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Abstract In this study, microstructure and texture evolu-
tion of TBS titanium alloys during hot deformation were
investigated by using electron back-scattered diffraction
(EBSD) analysis. The results showed that dynamic
recrystallization (DRX) behavior of TBS8 titanium alloys
was drastically sensitive to the strain. As the true strain
raised from 0.2 to 0.8, the degree of DRX gradually
increased. The nucleation mechanism of recrystallization
was observed, including discontinuous dynamic recrystal-
lization (DDRX) resulting from the bulging of original
boundaries. Furthermore, continuous dynamic recrystal-
lization (CDRX) occurred because of the transformation of
low-angle grain boundaries (LAGBs) to high-angle grain
boundaries (HAGBs) in the interior of the original
deformed grains. The texture evolution of TBS§ titanium
alloy during hot deformation process was analyzed in
detail, and five texture components were observed,
including  {001}(100), {011}(100), {112}(110),
{111}(110), and {111}(112). As the true strain increased,
deformation textures were gradually weakened due to an
increase in the volume fraction of DRX grains. When the
true strain was 0.8, the main texture components consisted
of the recrystallization texture components of the
{001}(100) and {011}(100) textures.
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1 Introduction

TBS titanium alloy has been widely used to produce air-
craft fasteners of gas turbine aero-engine due to its ultra-
high strength, exceptional ductility, and excellent corrosion
resistance after solution and aging treatment [1, 2]. How-
ever, a larger deformation resistance is produced during
thermo-mechanical processing of the TBS titanium alloy,
which strongly affects the hot workability of the alloy.
Moreover, the mechanical properties of TB8 titanium alloy
are significantly dependent on the microstructure and tex-
ture obtained during the manufacturing process. Therefore,
controlling the microstructure and texture is of great sig-
nificance to achieve superior mechanical properties in TB8
titanium alloy. Generally, the deformation mechanisms
including adiabatic shear, flow localization, dynamic
recovery (DRV), and dynamic recrystallization (DRX)
could occur for metal materials during thermo-mechanical
processing. DRV and DRX were widely considered as an
effective method to refine grains and obtain better forma-
bility of alloys during industrial production, which is
associated with processing variables, for instance, strain
rate, deformation temperature, and strain. Thus, in order to
improve the hot workability and mechanical properties of
metal materials, it is quite significant to make a deep
understanding on the relationship between processing
parameters and the microstructure as well as texture evo-
lution of metal materials during hot deformation.
Recently, a considerable number of researches have
been launched to study the microstructure and texture
evolution of titanium alloys and other alloys during
thermo-mechanical processing [3-11]. Wu et al. [3]
reported that two various nucleation mechanisms related to
DRX, including continuous dynamic recrystallization
(CDRX) and discontinuous dynamic recrystallization
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(DDRX), were observed in the Ti—22A1-25Nb alloy. At a
strain of 0.36, the main texture components of the § phase
were {110}(110), {110}(112), and {112}(110) in the
deformed Ti—22AI1-25Nb alloy. As the strain increased, the
texture components of {110}(110) and {110}(112) grad-
ually decreased. Only the weak texture components of
{111}(112) and {001}(110) were observed at a strain of
1.2. The deformation textures were obviously weakened
due to the formation of random orientations in the DRX
grains. Chen et al. [4] revealed the microstructure and
texture evolution of Ti—7333 alloys during continuous
cooling hot deformation. The results showed that the main
texture components of the  phase were {110}(111) and
{115}(552) at a strain of 0.1, while the components were
{100} (110) and {001}(100) at a strain of 0.91 after hot
deformation. The texture component of {001}(100) was
the dominant deformation texture for the Ti—7333 alloys
during continuous cooling hot deformation. Ghasemi et al.
[5] investigated the dynamic recrystallization behavior of
BT9 titanium alloy. The results showed that the nucleation
mechanism of DRX in BT9 titanium alloy was CDRX.
Wang et al. [6] found that the nucleation mechanism of
DRX was DDRX at the initial stage of plastic deformation,
while it was CDRX at the late stage of plastic deformation.
In summary, the microstructure and texture evolution in
different titanium alloys are obviously different because of
the difference in alloy compositions.

Some investigations on hot deformation behavior of TB8
titanium alloys have also been widely reported [12-14].
Duan et al. [12] and Tang et al. [13] analyzed the hot
deformation behavior of TBS titanium alloys that deformed
in o + P and single P regions and established an accurate
constitutive models to characterize the relationship between
flow stress (), deformation temperature (7), and strain rate
(é). In our previous work, the effect of initial grains on the
flow behavior of TB8 titanium alloy was investigated and the
optimum processing parameter was 900 °C/1 x 107> s~ !
for the alloys solution-treated at 900 °C for 30 min. Thermo-
mechanical processing is quite complex, and detailed
investigation is needed to further study the microstructure
and texture evolution of TBS titanium alloys under different
deformation conditions. However, there have been few
studies about the microstructure and texture evolution of
TB8 titanium alloys during the hot compression test. Thus,
the objective of the present investigation is to thoroughly
reveal the microstructure and texture evolution of TBS tita-
nium alloys with true strain.

2 Experimental

A forged bar of TBS titanium alloy with a diameter of
60 mm was used in this study. The transition temperature
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of the B phase (7p) of this alloy was tested to be 815 °C
[12]. The microstructure of the alloy consists of a single B
phase above the 7 temperature, while it is composed of
o + P phase below the T temperature. The melting point
of the alloy is (1740 &£ 40) °C, and the temperature of
static recrystallization is ~ 696 °C, according to the
empirical equation of Tg = 0.47T,, (TR is the temperature of
static recrystallization, and T, is the melting point of the
alloy). To reveal the microstructure and texture evolution
of this alloy during the hot compression test, the forged bar
was heated at 900 °C for 30 min in a high vacuum envi-
ronment and subsequently cooled in water. As shown in
Fig. la, the initial microstructure of the solution-treated
samples was composed of a uniform and equiaxed
recrystallized grain structure with a grain size of ~ 87
pm. It is expected from Fig. 1b that the microstructure of
the solution-treated samples consisted of a single B phase
structure.

Cylindrical samples of 12 mm in height and 8 mm in
diameter were obtained from the heat-treated bars. Hot
compression testing of the samples was conducted on a
Gleeble 3500 testing system. All deformed samples were
directly heated to the deformation temperature with a rate
of 20 °C-s~" and soaked for 5 min to eliminate the tem-
perature gradient existed in the deformed samples before
deformation. The deformation temperature is 900 °C, and
the strain rate is 1 x 107> s~'. The deformed samples were
compressed to a true strain of 0.2, 0.4, 0.6, and 0.8,
respectively, and subsequently water-quenched to retain
the deformed microstructures formed under the high-tem-
perature condition. A schematic of the applied hot defor-
mation is shown in Fig. 2. To study the microstructure and
texture evolution of TB8 titanium alloys during hot com-
pression testing, the deformed samples were machined
along their radial direction. The microstructure and texture
evolution of the deformed samples were analyzed by using
the electron back-scattered diffraction (EBSD) technique.
Samples were prepared for EBSD through grinding and
electro-polishing in a solution of 70 vol% CH3;OH, 10
vol% HCIlO,4, and 20 vol% (CH,OH), at the voltage of
18 V for 15s. A Hitachi S-3400N-II scanning electron
microscope with an EBSD system operating at 20 keV was
used. The step size for EBSD orientation observation was
0.8 um.

3 Results and discussion

3.1 Microstructural evolution of deformed samples
during hot deformation

Figure 3 displays the flow curves of TB8 titanium at dif-
ferent strains, which exhibits a typical dynamic
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Fig. 2 Schematic diagram of hot deformation tests

recrystallization characteristic. The flow stress rapidly
attained a peak at the initial stage of hot deformation,
which was attributed to generation and multiplication of
dislocations. Subsequently, the flow stress decreased to a
stable value due to the occurrence of DRX.

Figure 4 illustrates the optical microstructures of the
solution-treated samples, which were deformed at different
true strains. Obviously, the strain strongly affected the
microstructure evolution of the TBS titanium alloys during
hot deformation. As shown in Fig. 4a, the initial equiaxed
grains were elongated along the direction perpendicular to
the compression axis and some serrated grain boundaries
were observed at a true strain of 0.2. Generally, a high
strain gradient could be formed on both sides of the ser-
rated grain boundaries, which is considered as a prior site
for the nucleation of DRX grains [15]. In addition, a few
fine newly recrystallized grains formed in the local region
of the original grain boundaries. This suggests that the
nucleus of DRX grains preferentially forms on the prior
grain boundaries at a true strain of 0.2. When true strain
reached 0.4, a significant amount of new recrystallized
grains was observed and the microstructures of the
deformed samples presented a typical necklace structure, as
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True strain

Fig. 3 True stress—strain curves of TBS8 titanium alloy under
different deformation conditions

shown in Fig. 4b. With an increase in the strain, DRX
occurred in most of the deformed grains and the volume
fraction of recrystallized grains obviously increased, as
shown in Fig. 4c. As the true strain increased to 0.8, the
microstructures of the deformed samples consisted of
numerous fine equiaxed recrystallized grains (Fig. 4d). It is
apparent that increasing strain significantly promoted the
occurrence of DRX during thermo-mechanical processing.
This is ascribed to an increase in deformation storage
energy (DSE) with increasing strain. A high DSE accel-
erates the movements of dislocation and the migration of
grain boundaries during thermo-mechanical processing,
which provides a strong driven force for the nucleation and
growth of DRX grains.

3.2 Dynamic recrystallization mechanism in TB§
titanium alloys during hot deformation

In general, the dynamic recrystallization mechanism of
metallic materials mainly includes geometric dynamic
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Fig. 4 OM images of solution-treated samples deformed at different true strains of a 0.2, b 0.4, ¢ 0.6, and d 0.8

recrystallization (GDRX), DDRX, and CDRX during hot
deformation. The GDRX mechanism only occurs under
heavy deformation where the original deformed grains
would split into fine new recrystallized grains. In the cur-
rent investigation, the true strain was less than 0.8; there-
fore, the GDRX mechanism could not occur during hot
compression of the TB8 titanium alloy. In the DDRX
mechanism, the nucleation of recrystallized grains is ini-
tiated at the grain boundaries of original deformed grains
and forms via bulging of the original boundaries, subse-
quently growing towards the interior of the initially
deformed grains. For the CDRX mechanism, as the strain
increases during hot deformation, the microstructure pre-
sents a continuous change from the generation of disloca-
tions and the formation of subgrains via annihilation and
rearrangement of the dislocation to the form of new
recrystallized grains by the progressive rotation of sub-
grains in which LAGBs gradually transformed to HAGBs.
Typically, the evolution of subgrains can be depicted by
the variation in the cumulative misorientation (point to
origin) and local misorientation (point to point) [15, 16].
To further reveal the nucleation mechanism of DRX in
TBS titanium alloys during hot compression, EBSD anal-
ysis was used for the solution-treated samples deformed at
various true strains, as illustrated in Fig. 5. Noticeably, the
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strain presents a pronounced influence on the microstruc-
ture evolution of the TBS titanium alloys.

Figure 6 exhibits the variation of the cumulative and
local misorientation along the lines marked in Fig. 5. It
could be observed from Fig. 6a, b that the values of local
misorientation along line A; were less than 5°, while the
values of local misorientation along line A, were less than
3° at a true strain of 0.2. At the same time, the values of
cumulative misorientation along lines A; and A, were less
than 10°. This indicates that LAGBs mainly accumulated
near initial grain boundaries and the subgrain rotation was
not distinct under relatively low strains. It is shown from
Fig. 5a that a few fine new recrystallized grains formed in
the grain boundaries of the original deformed grains by the
bulging of the original boundaries, which were marked
with arrows. This suggests that the nucleation mechanism
of DRX is mainly the DDRX mechanism at a true strain of
0.2. When the true strain increased to 0.4, the values of
cumulative misorientation and local misorientation along
line B; were less than 10°. However, the values of cumu-
lative misorientation along line B, easily exceed 12° at a
distance of ~ 33 um (Fig. 6¢, d). It is implied that the
misorientation accumulates and the progressive subgrain
rotation has been developed in the grain interior, which
would accelerate the development of CDRX. It was
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Fig. 5 Inverse pole figures (IPFs) of solution-treated samples deformed at different true strains of a 0.2, b 0.4, ¢ 0.6, and d 0.8
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interesting to note that a pronounced gap was observed at a
distance range of 22-23 pum. This can be ascribed to the
deformation bands with different orientations resulting
from different slip systems in the adjacent grains
[3, 15, 16]. As the true strain reached 0.6, the misorienta-
tion angle gradient along lines C; and C, raised obviously,
as shown in Fig. 6e, f. Both cumulative misorientations
along lines C; and C, exceed 10° at a distance of ~ 35 and
38 pm, respectively. This implies that the subgrain rotation
was further developed and the developing of DRX induced
by subgrain rotation was more distinct with increasing the
true strain. These results show that the CDRX mechanism
was the primary nucleation mechanism of DRX when the

Rare Met. (2021) 40(10):2917-2926

true strain was higher than 0.4. When the true strain further
increased to 0.8, it can be observed from Fig. 6g, h that the
values of cumulative misorientation predominantly
reduced and were less than 4°, revealing that the DRX
grains with low dislocation density have superseded the
deformed grains.

Figure 7 exhibits the distribution histograms of grain
boundary misorientation angles from 2° to 65° for the
solution-treated samples deformed at various true strains.
Figure 8 shows the variation in the number fraction of
HAGBs and LAGBs with true strain. Here, HAGBs are
defined as the grain boundaries with a misorientation angle
beyond 15° and LAGBs are defined as the grain boundaries
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with a misorientation angle between 2° and 15°. As illus-
trated in Fig. 7a, the grain boundaries were mainly HAGBs
and the average misorientation angle was calculated to
be ~ 23.11° at the true strain of 0.2. It can be observed
from Fig. 8 that the number fraction of LAGBs was 47.9%,
while the number fraction of HAGBs was 52.1%. This is
associated with a small strain, only leading to the genera-
tion of a small number of dislocations. The prior grain
boundaries remained as dominant grain boundaries at the
original deformation stage. When the true strain was 0.4,
the number fraction of LAGBs rose to 63.2% and the
average misorientation angle was ~ 16.54°, which was
less than that observed at a true strain of 0.2 (Figs. 7b, 8).
This indicates that rapid generation of mobile dislocations
occurs during plastic deformation. Meanwhile, the defor-
mation storage energy remains relatively low under this
strain condition, which is insufficient for the nucleation of
most DRX grains. Thus, the number fraction of LAGBS is
high. As the true strain increased from 0.4 to 0.8, the
number fraction of LAGBs decreased from 63.2% to 55.2%
(Fig. 8), while the average misorientation angle gradually
increased from 16.54° to 18.39° (Fig. 7b—d). This is
attributed to an increase in the degree of dynamic
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recrystallization and a decrease in the number of disloca-
tion substructures. It is commonly known that plastic
deformation is caused by the movement of mobile dislo-
cations from one grain to adjacent grains [15, 17]. When
the strain exceeds a critical value, mobile dislocation can
rapidly generate during plastic deformation, giving rise to
the formation of a high dislocation density network. With
the increase in true strain, subgrains will form through
annihilation and rearrangement of dislocation substructures
and then transform into the DRX grains through combi-
nation and rotation of the subgrains [18]. When the strain
was further increased, the volume fraction of DRX grains
with a low density of dislocation obviously increased,
which distinctly decreased dislocation substructure.
Therefore, the number fraction of LAGBs decreased with
the increase in true strain, while the number fraction of
HAGBs increased.

3.3 Texture evolution of TBS titanium alloys
during hot deformation

The mechanical properties of TB8 titanium alloys are
significantly affected by the texture formed during thermo-
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Fig. 7 Distribution histograms of misorientation angles in 2°-65° for solution-treated samples deformed at different true strains of a 0.2, b 0.4,

¢ 0.6,and d 0.8
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mechanical processing. Thus, it is rather necessary to
reveal the texture evolution of TBS8 titanium alloys during
thermo-mechanical processing in detail. It is commonly
known that the texture of the deformed materials can be
characterized by using the orientation distribution function
(ODF). In the ODF sections, each texture component is
described by the Euler angles (¢, @, ¢,) and the intensity
of texture is characterized by the colored contour. For
body-centered cubic (bcc) metallic materials, the typical
texture components can be presented in the ODF sections
with a constant ¢, of 45° [19-22].

Figure 9 illustrates ODF sections with a constant ¢, of
45° for the solution-treated samples deformed at different
true strains. A schematic drawing of the section (¢, = 45°)
of ODF with typical texture components for bcc materials
is exhibited in Fig. 9e. It can be observed from Fig. 9a that
the texture components were mainly n-fiber components of
{001}(100) and  {011}(100), o-components of
{112}(110), as well as y-fiber components of {111}(110)
and {111}(112). Wu et al. [3], Sander and Raabe [19] have
also reported that the most relevant texture components in
the compressive titanium alloys mainly included the n-
fiber, a-fiber, and y-fiber. The textures of {001}(100),
{011}(100) and {111}(112) are typical recrystallization
texture components for the bcc metals, while the textures
of {112}(110) and {111}(110) are dominant deformation
textures [4, 19-26]. In order to analyze the effect of true
strain on texture evolution, the volume fractions of dif-
ferent texture components at various true strains were
calculated, as indicated in Fig. 10. The volume fractions of
{001}(100), {011}(100), {112}(110), {111}(110), and
{111}(112) textures were 9.6%, 10.2%, 5.2%, 3.3%, and
8.1% at a true strain of 0.2, respectively. As true strain
increases from 0.2 to 0.8, the volume fractions of
{111}(110) and {112}(110) textures evidently decrease to
0.3% and 0.4%, respectively. This indicates that the
deformation textures were gradually weakened with the
increase in true strain. Similar results were also observed in
Ti—35Nb—7Zr-5Ta and Ti—15Mo-3Al-2.7Nb-0.2Si alloys
[19, 24]. The weakening of the deformation texture is
attributed to an increase in the volume fraction of DRX
grains with true strain increasing. This suggests that in
addition to deformation, the evolution of texture is also
dominated by the processes of recrystallization when true
strain increases to a considerable extent.

It was noted that the volume fraction of {001}(100)
texture significantly increased as true strain increased from
0.2 to 0.8, while the volume fraction of the {011}(100)
texture initially presented a rising trend and then dropped.
This phenomenon is associated with the nucleation sites for
the recrystallized grains. It was found from Fig. 11 that the
{001}(100) texture was mainly observed in the recrystal-
lized grains nucleated by the bulging of original boundaries
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and a small quantity of the {001}(100) texture presented in
the recrystallized grains nucleated within the deformed
original grains and at the triple junctions of original grains.
The grain boundary bulging nucleation, namely strain-in-
duced boundary migration (SIBM), was considered to be
an important nucleation mechanism of recrystallization for
the deformed metals during hot deformation [27]. The
nucleation of recrystallized grains formed at the grain
boundaries with the SIBM due to the difference in the
deformed stored energies and dislocation densities. It is
widely known that recrystallized grains nucleated by the
bulging of original boundaries can inherit the orientations
from the adjacent matrices in the process of follow-up hot
deformation, thus resulting in an increase in the texture
intensity [28-30]. Moreover, the (100)-oriented grains with
a lower Taylor factor have a lower stored energy during hot
deformation, which provides a driving force for the grain
boundary migration from (100)-oriented grains to other
oriented grains, which means that the recrystallized grains
with an (100) orientation nucleate and grow more easily
compared with the recrystallized grains with other orien-
tations during hot deformation; therefore, the volume
fraction of {001}(100) texture increased with the increase
in true strain. Li and Yang [29] also found that the
{001}(100) texture was readily formed when the alloy
underwent dynamic recrystallization during hot compres-
sion and a strong {001}(100) texture component was
formed as deformation increased. For the {011}(100)
texture, Barnett and Jonas [25] reported that the
{011}(100) texture usually nucleated at shear band in the
grains with {111}(112) orientation and the intensity of the
{011}(100) texture gradually reduced with a drop in shear
banding.

In the present investigation, flow localizations were
readily produced in the center of the deformed samples
along the radius direction during hot compressing of TBS8
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titanium alloys due to the inhomogeneity of deformation,
which promoted formation of the {011}(100) texture. It
was also observed from Fig. 11 that the majority of the
{011}(100) texture was primarily formed in the heavily
deformed original grains, while a small amount of the
{011}(100) texture was produced in the recrystallized
grains nucleated by the bulging of original boundaries.
When the true strain was less than 0.6, both the volume
fraction of recrystallized grains and the deformation degree
of deformed original grains gradually increased with the
increase in true strain, which caused an increase in the
volume fraction of {011}(100) texture. However, when the
true strain increased to 0.8, a full recrystallization with
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homogeneous microstructure was achieved and the
deformed original grains disappeared, which gave rise to a
decrease in the volume fraction of {011}(100) texture.

It is also shown in Fig. 10 that the volume fraction of
{111}(112) texture gradually weakened with the increase
in true strain. The {111}(112) texture is commonly
observed in bcc metals during warm and hot deformation
[3, 4, 19, 25, 26]. Barnett and Jonas [25, 26] and Sander
and Raabe [19] have reported that the {111}(112) recrys-
tallization texture mainly nucleated in shear bands and flow
localizations, and the in-grain shear bands in {111}(112)
orientation could lead to lattice rotation to both Goss and
near-normal direction (ND) fiber orientations with the
increase in deformation. This shows that the volume frac-
tion of the {111}(112) texture would decrease with an
increase in Goss nucleation and a decrease in the number of
in-grain shear bands [25]. In the present work, the Goss
{011}(100) texture increased as true strain increased from
0.2 to 0.6, which gave rise to a decrease in the volume
fraction of the {111}(112) texture. Furthermore, a full
dynamic recrystallization has taken place as the true strain
reached 0.8, which may also lead to a decrease in the
volume fraction of the {111}(112) texture.

4 Conclusion

DRX behavior of TBS titanium alloys is drastically sensi-
tive to the strain. At a true strain of 0.2, some serrated grain
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boundaries were observed and a few fine new recrystallized
grains formed in the local region of original grain bound-
aries. With increasing true strain, the degree of DRX
gradually increased. The CDRX and DDRX mechanisms
are observed in the hot deformation process of TBS tita-
nium alloys. For the DDRX mechanism, the nucleation of
new recrystallized grains forms in the grain boundaries of
the original deformed grains via bulging of original
boundaries. For the CDRX mechanism, the nucleation of
new recrystallized grains is produced in the interior of the
original deformed grains through the transformation of
LAGBs to HAGBs. The texture evolution of TBS titanium
alloys in a hot deformation process is analyzed in detail.
Five texture components are observed including the n-fiber
components of {001}(100) and {011}(100), o-fiber com-
ponents of {112}(110), as well as y-fiber components of
{111}(110) and {111}(112). The volume fractions of
{111}(110), {112}(110), and {111}{112) textures evi-
dently decrease as true strain increases from 0.2 to 0.8,
while the volume fraction of {001}(100) texture notably
increases. The volume fraction of {011}(100) texture ini-
tially increases as true strain increases from 0.2 to 0.8 and
then subsequently decreases. When the true strain is 0.8,
the main texture components consist of the {001} (100) and
{011}(100) textures.
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