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a b s t r a c t

The properties and performance of Zr-2.5 Nb alloys are strongly influenced by their crystallographic
texture. As in similar Ti alloys, the texture evolution during hot-processing depends on the complex
interactions between the a and b phases and involves deformation, annealing and phase transformation.
Although the effect of temperature and deformation has been studied for extruded tube in this alloy,
there is no data for texture development during rolling. There is some rolling data for Ti-64 (Tie6Ale4V),
but it is usually for just one of the phases and for a limited set of temperatures. We carried out hot-rolling
trials from 700 �Ce900 �C to reductions of 50%, 75% and 87.5% and found that the texture in both phases
strengthens sharply before the b-transus and when both phases are present in similar amounts. At this
point, the texture in a is a strong 0002jjTD and the texture in b a strong f001g〈110〉 rotated cube
component. The results suggest there might be a synergistic effect between the two components, which
includes dynamic phase transformation. The texture evolution towards stable a f1120g〈1010〉 or
f1121g〈1010〉 crystallographic components and their final intensity depend on the starting texture.
Texture was measured using electron-backscatter diffraction (EBSD) over large areas, with a b recon-
struction software used to determine the high temperature b orientations. The texture development in
Zr-2.5Nb appears similar to that reported for rolled Ti-64 at temperatures with equivalent phase frac-
tions, although it is difficult to compare the two because of the lack of a titanium dataset as detailed as
the one presented here.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

One of the objectives of thermomechanical processing of zir-
conium alloys for use in nuclear power plants is to control the
crystallographic texture. The texture controls the distribution of
hydride precipitates and irradiation induced growth behaviour
[1e3], both of which strongly affect the life of fuel cladding com-
ponents. Texture also strongly affects the yield and creep strengths
of the fuel cladding, pressure tubing and structural components
and how they change in the reactor under irradiation [3]. The
thermomechanical processing of these materials involves hot and
cold working, as well as annealing, during which the microstruc-
ture evolves due to deformation, recrystallization and phase
transformation. Given the importance of texture to performance, it
.uk (C.S. Daniel).
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is of great interest to understand how the texture evolves during
the various thermomechanical processing stages. This knowledge
can be used to optimise texture and improve in-service perfor-
mance [4e8].

Unlike single-phase Zr alloys, used as fuel cladding in pressur-
ised and boiling water reactors, dual-phase alloys, such as the Zr-
2.5Nb alloy used for the pressure tubing in CANDU reactors, are
processed at elevated temperatures in a dual-phase regime. In this
regime similar volume fractions of the two phases coexist, onewith
an hcp structure, the a-phase, and one with a bcc structure, the b-
phase. So, whereas in single-phase Zr alloys the microstructure is
determined by the deformation and annealing of a single phase,
either before or after phase transformation, in dual-phase alloys all
of these processes are affected by interaction of the two phases. As a
consequence, the textures produced by the dual-phase alloys are
very different [4,6,9,10] and their dependence on processing pa-
rameters becomes more difficult to predict.
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In the production of Zr-2.5Nb alloy tubes, changes in crystallo-
graphic texture occur mostly during manufacture at an extrusion
stage, at a preheat temperature of ~815 �C and extrusion ratios of
~10:1, leading to a total true strain in the material, εT ¼ 2:3 [9]. The
effect of temperature and extrusion ratio, along with subsequent
cold work and annealing, on final texture strength have been well
documented [4e8]. Zr-2.5Nb extrusion textures are characterised
by hoop/transverse alignment of the basal poles and prismatic
alignment of the 〈1010〉with the extrusion direction [4,6,9]. Rolling
dual-phase Zr alloys in the high temperature aþ b regime produces
a strong transverse (TD) texture, with a strong a 0002 basal pole
aligned with TD [10]. There is also alignment of the prismatic 1010
along the rolling direction (RD), producing the f1120g〈1010〉
texture component. This prismatic alignment along the extension
direction is consistent with the extrusion texture and common
across all hexagonal alloys, including Ti and Mg [11]. However, the
basal TD alignment is only seen during dual-phase processing. In
hexagonal alloys worked in the single-phase regime, the basal pole
usually aligns with the ‘compression direction’, which is ND in the
case of rolling, although different activities of a slip systems can tilt
the basal pole up to ± 20� 40� in TD in the case of Zr and Ti [12].

This 'transverse' a texture component is also seen in dual-phase
Ti alloys, where it has a significant bearing on the formability and
fatigue resistance of aerospace components [13e15]. In Ti alloys,
the effect of temperature on rolling texture was studied by Peters,
Gysler and Lütjering (on Tie6Ale4V), and their now classical
Fig. 1. Texture development in Ti-64 adapted from Refs. [13,15,16]. Showing (a) schematic o
temperature regimes and (b) results showing changes in the maximum 0002 intensity in ‘

strain εT ¼ 1:4.
results are represented in Fig. 1, alongside the original measured
pole figure intensities [13,16]. These results show that the trans-
verse a component develops at both low and high b-phase volume
fractions. But, at intermediate temperatures (900 �Ce930 �C), when
the b volume fraction is around 50%, the texture is much weaker
[13], which has not been seen in Zr-2.5Nb [4,6]. As the temperature
increases, and with it the proportion of b-phase during rolling, both
dual-phase Zr and Ti alloys tend to show only transverse a orien-
tations, along with some basal alignment towards RD, although
there is clearly a large scatter of intensities evident in the data
[4,6,12]. This scatter is probably a consequence of using X-ray
diffraction to measure texture within a relatively coarse trans-
formed microstructure.

Despite being well known, the reasons for the development of
this transverse texture component are still not understood [17]. The
fact that it appears only during deformation in the dual-phase
regime suggests it has origins in the interaction between the two
phases. However, it is not clear whether this interaction occurs
during deformation, annealing or phase transformation. Part of the
difficulty is that whereas the a texture can be measured relatively
easily, measuring the b texture is much more difficult, especially
using X-ray diffraction. Prior b grains in the starting material are
usually very large and the stronger b diffraction peaks overlap with
those of the a-phase, forcing the use of weaker secondary re-
flections [18]. Although in-situ synchrotron [19] and neutron
[20e24] diffraction experiments are nowable to capture two-phase
f the expected crystallographic textures of the 0002 pole figure within different rolling
basal’ and ‘transverse’ parts of the pole figure with deformation temperature, for true
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texture evolution in-situ during heating and cooling, both types of
experiment have drawbacks; meaning either too little material
volume is covered, or measurements are too slow to capture bulk
macrotexture changes occurring during high temperature, high
strain rate, processing. Ex-situ measurement of the b orientations
at room temperature can also be unreliable, due to the low phase
fraction and less prominent peaks [25]. Therefore, in most rolling
studies the starting texture is often not given, again because the
microstructure is coarse and texture measurements are difficult. It
is often assumed the starting texture is random [13,26,27], but that
is not necessarily the case [20,28]. Add to this that the micro-
structure during thermomechanical processing is transient and
therefore almost inaccessible by post-mortem examination and it is
not surprising that the nature of the interaction between the two
phases remains elusive.

In this article, we present the results of a texture study on hot-
rolled Zr-2.5Nb designed to minimise the drawbacks of previous
measurements. The aimwas to produce a reliable dataset describing
the evolution of texture during hot-rolling, at different tempera-
tures and in both phases. The starting material was processed to
have a weak but known starting texture and small enough b grain
size. This also made it possible to vary the starting texture. To
measure texture,weused large area electron-backscatter diffraction
(EBSD), instead of X-ray diffraction, at a resolution high enough to
measure texture in both the b and a phase. The EBSD data was also
used to reconstruct the high temperature b texture as much as
possible. Our measurements revealed hidden variation in the tex-
tures produced, which suggest a synergistic relationship between
the appearance of an enhanced f001g〈110〉 rotated cube compo-
nent at 800 �C and the dominance of the a 0002 inTD texture,which
also coincidewith the disappearance of the a 0002 in ND. As well as
measuring the effect of strain after different rolling reductions and
at different temperatures, we investigated the effect of subsequent
annealing on the texture.

2. Experimental procedure

2.1. Starting material

An industrially used Zr-2.5Nb alloy was specially produced at
Wah Chang Corporation. To increase the number of b-grains stud-
ied, the prior-b grain size was reduced as much as possible during
initial manufacture. This was achieved through forging of a 2700

diameter ingot into a 500 thick slab, which was then hot-rolled to 300

thick and finally machined to a starting material block. The initial
forgedmicrostructure was air-cooled from just above the b-transus,
resulting in a microstructure of many fine Widmanst€atten packets
of a-laths, separated by thin filaments of retained metastable bZr
[29]. Analysis of the starting material shows prior-b grains covering
an average area of 0:59±0:04 mm2 with a diameter of 0:75±
0:03 mm.

2.2. Phase fraction and chemical composition

The volume fraction of b as a function of temperature in the
starting Zr-2.5Nb material is shown in Fig. 2, determined by length
changes measured on a DIL 805 A/D/T quenching and deformation
dilatometer during an inductive heating cycle at 1.5 �C/s in a vac-
uum atmosphere. The oxygen content is in the typical range for Zr-
2.5Nb alloys, between 900 and 1300 ppm. The b-transus of this
material is observed at 890 �C. This b approach curve is preferred to
predictions from a binary phase diagram or ex-situ microstructural
observations, which can be affected by increases in oxygen content
and measurement error [6,20,30]. Nevertheless, partitioning of Nb
may also give rise to error in measuring volume fractions based on
bulk specimen length changes, which alter the unit cell volume and
can overlap with the phase transformation [21]. Chemical compo-
sition of the high temperature a and b phase vary at the different
rolling temperatures, as determined by the Nb solubility, with an
equilibrium Nb composition changing from ~0.4wt% in the a-phase
and ~11.0wt% in the high temperature bZr phase at 700 �C, to values
of ~0.1wt% in the a and ~3.8wt% in the b at 800 �C [31]. Comparison
with in-situ neutron diffraction measurements suggest the b vol-
ume fraction may be overpredicted by as much as 10% in Fig. 2,
although differences in alloy composition, oxygen content and
fitting errors could also contribute to discrepancies here and in the
literature [6,20,21,30].

2.3. Starting orientation

A number of smaller blocks measuring
100 mm � 40 mm � 50 mmwere cut from the large forged block.
Because the sample had been forged, the texture was non-random,
even after the b heat-treatment, with preferential 0002 alignment
in the plane of the forged and rolled plate. Since this ‘as-forged’
texture contains one of the stable textures formed during rolling, it
is not the ideal starting texture with which to study texture evo-
lution. Therefore, most of the trials were carried out on blocks
rotated to align the 0002 with ND. Only one set of measurements
was made using the ‘as-forged’ texture, at 800 �C, to investigate the
effect of starting texture.

2.4. Rolling parameters

Zr-2.5Nb alloy blocks were rolled at 700 �C (~20% b), 750 �C
(~30% b), 775 �C (~40% b), 800 �C (~50% b), 825 �C (~70% b), 850 �C
(~85% b) and 900 �C (~100% b) to rolling reductions of 50%, 75% and
87.5%, corresponding to true strain in compression, εT, of 0:7, 1:4
and 2:1, respectively.

The material was initially unidirectionally rolled to 50% reduc-
tion, reducing thickness to 20 mm, through 11 passes of 6.25%
reduction. A section of this material was then further rolled to 75%
reduction, 10 mm thickness, with the same reductions per pass,
followed by an additional sectioning and further rolling of 11 passes
of 6.25% reduction to 87.5% reduction, 5 mm thickness. Rolling was
conducted using lubricated rolls of diameter 254mm (10 inch), at a
linear speed of 177:8 mm s�1 ð35 ft min�1Þ from a roll speed of
1:4 rad s�1 ð13:37 rpmÞ. The average strain rate, _εavg, is calculated
using the equation;

_εavg ¼ vDh=h0
ffiffiffiffiffiffiffiffiffi
RDh

p
(1)

where v is the tangential velocity of the roll (177:8 mm s�1), R is the
roll radius (254 mm), h0 is the thickness of the specimen before
rolling deformation and Dh is the reduction per pass. The _εavg is
estimated as being between 0:6 s�1 and 0:9 s�1 in the first stage;
between 0:9 s�1 and 1:2 s�1 in the second stage; and between
1:3 s�1 and 1:8 s�1 in the final stage.

Each blank was held at the deformation temperature for 1 h
prior to rolling. To maintain the rolling temperature, heating was
applied for 2min between each pass. Temperature was recorded as
the blocks were returned to the furnace by a thermocouple placed
underneath the slabs, measuring the surface temperature of the
materials. Temperature drops of up to 30 �C below the deformation
temperature in the first stage and between 50 �C and 100 �C in the
final stage were measured at the surface after each rolling pass,
with temperature drops increasing in the final stages of rolling the
thinner slabs. During sectioning, the block temperature was also
observed to cool below the phase transformation temperature
(~610 �C). Following rolling, the blocks were air-cooled.



Fig. 2. b-phase volume fractionwith temperature for the Zr-2.5Nb alloy, determined by length changes during an inductive heating cycle on a DIL 805 A/D/T dilatometer, along with
a comparison to phase diagram predictions and microstructural observations in the presence of 1200 ppm O in Refs. [6,30].
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To analyse the effect of annealing on final textures, some of the
samples were subsequently annealed for 2 h at 750 �C in a tube
furnace with Ar purge.
2.5. Electron-backscatter diffraction (EBSD) data collection

Test samples were extracted from the centre of the rolled and
annealed samples for representative microstructural investigation.
Following sectioning, samples were mounted in Bakelite and
ground for up to 15 s using wet silicon carbide abrasive papers with
600 and 800 grit, followed by 6 mm and 1 mmmechanical polishing
using diamond suspension spray on rotating cloths. The samples
were then polished for up to 15min using a 5:1 solution of colloidal
silica/hydrogen peroxide.

EBSD analysis was performed using the FEI Sirion field emission
gun scanning electron microscope (FEG-SEM), CamScan MX2000
FEG-SEM and TESCAN MIRA3 FEG-SEM. Each of these systems are
equipped with AZtecHKL EBSD systems for pattern indexing. EBSD
data was collected at an operating voltage of 20 kV with a working
distance of ~ 15 mm for the Sirion, ~ 27 mm for the CamScan and ~
20 mm for the TESCAN. Each EBSD texture measurement was made
up of around 250 individual maps, at 200� magnification, with a
15 mm step size, analysing a total area of about 50 mm2. Maps were
taken in the TD direction, or the RD-ND plane, at the centre of the
samples, unless otherwise stated. For the initial measurement of
the starting forged material texture, a 5 mm step size was chosen
and a total area of 145 mm2 was analysed.
2.6. EBSD data analysis

EBSD data was exported to MTEX [32e34], a framework for
plotting and analysing crystallographic textures in MATLAB. The
raw data was used to plot the a-phase f0002g, f1010g, f1120g pole
figures. Reconstruction of the ODF and calculation of the texture
indices were also determined usingMTEX, applying an algorithm to
automatically determine the optimised kernel half-width for each
spatially independent dataset, which improves the fit to the peak
distribution of orientations in Euler space [32e34], with half-width
values found to vary from between 2� and 6�. ODF data is plotted
using the Bunge Euler angle notation [35].

Calculation of the ODF was also made using the Channel 5
software, using the coefficient calculation or series expansion
method, with a resolution of 32 � 32 � 32 cells, a fixed Gaussian
half-width of 5� and a max truncation (Lmax value) of 22. Values for
the ODF maximum using fixed half-width are included in the
supplementary figures.
2.7. b- reconstruction

In order to determine the high temperature b orientations from
the a-phase EBSD data, a b-phase reconstruction software devel-
oped by Davies et al. [36,37] was used. The analysis enables a spatial
reconstruction of the high temperature b orientations as they
would have appeared just after deformation, prior to cooling. This
determines the most probable orientation of b-phase by collec-
tively analysing the orientations of neighbouring a-laths, with an
algorithm based on the Burgers relationship to determine those
most likely to have transformed from the same b orientation during
cooling [38,39]. The results of the reconstruction are affected by
changing two variables: the maximum misorientation between
points to be considered part of the same a variant and the deviation
in misorientation angle between a variants which fulfil the Burgers
relationship. These were chosen as 2� and 3� respectively, to
maximally constrain the reconstruction parameters and to mini-
mise the inclusion of primary a in the reconstruction.

3. Results

All data presented here is available from the Zenodo repository
[40].

3.1. a-Phase texture development

The evolution of a-phase textures at the three stages of rolling
reduction, for each of the test temperatures, is shown by the pole
figures in Fig. 3 and Fig. 4 and ODF slices in Fig. 5 and Fig. 6. The
original starting a-texture shows basal poles preferentially aligned
along ND, with a moderate strength of 4.4 times random.

With increasing rolling reduction and at all temperatures, the
0002 poles become more aligned with TD, and the prismatic 1010
poles strengthen in RD. This corresponds to a development towards
the typical transverse 0002 texture component, with f1120g〈1010〉
alignment, which is defined by an increase in the ODF maximum at
the Euler angles: f1 ¼ 0�, F ¼ 90�, f2 ¼ 0�. Nevertheless, at the
lowest temperatures many more 0002 basal poles appear closely
aligned towards ND in the ‘basal part’ of the pole figure, whereas at
temperatures of 825 �C and above the texture is noticeably weaker.

At 50% reduction, the different rolling temperatures already
form different textures. At 700 �C and 50% reduction, a basal poles
develop a ring about ND, equally tilted towards both RD and TD,
along with a fairly random distribution of the prismatic planes.
These orientations are initially observed as a fibre across the ODF
slices, with a distribution maximum centred around f1 ¼ 60�, F ¼
20�. However, at intermediate temperatures, basal poles at the
centre of the pole figure are less favoured, with only two spots
appearing at the centre of the 0002 pole figure at 800 �C. Instead, a



Fig. 3. a-phase texture development shown by f0002g, f1010g and f1120g pole figures, showing (a) starting orientations, along with bulk texture formation after rolling at
temperatures of (b) 700 �C, (c) 750 �C and (d) 775 �C, to rolling reductions of (i) 50%, (ii) 75% and (iii) 87.5%. a basal poles start with a favourable alignment in ND. Rolling then
strengthens alignment of the 0002 at different angles towards TD, as well as developing the prismatic 〈1010〉 in RD. Data was collected using EBSD, analysing an area of 145 mm2 at
a step size of 5 mm for the starting material and an area of � 50 mm2 at a step size of 15 mm for the rolled material.
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component with 0002 aligned near to TD already begins to form,
along with a small but significant prismatic alignment of 〈1010〉 in
RD and 〈1120〉 in ND. This is most clearly shown in the ODFs at
825 �C and 50% reduction, where a component at f1 ¼ 0�, F ¼
90�, f2 ¼ 0�, with a significant maximum of 5.8 times random, is
already apparent. At higher temperatures, at 850 �C and 900 �C, the
pole figures become considerably more spotty, although a fibre at
f1 ¼ 60�, F ¼ 30� is clearly seen to strengthen.

At greater reduction, as textures strengthen, the differences
with temperature become more evident. At 700 �C, deformation to
75% and 87.5% reduction strengthens the 〈1010〉 in RD. Yet, the
0002 is not fully aligned with TD, but remains within ~ 60� and
somewhat orientated towards ND. This is also captured in a cor-
responding tilt of the prismatic 〈1120〉 away from ND in the pole
figures, as well as the ODF maximum forming closer to f1 ¼ 0�,
F ¼ 60�, f2 ¼ 0�, rather than at F ¼ 90�. In this case, the contin-
uous spread of 0002 also form a ring of basal poles within � 20�

around ND, which is seen as part of a retained fibre across the ODF
slices.

Intermediate temperatures, at 750 �C, 775 �C and 800 �C, see any
0002 initially aligned towards ND disappear from the texture, with
basal poles mostly forming an off-axis TD texture at the final
reduction. The texture is strongest at 750 �C and 775 �C with ODF
maxima of 37 and 38 times random, weakening slightly at 800 �C to
32 times random. However, the basal poles still retain a consider-
able tilt of� 20� from TD towards ND at 750 �C, as well as retaining
a spread of different 0002 orientations at the centre of the pole
figure. At 800 �C, basal pole maxima formmore closely towards TD,
within ~ 10�, as well as the 〈1120〉 being more sharply aligned in
ND. This forms a stable f1121g〈1010〉 texture component, slightly
tilted away from the f1120g〈1010〉, with a distribution maximum
closer to f1 ¼ 0�, F ¼ 80�, f2 ¼ 0� in the ODF.

Texture at 800 �C and 87.5% reduction is also accompanied with
the appearance of some weaker orientations, with the 0002
forming at 90� in RD, as well as the reappearance of two spots
aligned towards ND at the centre of the pole figure. At higher
temperatures, these new orientations start to dominate the texture.
At 825 �C and above, the 0002 in TD weaken considerably, along
with a slightly higher intensity of basal poles formed in RD and
aligned � 30� from ND to RD, represented by the strengthening of
two fibres at f1 ¼ 90�, F ¼ 90� and f1 ¼ 60�, F ¼ 30� in the ODF.

The slight off-axis tilt towards ND of the near-TD 0002



Fig. 4. a-phase pole figures showing texture development after rolling at temperatures of (a) 800 �C, (b) 825 �C, (c) 850 �C and (d) 900 �C, to rolling reductions of (i) 50%, (ii) 75% and
(iii) 87.5%. Rolling at the higher temperatures leads to a weaker a transverse texture component, with relatively higher basal pole concentrations forming in RD and between RD and
ND.
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alignment seen after rolling at 800 �C disappears after annealing in
Fig. 7, with basal poles aligning more fully towards the transverse
direction. Annealing also causes the transverse texture component
to strengthen considerably, increasing to a maximum of 48 times
random in the ODF. This strengthening during annealing is not seen
at the lower reductions.
3.2. a-Phase texture evolution from the ‘as-forged’ starting texture

The pole figures and ODFs in Fig. 8 show the texture evolution
from the ‘as-forged’ starting texture. In this case, the starting ori-
entations now have a basal poles initially favourably orientated in
RD, with some spread throughout the rolling plane, forming max-
ima at f1 ¼ 90�, F ¼ 90�, f2 ¼ 30� and f1 ¼ 60�, F ¼ 90�, f2 ¼ 0�

in the ODF. Rolling was conducted at 800 �C, meaning results can be
directly compared with the original texture evolution in Figs. 4 a)
and Fig. 6 a).

After just 50% reduction, full alignment of the 0002 pole max-
ima along TD already appears, which along with prismatic align-
ment with RD forms the f1120g〈1010〉 component. This is shown
by the ODF maximum at f1 ¼ 0�, F ¼ 90�, f2 ¼ 0�, with a high
strength of 9.6 times random. The texture is stronger thanwas seen
after deformation of the material with basal poles initially orien-
tated in ND, which only formed a weak transverse component of
2.8 times random at the first rolling pass, along with retaining an
off-axis spread towards ND.

At greater rolling reductions, the transverse texture component
continues to strengthen, with 0002 fully aligned in TD at 75%
reduction and a much higher final texture of 42 times random
reached at 87.5% reduction. Nevertheless, a spread from F ¼ 90� to
F ¼ 80� in the ODF maxima develops by the final reduction, sug-
gesting the f1121g〈1010〉 component is the more stable compo-
nent at high strain, rather than the f1120g〈1010〉. As with the
previous rolling trial at 800 �C, new orientations appear with 0002
along RD, as do two pole maxima at the centre of the pole figure
which were not present in the starting texture.
3.3. b-Phase texture

The high temperature b texture was calculated using the b-



Fig. 5. a-phase texture development shown by ODF slices at f2 ¼ 0� , f2 ¼ 15� and f2 ¼ 30� , showing (a) starting orientations, along with the formation of a main texture
component after rolling at temperatures of (b) 700 �C, (c) 750 �C and (d) 775 �C, to rolling reductions of (i) 50%, (ii) 75% and (iii) 87.5%. Starting orientations show ODF maxima
around F ¼ 0� . Rolling then forms a sharp maximum at f1 ¼ 0� and f2 ¼ 0� , with different F orientations for the different rolling temperatures.
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reconstruction software developed by Davies et al. [36,37]. Only
secondary a grains can be reconstructed from the a þ b micro-
structure. The starting forged material had been b heat-treated and
so ~90% of the a map could be used in the reconstruction, yielding
complete prior-b grains. There were up to 150 high temperature b-
grains in a 145 mm2 sample area, corresponding to an average
grain area of 0:59±0:04 mm2, with a diameter of 0:75± 0:03 mm.
These 150 grains were used as the basis fromwhich to characterise
the starting b texture. 150 is too small a number for a quantitative
measure of texture. Nevertheless, the distribution of the grains in
this sample is consistent with a weak starting b texture. The ODF
has a peak in the cube f100g〈001〉 component, but since it was
generated from only a small number of grains, it is not clear if this is
a representative texture component.

In a deformed aþ bmicrostructure, only secondary a grains can
be reconstructed. The amount of reconstructed b is therefore
determined by the characteristics of the microstructure at room
temperature. At 700 �C, indexing of retained b (around 7% of total
indexing) was greater than the 1% reconstructed b. Nevertheless,
this was the only case where retained b could be indexed so highly.
At 750 �C, 775 �C, 800 �C, 825 �C, 850 �C and 900 �C, the greater
amount of secondary a orientations at room temperature allowed a
greater fraction of the high temperature b to be captured, with
around 2%, 2%, 5%, 37%, 83% and 94% of the maps reconstructed,
respectively. The evolution of these high temperature b textures are
represented by the ODF slices in Fig. 9.

At 50% reduction and 700 �C, the b grains develop a weak cube
texture. Then, with greater strain, a slightly stronger f110g〈001〉
rotated cube component appears, along with the a-fibre (with 110
in RD) and g-fibre (with 111 in ND). Further reduction to 87.5% leads
to a strengthening of both the a and g fibres, and in particular the
f211g〈011〉 and rotated cube orientations, along with the
f111g〈112〉. The b ODFs at 750 �C and 775 �C are also consistent
with this texture evolution. However, as the rolling temperature
increases, the rotated cube orientation strengthens considerably,
becoming the dominant texture component at 800 �C. The texture
strengthening is noticeably faster at 800 �C than at 775 �C, partic-
ularly at larger reductions. At a reduction of 87.5%, the rotated cube



Fig. 6. a-phase ODF slices showing development of different texture components after rolling at temperatures of (a) 800 �C, (b) 825 �C, (c) 850 �C and (d) 900 �C, to rolling re-
ductions of (i) 50%, (ii) 75% and (iii) 87.5%. Rolling at 825 �C and above now favour weak maxima along fibre orientations in the ODF, as well as a relatively weaker transverse texture
component at f1 ¼ 0� , Fz90� , f2 ¼ 0� .
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orientation reaches the highest observed texture strength of 32
times random, although the a-fibre and a weak g-fibre are also
present.

A near identical b texture evolution is captured in Fig. 10 b)
following annealing, although the texture strengths are slightly
weaker. Different b deformation textures develop at 800 �C when
the starting texture is the ‘as-forged’ texture, with more basal poles
aligned in the rolling plane. In this case, as seen in Fig. 10 c)i) at 50%
reduction, a stronger g-fibre now develops, with maxima initially
concentrated at f111g〈112〉 and f111g〈123〉. The f111g〈112〉
component on the g-fibre, at f1 ¼ 90�, F ¼ 55�, f2 ¼ 45�, remains
relatively strong with increasing reduction. Nevertheless, at the
final reduction, the strongest component is still the rotated cube.
The strength of the final rotated cube is nearly equivalent to that in
the material with the original starting texture, but with a much
stronger f111g〈112〉 component, which coexists with a very strong
a f1120g〈1010〉 texture component.

At higher rolling temperatures, as well as the a texture
becoming considerably weaker, the b rotated cube component
becomes less dominant, as seen in Fig. 9. At 825 �C, a sharp rotated
cube component is observed at just 50% reduction. Nevertheless, by
the final reduction, the rotated cube texture accounts for only a
maximum of 10 times random, along with a weak a and g fibre.
Rolling at the highest temperatures, initially both 850 �C and 900 �C
show little evidence of the typical b deformation textures. At the
final reduction and 850 �C only a weak a-fibre texture develops,
along with some g-fibre orientations, whereas at 900 �C the rotated
cube recovers slightly forming a maximum of 12 times random.

4. Discussion

4.1. Uncertainty of EBSD texture measurements

Despite the high indexing rate and large size of the EBSD maps
used tomeasure texture, it was only possible to cover 150 b grains in
the startingmaterial, and this low number will affect the accuracy of
the texture measurements [41]. Although this problem is worst in
the as-received material, even after rolling at 800 �C, distinctive a-
grainmicro-textures can be seen, corresponding to prior-b grains, as
shown in Fig. 11. These micro-textured bands, which persist to some



Fig. 7. a-phase pole figures (a) and ODF slices (b) showing the effect of annealing, for 2 h at 750 �C, on texture strength and orientation. For materials rolled at 800 �C to (i) 50% and
(ii) 75% reduction, annealing has little effect on texture. However, annealing after 87.5% reduction (iii) strengthens textures considerably, as well as leading to full alignment of 0002
basal poles along TD, forming a transverse texture component with ODF maximum at f1 ¼ 0� , F ¼ 90� , f2 ¼ 0� .
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extent even after the highest rolling reduction of 87.5%, can also
affect the accuracy of the texture measurements.

To validate the EBSD texture measurements, two samples were
also analysed by neutron diffraction at STRESS-SPEC instrument at
FRM II, Heinz Maier-Leibnitz Zentrum (MLZ), Munich, Germany
[42]. Each sample of 1000 mm3 volume was mounted in a Eulerian
cradle which is rotated to cover all orientations in three-
dimensional space (for 3.5 h at discrete steps), with the direction
of the monochromatic beam and the position of the single detector
fixed. This constant wavelength (CW) setup is different to time-of-
flight (TOF) neutron diffraction [43], covering a greater range of
sample directions but a smaller d-spacing range, containing fewer
lattice plane reflections. At each sample orientation the diffraction
window observed changes in the f1010g, f0002g and f1011g lat-
tice plane peaks, with determination of the discrete pole figure
intensities obtained by integration and rotation of the sample [44],
recording the intensity variation with sample orientation. Pole
figures for samples deformed at 700 �C and 800 �C to 87.5%
reduction are shown in the supplementary figures, following ODF
reconstruction in MTEX [32e34]. The neutron results confirm the
EBSD measurements are highly accurate at lower temperatures,
with matching crystallographic orientations and very similar pole
figure intensities (within 0.2 mrd for the basal pole maxima).
Nevertheless, after rolling at 800 �C the texture intensities recorded
by neutrons are much lower, although the crystallographic orien-
tations are still a close match, which is most likely caused by the
heterogeneous micro-texture bands formed throughout the final
product, seen in Fig. 11.

To assess the accuracy at 800 �C, we also tested the repeatability
of the texture measurements using EBSD. Three different areas
were selected from the TD, RD and ND directions (or RD-ND, TD-ND
and RD-TD planes). These were sampled from a block deformed to
87.5% rolling reduction at 800 �C, each with a measured area
covering � 50 mm2. The main texture components did not change
with sampling direction. However, the strength of the final texture
did change somewhat between the different sample orientations,
with different values for the 0002 pole figure maxima, TD Kearns
factor, fTD [45], ODF maxima and texture indices in MTEX e ‘J-in-
dex’, where the index of an ODF, fðgÞ, is defined as the integral over
crystal orientation, g, given by TODF ¼

R
fðgÞ2dg [35] e as well as an

estimation of the average and standard deviation values, shown in
Table 1.

There is some variation between measurements in the 0002
pole figure intensities, fTD and texture indices. The variation in the
ODF maxima is larger. This is most probably a consequence of
micro-texture, corresponding to large prior-b grains. As well as
sampling variation and texture gradients away from the centreline,
other factors could contribute to the differences measured. The
morphology of the finer a lamellae, as well as the shape of the
elongated prior-b grains, will affect the statistical sampling of
certain grains differently along different directions. For example, a
grains are deformed into thin a lamellae elongated along RD [10].
This affects the relative surface area coverage following sectioning,
with larger transverse a grains in ND, followed by TD, then smaller
sizes observed in RD. Nevertheless, despite the error from micro-
structure heterogeneity, these results show that EBSD measure-
ment of the textures in TD represent a good average of the values
and that the differences in texture measured are significant and
representative.
4.2. Verification of b-phase textures

Although there are too few b-grains at the start, EBSD indexing
and software reconstruction appear to be reasonably successful in
measuring the b-phase texture evolution after rolling. However, the
amount of b-phase reconstructed is much lower than that present



Fig. 8. a-phase pole figures (a) and ODF slices (b) following rolling at 800 �C with an ‘as-forged’ starting texture. Starting orientations now have basal poles aligned in the rolling
plane with maxima along RD. The route develops a much stronger transverse texture component at (ii) 75% reduction and (iii) 87.5% reduction, compared to the original rolling
trials, as well as the component appearing earlier during the deformation at (i) 50% reduction. Basal poles also align closely towards TD, forming a maximum in the ODF at f1 ¼ 0� ,
F ¼ 90� , f2 ¼ 0� .
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during rolling, particularly at the lower temperatures. This is
caused by both growth of primary a on cooling, which cannot be
reconstructed, and retained deformation in the transformed b,
which thwarts the reconstruction algorithm. The large step size
chosen to cover a large area also hinder b reconstruction, affecting
indexing of the fine secondary a precipitated from the high tem-
perature matrix [10]. And although some direct indexing of b is
possible at 700 �C, it is significantly limited by the small volume
fraction retained to room temperature and precipitation of fine
secondary a at the higher temperatures [46].

Despite these difficulties, the b textures calculated in the rolled
samples show good sample symmetry, have the expected compo-
nents, and the trends of texture evolution measured are sensible.
The good agreement between the textures in Fig. 10 a) after
deformation and b) following annealing, which should not have
changed the b texture, further suggest that the calculated b textures
are representative.
4.3. Mechanisms of texture evolution

The texture changes should be dominated by deformation and
phase transformation on heating and cooling. There is no evidence
for twinning in dual-phase Zr and Ti alloys during a-b processing,
except at very high strains [47], and it only has a minor effect at
room temperature [48]. Since the starting texture is weak and
assuming texture evolution during deformation is dominated by
slip, then the texture should strengthen with increasing reduction.
This is indeed what the results show, as can be seen in Fig. 12,
especially below 825 �C. On the other hand, because phase trans-
formation without variant selection should randomise the texture,
the texture should weaken with increasing temperature, as the b
volume fraction increases and therefore more of the final micro-
structure is transformed b (secondary a). However, the results show
that after 75% and 87.5% reduction, texture strength increases with
temperature up to about 750 �C and 775 �C respectively, before
decreasing at 800 �C and then increasing slightly above the b-
transus.

At the lowest temperature (700 �C) and lowest reduction (50%),
the a texture is similar to that of cold-rolled a alloys [1,49], where it
arises through a combination of slip and twinning producing a
characteristic spread of 0002 about ND. In single-phase a alloys, a
split basal texture eventually develops, with the 0002 split ± 20� �
40� from ND towards TD and 〈1010〉

�
�
�
�RD [1,49]. These split basal

components are stabilised due to the activation of complementary
pyramidal cþ a slip systems [50]. Here, however, although the
same 〈1010〉

�
�
�
�RD alignment develops, the basal poles continue to

tilt towards TD with increasing rolling reduction, which cannot be
explained by a slip alone. Therefore, even at low temperatures and
with less than 20% b present, there is a change to the texture
evolution in the a-phase compared to that in a rolled single-phase
alloy [51,52], suggesting that the presence of the b phase affects the
stability of the a components.

The b-phase texture is more difficult to measure, but although it
seems to start off with an unusual weak cube texture, which was



Fig. 9. b-phase ODF slices at f2 ¼ 45� , showing (a) starting orientations and characterising texture development at (b) 700 �C, (c) 750 �C, (d) 775 �C, (e) 800 �C, (f) 825 �C, (g) 850 �C
and (h) 900 �C, to rolling reductions of (i) 50%, (ii) 75% and (iii) 87.5%. Different components of the a-fibre and g-fibre develop in the deformed b at the different temperatures, in
particular favouring an enhanced f001g〈110〉 rotated cube texture component at 800 �C. Results are taken from software reconstructed EBSD data (a, c, d, e, f, g, h), as well as
indexed orientations in (b).
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possibly already present in the starting forged material, it quickly
develops the typical a and g fibres characteristic of BCC slip
[53e55], together with weaker rotated cube components. At the
lowest reduction, the b texture seems to depend on the starting
texture, but this difference disappears with increasing strain. Un-
like in the a, the b texture development seems to be relatively
unaffected by the presence of a at these lower temperatures, at
least in character, implying that there is either no effect of a on b or
that any effect is random and weak.

At higher temperatures and higher b-phase content, the a 0002
tilt towards TD happens sooner and the intensity in the ‘basal part’
of the pole figure decreases, as shown in Fig. 13 and Fig. 14, but only
at the 75% and 87.5% reductions. At 50% reduction, changes in
texture are minimal. This again supports the idea that the 0002 tilt
towards TD is promoted by the presence of b and also shows that it
is promoted by increasing strain. It has previously been suggested
that this tilt arises from the rigid body rotation of hard a grains in a
matrix of soft b [9,56], but this explanation is undermined by the
fact that the tilt occurs at 700 �Cwhen b volume fraction is only 15%
and after a reduction of 75%. The 0002 alignment along TD origi-
nates from the development and strengthening of the
f1121g〈1010〉 texture component, which as shown in Figs. 13 and
14 reaches a maximum at around 750 �Ce775 �C (~30% b volume
fraction), before dropping quickly at 825 �C (~65% b volume frac-
tion). One of the preferred explanations for the strengthening of
this component is that it is caused by variant selection on cooling,



Fig. 10. b-phase ODF slices at f2 ¼ 45� , comparing b textures from the original rolling trial at 800 �C (a), with those produced during annealing (b) and rolling from an ‘as-forged’
starting texture (c). The annealed and rolled b textures are a close match, showing similar distributions along the a-fibre and g-fibre, as well as a strong f001g〈110〉 rotated cube
component remaining dominant at the final stage. Rolling from an ‘as-forged’ starting texture favours the development of a different f111g〈112〉 texture component, along with the
rotated cube appearing at the final reduction.
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caused by either local stresses [20], nucleation at special a-b grain
boundaries [57,58], or preferential nucleation of a on dislocation
sites related to slip on the b f110g〈111〉 and f112g〈111〉 slip planes
[59,60]. However, at 750 �C when this component is strongest,
around 70% of the measured a texture is deformed primary a. The
implication is that primary a must contribute to this texture
component. Therefore, the texture strengthening at intermediate
temperatures and the development of the f1121g〈1010〉 texture
component is at least in part caused by deformation. If there is no
variant selection, then deformation must be the main cause for its
development. Primary a with 0002 aligned fully in TD and a
f1120g〈1010〉 texture has also been seen previously in hot-rolled
Ti-64 alloys [61].

Increasing the temperature also changes the development of the
b texture. The b f110g〈001〉 rotated cube component starts to
develop, strengthening with increasing deformation. Whereas the
overall a texture peaks at 750e775 �C, the strength of the b rotated
cube component is highest at 800 �C, with a maximum ODF in-
tensity of 32 times random after 87.5% reduction, when the overall
a texture is already weakening but still strong. This strong b texture
component is also present in the material with the ‘as-forged’
starting texture, where the a texture is slightly stronger and there is
also a distinct remnant of the g-fibre present in the form of the b
f111g〈112〉 component. The appearance of the enhanced b rotated
cube component seems therefore to be related to the strong
f1121g〈1010〉 and f1120g〈1010〉 a components at these interme-
diate temperatures, where the b volume fraction is around 0.4e0.5.

After this significant peak in texture intensity and as the temper-
ature and b volume fraction increases, the texture weakens overall,
however somenewcomponents appearandothers strengthen. These
give rise toa0002maximaalongRD, in the ‘extensionpart’of thepole
figure, andaroundND, in the ‘basalpart’, as summarised inFig.14. This
texture weakening is likely due to the more random texture of the
secondary a produced by transformation of the deformed b. These
new a texture components are indeed related to the b texture via the
Burgers relationship [10,18,20,59,62].

Above the b transus, the rotated cube component strengthens
again, at the expense of the a and g fibres, although it is weaker
than it was in the a þ b regime. The rotated cube component is
commonly seen after large reductions by hot-rolling of BCC metals
like steel and b titanium alloys [59,63]. Although the reason for this
behaviour is not completely understood, it can be partially pre-
dicted with relaxed constraints Taylor crystal plasticity modelling,
relaxing the ε13 and ε23 components [18,59], presumably to account



Fig. 11. a orientation map following rolling to (a) 50%, (b) 75% and (c) 87.5% reduction at 800 �C. The a grain distributions show the 0002 in TD strengthening with greater rolling
reduction, as well as outline different shapes of the elongated prior-b grains. In (c), a large prior-b grain region covers a significant area and contains differently orientated a-grains
to the bulk.

Table 1
Texture strength values for the material rolled at 800 �C to 87.5% reduction, recording the 0002 pole figure maxima, TD Kearns factor, fTD, ODF maxima and texture indices
measured using EBSD from three different directions, in TD, RD and ND (or RD-ND, TD-ND and RD-TD planes), as well as an estimation of the average and standard deviation
values.

EBSD Measurement Direction (Plane) 0002 Pole Figure Maximum TD Kearns Factor, fTD ODF Maximum Texture Index

TD (RD-ND) 6.5 0.499 32.0 4.6
RD (TD-ND) 5.6 0.509 21.0 4.1
ND (RD-TD) 7.8 0.494 44.0 6.5
Average 7± 1 0.501± 0.008 32± 12 5 ± 1
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for the elongated shape of the grains and using a high value of
strain rate sensitivity. It is also been suggested that recovery in this
component is faster than in the other texture components and that
its dominance is caused by recrystallization during the rolling
process [52,59]. Since rolling is usually performed in several in-
crements with intermediate reheats, it is difficult to determine
whether this is dynamic or static recrystallization. However, the
fact that it only appears at large reductions suggests that it is not
due to recrystallization alone.

Whatever the role of recrystallization on the development of the
rotated cube during rolling above the b-transus might be, there is
no evidence of it happening in the a þ b regime [64]. Therefore,
there must be some other mechanism by which the presence of the
a f1120g〈1010〉 component promotes the development of the
rotated cube and f111g〈112〉 components in the b phase. One
suggestion is that these components have well aligned slip systems
and therefore could help stabilise each other [65]. However, this
idea has not yet been demonstrated using crystal plasticity
modelling. Attempts have been made to model a þ b deformation
using the visco-plastic self-consistent (VPSC) model by Roy et al.
[52] and by Lebensohn and Canova [66]. This was not successful in
the case of Roy et al., citing the effect of b on selection of favoured a
slip modes [52]. Lebensohn and Canova have had some success in
modelling slight strengthening of the a0002 in TD, when explicitly
accounting for compatibility between the two phases using a 2-site
model [66]. Nevertheless, they predicted texture strengths much
weaker than those observed, whereas VPSC modelling usually
predicts stronger textures than those measured.

The other possible explanation is that the material undergoes
phase transformation during rolling, either dynamically, or due to
cooling and reheating between passes, as well as on cooling to
room temperature after each major rolling stage. Although uniaxial
compression tests have shown only limited effects of deformation
on b phase volume fraction at small strains [64], there is more
recent work also on titanium alloys where dynamic phase trans-
formation has been found to be significant after large deformations
[67]. The driving force proposed for this dynamic phase trans-
formation is in the net softening gain, providing a mechanical
activation from a harder a-phase towards a softer b-phase [67]. This
explanation does not consider that the strength of the a-phase



Fig. 12. Values for the ODF maximum of the a-phase (block marker) and b-phase (marker outline) plotted against rolling temperature and b volume fraction at (a) 50%, (b) 75% and
(c) 87.5% reduction. Values for the ‘as-forged’ starting texture rolled at 800 �C are shown in grey. The change in the texture indices with rolling temperature and b volume fraction
are also shown at 87.5% reduction in (d), with a peak in the b-phase texture strength at 800 �C.
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depends on its orientation. In plane-strain compression, a grains
belonging to the f1120g〈1010〉 and f1121g〈1010〉 components are
‘soft’ grains, whereas other components with the ½0002� direction
along the extension or compression direction are ‘hard’ grains.
Therefore, dynamic transformation could contribute to the
observed texture changes by transforming the harder a grains into
b. Then, between passes or during reheating, the reverse trans-
formation will occur by growth of the remaining ‘soft’ grains,
further strengthening the a f1120g〈1010〉 transverse texture
component.

The development of this soft a-texture component can also help
explain the development of the rotated cube, since the presence of
deformed a lamellas can help relax the constraints on the b-grains,
stabilising the rotated cube texture component. This is consistent
with the observation that the f1120g〈1010〉 component develops
more readily in microstructures with starting lamellar type
morphology [13,68]. Dynamic transformation could also be the
reason why crystal plasticity modelling fails to predict these
textures.
4.4. Comparison with rolling of dual-phase Ti alloys

Given the similarity in crystal structures, we would expect the
texture evolution of Zr-2.5Nb to be similar in character to that in Ti-
64 at equivalent temperatures relative to the b-transus. Because the
b-transus in the Zr alloy is significantly lower (890 �C compared to
1000 �C) and its melting point is slightly higher (1840 �C compared
to 1660 �C), a-b processing in Zr-2.5Nb is done at colder homolo-
gous temperatures than in Ti-64. There will also be differences due
to the relative diffusivity of alloying species in the two alloys.
However, the effect of these differences on the texture controlling
mechanisms like slip system activity, with prismatic slip being
most common in both alloys, and phase transformation behaviour
should be small [12].

To make this comparison we will use the Ti-64 alloy rolling
texture data from Peters et al. [13], which appears as a schematic in
the Titanium book by Lütjering andWilliams [16]. This well-known
dataset is representative of most other data in the literature, but in
some cases the textures measured by others is different. For
example, in the work by Roy et al. rolling at 800 �C produces a
strong 0002jjND component [52], which is also the strongest



Fig. 13. A line plot of the calculated normalised ODF along Euler angle F from 0� to 90� , taken along f1 ¼ 0� , f2 ¼ 0� . Showing the difference in position and strength of the ODF
maximum after rolling to 50%, 75% and 87.5% reduction at temperatures of (a) 700 �C, (b) 750 �C, (c) 775 �C, (d) 800 �C and (e) 825 �C, as well as (e) after rolling at 800 �C from a
different as-forged starting texture.
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component in the rolling trials of Inagaki at 750 �C, 820 �C, 890 �C
and 1000 �C, although a consistently weaker TD component is also
seen at all temperatures [27]. Inagaki also show the weaker basal
pole alignment is slightly tilted from TD forming the f1121g〈1010〉
component [27], whereas Peters et al. show a fully aligned basal
pole and a f1120g〈1010〉 component [13]. The differences in the
textures are certainly contributed to by the different final material
reductions, Peters et al.’s study stops at 75% reduction (εT ¼ 1:4)
[13], whereas Inagaki reach 96% reduction (εT ¼ 3:2) [27]. Different
starting textures could also play a role that is not reported in either
study. Another possible reason for the difference in the relative
strengths of the a components could also be differences in the
number of rolling passes. The rolling trials by Peters et al. had an
inconsistent number of rolling passes at different temperatures,
which vary the applied strain rate and could be a cause behind a
regime for texture weakening [13].

From the study by Peters et al., the intensity of the 0002 pole
figure maxima in the ‘basal part’ and ‘transverse part’ of the pole
figure, after deformation to εT ¼ 1:4, is plotted for each of the
different temperatures in Fig. 1 b) [13]. As with the Zr alloy, at lower
hot-rolling temperatures and low b volume fractions the a texture
in Ti-64 is similar to that of cold rolled a-Ti. As the temperature
increases the changes in texture seem to be different for Ti-64.
Although the transverse component strengthens slightly, it never
dominates in the way it does in the Zr alloy. However, the picture
from the measurements by Peters et al. is somewhat misleading,
since there are no results between 800 �C and 900 �C, corre-
sponding to a b volume fraction of ~20%e45% [13]. This is precisely
the volume fraction at which the Zr-2.5Nb alloys studied here have
the strongest texture. Without this data, it is difficult to determine
whether the f1120g〈1010〉 component also strengthens in this
temperature range in Ti-64. One of the data points in the Ti-64
texture diagram at 960 �C shows the strengthening of the trans-
verse 0002 texture component. This point could correspond to a
rolling experiment where the material was not reheated between
passes, and therefore could have cooled into the temperature range
not studied in the Ti-64 study and where the strongest textures are
seen in the Zr alloy. If this could be confirmed, then this would
show that the texture evolution is quite similar in both alloys.

The contribution of phase transformation becomes the domi-
nant mechanism at higher temperatures up to and above the b-
transus. Variant selection could strengthen the a transverse texture
component on cooling, although this is only seen in Ti-64 following
rolling in the b-field [18,59] and is very slight in the case of Peters
et al. [13]. In contrast, a considerably stronger basal pole maxima in
RD, as well as at ± 20� between RD and ND is reported by Inagaki in
Ti-64 [27]. It is this transformation which dominates following
rolling of Zr-2.5Nb in the full b-phase, with basal pole intensities
significantly higher in both ‘basal’ and ‘extension’ parts of the pole
figure at temperatures above 825 �C in Fig.14. Extrusion of Zr-2.5Nb
also strongly favours variant selection of the 0002 along the
extension direction [6]. The fact that thermal treatment in the b-
phase field and slow cooling enhance these two a components
[27,69] suggests variant selection could be tailored by altering the
number of rolling passes and cooling rate.

In the case of the b texture there is very little data available
showing evolution of the orientations following hot deformation in
the literature. In a study by Dunst and Mecking, TieAleV alloys
were developed along a tie-line of the phase diagram, to vary the a/
b phase proportion [26]. The rotated cube was indirectly observed
following rolling in the full b-field at 850 �C, using transformed a
diffraction peaks to reconstruct the b texture. This predicted a
texture strength of 12 times random, exactly matching our b-
reconstruction at 900 �C in Zr-2.5Nb. The influence of the a volume



Fig. 14. Changes in the maximum 0002 pole figure intensity plotted against deformation temperature, for ‘transverse’ (a), ‘basal’ (b) and ‘extension’ (c) parts of the pole figure,
following rolling to (i) 75% reduction/ εT ¼ 1:4 and (ii) 87.5% reduction/ εT ¼ 2:1. In addition to the rolling results from these trials, measurements on extruded Zr-2.5Nb are also
included for comparison from Refs. [4,6].
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fraction on the b texture show somewhat similar trends in the
model Ti alloys with those observed in Zr-2.5Nb. Dunst and
Mecking capture a weak a and g fibre following rolling in a domi-
nant b-phase regime, with an a/b volume fraction estimated at 36/
64 [26]. As the proportion of a during rolling increases, a much
stronger rotated cube component appears in the retained b,
although the a/b ratio of 78/22 is higher than reported here for Zr-
2.5Nb at 800 �C. However, the texture evolution observed by Dunst
and Mecking includes prior-rolling of the TieAleV alloy to develop
the starting material [26]. The Ti alloys were initially hot-rolled in a
40% b-phase regime, which, rather than generating a random
texture, would contribute to forming a strong a transverse texture
component and significantly strengthen the b rotated cube.

The texture evolution diagram for Zr-2.5Nb in Fig. 15 appears at
first glance to be different from that for Ti-64 by Lütjering and Wil-
liams [16]. However, it is clear from the literature that the Lütjering
andWilliams diagram does not represent a consensus. Furthermore,
the number of data-points in their diagram is insufficient to properly
define the kind of variations in texture seen here for Zr-2.5 Nb.
5. Conclusions

The texture evolution of the a and b phases during hot rolling of
Zr-2.5Nb depend strongly on temperature and the change in phase
content. The texture strength and character changes noticeably
with increasing strain at all temperatures, but this effect is most
pronounced at intermediate temperatures, and intermediate b
contents, where the texture in both phases is strongest. The a-
texture is weakest and most random just below the b-transus.
At low temperatures and high a contents (~85%), the texture is
similar to that produced during cold rolling of single-phase a, but
weaker, a consequence of slip andmaybe twinning in a, only slightly
affected by the presence of b. At intermediate temperatures, the
texture strengthens significantly in both the a and b phases. This
occurs at relatively high a volume fractions (~50%) and therefore is
caused by both deformation and phase transformation, perhaps
happening concurrently in a dynamic transformation process. Dur-
ing this increase in texture intensity, a strong f1121g〈1010〉
component develops in a and a rotated cube component develops in
b, alongside a weaker f111g〈112〉 component. As the temperature
and b-phase content increases, the texture decreases sharply as the
b-transus is approached, a consequence of the texture random-
isation effect of the phase transformation. Above the b-transus the
texture increases again slightly, a consequence of a strengthening of
the b rotated cube component during rolling in the b-phase field.

Although the starting texture appears to be relatively weak, it
does have a significant effect on the texture development, affecting
final strength and orientation.When the starting texture is closer to
the final texture, the texture strengthening is more rapid and the
final texture is stronger. Annealing after hot-rolling has only a small
effect, leading to texture strengthening that transforms the
f1121g〈1010〉 component to the f1120g〈1010〉 component, align-
ing the 0002 pole with TD.

The variation in texture development for Zr-2.5Nb appears to be
similar to that in Ti-64, when the comparison is made at equivalent
phase fractions. However, for a better comparison, a more detailed
texture dataset for Ti-64 is needed.



Fig. 15. Schematic representing rolling of Zr-2.5Nb in different temperature regimes and the expected crystallographic textures, for both the a 0002 pole figure and the b ODF at
f2 ¼ 45� . For the lower rolling temperatures in Zr-2.5Nb, starting texture affects final alignment of the basal poles between ND and TD. Rolling at higher temperatures fully aligns
basal poles in TD, in the ‘transverse part’ of the pole figure, as well as seeing a weakening of any ‘basal part’ orientations, which coincide with development of a strong rotated cube
texture in the b-phase. High temperatures, nearing the full b-field, sees a greater contribution of transformed secondary a variants, favouring maxima with the 0002 in RD and
between ND and RD.
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