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Abstract. Using the wire-arc additive manufacturing method (WAAM) on a 5083 aluminum alloy substrate, a non-equiatomic Mn—Cr—Fe—Co—Ni
high-entropy alloy (HEA) coating was formed. By scanning and transmission electron diffraction microscopy we analyzed the structure, phase
and elemental composition of the contact zone after irradiation with high-current low-energy electron beams with the following parameters:
accelerated electron energy 18 keV, electron beam energy density 30 J/cm?, electron beam pulse duration 200 ps, number of pulses 3, pulse
repetition rate 0.3 s, Multiphase multiclement submicro- and nanocrystalline structures are formed predominantly in the substrate, which has
a lower melting temperature compared to HEAs. Mutual doping of the coating — substrate system occurs in the contact layer, which has sinuous
boundaries. The contact layers adjacent to the substrate and coating have the structure of high-speed cellular crystallization. In the layer adjacent
to the substrate, the cells are formed by a solid solution of magnesium in aluminum. Interlayers of the second phase, enriched in atoms of the
coating and substrate, are revealed along the cell boundaries. In the layer adjacent to the coating, the cells are formed by an alloy of composition
0.17Mg —20.3A1—4.3Cr — 16.7Fe — 9.3Co — 49.2Ni corresponding to the coating. Interlayers of the second phase, enriched mainly in magnesium
and, to a lesser extent, in atoms of the HEA coating, are located along the cell boundaries. Central region of the contact zone with a thickness
of ~1700 pm is formed by lamellar crystallites, which indicates the eutectic nature of its formation. Its main element is aluminum (=77 at. %).
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AHANN3 30HbI KOHTAKTA CUCTEMbI NOKPbITUE — NOANNOXKA,
NOABEPTHYTON OBNYYEHUIO UMNY/NIbCHbIM 3NIEKTPOHHbIM NYYKOM
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AHHOmMayus. MeTooM HpoBOJIOYHO-TYTOBOTO aaauTHBHOTO npou3BoactBa (WAAM — wire arc additive manufacturing) Ha TOJUIOKKE U3 aJro-
MuHHeBOro cruiaBa 5083 cdopmupoBaHO MOKPHITHE M3 BBICOKOAHTponuUitHOro criasa Mn—Cr—Fe—Co—Ni HeIKBHAaTOMHOTO cocTaBa. Me-
TOAAMH CKaHHPYIOLIEH W MPOCBEYUBAIOIIEH IEKTPOHHON AM(PPAKIIMOHHONW MHKPOCKOIMHU BBIIOJHEH aHAIM3 CTPYKTYpHI, (a30BOro  de-
MEHTHOTO COCTaBa 30HbI KOHTAKTa MOCJE OONYYCHUS! CHJILHOTOYHBIMH HHM3KOYHEPTeTHYCCKUMHU SJICKTPOHHBIMU MyYKAMH C MapamMeTpaMH:
SHEPrusl yCKOPEHHBIX 3JIEKTPOHOB 18 KdB; IJIOTHOCTL SHEPTUU MyuKa 31eKTpoHoB 30 JIk/cM?; IIMTENbHOCTh MMIYJIbCA IyYKa 3JIEKTPOHOB
200 MKC; KOJMYECTBO MMITYJIbCOB 3; 4acToTa cieqoBanus umnyibcoB 0,3 ¢! MHorogasHas MHOTO>IEMEHTHAs CYOMUKPO- U HAHOKPHCTAJ-
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JIMYecKasi CTPYKTYpbl (GOpMUPYIOTCS NPEUMYILECTBEHHO B IMOMJIOXKKE, KOTOpask UMeeT Oojee HU3KYIO TeMIeparypy IUIaBIeHHs 110 CpaBHe-
o ¢ BOC. B KOHTakTHOM cll0€, IMEIOIIEeM H3BUINCTBIC TPAHUIBL, IPOUCXOAUT B3aUMHOE JTETUPOBAHHE CUCTEMBI MOKPHITHE — MOIOXKKA.
KoHTakTHbBIE CI0M, NMPUMBIKAIOMINE K MOMIOXKKE U MOKPBITHIO, MMEIOT CTPYKTYPY BBICOKOCKOPOCTHOW sS4eHMCTOH KpucTaum3auuu. B cioe,
MIPUMBIKAIOMIEM K IOIOXKKE, STYeHKH 00pa30BaHbl TBEPIBIM PACTBOPOM MAarHHs B alfoMUHHUH. [1o rpaHUIaM sdeek HaXOATCS IPOCIOHKU BTO-
poii (a3bl, 00oraleHHbIe aTOMaMH ITOKPBITHS U MOIOXKKH. B cioe, npuMbIKaiomeM K MOKPBITHIO, sSIYeHKH ¢(OPMUPOBAHBI CIIABOM COCTaBa
0,17 % Mg —20,3 % Al —4,3 % Cr— 16,7 % Fe — 9,3 % Co — 49,2 % Ni, cOOTBETCTBYIOIIETO MOKPHITHIO. [0 TpaHKIIaM sUeeK pacnoIaraTcs
HpociIoiiky BTOpoit (a3bl, 000raIieHHbIe IPEUMYIIECTBEHHO MarHUEeM M B MeHbLIEeH cTenenn aromamu nokpsitus BOC. LlentpanbHaas odnacts
30HBI KOHTAKTa TONMHUHON npuMepHo 1700 MKM copMUpOBaHa KPUCTAIINTAMHE IIIACTHHYATOH (HOPMBL, UTO CBUICTEIIBCTBYET 00 IBTEKTUUC-
CKOH Tpupo/ie ee 00pa3oBaHusi. Ee OCHOBHBIM 3JIEMEHTOM SIBIISICTCS altoMUHUE (pumepHo 77 % (at.)).

Kalouegvle c/106a: BbICOKOOHTPONUMHBIN cIuiaB, criaB 5083, MeTos MPOBOJIOYHO-YTOBOTO aIMTUBHOTO MTPOU3BOJICTBA, UMITYJIbCHBIN AJIEKTPOHHBII

Iy4OK, SJIEMCHTHEII H (Pa30BBIi COCTaB, CTPYKTypa, 30HA KOHTAKTa
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[ INTRODUCTION

Over the past two decades, there has been a notable
surge in scientific interest regarding the development
and investigation of high-entropy alloys (HEAs) owing
to their distinctive microstructure, composite composi-
tion, and exceptional mechanical and functional prop-
erties [1; 2]. The pioneering materials in this category
were alloys within the Al-Co—Cr—Fe—Ni systems and
the Cantor alloy Mn—Co-Cr—Fe—Ni [3;4]. HEAs,
beyond possessing characteristics typical of conventional
metal alloys, exhibit unique and unconventional proper-
ties reminiscent of metal-ceramics. These include high
hardness and resistance to temperature hardening, disper-
sion hardening, a positive temperature hardening coeffi-
cient, elevated temperature strength, high wear and corro-
sion resistance, among other attributes [5 — §].

Various reviews [8 — 11] have comprehensively ana-
lyzed the structural-phase states, properties, simulation,
production methods, and application areas of the most
promising HEAs. It has been emphasized that the advent
of HEAs represents a significant leap forward in
the advancement of metal alloys.

Currently, there is a wealth of information being
actively accumulated on high-entropy alloys (HEAs),
encompassing structural-phase states, defect substruc-
ture, stability, deformation behavior over a broad tem-
perature range, the impact of doping and other factors,
as well as novel methods for HEA production [12 — 17].
In the realm of HEA physics, there is a distinct focus on
enhancing surface properties through various treatments,
including irradiation with low-energy high-current elec-
tron beams. Electron-beam processing offers ultrahigh
surface heating rates (up to 10® K/s) and subsequent cool-
ing through heat-water transfer to the material’s bulk.
This leads to the formation of nonequilibrium submicro-
and nanocrystalline structural-phase states, the develop-
ment of a columnar structure, and the homogenization
of chemical composition [18].

The primary objective of the current study is to ana-
lyze the structural-phase states within the contact zone
of the HEA layer (coating) formed by wire-arc additive
manufacturing on alloy 5083 (substrate) and subjected
to electron-beam treatment.

] MATERIALS AND METHODS

The material under investigation in this study comp-
rised a coating — substrate system. The coating was
a high-entropy alloy with the elemental composition
Mn-Cr—Fe—Co—Ni, fabricated onto the substrate using
wire-arc additive manufacturing [1; 2]. The substrate
material employed was alloy 5083. The contact zone
of the coating—substrate system underwent irradiation
with an intense pulsed electron beam using the SOLO
installation. The process parameters for the irradia-
tion were as follows: accelerated electrons’ energy
U = 18 keV, electron beam energy density £, =30 J/cm?,
electron beam pulse duration z = 200 ps, number of pulses
N = 3, and pulse repetition rate = 0.3 s7'. The irradiation
took place in a vacuum at a residual gas pressure (argon)
in the installation chamber of p = 0.02 Pa. To investigate
the structural phase states of the contact zone between
the coating and the substrate, scanning electron micros-
copy (SEM 515 Philips with EDAX ECON IV X-ray spect-
ral microanalyzer) and transmission diffraction electron
microscopy (JEM-2100) were employed [19 — 21]. Foils
for the transmission electron microscope were prepared
through ion thinning (Ion Slicer EM-091001S, utilizing
argon ions) of plates obtained from bulk samples using
an Isomet Low Speed Saw unit. The cutting was per-
formed perpendicular to the surface of the HEA deposited
layer, extending from the interface between the substrate
and the deposit. This method facilitated the observation
of structural and phase composition changes in the mate-
rial with distance from the contact zone of the coating
with the substrate.
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Fig. 1. Structure of the contact zone of HEA surfacing
and substrate (AMg5) irradiated with a pulsed electron beam (a, c)
and energy spectra obtained from regions 4 (b) and B (d)
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Puc. 1. CtpykTypa ob1acT KoHTaKTa HamwaBku BOC
1 TOJU10KKH (AMTS), 00JIy4eHHOI NMITYIbCHBIM AJIEKTPOHHBIM
My4KOM (&, ¢) ¥ SHEPreTHYECKUEe CIICKTPBI, OITyYCHHbIS
¢ obnactu 4 (b) n obnactu B (d)

[l RESULTS AND DISCUSSION

In Fig. 1, an electron microscopic image displays
the cross-section of the contact zone between the coa-
ting (HEA) and the substrate (alloy 5083). An extended
layer, up to 700 pm thick, is evident, characterized by
microcracks along the contact boundary on the substrate
side. The sinuous boundaries of the contact layer suggest
a high degree of fusion between the substrate and deposi-
ted material.

X-ray spectral microanalysis revealed mutual diffu-
sion of atoms from the substrate and coating, as indicated
in Table 1. Notably, the near-contact layer of the coating
shows aluminum doping (Fig. 1, a, b, analysis region 4),
while the near-contact layer of the substrate exhibits dop-
ing with HEA elements (Fig. 1, ¢, d, analysis region B).
Significantly, aluminum is more pronounced as a dopant
in the coating, likely attributed to its lower melting
point compared to HEA. Fig. 2 illustrates the change in
elemental composition in the contact layer of the film —
substrate system during the transition from the surfacing
metal to the substrate metal (Fig. 2, ). A smooth transi-
tion in the elemental composition of the contact zone sug-
gests the absence of vortex flows in the employed method
of coating deposition on the substrate and subsequent
irradiation with a pulsed electron beam.

Under the conditions of irradiation with a pulsed elec-
tron beam, mutual doping of the coating and substrate is
expected to result in a significant alteration of the phase
composition in the contact zone. The elemental and phase
compositions were investigated using thin foil methods in
layers (Fig. 2, b).

The examination revealed that the structure of layer /
is characterized by cells displaying high-speed crystal-
lization (Fig. 3, a). As it moves away from the contact
zone with the coating, the cellular structure transforms
into a layered structure (Fig. 3, b). The majority of cells
constitute a solid solution of magnesium in aluminum,
consistent with alloy 5083 (Table 2, analysis regions /
and 2 are indicated in Fig. 3). Second-phase layers

Table 1

Results of microrentgenospectral analysis
of elemental composition of the coating in 4 region
and the substrate in B region

Tabnuya 1. Pe3yabTaTbl MUKPOPEHTIE€HOCIIEKTPAIBLHOIO
AHAJIM32 3JIEMEHTHOI'0 COCTaBa MOKPBITHS B 001acTH A
U NOLJI0KKH B 00jactu B

. Content, at. %
Region .
Mg | Al Cr | Mn | Fe Co Ni
A 57 1924 03 | 05 ] 05 03| 03
B 0 123 | 12.6 | 2.7 | 325 | 25.3 | 14.6
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Fig. 2. Dependences of alloying elements concentration (b) of the contact zone of coating and substrate identified along the line (0 — 1700)
shown on a (Z, 11, III — layers in which the analysis of structural-phase states was carried out by TEM and STEM methods)

Puc. 2. 3aBUCHMMOCTH KOHIIEHTPALMH JETUPYIOIIHX JIEMEHTOB (b) 30HbI KOHTAKTa MOKPBITHS U TOATIOKKH,
BhIsiBIIeHHBIE B0 JiuHKH (0 — 1700), mpuBeneHHoi Ha o3. a (uudpamu 7, 11, 111 0603Ha4YEHBI CIIOH, B KOTOPBIX OCYIIECTBIISUICS aHAIIN3
CTpYKTYpHO-(ha30BbIX coctosinuii Metonamu TEM u STEM)
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Fig. 3. Structure of layer / of the surfacing — substrate system irradiated by a pulsed electron beam
(I and 2 — areas of microrentgenospectral analysis of the alloy elemental composition)

Puc. 3. CtpykTypa ci1ost / CHCTEMBI «HAIIaBKa — IIOIOKKA, 00TyYeHHOH HMITYIbCHBIM 3IEKTPOHHBIM ITy9KOM
(mmdpamu / n 2 0603HaueHBI 00JIACTH MUKPOPEHTICHOCIIEKTPAIBHOTO aHAIM3a JIEMEHTHOTO COCTaBa CIIaBa)

at the cell boundaries are enriched with atoms from both
the surfacing and substrate.

Through darkfield analysis with subsequent micro-
electronogram identification, it was determined that
the majority of high-speed crystallization cells were
formed by a solid solution based on aluminum. These
cells are separated by layers of the Mg,Si phase.

Layer /I exhibits a lamellar structure seemingly arising
from eutectic transformation during high-speed heat treat-
ment initiated by the pulsed electron beam (Fig. 4, a). X-ray
spectral microanalysis of the foil indicates that the predo-
minant element in layer // is aluminum (76.8 %), accom-
panied by smaller amounts of Mg (4.1 %), Cr (2.2 %),
Mn (0.3 %), Fe (4.9 %), Co (1.6 %), Ni (10.1 %) (at. %).

Darkfield analysis, coupled with subsequent micro-
electronogram identification, revealed that this layer
is composed of plates corresponding to the follo-

Table 2

Results of micro-X-ray spectral analysis
of the elemental composition of the surfacing — substrate
system irradiated with a pulsed electron beam

Tabauya 2. Pe3yabTaThl MUKPOPEHTI€HOCTIEKTPAJIBHOIO
aHAJIM32 3JIEMEHTHOI'0 COCTABa CHCTEMbI «HAIJIaBa — MOJI-
JIOKK2», 00/1y4eHHOI UMITYJIbLCHBIM 3J1eKTPOHHBIM IIy4KOM

Spect- Content, %
rum | Mg | Al | Si | Cr | Mn| Fe | Co | Ni
Region A
1 3.55 19645 0 0 0 0 0 0
2 5.69 |83.06|3.95|0.27 | 038 | 1.44 | 0.41 | 4.79
Region B
3.00 | 97.00| 0O 0 0 0 0 0
2 10.73 1 80.65|2.43 1 0.29 | 0.31 | 1.25 | 0.33 | 4.02
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Fig. 4. Structure of layer /7 of the surfacing — substrate system:
a — light-field image; b, d — dark-field images; ¢ — microelectronic image from the foil section (a).
Image (b) was obtained in reflex [113]Al,;Fe,; image (d) was obtained in reflexes [101]Cr—Ni-Fe + [114]Al Fe;
on (c) the reflexes are indicated in which the dark fields / (b) and 2 (d) are obtained

Puc. 4. Crpykrypa ciost I cUCTEeMBbI «HAIUIaBKa — MOJUI0KKa»:
a — CBETJIONOJIbHOE N300paxkeHue; b, d — TEMHOIIOIBHBIC H300paXKEHHUS; ¢ — MUKPOJIEKTPOHHOTPAMMA ¢ ydacTka (poibru (a).
Uzobpaxenue (b) nomyueno B pedexce [113]Al,;Fe,; nzobpaxenue () nonyqeno B peduekcax [101]Cr—Ni-Fe + [114]Al Fe;
Ha 1103. (¢) 0003HaueHbI peIeKchl, B KOTOPBIX OIy4eHbl TeMHble oiist [ (b) u 2 (d)

wing phases: Al Fe, (Fig. 4, b), Cr—Ni-Fe and Al Fe
(Fig. 4, d).

Layer /11, akin to layer I, consists of cells displaying
high-speed crystallization (Fig. 5, a). The majority of these
cells constitute an alloy with the composition 0.17 % Mg —
- 20.3%Al-4.3% Cr—16.7% Fe —9.3 % Co—49.2 % Ni,
aligning with a HEA doped with substrate elements. Inter-
layers of the second phase, situated along the bounda-
ries of the cells, are also formed by elements from
the surfacing and substrate (41.5 % Mg— 10.9 % Al —
-9.0%Cr—1.0%Mn—-15.2% Fe—4.1 % Co—18.4 % Ni).

Darkfield analysis, along with microelectronogram
indication, revealed that the bulk of high-speed crystal-
lization cells in layer /II is constituted by a solid solu-
tion based on HEA, doped with aluminum and magne-
sium (Fig. 5, b). These crystallization cells are separated
by interlayers of the Al,Cr,Mg, phase (Fig. 5, c).

- CONCLUSIONS

The wire-arc additive manufacturing method was
employed to create a HEA coating with a non-equi-

Fig. 5. Structure of layer /I of the surfacing — substrate system after electron beam processing:
a — lightfield image; b, ¢ — dark-field images and microelectronogram () obtained from the foil section (a).
Image (b) was obtained in the reflex [210]Cr-Ni-Fe; image (c) was obtained in reflexes [222]Cr-Ni-Fe + [880]Al ,Cr,Mg;;
on (d) the reflexes are indicated in which dark fields / () and 2 (¢) are obtained

Puc. 5. Ctpykrypa cinost /I cucTeMsl «HaIIaBKa — IOI0KKA) TIOCIIE 3IEKTPOHHO-ITyIKOBOI 06paboTKu:
a — CBETJIONOINIbHOE N300pakeHne; b, ¢ — TEMHOIOJIbHBIC H300paXKEHUsI 1 MUKPO3JIEKTpOHOrpamMma (), moay4eHHbIe ¢ yyactka (Goibru (a).
U3zo6paxenue (b) nonyueno B peduexce [210]Cr—Ni-Fe; uzobpaxenue (c) nonyueno B peuiekcax [222]Cr—Ni-Fe + [880]Al Cr,Mg;;
Ha 1103. d 0003Ha4eHbI peIIeKChI, B KOTOPBIX MOTy4eHbl TeMHbIe 1oiist [ (b) u 2 (c)
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atomic elemental composition Mn—Cr—Fe—Co—Ni on
alloy 5083. The contact zone of the coating — substrate
system underwent irradiation with an intense pulsed
electron beam. Through advanced techniques in physi-
cal materials science, investigations into the elemental
and phase compositions, as well as the state of the defec-
tive substructure of the alloy formed in the contact
zone of the substrate — coating system, were conducted.
The analysis revealed mutual doping of the coating
and substrate in a layer with an approximate thick-
ness of 1700 pm. The high-speed cooling of the contact
zone in the coating — substrate system, occurring under
the thermal influence initiated by a pulsed electron beam,
resulted in the formation of a multi-element, multi-phase
submicro-nanocrystalline structure. The contact layer
adjacent to the substrate exhibited a high-speed cellular
crystallization structure, with the cell bulk formed by a
solid solution of magnesium in aluminum, corresponding
to alloy 5083. Interlayers of the second phase, enriched in
atoms from both the coating and substrate, were observed
along the cell boundaries. In the central region of the con-
tact zone, plate-shaped crystallites were found, suggest-
ing a potential eutectic nature of formation. The primary
chemical element in this area was aluminum, constitut-
ing approximately 77 at. %. The contact layer adjacent
to the coating displayed a high-speed cellular crystal-
lization structure, with the majority of cells formed
by an alloy composition (0.17 % Mg — 20.3 % Al —
—43%Cr—16.7 % Fe — 9.3 % Co — 49.2 % Ni) corres-
ponding to HEA, doped with substrate elements. Inter-
layers of the second phase, located along the boundaries
of'the cells, were enriched with magnesium and, to a lesser
extent, with atoms forming the coating.
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