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In the present study, the microstructure, texture and mechanical properties of Ti6Al4V (Ti64) alloy during
deformation at low temperatures (i.e., around its service temperature in aerospace applications) have been
investigated. The samples were subjected to uniaxial tension at temperatures of 298, 673, and 873 K for
different % elongations. Refinement of both a and b grains was observed during deformation at all the
studied temperatures. The a-grain refinement was identified to be of continuous dynamic recovery and
recrystallization (CDRR) type. It was also found that the Burgers orientation relationship (BOR) between a
and b grains refined the b grains, whereas any deviation from the relationship refined the a grains. The
basal texture was observed to be tilted about 10-50� away from the normal direction (ND) of the samples
after deformation. Stage III hardening was observed in the samples during deformation at all the studied
temperatures. Athermal hardening was seen up to 4% deformation of the samples at a temperature of
673 K. Further, the athermal hardening rate was found to be more at 673 K deformation temperature as
compared to those at 298 and 873 K due to higher activity of basal slip system at 673 K.

Keywords athermal hardening, burgers orientation relationship,
EBSD, microstructure, texture, Ti-6Al-4 V, uniaxial
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1. Introduction

Ti6Al4V, a two-phase (a + b) titanium alloy, is predomi-
nantly used in aerospace applications because of its special
properties, such as high temperature strength, high strength to
weight ratio, excellent fatigue resistance, and fracture tough-
ness (Ref 1-3). The alloy is mainly used as aircraft structural
components and engine parts, which are subjected to different
loading conditions, such as tension, shear and bending during
their service operations. (Ref 4, 5). The working temperature of
the alloy in aerospace applications is around 300-400 �C
without losing its strength (Ref 2). The major slip systems for
the HCP (Hexagonal close-packed) a-phase consist of {0001}
basal, { 1010} prismatic, and { 1011} pyramidal slip planes
with < 1120> as slip direction (Ref 6-9). In addition,
the <c + a> type slip system comprises of f1011g first
order pyramidal and f1122g second order pyramidal slip planes
with < 1123> as slip direction. The slip systems of BCC
(Body-centered cubic) b -phase include {110}, {112} and
{113} as slip planes with <111> as slip direction (Ref 6-9).

Although twinning is one of the important deformation modes
for pure titanium and some other titanium alloys, it gets
remarkably suppressed for Ti64 alloy because of its higher Al
content (Ref 7, 10).

Owing to the high temperature applications of Ti64 alloy,
significant research has been carried out on its microstructure
and texture evolutions during deformation at elevated temper-
atures. The flow behavior of Ti64 alloy during hot compression
tests was studied in the temperature range of 815-955 �C by
Semiatin et al. (Ref 11, 12). They identified the dislocation
glide/climb process as the main mechanism during deforma-
tion. Vanderhasten et al. (Ref 13) studied the deformation
mechanisms of Ti64 alloy during tensile testing up to 1050 �C.
For a deformation temperature from 25 to 650 �C, they found
that dynamic recovery was prominent without any dynamic
recrystallization. However, both dynamic recrystallization and
dynamic growth were observed during deformation at higher
temperatures (Ref 13). Ti64 alloy consisting of metastable a¢

martensite as the starting microstructure, subjected to high
temperature tensile deformations within the temperature range
of 700 - 900 �C, was studied by Matsumoto et al. (Ref 14).
They found dynamic globularization was associated with an
occurrence of discontinuous dynamic recrystallization. Sesha-
charyulu et al. (Ref 15, 16) have found the super-plasticity
nature of Ti64 alloy in the temperature range of 750-950 �C
during their isothermal compression tests with strain rates less
than 0.0001 s�1. They also identified the adiabatic shear bands
in the a-b region due to flow instabilities that occurred at strain
rates higher than 1 s�1. The globularization response of
lamellar a microstructure was studied at sub-transus and near-
transus temperatures (Ref 17-19). Warwick et al. (Ref 18)
conducted hot rolling experiments on b-annealed Ti64 alloy in
the a-b region, i.e., at a temperature of 950 �C, and observed
the softening of initial (0002)a texture and kinking of a
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colonies. Yang and Yang (Ref 20) have studied the deforma-
tion microstructure and texture of Ti64 alloy during the hot
compression process in the temperature range of 850-930 �C
and strain rate range of 0.01-1 s�1. They reported that dynamic
recrystallization took place during deformation at high temper-
ature (930 �C) and lower strain rates (0.01 s�1). They also
observed the formation of stronger texture above 930 �C, which
became weaker below this temperature. Leo Prakash et al. (Ref
21) studied the effect of b-phase on microstructure and texture
evolutions during hot rolling of b-quenched Ti64 alloy at 800
and 950 �C temperatures. They reported recrystallization
phenomenon in b-phase and the formation of new texture

component at u1= 90�, U = 55� and u2 = 45� during hot
rolling. Murty et al. (Ref 22) have done groove rolling
experiments on Ti64 alloy and found the formation of strong
< 1010> a // RD fiber texture at or above 650 �C. Sabat et al.
(Ref 23) subjected the Ti64 plates to hot rolling at 600 and 800
�C up to 90% reduction in thickness. They found that the
relative activity of pyramidal slip was higher at 600 �C than at
800 �C. They also observed the formation of a dominant basal
texture irrespective of the temperature and degree of deforma-
tion. The texture components in Ti64 samples were observed to
be {0001} < 1010> , { 1011} < 1210> , { 0112} < 1010>
and { 0110} < 1010> during the cold rolling experiments
carried out by Jiang et al. (Ref 24). It has also been found that
the presence of b-phase influences the deformation behavior of
a-phase in the two-phase structure of Ti64 alloy. A Burgers
orientation relationship (BOR) between the a and b phases
exists, and this refines the b grains through dislocation slip
transmission during deformation (Ref 25-29). However, the
deviation in BOR between a and b phases refines the a grains,
as suggested by Jha et al. (Ref 27).

Based on the previous studies, it is observed that most of the
studies on the deformation behavior of Ti64 alloy were carried
out above 600 �C and in the region of (a + b) phase. It is thus
important to understand the deformation behavior of the alloy

Fig. 1 Schematic of tensile specimens used in the present study (all
dimensions are in mm)

Fig. 2 Microstructure of as-received Ti64 sample before subjected to uniaxial tensile test: (a) Inverse pole figure (IPF) map; (b) Phase map; (c,
d) Grain size distributions of a-and b-phases
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at lower temperatures, which are generally the service temper-
atures of the alloy in aerospace applications (Ref 2, 3). In the
present study, the alloy has been subjected to uniaxial tension at
room temperature (298 K), 400 (673 K) and 600 �C (873 K),
respectively, for different % elongations to investigate its
microstructure, texture and mechanical properties as a function
of deformation. The effect of b -phase on the deformation
behavior of the alloy has also been examined.

2. Experimental Work

2.1 Material and Sample Preparation

Ti6Al4V (grade 5) alloy sheet of 1 mm thickness was used
as the starting material for the present study. Thin sheets of
Ti64 are often used in making aircraft structural components
and engine parts, such as low-pressure compressor blades and
fan blades (Ref 2, 3). The initial sheet was cut into micro-

tensile test samples, as per the ASTM E8 standard shown in
Fig. 1. The samples were subjected to uniaxial tensile tests at
temperatures of 298, 673, and 873 K for deformations up to
their failure. The tests were performed on an Instron 5567
screw-driven UTM (Universal Testing Machine) at a constant
strain rate of 1 9 10� 3 s�1. Three tensile tests were conducted
at each temperature of deformation, and the average values of
the test results are reported in this study. The microstructure and
texture evolution after 4, 12, 20% elongations and also after the
failure of the samples were examined using electron backscat-
tered diffraction (EBSD) technique. The EBSD measurements
were taken near the necking regions of samples after deforma-
tion. However, for the samples deformed up to failure, this was
performed near the fracture. Samples were metallographically
polished using different grits of SiC grinding papers followed
by electro-polishing for EBSD characterization. Electro-polish-
ing was carried out by using an electrolyte consisting of
methanol and perchloric acid (80:20) at a temperature of � 10
�C and at a voltage of 25 V for 15 s time.

Fig. 3 IPF maps as a function of percentage elongation of the samples after uniaxial tensile tests at different temperatures. The black circled
regions marked in (d, e, f, g) are further presented in Fig. 11
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2.2 Electron Backscattered Diffraction (EBSD)
Measurements

EBSD measurements were taken by using an FEI Quanta
3D FEG scanning electron microscope under the identical beam
and video conditions. A step size of 0.1 lm was used for the
measurements. TSL-OIM Version 6.2 software was used for the
analysis of the EBSD scans. In this analysis, grains were
identified based on the 15� misorientation criterion between
each neighboring points. Schmidt factor for different slip/
twinning systems was estimated using the TSL-OIM software.
The deformation gradient for the stress state was taken as

1 0 0
0 0 0
0 0 0

0
@

1
A to calculate the Schmidt factor values.

3. Results

The microstructure of the as-received Ti64 sample before
being subjected to uniaxial tension is shown in Fig. 2. The
inverse pole figure (IPF) map and its corresponding phase map
are shown in Fig. 2(a) and (b). A near-equiaxed microstructure
with approximately 9 lm average grain size of a-grains was
observed in the sample (Fig. 2a and c). The b-grains were
found to be around 6% and were predominantly seen at the
grain boundaries and the triple junctions of a-grains (Fig. 2b).
The average grain size of b -grains was measured to be � 2 lm
(Fig. 2d). Figure 2(a) also reveals that the as-received sample
had dominant near basal orientations of a-grains.

Figure 3 shows the IPF maps of the sample as a function of
% elongation after uniaxial tension at different temperatures. A

Fig. 4 Phase maps as a function of percentage elongation of the samples after uniaxial tensile tests at different temperatures. The black circled
regions marked in (a, e, i) are further presented in Fig. 13
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Fig. 5 Average grain sizes as a function of percentage elongation of the samples after uniaxial tension at different temperatures: (a) a-grains
and (b) b-grains

Fig. 6 Grain boundary fractions as a function of percentage elongation of the samples after uniaxial tension at temperatures of: (a) 298 K, (b)
673 K and (c) 873 K
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decrease in grain size without a noticeable change in the
textures of the samples is observed in Fig. 3. The correspond-
ing phase maps of the samples after deformation are presented
in Fig. 4. It is seen in Fig. 4 that the b grains remained at the
boundaries of a-grains and also at the triple junctions of a-
grains. Also, the volume fraction of b-grains appeared to
decrease with an increase in the % elongation of the samples.
Figure 5 shows the average grain size of both a and b grains as
a function of % elongation of the samples. A monotonous
decreasing trend in grain size with an increase in % elongation
of the samples was observed. The number fraction of grain
boundaries, namely high angle grain boundaries (HAGB) of
misorientation 15-180�, low-angle grain boundaries (LAGB) of
misorientation 5-15� and very low angle grain boundaries
(VLAGB) of misorientation 2-5�, are outlined in Fig. 6. A
decrease in the fraction of HAGBs and an increase in the
fraction of VLAGBs were observed up to 20% deformation at

all the studied temperatures. Figure 7 shows the texture
developments in the form of (0002) pole figures for the
samples deformed at different temperatures. The basal texture
intensity was observed to be concentrated at 10-50� away from
the normal direction (ND) of the samples after deformation.
Figure 8 presents the orientation distribution functions (ODFs)
at constant u2 = 0� section for the a-grains of the samples
before and after deformation. Texture developments in the b
grains are not included, as the volume fraction of b grains was
low in the samples and their texture changes were observed to
be insignificant after deformation. The as-received material had
a texture concentrated at around u1 = 165� and U = 30o which
was along ð0113Þ< 7251> orientation. After deformation at a
temperature of 298 K, the initial texture component got
weakened at 4% elongation. On increasing the % elongation,
the texture concentration got shifted to u1 = 90� and U = 17�
which was along ð0116Þ< 0331> orientation. On increasing

Fig. 7 (0002) pole figures of the samples as a function of percentage elongation during uniaxial tension at different temperatures
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the % elongation at a deformation temperature of 673 K, the
texture got concentrated at u1 = 135o and U = 20� which was
along ð0116Þ< 3141> orientation. At failure, the texture
concentration again got shifted to u1 = 35� and U = 20�, i.e.,
along ð0116Þ< 5501> orientation. During deformation after
12% elongation at 873 K, the texture was observed to be
concentrated at two positions, u1= 130� and U = 25�, i.e.,
along ð0114Þ< 2131> orientation and also at u1= 40� and
U = 24�, i.e., along ð0114Þ< 6712> orientation. Thereafter,
texture weakening was observed up to the failure of the
samples.

Figure 9 represents the Schmid factor distribution of the
samples during deformation at different temperatures. The
Schmid factor value signifies the activity of slip systems during
deformation. The active slip systems have higher Schmid factor
values than the non-active slip systems. The Schmid factor for
pyramidal <c+a> slip system was observed to be higher
compared to the other slip systems at all the studied temper-
atures of deformation. It was further observed that the Schmid
factors for basal and prismatic slip systems changed signifi-
cantly during the plastic deformation of the samples. The true
stress–strain curves and the corresponding hardening curves
with respect to true stress values are shown in Fig. 10. Typical
stress–strain curves (Fig. 10a) showed that the high tempera-
ture (873 K) deformed samples were plastically deformed to
higher strains than those deformed at lower temperatures. Flow
stress values got decreased with the rise in temperature of
deformation. Figure 10(b) shows the variation of work hard-
ening rate with true stress of the samples. Stage III hardening
can be clearly seen at all temperatures of deformation. This is

attributed to the recovery process and the cross slip of
dislocations during plastic deformation (Ref 30). The dislo-
cations arrange themselves and reduce the stored energy for
further deformation process. Stage III hardening is more
sensitive to temperature (Ref 30, 31) and hence, the hardening
rate was found to decrease with an increase in the temperature
of deformation (Fig. 10).

4. Discussions

4.1 Microstructure and Texture Evolutions

To explore the possible mechanism of grain refinement at
room temperature, the IPF maps after 12 and 20% deformation
were examined. Figure 11 shows the magnified views of the
circled regions marked in Fig. 3. However, similar observations
were made from the entire microstructures of the samples
during deformation. It is seen in Fig. 11 that the VLAGBs
appeared adjacent to the LAGBs indicating a gradual transfor-
mation of VLAGBs to LAGBs and finally to HAGBs. Further,
the fraction of HAGBs was found to decrease with an increase
in the amount of strain supporting the mechanism of gradual
refinement of the grains at room temperature (Ref 32, 33). A
similar mechanism of grain refinement was also observed
during deformation at high temperatures (673 and 873 K).
However, the rate of grain refinement was seen to be reduced,
which could be attributed to the annihilation of dislocations at
high temperatures (Ref 34). The Schmid factor for pyrami-
dal < c+a> slip system was almost the same at all the

Fig. 8 ODFs, at constant u2 = 0�, of a-grains as a function of percentage elongation of the samples after uniaxial tension at different
temperatures

Journal of Materials Engineering and Performance Volume 32(11) June 2023—5103



studied temperatures of deformation (Fig. 9). It indicates that
the pyramidal <c+a> dislocation activity was more at high
temperature as compared to room temperature because high-
temperature deformation decreased the critical resolved shear

stress (CRSS) required for the activation of pyrami-
dal <c+a> slip. It has been reported (Ref 34) that the
pyramidal <c+a> dislocation being unstable decomposes
into <a> and <c> type dislocations and the former par-

Fig. 9 Average Schmid factor values for various slip systems during uniaxial tension at temperatures of: (a) 298 K, (b) 673 K and (c) 873 K

Fig. 10 (a) True stress versus true strain and (b) Work hardening rate versus true stress for the samples deformed at various temperatures
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ticipates in the annihilation of <a> type dislocations which
are already present in the material, resulting in delaying of
VLAGBs to LAGBs conversion and thus delayed the grain
refinement at high temperatures. The grain boundary fraction
plotted in Fig. 6 supports the fact of the delayed grain
refinement mechanism because the sample deformed at 673 K
had a higher fraction of VLAGBs and LAGBs as compared to
those deformed at room temperature. Hence, the grain refine-
ment mechanism can be attributed to the continuous dynamic
recovery and recrystallization (CDRR) type (Ref 23, 33, 35).
Another mechanism of large average grain size at high
temperature deformation can be attributed to the high mobility
of grain boundaries, which depends on the temperature of
deformation assuming the nature of the misorientation to be the
same among the grains present in the microstructure (Ref 36).
CDRR mechanism leads to complete recrystallization with a
uniform grain structure at 873 K (Fig. 4l), whereas it induces
partial recrystallization with elongated grains at 673 K temper-
ature (Fig. 4k). To understand the dislocation activity during
the CDRR mechanism, KAM (Kernel average misorientation)
maps were plotted and shown in Fig. 12 for the corresponding
regions shown in Fig. 11. The KAM value of each measure-
ment point of the EBSD scan is calculated as the average
misorientation of a kernel (center) point with its nearest
neighbor points. It can be observed that the dislocation activity
was higher near to the sub-grain boundaries (Fig. 12). Further,
the dislocation activity was higher for higher % elongation of

the samples (Fig. 12b) which could be attributed to the higher
number fraction of sub-grain boundaries.

It was observed that the texture intensity maxima got
changed as a function of deformation strains at all the studied
temperatures of deformation (Fig. 8). As no twinning was
observed during the deformation of the samples (Fig. 3), the
shift in texture components along u1 and U section of ODFs
can be attributed to the pyramidal <c + a> and <a> type
dislocation activities (Ref 23, 37). A relatively higher shift in
the texture component along the U axis was seen up to 4%
deformation at high temperatures as compared to the deforma-
tion at room temperature, indicating the higher activity of
pyramidal <c + a> dislocations. The Schmid factor plot
(Fig. 9) supports the above fact because the average Schmid
factor values were almost the same for the samples deformed at
room and high temperatures. Hence, higher activity of pyra-
midal <c + a> dislocation is expected at high temperature
because the rise in temperature of deformation decreases the
CRSS required for the activity of pyramidal <c + a>
dislocation. The pyramidal <c + a> dislocation being unsta-
ble dissociates into < c> and < a> type dislocations, and
the interaction of later one with other < a> types of dislo-
cations either increases or decreases the dislocation content
resulting in the grain refinement. It was observed that the
sample deformed at 673 K had more athermal dislocation
content (discussed in the following section) compared to the
sample deformed at 298 K indicating that the extent of grain

Fig. 11 Magnified views of the marked regions in Fig. 3 superimposed with grain boundaries of the samples after deformation: (a, b) 12 and
20% deformed at 298 K, (c, d) 12% deformed at 673 and 873 K. The white color arrow mark shows the presence of LAGBs adjacent to
VLAGBs
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refinement is similar at 673 and 298 K at a strain of 4%. It is
also clearly noticed from the Schmid factor values (Fig. 9) that
the Schmid factor for the basal slip system was relatively higher
at 673 K compared to 298 K (dotted circle in Fig. 9) after a
strain of 4%.

The effect of b -phase on the grain refinement mechanism is
seen in Fig. 13, which shows the magnified phase maps of
samples after deformation at different temperatures. It has been
suggested by Suri et al. (Ref 28) and Savage et al. (Ref 29) that
the Burgers orientation relationship (BOR) between a and b
phases determines the ease of dislocation slip transfer and
dislocation pileup along a/b grain boundaries. A colinearity of
BOR between a and b phases eases the dislocation slip transfer,
while the lack of BOR develops dislocation pileup and stress
concentration at a/b interface (Ref 25, 26). The crystallographic
orientation relationship between a and b phases can be
determined by BOR as follows: ð0001Þa==ð110Þb and

< 1120> a==< 111> b (Ref 38, 39). In Fig. 13, the b grain
along with its adjacent a grains was selected to identify the
BOR between a and b phases through (0001), ð1120Þ, (110)
and (111) pole figures. It can be observed that satisfaction of
BOR exists between a and b grains (Fig. 13a) and allows the
dislocation slip to transfer across the a/b interface, as shown by
the formation of LAGBs inside the b grains which can further
transforms into HAGBs for refinement of b grains. A
significant deviation in BOR was also observed between the
b and a grains (Fig. 13a), and slip transfer is likely to be
blocked between a and b phases resulting in dislocation pileup
at the interface, as suggested by Jha et al. (Ref 27). Due to this
pileup, stress concentration develops at the a/b interface

leading to dislocation rearrangement and the formation of
LAGBs in a grains (Ref 27). With an increase in the extent of
deformation, these LAGBs are expected to get converted into
HAGBs resulting in the fragmentation of a grains.

4.2 Mechanical Property

The true stress versus strain curve indicates that the stress
value decreased with a rise in the temperature of deformation
(Fig. 10a). The rate of hardening was found to be higher at
room temperature deformation compared to that at high
temperatures (Fig. 10b). From the hardening curves, both
athermal hardening (h0) and the value for stage III hardening
(hIII) were found to decrease with increase in stress value. It
could also be observed that the athermal hardening rate was
higher for the sample deformed at 673 K compared to the
sample deformed at room temperature and 873 K (Table 1).
Athermal hardening rate (marked by the circles in Fig. 10a)
indicates the amount of dislocation stored in the material during
deformation and was observed in the sample up to 4%
deformation. The athermal hardening value was more for the
sample deformed at 673 K in contrast to that at 298 K which
could be attributed to the higher value of Schmid factor for the
basal slip system at 673 K compared to 298 K (Fig. 9). Hence,
the average grain size after 4% deformation was seen to be
approximately the same for the samples deformed at 298 and
673 K. On further increase in the amount of deformation, the
average grain size of the sample got decreased, but the extent of
grain refinement was greater for the sample deformed at room
temperature compared to that at high temperature. This could

Fig. 12 KAM maps of the samples, shown in Fig. 11, after deformation: (a, b) 12 and 20% deformed at 298 K, (c, d) 12% deformed at 673
and 873 K
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be attributed to the rate of annihilation of dislocations, which
was higher at high temperatures of deformation. The mechan-
ical properties in terms of strength during deformation are
further captured by the mean free path of the dislocations, as
shown in Fig. 14. It can also be seen that just after the marked
circles in Fig. 10(a), the mean free path of dislocations

increases with the stress value, which indicates the annihilation
of dislocations during deformation. Since no deformation
twinning was observed in the samples, the annihilation of
dislocation could be attributed to the increased activity of
pyramidal <c + a> dislocations (Fig. 9).

5. Conclusions

Ti64 alloy has been subjected to uniaxial tension at
temperatures of 298, 673 and 873 K for different % elonga-
tions, respectively. The microstructure, texture and mechanical
properties of the alloy after deformation have been investigated
in the present study. The observations made from the present
study can be summarized as follows:

(1) Refinement of both a and b grains was observed as a
function of deformation strains at all the studied temper-
atures of deformation. The mechanism of such refine-
ment in a- grains was identified to be of CDRR type.
Complete recrystallization was observed during defor-
mation at 873 K, whereas partial recrystallization was
noticed at 673 K.

(2) A BOR between a and b grains was also observed in
the alloy. The satisfaction of BOR between a and b
grains was found to be refined the b grains. However,
any deviation from the relationship refined the a grains
during deformation.

(3) The basal texture was observed to be tilted about 10-50�

away from the ND of the samples after deformation.
Texture components got shifted more along U-axis at
higher deformation temperatures compared to those at
room temperature. The activity of pyramidal
<c + a> slip was found to be higher during deforma-
tion at high temperatures.

(4) Stage III hardening was observed in the samples de-
formed at all the temperatures. The athermal hardening
was observed up to 4% deformation of the sample, and
it was more at 673 K deformation temperature compared
to those at 298 and 873 K. This was attributed to the
higher activity of basal slip system at 673 K.

Fig. 13 Magnified views of marked regions in Fig. 4 superimposed
with different grain boundaries of the samples after deformation: (a)
12% deformed at 298 K, (b) 12% deformed at 673 K and (c) 20%
deformed at 873 K

Table 1 The athermal and stage III hardening rates at
different temperatures of deformation

Deformation Temperature, K h0 hIII

273 25,290.09 � 18.00
673 27,021.08 � 29.75
873 22,506.74 � 33.50

Fig. 14 Mean free path of dislocations vs true stress curves of the
samples deformed at various temperatures
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