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a b s t r a c t 

The in-service properties and performance of dual-phase Zr and Ti alloys depend on their crystallographic 

texture, which develops during hot-working and is affected by interactions between the α and β 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 α near { 11 ̄2 0 }〈 10 ̄1 0 〉 , 
which produces strong 0 0 02 pole intensities along the transverse direction, and β with { 001 }〈 110 〉 ro- 

tated 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 alloy with 7 wt.% Nb, in which the as-deformed α + β
microstructure is preserved on cooling. The alloy was hot-rolled to different reductions at 725 ◦C, which 

corresponds to a relative α: β 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). This analysis uncovered evidence that both 

recrystallization and phase transformation cause the disappearance of specific α variants during rolling, 

favouring the formation of “soft” primary α grains flattened in 〈 11 ̄2 0 〉 and elongated along 〈 10 ̄1 0 〉 during 

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

component. At higher reductions, these elongated α-grains start to break up, as does the β 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 α + β Zr and Ti alloys. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Dual-phase α + β Zr and Ti alloys develop strong crystallo- 

raphic textures during processing, which strongly influence the 

erformance of nuclear [1] and aerospace [2] components. The 

hermomechanical processing of these alloys is carried out at el- 

vated temperatures and therefore phase transformation and an- 

ealing will occur during heating, deformation and cooling, all of 

hich can contribute to the texture development. Unravelling the 

omplex interactions between these different mechanisms and de- 

ermining their relative contribution is difficult, even more so be- 

ause the β-phase, which makes up over half of the material dur- 

ng deformation, transforms to secondary α on cooling, obscuring 

mportant details of its deformed state. 
∗ Corresponding author. 

E-mail address: christopher.daniel@manchester.ac.uk (C.S. Daniel). 
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Zr-2.5Nb and Ti-6Al-4V (Ti-64) alloys are usually hot worked via 

+ β forging, extrusion [3–5] or rolling [ 2 , 6–10 ]. The characteris- 

ic α-texture that develops is a strong transverse (TD) alignment 

f the 0 0 02 basal poles [ 2 , 6–10 ], and alignment of the prismatic

0 ̄1 0 poles along RD (ED for extrusion), and therefore the main 

exture component is near { 11 ̄2 0 }〈 10 ̄1 0 〉 (often also referred to as 

 0 02 || TD ). In some cases, the 0 0 02 pole deviates from TD, and the

ominant component becomes { 11 ̄2 1 }〈 10 ̄1 0 〉 [ 6 , 9 ]. 
During hot-rolling, the texture strength depends on the pro- 

essing temperature and is strongest when both phases are present 

n similar volume fractions [ 6 , 8 ]. At lower temperatures and high α
olume fractions ( < 20% β), the texture is typically weaker and is 

imilar to the rolling texture of single α alloys, with strong align- 

ent of the basal 0 0 02 poles along ND [ 6 , 11 ]. At higher tempera-

ures and high β volume fractions ( > 70% β) the room tempera- 

ure α-texture is also weaker, mainly due to the randomising effect 

f phase transformation [ 6 , 8 ]. As it is challenging to measure, the
. This is an open access article under the CC BY license 
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Table 1 

Chemical composition 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 PANalytical MiniPal4 equipment and software package. 
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texture has not been studied as extensively as the α texture, but 

ur recent work on Zr-2.5Nb [6] suggests that the strengthening of 

he α texture is accompanied by a strengthening of the β texture, 

hen the volume fraction of α: β is about 50:50. With increasing 

volume fraction, the α transverse texture component strength- 

ns first, during which the β γ -fibre (111 in ND) disappears to be 

eplaced by a very strong rotated cube component and a weaker 

 111 }〈 112 〉 component [6] . Like the α texture, the β texture weak- 

ns at higher temperatures, and changes to the more common bcc 

and γ fibre textures [ 6 , 10 ]. 

Since the β-phase is generally believed to be easier to deform 

han the α-phase at these temperatures [12] , it is somewhat unex- 

ected that strong characteristic textures develop in α + β alloys, 

ominated by single strong components in both phases. Deforma- 

ion incompatibilities between the two phases would normally be 

xpected to weaken the texture as the hard phase would be ex- 

ected to cause the softer phase to deform around it [13] , un- 

ess these incompatibilities are accommodated through a collab- 

rative deformation process [ 14 , 15 ]. The fact that the textures in

oth phases then become much weaker at even higher tempera- 

ures, when there are fewer primary α and greater phase transfor- 

ation on cooling, suggests that when the two phases are present 

n similar amounts ~ 50%, there is an “interaction” during defor- 

ation between the elongated primary α grains and surrounding 

-matrix, which is responsible for the increased stability of the 

ransverse α texture component, and strengthening of the β ro- 

ated cube component [6] . Nevertheless, so far, a convincing expla- 

ation for the origin of strong coupled single component texture in 

oth phases has eluded the community. The absence of this physi- 

al understanding could also explain why models of texture evolu- 

ion are still unable to quantitatively predict strengthening of the 

 0 02 || TD relative to the 0 0 02 || ND components during hot working

 10 , 15–17 ] or the accompanying β texture [15] . 

The work presented here aimed to uncover the origins of both 

he coupled strengthening of characteristic α and β textures, and 

heir weakening at high β volume fractions. A model Zircaloy-4 

lloy with 7 wt.% Nb addition was hot-rolled and characterised 

sing electron backscatter diffraction (EBSD). This alloy compo- 

ition was chosen to lower the β transus temperature and in- 

ibit phase transformation on air cooling [ 18 , 19 ], preserving the 

s-deformed microstructure for post-mortem examination using 

BSD. The model alloy was hot-rolled at 725 °C, corresponding to a 

volume fraction of 70% (see supplementary figures for β approach 

urve). This phase fraction corresponds to a temperature of ~ 825 °C 

n the Zr-2.5Nb alloy studied previously [6] . This rolling tempera- 

ure is particularly interesting because it shows both strengthen- 

ng of the α and β texture at moderate reductions and a slight 

eakening of the β-texture at higher reductions [6] . EBSD anal- 

sis was carried out using conventional 2D maps at two differ- 

nt spatial resolutions, supplemented by a 3D reconstructed vol- 

me of one of the samples. The results suggest that as well as 

o-deformation, recrystallization and phase transformation should 

e considered when explaining the coupled texture changes in the 

wo phases seen during α + β processing. 

. Experimental procedures 

.1. Material and pre-processing 

A model alloy, based on Zircaloy-4 with the addition of 7 wt.% 

b (subsequently referred to as a + 7Nb alloy), was produced 

y induction skull melting, followed by gravity casting and air- 

ooling. The full chemical composition is given in Table 1 . The cast 

00 × 40 × 40 mm block was first homogenised and rolled in 

he β-phase field to reduce the initial β-grain size and to de- 

elop a strong α-phase starting texture (with basal poles aligned 
2 
n RD) for the subsequent rolling trial. This pre-processing con- 

isted of β hot-rolling at 850 °C with the ND/TD directions being 

lternated after each rolling pass, to form a work-piece measuring 

50 × 24 × 16 mm , followed by extended annealing at 750 °C 

or 5 days and furnace cooling, to ensure chemical homogeneity in 

oth phases. 

.2. Rolling experiments 

The + 7Nb alloy was rolled at 725 °C in two-stages to 50% 

 ε t = −0 . 7 ) and 75% ( ε t = −1 . 4 ) reduction. A small 85 × 17 ×
 . 5 mm block of the + 7Nb starting material was first unidi- 

ectionally rolled to a 50% reduction, through 4 passes of 16%. 

 section of this material was then further rolled to 75% re- 

uction with the same percentage reduction per pass. Rolling 

as conducted using lubricated 254 mm diameter rolls at a lin- 

ar speed of 177 . 8 mm s −1 ( 35 ft mi n 

−1 ) , with a roll speed of 

 . 4 rad s −1 ( 13 . 37 rpm ) . The average effective strain rate there- 

ore varied from about 2s −1 in the first stage to about 4 s −1 in the

econd stage. The material was held at temperature (725 °C) for 1 

our prior to rolling, to ensure a homogeneous temperature distri- 

ution. To maintain the rolling temperature, heating was applied 

or 2 minutes between each pass, and the temperature recorded as 

he block was returned to the furnace by a thermocouple placed 

nderneath the slab. Temperature drops of up to 100 °C below the 

eformation temperature were measured at the surface after each 

olling pass, and the temperature also dropped ~ 150 °C during 

ample sectioning between the two rolling stages. Following sec- 

ioning, the block was returned to the furnace for up to 5 min- 

tes to return to temperature before further rolling. On completing 

olling, the blocks were air-cooled. Some samples were also subse- 

uently annealed for 2 hours at 750 °C in a tube furnace with Ar 

urge and cooled within the furnace at a rate of less than 1 ◦C s −1 .

.3. Characterisation 

Samples were extracted from the centre of the rolled mate- 

ial for microstructural examination using optical microscopy and 

BSD. They were ground to 40 0 0 grit and polished using a 5:1 so-

ution of colloidal silica and hydrogen peroxide. EBSD analysis was 

erformed using a CamScan MX20 0 0 field emission gun scanning 

lectron microscope (FEG-SEM) operated at 20 kV , equipped with 

n AZtecHKL EBSD system, with subsequent analysis performed us- 

ng the Oxford Instruments Channel 5 software. Measurements of 

acro-textures were made with a 5 μm step size over a total area 

f around 10 m m 

2 . A similar total area was analysed during mea- 

urement of the starting texture, although in this case a 1 . 5 μm 

tep size was chosen, owing to the finer α-lath structure. More 

etailed orientation maps were also recorded using a step size of 

 . 1 μm to resolve the deformation microstructure. This 2D EBSD 

ataset is available from the Zenodo repository [20] . 

Serial section EBSD, followed by 3D reconstruction, was used 

o characterise the morphology of the deformed microstructure 

f the material rolled to 75% reduction. Data was collected using 

 dual beam Thermo Scientific Helios X e + plasma focused ion- 

eam SEM (PFIB-SEM), with automated sample rotation. The vol- 

me that can be analysed by this technique is currently modest, 

wing to the slow acquisition time, and so only one sample was 
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Fig. 1. α and β phase texture development in the Zircaloy-4 + 7 wt.% Nb al- 

loy, showing evolution of (i) starting orientations, after rolling at 725 °C to reduc- 

tions of (ii) 50% reduction, (iii) 75% reduction, (iv) 50% reduction with anneal- 

ing heat-treatment (HT) and (v) 75% reduction with annealing HT. The α-phase 

{ 0 0 02 } , { 10 ̄1 0 } and { 11 ̄2 0 } pole figures (a) show a starting transformation texture, 

with basal poles strongly aligned in RD, which during hot-rolling develops a very 

different { 11 ̄2 0 }〈 10 ̄1 0 〉 transverse texture component, aligning 0 0 02 || TD . The β- 

phase ODF slice at φ2 = 45 ◦ (b) show a strong initial { 111 }〈 110 〉 component, which 

breaks up into a γ -fibre and { 001 }〈 110 〉 rotated cube orientations. The pole figure 

schematic in (c) shows the main α-phase texture components. 
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aken from the 75% rolling reduction material. A region of interest 

as first selected from the 2D EBSD map. The sample was then 

ifted out and analysed following the procedure described in the 

upplementary materials . Each slice was EBSD mapped over an area 

f 50 × 50 μm , on the RD-TD plane, with indexing at 0 . 15 μm

tep size. Slices 0 . 1 μm in thickness were then removed across 

he RD-TD plane. The final data set with a total analysis volume of 

4 × 50 × 50 μm consisted of 441 individual slices, all within 

ne β-grain, and took ~ 4 days to collect. This 3D EBSD dataset is 

vailable from the Zenodo repository [21] . 

The 3D EBSD orientation data and morphology of the seg- 

ented α and β phases were reconstructed using the DREAM.3D 

oftware [22] , which was also used to calculate the feature ref- 

rence misorientation (FRM) and kernel average misorientation 

KAM) distributions within each texture domain of interest. To re- 

onstruct the data, a customised pipeline was developed within 

REAM.3D, which is described in the supplementary materials . Fol- 

owing reconstruction, the final 3D dataset file was visualised using 

araView [ 23 , 24 ]. Details of the analysis using ParaView are also

iven in the supplementary materials . 

. Results 

.1. α-phase texture 

The texture of the starting materials was not random and both 

and β phases were measured by EBSD. In Fig. 1 a)i) it can be 

een that the α-phase had a very strong 0 0 02 basal pole alignment

ith RD, as well as a strong prismatic alignment of 〈 10 ̄1 0 〉 with TD

nd 〈 11 ̄2 0 〉 with ND. The alignment of this strong α texture is con-

istent with phase transformation from the β-phase [25] , which is 

ominated by the { 111 }〈 110 〉 component, as seen in Fig. 1 b)i), gen- 

rated by the final β rolling pass carried out on the starting ma- 

erial. Crucially, the starting material contained very few orienta- 

ions with 〈 0 0 02 〉 aligned with the transverse direction and there-

ore the starting α texture was very different from the expected 

exture after rolling. 

The EBSD indexing rates achieved after rolling were ~ 25% for 

he α-phase and ~ 65% as β-phase, which is consistent with the 

xpected 30/70 α/ β volume fraction at 725 °C in this alloy, as- 

uming non-indexing rates are similar for both phases. These in- 

exing rates provide a statistically accurate measurement of the 

ulk α texture [26] , with over 120,0 0 0 individual α-grains mea- 

ured at each stage. After a reduction of 50%, the starting texture 

as transformed into the typical hot rolling texture [6] . A strong 

 11 ̄2 0 }〈 10 ̄1 0 〉 component developed in the α-phase. This dramatic 

hange in the texture can be best appreciated in the ODFs shown 

n the supplementary figures , which shows the replacement of the 

1 = 90 ◦, � = 90 ◦, φ2 = 0 ◦ component by the φ1 = 0 ◦, � = 90 ◦,

2 = 0 ◦. 

Further reduction to 75% weakened the basal pole maxima in 

D ( Fig. 1 a)iii) and strengthened the 0 0 02 pole intensity around

D, with a tilt of ~ 20 ° towards RD. At the same time as the basal

lignment in TD weakened, the prismatic alignment of 10 ̄1 0 in RD 

trengthened, and sharpened the { 11 ̄2 0 }〈 10 ̄1 0 〉 texture component 

lightly, as can be seen in the ODF sections. As a result, the texture 

trengthened, even though the 0 0 02 poles were less well aligned 

ith TD and spread towards ND, forming a continuous fibre in the 

DF from the 0 0 02 || TD to the 0 0 02 || ND , which was also seen to

ppear after hot-rolling of Zr-2.5Nb [6] . 

After annealing, the α EBSD indexing rate increased to 65%, 

hereas only 20% of the points were indexed as β . This decrease 

n the number the β points indexed in the annealed materials was 

aused by the nucleation of very fine secondary α within the β- 

atrix, which could not be indexed. Annealing of the rolled sam- 

les mostly strengthened the { 11 ̄2 0 }〈 10 ̄1 0 〉 α texture component 
3 
fter both 50% ( Fig. 1 a)iv)) and 75% reductions ( Fig. 1 a)v)). The

 0 02 pole figures after annealing at 75% reduction show that align- 

ent of the basal poles remains slightly split either side of TD and 

ith a slight rotation towards RD in the rolling plane. 

.2. β-phase texture 

Measuring the β texture in the starting material was difficult 

ecause of the coarse starting β-grain structure. Even though a 

arge area was analysed, it contained only ~ 20 deformed β-grains, 

s well as smaller broken up β regions. Nevertheless, although the 

easurements are not truly statistically representative, they are 

ufficient to allow discussion of the relative texture development 

f the two phases and for comparison with the textures measured 

n our previous study on Zr-2.5Nb [6] . The evolution of the β tex- 

ure is shown in Fig. 1 b) using ODF sections taken at φ2 = 45 ◦. The

tarting material had a very strong β { 111 }〈 110 〉 texture compo- 

ent on the γ -fibre, which is located at the centre of the ODF at 

2 = 45 ◦, together with much weaker { 001 }〈 110 〉 rotated cube and 

 001 }〈 100 〉 cube components. The relative intensities are proba- 

ly influenced by the poor grain statistics, but the grain orienta- 

ions are consistent with those expected after β rolling. Despite 

he small numbers of grains studied, the overall trend in texture 

evelopment was consistent with a weakening of the original γ - 

bre component and a strengthening of the rotated cube compo- 
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ent, as seen previously [6] . After 50% reduction, the strength of 

he main γ -fibre component reduced ( Fig. 1 b)ii)) but the texture 

id not change significantly in character. However, after 75% reduc- 

ion, the { 001 }〈 110 〉 rotated cube component strengthened appre- 

iably, and the β { 111 }〈 110 〉 weakened to form a weak γ -fibre. This 

nal β texture is different to that produced following hot-rolling 

f Zr-2.5Nb at 725 °C, but very similar to that at 825 °C [6] , show-

ng that the volume fraction has the most significant effect on the 

exture, not the temperature. This agrees with work on Ti alloys 

here the volume fraction of phases is the dominant effect [10] . 

As expected, annealing at the rolling temperature did not mea- 

urably change the β-texture, which agrees with our previous 

ork on a Zr 2.5Nb alloy [6] . The ODFs suggest that the annealed

exture had a slightly stronger rotated cube component, but this 

ifference could just be due to sampling variability caused by the 

arge starting β-grain size. 

.3. Microstructure evolution 

The starting microstructure of the + 7Nb material after the β- 

re-processing and annealing procedure is shown in Fig. 2 a). The 

-phase, which makes up ~ 50% of the alloy at room tempera- 

ure, was present as single variant (colonies) of Widmanstätten 

aths within the β-grains. There were also a few allotriomorphic α- 

rains, which formed preferentially along the prior β grain bound- 

ries, and along sub-grain boundaries within the β-grains. A small 

mount of very fine secondary α can also be seen in the β-matrix, 

hich dissolved on heating and was not seen after deformation. 

After a 50% rolling reduction, the microstructure developed a 

ange of different globular and elongated primary α grains (in 

ig. 2 b) and c)), which were predominantly aligned with the rolling 

irection. At 75% reduction, the volume fraction of elongated pri- 

ary α grains increased, and the number of low aspect ratio grains 

ecreased, with many α-grains appearing to lengthen along RD. 

nnealing and slow furnace cooling caused the α volume fraction 

o increase to ~ 70%, but rather than nucleating new finer sec- 

ndary α, the hcp phase mainly grew from the existing spheri- 

al and elongated primary α grains produced during rolling, as 

an be seen in Fig. 2 d) and e). Only very fine secondary α-laths

ormed between the boundaries of the larger primary α in the an- 

ealed material at 75% reduction. These annealed microstructures 

esemble those seen following high temperature rolling and air- 

ooling of Zr alloys with lower Nb additions, like Zr-2.5Nb, except 

ith a lower secondary α volume fraction appearing at room tem- 

erature [ 7 , 9 , 27 ]. The overall implication of these results, there-

ore, is that this alloy appears to deform similarly to other dual- 

hase Zr and Ti alloys and confirms it is a good model material 

ith which to investigate the deformed state of the primary α and 

-matrix. 

.4. Micro-texture development 

The evolution of crystallographic orientations in the α and β
hases during deformation are shown in the coarse scale EBSD 

aps in Fig. 3 a) and b). The reference direction used in all in-

erse pole figure (IPF) maps is the TD direction, and therefore α- 

rains with 0 0 02 || TD are shown as red. At the start, the β-matrix

as made up of grains elongated along RD with an aspect ratio 

f about 5:1 within which some misorientation was evident, intro- 

uced by the pre-processing. The α-grains present had many dif- 

erent starting orientations with very few grains initially orientated 

o be aligned with 0 0 02 || TD . 

At 50% reduction, β-grain breakup was limited, although the 

rains were more elongated along RD and had an aspect ratio of ~

0:1, consistent with the imposed reduction. After 75% reduction, 
4 
owever, grain breakup was very evident, with most grains devel- 

ping into bands of different orientations aligned with the rolling 

irection. These bands of different β texture components in the 

tarting and deformed materials have been separated out in Fig. 3 , 

howing the main { 111 }〈 110 〉 grains at 50% reduction, which were 

ostly present in the starting material, breaking up to form bands 

f the { 111 }〈 112 〉 and { 001 }〈 110 〉 orientations after 75% reduction. 

he appearance of these bands corresponds to the overall texture 

eakening and the strengthening of the rotated cube component 

bserved. 

This breakup of the β-grains occurred simultaneously with the 

volution and then breakup of strong primary α micro-textures 

ontained within them. The range of primary α variants present 

ithin different β-grains is plotted in the α 0 0 02 pole figures in 

ig. 4 . By 50% reduction the α texture changed rapidly and there 

s evidence of extensive dissolution of different primary α variants 

n each of the β-grains. Compared to the starting material, four α
ariants were missing at the centre of the pole figure in the cube 

nd rotated cube grains; whereas α-grains with 0 0 02 || RD , which 

as the strongest orientation in the starting material, had either 

een completely removed from the micro-texture or appeared with 

ignificantly reduced strength in the rotated cube, { 111 }〈 110 〉 and 

 111 }〈 112 〉 grains. In all cases, the formation of the 0 0 02 || TD , or

he 〈 0 0 02 〉 aligned between RD-TD in the case of the cube grain,

ecame the strongest orientation during deformation. These sim- 

lar α orientations were distributed in bands that aligned with 

he rolling direction of the material, as seen in Fig. 3 a). In most

egions, this strong alignment of α in TD was correlated with a 

trong alignment of β in TD, as could be expected from the pole 

gures in Fig. 4 . 

The breakup of the α 0 0 02 || TD component coincides with the 

reakup of the larger β-grains. At 75% reduction, the α micro- 

exture became similar within all β-grains, as shown in Fig. 4 iii). 

lthough the 0 0 02 || TD remained the strongest component, there 

as a noticeable weakening of the basal pole alignment, along 

ith the development of a greater spread of orientations aligned 

owards the centre of the pole figure, with 0 0 02 || ND . In the cube

rains, the α component with 〈 0 0 02 〉 aligned between RD-TD ap- 

eared to have been so unstable that it rapidly disappeared from 

he micro-texture with strain, leaving behind a spread of orienta- 

ions, at the centre of the pole figure, which corresponded with 

he breakup of these highly elongated β-grains seen in Fig. 3 c)iii). 

Comparing the orientation maps before and after rolling, in 

igs. 5–7 , shows very clearly the dramatic change in α texture. 

riginally distributed in packets tens of microns in size, rolling 

o 50% produces much larger micro-texture regions of similar α- 

rain orientations, containing only a single primary α orientation 

n some cases, as shown in Fig. 6 . At just 50% reduction, region

 in the top half of the orientation map in Fig. 6 , which corre-

ponds to a single β-grain with a main { 111 }〈 110 〉 γ -fibre compo- 

ent, can be seen to contain only α with a single 0 0 02 || TD orien-

ation. In region 2, in the bottom half of the map in Fig. 6 with

 β { 001 }〈 100 〉 cube orientation, most of the α-grains have their 

 0 02 pole lying within the rolling plane, aligned at a greater an- 

le of 45 °, from TD to RD, with only a few grains with 0 0 02 || ND .

owever, in both regions, good alignment of the α 0 0 02 and β
10 pole figures showed that the orientations of the two phases 

etained their mutual Burgers orientation relationship [25] , al- 

hough there were high misorientation gradients across each of the 

rains. 

The α-grain morphology and level of grain breakup clearly de- 

end on crystallographic orientation. For example, α-grains with 

 0 02 || TD in region 1 and 0 0 02 || ND in region 2 are highly elon-

ated in Fig. 6 , compared to grains with their basal pole aligned 

n the rolling plane in region 2. These elongated thin ribbon grains 

ith 0 0 02 || TD did not break up, although there was a large orien-
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Fig. 2. Optical polarised light micrographs of the starting and rolled Zircaloy-4 + 7 wt.% Nb material. The starting microstructure (a) shows packets of α-laths, with some 

very fine secondary α-laths within the β-matrix, and a few elongated α lamellae formed along β grain boundaries. The rolled microstructures in (b) at 50% reduction and 

(c) at 75% reduction are taken in the RD-ND plane (TD direction), showing elongated primary α grains within the β-matrix. The annealed microstructures in (d) and (e) 

show growth of the primary α, with some secondary α precipitation. 
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ation spread in the 11 ̄2 0 pole figure, with rotation axis in TD, most

ikely caused by prismatic slip. On the other hand, the α elongated 

rains with 0 0 02 || ND did break up, showing very high misorienta- 

ion gradients along their length and the formation of new internal 

igh angle grain boundaries. The spread of orientations in the lo- 

al β-matrix was also different in the two regions, as can be seen 

n the pole figures in Fig. 6 , which suggests it was affected by the

tability of the main primary α grain orientations. 

The breakup of the β-grains into micro-texture bands seems to 

epend on the primary α orientations, as can be seen after 75% 

eduction in Fig. 7 . In the top (region 1) and bottom (region 3)

ands of the map, both β-grains lie close to the { 111 }〈 110 〉 com- 

onent of the γ -fibre, but contain very different orientations of α. 

and 1 contains mostly small and broken up “globular” α, which 

ave 〈 11 ̄2 0 〉 parallel to TD and a spread of 0 0 02 basal poles clus-
5 
ered around ND, with some spread toward RD. These α orienta- 

ions, which were predominant in the starting material, coincide 

ith very high local misorientations in the surrounding β-matrix, 

een as a spread in the β pole figure. In contrast, in region 3, at 

he bottom of the map, the α-grains are highly elongated in the 

olling direction, with 0 0 02 || TD and this sharp transverse texture 

omponent, and high elongation, coincides with a much lower mis- 

rientation within the surrounding β-matrix. 

The more pronounced breakup of the cube grain in region 2, at 

he centre of the map in Fig. 7 , includes α morphologies with a 

ide range of both globular and lamellae grains that had a distri- 

ution of basal poles aligning between ND and TD. Many of these 

tringers of broken up α-grains have different orientations, pro- 

ucing a spread around ND in the micro-texture, in Fig. 4 a)iii). 

hese broken up stringers of different α orientations coincide with 
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Fig. 3. EBSD orientation maps, showing (a) indexed α orientations and (b) indexed β orientations in (i) the starting material and after rolling to (ii) 50% reduction and (iii) 

75% reduction. The non-indexed phase is shown in white. The EBSD slices are taken with respect to the rolling directions, in the RD-ND plane (TD direction) and with IPF 

colouring in TD. Different β-grains have been isolated, with texture components forming the (c) { 001 }〈 100 〉 cube, (d) { 001 }〈 110 〉 rotated cube (e) { 111 }〈 110 〉 γ -fibre and (f) 

{ 111 }〈 112 〉 γ -fibre orientation, to show the extent of breakup at the different stages. 
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 much greater breakup of the local β-matrix, which have devel- 

ped new sub-grains with primarily rotated cube orientation. 

.5. Three-dimensional EBSD analysis 

Two-dimensional EBSD maps are limited in their ability to re- 

eal the real 3D shape of the α-grains dispersed within the β- 

atrix, or their connectivity. To overcome this limitation, serial 

ectioning was carried out using a plasma FIB, to produce a se- 

uence of slices from the material rolled to 75% reduction that 

ould be reconstructed into a 3D volume. Continuous misorienta- 

ion boundaries greater than 5 ° were used to segment individual 

-grains. Although 5 ° is a somewhat arbitrary distinction, it was 

hosen to best isolate different α-grains, whilst still capturing sub- 

rain boundary features with misorientations of less than 5 °. 
The full reconstructed volume is shown in Fig. 8 , along with 

he average micro-texture obtained from the 3D data set for each 

hase. In the volume analysed, the β-phase is revealed as a con- 

inuous matrix within which individual α-grains are seen to be 

referentially elongated along RD and extending beyond the vol- 

me analysed. This volume was studied in an attempt to capture a 

mall representative micro-texture band, like the ones seen in the 

D maps, which contains α-grains of different orientations within 

 misoriented β region. The orientation of the β-grain matrix stud- 

ed was near { 111 }〈 110 〉 , which is a component from the γ -fibre 
6 
hat weakens with increasing reduction. In Fig. 8 b) it can be seen 

hat there was a measurable spread of the β orientations, which 

as mostly made up of a rotation around 〈 111 〉 and ND. The ac-

ompanying α-phase pole figures in Fig. 8 a) show one main com- 

onent: 〈 0 0 02 〉 tilted slightly off-axis by 10 ◦ away from TD, and

lignment of 〈 11 ̄2 0 〉 with ND. Other α-grains have different orien- 

ations, some with 〈 0 0 02 〉 tilted off-axis 10 ◦ in the opposite sense

rom TD and a few with basal poles aligned with ND. 

The shape of the grains depends strongly on their orientation. 

he overwhelming majority of α-grains have an 0 0 02 pole aligned 

ith TD and are shaped like flat elongated ribbons, very thin along 

D and elongated along RD, as shown at the top of the 3D volume 

region 1) in Fig. 8 and in each of the three grain morphologies in

ig. 9 b). These α-grains correspond to the elongated grains seen in 

he 2D EBSD maps and were found throughout the extracted cube, 

ominating at the top and bottom in particular. The highly elon- 

ated α-grains were approximately 1 μm thick and 5 μm wide. 

ost of these elongated grains were longer than 50 μm , although 

t was not possible to determine their length with certainty as they 

o not start or end in the sampled volume. The long axis of these 

rains was slightly misaligned along RD by 10 ◦, which coincides 

ith the slight off-axis tilt of the 〈 0 0 02 〉 10 ◦ from TD seen in the

-phase pole figures. This suggests the shape of these grains is 

etermined by their crystallography and not the plane strain de- 
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Fig. 4. α-phase { 0 0 02 } pole figures measured from differently orientated β-grains. Showing the α orientations contained within β-grains with (a) { 001 }〈 100 〉 cube, (b) 

{ 001 }〈 110 〉 rotated cube, (c) { 111 }〈 110 〉 γ -fibre and (d) { 111 }〈 112 〉 γ -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 0 0 02 || RD or 0 0 02 || ND variants preferentially dissolve, which coincides with a strengthening of the 0 0 02 || TD . 

Fig. 5. Fine EBSD orientation maps of the starting material, showing (a) indexed 

α-grains and (b) indexed β orientations. The maps and pole figures of both phases 

show orientations with IPF colouring in TD and the non-indexed phase is shown 

in black. The different orientations of α-lath packets, as shown by the associated 

α { 0 0 02 } and { 11 ̄2 0 } pole figures in (a), match the Burgers relationship with the 

surrounding β-grain, with orientation shown by the β { 110 } and { 111 } pole figures 

in (b). 

Fig. 6. Orientation maps taken after rolling to 50% reduction, indexing (a) the α- 

grains and (b) the β orientations. The maps and pole figures of both phases show 

orientations with IPF colouring in TD and the non-indexed phase is shown in black. 

There is some agreement with the Burgers relationship in the two different β- 

grains (labelled 1 and 2), shown by comparing the associated α { 0 0 02 } and { 11 ̄2 0 } 
pole figures in (a) and the β { 110 } and { 111 } pole figures in (b). However, there is 

only one primary α variant left, with 0 0 02 || TD , in region 1. 

f

〈
 

n

7 
ormation of the sample, with flattening of the grains seen along 

 11 ̄2 0 〉 and elongation along 〈 10 ̄1 0 〉 . 
Just below the top region of the data set (region 2 in Fig. 8 ), a

umber of differently orientated primary α grains also existed that 



C.S. Daniel, A. Garner, P.D. Honniball et al. Acta Materialia 205 (2021) 116538 

Fig. 7. Orientation maps taken after rolling to 75% reduction, showing (a) indexed 

α-grains and (b) indexed β orientations. The maps and pole figures of both phases 

show orientations with IPF colouring in TD and the non-indexed phase is shown 

in black. The α { 0 0 02 } and { 11 ̄2 0 } pole figures in (a) and β { 110 } and { 111 } pole 

figures in (b) are shown for three different β-grains (labelled 1, 2 and 3). The crys- 

tallographic orientation of the primary α grains influences the misorientation in the 

surrounding β-matrix, shown by the spread in the pole figures. The misorientation 

is lowest for grains with 0 0 02 || TD . There is also no longer a clear agreement with 

the Burgers relationship. 
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ad their basal poles orientated parallel with ND. These grains had 

ifferent, wider in TD, more bent, plate-like morphologies, as seen 

n Fig. 9 a). The edges of these grains had high curvatures, particu- 

arly at highly misorientated regions, which is compelling evidence 

or grain boundary migration through ingress of the β-phase. 

.5.1. Dependence of misorientation and stored energy on grain 

rientation 

In the 3D dataset, the misorientation within the α-grains varied 

ystematically with their orientation. The flat, elongated grains be- 

onging to the dominant { 11 ̄2 0 }〈 10 ̄1 0 〉 component, that have been 

eparated out in Fig. 9 b), tend to show low misorientation gradi- 

nts within the grain and a low misorientation spread in the pole 

gure, which suggests this crystallographic component is stable, 

hereas grains with 〈 0 0 02 〉 aligned close to ND contained higher

isorientations throughout the grains and developed larger crys- 

al rotations, with a spread around 〈 0 0 02 〉 and ND of over 45 ◦.

hese higher internal misorientations were accommodated in sub- 

rain boundaries, which are clearly shown by the KAM measure- 

ents performed across the different grains that are presented in 

ig. 9 a). Recovery of the sub-grain boundaries in Fig. 9 confirms 

hat the step and voxel size chosen for the KAM measurements 

re valid. The distributions of KAM values were calculated with a 

ernel size of 3 × 3 × 3 cells (equivalent to a voxel of 2 . 25 μm 

3 )

nd are given in Fig. 8 . This revealed that the “stable” grains that 

trengthen the texture during rolling, with a transverse basal tex- 

ure component, tended to contain sub-grains with lower KAM 

ngles than other α orientations – with median values for these 

rain types of 0 . 45 ◦ ± 0 . 03 ◦ compared to 0 . 73 ◦ ± 0 . 01 ◦ for the

 0 02 || ND aligned grains. 
8 
KAM distribution measurements also revealed differences in the 

ocal sub-structure within the surrounding β-matrix, that related 

o the crystallographic orientation of the embedded primary α
rains it surrounded. In this case, the analysis was conducted by 

electing two different regions in the β-grain. In region 1, the β- 

rain contained mostly α with a transverse texture component, 

hilst region 2 predominantly contained α-grains of other differ- 

nt (mainly 0 0 02 || ND ) crystallographic orientations. According to 

ig. 8 b), a lower average β-matrix KAM distribution was found in 

egion 1 (with a median of 0 . 4 ◦), compared to region 2 (with a me-

ian of 0 . 5 ◦). Surrounding these 0 0 02 || ND grains, the β-grain was

ound to be more highly misorientated and also contained a higher 

ensity of sub-grains. Overall, these results are therefore consis- 

ent with the matrix β bands containing α-grains aligned with 

 0 02 || ND , which are typically “harder” orientations in the single- 

hase case, having larger local misorientations. 

The KAM data was further used to estimate the relative stored 

nergy within specific α orientations, following the method pro- 

osed by Godfrey, Mishin and Yu [28] , which has been shown to 

ive reliable estimates. A step size of less than 1/5 of the aver- 

ge sub-grain size is required to accurately estimate the stored en- 

rgy of deformation, which was met in our analysis, as well as the 

hoice of a cut-off angle chosen during averaging [28] . Here, the 

igh cut off was set at 5 ◦, since few boundaries within individual 

exture domains were found to exceed 3 ◦ ( Fig. 8 ) and misorien- 

ations greater than this were classified as boundaries to segment 

he 3D EBSD data between different texture components. 

According to Godfrey et al. [28] the local stored energy, E s , at 

ach voxel can be estimated based on the θKAM 

, of a voxel com- 

ared to its 6 nearest-neighbour voxels, using the equation; 

 s = 

3 Gb 

2	
θKAM 

(1) 

here G is the shear modulus, b is the Burgers vector and 	 is the 

tep size. Performing this calculation using an average KAM value, 

etermined from the voxels within a grain volume, was used to 

rovide an estimate of the volume averaged stored energy within 

 given α micro-texture domain. The relative differences between 

he stored energy calculated by this method are equivalent to the 

elative differences in volume averaged misorientation, since the 

ultiplying factor ( 3 Gb/ 2	) is a constant. The shear modulus and 

he Burgers vector for prismatic slip were assumed to be 23 . 6 GPa 

29] and 0 . 32 nm [30] , respectively. Using this approach, the stored 

nergy contained within the “harder” α basal 0 0 02 || ND compo- 

ents was determined to be around 160 ± 20 MJ / m 

3 , which was 

ver 1.6 times more than the value of 98 ± 7 MJ / m 

3 estimated for 

he “softer” 0 0 02 || TD orientated primary α grains. Similarly, the 

tored energy was found to be 1.3 times higher in the β-matrix re- 

ions surrounding the “harder” α orientations at 123 MJ / m 

3 , com- 

ared with 95 MJ / m 

3 in the matrix surrounding α with the “soft”

ransverse texture component. 

. Discussion 

.1. Texture development 

The macro-texture results confirm that the texture development 

n the model + 7Nb alloy is consistent with that observed in other 

ual-phase Zr and Ti alloys rolled to the same strains, at equiva- 

ent phase fractions. Despite their different starting textures, the α
exture evolution in the model alloy is remarkably similar to that 

n Zr-2.5Nb [6] and Ti-64 [ 8 , 9 ] when processed at an equivalent β
olume fraction of 70%. Since only primary α was retained on cool- 

ng in the model alloy, the similarity in the α-textures after rolling 

onfirms that the strong transverse basal texture is characteristic of 
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Fig. 8. 3D EBSD reconstruction of the Zircaloy-4 + 7 wt.% Nb alloy rolled to 75% reduction, showing (a) the retained primary α grains and (b) the retained β-matrix, both 

with IPF colouring in TD. The α-phase shows a favoured transverse texture component with 〈 0 0 02 〉 aligned slightly off-axis from TD in the pole figure, as well as the β-phase 

showing a strong { 111 }〈 110 〉 γ -fibre component. The α-phase kernel average misorientation (KAM) distribution for grains with a main 0 0 02 || TD orientation is low compared 

to grains with 0 0 02 || ND . The KAM distribution for the β-phase also show similar differences for regions of the β-grain surrounding mostly α-grains with 0 0 02 || TD (region 

1) and 0 0 02 || ND grains (region 2). 
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he deformed primary α and is not generated from transformation 

f the deformed β on cooling by strong variant selection [31–35] . 

The primary α texture develops rapidly with strain, and the 

ain { 11 ̄2 0 }〈 10 ̄1 0 〉 component is established after only 50% re- 

uction, strengthening through alignment of 〈 10 ̄1 0 〉 along RD af- 

er 75% reduction, even though the 0 0 02 pole intensity weakens 

lightly. This rapid α texture change occurs within β-grains that 

hange their orientation much more slowly, and that noticeably 

ail to break up until the larger 75% reduction. The β texture also 

hanges with rolling, but much more gradually, through the char- 

cteristic strengthening of the dominant rotated cube component 

hat has previously been seen in both Zr and Ti alloys processed at 

quivalent temperatures [ 6 , 10 ] and the weakening of the initially 

resent {111} < 110 > component which spreads into a weak γ fi- 

re, and by developing a small amount of Goss component [7] . 

.2. Mechanisms of texture development 

.2.1. α-phase mechanisms 

Although the development of a strong { 11 ̄2 0 }〈 10 ̄1 0 〉 primary 

texture in the model alloy confirms that this texture compo- 
9 
ent forms during deformation, there is evidence that this texture 

hange did not happen through plasticity alone. There has been 

nly limited crystal plasticity modelling of the texture evolution 

uring hot deformation of α + β alloys [ 15 , 16 ], both using vis- 

oplastic self-consistent (VPSC) modelling, from which it is difficult 

o infer how quickly this transverse texture component develops 

nd how fast the grains with 〈 0 0 02 〉 aligned along RD disappear.

n the work by Lebensohn and Canova, results are only shown for 

 reduction of 70% ( ε = 1.2) at a low β volume fraction (20%) [15] .

lthough their results show a general weakening of the 0 0 02 poles 

long RD after a large deformation, the starting texture is random, 

nlike here where the starting 0 0 02 || RD pole was very strong. In 

he forging texture simulations by Glavicic et al., the 0 0 02 || RD also 

eems to consistently survive significant reductions [16] , whereas 

xperimentally it disappears. Crystal plasticity modelling of hot 

ingle-phase α deformation confirms that it is difficult to explain 

he disappearance of this component though slip in α alone. In 

ogé et al., VPSC always predicts strong 0 0 02 || RD alignment after 

lane strain deformation [36] and in Prakash et al., strong compo- 

ents with 0 0 02 || RD only weaken slightly with deformation [37] . 

he simulations by Lebensohn and Canova do show that the devel- 
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Fig. 9. Individual primary α grains selected from the 3D EBSD reconstruction, showing the grain morphology and misorientation spread for different crystallographic ori- 

entations. In (a) two flat plates form with 0 0 02 || ND , which develops a relatively high misorientation across the grain and a large orientation spread throughout the pole 

figure. In (b) three α-grains (1, 2, 3) with 0 0 02 || TD form highly elongated flat plate lamellae, each with a stable transverse texture component and crystallographic align- 

ment of the 〈 10 ̄1 0 〉 with the long axis. In (c) two small attached plates with 0 0 02 || TD have a stored energy advantage to consume one grain orientated with 0 0 02 || ND , via 

recrystallization or phase transformation. 
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pment of the 0 0 02 || TD alignment itself can be partly predicted by 

PSC modelling after large reductions, by coupling the deformation 

f the two phases using realistic grain shapes [15] . Even then, the 

redicted 〈 0 0 02 〉 alignment is relatively weak, which is unusual for 

 VPSC model, as it tends to over-predict texture strengths [38] . 

There are other more direct indications that the α texture 

hange is not solely due to plasticity. It appears very rapidly with 

train, and there is no evidence of a fibre linking the starting α
rientations to those of the stable end texture components, which 

ould be expected for a gradual texture change involving crystal 
10 
otation driven by plastic slip. Rather, it is as if the α-grains with 

 0 0 02 〉 along RD and ND quickly disappear and are replaced, at

east in part, by grains with 〈 0 0 02 〉 along or near TD. During cold

orking, such fast texture changes have been attributed to twin- 

ing [ 39 , 40 ], but not only is twinning unlikely at these high tem-

eratures [ 41 , 42 ], it also cannot explain the changes in orientation

hat are observed. The only twinning mode capable of such a dra- 

atic orientation change is the { 10 ̄1 2 }〈 ̄1 011 〉 tension twin, which 

eorients the 〈 0 0 02 〉 towards ND and not towards TD, as is ob-

erved in [37] . In a separate study on Zircaloy-4 [36] , the 0 0 02 || TD
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oles are stronger after plane strain deformation at higher tem- 

eratures ( 750 ◦C), when the starting microstructure is finer. In the 

ame article, it was proposed that this texture change is driven in 

art by “metadynamic” recrystallization, without which the disap- 

earance of the 0 0 02 || RD aligned α cannot be explained. However, 

t is more difficult to see how recrystallization on its own could 

xplain the disappearance in our rolling experiments, where the α
olume fraction is only 30% and non-contiguous. 

Another possible explanation for this dramatic texture change is 

rientation selection via phase transformation, occurring either dy- 

amically during rolling, or statically between each reduction step. 

ynamic phase transformation is known to happen during hot de- 

ormation of steels [43] and has recently also been reported in 

i-64 [44–46] . Phase transformation can also be driven by tem- 

erature transients during rolling: the temperature will decrease 

nd α re-grow as the sample is removed from the furnace and 

he temperature increases again during deformation and during re- 

eating, where the β would be expected to expand, or it could 

e driven by stress during rolling [ 3 , 33 , 47 , 48 ]. This alloy has a

igh Nb content, which has very low solubility in α [ 18 , 19 ]. Nb

s also a slow-diffusing, β stabilising species [19] , and therefore 

hase transformation in this alloy is very slow, which is why sec- 

ndary α were suppressed on cooling. A slow, diffusion-controlled 

hase transformation will limit the amount of static phase trans- 

ormation that can occur during the transient temperature changes 

xperienced during the rolling schedule. However, since the diffu- 

ivity of Nb increases with dislocation density, deformation could 

otentially promote transformation by enhancing Nb transport, and 

ncrease the driving force by affecting the stored energy in each 

hase. 

The most compelling indication of the involvement of phase 

ransformation is the way the α texture changes for different par- 

nt β orientations. As Fig. 4 shows, α variants with 〈 0 0 02 〉 along

D and ND essentially “disappear” after 50% reduction and there 

s a strengthening of the 0 0 02 poles near TD within all main β
rain orientations. However, the details of this 0 0 02 || TD strength- 

ning are different for different β orientations. For the β rotated 

ube and the { 111 }〈 112 〉 component of the γ fibre, there is very 

ood alignment of α 〈 0 0 02 〉 with TD. However, for the β cube and

 111 }〈 110 〉 orientations, the α 0 0 02 poles are not as well aligned

ith TD. Instead, they seem to lie in between the initial position, 

ith 〈 110 〉 in the β , and the TD direction. The 3D EBSD section-

ng shows that this misalignment is possible because of the mor- 

hological misalignment of the elongated primary α grains with 

he rolling direction. Like the long, thin α-grains which are crys- 

alographically well aligned with TD in the β rotated cube grains, 

hese grains are elongated along 〈 10 ̄1 0 〉 , but misaligned with TD,

uggesting they start off with 〈 0 0 02 〉 well aligned with 〈 110 〉 in

he parent β grain and gradually become aligned towards TD as 

eformation proceeds, presumably through rotation due to plastic 

lip. 

The 3D EBSD analysis provides some indication of how ori- 

ntation selection might occur, driven by interface migration. As 

ig. 9 shows, the different α variants interact differently with the 

arent β-phase. Grains with 〈 0 0 02 〉 near TD are elongated along

 10 ̄1 0 〉 and have very low stored energy, whereas grains with other 

rientations have higher stored energy and are evidently being 

referentially consumed by β , as shown in Fig. 9 a). The orienta- 

ion of the elongated 0 0 02 || TD grains is consistent with deforma- 

ion via prismatic slip occurring on two symmetric slip systems 

hat prevent crystal rotation and give rise to a high stability for 

his component [49] . Elongated grains with this stable orienta- 

ion are commonly seen in cold worked Zr and Ti alloys, where 

hey also show very little misorientation and low stored energy 

50] . Their elongated thin, ribbon-like, morphology and the lack of 

isorientation in the surrounding β-phase surrounding them sug- 
11 
ests that { 11 ̄2 0 }〈 10 ̄1 0 〉 α orientations are “soft”, and as easy to 

eform as the β . The other “hard” α orientations cause notice- 

ble misorientation to develop in the surrounding β-matrix, giv- 

ng rise to large misorientations and the development of a local 

substructure in the form of sub-grains. These hard-oriented α- 

rains are also more unstable and develop large misorientations 

ithin them, made up primarily of rotations around the 〈 c〉 -axis, 

onsistent with variations in prismatic slip rate. This difference in 

he local dislocation density, and stored energy, could explain the 

referential selection of specific micro-texture volumes during de- 

ormation and thermal cycling, by enhancing Nb diffusion around 

nd inside the unfavourable oriented α-grains, and encouraging 

heir breakup and dissolution [51] . Although there was no obvi- 

us change in the overall phase fractions with rolling strain, small 

ifferences were difficult to confirm because EBSD indexing is only 

0% successful. The EBSD maps do show apparent local differences 

n α volume fraction, with regions containing elongated α showing 

igher local α volume fractions that increased by around 4% and 

0%, as seen in Figs. 6 and 7 , although this is difficult to confirm

iven the 2D nature of the data. The lack of a noticeable change 

n phase fraction, together with the development of large re- 

ions containing only elongated α, suggest that this dissolution of 

hard” α orientations must be accompanied by growth or precipi- 

ation of the soft orientations, producing the observed fast texture 

hange. 

The changes in morphology confirm that all the primary α
rains are deformable, although their rate of shape change depends 

n their strength relative to the surrounding β-matrix, which de- 

ends on their orientation. The lack of misorientations developing 

n the β surrounding the thin { 11 ̄2 0 }〈 10 ̄1 0 〉 aligned grains, seen in

he 2D maps in Figs. 6 and 7 and the 3D analysis in Fig. 8 , im-

lies that there is essentially no plastic incompatibility between 

hem and the matrix. In other words, α-laths with a transverse 

rientation are not stronger than the surrounding β-phase. There 

s no evidence of rigid body rotation of “hard” α within a soft β- 

atrix [ 47 , 52 ], to align the 〈 0 0 02 〉 with TD. This local orientation

ependence of how easily the two phases co-deform also implies 

hat the macroscopic flow stress of material will decrease with the 

ast change in texture, contributing to the softening behaviour of- 

en seen during α + β hot deformation [38] . 

.2.2. β-phase mechanisms 

Like the α texture, the β texture, and in particular the appear- 

nce of the rotated cube component, also seems to develop from 

 deformation interaction between the two phases, through de- 

ormation compatibility and phase transformation. The EBSD maps 

how how the β texture development is affected by interaction be- 

ween the two phases, despite the relatively large starting β grain 

ize making it difficult to interpret quantitative comparisons of the 

exture change. Since the material had been rolled in the β domain 

efore this experiment, the starting β texture was relatively sta- 

le, which helps to explain the relatively low level of change after 

0% reduction. Nevertheless, there is evidence, even at this stage, 

hat the co-deformation of the two phases can promote the de- 

elopment of the rotated cube component and the disappearance 

f the { 111 }〈 110 〉 component. In the EBSD maps in Fig. 7 , small 

rains with rotated cube orientation can already be seen emerging 

nside the larger β-grains, between parallel α-laths. The appear- 

nce of these new β orientations could be driven by plasticity, or 

hey could also be produced from “epitaxial” recrystallization [53] , 

orming nuclei that lie close to the Burgers orientation relation- 

hip [25] . These new grains, made possible by a rotation about RD 

or the { 111 }〈 110 〉 grain and about ND for the cube-oriented grain, 

oth align the 〈 110 〉 direction with TD. 

Although the rotated cube orientation is normally only a minor 

exture component in single-phase rolled bcc metals [54] , it be- 
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omes more important as the deformation temperature increases 

nd as the amount of reduction increases [ 55 , 56 ]. Crystal plasticity

odelling of single β-phase deformation suggests that this com- 

onent is favoured by high aspect ratio, elongated, pancake grain 

hapes: when using the Taylor model, the component is favoured 

y relaxed constraints [ 31 , 57 ] and when using the VPSC model,

he rotated cube component is enhanced when elongated grains 

re used [55] . Therefore, the implication is that the constraint of- 

ered by parallel α-laths is similar to that experienced by pancake 

haped β grains during hot rolling, which is known to promote ro- 

ated cube. Modelling its development during dual-phase α + β
eformation, however, seems to be less successful [ 10 , 15 , 16 ]. There

s also evidence that, during hot deformation in the β-phase re- 

ion, the rotated cube component is further enhanced by recrystal- 

ization, although it is not clear if this occurs during deformation, 

metadynamically” at the end of deformation, or by both, which 

eems to depend on strain rate [58] . 

If the development of the rotated cube component is enhanced 

y large reductions and plane strain constraint, then it is plausi- 

le that the rotated cube is favoured by the constraint imposed 

y the embedded α-grains, especially if they are elongated along 

D and deforming at the same rate as the β-phase, like the elon- 

ated α-grains seen here. Once a nucleus of rotated cube orien- 

ation develops, it can then also grow by interface migration: the 

isorientation within these new rotated cube grains does seem to 

e lower than the other β orientations around them. The recrys- 

allization will be limited by α pinning, but within channels the β
rain boundaries can move. This mechanism can also help to ex- 

lain why the γ fibre spreads away from the { 111 }〈 110 〉 towards 

he { 111 }〈 112 〉 , as seen in the 3D EBSD volume, since the latter can

aintain alignment of one 〈 110 〉 direction with the 〈 0 0 02 〉 along

D. 

Overall, the results show evidence that the rotated cube compo- 

ent in particular arises due to geometry of the α-grains existing 

etween the β-phase and their deformation compatibility, aided 

o some extent by recrystallization and phase transformation pro- 

esses. However, the relative importance of these processes is not 

et ascertained from our results or observations in other alloys. 

.2.3. Texture weakening and annealing 

At greater reductions, the elongated 0 0 02 || TD α-grains become 

onger and thinner, and start breaking up through activation of 

yramidal slip, perhaps as a result of the loss of constraint as- 

ociated with the extreme grain shape, causing a weakening of 

he 0 0 02 poles along TD and a spread around ND. Despite this, 

he { 11 ̄2 0 }〈 10 ̄1 0 〉 texture component strengthens, as prismatic slip 

ontinues to strengthen the 〈 10 ̄1 0 〉 alignment with RD. In the β- 

hase, the local conditions that lead to the spreading out of the 

 111 }〈 110 〉 component along the γ -fibre become more widely es- 

ablished, leading to a strengthening of the { 111 }〈 112 〉 component 

nd of the rotated cube component, eventually leading to β grain 

reakup in the form of parallel bands of alternating texture com- 

onents. 

Annealing leads to a slight enhancement of the α components 

ormed following high temperature deformation, primarily because 

he primary α grows during annealing and subsequent slow cool- 

ng, as can be seen in Fig. 2 . The precipitation of secondary α does

roduce a measurable increase in the 〈 0 0 02 〉 along RD during heat

reatment, but overall the texture is essentially unchanged. 

.3. Texture evolution with α/ β volume fraction 

Although only one rolling temperature was studied, the mecha- 

isms of texture evolution discussed above can be used to explain 

he texture evolution seen more generally during hot-working of 

+ β alloys at different temperatures and different phase frac- 

ions. Although the 0 0 02 || TD component typically only develops 
12 
t higher temperatures in the dual-phase case, it can also develop 

t low β volume fractions [6] and even in a single-phase α al- 

oy [36] . Since it cannot be easily explained by plasticity alone, it 

ust be driven by diffusion-controlled interface movement, either 

ithin the α-phase, by recrystallization, or by deformation assisted 

hase transformation. This mechanism requires differently oriented 

-laths to either be in contact or in close vicinity. Therefore, it 

ill be more difficult in coarse colony microstructures produced 

y slow cooling, than in basket-weave microstructures produced 

y faster cooling, which is consistent with previous experimental 

bservations of globularisation in Ti alloys [59] . 

It is the development of the { 11 ̄2 0 }〈 10 ̄1 0 〉 α component, in the 

orm of highly elongated stable α-grains, that sets up the con- 

itions necessary for the strengthening of the rotated cube com- 

onent. Previous work on Zr-2.5Nb showed that strengthening of 

he rotated cube component peaks at a temperature where the β
olume fraction is 50%, whereas the α texture strength peaks at 

 slightly lower temperature [6] . However, these previous α tex- 

ure measurements included both primary and secondary α. Since 

econdary α is produced by transformation on cooling, post de- 

ormation, it will probably weaken the measured texture, which 

mplies the primary α texture was in all likelihood stronger at 

he original processing temperature, consistent with the idea that 

he { 11 ̄2 0 }〈 10 ̄1 0 〉 α and { 100 }〈 110 〉 β components develop syn- 

rgistically. A higher α volume fraction implies thicker, elongated 

 11 ̄2 0 }〈 10 ̄1 0 〉 α-grains that can remain stable to larger reductions 

han the same grains at higher temperature, establishing the con- 

itions to form the strong, coupled α and β textures found at 

hese temperatures. The { 11 ̄2 0 }〈 10 ̄1 0 〉 α stabilises the { 100 }〈 110 〉
orientation and vice versa, because they can deform in a com- 

atible manner, with low interphase stresses and generating low 

tored energies in both phases. 

This reasoning can also be used to explain the texture weaken- 

ng as the temperature increases towards the β transus. At higher 

emperatures and higher β volume fractions, the α volume fraction 

s too small to provide the morphological constraints required to 

tabilise the rotated cube component [ 6 , 10 ]. Instead, the primary 

grains act more like hard particles in a soft β-matrix, causing 

he β texture to weaken around the typical bcc α and γ fibres 

 6 , 10 ]. The α texture after deformation at high temperatures and 

igh β volume fractions is dominated by transformed α nucleating 

n weakly textured β , and is therefore usually very weak. Above 

he β transus, the randomising effect of α is no longer present 

nd therefore the β textures strengthen, as does the α texture pro- 

uced by transformation on cooling [6] , especially if variant selec- 

ion occurs [ 9 , 60 ]. 

.4. Implications for processing and modelling of dual-phase 

rocessing 

Some aspects of the texture development described can be suc- 

essfully predicted by self-consistent plasticity modelling, but only 

hen interactions between the two phases are explicitly imposed 

15] . However, the textures predicted are too weak, and only de- 

elop after large imposed deformations, whereas in practice the 

 0 0 02 〉 alignment with TD appears very rapidly, and is accom- 

anied by the disappearance of α-grains with 〈 0 0 02 〉 along RD 

nd ND. This rapid development of the { 11 ̄2 0 }〈 10 ̄1 0 〉 component 

ust therefore require recrystallization and/or phase transforma- 

ion, and thus cannot be predicted by crystal plasticity modelling 

lone. Since the development of the rotated cube component re- 

uires the presence of a strong α texture, it is unsurprising that 

he same models fail to predict the development of the rotated 

ube β texture component [ 10 , 15 , 16 ], although it is possible that

he β volume fraction simulated was too low. Given the strong cor- 

elation required for the development of this component, the VPSC 
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ormulation might need to be further modified to explicitly include 

ore details of the α- β interaction. 

Further development of mean field models should probably 

e accompanied by full-field modelling of small volumes, using 

rameworks like phase field modelling that can account for chem- 

stry effects and that allow grain and phase boundary movement 

 61 , 62 ]. Such models would better enable the parameterisation of 

he morphological changes and provide a better understanding of 

he contributions of diffusion-controlled orientation selection and 

inetics of phase transformation, and how this interacts with tex- 

ure evolution caused by slip. Such full-field models will be com- 

lex and will require the identification of many different param- 

ters and their development will rely on the availability of phase 

raction and texture data obtained in-situ at representative strain 

ates and temperatures, that can only be obtained with fast syn- 

hrotron X-ray diffraction experiments [63] . 

One technological implication of this work is that the rapid tex- 

ure changes seen after small reductions produce contiguous re- 

ions of similarly aligned primary α, which are often called macro- 

ones in the Ti-64 literature [64–68] . Macrozones have historically 

een thought to originate from a lack of microstructure break- 

own, but the results here show that they can develop during hot 

eformation by strong texture reinforcement, even when they are 

ot present at the start. Another implication is that the rate of 

exture change will be affected by the starting microstructure and 

exture. For example, orientation selection through recrystalliza- 

ion requires differently oriented α variants to be close together 

nd therefore will happen more rapidly in regions where the cool- 

ng rate is faster and colonies are smaller. Although the effect of 

olony orientation on α breakup has been studied before [ 69 , 70 ], 

his work suggests that the size of the α-grains and the distance 

etween different variants is an important parameter that has been 

verlooked. Also important is the starting β texture, since it influ- 

nces how quickly the α texture develops, which in turn affects 

ow quickly the rotated cube component develops [6] . 

. Conclusions 

By studying the texture development in a model Zr-Nb alloy 

n detail, using 2D and 3D EBSD analyses of the microstructure, 

e have shown that the texture evolution during hot working de- 

ends on the interaction between the two phases and involves 

ecrystallization and phase transformation, as well as plastic de- 

ormation. Although such mechanisms are known to occur, they 

ave so far been ignored in models of texture prediction, for which 

ur 3D measurements now show clear evidence affecting the tex- 

ure. The texture changes in α precede those of β and seem to 

e the result of contributions of diffusion-controlled orientation 

election through recrystallization and phase transformation, with 

he harder to deform primary α grains essentially dissolving into 

he β-matrix to be replaced by easily deformed elongated α-grains 

ith low stored energy. The majority of these elongated α-grains 

ave a { 11 ̄2 0 }〈 10 ̄1 0 〉 orientation, which promote the development 

f the rotated cube orientation in the β-phase, the strong texture 

omponents typically found in hot-rolled, dual-phase Ti and Zr al- 

oys that are difficult to predict through crystal plasticity modelling 

lone. These findings suggest that non-deformation effects such as 

ecrystallization and transformation need to be considered in mod- 

ls of texture evolution for processing control of these important 

lloys, which are currently ignored. 
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