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a b s t r a c t

According to the technology of wire-arc additive manufacturing a nonequiatomic

composition CoCrFeMnNi high-entropy alloy (HEA) was obtained. Deformation curves of

samples in tension are plotted and analyzed after the HEA fabrication by the methods of

wire-arc additive manufacturing (initial state) and after the electron-beam processing

(EBP). The EBP results in a decrease in the HEA's strength and plastic properties. Along with

a pit character of the fracture a presence of micropores and microlayerings are identified. A

study of the HEA's fracture surface after the EBP except for regions with a ductile fracture

mechanism revealed regions with a band (lamellar) structure. The area with a band

structure increases with a growth in the beam electron density from 25% at 10 J/cm2 to 65%

at 30 J/cm2. A diameter of separation pits in fracture bands varies in the limits (0.1e0.2) mm,

which is considerably less than those of the remaining part of the HEA sample. An average

size of crystallization cells formed in the EBP depends on the energy density of electron

beam and increases from 310 nm at 15 J/cm2 to 800 nm at 30 J/cm2. A non-monotonous

change in the scalar dislocation density, reaching a maximum value of ~5.5 $ 1010 cm-

2 at a distance of 25 mm from the irradiation surface is revealed. It is suggested that defects

being formed in surface layers in the EBP may be one of the reasons for decreasing the

values of HEA strength and plasticity.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
consist of five and more main elements with a percentage

1. Introduction

In recent years the attention of scientists is attracted by a new

system of alloys known as high-entropy alloys (HEA) [1e8]. In

contrast to conventional alloys the high-entropy alloys
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).
from 5 to 35 at.% [9e14]. The idea of high-entropy alloys lies in

the fact that atoms of all elements are supposed to be atoms of

a dissolved substance, they cause deformation of a crystal

structure and improve a thermodynamic stability of proper-

ties related to differences in atomic radii of components. It
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Fig. 1 e An electron microscopic image of the HEA part (a) and energy spectra obtained from the part (b).
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leads to a high entropy of the system for a further

manufacturing of thematerial with unique properties that are

impossible in traditional methods of microalloying [15e18].

The original results obtained in the HEA field have been

considered in detail in analytical reviews and monographs

[1,19e23] where the HEA structure, properties and thermo-

dynamics are described, results of modeling of their structure

are analysed and new variants of methods for manufacturing

multicomponent alloys are discussed. The HEA studies have

shown that a formation of nano-dimensional structures and

even amorphous phases is possible in them due to significant

lattice distortions caused by a difference in atomic radii of

substitutional atoms [1,22].

One of the first high-entropy alloys under study is the

CoCrFeMnNi alloy which is capable of retaining a face-

centered cubic structure in a wide temperature range and

possesses a good balance of strength and plasticity as well

[24]. In the paper [25] it has been demonstrated that the alloy

shows simultaneously an increase in strength at a room

temperature and ductility at cryogenic (77 K) temperature as a

result of dominating of twinning as a mechanism of defor-

mation. However, a disadvantage of the CoCrFeMnNi-system

alloys is a relatively low yield point at room temperature. In

different works the strengthening alloying elements such as

Ti, Si, Cu, C [26e28] were used as methods for increasing the

yield point. Various methods of surface processing among

which the ultrasonic effect [29], nitriding [30], ion implanta-

tion [31] and boriding [32] shown an effective application for

increasing the fatigue life, strength and corrosion resistance

of metallic alloys. Nevertheless, the methods require an ac-

curate control of chemical composition and manufacturing

technology, which is often costly and infeasible for industrial

application. The electron-beam processing is one of the

perspective methods of a surface modification of metallic

materials leading to a substantial increase in metallic prop-

erties of an entire material at the expense of a structural
Table 1 e An elemental composition of the HEA sample part o

Element Weight, % Atomic, %

Before irradiation

Cr K 14.3 15.5

Mn K 3.0 3.1

Fe K 38.4 38.9

Co K 25.7 24.6

Ni K 18.6 17.9
optimization of its surface layer [33]. Characteristics of metals

and alloys subjected to irradiation with an electron beammay

increase by a factor of 20, which increases substantially the

efficiency of traditional types of processing [34]. In an irradi-

ation process the electron beams of a high density cause

different phenomena in a surface layer such as the high-

velocity recrystallization, surface smoothing, and annealing

[35] during an extremely short period of time. In addition, the

electron-beam processing may induce a plastic deformation

of a near-surface layer, which results in a formation of dislo-

cations with a high density and a significant improvement of

properties [36,37].

The electron-beam processing ensures ultrahigh speeds of

heating (to 106 K/s) of a surface layer to preset temperatures

and cooling a surface layer at the expense of a heat removal to

a material bulk at rates of 104e109 K/s, with the result that

nonequilibrium submicro- and nano-crystalline structural

phase states form in a surface layer.

At a given point of time a limited number of scientific pa-

pers are devoted to a study of the effect of the electron-beam

processing on high-entropy alloys. For instance, in is shown in

the paper [38] that the wear resistance, microhardness,

nanohardness, and corrosive properties of the CoCrFeNiMo0.2

alloy underwent an appreciable increase as a result of an

electron-beam effect. The irradiation of the NiCoCrAlYSi alloy

with a high-current electron beam in the paper [39] resulted in

a formation of a dense remelted surface layer and a removal of

initial defects originating in a laser surfacing. It was earlier

shown by the team of authors of the paper that the electron-

beam processing results in homogenization of a chemical

composition of the CoCrFeMnNi-system high-entropy alloy

[40].

The aim of the research is to study structural phase state of

the defective substructure, fracture surface and properties of

the CrMnFeCoNi high-entropy alloy subjected to the electron-

beam processing.
btained by the methods of micro-X-ray spectral analysis.

Weight, % Atomic, %

After irradiation Еs ¼ 30 J/cm2

14.3 15.5

3.0 3.1

37.8 37.9

27.0 26.0

17.9 17.5
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2. Material and methods of investigation

A high-entropy alloy (HEA) of the CrMnFeCoNi-elemental

composition was used as a test material. The alloy was

fabricated by the method of wire-arc additive manufacturing

(WAAM) [22]. A three-strand wire was used as an initial

material to fabricate the CoeCreFeeMneNi system samples.

It consisted of a pure cobalt wire (z99.9 at.% Co) 0.47 mm in

diameter; a welding wire Autrod 16.95 (z65.3 at.% Fe, z

19.6 at.% Co, z 7.3 at.% Ni, z 1.6 at.% Si, z 6.2 at.% Mn) that

was preliminary thinned from 0.80 up to 0.74 mm in diam-

eter; a chromium-nickel wire Ni80Cr20 (z22.5 at.% Cr, z

1.5 at.% Fe, z 72.1 at.% Ni, z 0.8 at.% Al, z 2.9 at.% Si, z

0.2 at.% Mn) of 0.4 mm in diameter. Initial wires were twisted

by means of a special twisting device. A diameter of the

CoeCreFeeMneNi composite cable amounted to z1.25 mm,

with a length of laying 10 mm. A fabrication of HEA samples

was performed by layer-by-layer application on the

12Kh18N10T (18% wt. Cr, 10% wt. Ni, 1% wt. Ti, 0.12% wt. C)

steel substrate by a technology of the wire-arc additive

manufacturing in atmosphere of inert gas (Ar z 99.99%). The

following regime of layers' application was used: the feed rate

of wire 13 m/min, voltage 22 V, rate of motion of a burner

0.1 m/min. The obtained high-entropy alloy had sizes of

140 � 20 � 30 mm and presented a parallelepiped consisting

of seven surfaced layers in height and four layers in thick-

ness. Tensile tests were performed on flat proportional
Fig. 2 e STEM analysis image of a foil portion (a); b-f e foil portio

(d), Co (e), Ni (f) atoms.
samples in the form of a two-sided blade according to

Russian State Standard 1497e84 [41]. Samples were cut from

a massive blank by the methods of electroerosion cutting.

Before tests the samples had the following sizes: 1.05 mm in

thickness; 4.4 mm in width; a length of a working part

8.0 mm. A part of samples was irradiated from two sides

(working part) on a plant ‘SOLO’ developed and fabricated at

Institute of High-Current Electronics SB RAS [42]. The irradi-

ation regimes were the following: the energy density of

electron beam (10, 15, 20, 25, 30) J/cm2, duration of a pulsed

beam 50 ms, pulse number 3, pulse repetition rate 0.3 s-1. The

irradiation was carried out in an argon medium at a residual

pressure of 0.02 Pa. A deformation of samples was done by

uniaxial tension on a test installation Instron 3369 (rate of

tests 1.2 mm/min; temperature 22 �C) with an automatic

recording of a stressestrain curve.

1A structural phase state of the initial and irradiated

samples as well as those failed as a result of a tensile test

were studied by the methods of scanning electron micro-

scopy (device ‘LEO EVO 50’ (Carl Zeiss) equipped by energy-

dispersive analyzer INCA-energy), transmission electron

diffraction microscopy (device JEOL JEM-2100, Japan), X-ray

structural analysis (diffractometer XRD-6000). Subjected of

research foils 150e200 nm thick for a transmission electron

microscope were fabricated by the method of ion etching

(plant Ion Slicer (EM-09100IS), argon) of plates cut from the

HEA sample under study. The X-ray photography was done
ns obtained in a characteristic radiation of Cr (b), Mn (c), Fe
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Fig. 3 e A dislocation substructure of the CoeCreFeeMneNi-system high-entropy alloy irradiated with a pulsed electron

beam; a, d e a surface; b, e ¡ at a distance of 25 mm; c, f e at a distance of 45 mm.
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on CuKa irradiation according to the BraggeBrentano

scheme with the pitch 0.03�, time of exposition at a point

0.5 s and angular range 25� ÷ 90�. A voltage on a X-ray tube

amounted to 40 kV, a beam current 30 mA. Calculations of

intensities were performed by the Rietveld method. A phase
Fig. 4 e A scalar dislocation density as a function of a

distance from an irradiation surface of the

CoeCreFeeMneNi e system high-entropy alloy.
composition determination was carried out using data

base PDF 4þ as well as a program of full-profile analysis

POWDER CELL 2.4. A surface microhardness of irradiated

samples was detected by the Vickers method on a device

PMT-3.
Fig. 5 e Deformation curves obtained in tension of the HEA

in the initial state (curve 1) and after irradiation with a

pulsed electron beam (curve 2), Es ¼ 30 J/cm2.

https://doi.org/10.1016/j.jmrt.2022.06.108
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Fig. 6 e The ultimate strength (curve 1) and plasticity (curve

2) as a function of the energy density of an electron beam

in the HEA fracture.

Fig. 7 e Microhardness of the HEA surface layer as a

function of the energy density of electron beam.
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3. Results and discussion

The HEA elemental composition was determined by the

methods of micro-X-ray spectral analysis (Fig. 1).

Quantitative results of the X-raymicrospectral analysis are

listed in Table 1. When analyzing the results presented in

Table 1 it is noted that, firstly, the obtained alloy belongs to

nonequiatomic-composition alloys in relation to chemical

elements. Secondly, an irradiation of the alloy with a pulsed

electron beam results in a redistribution of chemical elements

in a surface layer, namely, in a decrease in a concentration of

iron and nickel atoms, and an increase in a concentration of

cobalt atoms.

A homogeneous distribution of the listed elements in a

bulk of the alloy (Fig. 2) is detected by the mapping methods.

Studies of a defective substructure being formed in the

HEA's sample irradiation with a pulsed electron beam were

carried out by the methods of transmission electron micro-

scopy. It is shown that a nondisoriented cellular dislocation

substructure (Fig. 3, a, d) forms in a surface layer. A cell size

varies in the limits from 400 nm to 600 nm. Chaotically

distributed dislocations are detected in a bulk of cell. A similar

cellular dislocation substructure was observed in the NiC-

oCrAlYSi alloy after the electron beam processing [22]. A

nondisoriented cellular-netlike dislocation substructure

(Fig. 3, b, e) forms at a depth of 25 mm. With a further increase

in a distance from an irradiation surface by 45 mm, a sub-

structure formed by dislocations distributed chaotically (Fig. 3,

c, f) is present along with a cellular-netlike dislocation sub-

structure. At a distance of 120e130 mm from an irradiation

surface the dislocation structure corresponds to an initial

state and presents chaotically distributed dislocations (Fig. 3,

a) with a dislocation density of ~2.7$1010 cm-2 (Fig. 4). When

analyzing the results presented in Fig. 3 it is noted that a scalar

dislocation density decreases with a greater distance from an

irradiation surface.

A scalar dislocation density as a function of an irradiation

surface is depicted in Fig. 4. Analysing the presented results a

nonmonotonous change in a scalar dislocation density is

noted with a greater distance from the irradiation surface.

One of the reasons for the dependence may be a substantially

inhomogeneous distribution of dislocations in a layer adja-

cent to the irradiation surface, which is related to a formation

of a cellular substructure wherein a part of dislocations is

located in cell boundaries and neglected in estimating the

scalar dislocation density.

It should be noted that bend extinction contours are absent

on micrographs of HEA structures, which indicates that in-

ternal stress fields capable of resulting in curvature-torsion of

a thin foil are absent in the material. The fact may be indica-

tive of a high plasticity level of the HEA under study that al-

lows a relaxation of internal stress fields by a dislocation slide.

The results obtained in the research suggest a possible

increase in a layer hardness at the expense of a substructure

with a higher dislocation density in a processed surface and a

near-surface layer at a distance up to 45 mm.

The mechanical tests of the HEA in the initial and irradi-

ated states performed by a uniaxial tension of flat propor-

tional samples showed that in the initial state (a state before
irradiation) the alloy has a high level of plasticity (an ultimate

plasticity increases 70%) and strength (an ultimate strength

reaches 500 MPa) (Fig. 5, curve 1). An irradiation of the alloy

with a pulsed electron beam in a regime of a high-speed

melting and a subsequent high-velocity crystallization of a

surface layer results in a decrease in strength and plasticity of

the material (Fig. 5, curve 2). The ultimate values of strength

and plasticity of the irradiated HEA vary in a correlated way

(Fig. 6).

Concurrently, the HEA irradiation is accompanied with a

1.6-fold decrease in microhardness of the processed layer

(from 3.1 GPa before irradiation to 1.85 GPa after irradiation at

Es ¼ 30 J/cm2 (Fig. 7). It is evident that substantial changes in

strength and plastic properties of the alloy such as these are

due to variations its defective substructure induced by a

thermal effect of a pulsed electron beam on the material.

The irradiation of the HEA surface with a pulsed electron

beam of a different energy density introduced into the mate-

rial allowed us to trace an evolution of the alloy defective

https://doi.org/10.1016/j.jmrt.2022.06.108
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Fig. 8 e A grain structure of the HEA samples before (a) and after (b) irradiation.

Fig. 9 e A structure of the HEA surface layer crystallization revealed in the analysis of an alloy fracture surface. A e the arrow

indicates an irradiation surface; b e microcracks and micropores.

Fig. 10 e A fragment of a X-ray diffraction pattern obtained from the HEA before a pulsed electron beam irradiation (a) and

after irradiation at Es ¼ 30 J/cm2.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 4 2 5 8e4 2 6 9 4263

https://doi.org/10.1016/j.jmrt.2022.06.108
https://doi.org/10.1016/j.jmrt.2022.06.108


Table 2 e Results of X-ray diffraction pattern indexing shown in Fig. 10.

N� 2To 2Tc 2Tc-2To do dc do-dc I h k l

1 44.0810 44.0442 �0.0368 2.05270 2.05433 �0.00163 19.9 1 1 1

2 51.3126 51.3126 0.0000 1.77910 1.77910 0.00000 100.0 2 0 0

4 91.3019 91.7796 0.4777 1.07720 1.07284 0.00436 1.3 3 1 1

Notation: I is the intensity of lines.

2To is the diffraction angle 2q obtained experimentally.

2Tc is the calculated diffraction angles for Ka1 lines.

d0 is the experimental interplanar spacing for Ka1 line.

dc is the calculated interplanar spacing for Ka1 line.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 4 2 5 8e4 2 6 94264
substructure being formed on high-speed heading and cool-

ing. The electron beam irradiation at Es ¼ 10 J/cm2 is accom-

panied by a process of an alloy primary recrystallization in a

surface layer.

Sizes of grains being formed vary in the limits of 1.5e3 mm.

The grains locate along grain boundaries of the HEA initial

structure. In a bulk of grains not subjected to recrystallization

a large number of microtwins is determined. It is suggested

that themain reason for twinning of the HEA grains is thermal

stresses being formed in the material as a result of a high-

speed thermal processing induced by an irradiation.

With a large energy density value of an electron beam

(15e30 J/cm2) a process of a collective recrystallization, being

accompanied by an increase in grain sizes, develops in the

HEA surface layer. An average grain size increases from 35 mm

to 120 mm with an increase in the energy density of electron

beam from 15 J/cm2 to 30 J/cm2.

The analysis of an irradiation surface structure and a thin

surface layer, performed by the methods of scanning and

transmission electron microscopy, showed that a high-speed

thermal effect, induced by an irradiation, leads to a forma-

tion of a cellular crystallization structure in a surface layer.

Cells have a low-angle disorientation, as evidenced by an

identical contrast on a micrograph (Fig. 8, b). An average size

of crystallization cells depends on the energy density of an
Fig. 11 e A dependence of a relation between intensities of

diffraction lines (200) ≡ (002) of the HEA irradiated samples

on the energy density of electron beam.
electron beam and increases from 310 nm at Es ¼ 15 J/cm2 to

800 nm at Es ¼ 30 J/cm2.

The analysis of a sample fracture surface, being formed in

uniaxial tension, showed that thickness of a surface layer,

having a cellular structure, amounts to z 5 mm. Cells have a

shape close to equiaxial one and form a columnar structure

(Fig. 9). It is noted that the formation of a high-velocity crys-

tallization results in a formation of a micropores’ interlayer

along a modified layer/main material bulk interface; micro-

cracks (Fig. 9, b, micropores and microcracks are indicated by

arrows) are determined in a modified layer and an alloy vol-

ume adjacent to it.

By the methods of X-ray phase analysis it is established

that the HEA, independent of a state under study (initial or

irradiated), is a single-phase material and has a face-centered

cubic lattice. A characteristic X-ray diffraction pattern of the

HEA (initial state) is shown in Fig. 10. The results of X-ray

diffraction pattern indexing are presented in Table 2. The

studies performed show that the HEA crystal lattice param-

eter in a state before irradiation is a ¼ 0.35582 nm.

An irradiation of the alloy, without changing in a crystal

lattice type, results in a parameter a ¼ 0.35574 nm. Concur-

rently, a redistribution of an intensity of main diffraction

peaks is observed, namely, the intensity of peak (111) in-

creases and that of the peak (200) decreases. The latter, obvi-

ously, is indicative of a formation of a texture in a surface

layer as a result of a high-velocity crystallization. In a quan-

titative sence the process is presented in Fig. 11.

A phase composition of samples irradiated with a pulsed

electron beam was studied by the methods of transmission

electron diffraction microscopy through indexing of micro-

electron diffraction patterns and applying a technique of dark-

field analysis [43e47]. A characteristic electron-microscopic

image of the HEA is presented in Fig. 12, a. Analysis of a

microelectron diffraction pattern shown in Fig. 12, b revealed a

presence of reflections belonging to different phases. Bright

reflections form a set of interplanar spacings corresponding to

FCC-lattice (a plane of the type ⎨110⎬).
The indexing of a microelectron diffraction pattern with

regard to elements being present in the alloy allows a sug-

gestion that a phase, having the FCC-lattice and correspond-

ing to the given interplanar spacing, may have the following

elemental composition: FeNi or Ni2.9Cr0.7Fe0.36. Along with

bright reflections the reflections of a weak intensity are pre-

sent on a microelectron diffraction pattern (Fig. 12, b, a

reflection is indicated by the yellow arrow). The indexing of a

microelectron diffraction pattern allows a suggestion that the

https://doi.org/10.1016/j.jmrt.2022.06.108
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Fig. 12 e A structure of the HEA surface layer irradiated with a pulsed electron beam; a e a bright field; b e a microelectron

diffraction pattern; c,d e dark fields obtained in reflections [200] Ni2.9Cr0.7Fe0.36 þ [200] FeNi þ [331] FeCr (c) and [222]

Ni2.9Cr0.7Fe0.36 þ [222] FeNi þ [831] FeCr (d). Arrows indicate reflections of dark fields 1 (c), 2 (d).
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reflectionsmay belong to the FeCr phase. A dark-field analysis

of foil using the reflections indicated in Fig. 12, b by numbers 1

and 2 detected a presence of nanodimentional (1e3 nm) par-

ticles in thematerial. Judging from dark-field images Fig. 12, c,

d) the particles have a rounded shape and locate on disloca-

tions. Thus, the irradiation of the HEA with an intense pulsed

electron beam results in a decomposition of a solid solution

and a precipitation of nanodimensional particles of a second

phase.

It was established above by themethods of X-ray structural

analysis that the irradiation of the HEA with a pulsed electron

beam results in a decrease in the crystal lattice parameter of

the alloy from a ¼ 0.35582 nm in the initial state to

a¼ 0.35574 nm after the irradiation at Es ¼ 30 J/cm2. One of the

reasons for it may be a decomposition of a solid solution and

an escape of iron and chromiumatoms to particles of a second
phase detected by the methods of transmission electron mi-

croscopy (Fig. 12). In fact, an everage atomic radius of the alloy

calculated by additive summation of atomic radii of chemical

elements of the alloy with regard to their relative content in

the material is equal to R ¼ 0.127 nm; an atomic radius of

chromium is 0.130 nm, that of iron is 0.126 nm. Therefore, the

escape of chromium atoms to second phase particles will

contribute to a decrease in the crystal lattice parameter of the

alloy.

Actually, the electron microscopic analysis of a samples’

fracture surface, alongwith a ductile pit character of a fracture

(Fig. 13, a) revealed a presence of micropores, microlayerings

and voids in the material (Fig. 13, b, c). The indicated material

defects are very often located on a fracture as extended bands

(Fig. 13, d). It is suggested that the location of defects are due to

the method of manufacturing of the bulk material.

https://doi.org/10.1016/j.jmrt.2022.06.108
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Fig. 13 e The HEA fracture surface in the initial state. a e a dictile pit fracture, b e micropores, c e microlayerings, d e a

laminated location of micropores.
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The studies of a fracture surface of samples, preliminary

irradiated with a pulsed electron beam, detected, along with

regions failed according to a ductile mechanism, the material

regions, during failure of which, a band (lamellar) structure is

formed. Its characteristic image is shown in Fig. 14.

Fracture bands, in most cases, intersect the sample from

an upper to a lower edge and locate at an angle of 90� and 45�
Fig. 14 e A fracture surface of the HEA subjected to a tensile def

band. A preliminary irradiation with a pulsed electron beam at
to a sample surface. A sample fracture in bands proceeds ac-

cording to a ductile mechanism too. A diameter of ductile

separation pits on fracture bands varies in the limits

0.1e0.2 mm, which is almost an order of magnitude smaller

than those of a remaining part of the sample (Fig. 14, a, b).

The studies performed showed that fracture bands of the

material did not form in the sample non-irradiated with a
ormation; a) a structure in a fracture band, b) that outside a

Es ¼ 30 J/cm2.

https://doi.org/10.1016/j.jmrt.2022.06.108
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Fig. 15 e A structure of a fracture surface of the sample irradiation with a pulsed electron beam at Es ¼ 20 J/cm2 (a) and

Es ¼ 25 J/cm2 (b). Colored arrows indicate an irradiation surface, a light arrow (b) indicates a microcrack.
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pulsed electron beam. In the irradiated alloy a size of a ma-

terial region, whose fracture occurred with a formation of a

band structure, increases with a growth in the energy density

of electron beam, namely, at Es ¼ 10 J/cm2 regions with a band

structure occupy z25% of a fracture area, at Es ¼ 30 J/

cm2 z 65%. It is suggested that a band structure formation at

the HEA fracture is one of reasons for decreasing the ultimate

strength and plasticity of the material in an irradiated state.

The study of a fracture surface of the HEA samples allowed

us to estimate a thickness of a molten layer and to consider a

state of a boundary (melt/solid) layer being formed in a metal

high-velocity crystallization being realized as a result of the

irradiation with a pulsed electron beam. The studies carried

out showed that the thickness of a molten layer varies in the

limits from 0.8 mm to 5 mm and increases with a growth in the

energy density of electron beam (Fig. 15).

Sizes of crystallites of the layer practically coincide with

sizes of crystallization cells indicated above. The HEA volume

modified by electron beam has a two-layer structure. Micro-

pores locate at a surface-subsurface layer interface as well as a

subsurface layer andmain bulk of the alloy. A subsurface layer

and a sample bulk adjacent to it contain microcracks located

mostly at right angle to the sample surface (Fig. 15, b). In a

surface layer such cracks are not detected. It is suggested that

defects revealed in surface and subsurface layers form as a

result of elastic stresses originating in high-speed quenching

of samples after completing a thermal effect of electron beam.

The defectsmay also be a reason for decreasing in the ultimate

strength and plasticity of the material in the irradiated state.
4. Conclusion

By means of the wire-arc additive manufacturing technology

the samples of the CoCrFeMnNi high-entropy alloy of a non-

equiatomic composition has been fabricated. By the methods

of modern physical materials science the studies of structure,
phase composition, defective substructure, properties and

fracture surface of the HEA subjected to the electron-beam

processing (with the parameters: the energy density of elec-

tron beam 10e30 J/cm2, duration 50 ms, pulse repetition rate

0.3 s-1, pulse number 3) were carried out.

It is stated that the alloy before irradiation is a single-phase

material having a face-centered crystal lattice. The irradiation

of the alloy with a pulsed electron beam results in no change

in its elemental composition, however, transforms substan-

tially its defective substructure. Firstly, it results in a consid-

erable (by 6 times, from 20 mm to 120 mm) increase in an

average grain size. Secondly, it leads to a formation of a high-

velocity cellular crystallization with cell sizes of 400e550 nm

in a surface layerz5 mmthick. Thirdly, it acts to a formation of

a high-velocity crystallization texture of a molten surface

layer. Fourthly, it produces a decomposition of a solid solution

with a precipitation of nanodimensional particles of FeCr

composition. It is shown that the irradiation with a pulsed

electron beam results in a formation of a gradient dislocation

structure. In a surface layer a nondisoriented cellular dislo-

cation structure is formed. Chaotically distributed disloca-

tions are observed in its volume of cells. At a depth of 25 mm a

nondisoriented cellular-netlike dislocation substructure with

the greatest dislocation density of ~5.5 , 1010 cm-2 is formed.

At a depth of 45 mm a structure, formed by dislocations

distributed chaotically, is present along with a cellular-netlike

dislocation substructure. In total, it resulted to a decrease in

plasticity by more than 2 times, strength by 1.3 times,

microhardness by 1.6 times of the irradiated alloy relative to a

nonirradiated state.
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