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Abstract: High-entropy alloys are a unique class of alloys with high strength and hardness, good
enduring quality and corrosion resistance, as well as other attractive mechanical properties for both
scientific research and practical applications. Using these unique alloys together with the dynamically
developing technology of laser direct energy deposition (L-DED) carries the prospects of obtaining
large-sized complex-profile products with specified increased mechanical properties. The study of the
influence of L-DED parameters on the formation of high-entropy alloys will expand knowledge about
the influence of temperature and cooling rate on the formation of the structure, on the mechanical
characteristics of high-entropy alloys and the formation of defects and use them for thermal processes
involving high-entropy alloys. Preliminary modeling will predict the phase composition of alloys
in conditions of high heating and cooling rates. In the work, optimal parameters were selected for
obtaining high-entropy alloys based on FeCoNiCrMn by L-DED technology. It was also shown
that FeCoNiCrMn alloys were divided into areas with a high content of elements (Fe, Co, Cr) and
(Mn, Ni, Cu).

Keywords: high-entropy alloy; laser direct energy deposition; phase composition

1. Introduction

Because of the active development of modern mechanical engineering and manufactur-
ing industry, there was a need to improve the performance characteristics of existing alloys.
Promising materials are high-entropy alloys (HEA) with increased values of mechanical
characteristics. Despite the high interest in HEAs at the moment, their industrial use is
limited [1-5].

High-entropy alloys are a type of solid-soluble alloys consisting of several basic
elements with the same or similar atomic ratio, where the atomic concentration of each
element is approximately from 5% to 35% [6,7]. The term “high-entropy” indicates a high
configuration entropy in an alloy, which is created by the random colonization of lattice
sites by several species at significant concentrations on one solid solution lattice. It was
assumed that this entropic contribution stabilizes a single-phase solid solution, redefining
the enthalpy contribution in favor of competing phases and mixtures of phases. However,
the effect of high entropy is much weaker than originally thought. The contribution of the
configuration entropy does not outweigh the competing contributions of the enthalpy of
lattice deformation, enthalpy of chemical mixing or mismatch of structural components, all
of which contribute to the formation of competing phases, in particular intermetallides. As
a result, many materials with the structure of a single-phase solid solution are unstable [8].
In the work [9], alloy CoCrFeMnNi after annealing in the temperature range from 750 °C
to 900 °C, the peaks of the o-phase with the main peak FCC are observed. When the
annealing temperature rises above 850 °C, only FCC peaks are observed. In the work [10],
was found that the evolution of the Fe Mny(Co19Crjg alloy nanostructure is controlled,
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among other things, by modifying stacking fault energy and Gibbs free energy for the
FCC-HCP phase transformation by allowing Mo or C. The addition of Mo reduced the
change in Gibbs free energy, which resulted in increased metastability at 77 K. Adding
C led to the opposite situation. It is also noted that the proportion of the hop phase in
Fe4oMnypCo10Cryg continuously increased with an increase in the strain to 20%. With an
increase in deformation above 20%, the intensity of the peak corresponding to the FCC
face began to decrease, while the intensity of the HCP peak increased slightly. In turn,
the structure of the solid solution, BCC, FCC or mixed structure, affects the mechanical
properties of HEA [11].

The phase of the material is closely related to the properties. In addition, some HEA
undergo phase transformation under certain conditions, and the mechanisms of phase
transformation have not yet formed a system. Currently, the main factors affecting the
microstructure of HEAs are, among other things, elements and temperature. The presence
of a certain structure in the alloy depends on the type and percentage of certain elements
in the alloy. For example, the large radius of the Al atom in the Al,CoCrFeNi alloy with
an increase in the concentration of aluminum increases the distortion energy of the lattice
and makes the FCC unstable, since the stacking density of the BCC (68%) is lower than
that of the FCC and the HCP (74%), which facilitates adaptation to larger atoms and leads
to a phase transformation between FCC, FCC + BCC and BCC [12-15]. Temperature also
affects the phase transformation of HEA. The solid solution formed after alloying is in a
metastable state, and the internal stress is removed during high-temperature sintering or
heat treatment, and the metastable structure turns into a stable one [16].

Despite many features of the metastability of the HEAs, there are still some difficult
tasks, such as the influence of various heat treatments. In addition, the cooling rate can
play a crucial role in the microstructure’s development and in the properties of high-
entropy alloys [17-20]. Compared to traditional materials, the design and preparation
of multicomponent materials are more complex. Since the discovery of new materials is
a time-consuming and inefficient process, the trial-and-error method remains the main
approach [21].

Laser direct energy deposition technology (L-DED) shows excellent superiority in
fabricating structural and functional materials to conventional processing methods, such
as casting, forging and welding. Metallic powders go through sufficient melting and
solidification during the L-DED processes, leading to near-fully dense parts with excellent
properties [22]. The interaction of laser radiation with materials is accompanied by high
heating and cooling rates, which can be considered as nonequilibrium processing [23-25].
In this regard, it is expected that the formation of the structure will be largely determined
by the diffusion-free flow of the formation of the phase composition. For example, in [26]
was considered TiC/CoCrFeNi with an FCC structure, which was cooled by two methods:
in a furnace and a copper crucible, which affects the cooling rate of the samples. The
samples had different microstructures, with an increased cooling rate, which was provided
by cooling in a copper crucible, the microhardness was 1-15% higher. In [27], the HEA
Co02Cr18CuppMny Tipg with an FCC structure was considered. At cooling speeds less than
100 degrees for a second, a structure with small dendrites was isolated from the liquid.
After that, hexagonal dendrites and an inter-dendritic region appeared. At a cooling rate of
over 100 deg/s, small dendrites were not formed, these structures were skipped. In [17],
NiCoFeCrGa with a mixed BCC and FCC structure was considered at cooling rates of
100-100,000 deg/s. As the speed decreased, the microhardness increased. There are also
different concentrations of elements in BCC and FCC at different cooling rates. The results
confirming the grouping of Co, Fe and Cr in the FCC phase and Ni and Ga in the BCC
phase were obtained.

It is known that laser additive technology, in addition to numerous advantages, also
causes defects. The absorption of the laser beam depends, among other things, on the
type of material, size distribution and morphology of the powder particles in the HEA.
Since HEAs consist of several components in different proportions with variable size
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distribution, morphology and melting temperature, the heat distribution at the deposition
mode fluctuates, resulting in a complex thermal gradient with non-uniform melt pool
morphology and corresponding defects generation creating the need to optimize process
parameters and improve the overall quality and properties of additive manufacturing
products [28,29]. Porosity is critical for additive manufacturing parts as it greatly reduces
their mechanical properties and performance. Usually inside the deposited parts there are
pores of various sizes and profiles. Crack formation and residual stresses are interrelated.
In laser additive processes, residual stresses arise as a result of rapid heating and cooling
phenomena, leading to a thermal gradient and cooling mechanisms, respectively. When
the tensile stress exceeds the tensile strength, the part begins not to release excess stress
inside the bulk part, which leads to a crack [30-36].

Alloy FeCoNiCrMn are actively studying, including in the field of additive technolo-
gies L-DED. Thus, in the work [35], samples built at a laser power of 1000-1400 W were
obtained. The microstructures of the samples contain both columnar grains and equiaxed
grains, their ratios depend on the laser power. The mechanical properties of 1400 W sam-
ples made by the L-DED method are better than those of samples made by casting. In the
work [37], Al was added to the high-entropy alloy FeCoNiCrMn, samples were deposited
with laser power at 1400 W. With an increase in the Al content, there is a transformation
from FCC to FCC+BCC. In the work [38], the laser power was used 60-3000 W when de-
posited FeCoNiCrMn, however, the optimal laser power values were 600, 800 and 1000 W
at a scanning speed of 800 mm/min. The microhardness of the samples was about 200 HV.
In the work [39], FeCoNiCrMn was deposited with a laser power of 1200 W. The average
porosity of the samples is 0.012 %.

In the work [38], FeCrCoMnNi was studied. The higher the laser power, the stronger
the hardening of dendritic columnar grains was obtained, the average grain thickness
increases. Thus, as the laser power increases, there is a significant increase in the columnar
grains of the dendrite. In the work [40], studied the effect of the diameter of the laser
spot on the CoCuFeMnNi alloy. With a decrease in the diameter of the melt spot, the
bath becomes deeper, respectively, this means that more heat is transferred to the bath the
stronger the hardening of dendritic columnar grains.

In all the works above, laser powers of the order of 800-1400 W were noted. For
production on an industrial scale, it is necessary to increase the productivity of deposition,
including by increasing the laser power and determining the effect on the laser power on
obtaining defect-free products. It is worth noting that with L-DED technology, a change in
the laser power with the remaining unchanged parameters directly means a change in the
cooling rate: an increase in the laser power leads to a decrease in the cooling rate [41].

This work is aimed at studying the influence of the laser power and power density
of laser radiation on HEA FeCoNiCrMn in order to select a deposition mode to increase
productivity using of deposition high-entropy alloys using the L-DED technology. The
influence of the cooling rate on the formation of the structure, phase composition and
mechanical properties in the deposited FeCoNiCrMn will be considered. Preliminary
modeling of the phase composition of the alloy will be carried out in order to determine
the accuracy of the simulation.

2. Materials and Methods

To obtain samples of the HEA by L-DED technology, the powder FeCoNiCrMn was
obtained by gas atomization technology. The powder fraction is 20-200 microns. The
chemical composition of the powder in weight percentages was determined using a Tescan
Mira3 scanning electron microscope (SEM) with the Aztec Live Advanced Ultim Max
65 energy dispersive microanalysis system point-by-point on a powder slice, the data of
the spectrum labels were averaged for further modeling in Thermo-Calc (Table 1).
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Table 1. Average chemical composition of FeCoNiCrMn powder.

Cr, % Mn, % Fe, % Co, % Ni, % Cu, %
21.2 18.2 19 19.7 19.8 2.2

To obtain approximate theoretical results of the phase composition of the deposited
samples from FeCoNiCrMn powder, the Thermo-Calc software package was used be-
fore deposition. For the calculation of L-DED processes, it is recommended to use the
Sheil calculator in this software package [42]. The assumptions of local equilibrium, per-
fect liquid mixing, and no solid diffusion allows Scheil-Gulliver simulations to make
time-independent predictions of the formation of solid phases from liquid using only the
thermodynamic description of a system, given an algorithm that includes performing an
equilibrium calculation at a current temperature, fixed pressure and composition of the
system, separation of the liquid fraction into liquid and solid based on phase fractions from
equilibrium calculation [43]. Thermo-Calc considers many thermokinetic parameters and
has a database of experimental data, but does not consider the influence of parameters
during deposition on the structure of samples. Despite this, with the help of Thermo-Calc,
close to reality results are obtained for the calculation of the phase composition. When
specifying the elements and their ratios in the alloy, the Thermo-Calc software package
allows you to simulate the molar fraction of a solid, the presence of phases and the molar
ratio of the elements of these phases depending on temperature.

Data from Table 1 were used for modeling. It is worth noting that carbon was detected
in the powder section. Because of the carbon deposited on the surface of the chamber in
the SEM, it is not possible to determine the amount of carbon in the sample using SEM,
therefore, only a qualitative assessment was carried out. Carbon was not added to the
powder composition during calculations in Thermo-Calc in order to avoid distortion.

A series of samples were built using an L-DED unit (ILIST-S) (Figure 1a). The complex
includes industrial robot LRM-M20iB /25, fiber laser LS-3 Yb, head for laser deposition
FLW D30, nozzle SO12, powder feeder. Figure 1b shows the FeCoNiCrMn powder, which
was used for deposition of samples.

()

Figure 1. (a) 3D printer used for the current work; (b) FeCoNiCrMn powder.

Deposition was carried out in a sealed chamber in an argon atmosphere. For the study,
eight samples were deposited in two series, the laser power, the diameter of the spot and
the bead width changed in the series. In the first series, five samples were built: 1.8-2.6 kW.
In the second series, three samples were built at lower values of laser power: 1.2-1.6 kW.
The coefficient of the stability margin factor was equal to 10%. Scanning speed was equal
25 mm/s. Argon was used as a transporting gas. The layer height was 0.8 mm. The various
parameters of deposition in two series by L-DED method and the sizes of samples are
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presented in Table 2. Calculation of the laser power density has been added to the table.
With a decrease in the laser power in the second series compared to the first, the values
of the laser power density remained at the same level because of the decrease in the spot
diameter. Further, the samples were examined for microhardness, phase and chemical
composition of the samples.

Table 2. Laser direct energy deposition parameters (X-sample number).

Series X Laser Power, kW Spot Size, mm Bead Width, mm Sample Size, mm Power Density, W/mm?
1 1.8 315
2 2.0 Heioht: 9 350
4 24 1dth: 419
5 2.6 454
1 1.2 . 347
2.X 2 14 21 2 H‘;l%h}t{. %7 404
3 1.6 1dth: 462

Sample preparation was performed using grinding sandpapers with step-by-step
reduction of the grit size, from P180 to P1200. Polishing was performed on special polishing
cloths using colloidal suspension with silicon oxide. Grinding was carried out for 3 min
at sandpaper with a load of 25 N. Polishing was performed for 10 min with a load of
25 N. Microstructure studies were performed on a DMI 5000 optical microscope (Leica,
Germany) using the “Axalit” program (Axalit, Russia). Structural and chemical analyses
were performed on a Tescan Mira3 scanning electron microscope (TESCAN, Czech Republic)
with “Oxford Aztec” software (Oxford Instruments NanoAnalysis, UK). X-ray diffraction
(XRD) was performed using a Bruker D2 Phaser diffractometer with Cu K« radiation
measured at 20 from 20° to 100°, operating at 30 kV and 10 mA with a 20 step size of 0.02
and exposure time of 0.1 s. Microhardness measurements were made using an FM-310
microhardness tester (Future Tech, Japan) at a load of 300 g. The indentations were applied
over the entire height of the samples, starting from the substrate. 12 indentations were
made and the distance between them was 650 um.

3. Results
3.1. Modeling

Figure 2 shows the calculation of phases for the FeCoNiCrMn alloy using the Sheil-
Gulliver model [44], which allows us to consider the high cooling rates characteristic of our
process of deposited products of HEAs. According to the calculation results, samples of
this composition have a phase with a FCC structure. The separation of most (about 90%) of
the solid phase from the liquid occurs up to 1200 °C in the form of an FCC solid solution.
Figure 2 shows the elements that are present in the FCC phase, and the molar ratio of these
elements in the phase during solidification. Cu and Mn elements at the beginning of solid
phase separation fall out in a smaller molar percentage of the percentage composition of
the powder and during cooling increase their concentrations in the alloy when they fall
out into the phase: for the last remaining 10% of the liquid phase, Cu and Mn elements
raise their concentrations in the solid phase by at least 5% each. Here we can note the
elements Fe, Co, Cr, which at the beginning are released into the solid phase in a higher
molar percentage than in the powder composition, while the molar content of elements of
this group at the beginning of the precipitation of the FCC phase is quite close and amounts
to Cr—22.76%; Fe—22,47%; Co—21,96%. And when cooling, the molar percentage of these
elements only decreases. Next denote the groups of elements by the temperature of the
beginning of crystallization of the elements: “Group A”"—(Fe, Co, Cr), “Group B”"—with a
lower temperature of the beginning of crystallization, which includes elements (Mn, Ni, Cu).
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Figure 2. Solid phase precipitated from the liquid phase and molar ratio of the elements of the
FeCoNiCrMn FCC phase during cooling.
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The simulation results allowed us to predict that the most likely structure of solid
solutions from FeCoNiCrMn powders will have an FCC lattice. The elements of group A
were highlighted. In addition, the simulation showed that the formation of 80% of the solid
phase from the liquid occurs in the range from 1312 °C to 1240 °C during cooling.

3.2. Microstructure and Chemical Composition of HEA

In samples No. 1.1 and No. 1.5, Figures 3 and 4 show the division of elements into
areas with an increased content of elements of group A and group B. Next, denote “Area
A”—an area with an increased content of elements of group A, similarly, denote “Area
B”—an area with an increased content of elements of group B. SEM image on a Figure 3
shows us one single phase, which is colored in light-grey, and just a few pores. The same
thing true for the Figures 4-7. In addition, in Figures 4 and 7 we can see cracks along with
multiple number of pores.

Cr

Figure 3. EDS analysis results for L-DED sample No. 1.1.
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Figure 5. (a) The image of the sample section No. 1.1 through the SEM; (b) The concentration of
elements at the points of this section.
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Figure 6. (a) The image of the sample section No. 2.1 through the SEM; (b) The concentration of
elements at the points of this section.
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Figure 7. EDS analysis results for L-DED sample No. 2.1.

In sample No. 1.5, a high concentration of group B elements is observed along the crack
boundaries. Presumably, this is because of the later release of these elements into the phase
(see Section 3.1 of the Thermo-Calc calculation): after the crystallization of the elements of
the first group A begins, less free space remains for the crystallization of the elements of
the second group B from the liquid and therefore stresses arise between hardened surfaces
of elements of the first group A, which leads to the formation of cracks.

Figure 5a shows the image of the sample section No. 1.1 through the SEM. Figure 5b
shows a graph with similar behavior of the concentration of elements of groups A and
B, which allows us to confirm this division into groups in sample No. 1.1. A graph was
constructed with spectra 1, 2 and 3, which are read in sequentially. The graph illustrates
how the percentage composition of spectrum 2 lies between spectra 1 and 3.

In sample No. 2.1, structural elements are observed, the size of which corresponds to
the size of the particles of the initial powder and which have a rounded shape (Figure 6a).
In structural elements of this type, there is a change in chemical composition from the
center of the rounded elements to the edges (Figure 6b). The concentration of group B
elements decreases from the center to the edges: Mn and Ni decrease from 22.3% and 20.5%
to 18.5-19%, respectively, the Cu content decreases from 2.9% to 1.5-1.7%. This structural
element may be the result of imperfection of the initial powder, in some particles of which
group B elements predominate. And in combination with the minimum laser power during
deposition, which is the lowest heating temperature in the experiment, the elements of
group B simply did not have time to dissolve in group A due to the rapid crystallization of
the elements of the latter group. Figure 7 also shows the division into areas A and B.

Visually comparing samples No. 2.1 and No. 1.5 (Figures 4 and 7) with the min-
imum and maximum laser power in the experiment, we come to the conclusion that
with increasing laser power, the microstructure becomes larger. Accordingly, the areas of
groups A and B are larger.

In sample No. 2.2, cracks spread along the boundaries of multidirectional dendrites
(Figure 8). The determining factor in the direction of crack development is the orientation of
dendrites. A change in the orientation of dendrite growth is observed, according to which
the direction of crack propagation changes. The crack mainly runs along the boundaries of
multidirectional dendrites. The reason is that at the final stage of solidification, liquid films
are formed, which form an area with extremely low shear strength. These films exhibit a
particularly strong effect at grain boundaries at a large angle. This phenomenon occurs
when the secondary branches of one dendrite meet the secondary branches of another and
block the flow of fluid to compensate for shrinkage depressions. Thus, cracking can occur
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along grain boundaries at the last stage of solidification, which leads to the formation of
an expanded region with low shear strength, in which the deformation is highly localized,
which causes cracking under thermal stress [45,46]. The problem lies in the fact that
the semi-solid substance also has low plasticity at the final stage of solidification, when
the proportion of liquid is no longer high enough for the grains to move and rearrange
themselves, adapting to the strain during stretching. This phenomenon occurs when the
secondary branches of one dendrite meet the secondary branches of another and block the
flow of fluid to compensate for shrinkage depressions. Thus, cracking can occur along grain
boundaries at the last stage of solidification [47,48]. Cracks between dendrites in the same
plane with a difference in directions with an angle of up to 45 degrees are noted in Figure 8.

Figure 8. EDS analysis results for L-DED sample No. 2.2 with different magnifications.

In sample No. 2.3 (Figure 9a), the changes along and across the regions of unidirec-
tional dendrites are insignificant, the composition dependence on the location of the point
in the regions has not been revealed, however, points 1, 2 and 3 can be noted, which are
distinguished by the composition (Figure 9b).

 —— =)
24 Co
s Cr
22 —W—Mn
e Nj
20
‘I femCu

Concentration, %

Point number

(a) (b)

Figure 9. (a) The image of the sample section No. 2.3 through the SEM; (b) The concentration of
elements at the points of this section.

In the samples of the second series, no changes in the microstructure were detected
depending on the laser power (Figures 6, 8 and 9).

Figure 10 shows a plot for determining the chemical composition by points, depending
on the considered areas A (points 1-3) and B (points 4-7) in Figure 10a and a diagram of
the concentrations of elements in these areas for L-DED sample No. 1.1 in Figure 10b.
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Figure 10. (a) The image of the sample section No. 1.1 through the SEM; (b) The concentration of
elements in areas A and B of the section.

Based on the diagram above, we note that the concentrations of elements change in
the selected areas A and B corresponding to the components of the increased concentration
in the areas of elements of groups A and B.

3.3. Macrostructures of HEA

Figure 11 shows cross-sectional images of FeCoNoCrMn HEA samples of series 1.X.
Only sample No. 1.1, which was built at minimum laser power, has no cracks. In the rest
of the samples, cracks run vertically along the height of the sample, approximately in the
center of the beads. Cracks in the samples go from 3-4 layers from the bottom. Single pores
are present. With increasing laser power, the average pore size increases from 72 to 158 pm.

(b) (0)

(d) (e)

Figure 11. Optical Image of deposited FeCoNiCrMn cross-section: (a) Sample No. 1.1; (b) Sample
No. 1.2; (¢) Sample No. 1.3; (d) Sample No. 1.4; (e) Sample No. 1.5.
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In the second series of depositing 2.X out of three samples, only sample No. 2.1 did
not crack (Figure 12a—c). With increasing laser power, the size of pores and cracks increases.
At the same time, cracks were formed not in the first layers, but above. There are pores
whose size increases threefold with increasing laser power: from 34 to 99 um.

average
maximum

ZZ /\
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300 A//////
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100-%4

0+— T T T T T T T
320 340 360 380 400 420 440 460

700

Pore diameter, pm

Laser power density, W/mm?
(d)

Figure 12. Optical Image of deposited FeCoNiCrMn cross-section: (a) Sample No. 2.1; (b) Sample
No. 2.2; (c) Sample No. 2.3; (d) Graph of the dependence of pore size in two series on power density.

In two series, there is a tendency to increase the average and maximum pore size from
the power density (Figure 12d). At the lowest power densities of 315 and 347 W/mm?,
there are no cracks in the samples.

A higher power density means a greater temperature gradient in the deposited area,
from which it can be concluded that at a power density of more than 350 W/mm?, the
studied FeCoNiCrMn alloy is prone to cracking due to large residual stresses. Similarly,
in each series, only samples with minimal laser power did not crack, and with increasing
laser power, the temperature gradient increases, which leads to the formation of cracks.

There is also a tendency for a relative increase in the size of the detected cracks in
length and width in relation to the laser power in the cross section of the samples.

3.4. Phase Composition Analysis

Figure 13 shows the XRD pattern for samples No. 1.1, No. 1.5, No. 2.1 and No. 2.3
having the maximum and minimum laser power in two series. The study confirmed an
FCC structure, as was obtained at the modeling stage (Figure 2).
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Figure 13. XRD patterns of samples No. 1.1, No. 1.5, No. 2.1 and No. 2.3.

With increasing laser power in the first series, there is an increase in the (111) peaks
in height, which may mean an increase in the growth of the number of dendrites in these
directions. Thus, an increase in the laser power leads to an increase in the number of
den-drites in one direction. With increasing power in the second series, the growth of the
(111) peak increases and the growth of the (200) peak decreases, indicating a change in the
preferential growth of dendrites with a change in power.

3.5. Microhardness

Figure 14 shows the results of measuring the microhardness of all samples of the first
and second series (Figure 14a) and scheme of points for measuring microhardness in the
cross section of the samples (Figure 14b).

Values varied from 232 HV to 250 HV in the first series and from 237 HV to 265 HV in
the second one. But in the top of the sample microhardness reduced down to 160-180 HV.
It can be result from higher power and laser beam spot size, that led to the softer thermal
cycle. Also in the top of samples material was not reheated, that would make possible
for hardening.

Dependence of the average microhardness on power density was shown in Figure 15.
It is evident that change of power density did not have strongly effect on microhardness.
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4. Discussion

By calculating the phase composition in the Thermo-Calc of the studied HEA with the
composition of FeCoNiCrMn, the formation of a type of structure with a crystal lattice of
FCC was predicted, which was experimentally confirmed by the results of XRD analysis.

During the simulation, two groups of elements were noted depending on the temper-
ature at the beginning of the formation of the FCC phase: (Fe, Co, Cr) and (Mn, Ni, Cu).
According to the results of microstructural analysis on SEM samples of FeCoNiCrMn, it
is also possible to note the division into areas with an increased content of elements of
these groups.

Figure 16 shows a diagram with the chemical compositions of the elements of areas A
and B of the FeCoNiCrMn obtained HEA, and the extrapolated composition based on the
results of modeling at room temperature 20 °C. Based on the figure, the extrapolation of
the simulated composition is closer to the composition of area A.

Figure 17 shows a diagram with the chemical compositions of areas A and B of
the obtained HEA FeCoNiCrMn and the temperature during the modeling of the phase
composition corresponding to the closest possible values of the percentage composition
of the elements. Based on the figure, the chemical compositions of the areas are closer
to the simulated composition between 988-1294 °C, which is almost the entire simulated
crystallization interval of the alloy. The resulting composition of area A has a smaller
variation in coincidence with the temperature of the simulated composition: if cobalt is not
considered, then the temperature coincidence interval will be from 1227 °C to 1287 °C.
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Figure 17. Diagram of the distribution of the elements of the resulting alloy and the temperature
during modeling with the closest percentage composition to the resulting alloy.

The plans for the future are to study the behavior under load of the high-entropy alloy
FeCrCoMnNi in a wide temperature range and to study the effect of replacing one main
element in the high-entropy alloy FeCrCoMnNi under similar experimental conditions.

5. Conclusions

A high-entropy FeCoNiCrMn alloy has been successfully obtained by laser direct
energy deposition. No cracks were found in the structure at the lowest power densities of
315 and 347 W/mm?. In the other samples the cracks are located in height in the center
of the beads. Single pores are observed in the structure of all samples. The average and
maximum pore size is increase depending on the power density of laser radiation.

Areas with increased content of two groups of elements are observed In the samples:
(Fe, Co, Cr) and (Mn, Ni, Cu). Cracks occur along the boundaries of multidirectional
dendrites and between the dendrites in the same plane with a difference in directions with
an angle of up to 45 degrees. In cracks there are mainly found elements of the group (Mn,
Ni, Cu). As the laser power increases, the microstructure becomes larger.

Modeling in the Thermo-Calc software package showed that solid solutions with a
crystal lattice of the FCC type are formed in alloys of the selected composition. A group of
elements (Fe, Co, Cr) was noted in the common elements distribution in the FCC phase
because of their greater concentration and sufficiently closer values of the molar content at
the FCC phase formation beginning. According to the results of the SEM microstructural
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analysis of the samples, the elements of the group (Fe, Co, Cr) are located together on the
composition distribution maps, forming an area with an increased content of elements of
this group.

The content of elements in the deposited alloy in the areas with a high content of
elements (Fe, Co, Cr) is closer to the simulated alloy than in the areas with a high content
of elements (Mn, Ni, Cu). In addition, the first area (Fe, Co, Cr) has smaller deviation from
the crystallization temperature interval of the simulated alloy than the second one (Mn, Nj,
Cu). If cobalt is not considered, the temperature intervals coincide between 1227 °C and
1287 °C, that is 42-84% of the crystallization interval.

The XRD patterns shows that with increasing laser power, the growth of the (111)
peak increases, and the growth of the (200) peak decreases, which indicates a change in the
dominant growth of dendrites with a change in laser power.

Hardness measurements showed uniform distribution of values on average, excepting
the last points in the first series of samples. This change is because the last layer was not
reheated and thermal cycle was softer than in the previous layers.

The power density can be used as a parameter to control pore formation process during
the depositing a high-entropy FeCoNiCrMn alloy, since with increasing power density
there is a tendency to increase both the size of pores and their amount. The same tendency
was seen for cracks. However, no significant dependence was found for microhardness.
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