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Аннотация. В работе проведено исследование микроструктуры и фазового состава интерметаллических сплавов на основе никеля 

и алюминия, полученных с использованием двухпроволочного электронно-лучевого аддитивного производства (ЭЛАП). Актуальность 
проведенных исследований связана с широким использованием интерметаллических сплавов на основе никеля и алюминия (преиму-
щественно Ni3Al) в различных высокотемпературных приложениях и необходимостью использования современных методов производства 

  elena.g.astafurova@ispms.ru
Abstract. The paper investigates the microstructure and phase composition of nickel- and aluminum-based intermetallic alloys obtained using two-wire 

electron-beam additive manufacturing (EBAM). Relevance of the research is related to the widespread use of intermetallic alloys based on nickel 
and aluminum (mainly Ni3Al) in various high-temperature applications and the need to use modern production methods when creating machine parts 
and mechanisms from these alloys. Using EBAM, the billets from intermetallic alloys with different ratios of the content of main components were 
obtained. Change in concentrations of the basic elements was carried out varying the ratio of feed rates of nickel and aluminum wires during additive 
manufacturing in the range from 1:1 to 3:1, respectively. The results of microscopic studies of the obtained alloys showed that, regardless of nickel 
content, the obtained alloys are characterized by a large–crystalline structure with grain sizes in the range of 100 – 300 μm for alloys with a component 
ratio of 1:1 and 150 – 400 μm for alloys with a component ratio of 2:1 and 3:1. At the same time, the alloy with an equal content of base components is 
characterized by more uniform grain and microstructure compared to those with high content of Ni. By changing the concentration ratio of the compo-
nents, phase composition of the resulting billet can be purposefully controlled. In the case of an “equiatomic” content of the base components in the 
alloy, a NiAl-based compound with a small phase content based on the intermetallides Ni3Al5 and Ni3Al is formed. At high concent rations of nickel, 
the intermetallic Ni3Al phase is formed, and at a component ratio of 3:1, structure of the resulting billet consists mainly of Ni3Al phase and the γ solid 
substitutional solution based on nickel. The paper demonstrates the possibility of direct production of intermetallic alloys with a given phase composi-
tion during electron-beam additive manufacturing. 
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 Introduction

Intermetallic alloys are solid materials composed 
of two or more metallic elements [1]. Unlike traditional 
alloys, intermetallics feature an ordered crystal structure 
with strong ionic or covalent bonds [1; 2]. These charac-
teristics give intermetallic compounds a range of unique 
physical and mechanical properties, including high melt-
ing points and exceptional strength, even at extremely 
high temperatures [1; 2]. 

One of the most intriguing intermetallic compounds 
for industrial applications is the Ni3Al alloy. It boasts 
high tensile and compressive strength across a broad 
temperature range, up to 1100 °C [3 – 5], a positive tem-
perature dependence of yield strength between 0 and 
800 – 900 °C [3 – 5], and excellent resistance to corro-
sion, fatigue, creep, and wear, even at elevated tempera-
tures [6 – 8]. These unique properties make nickel and 
aluminum-based alloys highly valuable in various indust-
ries for high-temperature applications, particularly in 
the production of gas turbine engine blades, turbocharger 
rotors for diesel power plants, and structural components 
in the automotive, aerospace, metallurgical, and metal-
working sectors [2; 3; 9].

However, these alloys have significant drawbacks, 
including low plasticity and a tendency toward brittle 
fracture, which complicates their processing during 
manu facturing [1; 4; 5]. Traditional powder metallurgy 
methods – such as casting, sintering, self-propagating 
high-temperature synthesis, and directional solidifica-
tion [7; 9; 10] – are not suitable for producing finished 
products from intermetallic alloys [11 – 13]. As a result, 
additive manufacturing has emerged as a promising 
method for producing machine and mechanism parts 
from nickel aluminide. This process involves creating 

a part with a specified shape by sequentially layering 
and melting powder raw materials or wire using a high-
energy beam [10; 11; 14]. 

In [11], intermetallic alloys with a composite struc-
ture were produced using selective laser sintering (SLS) 
with various mass ratios of aluminum and nichrome alloy 
powders. The resulting matrix, based on nichrome, was 
filled with intermetallic particles of Ni3Al and NiAl. 
In [15], layered intermetallic structures based on nickel 
and aluminum with various stoichiometric composi-
tions were obtained using selective laser melting (SLM) 
techno logy. In [16], samples of Ni3Al intermetallic alloy 
were produced using SLM and direct laser metal depo-
sition (DLMD) methods, exhibiting slight microporosity 
and microcracks that formed during the cooling of the bil-
lets. Notably, the samples produced by SLS showed 
smaller grain sizes compared to those formed du ring 
DLMD additive manufacturing, which is attributed 
to the different heating and cooling regimes in the additive 
manufacturing process. The cracking of additive inter-
metallic billets can be avoided by preheating the powder 
mixture to 1100 °С [13]. In [17], selective electron-beam 
melting (SEBM) of the IC21 intermetallic alloy powder, 
based on nickel and aluminum, resulted in a material 
with a structure free of pores and predominantly con-
sisting of the γ′ phase of Ni3Al. The alloy demonstrated 
high strength properties across a wide temperature range 
(25 – 1000 °C). When for ming billets of the IC21 alloy 
using SLM technology, samp  les with a dendritic structure 
were obtained, consisting mainly of the γ′ phase of Ni3Al, 
with γ-phase and NiMo-phase grains in the dendrites and 
interdendritic spaces, respectively [18]. The significant 
cracking observed in the billets during their crystalliza-
tion process was also highlighted in.

при создании деталей машин и механизмов из этих сплавов. С помощью ЭЛАП были получены заготовки интерметаллических сплавов 
с разным отношением содержания основных компонентов. Изменение концентрации базовых элементов осуществлялось путем изме-
нения соотношения скоростей подачи никелевой и алюминиевой проволок в процессе аддитивного производства в диапазоне от 1:1 до 3:1 
соответственно. Результаты микроскопических исследований полученных сплавов показали, что независимо от содержания никеля полу-
ченные сплавы характеризуются крупнокристаллической структурой с размерами зерен в диапазоне 100 – 300 мкм для сплавов с соот-
ношением компонентов 1:1 и 150 – 400 мкм для сплавов с соотношением компонентов 2:1 и 3:1. При этом сплав с равным содержанием 
базовых компонентов характеризуется более однородной зеренной микроструктурой по сравнению со сплавами с высоким содержанием 
никеля. При изменении соотношения концентрации компонентов, подаваемых в процессе аддитивного производства, можно целенаправ-
ленно управлять фазовым составом получаемой заготовки. В случае «эквиатомного» содержания в сплаве базовых компонентов форми-
руется соединение на основе NiAl с небольшим содержанием фаз на основе интерметаллидов Ni3Al5 и Ni3Al. При больших концентра-
циях никеля формируется интерметаллидная фаза Ni3Al, а при соотношении компонентов 3:1 структура получаемой заготовки состоит 
преимущественно из фазы Ni3Al и γ твердого раствора замещения на основе никеля. В работе продемонстрирована возможность прямого 
получения интерметаллических сплавов с заданным фазовым составом в процессе электронно-лучевого аддитивного производства. 

Ключевые слова: интерметаллический сплав, аддитивное производство, микроструктура, фазовый состав
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The primary drawbacks of using additive technolo-
gies based on dispersed powders as raw materials include 
the high cost of powders, their rapid oxidation, and 
low deposition rates, among other issues [12]. A solu-
tion to these problems is to use additive manufacturing 
me thods that employ one or more metallic wires of a spec-
ified composition as the raw material. In [12], intermetal-
lic alloys were produced using the wire and arc additive 
manufacturing (WAAM) method, utilizing nickel and alu-
minum wires. The refractory nickel wire was melted by 
an electric arc source, while the low-mel ting aluminum 
wire was added directly to the melt bath. It was shown 
that by adjusting the wire feed rates, the phase composi-
tion of the resulting compounds (Ni3Al, NiAl, etc.) could 
be altered. In [14; 19], M. Zhang and co-authors demon-
strated that when using a two-wire feed in WAAM, a den-
dritic γ + γ′ structure with γ′-phase la yers in the interden-
dritic spaces of the Ni3Al intermetallic alloy forms, and 
the strength of the resulting billets is comparable to com-
mercial alloys. 

Despite its high productivity and the absence of a need 
for complex and expensive equipment, a drawback 
of the WAAM method is that the additive manufacturing 
process occurs in an inert gas environment, which does 
not fully protect the product from harmful impurities 
and oxidation. From this perspective, the most effective 
approach is to use additive technologies where the billets 
are printed in a vacuum. Such methods include electron-
beam additive manufacturing (EBAM) [20].

This study focuses on investigating the structure and 
phase composition of nickel- and aluminum-based inter-
metallic alloys produced using EBAM with aluminum 
and nickel wires.

 Experimental methodology

In this study, billets in the form of vertical walls with 
dimensions of 120×24×7 mm and made of nickel and 
aluminum-based alloys, were produced using a labora-
tory electron-beam additive manufacturing (EBAM) 
setup developed in the Institute of Strength Physics and 
Materials Science SB RAS. To produce the billets, two 
wires with a diameter of 1.2 mm – nickel (NP-2 alloy, 
99.5 wt. % Ni) and aluminum (ESAB OK Autrod 1070 
alloy, 99.8 wt. % Al) – were fed into the melt bath. 
The additive manufacturing process was carried out under 
the following parameters: beam current (I) of 30 ÷ 35 mA, 
beam scanning speed (Vb ) of 2.5 mm/s along the deposited 
layer, accelerating voltage (U) of 30 kV, elliptical beam 
scan from the center, and a scan frequency of 100 Hz. 
The process was conducted in a vacuum at a pressure 
of 10–3 Pa. The billets were formed by sequential depo-
sition of layers of uniform thickness onto a mild steel 
substrate. To obtain intermetallic alloys with varying 
volumetric contents of components, the feed rate ratios 

of the nickel and aluminum wires were adjusted, resulting 
in billets with the following nickel-to-aluminum ratios: 
1:1 (Ni + Al), 2:1 (2Ni + Al), and 3:1 (3Ni + Al). 

Samples for structural and mechanical studies were 
cut from the cross-sections of the billets. For micro-
structural and phase analysis, the samples were mechani-
cally polished, then electrolytically grinded in a solu-
tion of 25 g CrO3 and 210 ml H3PO4 , and finally etched 
in a solution of 90 % CH3COOH and 10 % HClO4 . 
The microstructure was examined using optical micros-
copy (OM, Altami MET 1C) and scanning electron micros-
copy (SEM, Zeiss Leo Evo 50 with an energy-dispersive 
X-ray spectroscopy (EDS) attachment). X-ray structural 
and phase analyses were conducted using a Dron-3M dif-
fractometer (Burevestnik) with CoKα radia tion. The lat-
tice parameters of the phases were determined by extrap-
olating the dependence of the (ahkl), valu es, determined 
for each X-ray line with indices (hkl), on the function 
(cosθ cotθ) [21]. 

 Results and discussion

 Microstructure of alloys produced by EBAM
 

Fig. 1 presents OM and SEM images of the micro-
structure of nickel and aluminum-based intermetallic 
alloys produced using EBAM technology. Metallographic 
analysis revealed that the billets were free of macro- and 
microscopic pores or cracks. All three alloys exhibited 
a coarse-grained layered structure. Within the grains, 
a dendritic microstructure of different morphology often 
became visible during electrolytic polishing: depen ding 
on the grain orientation relative to the polished sur-
face, either extended, wellformed dendritic branches or 
broken or partially dissolved dendritic lamellae could 
be observed. Additionally, homogeneous contrast areas 
(layers) were noted in the images, where no segregation 
was detected (Fig. 1). 

The Ni + Al alloy demonstrated a fairly homogeneous 
structure with infrequent interlayers. On a macroscopic 
level, its structure was more uniform than that of the 
2Ni + Al and 3Ni + Al alloys in terms of forming a laye-
red structure. Meanwhile, the intragranular microstruc-
ture of the equiatomic alloy showed little variation along 
the height of the billet (Fig. 1, a, b). Most often, equiaxed 
grains ranging from 100 to 300 µm in size were observed 
(Fig. 1, a, b). The 2Ni + Al and 3Ni + Al alloys were cha-
racterized by a more heterogeneous structure, with rela-
tively thick interlayers (up to 200 µm thick) and grains 
elongated in the direction of billet growth (Fig. 1, c – e), 
with grain sizes ranging from 150 to 400 µm. Notably, 
in alloys with higher nickel content, the dendrites were 
narrower, and their branches were often intact, indicating 
a significantly higher density of dendrite/interdendritic 
boundaries compared to the Ni + Al alloy.
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Thus, using two-wire feed EBAM with an equal com-
ponent ratio results in a homogeneous billet (in terms 
of microstructure) that is free of macro- and microscopic 
defects (pores, cracks, etc.) immediately after additive 
manufacturing.

 Phase composition of alloys obtained by EBAM
 

According to the phase diagram of the nickel – alumi-
num system, alloys within this binary system can exist in 
the following phase states [22 – 24]: 

– NiAl3 (orthorhombic lattice, nickel content: 
25 at. %); 

– Ni2Al3 (trigonal crystal lattice, homogeneity range 
for nickel: 37 – 41 at. %); 

– NiAl (BCC lattice, homogeneity range for nickel: 
42 – 69 at. %); 

– Ni5Al3 (orthorhombic crystal lattice, homogeneity 
range for nickel: 64 – 68 at. %);

– Ni3Al (γ′-phase with FCC lattice (L12 superstruc-
ture), homogeneity range for nickel: 73 – 75 at. %);

– Ni3Al (γ-phase, disordered solid solution with FCC 
lattice with homogeneity region for nickel: 73 – 75 at. %). 

In this study of additive manufacturing of interme-
tallic alloys, the nickel content fed into the billet dur-
ing EBAM is relatively high (according to the chemical 
composition of the NP-2 alloy, not less than 49.5 wt. % 
for the Ni + Al billet). Therefore, the expected phases in 
the resulting billets, based on the phase diagram, include 
NiAl, Ni5Al3 , Ni3Al, and a nickel-based alloy enriched 
with aluminum through a substitution mechanism (when 
the nickel content in the system exceeds 75 at. %). 

X-ray phase and X-ray microanalyses revealed that 
the phase composi-tion of the billets produced by EBAM 
is determined by the feed rate ratio of nickel and alu-
minum wires into the melt bath, or, in other words, by 
the mass ratio of the components of forming the interme-
tallic alloy. Figs. 2 and 3 show X-ray patterns and SEM 
images with marked EDS spectrum areas for the obtained 
billets. The table provides data on the chemical com-
position and corresponding phases in different areas 
of the examined samples (as per Fig. 3), obtained from 
EDS analysis for the three billets with different compo-

Fig. 1. Metallographic (а, c, e) and scanning electron microscopy (b, d, f) images of microstructure 
of Ni + Al (а, b), 2Ni + Al (c, d) and 3Ni + Al (e, f) intermetallic alloys

Рис. 1. ОМ (а, c, e) и СЭМ (b, d, f) изображения микроструктуры интерметаллических сплавов 
Ni + Al (а, b), 2Ni + Al (c, d) и 3Ni + Al (e, f)
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nent ratios of nickel and aluminum (phases were identi-
fied based on a comparison of the chemical composition 
in the EDS spectrum area with the “nickel – aluminum” 
phase diagram [22 – 24]).

Fig. 2, a shows that when the feed rate ratio of the two 
wires is Ni = 1:1, the resulting billet has a heterophase 
structure composed of NiAl, Ni5Al3 , and Ni3Al phases. 
However, according to X-ray phase analysis, the Ni3Al 
intermetallic phase is not the predominant phase, and 
EDS analysis does not detect this phase at all (Fig. 3, a, 
see the Table). Consequently, in the EBAM process, 
when nickel and aluminum wires are fed into the melt 
bath at equal speeds, i.e., with a near-equal mass ratio 
of nickel and aluminum, the formed intermetallic alloy 
predominantly consists of NiAl and Ni5Al3 phases.

Increasing the wire feed rate ratio to Ni:Al = 2:1 
in the EBAM process results in an intermetallic alloy 
with a more complex phase composition. According 
to the X-ray phase study (Fig. 2, b), the formed billet has 
a heterophase structure consisting of NiAl, Ni5Al3 , Ni3Al, 
and Ni phases. At the same time, EDS analysis indicates 
that the main phase in this case is Ni3Al, with the content 
of the other three phases being relatively small (Fig. 2, b, 
see the Table).

Further increasing the wire feed rate ratio to Ni:Al = 
= 3:1 leads to the formation of a two-phase alloy based 
on Ni and Ni3Al (Fig. 2, c, Fig. 3, c, Table). In this 
case, the formed Ni3Al intermetallic phase has a lat-
tice para meter of a = 0.3572 nm. This value is lower 
than the typical value for the γ′-phase of a = 0.3589 nm 
(for the L12 superstructure [23]). Such differences may 
be due to the formation of a two-phase composition 
(γ + γ′) in the Ni3Al grains during EBAM, i.e., the for-
mation of regions of disordered γ′-solid solution based 
on Ni3Al together with the ordered γ-phase. On the other 
hand, the lattice parameter of Ni in the formed alloy is 
higher than that of pure FCC nickel (a = 0.3568 nm vs. 
a = 0.3526 nm [25]). This may be due to the formation 
of a solid solution of aluminum in nickel via the substitu-
tion mechanism. 

The results of X-ray phase analysis and energydis-
persive spectroscopy (EDS) of the intermetallic alloys 
produced by EBAM showed that their phase composi-
tion generally corresponds to the mass ratio of the initial 
materials (nickel and aluminum wires) fed into the melt 
bath during additive manufacturing. For instance, with 
a Ni ratio of 1:1, the primary phase is NiAl; at a ratio 
of 2:1, a significant portion of the Ni3Al phase is formed, 
with the excess aluminum being redistributed to form 
Ni5Al3 grains. When the nickel content is three times that 
of aluminum, the primary phase is Ni3Al. Moreover, X-ray 
phase and EDS analyses did not detect any un reacted alu-
minum in the resulting alloys, indicating that all the alu-

Fig. 2. XRD-patterns of intermetallic alloys 
Ni + Al, 2Ni + Al and 3Ni + Al (а – c) 

Рис. 2. Рентгенограммы интерметаллических сплавов 
Ni + Al, 2Ni + Al и 3Ni + Al (а – c)

minum was fully incorporated into the formation of inter-
metallic compounds during the EBAM process. 

Thus, the study results demonstrate that the EBAM 
process allows for the formation of nickel- and alumi-
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num-based intermetallic alloys with a predetermined 
phase composition by varying the mass ratio of the com-
ponents fed into the melt bath.

 Conclusions

Using EBAM technology with a two-wire feed, billets 
of nickel- and aluminum-based intermetallic alloys with 
varying component contents were produced. The mass 
ratio of nickel to aluminum was adjusted by varying 
the feed rates of the two wires into the melt bath during 
the additive manufacturing process. The resulting billets 
were characterized by a coarse-grained, layered structure. 
The alloy with an equal content of nickel and aluminum 
exhibited a more homogeneous internal structure com-
pared to the alloys with ratios of 2:1 and 3:1. 

The phase composition of the resulting alloys was 
also determined by the mass ratio of the components used 
in the additive manufacturing process. When the wire 

feed rate ratio was 1:1, a NiAl-based alloy was formed 
with a small content o Ni3Al5 and Ni3Al phases. Increas-
ing the nickel content alters the phase composition 
of the intermetallic alloy, and at a nickel-to-aluminum 
ratio of 3:1, the structure of the resulting billet predomi-
nantly consists of (γ + γ′) Ni3Al and a γ-substitutional 
solid solution based on nickel with a small amount of alu-
minum. 

The results of this study demonstrated the fundamen-
tal possibility of producing nickel- and aluminum-based 
intermetallic alloys with a specified chemical composi-
tion using EBAM technology.
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Chemical and phase composition of intermetallic alloys in the zones of EDS analysis shown in Fig. 3

Химический и фазовый составы интерметаллических сплавов в областях проведения ЭДС анализа,  
обозначенных на рис. 3

Ni:Al = 1:1 Ni:Al = 2:1 Ni:Al = 3:1
Spectrum Al/Ni, at. % Phase Spectrum Al/Ni, at. % Phase Spectrum Al/Ni, at. % Phase

А1 42.5/57.5 NiAl B1 40.6/59.4 NiAl C1 18.2/81.8 Ni3Al + Ni
А2 41.8/58.2 NiAl B2 30.6/69.4 Ni5Al + Ni3Al C2 16.1/83.9 Ni3Al + Ni
А3 42.8/57.2 NiAl B3 25.9/74.1 Ni3Al C3 15.4/84.6 Ni3Al + Ni
А4 40.7/59.3 NiAl B4 26.3/73.7 Ni3Al C4 15.1/84.9 Ni3Al + Ni
А5 35.0/65.0 Ni5Al3 B5 35.2/64.8 Ni5Al3 C5 14.9/85.1 Ni3Al + Ni
А6 36.1/63.9 Ni5Al3 B6 22.7/77.3 Ni3Al + Ni C6 14.5/85.5 Ni3Al + Ni
А7 36.2/63.8 Ni5Al3 B7 27.4/72.6 Ni3Al C7 15.1/84.9 Ni3Al + Ni
А8 36.3/63.7 Ni5Al3 B8 26.9/73.1 Ni3Al C8 18.8/81.2 Ni3Al + Ni
А9 37.6/62.4 NiAl B9 26.6/73.4 Ni3Al C9 13.5/86.5 Ni3Al + Ni
А10 37.1/62.9 NiAl B10 46.0/54.0 NiAl C10 15.3/84.7 Ni3Al + Ni

Fig. 3. SEM-images of microstructure of intermetallic alloys  
Ni + Al, 2Ni + Al and 3Ni + Al (а – c) with EDS spectra positions (Table)  

Рис. 3. СЭМ изображения микроструктуры интерметаллических сплавов  
Ni + Al, 2Ni + Al и 3Ni + Al (а – c) с нанесенными областями определения ЭДС спектров (см. таблицу)
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