fig. 1(a) is reconstructed using the center-of-mass
positions as well as the area fractions of each grain.
Generally a 3D code cannot be convincingly validated with
a 2D demonstration, but this direct comparison between a
reconstructed map and the real microstructure shown in
Figs 1(f) and (a), respectively, suggests that the approach
can be effective. This code was then used to construct 3D
grain geometries and to identify probable neighbors for
each grain. On average, each grain has �12 neighboring
grains, larger grains have more neighbors while smaller
grains have fewer.

The distribution of the misorientation between the basal
planes of any two neighboring grains (h) for Step-1 is
shown in Fig. 4(c). As the material is highly textured, most
of the neighbors have h < 30�. The three-dimensional
distribution of Von Mises stresses as a function of h for
Step-2 and Step-7 are illustrated in Fig. 4(d) and (e),
respectively. Prior to plastic deformation, the peaks in the
Step-2 distribution are higher and sharper than those in
Step-7. Further, at lower Von Mises stresses, the peaks in
the distribution tend to appear toward the high angle of
the h-axis while at higher Von Mises stresses they appear
toward the low angle of the h-axis, i.e., soft grains with a
low level of stress are surrounded by many hard grains.
This is why a peak is observed at h�75� in both Step-2
and Step-7. In Fig. 4(f), (a) clearer picture of the position
of the maximum values is given via a top-view contour plot
of the results shown in Fig. 4(e).
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4.4. Variant selection and twin Schmid factor

Tension along the c-axis of an hcp crystal will poten-
tially activate six different variants of the f10�12g h10�10i
tensile twinning system. Depending on the local stress state,
which is strongly influenced by the misorientation between
the c-axis and the loading direction, the probability of dif-
ferent twin variants forming will be altered. We term the
twin variant that is most favoured by a particular average
stress state the ‘favored variant’. It is crucial to understand
the mechanism of variant selection, as preference in selec-
tion of one variant would result in a noticeable macro-
scopic shape change and/or accommodation of applied
stress.

In this section we determine whether the habit plane
identified for each twin and parent pair in Section 3.3 cor-
responds to the most favored variant. For this purpose,
once a twin is discerned for the first time, the Schmid fac-
tors of all the possible variants are calculated based on
the grain orientation and the global applied stress; we term
this the Global Schmid Factor (GSF). Similarly the Schmid
factors based on the average stress over the whole grain
measured using 3DXRD will be called the Average Local
Schmid Factor (ALSF). It should be noted that the
Schmid factor calculated for different locations inside a
grain, can vary significantly compared to the ALSF
[26,37]. As the stress state inside the parent grain is tri-axial,
the following formulation is used to calculate the Schmid
factors [10,38]:

SF b ¼ P b : r
krk ð2Þ

where SF b represents the Schmid factor of twin variant b,
and ||r|| is the norm of the stress tensor (highest value
between absolutes of the principal stresses), and P b is the
symmetric part of the Schmid tensor of the twin variant
b. In this definition, depending on the state of the triaxial
stress and crystal orientation, SF b can be as high as one.
Once GSF and ALSF of each twin variant are calculated,
they are sorted from maximum to minimum, i.e. rank one
is assigned to the most favored variant and six to the least
favored variant, and the rank of the variant that has actu-
ally occurred is identified. In Fig. 5(a) the contribution of
each variant to the 1079 identified twins is shown. For
the GSF, the number fraction of each variant decreases
as the variant becomes weaker, yet not all of the twins
are formed based on the most favored variant. This
c 
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phenomenon is also reported from EBSD analysis on twins
in Zr [16] and Mg [17]. As the material is highly textured
and the c-axis in most of the grains are aligned toward
the loading direction (Fig. 4(a)), there is strong competition
between the six variants, and based on the GSF they all
have Schmid factors close to 0.5, so there is no significantly
favored variant. Although the first variant ordered based
on ALSF contributes the most twins, the number fraction
of less favored variants is greater than that observed when
ranking with the GSF. In order to gain a better insight into
this, the calculated GSF and ALSF for the variant that
caused twinning is shown in Fig. 5(b). More than 88% of
the identified twins have ALSF larger than 0.45, so these
grains are very well aligned for twinning, i.e. the misorien-
tation between basal plane normal and loading direction
for these grains is small. This indicates that there is a strong
competition between all of the variants inside the twinned
grains, and that the variant selection is controlled rather
by local effects that could not be captured by the spatial res-
olution used in 3DXRD. This is also supported by finite
element modeling [26,37]. Interestingly, about 6% of the
identified twins, with an ALSF and GSF significantly lower
than zero, have parent grains that are not favorably aligned
for twinning, which suggests that deformation in a neigh-
boring grain could be responsible for triggering twins in
these grains. Besides the fact that soft grains are sur-
rounded by many hard grains, which can significantly influ-
ence twin nucleation in soft grains (Fig. 4), EBSD analysis
and crystal plasticity modeling of the same material have
also demonstrated this phenomenon [10]. In order to have
a better understanding of variant selection in both low
Schmid factor and high Schmid factor twins, the ALSF
of each active variant is plotted against the maximum
ALSF calculated for each corresponding parent grain;
results are shown in Fig. 5(c). In the grains that are favor-
ably aligned for twinning all of the six variants are active,
however, less favored variants are active in the soft parent
grains (i.e., those unfavorably aligned for twinning). Some
extremely low ‘unfavorable’ twins are seen to nucleate even
when a moderately high maximum ALSF is available,
demonstrating that local neighborhood dominates in these
cases; e.g., consider for instance values of maximum ALSF
in the range 0.1 to 0.3, where active twin variants have
ALSF as low as �0.3.
5. Conclusion

An in-situ three-dimensional synchrotron X-ray diffrac-
tion experiment was carried out on a sample made of coarse
grained Zircaloy-2. The sample was uni-axially strained up
to 2.7% in seven steps in the direction relative to the texture
that activates twinning the most. Due to elastic anisotropy,
orientation and neighborhood effects, the average measured
stress within each grain was found to vary significantly
compared to the measured average stress value, even in
the elastic zone. As a result of twinning, the number of
grains in the probed volume increased with higher strain
levels. An algorithm was adopted to define twins and par-
ent grain using many credibility filters, and the 1079 twins
from 342 parents that could pass all of the filters were stud-
ied statistically.

For the first time, a statistical analysis of the experi-
mental 3D stress state is made during twinning,
connecting twins to their parents through multiple defor-
mation steps. It is shown that both plastically soft and
plastically hard grains are twinned, and that a strong com-
petition between the six possible variants exists inside hard
grains, which are favorably oriented for twinning. In
terms of twin variant selection, it is shown that if variants
are ordered from highest to lowest Global Schmid factor,
the number fraction of observed variants decreases with
Schmid factor. On the other hand, if they are ordered
based on the Average Local Schmid factor, although the
most favored variant contributes the largest fraction of
twins, the fraction of all the lesser favored variants is
greater than is observed using the Global Schmid factor;
this demonstrates the influence of neighboring grains.
Furthermore, twin formation is observed in soft grains
which are poorly oriented for twinning; this reflects the
effect of deformation in the many hard neighboring grains
that surround each soft grain. In these grains that are
poorly oriented for twinning, twin variants occur that
are extremely unfavored based on either the Global or
Average Local Schmid factor.
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[18] B. Clausen, C.N. Tomé, D.W. Brown, S.R. Agnew, Acta
Mater. 56 (2008) 2456.
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