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The phase and structural transformations in equiatomic powder compositions of the Al-Cu-Ni-Fe-Cr
system during mechanical alloying (MA), annealing and subsequent spark plasma sintering (SPS) had
been studied by X-ray diffraction analysis, scanning and transmission electron microscopy, and differ-
ential scanning calorimetry. It has been established that the nanocrystalline high-entropy AlCuNiFeCr
alloy synthesized during MA consists of a supersaturated solid solution with a bcc crystalline structure.

After annealing and spark plasma sintering at 800°C, the alloy becomes three-phased, and consists
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mainly of one B2-ordered solid solution, one fcc solid solution (25 wt %), and of the (Cr, Fe);3C phase
(8wt %). The Vickers hardness of the sintered AlCuNiFeCr alloy was 8.35 GPa, and the compressive
strength at room temperature reached 1960 MPa.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Usually, traditional industrial metal alloys consist of one main
solvent element with a small number of several alloying additives,
which enhance their operational properties [1—4]. Under certain
conditions, such alloys become thermodynamically unstable. When
high temperatures are applied, phase transformations may occur
which can lead to the deterioration of operational properties. In
many cases, an excessive amount of alloying elements leads to the
formation of intermetallic compounds which modify the properties
in terms of increased strength, and decreased ductility of the alloys
[2].

The industrial development of many industries requires new
structural and tool materials with improved operational properties,
which are able to work under high temperatures, intensive wear
and dynamic mechanical loads. Improving the working capacity of
such materials is an urgent and important task. One of the most
promising classes of materials is high-entropy alloys (HEAs) [5].
They are based on a new concept of chemical compositions in metal
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alloys. According to this concept, the high entropy of mixing of
various metal elements with a concentration close to equiatomic,
can significantly reduce the Gibb's free energy of mixing, and sta-
bilize solid solutions with a relatively simple crystal structure and a
good combination of properties [1,6—12].

The creation of such materials and their application in science
and technology requires the systematic study of the conditions,
mechanisms for the formation of the structure and phase compo-
sition, as well as ways to find how to implement their potential
characteristics [13].

The HEAs can be prepared by the same methods as traditional
alloys: various ingot metallurgical technologies, powder metallur-
gical routes, which may include mechanical alloying (MA), water
atomization, deposition of films and coatings, etc. [1,6,7,14—17].
Every method has its advantages and disadvantages. In comparison
with other methods, MA enables the formation of a microstructure
with a homogeneous chemical composition [18]. The formation of
homogeneous solid solutions at ambient temperature is the main
advantage of MA over casting, especially in the case of multi-
component alloys with large differences in the melting tempera-
tures of the initial components. Moreover, MA allows to form the
fine-grained or even nanocrystalline structures, which typically
improves the mechanical properties (Hall-Petch hardening) of
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these alloys in contrast to other methods mentioned above
[9,14,15]. However, the information about the elements dissolution
as well as the sequence of the stages of phase evolution during MA
and sintering are limited, and requires a more detailed study [2].
Therefore, the purpose of this work was to study the processes of
formation of the phase composition, the grain structure, and the
mechanical properties of the AICuNiFeCr HEA prepared by MA, and
consolidated by spark plasma sintering (SPS).

2. Experimental procedure
2.1. Preparation of the material

The metallic powders of Al, Cu, Ni, Fe, Cr with 99.8% purity, for
each element, and particle size of <45 um in equal molar fractions
(20 at. %) were used as starting material.

According to Refs. [19—21], the resultant structure of HEAs is
determined by these three factors: a high entropy of mixing
(ASmix > 13,38] K~! e mol~!), which is the dominant factor; a
slight difference in the atomic radii of components (3 <8.5% -
responsible for the formation of a crystalline structure rather than
amorphous and 8 < 4% - responsible for the formation of a solid
solutions rather than intermetallic compound); and an enthalpy of
mixing (—10k] mol~' < AHmix <5 kJmol~!). According to the
calculations which were carried out in accordance with [1,11,22],
it had been found that for the selected alloy components of
the Al-Cu-Ni-Fe-Cr system, the entropy of mixing is
ASmix = 1.61-R = 13.38 J K~ ! mol~, the difference in atomic radii is
d =5.62%, and the enthalpy of mixing is AHmix = —4.0 k] mol .

Due to above mentioned parameters we can conclude that the
AlCuNiFeCr HEA could contain intermetallic compounds.

Mechanical alloying of the metallic powders mixture was car-
ried out in a planetary mill with a rotational speed of 580 rpm. The
weight of the powders mixture was taken proportionately to the
weight of milling bodies in a ratio of 1:10. The chambers and
milling bodies with a 10 mm diameter, produced from hardened
ShH-15 steel (in analogy to 52100 steel (USA)), were used in the
experiment. To prevent the oxidation and excessive cold welding of
the powders, both within the chamber and the milling bodies, as
well as among the powders themselves causing agglomeration, the
milling process was carried out in a gasoline medium.

To reduce the porosity and to increase the density as well as to
preserve the nanocrystalline state for optimum mechanical prop-
erties of the alloy, the consolidation of the MA powders was carried
out by the SPS method (FCT HP D 25) at a pressure of 150 MPa, and
at temperatures of 700, 800 and 900 °C with a dwell time of 15 min
(except for one trial of 5 min at 800 °C).

2.2. Material characterization

The shape, size and microstructure of the powder particles as
well as the microstructure of the consolidated alloys were studied
using a scanning electron microscope (SEM) REMMA-101A, and a
transmission electron microscope (TEM) JEM-CX. For the micro-
structure observation, the samples were sequentially polished, and
then etched with active oxide polishing suspension solutions. The
chemical composition of the alloy was determined using energy-
dispersive X-ray (EDX) microanalysis in a SEM equipped with an
energy-dispersive detector.

Phase distribution, the structure of the Al-Cu-Ni-Fe-Cr powder
mixture at various stages of the MA process and the AlCuNiFeCr
alloy after the SPS were investigated using an X-ray diffractometer
Rigaku Ultima IV (Japan) in monochromatic Cu-K, radiation. A
graphite single crystal mounted on a diffracted beam was used as a
monochromator. The X-ray diffractograms were obtained for 20

angles in the 20—120° range. The scanning step was 0.04° with an
angular speed of the goniometer rotation of 2°/min.

The average size of crystallites in powder alloys was determined
by the broadening of diffraction profiles according to the generally
accepted method [14] excluding the influence of instrumental
expansion. The lattice parameters of solid solutions were calculated
according to the positions of the gravitation centers of the
diffraction profiles at large angles based on the Wulff—Bragg's
condition [23].

The thermal stability of the AlCuNiFeCr HEA powder structure
was studied using differential scanning calorimetry (DSC)
STA449F1 (NETZSCH, Germany). Thermal effects during heating
from 30 °C to 1430 °C were recorded and compared with the weight
change of samples. The heating rate was 20°C/min. The DSC
method was carried out by the simultaneous heating of two calo-
rimetric cells (working and standard) in a constant stream of high-
purity Argon at a rate of 40 ml/min. Measurement and data pro-
cessing were carried out in accordance with the method described
in Ref. [24].

The Vickers hardness of the alloys was determined at a load of
1.5 N on the MHV 1000 (Time Group Inc., China) device.

The compressive strength of the sintered AlCuNiFeCr alloy was
carried out using rectangular samples with a cross section of
2 x 2 mm, and a height of 3.5 mm, which were prepared by electro-
discharge machining and grinding. The samples were tested using a
Zwick/Roell Z100 electromechanical testing machine equipped
with a Maytec furnace at temperatures of 20, 400, 600, and 800 °C
at a loading speed of 0.5 mm/min.

3. Results and discussion

3.1. Microstructure and phase formation of CuNiAlFeCr HEA during
MA

The transformations of the equiatomic Al-Cu-Ni-Fe-Cr powder
mixture at various stages of the mechanical alloying process are
shown in Fig. 1. The initial X-ray diffraction spectrum of the powder
mixture is a superposition of the diffraction peaks for the initial
pure components. After 0.5h of MA, the peak intensity for all
components decreases significantly, while the width increases. At
the same time, the Al peaks almost disappear from the X-ray
diffraction spectrum (Fig. 1), and only 4 of the 5 components (Cu,
Ni, Fe and Cr) are observed in the microstructure of the powder
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Fig. 1. X-ray diffraction spectra of the equiatomic Al-Cu-Ni-Fe-Cr powder mixture at
various stages of MA in a planetary mill in gasoline media.
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particles (Fig. 2 a), which may be due to the solid solution
formation.

Even at the initial stage of MA (0.5 h), the diffraction peaks for
Cu, Ni, Fe and Cr have a strong tailing, and a low intensity, which
makes them very difficult to detect at high diffraction angles
(Fig. 1). The significant tailing of the diffraction peaks, and a
decrease in their intensity indicate a significant fragmentation of
the crystallites, and a high level of internal micro-stresses
[14,25—-28].

After 1h of MA, only a very weak Ni peak (at an angle of
20 = 51°) is observed in the X-ray diffraction spectrum (Fig. 1),
whereas the peaks for Cu and Al disappear almost completely. The
complete merging of the Fe and Cr diffraction peaks indicates the
beginning of the formation of a bcc solid solution (B-phase). The
parameter of the bcc solid solution lattice after 1h of MA is
a=0.2889 nm. At the same time, the microstructure of the MA
powder particles (Fig. 2 b) becomes finer compared to the powder
particles after 0.5 h of MA (Fig. 2 a).

With the increase of MA duration to 2 h, only peaks for the bcc
solid solution (B-phase) are observed in the X-ray diffraction
spectrum (Fig. 1). When their intensity decreases and the width
increases, it indicates a distortion of the lattice due to the mixing of
different sized elements in a common lattice, an increase of internal
micro-stresses, and a subsequent refinement of the structure [29].
At the same time, the shift of the peaks to smaller diffraction angles
is observed, which corresponds to an increase in the lattice
parameter of the bcc solid solution (B-phase) (a = 0.2894 nm). The
increase in the lattice parameter of the bcc solid solution (Fig. 3)
could be explained by an intense dissolution of Al atoms, which has
the largest atomic radius among all components of the AlICuNiFeCr
HEA [30,31]. The microstructure of the particles becomes homo-
geneous and inhomogeneities of elemental distribution in the
powder particles are not observed in the SEM micrographs (Fig. 2
).

By increasing the milling time to 5 h, no significant changes in
the X-ray diffraction spectrum (Fig. 1) are observed. The phase
composition of the AICuNiFeCr HEA remains unchanged, and only
the most intense reflexes of the bcc lattice are visible in the spec-
trum, which indicates the completion of structure formation of the
solid solution. A decrease in height and a greater tailing of the peaks
are typical features for a nanocrystalline structure formation. As
well as a high level of micro-stresses (crystal lattice distortions)
which is the result of intensive plastic deformation during MA and
mixing of different sized elements in a common lattice of solid
solution [14,27,29,32].

The homogenized microstructure after 5h of treatment in a
planetary mill (Fig. 2 d) confirms the above findings from the XRD
analyses, and the completion of the alloying process [14].

The completion of the alloying process is also confirmed by the
results of a chemical analysis (Table 1). It is shown that the con-
centration deviation of the components does not exceed 2 at. % of
the initial chemical composition in different parts of the particle,
and within different powder particles. After 5h of MA, the lattice
parameter of the bcc solid solution (B-phase) became
a=0.2893 nm, and the particle size distribution ranged from 1 to
50 um with an average value of 14 um (Fig. 4).

The alloying process starts when the density of the defects in the
material as well as the contact area between the components are
substantially increased due to the refining of the grain structure to
nanostructural dimensions [33,34]. The alloy formation in the Al-
Cu-Ni-Fe-Cr system started in the time interval from 0.5 to 1h,
which correlates with the time necessary to achieve the nano-
structural state in this system [33,34]. The average crystallite size
was near 60 nm after 1 h of MA, and it decreased to about 17 nm
(Fig. 5) when processed for 5h in a planetary mill. These results

Fig. 2. SEM images of the microstructure of the HEA AlCuNiFeCr powder at different
stages of MA in planetary mill in gasoline media: a) 0.5h; b) 1h; ¢) 2h; d) 5h.
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Fig. 3. Change in the lattice parameter of the bcc solid solution in the AICuNiFeCr alloy
during MA in a gasoline medium.

Table 1
Chemical composition of AICuNiFeCr HEA powder after 5 h of MA in planetary mill in
a gasoline medium.

Chemical Initial chemical Chemical
element composition, at. % composition
after MA, at. %

Al 20 18.05

Cr 20 22.03

Fe 20 19.61

Ni 20 18.94

Cu 20 21.37

were obtained by estimations, which were based on X-ray diffrac-
tion analysis as well as on the TEM analysis (Fig. 6). The crystallite
sizes found by both methods correlate well with each other (Figs. 5
and 6).

The difference in atomic radii between all components (except
of Al) for the investigated AlCuNiFeCr HEA is small (Table 2).
Therefore, the most of the atoms can be easily interchanged, and
have the same ability to occupy sites in the crystalline lattice to
form the solid solution especially in conditions of the non-
equilibrium MA process [31—36]. Moreover, the high entropy of
mixing for a 5-component alloy (ASmix=13.38JK~! e mol™!) re-
duces the tendency of ordering and segregation, facilitates
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Fig. 5. Changes in the crystallite size in the AICuNiFeCr alloy during the MA in plan-
etary mill in a gasoline medium.

formation of solid solutions, and increases their stability when
compared with intermetallics [11]. An increase of solubility of
components in a solid state is also due to the non-equilibrium state,
which was formed during the MA process, and leads to formation of
supersaturated solid solutions. As described above, mechanical
alloying occurs when the size of the crystallites decreases to the
nanostructural level. Thus, due to the large volume fraction of grain
boundaries in nanocrystalline alloys, the considerable amount of
energy (enthalpy) is accumulated which serves as a driving force
for the formation of the solid solution. The increase of this energy
leads to the increased solubility in the solid state [32,37,38].

It is shown that the bcc solid solution is formed in the investi-
gated HEA although Al, Cu and Ni are fcc metals (Fig. 5). This
phenomenon could be explained by the fact that Al is a bcc stabi-
lizer at concentrations more than 15% due to the formation of
directed p-d hybrid orbitals with transition metals [20,39]. Because
of the high atomic radius of Al between atoms in the AlCuNiFeCr
alloy (Table 2), it is difficult for Al to be embedded in a denser fcc
lattice, which leads to the formation of a more open bcc structure.
The latter has a fill factor of 0.68 compared to the more densely
packed fcc lattice which has a fill factor of 0.72. Consequently, the
bcc lattice provides the dissolution of other elements without sig-
nificant lattice expansion and distortion compared to the fcc.

Also, it was found that the dissolution of the alloy components
directly depends on the physical properties of the elements. Table 2

Fig. 4. Particle morphology of the AlCuNiFeCr alloy after 5h of MA.

Fig. 6. TEM brightfield image and SAED pattern of the AlCuNiFeCr alloy powder
structure after 5h of MA in a gasoline medium.
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Table 2
Characteristics of elements of the alloy [21,23].

143

Element Atomic radius, nm Crystal structure (400 K) Melting point, °C Self-diffusion coefficient (400 K)
Al 0.143 fcc 660 1071°
Fe 0.127 bee 1538 10731
Cu 0.128 fcc 1083 107%
Cr 0.130 bec 1857 1074
Ni 0.125 fcc 1453 10737

shows the main properties of the elements included in the AlCu-
NiFeCr alloy, which are the most influential factors [38,40]. The
crystal structure and diffusion properties are given for a tempera-
ture of 400K (127 °C) because this is the typical MA temperature
measured during the process [33]. According to the diffusion the-
ory, it is well known that in traditional alloy systems there is a
strong dependency between the diffusion coefficient and the
melting point Ty, [30,36]. This means that a metal with a higher Ty,
has an increased bonding strength, and therefore a lower self-
diffusion coefficient compared to an element with a lower Tp,.
Thus, elements with a lower melting point could diffuse more
easily into a crystal lattice than an element with a higher T, [30].
Although this empirical ratio is based on the diffusion of different
types of atoms in the same matrix from the main element. The
obtained X-ray diffraction data (Fig. 1) show that the above-
mentioned temperature dependency on the diffusion coefficient
could also be extended to the self-diffusion of elements in the
multicomponent matrix [36]. This means that there is a simple
correlation between the alloying/dissolution sequence and the
melting point (Table 2).

In accordance with the data of X-ray analyses, the point of view
of kinetics and the temperature dependency on the diffusion co-
efficients, it appears that the dissolution of the components during
the formation of alloys within the Al-Cu-Ni-Fe-Cr system may occur
in the following order: Al - Cu — Ni — Fe — Cr.

3.2. Thermal stability of AICuNiFeCr HEA

Fig. 7 shows the results of differential scanning calorimetry of
the AlCuNiFeCr alloy prepared by MA in a gasoline medium for 5 h.

IV 551

I

The interpretation of the DSC data was carried out taking into ac-
count the results of the X-ray phase analysis of samples following
annealing at different temperatures (Fig. 8).

During the first heating, the endothermic peak at 72 °C on the
DSC curve was observed, which is associated with the evaporation
of the adsorbed substances. The wide exothermic effect occurring
from 100 to 520 °C s related to the reorganization of the dislocation
structure, the relaxation of internal micro-stresses acquired during
MA, and the increase of the crystallite size, which is confirmed by
the results of the X-ray diffraction analysis of the annealed speci-
mens (Fig. 8) and data [41-43].

The next exothermic effect starting at 551°C indicates the
dissipation of energy during phase transformation (separation of
the a-phase). The horizontal playground appearing at 671°C re-
mains at a temperature of 800°C, and indicates the growth of
crystallites. The next extended endothermic region on the DSC
curve indicates a gradual destruction of the crystalline structure at
high temperatures up to the melting of the alloy's three phases: two
solid solutions and the (Fe,Cr),3Cs phase, as evidenced by three
exothermic peaks, which appear at 1162°C, 1229°C, and 1310°C,
respectively. A similar behavior was also observed in Refs. [41—44].
After the reheating of the sample, the exothermic peaks were not
observed, that indicates the thermodynamic stability of the phase
composition of the multicomponent alloy.

The X-ray diffraction spectra of the AlCuNiFeCr powder milled
for 5 h, and annealed for 1 h at various temperatures, are shown in
Fig. 8. After annealing at 500 °C, the initial bcc solid solution is
transformed into an B2-ordered solid solution. As a result, a new
peak at 20 = 31.06° was observed. In addition to the peaks for the
B2-ordered solid solution, peaks for the fcc solid solution (a-phase)
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Fig. 7. DSC curves of the AlCuNiFeCr powder prepared by MA in a gasoline medium.
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Fig. 8. X-ray diffraction spectra of the MA AlCuNiFeCr alloy powder after annealing at
different temperatures for 1h.

were also found in the X-ray diffraction spectrum (Fig. 8). Conse-
quently, the alloy becomes two-phased. Moreover, the shift in the
diffraction peaks for the B2-ordered solid solution to larger 20
angles is observed, that indicates a decrease in the period of the
crystal lattice (Table 3), which is related to the release of the a-
phase, and the redistribution of elements between the o- and or-
dered B2 solid solution. The decrease in the width of the diffraction
lines for the ordered B2 solid solution, and the increase in their
intensity, indicate the decrease in the defect density for the crystal
lattice. As well as the increase in the average size of crystallites due
to the processes of returning and recrystallization, that fully cor-
responds to the DSC data (Fig. 7). Similar behavior had been also
described in Ref. [43] for the CoCrFeNiAl alloy prepared by MA.
The appearance of the diffraction peaks for the fcc phase is
related to the decomposition of the metastable supersaturated bcc
solid solution, and confirmed by the DSC data (Fig. 7) — the pres-
ence of the exothermic peak at 551 °C. Due to the higher dwell time
during annealing (1 h) compared with DSC (heating rate of 20°/
min), the phase transformation of bcc — ordered B2 solid

Table 3

solution + fcc was probably carried out at lower temperatures.

After annealing at 600°C, the (Fe,Cr),3Cs phase as well as the o-
phase and the ordered B2 solid solution are observed (Fig. 8). The
(Fe,Cr),3Cg phase could have been formed during heat treatment as
a result of the reaction of the metals with gasoline. It could be
adsorbed in the closed pores formed during MA.

The increase of the annealing temperature to 700°C does not
lead to different results in the phase compositions as compared to
the annealing at 600 °C. Annealing at 800, 900 and 1000 °C resulted
in an increase in the fcc solid solution (a-phase) content as indi-
cated by the increased intensity of the corresponding interference
peaks. At the same time, the intensity of the peaks of the B2-
ordered solid solution is decreased. After annealing at 900°C, the
intensity of the diffraction lines for the (Fe,Cr),3Cg phase is signif-
icantly decreased; after annealing at 1000°C, the diffraction lines
almost completely disappear from the X-ray diffraction spectrum
(the content of the (Fe,Cr);3Cs phase is about 2 wt%). Also, the
interference peak at the angle 26 = 31° (100) that belongs to the
B2-ordered solid solution, disappeared after annealing at 900 and
1000°C, instead, an B2 phase was formed. This can happen by the
redistribution of elements between a- and B2-ordered solid solu-
tion. A similar effect of the phase transformation of the supersat-
urated bcc solid solution into a phase with ordered B2 and fcc
crystal structures was described in Refs. [41,42].

The phase transformations occurring at elevated temperatures
are associated with the metastable state of the supersaturated solid
solution formed under conditions of intense plastic deformation
during MA. This solid solution is transformed into more thermo-
dynamically stable B2-ordered and fcc solid solutions during
annealing. However, according to the diffraction pattern (Fig. 8), the
structure of the alloy remained nanocrystalline. In the temperature
range from 700°C to 900°C, the interference peaks are shifted: the
ordered B2 solid solution shifts to smaller angles, and the a-phase
(fcc) to larger angles indicating a change in the lattice parameter
(Table 3). Obviously, this fact is linked to the redistribution of
components, especially aluminum, which has the largest atomic
radius in the Al-Cu-Ni-Fe-Cr system (Table 2).

3.3. Phase composition and microstructure of SPSed AlCuNiFeCr
HEA

In order to determine the optimal temperature-time modes of

Changing of the phase composition and crystal lattice period of the AICuNiFeCr HEA prepared by MA in a gasoline medium after isothermal annealing for 1 h at different

temperatures.

Annealing temperature, °C Phase composition, weight %

Crystal lattice period @, um

fcc (Fe,Cr),3Cq ordered B2 fcc ordered B2
500 21 0] 79 0.3618 0.2899
600 22 7 71 0.3626 0.2895
700 21 8 71 0.3615 0.2887
800 25 10 65 0.3616 0.2894
900 46 7 47 0.3613 0.2903
1000 61 2 37 0.3609 0.2899
Table 4
Sintering modes and properties of the AlCuNiFeCr alloy.
Sintering temperature, °C Dwell time, min Porosity, % Phase distribution, weight %
ordered B2 fcc (Fe,Cr)23Cs
700 15 54 61 29 10
800 5 1.1 63 29 9
800 15 0.6 67 25 8
900 15 0.6 64 27 9
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treatment by SPS of the powders obtained by MA, a study on the
influence of time and temperature on the sintering process was
conducted. The experiment were carried out in the temperature
range of 700—900 °C with dwell times from 5 to 15 min (Table 4).

The microstructure is strongly affected by the sintering tem-
perature and dwell times (Fig. 9). The AlCuNiFeCr sample sintered
at 700 °C for 15 min, shows dense regions, the residual porosity of
the sample being 5.4% (Fig. 9 a, Table 4).

Using XRD analysis, it was found that the bcc supersaturated
solid solution prepared during MA was decomposed into three
additional equilibrium phases during SPS at 700 °C: an ordered B2
solid solution, a fcc crystal structures and a (Fe,Cr),3Cs phase
(Fig. 10), to which correspond the gray, the light gray, and the dark
gray phases, respectively, in Fig. 9a. The phase distribution is shown
in Table 4.

Increasing the sintering temperature to 800°C leads to a
decrease in the porosity to 0.6% (Fig. 9 b). Strong bonds were
formed between the former particles boundaries. The phase dis-
tribution is the same as for the samples sintered at 700°C (Fig. 10,
Table 4). As shown in Fig. 9 a and b, the SPSed AlICuNiFeCr HEA
exhibits three distinctive regions (Region 1 - light-gray, 2 — gray,
and 3 - dark-gray) representing a three-phased microstructure
identified by XRD. Moreover, we found that the dark-gray phase
(Region 3) of the SPSed AlCuNiFeCr HEA could be easily removed by
an active oxide polishing suspension solution. An investigation of
the chemical composition of the phases by EDS shows that all
phases contain all the components of the alloy (Table 5). The light-
gray phase has high concentration of Cu and Ni (more than Al, Fe,
Cr). The gray phase has high concentrations of Al, Fe and Cr, and the
dark-gray phase has high concentrations of Fe and Cr.

Based on the XRD pattern (Fig. 10), the ordered B2 solid solution
is the main phase in the AlCuNiFeCr HEA. Probably, this phase is
based on elements, which have a bec structure (like Fe and Cr) or Al,
and stabilizes the bcc phase in the HEA [7,39]. Since the gray phase
is dominant in these samples (Fig. 9 a, b), and is enriched by Al, Fe
and Cr, it could correspond to the ordered B2 solid solution. The
light-gray phase corresponds to the fcc phase because it is based on
the Cu and Ni elements, which also have a fcc structure. According
to the XRD and SEM analyzes, the (Fe,Cr),3Cg phase corresponds to
the quantity of the dark-gray areas in the structure that is enriched
by the Fe and Cr elements (Fig. 9 b, Table 5).

For the two light-gray and gray phases (fcc and ordered B2), the
valence electrons concentration (VEC) was calculated taking into
account their chemical composition (Table 5). The VEC for the light-
gray and gray areas are 10.5 and 6.6 electrons/atom, respectively,
which should contribute to the formation of the bcc and fcc crystal
structures in these phases [20,45].

Increasing the sintering temperature to 900 °C does not result in
a change of the alloy's density (Table 4), but the size of the gray and
light gray phases are noticeably increased (Fig. 9 c¢). The phase
distribution of the alloy is almost unchanged in comparison to
SPSed samples at 700 and 800 °C (Table 4) as also shown by the
XRD analysis (Fig. 10). Thus, the optimal sintering temperature for
the AICuNiFeCr alloy is 800 °C.

In order to determine the optimum dwell time for the SPS,
another experiment was performed with an exposure time of
5 min at a temperature of 800 °C. The porosity of the samples was
1.1% (Fig. 9 d, Table 4) which is quite high when compared to 0.6%
for the alloy sintered at the same temperature with a dwell time of
15 min. The phase distribution and the microstructure are almost
identical for the samples SPSed at 800 °C with a dwell time of
15 min as confirmed by the XRD spectra (Fig. 10, Table 4). The for-
mation of ordered B2 and fcc solid solutions correlates with the
conditions for the formation of phase composition in the HEAs, and
is determined by the VEC value [20,45].

Fig. 9. Microstructure of the AICuNiFeCr alloy SPSed at different temperatures and
dwell times: a) 700°C, 15 min; b) 800°C, 15 min; ¢) 900 °C, 15 min; d) 800° C, 5 min.
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Fig. 10. XRD spectrum of the AlCuNiFeCr alloy SPSed at different modes.

3.4. Mechanical properties of SPSed AlCuNiFeCr HEA

The Vickers hardness values of the AlCuNiFeCr alloy sintered at
different modes are shown in Fig. 11. The highest hardness is
observed for samples sintered at 800°C and 900°C for 15 min.
However, the difference between the values lies in the measure-
ment error range. Thus, the optimal mode for preparing the AlCu-
NiFeCr HEA consists in a sintering temperature of 800°C
(=0.6Telt), and a dwell time of 15 min. Such a mode allows to
achieve minimum porosity, and an increased uniformity in the
distribution of the components, and of the fcc phase in the alloy.

The stress-strain curves of the AICuNiFeCr HEA sintered at
800 °C for 15 min obtained at room and elevated temperatures, are
shown in Fig. 12. The highest compression strength of 1960 MPa is
observed for samples tested at room temperature. Increasing the
testing temperature to 400 °C leads to an increase in plasticity, and
a slight decrease in the strength to 1800 MPa. Further increases in
the testing temperature to 600 and 800 °C causes a drop in the
strength down to 490 and 110 MPa, respectively. The yield strength
of the AlCuNiFeCr alloy reached 1511 MPa at room temperature. An
increase in temperature to 400°C leads to decreasing the yield
stress to 1366 MPa. At the temperature of 600 and 800 °C yield
strength are decreased to 410 MPa and 48 MPa, respectively. The
main reason for the increase in plasticity and decrease in strength is
the high content of Cu-rich fcc phases in the alloy (Tables 4 and 5).
The compression strength, yield strength values and Vickers
hardness of the AlCuNiFeCr HEA at room temperatures are much
higher than for CoCrFeNiV, CoCrFeNiMnV and Al ,5CoCrCuFeNi
alloys (compression strength of 1665, 1846 and 1820 MPa, yield
strength of 1435, 1660 and 1480 MPa, HV of 5.87, 6.36, 4.9 GPa,
respectively) [46,47].

Table 5
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Fig. 11. Vickers hardness of the SPSed AlCuNiFeCr alloy.

The high strength of presented HEA is generated by the con-
current effect of several strengthening phenomena. The presence of
hard particles of (Fe,Cr),3Cg carbides causes a significant increase in
the compression strength and hardness of the AICuNiFeCr HEA. The
particle reinforcement effect had been also observed in
Refs. [15,48—50]. The extremely reduced average grain size of the
HEA, inherited from the severely plastically deformed MA powders,
have caused obvious effect of grain boundary strengthening
[48,51]. Moreover, the ordered B2 solid solution exhibits a lower
plasticity than the fcc phase at room and elevated temperatures
[31]. These effects cause notable decrease of plasticity up to 2.5% at
room temperature (Fig. 12). Also, some contribution to strength
values at room temperature is added by the effect of Al with its
larger atomic radius compared to the other components, which can
contribute to an improved effect of solid solution strengthening of
the alloy [39,52,53].

The temperature dependence of the specific strength (SS) of the
studied alloy is shown in Fig. 13. The SS values of two other high-
entropy cast alloys, a ductile AlpsCoCrCuFeNi [19], a high-
strength refractory TaNbHfZrTi [54] and a Ni-based superalloys,
Inconel 718 [55,56] are given in this figure for comparison. The SS of
the AlCuNiFeCr alloy is about 120 MPa/(g/cm?) higher than the SS of
the AlpsCoCrCuFeNi alloy at room temperature and at 400°C.
However, the AICuNiFeCr alloy has a rapid drop of the SS in the
temperature range of 400—600 °C. The SS of the AlICuNiFeCr alloy is
the lowest between all presented alloys at a temperature of 800 °C.
A possible reason for this could be due to a much lower melting
temperature of Cu-rich fcc phase in the alloy [57,58]. A rapid
decrease in strength in the alloys is known to generally occur at
temperatures above T; ~0.5—0.6 Ty due to intensification of
diffusion-related processes [59,60].

4. Conclusion

The nanocrystalline equiatomic AlICuNiFeCr high-entropy alloy
had been synthesized by mechanical alloying resulting in a super-
saturated solid solution with a bcc crystal structure. The alloying
process started when the structure was refined to a nanocrystalline

Chemical composition and valence electrons concentration (VEC) of the AlICuNiFeCr alloy SPSed at 800 °C.

Alloy Region Concentration, at.% VEC, electrons/atom
Al Cu Ni Fe Cr
AlCuNiFeCr Alloy 19.44 19.38 19.82 21.62 19.74 7.6
1 233 80.92 9.99 4.69 2.07 105
2 25.97 8.12 11.31 28.05 26.55 6.6
3 18.74 5.87 8.67 27.33 39.39 -
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Fig. 12. Compressive stress-strain curves for the AlCuNiFeCr alloy tested at different
temperatures.

state (less than 60 nm), whereas during the MA process the com-
plete mutual solubility of the components was achieved. The me-
chanical alloying process allows shifting the boundaries for the
formation of substitutional solid solutions beyond the limits typical
for the equilibrium state.

The sequence of dissolution of the initial components during
MA correlates with their melting temperature, and the formation of
the substitutional solid solutions is carried out based on elements
with low diffusion activity, that confirms the diffusion nature of the
phase formation during mechanical alloying.

It is shown that by heating, the mechanically alloyed AICuNiFeCr
HEA decomposes from the metastable supersaturated bcc solid
solution into the more stable phases with ordered B2 and fcc
structures, that remained in the nanocrystalline size. Also the
(Fe,Cr),3Cg phase is appeared in the AlCuNiFeCr HEA during heat
treatment as a result of chemical reaction with gasoline residue,
which was adsorbed in the closed pores formed during MA. The
bulk AlCuNiFeCr HEA was prepared by spark plasma sintering. The
microstructure of the composite represents the matrix with a
structure of the B2-ordered solid solution, and dispersed inclusions
of the fcc solid solution and (Fe,Cr),3Cg phase. The Vickers hardness
of the samples was found in the 8.35—8.51 GPa range. The

400
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Fig. 13. The temperature dependence of the specific strength of the AlCuNiFeCr alloy
in comparison with the AlysCoCrCuFeNi, TaNbHfZ:Ti and Inconel 718 cast alloys.

compressive strength of the SPSed AlCuNiFeCr HEA at room tem-
perature reaches 1960 MPa, and decreases to 110 MPa with a testing
temperature of 800 °C.
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