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Evidence of Homogeneous Microstructures
in Ti6AI4V Alloy During Shear Deformation

R. VINJAMURI, B.D. BISHOYI, R.K. SABAT, M. KUMAR, and S.K. SAHOO

Free-end torsion tests were conducted for Ti6Al4V (Ti64) alloy at temperatures of 298 K, 673
K, and 873 K for different strains ranging from 0.22 to 0.99. The microstructure and texture
evolution as a function of torsional deformation have been investigated in the present study. A
near-equiaxed homogeneous microstructure was observed after deformation at all temperatures.
However, the grains were observed to be aligned along the direction of shear stress at larger
deformation strains. Dynamically recrystallized (DRX) grains were observed in the samples at
higher deformation temperatures, and these were found to be significant at 873 K for strains >
0.66. Dynamic transformation of o — f§ was also observed during deformation at a temperature
of 873 K. The initial fiber texture got rotated toward the ideal B fiber orientation, and reached at
the ideal C2 fiber orientation after deformation for a maximum strain of 0.99. The deformation
texture was further simulated through the Visco plastic self-consistent (VPSC) method, and it
was found that the basal slip was the dominant deformation mode followed by prismatic and
both pyramidal <c¢+a> I and II slip systems. The flow stress decreased with increase in the
temperature of deformation, and a significant flow softening was observed during deformation
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I. INTRODUCTION

Ti6Al4V (Ti64) alloy is an essential alloy for
applications in the aerospace, chemical, and marine
sectors due to its high strength-to-weight ratio, superior
corrosion resistance, and outstanding fatigue and frac-
ture properties.!' ?! These properties of Ti64 can be

prop prop
improved by controlling the microstructure and texture
evolution during different plastic deformation pro-
cessel Ti64 alloys with fine and homogeneous equiaxed
microstructure were mainly used as structural compo-
nents in aviation industries due to their enhanced
properties, such as higher ductility, and better creep
and fatigue resistances.’*> Also, the equiaxed grains
with homogeneous microstructures can promote the
super plastic deformation at lower temperatures.™¢
Hence, control over microstructural homogeneity can
have a greater significance to optimize the required
properties of Ti64 alloy. Shear deformation plays a
major role in producing equiaxed grains by fragmenta-
tion of lamellar microstructures, as reported by many
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researchers. ! Deformation through torsion has been
successfully employed to materials for achieving large
shear strains without rupture or strain localization.!!%T!!

The texture and microstructure evolution during
torsional deformation are rather well known for cubic
materials than HCP (hexagonal close packed) materi-
als."? ! nitially, Sanchez e al.!'® have investigated the
texture developments during torsion experiments on
Zirconium alloys. Later on, many authors carried out
their research on magnesium and its alloys!'” 2! and
pure titanium."** > Beausir er a/.*® have identified five
types of ideal fiber texture components (B, P, Y, and
C1-C2) for HCP metals when they are subjected to
simple shear deformation. Gurao et al. performed
free-end torsion tests on pure titanium in the strain rate
regime of 0.001 to 1 s™' and observed the formation of
Cl fiber texture in deformed samples. Also, they noticed
that the pyramidal <c+a> slip system was the main
deformation mode, which is responsible for the defor-
mation texture in absence of twinning. Recently, Bishoyi
et al* have studied the effect of shear deformation on
pure titanium by conducting free-end torsion tests. They
found unstable C1 and C2 fiber textures in the samples
during deformation along with ideal B fiber formation
at high-temperature (873 K) deformation. Guo ez al.?”
have studied the dynamic transformation behavior of
the Ti64 alloy by conducting torsion tests in the
temperature range of 880—1000 °C. They observed the
transformation of alpha phase to beta phase increases
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with strain and temperature in the two phase region.
Also, the flow softening behavior was noticed along with
dynamic transformation during isothermal multi-pass
torsion tests at a temperature of 940 °C.**¥! From the
above literature, it can be observed that the microstruc-
ture and texture evolution during torsional deformation
of Ti64 alloy are rarely explored. The present investi-
gation makes an effort to understand the deformation
behavior and mechanism of microstructure and texture
evolution during torsional deformation of Ti64 alloy.
The free-end torsion tests were conducted on Ti64 alloy
at three different temperatures: 298 K, 673 K, and 873 K
for strain levels of 0.22, 0.44, 0.66, 0.88, and 0.99
respectively. The microstructure and texture evolution
as a function of deformation strains and temperatures
have been investigated in the present study. VPSC
simulation was performed to understand the relative
activities of slip systems during the deformation.

II. EXPERIMENTAL WORK
A. Sample Preparation

The Ti64 rods of diameter 15 mm were machined
according to ASTM E143 as shown in Figure 1(a) for
torsional deformation. The samples were subjected to
free-end torsion tests in a Biss 100 Nm torsion system at
a constant twist rate of 1 deg/s. The tests were carried
out at three different temperatures of 298 K, 673 K, and
873 K for shear strains of 0.22, 0.44, 0.66, 0.88, and 0.99
respectively. The samples deformed at high tempera-
tures were immediately quenched in water to stabilize
the deformed microstructures. Samples were cut from
the deformed specimens for subsequent characteriza-
tion, which was carried out on the longitudinal surface
parallel to the axial direction, near to the outer radius as
shown in Figure 1(b). The sample surfaces were metal-
lographically polished and electro-polished for
microstructural and textural characterizations. Elec-
tro-polishing was carried out by using an electrolyte of
methanol and perchloric acid (in the ratio of 80:20).
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Fig. 1—Schematic diagram of specimen used in the present study: (a) Specimen used for torsion tests; (b) sample prepared for subsequent

characterization. All dimensions marked in (a) are in mm.
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B. Electron Back Scattered Diffraction (EBSD)

EBSD was carried out in an FEI Quanta 3D FEG
scanning electron microscope for an approximate scan-
ning area of 500 yum x 500 um. A step size of 0.2 um
with identical beam and video conditions was used. The
EBSD scans were analyzed using TSL-OIM Version 6.2

software. In this analysis, grains were identified based
on 15 deg misorientation criterion between each neigh-
boring points. Misorientations inside the grains were
estimated as grain orientation spread (GOS) and kernel
average misorientation (KAM). GOS is defined as the
misorientation between all the measurement points in a

Table I. Voce Hardening Parameters for Different Slip Systems Used in VPSC Simulation
To T 0o 6,
. 208K 673K 873K 298K 673 K 873K 298K 673K 873K 298K 673K 873K

Slip Systems
Basal 50 50 40 10 10 -5 15 15 — 15 10 5 -6
Prismatic 120 130 70 10 10 -5 15 15 — 15 10 5 -6
Pyramidal <a> 290 220 160 10 15 1 20 20 3 10 5 2
Pyramidal <c+a> 1| 320 200 130 10 15 1 20 20 3 10 5 2
Pyramidal <c+a> I 330 220 130 10 15 1 20 20 3 10 5 2
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Fig. 2—Microstructure of the as-received Ti64 sample before subjected to torsion tests: (a) inverse pole figure (IPF) map; (b) phase map; (c)

grain size distribution.
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grain and the grain average orientation. KAM was
measured by calculating the average misorientation of a
kernel (center) point with its nearest neighbor points.

C. X-ray Diffraction (XRD)

A Bruker D8 advance system with a cobalt radiation
source of 2 mm spot size was used for XRD measure-
ments.  Six  poles, such as  (0002),(1010),
(1011),(1012),(1120), and (1013) were measured for
texture analysis. The texture results are represented
using the free Matlab toolbox, MTEX.

III. VISCO PLASTIC SELF-CONSISTENT (VPSC)
SIMULATION

The Version 7 of the Los Alamos VPSC code was
used to predict the texture evolution and relative
activities of various deformation modes during shear
deformation.”” Bulk texture of the as-received sample
obtained from an XRD measurement was taken as input
for the simulation. No twinning was observed in the
experimental results, and hence, it has not been consid-
ered. Dynamic recrystallization (DRX) was observed in
the samples deformed at high temperatures for larger
strains. However, this was also not considered in the

simulation. Deformation modes, such as prismatic slip
{1010} <1120 >, basal slip {0002} <1120 >, pyramidal
<a> slip {1011} <1120>, pyramidal <c+a> T slip
{1011} <1123>, and pyramidal <c+a> 11
{1122} <1123 >, were considered. At high-temperature
simulations, strain rate sensitivity m was taken as 0.2.
The voce hardening parameters for different slip systems
were considered from the works of Zafferer er al., B
and the values are shown in Table I which were found
after comparing with the stress—strain plots of the
present study.

The velocity gradient (L) used for simple shear
process is as follows:

0 -1 0
L=7[{0 0 0 1]
0 0 0

IV. RESULTS

The microstructure of the initial as-received sample is
shown in Figure 2. The initial sample had a wider
distribution of grains, consisting of both fine and coarse
grains, with an average grain size of ~ 7 um. The grain
size distributions of a grains are presented in Figure 2, as

Titanium (Beta)

Fig. 3—IPF maps for the samples after deformation at a temperature of 298 K for different shear strains of: (a) 0.22; (b) 0.44; (¢) 0.66; (d) 0.88;
(e) 0.99. The region marked as black box in (a) is further presented in Fig. 15.
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Titanium (Beta)

Fig. 4—IPF maps for the samples after deformation at a temperature of 673 K for different shear strains of: (a) 0.22; (b) 0.44; (¢) 0.66; (d) 0.88;

(¢) 0.99.

the volume fraction of f grains was observed to be
insignificant (< 1 pct) in the samples (Figure 2(b)).
Figures 3, 4, 5 show the inverse pole figure (IPF) maps
as a function of shear strains during deformations at
various temperatures (298 K, 673 K, and 873 K). The
samples showed a clear refinement of grains as a
function of shear strain during deformation at all
temperatures. However, the rate of grain refinement
was observed to be maximum at an initial shear strain of
0.22. Further, a homogeneous distribution of grains can
also be observed after deformation at all temperatures.
The grains were observed to be aligned while increasing
the shear strains in the samples during deformation. At
the initial stages of deformation, most of the grains were
near-equiaxed in nature and were seen to be aligned
along the axial direction. With an increase in shear
deformation, the alignment of the grains rotated toward
the negative shear direction. At a shear strain of 0.99,
the extent of rotation of the grains has been measured
through the angle between the major axis of the grains
and the shear direction. The rotation (R) of the grains
was measured with respect to shear direction and was
found to be around 32 deg for the samples deformed at
temperatures of 298 K and 673 K, and around 40 deg
for the samples deformed at 873 K. The measured angles
at 298 K and 673 K are in accordance with the
theoretical values, as reported by Canova et al.*!):
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R= %tan_l (%) 2]

where R is the angle between the shear direction and
the major axis of the grain, and 7y is the shear strain
produced during shear deformation. The value of R was
found to be different for experimental and theoretical
values of the sample deformed at a temperature of 873
K. It might be due to the dynamic softening behavior
occurred at that deformation temperature. Further, no
twinning was observed in the microstructures during
deformation at all temperatures, which is generally
observed in Ti64 alloy.***¥ The average grain size of
the samples as a function of shear strains is shown in
Figure 6(a). A decreasing trend in grain size of the
samples as a function of deformation was observed at all
temperatures of deformation. The misorientations inside
the grains in terms of average GOS are shown in
Figure 6(b). With an increase in shear deformation, the
average GOS values were found to be increased at all
temperatures of deformation. However, after deforma-
tion at a temperature of 873 K, the average GOS values
got decreased after a shear strain of 0.44 (Figure 6(b)).
The fraction of DRX grains at different temperatures of
deformation is shown in Figure 6(c). The fraction of
DRX grains was quantified as grains with an average
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Fig. 5—IPF maps for the samples after deformation at a temperature of 873 K for different shear strains of: (a) 0.22; (b) 0.44; (¢) 0.66; (d) 0.88;
(e) 0.99. The regions marked as black boxes in (d, ¢) are further presented in Fig. 16.

GOS < 1 deg and an average grain size > lum, which
has been suggested by many researchers.*****3 It can
be observed from Figure 6(c) that during deformation at
873 K, a significant increment of DRX grains was found
at strains > 0.44.

Figure 7 shows the volume fraction of different grain
boundaries, such as high-angle grain boundaries
(HAGB), low-angle grain boundaries (LAGB), and very
low-angle grain boundaries (VLAGB) at different tem-
peratures of deformation. HAGB was characterized by
the grain boundaries of misorientation 15 to 180 deg
between the grains, and those of LAGB and VLAGB
were 5 to 15deg and 2 to 5 deg, respectively. An
increment in VLAGB and a decrement in HAGB as a
function of shear deformation were observed in the
samples deformed at temperatures of 298 K and 673 K,
although up to a shear deformation of 0.88. However, a
reverse trend, ie., an increment in HAGB and a
decrement in VLAGB, were noticed after a shear strain
of 0.44 at 873 K. Figure 8 shows the KAM distribution
maps of the samples before and after deformation. The
average KAM distribution was observed to increase
with the increase in shear strains at temperatures of 298
K and 673 K. However, deformation at 873 K also
showed a decreased KAM distribution at a higher shear
strain of 0.99. The volume fraction of [ grains was
observed to be increased during deformation at different
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temperatures. This has been estimated in the TSL
analysis software, and the results are presented in
Figure 9. A noticeable increase in f§ phases was observed
in the samples deformed at 873 K for shear strains >
0.66.

Figure 10 shows the texture, in terms of (0002) and
(1010) pole figures, and ODF at constant ® = 90 deg
section, of the initial as-received sample. In both the
pole figures and ODF, the ideal orientations observed®
during shear deformation of HCP metals/alloys are
incorporated. The initial texture was represented by the
plane consisting of axial direction (z) and shear direction
(0), which is normal to the radial direction (r). Five types
of fibers are observed in HCP metals/alloys during shear
deformation, i.e., B fiber (0, 90, and 0 to 60), P fiber (0, 0
to 90 and 30), Y fiber (0, 30, and 0 to 60), CI1 fiber (60,
90, and 0 to 60), and C2 fiber (120, 90, and 0 to 60),
respectively.?® Figure 11 shows the bulk texture devel-
opments, in the form of (0002) and (1010) pole figures,
of the samples as a function of shear strain at three
different temperatures. The initial samples had a fiber
texture almost 90 deg to the ideal B fiber orientation
(Figure 10(a)). With increasing shear deformation, this
fiber rotated toward the ideal B fiber orientation
(Figure 11). However, after the end of shear deforma-
tion, i.e., at a shear strain of 0.99, this fiber was observed
at the ideal C2 fiber orientation, which was at 60 deg
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Fig. 6—(a) Average grain size, (b) average GOS, and (c¢) fraction of DRX of the samples as a function of shear strain after deformation at

different temperatures.

from the ideal B fiber orientation (Figure 11). In
Figure 11, the simulated textures obtained through
VPSC simulation are also included, and these are
discussed subsequently. As also observed from
Figure 10(b), the initial undeformed sample had a fiber
texture at ¢; = 90 and 270 deg which was 90 deg away
from the ideal B fiber orientation. Figure 12 shows the
ODFs, at constant @ = 90 deg section, of the samples
after deformation at different temperatures. It can be
observed from Figure 12 that the initial fiber present at
@1 = 90 deg position got shifted along higher ¢, values
and reached at the ideal C2 fiber orientation. Such
movement in the fiber position was found to be identical
at all three temperatures of deformation.
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The shear stress—shear strain curves were determined
from the torque-twist angle data using Nadai’s formu-
lae,”% which are shown in Figure 13. A decrement in
flow stress values with an increase in the temperature of
deformation was observed. There was a noticeable flow
softening occurred at a temperature of 873 K. The strain
hardening rate 6= (9t/9y) and its derivative 0" =
—(00/0t) against shear stress values are presented in
Figure 14. According to the Poliak-Jonas method,?” the
onset of any dynamic restoration process can be known
by the inflection points in 6 = —(960/97) vs shear stress
(1) curves. The inflection points were observed at O, P,
and Q for deformation temperatures of 298 K, 673 K,
and 873 K, respectively (Figure 14). It was also observed
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Fig. 7—Grain boundary fractions as a function of shear strain after deformation at different temperatures of: (a) 298 K; (b) 673 K; (¢) 873 K.

from Figure 14 that the strain hardening rate was more
at room temperature (298 K) deformation than those at
high temperatures of deformation. Also, the hardening
curves were observed to be shifted to lower stress values
with increasing the temperature of deformation. Stage
IIT and stage IV hardening with a decreased hardening
rate were clearly observed at all three temperatures of
deformation.

V. DISCUSSION

A. Microstructure Evolution

The observed microstructural evolution during shear
deformation of Ti64 alloy can be distinguished from the
previous studies!®*! as: (1) development of microstruc-
tural homogeneity, (2) grain refinement, (3) DRX
grains, and (4) increment in f volume fraction.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The as-received Ti64 samples were comprised of a
wider grain size distribution of both fine and coarse
grains (Figure 2). After shear deformation, the samples
show the refinement of the grains with a homogencous
grain size distribution (Figures 3, 4, 5). Such microstruc-
tural development in the samples under shear deforma-
tion can be understood through Figure 15. As suggested
by Seshacharyulu ez al.,*® shearing of grains favorably
oriented along the applied shear stress will participate in
the shearing process, which will rotate the neighboring
grains into favorable orientation for facilitating the
shearing process, and this will continue as a function of
shear strain and may reach completion at larger strains.
During shearing, dislocations get aligned along the line
of shear, and the dislocations of the same sign are
expected to nucleate an interface along the line of shear.
However, the dislocations of opposite signs get annihi-
lated during the deformation. The subgrain thus formed
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Fig. 8—Kernel average misorientation (KAM) maps as a function of shear strain after deformation at different temperatures.

leads to the fragmentation of the grains at larger strains.
Figure 15(a) shows the schematic representation of the

shearing process as suggested by Seshacharyulu ef a
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l.[38]

A similar mechanism may be found by the previous
researchers on shear deformation.””! Figure 15(b)
shows an enlarged portion of the IPF map of the
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sample deformed at a shear strain of 0.22 (Figure 3(a)).
Figure 15(b) clearly captures the deformation mecha-
nism presented in Figure 15(a). The KAM maps, as
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Fig. 9—Volume fraction of S grains as a function of shear strain
after deformation at different temperatures.
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B -

presented in Figure 8, also shows that the localized
deformation in the samples was observed to be homo-
geneous, which further supports the mechanism pre-
sented in Figure 15(a). With an increase in shear
deformation, the amount of localized deformation was
found to be increased at temperatures of 298 K and 673
K. However, this got decreased during deformation at
873 K because of the dynamic recrystallization. It can
also be observed from Figure 7 that the VLAGBs
increased progressively as a function of shear strain,
which further supports the mechanism presented in
Figure 15(a).

The occurrence of significant flow softening was
observed at a temperature of 873 K (Figure 13). As
suggested by many researchers,””**" flow softening
can be associated with dynamic restoration mechanisms
like dynamic recovery/recrystallization processes, along
with the increment in beta phase fraction by dynamic
phase transformation. The minimum inflection point ‘Q’
in 0" = —(00/0r1) vs shear stress (1) curve (Figure 14(c)),
which is an indication of the onset of DRX phe-
nomenon,”! shows that the onset point of DRX was
found to be approximately around 0.66 shear strain at
873 K. It was also observed in Figure 6(c) that a
significant increment in DRX percentage after 0.66

(b)

Fig. 10—Texture of the as-received Ti64 sar[r;gle before subjected to torsion tests: () (0001) and (1010) pole figures; (b)) ODF at constant & =

90 deg section. As reported in the literature,
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the ideal shear orientations observed in HCP metals/alloys are incorporated in (a, b).
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Fig. 11-—(0001) and (1010) pole figures of the samples as a function of shear strain after deformation at different temperatures. The simulated
pole figures (through VPSC simulation) of the samples after deformation for a shear strain = 0.99 are also incorporated in the figure.

shear strain at 873 K. The gradual transformation of
VLAGB to LAGB and then to HAGB was the possible
mechanism during DRX, as suggested by Sabat er al.>”
and Lin et al"*" This mechanism can be attributed to
the increment in HAGBs accompanied by a simultane-
ous reduction in VLAGBs as observed in Figure 7(c).
Quantitative measurement of the volume fraction of 8
phase is shown in Figure 9. After the initial increment,
the volume fraction of f phase was almost constant
during deformation at temperatures of 298 K and 673
K. However, a significant increment in the volume
fraction of i phase was observed at 873 K for shear
strains > 0.66. It can be related to the deformation

2156—VOLUME 53A, JUNE 2022

induced phase transformation of o — f, normall;/
observed along with the effect of flow softening.?”#* !
The stress gradient across the grain boundaries during
hot deformation provides the driving force for the
diffusion of a-stabilizer (Al) and f-stabilizer SV or Mo)
which induces o« — f phase transformation.*®! To dis-
cuss the f phase evolution, small portions of the IPF
maps from Figure 5 are magnified and shown in
Figure 16. The lattice rotation between adjacent f
grains and the formation of LAGBs inside the f grain
was noticed, which indicates the easier dislocation slip
transfer across o/f grain boundaries.*”) The o titanium
transforms to f titanium by following the Burgers

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 12—ODFs at constant ® = 90 deg of the samples as a function of shear strain after deformation at different temperatures. The simulated
pole figures (through VPSC simulation) of the samples after deformation for a shear strain = 0.99 are also incorporated in the figure.
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Fig. 13—Shear stress vs. shear strain curves of the samples during
deformation at various temperatures.

orientation relationship (BOR), i.e., (0001),//(110),
and [1120],//[111],#**) The BOR between o and f
grains is shown by (0001), (1120), (110), and (111) pole
figures in Figure 16. The co-linearity of BOR was
observed between o and ff phase grains, which can be

related to the ease of occurrence of dynamic transfor-
mation as suggested by Ji er al*).
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B. Texture Evolution

The initial texture of the as-received sample was
formed at 90 deg from the ideal B fiber orientation,
which is an extrusion type texture where the c-axis of the
grains lies in the shear plane and perpendicular to the
axial direction.!"” During torsion deformation, the
c-axis of grains rotated toward the axial direction or
torsion axis which basically rotated the initial texture
toward the ideal B fiber location in an anticlockwise
direction as shown in Figure 11.2>?% It was further
observed that the applied shear strain of 0.99 was not
enough to reach the ideal B fiber location and it stopped
at the ideal C2 fiber location (Figure 11). This was also
evident in Figure 12, which represents the ODFs of the
samples after shear deformation for different strain
levels. The VPSC-simulated textures in the form of pole
figures and ODFs were measured, and the results for a
shear strain of 0.99 at all temperatures of deformation
have been incorporated in Figures 11 and 12. A good
match between the simulated and experimental textures
at 298 K and 673 K was observed. However, a slight
variation in the simulated texture was observed at 873
K, which might be related to the non-consideration of
DRX and f I phase transition in the simulation. The
texture evolution can be correlated with microstructural
changes that occur during shear deformation. It has
been reported that the split in the main texture fiber
component can be related to the changes in grain shape
during shear deformation.?'>" In the present study, the
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Fig. 14—First and second derivatives, i.e., 0 and 0%, of the shear stress vs. shear strain curve against shear stress: () 298 K; (b) 673 K; (¢) 873

K.

undeformed texture transformed to partial fiber texture
after shear deformation, which can be related to the
change in microstructure from a wider grain size
distribution to a near-equiaxed homogencous
microstructure. Similarly, the significant rotation and
elongation of grains at higher shear strains changes the
texture movement along ¢, and ¢; axes (Figure 12).
The slip activities as a function of shear strain during
deformation at different temperatures are shown in
Figure 17. Basal slip was found to be the dominant
deformation mode, followed by prismatic and both
pyramidal <c+a> I and II slip systems, all of which
contribute to the shear deformation during torsion. A
negligible contribution from the pyramidal <a> slip
system was observed. The dominance of basal slip was
also in correlation with the findings of Suwas et al.°"
and Yapici et al.®® who examined the texture evolution
of pure titanium and other hcp materials including Ti64

2158—VOLUME 53A, JUNE 2022

alloy, during the Equal Channel Angular Extrusion
(ECAE) process which is also related to shear deforma-
tion. Although basal slip has higher activity than other
slip systems, prismatic slip also contributed significantly
to reproduce the experimental textures. It was observed
that both basal and prismatic slip systems are opposing
each other as their activities got changed reversely
during deformation (Figure 17). After a shear strain of
0.66, both basal and prismatic slip activities were
maintained constant at 298 K and 673 K. So to
compensate the larger shear deformation, the activity
of pyramidal <c+a> slip system was gradually
increased with increasing the shear strain. However,
the basal slip activity was noticed to increase with strain
at deformation temperature of 873 K. This is in
consistent with the works of Li er al.®* who found the
domination of basal slip at higher temperatures of
deformation, which they relate to the increment in Al
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Fig. 15—(a) A schematic representation of possible mechanism of grain fragmentation during shear deformation; (b) IPF map of the sample
after deformation for a shear strain of 0.22 at 298 K. In (b) different grain boundaries are incorporated to capture the fragmentation of a grain

during deformation.

content. The movement of texture components along ¢
or @ can be related to the activity of <a> type basal,
prismatic, and pyramidal <c+a> slip systems as
reported by Sabat er al.**) The rotation of the partial
fiber texture along ¢; correlates to the activity of basal
and prismatic slip, and the activity of pyramidal <c + a>
slip system beyond a shear strain of 0.66 moves the
texture component along ¢, axis.

VI. CONCLUSIONS

The following conclusions can be drawn from the
present study:

1. The initial microstructure consisting of a large
volume fraction of both fine and coarse grains got
transformed into a near-equiaxed homogencous

METALLURGICAL AND MATERIALS TRANSACTIONS A

microstructure during shear deformation at all
temperatures. Grain fragmentation by subgrain
formation was observed to be the possible mecha-
nism for obtaining microstructural homogeneity.

2. DRX was observed in the samples during deforma-
tion at higher temperatures. However, this was
significant at 873 K for shear strains > 0.66. The
DRX mechanism can be attributed to the increment
in HAGBs accompanied by a simultaneous reduc-
tion in VLAGB:s.

3. The occurrence of dynamic transformation of @ — f§
was also observed at a deformation temperature of
873 K, and this can be correlated to the BOR
between « and f§ grains.

4. The flow stress values decreased as the temperature
of deformation increased. Further, deformation at a
temperature of 873 K showed significant flow
softening which can be attributed to the dynamic

VOLUME 53A, JUNE 2022—2159



(c)

recrystallization and increment in f volume frac-
tion. Higher strain hardening rate was observed
during room temperature deformation as compared
to those at high temperatures. Hardening curves got
shifted to lower stress values with increase in the
temperature of deformation.

Bulk texture measurements showed that initial fiber
texture got rotated up to 30 deg along the shear

2160—VOLUME 53A, JUNE 2022

Fig. 16—(a, b) Magnified view of marked regions [in Fig. 5(d, e)] superimposed with different grain boundaries, (¢, d) Pole figures of « and f
grains marked in (a, b).

direction and reached up to the ideal C2 fiber
orientation after deformation. VPSC simulation
predicted that the dominant deformation modes
during shear deformation of Ti64 were basal slip
followed by prismatic, pyramidal <c+a> I and II
slips. Pyramidal <a> slip had negligible effect
during the shear deformation.
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