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Abstract: High entropy alloys (HEAs) are among the most promising materials, owing to their vast
chemical composition window and unique properties. Segregation is a well-known phenomenon
during the solidification of HEAs, which negatively affects their properties. The electromagnetic
pulse (EMP) is a new technique for the processing of a metal melt that can hinder segregation during
solidification. In this study, the effect of an EMP on the microstructure and surface properties of
Al 25CoCrFeNiV HEA is studied. An EMP, with an amplitude of 10 kV, a leading edge of 0.1 ns, a
pulse duration of 1 ns, a frequency of 1 kHz, and pulse power of 4.5 MW, was employed for melt
treatment. It was found that the microstructure of Alj5CoCrFeNiV HEA changes significantly
from dendritic, for an untreated sample, to lamellar “pearlite-like”, for an EMP treated sample.
Moreover, EMPs triggered the formation of a needle-like o-phase within the solid solution grains.
Finally, these microstructural and compositional changes significantly increased the microhardness
of Alp5CoCrFeNiV HEA, from 343 + 10 HV( 3 (without the EMP) to 553 & 15 HVy 3 (after the EMP),
and improved its resistance against gas-abrasive wear. Finally, an EMP is introduced as an effective
route to modify the microstructure and phase formation of cast HEAs, which, in turn, opens up broad
horizons for fabricating cast samples with tailorable microstructures and improved properties.

Keywords: electromagnetic pulses; high entropy alloys; segregation; microstructure; microhardness;
gas-abrasive wear

1. Introduction

The concept of multicomponent alloys that typically consist of five or more elements
with an equimolar (or near equimolar) ratio to ensure the highest entropy of mixing, was
proposed by Cantor and Yeh in 2004 [1,2]. Further studies showed that a number of high
entropy alloys (HEAs) based on transition metals have excellent mechanical characteristics,
such as a combination of high strength and ductility [3,4], increased fatigue resistance [5,6],
high hardness, and wear resistance [7-9]. The latter is of particular interest, since the
replacement of steels and cast irons with HEAs can significantly extend the service life of
the products working under high friction and wear conditions.

At present, the quest for optimal HEA compositions with increased wear resistance is
still ongoing [9]. There are also alternative ways to improve the wear resistance of metals.
Notably, studies are being carried out on the effect of reinforcement carbide particles
on the tribological properties of HEAs [10,11]. It is also known that any changes in the
microstructure of the resulting HEAs affect their friction and wear behaviors [12].
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The effect of strong magnetic fields (MF) and the treatment of metal melts with electro-
magnetic pulses (EMP) are the latest techniques used to modify the microstructure of metals
and alloys [13]. By using similar techniques for steels, cast irons, aluminum and copper
alloys, finer microstructures [14-21]—and an almost two-fold increase in the microhardness
of the treated samples [14,19-21]—have been realized. Moreover, Jie et al. [16] reported
that MF treatment of commercially pure aluminum results in grain refinement and the
transformation from columnar to equiaxed grains. It is also reported that nanosecond EMP
treatment of aluminum cast alloys not only leads to an improvement in the microstructure,
but also to a significant decrease in the porosity [17]. Ma et al. [18] reported that after a
Cu-37.4% Pb melt was treated with electromagnetic pulses, not only did the size of the
copper dendrites decrease after crystallization, but a more uniform distribution of lead
inclusions also occurred, as well as an increase in its solubility in copper-rich solid solutions.
In addition to microstructural changes and an increase in microhardness, an increase in
strength and ductility has also been noted in the metal treated with EMP [22,23].

The effect of MF and EMP on the microstructure and properties of HEAs is discussed in
a limited number of studies [24-27]. Guo et al. [24] showed that EMP treatment can change
spinodal decomposition, improve ductility, and increase the corrosion pitting resistance
of AlCoCrFeNi HEA. Zhao et al. [25] found out that after exposure to strong magnetic
fields, the microstructure of AICoCrFeNi HEA became coarse and more homogeneous. In
addition, they found out that the volume percentage of the bcc phase increased, which
improved the magnetic characteristics of the alloy. Deng et al. [26] drew attention to the
fact that MF treatment of the AICoCrCuFeNi alloy can suppress precipitation of Cu-rich
fcc phase, and in turn, it can lead to an increase in the mechanical characteristics of the
alloy. In addition, Guo et al. [27] reported a significant effect of EMP on the macro- and
microstructure of CoCrFeNiCu HEA, which changes from a dendritic microstructure in
the absence of pulses, to an almost equiaxed microstructure with an increase in the pulse
frequency to 8 Hz. It was also found that EMP suppresses (to the point of complete absence)
the segregation of copper into a separate phase in the treated samples. Moreover, EMP
treatment increased the mechanical characteristics of the CoCrFeNiCu alloy; thus the
microhardness index increased by a value of about 20% at a pulse frequency of 2 Hz.

It is known that vanadium can increase the microhardness and wear resistance of
HEAs (in particular, Al,CoCrFeNi HEAs); however, the microstructure of such samples is
not ideal, since vanadium is prone to segregation, in some cases even in the form of coarse
dendrites along the grain boundaries [28-30]. Based on the previously reported results on
EMP treatment of non-ferrous alloys [20,22,23,31,32], dispersion of vanadium precipitates,
and homogenization of the structure as a whole, can be expected after EMP treatment;
therefore, the purpose of this work is to study the effect of high-power EMP treatment on the
microstructure, microhardness, and gas-abrasive wear behavior of Alj;CoCrFeNiV HEA.

2. Materials and Methods

Samples of Alj25CoCrFeNiV HEA were fabricated by induction melting in a reducing
atmosphere using high purity metals (granules and powders, >99.9 wt.%) according to the
procedure described here [30].

The EMP treatment technique of metal melts is described in detail elsewhere [31,32],
and we briefly explain it here. To generate electromagnetic pulses, we used a generator
manufactured by FID Technology (St. Petersburg, Russia), which is presented in Figure 1a
with the following characteristics: pulse amplitude of 10 kV, wherein the leading edge of
the pulse was 0.1 ns, the pulse duration was 1 ns, the pulse repetition rate was 1 kHz, and
the calculated pulse power was 4.5 MW. A distinctive feature of the generator used is its
low power consumption of 50 W. The loss factor K was measured by using a picosecond
pulsed reflectometer P5-15 (LLC Eliz, Cherepovets, Russia). The operating frequency band
of the instrument is 0-5 GHz. The essence of the measurement is to determine the reflection
from the end of the line that includes the cable (supplies energy from the generator), which
wires to the electrode, and the electrode wires to the crucible. The measured value in the



Coatings 2022, 12, 688 3of11

cold state (without immersing the electrodes into the melt) was 0.3. This means that 0.3 of
the power supplied from the generator is lost in the line elements (cable, wires, electrode).
Consequently, the remaining 70% of the power gets into the melt.

fireclay cover

EMP generator

emitter

melt

¥ corundum crucible
graphite crucible
induction furnace

(a) (b)

Figure 1. (a) EMP generator; (b) a schematic of the nanosecond EMP treatment setup.

Two independent experiments were carried out, in which a stoichiometric amount
of metal powders were mixed and loaded into a corundum crucible and melted inside an
induction furnace under a reducing atmosphere. The melt temperature was controlled by a
portable pyrometer. During melting with pulse processing, when the melt was heated to a
temperature of 1700 °C, one tungsten electrode was dipped into the melt and the second
electrode was placed on the body of the graphite crucible (Figure 1b). EMP treatment of the
melt was carried out for 5 min. For melting without impulse action, when the melt reached
the same temperature, a W electrode was immersed into the melt and the melt was held
for 5 min without turning on the generator. During the second melting (without exposure
to electromagnetic radiation), the electrode was immersed into the melt to simulate the
influence of introducing a cold electrode into the melt crystallization. In both cases, after
five minutes of exposure, the corundum crucible with the melt was removed from the
furnace and cooled by air.

The microstructure was studied using an Axio Observer D1.m optical inverted metal-
lographic microscope equipped with a Thixomet Pro image analysis software and hardware
system. Marble’s reagent was used to reveal the microstructure. The microstructure of
the longitudinal section of the ingots, and the surface morphology after gas-abrasive wear,
were studied on a scanning electron microscope (SEM) JEOL JSM-7001F (JEOL, Tokyo,
Japan), equipped with an energy-dispersive X-ray spectroscopy detector (EDS; Oxford
INCA, Abingdon, Great Britain). An X-ray diffraction phase analysis (XRD) was carried out
on a Rigaku (Tokyo, Japan) Ultima IV diffractometer using Cu—K« radiation (A = 0.15406 A).

The microhardness was measured using an FM-800 microhardness tester (Future-Tech
Corp., Tokyo, Japan) at a load of 300 g. To average the microhardness index, at least
18 measurements were used on each sample.

Gas abrasive wear tests were carried out using a Contracor CAB 135S abrasive blast
cabin manufactured by Contracor GmbH (Wuppertal, Germany). Electrocorundum Al,O3
particles with a size of 100 um were used as the abrasive material. For the gas-abrasive
wear test, bars of 18 mm x10 mm x 10 mm in size were fabricated from the HEA ingots,
and an area of about 180 mm? was subjected to a wear test. An air jet with abrasive material
was supplied into the cabin using an abrasive blast gun with a nozzle diameter of 8§ mm
under a pressure of 0.5 MPa. The distance from the nozzle to the surface of the sample
was 150 mm. The abrasion resistance was evaluated using the mass loss parameter. To
do this, the cast bar was first weighed, then gas-abrasive treatment was carried out over
an interval of two minutes to weight the samples and record the weight loss. The total
exposure time to the abrasive particles for each sample was about 20 min (10 weight loss
measurements were recorded). Before weighting, each sample was washed in alcohol
and blown with a compressor to clean the surface of abrasive particles that may affect the



Coatings 2022, 12, 688

40f11

weight loss of the samples. An electronic laboratory balance VK-1500, with an accuracy of
0.02 g, manufactured by CJSC Massa-K (St. Petersburg, Russia), was used for weighting.

3. Results and Discussion
3.1. Microstructure

Figure 2 shows the optical microscope images of the microstructure of the etched
samples. As shown in Figure 2, the microstructure of Aly5CoCrFeNiV alloy has changed
significantly after EMP exposure to the liquid metal. The microstructure of the untreated
sample contains V dendrites, both in the form of the coarse inclusions, with sizes ranging
from 50-100 um, and smaller inclusions of about 50 um. The main phase also exhibits a
dendritic characteristic, in which dendritic cells have a size of 50-80 pm, and segregation
of the second phase is observed in the inter-dendritic regions. These findings are consistent
with previous reports [30,33]. The microstructure of the sample after EMP treatment is more
homogeneous and does not contain a pronounced dendritic microstructure. Precipitation
of primary and secondary phases in the treated Aly5CoCrFeNiV sample has a lamellar
“pearlite-like” microstructure. Instead of coarse primary V dendrites, cooperative lamellar
precipitates of about 20-30 um are observed.

Figure 2. Optical microscopy microstructure of Alg25CoCrFeNiV HEA; without EMP (a) and after
EMP (b).

A similar EMP-effect on the size of cementite or graphite plates has already been
reported for steels and cast irons [19-21]. Rabiger et al. [15] attributed such EMP-induced
changes in the microstructure to the influence of the Lorentz force on the charged ions in the
molten metal, which contributes to the strong convection in the molten metal. This, in turn,
may result in unique microstructural patterns after crystallization. Moreover, the main
cause of such microstructural changes is considered to be the emergence of mechanical
forces in the melt due to the transformation of electromagnetic oscillations to ultrasonic
oscillations during the solidification process, which causes the grinding of nucleation
centers and mixing of the melt [20-22,31,32].

Ultrasonic waves may effectively modify the microstructure of the samples during
melting and solidification. As reported by Arkin et al. [34], in order to create obvious
positive effects on nucleation when ultrasonic waves flow through a metal melt, the elec-
trodynamic pressure in the melt should be in the range of 1 x 10° to 4 x 10° Pa. The
EMP-induced pressure in the melt can be calculated by the formula:

w-(1-R)
=2 VY 1
p - M
where p is wave pressure (N/m?), w is specific power of impulse wave (W/m?), R is the
reflection coefficient from the metal (R = 0 for total absorption, R =1 for total reflection) and
v is wave speed (m/s). The wave speed in molten metals is in the order of 4 x 103 m/s [35].
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With the pulsed excitation of oscillations, the pulsed power can be estimated according to
the formula:
uZ
P = e (1-K) )

where 7 is the cable wave impedance equal to 50 Ohm, U is the generator voltage equal to
10 kV, and K is the electromagnetic wave loss factor in lead wires and cables.

Considering that K = 0.3, the incident pulse power is obtained from formula (2),
P =14 x 10° W. The area of the free surface of the metal in the used crucible with a
diameter of 40 mm was equal to 1.3 x 1073 m?. By substituting the obtained value of the
pulse power related to the area and time into Equation (1), we estimated the pressure value
in the melt in the order of p = 2.7 x 10° Pa. This value is close in magnitude to the pressure
values given by Arkin et al. [34] and Yu et al. [36] when the ultrasound is used to obtain
a visible effect on the microstructure of metal samples. Thus, the performed calculation
confirms the possible effect of ultrasonic vibrations on the HEA microstructure during
irradiation of a metal melt with electromagnetic pulses.

SEM observations revealed some microstructural features of the samples (see Figure 3).
As can be seen in Figure 3a—d, after the EMP, the particles of the third phase can be found in
the grains of the solid solution, which precipitated in the form of needles with dimensions
of about 10 um in length and no more than 200 nm in width (Figure 3d). These particles
were not observed in the untreated alloy (Figure 3b). Moreover, the morphology of V-rich
dendrites changes from a flower-like to a rod-like structure upon exposure to the EMP. For a
more detailed understanding of the distribution of elements over the phases, EDS mapping
was carried out on the samples (Figure 4). The chemical composition of the phases was
determined by an EDS analyzer (Table 1). It was found that V-rich dendrites do not contain
Al, Fe, Co, and Ni elements. Instead, these elements are mainly present in solid solutions,
which is consistent with their phase diagrams with vanadium [37-41]. At the same time,
Cr exhibits an almost uniform distribution, consisting of a Cr-V phase diagram that is
characterized by the unlimited solubility of two elements in liquid and solid states [42,43].
In addition, according to the indicated diagrams, the formation of a number of intermetallic
compounds is possible in an Al-Co—Cr-Fe-Ni-V multicomponent system, and most likely,
the EMP provoked the precipitation of one of these intermetallic compounds.
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Figure 3. SEM microstructure of the Al ,5CoCrFeNiV alloy without EMP (a,b), and after EMP (c,d).
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Figure 4. EDS mapping for Aly5CoCrFeNiV alloy, (a) without the EMP and (b) after the EMP.

Table 1. EDS chemical composition of samples without and with the EMP (at.%). Av—average
composition; SS—solid solution; V-rich—saturated V phase; P—precipitate in solid solution (see

Figure 3).
Alloy Al Cr Fe Co Ni v W
Alg25CoCrFeNiV  Av 4.69 19.21 18.88 19.01 18.94 19.16 0.11
without SS 4.45 18.96 21.15 21.90 21.93 11.10 0.51
EMP V-rich 0.87 8.91 0.95 1.09 0.88 87.30 -
Av 4.47 19.60 19.02 19.36 18.42 19.00 0.13
Alg5CoCrFeNiV  SS 4.87 17.54 20.11 22.14 21.52 13.21 0.61
after EMP V-rich 0.31 16.19 2.21 2.37 191 77.01 -
P 5.88 23.36 18.36 19.71 15.89 16.80 -

Taking into account the microstructure and mapping data (see Figures 3 and 4), as well
as the numerical values from Table 1, we can note the formation of solid solution grains
(SS) and the vanadium-enriched phase (V-rich) in Aly5CoCrFeNiV HEA, as well as the
presence of precipitated intermetallic compounds (P) in the alloy upon irradiation with the
electromagnetic pulse.

According to Table 1, it can be stated that there was a slight dissolution of the W
electrode into the melt, as its presence was detected in the composition of the solid solution;
however, the content of W in the solid solution is ~0.5 at.%, and about 0.11-0.13 at.% in the
average composition. Such an amount of the dissolved tungsten can be neglected when
discussing the microstructure and properties of the samples.

3.2. X-ray Diffraction

The XRD spectra of the samples are shown in Figure 5. For the sample without
EMP treatment, peaks related to the fcc solid solution and V-rich bec phase are visible.
After EMP treatment, in addition to these two phases, some peaks could be indexed as
o-phase with a tetragonal crystal lattice. The possibility of the formation of the o-phase in a
CoCrFeNiV alloy is indicated by Salishchev et al. [28]. The needle-like o-phase has already
been reported in Aly5CoCrCuFeNiV HEA by Chen et al. [33].
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Figure 5. X-ray spectra of Aly5CoCrFeNiV HEA before and after EMP treatment.

According to our XRD analysis, the o-phase is characterized by a tetragonal crystal

lattice with parameters a = 8.816 A and ¢ = 4.571 A, which coincides with the results
reported by Salishchev et al. [28], where the o-phase is characterized by a tetragonal

lattice with parameters that can vary between a = 8.794-8.826 A and ¢ = 4.566-4.578 A
(depending on the degree of lattice distortion). Moreover, considering the interaction
volume of electrons with the sample in EDS analysis (which is about 1 um [44]), the precise
chemical composition of the o precipitates could not be determined.

The results of X-ray phase analysis are in agreement with the observed microstructure
(Figures 3 and 4); therefore, it can be confirmed that the two-phase microstructure in the
sample without EMP, changes to a three-phase microstructure after EMP exposure.

For HEAs, it is useful to calculate the entropy of mixing. According to Boltzmann’s
theory [45]:

n
ASmix = —R ) XiInX; 3)
i=1

where R is the universal gas constant (R = 8.314 J/(mol-K)) and X is the atomic fraction of
the elements in the HEA. Using data from Table 1, it is possible to calculate the entropy
of mixing for each phase in Figure 5. The results of the calculation are given in Table 2.
According to the obtained data, Aly5CoCrFeNiV HEA without EMP treatment is character-
ized by the presence of a high-entropy solid solution matrix, in which low-entropy V-rich
dendrites are distributed. The EMP treatment made it possible to distribute the elements
over the phases more evenly, which led to an increase in the entropy of mixing for the bec
(V-rich) phase. It should be noted that the o-phase that is released after exposure to pulses
can be also described as a high-entropy intermetallic phase. Recently, several high entropy
intermetallics with different crystal structures have been successfully fabricated [46].

Table 2. The calculated entropy of mixing for each phase in the investigated Alg»5CoCrFeNiV HEA

(see Figure 5).
Without EMP After EMP
Phase SS V-Rich SS V-Rich P
(FCQ) (BCO) (FCQ) (BCQO) (o-Phase)
ASpi, ] -mol 1. K1 14.29 424 14.45 6.34 14.38

Therefore, considering the AS;x microstructure and phase composition, Alg25CoCrFeNiV
can be described as a composite material in which a low-entropy strengthening phase
is distributed in a high-entropy matrix phase. The EMP treatment creates an even more
unique composite, because an additional high-entropy intermetallic phase precipitates in
the high-entropy matrix, owing to the high-power electromagnetic pulses.



Coatings 2022, 12, 688

8of 11

The effect of EMP on the microstructural evolution of the alloy can be explained by
the amount of the energy introduced into the melt. The energy supplied to the melt can be
estimated as follows. In each pulse, 4.5 MW power is transferred into the melt from the
generator. Part of this power is lost due to the resistance of the lead wires and cable. The
loss factor measured in the cold state for this study was K = 0.3. Thus, taking into account
the losses, the power supplied to the melt in one pulse is about P = 3.15 MW. If we take
into account the pulse frequency of 1000 Hz, and the processing time of the melt T = 300 s
(5 min), then the energy E transferred into the melt can be determined by the formula:

E=P1 @)

which was equal to 9.45 x 10! J. The specific energy in this case turned out to be equal to
2.36 x 10'3J/kg. Obviously, this energy is sufficient to initiate phase transformations.

3.3. Microhardness and Gas-Abrasive Wear Resistance

The microhardness of the samples was 343 £ 10 HV( 3 without EMP, and increased
to 553 + 15 HV( 3 after EMP. A microhardness index of 176 + 5 HV3 and 151 HV has
been reported for as cast Aly3CoCrFeNi [47] and Alp5CoCrFeNi [48] HEAs, respectively.
Moreover, it has been shown that the microhardness of Aly5CoCrFeNi can be improved
to 260 HV after annealing and rolling [48]. It can be noted that adding vanadium to the
AlCoCrFeNi base alloy significantly increases its microhardness value. Moreover, af-
ter EMP exposure on the melt and the corresponding changes in the microstructure of
Alp»5CoCrFeNiV alloy, the microhardness of the sample increased by 61%. Such micro-
hardness values are comparable to that reported for the CoCrFeNiV alloy (524 HVs),
which is attributed to the formation of the o—phase [28]. Chen et al. [33] also noted a sharp
increase of up to 650 HV in the microhardness of the Aly5CoCrCuFeNiV HEA, due to the
appearance of the o-phase needles.

Figure 6 shows the mass loss of Aly,5CoCrFeNiV HEA samples as a function of the
exposure time of the samples” surface to the flow of abrasive particles. As shown in the
graphs, the sample after the EMP exhibits a higher resistance against gas-abrasive wear.
After 20 min of exposure to a mixture of air with an abrasive particle under pressure,
the maximum weight loss for the sample without the EMP was 1.00 g/cm?, whereasit
was about 0.76 g/cm? for the sample after the EMP. The curve for the sample without
EMP is almost linear, which indicates a uniform structure over the entire volume of the
alloy. For the sample after EMP, there are deviations from a linear dependence, which
can be associated with the formation of the hard o-phase with a non-uniform distribution.
Moreover, the brittleness of the o-phase may affect the resistance of the sample to gas-
abrasive wear [28,33].

12
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Figure 6. Weight loss of Alyp5CoCrFeNiV HEA as a function of exposure time to the flow of
abrasive particles.

It is widely accepted that developing a composite material with more reinforcement
particles and with a more uniform distribution can improve the mechanical properties of
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the samples. Here, XRD and microstructural observation clearly indicated that the EMP
improves the distribution of the reinforcement particles and also triggers the formation
of a sigma phase, which obviously has beneficial effects on the microhardness and wear
resistance of the samples; however, according to Figure 6, the difference between the
mass loss of the samples is much smaller (in percentage) than the difference between
microhardness values. This may suggest the possible embrittlement of the samples upon
precipitation of the hard o-phase. Considering the needle-like shape of the o-phase, it can
be assumed that abrasive particles break needles (stress concentrator centers in the alloy),
and over time, the solid solution matrix also starts being actively chipped. An upward
jump in the microhardness, and a moderate improvement in the wear resistance of the
samples containing o-phase, have been also reported by Chen et al. [33].

Figure 7 shows the surface morphology of the samples after 20 min of exposure to
abrasive particles. It can be seen that the surface of the sample without the EMP was
subjected to somewhat more intense wear than that of the sample with the EMP. The
surface of the EMP treated sample is more even, without obvious “holes”, and there are
quite extensive fields without visible abrasive action. The size of the lump and pits could
be estimated at around 10-20 um, which is two times less than that of the sample without
EMP treatment (for which the pit size is about 30-50 um). Moreover, there are wider and
deeper wear traces on the surface of the sample without EMP. The gas-abrasive behavior
of the sample treated with EMP is attributed to its more uniform microstructure and the
presence of hard o-phase needles in its microstructure [28,33].

Figure 7. Surface morphology of Alj5CoCrFeNiV HEA after 20 min of gas-abrasive wear for the
samples without (a,b) and with (c,d) EMP.

4. Conclusions

The effect of EMP on the microstructure, microhardness, and gas-abrasive wear behav-
ior of Alj5CoCrFeNiV HEA was studied. The untreated sample is characterized by coarse
primary vanadium dendrites with a size in the range of 50-100 um distributed in the solid
solution matrix. The sample after the EMP exhibits a lamellar “pearlite-like” microstruc-
ture with rod-like vanadium-rich precipitates, which are 20 to 30 um in length and about
5 um thick. Moreover, in the sample after the EMP, the formation of a needle-like o-phase
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with a tetragonal crystal lattice was revealed. The microhardness of the Alj »5CoCrFeNiV
increased from 343 £ 10 HV 3 (for the sample without EMP) to 553 + 15 HV 3 (for the
sample after the EMP), which is ascribed to the microstructure refinement and o-phase
precipitation. The sample after the EMP also exhibits higher resistance to gas-abrasive wear.
Finally, the formation and content of the o-phase could likely be adjusted by refining the
EMP treatment, which is an assumption that needs to be examined in future studies.

Author Contributions: Conceptualization, O.S. and N.S.; methodology, N.S. and E.T.; validation,
0.S.,N.S,, A.OM. and E.T;; formal analysis, V.K; investigation, N.S. and O.S.; resources, A.O.M.;
data curation, V.M.; writing—original draft preparation, O.S.; writing—review and editing, A.O.M.
and O.S.; visualization, N.S.; supervision, V.K.; project administration, V.K. and N.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian
Federation as part of the project FENU-2020-0020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cantor, B.; Chang, .T.H.; Knight, P.; Vincent, A.J.B. Microstructural Development in Equiatomic Multicomponent Alloys. Mater.
Sci. Eng. A 2004, 375, 213-218. [CrossRef]

2. Yeh,]J.W,; Chen, SK; Lin, SJ.; Gan, ].Y,; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured High-Entropy Alloys with
Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes. Adv. Eng. Mater. 2004, 6, 299-303. [CrossRef]

3. Li, Z; Pradeep, K.G,; Deng, Y.; Raabe, D.; Tasan, C.C. Metastable High-Entropy Dual-Phase Alloys Overcome the Strength-
Ductility Trade-off. Nature 2016, 534, 227-230. [CrossRef]

4. George, E.P; Curtin, W.A; Tasan, C.C. High Entropy Alloys: A Focused Review of Mechanical Properties and Deformation
Mechanisms. Acta Mater. 2020, 188, 435-474. [CrossRef]

5. Seifi, M.; Li, D.; Yong, Z.; Liaw, PK.; Lewandowski, ].J. Fracture Toughness and Fatigue Crack Growth Behavior of As-Cast
High-Entropy Alloys. JOM 2015, 67, 2288-2295. [CrossRef]

6. Hemphill, M.A,; Yuan, T.; Wang, G.Y.; Yeh, ] W.; Tsai, C.W.; Chuang, A.; Liaw, PK. Fatigue Behavior of Aly5CoCrCuFeNi High
Entropy Alloys. Acta Mater. 2012, 60, 5723-5734. [CrossRef]

7. Guo, X,; Jin, X.; Shi, X.; Yang, H.; Zhang, M.; Qiao, ]J. Tribological Behavior of Boronized Fe4oMny(CryoNipy High-Entropy Alloys.
Metals 2021, 11, 1561. [CrossRef]

8. Jin, G; Cai, Z.; Guan, Y.; Cui, X,; Liu, Z,; Li, Y.; Dong, M.; Zhang, D. High Temperature Wear Performance of Laser-Cladded
FeNiCoAlCu High-Entropy Alloy Coating. Appl. Surf. Sci. 2018, 445, 113-122. [CrossRef]

9. Kasar, AK,; Scalaro, K.; Menezes, P.L. Tribological Properties of High-Entropy Alloys under Dry Conditions for a Wide
Temperature Range—A Review. Materials 2021, 14, 5814. [CrossRef]

10. Guo, Z.; Zhang, A.; Han, J.; Meng, ]. Microstructure, Mechanical and Tribological Properties of CoCrFeNiMn High Entropy Alloy
Matrix Composites with Addition of Cr3Cy. Tribol. Int. 2020, 151, 106436. [CrossRef]

11.  Zhu, T.; Wu, H.; Zhou, R.; Zhang, N.; Yin, Y; Liang, L.; Liu, Y,; Li, J.; Shan, Q.; Li, Q.; et al. Microstructures and Tribological
Properties of TiC Reinforced FeCoNiCuAl High-Entropy Alloy at Normal and Elevated Temperature. Metals 2020, 10, 387.
[CrossRef]

12.  Ostovari Moghaddam, A.; Samodurova, M.N.; Pashkeev, K.; Doubenskaia, M.; Sova, A.; Trofimov, E.A. A Novel Intermediate
Temperature Self-Lubricating CoCrCu;_4FeNiy High Entropy Alloy Fabricated by Direct Laser Cladding. Tribol. Int. 2021,
156, 106857. [CrossRef]

13.  Shaburova, N.; Krymsky, V.; Ostovari Moghaddam, A. Theory and Practice of Using Pulsed Electromagnetic Processing of Metal
Melts. Materials 2022, 15, 1235. [CrossRef]

14. Wang, ]J.-Z,; Qi, J.-G.; Zhao, Z.-F; Guo, H.-S.; Zhao, T. Effects of Electric Pulse Modification on Liquid Structure of Al-5%Cu Alloy.
Trans. Nonferrous Met. Soc. China 2013, 23, 2792-2796. [CrossRef]

15. Raébiger, D.; Zhang, Y.; Galindo, V.; Franke, S.; Willers, B.; Eckert, S. The Relevance of Melt Convection to Grain Refinement in
Al-Si Alloys Solidified under the Impact of Electric Currents. Acta Mater. 2014, 79, 327-338. [CrossRef]

16. Jie, J.C,; Yue, S.P; Liu, J.; StJohn, D.H.; Zhang, Y.B.; Guo, E.Y.; Wang, TM.; Li, T.]. Revealing the Mechanisms for the Nucleation

and Formation of Equiaxed Grains in Commercial Purity Aluminum by Fluid-Solid Coupling Induced by a Pulsed Magnetic
Field. Acta Mater. 2021, 208, 116747. [CrossRef]


http://doi.org/10.1016/j.msea.2003.10.257
http://doi.org/10.1002/adem.200300567
http://doi.org/10.1038/nature17981
http://doi.org/10.1016/j.actamat.2019.12.015
http://doi.org/10.1007/s11837-015-1563-9
http://doi.org/10.1016/j.actamat.2012.06.046
http://doi.org/10.3390/met11101561
http://doi.org/10.1016/j.apsusc.2018.03.135
http://doi.org/10.3390/ma14195814
http://doi.org/10.1016/j.triboint.2020.106436
http://doi.org/10.3390/met10030387
http://doi.org/10.1016/j.triboint.2021.106857
http://doi.org/10.3390/ma15031235
http://doi.org/10.1016/S1003-6326(13)62799-5
http://doi.org/10.1016/j.actamat.2014.07.037
http://doi.org/10.1016/j.actamat.2021.116747

Coatings 2022, 12, 688 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.
38.
39.
40.
41.

42.
43.
44.

45.
46.

47.

48.

Deev, V,; Ri, E.; Prusov, E.; Ermakov, M.; Slavinskaya, N. Structure Formation of Cast Al-Mg-5Si Alloys during the Melts Irradiation
with Nanosecond Electromagnetic Pulses. IOP Conf. Ser. Mater. Sci. Eng. 2020, 1001, 012054. [CrossRef]

Ma, T.,; Geng, G.; Sun, X.; Hao, X.; Hao, W. Effect of High Density Electric Current Pulse on Solidification of Cu-37.4 wt.%Pb
Monotectic Alloy Melt. Mater. Sci. 2020, 26, 34—40. [CrossRef]

Qin, R.S.; Samuel, E.I.; Bhowmik, A. Electropulse-Induced Cementite Nanoparticle Formation in Deformed Pearlitic Steels.
J. Mater. Sci. 2011, 46, 2838-2842. [CrossRef]

Shaburova, N.A. Changes in Metal Properties after Thermal and Electric Impulse Processing. IOP Conf. Ser. Mater. Sci. Eng. 2015,
81, 012016. [CrossRef]

Ri, EK.; Hosen, R.; Ermakov, M.A_; Knyazev, G.A.; Dzhou, B.L.; Ri, V.E. Solidification of Low-Silicon Iron under the Action of
Nanosecond Electromagnetic Pulses. Steel Transl. 2013, 43, 471-473. [CrossRef]

Krymsky, V.; Shaburova, N. Applying of Pulsed Electromagnetic Processing of Melts in Laboratory and Industrial Conditions.
Materials 2018, 11, 954. [CrossRef] [PubMed]

Shaburova, N.A.; Krymsky, V.V. Electropulse Machining of Metals. Mater. Sci. Forum 2016, 870, 360-363. [CrossRef]

Guo, Y; Liu, L.; Zhang, W.; Yao, K.; Zhao, Z.; Shang, J.; Qi, ].; Chen, M.; Zhao, R.; Wu, E. Effects of Electromagnetic Pulse Treatment
on Spinodal Decomposed Microstructure, Mechanical and Corrosion Properties of AICoCrFeNi High Entropy Alloy. J. Alloys
Compd. 2021, 889, 161676. [CrossRef]

Zhao, C,; Li, J.; He, Y,; Wang, J.; Wang, W.Y.; Kou, H.; Wang, J. Effect of Strong Magnetic Field on the Microstructure and
Mechanical-Magnetic Properties of AICoCrFeNi High-Entropy Alloy. . Alloys Compd. 2020, 820, 153407. [CrossRef]

Deng, N.; Wang, J.; Wang, J.; He, Y.; Lan, Z.; Zhao, R.; Beaugon, E.; Li, ]J. Microstructure and Properties of AlICoCrCuFeNi
High-Entropy Alloy Solidified under High Magnetic Field. Mater. Lett. 2021, 285, 129182. [CrossRef]

Guo, Y; Liu, L.; Zhang, W.; Yao, K.D.; Chen, W,; Ren, J.; Qi, ].G.; Wang, B.; Zhao, Z.F; Shang, ].; et al. A New Method for Preparing
High Entropy Alloys: Electromagnetic Pulse Treatment and Its Effects on Mechanical and Corrosion Properties. Mater. Sci. Eng. A
2020, 774, 138916. [CrossRef]

Salishchev, G.; Tikhonovsky, M.A.; Shaysultanov, D.; Stepanov, N.D.; Kuznetsov, A.V.; Kolodiy, I.; Tortika, A.S.; Senkov, O.N.
Effect of Mn and V on Structure and Mechanical Properties of High-Entropy Alloys Based on CoCrFeNi System. . Alloys Compd.
2014, 591, 11-21. [CrossRef]

Dong, Y.; Zhou, K,; Lu, Y.; Gao, X.; Wang, T.; Li, T. Effect of Vanadium Addition on the Microstructure and Properties of
AlCoCrFeNi High Entropy Alloy. Mater. Des. 2014, 57, 67-72. [CrossRef]

Shaburova, N.A.; Ostovari Moghaddam, A.; Veselkov, S.N.; Sudarikov, M.V.; Samoilova, O.V.; Trofimov, E.A. High-Temperature
Oxidation Behavior of AlyCoCrFeNiM (M = Cu, Ti, V) High-Entropy Alloys. Phys. Mesomech. 2021, 24, 653-662. [CrossRef]
Krymsky, V.; Shaburova, N.; Litvinova, E. Analysis of the Results of Pulsed Processing of Melts. Metals 2020, 10, 205. [CrossRef]
Krymsky, V.V.; Shaburova, N.A; Litvinova, E.V. Microstructure and Properties of Cast Metal Treated with Electromagnetic Pulses
while in Molten State. Mater. Sci. Forum 2016, 843, 106-110. [CrossRef]

Chen, M.-R; Lin, S.-].; Yeh, ].-W.; Chuang, M.-H.; Chen, S.-K.; Huang, Y.-S. Effect of Vanadium Addition on the Microstructure,
Hardness, and Wear Resistance of Aly5CoCrCuFeNi High-Entropy Alloy. Met. Mater. Trans. A 2006, 37, 1363-1369. [CrossRef]
Arkin, M.Y.; Goncharova, L.E; Mirotvorsky, V.S. On the Issue of Non-contact Excitation of Ultrasonic Vibrations in Molten Metals.
Acoust. ]. 1968, 14, 344-350.

Kikoen, LK. Tables of Physical Quantities; Atomizdat: Moscow, Russia, 1976; p. 1008.

Yu, S.R.; Feng, HK.; Li, Y.L.; Gong, L.Y. Study on the Properties of Al-23%Si Alloy Treated by Ultrasonic Wave. J. Alloys Compd.
2009, 484, 360-364. [CrossRef]

Okamoto, H. Fe-V (Iron-Vanadium). J. Phase Equilibria Diffus. 2006, 27, 542. [CrossRef]

Okamoto, H. Co-V (Cobalt-Vanadium). |. Phase Equilibria Diffus. 2007, 28, 314. [CrossRef]

Smith, J.F.; Carlson, O.N.; Nash, P.G. The Ni-V (Nickel-Vanadium) System. Bull. Alloy Phase Diagr. 1982, 3, 342-348. [CrossRef]
Raghavan, V. Al-Ni-V (Aluminum-Nickel-Vanadium). |. Phase Equilibria Diffus. 2005, 26, 273-275. [CrossRef]

Raynor, G.V,; Rivlin, V.G. 10: Critical Evaluation of Constitution of Cobalt-Iran-Vanadium System. Int. Met. Rev. 1983, 28, 211-227.
[CrossRef]

Enomoto, M. The Cr-Ti-V System (Chromium-Titanium-Vanadium). J. Phase Equilibria 1992, 13, 195-200. [CrossRef]

Ghosh, G. Thermodynamic and Kinetic Modeling of the Cr-Ti-V System. ]. Phase Equilibria 2002, 23, 310-328. [CrossRef]
Ostovari Moghaddam, A.; Shaburova, N.A.; Samodurova, M.N.; Latfulina, Y.S.; Mikhailov, D.V.; Trofimov, E.A. In Situ Medium
Entropy Intermetallic Reinforced Composite Coating Fabricated by Additive Manufacturing. Metals 2021, 11, 1069. [CrossRef]
Swalin, R.A. Thermodynamics of Solid, 2nd ed.; John Wiley & Sons: New York, NY, USA, 1991.

Ostovari Moghaddam, A.; Fereidonnejad, R.; Mikhailov, D.; Trofimov, E. Segregation Peculiarities in High Entropy Intermetallic
Compounds. Mater. Lett. 2022, 318, 132161. [CrossRef]

Joseph, J.; Haghdadi, N.; Shamlaye, K.; Hodgson, P.; Barnett, M.; Fabijanic, D. The Sliding Wear Behaviour of CoCrFeMnNi and
AlyCoCrFeNi High Entropy Alloys at Elevated Temperatures. Wear 2019, 428-429, 32-44. [CrossRef]

Du, LM,; Lan, LW,; Zhu, S.; Yang, H.J.; Shi, X.H.; Liaw, PK.; Qiao, J.W. Effects of Temperature on the Tribological Behavior of
Alj 25CoCrFeNi High-Entropy Alloy. J. Mater. Sci. Technol. 2018, 35, 917-925. [CrossRef]


http://doi.org/10.1088/1757-899X/1001/1/012054
http://doi.org/10.5755/j01.ms.26.1.21060
http://doi.org/10.1007/s10853-010-5155-3
http://doi.org/10.1088/1757-899X/81/1/012016
http://doi.org/10.3103/S0967091213080111
http://doi.org/10.3390/ma11060954
http://www.ncbi.nlm.nih.gov/pubmed/29874841
http://doi.org/10.4028/www.scientific.net/MSF.870.360
http://doi.org/10.1016/j.jallcom.2021.161676
http://doi.org/10.1016/j.jallcom.2019.153407
http://doi.org/10.1016/j.matlet.2020.129182
http://doi.org/10.1016/j.msea.2020.138916
http://doi.org/10.1016/j.jallcom.2013.12.210
http://doi.org/10.1016/j.matdes.2013.12.048
http://doi.org/10.1134/S1029959921060035
http://doi.org/10.3390/met10020205
http://doi.org/10.4028/www.scientific.net/MSF.843.106
http://doi.org/10.1007/s11661-006-0081-3
http://doi.org/10.1016/j.jallcom.2009.04.104
http://doi.org/10.1361/154770306x136593
http://doi.org/10.1007/s11669-007-9049-2
http://doi.org/10.1007/BF02869306
http://doi.org/10.1007/s11669-005-0117-1
http://doi.org/10.1179/imtr.1983.28.1.211
http://doi.org/10.1007/BF02667488
http://doi.org/10.1361/105497102770331569
http://doi.org/10.3390/met11071069
http://doi.org/10.1016/j.matlet.2022.132161
http://doi.org/10.1016/j.wear.2019.03.002
http://doi.org/10.1016/j.jmst.2018.11.023

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Microstructure 
	X-ray Diffraction 
	Microhardness and Gas-Abrasive Wear Resistance 

	Conclusions 
	References

