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Abstract

The in-service properties and performance of dual-phase Zr and Ti aloys depend on their
crystallographic texture, which develops during hot-working and is affected by interactions between
the o and 3 phases during deformation, annealing and phase transformation. Recent work on hot-
rolled Zr-2.5Nb has shown that the texture of the two phases are related, with coupled strengthening
of the o near {1120}(1010), which produces strong 0002 pole intensities along the transverse
direction, and 3 with {001}(110) rotated cube, particularly when the relative volume fraction is
around 50:50. To investigate the origin of this texture coupling, we studied a hot-rolled model Zr
aloy with 7 wt.% Nb, in which the as-deformed o + 3 microstructure is preserved on cooling. The
aloy was hot-rolled to different reductions at 725°C, which corresponds to arelative a:f3 volume
fraction of 30:70, where the characteristic textures are known to develop quickly at first and then
weaken with further reduction. The rolled material was characterised using both 2D and 3D electron
backscatter diffraction (EBSD). Thisanalysis uncovered evidence that both recrystallization and
phase transformation cause the disappearance of specific a variants during rolling, favouring the
formation of “soft” primary o grainsflattened in (1120) and elongated along (1010} during rolling,

which in turn has an effect on surrounding 3 orientations, promoting the stronger rotated cube



component. At higher reductions, these elongated a.-grains start to break up, as does the 3
surrounding it, forming bands of characteristic coupled textures. These observations imply that non-
plasticity effects should be included in models of texture evolution during processing of o + 3 Zr
and Ti aloys.

1 Introduction
Dua-phase o + B Zr and Ti alloys develop strong crystallographic textures during processing,
which strongly influence the performance of nuclear [1] and aerospace [2] components. The
thermomechanical processing of these alloysis carried out at elevated temperatures and therefore
phase transformation and annealing will occur during heating, deformation and cooling, all of
which can contribute to the texture development. Unravelling the complex interactions between
these different mechanisms and determining their relative contribution is difficult, even more so
because the B-phase, which makes up over half of the material during deformation, transforms to

secondary a. on cooling, obscuring important details of its deformed state.

Zr-2.5Nb and Ti-6Al-4V (Ti-64) alloys are usually hot worked viaa. + 3 forging, extrusion [3-5] or
rolling [2,6-10]. The characteristic a-texture that develops is a strong transverse (TD) alignment of
the 0002 basal poles[2,6-10], and alignment of the prismatic 1010 poles along RD (ED for
extrusion), and therefore the main texture component is near {1120}(1010) (often also referred to
as0002||TD). In some cases, the 0002 pole deviates from TD, and the dominant component
becomes {1121}(1010) [6,9].

During hot-rolling, the texture strength depends on the processing temperature and is strongest
when both phases are present in similar volume fractions [6,8]. At lower temperatures and high o
volume fractions (< 20% f3), the texture istypically weaker and is similar to the rolling texture of
single a aloys, with strong alignment of the basal 0002 poles along ND [6,11]. At higher
temperatures and high 3 volume fractions (> 70% [3) the room temperature a-textureis also weaker,
mainly due to the randomising effect of phase transformation [6,8]. Asit is challenging to measure,
the 3 texture has not been studied as extensively as the a texture, but our recent work on Zr-2.5Nb
[6] suggests that the strengthening of the a textureis accompanied by a strengthening of the 3
texture, when the volume fraction of a.:f3 is about 50:50. With increasing 3 volume fraction, the a
transverse texture component strengthens first, during which the 3 y-fibre (111 in ND) disappears to

be replaced by a very strong rotated cube component and aweaker {111}(112) component [6].



Like the a texture, the § texture weakens at higher temperatures, and changes to the more common

bce o and vy fibre textures [6,10].

Since the 3-phase is generally believed to be easier to deform than the a-phase at these
temperatures [12], it is somewhat unexpected that strong characteristic textures develop ina + 3
aloys, dominated by single strong components in both phases. Deformation incompatibilities
between the two phases would normally be expected to weaken the texture as the hard phase would
be expected to cause the softer phase to deform around it [13], unless these incompatibilities are
accommodated through a collaborative deformation process [14,15]. The fact that the texturesin
both phases then become much weaker at even higher temperatures, when there are fewer primary o.
and greater phase transformation on cooling, suggests that when the two phases are present in
similar amounts ~ 50%, thereis an “interaction” during deformation between the elongated primary
o grains and surrounding [B-matrix, which is responsible for the increased stability of the transverse
o texture component, and strengthening of the 3 rotated cube component [6]. Nevertheless, so far, a
convincing explanation for the origin of strong coupled single component texture in both phases has
eluded the community. The absence of this physical understanding could also explain why models
of texture evolution are still unable to quantitatively predict strengthening of the 0002||TD relative
to the 0002||ND components during hot working [10,15-17] or the accompanying f3 texture [15].

The work presented here aimed to uncover the origins of both the coupled strengthening of
characteristic a and 3 textures, and their weakening at high § volume fractions. A model Zircaloy-4
alloy with 7 wt.% Nb addition was hot-rolled and characterised using electron backscatter
diffraction (EBSD). This alloy composition was chosen to lower the 3 transus temperature and
inhibit phase transformation on air cooling [18,19], preserving the as-deformed microstructure for
post-mortem examination using EBSD. The model alloy was hot-rolled at 725°C, corresponding to
afp volume fraction of 70% (see supplementary figures for § approach curve). This phase fraction
corresponds to atemperature of ~ 825°C in the Zr-2.5Nb alloy studied previoudly [6]. Thisrolling
temperature is particularly interesting because it shows both strengthening of the a. and f texture at
moderate reductions and a dight weakening of the 3-texture at higher reductions [6]. EBSD
analysis was carried out using conventional 2D maps at two different spatial resolutions,
supplemented by a 3D reconstructed volume of one of the samples. The results suggest that as well
as co-deformation, recrystallization and phase transformation should be considered when explaining

the coupled texture changes in the two phases seen during o + 3 processing.



2 Experimental procedures

2.1 Material and pre-processing
A model aloy, based on Zircaloy-4 with the addition of 7 wt.% Nb (subsequently referred to asa
+7Nb alloy), was produced by induction skull melting, followed by gravity casting and air-cooling.
The full chemical compositionisgiveninTable1. Thecast 100 x 40 X 40 mm block was first
homogenised and rolled in the B-phase field to reduce the initial B-grain size and to develop a
strong o.-phase starting texture (with basal poles aligned in RD) for the subsequent rolling trial. This
pre-processing consisted of 3 hot-rolling at 850°C with the ND/TD directions being alternated after
each rolling pass, to form a work-piece measuring 350 X 24 x 16 mm, followed by extended

annealing at 750°C for 5 days and furnace cooling, to ensure chemical homogeneity in both phases.

Table 1: Chemical compostion of the Zircaloy-4 + 7 wt.% Nb alloy.
Zr Nb Sn Fe Cr

Zircaloy-4 + 7 wt.% Nb 91.80% 6.63% 1.23% 0.22% 0.12%
Note, results have been determined by energy dispersive X-ray fluorescence (EDXRF) analysis using the PANal ytical

MiniPal4 equipment and software package.

2.2 Rolling experiments
The +7Nb alloy wasrolled at 725°C in two-stages to 50% (e, = —0.7) and 75% (&, = —1.4)
reduction. A small 85 x 17 x 7.5 mm block of the +7Nb starting material was first unidirectionally
rolled to a 50% reduction, through 4 passes of 16%. A section of this material was then further
rolled to 75% reduction with the same percentage reduction per pass. Rolling was conducted using
lubricated 254 mm diameter rolls at alinear speed of 177.8 mm s~1(35 ft min~1), with arall
speed of 1.4 rad s™! (13.37 rpm). The average effective strain rate therefore varied from about 2
s~ in thefirst stage to about 4 s~ in the second stage. The material was held at temperature
(725°C) for 1 hour prior to rolling, to ensure a homogeneous temperature distribution. To maintain
the rolling temperature, heating was applied for 2 minutes between each pass, and the temperature
recorded as the block was returned to the furnace by a thermocouple placed underneath the dab.
Temperature drops of up to 100°C below the deformation temperature were measured at the surface
after each rolling pass, and the temperature aso dropped ~ 150°C during sample sectioning between
the two rolling stages. Following sectioning, the block was returned to the furnace for up to 5
minutes to return to temperature before further rolling. On completing rolling, the blocks were air-
cooled. Some samples were also subsequently annealed for 2 hours at 750°C in atube furnace with

Ar purge and cooled within the furnace at arate of lessthan 1°C s™1.



2.3 Characterisation
Samples were extracted from the centre of the rolled material for microstructural examination using
optical microscopy and EBSD. They were ground to 4000 grit and polished using a 5:1 solution of
colloidal silicaand hydrogen peroxide. EBSD analysis was performed using a CamScan M X2000
field emission gun scanning electron microscope (FEG-SEM) operated at 20 kV, equipped with an
AZtecHKL EBSD system, with subsequent analysis performed using the Oxford I nstruments
Channel 5 software. Measurements of macro-textures were made with a5 um step size over atotd
area of around 10 mm?. A similar total areawas analysed during measurement of the starting
texture, although in thiscasea 1.5 um step size was chosen, owing to the finer a-lath structure.
More detailed orientation maps were also recorded using a step size of 0.1 um to resolve the
deformation microstructure. This 2D EBSD dataset is avail able from the Zenodo repository [20].

Serial section EBSD, followed by 3D reconstruction, was used to characterise the morphology of
the deformed microstructure of the material rolled to 75% reduction. Data was collected using a
dual beam Thermo Scientific Helios Xe* plasma focused ion-beam SEM (PFIB-SEM), with
automated sample rotation. The volume that can be analysed by this technique is currently modest,
owing to the slow acquisition time, and so only one sample was taken from the 75% rolling
reduction material. A region of interest was first selected from the 2D EBSD map. The sample was
then lifted out and analysed following the procedure described in the supplementary materials. Each
dice was EBSD mapped over an area of 50 x 50 um, on the RD-TD plane, with indexing at

0.15 um step size. Slices 0.1 um in thickness were then removed across the RD-TD plane. The final
data set with atotal analysis volume of 44 x 50 X 50 um consisted of 441 individual dices, all
within one B-grain, and took ~ 4 days to collect. This 3D EBSD dataset is available from the
Zenodo repository [21].

The 3D EBSD orientation data and morphology of the segmented o and [ phases were
reconstructed using the DREAM.3D software [22], which was also used to calculate the feature
reference misorientation (FRM) and kernel average misorientation (KAM) distributions within each
texture domain of interest. To reconstruct the data, a customised pipeline was devel oped within
DREAM.3D, which is described in the supplementary materials. Following reconstruction, the fina
3D dataset file was visualised using ParaView [23,24]. Details of the analysis using ParaView are

also given in the supplementary materials.



3 Results

3.1 ¢-phase texture
The texture of the starting materials was not random and both o and 3 phases were measured by
EBSD. In Figure 1 a)i) it can be seen that the a-phase had a very strong 0002 basal pole alignment
with RD, aswell asastrong prismatic alignment of (1010) with TD and (1120) with ND. This
strong o texture is consistent with phase transformation from the 3-phase which is dominated by the
{111}110) component, as seen in Figure 1 b)i), generated by the fina {3 rolling pass carried out on
the starting material. Crucially, the starting material contained very few orientations with (0002)
aligned with the transverse direction and therefore the starting a texture was very different from the
expected texture after rolling.

The EBSD indexing rates achieved after rolling were ~ 25% for the a-phase and ~ 65% as 3-phase,
which is consistent with the expected 30/70 o/ volume fraction at 725°C in this alloy, assuming
mis-indexing rates are similar for both phases. After areduction of 50%, the starting texture was
transformed into the typical hot rolling texture [6]. A strong {1120}(1010) component developed in
the a-phase. This dramatic change in the texture can be best appreciated in the ODFs shown in the
supplementary figures, which shows the replacement of the ¢, = 90°, ® = 90°, ¢, = 0°
component by the ¢; = 0°, ® = 90°, ¢, = 0°.

Further reduction to 75% weakened the basal pole maximain TD (Figure 1 a)iii) and strengthened
the 0002 pole intensity around ND, with atilt of ~20° towards RD. At the same time as the basal
alignment in TD weakened, the prismatic alignment of 1010 in RD strengthened, and sharpened the
{11203}(1010) texture component dightly, as can be seen in the ODF sections. As aresult, the
texture strengthened, even though the 0002 poles were less well aligned with TD and spread
towards ND, forming a continuous fibre in the ODF from the 0002||TD to the 0002||ND, which
was also seen to appear after hot-rolling of Zr-2.5Nb [6].

After annealing, the oo EBSD indexing rate increased to 65%, whereas only 20% of the points were
indexed as . This decrease in the number the 3 pointsindexed in the annealed materials was
caused by the nucleation of very fine secondary o within the (3-matrix, which could not be indexed.
Annealing of the rolled samples mostly strengthened the {1120}(1010) o texture component after
both 50% (Figure 1 a)iv)) and 75% reductions (Figure 1 a)v)). The 0002 pole figures after annealing
at 75% reduction show that alignment of the basal poles remains dightly split either side of TD and

with a dight rotation towards RD in therolling plane.
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3.2 f-phase texture
Measuring the (3 texture in the starting material was difficult because of the coarse starting 3-grain
structure. Even though a large area was analysed, it contained only ~ 20 deformed [3-grains, as well
as smaller broken up [ regions. Nevertheless, although the measurements are not truly statistically
representative, they are sufficient to allow discussion of the relative texture development of the two
phases and for comparison with the textures measured in our previous study on Zr-2.5Nb [6]. The
evolution of the 3 texture is shown in Figure 1 b) using ODF sections taken at ¢p, = 45°. The
starting material had avery strong  {1113}(110) texture component on the y-fibre, which islocated
at the centre of the ODF at ¢, = 45°, together with much weaker {001}(110) rotated cube and
{001}(100) cube components. The relative intensities are probably influenced by the poor grain
statistics, but the grain orientations are consistent with those expected after {3 rolling. Despite the
small numbers of grains studied, the overall trend in texture development was consistent with a
weakening of the original y-fibre component and a strengthening of the rotated cube component, as
seen previoudly [6]. After 50% reduction, the strength of the main vy-fibre component reduced
(Figure 1 b)ii)) but the texture did not change significantly in character. However, after 75%
reduction, the {001}(110) rotated cube component strengthened appreciably, and the p {111}(110)
weakened to form aweak y-fibre. Thisfinal  textureis very similar to that produced following hot-
rolling of Zr-2.5Nb at 825°C [6].

As expected, annealing at the rolling temperature did not measurably change the (3-texture, which
agrees with our previous work on aZr 2.5Nb aloy [6]. The ODFs suggest that the annealed texture
had a dightly stronger rotated cube component, but this difference could just be due to sampling
variability caused by the large starting B-grain size.

3.3 Microstructure evolution
The starting microstructure of the +7Nb material after the 3-pre-processing and annealing
procedure is shown in Figure 2 @). The a-phase, which makes up ~ 50% of the alloy at room
temperature, was present as single variant (colonies) of Widmanstétten laths within the 3-grains.
There were also afew allotriomorphic a-grains, which formed preferentially along the prior § grain
boundaries, and along sub-grain boundaries within the 3-grains.

After a50% rolling reduction, the microstructure developed arange of different globular and
elongated primary o grains (in Figure 2 b) and c)), which were predominantly aligned with the
rolling direction. At 75% reduction, the volume fraction of elongated primary o grains increased,



and the number of low aspect ratio grains decreased, with many a-grains appearing to lengthen
aong RD. Annealing and slow furnace cooling caused the o volume fraction to increase to ~ 70%,
but rather than nucleating new finer secondary a., the hcp phase mainly grew from the existing
spherical and elongated primary o grains produced during rolling, as can be seen in Figure 2 d) and
€). Only very fine secondary a-laths formed between the boundaries of the larger primary o in the
annealed material at 75% reduction. These annealed microstructures resemble those seen following
high temperature rolling and air-cooling of Zr aloys with lower Nb additions, like Zr-2.5Nb, except
with alower secondary a volume fraction appearing at room temperature [7,9,25]. The overal
implication of these resultsistherefore that this alloy appears to deform similarly to other dual-
phase Zr and Ti alloys and confirmsit is a good model material with which to investigate the

deformed state of the primary o and B-matrix.

3.4 Micro-texture devel opment
The evolution of crystallographic orientationsin the o and  phases during deformation are shown
in the coarse scale EBSD mapsin Figure 3 @) and b). The reference direction used in all inverse
pole figure (1PF) mapsisthe TD direction, and therefore a-grainswith 0002||TD are shown as red.
At the start, the B-matrix was made up of grains elongated along RD with an aspect ratio of about
5:1 within which some misorientation was evident, introduced by the pre-processing. The a-grains
present had many different starting orientations with very few grains initially orientated to be
aligned with 0002]||TD.

At 50% reduction, 3-grain breakup was limited, although the grains were more elongated along RD
and had an aspect ratio of ~ 10:1, consistent with the imposed reduction. After 75% reduction,
however, grain breakup was very evident, with most grains developing into bands of different
orientations aligned with the rolling direction. These bands of different [ texture componentsin the
starting and deformed materials have been separated out in Figure 3, showing the main {111}(110)
grains at 50% reduction, which were mostly present in the starting material, breaking up to form
bands of the {111}(112) and {001}(110) orientations after 75% reduction. The appearance of these
bands corresponds to the overall texture weakening and the strengthening of the rotated cube

component observed.

This breakup of the B-grains occurred simultaneously with the evolution and then breakup of strong
primary o micro-textures contained within them. The range of primary o variants present within

different B-grainsis plotted in the o 0002 pole figuresin Figure 4. By 50% reduction the o texture



changed rapidly and there is evidence of extensive dissolution of different primary o variantsin
each of the B-grains. Compared to the starting material, four o variants were missing at the centre of
the pole figure in the cube and rotated cube grains; whereas a-grainswith 0002||RD, which was the
strongest orientation in the starting material, had either been completely removed from the micro-
texture or appeared with significantly reduced strength in the rotated cube, {111}(110) and
{111}(112) grains. In all cases, the formation of the 0002||TD, or the{0002) aligned between RD-
TD in the case of the cube grain, became the strongest orientation during deformation. These

similar o orientations were distributed in bands that aligned with the rolling direction of the
material, as seen in Figure 3 @). In most regions, this strong alignment of o in TD was correlated

with a strong alignment of § in TD, as could be expected from the pole figuresin Figure 4.

The breakup of the a 0002||TD component coincides with the breakup of the larger 3-grains. At
75% reduction, the o micro-texture became similar within al 3-grains, as shown in Figure 4 iii).
Although the 0002||TD remained the strongest component, there was a noticeable weakening of the
basal pole alignment, along with the development of a greater spread of orientations aligned
towards the centre of the pole figure, with 0002||ND. In the cube grains, the a. component with
(0002) aligned between RD-TD appeared to have been so unstable that it rapidly disappeared from
the micro-texture with strain, leaving behind a spread of orientations, at the centre of the pole

figure, which corresponded with the breakup of these highly elongated -grains seen in Figure 3
c)iii).

Comparing the orientation maps before and after rolling, in Figure 5, Figure 6 and Figure 7, shows
very clearly the dramatic change in a texture. Originally distributed in packets tens of micronsin
size, rolling to 50% produces much larger micro-texture regions of similar a-grain orientations,
containing only asingle primary o, orientation in some cases, as shown in Figure 6. At just 50%
reduction, region 1 in the top half of the orientation map shown in Figure 6, which corresponds to a
single 3-grain with amain {111}(110) y-fibre component, can be seen to contain only o with only
asingle 0002||TD orientation. In region 2, in the bottom half of the map in Figure 6 with a3
{001}(100) cube orientation, most of the a.-grains have their 0002 pole lying within the rolling
plane, aligned at a greater angle of 45°, from TD to RD, with only afew grainswith 0002||ND.
However, in both regions, comparison of the o 0002 and 3 110 pole figures showed that the
orientations of the two phases retained their mutual Burgers orientation relationship, athough there

were high misorientation gradients across each of the grains.



The a-grain morphology and level of grain breakup clearly depend on crystallographic orientation.
For example, a-grainswith 0002||TD inregion 1 and 0002||ND in region 2 are highly elongated in
Figure 6, compared to grains with their basal pole aligned in therolling plane in region 2. These
elongated thin ribbon grainswith 0002||TD did not break up, although there was a large orientation
spread in the 1120 pole figure, with rotation axisin TD, most likely caused by prismatic gip. On
the other hand, the o. elongated grains with 0002 ||ND did break up, showing very high
misorientation gradients along their length and the formation of new internal high angle grain
boundaries. The spread of orientations in the local $-matrix was aso different in the two regions, as
can be seen in the pole figuresin Figure 6, which suggests it was affected by the stability of the

main primary o grain orientations.

The breakup of the 3-grainsinto micro-texture bands seems to depend on the primary o
orientations, as can be seen after 75% reduction in Figure 7. In the top (region 1) and bottom
(region 3) bands of the map, both B-grainslie close to the {111}(110) component of the y-fibre, but
contain very different orientations of .. Band 1 contains mostly small and broken up “globular” a,
which have (1120) parallel to TD and a spread of 0002 basal poles clustered around ND, with some
spread toward RD. These a orientations, which were predominant in the starting material, coincide
with very high local misorientations in the surrounding [3-matrix, seen as a spread in the 3 pole
figure. In contrast, inregion 3, at the bottom of the map, the a-grains are highly elongated in the
rolling direction, with 0002||TD and this sharp transverse texture component, and high elongation,

coincides with amuch lower misorientation within the surrounding 3-meatrix.

The more pronounced breakup of the cube grainin region 2, at the centre of the map in Figure 7,
includes o morphologies with awide range of both globular and lamellae grains that had a
distribution of basal poles aligning between ND and TD. Many of these stringers of broken up a-
grains have different orientations, producing a spread around ND in the micro-texture, in Figure 4
a)iii). These broken up stringers of different o orientations coincide with a much greater breakup of

the local B-matrix, which have developed new sub-grains with primarily rotated cube orientation.

3.5 Three-dimensional EBSD analysis
Two-dimensional EBSD maps are limited in their ability to revea thereal 3D shape of the a-grains
dispersed within the 3-matrix, or their connectivity. To overcome this limitation, serial sectioning
was carried out using a plasma FIB, to produce a sequence of dicesfrom the materia rolled to 75%

reduction that could be reconstructed into a 3D volume. Continuous misorientation boundaries

10



greater than 5° were used to segment individual a-grains. Although 5° is a somewhat arbitrary
distinction, it was chosen to best isolate different a-grains, whilst still capturing sub-grain boundary
features with misorientations of less than 5°.

The full reconstructed volume is shown in Figure 8, along with the average micro-texture obtained
from the 3D data set for each phase. In the volume analysed, the 3-phase is revealed as a continuous
matrix within which individual a-grains are seen to be preferentially elongated along RD and
extending beyond the volume analysed. This volume was studied in an attempt to capture a small
representative micro-texture band, like the ones seen in the 2D maps, which contains a-grains of
different orientations within a misoriented {3 region. The orientation of the 3-grain matrix studied
was near {111}(110), which isacomponent from the y-fibre that weakens with increasing
reduction. In Figure 8 b) it can be seen that there was a measurable spread of the 3 orientations,
which was mostly made up of arotation around {111} and ND. The accompanying a-phase pole
figuresin Figure 8 a) show one main component: (0002) tilted dightly off-axis by 10° away from
TD, and alignment of (1120) with ND. Other a-grains have different orientations, some with
(0002) tilted off-axis 10° in the opposite sense from TD and a few with basal poles aligned with
ND.

The shape of the grains depends strongly on their orientation. The overwhelming majority of a-
grains have an 0002 pole aligned with TD and are shaped like flat elongated ribbons, very thin
along ND and elongated along RD, as shown at the top of the 3D volume (region 1) in Figure 8 and
in each of the three grain morphologiesin Figure 9 c). These a.-grains correspond to the elongated
grains seen in the 2D EBSD maps and were found throughout the extracted cube, dominating at the
top and bottom in particular. The highly elongated o.-grains were approximately 1 pm thick and

5 um wide. Most of these elongated grains were longer than 50 um, athough it was not possible to
determine their length with certainty as they do not start or end in the sampled volume. The long
axis of these grains was dightly misaligned along RD by 10°, which coincides with the slight off-
axistilt of the (0002) 10° from TD seen in the a-phase pole figures. This suggests the shape of
these grainsis determined by their crystalography and not the plane strain deformation of the
sample, with flattening of the grains seen along (1120) and elongation along (1010).

Just below the top region of the data set (region 2 in Figure 8), a number of differently orientated
primary o grains also existed that had their basal poles orientated parallel with ND. These grains

had different, wider in TD, more bent, plate-like morphologies, as seen in Figure 9 a). The edges of
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these grains had high curvatures, particularly at highly misorientated regions, which is compelling

evidence for grain boundary migration through ingress of the 3-phase.

3.5.1 Dependence of misorientation and stored energy on grain orientation

In the 3D dataset, the misorientation within the a-grains varied systematically with their orientation.
The flat, elongated grains belonging to the dominant {1120}(1010) component, that have been
separated out in Figure 9 ), tend to show low misorientation gradients within the grain and alow
misorientation spread in the pole figure, which suggests this crystallographic component is stable,
whereas grains with (0002) aligned close to ND contained higher misorientations throughout the
grains and developed larger crystal rotations, with a spread around (0002) and ND of over 45°.
These higher internal misorientations were accommodated in sub-grain boundaries, which are
clearly shown by the KAM measurements performed across the different grains that are presented
in Figure 9 @). The distributions of KAM values were calculated with akernel sizeof 3 X 3 x 3
cells (equivalent to avoxe of 2.25 um3) and are given in Figure 8. Thisrevealed that the “ stable”
grains that strengthen the texture during rolling, with atransverse basal texture component, tended
to contain sub-grains with lower KAM angles than other o orientations — with median values for
these grain types of 0.45° + 0.03° compared to 0.73° + 0.01° for the 0002||ND aligned grains.

KAM distribution measurements also revealed differences in the local sub-structure within the
surrounding 3-matrix, that related to the crystallographic orientation of the embedded primary o
grainsit surrounded. In this case, the analysis was conducted by selecting two different regionsin
the 3-grain. In region 1, the B-grain contained mostly o with atransverse texture component, whilst
region 2 predominantly contained a.-grains of other different (mainly 0002||ND) crystallographic
orientations. According to Figure 8 b), alower average 3-matrix KAM distribution was found in
region 1 (with amedian of 0.4°), compared to region 2 (with amedian of 0.5°). Surrounding these
0002||ND grains, the B-grain was found to be more highly misorientated and aso contained a
higher density of sub-grains. Overall, these results are therefore consistent with the matrix 3 bands
containing a-grains aligned with 0002||ND, which aretypically “harder” orientationsin the single-
phase case, having larger local misorientations.

The KAM datawas further used to estimate the relative stored energy within specific a orientations,
following the method proposed by Godfrey, Mishin and Yu [26], which has been shown to give
reliable estimates. A step size of lessthan 1/5 of the average sub-grain size is required to accurately
estimate the stored energy of deformation, which was met in our analysis, as well asthe choice of a

12



cut-off angle chosen during averaging [26]. Here, the high cut off was set at 5°, since few
boundaries within individua texture domains were found to exceed 3° (Figure 8) and
misorientations greater than this were classified as boundaries to segment the 3D EBSD data
between different texture components.

According to Godfrey et al. [26] the local stored energy, Ej, at each voxel can be estimated based on

the Oxam, Of avoxel compared to its 6 nearest-neighbour voxels, using the equation;

3Gb
s = ﬁQKAM

Equation 1
where G isthe shear modulus, b isthe Burgers vector and A isthe step size. Performing this
calculation using an average KAM value, determined from the voxels within a grain volume, was
used to provide an estimate of the volume averaged stored energy within a given o micro-texture
domain. The relative differences between the stored energy calculated by this method are equivalent
to the relative differences in volume averaged misorientation, since the multiplying factor
(3Gb/2A) isaconstant. The shear modulus and the Burgers vector for prismatic dip were assumed
to be 23.6 GPa [27] and 0.32 nm [28], respectively. Using this approach, the stored energy
contained within the “harder” o basal 0002||ND components was determined to be around 160 +
20 MJ/m?3, which was over 1.6 times more than the value of 98 + 7 M]J/m? estimated for the
“softer” 0002||TD orientated primary o grains. Similarly, the stored energy was found to be 1.3
times higher in the 3-matrix regions surrounding the “harder” o orientations at 123 MJ/m?3,
compared with 95 MJ/m3 in the matrix surrounding o. with the “soft” transverse texture

component.

4 Discussion

4.1 Texture development
The macro-texture results confirm that the texture development in the model +7Nb alloy is
consistent with that observed in other dual-phase Zr and Ti alloysrolled to the same strains, at
equivaent phase fractions. Despite their different starting textures, the a texture evolution in the
model alloy isremarkably similar to that in Zr-2.5Nb [6] and Ti-64 [8,9] when processed at an
equivaent 3 volume fraction of 70%. Since only primary o was retained on cooling in the model
aloy, the smilarity in the a-textures after rolling confirms that the strong transverse basal texture is
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characteristic of the deformed primary o and is not generated from transformation of the deformed

3 on cooling by strong variant selection [29-33].

The primary o texture develops rapidly with strain, and the main {1120}(1010) component is
established after only 50% reduction, strengthening through alignment of (1010) along RD after
75% reduction, even though the 0002 pole intensity weakens dlightly. This rapid o texture change
occurs within 3-grains that change their orientation much more slowly, and that noticeably fail to
break up until the larger 75% reduction. The {3 texture also changes with rolling, but much more
gradually, through the characteristic strengthening of the dominant rotated cube component that has
previousy been seen in both Zr and Ti alloys processed at equivalent temperatures [6,10] and the
weakening of theinitially present { 111} <110> component which spreads into aweak v fibre, and
by developing a small amount of Goss component [7].

4.2 Mechanisms of texture development
Although the development of astrong {1120}(1010) primary o texture in the model alloy confirms
that this texture component forms during deformation, there is evidence that this texture change did
not happen through plasticity alone. There has been only limited crystal plasticity modelling of the
texture evolution during hot deformation of o + {3 alloys [15,16], both using viscoplastic self-
consistent (VPSC) modelling, from which it isdifficult to infer how quickly this transverse texture
component develops and how fast the grains with (0002) aligned along RD disappear. In the work
by Lebensohn and Canova, results are only shown for areduction of 70% (e = 1.2) at alow f3
volume fraction (20%) [15]. Although their results show a general weakening of the 0002 poles
aong RD after alarge deformation, the starting texture is random, unlike here where the starting
0002||RD pole was very strong. In the forging texture ssimulations by Glavicic et al., the 0002||RD
also seems to consistently survive significant reductions [16], whereas experimentally it disappears.
Crystal plasticity modelling of hot single-phase o deformation confirms that it is difficult to explain
the disappearance of this component though dip in a alone. In Logé et a., VPSC aways predicts
strong 0002 ||RD alignment after plane strain deformation [34] and in Prakash et al., strong
components with 0002||RD only weaken dightly with deformation [35]. The ssimulations by
L ebensohn and Canova do show that the development of the 0002 || TD alignment itself can be
partly predicted by VPSC modelling after large reductions, by coupling the deformation of the two
phases using realistic grain shapes [15]. Even then, the predicted (0002) alignment isrelatively
weak, which isunusual for aVPSC model, asit tends to over-predict texture strengths [36].
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There are other more direct indications that the o texture change is not solely due to plasticity. It
appears very rapidly with strain, and there is no evidence of afibre linking the starting o
orientations to those of the stable end texture components, which would be expected for a gradua
texture change involving crystal rotation driven by plastic dip. Rather, itisasif the a-grainswith
(0002) along RD and ND quickly disappear and are replaced, at least in part, by grains with (0002)
along or near TD. During cold working, such fast texture changes have been attributed to twinning
[37,38], but not only is twinning unlikely at these high temperatures [39,40], it also cannot explain
the changes in orientation that are observed. The only twinning mode capable of such a dramatic
orientation change isthe {10123}(1011) tension twin, which reorients the (0002) towards ND and
not towards TD, asis observed in [35]. In aseparate study on Zircaloy-4 [34], the 0002||TD poles
are stronger after plane strain deformation at higher temperatures (750°C), when the starting
microstructure isfiner. In the same article, it was proposed that this texture change is driven in part
by “metadynamic” recrystallization, without which the disappearance of the 0002||RD aligned o
cannot be explained. However, it is more difficult to see how recrystallization on its own could
explain the disappearance in our rolling experiments, where the a. volume fraction is only 30% and

non-contiguous.

Another possible explanation for this dramatic texture change is variant selection via phase
transformation, occurring either dynamically during rolling, or statically between each reduction
step. Dynamic phase transformation is known to happen during hot deformation of steels[41] and
has recently also been reported in Ti-64 [42—44]. Phase transformation can also be driven by
temperature transients during rolling: the temperature will decrease and o re-grow as the sampleis
removed from the furnace and temperature increases again during deformation and during
reheating, where the § would be expected to expand, or it could be driven by stress during rolling
[3,31,45,46]. Thisaloy has a high Nb content, which has very low solubility in o [18,19]. Nbis
also adow-diffusing, 3 stabilising species [19], and therefore phase transformation in thisalloy is
very slow, which iswhy secondary o was suppressed on cooling. A dow, diffusion-controlled phase
transformation will limit the amount of static phase transformation that can occur during the
transient temperature changes experienced during the rolling schedule. However, since the
diffusivity of Nb increases with didlocation density, deformation could potentially promote
transformation by enhancing Nb transport, and increase the driving force by affecting the stored
energy in each phase.

The most compelling indication of the involvement of phase transformation is the way the a texture

changes for different parent [ orientations. As Figure 4 shows, a variants with (0002) along RD
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and ND essentialy “disappear” after 50% reduction and there is a strengthening of the 0002 poles
near TD within al main 3 grain orientations. However, the details of this0002]||TD strengthening
are different for different 3 orientations. For the § rotated cube and the {111}(112) component of
the vy fibre, there is very good alignment of o {(0002) with TD. However, for the § cube and
{111}(110) orientations, the o 0002 poles are not as well aligned with TD. Instead, they seemto lie
in between theinitial position, with (110) in the 3, and the TD direction. The 3D EBSD sectioning
shows that this misalignment is possible because of the morphological misalignment of the
elongated primary a grains with therolling direction. Like the long, thin a-grains which are
crystalographically well aligned with TD in the 3 rotated cube grains, these grains are el ongated
along (1010), but misaligned with TD, suggesting they start off with (0002) well aligned with
(110) in the parent 3 grain and gradually become aligned towards TD as deformation proceeds,
presumably through rotation due to plastic dip.

The 3D EBSD analysis provides some indication of how variant selection might occur, driven by a
interface migration. As Figure 9 shows, the different o variants interact differently with the parent
B-phase. Grains with (0002) near TD are elongated along (1010) and have very low stored energy,
whereas grains with other orientations have higher stored energy and are evidently being
preferentially consumed by f3, as shown in Figure 9 a). The orientation of the elongated 0002||TD
grainsis consistent with deformation via prismatic dip occurring on two symmetric dip systems
that prevent crystal rotation and give rise to a high stability for this component [47]. Elongated
grains with this stable orientation are commonly seen in cold worked Zr and Ti alloys, where they
also show very little misorientation and low stored energy [48]. Their elongated thin, ribbon-like,
morphology and the lack of misorientation in the surrounding [3-phase surrounding them suggests
that {1120}(1010) « orientations are “soft”, and as easy to deform as the 3. The other “hard” «
orientations cause noticeable misorientation to develop in the surrounding B-matrix, giving rise to
large misorientations and the development of alocal B substructure in the form of sub-grains. These
hard-oriented a.-grains are also more unstable and devel op large misorientations within them, made
up primarily of rotations around the (c)-axis, consistent with variationsin prismatic dip rate. This
difference in the local didocation density, and stored energy, could explain the preferential selection
of specific micro-texture volumes during deformation and thermal cycling, by enhancing Nb
diffusion around and inside the unfavourable oriented a-grains, and encouraging their breakup and
dissolution [49]. Although there was no obvious change in the overall phase fractions with rolling
strain, small differences were difficult to confirm because EBSD indexing is only 90% successful.
The EBSD maps do show apparent local differencesin a volume fraction, with regions containing
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elongated o. showing higher local o volume fractions that increased by around 4% and 10%, as seen
in Figure 6 and Figure 7, athough thisis difficult to confirm given the 2D nature of the data. The
lack of anoticeable change in phase fraction, together with the development of large regions
containing only elongated o, suggest that this dissolution of “hard” o orientations must be
accompanied by growth or precipitation of the soft orientations, producing the observed fast texture

change.

The changes in morphology confirm that al the primary o grains are deformable, athough their rate
of shape change depends on their strength relative to the surrounding -matrix, which depends on
their orientation. The lack of misorientations developing in the 3 surrounding the thin
{11203(1010) aigned grains, seen in the 2D mapsin Figure 6 and Figure 7 and the 3D analysisin
Figure 8, implies that there is essentially no plastic incompatibility between them and the matrix. In
other words, a-laths with atransverse orientation are not stronger than the surrounding 3-phase.
Thereis no evidence of rigid body rotation of “hard” o within a soft 3-matrix [45,50], to align the
(0002) with TD. Thislocal orientation dependence of how easily the two phases co-deform also
implies that the macroscopic flow stress of material will decrease with the fast change in texture,

contributing to the softening behaviour often seen during a + 8 hot deformation [36].

The EBSD maps show how the (3 texture development is also affected by interaction between the
two phases, despite the relatively large starting  grain size making it difficult to interpret
quantitative comparisons of the texture change. Since the material had been rolled in the § domain
before this experiment, the starting 3 texture was relatively stable, which helps to explain the
relatively low level of change after 50% reduction. Nevertheless, there is evidence, even at this
stage, that the co-deformation of the two phases can promote the development of the rotated cube
component and the disappearance of the {111}(110) component. In the EBSD mapsin Figure 7,
small grains with rotated cube orientation can already be seen emerging inside the larger B-grains,
between parallel a-laths. These new grains, made possible by a rotation about RD for the
{111}(110) grain and about ND for the cube-oriented grain, both align the (110) direction with
TD.

Although the rotated cube orientation is normally only a minor texture component in single-phase
rolled bcc metals [51], it becomes more important as the deformation temperature increases and as
the amount of reduction increases [52,53]. Crystal plasticity modelling of single [3-phase
deformation suggests that this component is favoured by high aspect ratio elongated, pancake grain
shapes: when using the Taylor model, the component is favoured by relaxed constraints [29,54] and
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when using the VPSC model, the rotated cube component is enhanced when elongated grains are
used [52]. Modelling its devel opment during dual-phase a. + 3 deformation, however, seemsto be
less successful [10,15,16]. Thereis also evidence that, during hot deformation in the 3-phase
region, the rotated cube component is further enhanced by recrystallization, athough it is not clear
if this occurs during deformation, “metadynamically” at the end of deformation, or by both, which

seems to depend on strain rate [55].

If the development of the rotated cube component is enhanced by large reductions and plane strain
constraint, then it is plausible that the rotated cubeis favoured by the constraint imposed by the
embedded a-grains, especialy if they are elongated along RD and deforming at the same rate as the
B-phase, like the elongated a-grains seen here. Once a nucleus of rotated cube orientation devel ops,
it can then also grow by interface migration: the misorientation within these new rotated cube grains
does seem to be lower than the other B orientations around them. This mechanism can also help to
explain why the vy fibre spreads away from the {111}(110) towardsthe {111}(112), as seenin the
EBSD volume, since the latter can maintain alignment of one (110) direction with the (0002) along
TD.

At greater reductions, the elongated 0002 || TD a.-grains become longer and thinner, and start
breaking up through activation of pyramidal dip, perhaps as aresult of the loss of constraint
associated with the extreme grain shape, causing a weakening of the 0002 polesalong TD and a
spread around ND. Despite this, the {11203}(1010) texture component strengthens, as prismatic slip
continues to strengthen the (1010) alignment with RD. In the 3-phase, the local conditions that |ead
to the spreading out of the {111}(110) component along the y-fibre become more widely
established, leading to a strengthening of the {111}(112) component and of the rotated cube
component, eventually leading to  grain breakup in the form of parallel bands of alternating texture

components.

Annealing leads to a dight enhancement of the o components formed following high temperature
deformation, primarily because the primary o grows during annealing and subsequent slow cooling,
as can be seen in Figure 2. The precipitation of secondary o does produce a measurable increase in
the (0002) along RD during heat treatment, but overall the texture is essentially unchanged.
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4.3 Texture evolution with a/f volume fraction
Although only one rolling temperature was studied, the mechanisms of texture evolution discussed
above can be used to explain the texture evolution seen more generally during hot-working of o + 3
alloys at different temperatures and different phase fractions. Although the 0002 || TD component
typically only develops at higher temperatures in the dual-phase case, it can also develop at low 3
volume fractions [6] and even in asingle-phase a aloy [34]. Since it cannot be easily explained by
plasticity alone, it must be driven by diffusion-controlled interface movement, either within the a-
phase, by recrystallization, or by deformation assisted phase transformation. This mechanism
requires differently oriented a-laths to either be in contact or in close vicinity. Therefore, it will be
more difficult in coarse colony microstructures produced by slow cooling, than in basket-weave
microstructures produced by faster cooling, which is consistent with previous experimental
observations of globularisation in Ti alloys [56].

It is the development of the {11203}(1010) o component, in the form of highly elongated stable -
grains, that sets up the conditions necessary for the strengthening of the rotated cube component.
Previous work on Zr-2.5Nb showed that strengthening of the rotated cube component peaks at a
temperatures where the 3 volume fraction is 50%, whereas the a texture strength peaks at adlightly
lower temperature [6]. However, these previous a texture measurements included both primary and
secondary a.. Since secondary a is produced by transformation on cooling, post deformation, it will
probably weaken the measured texture, which impliesthe primary o texture wasin al likelihood
stronger at the original processing temperature, consistent with the idea that the {1120}(1010) a
and {100}(110) p components develop synergistically. A higher o volume fraction implies thicker,
elongated {1120}(1010) a-grains that can remain stable to larger reductions than the same grains at
higher temperature, establishing the conditionsto form the strong, coupled o and 3 textures found
at these temperatures. The {1120}(1010) o stabilisesthe {100}(110) 3 orientation and vice versa,
because they can deform in a compatible manner, with low interphase stresses and generating low
stored energies in both phases.

This reasoning can aso be used to explain the texture weakening as the temperature increases
towards the 3 transus. At higher temperatures and higher 3 volume fractions, the o volume fraction
istoo small to provide the morphological constraints required to stabilise the rotated cube
component [6,10]. Instead, the primary o grains act more like hard particles in a soft 3-matrix,
causing the f texture to weaken around the typical bcc o and vy fibres[6,10]. The a texture after
deformation at high temperatures and high 3 volume fractions is dominated by transformed o

nucleating in weakly textured 3, and istherefore usualy very weak. Above the (3 transus, the
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randomising effect of o isno longer present and therefore the § textures strengthen, as does the a

texture produced by transformation on cooling [6], especially if variant selection occurs [9,57].

4.4 Implicationsfor processing and modelling of dual-phase processing
Some aspects of the texture development described can be successfully predicted by self-consistent
plasticity modelling, but only when interactions between the two phases are explicitly imposed [15].
However, the textures predicted are too weak, and only develop after large imposed deformations,
whereas in practice the (0002) alignment with TD appears very rapidly, and is accompanied by the
disappearance of a-grainswith (0002) along RD and ND. This rapid development of the
{11203(1010) component must therefore require recrystallization and/or phase transformation, and
thus cannot be predicted by crystal plasticity modelling alone. Since the development of the rotated
cube component requires the presence of astrong a texture, it isunsurprising that the same models
fail to predict the development of the rotated cube 3 texture component [10,15,16], although it is
possible that the B volume fraction simulated was too low. Given the strong correlation required for
the development of this component, the VPSC formulation might need to be further modified to

explicitly include more details of the a-f3 interaction.

Further development of mean field models should probably be accompanied by full-field modelling
of small volumes, using frameworks like phase field modelling that can account for chemistry
effects and that allow grain and phase boundary movement [58,59]. Such models would better
enable the parameterisation of the morphological changes and provide a better understanding of the
contributions of diffusion-controlled orientation selection and kinetics of phase transformation, and
how this interacts with texture evolution caused by dip. Such full-field models will be complex and
will require the identification of many different parameters and their development will rely on the
availability of phase fraction and texture data obtained in-situ at representative strain rates and

temperatures, that can only be obtained with fast synchrotron X-ray diffraction experiments [60].

One technological implication of thiswork is that the rapid texture changes seen after small
reductions produce contiguous regions of similarly aligned primary o, which are often called
macrozones in the Ti-64 literature [ 61-65]. Macrozones have historically been thought to originate
from alack of microstructure breakdown, but the results here show that they can develop during hot
deformation by strong texture reinforcement, even when they are not present at the start. Another
implication is that the rate of texture change will be affected by the starting microstructure and

texture. For example, orientation selection through recrystallization requires differently oriented o
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variants to be close together and therefore will happen more rapidly in regions where the cooling
rate is faster and colonies are smaller. Although the effect of colony orientation on o breakup has
been studied before [66,67], this work suggests that the size of the a-grains and the distance
between different variantsis an important parameter that has been overlooked. Also important isthe
starting  texture, since it influences how quickly the o texture develops, which in turn affects how
quickly the rotated cube component develops [6].

5 Conclusions
By studying the texture development in amodel Zr-Nb alloy, we have shown that the texture
evolution during hot working depends on the interaction between the two phases and involves
recrystallization and phase transformation, as well as plastic deformation. The texture changesin o
precede those of f and seem to be the result of contributions of diffusion-controlled orientation
selection through recrystallization and phase transformation, with the harder to deform primary o
grains essentially dissolving into the B-matrix to be replaced by easily deformed elongated a-grains
with low stored energy. The majority of these elongated a-grains have a{11203}(1010) orientation,
which promote the development of the rotated cube orientation in the B-phase, the strong texture
components typically found in hot-rolled, dual-phase Ti and Zr alloys that are difficult to predict
through crystal plasticity modelling aone. These findings have implications for process control and
modelling of the texture evolution during processing of these important alloys.
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Figure 1: o and B phase texture development in the Zircaloy-4 + 7 wt.% Nb alloy, showing evolution of (i) starting
orientations, after rolling at 725°C to reductions of (ii) 50% reduction, (iii) 75% reduction, (iv) 50% reduction with

annealing heat-treatment (HT) and (V) 75% reduction with annealing HT. The a-phase {0002}, {1010} and {1120} pole
figures (a) show a starting transformation texture, with basal poles strongly aligned in RD, which during hot-rolling
develops avery different {1120}(1010) transverse texture component, aligning 0002||TD. The B-phase ODF dlice at
¢, = 45° (a) show astrong initial {111}(110) component, which breaks up into ay-fibre and {001}(110) rotated cube
orientations.
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Figure 2: Optical polarised light micrographs of the starting and rolled Zircaloy-4 + 7 wt.% Nb material. The starting
microstructure (a) shows packets of a-laths, with some very fine secondary a-laths within the g-matrix, and a few
elongated o lamellae formed along B grain boundaries. The rolled microstructuresin (b) at 50% reduction and (c) at
75% reduction are taken in the RD-ND plane (TD direction), showing e ongated primary o grains within the g-matrix.
The annealed microstructuresin (d) and (e€) show growth of the primary o, with some secondary o preci pitation.
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Figure 3: EBSD orientation maps, showing (a) indexed o orientations and (b) indexed  orientationsin the (i) the
starting material and after rolling to (ii) 50% reduction and (iii) 75% reduction. The EBSD dlices are taken with respect
to the rolling directions, in the RD-ND plane (TD direction) and with IPF colouring in TD. Different p-grains have been
isolated, with texture components forming the (a) {001}(100) cube, (b) {0013}(110) rotated cube (c) {111}{110) y-
fibreand (d) {111}(112) y-fibre orientation, to show the extent of breakup at the different stages.
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Figure 4: a-phase {0002} pole figures measured from differently orientated B-grains. Showing the o orientations
contained within B-grains with (a) {0013}(100) cube, (b) {001}(110) rotated cube (c) {111}(110) y-fibre and (d)
{111}(112) y-fibre texture components, taken from material at the start (i) and after rolling to (ii) 50% and (iii) 75%
reduction. After just 50% reduction, any 0002 ||RD or 0002||ND variants preferentially dissolve, which coincides with
a strengthening of the 0002||TD.
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Figure 5: Fine EBSD orientation maps of the starting material, showing (a) indexed a-grains and (b) indexed 8
orientations, both with IPF colouring in TD. The different orientations of o-lath packets, as shown by the associated o

{0002} and {1120} pole figuresin (a), match the Burgers relationship with the surrounding B-grain, with orientation
shown by the p {110} and {111} pole figuresin (b).
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Figure 6: Orientation maps taken after rolling to 50% reduction, indexing (a) the a-grainsand (b) the  orientations,

both with IPF colouring in TD. There is some agreement with the Burgers relationship in the two different g-grains
(labelled 1 and 2), shown by comparing the associated o {0002} and {1120} pole figuresin (a) and the p {110} and
{111} polefiguresin (b). However, thereis only one primary a variant left, with 0002||TD, in region 1.
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Figure 7: Orientation maps taken after rolling to 75% reduction, showing (a) indexed a-grains and (b) indexed
orientations. The a {0002} and {1120} pole figuresin (a) and p {110} and {111} pole figuresin (b) are shown for three
different B-grains (labelled 1, 2 and 3). The crystallographic orientation of the primary o grains influencesthe

mi sorientation in the surrounding B-matrix, shown by the spread in the pole figures. The misorientation islowes for

grainswith 0002||TD. Thereisalso no longer a clear agreement with the Burgers relationship.
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Figure 8: 3D EBSD reconstruction of the Zircaloy-4 + 7 wt.% Nb alloy rolled to 75% reduction, showing (a) the
retained primary a grainsand (b) the retained -matrix, both with IPF colouring in TD. The a-phase shows a favoured
transverse texture component with (0002) aligned dightly off-axisfrom TD in the pole figure, aswell asthe B-phase
showing a strong {111}(110) y-fibre component. The a-phase kernel average misorientation (KAM) distribution for
grainswith amain 0002 || TD orientation islower compared with grains with 0002 ||ND. The KAM distribution for the
B-phase also show similar differences for regions of the $-grain surrounding mostly a-grains with 0002||TD (region 1)

and 0002||ND grains (region 2).
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Figure 9: Individua primary o grains selected from the 3D EBSD reconstruction, showing the grain morphology and
mi sorientation spread for different crystallographic orientations. In (a) two flat plates form with 0002||ND, which
develops aredatively high misorientation across the grain and a large orientation spread throughout the pole figure. In
(b) two small attached plateswith 0002||TD have a stored energy advantage to consume one grain orientated with
0002||ND, viarecrydallization or phase transformation. In (c) three a-grains (1, 2, 3) with 0002||TD form highly
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elongated flat plate lamellae, each with a stable transverse texture component and crystallographic alignment of the
(1010) with the long axis.
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