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Abstract

The crystallographic microtexture and microstructure of a b-titanium alloy (Ti–35 wt.% Nb–7 wt.% Zr–5 wt.% Ta) is studied after warm rolling

and recrystallization. The main observations are the evolution of partially recrystallized microstructures during warm rolling and the formation

of strong through-thickness texture and microstructure gradients at larger strains. Both, the recrystallized volume fraction and the texture depend

on the thickness reduction. At small reductions (≤50%) texture gradients are also small showing some abcc-fiber (crystallographic axis 〈1 1 0〉

parallel to the rolling direction) and g-fiber (crystallographic axis 〈1 1 1〉 parallel to the normal direction) texture components. At larger strains

(70–90%) the texture and microstructure gradients are characterized by shear texture components and dynamic recrystallization particularly close

to the surface layers and plane strain texture components which are typical of recovered grains in the center layer.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ti-base alloys occur in one or a mixture of two basic

crystalline structures, namely, the hexagonal a-phase and body-

centered cubic (bcc) b-phase. Ti-based alloys generally fall in

either of the three main groups of a-, a + b- and b-type alloys

[1]. The transition temperature from the a to the b-phase is

882 ◦C for pure Ti. Elements which promote higher or lower

transformation temperatures are referred to as a stabilizers (like

O, Al, La) or b stabilizers (like Mo, V, Nb, Ta, Fe), respectively

[1].

This investigation is about a novel quarternary b-alloy,

namely, on Ti–35 wt.% Nb–7 wt.% Zr–5 wt.% Ta [2], with the

aim to study the evolution of the crystallographic texture during

warm rolling and subsequent static recrystallization.

The study of crystallographic textures in single phase b-

alloys or in the b-phase of dual phase alloys is of relevance

for better understanding a variety of metallurgical mecha-

nisms and mechanical properties in such alloys. For instance,

the understanding of b-phase Ti textures is relevant for the
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investigation of the active slip systems; the crystallography of

the a→b→a phase transformation mechanisms; the overall

mechanical anisotropy of textured material; fatigue; creep; form-

ing (conventional and superplastic) and the elastic anisotropy in

the context of biomedical alloy grades. These aspects apply to

both single phase and dual phase alloys [3–25].

Our particular interest in the evolution of texture in the

current single phase b Ti–35 wt.% Nb–7 wt.% Zr–5 wt.% Ta

alloy focuses on the aspect of texture inhomogeneity. Specif-

ically, we examine the formation of through-thickness texture

gradients that were created during warm rolling, which are

partly inherited in the subsequent recrystallization processes.

Deformation-induced through-thickness texture inhomogeneity

is a well known phenomenon in warm rolled polycrystalline

materials [26–32]. This applies in particular to bcc metals

since they have a strong tendency to undergo pronounced

orientation-dependent recovery (particularly in the 45◦ nor-

mal rotated cube component [0 0 1]〈1 1 0〉). Recovery competes

strongly with primary recrystallization [33–36]. This difference

(between recrystallization and recovery) is important in the field

of texture analysis because recovery preserves the deforma-

tion texture, while recrystallization changes it. Also, different

through-thickness deformation texture layers in warm rolled

bcc polycrystals lead to corresponding differences in the local

recrystallization behavior.
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Understanding the origins of these orientation and process-

dependent texture inhomogeneities in warm rolled sheets is a

necessary step towards optimization of microstructure-based

processes to achieve better texture homogeneity in such alloys.

2. Experimental methods

2.1. Metallurgy

The b-phase Ti–35 wt.% Nb–7 wt.% Zr–5 wt.% Ta alloy

(hereafter abbreviated 35-7-5) was melted in an electric arc fur-

nace. All of the elements used in the alloy had a high purity

(Table 1). The electric arc furnace was evacuated and subse-

quently flooded with Argon at a pressure of 300 mbar. The

furnace was equipped with a water cooled copper crucible. The

temperature of the electric arc was about 3000 ◦C while the melt

was at the center hold at a peak temperature of 1830–1850 ◦C

in order to assure complete dissolution of the Nb, Ta or Mo,

respectively. The electric arc method provided an intense stir-

ring effect. Melting all ingredients required about 30–60 s. In

order to obtain cast samples of optimal chemical and struc-

tural homogeneity all specimens were remelted several times.

Each sample was stirred completely after remelting in the cru-

cible, and then turned about its horizontal axis by use of an

in-furnace manipulator, and subsequently reheated above the

melting point. This procedure (melting, stirring, solidification,

rotation) was repeated four times. After the forth remelting,

the sample was cast into a rectangular copper mold which had

a size of 60 mm× 32.6 mm× 10 mm. The copper mold had

a temperature of about 30 ◦C which led to rapid solidifica-

tion entailing only microsegregation and suppressing dendrite

formation.

2.2. Homogenization, rolling and recrystallization

processing

The as-cast samples were solution heat treated at 1473 K

(1200 ◦C) for 4 h in order to homogenize the sample and remove

microsegregation. Since Ti alloys undergo very strong chemical

reactions with oxygen the sample was heat treated under a high

purity Argon atmosphere.

Reversing warm rolling was conducted immediately after

pre-heating at a temperature of 850 ◦C for 15 min. Rolling was

performed on a two-high stand. The pre-heating procedure was

repeated after each rolling step, leading to the possibility for

recrystallization between the warm rolling steps. The maximum

reduction was 90% engineering sheet thickness reduction. Sam-

ples for detailed investigation were cut after 20, 50, 70 and 90%

rolling reduction. The separate rolling steps yielded about 10%

Table 1

Alloy composition

Ti Nb Zr Ta

wt.% 53 35 7 5

at.% 69.7 23.7 4.8 1.7

reduction per step. Using larger reductions per step could lead

to edge cracking. The maximum rolling force was 600 kN. The

diameter of the working rolls was 190 mm. The final recrystal-

lization treatment of the 90% rolled specimen was conducted at

900 ◦C for 45 min.

2.3. Characterization methods

Characterization of the chemical and microstructural homo-

geneity of the cast and heat treated samples was conducted using

optical and scanning electron microscopy (SEM) in conjunction

with energy dispersive X-ray spectrometry (EDX) and electron

back scatter diffraction (EBSD).

Grinding before microscopy was performed using 400,

600, 1200 and 2400 paper with subsequent use of 6 mm

(45 min), 3 mm (20 min) and 1 mm (15 min) polishing. For opti-

cal microscopy the samples were etched using a solution of 68 ml

glycerin, 16 ml HNO3 and 16 ml Hf. For SEM observations the

specimens were electropolished for 60 s at 35 V after the 1 mm

polishing step.

The elastic properties were measured using an ultrasonic

resonance frequency method (Grindo-Sonic). This method mea-

sures the elastic modulus by analyzing the natural period of the

transient vibration which results from a mechanical disturbance

of the object tested. The Grindo-Sonic device transforms the

incoming signal received from this natural frequency in an elec-

tric current of the same frequency and relative amplitude, during

eight periods, due to a quartz clock where a reference crystal

oscillates at a given frequency.

In order to measure the volume fractions of the two phases

after thermal homogenization X-ray wide angle Bragg diffrac-

tion experiments were used with CoKa1 radiation obtained from

a tube operated at 40 mA, 40 kV.

3. Basics on warm rolling textures of bcc metals without

phase transformation

According to the cubic crystal symmetry of the b-Ti lat-

tice structure and the nearly orthotropic symmetry of the hot

rolled specimens (RD, rolling direction; ND, normal direc-

tion and TD, transverse direction) the crystallographic textures

are typically presented in the reduced Euler space (0◦≤ϕ1, φ,

ϕ2≤ 90◦). Since warm rolled bcc polycrystals tend to develop

pronounced texture fibers during rolling, it is convenient to

present ϕ1-sections through Euler space or to present the ori-

entation density along various characteristic orientation fibers.

The most relevant texture fibers for warm rolled bcc metals

are the abcc-fiber (crystallographic fiber axis 〈1 1 0〉 parallel to

the rolling direction including major components {0 0 1}〈1 1 0〉,

{1 1 2}〈1 1 0〉 and {1 1 1}〈1 1 0〉), g-fiber (crystallographic fiber

axis 〈1 1 1〉 parallel to the normal direction including major

components {1 1 1}〈1 1 0〉 and {1 1 1}〈1 1 2〉), h-fiber (crys-

tallographic fiber axis 〈0 0 1〉 parallel to the rolling direction

including major components {0 0 1}〈1 0 0〉 and {0 1 1}〈1 0 0〉),

z-fiber (crystallographic fiber axis 〈0 1 1〉 parallel to the

normal direction including major components {0 1 1}〈1 0 0〉,

{0 1 1}〈2 1 1〉, {0 1 1}〈1 1 1〉 and {0 1 1}〈0 1 1〉), «-fiber (crys-
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Table 2

Some important fibers and texture components for crystallographic textures of bcc alloys (RD, rolling direction; ND, normal direction and TD, transverse direction)

[28,30,32,36]

Material Fiber name Fiber axis Important texture components

bcc metal abcc-fiber 〈1 1 0〉 parallel to RD {0 0 1}〈1 1 0〉, {1 1 2}〈1 1 0〉, {1 1 1}〈1 1 0〉

g-fiber 〈1 1 1〉 parallel to ND {1 1 1}〈1 1 0〉, {1 1 1}〈1 1 2〉

h-fiber 〈0 0 1〉 parallel to RD {0 0 1}〈1 0 0〉, {0 1 1}〈1 0 0〉

z-fiber 〈0 1 1〉 parallel to ND {0 1 1}〈1 0 0〉, {0 1 1}〈2 1 1〉, {0 1 1}〈1 1 1〉, {0 1 1}〈0 1 1〉

«-fiber 〈0 1 1〉 parallel to TD {0 0 1}〈1 1 0〉, {1 1 2}〈1 1 1〉

{4 4 11}〈11 11 8〉, {1 1 1}〈1 1 2〉, {11 11 8}〈4 4 11〉, {0 1 1}〈1 0 0〉

u-fiber 〈0 0 1〉 parallel to ND {0 0 1}〈1 0 0〉, {0 0 1}〈1 1 0〉

bbcc-skeleton line ≈〈1 1 1〉 close to ND {1 1 1}〈1 1 0〉, {5 5 7}〈5 8 3〉, {1 1 1}〈1 1 2〉

tallographic fiber axis 〈0 1 1〉 parallel to the transverse direction

including major components {0 0 1}〈1 1 0〉, {1 1 2}〈1 1 1〉,

{1 1 1}〈1 1 2〉 and {0 1 1}〈1 0 0〉) and u-fiber (crystallographic

fiber axis 〈0 0 1〉 parallel to the normal direction includ-

ing major components {0 0 1}〈1 0 0〉 and {0 0 1}〈1 1 0〉).

The most important orientations and fibers are given in

Table 2 [26–37].

4. Experimental results

4.1. Metallurgical results, homogenization treatment and

mechanical data

Fig. 1 shows that the microstructure and microtexture of the

as-cast alloy Ti–35 wt.% Nb–7 wt.% Zr–5 wt.% Ta in three per-

pendicular sections. The EBSD maps reveal that the texture and

grain structure of the as-cast material is practically random and

that the grains have a nearly globular (equiaxed) grain shape.

Figs. 2 and 3 show that the specimen revealed pronounced

microsegregation in the as-cast state which was removed by

a corresponding homogenization heat treatment at 1473 K

(1200 ◦C) under Argon atmosphere for 4 h. Fig. 2. EDX line scans before the heat treatment, alloy 35-7-5.

Fig. 1. EBSD inverse pole figure orientation maps of the as cast 35-7-5 alloy show nearly random texture and globular (equiaxed) grains. Maps are presented with

respect to the sample coordinate system for subsequent rolling; microstructure from three perpendicular sections referenced to the normal direction (ND); RD and

TD refer to subsequent longitudinal and transverse directions.
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Fig. 3. EDX area analysis before and after the heat treatment, alloy 35-7-5.

The X-ray diffraction scan presented in Fig. 4, taken after the

heat treatment, shows that the material consisted essentially of

the bcc b-phase before warm rolling. The volume fractions of

the a- and v-phases are negligible.

The ultrasonic measurement of the elastic properties revealed

that the bulk polycrystal modulus of the heat treated Ti–35 wt.%

Nb–7 wt.% Zr–5 wt.% Ta alloy was as low as 59.9 GPa (the pure

hexagonal Ti reference sample had a modulus of 114.7 GPa).

Fig. 5 shows the flow curve for the material taken under com-

pressive load. The test was conducted with a cylindrical sample

(1 cm diameter) after casting and homogenization at a strain rate

of 0.01 s−1 using lubrication. The compression axis was paral-

lel to the normal direction of the cast (and later warm rolled)

sample.

4.2. Optical metallography of rolled specimens

Fig. 6 shows the optical metallography from longitudinal sec-

tions of the warm rolled samples at different strains. The 20

and 50% rolled specimens reveal the formation of microbands.

After 70 and 90% thickness reduction partially recrystallized

zones become visible. In the 70% rolled sample layers of new

small grains appear as necklace structures along the former grain

boundaries surrounding the deformed grains. The 90% rolled

sample reveals both fully recrystallized zones and also some

Fig. 4. X-ray Bragg diffraction scan of the 35-7-5 alloy after heat treatment

(CoKa1 radiation, 40 mA, 40 kV). The intensity is given in arbitrary units as

function of the diffraction angle 2θ. The data reveal that the specimen consists

essentially of the b-phase.

very long as-deformed grains which do not contain recrystallized

crystals.

4.3. Microtexture of rolled and annealed specimens

Fig. 7 shows microtexture maps of the rolled samples; ND

{h k l} and RD 〈u v w〉, image quality, and Kernel average for

the 20% (a), 50% (b), 70% (c) and 90% (d) warm rolled (850 ◦C)

samples in longitudinal sections from the entire thickness (top

to bottom surface). The ND and RD EBSD maps jointly allow

one to identify all orientations in terms of the crystal directions

in the normal {h k l} and of the lattice rolling direction 〈u v w〉

at each point relative to the macroscopic sample coordinates.

The image quality map provides a qualitative measure of the

local lattice distortion and the Kernel average misorientation is

a measure of the local lattice orientation gradients in the vicinity

of a given coordinate. The latter quantity if of particular help for

discriminating recrystallized from non-recrystallized material.

Fig. 5. Flow curves obtained from compression testing; cylindrical sample (1 cm

diameter); after casting and homogenization; strain rate 0.01 s−1; lubrication;

compression axis along ND.
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Fig. 6. Optical metallography (longitudinal sections) of warm rolled (850 ◦C) samples after different thickness reductions.

Blue areas (minimum value of the Kernel average misorienta-

tion) indicate freshly recrystallized material.

After 20% rolling reduction the EBSD maps (Fig. 7a) and the

corresponding orientation distribution function (ODF) (Fig. 8a)

reveal a dominant {1 1 1} (blue) 〈1 1 0〉 (green) orientation.

The in-grain deformation structure is inhomogeneously dis-

tributed after 20% reduction. While some crystals exhibit a

pronounced in-grain deformation pattern, others appear only

weakly strained.

After 50% rolling reduction, Figs. 7b and 8b reveal a

dominant {1 1 1} 〈1 1 0〉 orientation together with a gradually

developing abcc-fiber (〈1 1 0〉 parallel to RD; see Table 2). The

strongest component on the abcc-fiber is an orientation close

to {1 1 2}〈1 1 0〉. Close to the g-fiber (〈1 1 1〉 parallel to ND;

see Table 2) a strong {5 5 4}〈2 2 5〉 texture component devel-

ops. The Kernel average map in Fig. 7b shows that some of

the larger grains reveal only small local orientation scatter in

their grain interior. Stronger orientation gradients clearly pre-

vail at the grain boundaries. Some grains reveal strong shear

bands with pronounced orientation gradients with respect to the

surrounding matrix orientations.

After 70% rolling reduction Fig. 7c shows the beginning of

recrystallization. The formation of new grains is very hetero-

geneously distributed in the microstructure. In some grains no

recrystallized crystals occur at all (white arrows) while others

appear fully transformed by recrystallization (black arrows). In

some other grains recrystallization seems to occur along the for-

mer microbands (yellow arrows). The texture (Fig. 8c) consists

mainly of orientations on the g-fiber (〈1 1 1〉 parallel to ND) with

a stronger {1 1 1}〈1 1 2〉 and a weaker {1 1 1}〈1 1 0〉 orientation.

After 90% warm rolling reduction the microstructure reveals

strong gradients through the sheet thickness (Fig. 7d). The upper

and lower thirds (top and bottom surface regions) of the longi-

tudinal section reveal a strongly recrystallized microstructure

with only some portions in the as-deformed state. The center

layer (about one-third of the volume in the longitudinal section)

consists mostly of recovered grains with distorted shapes. The

exact center layer consists of a large elongated grain. The recrys-

tallized grains in the outer surface and sub-surface layers have

Goss (white arrows), {11 11 8}〈4 4 11〉 or {1 1 1}〈1 1 2〉 orien-

tation. The center layer consists essentially of a-fiber texture

components (Figs. 7d and 8d).

After the final heat treatment (900 ◦C, 45 min) of the 90%

warm rolled sheet the microstructure (Fig. 9) a fully recrys-

tallized and coarsened grain structure is revealed. The average

grain size is 32 mm but it shows a substantial gradient across
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Fig. 7. (a–d) EBSD maps (ND {h k l} and RD 〈u v w〉), image quality and Kernel average maps from 20, 50,70 and 90% warm rolled (850 ◦C) samples in longitudinal

sections from surface to surface.
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Fig. 7. (Continued ).

the sheet thickness. The texture (Fig. 10) consists of a dominant

{1 1 1}〈1 1 2〉 texture component.

5. Discussion

5.1. Starting microstructure after casting and heat

treatment

The X-ray and EDX results show that the alloy has a bcc

lattice structure after the initial heat treatment. This is also con-

firmed by the EBSD results which is well suited to confirm

the existence of second phases at mm scales since the back

scattered electrons undergo Bragg diffraction and, therefore, dif-

ferent lattice structures can be discriminated. A disadvantage of

the homogenization anneal is the grain coarsening that increases

the grain size by a factor of about 5. For further optimization of

this material it might, therefore, be a sensible strategy to fist

impose one or two strong warm reduction steps before conduct-

ing a homogenization heat treatment. Such a procedure might

have two advantages. First, it might lead to grain refinement.

Second, chemical homogenization could be faster and more effi-

cient since the newly growing grains which sweep the material

would introduce fast grain boundary diffusion as opposed to the

slow volume diffusion. This procedure might entail more rapid

removal of segregation effects.

For the subsequent warm rolling and heat treatment pro-

cedures it is very important that the initial grain structure is

very homogeneous, randomly oriented, and nearly equiaxed

(see Figs. 1 and 6), in order to promote recrystallization

[30,33,36–40]. This high degree of microstructure and texture

homogeneity before the further processing is attributed to the

use of multiple solidification and re-melting steps and the rapid

quench described above (see Section 2.1). The homogeneous

starting conditions generally play an important role for tex-

ture evolution during subsequent processing of bcc materials

since coarse grains and/or preferred casting textures usually

entail strong inheritance effects. Microstructure (and texture)

inheritance implies that certain preferred casting textures can

lead to warm rolling microstructures which undergo strong

recovery instead of recrystallization, particularly in bcc metals

[30,33,36–42].

5.2. Microstructure and texture of warm rolled samples

At small and medium thickness reductions (up to 50%) no rel-

evant recrystallized areas appear in the micrographs and EBSD

maps. The texture evolution in this regime is characterized by

the gradual evolution of an a-fiber (〈1 1 0〉 parallel to RD) and

g-fiber (〈1 1 1〉 parallel to ND) texture: after 20% rolling reduc-

tion a dominant {1 1 1}〈1 1 0〉 texture component exists. After

50% reduction an a-fiber with a local texture maximum close

to {1 1 2}〈1 1 0〉 builds up. On the g-fiber the {1 1 1}〈1 1 0〉 ori-

entation is accompanied by a {1 1 1}〈1 1 2〉 component. These

texture components are consistent with the crystallographic sta-

bility of these orientation at low and medium plane strains as,

for instance, predicted by Taylor-type, self-consistent, and crys-

tal plasticity finite element deformation models for bcc metals

[40–51]. Pronounced shear-induced through-thickness gradients

of the texture or of the grain morphology are not yet visible at

this stage of deformation (below 50%). The texture observed at

small and medium strains is comparable to that observed also for

other warm rolled bcc metals and alloys which do not undergo

phase transformation during warm rolling. For instance, due to

their high Cr content 12–17% Cr alloyed ferritic stainless steels

do not show much phase transformation during hot rolling so

that they reveal similar textures as observed in this work for the

bcc Ti alloy [28–36]. Similar observations apply for bcc refrac-

tory metals such as Mo and Ta [37–40]. Also Nb which is the

major alloy element in the present case shows a similar texture

evolution during rolling as observed for the current bcc Ti alloy

[41].

After 70% thickness reduction the texture evolution is no

longer dominated by the rolling deformation alone but it

is also affected to a small extent by recrystallization pro-

cesses. This is clearly visible from the EBSD map in Fig. 7c.

The recrystallized material is characterized by three impor-

tant features. First, the recrystallized grains are small and

equiaxed. Second, they form a necklace-type morphology

around the as-deformed grains. Third, the Kernel average

map (Fig. 7c) reveals that the newly recrystallized crystals

are not entirely free of in-grain orientation gradients but

they seem to have been further deformed after the recrys-

tallization step. These three observations suggest that the
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recrystallization process might be a dynamic recrystallization

mechanism.

The crystallographic texture after 70% thickness reduc-

tion shows a dominant g-fiber with a strong maximum at

the {1 1 1}〈1 1 2〉 texture component. This transition from the

{1 1 1}〈1 1 0〉 to the {1 1 1}〈1 1 2〉 orientation may be partially

attributed to the recrystallization process (see microtexture

maps in Fig. 7c) and partially to the increasing deforma-

tion. The intensity of the a-fiber texture components has been

reduced after 70% rolling reduction except for a remaining

local texture maximum on that fiber at {0 0 1}〈1 1 0〉. This

effect differs from the texture evolution in rolled bcc alloys.

As a rule, the a-fiber texture components would gradually

increase during rolling deformation [30–48]. In particular one

would expect the {1 1 2}〈1 1 0〉 orientation to occur as a rather

strong plane strain deformation component after 70% thick-

ness reduction as explained in a number of publications on

stable deformation components in rolled bcc metals includ-

ing pure Ta, Mo, Nb as well as highly alloyed stable ferritic

stainless steels [37–52]. The fact that this prominent defor-

Fig. 8. (a–d) Orientation distribution functions (ODF) of 20, 50, 70 and 90% warm rolled (850 ◦C) samples.
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Fig. 8. (Continued ).

mation texture component is rather weak after 70% rolling

reduction is, therefore, primarily attributed to recrystalliza-

tion. In this context the drop in the orientation density of

the {1 1 2}〈1 1 0〉 orientation may be attributed to the favor-

able orientation relationship for recrystallization between the

{1 1 2}〈1 1 0〉 deformation component and the {1 1 1}〈1 1 2〉

recrystallization component which is commonly observed in

bcc alloys [36–41]. While partial recrystallization was observed

before in other warm rolled bcc alloys at high strains (partic-

ularly when intermediate anneals were imposed between the

rolling steps) a necklace-type morphology of the newly recrys-

tallized grains, as observed in the current case, is very uncommon

in bcc alloys.

After 90% thickness reduction the texture and its through-

thickness gradient (Figs. 7d and 8d) are quite different from the

results observed after 70% thickness reduction (Figs. 7c and

8c). Two effects are particularly important. First, the material

reveals a substantial gradient both, in crystallographic texture

and in grain morphology. Second, particularly the outer regions

of the material close to the surface are essentially recrystallized

while the inner material close to the center of the sheet is mainly

recovered revealing an elongated grain morphology.
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Fig. 9. EBSD {h k l} maps of 90% warm rolled (850 ◦C) and final heat treated

(900 ◦C, 45 min) sample in longitudinal section from surface to surface.

The strong through-thickness texture and microstructure pro-

file, which is also observed in other warm rolled alloys with

bcc lattice structure, is a consequence of the macroscopic gradi-

ents in shear and temperature which occur during warm rolling

[28–30,53,54].

The center layer is essentially deformed by a plane

strain deformation state which promotes the formation of a

strong deformation-induced {0 0 1}〈1 1 0〉 texture component

[30,37–40]. The grains in this layer typically assume an elon-

gated pancake-type morphology in warm rolled sheets, as

observed in the current case, when strong recovery prevailed.

Recovery is particularly important for the preservation of some

a-fiber texture components, particularly of the {0 0 1}〈1 1 0〉 ori-

entation [33,34]. This component has a small nucleation rate

for recrystallization since it typically has very weak inherited

deformation-induced in-grain orientation gradients which would

promote the formation of new high angle grain boundaries dur-

ing nucleation [35].

As stated above, the rolling texture components in the center

layer which are created essentially by a plane strain deformation

state can generally be well explained in terms of Taylor-type,

self-consistent or crystal plasticity finite element deformation

models for bcc metals [40–51]. These models all predict the

formation of a strong {0 0 1}〈1 1 0〉 and {1 1 2}〈1 1 0〉 texture

component when assuming certain grain-scale relaxation modes,

and either the 24 {1 1 0}〈1 1 1〉 plus {1 1 2}〈1 1 1〉 or even the

48 {1 1 0}〈1 1 1〉, {1 1 2}〈1 1 1〉 plus {1 2 3}〈1 1 1〉 slip sys-

tems activated with similar critical resolved shear stress. The

preservation of a strong {0 0 1}〈1 1 0〉 texture component in con-

junction with recovered pancake-shaped grains is a very typical

observation in the center layer of hot rolled and cold rolled plus

annealed bcc alloys [36–42].

The near-surface layers of the hot rolled sheet are charac-

terized by a strong shear deformation and a relatively large von

Mises equivalent strain. The values of the orientation densities of

the shear components {0 1 1}〈1 0 0〉 (Goss), {1 1 0}〈1 1 2〉 and

{4 4 11}〈11 11 8〉 correspond to the profile of the shear strain

which results from the influence of the temperature on the flow

stress and the through-thickness profile of the Zener Holomon

parameter [28,29,36,53,54]. Particularly the Goss orientation,

{0 1 1}〈1 0 0〉, is well known to be stabilized by shear strain in

bcc metals [28]. The strong near-surface maximum of the Goss

component in hot rolled bcc metals corresponds to the ideal

shear texture which is, for instance, found in torsion experiments.

However, the Goss orientation,{1 1 0}〈0 0 1〉, is not only a strong

shear texture component but it is typical of both, as-rolled and

also of recrystallized grains after heavy shear deformation in

bcc alloys. It is formed as a stable deformation-induced ori-

entation in small volume fractions already during heavy shear

deformation (i.e. without any contribution from recrystalliza-

tion) and also as a dominant recrystallization component when

these small Goss-oriented texture islands grow into the heavily

strained neighboring matrix [55]. The {1 1 2}〈1 1 1〉 orientation

which is close to the ideal {4 4 11}〈11 11 8〉 shear component is

essentially introduced by shear deformation but not by recrys-

tallization. Therefore, it is suggested that the strong maximum

of the von Mises equivalent strain in the sub-surface layers of

the warm rolled sheet promotes local shear deformation tex-

tures and recrystallization textures (instead of recovery as in

the center layer). Very similar observations as in the current

case have been made in the sub-surface layers of other hot

rolled bcc alloys [36–42]. Particularly in highly alloyed fer-

ritic stainless and soft magnetic FeSi steels the formation of

strong shear texture components is a very typical observation

[26–34].

5.3. Microstructure and texture after final recrystallization

After the final recrystallization anneal the microstruc-

ture is coarse grained and equiaxed. The crystallographic

texture is dominated by a strong {1 1 1}〈1 1 2〉 texture

component which may be attributed to the well-known pro-

nounced nucleation and growth of this orientation into the

deformed {1 1 1}〈u v w〉 and {1 1 2}〈1 1 0〉 oriented deforma-

tion microstructure [30,34,56–58]. Since we discussed above

that in the center layer of the material the {0 0 1}〈1 1 0〉 texture

component was strongly recovered one should also consider

that the texture observed in Figs. 9 and 10 result from both,

recrystallization and subsequent grain growth.

Another aspect associated with the strong dominance of the

{1 1 1}〈1 1 2〉 orientation after the final recrystallization (and

grain growth) heat treatment is the fact that, as observed already

after 70% thickness reduction, the {1 1 1}〈1 1 2〉 texture com-

ponent was already formed as a deformation component as

well as a dynamic recrystallization texture component during

warm rolling. This means that the {1 1 1}〈1 1 2〉 nuclei from

the preceding dynamic recrystallization process might have

served as nuclei for the subsequent static recrystallization of

the {1 1 1}〈1 1 2〉 texture during the final anneal.
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Fig. 10. Orientation distribution function (ODF) of 90% warm rolled (850 ◦C) and finally heat treated (900 ◦C, 45 min) sample.

From other bcc alloys such as Ta, Mo, Nb and ferritic steels

it is known that the through-thickness microstructure and tex-

ture gradients inherited from hot rolling are often preserved to

some extent after recrystallization. This applies in particular to

the {0 0 1}〈1 1 0〉 texture in the center layers. This discrepancy

to the current observation (Figs. 9 and 10), also supports the

suggestion that subsequent grain growth has taken place after

the recrystallization.

6. Conclusions

The study examined the evolution of the crystallo-

graphic texture and microstructure of a b-titanium alloy

(Ti–35Nb–7Zr–5Ta) during warm rolling and final recrystalliza-

tion. The main conclusions are:

• At rolling reductions up to 50% the texture and microstructure

evolution did not reveal pronounced gradients through the

thickness. The texture evolution up to 50% was similar to

other bcc alloys. Recrystallization was negligible below 50%

thickness reduction.

• After 70% reduction the texture and microstructure can be

explained in terms of the deformation texture components

observed in other warm rolled bcc materials, and also in terms

of partial recrystallization. The recrystallization process at

this strain was attributed essentially to dynamic recrystalliza-

tion.
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• After 90% thickness reduction strong through-thickness tex-

ture and microstructure gradients were observed. These

gradients were explained in terms of heavy shear at the sur-

face and plane strain deformation in the center followed by

strong dynamic and post dynamic recrystallization processes

in the surface layers (top, bottom) and strong recovery in the

center layer.
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