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Abstract: High-current pulsed electron-beam (HCPEB) surface modification of Al-Co-Cr-Fe-Ni high-
entropy alloy (wt. %) Al—15.64; Co—7.78; Cr—8.87; Fe—22.31; Ni—44.57, fabricated via wire-arc
additive manufacturing was studied. The initial condition of the sample is characterized by a highly
inhomogeneous distribution of the chemical elements that form the alloy. The alloy samples were
irradiated with the different electron beam energy densities of 10, 20 and 30 J/cm?. The surface
structure was then analyzed in relation to an energy deposition mode. The study has established that
HCPEB induces a high-speed crystallization structure with cells varying in size from 100 to 200 nm.
There are nano-dimensional (15-30 nm) second-phase inclusions enriched with atoms of Cr and
Fe along the grain boundaries. The most liquating elements are Cr and Al. Electron beam surface
modification of the high-entropy alloy induces its homogenization. The study has highlighted that
the mode of 20 J/ cm?, 50 us, 3 pulses, 0.3 s~ 1 results in the formation of a surface layer with the most
homogenously distributed chemical elements.

Keywords: high-entropy alloy; AICoCrFeNi; wire-arc additive manufacturing; high-current pulsed
electron-beam modification; EDS analysis; XRD analysis

1. Introduction

In the early 21st century, scientists began developing and thoroughly examining so-
called high-entropy alloys (HEAs) consisting of at least five principal elements in equal
or close to equal atomic ratios [1,2]. The previous studies have shown that HEAs mostly
form simple face center cubic (FCC), body center cubic (BCC), or FCC + BCC solid solution
structures instead of lots of intermetallics, which can be explained by the solid solution
formation rules proposed by Zhang et al. [3,4]. There are four core effects of HEAs that
are usually used to describe the concept of these alloys: the high entropy effect, the
lattice distortion effect, sluggish diffusion, and the “cocktail” effect [5,6]. Due to these
effects, the innovative concept of HEAs results in a significant number of alloys with
extraordinary properties, such as high hardness [7], high wear resistance [8], excellent
strength at cryogenic temperatures [9], superconductivity [10], etc.

Al-Co-Cr-Fe-Ni is one of the most widely studied HEA systems. The alloys’ phase
composition depends on the content of each element and varies from a ductile FCC to
a brittle BCC structure with increasing Al content [11]. Various preparation methods
have been adopted to fabricate this HEA, including traditional routes such as vacuum arc
melting [12], laser cladding [13] and powder metallurgy [14], as well as additive manufac-
turing technologies like selective laser melting [15], wire-arc additive manufacturing [16],
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electron-beam melting [17] and direct laser deposition [18]. One of the most promising
methods for manufacturing large-sized parts with complex geometry is wire-arc additive
manufacturing. The results obtained in previous studies showed that Al-Co-Cr-Fe-Ni
fabricated by wire-arc additive manufacturing has a high hardness but a relatively brittle
structure [16,19]. Some defects such as pores, roughness, and microstructure inhomogene-
ity are induced in HEA during the manufacturing process. To eliminate these defects,
surface modification has been recognized as an effective way to radically optimize the
microstructure and significantly improve the overall performance of the surface [20].

Many efforts have been devoted to improving the surface properties of HEAs using
various external energy sources. For instance, ultrasonic surface modification [21], laser
shock peening [22], plasma nitriding [23], carburization [24,25], and high-current pulsed
electron beam (HCPEB) surface modification [20,26,27] have all been utilized for surface
modification of HEAs.

A high-current pulsed electron beam has proven to be an effective tool for the mi-
crostructural modification of steels [28,29], Al-Mg [30], and Ni alloys [31]. However, only
a few studies have been devoted to surface modification of HEAs by HCPEB. Lyu at al.
studied the correlation between the number of pulses and the microstructure and prop-
erties of as-cast CrFeCoNiMoy ;. It has shown that the surface microhardness and wear
resistance of the alloy were improved after HCPEB irradiation, mainly resulting from the
dispersion strengthening of the hard reinforced o phase and the fine grain strengthen-
ing of the FCC ultrafine crystals. The maximum microhardness (392.9 HV) and lowest
wear rate (0.92 x 1074 mm3 N~ m~1) was obtained after 35-pulsed irradiation [26]. Nah-
many et al. applied electron beam bead-on-plate melting for welding Aly sCrFeCoNi and
Alp gCrFeCoNi high-entropy alloys [27]. Melted zones obtained by electron beam sur-
face remelting of HEA displayed a significant increase in microhardness relative to the
base metal.

Since HCPEB is proven to be a promising method of surface modification of HEAs and
only a limited number of studies have focused on using this technology, this research aimed
to study the evolution of the structure in Al-Co-Cr-Fe-Ni high-entropy alloy fabricated
by wire-arc additive manufacturing and modified by a high-current pulsed electron beam
with different electron beam densities.

2. Materials and Methods

To form three-dimensional samples of a high-entropy Al-Co-Cr-Fe-Ni alloy system a
multicomponent wire comprising three threads with different element composition was
fabricated and used as an input material: aluminum wire (Al ~ 99.95 wt. %), Cr-Ni
wire (Cr =~ 20 wt. %, Si = 1 wt. %, Ti = 0.2 wt. %, Ni—balanced), and Fe-Ni-Co wire
(Co =~ 17 wt. %, Ni =~ 29 wt. %, Si = 0.2 wt. %, Fe—balanced). A multicomponent wire
was fabricated via automated stranding of all the wires. These particular grades of wires
and their diameters were selected because of the preliminary calculated composition. The
selection of an optimal stranding mode, which supported a smooth passage (without
blocking and braking) of a thread in a feed liner and torch, the rotation frequency of an
intake spool, and supplying spools were varied. A diameter of a combined wire obtained
using this method was ~ 1 mm.

Samples of a high-entropy alloy were fabricated via layer-by-layer deposition on an
AISI 1020 steel substrate using the wire-arc additive manufacturing technology in an inert
gas atmosphere (Ar ~ 99.99%). The operation parameters were held constant: a wire feed
speed—8 m/min, voltage—17 V, a torch travel speed—0.3 m/min, a gas supply speed
(Ar)—14 L/min.

The sizes of fabricated high-entropy alloy samples were approximately 60 mm X
140 mm x 20 mm. Samples were as thick as four layers and as high as twenty layers. An
X-ray fluorescence analysis (using an XRF-1800 wavelength dispersive X-ray fluorescence
spectrometer, Shimadzu, Kyoto, Japan) revealed the element composition of the obtained
alloy as (wt. %): 15.64 Al, 7.78 Co, 8.87 Cr, 22.31 Fe, 44.57 Ni (Figure 1a).
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Figure 1. (a) XRF analysis data of the HEA under study, (b) the geometry of samples irradiated by
HCPEB, (c) a sample oriented to an electron beam.

Samples with sizes 15 mm x 10 mm x 5 mm were cut from the manufactured
workpiece. Before surface modification the samples were polished with SiC paper down to
2500 grit paper. Then samples were irradiated by a high-current pulsed electron beam using
a “SOLO” unit (Institute of High Current Electronics, Tomsk, Russia) (Figure 1c) [32]. The
irradiation mode was as follows: the energy of accelerated electrons 18 keV, the density of
an electron beam (10, 20, 30) ] /cm?, the duration of a beam pulse 50 ps, the pulse repetition
frequency 0.3 s~!, a number of irradiation pulses 3, residual pressure of an inert gas (Ar) in
the processing chamber 2-10~2 Pa (Figure 1c).

The structure and element composition of samples were investigated using scanning
electron microscopy instruments (“LEO EVO 50”, ZEISS, Oberkochen, Germany and
“TESCAN VEGA”, TESCAN, Brno, Czech Republic) equipped with a dispersive energy
analyzer from INCA Energy, Oxford, United Kingdom. After electron beam surface
modification samples were cut from the transverse direction and they were etched for 12 s
using dilute aqua regia (H,O: HNOj3: HCl = 6: 1: 3). For SEM of the modified surfaces,
samples were neither etched nor polished. The defect sub-structure and distribution
of chemical elements were studied using transmission electron microscopy (JEM-2100
instrument, JEOL, Tokyo, Japan with an EM-24511SI0D STEM attachment). The TEM
investigations were carried out using the equipment at the Share Use Centre “Nanotech” of
the Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia. Foils with
a thickness in the range of 150-200 nm were made from plates cut perpendicular to the
modified surface, and the size of the analyzed structure was mainly 10-15 pm. The foils
were prepared via ion etching (an EM-091001IS ion slicer unit from JEOL, Tokyo, Japan) in
an Ar atmosphere.

3. Results and Discussion

The structure of the high-entropy AlCoCrFeNi alloy obtained via wire-arc additive
manufacturing (WAAM) in the inert gas atmosphere (Ar) was thoroughly investigated in
our previous works [19,33]. The alloy has a dendritic structure, and it is suggested that the
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distribution of alloying elements in the volume of an ingot is inhomogeneous. Using the
method of mapping, the inhomogeneous distribution of mentioned above elements in the
alloy volume was revealed: boundaries of grains and zones near them are enriched with
atoms of chromium and iron, the volume of grains contains atoms of nickel and aluminum,
and cobalt exhibits the quasi-inhomogeneous distribution in the alloy (Figure 2). The
images in Figure 2 were obtained during the SEM study on the LEO EVO 50 device.

Figure 2. The SEM-EDS elemental mapping of the fabricated Al-Co-Cr-Fe-Ni HEA via wire-arc
additive manufacturing.

The images in Figure 3 were obtained during the TEM study on the JEOL JEM-2100
device. TEM analysis of the interdendritic areas of the initial samples showed that Cr
mostly located in the elongated particles (dark areas in Figure 3). Its content in these areas
varies from approx. 41 to 82 at. % (Table 1). The element analysis demonstrated that O
and Si are also present at some level inside the material’s structure. The impurities of Si
could have got into the fabricated sample from Cr-Ni and/or Fe-Co-Ni wires which may
contain about 1% of it. The routes of the penetration O are not yet well established because
the shielding gas used during the fabrication had to decrease the interaction between the
melted material and the environment.
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Figure 3. The TEM-EDS elemental mapping of the fabricated Al-Co-Cr-Fe-Ni HEA via wire-arc
additive manufacturing. The numbers indicate areas where EDS analysis was carried out.

Table 1. The TEM-EDS elemental mapping outcomes (at. %) of the foil section presented in Figure 3.

No. () Al Si Cr Fe Co Ni

1 3.2 24 1.4 75.0 13.2 1.5 3.3

2 —-2.6 -0.3 2.9 82.8 13.5 24 14

3 6.7 0.1 4.3 71.2 14.6 1.1 1.9

4 3.1 34 4.1 71.1 12.7 1.6 4.0

5 11.0 8.2 5.7 55.2 8.4 3.6 7.9

6 14.5 13.7 5.8 41.2 8.5 29 13.4

7 9.7 27.8 6.3 7.9 16.2 6.5 25.6

8 5.8 124 6.3 23.0 33.1 5.0 14.5

9 134 31.5 74 3.0 11.7 49 28.2

10 16.7 7.8 7.9 23.7 31.4 5.0 7.5

11 —2.6 2.9 10.8 31.6 45.8 5.9 5.7

12 6.6 17.3 5.6 19.1 29.1 6.0 16.3

13 13.5 10.5 6.5 227 31.6 43 10.8

14 10.4 18.4 7.8 17.7 26.6 43 14.8
Average 7.8 11.2 5.9 38.9 21.2 3.9 11.1
Max 16.7 315 10.8 82.8 45.8 6.5 28.2
Min 3.1 0.1 14 3.0 8.4 1.1 14

5 (max/min) 5.4 13.1 7.8 27.5 5.5 5.9 20.8

Average is the mean value of the content of the element. Max is the maximum value of the content of the element.
Min is the minimum value of the content of the element. § (max/min) is the maximum value divided by the
minimum value of the content of the element.

The electron beam surface modification induces dramatic changes in the microstruc-
ture of the sample (Figure 4). The irradiation of a HEA by a pulsed electron beam with the
electron beam density Es = 10 J/cm? causes no disintegration of a dendritic crystallization
structure (Figure 4b), which is typical for the original alloy (Figure 2a). This fact evidences
the surface of modified samples did not melt. The liquid-phase transformation of the
surface layer structure in a high-entropy alloy is detected only in zones near the boundaries
of a dendrite structure. It can be assumed that microcracks (Figure 4) occur in a thin surface
layer due to the high (10°-10° K/s) cooling rates of the surface layer of the sample initiated
by irradiation with a pulsed electron beam. HCPEB irradiation induces dynamic tempera-
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ture fields in the surface layers giving rise to superfast heating, melting, and evaporation,
followed by superfast solidification of the material [32]. The dynamic stress fields formed
cause intense deformation processes in the material. As a result, along with metastable
structure-phase states providing improved physical, chemical, and strength properties of
the material unattainable with conventional surface treatment techniques in the surface
layers, microcracks may appear [32].

Figure 4. SEM analysis of the surface of the Al-Co-Cr-Fe-Ni sample after HCPEB with the different electron beam energy
density (a) 10 J/emZ; (b) 20 J/em?; () 30 J/cm?.

Studies based on the STEM analysis of foils verified the conclusions drawn above
and demonstrated that the effect of a pulsed electron beam with the beam energy density
Es =10 ]/cm? on a HEA causes no disintegration in the dendrite crystallization structure
(Figure 5). Ultrahigh (up to 10° K/s) speeds of heating a relatively thin surface layer to the
melting temperature and further high-speed crystallization of the melt make it possible
to form a submicro-nanocrystalline structure and crystallites ranging from 100 to 200 nm
(Figure 5) [32,34].

Figure 5. The TEM-EDS elemental mapping of the fabricated Al-Co-Cr-Fe-Ni HEA via wire-arc
additive manufacturing and irradiated by HCPEB (10 ]/ cm?, 50 ps, 3 pulses, 0.3 s~1). The numbers
indicate areas where EDS analysis was carried out.
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Figure 5 was obtained during the study by STEM. The EDS analysis of foils was used
to investigate the elemental composition of dendrites and zones between dendrites in the
surface layer of a HEA modified by a pulsed electron beam with the energy density of an
electron beam set at Es = 10 ] /ecm?. Figure 5 provides STEM images with indicated zones,
where the elemental composition was analyzed. The results of this analysis are listed in
Table 2. It is suggested, based on the initial sample’s microstructure (Figures 2 and 3),
that the zones between dendrites (the zones numbered 1, 2, 8, 9) are also enriched mainly
with Cr atoms. Its content in these areas varies from approx. 38 to 61 at. % Dendrites (the
zones under study numbered 4, 5, 6, 7, 10) are enriched with chemical elements such as
Al, Ni, and Fe. Atoms of Co are distributed homogenously in the volume of an ingot. The
most liquating element of the alloy is revealed to be Al (which has a liquation coefficient
5 =10.4), while the least liquating element is Co (6 = 2.2). O and Si are also present in these
areas of the microstructure and their content varies between 0.9 and 4.1 at. % and between
1.3 and 3.9 at. %, respectively.

Table 2. The TEM-EDS elemental mapping outcomes (at. %) of the foil section presented in Figure 5.

No. (@) Al Si Cr Fe Co Ni

1 2.0 1.6 1.3 61.5 14.6 3.3 15.7

2 3.7 1.2 2.6 52.2 20.2 3.6 16.5

3 1.0 1.3 15 31.6 43.1 6.2 15.5

4 2.0 15 2.8 29.3 424 6.0 15.9

5 41 10.9 3.2 13.3 26.6 6.5 35.5

6 2.4 5.4 3.5 20.7 34.6 6.5 26.8

7 2.7 2.3 34 25.4 38.9 6.5 20.8

8 3.5 1.7 3.9 38.5 29.5 5.2 17.7

9 0.9 1.0 2.2 60.5 16.5 3.5 15.5

10 25 9.2 2.4 15.0 27.2 7.2 36.5
Average 2.5 3.6 2.7 34.8 29.3 55 21.7
Max 41 10.9 3.9 61.5 43.1 7.2 36.5
Min 0.9 1.0 1.3 13.3 14.6 3.3 155

5 (max/min) 4.6 10.4 3.1 4.6 3.0 22 2.4

Average is the mean value of the content of the element. Max is the maximum value of the content of the element.
Min is the minimum value of the content of the element. 5 (max/min) is the maximum value divided by the
minimum value of the content of the element.

The irradiation of a HEA by a pulsed electron beam with the energy density of an
electron beam Eg = 20 ] /cm? causes partial decomposition of the dendrite crystallization
structure (Figure 4b). This fact evidences that the surface layer melts. The liquid-phase
transformation in the HEA surface is related to the formation of a nano-crystalline structure
in the volume of grains.

The studies based on the STEM method of foils demonstrated that the irradiation of a
HEA by a pulsed electron beam with the energy density of an electron beam 20 J/cm? leads
to the formation of a high-speed crystallization structure in the surface layer (Figure 6).
The volume of crystallization cells is enriched with atoms of Al, Ni and Fe. In addition,
there are second-phase inclusions in joints and along cell boundaries, which are enriched
mainly by Cr atoms. The size of crystallization cells is from 100 to 200 nm; inclusions found
in the joints of cells vary in size from 20 to 25 nm, and inclusions along the cell boundaries
are from 10 to 15 nm.
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Figure 6. The TEM-EDS elemental mapping of the fabricated Al-Co-Cr-Fe-Ni HEA via wire-arc
additive manufacturing and irradiated by HCPEB (20 ]/ cm?, 50 ps, 3 pulses, 0.3 s7h.

Results of the element composition analysis are presented in Table 3. The results
presented in Figure 6 and in Table 3 make it possible to conclude that high-speed crystal-
lization cells (zones under analysis numbered 1-5) are enriched with chemical elements
such as Al (1.6-10.9 at. %) and Ni (15.5-35.5 at. %). Second-phase particles found on
the boundaries and in joints of crystallization cells (analysis zones numbered 8-11) are
enriched mainly by Cr and Fe atoms. Cobalt atoms are distributed homogenously in the
volume of the surface layer. The most liquating elements in the surface layer of the alloy
processed by a pulsed electron beam (20 J/cm?, 50 s, 3 pulses, 0.3 s~!) are Si (a liquation
coefficient 6 = 7.5) and Cr (a liquation coefficient 6 = 5.4); the least liquating element is Co
(6=19).

Table 3. The TEM-EDS elemental mapping outcomes (at. %) of the foil section presented in Figure 6.

No. (0] Al Si Cr Fe Co Ni

1 11.1 38.9 3.6 59 104 29 27.2

2 9.6 39.0 44 5.2 12.5 3.7 25.7

3 9.1 36.8 3.3 43 11.8 49 29.7

4 7.6 41.3 1.8 53 11.7 4.7 27.7

5 4.8 40.6 4.2 5.0 12.0 4.4 29.1

6 12.3 38.0 3.9 5.0 11.9 35 25.4

7 11.4 25.2 8.0 17.4 14.4 4.0 19.8

8 11.7 17.5 8.5 23.3 23.5 3.2 12.3

9 54 24.5 5.2 17.5 20.3 5.6 21.5

10 15.2 15.8 13.6 16.1 21.0 3.8 14.6

11 9.8 15.2 6.1 21.9 224 4.3 20.3

12 6.9 28.7 7.1 15.7 18.5 4.3 18.8
Average 9.6 30.1 5.8 11.9 15.9 4.1 22.7
Max 15.2 41.3 13.6 23.3 23.5 5.6 29.7
Min 4.8 15.2 1.8 43 10.4 29 12.3

5 (max/min) 3.1 2.7 7.5 54 2.3 1.9 2.4

Average is the mean value of the content of the element. Max is the maximum value of the content of the element.
Min is the minimum value of the content of the element. & (max/min) is the maximum value divided by the
minimum value of the content of the element.
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To measure the thickness of a melted layer and study its structure, an analysis of sur-
face fracture was carried out (Figure 7). From the micro-photographs presented in Figure 7,
it is apparent that the irradiation by a pulsed electron beam (20 J/cm?, 50 us, 3 pulses,
0.3 s71) results in the formation of a surface layer with the submicro-nanocrystalline
structure. This layer can be up to 15 um thick.

Figure 7. SEM images of a surface fracture of HEA irradiated by HCPEB (20]/ cm?2, 50 s, 3 pulses, 0.3 s71. (a) Magnification
x 2500. (b) Magnification x 10000. The arrow (a) indicates the irradiated surface.

The point-wise EDS analysis of foils was used to investigate the elemental composition
of high-crystallization cells and second-phase particles.

The comparison of the EDS analysis results, given in Tables 1-3 demonstrate that the
high-speed melting and further high-speed crystallization initiated by the pulsed electron
beam irradiation redistributed the chemical elements forming a more homogenous HEA.

The irradiation of HEA samples by a pulsed electron beam with the energy density of
an electron beam Eg = 30 ] /cm? initiates the high-speed melting and subsequent crystalliza-
tion of the surface layer. Consequently, a cell-type structure of high-speed crystallization
is formed in the surface layer; a typical view is given in Figure 8. Crystallization cells
have a roundish form and range in size from 100 nm to 150 nm. Second-phase thin layers
surround the cells (Figure 8). The thickness of thin layers varies in the range (15-30) nm.

Figure 8. Images of HEA structure forming after irradiating the alloy by a pulsed electron beam; (a) an image obtained by a
STEM-based analysis of foils; (b) a TEM-based analysis of foils.

The elemental composition of the surface layer in the HEA processed by a pulsed
electron beam was investigated using EDS analysis. The research established that electron-
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beam processing is not related to any significant changes in the material element compo-
sition. On completion of irradiation, like in the original material, the main elements are
aluminum and nickel, whereas iron, chromium and cobalt are found in a smaller amount
(Figure 9). Besides chemical elements typical for the as-cast state, the EDS analysis detected
impurity elements, such as silicon and titanium.

Element wt. % at. %
Al 25.81 41.95
Si 1.44 225
Ti 0.13 0.12
Cr 7.92 6.68
Fe 18.32 14.38
Co 6.09 453
Ni 40.29 30.09
Total 100.00 100.00

Figure 9. Electron-microscopic view of a HEA processed by a pulsed electron beam. The table presents the results of EDS
analysis of the given foil zone.

The point-wise EDS analysis of foils was used to investigate the elemental composition
of the volume of the cell and second-phase inclusions found on the boundaries of cells. The
results given in Figure 10 suggest that the volume of cells is enriched with some chemical
elements: Al, Ni and Fe. Second-phase particles are enriched with Cr and Fe. Co, Ti
and Si are distributed homogeneously throughout the ingot. It is noteworthy that the
concentration of Ti atoms in the material to be analyzed ranges to parts of a percent, while
the concentration of Si atoms exceeds the percentage of cobalt atoms.

250 nm b 0 o

Figure 10. SEM image of a HEA irradiated by HCPEB 20J/cm?, 50 us, 3 pulses, 0.3 1. The numbers
indicate areas where EDS analysis was carried out.

Table 4 shows the research outcomes into the distribution of chemical elements in the
HEA surface layer irradiated by a pulsed electron beam obtained by the mapping method.
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Table 4. The TEM-EDS elemental mapping outcomes (at. %) of the foil section presented in Figure 11.

No. Al Si Ti Cr Fe Co Ni

1 20.4 11.0 0.7 27.7 20.4 3.5 16.3

2 7.5 9.9 1.1 47.3 23.5 3.1 7.6

3 24.4 9.4 0.5 227 19.6 4.0 19.3

4 21.3 13.6 0.6 21.1 22.6 4.0 16.8

5 29.1 12.5 0.3 17.5 18.4 4.0 18.2

6 40.1 8.8 0.0 49 12.5 4.2 29.4

7 40.3 7.4 0.2 55 11.7 4.3 30.6

8 40.4 9.1 0.0 5.1 12.0 4.8 28.5

9 42.0 8.0 0.2 5.5 11.7 44 28.3

10 40.4 8.6 —-0.1 4.8 12.5 43 29.5

11 41.3 8.9 0.1 5.0 11.7 44 28.5

12 39.4 9.1 0.2 5.0 12.2 45 29.6

13 37.6 10.0 0.1 5.6 14.0 5.1 27.6

14 41.3 10.2 0.1 4.7 11.5 4.3 27.9

15 41.3 8.3 0.0 45 10.9 4.7 30.4
Average 33.8 9.7 0.3 12.5 15.0 4.2 24.6
Max. 42.0 13.6 1.1 47.3 23.5 5.1 30.6
Min. 7.5 7.4 —-0.1 4.5 10.9 3.1 7.6
5 (max/min) 5.6 1.8 11.0 10.5 2.2 1.6 4.0

Average is the mean value of the content of the element. Max is the maximum value of the content of the element.
Min is the minimum value of the content of the element. 5 (max/min) is the maximum value divided by the
minimum value of the content of the element.

Figure 11. The TEM-EDS elemental mapping of the fabricated Al-Co-Cr-Fe-Ni HEA via wire-arc
additive manufacturing and irradiated by HCPEB (30 ]/ cm?, 50 ps, 3 pulses, 0.3 s7h.

It is apparent that results presented in Figures 10 and 11 are in line with each other and
verify the above conclusion that the volume of cells is enriched with the chemical elements
Al and Ni. Atoms of chromium mainly constitute second-phase particles. Atoms of Fe are
found both in the volume of cells and in particles on the cell boundaries. Co, Ti and Si
are homogeneously distributed throughout the ingot. An increase in the energy density
of an electron beam to 30 J/cm? has no significant effect on the surface layer structure.
In this case, a surface layer with a cell-type structure of high-speed crystallization is also
formed. Crystallization cells have a roundish form. The size of cells varies from 100 to
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150 nm. Cells are fringed with second-phase thin layers. The thickness of thin layers varies
in the range of 15-30 nm. The volume of cells is enriched with chemical elements Al and
Ni. Atoms of chromium and iron form mainly second-phase particles. Atoms of cobalt are
homogenously distributed in the volume of a modified layer.

X-ray diffraction was used to investigate the phase composition of HEA samples

processed by HCPEB. The initial sample has simple cubic lattice and a lattice parameter

of 0.28914. Previously, a similar XRD pattern was obtained in the study of the alloy
Fe( 54Nig g36Alp 624 [35]. A diffraction patterns obtained on a HEA sample before and after

irradiating by HCPEB is shown in Figure 12.

1 s — Initial
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Figure 12. XRD patterns of HEA sample modified with HCPEB with the different energy densities.

Irradiation of the HEA with HCPEB does not lead to a change in the phase composition
of the material, as evidenced by the similarity of the x-ray patterns shown in Figure 13.
There is a shift of the HEAs diffraction lines after irradiation towards large angles, which
indicates a possible decrease in the crystal lattice parameter of the alloy. Indeed, surface
modification with HCPEB induces non-monotonic decreasing in lattice parameter: 0.28774
(10J/cm?), 0.28816 (20 J/cm?) 0.28806 nm (30 J/cm?). Simultaneously with the change in
the crystal lattice parameter, irradiation leads to a decrease in the micro-distortions of the
alloy crystal lattice and an increase in the size of the coherent scattering regions.
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Figure 13. The inhomogeneity distribution coefficient (5) of chemical elements in the HEA vs. energy

density of an electron beam (Es).
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Summarizing the results obtained in the EDS analysis of the initial HEA sample and
the material modified by HCPEB characterize an inhomogeneity degree in the distribution
of alloying elements in the surface layer presented in Figure 13.

A HEA obtained via wire-arc additive manufacturing (WAAM) exhibits the highly
inhomogeneous distribution of chemical elements in the alloy. The irradiation of a HEA by
a pulsed electron beam furthers the homogenization of the material. The most liquating
elements in the surface of the alloy processed by HCPEB are Al (a liquation coefficient
5=10.4 and Cr (a liquation coefficient 6 = 10.5), the least liquating one is Co (6 = 1.6)
(Figure 13). The highest homogenization degree of chemical elements is possible, provided
that the energy density of an electron beam was set 20 J/cm?.

4. Conclusions

In summary, surface of Al-Co-Cr-Fe-Ni high-entropy alloy fabricated via wire-arc
additive manufacturing was modified by HCPEB. The following conclusions can be drawn
from this study:

(1) Initial HEA has highly inhomogeneous distribution of chemical elements.

(2) There are nano-dimensional (15-30 nm) second-phase inclusions enriched with atoms
of chromium and iron along the grain boundaries.

(3) The most liquating elements in the alloy are Cr (6 = 10.5) and Al (6 = 10.4).

(4) HCPEB with the following parameters 20 J/cm?, 50 s, 3 pulses, 0.3 s~ ! makes it possible
to form a surface layer with the most homogeneously distributed chemical elements.
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