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Samples of the multicomponent high-entropy alloy CoCrFeMnNiBe were obtained by the methods of casting
and melt-quenching, and their phase composition and electrochemical behavior were investigated. With the help of
X-ray phase analysis, it was established that the studied alloy in the as-cast state has a multiphase structure, in
which there are phases with lattices of the FCC, BCC, and BeNi(Co) intermetallics (structural type B2). Quenching
from the melt leads to a significant decrease in the BCC phase content. The values of stationary potentials and areas
of electrochemical stability of cast and melt-quenched CoCrFeMnNiBe alloy samples, as well as corrosion current
densities, were determined. It is shown that all samples of the CoCrFeMnNiBe alloy behave inertly in corrosion
tests, which allows them to be considered corrosion-resistant. The results of the work can be used in the
development of modern multifunctional and corrosion-resistant materials.
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Introduction

In the last two decades, there has been a rapid increase
in the number of scientific works devoted to the
preparation and study of the properties of the so-called
multicomponent high-entropy alloys (HEAS). Such alloys
must contain five or more elements in relatively high
concentrations (from 5 to 35 at.% ). The main difference
between HEAs and traditional alloys is that they have a
high mixing entropy ASmi, Which significantly affects
their structure and properties [1-4]. The structure and
phase composition of various high-entropy alloys can
differ significantly from each other. According to the
initial concept, HEA should consist only of simple
substitutional solid solutions with body-centered (BCC)
and face-centered (FCC) cubic lattices, but further studies
have shown that such alloys can have a complex structure
that is a mixture of different phases, including
intermetallic and amorphous [1-10]. Due to high hardness
and wear resistance, resistance to ionizing radiation,
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biocompatibility, and corrosion resistance, high-entropy
alloys are promising materials for various fields of
engineering [1-4].

The application of quenching from the liquid state
with melt cooling rates of 10°- 10° K/s makes it possible
to obtain new metastable states in alloys, including highly
supersaturated solid solutions, metastable intermediate
phases, in particular the solid amorphous state, with
improved physical properties. Thus, quenching from the
melt is a promising method for the production of high-
entropy alloys [11].

Particularly valuable should be considered such high-
entropy alloys that combine improved physical and
mechanical properties with sufficiently high corrosion
resistance [1-4, 12]. A rather detailed review of the
corrosion behavior of various HEAs in comparison with
aluminum, nickel, titanium alloys, and stainless steel is
given in the works [13, 14]. The investigated media are
3.5%, 0.6 M, and 1.0 M solutions of NaCl and 0.5 M
H,SO4. The review [14] summarizes research on
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corrosion-resistant HEAs, considers the influence of
environments, alloying elements, and analyzes in detail
the effect of processing methods on the corrosion
resistance of HEAs. In work [15], the corrosion behavior
of a single-phase, face-centered cubic high-entropy alloy
Alo1CoCrFeNi in the as-cast state was investigated using
the methods of voltammetry and electrochemical
impedance spectroscopy, and the obtained results were
compared with the corrosion of SS304 steel. The same
methods were used in [16] to study the microstructure and
corrosion behavior of the CrMnFeCoNi alloy. It was
shown that in solutions of 3.5 % NaCl and 0.5 M H,SO4,
the alloy shows even higher corrosion resistance than
stainless steel SS304.

In work [17] the corrosion behavior of the
FeCoNiCrMn alloy was studied, the corrosion current
densities in solutions of different acidity were determined:
- 0.778 pA/cm? (1M KOH); 0.879 uA/cm 2 (3.5 % NaCl );
32.9 pA/cm? (1M HCI ).

Multicomponent single-phase HEA CoCrFeMnNi
(Cantor alloy) is one of the most studied HEA [1-3, 7, 18-
21]. At the same time, beryllium is a promising element
for use in HEAs, considering its physical characteristics
such as high hardness and low density [22]. In this work,
based on the well-known Cantor alloy CoCrFeMnNi, we
obtained a new high-entropy alloy CoCrFeMnNiBe and
investigated the effect of rapid quenching from the melt
on its structure, as well as corrosion and electrochemical
characteristics.

I. Materials and methods

As-cast samples of high-entropy alloys of equiatomic
composition Co1667Cr1667F€1667Mn1667Nits67B€1s.67 and
Co020CraFexnMnyNiy (at.%) were obtained using a
Tamman high-temperature electric furnace in an argon
flow. The average cooling rate when using a copper mold
was ~102K/s. To ensure homogeneity, the obtained
samples were remelted at least three times. After that, a
part of the cast samples was used for the production of
melt-quenched (MQ) films. The melt quenching method
used in this work involves the spreading of a drop of melt,
which was shot with the help of a jet of high-pressure inert
gas, on the inner surface of a hollow copper cylinder with
high thermal conductivity, which rotated at a high speed
(~ 8000 rpm). The cooling rate was estimated by the

formulaV = ;—‘2 . Here c is the heat capacity of the film, p

is the density of the film material, a is the coefficient of
thermal conductivity, 9 is the excess temperature of the
film, and & is the film thickness [11]. Since the thickness
of the obtained MQ films was ~ 40 um, the estimated
cooling rate was ~ 10%K/s. X-ray diffraction (XRD)
analysis of as-cast samples and MQ films was performed
on a DRON-2.0 diffractometer in a monochromatized
CuK, radiation. Diffraction patterns were processed using
QualX2 qualitative phase analysis software [23].
Electrochemical studies were performed using a
P1-50-1 potentiostat and a PR-8 programmer using a three-
electrode cell with a volume of 30 ml. Its design made it
possible to use a selected area of the polished surface of
the alloy sample with an area of 0.1 cm? as a working
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electrode, to which the cell was tightly pressed through a
special hole through a rubber gasket. The auxiliary
electrode was a platinum plate with an area of 4 cm?.
Silver chloride served as a reference electrode a half-
element connected to the cell through a Luggin capillary,
filled with a working solution. All potentials are given
relative to this electrode. During the polarization
measurements, the solution was not stirred. The potential
sweep rate is 1 mV/s.

Corrosion properties were determined by the
gravimetric method after exposure of the studied alloy
samples in NaCl solution for 1 - 8 days. After each day of
testing, the samples were washed with distilled water,
dried, and weighed on a WA-21 analytical balance with an
error of less than 0.1 mg. The condition of the surface of
the alloys during the tests was monitored using a Neophot-
21 microscope.

Studies of the value of stationary potentials were
carried out in a 3.5 % neutral sodium chloride solution.
The pH value of the solution was monitored using an EB-
74 ionometer and adjusted to a pH value of 7.0 = 0.1 by
adding appropriate alkali or acid. The temperature of the
solutions during the experiments was maintained within
20+ 2°C.

The methods of electrochemical and corrosion
experiments are described in more detail in the works [24,
25].

I1. Results and discussion

XRD patterns of as-cast and MQ samples of the

CoCrFeMnNiBe alloy and its prototype - the Cantor alloy
CoCrFeMnNi are presented in Figure 1.
According to the results of the X-ray phase analysis, it can
be stated that the CoCrFeMnNi alloy in the as-cast state
has a single-phase structure, in which the FCC phase with
the lattice parameter a = 0.3599 nm is present. Only the
FCC phase with a = 0.359 nm is also present in the MQ
sample. However, there is a change in the mutual
intensities of the (111) and (200) diffraction lines, which
indicates the influence of the cooling rate on the alloy
crystallization process, in particular on the texture
formation. The as-cast sample of the CoCrFeMnNiBe
alloy contains an FCC phase with parameters
a =0.3598 nm, a BCC phase (a = 0.2872 nm), and a phase
of B2-type ordered solid solution BeNi(Co)
(a=0.2616 nm ). The MQ sample consists of an FCC
phase (a=0.3579nm), and a BeNi(Co) phase
(a =0.2610 nm) and also contains a small amount of BCC
phase. Thus, taking into account the intensity of the
corresponding diffraction maxima (Fig. 2), in the process
of gquenching from the melt, the content of the substitution
solid solution based on the FCC structure in the
CoCrFeMnNiBe alloy increases, and the content of the
disordered BCC phase decreases. In addition, the
parameter of the FCC lattice decreases to a = 0.3579 nm,
obviously due to the increase in the content of beryllium,
which has a much smaller atomic radius (0.113 nm)
compared to the atomic radii of other alloying elements.
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Fig. 1. XRD patterns of as-cast and MQ HEA samples: a - CoCrFeMnNi, b - CoCrFeMnNiBe.
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Fig. 2. E, t — dependences obtained for alloys:
1 - CoCrFeMnNi, 2 — CoCrFeMnNiBe,

3 — CoCrFeMnNi (MQ), 4 — CoCrFeMnNiBe (MQ).

The values of stationary potentials of CoCrFeMnNiBe
and CoCrFeMnNi alloys were determined by recording
the E, t - dependences until obtaining an almost
unchanged potential value. The obtained results are shown

in Fig. 2.

As can be seen at the beginning of the measurements,
the values of E in the as-cast alloys differ slightly: —
0.34 V for the CoCrFeMnNi alloy and — 0.35 V for the
CoCrFeMnNiBe alloy. A fter approximately 600 seconds
of measurements, both potentials acquire a constant value
(Est= -0.28 V). MQ samples behave similarly, but the
potentials are shifted to more positive values. At the
beginning of the measurements, E= -0.18V for the
CoCrFeMnNi (MQ) alloy, and E=-0.15V for the
CoCrFeMnNiBe (MQ) alloy. Gradually, the potential
values of these alloys shift slightly to more negative values
and acquire a constant value of -0.21 V. Thus, it can be
assumed that doping with beryllium and the method of
obtaining the alloy does not significantly affect the values
of Es.

Polarization studies were performed to determine the
zones of electrochemical inertness of the alloy samples
studied. In Fig. 3, as an example, a characteristic cyclic
voltammogram obtained in a neutral 3.5 % NaCl solution
for an as-cast CoCrFeMnNiBe alloy is shown. An anodic
sweep of the potential was carried out from the value of

......
......

Fig. 3. Cyclic polarization dependence obtained for cast alloy CoCrFeMnNiBe.
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pH=7.0; v=1mVJ/s.
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Fig. 4. i, E — dependencies, for alloys: 1 — CoCrFeMnNi, 2 — CoCrFeMnNiBe , 3 — CoCrFeMnNi (MQ),
4 — CoCrFeMnNiBe (MQ).

Est at a speed of 1 mV/s until the beginning of a sharp
increase in the current density when active oxidation of
the surface of the sample and oxidation of water with the
release of oxygen begin to occur. At E =-0.03 V, when
ia=2mA/cm? the direction of the potential sweep
changed to the opposite. The zero value of the current
density is reached at a potential of -0.30 V. At potential
values more negative than -0.8 V, the cathode current
density begins to increase, which indicates the beginning
of active recovery of the depolarizer, and under such
conditions, the surface of the alloy is completely cleaned
of oxide films. At E = -1.29 V, when ix = 2 mA/cm?, the
direction of the potential sweep was changed again, and
the zone of electrochemical inertness of the alloy was
determined in the third cycle. For the as-cast alloy
CoCrFeMnNiBe, it is in the range from -0.8 V t0 -0.1 V.

Similar cyclic voltammograms were obtained for all
investigated alloys. In  Fig.4 shows their
i, E - dependences obtained on the third cycle of the
potential scan. As can be seen, in the region of negative
potentials, all behave inertly up to a potential of 0.8 V,
which indicates the same nature of the cathodic process.
In the region of positive potentials, the as-cast alloy
CoCrFeMnNi is electrochemically inert up to +0.05 V, the
alloy CoCrFeMnNiBe — up to -0.1 V, MQ alloys are inert
up to -0.15 V.

By processing the obtained i, E - dependences in
semi-logarithmic coordinates (Fig. 5) at the intersection
points of the tangent to the cathodic and anodic branches
of the graph, the values of the corrosion current densities
were calculated. It was determined that for the as-cast
alloy CoCrFeMnNi icr = 7.31-107 A/cm?, and for the
CoCrFeMnNiBe alloy icor=2.10-10~7 A/lcm?,

The obtained results are completely correlated with
those given for the as-cast CoCrFeMnNi alloy by other
authors — 8.79-107 A/cm? [16].

Values icor were similarly determined for MQ alloys:
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Fig. 5. lg i, E dependence, for the studied as-cast alloys: 1
— CoCrFeMnNi, 2 — CoCrFeMnNiBe.

for the CoCrFeMnNi alloy (MQ) icor = 3.83-107 Alcm?,
and for the CoCrFeMnNiBe alloy (MQ)
icor = 2.88-108A/cm?,

The corrosion behavior of as-cast alloy samples was
investigated by fully immersing them in a 3.5 % NaCl
solution at a temperature of 20 +2°C with periodic
monitoring of the surface condition after 1, 2, 4, and
8 days from the start of the experiment. The state of the
surface of the samples of the investigated alloys before the
tests and after 8 days of the tests are presented in the
photomicrographs of Figure 6.

As can be seen, there are no changes in the state of the
surface of the samples associated with corrosion
processes. Also, for the MQ samples, in the process of
corrosion tests, their mass was controlled and it remained
unchanged.

The results of model corrosion tests of the studied
alloy samples allow us to consider them corrosion-
resistant.
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Fig. 6. Surface condition of alloy samples CoCrFeMnNi (a, €), CoCrFeMnNiBe (b, ), CoCrFeMnNi (MQ) (c, 9),
CoCrFeMnNiBe (MQ) (d, h) during corrosion tests (x1000): a, b, ¢, d — before tests; e, f, g, h - after 8 days of testing.

Conclusions

According to the results of the X-ray phase analysis
of as-cast and quenched from the melt at a speed of
~108K/s samples of the high-entropy alloy
CoCrFeMnNiBe, it was established that in the as-cast state
the structure of the alloy contains an FCC phase
(2a=10.3598 nm ), a BCC phase (a=0.2872 nm ) and a
phase of B2-type ordered solid solution BeNi(Co)
(a=0.2616 nm ). Quenching from the melt contributes to
an increase in the content of the FCC phase and ordered
phase B2 due to a decrease in the content of the BCC
phase.

The values of stationary potentials of CoCrFeMnNi
and CoCrFeMnNiBe alloys in the as-cast and MQ state in
a neutral 3.5 % NaCl solution were determined. It was
found that the addition of Be in Cantor's alloy does not
lead to a change in the values of Eg. In as-cast alloys the
value of Est=-0.28 V, and in MQ alloys Est=-0.21 V.

Based on the results of polarization measurements, the
areas of electrochemical stability of the studied alloy
samples were determined. In the negative region of the
potentials for all investigated alloys, they reach a value of
0.8 V. This indicates the same nature of the cathodic
process, which occurs with oxygen depolarization in a
neutral sodium chloride solution. In the positive range of
potentials, the cast alloy CoCrFeMnNi is the most stable.
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Its doping with beryllium shifts the boundary of the zone
of electrochemical stability from +0.05 Vto =-0.1 V. The
calculated values of the corrosion current densities are
7.31-107 Alem?  for the CoCrFeMnNi alloy,
2.10-107A/lcm? for the CoCrFeMnNiBe alloy,
3.83-107 A/cm 2 for the CoCrFeMnNi (MQ) alloy and
2.88-10°8 A/cm 2 for the CoCrFeMnNiBe (MQ) alloy.
The results of model corrosion tests of all investigated
alloy samples carried out in a neutral 3.5 % NaCl solution
for 1-8days, allow us to consider them corrosion-
resistant. Thus, taking into account the significant
improvement in mechanical characteristics that occurs
when Be is added to the CoCrFeMnNi alloy, especially
during quenching from the melt [22], the studied high-
entropy alloy CoCrFeMnNiBe in the as-cast and melt-
quenched state is promising for practical applications.
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CoCrFeMnNiBe

Ynuinposcoxuii nayionanvnuil ynisepcumem imeni Onecs Ionuapa, m. Juinpo, Ypaina, kushnrv@gmail.com
2[Tuinposcvkutl depoicasnuii mexuivnuil ynisepcumem, m. Kam'aucoe, Yipaina, bashev vi@ukr.net

B poGoTi Meromamu JHTTS Ta TapTyBaHHA 3 pO3IUIABY OTPHMaHi 3pa3sKkH 0araTOKOMIIOHEHTHOTO
BucokoentpormiiHoro ciaBy CoCrFeMnNiBe, nocnimkeHo ix (a30BHil CKiIaj| Ta eIeKTPOXIMIuHY MOBEIIHKY. 3a
JIOIIOMOTOI0 PEHTTeHO(A30BOTO aHANI3y BCTAHOBICHO, IO IOCII/UKYBAaHMI CIUIaB y JIMTOMY CTaHi Mae
GaraToda3Hy CTPYKTypy, B skiii mpucyTHi ¢asu i3 rpatkamu tumy ['LIK, OLIK Tta intepmeranimu BeNi(Co)
(ctpykrypruit Tun B2). ['apTyBaHHS 3 po3miiaBy HpU3BOIUTH 10 3HayHOTO 3MeHuieHHs Bmicty OLIK dasm.
BusHaueHi BeNMUYMHHM CTalliOHApPHUX IIOTEHMIaNiB Ta 007acTi eJIeKTPOXIMIYHOI CTabiIBHOCTI JIMTHX Ta
3arapToBaHuX 3 po3miaBy 3pa3kiB ciuiay CoCrFeMnNiBe, a Takox rycruiu ctpyMiB kopos3ii. [TokasaHo, 1o yci
3pasku ciwiaBy CoCrFeMnNiBe B kopo3iiiHIX BHIIPOOYBaHHSX IMMOBOJSTE ceOe iHEPTHO, IO TO3BOJISIE BBAKATH iX
KOpO3iHHO TpWBKMMH. Pe3ynprari po0OOTH MOXyTh OyTH BHKOPHCTaHI TpH pO3poOIi  Cy4acHHX
6araTo(yHKIIOHATBHUX Ta KOPO3iHHO TPUBKHX MaTepiaitib.

KoarodoBi cioBa: BHCOKOCHTpOMIMHWIA cruiaB, Oepuiii, CTpykTypa, (a3oBmil ckiam, eneKTpoXiMmidHi
BJIACTUBOCTI, KOPO3iiiHa TPUBKICTb.
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