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ABSTRACT

The possibility of producing spherical powder from Inconel 625 nickel-based superalloy using plasma-arc wire
atomization technology in both non-transferred and transferred arc modes has been experimentally confirmed.
Particle size distribution analysis showed that using the non-transferred arc mode reduces the average powder
diameter by 23% compared to the transferred arc mode and increases the yield of the fine fraction (below 63 pum)
from 40 to 62 wt.%. This increase in powder dispersity is achieved by using a reverse-polarity plasma torch with
a hollow copper electrode and a divergent plasma-forming nozzle, which enables the formation of a high-velocity
plasma jet. Morphological analysis showed that the powder has a regular spherical shape, with a sphericity coef-
ficient close to 0.9. The powder microstructure is characterized by the absence of internal pores, which are typi-
cally found in gas atomized powders. Chemical composition analysis using energy-dispersive X-ray spectroscopy
confirmed full compliance of the powder with the original feedstock wire material. Based on these results, plasma-
arc wire atomization is recommended as an effective method for producing spherical Inconel 625 powder, fully
meeting the requirements for fine powders in additive manufacturing applications.

Keywords: plasma-arc wire atomization, nickel-based alloy, spherical powder, particle size distribution, additive
manufacturing.

INTRODUCTION deposition (PMD), and cold spraying (CS). All of
these AM processes employ spherical powders as

There is a growing demand for the repair and  feedstock materials for layer-by-layer deposition.

production of complex geometry parts from nick-
el-based superalloys using metal powder-based
additive manufacturing (AM) processes [1-10].
The first group of powder-based AM processes,
known as powder bed fusion (PBF), includes meth-
ods such as selective laser melting (SLM), direct
metal laser sintering (DMLYS), selective laser sin-
tering (SLS) and electron beam melting (EBM).
Another major group comprises direct energy
deposition (DED) methods, including laser direct
energy deposition process (LDED), plasma metal

These powders must meet stringent specifications
in terms of particle size distribution, morphology,
as well as physicochemical and technological
properties. Particularly, SLM and CS processes
require fine powders with a narrow size range of
15-45 um, EBM utilizes 45-106 um powders,
LDED requires 45-150 pm, while PMD technol-
ogy operates with powders ranging 63—160 um
[6-10]. In addition, these powders should exhibit
a highly spherical shape with minimal external
(satellites) and internal (pores) defects, superior

109


https://orcid.org/0000-0003-4194-764X

Advances in Science and Technology Research Journal 2025, 19(11), 109-123

technological properties (e.g., high flowability,
apparent density, sphericity coefficient), and a
low gas content. These characteristics ensure high
packing density of the deposited layers, reduced
porosity, and improved mechanical properties of
the final products [4, 5].

Various methods are employed to produce
spherical metal powders for AM. These include
various gas atomization (GA) methods [7, 10], the
plasma rotating electrode process (PREP) [11], and
plasma atomization (PA) of wire materials [12,
13]. Among them, GA is the most widely adopted
method for producing spherical nickel-based alloys
powders. GA processes mainly include vacuum in-
duction melting inert gas atomization (VIGA) and
electrode induction melting inert gas atomization
(EIGA) techniques [7, 14, 15]. The main advantage
of GA methods is their high productivity, which can
reach 20-80 kg/h. Experimental studies on the par-
ticle size distribution of Inconel 718 nickel-based
alloy powder produced via VIGA have shown that
by adjusting the atomizing gas pressure within the
range of 50-60 bar, and using a nozzle designed to
generate a supersonic cold gas jet, powders with a
size distribution of up to 150 um can be obtained.
The average particle diameter is dso = 60—80 um,
while the fine fraction of powder (-63 pum) can con-
stitute up to 40 wt.% [14]. However [16, 17], GA
methods also have limitations, notably the forma-
tion of particles with gas-entrapped closed pores.
These defects occur due to entrapment of gas by
molten droplets followed by rapid solidification.
For instance, Inconel 625 powder produced via GA
can exhibit porosity levels of up to 3 vol.% [18].
Additionally, the porosity volume in powders pro-
duced by GA is generally higher compared to pow-
ders obtained using other methods, such as PREP
and PA [9]. The presence of pores in powders can
lead to the formation of defects in deposited layers,
ultimately degrading the mechanical properties of
the final product [19-20]. Another drawback of GA
methods is the formation of satellite particles, pri-
marily in the recirculation zone at the gas jet nozzle
exit, along with irregularly shaped particles due to
interactions between molten droplets and the cold
gas jet [15, 21]. These defects increase particle ad-
hesion and internal friction within the powder due
to greater irregularity and increased interparticle
contact surface area. As a consequence, the tech-
nological properties and packing characteristics of
the powder, particularly its flowability and appar-
ent density, are significantly reduced [22, 23]. Im-
pairment of powder flowability during AM process

110

leads to uneven layer formation and decreased pro-
cess stability. This can negatively impact the qual-
ity of metal AM parts, contributing to defects such
as voids and microcracks, which in turn reduce the
mechanical properties of the final part at both room
and elevated temperatures [6, 8].

Thus, the formation of pores, satellites, and ir-
regularly shaped particles in GA powders remains
a critical unresolved issue, limiting their applica-
tion in AM processes. Other commercially avail-
able method for producing spherical powder is
PREP [24]. This method is based on melting and
partial atomization of the rotating electrode’s end
face using a plasma jet. The existing equipment
enables adjustment of the workpiece rotation
speed from 20,000 to 40,000 rpm [25], thereby
allowing control over powder size, as atomization
occurs primarily due to centrifugal forces [26,
27]. Such an atomization scheme minimizes the
aerodynamic impact of the plasma jet on the pow-
der shape formation process. As a result, PREP
powders exhibit near-perfect sphericity (spherici-
ty coefficient 0.94-0.99), superior flowability and
bulk density, and a complete absence of satellites,
pores, and irregularly shaped particles common-
ly found in GA powders [22, 28]. Experimental
studies on the application of Inconel 718 powder
produced via PREP in SLM and EBM processes
have shown that AM parts manufactured using
PREP powder demonstrate a finer microstruc-
ture, lower chemical element segregation, and
improved mechanical properties [29, 30]. How-
ever, despite these advantages, PREP process has
several significant equipment-related limitations,
primarily due to the difficulty of producing pow-
der below 106 pm and the challenges associated
with manufacturing of electrode rod feedstock
with high surface quality [31].

A substantial increase in the electrode rotation
speed (above 30,000 rpm) is required to obtain a
yield of powder smaller than 106 pm exceeding 40
wt.% [11,31]. This, in turn, complicates the already
intricate kinematic scheme of the PREP unit, ne-
cessitating vibration reduction measures, advanced
bearing system designs, and other technical solu-
tions. Moreover, challenges arise in manufactur-
ing cylindrical feedstock with precise dimensions,
which must be ground with high accuracy [31]. In
this context, promising alternatives for producing
spherical powders involve technologies that use
wire or rod feedstock, where the heating, melt-
ing, and atomization processes are carried out by
plasma jets without the need for centrifugal forces
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or high-speed rotational equipment with complex
kinematic systems [32—34]. These technologies
include plasma-arc wire atomization (PA) process
in two variations: non-transferred and transferred
arc modes. Studies [32, 35] have shown that the
non-transferred PA process enables the production
of high-quality Inconel 718 and Ti-6Al-4V alloy
powder, with a sphericity coefficient of 0.94-0.97
and an average particle diameter dso = 60—75 pum.
The yield of defective particles does not exceed 1
wt.%, making the powder properties comparable
to those of powder produced by the PREP method.
The authors [32] have demonstrated that the use
of a supersonic plasma system with three plasma
torches enables the production of ultra-fine spheri-
cal Ti-6Al-4V alloy powder with an average par-
ticle diameter dso = 15-30 pm, where nearly 100
wt.% is suitable for SLM/SLS applications. How-
ever, a significant drawback of PA process in its
non-transferred arc mode is its low productivity,
which does not exceed 1 kg/h [32].

An alternative approach to improving the ef-
ficiency of PA involves the use of the transferred
arc scheme [35, 36]. By transferring the anode
potential of the plasma arc from the plasma torch
nozzle to the atomized wire, the heat input into
wire is significantly increased due to the transi-
tion from convective heating to electron bom-
bardment in the anode spot. In this case, the pro-
cess productivity can be increased to 8—12 kg/h.
Nevertheless, PA methods are still in the early
stages of development and are only beginning
to find practical application in the production of
spherical powders for AM. This underscores the
need for further in-depth research, particularly in
the production of powders from Inconel 625 and
Inconel 718 alloys, which are widely used in the
aerospace, space, energy, and chemical industries.
Currently, there is a lack of experimental data
confirming the feasibility and economic viabil-
ity of using PA methods for producing spherical
powders from nickel-based alloys. Therefore, the
objective of this study is to analyze the feasibility
and assess the prospects of applying PA technol-
ogy, in both non-transferred and transferred arc
modes, for the production of spherical powders

Table 1. Chemical composition of Inconel 625 solid wire

from Inconel 625 alloy. To achieve this objective,
the following tasks are set:

e investigate the particle size distribution, mor-
phology, technological properties, and chemi-
cal composition of Inconel 625 powder pro-
duced by PA technology, in both non-trans-
ferred and transferred arc modes using plasma
torches with copper hollow electrodes;
perform a comparative analysis of the tech-
nological properties of the powder and the
techno-economic characteristics of the afore-
mentioned methods;

provide recommendations for the potential
practical application of the produced powders.

To address these objectives, a series of exper-
imental studies was conducted using plasma-arc
wire atomization in both non-transferred and
transferred arc modes. The materials, setup, and
methods used in this study are described below.

MATERIAL AND METHODS

Material for atomization

A solid wire made of Inconel 625 nickel-based
alloy with a diameter of 1.2 mm was used as the
atomized material (Table 1).

Wire atomization methodology

The experiments were conducted using plas-
ma-arc equipment manufactured by LLC Scien-
tific and Production Center ‘Plazer’, Ukraine:

1. PA in non-transferred arc mode, using the Plaz-
er 180 PL-S system.

2. PA in transferred arc mode, using the Plazer 50
PL-W system.

For the PA process, experimental plasma
torches with copper hollow electrodes were used,
operating at reverse polarity (RPT) (Figures 1, 2).

In general, the PA process involves melting
and dispersing a consumable wire that is fed into
the high-velocity plasma jet zone (Figure 1a, Fig-
ure 2a). In the non-transferred arc mode, the plas-
ma arc forms between a hollow copper electrode

Chemical composition, wt. %

Ni Cr Fe Nb+Ta Co

Si

Mn Ti Al

bal. 22 <5 3.5 <1

<0.5

<0.5 <0.4 <0.4 <0.1 <0.015 | <0.015
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a) b) ©)

Figure 1. Atomization scheme (a), 3D model of a plasma torch (b), and photograph (c) of the plasma-forming
nozzle used in PA-RPT process in non-transferred arc mode, where: 1 — plasma-forming divergent nozzle
(cathode); 2 — hollow copper electrode (anode); 3 — plasma arc; 4 — swirl-ring; 5 — atomized wire;

6 — high-velocity plasma jet; 7 — powder

a) b) c)

Figure 2. Atomization scheme (a), 3D model of a plasma torch (b), and photograph (c) of the plasma-forming
nozzle used in the PA-RPT process in transferred arc mode, where: 1 — plasma-forming nozzle; 2 — hollow
copper electrode (anode); 3 — plasma arc; 4 — swirl-ring; 5 — atomized wire (cathode);

6 — high-velocity plasma jet; 7 — powder

(anode) and the plasma-forming nozzle (cathode), mathematical modeling and previous experimental
whereas in the transferred arc mode, it forms be- studies [38—42]. The technological parameters of
tween the hollow copper electrode (anode) and  the PA-RPT process in transferred arc mode were
the atomized wire (cathode) [36, 37]. Optimiza- as follows: arc current - 220 A; arc operating volt-

tion of the technological parameters of PA-RPT age — 190...200 V; plasma-forming gas (argon)
process was carried out based on the results of  flow rate - 250 I/min; wire feed rate - 13.4 m/min;
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distance between the cathode and anode 8§ mm. atomized wire 4 mm. Wire atomization was con-
The parameters for the PA-RPT process in non- ducted in a laboratory-scale atomization chamber
transferred arc mode were: arc current 300 A; arc (Figure 3) under an argon atmosphere. To ensure
operating voltage 135140 V; plasma-forming gas an inert atmosphere, the atomization chamber was
(argon) flow rate 250 l/min; wire feed rate 2.9 m/  first evacuated to a residual pressure of (5-7) X
min; distance from the plasma torch nozzle to the 107 Torr before argon was introduced.
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Figure 3. Schematic representation (a) and photograph (b) of the wire atomization chamber, along with
visualization (c) of the PA-RPT process in transferred arc mode
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Research methodology

Sieve analysis of the metal powder to deter-
mine its particle size distribution was performed
in accordance with ASTM B214-22 standard us-
ing an AS-200U (Ukraine) impact sieve analyzer
equipped with a set of sieves with aperture sizes
ranging from 25 to 250 um.

The morphology of the atomized powder was
investigated using Scanning Electron Microsco-
py (SEM), images obtained with a VEGA 3 SBH
EasyProbe (TESCAN, Czech Republic) equipped
with a thermionic electron gun. The images were
analyzed using MIPAR software (USA), follow-
ing the methodology described in [43-52]. Loose
powder samples were mounted on standard stubs
using carbon adhesive tape.

The microstructure of the atomized powder
was examined via metallographic analysis using a
Neophot-32 (Carl Zeiss Jena, Germany) inverted
metallographic microscope with a digital camera.
Samples preparation included cutting with a [soM-
et 1000 (Beuhler, USA) machine and diamond
cut-off blades (diamond cut-off blade 11-4808E),
embedding in resin, grinding with SiC waterproof
abrasive papers (P400, P600 grit), and polishing
using elastic diamond discs (A28/14 and A14/10),
followed by a final polish with DiaDuo diamond
suspension (3 pm) on a wool cloth.

The phase composition of the powder was
analyzed by X-ray diffraction (XRD) using a
DRON-M1 (Ukraine) X-ray diffractometer in
monochromatized CuKoa radiation. A graphite
single crystal was used as a monochromator on
the diffracted beam. Scanning was performed in
Bragg-Brentano (20) geometry over the range
of 20° to 100°, with a step size of 0.03°, and an
exposure time of 4 s. Diffractometric data were
processed using the PowderCell 2.4 (Germany)
software for full-profile analysis of X-ray spectra
of the polycrystalline phase mixture.

A VEGA3 SBH EasyProbe SEM was also
used for chemical composition analysis via
Electron Probe Micro Analysis (EPMA) using a
Quantax spectrometer (Bruker, Germany) with
a XFlash 6-10 Energy-Dispersive X-ray Spec-
trometry (EDS) detector. The oxygen and nitro-
gen content in the atomized powders were mea-
sured using a TC-436 nitrogen/oxygen analyzer
(LECO, USA).

Powder flowability was determined using
a Hall flowmeter according to ASTM B213-20
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standard, and the apparent density was measured
in accordance with ASTM B212-21 standard.

Techno-economic analysis

The productivity of the PA-RPT process (G,)
was determined by the mass of powder (kg/h)
collected from the atomization chamber over a
period of one hour. The electrical power of the
plasma torch (kW), recorded using the ammeter
and voltmeter of the plasma torch power supply
during the PA-RPT process, was calculated using
the following equation:

P=1-U (1)

where: [ is the arc current (A), and U is the arc
voltage (V).

The specific energy consumption (E) was
calculated using the following equation:

Ec=+ 2

where: G is the productivity of the plasma sput-
tering process (kg/h), and P is the electri-
cal power of the DC plasma torch (kW).

The specific gas consumption (G ) was calcu-
lated using the following equation:

Q
Ge = Ga (3)
where: G is the productivity of the plasma sput-
tering process (kg/h), and Q is the plas-
ma-forming gas flow rate (m3/h).

RESULTS

Figure 4 presents the results of the particle
size distribution analysis of the atomized pow-
ders, showing that the PA-RPT process in non-
transferred arc mode yields the highest proportion
of fine powder. In this case, the primary powder
fraction is less than 200 pm, with the fine frac-
tion below 63 um comprising up to 62 wt.%. For
the transferred arc mode, the dominant fraction is
less than 250 um, while the fine fraction below
63 pm does not exceed 38 wt.%. Furthermore, the
average particle diameter (dso) for the non-trans-
ferred arc mode is 59 pm, compared to 77 pm
for the transferred arc mode. Figure 5 illustrates
the morphology of Inconel 625 powder (25-63
um), produced via PA-RPT, in both non-trans-
ferred and transferred arc modes. The images
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Figure 4. Particle size distribution of Inconel 625 powder produced via PA-RPT

Date(ml;ily): 11/05/24 WD: 15.00 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 14.91 mm | | VEGA3 TESCAN

View fleld: 251 pm Det: BSE 50 ym View field: 78 ym Det: SE 25pum
SEM MAG: 504 x Hivac SEM MAG: 1.56 kx Hivac

Figure 5. Morphology of Inconel 625 powder: (a, b) 25-63 um produced via PA-RPT; (¢) 15-45 um produced
via VIGA (Hoéganés, Sweden) [53]; (d) Inconel 718 powder 45-106 pm, produced via PREP [54]
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Figure 6. Circularity of Inconel 625 powder 25-63 um produced by PA-RPT process

demonstrate that the powder exhibits a spheri-
cal shape, with no visible external defects such
as cracks, satellites, open pores, or irregular par-
ticles. The proportion of such defects in the total

mag @ T HV det WD spot = e 20 pm
| 2000x | 10.00kV | CBS | 52mm | 5.0 Poudre INCO

¢)

powder batch does not exceed 1 wt.%. Analysis
of MIPAR-processed images revealed that pow-
ders obtained via PA-RPT process exhibit highly
spherical shape. For the transferred arc mode, the

Figure 7. Cross-sectional images of Inconel 625 powder produced via PA-RPT: (a) 25-63 um; (b) 63—106 um;
(c) Inconel 718 powder 5-25 pm, produced via VIGA [55]; (d) Inconel 718 powder 15-53 um,
produced via PREP [54]
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average sphericity coefficient (circularity) is S =
0.89, whereas for the non-transferred arc mode it
is S =0.85 (Figure 6).

The analysis of the microstructure (Figure 7)
of the Inconel 625 powder produced in both non-
transferred and transferred arc modes reveals the
absence of internal pores and voids.

According to the results of X-ray diffraction
studies (Figure 8), it was established that the phase
composition of the Inconel 625 powder in both
non-transferred and transferred arc modes consists
of a y-phase solid solution of Ni-Cr with a face-
centered cubic (FCC) lattice (Table 2). Using the
EPMA method and the «TC-436 Nitrogen/Oxygen
Analyzer» gas analyzer, the chemical composi-
tion of the Inconel 625 powder produced by the
PA-RPT process in both non-transferred and trans-
ferred arc modes was determined (Table 3). Figure
9 shows the EDS elemental distribution across
the surface of the Inconel 625 powder.

Table 4 presents the technological proper-
ties of both commercial and experimentally pro-
duced Inconel 625 powders, manufactured using
GA-VIGA, PREP and PA-RPT methods.

1000 (111)

500
(200)

Rel. intensity

The techno-economic analysis of the consid-
ered process revealed that the productivity of the
PA process in non-transferred arc mode does not
exceed 1.6 kg/h at a plasma torch power of 42
kW, whereas for transferred arc mode it reaches
7.4 kg/h at a power of 44 kW.

The specific energy consumption calculation
(Figure 10) for producing 1 kg of Inconel 625
powder using PA-RPT process showed a value
26.3 kW/kg in non-transferred arc mode, com-
pared to 5.9 kW/kg in transferred arc mode.

Gas to metal consumption calculation (Figure
11) for producing 1 kg of Inconel 625 powder us-
ing PA-RPT process showed a value 9.4 m’/kg in
non-transferred arc mode, compared to 2.0 m*/kg
in transferred arc mode.

DISCUSSION

Taking into account that the PA-RPT process
in both non-transferred and transferred arc modes
is carried out at nearly identical plasma jet power
and gas flow rate — averaging 42—44 kW and 250 I/

Ni-Cr

(311)

(222)

N S—

" ) ™ preen Al Lided ot Libordi
Ly ’

L L L B L
30 35 40 45 50 55

T 17 71T 717 7T 17T 771 71
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2theta (deg)

Figure 8. X-ray diffraction pattern of Inconel 625 powder 25-63 um

Table 2. Results of XRD analysis of Inconel 625 powder produced via the PA-RPT process

Ne Sample Phases Phase cont., % vol. Lattice parameters, A
1 Powder 25-63 pm 3.5991

y Ni-Cr 100
2 Powder 45-106 pm 3.5997
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Table 3. Chemical composition of Inconel 625 powder

Chemical composition, wt. %

Study area

Ni Cr Mo Fe Nb Co Si Mn Ti Al o N
Wire 6204 | 21.86 | 914 | 223 | 337 | 024 | 019 | 019 | 031 | 028 | 0.016 | 0.0035
Powder | 6541 | 2191 | 901 | 235 | 321 | 023 | 012 | 021 | 022 | 011 | 0.019 | 0.0038
25-63 pm
Powder | 5598 | 2198 | 897 | 201 | 333 | 019 | 014 | 018 | 024 | 0.17 | 0.017 | 0.0034
45-106 uym

Figure 9. Results for EDS analysis for Inconel 625
powder

min, respectively — the significant increase by 63%
in the yield of the fine fraction below 63 um (Fig-
ure 4) observed in the non-transferred arc mode
can be attributed to the higher gas-dynamic pres-
sure exerted on the molten material of the wire tip.
This effect is ensured by the design of the divergent
plasma-forming nozzle and the specific nature of

. 30
o
o
s 25
]
=}
e 20
iy
>\
gé 15
G
pr 10
Y=
(8]
8 5
n

0

PA-RPT (non-transferred arc)

the PA-RPT process in the non-transferred mode,
in which the compression and heating of the plas-
ma jet primarily occur within the channel of the
nozzle. As a result, the velocity of the plasma ex-
iting the nozzle increases significantly and can
reach supersonic levels — up to Mach 2 [32, 33].
Additionally, feeding the wire into the divergent
conical section of the nozzle contributes to main-
tain both the velocity and gas-dynamic pressure of
the plasma jet at the wire tip. In contrast, during
the PA-RPT process in the transferred arc mode,
the arc column primarily forms outside the plasma
torch, beyond the nozzle channel, where the plas-
ma flows freely into the open atmosphere. This PA
atomization scheme and therefore the design of
the plasma-forming nozzle - impedes effective arc
compression, leading to a significant reduction in
the gas-dynamic pressure of the plasma jet at the
wire tip’s melting zone. Consequently, larger pri-
mary droplets are formed, typically ranging in size
from 600 to 800 microns [56]. Thus, the velocity
of the plasma jet is a crucial parameter that allows
for controlling the particle size in the PA process.
Microstructural analysis (Figure 7) revealed that
the Inconel 625 powder exhibits a complete ab-
sence of internal pores and voids, a feature not

PA (transferred arc)

Figure 10. Specific energy consumption for producing 1 kg of Inconel 625 powder using PA-RPT process
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Table 4. Technological properties of Inconel 625 powders produced by various atomization technologies

Method Particle Size, um Flowability, s/50g Apparent density, g/cm?
*ASTM B214-22 ASTM B213-20 ASTM B212-21
15-45 <18 4.4
GA-VIGA
(Héganas, Sweden) 45-106 <15 4.6
45-150 - -
15-45
SS-PREP
(Sino-euro Ltd, China) 45-106 12-15 4.8-5.0
45-150
*25-45 15.7 4.67
PA-RPT non-transferred mode "
(PEWI, Ukraine) 45-106 13.9 475
*45-140 13.1 4.79
*25-45 15.8 4.70
PA-RPT transferred arc mode .
(PEWI, Ukraine) 45-106 13.4 4.79
*45-140 12.3 4.84

—_

Gas to metal consumption, m3/kg
O =~ N W 0O O N 0 ©O© O

PA-RPT (non-transferred arc)

PA (transferred arc)

Figure 11. Gas to metal consumption for producing 1 kg of Inconel 625 powder using PA-RPT process

typically observed in powders produced by GA

methods. The observed differences in structural

characteristics between powders manufactured by
the PA-RPT process and GA techniques can be at-

tributed to the following factors [15-17, 32]:

e The PA-RPT process involves significantly
lower atomization pressures, typically not ex-
ceeding 4-10 bar. In contrast, GA methods op-
erate at substantially higher pressures, ranging
from 20 to 60 bar, which induces turbulent gas
flow and promotes increased gas entrapment
within the powder particles.

e Additionally, the PA-RPT process employs
high-temperature gas at the plasma torch
nozzle outlet, generally ranging from 4000 to
10,000 °C. This ensures extended residence
time for molten particles in a ‘hot’ state, there-
by enabling near-complete outgassing of any

entrapped gas. In contrast, GA methods em-
ploy cold gas jets for atomization, resulting
in rapid solidification of the melt and conse-
quently preventing sufficient degassing of the
particle interiors.

XRD analysis showed that the phase compo-
sition of the Inconel 625 powder (Figure 8), pro-
duced by PA-RPT process in both non-transferred
and transferred arc modes consists of a y-phase sol-
id solution of Ni-Cr with a FCC lattice (Table 2).

Chemical composition analysis of the feed-
stock wire and atomized Inconel 625 powder
by EPMA-EDS (Table 3) confirmed that their
chemical composition meets the requirements
for the chemical composition of wires and rods
from nickel-based alloys according to the ASTM
B446-23 standard ‘Standard specification for
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Nickel-chromium-molybdenum-niobium
bars and billets’.

The EDS image (Figure 9) demonstrates that
the chemical elements are uniformly distributed
within the dendritic regions on the powder sur-
face, indicating the absence of elemental segrega-
tion in the surface layer during the atomization
and solidification processes.

The high sphericity values (Figures 5, 6) of
the studied powders contribute to their superior
technological properties (Table 3). These proper-
ties are comparable to those of powders produced
using the Supreme Speed Plasma Rotating Elec-
trode Process (SS-PREP) process, where the elec-
trode rotation speed exceeds 30,000 rpm. More-
over, the technological characteristics of PA-RPT
powder slightly surpass those of GA-VIGA pow-
der in terms of flowability and apparent density.
The superior technological properties of powders
produced by the PA-RPT process, compared to
GA powders, are primarily due to the absence
of external defects such as satellites and the im-
proved sphericity of the particles. These external
imperfections and irregular shapes in GA powders
contribute to higher particle adhesion and internal
friction, owing to increased surface irregularity
and contact area between particles. As a result,
flowability and apparent density characteristics
are slightly degraded [22, 23].

A techno-economic analysis of the PA-RPT
process revealed that the transferred arc mode
demonstrates approximately 4.5 times lower spe-
cific energy consumption per kilogram of pro-
duced powder (Figure 10), requiring only 5.9 kW/
kg compared to 26.3 kW/kg in the non-transferred
arc mode. This substantial difference is attribut-
ed to the distinct heating mechanism involved
in the transferred arc mode. Unlike conventional
heat exchange typical of the non-transferred arc
mode, heat transfer in the transferred arc mode
occurs primarily through electron bombardment.
As electrons pass the arc column and decelerate in
the anode region, they generate an excess negative
charge that accumulates on the anode. This charge
buildup significantly increases heat input into the
atomized wire [56] and at the same plasma torch
power boosts productivity by more than 4.6 times
—reaching 7.4 kg. An increase in process produc-
tivity at constant plasma torch power leads to a 4.7
times reduction in gas consumption per kilogram
of powder produced (Figure 11), amounting to 2.0
m?®/kg in the transferred arc mode and 9.4 m*/kg in
the non-transferred arc mode, respectively.
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CONCLUSIONS

Inconel 625 powder produced by PA-RPT
process, under both non-transferred and trans-
ferred arc modes demonstrates high surface
quality and excellent sphericity, with no ob-
servable defects such as satellites, irregular
shape particles, or internal porosity. Chemical
composition analysis confirmed conformity
with the elemental composition of the original
wire feedstock material.

Experimental results confirmed that the
PA-RPT process operating in non-transferred
arc mode leads to a reduction in powder parti-
cle size compared to the transferred arc mode.
Particularly, the average particle diameter (dso)
decreases by 23%, from 77 pm to 59 pm. Addi-
tionally, the yield of the fine fraction below 63
pum increases significantly, from 40 wt.% to 62
wt.% in the non-transferred arc mode.

A comparative techno-economic analysis
of the PA-RPT process demonstrated that op-
eration in transferred arc mode is significantly
more cost-effective. It enhances process pro-
ductivity by 4.6 times, achieving a production
rate of 7.4 kg/h for Inconel 625 powder. More-
over, it reduces specific energy consumption by
4.5 times, reaching 5.9 kW/kg, and decreases
gas consumption by 4.7 times, down to 2.0 m?/
kg, compared to the non-transferred arc mode.

The obtained results indicate that the
PA-RPT process is an effective technology
for producing high-quality, spherical Inconel
625 powder, with technological characteristics
comparable to those achieved by the industri-
al-scale SS-PREP process. Furthermore, pow-
ders produced by the PA-RPT process exhibit
superior properties when compared to those
manufactured via GA methods. The particle
size distribution, chemical composition and
technological properties of Inconel 625 pow-
der, produced by PA-RPT makes it highly suit-
able for AM processes, particularly for EMB,
LDED and PMD techniques.
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