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The structure, phase composition, electrochemical behavior, and corrosion resistance of high-entropy
alloys FesCrCuNiMnSi and FesCoCuNiMnSi in as-cast and splat-quenched states were studied. A cooling
rate estimated by splat-quenched film thickness was ~ 10° K/s. Selecting the components of the studied
alloys was carried out basing on the criteria adopted in the literature for the composition of a high-entropy
alloy such as calculations of the entropy and enthalpy of mixing, valence electron concentrations as well as
the difference between the atomic radii of the components. Using X-ray diffraction analysis, the phase
composition and crystal lattice parameters of the investigated high-entropy alloys were determined. It was
established that the as-cast FesCoCuNiMnSi alloy is a solid solution with a face-centered cubic lattice, while
the as-cast FesCrCuNiMnSi alloy contains two solid solutions with a face-centered and solid solution with
body-centered cubic lattices. However, both spalt-quenched high-entropy alloys were solid solutions with a
face-centered cubic lattice. The values of stationary potentials and areas of electrochemical stability of
alloys as well as the density of corrosion currents were determined. It was shown that samples of the
Fe5CrCuNiMnSi alloy behaved inertly in corrosion tests both in as-cast and in splat-quenched states.
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1. Introduction

Until recently, it was believed that the creation of alloys was possible only if you choose
one component as a basis (alloys based on Fe, Cu, Al, Ni, Mg, etc.). However, these claims
were dispelled after obtaining the so-called high-entropy alloys (HEAS) consisting of five or
more components in equal equimolar ratios. With certain combinations of elements in these
alloys, it is possible to obtain high strength, ductility, wear resistance, corrosion resistance,
etc. The main distinguishing feature of HEAs from traditional alloys is that they have a high
mixing entropy, which significantly affects their structure and properties [1-3].

It was found that the structures of high-entropy alloys could differ significantly from
each other. There are high-entropy alloys with a structure based on solid solutions, mixtures
of intermetallic phases, amorphous phases as well as alloys with a complex multiphase
structure [1-7]. Due to their high hardness and wear resistance, resistance to ionizing
radiation, antibacterial properties, and corrosion resistance, high-entropy alloys are promising
materials for various fields of technology [8-17].
Recently, it has been proposed in the literature to consider as HEAs only equimolar alloys,
the structure of which contains only simple solid solutions with BCC and FCC crystal
lattices. For other alloys with high entropy but with non-equimolar component content or
more complex phase composition, which also contains ordered solid solutions and
intermetallic compounds, it was proposed to introduce new terms, namely: multi-principal
element alloys (MPEAs), compositional complex alloys, or complex concentrated alloys
(CCAs) [18]. However, at present, these names are not yet common. Studies show that non-
equimolar alloys significantly expand the possibilities of improving the characteristics of
HEAs, as they can consist of several phases with fundamentally different properties, such as
plastic FCC phase and solid and brittle intermetallic phase. Substances that combine the
properties of several different types of materials are of considerable scientific interest [19,
20]. A striking example of a non-equimolar HEA is the so-called high-entropy steel or high-
entropy alloy, the main component of which is iron [21].

Casting methods are usually used as methods for producing high - entropy alloys.
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However, it should be noted that the formation of the structure of solid solution doped
with many elements should complicate the casting process, in particular, we can assume a
heterogeneous distribution of elements as well as the presence of significant internal
stresses in the ingot. There is an obvious need to increase the number of melts to increase
the homogeneity of the chemical composition and control the cooling rate during
crystallization.

One of the widespread methods of improving the physical, chemical, mechanical
and other properties of metals and alloys is hardening from the liquid state (HLS) [22].
The development of HLS methods has led to a growing interest in materials with
thermodynamically nonequilibrium structures worldwide. In these methods, the cooling
rate of the melt reaches values over 10° K/s and therefore a wide range of metastable
structural states is formed in the alloys, including nanocrystalline and solid amorphous
states with unique sets of properties. Due to this, HLS is a hopeful method for obtaining
high-entropy alloys with improved physical characteristics.

In this work, we investigate the influence of the rapid quenching from melt on the
phase composition and improvement of some physical properties, in particular, the
microhardness and corrosion resistance of non-equiatomic high-entropy alloys of Fe—Cr—
Cu—Ni-Mn-Si and Fe—Co-Cu—Ni-Mn-Si systems.

2. Experimental details

The as-cast samples of Fe-Cr-Cu-Ni-Mn-Si and Fe-Co-Cu—Ni—-Mn-Si non-
equiatomic high-entropy alloys with nominal compositions presented in Table 1 were
prepared with a Tamman high-temperature electric furnace in the argon gas flow using a

copper mold.
Table 1
Nominal chemical compositions of FesCrCuNiMnSi and FesCoCuNiMnSi high-entropy alloys

Fe Cr Co Cu Ni Mn Si
Composition of FesCrCuNiMnSi, at.% 50 10 0 10 10 10 10
Composition of FesCoCuNiMnSi, at.% 50 0 10 10 10 10 10

The mass losses during ingot preparation did not exceed 1% and the average rate of
cooling was ~10% K/s. The as-cast ingot was thereafter remelted, and the nanostructured
films were obtained from the melt by splat quenching (SQ) technique. A technique for
splat quenching used in the present work consisted of rapid cooling of melt drops upon
their collision with the internal surface of a rapidly rotating hollow cylinder of copper.
The cooling rate was estimated following the methodology proposed in [22]. We used the
expression

_ad

V=22
cpd

1)
where c is the heat capacity of the film, p is the film density, a is the coefficient of heat
transfer, 9 is the excess temperature of the film and & is its thickness. Taking into account
the thickness of fabricated splat quenched films, i.e., ~40 um, the estimated rate of
cooling was ~10° K/s. The X-ray diffraction analysis (XRD) was carried out using a
DRON-2.0 diffractometer with monochromatized CuK. radiation. The diffraction
patterns were processed using QualX2 software. The microhardness was examined using
a tester PMT-3 at a load of 50 g.

For electrochemical research, the PI-50-1 potentiostat with PR-8 programmer and
three-electrode cell were used. Samples of the studied alloys were used as working
electrodes. The auxiliary electrode was a platinum plate, and the reference electrode was
a silver chloride half-element connected to a cell through a Luggin capillary filled with a
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working solution. The studies were performed in 5% (0.9 mol/l) neutral sodium chloride
solution. The pH of the solutions was controlled using an ionomer EV-74. The solutions
were not mixed during the experiments, their temperature was maintained within
20 £ 2 °C. Methods of electrochemical and corrosion studies are described in detail in
previous works [24].

The surface condition of samples during corrosion tests was monitored visually and
using a NEOPHOT-21 microscope.

3. Results and discussion

In our previous works [24, 25], the parameters commonly used to predict the phase
composition of high-entropy alloys were described. They include entropy of mixing of
components ASmix, enthalpy of mixing AHmix, thermodynamic parameter €, topological
parameter 6, which characterizes the difference in atomic radii of alloy components and
concentration of valence (s + d) electrons per one atom (VEC).

According to [1-3], alloys, for which the value of the ASmix > 11 J/(mol-K), can be
considered as high-entropy. In the structure of HEAS, for which Q > 1.1 and 6 < 6.6%,
instead of complex intermetallic compounds and amorphous phases, solid replacement
solutions are formed (simple and ordered) [1-3]. In this case, the formation of unordered
solid solutions should be expected if the value of the mixing enthalpy lies in the range of
—15 kJ/mol < AHmix < 5 kJ/mol and & < 4.6% [1-3]. The type of crystal lattice for solid
solutions formed in the structure of HEA is associated with the concentration of valence
electrons. The following ratios were proposed [1-3]: formation of a solid solution with an
FCC type lattice should be expected at VEC > 8, with a BCC type lattice — at VEC < 6.87,
and at 6.87 < VEC < 8 one should expect the formation of two-phase solid solutions
based on BCC and FCC lattices. All the above-mentioned parameters for the studied
HEAs of Fe—-Cr-Cu-Ni-Mn-Si and Fe-Co-Cu-Ni-Mn-Si systems were calculated and
given in Table 1.

Table 1
Values of AHmix, ASmix, 8, VEC and Q for FesCrCuNiMnSi and FesCoCuNiMnSi high-entropy alloys
A"0y AHmix , kJ/mol AShix , 5, % VEC Q
J/(mol-K)
FesCrCuNiMnSi -10.36 12.45 3.48 7.8 211
FesCoCuNiMnSi -10.64 12.45 3.45 8.1 201

Based on the values of these parameters, it can be assumed that in the
FesCoCuNiMnSi alloy the formation of a solid solution of the FCC type should take
place, and in FesCrCuNiMnSi — (BCC type + FCC type).

The study of X-ray diffraction patterns of as-cast HEAs (Fig. 1) revealed that in the
structure of the studied high-entropy alloys the basis is composed of disordered solid
solutions with crystal lattices of the FCC type. However, while the FesCoCuNiMnSi alloy
is single-phase, the phase composition of the FesCrCuNiMnSi alloy is more complex. It
contains two FCC phases together with the BCC phase (Table 2), which confirms the
results of theoretical prediction of the phase composition of the studied HEAs. Since
BCC phases are usually characterized by higher hardness and brittleness compared to
softer and more plastic FCC phases, the resulting average microhardness of the
FesCrCuNiMnSi alloy should be higher than that of FesCoCuNiMnSi.

Since the samples of the investigated alloys in the splat quenched state did not differ
from the as-cast ones in terms of the chemical composition, the results of the phase
composition prediction should be fair in this case as well. However, the study of XRD
patterns of both SQ alloys (Fig. 2) revealed only disordered solid solutions with lattices
of the FCC-type (Table 2).
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Fig. 1. XRD patterns of casted FesCrCuNiMnSi (a) and FesCoCuNiMnSi (b) high-entropy alloys.

Table 2
The phase composition and crystal lattice parameters of as-cast and splat quenched FesCrCuNiMnSi
and FesCoCuNiMnSi high-entropy alloys

Alloy Phase composition

As-cast FesCoCuNiMnSi | FCC (a = 0.361nm)

As-cast FesCrCuNiMnSi | FCC1 (a = 0.3656 nm) + FCC2 (a = 0.3607 nm) + BCC (a = 0.281 nm)

SQ FesCoCuNiMnSi FCC (a =0.3601nm)
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Fig. 2. XRD patterns of FesCrCuNiMnSi (a) and FesCoCuNiMnSi (b) spalt-quenched high-entropy alloy
films.

That is, the forecast calculations regarding the phase composition of the studied
HEAs came true only partially. The reason why the phase composition of the SQ samples
of FesCrCuNiMnSi alloy does not correspond to the predicted one and differs from the
phase composition of as-cast samples is obviously that in the thermodynamically
nonequilibrium structure of the SQ film only crystalline nuclei of the main FCC phase
have time to form and grow. The second FCC and BCC phases, which obviously have a
lower crystallization temperature, do not have time to form. This is indicated by the fact
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that even in an as-cast alloy of FesCrCuNiMnSi obtained in much more equilibrium
conditions with a low cooling rate (10% K/s), their content is insignificant, which follows
from the low intensities of the corresponding diffraction maxima (Fig. 1). Thus, it can be
argued that the estimated prediction of the phase composition of HEAs does not allow to
describe the phase composition of alloys obtained from the melt by splat quenching
method fully.

Fig. 3 shows the polarization dependences obtained for the studied as-cast alloys in
5% NaCl solution at pH = 6.9. Based on the obtained dependencies, it can be stated that
for the FesCoCuNiMnSi alloy the area of electrochemical inertness is narrower and is in
the range from -1.0 V to -0.3 V. For the FesCrCuNiMnSi alloy the area of
electrochemical inertness is in the range from —1.0 V to -0.1 V, i.e.it expanded in the
anode direction by 0.2 V. This can be explained by the replacement of cobalt in the alloy
composition with chromium, which upon oxidation forms compounds capable of
passivating the surface. The corrosion process in neutral saline for both alloys occurs with
oxygen depolarization. Under such conditions, the determining stage is usually the
diffusion of oxygen to the surface.

20 + 2

10 - 1

"

i, mA/cm”

Fig. 3. Polarization dependences obtained for cast alloys FesCrCuNiMnSi (1) and FesCoCuNiMnSi (2)
in 5% NacCl solution.

Fig. 4 shows the areas of polarization dependences near the values of stationary
potentials, constructed in semi-logarithmic coordinates, from which the densities of
corrosion currents icorr Were determined. The logarithm of this quantity corresponds to the
point of intersection of tangents to the two branches of the graph. It was found that for the
FesCoCuNiMnSi alloy the icorr is equal to 0.18 mA/cm? and it is significantly higher than
the icorr for the FesCrCuNiMnSi alloy (0.07 mA/cm?).

Similar polarization measurements were performed for SQ samples. The obtained
results are shown in Fig. 5. As can be seen, the area of electrochemical stability for the
alloy FesCoCuNiMnSi is in the range from -1.0 V to -0.3 V, and for the alloy
FesCrCuNiMnSi from 1.0 V to -0.1 V. That is, for an alloy containing chromium, this
area expanded to the range of more positive potentials and by the same amount as in the
case of cast alloys. The values of corrosion current densities for SQ samples were
calculated by processing the results of polarization measurements in semi-logarithmic
coordinates with Ig i, E dependences (Fig. 6). The calculated values of icrr are given in
Table 3.

Model corrosion tests of samples were performed by their complete immersion in
NaCl solution at a temperature of 20 + 2 °C with periodic monitoring of the surface
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condition after 1, 2, 4 and 8 days from the beginning of the experiment. The results of
corrosion tests show that the alloy FesCoCuNiMnSi, both in as-cast and SQ state, is not
corrosion-resistant. After a day of testing, corrosion products are formed on its surface,
which does not have protective properties. FesCrCuNiMnSi alloy samples behave inertly
and only films of corrosion products appear on their surface, which is visualized as
variability colors.
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Fig. 4. 1g i, E - dependences obtained for cast alloys FesCoCuNiMnSi (a) and
FesCrCuNiMnSi i (b) in 5% NacCl solution; pH=6.9; V=1 mV/s.
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Fig. 5. Polarization dependences obtained for spalt-quenched FesCrCuNiMnSi (a) and
FesCoCuNiMnSi (6) alloys in 5% NacCl solution.
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Fig 6. lg i, E - dependences obtained for spalt-quenched FesCoCuNiMnSi (a) and
FesCrCuNiMnSi (b) alloys in 5% NaCl solution.
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Table 3
Values of icorr (MA/sm?) of as-cast and spalt-quenched FesCrCuNiMnSi and FesCoCuNiMnSi alloys
Alloy As-cast SQ
FesCrCuNiMnSi 0,07 0,03
FesCoCuNiMnSi 0,18 0,07

4. Conclusions

It is established that structure of the studied non-equiatomic high-entropy alloys
FesCrCuNiMnSi and FesCoCuNiMnSi in the as-casted state is formed by disordered solid
solutions with crystal lattices of the FCC type. However, the phase composition of the
FesCrCuNiMnSi alloy is more complex and contains two FCC phases together with the
BCC phase. The splat-quenched samples are disordered solid solutions based on a cubic
structure with lattices of the FCC type. The phase composition and parameters of the
crystal lattices of the investigated alloys are determined. It is shown that the theoretical
prediction of the phase composition of HEAs does not allow to describe the phase
composition of the alloys fully.

According to the results of model corrosion tests conducted in neutral 5% NaCl
solution for 1 to 8 days, it was found that the FesCoCuNiMnSi alloy, both in as-cast and
SQ state, is not corrosion-resistant. The corrosion products formed on its surface do not
have protective properties. It is determined that the samples of FesCrCuNiMnSi alloy
behave inertly in corrosion tests. Only thin films of corrosion products appear on their
surface in the form of variability colors.

Thus, the application of the method of quenching from the liquid state to obtain
high-entropy chromium-containing alloys allows us to obtain a material with sufficiently
high characteristics of corrosion resistance. In this case, the studied high-entropy Fe-
based alloys in comparison with traditional wind farms are characterized by a relatively
low content of Co and Cr, which significantly increase the cost of alloys. Taking into
account that SQ samples are usually characterized by improved physical and mechanical
characteristics in comparison with the samples obtained by casting, the studied splat-
quenched HEAs are promising for practical applications.
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