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Phase formation processes in equiatomic AlCoCuFeNiCr high-entropy alloys have been studied by means
of x-ray diffraction method, microstructure analysis and microhardness measurements. Thermodynamic
and structural criteria for predicting the phase composition of the alloys were considered. It is shown that in
AlCoCuFe, AlCoCuFeNi and AlCoCuFeNiCr alloys the two-phase mixture of solid solutions on the base of
the BCC and FCC lattices is formed. With a decrease in the fraction of Al atoms, the tendency to disor-
dering of BCC solid solution occurs. It was also established that alloys under investigation reveal a dendritic
structure in which Cu-enriched FCC phase is deposited in the regions between the dendrites of the main
BCC phase. The correlation between microhardness of the alloys and volume fractions of phase con-
stituents and their thermodynamic characteristics are revealed.

Keywords enthalpy of mixing, high-entropy alloys, phase
transformation, solid solution, structure, x-ray analysis

1. Introduction

Recently, the significant fundamental and applied interest
began to be shown in multicomponent alloys, in which content
of each constituent element is equal. The entropy of such alloys
increases with increasing number of elements and is close to
ideal entropy of a multicomponent solution. Due to a high value
of the entropy of mixing, there is a possibility to high
thermodynamic stability of disordered atomic solutions (Ref 1-
3). Experimental studies showed evidently that high-entropy
alloys (HEAs) have unique physicochemical and mechanical
properties, such as high hardness, wear resistance, thermal
stability and corrosive resistance. Such alloys can combine
strength (Ref 4), stability to softening (Ref 5) and plasticity
(Ref 6) that allows to use them as tools in machine building
industry and metallurgy. However, it should be noted that in
many HEAs the formation of solid solutions occurs (Ref 2, 7)
and their deposition during solidification is the main reason of
degradation of the mechanical properties. It is obvious that high
entropy of mixing is not only one and sufficient criterion for
HEA formation condition. For this reason, it is important to find
and apply another criterion for controlled processes of the
formation of alloys with desired structure. The results of
experimental studies allowed to conclude that phase formation
during HEA solidification depends significantly on difference
of atomic radii of constituent elements, their electron concen-
tration and thermodynamic parameters. But it should be noted

that to date there is no criterion for controlled formation of the
desired structure, with the optimal combination of different
mechanical characteristics. In addition, among the HEAs in
which solid solutions are formed, alloys consisting of a mixture
of BCC and FCC phases are of considerable interest (Ref 8, 9).
Alloys such as CoFeNiCr, doped with Al and Cu, demonstrate
the best combination of hardness, strength and corrosive
resistance. Unfortunately, due to the possibility of the formation
of intermetallic compounds, the available information on phase
formation in these alloys is quite contradictory (Ref 1, 7). For
this reason, it is necessary to conduct further investigations of
the structure and physical properties. In this study, the results of
experimental evaluation of structure, microstructure and
mechanical properties of a few equiatomic HEAs of AlCuNi-
FeCoCr system of different chemical composition are pre-
sented. Special attention is paid to the analysis of structural and
thermodynamic criteria for the formation of different phases
and their content both affecting the mechanical properties of the
alloys.

2. Experimental Details

Samples of HEAs under investigation with concentrations,
corresponding to AlCoCuFe (1), AlCoCuFeNi (2), AlCoCu-
FeNiCr (3) and CoCuFeNiCr (4) stoichiometry and mass of
25 g have been obtained by arc melting method in argon
atmosphere. Melting was carried out in the copper crucible,
cooled by water, and with a help of the molybdenum electrode.
The purity of constituent elements was not less than 99.9%. In
order to obtain the samples of high homogenization, they were
remelted 4-5 times and then cooled to room temperature with a
rate of 50-100 K/s. s. X-ray diffraction (XRD) studies have
been carried out by means of DRON-3 diffractometer (Co-Ka-
radiation, graphite monochromator, installed in diffracted
beam).

The structure parameters (peak positions and half-width, cell
parameters of high precision, determination of subpeaks from
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complex diffraction maxima) have been obtained from diffrac-
tion patterns using DHN_PDS software (Włodzimierz Trzebi-
atowski Institute of Low Temperature and Structure Research
of Polish Academy of Sciences, Wroclaw, Poland). The values
of the relative microdeformation of the crystalline cell were
calculated by the Stock–Wilson method (Ref 10):

e ¼ b
4tgðhÞ ; ðEq 1Þ

where b is the expansion of diffraction maximum caused by
microdeformation of crystalline cell and 2h is the diffraction
maximum position. The error in determining the relative
deformation of the lattice did not exceed 5%.

Volume fractions of BCC and FCC phases have been
estimated comparing relative intensities of diffraction peaks for
(220) FCC (c) and (211) BCC (a) phases using the following
formula:

Xa ¼
Ið211Þa

Ið211Þa þ Ið220Þc
; Xc ¼

Ið220Þc
Ið211Þa þ Ið220Þc

ðEq 2Þ

Microstructure of polished samples was investigated with the
help of scanning electron microscope REM-1061, equipped
with energy-dispersive x-ray spectrometer (EDS) system and
giving a possibility to carry out the local chemical analysis of
various phases in the alloy with a resolution of 1 lm.
Microhardness was measured by means of PMT-3 setup under
loading 1.65 N according to the standard method, similar to the
procedure described in Ref 11.

3. Results and Discussion

In our previous study, structure, microstructure and mechan-
ical properties for selected 4- and 5-component equiatomic
alloys of AlCuNiFeCoCr system were studied (Ref 12). Some
data obtained in Ref 12 are used in the present work for
comparison. As shown in Fig. 1(a), the diffraction pattern for
AlCoFeCu alloy, marked as 1, reveals two sets of diffraction
maxima, which correspond to ordered solid solution with BCC
lattice (structure type B2) and solid solution with FCC lattice
(structure type A1). Existence of atomic ordering is confirmed
by the presence of a slight superstructure maximum (100) at
2h � 37� (Fig. 2a). The microstructure of the alloy shows the

dendrite kind structure (Fig. 5a). According to the results of the
local chemical analysis (Table 1), a dendrite phase is Fe and Co
atoms enriched (� 30 at.%) and it is ordered BCC phase. The
light regions, corresponding to the FCC solid solution, are
formed in interdendritic regions, and they present Cu-enriched
solid solution (78 at.%), which also consists of 12 at.% Al,
5 at.% Fe and 5 at.% Co.

The procedure of diffraction pattern mathematical interpre-
tation for the alloy 1 within angular range 2h = 85�-30� by
means of DHN_PDS software is shown in Fig. 3. Experimental
intensity values, corrected for background scattering, are
presented as superposition of separated peaks. The intensity
of background scattering is approximated by a linear function.
The profile of diffraction maxima is interpreted by means of the
Lorentz function:

Ið2hiÞ ¼
Imax

1þ 4 lnð2Þ ð2hi�2hmaxÞ2

b2

n o ; ðEq 3Þ

where Imax is the maximum intensity of the diffraction peak and
2hmax is its angular position. The diffraction pattern was
calculated as an additive sum of single peaks, and the difference
between experimental and calculated patterns allowed us to
calculate the discrepancy factor:

Rp ¼
P

fIexp :ð2hiÞ � Icalc:ð2hiÞgP
Iexp :ð2hiÞ

ðEq 4Þ

where Iexpð2hiÞ; Icalc:ð2hiÞ are experimental and calculated
intensity, respectively. As shown in Fig. 3, the discrepancy
factor for considered range of diffraction pattern does not
exceed 2.2%.

As a result of diffraction data analysis, it was revealed the
significant increase in cell parameter for FCC phase in
comparison with pure Cu (a � 3.65 Å) and occurrence of a
significant deformation of phases with both crystalline lattices,
namely FCC (0.2%) and BCC (0.24%) (Table 2). The analysis
of a half-width of diffraction maxima confirms the existence of
significant distortions of a crystalline cell. Particularly, the
notable peak broadening for (220) BCC and (222) FCC phases
in comparison with reflexes (110) BCC and (111) FCC phases
has been revealed. Taking into account the instrumental
broadening, the relation between the half-width and the

scattering angle is b2
b1
� tgðh2Þ

tgðh1Þ that indicates the dominant

Fig. 1 X-ray diffraction patterns of high-entropy alloys. (a)
AlCoCuFe, (b) AlCoCuFeNi, (c) AlCoCuFeNiCr, (d) CoCuFeNiCr

Fig. 2 X-ray diffraction patterns, obtained within 2h = 30�–65�
angular range. (a) AlCoCuFe, (b) AlCoCuFeNi, (c) AlCoCuFeNiCr
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contribution of microdeformation of the crystalline lattice of the
solid solution into broadening of peaks. This kind of distortion
appears due to diluting of atoms with different atomic radii. It
can be supposed that the main reason of such structural changes
is the presence of Al atoms of larger size in the solid solutions.

We will consider the structure changes that occur when Ni
atoms are added to the alloy 1 up to the equiatomic
composition. Similarly, diffraction pattern formed in AlCoCu-
FeNi (2) alloy (Fig. 1b) has two sets of diffraction peaks,
corresponding to ordered BCC (structure type B2) and FCC
(structure type A1) phases. It should be noted that the increase
in the volume fraction of FCC phase is well distinguished as the

dark (dendrite) and light (interdendritic) regions for the alloy 2
(Ref 12).

The results of chemical analysis for the above-mentioned
structural components (Table 1) show that the dark regions,
enriched with Fe, Co and Ni atoms, correspond to the ordered
BCC phase (Fig. 2b). On the contrary, light regions indicate a
high content of Cu atoms (36.5 at.%) and correspond to the
solid solution with FCC lattice. From the analysis of diffraction
data of the alloy 2, a slight increase in the cell parameter for the
FCC phase was revealed, as compared to pure copper
(a � 3.62 Å) and it was caused from the dissolution of Al to
about 9 at.% (Table 2). On the other hand, the reduced cell
parameter of alloy 1 is related to a decrease in the Cu
concentration in solution and an increase in the amounts of
transition elements (Fe, Co, Ni) with less atomic radius. A cell
parameter for the ordered BCC phase has an intermediate value
between cell parameters of ordered phases NiAl
(a = 0.2887 nm) and CoAl (a = 0.2867 nm), which represent
the structure type B2. It is also important that most large values
of lattice relative deformation are observed for disordered
solution on the base of the FCC phase (0.12%) because of
significant difference between atomic radius of Al and other
elements. At the same time, the relative lattice deformation for
the BCC phase is about twice less (0.07%) that can be
explained by a decrease in the Al atoms fraction in solid
solution of BCC phase (see Table 1).

The results of the x-ray phase analysis (Fig. 1c) show the
formation of two-phase structure in the six-component
AlCoFeCuNiCr (3) alloy too. The diffraction pattern reveals
two sets of maxima from disordered solutions with BCC (type
B1) and FCC (type A1) lattices. But the intensity of peaks for
FCC phase is notably less, indicating the decrease in its volume
fraction (Table 2). The increase in BCC phase fraction is
supposed to be caused by the presence of Cr in the alloy, which
is possessed by BCC-type structure that has the highest melting
temperature (2180 R) in comparison with other constituent
elements. The results of chemical analysis revealed that BCC
phase contains up to 75 at.% of transition elements (Fe, Co, Ni,
Cr), 12 at.% Al and 12 at.% Cu. It can be supposed that
disordering of the BCC solid solution and disappearing of a
superstructure maximum (100) are caused by high content of
transition metals in the solid solution (Fig. 2c). It should also be
noted that a microstructure of the alloys 1 and 2 is of a dendrite
kind (Fig. 5c). Dark regions correspond to grains of BCC
phase, whereas the light regions correspond to Cu-enriched
(63 at.%) solid solution with the FCC cell, and it is located
between the grains of the BCC phase (Ref 12). In comparison

Table 1 Phase and chemical composition of HEAs from local chemical analysis (EDS)

No. Alloy

Chemical composition, at.%

Phase a, Å e, %Al Ni Co Cu Fe Cr

1 AlCoCuFe 10.6 … 5.6 78.9 4.9 … FCC 3.6525 0.20
20.0 … 34.3 13.8 31.9 … BCC 2.8790 0.24

2 AlCoCuFeNi 9.2 19.9 18.2 36.5 16.2 … FCC 3.6195 0.12
13.5 22.8 23.9 17.6 22.2 … BCC 2.8739 0.07

3 AlCoCuFeNiCr 10.0 13.3 5.4 62.9 5.0 3.4 FCC 3.6232 0.20
12.4 19.4 19.1 19.6 17.4 12.0 BCC 2.8741 0.02

4 CoCuFeNiCr … 11.0 3.3 78.7 3.8 3.1 FCC (c1) 3.6085 …
… 21.0 23.9 9.7 22.0 23.4 FCC (c2) 3.5824 0.04

Fig. 3 The interpretation of x-ray diffraction patterns for
AlCoCuFe alloy by means of DHN_PDS software (� denotes
experimental values of intensity, solid curve is a calculated scattered
intensity, dash-dotted curve is a background scattering, at the bottom
of the figure the profiles of individual peaks are shown)

Table 2 Phase composition of HEAs from XRD analysis

No. Alloy Phase a, Å e, % X, %

1 AlCoCuFe FCC 3.6525 ± 0.0016 0.20 23.0
BCC 2.8790 ± 0.0023 0.24 77.0

2 AlCoCuFeNi FCC 3.6195 ± 0.0014 0.12 34.0
BCC 2.8739 ± 0.0016 0.07 66.0

3 AlCoCuFeNiCr FCC 3.6232 ± 0.0018 0.20 17.0
BCC 2.8741 ± 0.0010 0.02 83.0

4 CoCuFeNiCr FCC (c1) 3.6085 ± 0.0013 – 29.0
FCC (c2) 3.5824 ± 0.0009 0.04 71.0
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with pure Cu, there is some increase in the cell parameter and
the relative lattice deformation reached 0.2% that is proved by
significant smearing of maxima, corresponding to FCC phase.
At the same time, the microdeformations in the BCC phase are
notably less (0.024%) that most probably is caused by large
concentration (� 75 at.%) of transition elements in the solid
solution of the BCC phase.

Diffraction pattern for the CoFeCuNiCr alloy (4) (Fig. 1d)
reveals intensive peaks (111), (200), (220), (311), (222), which
correspond to disordered solid solution with FCC cell. But in
this case the diffraction pattern has additional peaks in the
vicinity of (220) and (311) peaks (Fig. 4). Thus, it is possible to
suppose that these peaks correspond to another solid solution
with the same type of crystalline lattice and similar value of cell
parameter. The confirmation of such supposition is the presence
of deposited one phase (light color) between crystallites of
another phase, whose content is significantly larger (Fig. 5d).
Analysis of chemical composition of structural constituents
allowed to reveal that the phase (c2) was depleted with Cu
(9 at.%) at almost the same content of other elements (21-
23 at.%). Copper-enriched phase (c1), containing about 79 at.%
Cu and 11 at.% Ni, is depleted with Fe, Co and Cr (3-4 at.%).
As seen, the results of microstructure analysis correlate
satisfactory with XRD data. A cell parameter of the phase is
less than one for pure Cu on the reason that the solid solution is
enriched with transition elements (Ni, Fe, Co and Cr), which
have lower atomic radii (Table 1). On the same reason, we have
observed the low value of lattice microdeformation (0.024%)
for base (c2) FCC phase (Table 2). Cell parameter of Cu-
enriched solid solution (c1-phase) also becomes lower com-
paratively to pure Cu due to substitution of some Cu atoms by
atoms of elements with lower atomic radii.

In order to find the correlation between atomic structure and
phase characteristics of HEA with their mechanical properties,
the measurements of microhardness have been carried out
(Table 3). As follows from experimental results, there is some
correspondence of such characteristic with a phase content of
an alloy. Particularly, alloy 4, containing the highest amount of
FCC phase, has the lowest microhardness (HV � 2.7 GPa).
Besides, it is known that plasticity of crystals with FCC cell is
higher, whereas the hardness is lower than in BCC crystals.
Such feature is caused by the fact that planes of sliding {111}
of the FCC phase have higher density of atomic packing
comparatively to ones of the {110} BCC phase that results in

lower resistance at plastic deformation process. The increase in
fraction of solid solution with a BCC lattice (Table 4) leads to
an increase in the microhardness from 4.6 to 5.9 GPa in the
alloys 2, 1 and 3.

According to the results of the structural characterization of
HEAs (Ref 9), the continuous solid solution formation is
reached due to high entropy of mixing. It is accepted that high
values of the entropy of mixing avoid the formation of
intermetallics and ordered solid solutions. For calculation of the
entropy of mixing, a well-known formula is commonly used:

DS ¼ �R
X
i

ci lnðciÞ; ðEq 5Þ

where R ¼ 8:31 J/Kmol is the gas constant and ci is the atomic
fraction of ith component of an alloy.

The results of such calculations for alloys under investiga-
tion are listed in Table 2 and show that the highest DS value
corresponds to the alloy with a maximum number of compo-
nents (alloy 3, in our case). But from the results of phase
analysis of this alloy, the two-phase structure as a mixture of
FCC and BCC phases is also formed. Therefore, the phase
content of HEA should be determined not only by entropy of
mixing but also from physical and chemical characteristics of
constituent components. Another thermodynamic characteris-
tic, whose values have an influence on the process of the solid
solution formation in HEA, is the enthalpy of mixing, which is
commonly calculated according to formula:

DH ¼ 4
X
i;j

cicjXij; Xij ¼ 4DHij ðEq 6Þ

where DHij is the partial entropy of mixing for ith and jth
components of an alloy. Thermodynamic criterion, which
allows to predict approximately the phase content of HEA, can
be estimated as

X ¼ TLDS
DH

����
����; ðEq 7Þ

where TL ¼
P

i ciT is the mean melting temperature.
Analysis of these thermodynamic factors for some HEAs

(Ref 13, 14) allowed to establish that the formation of solid
solutions occurs in such cases when enthalpy of mixing varies
within a range of �15 � DH � 5 kJ/mol, and thermodynamic
criterion X is not less than 1,1. It can be seen that DH and X
values lie within the ranges, which correspond to conditions,
needed for the formation of solid solutions (Table 3). For all
alloys, with exception of the alloy 4, the negative value of
enthalpy of mixing is observed that is the evidence of strong
chemical interactions between constituent elements.

In order to predict the phase content of HEA, it is proposed
to consider, beside thermodynamic, the structure criteria too. In
disordered solid solutions, all atoms occupy positions in the
unit cell with equal probability. Consequently, each atom can be
considered as an atom of a diluted substance, which causes the
distortion of crystalline lattice due to the atomic radii differ-
ence. For description of a complex influence of atomic radii, a
difference in the size parameter d was introduced:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

ci 1� ri
�r

� �2
s

� 100%; ðEq 8Þ

where ri is the atomic radii of elements and �r ¼
P

i cir is a
mean atomic radius of an alloy.

Fig. 4 Profile of (220) and (311) x-ray diffraction peaks for
CoCuFeNiCr alloy
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As shown in Ref 15, the formation of solid solutions and
absence of intermetallic and amorphous phases occur at values
of d parameter within interval 1 � d � 6 %. The formation of
the single-phase disordered solid solutions with BCC (FCC)

structure is possible at values of its parameter
d � 4:6 % d � 4:0 %ð Þ. In other words, the solution with a
BCC cell can be formed at larger atomic radii of components
difference. For all alloys, its value is less than 6% that confirms
the formation of the solid solutions mixture. Minimum value of
the structure parameter is observed for the alloy 4 (d = 1.12%)
that should indicate the formation of the single-phase structure
of disordered solution. On the other hand, the structure studies
indicate the deposition of Cu-enriched FCC phase in the
interdendritic space of a basic phase. A maximum value of
parameter d is reached in the alloy 1 that allows to explain the
high inner stresses in both phase constituents of the alloy.
Besides, it should be noted that an increase in such parameter
promotes the formation of the ordered BCC solid solutions
(structure type B2), observed in the alloys 1 and 2.

Fig. 5 Comparison of SEM images of high-entropy alloys. (a) AlCoCuFe (Ref 11), (b) AlCoCuFeNi (Ref 11), (c) AlCoCuFeNiCr, (d)
CoCuFeNiCr

Table 3 Thermodynamic, structural and mechanical characteristics of HEA of nominal composition

No. Alloy DS, J/k mol DH, kJ/mol TL,.K X d, % HV, GPa

1 AlCoCuFe 11.52 � 3.25 1466 5.2 5.59 5.45
2 AlCoCuFeNi 13.34 � 5.28 1518 3.8 5.44 4.56
3 AlCoCuFeNiCr 14.86 � 5.62 1631 4.3 5.02 5.93
4 CoCuFeNiCr 13.34 + 1.92 1767 12.3 1.12 2.74

Table 4 The enthalpy of mixing of binary alloys DHAB

(kJ/mol)

Element Al Co Cu Fe Ni Cr

Al … � 19 � 1 � 11 � 22 � 10
Co … … + 6 � 2 0 � 4
Cu … … … + 13 + 4 + 12
Fe … … … … � 2 � 1
Ni … … … … … � 7
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It is clear that for complete analysis of the phase formation
process in multicomponent alloys, the interatomic interaction of
components must be taking into account. The degree of such
interaction is the thermodynamic characteristic—partial en-
thalpy of mixing DHAB for A-B binary molten alloys. As
shown in Table 4, collecting the values of DHAB for binaries,
the existing Cu in multicomponent alloys results in the
significant positive enthalpy of mixing with transition elements,
that is, evidence of preferred interaction of the like kind atoms
(Ref 16).

Particularly, in sequence from Al to Fe its value varies
within a range from � 1 to + 13 kJ/mol that leads to forcing
out the Cu atoms into interdendritic spaces at the second stage
of crystallization and formation of a solid solution on the base
of the FCC lattice. Contrary to Cu, Al shows the strong
chemical interaction with transition metals that is manifested by
significantly negative values of DHAB. As a consequence, the
ordering of a solid solution on the base of the BCC phase with
structure type B2 is observed in the alloys 1 and 2 with higher
content of Al. Similar behavior is also typical for interaction of
atoms in Fe-Co, Fe-Ni, Fe-Cr and Cr-Ni melts. On that reason,
the initial BCC phase consists of elements with negative pair
enthalpy of mixing and its morphology has dendrite features.
During dendrite growth, the rest melt enriches with Cu and
crystallizes in the interdendritic regions. For confirmation of
such assumptions, few thermodynamic characteristics and
structure criterion for each phase component have been
calculated according to formulas (3, 4) (Table 5).

As seen, the enthalpy of mixing for initial BCC phase is
negative for all alloys and the mean melting temperature is,
respectively, higher, which is the reason of deposition of this
phase from the melt during first stages of transformation. It is of
importance that a correlation between DH of initial BCC phase
and microhardness of the alloy exists. The alloys with more
negative enthalpy of mixing show the larger hardness due to an
increase in the energy of chemical interaction between the
components. At the same time, the Cu-enriched FCC phase has
positive DH values and lower melting temperature, that is why
it is formed at the second stage of crystallization. Special
attention should be paid to analysis of a size factor for both
phases. In the alloys 1 and 2, the parameter d for BCC phase
prevails the critical value d = 4.6% for more stability of
disordered solid solution. This result can be considered as one
of the reasons that lead to atomic ordering in the BCC phase
and the formation of superstructure of B2 type. At the same
time, the formation of disordered solid solution on the base of
the BCC phase occurs for the alloy 3 with d = 4.5%. It is also
of importance that the size parameter of the FCC phase in the
alloys 1-3 approaches the critical value d � 4% resulting in

appearance of significant inner stresses. Therefore, the results
obtained in this work suggest the possibility of significant
influence of the component content variation on structural-
phase state and properties of high-entropy alloys.

4. Conclusions

1. In correspondence to thermodynamic and structural crite-
ria and based on x-ray phase and microstructure analysis,
it is shown that the structure of the equiatomic high-en-
tropy AlCoCuFeNiCr alloys has two-phase behavior and
contains solid solutions with BCC (B1 or B2 structure
types) and FCC lattice (A1 structure type).

2. Addition of Al promotes the formation of the BCC
phase. Besides, in alloys with higher content of Al the
ordering and appearing of superstructure of B2 type is
observed. A decrease in the Al content leads to transition
to the disordered solid solution (B2 fi B1).

3. Initial BCC phase reveals the dendrite morphology and is
enriched with transition elements, whereas Cu-enriched
BCC solution deposits in the interdendritic regions.

4. The significant variations of microhardness versus vol-
ume fraction of phase components and its correlation
with thermodynamic characteristics are revealed.
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