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Constitutive Behavior With Microstructure
and Texture Evolution During the High-Temperature
Deformation of Fe11.5Co20.6Ni40.7Cr12.2Al7.8Ti7.2
High-Entropy Alloy

PIYUSH KUMAR , M.R. RAHUL, SUMANTA SAMAL , ABHIJIT GHOSH ,
and GANDHAM PHANIKUMAR

Microstructure and texture evolution of the Fe11.5Co20.6Ni40.7Cr12.2Al7.8Ti7.2 (at. pct) high-en-
tropy alloy during the high-temperature deformation has been investigated in the temperature
range of 1173 K to 1373 K and strain rate of 0.1 to 0.001 s�1. The stress–strain curve obtained
from the deformation indicates significant flow softening at low temperatures. The softening at
1173 K is due to cracking, whereas high-temperature softening is attributed to dynamic
recrystallization (DRX). Arrhenius-type sine hyperbolic relationship is used to carry out the
flow stress analysis, and the predicted flow stress shows good agreement with the experimental
results with an accuracy of (R2 = 0.955), especially when the deformation takes place at a low
strain rate. The estimated strain hardening exponent, n (> 3), and activation energy, Q
(> 400 kJ/mol), indicated that the deformation mechanism is dislocation controlled. Detailed
microstructural and textural characterization of the hot deformed sample has been carried out
using EBSD analysis. Microstructural investigation confirms that dynamic recrystallization is
the primary reason behind the flow softening for the samples deformed at 1273 K and above.
Strain-free recrystallized grains are found to nucleate near the grain boundary region.
Furthermore, the size of the recrystallized grains increases with an increase in temperature and a
decrease in strain rate. The volume fraction of the recrystallized grains is found to decrease with
an increase in the Zener Holloman parameter. DRX grain was found to possess a weak texture
with a low texture index.
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I. INTRODUCTION

INITIALLY, the classical way of alloy design was
based on the addition of the different alloying elements
to a single principal element to get the desired proper-
ties. Recently, a new class of alloy design named
high-entropy alloys (HEAs)[1] gained much attention
because of its ability to expand the range of the
traditional alloying system. These HEAs are being used

in various applications in the field of defense industries,
aerospace industries, and shipbuilding owing to their
excellent mechanical properties.[2] HEAs are a new class
of multicomponent alloy systems, which consist of five
or more principal elements in nearly equiatomic pro-
portions or between 5 and 35 at. pct. It has received
significant research interest over the past decades
because of its outstanding properties, such as high-tem-
perature strength, oxidation resistance, and thermal
stability over a wide range of temperatures.[3,4] The
thermal stability in the HEAs over a wide range of
temperatures is because of its high configurational
entropy, which leads to the reduction of the free energy
of the system and sluggish diffusion that slows the
process of the different distinct phase formation and the
phase transformation as well.[2,5,6] However, a study
done by Otto et al.[7] and further other investigations
concluded that the increase in the configurational
entropy effect is inadequate to restrict the formation of
the secondary phase, and other parameters, such as
mixing enthalpy, play an important role in the forma-
tion of solid solution in HEAs.[8–11] On the other hand,
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superalloys are considered as a perfect candidate for
high-temperature applications, generally above 750 �C,
because of their superior high-temperature properties
along with high formability, which ease the component
fabrication process.[12,13] Furthermore, different refrac-
tory materials like Ru, Re, W, and Mo were added to
the Ni-base superalloy to increase the high-temperature
creep resistance of the turbine blade and so to increase
the efficiency of the engine. But the refractory elements
have some disadvantages like high cost and high density,
especially the addition of Re can be prone to low
castability and casting freckle defects in the
alloys..[4,12,14–16] In 2015, Yeh et al.[17] proposed
FeCoNiCrAlTi-based non-equimolar high-entropy
superalloy (HESA) for high-temperature applications,
which consists of a similar microstructure as Ni-based
superalloy (L12(c¢) embedded in FCC (c) matrix) and
found to possess comprehensive mechanical properties
with few or no additions of the refractory elements. The
density of HESA was below 8.0 g/cm3, which is lower as
compared to Ni-based superalloy, i.e., 8.5–9 g/cm3.
After the discovery of the HESA by Yeh et al.,[17]

various investigation was performed by Tsao et al.
regarding the microstructural stability and various
high-temperature properties of the HESA, which
includes the high-temperature creep and tensile proper-
ties, high-temperature hardness, oxidation, and corro-
sion resistance.[4,16,18–20] Furthermore, Shiyao Chen
et al.[14] studied the diffusion behavior in the
AlCoCrFeNiTi-based superalloys and showed that
many refractory elements have lower diffusivity in this
HEA system compared to Ni-base superalloy. Despite
all the promising properties of FeCoNiCrAlTi HEAs,
the practical applicability of this alloy depends on
achieving minimum ductility or, more specifically,
high-temperature flow behavior.

Although this HEA has been evaluated from different
perspectives in the last few years, no study has been
focused on the hot deformation behavior, specifically,
microstructure and texture evolution during hot defor-
mation in detail. Therefore, the aim of the present
investigation is to understand the hot deformation
behavior of FeCoNiCrAlTi alloy and the resulting
microstructural and textural evolution during the defor-
mation under a wide range of processing temperatures
and strain rates. Further, a predictive model based on
the Arrhenius-type sine hyperbolic relationship needs to
be developed from the experimentally measured flow
stress behavior.

II. EXPERIMENTAL METHOD

The dual-phase high-entropy alloy (DP-HEA) is
fabricated by an arc melting process using the highly
pure form of Fe, Co, Ni, Cr, Al, and Ti, with a purity
level ‡ 99 pct. The nominal composition of the prepared
DP-HEA is Fe11.5Co20.6Ni40.7Cr12.2Al7.8Ti7.2 (at. pct).
The ingot was prepared using an arc melting route under
the highly pure argon atmosphere of purity level ‡ 99.7
pct. The ingot was remelted five times to ensure the
chemical homogeneity of the alloying elements during

the liquid phase. Furthermore, the button-shaped ingot,
which was prepared from the arc melting route, was
suction cast in a cylindrical rod of diameter 6 mm using
the water-cooled Cu split mold. To understand the
high-temperature deformation behavior of the prepared
alloy, the cylindrical specimen of diameter Ø = 6 mm
and length 9 mm was taken out from the suction-cast
cylindrical rod. The isothermal compression test was
performed on the specimen using Gleeble @ 3800
thermomechanical simulator within the temperature
range of 900 �C to 1100 �C (1173 K to 1373 K) and
strain rate varying from 0.001 s�1 to 0.1 s�1. The sample
was heated at the rate of 5 K/s to reach the desired
temperature and held for 5 min at that temperature to
ensure the homogeneous distribution of temperature
throughout the specimen before the initiation of com-
pression. After the sample was compressed up to 0.6
true strain, the compressed specimen was rapidly cooled
to retain its deformed microstructure. As the samples
cooled down, it was cut into two parts along the
compression axis, and the microstructure analysis was
carried out along that (See electronic supplementary
Figure S1 for a schematic illustration). Furthermore, to
identify the texture of the deformed specimens, the
electron backscattered diffraction (EBSD) analysis was
carried out, for which the sample was polished following
standard metallographic techniques, followed by
0.05 lm-sized colloidal silica suspension. For the data
Acquisition, AzTec software by oxford instrument was
used, the data were exported in.ctf and.cpr format for
the analysis, and HKL channel 5 system software, as
well as MTEX toolbox in MATLAB software, was used
for the processing of data. The separation of the
recrystallized and non-recrystallized grains was done
based on the grain orientation spread (GOS< 0.1).

III. RESULT AND DISCUSSION

A. Stress–Strain Curves

The engineering stress–strain curves obtained from
the hot deformation at various strain rate and temper-
ature are shown in Figure 1. Flow stress is found to
decrease with an increase in temperature at a particular
strain rate, whereas flow stress increases with the
increase in the strain rate at a constant temperature.
In all the flow curves, flow softening phenomena become
dominant after an initial short hardening period. Work
hardening may have contributed to the initial flow
hardening. As expected, the peak stress value is found to
be strongly dependent on the deformation temperature.
In case of deformation at 1173 K temperature, the
softening effect is severe. At 0.1 s�1 strain rate, the flow
curve drops down to 400 MPa stress value at 0.4
engineering strain from 900 MPa peak stress value. In
order to identify this abnormal softening effect, the
microstructures of the hot deformed samples after 0.6
true strain, followed by water quenching, have been
studied at low magnification under SEM and are shown
in Figure 2. Interestingly, major cracks, as shown by the
arrow in Figure 2, are found to develop in the region
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close to the center of samples deformed at 1173 K. The
softening behavior observed at other deformation tem-
perature may have other reasons, which is discussed in

detail in the latter section. Recently, Reliance et al.[21]

depicted the deformation behavior of a single-phase
FCC CoCrFeNiV high-entropy alloy in the temperature

Fig. 1—Engineering stress vs Engineering strain plot of FeCoNiCrAlTi DP-HEA for different temperatures and stain rate (a) 0.1 s�1 (b) 0.01 s�1

(c) 0.001 s.�1.

Fig. 2—Cracks developed during the deformation at the following parameters (a) 1173 K SR0.1 (b) 1173 K SR0.01 (c) 1173 K SR0.001.
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range of 1073 K to 1373 K at a strain rate of 0.1 s�1. In
that study, except for the sample deformed at 1073 K,
all other samples exhibit similar behavior, i.e., exhibiting
a peak strength followed by a steady strength value as
deformation progress. In the case of low-temperature
deformation (1073 K to 1173 K), deformation bands
evolved, whereas the formation of annealing twins was
reported in the case of high-temperature deformation
(1273 K to 1373 K). At 1173 K and 1273 K, the
observed peak stress is approximately twice in the
present alloy as compared to the single-phase FCC
CoCrFeNiV high entropy. However, at 1373 K, approx-
imately 20 pct lower peak stress has been observed in the
present investigation compared to the single-phase FCC
CoCrFeNiV high-entropy alloy. For further analysis,
the engineering stress–strain is converted into true
stress–strain by using the following formula:

rTrue ¼ rEngg 2Engg þ1
� �

½ðiÞ�

2True¼ ln 2Engg þ1
� �

½ðiiÞ�

where rTrue denotes the true stress, rEngg denotes the
engineering stress, 2Engg denotes engineering strain and
2True denotes true strain.

B. Modeling of Flow Curves and Calculation of Hot
Deformation Parameters

Flow stress of the material during high-temperature
deformation is affected by the strain, strain rate, and
deformation temperature, and the relationship between
the parameters is expressed by using an appropriate
constitutive equation. Here, the flow analysis is carried
out using the Arrhenius-type hyperbolic sine
relationship.

_e ¼ A� sinh arð Þ½ �n� exp
�Q

RT

� �
½1�

where A is a material constant, Q is the activation
energy in J/mol, R is the universal gas constant
8.314 J/mol-K, T is the deformation temperature in K,
r is the deformation stress in MPa, _e is the strain rate in

s�1, A, n, and a are material constants in which a ¼ b
N.

Furthermore, the effect of the parameters like tem-
perature and strain rate during hot working conditions
can be combined using Zener–Holloman Parameter
(Z),[22,23]and it is defined as:

Z ¼ A� sinh arð Þ½ �n¼ _e� exp
Q

RT

� �
½2�

Here, Q is the activation energy in J/mol, R is the
universal gas constant 8.314 J/mol-K, T is the deforma-
tion temperature in K, r is the deformation stress in
MPa, _e is the strain rate in s�1, A, n, and a are material

constants in which a ¼ b
N.

Now, taking the natural logarithm of Eq. [1], it can be
written as:

1

n
ln _eð Þ þ 1

n

Q

RT

� �
� 1

n
lnA ¼ ln sinh arð Þ½ �n ½3�

Furthermore, the following equation can be derived
by the partial differentiation of Eq. [3].

n ¼ d ln _eð Þð Þ
d ln sinh arð Þð Þð Þ ½4�

Hence from Eq. [4], the value of ‘n’ can be determined
by taking the average of the slope of lines to form the
plot of ln _eð Þ vs lnðsinh arð Þ as shown in Figure 3(c).
Similarly, the activation energy Q can also be calcu-

lated by taking the partial differentiation of Eq. [3], and
it is as follows:

Q ¼ Rn
dðlnðsinh arð ÞÞ

d 1=Tð Þ ½5�

It is also be written as Q = 10,000 � R � n � s.
Here, s is the slope of the linear fit of the plot between

10,000/T vs lnðsinh arð ÞÞ as shown in Figure 3(d).
Similarly, the different material constants can be calcu-
lated by linear fitting of different plots. The value of b
can be calculated from the slope of the plot between r vs
ln _eð Þ and the values of N can be calculated from the
slope of the plot between lnr vs ln _eð Þ as shown in
Figures 3(a) and (b).
The material constant A can also be calculated by

taking the natural logarithm of Eq. [2], which can be
expressed as

lnðZÞ ¼ lnðAÞ þ n� ln sinh arð Þð Þ ½6�

from Eq. [6], the intercept in the plot between ln (Z) vs
lnðsinh arð ÞÞ will give the value of ‘A’ as shown in
Figure 3(e).
It is worth to be mentioned here that a severe

through-thickness crack evolved during the deformation
at 1173 K results in unusual flow behavior, and thus, the
flow curves obtained at 1173 K are excluded from the
model prediction.
Finally, the flow stress as a function of strain, strain

rate, and temperature can be predicted using the
following Arrhenius model:

r ¼ 1

a
ln

Z

A

� �1
n

þ Z

A

� �2
n

þ1

 !1
2

0

@

1

A ½7�

Various model parameters have been estimated by
fitting the constitutive model at every 0.05 strain interval
and are listed in Table I.
The value of different parameters Z, r , and _e

calculated at strain 0.6 is expressed by the following
equation:

Z0:6 ¼ _e exp
433253

RT

� �
½8�
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Fig. 3—Calculation of parameters at strain 0.6 (a) b (b) N (c) n (d) s (e) lnZ.
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_e ¼ 7:14� 1014

� sinh 0:009252� r0:6ð Þ½ �4:11� exp
433253

RT

� �
½9�

r0:6 ¼
1

0:009252
ln

Z0:6

7:14� 1014

� � 1
4:11

þ Z0:6

7:14� 1014

� � 2
4:11

þ1

 !1
2

0

@

1

A

½10�

Here, the relationship obtained from Eq. [10] helps in
predicting the required flow stress at a given true strain
(here, it is 0.6), temperature, and strain rate during the
metalworking process.

Hence, the dependence of material parameters such as
‘Q’ and ‘n’ on different strains is established by using the
above equations. The polynomial relationships are given
below:

Q ¼ 1045:67� 97:80eþ ð�1591:9Þe2 ½�

n ¼ 4:15�7:31eþ ð29:04Þe2 þ ð�28:4Þe3 ½�

Finally, the flow curve has been predicted from the
material constants and the Arrhenius model estimated
above over the wide range of stain rate and temperature,
as shown in Figures 4(a) through (c). The predicted flow
stress shows satisfactory agreement with the experimen-
tal results with an accuracy of R2 = 0.955, as shown in
Figure 4(d). The prediction is good at a low strain rate.
However, a considerable amount of error has been
observed for low strain with high-strain rate data,
Figure 4(a).

C. Microstructure of the As-Cast Sample

A scanning electron micrograph of the as-cast sample,
prepared by the arc melting technique, is shown in
Figure 5(a). Small precipitates are found to be embed-
ded inside the matrix. The microstructure mainly
consists of two phases, a disordered FCC matrix (c)
and an ordered L12 precipitate (c¢), as confirmed by

XRD analysis, shown in Figure 5(b) (see electronic
supplementary Figure S2 for the corresponding phase
diagram). The weak intensity of the ordered c¢ phase
signifies the lower volume fraction of that phase. The
volume fraction of ordered precipitates is expected to be
less than 5 pct. The evolution of ordered L12 precipitate
(c¢) in this alloy was also reported by Yeh et al. and
Te-Kang Tsao et al.[17,19] in different studies. However,
the volume fraction of the order phase in the present
study is found to be less as compared to the volume
fraction of the order phase reported in those studies.
EBSD analysis has been carried out on the as-cast to
reveal further microstructural and microtextural infor-
mation. The inverse pole figure map of the as-cast
sample is represented in Figure 6(a). The as-cast alloy
consists of larger grain which is unevenly distributed
throughout the scanned area. The grain size distribution
of the investigated sample is shown in Figure 6(b). The
average grain size is found to be around 390 ± 120
microns. As expected for the as-cast sample, all the grain
boundaries are found to be high angle (> 15 deg) in
nature, as shown in Figure 6(c).

D. Microstructural and Texture Analysis of the Hot
Deformed Sample

In order to understand the overall flow behavior, the
microstructural and microtextural study has been car-
ried out after the hot deformation. EBSD scans are
performed on the plane containing compression direc-
tion at the center portion of the deformed samples. The
inverse pole figure maps of the investigated samples are
shown in Figure 7. At a high-strain rate and low
processing temperature, 1173 K and SR = 0.1. The
grains are found to be deformed and elongated perpen-
dicular to the compression direction. On the other hand,
at high temperatures and low strain rates, 1373 K
SR = 0.001, new equiaxed grains are found to evolve.
These new equiaxed grains are the results of dynamic
recrystallization. For further confirmation, the grain
orientation spread (GOS) map of the investigated
sample is constructed and shown in Figure 8. Fine
grains are found to have a small GOS level and, thus,
are a product of dynamic recrystallization. The extent of

Table I. Estimated Model Parameters

Strain N b a n s Q lnA

0.05 6.392243 0.031193 0.005939 3.916657 3.224773 1050.085 89.918
0.1 5.688553 0.030767 0.006061 3.639797 3.272127 990.1870 84.329
0.15 5.306033 0.03234 0.006365 3.542467 3.325837 979.527 83.198
0.2 5.257193 0.035017 0.006688 3.6142 3.2667 981.593 83.323
0.25 5.312077 0.03726 0.00687 3.749683 3.039387 947.524 80.29
0.3 5.332643 0.03935 0.007111 3.84669 2.765873 884.5644 74.68
0.35 5.4547 0.041773 0.007287 4.015707 2.4697 824.5484 69.376
0.4 5.376777 0.043197 0.007597 4.022067 2.211187 739.4089 61.774
0.45 5.440933 0.045417 0.007902 4.104823 1.926253 657.38212 54.405
0.5 5.509537 0.047527 0.008199 4.1845 1.669857 580.9420 47.578
0.55 5.538333 0.050123 0.00867 4.206667 1.4604 510.76360 41.21
0.6 5.407857 0.051743 0.009252 4.110397 1.267793 433.25363 34.202
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dynamic recrystallization depends on the deformation
temperature and strain rate; therefore, the fraction of
recrystallized grain varies depending on the processing
conditions. In order to quantify the fraction of recrys-
tallized grain, a threshold GOS of 0.1 deg was consid-
ered, and grains having less than 0.1 deg GOS are
considered as recrystallized grain. The subset of
dynamic recrystallized grain is shown in Figure 9. The
fraction of recrystallized grain is negligible (< 2 pct) in
the case of 1173 K and SR = 0.1. Recrystallized
equiaxed grains are found to start evolving from the
grain boundary region. The triaxial state of stress at the
grain boundary might have promoted dynamic recrys-
tallization at the grain boundary region. Percentage of
dynamically recrystallized grains increases with the
increase in temperature and with the decrease in the
strain rate of the deformation. At the temperature of
1373 K and the fraction of recrystallized (DRX), grains
are more than 60 pct, even at a strain rate of 0.1. The
average recrystallized grain size was 5.82 ± 1.7 lm.

Grain growth after dynamic recrystallization has also
been observed at higher temperatures and lower strain
rates. The grain growth phenomenon is quite prominent
in sample of 1323 K and SR = 0.01, where the recrys-
tallized fraction is 58 pct, and the average grain size is
around 20.35 ± 7.09 lm. Higher holding time and at
high temperature may have contributed to grain growth
in these samples.
An attempt has been made to study the deformation

and recrystallization texture of the investigated samples.
IPF map with respect to compression direction (CD) has
been constructed after taking a subset of the recrystal-
lized and deformed grain, as shown in Figure 10. We
could not detect any trend in the deformed texture with
respect to deformation temperature and strain rate. In
most cases, the selected region for EBSD analysis is
covered by a few deformed grains and may not be
statistically enough to comment on the overall texture
development in the deformed grains. On the other hand,
a clear trend of a decrease in texture index or weak

Fig. 4—Comparison between the experimental and predicted flow stress data using the Arrhenius model at different strain rates.
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texture has been observed in the recrystallized grains. In
order to understand the deformation texture, macrotex-
ture analysis has been carried out for the sample tested
at 1173 K, where the fraction of recrystallized grain is
negligible (< 2 pct). Inverse pole figures with respect to
compression direction (CD) of the investigated samples

are shown in Figure 11. In all the samples, fiber texture
having CD||< 001> has been observed. In the case of
the lowest strain rate of 0.001, the presence of an
additional texture component CD||< 111> has also
been found.

Fig. 6—(a) Inverse pole figure mapping (b) grain size distribution (c) misorientation angle distribution.

Fig. 5—(a) SEM of as-cast sample (b) XRD Analysis.

3256—VOLUME 54A, AUGUST 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A



IV. DISCUSSION

The flow curve of investigated samples shows signif-
icant softening after the initial hardening period. The
flow hardening effect was short and limited within a
small strain (< 0.05 strain) in most of the investigated
samples tested on or above 1273 K except for 1273 K,
SR = 0.1 and 1323 K, SR = 0.1 samples. In those
samples, shorter holding time (due to the highest strain
rate of 0.1) may have contributed to the development of

a wide range of hardening zone. On the other hand, in
the case of a lower strain rate (0.01 s�1 and 0.001 s�1),
longer holding time is expected to annihilate the
dislocation substructure or low angle boundary and
reduce the hardening effect.
Several factors are found to contribute to the flow

softening behavior, such as the formation of cracks and
dynamic recrystallization. The flow softening is highest
in the samples hot deformed at 1173 K (as shown in
Figure 1) among all the samples. Microstructural anal-
ysis reveals that the percentage of dynamic recrystallized

Fig. 7—EBSD inverse pole figure (IPF) maps of the specimens hot
compressed specimen compressed at different strain rates and
temperatures.

Fig. 9—Grain orientation spread (GOS< 0.1) maps of the
specimens hot compressed specimen compressed at different strain
rates and temperatures.

Fig. 10—Inverse pole figure (IPF) obtained from the EBSD data
depicting the crystallographic texture parallel to the compression
Axis (CA) for the recrystallized region (GOS = 0.1). T shows the
texture index of each IPF plot.

Fig. 8—Grain orientation spread (GOS) maps of the specimens hot
compressed specimen compressed at different strain rates and
temperatures.
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grain is negligible (< 2 pct) in those samples. Therefore,
dynamic recrystallization should not be the primary
reason behind observed softening in those samples, and
flow softening is mainly due to the development of
cracks (as shown in Figure 2). The maximum flow stress
of the samples deformed at 1173 K is high, i.e., above
600 MPa. In addition, due to the absence of DRX in
these samples, the microstructures consist of coarse
grains (mean grain size is greater than 90 lm), Figure 7.
These factors might have contributed to the develop-
ment of severe through-thickness crack in the central
region of samples, deformed at 1173 K.

In the present work, an attempt has been made to
predict the flow stress at different deformation condi-
tions using the constitutive equation based on the sine
hyperbolic function of stress. The obtained stress
exponent ‘n’ and activation energy Q at different strain
rates are shown in Figure 12. At all strain levels (0.05 to
0.6), the obtained ‘n’ value Figure 12(a) is found to be
above 3, which implies the deformation mechanism is
related to dislocation climb. The estimated activation
energy is found to decrease with strain, as shown in
Figure 12(b). This decreasing trend suggests the occur-
rence of dynamic recrystallization.[24] Strain-free
microstructure, after dynamic recrystallization, facili-
tates easy movement of dislocation and thereby reduces

the activation barrier. The activation energy reduces to
433 kJ/mol at a 0.6 strain. The activation barrier for
self-diffusion of Fe, Co, Ni, Cr, Al, and Ti is 309 kJ/mol,
270 kJ/mol, 304 kJ/mol, 313 kJ/mol, 142 kJ/mol, and
303 kJ/mol, respectively.[24–26] Here, the estimated value
of activation energy is higher than the activation energy
of self-diffusion of the individual elements. This indi-
cates some part of the activation barrier is mechanically
driven.[24]

Electron backscattered diffraction (EBSD) analysis on
the hot deformed sample, as shown in Figure 7, con-
firms the occurrence of DRX. Small grains developed as
a result of dynamic recrystallization are strain free with
very low GOS value. The fraction of recrystallized
grains is found to increase with increasing temperature
and decreasing strain rate, Figure 9. In order to combine
the effect of both strain rate and temperature, the Zener
Holloman parameter has been introduced. The percent-
age of dynamic recrystallized grain vs Zener Holloman
parameter is shown in Figure 13. Overall, the volume
fraction of recrystallized grain is found to decrease with
an increase in ln (Z). A similar observation has been
reported in other studies.[8] The grain size of the
recrystallized sample has been calculated separately, as
shown in Figure 14. Clearly, in the case of low strain
rate and high temperature, there is a considerable

Fig. 11—Macrotexture analysis of (a) As-cast sample, (b), (c), and (d) sample deformed at 1173 K, T indicates the texture index.

Fig. 12—Variation of parameters (a) n and (b) Q with true strain.

3258—VOLUME 54A, AUGUST 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A



amount of grain growth. Therefore, intermediate defor-
mation temperature and high-strain rate are expected to
provide the best condition for uniform deformation
since the microstructure contains optimum DRX with
negligible grain growth.[27]

In order to understand the overall hot deformation
mechanism, crystallographic texture has been analyzed
in detail. The texture index of the recrystallized region of
the deformed sample is lower when compared to the
as-cast sample. It indicates that the development of
random texture is due to dynamic recrystallization.
Some other studies also made similar observations on
dynamic recrystallized samples.[2,8] It can also be con-
cluded that orientation-dependent grain growth did not
occur. On the other hand, two different types of texture,
such as CD||< 001> and CD||< 111> , have been
found to evolve in deformation texture at 1173 K.

Further in-depth analysis is required for a complete
understanding of deformation texture.

V. CONCLUSIONS

The microstructural and textural evolution during the
hot deformation of the FeCoNiCrAlTi dual-phase HEA
in the large range of processing parameters is studied,
and the flow stress prediction is aided with the help of
numerical simulations. After the analysis of the obtained
results, the following conclusions were drawn:

(i) Sine hyperbolic-based constituent equations
depicting the relationship between the flow stress
and strain rate with deformation temperature at
0.6 true strain are as follows:

_e ¼ 7:14� 1014

� sinh 0:009252� r0:6ð Þ½ �4:11� exp
433253

RT

� �
½�

r0:6 ¼
1

0:009252
ln

Z0:6

7:14� 1014

� � 1
4:11

þ Z0:6

7:14� 1014

� � 2
4:11

þ1

 !1
2

0

@

1

A

½�

The Arrhenius-type sine hyperbolic constitutive equa-
tion predicts the flow stress with an accuracy of
R2 = 0.955 at the strain 0.6. The estimated activation
energy at 0.6 strain is 433.25 kJ/mol.

(ii) The reduction of the flow stress in the flow
curve after attaining the peak stress is mainly
because of two reasons, i.e., because of the
formation of cracks when the material is
deformed at low temperature and because of
the occurrence of dynamic recrystallization at
higher temperature deformation, which has
already been supported by the microstructural
observation.

(iii) Initially, the formation of the recrystallized
grains starts near the grain boundary and starts
to form a necklace kind of structure. Further-
more, the size of the recrystallized grains
increases with an increase in temperature and
decrement in strain rate. The volume fraction of
the recrystallized grains is found to decrease
with an increase in the Zener Holloman
parameter.

(iv) Random texture is found to evolve during
dynamic recrystallization, and the overall tex-
ture index reduces because of DRX.
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Fig. 13—Effect of Zener Hollomon parameter on the recrystallized
fraction.

Fig. 14—Variation of recrystallized grain size w.r.t. temperature.
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