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Abstract. High-entropy alloys (HEAs) are the most actively researched materials of recent decades. In the present work, the non-equiatomic AICrFeCoNi
wind turbine is manufactured using cold metal transfer technology and investigated by the methods of modern physical materials science.
The authors analyzed the elemental and phase compositions, defective substructure and tribological properties of the HEA surface layer formed
as a result of complex processing, which combines the deposition of a film (B + Cr) and irradiation with a pulsed electron beam in an argon medium.
In the initial state, the alloy has a simple cubic lattice with a lattice parameter of 0.28795 um, the average grain size of the HEA is 12.3 um. Chemical
composition of the HEA is as follows, at. %: 33.4 Al; 8.3 Cr; 17.1 Fe; 5.4 Co; 35.7 Ni. The elements are distributed quasi-periodically. The irradiation
mode was revealed (electron-beam energy density 20 J/cm?; irradiation duration 200 ps, number of pulses 3; pulse frequency 0.3 s!), which allows
to increase microhardness (almost twice) and wear resistance (more than by five times), to reduce the friction coefficient by 1.3 times. At an electron-
beam energy density of 20 J/cm?, the surface is fragmented by a grid of microcracks. Size of the fragments varies between 40 — 200 um. An increase
in the electron-beam energy density leads to complete dissolution of the film (B + Cr). Regardless of the magnitude of the electron-beam energy
density, the wind turbine is a single-phase material and has a simple cubic crystal lattice. High-speed crystallization of the surface layer leads
to the formation of a subgrain structure (150 — 200 nm). It is suggested that an increase in the strength and tribological properties of wind turbines
is due to a significant (by 4.5 times) decrease in the average grain size, formation of chromium and aluminum oxide particles, and introduction
of boron atoms into the crystal lattice of wind turbines.
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Annomayus. BeicokosuTponuiineie cruaBbl (BOC) siBisirorcsi Hanbosiee aKTUBHO HCCIIEAYEMBIMH MaTE€pHalaMH IIOCICIHHUX JECATHICTHH.
B nacrosimeii pabore BOC neskBuaromuoro cocraBa AlCrFeCoNi M3roToBiICH MO0 TEXHOJOTHH XOJOJHOTO MEPEeHOCa MeTajia M HCCIIeI0BaH
METOZaMH COBPEMEHHOIO (PU3MYECKOrO0 MaTepuasioBE/ICHHUs. BBINOIHEH aHamM3 3I€MEHTHOro M (ha30BOr0 COCTABOB, AC(EKTHOW CyOCTPYKTYpBI
¥ TPHOOJIOTMYECKUX CBOWCTB MOBEPXHOCTHOTO ciiosi BOC, chopMUpOBaHHOTO B pe3ylibTaTe KOMILUICKCHON 00pabOTKH, KOTOpasi COUETACT HaIbIIICHUE
wienky (B + Cr) u oOiyueHne MMIyIbCHBIM SJICKTPOHHBIM ITy4YKOM B CpEZIe aproHa. B MCXOJHOM COCTOSHMM CIUIaB MMEET MPOCTYI0 KyOWYECKYIO
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pemetky ¢ napamerpom 0,28795 MM, cpernuit pasmep 3epa BOC cocrasnser 12,3 mxm. Xumuueckuii cocras: 33,4 % Al; 8,3 % Cr; 17,1 % Fe;
5.4 % Co; 35,7 % Ni (at.). DIeMeHTBI pacIpesieieHbl KBa3HIIEPHOIUICCKH. BBIBICH peskuM oOMydeHus (IUIOTHOCTh SHEPIUH IydKa IEKTPOHOB
20 JIx/cM?; JumiTesbHOCTE 00y uenust 200 MKC, KOMMYECTBO MMITYJIBCOB 3; 4acToTa MMITYIbCoB 0,3 ¢ 1), KOTOPBIH T03BONISET OBBICHTH MHKPOTBEPIOCTh
(1ouTH B J1Ba pa3a) U U3HOCOCTOMKOCTD (0oJIee YeM B IIAITh pa3), CHU3UTH Koddduiment tpenns B 1,3 paza. [Ipy mIoTHOCTH SHEPIUH MyUKa IEKTPOHOB
20 JIk/cM? TIOBEPXHOCTH (PPArMEHTHPYETCS CETKOW MHUKpOTpElwH. Pasmepsl GparMenToB m3meHsioress B mpernernax 40 —200 MkM. YBenudeHue
IUIOTHOCTH SHEPTUH ITy4YKa IEeKTPOHOB IPUBOIUT K MOIHOMY pacTBOpeHHIo mieHKH (B + Cr). HezaBucHMO OT BeIMUMHBI INIOTHOCTH SHEPIUH ITyUKa
anekTpoHoB BOC sipisiercs oHoda3HEIM MaTepHuajIoM, MIMEET HPOCTYI0 KyOuUuecKyto KpHCTaIMYECKYIO pEIeTKy. BricokockopocTHas KpuCTaIn3anus
MOBEPXHOCTHOTO CJIOS MPUBOIUT K (hOPMHUPOBaHHIO cyO3epeHHOi cTpykTypbl (150 —200 HM). Bbicka3biBaeTcsi TPEIIONOKEHHE, YTO YBEIHYCHUE
MPOYHOCTHBIX U TpubOIOrHYeckux coiictB BOC 00ycioBieHo cyiiecTBeHHbIM (B 4,5 pasza) CHIKEHHEM CPEIHEro pasmMepa 3epHa, (JopMHUpPOBaHHEM
JaCTHUIL OKCHOOPHIOB XpOMa M aJIFOMHIHIS, BHEAPSHHEM aTOMOB 00pa B KpUCTAILIHYECKyIo permeTky BOC.

Kawuessle cao8a: BBICOKO3HTpOHHﬁHBIﬁ CIlIaB, TEXHOJIOT M XOJIOAHOTO IEPEHOCa METallla, CUCTEMa HHCHKa/HOZ[J'IO)KKa, JJICKTPOHHO-UOHHO-IIJIa3MEH-

Hast 00paboTKa, 3IIEMEHTHBII U (ha30BbIil COCTaB, AeeKTHAs CTPYKTypa
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[ INTRODUCTION

The development and study of high-entropy alloys
(HEAs) are of significant scientific interest due to their
unique microstructure [1; 2], composite composition [3],
and mechanical properties [4 — 6]. In contrast to tradi-
tional alloys, which typically consist of one or two basic
elements, HEAs are composed of several major elements
(at least five) in equimolar or near-equimolar ratios.
The original findings in the field of HEAs are extensively
discussed in analytical reviews [7 — 9] and monographs
(e.g., [10]). These publications describe the microstruc-
ture, properties, and thermodynamics, review the results
of structural modeling, and explore novel methods for pro-
ducing multi-component alloys. Substantial efforts have
been dedicated to addressing the challenge of enhancing
the mechanical properties of five-component alloys like
MnCoCrFeNi and AlCoCrFeNi through grain boundary
strengthening [11; 12], solid solution hardening [13 — 16],
and interstitial solid-solution hardening [17]. Relevant
theoretical developments are also in progress [18].
The paper [13] proposes a method to enhance strength
through partial amorphization, as this structure lacks grain
boundaries or dislocations. To improve surface proper-
ties, HEAs undergo various types of surface treatments.
For example, the paper [19] reviews various processing
methods and their impact on the surface of CoCrFeMnNi
HEA obtained through selective laser melting. The con-
sidered treatments include electrolytic polishing, electro-
erosion machining, milling, grinding, mechanical polish-
ing with abrasives, and combinations of these methods.
The results demonstrate that grinding smoothes the sur-
face and increases microhardness, however, it leaves tool
marks and residual stresses due to microstructure defor-
mation. Mechanical polishing using abrasives enables
the creation of an ultra-smooth surface without subsur-
face damage. Electro-erosion machining results in sur-
face melting, leading to increased residual stresses and
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microhardness. When electrolytic polishing is combined
with other methods, it removes residual stresses and
damage caused by previous processing, thereby smooth-
ing the surface. However, when electrolytic polishing is
used in isolation from other methods, a micrometer-level
surface roughness cannot be achieved. The paper [20]
addresses the challenge of low strength and wear resis-
tance in the CoCrFeMnNi alloy with an FCC crystal lat-
tice by employing the powder-pack boriding method.
This treatment results in a double layer enriched with sili-
con and boron, leading to increased microhardness and
wear resistance in the borated samples. One of the most
promising and highly efficient methods for surface harde-
ning is electron-beam treatment [9; 10]. This treatment
ensures ultrahigh heating rates of the surface layer (up
to 10°K/s) to the specified temperatures, followed
by cooling rates of 10*—10° K/s through heat extrac-
tion into the bulk of the material. As a result, non-equi-
librium submicro- and nanocrystalline structural-phase
states emerge in the surface layer.

The aim of this research is to analyze the elemental
and phase compositions, as well as the defect substruc-
ture of the HEA surface layer formed as a result of com-
plex treatment, combining film deposition (B + Cr) and
pulsed electron beam irradiation.

[l MATERIALS AND METHODS

The study material utilized was a HEA with the ele-
mental composition AICrFeCoNi, which was obtained
using cold metal transfer technology [20]. The samples
had dimensions of 15x15%5 mm. The surface treat-
ment of the HEA samples was carried out in two steps:
1 — formation of a “film/substrate” system: a 0.5 um
thick boron film was deposited, and on top of it,
a 0.5 um thick chromium film was added; 2 — irradia-
tion of the “film (B) + film (Cr)/HEA (substrate)” system
with a pulsed electron beam.
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The boron film was deposited onto the surface
of HEA samples using plasma-assisted radio frequency
sputtering (RF sputtering) of boron powder cathode.
The following process parameters were applied: power
W =800 W; frequency f= 13.56 MHz; duration of pro-
cesses £ = 35 min (resulting in a 0.5 pm thick boron film);
current of PINK plasma generator 1,=50A; heating cur-
rent /, = 145 A; bias voltage U, = 50 V; duty cycle 75 %;
bias frequency 50 kHz. Before applying the boron film,
the surface of the HEA samples, following placement
in the installation chamber and subsequent evacua-
tion, underwent a brief 15-minute etching process with
argon plasma. The 0.5 pm thick chromium film was
deposited onto the samples with the boron film using
an arc evaporator. The following process parameters were
employed: samples with the boron film were placed oppo-
site the arc evaporator, without rotation; arc evaporator
current /, =80 A; plasma generator current / =20 A;
heating current /, = 135 A; duty cycle 75 %; bias vol-
tage U, =35 V; pressure p = 0.3 Pa; chromium deposi-
tion ¢ = 10 min. The “film/substrate” system was then irra-
diated with an intense pulsed electron beam on the SOLO
installation, employing the following process param-
eters: energy of accelerated electrons is 18 keV, energy
density of the electron beam is 20 —40 J/cm?; pulse
duration is 200 ps; number of pulses is 3; pulse repeti-
tion rate is 0.3 s7!; pressure of the working gas (argon)
is 0.02 Pa. Based on estimations [10], under these irra-
diation parameters, the temperature of the surface layer
of the “film (B + Cr)/(HEA) substrate” system surpasses
the melting point of the HEA. This leads to the expecta-
tion that the process of forming a molten surface layer
of HEA samples alloyed with boron and chromium atoms
(during rapid heating) and the subsequent development
of a submicro- and nanocrystalline multiphase structure
strengthened with metal borides (during rapid cooling)
will occur.

The phase composition and the condition of the crys-
tal lattice in the main phases of the sample’s surface layer
were investigated through X-ray phase and X-ray diffrac-
tion analysis. This analysis was conducted using a Shi-
madzu XRD 6000 X-ray diffractometer located in Kyoto,
Japan. X-ray shooting utilized copper-filtered CuK , radia-
tion and a CM-3121 monochromator. The phase com-
position was determined with reference to the PDF 4+
databases, and full-profile analysis was performed using
the POWDER CELL 2.4 program. To achieve the desired
film thickness, the deposition modes for the boron and
chromium films were selected through experiments
employing the Calotest CAT-S-0000 device, designed
to determine film thickness. Material hardness was
assessed using the Vickers method on a PMT-3 microhard-
ness tester with a 0.5 N load. The tribological characteris-
tics, including the friction coefficient and wear parameter
of the material, were examined using a Pin on Disc and
Oscillating TRIBOtester tribometer by TRIBOtechnic in

Clichy, France. The tests were conducted with a ceramic
Al,O, ball, 6 mm in diameter, a 2 mm radius for the fric-
tion track, a 100 m path for the counter body’s travel,
a sample rotation speed of 25 mm/s, and an indenter load
of 2 N. These tribological tests were performed under dry
friction conditions at room temperature.

[ RESULTS AND DISCUSSION

The HEA produced through additive technology exhi-
bits a dendritic structure. Dendrites are polycrystalline
aggregates with an average grain size of 12.3 pm. X-ray
microanalysis revealed that the HEA consists of the che-
mical elements Al, Cr, Fe, Co, and Ni in the following pro-
portions at. %: Al 33.4; Cr 8.3; Fe 17.1; Co 5.4; Ni 35.7.

A mapping technique was employed to visua-
lize the distribution of atoms within the alloy’s bulk.
The results indicate that the boundaries of grains and
dendrites are enriched with chromium and iron atoms,
while the volume of the grains contains higher concen-
trations of aluminum and nickel. Cobalt atoms are dis-
tributed in a quasi-homogeneous manner throughout
the alloy’s bulk.

X-ray phase analysis confirmed that the alloy in ques-
tion possesses a simple cubic crystal lattice, with a crystal
lattice parameter is 0.28795 nm.

Irradiation of the “film/substrate” system with
a pulsed electron beam induces significant alterations
in the mechanical and tribological properties of HEA
samples. Firstly, there is a substantial increase in micro-
hardness, with the maximum value achieved follo-
wing irradiation of the “film/substrate” system with a
pulsed electron beam having an electron beam energy
density (E|) of 20 J/em? (Fig. 1, a). Secondly, the wear
resistance of the samples improves, and the friction coef-
ficient decreases, with the most favorable outcomes
observed after irradiation of the “film/substrate” system
with a pulsed electron beam having an energy density
of 20 J/ecm? (Fig. 1, b, c).

The alterations in the mechanical and tribological
properties of the alloy are evidently attributed to changes
in the structure of the surface layer of the samples. It
was observed that when the “film/substrate” system
is exposed to an electron beam with an energy density
of 20 J/cm?, the sample’s surface undergoes fragmenta-
tion, forming a network of microcracks (Fig. 2, ). These
microcracks vary in size from 40 to 200 pm, with an aver-
age size of 104 um. Within the fragments, a grain struc-
ture becomes apparent (Fig. 2, ¢). The average grain size
within the fragments measures 2.7 pm, which is 4.5 times
smaller than the average grain size of the initial HEA.

With an increase in electron beam energy den-
sity, the average grain size of the HEA surface layer
also increases, reaching 19 um when E =40 J/cm?. it
reaches 19 um. It is evident that the significant reduc-
tion in the average grain size of the surface layer when
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Fig. 1. Dependence of microhardness (a), wear parameter ()
and friction coefficient (c¢) of the film/substrate system surface layer
on electron-beam energy density. In the initial state of wind turbine
(without a sprayed film and irradiation), microhardness is 4.7 GPa,

wear parameter is 14-10~° mm?/(N-m), friction coefficient is 0.65

Puc. 1. 3aBHCHMOCTh MUKpPOTBEpIOCTH (), mapameTpa uzHoca (b)
1 ko3¢ punueHta TpeHus (¢) IOBEPXHOCTHOTO CJIOS CUCTEMBI «ILICHKA/
TIOJUIOKKA» OT IUNIOTHOCTH SHEPIUH ITy4Ka 3J€KTPOHOB.
B ucxonxoMm cocrostaru BOC (6e3 HanbLICHHO! IIICHKH
u 0e3 obmyuenus) Mukporsepaocts 4,7 I'Tla,
napamerp uzHoca 14-107° mm3/(H M), koadduument tpenus 0,65

E =20 J/cm? is one of the reasons for the improvement
in the alloy’s strength properties, a phenomenon known
as the Hall-Petch effect.

Irradiation of the “film/substrate” system with a
pulsed electron beam at E =20 J/cm? does not result
to the complete dissolution of the film. Instead, we observe
extended film interlayers within the bulk and along
the boundaries of the fragments, as well as film islands
situated at the junctions of the fragments (Fig. 2, b, ¢).

With the increase in electron beam energy den-
sity, reaching 30 J/cm? and subsequently 40 J/cm?,
the (B + Cr) film completely dissolves (Fig. 3). In these
cases, the surface of the samples is once again fragmented
by a network of microcracks, which signifies the forma-
tion of significant tensile stresses within the surface layer
of the alloy as it is irradiated.
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The rapid solidification of the surface layer results
in the creation of a sub-grain structure, often referred
to as a rapid solidification structure (Fig. 3, ¢). When
E =201J/cm? the subgrain structure is infrequently
observed,at £ = 30 J/cm?, it forms at the junctions of grain
boundaries and fragments; and at £ =40 J/em?, sub-
grains are formed across the entire surface of the sample.
The size of these subgrains remains consistent and ranges
from 150 to 200 nm, independent of the energy density
of the electron beam.

X-ray microanalysis was employed to demonstrate
that the sections of the film that remain after irradia-
tion of the “film/substrate” system with a pulsed elec-

Fig. 2. Structure of the film/substrate system irradiated by a pulsed
electron beam at energy density of 20 J/cm?

Puc. 2. CtpyKTypa CUCTEMBI IIJICHKA/TIO/I0KKa», 00Ty4CHHOM
HMITYJIbCHBIM 3JICKTPOHHBIM ITyYKOM MPH IIOTHOCTH SHEPTUH ITy9Ka
2nekTpoHoB 20 Jhx/cm?
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tron beam at 20 J/cm? are enriched with chromium,
boron, and oxygen atoms.

Additionally, extended interlayers along the fragment
boundaries are observed to be enriched with oxygen and
aluminum.

The islands that form on the HEA surface when
the “film/substrate” system is irradiated with an elect-
ron beam, with an energy density of 30 and 40 J/cm?,
are found to be enriched with chromium, aluminum, and
oxygen atoms. This indicates that, as a result of irradia-
tion of the “film/substrate” system with a pulsed elect-
ron beam, chromium and aluminum oxiborides are
formed on the HEA surface. The quantity of these oxi-

Fig. 3. Structure of the film/substrate system irradiated by a pulsed
electron beam at energy density of 30 J/cm? (a) and 40 J/cm? (b, ¢)

Puc. 3. CtpyKTypa CUCTEMBI IIJICHKA/TIO/I0KKaY, 00Ty4CHHOM
HMITYJIECHBIM 3JICKTPOHHBIM ITyYKOM IPH IUIOTHOCTH SHEPTUH ITy9Ka
snexrponos 30 Jhx/cm? (a) u 40 ix/cm? (b, ¢)

0.28820 <
0.28815
0.28810
0.28805
0.28880
0.28795¢<

0.28790 L L L
0 10 20 30 40

E, Jem’

a, nm

Fig. 4. Dependence of crystal lattice parameter of the film/substrate
system surface layer on electron beam energy density

Puc. 4. 3aBucuMoCTb MapamMeTpa KpUCTAIUTMYECKOH peleTKH
TOBEPXHOCTHOT'O CJI0sl CUCTEMBI «ILICHKA/TIOTI0XKKa»
OT IUIOTHOCTH SHEPTHUH ITyYKa JIEKTPOHOB

borides decreases as the energy density of the elect-
ron beam increases. The formation of oxiborides contri-
butes to the enhancement of HEA microhardness and
wear resistance.

The phase composition of the HEA surface layer,
modified due to irradiation of the “film/substrate” system
with a pulsed electron beam, was investigated through
X-ray phase analysis. Regardless of the value of E,
the alloy remains a single-phase material with a simple
cubic crystal lattice.

The lattice parameter exhibits an ambivalent depen-
dence on the value of E_ (Fig.4). One of the rea-
sons for the wvariation in the crystal lattice para-
meter of the alloy is the incorporation of boron atoms
into the samples, and their concentration within the bulk
of the alloy increases as the energy density falls within
the range E =(20-30)J/cm* It is worth noting
that the boron atoms within the HEA crystal lattice will
occupy interstitial positions, leading to an increase in
the lattice parameter. The formation of a solid intersti-
tial solution is another physical mechanism contributing
to the hardness of the alloy. The absence of detectable
strengthening phases in the alloy under study by X-ray
phase analysis may be attributed to their limited quantity.

- CONCLUSIONS

HEA samples with non-equiatomic elemental com-
position AlCrFeCoNi were manufactured using cold
metal transfer technology. A comprehensive treatment
of the HEA samples’ surface layer was carried out, com-
bining the creation of the “film (Cr+ B)/(HEA) sub-
strate” system with subsequent irradiation using a pulsed
electron beam at various electron beam energy density
levels (ranging from 20 — 40 J/cm?. The optimized irra-
diation mode (electron-beam energy density of 20 J/cm?,
irradiation duration of 200 ps, three pulses, pulse fre-
quency of 0.3 s!) was identified, resulting in a significant
increase in microhardness (almost double), enhanced wear

431



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(4):427-433.
Heanos .9, lllyeypos B.B. u dp. CTpyKTypa ¥ CBOKNCTBA NOBEPXHOCTHOTO cs10si BIC nocsie 3/1eKTPOHHO-MOHHO-11JIa3MEHHOM 06paboTKU

resistance (over fivefold improvement), and a 1.3-fold
reduction in the friction coefficient. The conducted stu-
dies of the structure and phase composition suggested
that the improvement in HEA strength and tribological
properties is linked to a considerable reduction in average
grain size (4.5 times smaller), the formation of chromium
and aluminum oxyboride particles, and the incorpora-
tion of boron atoms into the HEA crystal lattice.
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