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ABSTRACT
The work is devoted to establishing the basic technological regularities and features of the formation of characteristic structures 
of metal layers during additive microplasma deposition with powders of corrosion- and heat-resistant alloys and determining 
the prospects of this process for 3D printing of aircraft parts. The work established that the choice of the mode of additive 
microplasma deposition of the selected group of powders is mainly determined by the size of the filler powder fraction. The 
energy input and thermal power of the constricted arc for growing metal products with a wall thickness of up to 3 mm using 
powders based on Fe and Ni with a fraction of 40‒100 μm were determined. The main features of the structure formation of the 
metal of samples produced by microplasma deposition, and their mechanical characteristics were determined, and the tendency 
to burnout of alloying elements of the deposited alloy was assessed. It is shown that despite the need for finishing mechanical 
treatment of critical functional surfaces, the use of microplasma deposition can be considered a fairly promising direction for 
3D printing of metal parts of aircraft equipment.

KEYWORDS: 3D printing, nickel alloy, microplasma deposition, metal powders, technological modes, dendritic structure, 
heat dissipation, mechanical properties

INTRODUCTION. 
ANALYSIS OF PUBLISHED DATA 
AND PROBLEM DEFINITION
Application of 3D printing with metallic powder ma-
terials is a promising direction in modern aerospace 
industry. When designing rapidly adaptable technolo-
gies of manufacturing unmanned aerial vehicles (UAV) 
there is the need for development of fuel-efficient and 
flexible technological solutions. Such products can be 
produced quite simply and quickly from polymer and 
metallic materials [1]. 3D printing technologies are the 
most suitable for development of such parts [2]. These 
technologies can be used to manufacture both the body 
elements and engine components [3].

To shorten the aircraft downtime during its repair, 
it is often necessary to apply multilevel production 
systems, which manufacture complex expensive com-
ponents, and considerable investments into storage fa-
cilities are required, so as to ensure timely delivery of 
the manufactured parts [4]. Instead, the use of addi-
tive technologies allows carrying out on-site produc-
tion of complex parts in good time, based on digital 
data without complex tools or mechanisms. Such an 
approach is particularly relevant for additive deposi-
tion (or 3D printing) of metal powders with manufac-
turing of finished metal products [5].

At present during maintenance and repair of aero-
space vehicles various additive technologies are used 
for 3D printing of finished metal parts, in particular, 
supersonic particle deposition (SPD) and laser additive 

deposition (LAD) [6]. Such technologies are used to 
lower the cost of repair and maintenance, and increase 
the operational readiness of the vehicles. However, 
these technologies in themselves are rather costly in in-
dustrial application, and they also have comparatively 
low productivity [7]. Note that one of the main advan-
tages of such additive technologies is the high preci-
sion of manufacturing these products. Such precision, 
however, is not always necessary, and in a number of 
cases it can be achieved by simultaneous application of 
additive deposition and machining [8].

One of the ways of further lowering the cost of 
metal 3D products with a simultaneous increase of 
their manufacturing productivity is application of arc 
methods of additive deposition of metals. In this sense, 
microplasma powder deposition is both interesting 
and promising [9]. Additive microplasma 3D printing 
with metal powders is an innovative technology based 
on welding, which allows creating parts of a relatively 
small size with a low cost and high productivity [10]. 
Such a technology enables, in particular, development 
of parts with functionally graded components [11] or 
low specific weight [12]. However, at present the 3D 
printing by additive microplasma powder deposition 
has not become widespread, because of insufficient 
scope of data on the rational modes of the process, 
which requires conducting technological research.

RESEARCH OBJECTIVE AND TASKS
The objective of the work to establish basic techno-
logical regularities and features of formation of the 
characteristic structures of metal layers in additive 
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microplasma deposition with powders of corrosion- 
and heat resistant alloys, based on iron and nickel, 
determination of the prospects of this process for 3D 
printing of parts of aerospace engines.

To achieve this objective, the following tasks were 
solved:

1. Establishing the basic technological regularities 
of additive microplasma deposition of powders of 
corrosion- and heat-resistant alloys during manufac-
ture of 3D products.

2. Determination of the features of formation of 
the characteristic structures of metal layers in additive 
microplasma deposition of the selected alloy powders.

3. Determination of basic mechanical characteris-
tics of the deposited metal by conducting mechanical 
testing of samples produced by additive microplasma 
deposition.

MATERIALS, EQUIPMENT 
AND INVESTIGATION METHODS
To achieve the objective of this study and solve the 
posed tasks, the following procedure was accepted:

● selection and preparation of powder filler mate-
rials for additive microplasma deposition;

● selection of the parameters of the technological 
mode of microplasma deposition;

● modeling the plasmatron design and flow speeds/
rates of plasma-forming and shielding gases, in order 
to achieve a stable laminar mode of constricted plas-
ma generation;

● creation of a laboratory stand to carry out the 
technological research;

● conducting experiments on deposition of spatial 
geometrical primitives by microplasma method with 
application of the selected powder filler materials;

● performance of metallographic examination of the 
deposited samples, determination of the characteristic 
defects and ways to remove them, establishing the reg-
ularities of formation of the characteristic structures of 
the deposited layers and prospects for application of this 
process for 3D printing of aircraft parts.

When producing the 3D metal objects, layer-by-lay-
er deposition was performed on substrates from Q235 
steel of 100×100×10 mm size. The compositions of 
the materials of the substrate and surfacing powders 
are given in Table 1. Corrosion-resistant powders HYF 
103, 316L and PG SR2 were used to conduct prelim-
inary research and to optimize the deposition modes, 
which allowed reducing the scope of experimental 
work with heat-resistant powders KhN50VMTYuB 
(EP648) and KhN60VT (VZh98). Chemical composi-
tion of powders from KhN50VMTYuB (EP648) alloy 
corresponded to the requirements of special technical 
conditions and industry standard (OST1 90126‒85 
and TU14-1-3046‒97), powder from KhN60VT alloy 
(VZh98) — to TU 14-1-4296‒87.

A specialized microplasma torch was developed 
for deposition, which will be discussed below. A dis-
perser-feeder of an original design with a regulated 
range of powder flow rates G = 1.0–4.0 g/min was 
used for feeding the powders. 

There are a number of requirements to powders used 
for 3D printing of parts with application of additive tech-
nologies. Among them, the following are mandatory: 
spherical form of the powder and size, which should not 
exceed 100 μm. These are exactly the powders that are 
the most technologically advanced, and have high bulk 
density, which was determined in keeping with DSTU 
2640. High bulk density was indicative of compact ar-

Table 1. Chemical composition of filler powders and substrate for deposition

Material
Elemental composition, wt.%

Fe В C Si Mn Ni Cr Cu P S Others

Substrate metal

Q235 steel Base – 0.14‒0.22 0.05‒0.15 0.4-0.65 <0.3 <0.3 <0.3 <0.04 <0.05 –

Filler (surfacing) materials

HYF-103 powder 
(40–60 μm granulation)

Base

1.15 – 0.75 0.6 7.85 15.55 – <0.02 <0.01 Мо <3.0

Powder of 316L stainless 
steel (40–60 μm 

granulation)
– 0.03 <0.6 <0.8 14‒16 15‒17 – <0.02 <0.015 Mo 2.5‒3.0

Powder of Ni‒Cr‒B‒Si 
system (60‒100 μm 

granulation)
<5.0 2.0‒2.8 0.4‒0.7 2.5‒3.5 –

Base

13.5‒16.5 – <0.04 <0.04 Al <0.8

Powder 
KhN50VMTYuB 

(EP648) 40–100 μm
<4.0 0.008 <0.03 <0.04 <0.5 32‒35 – <0.010 <0.015

Nb ‒ 0.5‒1.1; 
Ti ‒ 0.5‒1.1; 
Al ‒ 0.5‒1.1; 
Mo ‒ 2.3‒3.3; 
W ‒ 4.3‒5.3

Powder KhN60VT 
(VZh98) 60–100 μm <4.0 – <0.1 <0.8 <0.5 23.5‒26.5 – <0.013 <0.013 Ti ‒  0.3‒0.7; 

W ‒  13‒16
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rangement of the powder particles, which is important 
to form products on their base. Table 2 gives the re-
sults of determination of bulk density for powders 
from KhN60VT (VZh98) and KhN50VMTYuB alloys 
(EP648). The size and fractional distribution of the stud-
ied powders were determined by sieve analysis.

Powders of a regular spherical shape were used for 
microplasma deposition. The size of powder particles, 
determined on an unetched transverse microsection, 
was in the range of 48–101 μm. An example of metal-

lographic study of powder from heat-resistant nickel 
alloy is given in Figure 1.

To perform the deposition, preliminary preparation 
of filler materials was conducted, which consisted of 
selection of powders of a certain fractional composi-
tion, by their sieving through a set of the appropriate 
calibration sieves. Before calibration, the powders 
were preheated in a muffle furnace at the temperature 
of 150–200 °C to remove residual moisture, the pres-
ence of which is associated with their hygroscopicity. 

Used as the microplasma power source was Tet-
rix 421 AC/DC (EWM GmbH Company, Germany) 
fitted with a plasma module with the range of current 
regulation of 5–50 A. Welding plasmatron of the mi-
croplasma welding unit MPU-4 (Ukraine) was select-
ed as the base for creation of a laboratory experimen-

Table 2. Results of determination of bulk density of powders from 
heat-resistant alloys

Data on powder Bulk density, g/cm3

Alloy KhN60VT KhN50VMTYuB
60‒100 3.41 3.52

≤63 4.25 4.72

Figure 1. Powder from heat-resistant nickel alloy KhN50VMTYuB: a — appearance (binocular), ×40; b — unetched transverse section 
(powder embedded in Bakelite), ×200

Figure 2. General view of MPU-4 plasmatron for microplasma welding (a), scheme of the upgraded structure (b) and its appearance 
after upgrading (c) with nozzle assembly for powder injection into the plasma jet (through a nipple located at an angle α ≤ 45° to plas-
matron axis)
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tal torch for additive deposition, which was subjected 
to the necessary upgrading (Figure 2). A specialized 
nozzle assembly was designed for powder feeding. 
The assembly has a system of nozzles, which allowed, 
in addition to protection of the deposition zone, also 
controlling the transporting gas with the powder rel-
ative to the plasma column coordinate. Cooling of 
plasmatron assemblies was also improved for its re-
liable operation in the range of currents of 5–100 A. 
The plasmatron was moved relative to the sample be-
ing surfaced, using an anthropomorphous robot-ma-
nipulator of ARC Mate 50D type (FANUC, Europe).

Computational software SolidWorks Flow Sim-
ulation was applied during design of the specialized 
nozzle assembly [13]. This software was used to mod-
el and optimize by the flow laminarization criterion 
the dynamics of plasmatron gas flows and design of 
the specialized nozzle assembly for powder feeding to 
perform additive microplasma deposition.

Table 3 gives the technological parameters of the 
microplasma deposition process, used in modeling 
the operation of MPU-4 plasmatron with the nozzle 

Table 3. Technological parameters of microplasma deposition 
process, used in modeling the operation of MPU-4 plasmatron 
with nozzle assembly for powder deposition

Number Parameter description Value

1 Speed of plasma-forming Ar gas flow (Qpl), 
l/min 1.0‒1.5

2 Speed of shielding Ar gas flow (Qsh), l/min 10

3 Speed of transporting Ar gas flow (Qpl), l/min 12

4 Powder flow rate Qp, g/min 2.4

5 Speed of cooling liquid flow (for each circuit) 
Qp, l/min 1.5

6 Thermal power released by constricted arc, W 840

7 Powder particle size, μm 100

Figure 3. Speed and direction of gas flows in upgraded MPU-4 plasmatron: a — plasma-forming; b — shielding; c — transporting; 
d — powder particle flow
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assembly for powder deposition. Modeling the gas 
dynamics allowed creation of an upgraded plasmatron 
design with satisfactory results for the flows of plas-
ma-forming, shielding and powder transporting gases. 
Figure 3 shows the lines of plasma-forming, shielding 
and transporting gas flows and the flow of deposited 
powder particles. The design of the specialized nozzle 
assembly allowed achieving laminarity of the flows in 
the zones of the respective channels and at the plas-
matron outlet.

Transverse templates were cut out of the samples 
produced by additive deposition and microsections 
were prepared to conduct metallographic analysis. 
After their grinding and polishing, electrolytic etching 
in chromic acid or ammonium sulphate was applied to 
reveal the microstructures [14]. Obtained structures of 
the samples were studied by the methods of optical 
(Neophot-30 microscope from Carl Zeiss, Germany) 
and analytical scanning electron microscopy (JSM-
840 microscope from PHILIPS, Holland). Analytical 
scanning electron microscopy was applied to deter-
mine the chemical composition of the phases and met-
al grains (general and local point analysis). Optical 
microscopy was used to study the structural chang-
es. Microhardness was measured with microhardness 
meter LM-400 (LECO series, USA) at 50 g load. 
Mechanical static tensile testing was conducted in an 
all-purpose tensile servohydraulic system MTS  810 
(Material Test System, USA), using standard samples 
(GOST 6996‒66) which were cut out of 3D printed 
walls across the deposited beads.

RESULTS OF TECHNOLOGICAL RESEARCH
Technological research was performed in keeping with 
the scheme given in Figure 4 [15]. The minimal wall 
thickness of the grown product in the conducted research 
on microplasma deposition was up to 3 mm. Investiga-
tions showed that during production of volumetric items 
by additive layer building-up by successive deposition, a 

very important parameter is the size of the built-up layer 
(deposited metal bead), as it determines the characteris-
tics of the shape and the surface, as well as the precision 
of product formation. Therefore, a priority task, which 
was solved during selection of the deposition mode pa-
rameters, was determination of the best relationship be-
tween the flow of filler powder particles (Figure 3, d) and 
microplasma arc diameter. The difference in the condi-
tions of deposition on the substrate and on the previously 
deposited bead was taken into account. In the latter case, 
when current is increased, the bead volume is reduced 
due to deterioration of the heat dissipation, penetration 
of the previous bead and increase of the pool length.

Another task, solved in order to select the mode, 
was increase in the fraction of useful filler powder 
consumption (UPC coefficient) during additive grow-
ing of the part. Experiments showed that the main 
cause for the powder filler losses is the movement of 
its dispersed particles on the periphery of the plasma 
arc column and further on their elastic reflection from 
the surface of the product being deposited, beyond the 
zone of the formed pool of deposited metal.

Thus, in case of realization of additive technol-
ogy of growing thin-walled metal products with up 
to 3 mm wall thickness, it is important to be able to 
control such process characteristics, as concentration 
of the microplasma arc and addition of powder filler. 
In particular, in order to optimize the trajectories of 
filler material movement in the plasma arc, it is rec-
ommended to add filler powders to the arc at up to 
40–45° to the plasmatron axis (Figure 2, b).

Research was performed with application of a 
microplasmatron with lateral distributed injection of 
the filler powder and diameters of plasma-forming 
nozzle channels dpl = 1.8 and 2.5 mm and of focus-
ing nozzle df = 2.5 mm and 4.5 mm (Figure 2, b). 
With these dimensions, its stable operation at weld-
ing current in the range of 5–50 A is ensured. The 
concentration of filler powder injection with flow 
rate G = 1.0 = 3.5 g/min through the microplasma 
arc to the anode plane (substrate, on which the first 
layer was deposited) was assessed by determination 
of the weight of powder, which penetrated into the 
weld pool, during successive increase of its dimen-
sions. Width B of the molten metal pool (or depos-
ited bead) changed with increase of welding current 
at a constant speed of microplasma arc movement in 
the range of 2‒5 and 4‒10 mm (Figure 5, Table 3). 
During the experiment, with gradual increase of the 
weld pool width by 5 times, dependencies of the 
change in the deposited bead specific mass Md and 
UPC coefficient were derived which characterize the 
radial distribution of the filler powder.Figure 4. Scheme of conducting the technological research [15]
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In keeping with the data in Figure 5, in order to 
produce volumetric products with up to 3 mm wall 
thickness (or with deposited bead width B  ≤ 3 mm), 
it is necessary to perform microplasma deposition at 
up to 15 A arc current. However, application of up to 
30 A current is undesirable, because of the low pro-
cess stability. To increase the stability, it is rational to 
increase the plasmatron arc current to 30–35 A, which 
requires increasing the deposition rate from 10–15 to 
30 m/h to preserve the 3 mm wall thickness.

Further technological research was conducted with 
filler powder flow rate G = 3.0 g/min. The modes of 
additive microplasma deposition of the used powders 
were refined by the criteria of optimization of the de-
posited bead shape and formation of reliable fusion 
with the substrate and/or previous bead. The following 
main parameters of the deposition mode were selected: 
arc current I = 35 A, arc voltage U = 40 V, deposition 
rate V = 35 m/h (9.66 mm/s), energy input of deposi-
tion E = 87 J/mm (allowing for process efficiency of 
0.6 [16]). Other parameters of the deposition mode 
are given in Table 3. Conducted research showed that 
in additive microplasma deposition with the selected 
powders (Table 1) the thickness of the deposited wall 
is preserved in the range of 3.0±0.3 mm with satisfac-
tory stability (Figure 6). Here, the UPC coefficient is 
in the range of 0.84–0.88 (powder losses are equal to 
16–12 %, respectively), which is an acceptable value.

RESULTS OF METALLOGRAPHIC STUDIES
In additive microplasma deposition complete melting 
of the powder occurred in all the cases of application 
of filler materials listed in Table 1. The deposited metal 
structure was characterized by a clearly expressed layer-
ing; deposited layer thickness was equal to 550–650 μm. 
Surfacing was performed in several passes, with succes-
sive deposition of the metal layers — one per pass. The 
structure of the fusion zones between the layers was ho-

mogeneous. The macrostructure of each deposited lay-
er was homogeneous without formation of any defects, 
cracking or incomplete melting.

In case of application of powder of Ni‒Cr‒B‒Si 
system for single-pass deposition, an equiaxed fine-
ly dispersed structure was produced in the deposited 
bead metal. The deposited material microstructure 
consisted of a two-phase matrix (Figure 7), in which 
a component prevailed, which appeared light when 
etching with hardness HV  4640–5720  MPa. Light-
gray precipitates of higher hardness of HV  6030–
7010 MPa are present alongside it (Figure 8). Thus, 
as a result of microplasma growing of the product, the 
microstructure of the heat-resistant nickel alloys con-
sisted of a matrix of γ-solid solution (light-coloured), 
with intermetallic phases of the type of γ′-phase (Ni, 
Cr), (Al, Ti, Nb) and Ni(Cr, Mo, W) + carbides ob-
served against its background. To increase the dis-
persion-hardening effect, these alloys, in the classical 
sense, should be heat treated. However, selection of 
the required temperatures and duration of holding 
during heat treatment of the innovative material pro-
duced by 3D layer-by-layer plasma deposition has not 
been performed so far. This can be the subject of fur-
ther studies. No signs of overheating or burnout with a 

Figure 5. Dependence of bead width B (a), specific weight of deposited metal (HYF 103 alloy powder) Md and UPC (b) on welding 
current I at deposition rate V = 3.24 mm/s: 1 — microplasmatron with dpl = 2.5 mm, df = 4.5 mm, G = 3.2 g/min, B = 2–5 mm; 2 — 
dpl = 1.8 mm, df = 2.5 mm, B = 4–10 mm

Figure 6. Appearance of a plate of metal produced by lay-
er-by-layer microplasma deposition of HYF-103 powder
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jump-like increase in the grain size and intergranular 
melting were found in the microstructure of the grown 
samples.

Judging from the presence of peaks in the results 
of microhardness measurements and data of micro-
structural investigation, we can conclude that harder 
carbides of different shapes are included in the solid 
solution of the matrix. Strengthening phases had the 
shape of plates of different thicknesses, and their horse-
shoe-shaped and diamond-shaped precipitations were 
also found. The carbides were characterized by high 
hardness (HV  >  20000  MPa). In addition to coarse 
(primary) carbides, their finer precipitates were also 
observed in the grown material matrix that, probably, 
promoted an increase in the strength and hardness of 
the material. Eutectic carbide precipitates of hardness 
on the level of HV 2340–3030 MPa are also observed 
over the entire deposit.

A thin light-coloured strip of hardness HV 2540–
2860 MPa is also observed along the line of fusion 
with the base metal. This structural component is ho-
mogeneous along the entire length of the deposit, and 
its thickness is 10–12 μm. Note that the deposit struc-
ture is refined in the direction from the upper edge to 
the base metal of the substrate. Microanalysis of indi-
vidual areas of the structure showed that the deposit-
ed metal composition is close to that of the deposited 
powder (see Table 1).

In case of application of HYF-103 powder for 
three-pass additive deposition, according to the data 
of electron microscopy, a fine dendritic structure of 

the deposited metal was produced, which contains 
both relatively large grains and fine ones. The large 
and fine dendrites form colonies, disoriented relative 
to each other (Figure 9). Crystals of different sizes 
were formed in the upper and lower parts of the sam-
ple, which resulted from the non-equilibrium condi-
tions of solidification at microplasma 3D growing of 
the sample. So, in the lower part of the deposited met-
al the heat was removed through the base substrate, 
while in the sample upper part it was removed pre-
dominantly through thermal radiation and heat dissi-
pation into the lower deposited layers. This resulted in 
slower cooling of the metal in the sample upper part 
and, thus, led to grain growth.

In the longitudinal direction the dendrites formed 
extended crystallite branches, oriented predominant-
ly in the direction of heat removal and united into 
colonies. Microstructural analysis of the sample cut 
out in the lower part, showed that crystallite growth 
proceeds in one direction (Figure 9, c). The dendrites 
consist of grain blocks with similar crystal orienta-
tion, the boundaries of which were revealed as a result 
of etching. A comparison of the structure of metal in 
the samples, cut out in the longitudinal direction in 
the sample upper and lower parts, points to different 
nature of crystallization, during upward formation of 
the sample (Figure 9). Microanalysis in different indi-
vidual sections of the structure showed that the depos-

Figure 7. Structure of microplasma deposit, ×100

Figure 8. Distribution of microhardness HV0.05, MPa with depth 
h, mm

Figure 9. Microstructure of metal, produced by three-layer additive microplasma deposition of HYF-103 powder (×100): a — top of 
deposited sample; b — middle of deposited sample; c — bottom of deposited sample
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ited metal composition is close to that of the deposited 
powder (Figure 10, Tables 1 and 4).

During examination in a reflected light opti-
cal microscope, the microstructure of samples of 
KhN50VMTYuB and KhN60VT alloys in the dendrite 
body appeared to be less homogeneous (Figure 11, a). 
Studying their structure in an electron microscope re-
vealed that the dendrites of γ-solid solution have an 
internal structure with thin and intermittent boundar-
ies of the block walls (Figure 11, b).

As one can see from the above microstructure, dis-
persion hardening during rapid cooling of the layers 
of microplasma deposited metal either did not occur, 
or occurred only to a minor extent.

DISCUSSION OF INVESTIGATION RESULTS
Conducted technological research showed that for the 
selected group of powders (see Table 1) the parameters 
of the mode of additive microplasma deposition pre-
dominantly depend on the fractional composition of the 
filler powder. Complete melting of the powder occurs 
under the conditions of application of microplasma depo-
sition with the energy input of 85–90 J/mm and thermal 
power of ~800–900 W released by the constricted arc at 
additive growing of metal products. The metal structure 
is characterized by a clearly expressed layering; thick-
ness of the deposited layer is equal to 500–650 μm.

Based on the results of the conducted technologi-
cal research, it was determined that successive depo-
sition of metal is manifested in formation of a relief 
on the sample side surface (Figure 6). Metal rolls are 
observed, which are an alternation of protrusions and 
depressions, caused, probably, by partial flowing of 
liquid metal down the side surface. Dimensions of 
these rolls approximately correspond to the height of 
the metal layer deposited in one pass. One of the ways 
to minimize this parameter is stabilization of additive 
microplasma deposition due to selection of its rational 

Figure 10. Microstructure of metal produced by additive micro-
plasma deposition of HYF-103 powder, with indication of areas 
of element content microanalysis

Table 4. Element content in individual areas of the structure according to Figure 10

Spectrum
Chemical composition, wt.%

B N O Mg Si V Cr Mn Fe Co Ni Mo Total

1 – – – – 0.95 – 16 0.31 72.16 0.32 9.1 1.17 100
2 – – – – – 49.26 – 47.38 – 1.12 2.24 100
3 – – – – 0.24 48.64 – 48.09 0.4 0.91 1.72 100
4 – – 17.41 9.17 8.85 – 9.37 – 48.21 0.41 6.06 0.52 100
5 20.25 19.63 – – 0.26 – 7.85 0.32 45.51 0.28 5.09 0.81 100
6 – – – – 0.65 0.41 15.52 – 56.74 0.4 6.47 19.8 100
7 – – – – 0.67 0.26 17.15 – 59.99 0.44 6.64 14.85 100
8 – – – – 0.72 0.25 14.86 – 61.16 0.31 7.41 15.28 100
9 – – – – 0.95 – 13.68 – 74.64 0.36 9.79 0.58 100

Figure 11. Microstructure of a sample, grown by microplasma deposition of KhN50VMTYuB alloy: a — ×500 (optical metallogra-
phy); b — ×10 000 (electron microscopy)
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process modes. Another method to minimize this pa-
rameter is reduction of the height of the layer depos-
ited in one pass. Such an approach, however, lowers 
the productivity of 3D printing of the product and re-
quires individual optimization measures.

In multilayer microplasma deposition no such de-
fects, as separation of the adjacent layers inside the de-
posit, because of incomplete fusion between the layers; 
molten material solidification in the form of spheres, 
and not a continuous layer; deformation through the dif-
ference in the coefficients of thermal expansion of the 
layers, were found. Fusion zones between the layers are 
not identified structurally, and a homogeneous structure 
is observed. The macrostructure of each surface-melted 
layer is quite homogeneous without formation of any de-
fects, or cracking. The methods of optical and electron 
microscopy established that the sample metal structure 
is dendritic and contains both coarser and finer grains. 
Large and fine grains form colonies, disoriented relative 
to each other (for instance, Figure 8). Crystallite forma-
tion at successive deposition of the metal layers in the 
sample upper and lower parts is different, and it is deter-
mined by differences in the crystallization process. So, 
in the lower part of the deposited metal heat removal is 
more intensive, as it occurs through the base substrate, 
which has rather good heat conductivity. In the sample 
upper part heat removal is less intensive, as it is per-
formed predominantly due to thermal radiation, while 
heat conductivity of the predeposited layer is due to the 
applied filler alloy, and it is predominantly low. This re-
sults in slower cooling of the metal in the sample upper 
part and, thus, leads to a certain grain growth.

Electron microscopy studies of phase composition 
of HYF-103 alloy layers, deposited by microplasma 
method in the selected rational mode showed trends 
of slight burnout of individual alloying components 
(Tables  1 and 4). So, manganese content decreased 
from 0.6 to ~0.3 wt.%. Boron burnout was also ob-
served in individual sections. On the whole, however, 
reduction of the content of alloying components of the 
studied deposited alloys, is rather limited, and cannot 
be considered significant.

Ultimate strength σt, conditional yield limit σ0.2 
and relative elongation δ of the deposited metal at uni-
axial tension were measured on samples 30 mm long, 
which were cut out along the vertical of a plate pro-

duced by layer-by-layer building up (see Figure  6). 
The deposited metal strength was assessed by the re-
sults of uniaxial tensile testing of three samples.

Conducted studies of mechanical properties (Ta-
ble  5) allow us to conclude that the metal deposited 
by additive technology ensures rather high strength, 
reaching more than 600 MPa, where F0 is the cross-sec-
tional area of the sample; L0 and Lk are the initial and 
final lengths of the sample; δ is the relative elongation.

Over the recent years the process of 3D printing of 
aircraft parts has become ever more relevant. Applica-
tion of 3D printers significantly lowers the cost of the 
created products, increases the production flexibility and 
accelerates manufacture of the required repair kits of the 
parts. One of the most complicated tasks in this respect 
is 3D printing of metal parts, both finished and with ad-
ditional machining. Application of additive microplasma 
deposition with metal powders for manufacture of 3D 
products for aviation equipment will allow a significant 
productivity improvement, compared to the currently 
available methods. So, application of microplasma depo-
sition will allow reaching the productivity of ~3–4 kg/h, 
whereas laser deposition can provide the productivity of 
up to 1.5  kg/h. Moreover, microplasma deposition al-
lows creating composite or functionally gradient metal 
layers, which will promote material saving, and will en-
able creating wear-resistant friction surfaces relative to a 
soft base during 3D printing. Equipment applied for mi-
croplasma deposition is much less expensive and easier 
to maintain, compared to laser equipment. On the whole, 
despite the need for final machining of critical functional 
surfaces, application of microplasma deposition can be 
regarded a promising direction of 3D printing of metal 
parts for aviation equipment. It is rational to focus fur-
ther research on studying the influence of heat treatment 
on the structure and properties of products grown by in-
novative 3D microplasma deposition from heat-resistant 
nickel alloys, considered in the work.

Conclusions
1. It was determined that selection of the mode of ad-
ditive microplasma deposition of the chosen group 
of iron- and nickel-based powders is predominantly 
due to filler powder granulation. At additive micro-
plasma growing of metal products with up to 3 mm 
wall thickness with application of Fe- and Ni-based 
powders with fraction size of 40–100 μm complete 
melting of the powder occurs in the modes, ensuring 
the energy input of 85–90 J/mm with thermal power 
of ~800–900 W released by the constricted arc.

2. It was established that the metal structure in 
samples produced by microplasma deposition, con-
sists of dendrite colonies disoriented one relative to 
another, which contain both relatively large and fin-
er grains. In the deposited metal lower layer small-

Table 5. Mechanical properties of metal produced by additive mi-
croplasma deposition of HYF-103 powder

Sample 
number F0 L0 Lk

σt, 
MPa

σy, 
MPa

δ, 
%

1 7.15 20.02 20.49 606 474 3.165
2 7.16 19.78 20.78 627 510 5.056
3 7.15 22.14 22.94 618 462 3.613

Averaged 
value – – – 617 482 3.95
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er-sized crystallites are formed, due to more intensive 
heat removal through the steel substrate of the base. 
In the upper layers of the deposited metal larger-sized 
crystallites are formed, owing to reduction in the heat 
removal intensity, which is promoted by application 
of filler alloys with rather low heat conductivity.

3. Mechanical testing for static tension of samples 
cut out of the deposited metal across the deposited 
beads showed that the strength of HYF-103 alloy 
exceeded 600 MPa at yield limit values higher than 
480 MPa and relative elongation close to 4 %. Such 
results are attributable to absence of deposition de-
fects and small fraction of burning out of the deposit-
ed metal alloying elements.

4. Conducted research showed the fundamental pos-
sibility of formation of dispersed dendritic structures 
with grains of different spatial orientation, structural 
homogeneity of the deposited layers without clearly 
expressed fusion zones, and absence of pores or crack-
ing. Such trends of structure formation are indicative 
of the good prospects for further application of additive 
microplasma deposition for 3D printing of parts from 
iron- and nickel-based corrosion- and heat-resistant al-
loys, in particular, parts of aerospace engines.
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