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Multicomponent Co,oCuyoFeagNixeTize eutectic high entropy alloy (HEA), processed by vacuum arc
melting cum suction casting technique was studied. The microstructure of this eutectic HEA consists bcc
(B) and fcc (or,) solid solution dendritic phases and eutectics (fcc (ot1) plus Tix(Ni, Co)-type Laves phase).
Serrations in the flow behaviour are attributed to multi substitutional solutes in the multi-phase mi-
crostructure. Based on the detailed analysis of mechanical data together with deformed microstructural
characterization, the optimum thermo-mechanical processing conditions for hot working are identified
as T=930-990 °C (1203-1263 K) and strain rate range of 10~ 3s~'-10"1s~ .

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

A recent review of open literature [1,2] in the last decade on
the multicomponent alloys designates high entropy alloys as
promising candidate materials in various potential applications
due to their outstanding properties. The concept of multi-
component equiatomic or near equiatomic HEAs was first ad-
vocated by Yeh et al. [3], which has closely been followed by many
research groups across the globe [4-9]. Earlier, it was anticipated
that the multicomponent alloys are associated with intermetallic
phases, complex microstructure and poor mechanical properties
[3-5]. On the contrary, the microstructures of the HEAs are ex-
perimentally often found to be consisting of single phase solid
solutions of FCC and/or BCC phases. Single phase solid solutions
are hypothesized to form due to high configurational entropy as-
sociated with equiatomic mixing, which minimizes their free en-
ergy. These simple structures also show excellent thermal stability
at high temperatures [10,11]. There are several effects of alloying
multiple elements [1] such as high entropy, severe lattice distor-
tion and sluggish diffusion [12,13] which enable to interfere with
complex phase formation, slow down phase transformations and
consequently alter properties. Nevertheless, the understanding of
the physical metallurgy of multicomponent HEAs is still at its
beginning stage. Several future research trends in the field of HEAs
can be foreseen.
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Yeh et al. [3] investigated the microstructure and properties of
CuCoNiCrAlxFe alloys produced by casting and splat quenching
and found that these alloys maintained their strength up to 500 °C.
Senkov et al. [14] synthesized the refractory NbysMossTazsWos and
V2oNbyoMo0,0TazgWo9 HEAs and observed the retention of strength
of refractory HEAs at high temperature. The microstructural evo-
lution [15], room temperature mechanical properties [16] and
phase stability [17] of Ti-Cu-Fe-Co-Ni HEA have been reported
recently in the literature. In the last few years, a lot of research
work has been under progress in finding the new compositions as
well as new types of multicomponent HEAs. Therefore, multi-
component eutectic high entropy alloys consisting of both solid
solution phases and eutectics can be considered as potential can-
didates for high temperature structural applications.

Manufacturing process on novel alloys can be designed only by
understanding the flow stress behaviour and the microstructure
control during hot working processes [18]. And microstructure is
greatly influenced by thermo-mechanical processing parameters
such as temperature, strain rate and strain during deformation at
elevated temperature. The hot deformation behaviour and pro-
cessing maps of titanium alloys [19,20], magnesium alloys [21,22],
superalloys [23-25] has been very well documented in the litera-
ture. However, there have been very limited studies on thermo-
mechanical processing (TMP) of HEAs and processing maps of
HEAs because of their high strength and low ductility even at
elevated temperature [26,27]. Further, the fundamental under-
standing of the principle mechanisms for the serrations in flow
behaviour, and the correlation of the deformed microstructural
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features with the generated deformation processing map of eu-
tectic high entropy alloys has not been documented sufficiently in
the literature.

Thus, the objective of the present investigation is to identify
optimum TMP conditions to obtain defect free hot worked pro-
ducts. This is achieved by studying the influence of temperature
and strain rate on the deformation characteristics of multi-
component equiatomic Co-Cu-Fe-Ni-Ti eutectic HEA. In the pre-
sent study, the TMP of multicomponent eutectic HEA was carried
out, and the deformation processing maps were developed.

2. Experimental materials and procedures

High purity commercial Co, Cu, Fe, Ni and Ti ( > 99.9%) were
used as the starting materials. The multicomponent Co, Cu, Fe, Ni
and Ti alloy was synthesized by arc melting under ultra high purity
argon gas on water cooled copper hearth to obtain arc melted alloy
button. The arc melted alloy button was subsequently suction
casting into a water-cooled split Cu-mold to obtain cylindrical rod
having 10 mm diameter and aspect ratio of 7:1. The phase iden-
tification of suction cast cylinders (¢p=10 mm) was examined by
X-ray diffraction (XRD) (Panalytical X-pert pro instrument) with
Cu-K, (A=0.154056 nm) radiation, operating at 45 kV and 30 mA,
with step size of 20=0.017 deg. The peaks in the diffraction pat-
terns were identified using International Committee for Diffraction
Data (ICDD) database in PCPDFWIN software. The phase distribu-
tion and compositional analyses of suction cast and heat treated
samples were observed using the scanning electron microscope
(Inspect F) equipped with an energy-dispersive spectrometer. The
micrographs were obtained in the back scattered electron (BSE)
imaging mode to reveal the different phases in the microstructure
due to atomic number (Z) contrast. In addition, the composition of
different phases in the microstructure was measured by using
energy dispersive X-ray spectroscopic (EDS) analysis. Transmission
electron microscopy (TEM) observations were carried out using a
200 kV (TEM, FEI G* 20UT) microscope. The specimen for TEM
observation was prepared by the standard preparation technique,
which includes cutting of 3-mm disks, grinding, dimpling, and
subsequent ion-milling at 5 kV at an angle of 5° until perforation
occurred.

Isothermal hot compression tests of the cylindrical samples
(=10 mm and aspect ratio of 1.5:1) were carried out using
Gleeble 3800® thermo mechanical simulator at different de-
formation temperatures of 800 °C (1073 K), 900 °C (1173 K), 950 °C
(1223 K) and 1000 °C (1273 K) with constant strain rates of 10~",
1072 and 10~3s~!. A graphite sheet was placed in between
sample ends and anvil (along with Ni paste) to ensure sufficient
lubrication during each test in order to minimize friction. All the
samples were heated by direct resistance heating system at a
heating rate of 10 K/s from room temperature to the testing tem-
perature and soaked for 5 min at that temperature to obtain the
uniform distribution of temperature in the entire sample. The
variation of the deformation temperature should be controlled
with 2°C error limit. All the tests were conducted in the argon
atmosphere. The samples were deformed to a total true strain of
€~0.7 that corresponds to 50% reduction in the height of the
sample and were quenched with distilled water to freeze the
microstructure. During the process of compression, the flow stress
was recorded as a function of true strain for each strain rate and
deformation temperature. The microstructural analysis of the de-
formed samples was carried out on cross-sections which were cut
along the compression axis.

3. Results and discussion
3.1. Structural characterization

The XRD patterns of the suction cast (¢p=10 mm) multi-
component Co,oCuygFe,gNiygTizg eutectic high entropy alloy (HEA)
is shown in Fig. 1a. The XRD pattern shows the intense diffraction
peaks corresponding to fcc (o) (Fm3m), fcc (o) (Fm3m), bee (B)
(Im3m) solid solution phases and the Laves phase (Tiy(Ni, Co)-type
(FD3m)).

3.2. Microstructural characterization

A detailed SEM characterization of the multicomponent
Co,0CuyoFeyoNixgTisg eutectic high entropy alloy (HEA) was carried
out. A representative SEM micrograph of the alloys is shown in
Fig. 1b, which illustrate the various phases formed in this equi-
molar alloy. The different phases in the microstructure are marked
based on the EDS compositional measurements. The multi-
component Co,oCuygFexgNixgTizg eutectic HEA shows the presence
of different phases i.e. Co-rich solid solution (o) phase with light
gray contrast, Ti-rich solid solution () phase (black contrast), Cu-
rich solid solution (o) phase with white contrast and Tix(Ni, Co)-
type Laves phase with dark-gray contrast. The eutectic matrix is
between the o;-phase and Tiy(Ni, Co)-type Laves phase. The vo-
lume fraction of Ti-rich solid solution () phase (black contrast)
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Fig. 1. (a) XRD pattern and (b) BSE-SEM micrograph (o4: Cu-rich solid solution, ay:
Co-rich solid solution and p: Ti-rich solid solution) of multicomponent
CoooCuyoFeyoNiyTizg eutectic high entropy alloy.
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Fig. 2. TEM micrograph of the suction cast (=10 mm) multicomponent Co,oCuzoFe;oNixoTizo eutectic high entropy alloy, annealed at 1223 K and soaked for 5 min, followed
by quenching distilled water, revealing detailed microstructural features (a) FCC (a2) and eutectic, (b) BCC (B) and eutectic, (c) Twins, defects in FCC («;) phase, and

(d) presence of small crystals in FCC («;) phase.

and Co-rich solid solution (o) phase with light gray contrast are
1.6 +£ 0.3% and 77.3 &+ 1.5% respectively, whereas volume fraction of
the eutectic (Cu-rich solid solution (o) plus Tiy(Ni, Co)-type Laves
phase (0)) is 21.1 + 0.6%.

The suction cast (=10 mm) multicomponent
Co,0CuyoFeyoNiyoTise eutectic HEA was annealed at 950 °C for
5 min to obtain a uniform distribution of temperature throughout
the specimen, followed by quenching with distilled water to freeze
the microstructure. A detailed TEM characterization of the an-
nealed Co-Cu-Fe-Ni-Ti eutectic HEA was carried out. The re-
presentative TEM micrographs of the annealed sample are shown
in Fig. 2 to elucidate the fine scale microstructural features. The
phases in the microstructure are identified by analyzing the ob-
tained selected area diffraction pattern. The microstructure reveals
the presence of eutectic between fcc (o;) and Tiy(Ni, Co)-type
Laves phases as well as bcc (f) and fcc (o) dendritic phases
(Fig. 2a and b). It is also observed that fcc (1) phase is twinned,
defective in nature (Fig. 2c¢) and also contains large number of
small crystals (Fig. 2d).

4. Compressive mechanical behaviour at elevated temperature

The true stress-strain curves of the multicomponent Co-Cu-Fe-
Ni-Ti eutectic HEA at different temperatures (800 °C (1073 K),
900 °C (1173 K), 950 °C (1223 K) and 1000 °C (1273 K)) and at
different strain rates (10~ !,1072 and 10~ 3 s~ ') were obtained for
the suction cast cylinder samples with diameter (¢)=10 mm
having an aspect ratio of 1.5:1.

4.1. Flow behaviour of Co-Cu-Fe-Ni-Ti eutectic HEA

Fig. 3a and b show the true stress () — true strain (€) curves of
the multicomponent Co,oCuygFesgNiygTizg eutectic HEA at various

testing temperatures of 800 °C (1073 K), 900 °C (1173 K), 950 °C
(1223 K) and 1000 °C (1273 K), and at a highest strain rate of 10~!
and at lowest strain rate of 103 s~!, respectively. The DSC and
time-temperature plot (Fig. S1 in Supplementary section) of eutectic
HEA shows endothermic peaks > 1000 °C, 1024 °C, 1090 °C and
1095 °C, which correspond to the melting temperature of eutectic,
bee (B) and fec (o) phases, respectively. Hence, it is clear that there
is no phase transformation during the deformation of the studied
eutectic alloys up to 1000 °C. It is also evident from Fig. 3 that the
flow stress decreases with increase in temperature at a given strain
rate (¢). Similarly, the flow stress (o) increases with increase in the
strain rate at a given deformation temperature. The flow stress
reaches a maximum value at a critical strain followed by a softening
that continues up to a strain of 0.7, except at 1223-1273 K and at
10~3 s~ 1, where there seems to be steady state beyond a strain of
0.3 [28, 29]. It is interesting to note that the drop in flow stress from
peak stress to softening stage is lower at higher strain rates
(10~'s~ 1) as compared to that at lower strain rate of 107351,
During deformation, at first the matrix i.e. fcc (o) and bee (B)
(~79%) in the microstructure takes the load and deforms ex-
tensively up to the yield point of the matrix and subsequently the
load is transferred to the interdendritic phases (~21%) i.e. eutectic
phases (fcc (o) plus Tix(Ni, Co)-type Laves phase).

It is observed that the flow curves of the multicomponent eu-
tectic HEA exhibit globulization or dynamic recrystallization and
propagation of cracks at different combinations of temperature
and strain rate. However, the flow curves at the lowest strain rate
(¢) and at highest deformation temperature show continuous flow
softening which is attributed to globulization or dynamic re-
crystallization. The large drop in stress value after yield point
could be due to dynamic recrystallization, which in general is at-
tributed to softening during hot deformation. The dynamic glo-
bulization kinetics in the Ti-6Al-4V alloy with colony micro-
structure was extensively studied by Semiatin et al. [29].
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Fig. 3. True stress — true strain plots at different temperatures and strain rates of
(a)10~'and (b) 10351,

It is interesting to note that the serrations are prominent at
higher strain rate (10~!s~'), and the amplitude of serrations is
increasing with decrease in the temperature. In contrast, at lower
strain rate (10~ 3s~1), the serrations are prominently visible at
lower temperature but not at higher temperature. Although, the
specific rationale for serrations is not very clear at this moment,
the following analysis is a plausible explanation. Due to more
number of phases (a, o, B and eutectic phase), the deformation
behaviour of this HEA appears to be complex. It is important to
note that the eutectic (t;-phase and Ti(Ni, Co)-type Laves phase)
is harder as compared to other phases in the microstructure of the
present studied alloy because of its lamellar morphology, which is
characterized by interlamellar spacing (A). Usually, such high
strength of eutectic is attributed to Hall-Petch type mechanism
[30] i.e. oy=00+kn AL 12); where oy is the yield strength of the
material, oo is the friction stress, and ky is Hall-Petch slope. In
general, interlamellar spacing (A) is directly proportional to the
diffusion coefficient (D) [31]. Since diffusion is known to be slug-
gish in high entropy alloys [13], interlamellar spacing (A) will be
smaller. Therefore, the strength of eutectic will be more. However,
the fcc (o) phase (77.3 + 1.5%) is the softer phase due to the
presence of large number of active slip systems. Among these
phases, the softer phase at a specific temperature and strain rate
deforms first. While this phase becomes softer due to changes
within its microstructure, the other hard phases within the mi-
crostructure bears the maximum deformation and hence the

stress goes up. This process continues until the deformed micro-
structure becomes uniform throughout. Thus, it is interesting to
note that amplitude of the serrations is decreased at higher strains,
which is consistent with the above analysis.

Zhang et al. [32] reported the serration behaviour in the ma-
terials, is attributed to the different flow units such as dislocations,
twins, grain boundaries etc., and dependence of flow unit with
temperature and strain rate. Antonaglia et al. [33] reported tem-
perature effects on the serration behaviour of MoNbTaW and
Alg sCoCrCuFeNi alloys through compression experiments at con-
stant strain rate. The serration characteristics for the present
Co,oCuyoFeyoNiygTiyg eutectic HEA can also be understood based
on the temperature and strain rate. It is clear that the serration
behaviour i.e. the amplitude of serration decreases with increase
of temperature at a particular strain rate (Fig. 3). One possible
reason could be that the thermal vibration energy for pinning the
solute atom is more at high temperature i.e. the pinning effect of
solute atom around dislocation is lesser at high T. Since the sole
products of HEAs are considered as the solid solution phases,
hence each element can be considered as solute atoms. The ser-
rations in the flow curve start appearing after some amount of
plastic strain, which is necessary for enhancing the solutes diffu-
sion to affect the dislocations. It is also evident from Fig. 3 that the
amplitude of serrations is more at lower strain rate i.e. the am-
plitude of serration at a strain rate of 103 s~ ! is high as compared
to strain rate of 10~ !s~! for a particular temperature of 1073 K.
Since atoms get more time to lock the dislocation at lower strain
rate, the amplitude is higher. To summarize the flow behaviour,
the combination of testing temperature and strain rate play a vital
role in specific deformation characteristics.

Further, it is reported in the literature [34] that there are mainly
three different types of serration statistics in the flow curve of the
materials, such as Type A or locking type of serrations, which are
characterized by rise and drop of stress with discontinuous fre-
quency in the general level of stress-strain plot, Type B serrations,
which are manifested by means of rise and drop of stress in quick
succession in the stress-strain curve and finally, Type C or unlocking
type of serrations is due to stress drop below the general level of
stress—strain curve. It is important to note that the type of serrations
in the plastic regime of flow curve (Fig. 3) of the present eutectic
HEA was found to vary from Type A (1073 K), to Type A+B (1173 K,
1223 K, 1273 K) for a given strain rate of 10~ ! s~ !, whereas at strain
rate of 10351, the type of serrations changes from Type A+B
(1073 K, 1173 K) to Type B (1223 K, 1273 K). Thus, it is clear that the
serration characteristics change from Type A to Type B with various
combinations of temperature and strain rate.

5. Constitutive mechanical behaviour of multicomponent
COzocuZoFezoNionizo eutectic HEA

The flow stress of a material (o) is correlated with the strain (&),
strain rate (¢) and temperature (T) by means of the constitutive
equations. The constants in the constitutive equations are derived
from the test data and validated with the experimentally de-
termined values.

The flow curves at peak stress values in the stress-strain re-
sponses are expressed by means of power law equation:
é=Ac“exp[£]

RT )

where ¢ is the strain rate, Q is the activation energy corresponding
to the deformation mechanisms occurring during hot working, c is
the peak or steady state stress, A is the material constant which is
experimentally determined, n is stress exponent, R is universal gas
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Fig. 4. (a) plot between ¢ and o and (b) ¢ and 1/T; used for calculating the acti-
vation energy (Q). It is important to note that the flow stress data is taken at strain
(e)=0.7; ¢ and o are in logarithmic scale.

constant (=8.314 J/mol-K) and T is the temperature in Kelvin. The

activation energy (Q) is the physical parameter, which signifies the

plastic deformability. The Q-value can also be calculated as follows.
Taking logarithm of both sides of power law Eq. (1), we get

Q

loge=logA + nlogs — — %
08e=108A + N0BY ~ 5 303RT @)

The slope of logé vs loges (i.e. 311252 ) at different deformation

temperature T gives stress exponent value (n), whereas the slope

of logs and 1/T (i.e. 0‘2'1"%) at different strain rate ( ¢) gives the

activation energy (Q).

The activation energy (Q) for the multicomponent
Co,oCuyoFeyoNiyoTizg eutectic HEA was calculated at a strain of 0.7.
The plot between logé and logo at different deformation tem-
perature T, logo and 1/T at different strain rates (¢) are shown in
Fig. 4a and b, respectively. The average value of the slopes of loge
vs logo at different T (i.e. the stress exponent n) is calculated as 3.1.
Thus, the activation energy (Q) is estimated as 318 kJ/mol, 277 kJ/
mol and 316 kJ/mol at a true strain (¢)=0.1, 0.2 and 0.7, respec-
tively. Therefore, the constitutive equation which describes the
flow stress of the multicomponent Co,oCuyoFe;oNizeTizg eutectic

HEA as a function of ¢ and T at strain (€) of 0.7 can be written as:
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807 827 847 867 887 907 927 947 967 987

v
S

log(strain rate, s™)

1080 1100 1120 1140 1160 1180 1200 1220 1240 1260
Temperature (K)
Temperature (°C)
0 807 827 847 867 887 907 927 947 967 987

(b)

log(strain rate, s™)
N
N

1080 1100 1120 1140 1160 1180 1200 1220 1240 1260
Temperature (K)

Fig. 5. 2-D contour maps of the efficiency of power dissipation at a true strain of
(a) 0.2 and (b) 0.7 and Domain C corresponds to the instability map of the alloy
delineating unstable and stable regime at a true strain of (a) 0.2, and (b) 0.7.

. 3.1 ( 316000)
&~ o 'exp|-

RT 3)

However, it is important to note that this constitutive equation
for the studied Co,oCuygFe,gNiygTiyg eutectic HEA describes the
correlation between the strain rate and the stress within this
temperature range. Roy et al. [35] reported the activation energy in
the range 265-370 kJ/mol for commercial Ti-6Al-4 V with o col-
ony microstructure. And the hot deformation behaviour of this
alloy at different temperatures and strain rates is explained on the
basis of different factors such as dynamic recovery, globularization,
dynamic recrystallization (DRx), grain boundary sliding etc. Ac-
cording to power law equation, the activation energy for the
present eutectic HEA is ~316 kJ/mol and the stress exponent value
is ~3. Since eutectic HEAs are new class of materials and all ele-
ments are considered as major substitutional solutes, the
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Fig. 6. BSE-SEM micrograph of multicomponent Co,0Cu,oFe,oNisoTizg eutectic high entropy alloy, deformed at (a) 1223 K and (b) 1273 K with strain rates of 1073 s, (ay:
Cu-rich solid solution, ay: Co-rich solid solution and B: Ti-rich solid solution, Left: low magnification and Right: corresponding high magnification).

activation energy for the interaction of the solute atoms with
dislocations consist of combination of both energy for the forma-
tion of vacancy and also energy for solute migration. Thus, sub-
stitutional solutes are considered as one of the possible rate con-
trolling factor for the occurrence of serrations in the flow curve.

6. Generation of processing map

The processing map can provide guidelines about safe sec-
ondary processing window of strain rate and temperature based
on the power dissipation efficiency and instability domains. Thus,
the power dissipation efficiency and deformation instability maps
for the multicomponent Co,oCuyoFexgNiygTiye eutectic HEA were
generated using dynamic material modeling (DMM). This model
assumes that plastic flow during hot working is a dynamic, non-
linear and irreversible phenomena [36,37]. In general, the hot
working of the materials is characterized by the constitutive
equations which relates the flow stress (o) to strain (€), strain rate
(¢) and temperature (T). The strain rate sensitivity parameter
(m) and the efficiency of power dissipation (1) are key parameters
in DMM. The DMM model assumes that the total instantaneous
power absorbed by the work piece from the equipment is dis-
sipated by means of two ways: (a) temperature rise i.e. dissipater
content G, which is the power dissipated via plastic deformation
and, (b) microstructural change i.e. dissipater co-content, ], which
is dissipated through different metallurgical processes such as

dynamic recovery, dynamic recrystallization, flow localization,
shear band formation and phase transformations etc.

The strain rate sensitivity parameter (m) is given by the fol-
lowing equation:

m—d_o-—(alﬂ)
“de olne’T 4)

de
For an ideal linear power dissipater, m=1 and J . = 0¢/2.
Whereas for a non-linear power dissipater, the efficiency of power

dissipation is given by the following equation:

_J _ 2m
= " m+1 (5)

J max

The condition for instability [38] is represented by a di-
mensionless instability parameter (&(¢))that can be obtained as:

oln(m/m + 1)

HOES [ olne ]+m <0

(6)

The variation of dimensionless instability parameter (£(¢)) with
strain rate (¢) and temperature (T) constitutes an instability map in
the deformation processing map [38]. This dimensional parameter
represents that the material exhibits flow instabilities when the
£(¢) is negative.

The iso-efficiency contour map generated for multicomponent
Co,CuygFe,oNiygTiyg eutectic HEA based on the DMM model at
different strain values of 0.2 and 0.7 are shown in Fig. 5a and b,
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Fig. 7. BSE-SEM micrograph of multicomponent Co,oCu,oFe,oNizoTizg eutectic high entropy alloy, deformed at 1073 K with strain rates of (a) 10~'s~ ', (b) 10~2 s~ 'and
(c) 1073 s~ . (ay: Cu-rich solid solution, ay: Co-rich solid solution and p: Ti-rich solid solution, Left: low magnification and Right: corresponding high magnification).

Table 1
Different domains in the processing maps and corresponding microstructural features.
Strain rate (s~ ') Temperature (K) Efficiency (n) % Microstructural features
Domain A 10-3-10! 1203-1263 50-70 Uniform distribution of phases in the microstructure
Domain B 10-3-1072 1073-1103 50-70 Pores, Localized flow

Domain C (Instability regions) 10-2-10! 1073-1093 30-40 Large Cracks, small pieces near cracks
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respectively. The negative regime of flow instability parameter
which represents the flow instability is also superimposed on this
efficiency contour map, and is shown as Domain C. It is important
to note that the materials flow is microstructurally unstable in the
instability regime. It is clear from Fig. 5b (processing map for
0.7 strain) that high value of 1 (~50-70%) is observed in the
temperature range of 930-990 °C (1203-1263 K) and in the strain
rate range of 1073-10~"s~! (Domain A) for the present multi-
component Co,oCuyoFe,oNixeTizg eutectic HEA. Similarly, there is
another region with high n is represented as Domain B (n~50-
70%) in the temperature range 800-830 °C (1073-1103 K) and
strain rate range of 1073-1072s~!. In general, in many of the
metallic alloys, it has been reported that higher peak efficiency (1)
leads to the better workability of materials [38]. However, flow
localization such as shear band formation can also have higher
efficiency, but not ideal for thermo mechanical processing. Ac-
cording to the instability map, the instability parameter &(¢) at a
true strain of 0.7 is found to be in the temperature (T) range 800-
820 °C (1073-1093 K) and strain rate (¢) range of 1072-10~'s~!
(marked as Domain C). Thus, the region of low temperature and
high strain rate is considered as the unstable region, and hence
this regime should be avoided to do thermo mechanical proces-
sing. Further, it is important to note that higher value of peak ef-
ficiency (1) and positive value of instability parameter correspond
to the better workability of materials. It is also observed that the
efficiency (n) of the present multicomponent eutectic HEA is
better as compared to the efficiency of HEA reported by Nayan and
coworkers [26,27]. The comparison of Fig. 5a and b suggests that
as the deformation accumulates in the specimen, some regions of
higher efficiency vanish, and in parallel, some lower efficient re-
gimes have become higher efficient regimes. For example, at
0.2 strain, there is a region of N~50-65% in the temperature range
of 1140-1240K in the high strain rate range of 1072-10~ s~
However, this region vanishes at strain of 0.7. Thus it is important
to note that processing map generated at higher strains is vital in
order to identify the safe domain for secondary thermo mechan-
ical processing.

The microstructural characterization of the deformed multi-
component Co-Cu-Fe-Ni-Ti eutectic HEA at different strain rates
and temperatures was carried out to correlate with the observa-
tions drawn from the deformation maps and instability maps. The
deformed microstructures corresponding to the various domains
of processing maps are given in Figs. 6 and 7. Table 1 shows the
different domains in the deformation processing maps (Fig. 5) and
corresponding characteristic microstructural features. Fig. 7 shows
the microstructure of the instability region (Domain C) i.e. mi-
crostructure of deformed sample tested at 1073 K (800 °C) at strain
rate of 10~ s~ and 1072 s~ !, showing the cracks. It is clear from
Fig. 7b that cracks pass through the eutectic regions and are
moved around o, phase. This is well correlated with the conclu-
sion drawn from the instability processing map (Domain C in
Fig. 5). It was reported [38] that the instability mechanism is at-
tributed to the presence of cracking, adiabatic shear banding or
localized plastic flow. It is also found that the sample deformed at
1073 K (800 °C) and 10~ 2 s~ ! (Domain B) shows large amount of
porosity and localized plastic flow near the pores. However, in
contrast, the microstructure of sample deformed at temperature
950, 1000 °C (Domain A in Fig. 5) and strain rate of 10~ 's~,
1072571 and 10~3s~! shows free of cracks, voids and hence
corroborates well with predictions from the processing map and
hence considered as the stable region. As evident from Fig. 6, the
original microstructure of the as-cast sample was replaced by
highly worked and reconstituted microstructure after deformed at
950 and 1000 °C with strain rate of 10~3 s~ Further, a uniform
distribution of phases was also observed in the microstructure.
The dynamic recrystallization or globulization in the eutectics, in

particular in fcc (a;) phase was observed in the deformation mi-
crostructure of sample thermo mechanically processed at 950 and
1000 °C at a strain rate of 10~3 s~ !, Therefore, for multicomponent
CoyoCuyoFe,oNiygTing eutectic HEA investigated in the present
study, T=930-990 °C (1203-1263 K) and strain rate range of
103571210~ 's~! (Domain A) is the optimum thermo-mechan-
ical processing (TMP) window for any further secondary
processing.

7. Conclusions

The hot working characteristics of the multicomponent
CoyoCuyoFe,oNiygTisg eutectic HEA was investigated by conducting
hot compression tests in a Gleeble thermo mechanical simulator in
the temperature range 800-1000 °C and in the strain rate range of
10~3-10~1 s~ . The following conclusions can be drawn based on
the results and discussion presented above with respect to mul-
ticomponent eutectic HEA.

1. The average activation energy (Q) of the multicomponent
CoyoCuyoFe,yoNiygTizg eutectic HEA is estimated to be 316 kj/mol.

2. The amplitude of serrations for the investigated
Co,oCuygFeyoNiyoTiyg eutectic HEA decreases with increase of
temperature at a particular strain rate, whereas the amplitude
of serrations is higher with a decrease of strain rate at a given
temperature.

3. The microstructural instability of the deformation of material has
been observed at deformation temperature (T) range 800-820 °C
(1073-1093 K) and strain rate (¢) range 10~2s~ =10~ 's~ 1,

4. The optimum thermo-mechanical processing (TMP) parameters
are T=930-990 °C (1203-1263 K) and strain rate in the range of
103s7 =107 's .
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