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Abstract The microstructural and textural evolution of
pure titanium during differential speed rolling (DSR) at
500 °C and subsequent annealing were investigated using
electron backscattered diffraction analysis. Twinning only
occurs in the initial stage of DSR, and further deformation
is dominated by dislocation slip. The as-rolled micro-
structure is characterized by large deformed grains, which
form a major component of the material, and some
dynamically recrystallized (DRXed) grains mainly existing
in shear band regions. A dramatic change in the rolling
texture, from the transverse direction (TD) split texture
with basal poles largely tilted at £40° to the single-peak
basal texture, occurs during DSR. This change in texture is
accelerated during the late stage of DSR and may be
attributed to the gradual lattice rotation of deformed grains
caused by enhanced basal slip activity. The basal texture
changes back to the TD-split texture with basal poles tilted
at +25° after annealing due to consumption of deformed
grains with basal orientations from DRXed grains with the
TD-split texture. Subsequent extensive grain growth
changes the orientation of the g-axis from parallel to the
TD to parallel to the rolling direction, which is the result of
the preferential grain growth in that direction.

Introduction

Commercial pure titanium (cp-Ti) exhibits superb corro-
sion resistance, is light weight, and can be used in
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aerospace, marine, chemical, and biological industries. The
preferred orientations of grains strongly affect the
mechanical properties and sheet formability of cp-Ti sheets
with hexagonal close-packed (HCP) crystal structure.
Conventionally rolled cp-Ti sheets tend to exhibit double
peaks of basal poles largely tilted at £35° in the transverse
direction (TD) (denoted as TD-split texture), which results
in a large planar anisotropy and consequent deteriorated
sheet formability [1]. It is therefore important to control the
rolling texture to achieve cp-Ti sheets with superb
formability.

Differential speed rolling (DSR) is an asymmetric roll-
ing process with different rotation speeds for upper and
lower rolls. This process results in opposite stress direc-
tions for the frictional forces on the upper and lower sheet
surfaces and thus induces intense shear strain uniformly
throughout the sheet [2]. DSR has a similar effect on shear
deformation as equal channel angular extrusion (ECAP),
but the potential for satisfying industrial needs is larger for
the former [3]. The effects of DSR on the microstructure
and mechanical properties of cp-Ti sheets have been
recently investigated [1, 4-6]. DSR at elevated tempera-
tures may induce a dramatic orientation change from
conventional TD-split texture to a basal texture with a basal
pole located roughly at the center of the basal plane pole
figure [1, 5]. The change is beneficial in enhancing stretch
formability due to increased Lankford value and weakened
planar anisotropy originating from texture effects [1].
Heating during shear deformation is necessary to achieve
this texture change [1, 5]. Unfortunately, this basal texture
in the as-rolled condition is unstable and tends to change to
the conventional TD-split texture during subsequent
annealing [1].

To control the texture effectively, an in-depth under-
standing of microstructural and textural evolution during
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rolling and subsequent annealing is needed. Some work has
been carried out on revealing microstructural and textural
evolution in cp-Ti during conventional cold rolling [7-15]
and hot rolling [16-18] for cp-Ti. Extensive twinning
occurs in the early stage of cold rolling, whereas disloca-
tion slip dominates deformation in the late stage, resulting
in a stable end {2115}(0110) orientation [8]. It has been
observed that a basal fiber component develops as a sec-
ondary texture component at intermediate strains and then
disappears at higher strains, the mechanism of which has
been suggested to be related to twinning activity [9]. In
contrast, twinning activity is relatively restricted when
rolling is performed at elevated temperatures [17]. Hot or
warm rolling at temperatures below 800 °C results in a
texture similar to the cold rolling texture, but the inclina-
tion angles of the spilt basal poles in the TD decrease with
increasing rolling temperature [1, 16—18].

Annealing behavior has also been investigated for con-
ventionally cold- and warm-rolled cp-Ti sheets [18-21]. It
is well known that annealing changes the orientation by
causing a 30° rotation around the c-axis with a limited
change in the basal pole figure [20]. However, an investi-
gation on the microstructural and textural evolution during
multi-pass DSR and subsequent annealing has not been
reported in the literature to the best of our knowledge.

In this study, the microstructural and textural evolution
during DSR at an elevated temperature and subsequent
annealing at different stages was investigated using elec-
tron backscattered diffraction (EBSD) analysis. The aim
was to elucidate the mechanism for texture formation.

Experimental procedures

DSR was carried out on a commercial-grade hot-rolled
cp-Ti sheet (grade 2) with an initial thickness of 3 mm.
Shear strain was introduced unidirectionally. The rotation
speed of the upper roll was 13.6 m/min and that of the
lower roll was 10 m/min, and thus the rotation speed ratio
was 1.36. The cp-Ti sheet was heated to 500 °C prior to
each rolling pass and neither roll was heated. The rolling
direction (RD) for DSR was parallel to the previous RD
of the starting material. The cp-Ti sheet was rolled down
to 1 mm in thickness by passing it through the rolls 12
times. The reduction per pass was 9 %. The sheet was
quenched in water immediately after each pass. A part of
the sheet was cut for evaluation after a single pass, 2
passes, 4 passes, 8 passes, and 12 passes. This corre-
sponded to 9, 17, 31, 52, and 67 % in cumulative
reduction and also 0.09, 0.18, 0.37, 0.73, and 1.10 in true
strain. The samples in the as-rolled condition together
with those subsequently annealed at 550 °C for 5 min,

550 °C for 1 h, and 650 °C for 4 h were investigated
using EBSD analysis to reveal annealing behavior.

EBSD analyses were carried out on the longitudinal
sections of the samples. The measured grain orientations
were rotated to be the same as when they are as observed
from the rolling plane with an upward RD, which is the
common observation direction for pole figures of rolled
sheets. The boundaries of {1012}(1011) 85° tensile twins,
{1122}(1123) 65° compression twins, and {1011}(1012)
57° compression twins were indicated in the inverse pole
figure maps by blue, green, and yellow lines, respectively.
In addition, boundaries with misorientation angles larger
than 15° were defined as high-angle grain boundaries
(HAGB), which are indicated by black lines and were used
for the calculation of grain size. Low-angle grain bound-
aries (LAGB) exhibiting misorientation angles of 4°-15°
are indicated by red lines. The twin fractions were calcu-
lated by dividing the lengths of the twin boundaries by the
length of HAGB. Recrystallized grains and deformed
grains were separated using the criterion of grain average
misorientation. Grain average misorientation smaller than
0.5°-0.6° indicated recrystallized grains, whereas that lar-
ger than 2° indicated deformed grains. The grain sizes,
fraction of twins, and Schmid factors were obtained by
averaging the results of the EBSD analyses at 3—6 ran-
domly selected square areas with side lengths of 350 um
for each specimen.

Results and discussion

Figure 1 shows the inverse pole figure maps of the starting
material and the sheets DSRed at 500 °C after a single pass,
2 passes, 4 passes, 8 passes, and 12 passes. The starting
material exhibited an equiaxed microstructure with a grain
size of 44 um. As DSR progresses, equiaxed grains grad-
ually change to elongated grains along the RD due to plastic
deformation. Some deformation twins are formed during
the initial rolling stage with rolling pass numbers less than
4. During the late rolling stage, specifically after 8 passes,
these twins become hardly pronounced.

The formation of twins can be attributed to the large
initial grains, though twinning activity generally weakens
rapidly with increasing deformation temperature [17].
Tensile twinning mainly occurs within grains (i.e. green
and blue grains) with c-axes largely tilted from the normal
direction (ND) of the sheet, whereas compression twinning
mainly occurs within grains (i.e. red grains) with c-axes
aligned close to the ND. This is a result of the compressive
stress components perpendicular and parallel to the c-axis,
which are favored by tensile twinning and compressive
twinning, respectively.
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Fig. 1 Inverse pole figure maps of a the starting material and the sheets DSRed by b a single pass, ¢ 2 passes, d 4 passes, e 8 passes, and f 12
passes. The dotted ellipses indicate the shear bands

Fig. 2 (0001) pole figures RD RD D
(intensity level: 1, 2, 3, 4, etc.) (@) o (b) () R
of a the starting material and the
sheets DSRed by b a single
pass, ¢ 2 passes, d 4 passes, e 8
passes, and f 12 passes

In addition, it is obvious that the inverse pole figure map is  rotation of deformed grains due to slip activity rather than

gradually dominated by the red color as DSR progresses,  twinning. Shear bands caused by deformation concentration
indicating the development of a basal orientation. Most large  appear in the late rolling stage and develop as DSR progresses.
elongated grains exhibit a basal orientation, indicating that the The (0001) pole figures of the starting material and

development of basal orientation is a result of the gradual lattice ~ sheets DSRed by different passes are shown in Fig. 2. DSR
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Fig. 3 Distributions of grain boundary misorientation of a the starting material and the sheets DSRed by b a single pass, ¢ 2 passes, d 4 passes,

e 8 passes, and f 12 passes

results in a dramatic change from a TD-split double peak
texture with the (0001) maxima largely tilted at £40° in the
TD to a single-peak basal texture slightly tilted at ~5°
toward the RD with a large orientation spread in the TD.
The inclination angles for the basal poles from the ND
toward the TD are about £40°, £35°, +40°, +28°, £20°,
and 0° for the starting material and sheets DSRed by a
single pass, 2 passes, 4 passes, 8 passes, and 12 passes,
respectively. It appears that the decrease in the inclination
angle of the split basal pole and the change to the basal
texture occur when subjected to 4 passes and accelerate in
the late stage of DSR, specifically after 8 passes.

The distributions of grain boundary misorientation for
the starting material and the DSRed sheets are shown in
Fig. 3. The starting material exhibits a roughly homoge-
neous distribution of grain boundary misorientation with-
out distinct peaks. As DSR progresses, the fraction of
LAGB increases significantly. In addition, several specific
peaks appear for the sheets DSRed by a single pass, 2
passes, and 4 passes. The preferred misorientation angles
are 65° and 85° for the sheet DSRed by a single pass, 85°
for the sheet DSRed by 2 passes, and 57° and 85° for the
sheet DSRed by 4 passes. However, these peaks disappear
with further DSR processing.

The changes in grain size and the fractions of defor-
mation twins are summarized in Fig. 4. The grain size
decreases from 44 to 11 pm as DSR progresses, and the
decrease in grain size starts after 4 passes (see Fig. 4a). The
detected {1121}(1126) 35° tensile twins are negligible
with quite low fractions (less than 0.2 % for all samples)
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Fig. 4 Changes in a grain size and b twin fraction as a function of
rolling pass number
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Fig. 5 Inverse pole figure maps
of the sheets DSRed by a 2
passes, b 4 passes, ¢ 8 passes,
and d 12 passes. The whifte and
the black arrows indicate
DRXed grains at pre-existing
grain boundaries and within
twins, respectively. The dotted
ellipses indicate DRXed grains
at the regions of shear bands

and therefore are not shown in Fig. 4b. Figure 4b shows
that twinning occurs in the initial rolling stage and becomes
ignorable in the late rolling stage. A single-pass DSR
generates 85° tensile twins, 65° compression twins, and 57°
compression twins with the fractions of 14, 3, and 1 %,
respectively. The much higher fraction of 85° tensile twins
is due to their lower critical resolved shear stress (CRSS)
for twinning and the favored initial orientation compared
with the compressive twinning. Further DSR processing
rapidly decreases the fraction of 85° tensile twins to 3 %
after 4 rolling passes; these twins become undetectable
after 12 passes. 65° compressive twinning exhibits a sim-
ilar tendency for the change in twin fraction, which drops
to an undetectable level after 2 passes.

It is interesting to note that 57° compressive twinning
exhibits a different behavior. The fraction of 57° com-
pression twins increases as DSR progresses, exhibiting a
peak value after 4 rolling passes, before decreasing like the
other types of twinning. The fraction of 57° compression
twins at the rolling pass number of 4 is 7 %, which is even
higher than that (3 %) of 85° tensile twins. The develop-
ment of a basal orientation component might be one reason
for the enhanced 57° compressive twinning. The higher

@ Springer

activity of the 57° compressive twinning compared to that
of the 65° compressive twinning supports the previous
observation that deformation at elevated temperatures
higher than 400 °C is favored by the former twinning type
[10, 22]. The ignorable twin fraction after 8 passes indi-
cates that deformation is strongly dominated by dislocation
slip in the late stage of DSR.

Figure 5 shows the inverse pole figure maps measured at
a higher magnification for the sheets DSRed by 2, 4, 8, and
12 passes. This makes it easier to observe dynamic
recrystallization (DRX) behavior. DRX is not observed for
the sheet DSRed by 2 passes. After 4 passes, DRX appears
to start to occur at pre-existing grain boundaries and also
within narrow twins. Therefore, DRX, rather than subdi-
vision by deformation twins, causes grain refinement and
an inhomogeneous microstructure with a bimodal distri-
bution of grain size. DRXed grains are very fine, having a
grain size of 0.8 um. The fraction of DRXed grains obvi-
ously increases as DSR progresses. DRX appears to pref-
erentially occur in shear band areas where plastic
deformation is localized. The occurrence of DRX after 4
passes is consistent with the rapid decrease in grain size
during DSR from 4 passes on, as shown in Fig. 4a. In
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Fig. 6 a Inverse pole figure maps, b (0001) pole figures (intensity
level: 1, 2, 3, 4. etc.), and ¢ inverse pole figures observed from the RD
(intensity level: 0.5, 1, 1.5, 2, etc.) of deformed grains (left part) and
DRXed grains (right part) for the sheet DSRed by 12 passes

addition, very few twins exist in large deformed grains with
basal orientations, indicating that deformation is dominated
by dislocation slip for those grains.

For the sheet DSRed by 12 passes, the inverse pole figure
maps, (0001) pole figures, and inverse pole figures (observed
from the RD) associated with both deformed and DRXed
grains are shown separately in Fig. 6. It appears that DRXed
grains are aligned as bands due to preferential nucleation at
the shear bands (Fig. 6a). Deformed grains exhibit a single
basal pole with a strong basal texture intensity of 24.3. In
contrast, DRXed grains exhibit a different texture. The major
texture component of DRXed grains is a pole tilted at ~40°
in the TD and the texture intensity is remarkably weakened to
6.8 (Fig. 6b). The pole figure looks asymmetrical in the TD
with a stronger pole on the left for DRXed grains. This might
be due to a statistical problem resulting from the relatively
small analyzed area. As shown in Fig. 6c, for both deformed
grains and DRXed grains, the (1010) direction tends to be
oriented parallel to the RD, which is a stable orientation for
both the cold- and hot-rolled cp-Ti sheets in the as-rolled
condition [8-10, 12, 14, 16, 18].

In the present work, deformation twinning only occurs
in the initial stage of DSR. Its influence on the global
texture is quite limited, as can be confirmed from the
small difference between the (0001) pole figure of the
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Fig. 7 Changes in Schmid factors for prismatic slip and basal slip as
a function of rolling pass number in the case of the loading axis being
parallel to the ND

starting material and that of the sheet DSRed by a single
pass with the highest fraction of twins (see Figs. 2a, b).
In contrast, the texture substantially changes in the late
stage of DSR, during which deformation is dominated by
dislocation slip. It can therefore be concluded that the
change from the TD-split texture to the basal texture is
resulted from a lattice rotation of deformed grains
induced by dislocation slip.

To roughly evaluate the activities of different slip sys-
tems during DSR, the Schmid factors for prismatic slip and
basal slip were analyzed under compression along the ND
of the sheet for the starting material and the sheets DSRed
by 1, 2,4, 8, and 12 passes, as shown in Fig. 7. The Schmid
factor for the pyramidal (c + a) slip system was not ana-
lyzed because of its much larger CRSS compared with
prismatic and basal slip systems for «-Ti [23, 24]. The
basal slip system exhibits larger Schmid factors than the
prismatic slip system. The favored orientation for basal slip
may be attributed to the orientation spread in the TD,
especially the component with the c-axes tilted at £45°
away from the ND toward the TD, which results in an
inclination in the orientation of basal planes with respect to
the ND. In contrast, the Schmid factor for prismatic slip
exhibits a maximum value for the orientation with the c-
axis parallel to the TD and gradually decreases to zero as
the c-axis changes its orientation to be parallel to the ND.

Even though the Schmid factors decrease with the pro-
gress of DSR for both slip systems due to the shifting of the
basal pole toward the ND, it is worth noting that the drop in
the Schmid factor is slower for the basal slip system. After
12 passes of DSR, the Schmid factor decreases from 0.36
to 0.34 at a rate of 6 % for the basal slip system, whereas
the Schmid factor decreases from 0.28 to 0.14 at a rate of
48 % for the prismatic slip system. Therefore, the ratio
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between the Schmid factors of basal and prismatic slip
systems correspondingly increases from 1.3 to 2.4 after 12
passes of DSR, suggesting that crystalline orientation
becomes more favorable for basal slip as DSR progresses.

Prismatic slip exhibits a lower CRSS and thus a higher
activity at low temperatures compared to basal slip in cp-
Ti. However, the decrease in the CRSS with increasing
deformation temperature is more rapid for basal slip [24,
25]. The ratios between the CRSS of basal slip and pris-
matic slip at room temperature and at 500 °C are estimated
to be 3.6 and 1.5 for Ti, respectively, based on the results
reported by Numakura and Koiwa [25]. Comparing a larger
value for the ratio of the Schmid factor compared to the
ratio of the CRSS between basal slip and prismatic slip for
the sheet DSRed by 12 passes at 500 °C (2.4 vs. 1.5), it is
assumed that basal slip acts as a major deformation
mechanism during the late stage of DSR. In addition,
stacking fault energies (SFEs) for basal and prismatic
planes are 300 and 150 mJ/mz, respectively, for Ti [26].
The higher SFE of the basal plane may induce cross-slip
more easily, and, in turn, enhance dynamic recovery.
Conversely, the lower SFE of prismatic slip promotes the
increase in dislocation density during deformation and thus
strain hardening. This would increase the difficulty in the
slip on the prismatic planes as further deformation occurs.
It is therefore suggested that the formation of a single-peak
basal texture is attributed to the enhanced basal slip and in
turn the lattice rotation of deformed grains toward basal
orientation. This result supports that reported by Suwas
et al. [27], in which, using viscoplastic self-consistent
simulations to reproduce the experimental shear textures,
they found that basal slip is the predominant deformation
mechanism during ECAP at 400 °C for cp-Ti.

Even though heating during deformation may enhance
non-basal slip activities, the basal texture cannot be
achieved by conventional symmetric rolling at the same
rolling conditions. In addition, the RD-split double peak
component tilted in the RD at +10° to 15° appears besides
the conventional TD-split basal poles [1]. The splitting of
the basal pole in the RD may be related to the activation of
pyramidal {(c + a) slip, as Agnew et al. [28] suggested for
magnesium alloys with the same HCP crystalline structure.
Grains with the c-axis tilted at +45° from the ND toward
the RD exhibit the maximum Schmid factor for basal slip
whereas grains with c-axis orientation nearly parallel to the
ND exhibit the maximum Schmid factor for pyrami-
dal (c + a) slip under plane strain compression [11]. DSR
can generate an additional intense shear force, which
results in an inclined resultant force with respect to the ND
from the RD. For basal-oriented grains with the c-axes
parallel to the ND, the inclined resultant force with respect
to the c-axes may increase the Schmid factors for basal slip
during DSR. In contrast, the basal orientations are more

@ Springer

favored by pyramidal (c + a) slip than basal slip under
compressive force during conventional symmetric rolling.

For the sheet DSRed by 12 passes, annealing behavior
was investigated using the samples annealed at 550 °C for
300 s, 550 °C for 1 h, and 650 °C for 4 h, corresponding to
the initial, intermediate, and full annealing stages, respec-
tively. As shown in Fig. 8, small recrystallized grains and
large deformed grains coexist in the sample annealed at
550 °C for 300 s, resulting in a bimodal distribution of
grain size and a still high fraction of LAGB. After a longer
annealing time (1 h), the fraction of recrystallized grains
increases with a notable decrease in the fraction of LAGB.
Annealing at 650 °C for 4 h results in a fully annealed
microstructure consisting of equiaxed grains without any
noticeable abnormal grain growth. The fraction of LAGB
further decreases to a very low level, and the peak of the
distribution of grain boundary misorientation becomes
distinct at 30° as the annealing process progresses
(Fig. 8b). The preferential peak at 30° has been frequently
observed for rolled metals with a HCP crystal structure,
such as cp-Ti [15], magnesium [29], and zirconium alloy
[30]. This may be attributed to £13a coincidence site lat-
tice (CSL) boundaries with potentially low energies cor-
responding to a 27.8° rotation around the c-axis [15, 29,
30].

As shown in Fig. 8c, the basal pole located at the center
of the (0001) pole figure disappears. Meanwhile, the split
basal pole in the TD develops with an inclination angle of
425°, and there is a decrease in the orientation spread in
the TD after full annealing (Fig. 8c). Even though the basal
texture is replaced by the TD-split texture after annealing,
the annealed texture exhibits a smaller basal pole inclina-
tion angle (£25° vs. £40°) compared to the starting
material (i.e. commercial hot-rolled sheet) fabricated by
conventional hot rolling (see Fig. 2a), which is favored for
enhancing sheet formability due to a smaller in-plane
anisotropy [1]. In addition, the basal texture intensity
remarkably weakens from 11.6 for the as-rolled sheet (see
Fig. 2f) to 5.8 at the intermediate stage of annealing and
strengthens again to 8.5 after full annealing. It is worth
noting that the orientation of the a-axis (i.e. (2110))
changes from parallel to the TD (i.e. (1010)//RD) to
parallel to the RD (i.e. (2110)//RD) after full annealing
(Fig. 8d), which is a 30° rotation around the c-axis as has
been frequently observed for conventional cold-rolled cp-
Ti sheets during annealing [20].

The image quality (IQ) map measured at a low magnifi-
cation and the inverse pole figure map measured at a high
magnification for the sample annealed at 550 °C for 300 s
are shown in Fig. 9. The IQ map allows for easier obser-
vation of the distribution of recrystallized grains, which are
brighter than deformed grains due to decreased dislocation
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Fig. 8 a Inverse pole figure maps, b distributions of grain boundary
misorientation, ¢ (0001) pole figures (intensity level: 1, 2, 3, 4, etc.),
and d inverse pole figures observed from the RD (intensity level: 0.5,

density. It appears that recrystallized grains are aligned
along shear bands much like the DRXed grains were in the
as-rolled sheet prior to annealing. The inverse pole figure
map shows that recrystallized grains around pre-existing
grain boundaries with an average grain size of 4.4 um are
consuming large deformed grains with basal orientations.
The recrystallized grains exist at similar sites to the DRXed
grains in the as-rolled sheet, but the grain size is much larger
(4.4 vs. 0.8 um) compared to the latter. As mentioned above,
the basal plane exhibits a higher SFE. This may restrict the
increase in dislocation density due to dynamic recovery
during rolling and in turn delay static recrystallization
(SRX) during subsequent annealing. It is therefore sug-
gested that microstructure evolution is dominated by the

1, 1.5, 2, etc.) of the samples annealed at 550 °C for 300 s (left part),
annealed at 550 °C for 1 h (central part), and annealed at 650 °C for
4 h (right part) for the sheet DSRed by 12 passes

growth of DRXed grains during annealing, which consume
large deformed grains with basal orientations before the
occurrence of SRX.

The extracted recrystallized grains for the sample
annealed at 550 °C for 300 s is shown in Fig. 10. Small
recrystallized grains with a grain size of 4.4 pm are aligned
as bands (Fig. 10a). The very low fraction of LAGB
indicates the successful extraction of recrystallized grains
(Fig. 10b). It is noted that recrystallized grains exhibit split
basal poles tilted at about +=30° in the TD (Fig. 10c), which
is similar to the pole figure after full annealing (see
Fig. 8c). This indicates that the change from the single-
peak basal texture to the TD-split double peak texture is the
result of the recrystallized grain orientations, but not the
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Fig. 9 aImage quality map and
b inverse pole figure map of the
sheet DSRed by 12 passes and
subsequently annealed at

550 °C for 300 s

Fig. 10 a Inverse pole figure
map, b distribution of grain
boundary misorientation,

¢ (0001) pole figure (intensity
level: 1, 2, 3, 4, etc.), and

d inverse pole figure observed
from the RD (intensity level:
0.5, 1, 1.5, 2, etc.) of
recrystallized grains in the sheet
DSRed by 12 passes and
subsequently annealed at

550 °C for 300 s

(c) RD

preferential grain growth of specific grains. The texture
intensity of recrystallized grains is low (5.1), which results
in texture weakening with a decrease in texture intensity
from 11.6 to 5.8 during the intermediate stage of annealing.
On the other hand, recrystallized grains have a much larger
orientation spread in the TD compared to the fully annealed
sample. In addition, the inverse pole figure indicates that
the recrystallized grains are oriented along (1010)//RD
(Fig. 10d), which is the same as that of the as-rolled
sample, but is different from the fully annealed sample.
The shrunk orientation spread in the TD and the change in
the orientation of the ag-axis may be attributed to sub-
sequent grain growth of recrystallized grains after con-
suming deformed grains with basal orientations.
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To reveal the influence of grain growth on texture
evolution, grains with a grain size smaller or larger than
the average grain size (19 pm) are separated for the
sample fully annealed at 650 °C for 4 h as shown in
Fig. 11. Smaller grains and larger grains have grain sizes
of 13 and 26 pum, respectively. Both types of grains
exhibit similar split basal poles tilted at about £25° in
the TD, indicating that grain growth does not change the
inclination angle of split basal poles. However, the tex-
ture intensity remarkably increases from 6.9 to 10.5 for
larger grains compared to smaller grains due to the
progress of grain growth. In addition, the orientation
spread in the TD is smaller (about +65° vs. £80°) for
larger grains compared with smaller grains.
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Fig. 11 a Inverse pole figure maps, b (0001) pole figures (intensity
level: 1, 2, 3, 4, etc.), and ¢ inverse pole figures observed from the RD
(intensity level: 0.5, 1, 1.5, 2, etc.) of grains smaller than (left part) or
larger than (right part) the average grain size (19 um) for the sheet
DSRed by 12 passes and subsequently annealed at 650 °C for 4 h

Considering the above, it is proposed that the texture
strengthening is caused by the preferential grain growth of
grains belonging to the basal poles tilted at about +25° in the
TD to consume smaller grains with dispersed orientations close
to the TD. For smaller grains, there is a stronger component of
the orientation of (1010) //RD and a weaker component of the
orientation of (2110)//RD. In contrast, larger grains only
exhibit a strong orientation of (2110)//RD with a higher
intensity (4.6 vs. 3.7). This indicates that the change in the
orientation from (1010) //RD to (2110)//RD originates from
the preferential grain growth of the latter texture component.

This phenomenon is similar to texture evolution during
grain growth after primary recrystallization for conven-
tionally cold-rolled cp-Ti sheets [20]. Considering the
absence of any significant number of CSL boundaries in
their results, Bozzolo et al. [20] attributed the orientation
change from (1010)//RD to (2110)//RD RD to a growth
advantage for grains belonging to the minor component
with an orientation of (2110)//RD. These grains have fast
moving boundaries due to high misorientation angles
(larger than 30°) with respect to grains belonging to the
major component with an orientation of (1010)//RD, and

can grow continuously until meeting grains with similar
orientations [20]. In this work, the predominant peak at 30°
in the distribution of grain boundary misorientation
apparently strengthens with grain growth (see Fig. 8b).
This phenomenon can be attributed to the increase in X£13a
CSL boundaries. The X13a CSL orientation relationship
between the minor and major components may enhance the
growth rate of the minor component [20]. It is therefore
suggested that X13a CSL boundaries with low grain
boundary energies play an important role on the change in
the g-axis orientation during grain growth.

In the present work, the orientations of DRXed grains
appear to dominate the annealed texture by consuming
deformed grains. This results in the change from the single-
peak basal texture in the as-rolled condition to the TD-spilt
texture after annealing. It is suggested that the restriction of
DRX at shear bands might be effective to persist in the
basal texture during annealing, which is favored for
enhancing stretch formability.

Conclusions

The microstructural and textural evolution during DSR at
an elevated temperature of 500 °C and subsequent
annealing for cp-Ti were investigated using EBSD analy-
ses. The main conclusions are as follows:

(1) Twinning only occurs in the initial stage of DSR and
further deformation is dominated by dislocation slip.

(2) The as-rolled microstructure is largely constituted of
large deformed grains and DRXed grains mainly exist
in the shear band regions.

(3) A dramatic texture change from the TD-split texture
with basal poles largely tilted at +40° to the basal
texture occurs during DSR, especially during the late
stage. This texture change may be attributed to the
gradual lattice rotation of deformed grains caused by
enhanced basal slip activity.

(4) The basal texture changes to a TD-split texture with
basal poles tilted at £25° after annealing, which is
caused by consuming deformed grains with basal
orientations from DRXed grains with TD-split
texture. Subsequent extensive grain growth results
in an orientation change from (1010)//RD to
(2110)//RD, which is the result of the preferential
grain growth of the latter component enhanced by
213a CSL grain boundaries with low boundary
energies.
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