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Abstract

Objectives. To summarize the results from studies of plasma processes for the production of specified composition powder materials;
to implement plasma processes: plasma-chemical synthesis of nanopowders, granulation of nanopowders, plasma spheroidization
of microgranules and micropowders in order to perform nanotechnologies and additive technologies tasks.

Methods. Thermal plasma generation was used at the A.A. Baikov IMET RAS by means of direct-current electric arc plasmatrons with
arated power up to 45 kW with self-adjusting arc length and gas stabilization of discharge, as well as plasmatrons with an interelectrode
insert. In order to carry out the processes of nanopowders synthesis and metal powders spheroidization, the plasma reactor design with
confined jet flow using thermal plasma of reducing, oxidizing, and inert media was used.

Results. The use of electric arc plasmatron in the processes of plasma chemical synthesis of nanopowders and plasma spheroidization
of powders enabled productivity of 0.5 and 10 kg/h, respectively, to be achieved for various metals, alloys, compounds, and their
compositions. In the case of the implemented processes of producing nanopowders, where the formation of particles depends on various
macro-mechanisms, it was established that the average size of the particles obtained is controlled. This also depends on the synthesis
parameters—the initial concentration of the precursor, enthalpy, and flow rate of the plasma jet, cooling rate and vapor condensation. The
study shows the results of examining the processes of producing spheroidized powders in thermal plasma flows. These include (Ti, Ta,
Fe, Ni, Mo, W), alloys (based on Fe, Ti, Ni, Co, Nb, W, Mg, including stainless, heat-resistant, refractory, hard), compounds (borides,
oxides) and compositions (W-Ni-Fe, ZrB,~SiC, Ni-TiCN, etc.). The possibility of obtaining nonporous spherical powders of various
dispersity was also shown: for particles of about 10-100 pum and for granules having a particle size of less than 1 pm. The study
described the main process parameters determining the quality of spheroidization, including dispersity of precursor, plasma enthalpy, gas
composition, characteristics of plasma flow, and their mixing with initial powders.

Conclusions. The research and development results presented here show the possibilities of plasma processes and apparatuses for
producing nanopowders of various metal, inorganic compounds and compositions with given properties. The study also confirmed that
powders of metals and alloys, compounds and compositions obtained by a variety of methods can be spheroidized in a plasma reactor
with confined jet flow in a wide range of melting points, particle sizes, and morphology. The demonstrated approach using successive
stages of plasma-chemical synthesis of nanopowders, their granulation and subsequent plasma spheroidization of microgranules enables
tungsten-based composite micropowders with dense spherical particles and submicron structure to be obtained.
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AHHOTaUus

Hesn. O000MUT pe3yabTaThl UCCICIOBAHUN TIA3MEHHBIX MPOLIECCOB, 00ECIEYHBAIOIINX MONTYyUYCHHUE TTOPONIKOBBIX MAaTEepUAIIOB 3a-
JIAaHHOTO COCTaBa; OCYUIECTBHUTH IJIA3MEHHbIE MPOLECCHI: IA3MOXUMHUYECKUH CUHTE3 HAHOIOPOIIKOB, TPAHYJISIUI0 HAHOMIOPOIIKOB,
IUTa3MEHHYI0 CHEpOUIU3alUu0 MUKPOTPAHYI M MUKPOIIOPOIIKOB ISl BBITIONIHCHHUS 3a/1ad B 00JaCTH HAHOTEXHOJIOTUH U aJINTHBHBIX
TEXHOJIOTHIA.

Mertoasl. ['enepanust TepMUUECKOH IITa3MbI ocymecTBuIack paspadoranusiMu B UMET PAH anexTpoyroBbIMH I1a3MOTPOHAMH T10-
CTOSIHHOI'O TOKa MOILHOCTBIO 110 45 kBT ¢ camoycraHaBiuBaromelcs JUIMHOM OyId U IUIa3MOTPOHAMH € MEXKIEKTPOAHON BCTaBKOM.
B nporeccax mIa3MOXMMHIYECKOTO CHHTE3a HAHOIIOPOIIKOB M IIa3MEHHOH cheponan3aniy MeTaIHIeCKUX ITOPOIIKOB ObLIA HCIIOIb-
30BaHa KOHCTPYKIIMS IUIA3MEHHOIO PEAKTOPa ¢ OTPAHUYCHHBIM CTPYHHBIM TEUCHUEM € HCIONIb30BAHUEM TEPMHUUYECKOM IIa3Mbl BOCCTa-
HOBUTEIIbHBIX, OKUCIUTEIBHBIX U HHEPTHBIX CPELl.

Pesyabrarsl. Vcnonbp30BaHie 3IEKTPOIYTOBOTO IIa3MOTPOHA MO3BOJIMIIO B MPOIECCAX TNIA3MOXHMHYECKOTO CHHTE3a HaHOIIOPOIIKOB
U IIa3MEHHOH ceponIu3any MOPOLIKOB JOCTUTHYTh MPOU3BOANTENLHOCTH 0.5 1 10 KI/4 COOTBETCTBEHHO JUTS PAa3IMYHBIX METAILIOB,
CIIJTABOB, COCIMHEHHN M UX KOMIO3MIMiL. JIJIs peali30BaHHbBIX MPOIIECCOB MOMYYCHHUsT HAHOMIOPOIIKOB, (DOPMHUPOBAHHE YaCTHI] B KO-
TOPBIX TIPOMCXOAUT TIO PA3TUYHBIM MaKPOMEXaHU3MaM, yCTAHOBICHO, YTO CPEJHUI pa3Mep MOJIy4aeMbIX YaCTHUIl YIPABISETCS H 3aBU-
CHT OT NapaMeTPOB CHHTE3a — HayaJbHOH KOHLEHTPALMU MPEKYPCopa, SHTAIBINI U CKOPOCTH MCTEYCHHS CTPYH IIa3Mbl, CKOPOCTH
OXJIK/ICHHUS M KOHJICHCAIMU NapoB. IToka3aHbl pe3ysbTaThl HCCIACIO0BAHHUS TIPOLECCOB MOMYUeHHUs cHepOHIN3HPOBAHHBIX MTOPOIIKOB
B TIOTOKaxX TEPMHUYECKOH Tu1a3mbl, BkIrodas metamisl (Ti, Ta, Fe, Ni, Mo, W), crumasst (Ha ocHoBe Fe, Ti, Ni, Co, Nb, W, Mg, B Tom
4HCIIe HEPKABEIONINE, )KAPOIPOYHBIE, TYTOIUIABKME, TBEP/BIE), COENMHENH (Oopubl, okcubl) U komnosuuun (W-Ni-Fe, ZrB,-SiC,
Ni-TiCN u ap.). [Toka3zaHa BO3MOKHOCTh MONyYeHHsI OSCTIOPUCTHIX C(HEepUIECKUX TTOPOIIKOB Pa3IMYHON TUCTIEPCHOCTH: JJISl YaCTHIL
¢ pazmepamu 10—100 MKM H JUTI MUKPOTPaHYJ, COCTOSIINX M3 YaCTHII ¢ pa3MepaMu MeHee 1 MkM. OTicaHbl OCHOBHBIE TApaMETPhI ITPO-
1iecca, BIAMSIONINE Ha Ka4eCTBO CHEepOHIU3aliim, CPEIH KOTOPBIX AUCIIEPCHOCTD MPEKYPCOPOB, SHTANBINS [UIA3MEHHOW CTPYH, COCTaB
UCIIOJIb3yEMBIX Ta30B, XapAKTEPHCTUKH IIJIA3MEHHOTO MOTOKA U €r0 CMEIIECHHS ¢ HCXOIHBIM ChIPBEM.

BeiBoapbl. [IponeMOHCTPHPOBAHHBIE PE3YNIBTAThl UCCIIEIOBAHNH MOKA3BIBAIOT AUAMAa30H BO3MOKHOCTEH MIa3MEHHBIX IPOIIECCOB H all-
MapaToB ISl HOTyYeHHs HAHOTIOPOIIKOB PA3TMYHBIX METAJIOB, HEOPTAaHWIECKUX COEINHEHNI U KOMITO3UINI ¢ HEOOXOIUMBIMH XapaK-
Tepuctukamu. [loaTBepskaeHo obecreueHne BOSMOKHOCTH c(heponan3anuy MOPOIIKOB METAIIOB U CIUIABOB, COSAMHEHHUH M KOMIIO-
3UIMH, OTYyYEHHBIX PA3NIUYHBIMU METOJAMH, B IUNIa3MEHHOM PEAKTOPE C OTPAaHUYEHHBIM CTPYHHBIM TEYEHHEM B IIIMPOKOM AMAINa30He
TeMIIepaTyp MJIaBICHNUS, Pa3MePOB M MOpGonoruu JacTull. [IpeacTaBneHHbIi TOAXOA ¢ HCIOIb30BAHUEM MOCIEI0BATENBHBIX CTAANIT
TIa3MOXMMHYECKOTO CHHTE3a HAaHOMOPOIIKOB, TPAaHYIHPOBAHHS MOIYyYEHHBIX HAHOMOPOIIKOB M MOCIEIYIOIEH MIa3MeHHON cdepo-
UAN3AIUE MUKPOTPaHyI MO3BOJISIET MOMyYaTh KOMIIO3UTHBIE MUKPOIIOPOILIKH HA OCHOBE BOJb(paMa ¢ MIIOTHBIMH CHEpUIECKUMH Ya-
CTHLIAMH U CyOMHKPOHHOH CTPYKTYpOH.
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INTRODUCTION

This work presents the results of applying thermal plasma
generated by electrical discharges to the processes of
producing and processing various powder materials.
These results were obtained on the basis of research and
developments carried out at the A.A. Baikov Institute
of Metallurgy and Materials Science of the Russian
Academy of Sciences (IMET RAS), in the aims of
creating technologies and equipment for the nano- and
additive technologies (ATs) fields.

Nanopowders serve as the basis for creating
nanostructured materials for a variety of applications,
including ceramic materials and hard alloys with
enhanced mechanical properties, dispersion-strengthened
and modified structural alloys, nanostructured coatings
with improved thermal, corrosion, and wear resistance,
as well as composites containing fillers and modifiers
based on inorganic nanoparticles, among others [1-4].

Nanopowders can be synthesized by a variety of
methods, including gas-phase, liquid-phase, solid-phase,
and combined processes, such as mechanical milling,
gas-phase deposition, precipitation from solutions, and
others. Plasma-chemical synthesis is a gas-phase process
and can serve as a universal method for producing
nanopowders of elements, compounds, and composites
when carried out in different gaseous environments—
inert, reducing, or oxidizing [5, 6].

Numerous studies on the plasma-chemical synthesis
of nanopowders in thermal-plasma flows generated
by plasma torches of various types have confirmed
the efficiency of producing nanopowders of various
metals, oxides, carbides, nitrides, borides, and diverse
compositions [7—12].

Various types of electrical discharges can be used to
generate thermal plasma, including direct current (DC)
arc, radio frequency (RF), microwave (MW), as well as
combined discharges [13]. The leading company in the
field of nanopowder production is 7ekna (Canada) which
employs plasma reactors based on RF plasma torches.!
Modern high-power plasma torches with capacities of
up to 2400 kW have a thermal efficiency of 70-85%,
enabling highly energy-efficient operation. They can
be used for the implementation of high-temperature
processes on an industrial scale.?

Atthe present time, IMET RAS is actively conducting
research into the production of nanopowders in thermal-
plasma flows generated by DC arc plasma torches.
The main focus of these studies is the implementation

1

of plasma-chemical synthesis of nanopowders with
predetermined physicochemical properties, defined
according to their specific applications in the creation
of corresponding materials. This can be achieved
by controlling the dispersity, phase and chemical
compositions of the nanopowders during their synthesis,
as well as through subsequent additional thermochemical
and/or thermo-vacuum treatment.

Over the past decades, ATs have been rapidly
developing worldwide. This is due to their ability to
encompass all stages of the production cycle—from
design to final product manufacturing [14-18]. ATs
significantly reduce production time, quickly introduce
design modifications, manufacture complex-shaped
components, and substantially reduce the amount of
industrial waste.

The most versatile and widely used variant of
ATs for manufacturing metal and alloy components
is implemented by the sequential layering of the part
according to a specified geometry. A laser or electron
beam acting on a powder layer 2060 pm thick is
used, ensuring local melting of the powder particles
due to intense energy exposure. The properties of the
metallic powders largely determine the efficiency of
the processes, as well as the quality of the produced
components. Consequently, one of the key challenges
in the development of AT is the creation of efficient
methods for producing metal and alloy powders with
the required properties and their subsequent successful
application [19-21].

Technologies have already been implemented on an
industrial scale to produce spherical powders of various
metals and alloys (based on iron, aluminum, titanium,
chromium, copper) with the ability to achieve the desired
particle size distribution. These include processes such
as inert gas atomization of molten metal and melt
film atomization using centrifugal forces. However,
these processes have several significant limitations
(for example, low yield of product with the required
particle size) which substantially increases the cost of
the resulting powders. In addition, the molten metal
atomization method does not allow for the production of
powders of refractory metals and alloys.

An alternative to the atomization method for
producing spherical powders is the spheroidization
of irregularly shaped metal particles by melting them
in a high-temperature gas flow generated by electric-
discharge thermal plasma generators. The leading
technology is the spheroidization processes carried

TEKNANO Nanopowder synthesis systems. 2016. http://www.tekna.com/nanopowder-synthesis-systems. Accessed November 21, 2025.

2 Nyun A. Plasma Torches by Westinghouse Plasma Corporation. 2005. https://www.academia.edu/24044626/Plasma_Torches by

Westinghouse Plasma_Corporation. Accessed November 21, 2025.
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out in thermal plasma flows generated by RF and

MW discharges, using equipment from 7ekna® and

6K Inc.* (USA).

At present, IMET RAS is conducting research into
the field of plasma spheroidization of powder materials
using DC arc plasma torches, including the following
directions:

e investigation and development of technologies for
spheroidizing metallic powders in thermal plasma
flows generated by arc discharges;

e creation of foundational technologies for the recycling
of spent metallic powders used in ATs;

e development and production of efficient powder
spheroidization systems based on arc plasma torches.
This article presents a review of the results of

experimental studies conducted at IMET RAS on plasma-

chemical synthesis of nanopowders and spheroidization

of powder materials, with particle sizes ranging from 10

to 100 um, in thermal DC arc plasma jet flows.

METHODS AND EQUIPMENT

DC arc plasma torches with a nominal power of up to
45 kW, featuring a self-adjusting arc length, as well as
plasma torches with an interelectrode insert, were used
(Fig. 1) for the generation of thermal plasma in laboratory
and pilot-scale setups at IMET RAS. These plasma
torches enabled the stable generation of thermal plasma
flows in reducing, oxidizing, and inert atmospheres, with
equilibrium mean mass temperatures of 2-10 - 103 K. They
also enabled plasma-chemical synthesis of nanopowders
and plasma spheroidization processes.

The design of a plasma reactor with a confined jet
flow for plasma-chemical synthesis of nanopowders [22]
and plasma spheroidization of powder materials [23],
developed at IMET RAS, is protected by patents of the
Russian Federation. Figure 2 shows general views of
a plasma system based on a 35 kW DC arc plasma torch
for nanopowder synthesis and plasma spheroidization of
powder materials.

The following methods were used for characterization
and study ofthe main properties of the powders produced.
The specific surface area SSp (m?/g) of nanopowders was
measured by means of the Brunauer—Emmett—Teller
method using a TriStar 3000 surface area analyzer
(Micromeritics, USA). Particle size distribution and
related parameters were determined by laser diffraction
using a Mastersizer 2000M particle size analyzer with an
automatic Hydro 2000S dispersion and sample delivery
module (Malvern, United Kingdom). The total contents

Fig. 1. Electric arc plasma torches of A.A. Baikov Institute
of Metallurgy and Material Science at the Russian Academy
of Sciences (IMET RAS) with rated power up to 45 kW

Fig. 2. General view of a plasma setup with restricted jet
flow reactor based on 35-kW DC arc plasma torch for plasma
chemical synthesis of nanopowders (a) and for plasma
spheroidization of powders materials (b)

of oxygen, nitrogen, and hydrogen were measured on an
RNH-836 analyzer (Leco, USA). This was achieved by
heating samples in a graphite crucible under a helium
flow and detecting the evolved gases using infrared (IR)
and thermal conductivity sensors. The total carbon
content was measured using a CS-600 analyzer (Leco,
USA) by combusting the sample in an oxygen flow
and detecting the evolved gases with an IR sensor.
The morphology and characteristic particle size were
studied by scanning electron microscopy using a Scios
instrument (FEI, USA) and by transmission electron
microscopy using an Osiris instrument (FEI, USA) with
elemental energy-dispersive microanalysis performed
on an EDAX Elite attachment (EDAX, USA). Phase
composition analysis was carried out using Ultima-4
(Rigaku, Japan) and XRD-6000 (SHIMADZU, Japan)
X-ray diffractometers with monochromatized copper
radiation at room temperature (20°C).

3 TEKSPHERO. Spheroidization Systems. 2023. http://www.tekna.com/spheroidization-systems. Accessed November 21, 2025.

4 6K Production of Breakthrough Materials. 2023. https://www.6kinc.com. Accessed November 21, 2025.
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RESULTS AND DISCUSSION

Plasma-chemical synthesis
of nanopowders

The plasma-chemical synthesis of nanopowders is
governed by a complex of physicochemical processes
in turbulent gas-disperse non-isothermal flows. Reactors
with confined jet flow are widely used to implement
plasma processes for nanopowder production. Here the
plasma jetis discharged into a reactor volume bounded by
reactor walls with the ratio of the reactor diameter to the
plasma torch nozzle diameter significantly exceeding 10.
The formation of nanoparticles in the plasma reactor
takes place through condensation of components from
the gas phase followed by their deposition onto the
water-cooled reactor walls.

The evolution of nanoparticles within the
reactor volume leads to changes in their particle-
size distribution as a result of condensational and
coagulation growth. Changes in their chemical and
phase composition may also occur. Parameters can
vary in the plasma-chemical process of nanopowder
production: composition, enthalpy, and velocity of the
plasma jet; reagent concentrations and their delivery
characteristics; as well as the size of the initial particles
of the dispersed precursor. In this context, not only the
technological implementation of the plasma-chemical
synthesis process is important, but also the method
of collecting and storing the nanopowders. This is
essential to prevent physicochemical transformations
in the layer of deposited particles, including sintering
and possible phase transformations. In order to achieve
this, the thickness of the nanoparticle layer must not
exceed a specified limit. This requires periodic removal
of deposited particles from the reactor walls and their
collection in hermetically sealed containers.

In order to carry out the plasma-chemical synthesis of
nanopowders, a reactor with confined jet flow was used.
Some syntheses were performed in a combined reactor
equipped with a unit for preliminary evaporation of the
dispersed raw materials in a thermally insulated channel
and the subsequent use of gas chemical quenching.

Table 1 presents nanopowders of metals and their
inorganic compounds produced at IMET RAS in
a confined-jet-flow plasma reactor using a 25 kW DC
arc plasma torch [22, 24]. Various individual gases and
their mixtures (with a purity of at least 99.98%) were
used as plasma-forming gases. The initial raw material
consisted of powders of elements and their compounds
with particle sizes not exceeding 2540 pm; liquid
reagents were pre-evaporated before being fed into the
reactor. Commercial chemical reagents (manufactured in
Russia) with a purity of no less than 99.9% were used as
starting materials.

Particle-size distribution of the obtained
nanopowders and particle morphology

One of the mostimportant characteristics of nanopowders,
which determines the feasibility of their use in scientific
tasks and practical applications, is their particle-
size distribution. In the process of plasma-chemical
synthesis, the formation of nanoparticles occurs via three
macromechanisms:

e vapor-liquid—crystal (VLC);

e vapor—crystal (VC);

e a mixed mechanism which combines the above
processes (VLC and VC).

The formation of nanoparticles and the corresponding
mechanism in the plasma-chemical process can
be assessed using thermodynamic calculations of
nanopowder yield as a function of temperature. If the
material exists in both liquid and solid states, its yield will
depend on temperature. In this case, 7* is the minimum
temperature corresponding to the maximum yield of the
nanoparticle material. 7, is the maximum temperature
at which the nanoparticles remain in the condensed
state, while T is the temperature at which melting of the
nanoparticle material occurs.

The plasma process occurs at a temperature initially
exceeding T, which gradually decreases. Accordingly,
the temperature conditions for nanoparticle formation via
the specified macromechanisms can be described as follows:
e VLC mechanism: 7 < T* < T all nanoparticles

have a spherical shape;

e VC mechanism: T* < T g
a faceted shape;

e VLC-VC mixed mechanism: 7° < T < T cond
nanoparticles exhibit both spherical and faceted
shapes.

Under conditions of decreasing process temperature,
the formation of predominantly spherical nanoparticles via
the VLC mechanism occurs when the maximum particle
yield is achieved at temperatures above the melting point
of the substance (Fig. 3a). If nanoparticle formation occurs
at temperatures below the melting point, or if the substance
does not exist in a liquid state, the process follows the
VC mechanism which primarily leads to the formation of
faceted particles (Fig. 3b). When the substance crystallizes
before reaching the maximum yield, a transition from the
VLC to the VC mechanism occurs, resulting in a product
containing both spherical and faceted particles (Fig. 3c).

Figure 4 shows the results of electron microscopy studies
of nanopowders obtained by plasma-chemical synthesis.
All powders are polydisperse and consist of particles with
equiaxed rounded or faceted shapes. It is demonstrated
that nanoparticle formation can occur via all three
mechanisms—VLC, VC, and VLC-VC (corresponding to
Al,O;, TiCN, and W nanopowders, respectively).

ond’

< T, all nanoparticles have
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Table 1. Nanopowders produced in plasmochemical synthesis at IMET RAS

Specific surface area,

No. Produced nanopowder Reagents Plasma-forming gas -
Individual metals
1 W, Mo, Ni, Co, Re MeXOy, H,, C;Hg+air H,+N,, C;Hg+air 2-30
CuCl, H, H,+N, 2-5
2 Cu Cu(CH,C00),-H,0 N, 5-35
Cu N, 20-36
Composite materials
3 W-Ni-Fe (W =95%) WO,, NiO, Fe, 05, H, H,+N, 4-10
4 | W=Cu (W =80%) WO;,, CuO, H, H,+N, 4-10
5 W-Y,0, (W = 95-99.7%) WO,, Y(CH,;COO0),, H, H,+N, 4-10
6 | W-B(W=288-97%) WCl,, BCl;, H, H,, ArtH, 13-20
7 | Ag-SnO, Ag, SnO, Air 5-12
Anoxic compounds
Ti, TiH,, N, N, 12-18
8 | TiN
TiCl,, Hy, N, H,+N, 11-39
9 | AIN Al,NH,, N, N, 30-70
10 | TiC TiCl,, H,, CH, H,+Ar 15-30
11 | TiCN TiCl,, H,, N,, CH, H,+N, 13-23
12 | SiC SiCl,, H,, CH, H,+Ar 15-30
13 | WC WO,, CH,, H, H,+N, 20-40
14 | z1B, ziCl,, BCL,, H, H,+Ar 10-50
15 | HfB, HfCl,, BCl,, H, H,+Ar 5-30
Oxides
16 | ALO, Al, O, Air 15-35
17 | Al,0;-MeO (Me: Mg, Co) Al, Me, O, Air 15-25
18 | AION Al NH,, N,, O, N, 30-50
19 | TiO, TiCl,, O, O, +Ar 30-120
20 | SiO, SiCl,, O, O,+Ar 120-250
21 | 10, ziCl,, 0, O, +Ar 18-32
22 | ZrO,-Al, 0, ZrCly, Al, O, O,+Ar 17
23 | Y,04 Y(CH,CO00),, 0, O,+Ar 12-25
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Figure 5 presents the results of particle size distribution Diameter, nm
analysis for AL,O5, TiCN, and W nanopowders [25]. It ©

was noted that all nanopowders are reliably described
(with a correlation coefficient greater than 0.95) by a log-
normal particle size distribution function:

pd)=—'_exp _l(lnd—m]
do\2n 2 c ’

where d is the particle diameter, ¢ is the standard
deviation, and m is the median of the distribution. The
conformity to a log-normal particle size distribution
has been confirmed for nanopowders produced via the
coagulation-driven VLC mechanism [26]. In the absence
of coagulation growth [4], a log-normal distribution
of particle residence times in the growth zone can also
result in a log-normal distribution of particle sizes, as
observed in experimental studies of plasma-chemical
synthesis of nanopowders.

In the case of nanopowder production processes,
in which particle formation occurs via different
macromechanisms, it was established experimentally

Fig. 5. Histograms of particle size distributions for nanopowders
formed by various macromechanisms: (a) Al,O, (VLC),
(b) TiCN (VC), and (¢c) W (VLC-VC) [25]

that the average size of the resulting nanoparticles
increases with an increase of the precursor concentration
in the gas components. The results also showed that the
average particle size depends on synthesis parameters:
initial precursor concentration, plasma jet enthalpy, and
the jet velocity in the reactor volume. The nanoparticle
size decreases with a reduction in the concentration
of the condensing component in the gas or with an
increase in the plasma jet velocity. However, lowering
the concentration reduces productivity, while increasing
the jet velocity is subject to technical and physical
limitations. The use of gas quenching allows for forced
suppression of coagulation growth of particles, thereby
controlling the particle size formed via the VLC
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mechanism. The results demonstrate the feasibility of
producing a variety of nanopowders and controlling
their particle-size distribution using plasma-chemical
synthesis in a confined-jet-flow reactor.

Plasma spheroidization of metal powders

Spherical powders with particle sizes on the order of
tens microns are used for the production of metal and
alloy components using modern additive manufacturing
methods. The formation of spherical micropowders
is achieved by treating irregularly shaped particles
in thermal plasma. Their morphology changes as the
particles are heated and melted. They form liquid droplets
with a rounded shape due to surface tension forces.
Upon subsequent cooling within the reactor volume with
water-cooled walls, the droplets solidify and crystallize
into metallic microspheres.

Experiments conducted on plasma spheroidization
of powder materials established that micropowders of
various metals and alloys with particle sizes ranging
from 10 to 100 um, predominantly with a spherical
shape, can be produced. The degree of spheroidization
of plasma-treated particles can reach up to 99 vol %.

The particle roundness coefficient ranges from 1 to 1.4,
with an average value of 1.01. The spherical shape of
the powder particles ensures high bulk density and
good flowability, which are essential for their further
use in ATs.

For the production of spheroidized powders of
various metals (Ti, Ta, Fe, Ni, Mo, and W), alloys
(stainless, heat-resistant, and refractory), compounds,
and composites (Table 2), their treatment in a thermal
plasma jet at IMET RAS is currently accompanied not
only by intensive research on the processes but also
by the development of technologies and the necessary
equipment.

The results of plasma treatment and the
characteristics of certain spheroidized powders
are presented in Figs. 6-12: spheroidization
of titanium powders [27] (Figs. 6 and 7);
spheroidization of iron powders [28] (Figs. 8 and 9);
spheroidization of Ti—Al-V alloy VT6 powders
(Fig. 10); and spheroidization of Ni—Al-Cr—Co
alloy CompoNiAI-M5-3 powders [29] (Fig. 11).
Experimental studies demonstrated the feasibility
of producing pore-free spherical powders of
multicomponent metal alloys with particle sizes

Table 2. Powders produced by spheroidization in thermal plasma at IMET RAS

Metals

W, Mo, Ta, Fe, Ti

VPr27-50 (Ni solder)
VT6, VT14 (Ti-Al-V alloys)
CCM (Co—Cr—Mo alloys)

Alloys CuCrZr (bronze)

WC—Co (hard alloy)
27KKh (Mg alloy)

Nb-Si, Nb—C, Nb—Al, Nb—Mo (Nb alloys)
Ni—-Al, Ti-Al, Nb—Al Ni—-Al-Co—Cr, Ti—Ni, CompoNiAl-M5-3 (intermetallic compounds)

316L, 12Kh18N10T, Kh15N5D4B, AISI321 (stainless steel)
Inconel (718, 625), VKM, VZh159, VNL14 (Ni alloys)

Composites

W-Ni-Fe, W-Cu, W-Y,0, W-B, W-C-Co, ZrB,-SiC, Ni-TiCN

Oxides Ta, 04, Al,O;, SiO,

Z1B,, HfB,

Compounds
P Ca,(PO,),, Ca,(PO,)(OH),

()

- 100 pim

Fig. 6. Micrographs of particles for 20—50-um fraction of titanium powder (a) before and (b) after plasma spheroidization
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Fig. 9. Micrographs of iron powder particles in focused ion beam cross section (a) before and (b) after plasma spheroidization

50 pm

Fig. 11. Morphology of 20-50 pum powder particles of CompoNiAl-M5-3 alloy (a) before and (b) after plasma spheroidization
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ranging from 10 to 100 pm from initial powders of
various dispersities composed of irregularly shaped
particles. The experimental results indicate the possibility
of producing spherical powders of metals and alloys from
various initial powder materials in a confined-jet-flow
plasma apparatus based on a DC arc plasma torch.

IMET RAS is also carrying out research on the use
of plasma-based regeneration for the spheroidization
of previously used powders and the reduction of gas
impurities [30]. An example of spheroidization and
regeneration of X-IN718 stainless steel powders is
shown in Fig. 12.

Fig. 12. Micrographs of particles for powder
of Fe-Ni—Cr alloy (IN718 grade) (a) before
and (b) after plasma regeneration

The use of a hydrogenous plasma jet during the
regeneration of powders of Fe-, Ni-, Co-, W-, and
Mo-based alloys allows gas impurities to be significantly
reduced: oxygen by 1.5-6 times and nitrogen by
1.5-10 times (depending on the plasma enthalpy and
hydrogen content). They also allowed for an improvement
in particle morphology and a decrease in oxygen and
nitrogen content (Table 3). Gas impurities (oxygen) are
present in the surface layer of the particles in the form of
metal oxides, which allows these oxides to be reduced to
metals via reactions with hydrogen during the residence
time of the particles in the high-temperature zone.

Factors which determine the quality of powders
obtained in plasma spheroidization processes include:
the thermophysical properties of the treated material
and its particle size distribution; the characteristics of
the thermal plasma flow; the arrangement of powder
mixing with the plasma flow; as well as the organization
of the high-temperature gas—disperse flow within the
processing chamber. For each powder material, the

combination of process parameters which ensures
optimal performance—high particle spheroidization,
the desired particle size distribution, and maximum
productivity—is determined experimentally.

The spheroidization process of particles by melting
in a thermal plasma flow, where the gas temperature
exceeds the boiling point of the treated material, is
accompanied by its evaporation. Upon cooling of the
gas-disperse flow, the vapor condenses, resulting in the
formation of nanoparticles.

The presence of nanoparticles in plasma-spheroidized
powders is highly undesirable, since it reduces powder
flowability. Also due to the high chemical reactivity of
metallic nanoparticles, it can lead to their oxidation upon
exposure to air. A special classification method in a liquid
medium is used, in order to remove nanoparticles from
powders treated in a thermal plasma flow. This involves
preliminary ultrasonic treatment to break up nanoparticle
aggregates and remove them from the surfaces of the
spheroidized microparticles.

In order to reduce the nanoparticle content in
spheroidized metal and alloy powders, it has been
proposed to separate the treated powder into narrower
particle size fractions and then process each fraction
under the corresponding optimal spheroidization
parameters. After processing, the powder fractions are
blended. This approach allows for a reduction in the
nanoparticle content in the final product.

Plasma spheroidization of composite
powders

The study of obtaining spherical micropowders of

W-C-Co, W-Ni-Fe, W-Cu, W-Y,0;, and W-B

composites from nanopowders of the corresponding

systems, produced by plasma-chemical synthesis is new
direction in the production of powders with spherical
particle shapes.

The main stages of such processes are:

1. Production of nanopowders of the W-Ni—Fe and
W-Cu systems by reduction of mixtures of metal
oxide powders of the corresponding systems in
a hydrogenous plasma flow generated by a DC arc
plasma torch. For the W—C—Co system, the reaction
is carried out in the presence of methane, while for

Table 3. Properties of IN718 powder alloy before and after plasma regeneration

Sample [O], wt % [N], wt % Flowability, s/50 g Bulk weight, g/cm?
Initial powder 0.031 0.14 19 4.6
After plasma regeneration 0.019 0.071 18 4.6
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500 nm

(b)

Fig. 13. Micrographs of nanopowder (a) and resulting
nanopowder granules (b) for W—Ni—Fe composition

the W-Y,0; system, the raw materials consists of

tungsten trioxide and yttrium acetate. Nanopowders

of the W—B composition are produced by hydrogen

reduction of a mixture of chlorides, or the W-B

and other compositions can be obtained by mixing

individual nanopowders produced via plasma-
chemical synthesis.

2. Preparation of the corresponding liquid suspensions
with an additionally introduced binder (e.g., sucrose).

3. Spray drying of the suspensions to obtain nanopowder
porous microgranules.

4. Classification of the microgranules to isolate the
required particle size fraction.

5. Densificationandspheroidization ofthe microgranules
by sintering and/or melting in a thermal DC plasma
flow.

The synthesis of nanopowders in the considered
systems in a plasma jet flow is achieved through reduction
reactions in the gas phase, resulting in the formation of
target metals as nanosized particles. One example of
such composites is the W-Ni—Fe system nanopowder.
As shown in Fig. 13a, these nanopowders predominantly
consist of spherical nanosized particles with a “core—
shell” structure, in which nickel and iron form an alloy
in the near-surface layers of the nanoparticles, while the
core consists of tungsten. The specific surface area of the
nanopowders ranges from 4 to 10 m%/g.

The aqueous suspension prepared from the
nanopowder, containing 2 wt % organic binder (sucrose),
was granulated by spray drying using a laboratory
Mini Spray Dryer B-290 (Buchi, Switzerland). The
resulting microgranules were sieved on an AS 200 sieve
machine (Retsch, Germany) to isolate particles smaller
than 50 um (Fig. 13b). The yield of microgranules within
this size range was approximately 60%. The obtained
nanopowder microgranules have a uniform structure,
free of internal voids, with a homogeneous distribution
of metals [31].

Spherical microparticles of the W-Ni-Fe system
were obtained (Fig. 14a) as a result of processing the
microgranules in an argon—hydrogen (up to 20 vol % H>)
DC plasma flow, exhibiting a predominantly dense

() (b)

Fig. 14. Micrograph of particles (a) and grinding thin
sections (b) for powder of W-Ni-Fe composition
after plasma treatment of nanopowder granules

structure without internal voids (Fig. 14b). Analysis
of the microstructure of the plasma-treated powder
particles revealed that the tungsten grain size falls within
the micron and submicron range (Fig. 14b).

The micropowders obtained exhibited a low content
of oxygen (up to 0.2 wt %) and carbon (up to 0.01 wt %).
The bulk density of the powder was 10 g/cm?, and the
flowability was 9 s/50 g.

The conducted studies demonstrated the feasibility
of spheroidizing metal and alloy powders, produced
by various methods, across a wide range of melting
temperatures, particle sizes, and morphologies.

Particular attention is paid to the development
and creation of plasma equipment and technologies.
Plasma technologies for producing nanopowders
with a productivity of up to 0.5 kg/h and spherical
micron-sized powders with a productivity of up to
10 kg/h are implemented on IMET RAS installations
with power ratings up to 45 kW. These installations
enable powder production and can be used both
for research purposes and for the fabrication of
experimental batches of spherical micropowders and
nanopowders.

Based on many years of accumulated experience
in the research of powder spheroidization in thermal
plasma flows, IMET RAS has developed a plasma
installation based on a DC plasma torch with a nominal
power of 30 kW for spheroidizing powders of metals,
alloys, and metal-matrix composites, which it supplies to
customers. The installation is included by the Ministry
of Industry and Trade of the Russian Federation in
the “Catalog of Additive Equipment Produced in the
Russian Federation.” Since early 2024, this installation
has been in operation directly at IMET RAS, as well
as at GIREDMET (Russia), the Institute of Advanced
Technology (Harbin, China), and the All-Russian
Scientific Research Institute of Aviation Materials of
the National Research Center “Kurchatov Institute”
(Russia). At IMET RAS, the plasma spheroidization
installation is used for processing batches of powders of
various alloys in quantities up to 1000 kg under orders
from Russian companies operating in the ATs field.
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CONCLUSIONS

The results of developments and experimental studies
confirm the wide potential of plasma processes and
equipment for producing metal nanopowders, their
inorganic compounds, and composites. Powders
obtained at plasma-chemical synthesis installations have
been used in a large number of research studies in the
aim of creating new materials with enhanced properties
for specialized applications.

In addition to the production of various nanopowder
materials, the confined-jet-flow reactor developed at
IMET RAS enables plasma spheroidization of metal and
alloy powders for their subsequent use in ATs. The study
also demonstrated the feasibility of spheroidizing metal
and alloy powders produced by different methods across
a wide range of melting temperatures, particle sizes, and
morphologies.

A new approach involving sequential stages of
plasma-chemical synthesis of nanopowders, granulation
of the obtained nanopowders, and subsequent plasma
spheroidization of the microgranules enables the
production of composite micropowders with dense
spherical particles and a submicron structure.
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