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Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) high-entropy alloys are developed by arc melting route to
investigate the effect of cobalt content on thermal, mechanical, and microstructural properties. The phase,
microstructure, and chemical composition are analyzed using x-ray diffraction, transmission electron
microscope, and scanning electron microscope with attached energy-dispersive x-ray spectrometer. The
obtained results have shown that the Al0.4FeCrNiCox (x = 0-0.5 mol) high-entropy alloys form a simple
FCC + BCC-type solid solution and Al0.4FeCrNiCox=1 HEA forms a single-phase FCC structure. The
compressive yield strength, microhardness, and thermal conductivity are observed to decrease from 965.22
to 233.37 MPa, 253.6 to 155.6 HV, and from 4.87 to 2.674 W/mK, respectively, whereas the electrical
resistivity is observed to increase from 150.30 to 273.74 lX-cm with the addition of cobalt from x = 0-1 mol.
Differential scanning calorimetry analysis has indicated that the Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol)
high-entropy alloys are thermally stable up to 1000 �C.
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1. Introduction

High-entropy alloys (HEAs) are a relatively new class of
materials design concept and have been observed to exhibit
better properties than traditional alloys. This new alloy system
was first reported by Yeh et al. (Ref 1). These HEAs consist of
four or more elements, and each element is in equimolar or near
equimolar concentration (Ref 2, 3). These HEAs are found to
have, high-temperature stability (Ref 4, 5), good mechanical
strength (Ref 6-11), better corrosion resistance (Ref 12-14),
improved oxidation resistance (Ref 15, 16), better magnetic
properties (Ref 17, 18), and superior wear resistance properties
(Ref 19-22). Generally, these HEAs form a simple crystal
structure, and it is due to the high entropy of mixing (Ref 23).
Zhang et al. (Ref 24) have discovered a criterion which can
predict the solid-solution formation ability of multi-component
HEAs such as X > 1.1, d < 6.6%. And Guo et al. (Ref 25)
have introduced another parameter called valence electron
concentration (VEC) to predict the structural stability of HEAs,
and according to this criterion, if VEC < 8.0, it favors the
formation of only BCC structure, and if VEC ‡ 8, it favors

only FCC structure and in between it forms FCC + BCC
structure.

Among various HEA systems, the Al-Fe-Cr-Ni-Co HEA
system has been investigated thoroughly and reported exten-
sively. The equiatomic AlFeCrNiCo HEAs exhibit high
corrosion resistance, good mechanical strength, and poor
ductility (Ref 6, 26). Due to poor ductility and hence
formability, it faces various challenges during rolling, forging,
and other mechanical processing. In order to develop an alloy
which fulfills the demands of different engineering problems, it
should have the right combination of strength and ductility. The
simplest way to achieve this objective is by changing the
concentration of elements present in Al-Fe-Cr-Ni-Co HEA
system. Aluminum has frequently been varied to tailor the
mechanical properties of the Al-Fe-Cr-Ni-Co HEA system (Ref
27-29). Kao et al. (Ref 30) have reported that AlXFeCrNiCo
(x = 0-2.0) HEAs only exhibit FCC phase and a hardness
between 113 and 130 HV till the concentration of Al reaches
0.375. For Al concentration in between 0.5 and 0.75, a dual-
phase (FCC + BCC) structure forms and the corresponding
hardness is observed to vary between 159 and 388 HV. When
Al concentration is in between 0.875 and 2.0, only a single
BCC phase gets formed with the highest hardness value of 509
HV. Wani et al. (Ref 31) have altered the nickel concentration
and have observed the formation of a mixed phase of FCC and
BCC structure. Wang et al. (Ref 29) have varied the concen-
tration of iron and nickel in the HEA and have observed the
formation of a single FCC phase. Few studies are also available
on the variation of the cobalt concentration which has
summarized that as cobalt content increases; the phase structure
transforms from BCC to FCC occur (Ref 32-35). Hence, from
the above-mentioned findings, it may be concluded that the
addition of cobalt in Al-Fe-Cr-Ni-Co HEA increases the
ductility, while the addition of aluminum increases the strength
of the HEA (Ref 30).

The present work aims to develop the Al0.4FeCrNiCox
(x = 0, 0.25, 0.5, 1.0 mol) HEAs through arc melting route
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using cold-compacted pellet as raw material. Investigations are
carried out to study the effect of cobalt content on thermal,
mechanical, and microstructural properties of as-cast HEAs.
Furthermore, thermodynamic criterion is also obtained to
predict the crystal structure in Al0.4FeCrNiCox (x = 0, 0.25,
0.5, 1.0 mol) HEAs.

2. Materials and Methods

The bulk Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs
ingot is prepared using cold-compacted pellets as the raw
material in vacuum arc melting furnace as shown in Fig. 1(a).
The cold compaction is carried out in a 12-mm-inner-diameter
high-speed steel die using a load of 10 tons and employing a
simple hydraulic press (Kimaya Engineers-15 Tones) at room
temperature. Elemental powders of Al, Fe, Cr, Ni, Co (Loba
Chemie, India) with purity more than 99.5% are used for the
current research and are hand-mixed in appropriate proportion
before compaction. The melting is carried out employing a
protective atmosphere of argon and in a water-cooled copper
mold. In order to obtain proper chemical homogeneity, the
sample is melted several times. The final ingots are in the form
of a near cylindrical shape with dimensions of (Ø 14 mm 9
45 mm) and in the form of a circular button shape with
dimension of (Ø 16 mm 9 12 mm) as shown in Fig. 1(b) and
(c), respectively. The crystal structure of the as-cast HEA is
identified using X�Pert Pro Panalytical, x-ray diffractometer and
employing Cu Ka (k = 0.154059 nm) radiation. Transmission
electron microscope (Tecnai 20, FEI) operated at 200 kV is
used to confirm the formation of different phases. The
microstructures of the different samples are observed using
FE-SEM (Nova Nano 450SEM, FEI) after etching with aqua
regia, and the corresponding chemical compositions are
obtained using the attached energy-dispersive x-ray spec-
troscopy (EDS). The volume fraction calculation is carried
out using image analysis software (ImageJ). The thermal
stability of the as-cast HEAs is determined in the temperature
range ambient (25 �C) to 1000 �C using a differential scanning
calorimeter (Netzsch, DSC 404 F3) employing a heating rate of
10 K/min. The thermal conductivity of the HEA samples with
dimensions of (Ø 16 mm 9 2 mm) is measured at room
temperature by hot disk method using a Hot Disk TPS 500
apparatus. The microhardness of the HEA samples is measured
in a microhardness tester (VMHT, Walter-Uhl) using a load of
200 gf and applied for a dwell time of 15 s. For the
compressive test, cylindrical specimens with dimensions of
(Ø4 mm 9 4 mm) are used, and the test is carried out at a

loading rate of 0.5 mm/min in a (BISS UT 21). To avoid
difficulty in writing Al0.4FeCrNiCox=0, Al0.4FeCrNiCox=0.25,
Al0.4FeCrNiCox=0.5, and Al0.4FeCrNiCox=1, HEAs are denoted
as Co = 0, Co = 0.25, Co = 0.5, Co = 1 HEA, respectively, in
the text afterward.

3. Results and Discussion

3.1 Microstructure and Phase Analysis of Al0.4FeCrNiCox
(x = 0, 0.25, 0.5, 1.0 mol) HEA

Figure 2 shows the x-ray diffraction pattern of as-cast
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs. The peak
reflections of Al0.4FeCrNiCox (x = 0-0.5 mol) HEAs have a
mixed phase of FCC and BCC structure. However, in the case
of Co = 1 HEA, it has only the FCC phase. The lattice
constants and the volume fractions of BCC and FCC are
calculated from the x-ray diffraction and SEM micrograph and
are listed in Table 1. The calculated values of lattice constants
for both the phases are in close agreement with those available
in the literature (Ref 28, 30, 36). As the concentration of cobalt
increases from x = 0-0.5 mol, the BCC peaks start vanishing
and they completely disappear at x = 1.0 mol. The volume
fraction of the FCC phase increases from 83.5 to 98.5%, and
that of the BCC phase decreases from 16.5 to 1.5% for the
increase in cobalt content from x = 0 to 0.5 mol. It is also
observed from the XRD graph (Fig. 2) that the peak intensity of
(111) plane is gradually increasing with the increase in the
amount of cobalt. From the above discussion, it may be
concluded that the cobalt is an FCC phase former in
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs.

Figure 3 shows the BSE–SEM micrograph of as-cast HEAs
with varying cobalt content, and it is observed that the Co = 0,
Co = 0.25, Co = 0.5 HEAs form a mixed phase of FCC and
BCC structure and the two regions are designated as zone A
and zone B, respectively. The microstructure for Co = 1 HEA
shows only a single region of FCC phase. The compositional
analysis of different regions obtained from EDS analysis is
listed in Table 2. The EDS results show that the regions poor in
Al form FCC structure as reported in the previous literature
(Ref 35, 37), whereas the regions rich in Al and (Fe, Cr) form
BCC structure and the region rich in Al and Ni form Al-Ni
phases or B2 phase.

The reason behind the formation of Al-Ni phase is the larger
negative enthalpy of mixing between Al and Ni (� 22 kJ/mol)
than the other atomic pairs present in the alloy system, and this
inference is consistent with the previous studies (Ref 7, 30). As

Fig. 1 (a) Cold-compacted pellet, (b) cylindrical shape, and (c) button shape of as-cast HEA samples
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the cobalt concentration increases from Co = 0.25 to Co = 0.5
HEA, zone �B� drastically decreases and uniform homogeneous
mixture of Fe, Cr, Ni, and Co forms. It has been confirmed from
the STEM results of the HEAs (Fig. 5). The solid solution of
Co, Cr, Fe, and Ni is having FCC crystal structure as reported
in previous studies (Ref 38).

Figure 4 shows the TEM bright-field image, dark-field
image, and SAED pattern of as-cast Al0.4FeCrNiCox (x = 0,
0.25, 0.5 mol) HEAs. In the bright-field TEM image, all the
phases cannot be easily distinguished from the image contrast.
Chemical compositions (at.%) of the phases present in as-cast
HEAs are identified by the EDS (Fig. 5). The results indicate
that both darker and lighter portion have uniform regions
consisting of Co, Cr, Fe, and Ni.

3.2 Thermal Analysis of Al0.4FeCrNiCox (x = 0, 0.25, 0.5,
1.0 mol) HEAs

The DSC curve as shown in Fig. 6 indicates that there is no
sign of any phase changes up to 1000 �C in the HEA samples,
as the DSC curve does not show the presence of any significant
endothermic/exothermic peaks. This confirms that the Al0.4-
FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs are thermally
stable up to 1000 �C.

3.3 Thermal Conductivity of Al0.4FeCrNiCox (x = 0, 0.25, 0.5,
1.0 mol) HEAs

Figure 7 shows the variation of thermal conductivity of
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs. The reported

thermal conductivity is the average of five readings of different
samples of the same composition. From Fig. 7, it is observed
that with the increase in cobalt content from x = 0-1.0 mol, the
thermal conductivity decreases from 4.87 to 2.674 W/mK. It is
because the aluminum content decreases as listed in Table 2
with the addition of cobalt content from x = 0 to 1.0 mol, and
the BCC phase decreases from 16.5 to 0% (Table 1). It may be
noted that the thermal conductivity of aluminum is highest
among all the other elements as listed in Table 4. Similar results
are also reported in previous studies (Ref 39, 40). As the cobalt
content increases, the volume fraction of BCC phase decreases,
and it results in a decrease in thermal conductivity. It may also
be noted that the BCC structure is a more open structure than
the FCC structure and possesses higher phonon velocity than
FCC structure.

The phonon velocity is calculated from Eq 1 (Ref 39).

phonon velocity ¼ E

q

� �1=2

ðEq 1Þ

where E is the Young�s modulus (in GPa) and q is the density
(in g/cm3). It is observed that the phonon velocity decreases
from 919.66 to 775.24 m/s with an increase in cobalt content
from x = 0-1.0 mol and therefore thermal conductivity de-
creases from 4.87 to 2.674 W/mK. According to Wiedemann–
Franz law (Ref 39), the ratio of thermal conductivity (k) to
electrical conductivity (r) of a metal is directly proportional to
temperature, and it is represented by Eq 2.

k

r
¼ LT ðEq 2Þ

where L is the proportionality constant known as the Lorenz
number. The value of L is 2.44 9 10�8 WXK�2, and T is the
temperature in Kelvin. From Eq 2, the electrical conductivity of
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs is observed
to decrease from 6.65 9 105 to 3.65 9 105 m�1X�1. The
electrical resistivity (q) is defined as the reciprocal of the
electrical conductivity and is given by Eq 3.

q ¼ 1

r
ðEq 3Þ

Based upon the above equation, the electrical resistivity of
the Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs is
observed to vary from 150.30 to 273.74 lX-cm which is
consistent with the values as reported in the previous literature
(Ref 39, 40). It can be concluded that the amount of phases
present and the chemical composition of these phases are the
key parameters to decide the thermal conductivity and electrical
conductivity of HEAs.

3.4 Mechanical Properties

The microhardness values of as-cast Al0.4FeCrNiCox (x = 0,
0.25, 0.5, 1.0 mol) HEAs are listed in Table 3. It is observed
that as cobalt content increases, the microhardness decreases
from 253.6 to 155.6 HV.

The engineering stress–strain curve of as-cast Al0.4FeCrNi-
Cox (x = 0, 0.25, 0.5, 1.0 mol) HEAs, under compression
loading at room temperature, is shown in Fig. 8.

The compressive yield strength (ry) and plastic strain (ep) of
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs are listed in
Table 3. It is noted that the compressive yield strength

Fig. 2 X-ray diffraction pattern of as-cast Al0.4FeCrNiCox (x = 0,
0.25, 0.5, 1.0 mol) HEAs

Table 1 Lattice parameter and volume fractions of as-
cast Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs

HEAs

Lattice parameter, Å Volume fraction, %

FCC phase BCC phase FCC phase BCC phase

Co = 0 3.5949 2.8686 83.5 16.5
Co = 0.25 3.5959 2.8674 93.0 7.0
Co = 0.5 3.5939 2.8700 98.5 1.5
Co = 1 3.5787 … 100 0
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decreases from 965.22 to 233.37 MPa for the rise in cobalt
content from x = 0-1.0 mol. A maximum plastic strain of 81%
is observed in the case of Al0.4FeCrNiCox=1 HEA and sample
remains unfractured at the end of the experiment. There are two
potential reasons for the decrease in compressive yield strength
and microhardness values in case of Al0.4FeCrNiCox (x = 0,
0.25, 0.5, 1.0 mol) HEAs: (1) the vol.% of BCC phase varies
from 16.5 to 0% as a result of addition of cobalt which plays a
key role, and (2) the amount of stacking faulty present in FCC
phase and its corresponding energy change their mechanical
characteristics, responsible for lowering its mechanical
strength.

3.5 Thermodynamic Parameters

In conventional alloys, the solid solution only forms when it
satisfies the condition of the Hume–Rothery rule such as atomic
size difference (less than 15%), and similar crystal structure,
valency, and electronegativity (Ref 3). In the case of HEAs, the
formation of simple solid solution like FCC, BCC, or mixed
crystal structure of FCC + BCC (Ref 41) can be predicted,
when it satisfies certain thermodynamic criteria as discussed
below.

DHmix ¼
Xn

i¼1;i6¼j

XijCiCj ðEq 4Þ

Fig. 3 BSE–SEM micrograph of as-cast (a) Co = 0 HEA, (b) Co = 0.25 HEA, (c) Co = 0.5 HEA, and (d) Co = 1 HEA

Table 2 EDS results (in at.%) of Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs

HEAs Region Al, at.% Fe, at.% Cr, at.% Ni, at.% Co, at.%

Co = 0 Overall 13.78 27.67 28.14 30.41 ...
A (FCC) 10.60 30.24 27.82 31.34 ...
B (BCC) 21.56 22.01 26.81 29.62 ...

Co = 0.25 Overall 10.23 27.96 28.37 26.50 6.94
A (FCC) 9.96 28.18 28.09 26.18 7.59
B (BCC) 19.0 20.87 26.23 27.88 6.02

Co = 0.5 Overall 7.96 27.02 25.80 25.79 13.49
A (FCC) 8.06 25.59 26.21 26.79 13.35
B (BCC) 17.50 16.06 42.16 15.82 8.46

Co = 1 Overall 6.57 23.68 22.01 23.71 24.03
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Fig. 4 TEM bright-field image, corresponding SAED pattern and dark-field image of as-cast (a-c) Co = 0 HEA, (d-f) Co = 0.25 HEA, and (g-
i) Co = 0.5 HEA, respectively

Fig. 5 STEM image and EDS analysis results of as-cast (a) Co = 0, (b) Co = 0.25, and (c) Co = 0.5 HEAs
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DSmix ¼ �R
Xn
i¼1

Ci lnCi ðEq 5Þ

d ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Ci 1� ri
�r

� �2
s

ðEq 6Þ

X ¼ TmDSmix

IDHmixI
ðEq 7Þ

VEC ¼
Xn
i¼1

Ci VECð Þi ðEq 8Þ

DX ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Ci Xi � Xavg

� �2
vuut ðEq 9Þ

Tm;th ¼
Xn
i¼1

Ci Tmð Þi ðEq 10Þ

where DHmix is the enthalpy of mixing, DSmix is the entropy of
mixing of a multi-component alloy system, d is the atomic size
mismatch, and X is the thermodynamic parameter used to
predict the solid-solution formation. VEC is the valence
electron concentration which helps in predicting the formation
of FCC, BCC, and dual-phase (FCC + BCC)-type solid
solution, DX is the electronegativity difference which helps in
understanding the phase stability, and Tm,th is the theoretical
melting point of multi-component alloys. The values of
individual elements are taken from the previous literature
(Ref 42-45) and are listed in Tables 4 and 5.

Figure 9(a) and (b) and Fig. 10 show the variation of the
thermodynamic parameter with cobalt content. From Fig. 9(a),

Fig. 6 DSC curves for as-cast Al0.4FeCrNiCox (x = 0, 0.25, 0.5,
1.0 mol) HEAs

Fig. 7 Thermal conductivity of Al0.4FeCrNiCox (x = 0, 0.25, 0.5,
1.0 mol) HEAs

Table 3 Mechanical properties of Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0) HEAs at room temperature

HEAs Yield strength (ry) in MPa Plastic strain, ep % Microhardness, HV Volume fraction of BCC, %

Co = 0 965.22 73.31 253.6 16.5
Co = 0.25 521.91 75.08 205.4 7.0
Co = 0.5 464.37 75.58 189.3 1.5
Co = 1 233.37 81.32 155.6 0

Fig. 8 Engineering stress–strain curves of as-cast, Al0.4FeCrNiCox
(x = 0, 0.25, 0.5, 1.0 mol) HEAs under compression test
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it can be seen that valence electron concentration (VEC)
increases from 7.4 to 7.8 with the addition of cobalt content
from x = 0 mol to x = 1.0 mol which indicates the transfor-
mation of FCC + BCC-type structure to only FCC-type
structure. Figure 9(b) represents the variation of enthalpy of
mixing (DH) and entropy of mixing (DS) with cobalt content.
From the figure, it is observed that DS increases from 11.0 to
13.0 J/K�1mol�1 and DH varies from � 9.4 to � 8.2 kJ/mol
with the addition of cobalt from x = 0 to x = 1.0 mol.
Figure 10 shows the variation of thermodynamic parameter X
and d%, with cobalt content and from the figure, it may be
observed that X increases from 1.177 to 2.38 and the atomic

radius mismatch (d%) decreases from 0.047 to 0.041. From
Eq 7, if X > 1, then TDS is more than that of DHmix and in this
case, the HEA will form a simple solid solution. The DX value
is observed to vary from 0.115 to 0.110, which satisfy the
condition of no topologically close-packed (TCP) phase
formation, i.e., DX < 0.117 (Ref 46). Theoretical melting
temperatures (Tm,Th) of the HEAs are estimated from Eq 10 and
are observed that there is slight change in Tm,Th (from 1509.06
to 1506.16 �C) with the addition of cobalt from x = 0 to
x = 1.0 mol.

It is noted that the calculated values of thermodynamic
parameter satisfy the criteria put forward by Zhang. et al. (Ref
43) and Guo. et al. (Ref 42, 44) for solid-solution formation,
i.e., for 11 < DSmix < 19.5 J/(K mol), � 22 < DHmix < 7
kJ/mol, and 0 < d < 8.5. If VEC < 6.87, then only BCC
structure will form, if 6.87 < VEC < 8, then both BCC +
FCC structure will form, and if VEC > 8, only FCC phase
will form.

Table 4 Atomic size, melting point, thermal conductivity,
crystal structure, lattice parameter, Pauling
electronegativity, and VEC of an individual element (Ref
42-44)

Elements Al Fe Cr Ni Co

Atomic size, Å 1.432 1.241 1.249 1.246 1.251
Melting temperature, Tm �C 660.3 1538 1875 1455 1495
Thermal conductivity, W/mK 237 80.2 93.7 83 100
Crystal structure FCC BCC BCC FCC HCP
Lattice parameter, Å 4.049 2.866 2.884 3.524 3.545
Pauling electronegativity 1.61 1.83 1.66 1.91 1.88
VEC 3 8 6 10 9

Table 5 The mixing enthalpy (kJ/mol) of atomic pairs
possible in Al0.4FeCrNiCox HEA system

Element Al Cr Fe Co Ni

Al 0 � 10 � 11 � 19 � 22
Cr 0 � 1 � 4 � 7
Fe 0 � 1 � 2
Co 0 0
Ni 0

Fig. 9 Variation of (a) VEC and (b) enthalpy of mixing, and entropy of mixing with cobalt content from x = 0 to x = 1.0 mol

Fig. 10 Variation of d% and X with cobalt content
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4. Conclusions

In the present study, Al0.4FeCrNiCox (X = 0, 0.25, 0.5,
1.0 mol) HEAs are successfully prepared by arc melting
method from cold-compacted pellets. The XRD and SEM
analyses indicate that the crystal structure of the as-cast Co = 0,
Co = 0.25, and Co = 0.5 HEAs have mixed phases of FCC +
BCC structure and the Co = 1 HEA has a single phase of FCC
structure. The DSC analysis has indicated that up to 1000 �C
there is no endothermic peak, and Al0.4FeCrNiCox (x = 0, 0.25,
0.5, 1.0 mol) HEAs are thermally stable up to 1000 �C. The
thermal conductivity of the HEAs are observed to decrease
from 4.87 W/mK to 2.674 W/mK, and the electrical resistivity
is observed to vary from 150.30 to 273.74 lX-cm with the
addition of cobalt from x = 0 to 1.0 mol. The compressive test
of Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs indicates
that the compressive yield strength decreases from 965.22 to
233.37 MPa, and the microhardness decreases from 253.6 to
155.6 HV. Thermodynamic parameters confirm that the
Al0.4FeCrNiCox (x = 0, 0.25, 0.5, 1.0 mol) HEAs follow the
theoretical condition of solid-solution formation.
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