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ABSTRACT
The growing relevance of 3D printing of finished metal products in recent years is predetermined by the reduction of costs for 
manufacturing, machining, changing the standard sizes and nomenclature of parts, the possibility of manufacturing solid parts 
with complex internal geometry. One of the most promising 3D printing processes, which provides a wide range of productivity 
(0.02–25 kg/h and more) with the possibility of surfacing a wall with a thickness of 2-20 mm, is additive plasma-arc surfacing 
(aPas) with wires and powder materials. the work examines the state-of-the-art of research on additive manufacturing of met-
al parts from steels and alloys, determines the state and prospects for the development of aPas. It is shown that aPas allows 
performing 3D printing using a wide range of filler materials, in particular, compact and composite (powder) wires, powders 
of light alloys and refractory metals, composite powders and mechanical mixtures of powders of alloys, metal ceramics, car-
bides, borides, etc. new opportunities for the application of aPas include development of technologies for growing products 
from materials with gradient functional properties, from dissimilar materials, with accompanying modification of the deposited 
metal by additional treatment, improving the properties of the deposited metal due to the use of hybrid processes. the state of 
innovative developments of aPas technologies and equipment carried out at the PwI of the nas of ukraine, and their indus-
trial implementation is highlighted.

KEYWORDS: additive manufacturing, 3D printing, plasma-arc surfacing, steel, nickel, aluminium, titanium alloys, structure, 
mechanical properties, gradient functional properties, equipment

INTRODUCTION, AIM AND TASKS OF WORK
In recent years, there has been a qualitative leap in the 
approach to the use of 3D printing processes, associ-
ated with the transition from the creation of prototype 
models, according to which metal products were fab-
ricated, to the direct printing of such products from 
various metals and alloys [1]. modern am — addi-
tive manufacturing is an innovative manufacturing 
process that offers the manufacture of products with 
advanced surface geometry of the required size with a 
surface that requires a minimal mechanical treatment, 
directly from caD models, which leads to shortening 
in manufacturing time, a reduction in the volume of 
wastes and final cost. For example, the cost of addi-
tive surfacing of titanium parts of aircraft engineering 
is twice as low as the cost of their production from 
forged billets [2]. another important area of appli-
cation of additive manufacturing is military affairs. 
Thus, due to the extreme flexibility and the possibility 

of adaptation to the solution of a wide range of in-
dustrial problems, the additive growing of parts is be-
coming more and more relevant in the modern world.

In modern additive manufacturing, two main ap-
proaches are predominantly used to obtain a finished 
metal product [1, 2]: layer-by-layer selective melting 
of powder and direct layer-by-layer growing of a part 
wall from the material in the form of powder or wire. 
for the processes of selective powder melting, laser 
(slm) or electron beam (eBsm) energy is used. Both 
of these processes provide the formation of parts accord-
ing to the dimensions specified in the models. After 3D 
printing by these methods, in most cases, mechanical 
treatment of a part surface is not used. however, these 
methods have a number of significant disadvantages, 
namely: dimensions of parts that can be printed are lim-
ited by the dimensions of the installations for printing 
by these methods (the working field is not more than 
800×800×800 mm); complex expensive equipment; the 
need in using powders of the correct spherical shape of 
tiny sizes (5‒15 µm), which are expensive and explosive 
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and fire-hazardous; the need in using several times more 
powder than the volume of a finished part; when grow-
ing a part with gradient differences in mechanical prop-
erties, when gradually using powders of different chem-
ical composition, their mixing occurs outside the fusion 
zone, which causes the need in rejecting the powder that 
remains in the installation after the printing is finished.

Often in production it becomes necessary to form 
a billet from a certain material with mechanical treat-
ment after growing. In such a case, it is advisable 
to use additive growing with the help of electric arc 
melting of the material supplied into the welding 
pool, namely [3]: argon-arc surfacing with a noncon-
sumable electrode (TIG) with a filler wire; surfacing 
using consumable electrode, including submerged-arc 
surfacing (sas), shielded-gas consumable electrode 
(mIg/mag process and, as a variant, cold metal 
transfer cmt), as well as additive plasma-arc surfac-
ing (APAS) by powders or filler wires.

Plasma-arc surfacing is the most promising from 
the point of view of growth productivity, increase 
in material utilization rate, quality of the deposited 
metal, and the possibility of reducing the process of 
mechanical treatment of a billet due to the maximum 
approximation to the real dimensions of a part [4]. 
the aPas process can be implemented in the current 
range of 3‒450 A. At the same time, the welding/sur-
facing process at currents of up to 50 a has received a 
separate name — microplasma welding/surfacing [5].

A significant contribution to the development of 
3D printing of metal materials using constricted arc 
energy and powder materials and filler wires was 
made by scientists of the PWI and Paton IMSW [3‒5].

among the additive technologies that use surfacing 
methods, the processes DeD-w/ waam/3DmP (wire 
Direct energy Deposition/wire arc additive manufac-
turing/ЗD Metal Print), or WAAM — additive surfac-
ing using metal wire have become most widespread, 
which include arc processes using a nonconsumable 
and consumable electrode, as well as processes with a 
short circuit of the arc gap (of СМТ type — Cold Metal 
Transfer) [3]. СМТ is a modified version of welding 
using consumable electrode in a shielding gas based on 
the mechanism of the controlled metal transfer mode 
into the welding pool by using pulsed current and re-
ciprocating wire movement.

among the arc cmt methods, the process of ad-
ditive technologies has a number of indisputable ad-
vantages. One of the most important is the system of 
reverse wire feed, synchronized with a high-speed 
digital control, which determines the arc length, short 
circuit phase and heat transfer into the welding zone 
[6]. this process provides minimal spattering of met-
al, relative stability of weld formation, reduced heat 

transfer to the treatment zone. however, the cmt 
process in terms of using in additive technologies has 
its disadvantages: relatively low productivity due to 
the use of small diameters of wires and presence of 
significant inner defects (pores, inclusions).

the use of aPas provides a number of advantages 
from both a technological and economic point of view. 
these include high productivity, wide range regulation 
of heat transfer to the base and deposited materials and, 
as a result, control of the penetration depth and width, 
structure, composition and properties of the material 
being formed. aPas with the use of direct current of 
reverse polarity or alternating current provides clean-
ing of the surface of the previous layer from contami-
nations due to the effect of cathode atomization, suffi-
cient wetting and spreading of liquid metal at a minimal 
heating of the surface. at the same time, manufacturing 
of layered materials with a favorable structure without 
inner defects is provided. In addition, the compared 
simplicity and low cost of the equipment for plasma 
surfacing should provide the interest of manufacturers 
for using in additive technologies [3, 7].

the abovementioned predetermined the powerful 
potential of application and development of aPas 
technologies. such advantages and wider technologi-
cal capabilities of aPas over waam methods should 
be noted [3, 8]:

● wide adjustment of the productivity of 3D printing 
(0.02‒25 kg/h) and the degree of detailing volumetric 
elements (widths from 2.0–2.5 to 10–20 mm) by imple-
menting the process both in the mode of microplasma 
surfacing with a low-ampere plasma-arc (at currents of 
5‒35 A), as well as at currents of 50‒450 A and higher 
(depending on the capacity of the power source);

● a wide range of adjustment of the input ener-
gy, heating zone and penetration depth of previously 
deposited layers by means of aPas using a direct or 
tangential plasma-arc;

● 3D printing at direct current of direct and reverse 
polarity, alternating current, including the implemen-
tation of the process of cathodic cleaning and destruc-
tion of oxide films, when surfacing light metals and 
alloys with refractory oxide films on their surface;

● 3D printing using one to four filler wires, includ-
ing a conductive filler wire with preheating;

● use of compact and composite (flux-cored) 
wires, powders of light alloys and refractory metals, 
composite powders and mechanical mixtures of pow-
ders of alloys, metal ceramics, carbides, borides, etc. 
for 3D printing as a filler material;

● implementation of the 3D printing process using 
an filler that does not move together with the plas-
matron during deposition of a layer (metal grit, foil, 
thin bands of metal), which is applied alternately af-



5

PlasMa-arc technologies of additiVe surfacing (3d Printing)                                                                                                                                                                                                    

                                                                                                                                                                               

ter deposition of each layer (a process similar to the 
methods of “lamination” or selective melting);

● possibility of launching a plasma-arc without 
adding wire or powder, which allows preheating of 
the base or deposited layers before additive surfacing.

 a comparison of basic technical and economic in-
dicators of additive surfacing processes using a free 
arc with the processes using a constricted (plasma) arc 
also confirms the advantages of additive plasma-arc 
technologies (Table 1) [3‒8].

the aim of the work is to analyze the state-of-the-
art of scientific research, technological developments 
and practical experience of additive manufacturing of 
metal products from various types of alloys and com-
posite materials; identification of the potential of ap-
plication and development of additive technologies of 
plasma-arc surfacing, in which a plasma-arc is used as 
a heating source; identification of new opportunities 
and promising directions for their further develop-
ment and application.

to achieve this aim, the following tasks were 
solved in the work:

1. Analysis of the state of scientific research and 
practical experience of aPas of volumetric products 
from various types of alloys.

2. Identification of new possibilities of plasma-arc 
technologies in additive manufacturing, including 
when applying hybrid and combined methods of 
3D-printing.

3. Description of the developments of new equip-
ment for the implementation of aPas technologies in 
additive manufacturing.

1. APPLICATION OF APAS TECHNOLOGIES 
(3D PRINTING) OF SPATIAL METAL 
PRODUCTS

1.1 APAS of volumetric ProductS 
from SteelS And iron- 
And nickel-bASed AlloyS
a number of problems arise during additive manufactur-
ing of 3D objects from steels, iron-, and nickel-based al-
loys, related to their overheating during the surfacing 
process. for example, during cmt printing of a wall 
made of 2Сr13 steel, a small number of pores without 
cracks in different layers was observed, which indi-
cates a high level of densening [6]. the precipitated mi-
crostructure consisted of martensite and ferrite together 
with the (fe, cr)23С6 phase, which is precipitated on 
α-Fe grain boundaries. However, due to overheating, 
the content of martensite gradually increased from the 
5th to the 25th layers, despite a partial decomposition of 
metastable martensite into stable ferrite due to the dif-
fusion of carbon atoms. the hardness changed slightly 
from the 5th to the 15th layers and then increased rap-
idly from the 20th to the 25th layers; the fracture pro-
cess transformed from ductile (1st‒10th layers) to mixed 
(15th‒20th layers) and, finally, to brittle fracture (25th 
layer). thus, in order to adjust the 3D printing process 
with a stable formation of the product structure, it is 

Table 1. comparison of basic technical and economical indicators of different technologies of additive surfacing (3D printing) of 
volumetric metal products

number technology

average value 
of width of 

single 
deposited 

layer, 
mm

average sizes 
of roughness-

es of free 
surface of 

manufactured 
products, 

mm

Deviation of 
geometric sizes 

of a product, 
mm

Productivity 
of manufac-

turing of a 3D 
product, 

kg/h

Specific losses 
of electric 

power, 
kw/kg

characteristics 
of strength 

(% from the 
tensile strength 
of initial filler 

material)

characteristics 
of ductility 
(% from the 
parameter of 
elongation of 
initial filler 
material)

1

waam (arc additive 
surfacing using current 
conducting consumable 

mIg/mag wire)

4.0‒6.5 0.5‒2.0 0.5‒1.5 0.3‒15.0 6‒18 0.80‒0.90 0.85

2

waam (arc additive 
argon-arc surfacing using 

consumable electrode 
with the feed of neutral 

filler TIG wire)

6.0‒8.0 0.5‒1.0 0.5‒1.0 1.0‒4.8 7‒15 0.50‒0.80 0.85

3 waam (cmt) 2.0‒4.0 0.3‒0.6 0.2‒0.8 0.5‒7.0 5‒10 0.80‒0.90 0.75‒0.80

4
microplasma lay-

er-by-layer powder 
surfacing

1.6‒3.2 0.1‒0.5 0.1‒0.5 0.01‒0.3 4‒8 0.9‒0.95 0.85‒0.90

5 microplasma lay-
er-by-layer wire surfacing 2.0‒3.5 0.2‒0.8 0.2‒0.8 0.02‒0.4 5‒10 0.9‒0.95 0.85‒0.90

6 Plasma layer-by-layer 
wire surfacing 3.0‒4.0 0.5‒1.0 0.2‒0.8 0.2‒10.0 5‒12 0.9‒0.96 0.85‒0.90
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necessary to change the technological approach. One 
of the promising options here is aPas.

thus, the aPas process is proposed to produce 
parts with an increased wear resistance from interme-
tallic alloys, for example, iron aluminide. In [9] it is 
shown that it is possible to manufacture parts from an 
iron-nickel-aluminium intermetallic compound using 
this method. In [10], it is proposed to use plasma-arc 
3DPmD technology for the additive manufacturing 
of wear-resistant functional layers of wear surfaces 
and the body of the tool from alloys based on nick-
el ni 625 and iron-based Ps fe-hard D. Plasma-arc 
surfacing using wires (up to 120 a) and microplasma 
surfacing with powder materials (at a current of up 
to 50 a) for the manufacture of products from car-
bon and stainless steels is proposed in [11]. the study 
of the peculiarities of the manufacturing processes 
of steel spatial primitives of the type “wall”, “glass”, 
“cone” and “hemisphere” showed that the deviations 
from the nominal size during their manufacture do 
not exceed ± 0.5 mm, the porosity lies within 1‒2 %, 
and the mechanical strength is about 90‒95 % of the 
strength of cast metal. the structure of the deposited 
material is fine-grained and uniform, mixing of layers 
is extremely low.

the analysis of the microstructures of the specimen 
of additive microplasma surfacing using the filler wire 
sv-08g2s (of 1.2 mm diameter), performed at the PwI 

of the nasu, showed the absence of cracks and pores 
and that the structure is homogeneous and uniform 
similar to the structure of specimens deposited by the 
microplasma method using filler powder. The walls are 
characterized by a density that corresponds to a cast 
structure, with grains of small sizes, without dendrites. 
Porosity, inclusions and microcracks are absent. Dis-
continuity between the contacting layers along the fu-
sion line is absent; the size of the heat-affected-zone of 
the build-up layer is ~2 mm. the microstructure of the 
deposited material is equiaxial, the grain has approxi-
mately the same sizes in all directions (15‒20 μm) with 
clearly visible boundaries and a eutectic component 
between them (figure 1). these are grains of ferrite 
(light grains) and pearlite (dark regions). the multilay-
er structure of the deposited volumetric specimen is not 
revealed, mixing of the deposited layers is extremely 
low, the formation of oxides is not observed.

In the case of the waam process using mag sur-
facing with sv-08g2s wire (1.2 mm diameter), the 
microstructure of the deposited metal is represented 
with ferrite and pearlite grains (figure 2). the differ-
ence of this structure from the analogues produced 
by microplasma surfacing using the same wire is the 
coarser grain size, as well as the presence of primary 
crystals in the form of dendrites and eutectics. Den-
drites appear in the form of tree-like formations with 
clear axes of individual branches. the interlayers of 

Figure 1. microstructure of spatial product of the type “thin wall” manufactured by additive microplasma surfacing with the feed of 
neutral filler wire Sv-08G2S: a — upper layer; b — middle of the wall (electron microprobe analysis in camscan-4 analyzer

Figure 2. microstructure of spatial product of the type “thin wall” manufactured by the waam (mag) method using the wire sv-
08g2s: a — upper layer; b — middle wall of electron microprobe analysis in camscan-4 analyzer
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another phase, which is a part of the eutectic, are re-
vealed between the primary crystals. It can be said, 
that the eutectic structurally degenerates, it appears 
in small quantities as a result of nonequilibrium crys-
tallization. Its formation is facilitated by the slowed 
down cooling compared to microplasma surfacing. 
the distance between the branches of dendrites of the 
main ferrite phase during such cooling is quite large, 
so the eutectic has a coarse structure. there is no for-
mation of oxides, but large sizes of wave-like ridges 
on the surface can be noted.

the difference between the specimens produced by 
additive mag surfacing and the specimens produced 
by microplasma technology is primarily contained in 
the tendency of increasing the granularity and sizes of 
haZ with an almost unchanged content of silicon and 
manganese. this can be explained by higher input en-
ergies and, accordingly, a higher intensity of heating 
of the built-up layers during mag surfacing.

In [12], the principle possibility of using plasma-arc 
(microplasma) with a pulsed current for 3D printing 
of steel volumetric metal products with sufficient geo-
metric detailing was also confirmed. At the same time, 
the grains of the deposited layers change their structure 
from a relatively small grain size near the substrate to 
a very coarse structure with a large grain size near the 

apex of a product. at the same time, as a material for 
3D printing, the possibility of using steel shot with a 
size of about 1 mm is shown. however, in the case of 
using such a filler material by the method of microplas-
ma surfacing, the productivity is low (of about 50 g/h) 
in the case of control of product temperature and cool-
ing after each layer during a certain waiting time [12]. 
such an approach allows adjusting the grain size and 
hardness of printed volumetric steel products.

for the additive manufacturing of components 
with a complex geometry from carbon and alloy 
steels, APAS applying wire and powder filler materi-
als is also used in the manufacture of tools with com-
plex contour surfaces for transverse rolling [13].

the successful experience of aPas of critical prod-
ucts of the hot duct of aircraft engines with the use of a 
filler wire from the nickel heat-resistant EI 868 (KhN-
60VТ) alloy has also been gained (Figure 3) [14].

to provide an optimal combination of a quantity 
and morphology of strengthening phases of the alloy 
and a favorable combination of ductility and heat re-
sistance characteristics, the heat treatment was carried 
out at t = 1200 °С. The macrostructure of the spec-
ified products, specimens before and after heat treat-
ment is layered, typical for multilayer surfacing with 
a clear distribution of layers (figure 4, a, b) [14]. the 

Figure 3. aPas process (3D printing) of a billet of nickel heat-resistant eI 868 (Khn60vt) alloy (a), billet of a part after 3D printing 
(b), finished part after machining (c) [14]

Figure 4. macro- (a, b) and microstructures (c) of the material of volumetric products of nickel heat-resistant eI 868 (Khn60vt) alloy 
produced by additive plasma-arc surfacing: a — longitudinal direction; b, c — transverse direction [14]
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microstructure after heat treatment at a magnification 
of ×200 is shown in figure 4, c. During the analy-
sis of the microstructure of the specimens after heat 
treatment, the presence of a dendritic structure with 
elongated grains in the direction of heat removal in 
the process of layer-by-layer growing (across the lay-
ers) was found (figure 4, c). In the microstructure, the 
fusion lines are invisible and the structure is homo-
geneous with mutual germination of grains between 
the layers. the microstructure corresponds to the nor-
mal heat-treated state of the EI868 (KhN60VТ) alloy, 
overheating was not detected.

mechanical tests of the specimens from the indi-
cated heat-resistant nickel EI 868 (KhN60VТ) alloy, 
carried out at t = 900 °С, are at the level of values of 
forgings established by the norms of technical condi-
tions (table 2).

thus, the material of volumetric products from the 
EI868 (KhN60VТ) alloy produced by the APAS method 
meets the requirements of the technical documentation 
for the manufacture of stator parts of aircraft engines.

1.2. APAS of volumetric ProductS 
from Aluminium AlloyS
for 3D printing of volumetric products from alumin-
ium alloys, aPas has a number of advantages over 
other arc methods. In addition to high productivity 
and ability to regulate heat transfer to the material be-

ing deposited, this technology helps to overcome the 
problem of defects arising as a result of oxide refrac-
tory films on the surface of aluminium alloys. APAS at 
direct current of reverse polarity or alternating current 
provides cleaning of the surface of the previous lay-
er from contaminations due to the effect of cathodic 
atomization, increased wetting and spreading of liq-
uid metal with minimal heating of the surface, allows 
providing sufficient detailing of volumetric elements 
with minimal wall thickness (figure 5).

In [15, 16], the results of studies of the structure and 
mechanical properties of 3D specimens produced by ad-
ditive surfacing of almg5 aluminium alloy wire using 
direct current microplasma technology and the cmt 
method are given. It was found that these two 3D print-
ing methods are characterized by the same defects as tra-
ditional metallurgical processes (figure 6).

It was found that magnesium is encountered in the 
form of eutectic veins with a fine differentiation, i.e., with 
a strong branching and small sizes of al + mg eutectic 
inclusions or compact inclusions with rounded borders. 
the size of the strengthening phases in the specimens 
from the indicated almg5 alloy, produced by additive 
microplasma surfacing, is smaller than in the specimens 
grown by the cmt method, which made it possible in 
this case to provide higher values of mechanical proper-
ties for the microplasma technology (table 3).

Table 2. mechanial properties of specimens from nickel heat-re-
sistant eI 868(Khn60vt) alloy made by aPas [14]

method of manufacturing 
specimens for mechanical tests

mechanical properties

σt, mPa σ0,2, mPa δ, %

specimens produced by aPas

longitudinal direction
349 471 48.1
341 482 59.0
345 477 53.6

transverse direction
326 432 64.0
306 526 66.3
316 479 65.2

forging according to 
TU 27.1001190414-038:2007 > 220 > 450 > 50

Figure 5. aPas process of three-dimensional structure of the type 
“wall” with the use of filler wire from aluminium alloy

Figure 6. microstructure of three-dimensional specimens grown by different methods of 3D printing (×500): a — microplasma; b — СМТ



9

PlasMa-arc technologies of additiVe surfacing (3d Printing)                                                                                                                                                                                                    

                                                                                                                                                                               

The results of mechanical tests confirmed that the 
methods of microplasma and cmt additive surfacing 
correspond to GOST 17232‒99 and EN ISO 18273 
standards for aluminium almg5 alloy. at the same 
time, for this alloy, the aPas technology showed a 
slightly higher level of mechanical properties than for 
3D printing using the cmt method.

a comparison of the structure and mechanical char-
acteristics of volumetric products manufactured by 
aPas of the wire from 5a06 alloy and arc mIg sur-
facing using a similar consumable electrode shows a 
significantly lower degree of anisotropy of the structure 
and mechanical characteristics for plasma-arc technol-
ogy [13]. for the mIg method, the average values of 
the tensile and yield strength of the specimens in the 
direction perpendicular to the orientation of the texture 
are 251 and 101 mPa. the same indices in the direc-
tion parallel to the orientation of the texture are 239 
and 90 MPa. The average indices of relative elongation 
in the direction parallel and perpendicular to the ori-
entation of the texture are 37 and 34 %, respectively. 
In aPas of 5a06 alloy, the average values of the ten-
sile and yield strength of the specimens in the direction 
perpendicular to the texture orientation are 295 and 
150 mPa. the same indices in the direction parallel to 
the orientation of the texture are 290 and 145 MPa. In 

general, the strength indices of the specimens produced 
by APAS of 5A06 wire are at the level of 0.92‒0.94 of 
the strength of the sheet metal 5a06.

The possibility of manufacturing complex-profile 
cylindrical parts of the “car wheel disc” type, which 
operate under the conditions of increased dynamic 
and impact loads, and the “adapter”, aPas wire from 
aluminium-magnesium 1580 alloy, which is deform-
able, with additions of scandium at direct current of 
reverse polarity (figures 7, 8) [17].

Figure 9 shows the macrostructure of layers of the 
upper (Figure 9, a) and lower (Figure 9, b) parts of the 
wall made of aluminium-magnesium 1580 alloy, pro-
duced by aPas at direct current of reverse polarity 
(table 4) [17]. there are regions of increased growth of 

Figure 7. Disc of a car wheel of aluminium-magnesium 1580 alloy, made by aPas at direct current of reverse polarity [17]: appearance 
of outer surface (a) and inner cavity (b) after 3D printing; appearance after machining (c)

Figure 8. transition piece of 1580 aluminium-magnesium alloy, made by aPas at direct current of reverse polarity [17]: outer appear-
ance after 3D printing (a) and after machining (b)

Table 3. mechanial properties of volumetric materials from 
amg5 alloy produced using different technologies [15, 16]

method of 3D printing
mechanical properties

σt, mPa σ0,2, mPa δ, %

microplasma additive surfacing 274 154 25.2
cmt additive surfacing 261 124.5 13.7
norms for almg5 alloy 

according to GOST 17232‒99 >270 >120 >13.0

norms according 
to en IsO 18273 250 120 9
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dendrites on the macrosections, and mainly in the lower 
part of the surfacing. In the upper part of the surfacing, 
they are less pronounced, which is explained by a de-
crease in the effect of thermal cycling and reheating of 
the metal as the wall grows. there are also differences in 
the microstructure of the upper (Figure 9, c) and lower 
(Figure 9, d) parts of the wall at different magnification. 
the structure represents an aluminium-magnesium solid 
solution with individual particles of the primary β-phase 
(al3mg2) on the grain boundaries, where clusters of pri-
mary intermetallics are also encountered А13(Sс, Ті), 
А13(Sс, Cr), А13Sс. The microstructure of the upper part 
of the surfacing (figure 4, a) is more finely dispersed 
with a larger volume fraction of β-phase precipitation 
along the grain boundaries — up to 2.5 %. the differ-
ences in the microstructure of the lower and upper parts 
of the surfacing (Figure 9, c, d) once again indicate that 

the metal heating cycles of the previous layers, which 
are associated with repeated surfacing, lead to the effect 
of increased directed growth of dendrites, which is the 
more intensive, the more often it is repeated.

therefore, aPas of deformable aluminium-mag-
nesium alloys provides the relative stability of the 
structural and phase composition of the material of 
the previous layers under the influence of subsequent 
thermal cycles in the course of forming a billet. the 
values of the tensile strength of the surfacings are at 
the level of the properties of the cast material, inferi-
or to the deformed one; the ductility of the deposited 
metal significantly exceeds both the ductility of cast-
ings — by 2‒3 times, and the ductility of annealed 
rolled semi-finished products — by 1.5 times.

when using aPas on multipolar asymmetric cur-
rent with the filler wire ER2319 made of high-strength 

Figure 9. macro- (a, b) and microstructures (c, d) of different zones of volumetric elements from 1580 aluminium-magnesium alloy 
made by aPas at direct current of reverse polarity [17]: a, c — upper part; b, d — lower part

Table 4. mechanial properties of aluminium 1580 alloy produced using different deposited materials [17]

material and specimen state σt, mPa σ0.2, mPa δ, % φ, %

1580 alloy, aPas
surfacing 1 294 192 24.5 33.5
surfacing 2 296 193 25.0 27.0

P-1580 alloy, cast cast rod 312 183 9.1 –

P-1580 alloy, rolling
hot formed 369 266 16 –
cold formed 453 429 5 –

P-1580 alloy, rolling + annealing annealed 390 277 14 –
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hard-to-weld alcu6mnZrti alloy, prone to hot crack-
ing during welding, the tensile strength of a volumet-
ric specimen produced from the deposited metal is 
258 mPa, or 63 %, which is 0.63 of the strength of a 
sheet material of the aluminium-copper 2219 alloy in 
the state of complete heat treatment [18]. conducting 
the heat treatment of such printed material by quench-
ing and artificial aging allows increasing the strength 
of the metal of a part to 0.8‒0.85 of the strength of a 
massive billet treated in the process of manufacturing 
and heat-treated. when using the tIg process for 3D 
printing of this alloy, the average tensile strength is 
237 mPa, which is only 57 % of this value for the 
sheet material from 2319 alloy.

By optimizing the aPas technological modes at al-
ternating (multipolar) current, it is possible to form vol-
umetric products from high-strength aluminium alloys 
of the Al‒Cu‒Li (АА2319) system, which also belong 
to the hard-to-weld class [19]. The structure and proper-
ties of the material produced by aPas of this alloy are 
influenced by the value of the constricted arc current 
and the wire feed speed, the ratio of direct/reverse cur-
rent pulses, and the heating temperature of the previous 
deposited layers. at the same time, any shielding gas 
atmosphere, composition of the plasma-forming mix-
ture, consumption of working gases and plasma flow 
rate have a rather significant effect on the reduction 
of porosity in the deposited layers of this alloy. thus, 
during APAS of AA2319 alloy, a high-quality wall was 
produced at a plasma-arc current of 120 a (frequency 
of 50 hz, balance 50 %), deposition rate of 140 mm/
min, wire feed rate of 0.9 m/min, when using a mixture 
of Ar/He15/N0.015 gases, the flow rate of shielding gas 
is 15 l/min and plasma-forming gas is 0.3 l/min, as well 
as at a preliminary heating of the substrate to a tem-
perature of 200 °c (figure 10).

1.3. APAS of volumetric ProductS 
from titAnium AlloyS
the aPas process using both wires and powders is 
one of the most promising for the production of volu-
metric titanium parts, including in such industries as 
aerospace, automotive, shipbuilding and marine en-
gineering [20]. compared to laser and electron beam 
additive technologies, it becomes possible to manu-
facture parts from different materials. the main ad-
vantage of this group of technologies is the possibility 
of 3D printing of large-sized structures at significant-
ly lower consumption of materials and investments 
[21]. even without solving the problem of maximum 
productivity when using aPas technologies, the rate 
of growing the volume of titanium alloys reaches 
170 cm3/h and higher. such productivity cannot be 
provided by most beam methods [22].

The main technological difficulty of APAS of vol-
umetric products from titanium alloys is the reliable 
provision of effective gas shielding of both the weld-
ing pool as well as regions of parts that can be heated 
to temperatures above 300 °c. such heated regions 
intensively absorb gases from the surrounding at-
mosphere. to eliminate this, local gas shielding with 
the help of various devices and systems, as well as 

Figure 10. result of high-quality aPas at alternating current 
of volumetric element in the form of a multilayered wall from 
AA2319 alloy of the Аl‒Сu‒Lі system [19]

Figure 11. macro- (a) and microstructure (b‒d) of a wall of 
Тi‒6А1‒4V alloy, produced by APAS: b  — upper region; c — 
middle region; d  — lower region
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3D printing in a controlled atmosphere are used. the 
most effective solution to the problem of gas shielding 
is the creation of a special chamber with an argon at-
mosphere. however, creating such a chamber requires 
some investment. there is also a limitation of the di-
mensions of the grown three-dimensional parts by the 
dimensions of this chamber.

the application of local gas shielding in aPas 
also allows achieving excellent results and satisfacto-
ry mechanical characteristics of printed products from 
titanium alloys. thus, when using a pulsed direct cur-
rent of a plasma-arc power source and a filler wire 
made of Ti‒6Al‒4V alloy with a diameter of 1 mm in 
local gas shielding, spatial defect-free structures with 
a thickness of 4 mm or more from this alloy with ex-
cellent mechanical characteristics can be created [23].

In the process of 3D printing, a coarser-grained 
structure is formed in the lower layers, and in the lay-
ers located above, the size of β-phase grains, martensite 
and widmanstatten elements decreases (figure 11). the 
similar structures were previously found in the process-
es of 3D printing of this alloy using laser radiation [24], 

as well as waam process using a consumable elec-
trode [25]. at the same time, the average yield strength 
(YS) and ultimate tensile strength (UTS) reach 909 
and 988 MPa, respectively, and the elongation reaches 
about 7.5 %. such indices exceed the requirements of 
the standards for this alloy produced by cast technolo-
gies, and are also higher than in materials of a similar 
composition after thermal deformation treatment (forg-
ing). this provides grounds for the successful use of 
such material in the aerospace industry.

the work [26] describes the aPas 3D printing 
process of Ti‒6Al‒4V alloy wires, which is aimed at 
the production of large aerospace components. the 
technology made it possible to produce direct walls 
of up to 17.4 mm thick, which provided the maximum 
wall width after mechanical treatment of 15.9 mm 
and in this case surpassed the competing processes. 
The coefficient of using Ti–6Al–4V material was on 
average 93 %, and the maximum productivity of 3D 
printing was 1.8 kg/h. During deposition, in the lay-
ers facing the substrate, coarse columnar grains were 
formed, which, upon cooling, turned into a structure 

Figure 12. structures of layer zones of a spatial element of the type “wall” of up to 17.4 mm width, made by aPas with the use of the 
wire from Ті‒6А1‒4V alloy: a — macrostructure of deposited wall; b–f — microstructure of places, mentioned in а
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of widmanstatten lamellae (figure 12). In the depos-
ited layers, bands were found, which had a repeating 
basket weave microstructure with variable dimen-
sions. It is possible to see an increase in the size of 
widmanstatten elements. the average microhardness 
was 387 Hv, which is 12 % higher than that of a sub-
strate made of the material of a similar composition.

at present time, some practical experience has 
been accumulated in the production of aircraft parts 
from titanium alloys using aPas technology in a con-
trolled environment. as examples of the successful ap-
plication of this technology in the aerospace industry, 
it is possible to cite the results obtained by the com-
panies camarc additive llc, usa (figure 13) and 
norsk titanium, the netherlands (figure 14). since 
2017, the latter has been producing aircraft parts us-
ing high-tech industrial machines for 3D printing. the 
parts, printed by the norsk company using the aPas 
method with titanium alloy filler wires were approved 
at the federal level for commercial aircrafts Boeing, 
usa. the technologies used here are not only by 75 % 
more efficient than conventional forging, but also re-
duce costs for the manufacture of titanium products 
by 50‒75 % and require fewer resources. Currently, 
norsk is joined by a number of other companies in the 
issue of 3D printing aerospace products, including the 
British company renishaw and stratasys.

One of the main problems that arise in the aPas 
3D printing process, as in practically all additive tech-
nologies, is the formation of significant residual stress-
es in the volumetric structure, which are manifested in 
the distortion (deformation) of printed elements [27]. 
To control the influence of heat accumulation on the 
mass transfer of the filler metal, the wall formation 
and arc stability during 3D printing of spatial products 

from titanium alloys under the conditions of local gas 
shielding, an infrared pyrometer was used to measure 
the temperature between passes [28]. the arc stability 
and metal transfer were monitored using a high-speed 
chamber. such an approach makes it possible to opti-
mize aPas modes and minimize the residual stresses.

for the manufacture of thin-walled ti6al4v struc-
tures, an innovative aPas wire process with forced 
interpass cooling using a compressed cO2 was pro-
posed [29]. It was shown that forced interpass cool-
ing not only improves surfacing properties, but also 
contributes to geometric repeatability and improved 
production efficiency by reducing the time between 
layers application.

2. ALLOYING, SYNTHESIS OF NEW ALLOYS, 
MANUFACTURING VOLUMETRIC 
PRODUCTS FROM COMPOSITE AND 
GRADIENT MATERIALS IN PRODUCTION 
USING APAS TECHNOLOGIES
additive arc technologies, such as cmt, use a sin-
gle filler wire, while APAS technology allows feed-
ing multiple wires. thus, an increase in the produc-

Figure 13. 3D printing process of aircraft parts of titanium alloys using aPas technology in a controlled medium (a, b) in camarc 
additive llc company, usa and examples of printed parts before and after machining (c‒e)

Figure 14. example of printed aircraft parts from titanium alloys 
before and after machining, produced by aPas in the controlled 
medium in the norsk titanium company, netherlands
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tivity of using the energy potential of this process is 
achieved by increasing the number of filler wires. 
when implementing a multiwire aPas, in this case, 
an increase in the productivity of the 3D printing pro-
cess is achieved, which is proportional to a number of 
filler wires, or a higher stability of the surfacing pro-
cess and the quality of the deposited material. how-
ever, the most promising result of multiwire aPas is 
the alloying of a volumetric material in the process 
of 3D printing. alloying can be local (change in the 
chemical composition of certain areas of the printed 
material) or full, which is the synthesis of new alloys 
in the process of 3D printing of a volumetric product.

german researchers have gained a positive ex-
perience in a simultaneous use of two or more filler 
wires of different chemical composition [30]. thus, 

by changing the rate and diameter of filler wires, it is 
possible to adjust the chemical composition of certain 
elements in the deposited metal. Double-wire aPas 
with a combination of different types of low-alloy fer-
ritic steel wires, as well as wires of austenitic steels 
containing Ni, Cr, Mo, Nb (Table 5) confirmed the 
possibility of a smooth change in the chemical com-
position of the printed material during the 3D printing 
process and the control of the chemical composition 
by controlling the arrangement of low and high ductil-
ity phases to avoid the negative influence of interme-
tallic phases (figure 15) [30].

In argon-arc surfacing using a nonconsumable 
electrode, also the possibility of adjusting the chemi-
cal composition of the deposited metal was confirmed 
by combining the feed of heterogeneous wires from 
aluminium 2319 (A1‒Сu) and 5087 (Al‒Mg) alloys 
(figure 16). thus, spatial products were manufac-
tured from the high-strength 2024 (Al‒Сu‒Mg) alloy 
synthesized in the 3D printing process [31]. the reg-
ulation of the feed rate of each wire was obtained by 
the chemical composition of the printed material and 
its properties, which allowed achieving an optimal 
combination of physical and mechanical properties of 
manufactured spatial products (figure 17) [31].

namely this possibility of performing additive 
growing of parts from aluminium wires of differ-
ent chemical composition was also confirmed when 
using a multipolar asymmetric current as a heating 
source using a constricted arc. In aPas with the use 
of a filler wire, a finer structure of the deposited met-
al is formed compared to the conventional argon-arc 
surfacing with a tungsten electrode, which improves 
the strength indices of parts deposited by aPas by 
10‒15 % compared to similar indices of parts pro-
duced by argon-arc surfacing.

the use of aPas technologies, in which the for-
mation of spatial products can be carried out with 
simultaneous feeding of different types of powder 

Table 5. combination of different types of steel wires in the tech-
nology of double-wire aPas [30]

materials, produced 
as a result of 3D 

printing

grades of steel wires which were combined 
in the combinations of a multiwire aPas

Material А material B

combination 1 
combination 2 
combination 3

g3si1 
g 18 l nb 

g3si1

G 19 9 L Si 
G 19 9 L Si 

g mn4ni2crmo

Figure 15. use of four-wire system in aPas with the feed of het-
erogeneous wires (a, b) and change of chemical composition over 
the volume of specimen, produced on the data of combination no. 
3 of heterogenenous wires feed (table 5) (c) [30]

Figure 16. appearance and microstructure of a product of the 
type “wall” from synthesized high-strength 2024 (Al‒Cu‒Mg) 
alloy produced by additive surfacing with the feed of two hetero-
geneous types of 2319 (А1‒Сu) and 5087 (Al‒Mg) aluminium 
alloys [31]
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materials into the plasma-arc (for example, powders 
of structural, wear-resistant, heat-resistant alloys, 
carbides, borides, silicides, etc.) opens up the possi-
bilities of creating new volumetric materials with a 
unique combination of functional properties. such 
materials are extremely promising for the production 
of parts and tools of a new generation, in which, for 
example, a certain part of the volume provides the 
specified strength indices, and the other — increased 
wear resistance, corrosion resistance, heat resistance, 
special magnetic and electrophysical properties.

such materials can include:
● metal-ceramic composites of a permanent com-

position;
● gradient materials (of a variable chemical com-

position over the volume of a product);
● multilayer materials and their combination with 

gradient materials.
the examples of such technological developments, 

produced at the PWI, are mentioned in Figures 18, 19.
figure 18 shows the process of manufacturing a 

cylindrical billet of a tool for metal treatment with the 
use of powder aPas, in which powder of wear-resis-
tant fenicrBsh alloy and tungsten carbide wc was 
supplied from two powder dispensers. applying au-
tomated control of powder feed parameters, the reg-
ulation of wc content can be reached in the range of 
0‒50 rpm % in the surface layers and achieving the 
hardness of up to 68‒70 Hrc.

Figure 19 shows an example of APAS of the com-
position of a titanium alloy and a spherical tungsten 
carbide (Ti‒6A1‒4V + WC) applying the hybrid 
additive technology “plasma surfacing with the use 
of a filler wire — plasma-powder surfacing”. This 
technology allows surfacing a volumetric multilayer 
material of a gradient type (with a layer thickness of 
about 2 mm) and varying the hardness over the vol-

ume from Hrc 32 for the lower layers of titanium 
alloy to Hrc ≥ 56 to the surface layers.

4. DIRECTIONS OF EQUIPMENT 
DEVELOPMENT FOR THE 
IMPLEMENTATION OF TECHNOLOGICAL 
CAPABILITIES OF APAS IN ADDITIVE 
MANUFACTURING
In the creation and the use of equipment for the im-
plementation of 3D printing processes by the aPas 
method, both directly product manufacturing compa-
nies as well as specialized companies that traditional-
ly deal with welding technologies are involved. thus, 
the norsk company has created 3D printing machines 
like merKe Iv rPD for the rapid Plasma Deposi-
tion (rPD) process. the specialized company ca-
marc additive’s, usa has developed aPas processes 
for steels, niobium, titanium and aluminium alloys, 
for which it has created Paaws (Plasma-arc addi-
tive wire system), the equipment of which offers four 
axes of movement (X, y, Z and rotation) together with 
a table for printing with a liquid cooling. Printing in 

Figure 17. Optimization of physicomechanical properties of vol-
umetric products manufactured by a double-wire aPas with the 
feed of heterogeneous wires of 2319 (А1‒Сu) and 5087 (Al‒Mg) 
aluminium alloys [31]

Figure 18. Process of manufacturing a cylindrical billet of the tool for metal treatment by aPas of powders of wear-resistant feni-
crBsh alloy and tungsten carbide wc (a, b) and microstructure of a product in different zones (c)
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Figure 19. System for implementation of hybrid additive technology of “plasma surfacing using filler wire ‒ plasma-powder surfacing” 
(a) and structure of the deposited multilayered wall Тi‒6Аl‒4V + WС (b) ch50, and upper deposited layer (c) ,  ch200

Figure 20. appearance of plasmatrons designed at the PwI for using in additive manufacturing
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a working field of 1000×10000×600 mm can be car-
ried out in a closed chamber with a controlled inert 
atmosphere with a real-time process control. another 
well-known manufacturer of 3D printing machines is 
sBI company, austria, whose equipment is designed 
for the manufacture of products from titanium and al-
uminium alloys, austenitic and chrome-nickel steels, 
copper, bronze, etc.) on a direct current of direct po-
larity or on an alternating current.

at the PwI, in the direction of the development of 
aPas processes, the main attention is paid to the de-
velopment of technologies and equipment that allow 
expanding the technological capabilities of additive 
manufacturing, increasing the quality of the deposited 
material, synthesizing new materials with a unique set 
of properties.

the differences between such technologies lie in 
the plasma-arc parameters, namely:

aPas is carried out by a plasma-arc of an alternat-
ing asymmetric current with a frequency of 150 hz 
at currents from 3 a (in the mode of microplasma ad-
ditive surfacing) to 320 a (in the mode of high-per-
formance additive surfacing with wires of increased 
diameters or multiwire surfacing) with an accuracy of 
stabilizing the welding current amplitude up to ± 1 a 

for joining materials with a refractory oxide film on 
the surface (for 3D printing of products from alu-
minium, magnesium and other light alloys, including 
such high-strength aluminium alloys that are diffi-
cult-to-weld — Al‒Cu‒Li, Al‒Mg‒Li, A1‒Cu‒Mg‒
Li, Al‒Zn‒Mg, Al‒Zn‒Mg‒Cu, etc.);

aPas is carried out by a plasma-arc of direct cur-
rent of direct polarity from 3 a (in the mode of mi-
croplasma additive surfacing) to 450 a (in the mode 
of high-performance additive surfacing with wires 
of increased diameters or multiwire surfacing) with 
the superimposition of current modulation with a fre-
quency of up to 2000 hz (for 3D-printing of alloy and 
high-strength steels, titanium and nickel alloys, cop-
per, refractory metals, etc.).

these technologies have the following opportunities:
● independent selection of the waveform of alter-

nating current in the half-periods of the passage of the 
current of direct and reverse polarity;

● the use of pulsed supply of plasma-forming gas 
(argon) at a set frequency and the difference in con-
sumption of plasma-forming gas, as well as the use of 
pulsed supply of a filler wire;

● in welding at direct current, the application of 
the welding wire preheating with an alternating asym-

Figure 21. general appearance of the robotic complex of equipment for single- and multiwire aPas, powder aPas and hybrid process of 
“aPas with the use of plasma-arc and arc with consumable electrode” (a), stand with the power sources of a robot, plasmatron, cabinet for 
adaptation of robot commands and smart automatic system of equipment monitoring (b) and robotic complex for implementation of additive 
laser-plasma (laser-microplasma) surfacing (c) [32]: 1 — anthropomorphic robot; 2 — plasmatron; 3 — smart control system of robotic 
welding process: 4 — plasma module; 5 — plasma-arc power source; 6 — table for surfacing with technological equipment; 7 — system for 
linear movement of robot by rails; 8 — two-axial rotator-manipulator; 9 — mechanism for feeding filler wire
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metric current, as well as modulation of the welding 
current to improve the mixing of the metal pool to be 
deposited.

for the realization of aPas technologies at the 
PwI, a variety of local gas shielding systems and a 
series of plasmatrons and corresponding installations 
have been developed, for example for:

● additive microplasma powder surfacing and 
surfacing with filler wires for work on asymmetric 
alternating and direct current in the current range of 
3‒35 A (Figure 20, a);

● powder APAS and APAS with filler wires for 
work on asymmetric alternating and direct current for 
work in the range of currents 50‒320 (450 A) (Fig-
ure 20, b);

● for the realization of the hybrid additive process 
“plasma surfacing with a filler wire – plasma-powder 
surfacing” (figure 18, a);

● to implement the hybrid additive process “plas-
ma surfacing using a plasma-arc and an arc with a 
consumable electrode” (figure 20, c);

● for the implementation of additive laser-plasma 
(laser-microplasma) surfacing (figure 20, d).

the described processes are used at the Paton re-
search Institute of welding technologies in Zhejiang 
Province, china in two robotic complexes equipped 
with a smart automatic control and monitoring system 
(figure 21). the mentioned complexes implement 3D 
printing processes of large-sized parts and bodies of ro-
tation of up to 3000 mm long, up to 600 mm in diameter, 
600 mm wide and 1000 mm high. the total weight of a 
volumetric part reaches up to 1000 kg [32].

at present, the works started on the creation of a 
technological area at the PwI, which includes three 
robotic complexes that use the plasma-arc 3D printing 
technologies described above (figure 22) and allow 
manufacturing:

● large-sized (diameter from 100‒200 mm to 
2‒3 m and height of up to several meters and higher) 
cylindrical shells made of aluminium alloys with ele-
ments and inner stiffeners of a complex shape;

● lengthy (up to 4‒12 m) structures with a com-
plex profile, including aluminium and titanium alloys 
and box structures with inner stiffeners.

CONCLUSIONS
1. the potential and advantages of aPas compared 
to widespread conventional arc waam methods, in-
cluding cmt technology, were revealed and substan-
tiated, namely:

● wide adjustment of 3D printing productivity 
(0.02‒25 kg/h) and a degree of detailing of volumetric 
elements (from 2.5 to 10‒20 mm width) by implement-
ing the process both in the mode of microplasma surfac-
ing with a low-ampere plasma-arc (at currents of 5‒35 
A) as well as at currents of 50‒450 A and higher;

● a wide range of adjustment of input energy, heat-
ing zone and penetration depth of previous deposited 
layers by means of aPas with the use of direct or 
contacting plasma-arc;

● 3D printing at direct current of direct and reverse 
polarity, alternating current, including the implemen-
tation of the process of cathodic cleaning and destruc-
tion of oxide films during surfacing of light metals 
and alloys with refractory oxide films on their surface;

● 3D printing using powder or wire, including one 
to four filler wires, with a current-conducting filler 
wire with preheating;

● implementation of hybrid 3D printing technolo-
gy — combination of a plasma-arc with an arc or laser 
heating source;

● implementation of 3D printing process using an 
additive that does not move together with plasmatron 
during layer surfacing (metal grit, foil, thin bands of 

Figure 22. general appearance of an area with three robotic complexes for 3D printing of large-sized and cylindrical shells and lengthy 
complex-profile structures of aluminium and titanium alloys with the use of additive plasma-arc technologies
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metal) and applied alternately after surfacing of each 
layer (analogue of lamination);

● the possibility of using plasma-arc without the 
addition of wire or powder, which allows performing 
a preheating of the base or deposited layers before ad-
ditive surfacing.

2. the possibilities of using aPas technologies for 
manufacture of volumetric products from structural, 
alloyed and high-strength steels, heat-resistant nickel 
alloys, aluminium high-strength alloys, titanium al-
loys with physical and mechanical characteristics that 
contain mostly 90 % or higher of the indices of simi-
lar materials produced by conventional metallurgical 
methods were confirmed, which in a number of cases 
meet the requirements of the standards for such mate-
rials after thermomechanical treatment.

3. new possibilities of using aPas are shown, in 
which the formation of spatial products can be carried 
out with a simultaneous feeding of different types of 
heterogeneous wires of powder materials (for example, 
powders of structural, wear-resistant, heat-resistant al-
loys, carbides, borides, silicides, etc.) or with the si-
multaneous feeding of wire and powder (granules) into 
the plasma-arc. this allows carrying out local or vol-
umetric alloying of the material of a volumetric prod-
uct, performing 3D printing simultaneously with the 
synthesis of new alloys, creating new materials with 
a unique combination of functional properties (met-
al-ceramic composites of a permanent composition, 
gradient materials of a variable chemical composition 
over the volume of a product, multilayer materials and 
their combination with gradient materials). such mate-
rials are promising for the production of critical parts 
and tools of the new generation, in which, for exam-
ple, a certain part of the volume provides the specified 
strength indices, and the other — increased wear re-
sistance, corrosion resistance, heat resistance, special 
magnetic and electrophysical properties.

4. at the PwI of the nasu, a number of inno-
vative aPas technologies were developed and corre-
sponding original equipment for 3D-printing of large-
sized products from aluminium and titanium alloys 
were created, including for the implementation of:

● additive microplasma powder surfacing and 
surfacing using filler wires for work on asymmetric 
alternating and direct current in the range of currents 
of 3‒35 A;

● powder APAS and APAS using filler wires for 
work on asymmetric alternating and direct current for 
work in the range of currents of 50‒320 (450 A);

● hybrid additive process “plasma surfacing using 
a filler wire – plasma-powder surfacing”;

● hybrid additive process “plasma surfacing using 
a plasma-arc and an arc with a consumable electrode”;

● additive laser-plasma (laser-microplasma) sur-
facing.
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