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Abstract The microstructure and texture evolution of

a commercially pure titanium sheet during cold-rolling

is investigated in detail by X-ray diffraction and by

orientation imaging in the FEG-SEM and in the TEM.

The experimental data are compared with simulation

results obtained by a viscoplastic self-consistent model.

The aim of this work is to provide with a detailed

description of the fine scale deformation structures

obtained after 80% cold-rolling and to identify the

mechanisms by which these structures form. Such a

detailed investigation is nowadays possible thanks to

high spatial resolution orientation imaging techniques.

This work highlights the important role of mechanical

twinning as one of the grain fragmentation mecha-

nisms. The microstructure obtained after 80% thick-

ness reduction can be separated into two distinct parts:

85 vol.% of the material is fine-subdivided with highly

misoriented sub-micron features and the others

15 vol.% consist in lamellar structures formed in grains

initially oriented in a particular region of orientation

space, which have not undergone twinning. The influ-

ence of these structures on recrystallization mecha-

nisms are also discussed.

Introduction

Titanium is an important structural metal for high

performance applications. The preferred orientations

of crystals have an important effect on physical and

mechanical properties [1, 2] and need to be optimized.

Texture develops during deformation and is modified

by subsequent recrystallization and grain growth.

Deformation mechanisms are slip and mechanical

twinning. They have been studied both on single

crystals and on polycrystalline samples [e.g. 3–5] and

those mechanisms have been used as a basis for

modeling deformation [e.g. 6–8]. Systematic texture

changes also occur during recrystallization and grain

growth [9–13], but not much is known about the way

recrystallization proceeds.

The detailed description of microstructures and

local textures in heavily deformed materials may help

in a better understanding of the deformation mecha-

nisms and their relationship to mechanisms during the

initiation of recrystallization. The recent development

of techniques for local orientation measurements, such

as electron backscatter diffraction (EBSD) coupled to

field emission gun scanning electron microscopy (FEG-

SEM) and indexing of Kossel/Kikuchi patterns

obtained by transmission electron microscopy (TEM),

have made such investigations feasible. These tech-

niques indeed provide a spatial resolution suited to the
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very fine scale at which the deformation structures

develop. In this paper, they are used to characterize the

texture and microstructure evolution of a-Ti (hcp)

during cold-rolling down to 80% thickness reduction.

The experimental data are interpreted in combination

with the results of numerical simulations of the

deformation process with the aim to describe the

mechanisms by which the heterogeneity of the defor-

mation structures is formed.

Experimental procedures

The starting material is a 3 mm thick sheet of

commercially pure titanium (Ti grade 2 within the

ASTM standards) in a fully recrystallized state and

containing the following impurities (in weight ppm):

C 52, Fe 237, H 3, N 41, O 1062 and Si < 100. Cold-

rolling is performed down to 80% thickness reduction

in 3% steps.

For XRD texture analysis, about one third of the

thickness was removed by mechanical polishing in

order to exclude surface artifacts. Five incomplete pole

figures ((10–10), (0002), (10–11), (10–12) and (10–13))

were measured by XRD in reflection geometry with

Co-Ka radiation and from those the orientation distri-

bution function (ODF) was calculated with the har-

monic method, using an expansion to Lmax = 32,

applying a ghost correction [14, 15] and imposing the

orthorhombic sample symmetry.

Cross-sections were prepared from the same sam-

ples used for X-ray pole figure measurements. They

were mechanically and further electrolytically polished

(with a 10%HClO4–90%CH3OH solution, under 17V

at 6 �C) in order to achieve a surface quality required

for EBSD measurements. These samples were ana-

lyzed with a Jeol 6500F FEG-SEM operating at 15 kV,

and equipped with an EBSD orientation imaging

system. The Kikuchi patterns were acquired with a

ultra-sensitive CCD camera and processed with the

Channel 5 software from HKL technologies.

Thin foils were prepared for TEM characterization

in the rolling plane RD–TD or in the longitudinal

section TD–ND (with RD ND TD respectively rolling,

normal and transverse directions). The thin foil prep-

aration consisted in two steps: first mechanical polishi-

ng to reduce the thickness to 50 lm and then either

electrolytic thinning or argon ion-milling down to

electron transparency. The TEM investigations were

performed with a CM200 Philips microscope operating

at 200 kV accelerating voltage and equipped with a

Gatan CCD camera for image and diffraction pattern

acquisition. Orientation measurements were done by

indexing Kossel/Kikuchi patterns, using the Euclid’s

Phantasies software [16]. With this method, the

precision for misorientations between different data

points of the same thin foil is close to 0.1�. The

absolute accuracy of orientation measurements within

the macroscopic RD–TD–ND system is considerably

lower because of the manual operations of sample

positioning in the saw, polishing and positioning in the

TEM sample holder. The spatial resolution is almost

equal to the size of the beam when focussed on the

sample, i.e. 20 nm for the measurements reported here.

When dealing with texture components, it is very

convenient to describe the crystal orientation by a set

of three Euler angles. The ones used here correspond

to the definition given by Bunge [17] with the crystal

coordinate system defined as {X = [10–10], Y = [–12–

10], Z = [0001]}.

Method for the simulation of deformation

The Visco-Plastic Self-Consistent method based on the

tangent approach [18] as implemented in the VPSC5

computer program [19] was used in this work to

simulate the texture evolution. Results basically agree

with previous work [20–23]. In this context our

principal interest has been in obtaining rotation

trajectories of individual orientations to compare with

experimentally observed orientation gradients and to

investigate activity of deformation systems in differ-

ently oriented grains. The self-consistent approach

regards each grain as an inclusion embedded in a

homogeneous equivalent medium, having the average

properties of the polycrystal. Equilibrium and compati-

bility are maintained in the average over the whole

polycrystal, but not locally. Some grains may deform a

lot and others very little.

For materials that are subject to mechanical twinning,

this mechanism is critical since it introduces large

orientation changes. In the VPSC5 program, twinning is

treated as a slip system with a critical shear stress but with

additional twin reorientation. Twinning basically creates

new orientations, which is inconvenient for simulations.

In order to keep the number of orientations constant, the

program applies a method proposed by Van Houtte [24]

and further refined by Tomé et al. [20]. This method uses

a probability criterion as well as the deformation rate on

the twin system to statistically determine if a given grain

twins during a certain step. Either a grain twins com-

pletely and the old orientation vanishes, or it does not

twin and the old orientation is kept.

As starting texture we used a set of orientations

modeled after the initial texture, discretized into
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5 · 5 · 5� cells in the Euler space. For starting orien-

tations of the simulations, we picked the 2000 ODF

cells with the highest orientation densities and

weighted each orientation with density and represen-

tative cell volume. The output of the simulation

program includes the list of the 2000 new orientations

after 0.29, 0.58 and 0.87 effective strain, which can be

further processed by the harmonic method for produ-

cing a continuous ODF from which pole figures can be

recalculated.

We tried several combinations of critical shear

stresses for slip/twinning systems and hardening laws.

In the end we selected a set that reasonably reproduces

the experimental texture components. Critical shear

stresses (given in Table 1) emphasize prismatic slip and

twinning. Pyramidal and basal slips were allowed but

did not get significantly activated. For strain rate

sensitivity we chose a value of 0.05 (stress exponent

19). We selected a linear hardening law in which shear

stresses were more or less doubled after a strain of 1.0.

Results

Experimental bulk texture evolution during cold-

rolling

Figure 1 shows the experimentally measured texture

evolution starting from the fully recrystallized state to

the 80% cold-rolled one. The textures are represented

in (0001) and {10–10} pole figures and also in the u1 = 0

section of the ODF, that contain most of the relevant

orientation information in the context of this paper.

The starting material (first column of Fig. 1) has a

Starting material 25% cold-rolled 50% cold-rolled 80% cold-rolled 
RD

TD

(0001)

 

{10-10}{10-10} {10-10}

Texture 
index 6.5 3.1 2.8 3.5 

ODF 

section 
at  
1=0˚ 

1
2
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12

16
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90

60

   

{10-10}

(0001) (0001) (0001)

ϕ
ϕ

ϕ

Fig. 1 Texture evolution
during deformation (XRD
data processed by the
harmonic
method)—Recalculated pole
figures (equal area
projection), texture index
values and ODF section at
u1 = 0� for the initial material
and after 25%, 50% and 80%
thickness reduction

Table 1 Slip and twinning systems assumed in simulations

Critical resolved shear stress Hardening parameter

Slip systems Prismatic {10–10}<–12–10> 0.85 h = 1
Basal {0001}<–12–10> 2.5 h = 5
Pyramidal c + a {10–11}<–1–123> 2.5 h = 4

Twin systems Tensile (c = 0.163) {10–12}<–1011> 1.2 h = 1
Compressive (c = 0.225) {2–1–12}<2–1–1–3> 1.7 h = 3

Stress exponent: 19
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texture with (0001) maxima inclined 35� from ND

towards ±TD. The {10–10} pole figures show intensities

distributed on girdles at 90� from the (0001) maxima.

This texture, characterized by an ODF maximum

around {u1 = 0�, u = 35�, u2 = 15–20�}, is typical of

recrystallized titanium having undergone moderate

grain growth [25]. It is intermediate between the

texture at the end of primary recrystallization (for

which the component A {u1 = 0�, F = 40�, u2 = 0�},

displayed schematically in Fig. 2, is the main compo-

nent), and the texture after advanced grain growth

(with component B {u1 = 0�, F = 30�, u2 = 30�} as main

one, see also Fig. 2). The texture index is 6.5, indicative

of a rather strong texture. Note that the terminology of

‘‘texture component’’ is used here to describe wide

ODF peaks centered on given orientations.

During cold-rolling the texture weakens, the (0001)

maxima become spread out, and the {10–10} maximum

shifts towards the rolling direction and becomes a very

distinct texture feature at 80%. After 80% cold-rolling

the (0001) maximum is at 40� between ND and TD,

with considerable spread (ODF component A {u1 = 0�,

F = 40�, u2 = 0�}, Fig. 2). The texture index is reduced

to 3.5. During cold-rolling the texture strength first

decreases rapidly, already after 25% thickness reduc-

tion and then remains fairly stable. At intermediate

strains (25% and 50% thickness reduction, respectively

second and third columns in Fig. 1), secondary compo-

nents develop with [0001] axes close to the normal

direction (component C {u1 = 0�, F = 0�, u2 = 30�} and

with [0001] axes perpendicular to the normal direction

(component D at {u1 = 0�, F = 90�, u2 = 0�}). The

component C disappears again at larger strains while

component D remains until 80% thickness reduction.

Simulation of the bulk texture evolution during

deformation

Simulated bulk textures for 0.29, 0.58 and 0.87 effective

strain are shown on Fig. 3a and b. Figure 3c shows the

relative activity of the different deformation systems.

Prismatic slip is by far the most active one. Basal and

pyramidal slip are barely activated. Compressive and

tensile twinning operate during the whole deformation

path, with a higher activity of compressive twinning at

the beginning where the activity of tensile twinning is

reduced. The mean number of active systems at each

deformation step is close to 3, and does not vary much

during the deformation path.

The main texture component (Component A)

obtained after 80% cold-rolling is reproduced. More-

over, the secondary texture component C, which

develops at intermediate strains and disappears again

at higher strain, is also visible in the simulations. The

secondary component at D is weaker in the simulated

texture and only visible at 0.29 effective strain. The

simulation results are in agreement with the experi-

mental data with regards to the nature of the appearing

components but they do nevertheless show also some

discrepancy. At 0.29 strain which corresponds to 22%

thickness reduction, component A is too much devel-

oped and slightly shifted to higher F values. Compo-

nents C and D disappear too fast, they do not exist any

longer in the simulated textures after 0.87 strain
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Fig. 2 Schematic ODF section at u1 = 0� and (0001) and {10–10}
pole figures defining the different components constituting the
textures of titanium (stereographic projection). Component A is
the main one after 80% cold-rolling and still after recrystalliza-
tion; Component B becomes the main one after extended grain

growth; Component C develops at 25% thickness reduction and
disappears again at larger strains; Component D develops during
cold-rolling and remains until 80% thickness reduction. These
components have sample-symmetry equivalents which are not
displayed here
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(corresponding to 53% thickness reduction). Several

reasons can be evoked for this discrepancy: (i) both the

relative critical shear stresses of the different slip

systems and the hardening laws are far from being

unambiguously determined in HCP metals. (ii) twin-

ning is treated similarly to a slip system and the model

does not allow grain fragmentation, which is probably a

major drawback when the grain fragmentation is one

of the main mechanisms for microstructure evolution,

which is the case here as will be demonstrated below.

(iii) only the 2000 5 · 5 · 5� ODF cells with highest

weights have been processed due to a limitation of the

simulation computer program; the orientations with

low weights may contribute to strengthen minor

components. The numerical simulation results, even if

they are not in perfect agreement with the experimen-

tal data, will be nevertheless helpful to understand and

explain the microstructure evolution.

Microstructure evolution upon cold-rolling

characterized by EBSD

The microstructure of the initial sheet, shown in

Fig. 4a, is equiaxed with a mean grain size of 30 lm.

After 25% cold-rolling (Fig. 4b), some of the initial

grains show twin lamellae, which have been identified

by EBSD and based on their orientation as being either

compressive or tensile twins. A higher occurrence was
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Fig. 3 VPSC simulation of the cold-rolling texture evolution.
Initial texture and VPSC simulations processed with harmonic
method after 0.29, 0.58 and 0.87 effective strain represented with

(a) (0001) and {10–10} pole figures (equal area projections) and
(b) ODF section at u1 = 0�. (c) Activity of slip and twinning
systems
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observed for compressive twins ({11–22}<11–2–3>).

The {10–12}<10–1–1> tensile twins were about half as

frequent and {11–21}<11–2–6> tensile twins were only

rarely observed. The analysis of the EBSD maps

showed that multiple twinning occurred also, with

often tensile twins appearing in compressive ones.

Some other areas have not undergone twinning.

Figure 4b also shows the orientations measured by

EBSD in the twinned and the untwinned areas in

(0001) and {10–10} pole figures. Twinning generates

many different orientations, ‘‘randomizing the global

texture’’, and is probably responsible for the fast

decrease of the texture index at the beginning of

deformation, as already suggested in earlier work [11,

26]. In particular, it is obviously responsible for the

appearance of the {u1 = 0�, F = 0�, u2 = 30�} and

{u1 = 0�, F = 90�, u2 = 0�} secondary texture compo-

nents (C and D) with <0001> axes close to the normal

and transverse directions, respectively. With increasing

strain (50% thickness reduction shown in Fig. 4c), the

twinned areas are subdivided into smaller and smaller

features. The twin orientation relationships are lost

due to additional slip activity in and around the twin

lamellae and to the accumulation of dislocations in the

twin boundaries.

After cold-rolling to a reduction of 80% (Fig. 5), the

microstructure changes and becomes very fine-grained,

except for some areas which include lamellar substruc-

tures elongated along the RD. These lamellar areas

correspond to the initial grains which deformed only by

slip, without twinning. The lamellar areas account for

about 15 vol. % of the material. The other 85% are

subdivided into very small and highly misoriented

features. Shear bands, with characteristic bending of

the deformation structures on both sides, are also formed

in this part of the material as visible in Fig. 5a. The pole

figures of Fig. 5b show the orientations measured in the

few lm2 wide areas marked A, B and C. A is in a shear

band and shows a wide spread of orientations. B is

constituted by subdivided material outside the shear

band and displays an almost equal wide orientation

spread. By contrast, area C selected in a lamella shows a

narrow orientation range, with [0001] axes at about 50�
from ND and slightly tilting in the ND–TD plane and

with {10–10} poles rotating around [0001] axes within a

~30� wide sector. The misorientation profiles of Fig. 5c

and d, respectively across a set of lamellae and along one

lamella show that lamellae are highly misoriented

(several tens of degrees), and that the misorientation is

very much lower along the lamellae (in the 1� range).

The next paragraph is dedicated to a more detailed

100 µm
ND

RD
 

10µm
ND

RD
 

RD

TD

(0001) {10-10}

 
RD

TD

(0001) {10-10}

 

10µm
ND

RD
 

 

a

b

c

Fig. 4 Microstructure evolution upon cold-rolling (as revealed
by EBSD band contrast maps in the longitudinal plane). (a)
starting material: equiaxed grained with a mean grain size
around 30 lm. (b) after 25% cold-rolling and orientations
measured in the twinned and in the untwinned areas represented
in (0001) and {10–10} pole figures (stereographic projection). (c)
after 50% cold-rolling
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characterization work concerning these features

observed in the 80% cold-rolled microstructure.

Detailed characterization of the microstructure

local features in the 80% cold-rolled material with

the TEM

The 80% cold-rolled microstructure is constituted by

two types of local structures: lamellar areas coming

from the initial grains which did not twin during

deformation and fine-subdivided material which ac-

counts for 85 vol.%. TEM was used to further charac-

terize these two types of deformation structures.

Figure 6a shows a bright field TEM image of one of

the lamellae formed in the untwinned areas. This

image is taken in the rolling plane, perpendicular to the

previous view of Fig. 5. By using Kossel/Kikuchi

diffraction pattern indexing, orientations could be

measured along a line parallel to the RD (continuous

line) and along a line parallel to the TD (dashed line).

These orientation data are represented on Fig. 6b and

c in (0001) and {10–10} pole figures. The orientations

along RD (Fig. 6b) are very similar to those of Fig. 5c

obtained by EBSD in the longitudinal plane, with

<0001> axes in a constant position and {10–10} poles

rotating around [0001]. Along TD, the situation is

‘‘inverted’’, [0001] axes rotate around the {10–10} pole

which is parallel to RD. The misorientation profile

along TD (in grey on Fig. 6d) shows a fairly regular

orientation gradient of about 4�lm–1. The local mis-

orientations are quite small but the misorientation

reaches 40� over the whole width of the lamella. Along

a line parallel to the RD, the orientation is quite stable

in the middle of the lamella, consistently with the

plateau observed in the central part of the misorien-

tation angle profile (in black on Fig. 6d), but near the

boundaries of the lamella, much stronger orientation

gradients are observed, as a result of the interaction

with the neighboring severely deformed material.

The very fine subdivided material could also be

characterized by TEM (Figs. 7 and 8). According to

the sample section in which the thin foil is prepared,

the microstructural details are more or less visible.

Figure 7a shows a typical bright field image in the

rolling plane. The contrast is extremely disturbed with

many Moiré fringes, details at the 100 nm range in size

can be distinguished. The SAED pattern taken in this

area, corresponding to only 1 lm2, looks more like a

ring pattern than like a single-crystal pattern, showing

that this very small material volume is constituted by

many fragments of very different orientations. Corre-

spondingly pole figures (Fig.7c) show how widely

scattered the local orientations can be in such an area

that is only 1 lm2 wide. One should mention that in

fine-subdivided areas, it is not possible to record

indexable patterns at all locations. Kossel/Kikuchi

patterns are usually very diffuse, except in some places

where enough bands can be distinguished to index the

pattern and get the orientation. Strong contrasts in the

bright field images do not always correspond to high

misorientations, it is therefore very dangerous to

interpret the TEM contrast without considering the

orientation information.
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Fig. 5 (a) Microstructure of the 80% cold-rolled sheet (as
revealed by EBSD band contrast map in the longitudinal plane).
(b) Orientations measured in areas A, B and C displayed on
(0001) and {10–10} pole figures (stereographic projection). (c–d)
Misorientation profiles in an area of type C: across the lamellae
(c) and along one lamella (d)
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The TEM bright field image of Fig. 8a was taken in

the transverse plane (electron beam parallel to the

transverse direction). In this section, the structures

appear much more clearly than in the rolling plane,

with thin elongated domains along the rolling direc-

tion. In this area most of the Kossel/Kikuchi patterns

where indexable (except in some parts which were

either too thin or convoluted by overlapping parts of

different orientation). In such regions, orientation

maps could be acquired automatically. The one of

Fig. 8 is about 4 lm2 and includes very different

orientations, as visible on the pole figures. In agree-

ment with the global texture, these measurements

made at a very small scale do show a concentration of

{10–10} poles near RD. High misorientations can be

found along the boundaries of the elongated features.

Inside the elongated features misorientations are much

lower. This situation shows some similarities with the

lamellar structured areas of Fig. 5, but on a smaller

scale. Here again, the orientation information is much

richer than the simple bright field contrast.

Discussion

Initially equiaxed, the microstructure of this commer-

cially pure titanium sheet develops very heterogeneous

structures upon cold-rolling. According to the initial

orientation of the grains, different deformation mech-

anisms take place locally. Twinning occurs at the

beginning of deformation in most of the grains (about

85 vol.%). These grains are subdivided into increas-

ingly smaller and highly misoriented features. In this

part of the material, shear bands also form. Shear

bands show a wide spread of orientations and high

misorientations at a low scale. In terms of local

misorientations, the shear bands are nevertheless not

significantly more disturbed than the rest of the 85%

subdivided part of the material. The complementary

part (15 vol.%) is constituted by grains which are not

favorably oriented for twinning and deform only by

slip. These elongated areas had already been observed

in the past and associated with the absence of twinning

[27] but their internal structure had not been investi-

gated. In these areas, lamellar structures form. The

lamellae are characterized by very low local misorien-

tations inside and much higher misorientations

between them. Inside a single lamella, the orientation

changes gradually and in a different manner depending

on the direction along which the orientation gradient is

measured. Along RD, the misorientation makes the

{10–10} poles rotate around the [0001] axis. Along TD,

[0001] axes tilt around the {10–10} poles which are

parallel to RD. These grains which deform without

twinning have [0001] axes tilted by about 50� from ND

to ±TD.
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Fig. 6 TEM characterization of a lamella constituting the
untwinned areas (type C in Fig. 5). (a) Bright field image in
the rolling plane. (b) Local orientations measured along RD
(white line) and (c) along TD (dashed line) in the lamella (pole
figures in stereographic projection). (d) Misorientation profiles
along RD and along TD (The misorientation angle is calculated
for each data point with the first point of the measurement line)

123

2412 J Mater Sci (2007) 42:2405–2416



Twinning seems to be a crucial factor in determining

the local deformation structure. It was also an impor-

tant ingredient in getting simulated texture compo-

nents to match the experimental ones. Hardening laws

were chosen to increase hardening on twin systems

relative to slip systems and give slip a preference over

twinning in the later stages of deformation. Also the

total twinned volume was limited. Even so many grains

underwent multiple twinning. We have sorted all 2000

orientations according to the number of times a grain

has undergone twinning (Fig. 9). The orientation of the

untwinned grains after 0.87 as well as after 0.29 strain

defines a single component with a [0001] maximum at

50� inclined towards the transverse direction and a

strong {10–10} maximum in the rolling direction, i.e.

centered on {u1 = 0�, F = 50�, u2 = 0�}. By contrast,

the multiply twinned grains (twice and more) have a

strong [0001] maximum in the normal direction after

0.29 strain. This maximum splits into two peaks tilted

towards ±TD after 0.87 strain. The corresponding {10–

10} poles are in a broad girdle distribution with no

maximum near the rolling direction. This reflects the

behavior of the experimentally observed C component

which appears at {u1 = 0�, F = 0�, u2 = 30�} for inter-

mediate strains and disappears again for higher strains.

The orientations of the multiply twinned grains present

a secondary distribution characterized by (0001) poles

perpendicular to the normal direction, with a concen-

tration near the rolling direction.

To better understand the effect of twinning, the

rotation trajectories of individual grains will now be

analyzed. Figure 10 shows the behavior of four different
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Fig. 7 (a) TEM bright field
images of the subdivided part
of the 80% rolled
microstructure (Rolling
plane). (b) SAED pattern
corresponding to 1 lm2. (c)
local orientations measured
within a 1 lm2 area
(stereographic projection)
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Fig. 8 Bright field image of
the subdivided part of the
80% rolled microstructure
(cross-section in the
longitudinal plane),
corresponding TEM
orientation map and pole
figures (stereographic
projection) and distribution
of misorientation angles (>5�)
between neighboring pixels.
(The white circle gives a
landmark; white pixels
correspond to non-indexed
patterns)
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initial orientations. This figure shows how these orien-

tations transform at each of the 30 steps of 0.029 strain

considered in the simulation. The model does not

allows grain fragmentation but makes a complete grain

either completely twin/rotate or not at each step. By

contrast in the real microstructure twinning and slip

cause fragmentation. The individual rotation trajecto-

ries will be interpreted here as the set of the orienta-

tions which can be produced from an initial one.

Figure 10a shows that the orientations {u1 = 0�,

F = 40�, u2 = 0�} are very stable. The corresponding

grains deforms on two prismatic systems without

resulting rotation, except a slight tilt of the [0001] axis

towards ±TD. These orientations belong to the main

texture component after 80% cold-rolling (component

A). With identical initial [0001] axis position but a 30�
rotation of <10–10> axes (i.e. {u1 = 0�, F = 40�,

u2 = 30�}, Fig. 10b), deformation causes a rotation of

<10–10> around the [0001] axis towards RD. This is

done with activity on two prismatic systems, but

different ones compared to the previous case so that

the combination of the two slip systems induce a

rotation of the grains. Grains oriented at {u1 = 0�,

F = 50�, u2 = 0�} and {u1 = 0�, F = 50�, u2 = 30�} do

behave similarly as the previous ones, respectively. The

grains with [0001] axes tilted by 40–50� from the

normal direction to the transverse direction do not

twin (Fig. 9). This is in full agreement with the

experimental results. The position of the [0001] axes

in the lamellar structures is indeed usually close to the

TD–ND plane and about 50� away from ND.

The grains which twin have either [0001] axes at low

(<30�) or high (>70�) angles to ND. The related

rotation trajectories are shown on Fig. 10c and d

respectively. Orientations with [0001] axes close to the

normal direction (Fig. 10c) are favorably oriented for

compressional twinning. Those at high F angles

(Fig. 10d) have high shears on prismatic systems and,

in addition, twin by tensile twinning at larger strains.

Among all the orientations with high F angles, the

ones in the u1 = 0� section (experimental D compo-

nent) are not, according to the model, optimal for

tensile twinning. This might be the reason why they do

not disappear again as component C does. Neverthe-

less, as a general rule, after compressional twinning,

orientations are in good orientations for tensile twin-

ning and, if multiple twinning is allowed, twinning may

repeat. This may be an effective mechanism in

producing a fine-grained microstructure. In addition,

these individual rotation trajectories show how wide

the orientation spread produced by twinning can be. In

particular, the secondary texture components observed

in the u1 = 0� ODF section at {F = 0�, u2 = 30�} and

{F = 90�, u2 = 0�} which develop at intermediate

strains (Fig. 1) are closely related to twinning. They

are both produced by twinning (Figs. 4b and 9). The C

component is well oriented for compressive twinning

and it disappears for high strains, D component is not

favorably oriented for tensile twinning and it remains

until 80% thickness reduction. In addition to ‘‘ran-

domizing’’ the texture in the first stages of cold-rolling,

twinning and especially multiple twinning may also

play an important role in the subsequent disappearance

of some texture components.

In a previous paper, the recrystallization behavior of

this material was described [12].

Recrystallization proceeds in two steps, one extre-

mely fast concerning 85 vol.% of the material, and a

much slower one for the remaining 15 vol.%. The

complete recrystallization is reached after 4 h at

Untwinned Twinned twice and more 

 

{10-10}
RD

TD

 

{10-10}

  

(0001)

(0001)(0001) {10-10} {10-10}

 0.29  
strain 

0.87 
strain 

(a)

(b)

Fig. 9 Orientation of
untwinned grains and
multiply twinned grains
displayed on (0001) and {10–
10} pole figures (equal area
projections). (a) 0.29, (b) 0.87
effective strain
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500 �C but 85 vol.% have already recrystallized during

the first 40 min. This striking kinetic difference is

clearly related to the deformation structures and to the

deformation mechanisms active in the two parts of the

material. In the 85 vol.% of the material which have

undergone twinning and show a very fine subdivided

structure with high misorientations after 80% cold-

rolling, the recrystallization driving force is extremely

high and the recrystallization proceeds very fast. Shear

bands were not identified as preferential recrystalliza-

tion sites, which is consistent with the present results.

The fragmentation scale in the rest of the 85 vol.% and

the orientation scattering of the fragments seem to be

similar as they are in the shear bands. Therefore the

recrystallization driving force is similar everywhere in

the fine-subdivided part and the shear bands do not

behave specifically with regards to the recrystallization

mechanisms and kinetics.

By contrast, the lamellar structures produced by slip

in the grains which do not twin, exhibit a much lower

driving force for recrystallization because the size of

the cells is much larger and the local misorientations

very low. These areas recrystallized by extended

recovery or by being consumed by neighboring grains,

both mechanisms being quite slow.

Conclusions

In this study we combined conventional texture anal-

ysis, using X-ray pole figures, with a microstructural

orientation investigation. We could establish a close

link between microstructural features in the deformed

state and initial grain orientation. For the interpreta-

tion it was helpful to use polycrystal plasticity simula-

tions not so much to assess bulk textures, but to

explore the behavior of individual grains. The rotation

trajectories of individual orientations showed striking

similarities with the orientations measured locally in

few-lm2 wide areas in the deformed samples. These

trajectories were interpreted as the sets of orientations

which can be produced from a given initial orientation.

The 80% cold-rolled microstructure of commercially

pure titanium is extremely heterogeneous. About

85 vol.% of the material, including shear bands, is

very fine subdivided and presents high misorientations

even at the sub-micrometer scale. This part of the

material has undergone twinning during deformation.

Multiple twinning is an effective mechanism of grain

fragmentation in the beginning of deformation. The

twins are further deformed and fragmented into

increasingly smaller domains by slip system activity.

This part of the material has a high driving force for

recrystallization and recrystallizes indeed very fast.

The other 15% of the material correspond to the grains

which are not favorably oriented for twinning. In these

grains, only slip systems are active and produce

lamellar structures. The combined use of high-resolu-

tion EBSD mapping and local orientation measure-

ment in the TEM provides with a very detailed idea of

(0001) pole figures {10-10} pole figures 

RD

TD

  

  

  

  

(a)

(b)

(c)

(d)

Fig. 10. Individual rotation trajectories for grains of different
initial orientations: (a) {u1 = 0�;F = 40�;u2 = 0�}, (b) {u1 = 0�;F =
40�;u2 = 30�}, (c) {u1 = 0�;F = 25�;u2 = 45�}, (d) {u1 = 0�;F =
80�;u2 = 30�}. Equal area projections. Symbols: s = initial position;
+ = has not twinned; h = twinned once; · = twinned more than
once. Symbol size increasing with strain
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the orientation gradients inside the lamellae. For

example, the orientation gradually changes along the

rolling direction, with keeping the [0001] axis in

constant position and <10–10> rotating around it. This

fits very well with the simulation results for grains

deforming by slip on prismatic systems. The cumulative

misorientation throughout the lamellae can comprise

several tens of degree but the local misorientations, in

the micrometer range, are very low. This provides a

much lower driving force for recrystallization and

therefore a much lower recrystallization speed.
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