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The recrystallization behaviour of cold-rolled (CR) commercially pure (cp)-
titanium was investigated by experiments and simulations. The recrystal-
lization texture in cp-titanium depends upon the deformation texture. The
main texture components of the lower deformed (50% CR) material are
{1014}< 2131 >, {1013}< 2131 > and{1235}< 2311>, all having weak
intensity, and in the case of 70% cold rolling the texture component is
{1013}< 3031 >. For the simulations, a parallel 3D cellular automata (CA)
model for recrystallization was employed. The simulation results showed good
agreement with the recrystallization kinetics, grain size distribution,
microstructure and texture. The mechanism of recrystallization and the evo-
lution of recrystallization texture were found to depend on the site of nucle-
ation, i.e., whether it is formed at grain boundaries, within the grain, in the
lath region or in the highly deformed region such as shear bands.

INTRODUCTION

Commercially pure Ti (CP-Ti) is a promising
material in biomedical applications because of its
good biocompatibility and high corrosion resistance.
It is also used as a structural material in aerospace
and marine applications and chemical plants
because of its high strength-to-weight ratio. More-
over, it appears to be a model hexagonal closed
packed (HCP) material to examine the various
aspects of HCP materials with a less than ideal
axial ratio (c/a). Due to the above-mentioned
attributes, the study deformation and recrystalliza-
tion behaviour of cp-titanium are very important, as
these processes constitute important parts of the
overall shape making. An important outcome of the
deformation and recrystallization processes is the
evolution of the crystallographic texture. Due to the
large dependence of the mechanical properties on
texture, it is imperative to understand the evolution
of recrystallization texture. Opinions in the litera-
ture vary with regard to the mechanisms that

control the evolution of recrystallization texture in
titanium. The typical deformation texture reported
in cp-titanium has {2115}< 0110 > as the major
component, and the typical recrystallization texture
comprises the {1013}< 1210 > component.1–5 Boz-
zolo et al.2 suggested that the recrystallization
texture in titanium develops from the deformation
texture {2115}< 0110 > by 30� rotation about the
c-axis. It has been suggested that the component
{1013}< 1210 > of recrystallization texture is
formed from the {2115}< 0110 > component by
subgrain coalescence6 or by subgrain growth fol-
lowed by oriented growth.7–9 It has also been
reported that appreciable development of the
{1013}< 1210 > texture component occurs after
recrystallization during the grain growth
stage.6,10–13 Several other researchers also sug-
gested that the texture development during anneal-
ing of cp-titanium is influenced primarily by the
deformation texture1–4,14,15; however, there is no
unique agreement regarding the mechanism.

Several studies indicate that the recrystallization
texture directly depends upon the rate of deforma-
tion and annealing temperature.16–23 Based on the
annealing temperature, the recrystallization
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texture can be divided into three categories.24 When
the annealing temperature is £ 500�C, the domi-
nant components of the recrystallization texture are
{2115}< 1210 > and {0001}< 1010 >, ± 30� of
transverse direction (TD) splitting, which is similar
to the rolling texture. Furthermore, if the annealing
temperature is between 500�C and 700�C, besides
complete recrystallization, some grain growth
occurs leading to a recrystallization texture consist-
ing of the components {0001}< 1210> and
{0001}< 1010 >, ± 30º to TD. When the annealing
temperature is > 700�C, substantial grain growth
occurs, and the recrystallization texture consists of
either {1013}< 1210> or {2025}< 1210> compo-
nents. These components manifest as ± 30º spread
across the TD line on the (0001) pole figure.24 Some
other researchers3 have shown that after cold
rolling, the texture component {1125}< 1100> de-
velops, and after annealing, the main recrystalliza-
tion texture component {1013}< 5230 > develops
and gets stronger with an increase in annealing
time at the expense of the {1125}< 1123> compo-
nent of the cold-rolled texture, which is in line with
the findings of Bozzolo et al.2 Zhu et al.25 have also
reported a similar course of texture evolution.

Attempts have been made to understand the
effect of the mode of rolling on the development of
recrystallization texture in differently rolled pure
titanium.26 For instance, the {1013}< 1230> re-
crystallization texture component was developed
during the recrystallization of both straight and
cross-rolled cp-titanium samples. At low tempera-
ture annealing, the recrystallization texture was
different in both cases. The {0225}< 2130> re-
crystallization texture component was found in the
unidirectionally rolled sample while the cross-rolled
sample retained the initial rolling texture
components.6,15,18–23,27

Simulation of recrystallization behaviour in tita-
nium has also been explored by many research-
ers.28,29 Chun et al.30 carried out Monte Carlo
simulation of recrystallization of cp-titanium and
revealed the activation of the oriented nucleation
mechanism and hence the mechanism of texture
evolution. The other relevant study was carried out
by Contieri et al.,31 who simulated the recrystal-
lization behaviour using cellular automata. How-
ever, this paper does not deal with texture
prediction, and the study primarily focused on the
simulation of recrystallization kinetics or grain
growth. The simulation of development of the
recrystallization texture in cp-titanium with differ-
ent initial deformation textures has hardly been
reported.

In the present study, the study of recrystallization
behaviour of titanium has been investigated in a
comprehensive manner including the development
of the recrystallization texture through experiments
and simulations. Two different initial textures
(resulting from different levels of deformation) have
been used as input for recrystallization texture

modelling. Moreover, the different deformation
levels of the initial material (prior to recrystalliza-
tion) lead to different values of dislocation densities,
hence different stored energies, which is also an
input to the model. The simulations were carried
out using a cellular automaton model.

MATERIALS AND METHODS

Experimental

Material Chemistry and Processing

Commercially pure titanium of 99.98% purity was
taken in the form of a hot-rolled plate with 5 mm
thickness. The plate was then annealed at 800�C for
4 h and cooled slowly to get a homogenised strain-
free equiaxed grains. The material obtained after
this stage was treated as the initial material. The
initial material was subjected to unidirectional cold
rolling for two different thickness reductions,
namely 50% (true strain = � 0.69) and 70% (true
strain = � 1.2). Strain per pass was equivalent to
0.05 and was kept constant in each pass. The
samples from each of the sheets were annealed
isothermally at 650�C for 30, 60, 90, 105, 120, 150,
180, 240 and 300 s followed by air cooling. The
annealing time was chosen such that the different
stages of recrystallization and grain growth could be
captured.

Characterization Techniques

All the specimens were metallographically pol-
ished followed by electro-polishing using a Struers
LectroPol-5 electropolisher on both normal and
transverse planes. The microstructures were char-
acterized using a field emission-scanning electron
microscope (FE-SEM). EBSD measurements were
carried out on the transverse plane (RD-ND) of the
samples in a Helios NanoLab dual-beam field
emission-scanning electron microscope (FE-SEM)
equipped with an electron back-scattered diffraction
(EBSD) system. The SEM was operated at 25 kV,
and a step size of 200 nm was used for all the
samples for EBSD scans. EBSD mappings and data
analysis were carried out using the TSL OIM 8.1
software. Subdivision of EBSD mappings into sub-
sets containing only non-recrystallized (non-RX) or
recrystallized (RX) grains was done using the grain
orientation spread (GOS) value. The threshold GOS
value for subdivision was chosen as RX< 1.5<
non-RX.35 Grains containing fewer than eight

EBSD data points were disregarded.
Bulk texture measurements were carried out for

all the samples using an x-ray texture goniometer
(Rigaku x-ray diffractometer) with Co Ka radiation
based on the Schulz reflection method. The mea-
surements were performed at the mid-thickness
sections of the samples. Six incomplete pole fig-
ures (a = 0–75�) were measured from the (0002),
(10–10), (10–11), (10–12), (10–13) and (11–20) peaks
on the rolling plane of the samples. Three-
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dimensional orientation distribution functions
(ODFs) were calculated using the MTEX soft-
ware.32–34 The TSL OIM 8.1 software was also
utilized to calculate the orientation distribution
functions (ODFs).

Micro-hardness testing was performed using a
FM-810 micro-hardness tester on the transverse
cross section of all the samples. A load of 0.98 N and
10 s dwell time were used during measurement for
all the samples. Ten indents per sample were
measured that were then averaged into a hardness
value HV (t) at any time t. The hardness data were
the used to calculate the recrystallized volume
fraction, X, following the equation:35

X ¼ HVinitial �HV tð Þ
HVinitial �HVfinal

ð1Þ

where HVinitial, HVfinal and HV(t) denote the hard-
ness of cold-rolled, completely recrystallized sam-
ples and at a given annealing time, t, respectively.

Simulations

To study the formation of the recrystallization
texture, computer simulations were performed by
means of a parallel cellular automaton (CA).35–37

The experimentally determined deformation tex-
ture through EBSD data was used as an input to the
simulation. Grain orientation spread (GOS) values
obtained from TSL OIM software were used to
differentiate the difference in stored energy in
different orientations after deformation. The overall
dislocation density of the materials after deforma-
tion was calculated using convolutional multiple
whole profile fitting (CMWP) of the x-ray diffraction
pattern.38 It was used to scale the GOS value of
different orientations to an effective dislocation
density, which was then used as an input to CA
simulation. The current CA model considers a front-
tracking approach,36 where recrystallization pro-
ceeds gradually by high-angle grain boundary
migration.

For the simulations, a synthetic microstructure
was generated using the in-house software Micro-
Gen developed at the IMM, RWTH-Aachen.36 This
software utilizes experimentally determined grain
size, texture, orientation-dependent dislocation den-
sities and information on the recrystallization
nuclei to approximate the deformation microstruc-
ture prior to recrystallization. Upon completion of
the synthesis process, the CA domain comprised a
total of 8003 cells distributed into 5000 deformed
grains. Each cell represented a volume of
(0.365 lm)3 for the simulation of the 50% rolled
sample and (0.218 lm)3 for the sampled rolled 70%.
The CA model is essentially a pure growth model
that requires a separate nucleation model. Here,
modelling of the nucleation process was based on
experimental observations during incipient recrys-
tallization. In this contribution, different nucleation

mechanisms such as grain boundary nucleation,
shear band nucleation and recrystallization twin-
ning were studied. At grain boundaries, the nuclei
had slightly misoriented orientations, typically 5�–
10�, in relation to the parent grains.35 Thus, in the
simulations the orientations of the nuclei placed at
grain boundaries deviated from those of the parent
grain by a value randomly chosen between 5� and
10�. For nuclei inside the grains (bulk mechanism),
the orientations of nuclei were sampled from those
determined experimentally (Fig. 2).

Based on the assumption that the nucleation rate
scales with the dislocation density difference, we
defined a nucleation efficiency ei with which the
Ntotal nuclei were partitioned onto each grain
boundary i:

Ni ¼ Ntotal:ei ¼ Ntotal
qGa � qGbj jð ÞiAi

Pn
i qGa � qGbj jð ÞiAi

� � ð2Þ

where Ai denotes the number of cells discretely
constructing a particular grain boundary face. Ni

defines the number of nuclei that are placed at a
grain boundary i. The dislocation density difference
is quantified by qGa � qGb (the indices Ga and Gb
refer to neighbouring grains of i). It is noted that the
efficiency ei considers the number of cells associated
with a specific grain boundary. It was further
assumed that nucleation was restricted to high-
angle grain boundaries. The grain boundary energy
(c) value 0.4 J/m2 and the mobility (mgb) value
3 9 10�11 m4J�1s�129,39,40 were used during nucleus
growth simulation. For low-angle grain boundaries
(< 15�), mgb value 3.6 9 10�17 m4J�1s�1 was used.

EXPERIMENTAL RESULTS

Microstructure and Texture of the Initial
and Deformed Materials

Figure 1a–d represents the secondary electron
(SE) micrographs for the initial and the cold-rolled
materials. Figure 1a shows the SEM micrograph of
the initial sample, which is characterized by a
uniform equiaxed grain size of 50 ± 8 lm. Figure 1-
b and d shows the SEM micrographs of 50% cold-
rolled (CR) and 70% CR samples, respectively. The
micrograph of the 50% CR samples displays some
elongated grains, lath type morphology within some
grains (yellow circles) and a few deformation twins
(red circles). Highly deformed banded regions could
be identified (green circle). The thickness of elon-
gated grains has been measured to about 4–5 lm.
The microstructure of the 70% CR sample also
displays elongated grains of 1–2 lm thickness, a few
deformation twins and a large highly deformed
region.

Figure 2a–c shows the inverse pole figure (IPF)
map of the initial, 50% CR and 70% CR samples.
Laths and deformation twins in deformed grains
can be easily identified in both cases. The deforma-
tion twins found in the 50% CR sample are of the
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compression type, which corresponds to a 64.3�/
< � 1100 > misorientation across the grain. The
50% CR samples also showed a confined shear band
as indicated by the white arrow. Twinning occurs at
the lower levels of deformation, and with the
progress of deformation, twinning ceases and many
dislocations form, which ultimately collapse to form
shear bands. On further deformation, after 70%
rolling, the dislocation density became so high that
a large area of highly deformed grains (green circle)
could not be indexed.

Figure 3a shows the (0001) pole figure of the
initial sample. The orientations are spread all along

the TD and ± 20º to TD, having a peak intensity at
{0001}< 1230 >, {1101}< 0110 > and
{3211}< 0110 >. Figure 3b shows the (0001) pole
figure of the 50% CR sample. All the orientations
appear to be confined toward the basal orientation.
A closer view shows that the texture is comprised
of a near basal fibre with a 15�–18� spread along
the TD and 8�–10� spread along the RD. It should
be noted that this is not a very usual deformation
texture of titanium because a complete TD split did
not occur owing to the relatively low deformation.
Figure 3f shows the (0001) pole figure of the 70%
CR sample. A typical TD split by 25�–30� having a

Fig. 1. Scanning electron microstructure of cp-titanium: (a) initial, (b) 50% CR, (c) 50% CR and 90 s annealed at 650�C, (d) 70% CR and (e) 70%
CR and 90 s annealed at 650�C, respectively. The yellow circle shows deformation laths, the red circle shows twins, the white circle shows
recrystallized grains, and the green circle shows highly deformed regions (Color figure online).
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peak intensity at {1125}< 1100 > and a weak
intense peak at {2133}< 1100 > is clearly
discernible.

Evolution of Microstructure and Texture
During Annealing

Figure 1c and e shows the partially recrystallized
SEM micrographs of the 50% CR and 70% CR
samples, respectively, after annealing at 650�C for
90 s. In the case of the 50% CR sample, incipient
recrystallization is observed. Very few equiaxed
recrystallized grains (white circle) can be seen.
These grains only originated in highly deformed
regions. At this initial stage, the lath region does
not get recrystallized. In comparison, in the case of
the 70% CR sample, many recrystallized grains can
be observed. Faster kinetics of recrystallization in
this case is evident because of the high stored
energy of deformation. It can also be seen that along
certain lines (green circle in Fig. 1e), many very fine
grains appeared. This is attributed to a higher
nucleation density at the high energy regions such
as certain bands or grain boundaries.

Figure 2d–g displays the IPF maps of 50% CR
samples after annealing for 90, 105, 180 and 300 s
at 650�C, respectively. After 90 s of annealing, along
the band (white circle in Fig. 2d) many nuclei with
different orientations have formed. Recrystallized
grains along the lath appear after 105 s of anneal-
ing. These grains are indicated by a white circle in

Fig. 2. By contrast, it is interesting to see that in
this case the orientations of the recrystallized
grains are very similar in colour to the neighbouring
lath from which they got nucleated. A detailed
account of the mechanism of formation of nuclei
with specific orientations will be presented in
Sect. 5 in the discussion. After complete recrystal-
lization (180 s of annealing), two completely differ-
ent regions of recrystallized grains could be seen
(Fig. 2f). In the black circle, the orientations of the
recrystallized grains are random (i.e., deviating
from known texture components); hence, these
grains are likely to originate within regions of very
high dislocation density.

Grains grouped in the yellow circle have orienta-
tions similar to that of the lath. Thus, we assume
that their nuclei were formed through subgrain
coalescence and that the mechanism of oriented
nucleation was activated. The mechanism of the
formation of nuclei and its growth will be discussed
in detail later in the discussion section. Figure 2g
shows grain growth after complete recrystallization.
After this stage, a significant increase in the size of
grains occurs. Figure 2h–j shows the IPF map of
70% CR samples annealed after 105, 180 and 300 s
at 650�C, respectively. Recrystallization kinetics is
faster for increasing deformation. Overall, the grain
size is smaller in this case because of a higher
nucleation density. Similar to the case of 50% CR,
some regions of randomly orientated nuclei and
some regions of uniform orientation can also be seen
(Fig. 2h and j).

Figure 3 shows (0001) pole figures of deformed
and recrystallized samples as a function of anneal-
ing time. Figure 3c–3 shows the (0001) pole figure of
only recrystallized grains for 50% CR samples
annealed after 105, 180 and 300 s at 650�C, respec-
tively. After 105 s of annealing (10% RX), most of
the orientations are close to the deformed orienta-
tions with only deviation of 10–15� misorientation.

bFig. 2. Inverse pole figure (IPF) map of cp-titanium: (a) initial, (b)
50% CR, (c) 70% CR, (d) 50% CR 90 s, (e) 50% CR 105 s, (f) 50%
CR 180 s, (g) 50% CR 300 s, (h) 70% CR 120 s, (i) 70% CR 180 s
and (j) 70% CR 300 s annealed at 650�C, respectively. White arrow
shows the shear band, green circle shows the highly deformed
region, and white circle shows the recrystallized grains in different
regions. Black circled region shows more randomly oriented grains
compared to the rest of the regions. The IPF colour coding refers to
the direction parallel to ND (Color figure online).

Fig. 3. (0001) Pole figure of (a) initial, (b) 50% CR, (c) 50% CR 105 s (15% RX), (d) 50% CR 180 s (99% RX), (e) 50% CR 300 s (grain growth),
(f) 70% CR, (g) 70% CR 90 s (18% RX), (h) 70% CR 180 s (100% RX), (i) 70% CR 300 s (grain growth) and annealed at 650�C, respectively.
Annealed sample shows orientation of only recrystallized grains partitioned through TSL OIM8.1 (Color figure online).
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This clearly indicates nucleation through subgrain
coarsening. However, it shows more spread toward
the RD and rather less split across the same
direction (TD), about 30� away from the centre.
Similar rotations by 30� of the deformed grains
during recrystallization of cp-titanium have been
reported by many researchers for the TD split
deformation texture, i.e., from {2115}< 0110 > to
{1013}< 1210 > orientation.2 After complete
recrystallization, the RD split orientation became
more intense, and a new component rotated by 30�
about the c-axis from nuclei orientations appeared.
This suggests that this orientation forms preferen-
tially during the growth of the nuclei in the
deformed matrix. The main recrystallization tex-
ture components are {1014}< 2131>, {1013}
< 2131 > and {1235}< 2311 > (Fig. 3d). However,
the overall texture intensity decreased during
recrystallization, which is because of random nucle-
ation in the highly deformed regions as explained
above. On further annealing, grain growth occurred
and a substantial change in texture is observed
during this stage. The {1014}< 2131 > component
diminished whereas {1013}< 2131> and {1235}
< 2311 > became stronger.

Figure 3g–i shows the (0001) pole figures gener-
ated only from the recrystallized grains of the 70%
CR samples subjected to annealing at 650�C for 105,
180 and 300 s, respectively. In this case the orien-
tation of the nuclei was within 10–15� deviation to
the deformation texture. This indicates that the
mechanism of nucleation is through sub-grain coa-
lescence. However, the orientations of the nuclei are
different in 50% and 70% rolled materials. After
complete recrystallization, the main texture compo-
nent formed is {1013}< 3031 >, which is 30�
rotated from the deformation texture components
(Fig. 3h). One significant difference between the
recrystallization texture of 50% and 70% CR sam-
ples is that the recrystallization texture is very
weak in the 70% CR sample compared to their
deformation texture. This is anticipated because
more defects are present in this case, such as the
presence of shear bands. On further annealing after
complete recrystallization, the texture weakens
forming a weak fibre 30–40� away from the basal
orientation.

Figure 4a shows the misorientation angle profile
of a 50% cold-rolled (CR) sample as a function of
annealing time. With the progress of annealing, the
fraction of grain boundaries with misorientation
range 10–25� and 50–60� has increased. The other
boundaries do not show a clear trend. There is,
however, a large dip corresponding to misorienta-
tion angles � 33� and 64.3�, which is attributed to
the decrease in the number of tensile (34�/
< � 1100 >) and compression (64.3�/< � 1100 >)
twins that eventually disappear during
recrystallization.

Figure 4b shows the variation in microhardness
as a function of annealing time. The 70% CR sample

has a higher hardness (230 ± 8 HV) than the 50%
CR (195 ± 14 HV) sample. However, for larger
annealing times, both samples exhibit similar hard-
ness. The hardness data have also been used to
calculate recrystallization kinetics in each case
using Eq. 1.

RESULTS OF COMPUTER SIMULATIONS

Critical Parameters

It is necessary to predict the response of a
material to plastic deformation and annealing for
the simulation of the recrystallization. For this
purpose, the grain orientation spread (GOS) values
of each grain scaled with an overall dislocation
density of the material and a CA were utilized,
respectively. The combination with experiments
allows both the use of real microstructure informa-
tion and the validation of the accuracy of the
models. The four main parameters had to be
accounted for in any quantitative recrystallization
microstructure evolution model: (1) the grain size
distribution in the deformed state, (2) the local
plastic deformation, i.e., strain and orientation
gradients, which define the nucleation criteria, (3)
the spatial distribution of nucleation sites and (4)
whether any special orientation appeared during
recrystallization. With respect to the aspect (1), two
different deformation levels (50% CR and 70% CR)
of microstructures were used from experiments.
Besides, homogeneous nucleation in the bulk and
heterogeneous nucleation at grain boundaries, tran-
sition bands and shear bands were considered. The
nucleation was simplified in such a way that the
bulk nucleus density was determined from large
area EBSD data, whereas the distribution of nuclei
on grain boundaries was derived from the mean
dislocation densities of the neighbouring grains.

Recrystallization Behaviour

Figure 5a compares simulated recrystallization
kinetics with experimental kinetics of recrystalliza-
tion obtained through micro-hardness data for both
levels of deformation. The curve depicting recrys-
tallization kinetics exhibited a sigmoidal shape with
80% recrystallization after annealing for 175 s for
the 50% rolled sample and after 150 s for the 70%
rolled sample. The simulated curve shows a good
match with experiments with slight deviations. The
incubation time was found to be a little less in the
case of the simulation of 50% CR samples. Once
recrystallization started, both experimental and
simulated curves rose quickly, and after 50-60%
recrystallization, slowed down significantly. The
reason behind the slowdown of recrystallization
kinetics is the presence of some low stored energy
grains in the final stages of recrystallization.41,42

Overall, the simulated kinetics agrees quite well
with the experiments, although recovery was not
considered during the simulation. The
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recrystallization kinetics was also interpreted in the
context of the classic Johnson–Mehl–Avrami–Kol-
mogorov (JMAK) model43,44 in which the recrystal-
lized fraction, XRX, depends on time, t, as follows:

XRX ¼ 1� exp �B:tnð Þ ð3Þ

where B is a parameter that depends on the
nucleation and growth rates, and n is the Avrami
exponent that depends on the nucleation conditions
as well as dimensionality of growth. n ranges from 2
to 3, corresponding to site-saturated nucleation and
continuous nucleation, respectively, for two-dimen-
sional growth.43 In Fig. 5b, the experimental data
for XRX versus t are re-plotted in the typical

manner, i.e., as a JMAK plot, to determine the
value of the Avrami exponent n. In case of 50%
deformation, the experimental data show two dif-
ferent values of the Avrami exponent are apparent,
i.e., 3.9 and 3.1, corresponding to the initial period
and the later period, respectively. In case of the
sample with 70% deformation, the data show two
different values of the Avrami exponent, i.e., 3.3 and
1.9, corresponding to the initial period and the later
period of recrystallization, respectively. Such a
deviation from the linear JMAK kinetics has been
reported in the literature.45

Figure 5c shows a comparison of the grain size of
the experimental microstructure with the simulated

Fig. 4. (a) Misorientation angle distribution of 50% CR cp-titanium as a function of annealing time obtained from EBSD data. (b) Variation of
micro-hardness of initial, deformed and annealed samples.
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one. It should be noted that, in this measurement,
only recrystallized grains were considered. The
recrystallized grain size of the 50% CR sample was
found to be 12 ± 5 lm and for 70% CR was found to
be 6 ± 2 lm through experimental microstructures.
CA simulations predict few higher grain sizes in
both cases after complete recrystallization. The
reason behind this is the faster impingement of
nuclei in necklace structures (in lath region) than in
arrangements with random spatial distribution.
The grain size distributions in the simulation were
slightly shifted toward higher mean values.

Figure 6a–p shows the simulated recrystallized
microstructure evolution through IPF maps at
different levels of recrystallization. The nucleation
mechanism obtained through experiments was

incorporated in the simulation, i.e., nucleation by
subgrain coarsening at grain boundaries, random
nucleation at shear bands and uniform distribution
of experimental nuclei orientation in bulk nucle-
ation. The shape of the grains also matches well
with experiments. Initial grain size distribution
input to the simulation and accurate grain bound-
ary mobility are the key factors for precise predic-
tion of recrystallized microstructure and its
kinetics. One difference between the simulations
and experiments is that necklace formation is more
prominent in the experiments, which could be
because the probability of nucleation is very sensi-
tive to the difference of dislocation density across a
boundary. This indicates that grain boundary
nucleation is slightly underestimated in the model.

Fig. 5. Comparison of experimental and simulated (a) recrystallization kinetics, (b) JMAK plot of experimental recrystallization kinetics and (c)
recrystallized grain size distribution of 50% and 70% rolled samples at different annealing times.
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To improve the quality of the simulations a better
estimation of the dislocation densities would be
needed. This can be done by CP-FEM simulations46

or a more accurate experimental determination.47

Figure 6q–t shows the evolution of correlated and
uncorrelated misorientation distributions from sim-
ulated recrystallized orientation data for both defor-
mation levels (50% and 70% rolling reduction). The
fraction of low-angle misorientation (< 15�)
decreases with increases in the degree of recrystal-
lization. Moreover, in both cases, the correlated
misorientation distributions are close to random
distribution after complete recrystallization. The
uncorrelated misorientation distributions show
peaks near 30� misorientation for both deformation
levels.

Figure 7a and b displays the experimental (0001)
pole figures of the 50% CR and 70% CR samples
after 180 s annealing (99% RX) measured by x-ray
diffraction. The bulk textures in both cases are in
agreement with the EBSD measurement. Figure 7c
shows the CA simulated pole figure after 100%
recrystallization of the 50% CR material. The
simulated texture matches well with the experi-
mental texture except for the fact that the simu-
lated texture is relatively stronger. While the
simulated texture consists of strong intensities
that can be seen at the {1211}< 2112 >,
{1233}< 1101 > and {1014}< 2131 > components,
the {1014}< 2131 > component is also reasonably
strong in the experimental pole figure. The strong
simulated texture could be due to an underestima-
tion of nucleation occurring within highly deformed
regions of the microstructure. This underestimation
would also explain the slight mismatch in grain
size. It is well known that nuclei originating within
these regions tend to randomize the texture. Fig-
ure 7d and e shows the (0001) pole figure of exper-
imental 70% CR and the corresponding sample after
80 s annealing (99% RX) measured by x-ray diffrac-
tion. In this case also, the bulk texture is found to be
similar to the texture measured by EBSD; the
deformed sample shows a strong {1125}<
1100 > component (TD split), whereas the recrys-
tallized sample shows a {1013}< 3031 > texture
component. Figure 7f shows the CA simulated
recrystallization texture of the 70% CR material.

Similar to the previous case, the simulated texture
is stronger. However, the intensity maxima at
{1013}< 3031 > in the simulated pole figure is in
good agreement with the experimental pole figure,
which shows 20–30� rotation of the TD split
deformed texture component. Other than that, the
simulated pole figure also shows a high intensity at
{1014}< 2131 > (20� away from the centre towards
RD), which is weaker in the experimental pole
figure. It is to be mentioned here that no fitting
parameters were used for the simulations.

DISCUSSION

Effect of Deformation on the Evolution
of Recrystallization Texture

The initial hot-rolled and annealed plate, which is
considered as the initial sample, was given two
different rolling reductions, namely 50% CR and
70% CR. Table I shows the main texture compo-
nents and orientation density in different processed
conditions. As explained in Sect. 2, the 50% CR
sample was characterized by a basal fibre texture
having 15–18� spread along the TD and 8–10�
spread along the RD, which is not a usual rolling
texture of cp-titanium. This is attributed to the
relatively low deformation for the 50% CR sample,
which was not enough to produce a typical TD split
deformation texture. This is confirmed by the fact
that after 70% CR, the samples substantiated the
expected rolling texture of cp-titanium having a
{1125}< 1100 > component.5 In addition to this
component, a minor {2133}< 1100 > component
was also found.

For the 50% CR sample, we studied the unex-
pected recrystallization texture components {1014}
< 2131>, {1013}< 2131> and {1235}< 2311>.
It is well known that when the rolling textures
have a common component such as
{1125}< 1100 >, their recrystallization texture is
formed by a 30� rotation about the c-axis, i.e., the
{1013}< 3031 > component. In this case, the
recrystallization mechanism was reported to be
subgrain coalescence and discontinuous subgrain
coarsening.6 For 50% CR, the recrystallization
texture formed is different from the usual recrys-
tallization texture of cp-titanium. Hence, we can say
that recrystallization texture in cp-titanium is very
dependent on the initial deformation texture. The
main texture components in this case are {1014}
< 2131>, {1013}< 2131> and {1235}< 2311>,
all having weak intensity. However, it should be
noted that all these components are within 20–30�
misorientation of the corresponding deformation
texture components. This can be explained by
substantial occurrence of discontinuous subgrain
coarsening and subgrain coalescence, i.e., oriented
nucleation. However, some other mechanism must
be operating because the weakening of texture

Fig. 6. Simulated IPF map of 50% deformed and annealed at 650�C:
(a) 10%, (b) 20%, (c) 30%, (d) 45%, (e) 60%, (f) 75%, (g) 90%, (h)
100% recrystallized, 70% deformed and annealed at 650�C, (i) 10%,
(j) 20%, (k) 30%, (l) 45%, (m) 60%, (n) 75%, (o) 90% and (p) 100%
recrystallized samples, respectively. Evolution of misorientation
distribution with an increase in the recrystallization fraction for 50%
CR (q) correlated misorientation distribution, (r) uncorrelated
misorientation distribution; for 70% CR, (s) correlated
misorientation distribution, (t) uncorrelated misorientation
distribution. In all the cases misorientation distribution is compared
to random distribution.

b
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during recrystallization is also evident. Recrystal-
lization texture formation can be better explained
based on the site of nucleation. The deformed
microstructure can be divided as lath areas within
the grain, grain boundary regions, highly deformed
(regions having very high dislocation density) or
shear band regions, and twin interface regions. The
recrystallization mechanism in each section will be
explained in the next section.

Role of Different Deformation Features
on the Nucleation Mechanism

Figure 8 shows some selected regions of IPF
superimposed with the IQ map and corresponding
the misorientation angle across the recrystallized
grains of the Ti50%CR105s annealed sample. Fig-
ure 8a shows some recrystallized nuclei within the
lath. All of these nuclei formed a necklace-type
structure, and their orientations are very close to
the orientation of the neighbouring laths. Figure 8b

Fig. 7. (0001) Pole figure of (a) experimental 50% CR, (b) experimental 50% CR and 100% recrystallized, (c) simulated 50% CR and 100%
recrystallized, (d) experimental 70% CR, (e) experimental 70% CR and 100% recrystallized, and (f) simulated 70% CR and 100% recrystallized
samples, respectively.

Table I. Main texture components and orientation densities in different processed conditions

Process Texture orientation Orientation density

Hot-rolled and annealed
plate (Initial sample)

{0001}< 1230> 4.8
{1101}< 0110> 3.3
{3211}< 0110> 3.1

50% cold-rolled (CR) Basal fibre with
15–18� spread along
TD and 8–10� spread

along RD

7.75

70% cold-rolled (CR) {1125}< 1100> 15.2
{2133}< 1100> 3.3

50% cold-rolled and
100% recrystallized

{1014}< 2131> 4.1
{1013}< 2131> 3.2
{1235}< 2311> 2.8

70% cold-rolled and
100% recrystallized

{1013}< 3031> 4.2
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Fig. 8. Some selected regions of IPF superimposed with the IQ map of Ti50%CR105s annealed (a) recrystallized nuclei near the lath region, (b)
point-to-point misorientation across nuclei in the lath region, (c) recrystallized nuclei at grain boundaries, (d) point-to-point misorientation across
nuclei at the grain boundaries, (e) recrystallized nuclei in the highly deformed region of bands, (f) (0001) pole figure of recrystallized grains in the
highly deformed region, (g) recrystallized grain along the twin boundaries and (h) point-to-point misorientation across grains near the twin
boundaries.
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shows the point-to-point misorientation profile
across some of the nuclei. It was found out that
most of the new grains are either 7–10� misoriented
from their neighbour deformed lath or misoriented
by 30�. The former rotation suggests subgrain
coarsening, whereas the latter is a typical grain
rotation observed during recrystallization of cp-
titanium, which suggests the mechanism of sub-
grain coalescence.2

Figure 8c shows some recrystallized nuclei along
the grain boundaries. It can be seen that some of the
grains are close to the orientation of neighbouring
grains. Some grains also have very different orien-
tations from all of their neighbours. Figure 8d
shows the point-to-point misorientation profile
across all of these nuclei. Some grains are very
highly misoriented (50–90�) from their neighbours,
suggesting random nucleation, and some grains are
also 20–30� misoriented and follow a similar mech-
anism as on laths.

Figure 8e shows the recrystallization in highly
deformed shear band regions, where dislocation
density is very high. It shows that indeed nuclei
originating from within these regions tend to be
randomly oriented as plotted on the (0001) pole
figure (Fig. 8f). Figure 8g shows recrystallization
along the twin interface. It shows a compression
twin of 64.3�/< �1100 > type (1 in Fig. 8h) and
the formation of recrystallization nuclei in its
neighbour grain. Here, recrystallization proceeds
along the interface of twin boundaries where the
lath is subdivided and misorientation across this
division is 8� (2 in Fig. 8h) and 7� (3 in Fig. 8h).
This implies the operation of the mechanism of
subgrain coarsening along the twin boundary
interface. One nucleus (grain 4) was also found
to nucleate at the triple point, where the twin
boundary ends, with an orientation close to that of
the twinned region.

CONCLUSION

The recrystallization behaviour of 50% and 70%
cold-rolled cp-titanium was investigated by experi-
ments and simulations. A parallel 3D CA model for
recrystallization was employed to simulate the
recrystallization behaviour. Meticulous experimen-
tal studies were done to supply the necessary input
data and validate the obtained simulation results.
The following conclusions can be drawn:

� The recrystallization texture in cp-titanium
depends on the initial deformation texture. The
resulting texture is characterized in the 50% CR
sample by weak {1014}< 2131 >, {1013}
< 2131 >, {1235}< 2311 > components. In the
70% CR sample, the main texture component is
{1013}< 3031 >.

� CA simulation results show an excellent agree-
ment with kinetics, recrystallized grain size,
microstructure and texture. However, the simu-

lated texture is more intense than the experi-
mental texture. This is attributed to an
underestimation of nucleation within regions of
high dislocation density such as deformation and
shear bands.

� In both cases of deformation, the correlated
misorientation distributions are close to random
distribution after complete recrystallization.

� The mechanism of recrystallization depends on
the site of nucleation, suggesting subgrain coars-
ening in the deformed lath region and random
nucleation in highly deformed regions.
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