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Аннотация. Методом проволочно-дугового аддитивного производства (WAAM – wire arc additive manufacturing) на подложке из алю-

миниевого сплава 5083 сформировано покрытие из высокоэнтропийного сплава Mn – Cr – Fe – Co – Ni неэквиатомного состава. Ме-
тодами сканирующей и просвечивающей электронной дифракционной микроскопии выполнен анализ структуры, фазового и эле-
ментного состава зоны контакта после облучения сильноточными низкоэнергетическими электронными пучками с параметрами: 
энергия ускоренных электронов 18 кэВ; плотность энергии пучка электронов 30 Дж/см2; длительность импульса пучка электронов 
200 мкс; количество импульсов 3; частота следования импульсов 0,3 с–1. Многофазная многоэлементная субмикро- и нанокристал-
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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/cm2, electron beam pulse duration 200 µs, number of pulses 3, pulse 
repetition rate 0.3 s–1. Multiphase multielement 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 – 20.3Al – 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 μm is formed by lamellar crystallites, which indicates the eutectic nature of its formation. Its main element is aluminum (≈77 at. %). 

Keywords: high-entropy alloy, 5083 alloy, wire-arc additive manufacturing method, pulsed electron beam, elemental and phase composition, structure, 
contact zone
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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 – 8]. 

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 108 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 ES = 30 J/cm2, 
electron beam pulse duration t = 200 μs, number of pulses 
N = 3, and pulse repetition rate f = 0.3 s–1. 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.

лическая структуры формируются преимущественно в подложке, которая имеет более низкую температуру плавления по сравне-
нию c ВЭС. В контактном слое, имеющем извилистые границы, происходит взаимное легирование системы покрытие – подложка. 
Контактные слои, примыкающие к подложке и покрытию, имеют структуру высокоскоростной ячеистой кристаллизации. В слое, 
примыкающем к подложке, ячейки образованы твердым раствором магния в алюминии. По границам ячеек находятся прослойки вто-
рой фазы, обогащенные атомами покрытия и подложки. В слое, примыкающем к покрытию, ячейки сформированы сплавом состава 
0,17 % Mg – 20,3 % Al – 4,3 % Cr – 16,7 % Fe – 9,3 % Co – 49,2 % Ni, соответствующего покрытию. По границам ячеек располагаются 
прослойки второй фазы, обогащенные преимущественно магнием и в меньшей степени атомами покрытия ВЭС. Центральная область 
зоны контакта толщиной примерно 1700 мкм сформирована кристаллитами пластинчатой формы, что свидетельствует об эвтектиче-
ской природе ее образования. Ее основным элементом является алюминий (примерно 77 % (ат.)). 

Ключевые слова: высокоэнтропийный сплав, сплав 5083, метод проволочно-дугового аддитивного производства, импульсный электронный 
пучок, элементный и фазовый состав, структура, зона контакта
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 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 μm 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 A), 
while the near-contact layer of the substrate exhibits dop-
ing with HEA elements (Fig. 1, c, d, analysis region B). 
Significantly, aluminum is more pronounced as a do pant 
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, b). 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 I 
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 1 
and 2 are indicated in Fig. 3). Second-phase layers 

T a b l e  1

Results of microrentgenospectral analysis 
of elemental composition of the coating in A region 

and the substrate in B region

Таблица 1. Результаты микрорентгеноспектрального  
анализа элементного состава покрытия в области А 

и подложки в области B

Region
Content, at. %

Mg Al Cr Mn Fe Co Ni
А 5.7 92.4 0.3 0.5 0.5 0.3 0.3
B 0 12.3 12.6 2.7 32.5 25.3 14.6

Fig. 1. Structure of the contact zone of HEA surfacing 
and substrate (AMg5) irradiated with a pulsed electron beam (а, c) 

and energy spectra obtained from regions А (b) and B (d)  

Рис. 1. Структура области контакта наплавки ВЭС 
и подложки (АМг5), облученной импульсным электронным

 пучком (а, c) и энергетические спектры, полученные 
с области А (b) и области B (d)
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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 Mg2Si phase.

Layer II exhibits a lamellar structure seemingly arising 
from eutectic transformation during high-speed heat treat-
ment initiated by the pulsed electron beam (Fig. 4, а). X-ray 
spectral microanalysis of the foil indicates that the predo-
minant element in layer II 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-

T a b l e   2

Results of micro-X-ray spectral analysis 
of the elemental composition of the surfacing – substrate 

system irradiated with a pulsed electron beam

Таблица 2. Результаты микрорентгеноспектрального 
анализа элементного состава системы «наплава – под-

ложка», облученной импульсным электронным пучком

Spec t-
rum

Content, %
Mg Al Si Cr Mn Fe Co Ni

Region А
1 3.55 96.45 0 0 0 0 0 0
2 5.69 83.06 3.95 0.27 0.38 1.44 0.41 4.79

Region B
1 3.00 97.00 0 0 0 0 0 0
2 10.73 80.65 2.43 0.29 0.31 1.25 0.33 4.02

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 (I, II, III – layers in which the analysis of structural-phase states was carried out by TEM and STEM methods)  

Рис. 2. Зависимости концентрации легирующих элементов (b) зоны контакта покрытия и подложки, 
выявленные вдоль линии (0 – 1700), приведенной на поз. а (цифрами I, II, III обозначены слои, в которых осуществлялся анализ 

структурно-фазовых состояний методами TEM и STEM)

Fig. 3. Structure of layer I of the surfacing – substrate system irradiated by a pulsed electron beam 
(1 and 2 – areas of microrentgenospectral analysis of the alloy elemental composition)  

Рис. 3. Структура слоя I системы «наплавка – подложка», облученной импульсным электронным пучком 
(цифрами 1 и 2 обозначены области микрорентгеноспектрального анализа элементного состава сплава)
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wing phases: Al13Fe4 (Fig. 4, b), Cr – Ni – Fe and Al6Fe 
(Fig. 4, d). 

Layer III, 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 III 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 Al18Cr2Mg3 phase (Fig. 5, c).

 Conclusions

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

Fig. 4. Structure of layer II of the surfacing – substrate system:
a – light–field image; b, d – dark-field images; c – microelectronic image from the foil section (a). 

Image (b) was obtained in reflex [113]Al13Fe4 ; image (d) was obtained in reflexes [101]Cr–Ni–Fe + [114]Al6Fe; 
on (c) the reflexes are indicated in which the dark fields 1 (b) and 2 (d) are obtained 

Рис. 4. Структура слоя II системы «наплавка – подложка»:
а – светлопольное изображение; b, d – темнопольные изображения; c – микроэлектроннограмма с участка фольги (а). 

Изображение (b) получено в рефлексе [113]Al13Fe4 ; изображение (d) получено в рефлексах [101]Cr–Ni–Fe + [114]Al6Fe; 
на поз. (c) обозначены рефлексы, в которых получены темные поля 1 (b) и 2 (d)

Fig. 5. Structure of layer III of the surfacing – substrate system after electron beam processing:
a – light–field image; b, c – dark-field images and microelectronogram (d) 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]Al18Cr2Mg3; 
on (d) the reflexes are indicated in which dark fields 1 (b) and 2 (c) are obtained 

Рис. 5. Структура слоя III системы «наплавка – подложка» после электронно-пучковой обработки:
а – светлопольное изображение; b, c – темнопольные изображения и микроэлектронограмма (d), полученные с участка фольги (а). 

Изображение (b) получено в рефлексе [210]Cr–Ni–Fe; изображение (c) получено в рефлексах [222]Cr–Ni–Fe + [880]Al18Cr2Mg3 ; 
на поз. d обозначены рефлексы, в которых получены темные поля 1 (b) и 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 μm. 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 – 
– 4.3 % 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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