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INTRODUCTION

Recently, due to the intensive development of 
the aviation, rocketry, space, medical, energy, and 
chemical industries, there is a need for complex 
shapes parts production of titanium alloys, nickel 
superalloys, refractory metals, intermetallics, 
mainly using additive technologies [1, 2].

The main additive technologies include: 
selective laser melting and sintering (SLM 

– selective laser melting, SLS – selective laser
sintering), electron beam melting (EBM elec-
tron beam melting), direct laser (LDED – laser
direct energy deposition) and plasma deposition
(PMD – plasma metal deposition), cold spray-
ing deposition (CSAM – cold spraying additive
manufacturing) methods. All of these methods
use specialized spherical powders (mostly fine)
as consumables for the formation of additive
layers with strict requirements for particle size
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ABSTRACT
The paper gives the results of mathematical modeling and experimental studies of the processes of formation and 
fragmentation of the liquid layer and formation of powder particles in plasma-arc atomization of current-conduct-
ing solid stainless steel AISI 316L wire and flux-cored Fe-Al wire. Mathematical modeling showed that initial 
fragments of size d0 = 670–780 μm form at plasma-arc atomization of the above-mentioned wires, where after 
their separation from the tip of the atomized wire their multiple disintegration in the plasma jet takes place, which 
ends at the distance of ~ 120 mm with formation of fine spherical fragments (powders) with the average diam-
eter of 105–125 μm. Experimental studies on determination of the initial size of the drops, forming at metal drop 
separation from the liquid layer, using high-speed filming, showed that their size is d0 = 720–815 μm, and size of 
atomization products (powder) determined using the sieve analysis method are equal to 119–142 μm. Comparison 
of the obtained experimental and calculated data showed that that for atomization of both the solid stainless steel 
AISI 316L wire and flux-cored wire of Fe-Al system the main fraction of powder particles is 1–300 μm, which 
makes up 96–99 wt. % in both the cases, the error between the theoretical and experimental data being not higher 
than 7–32 %, depending on powder fraction, allowing application of the mentioned mathematical complex model 
to determine the optimal modes of plasma-arc atomization process with a wide range of wire materials. The study 
of the shape parameters and structure of AISI 316L and Fe-Al powders showed that most of the particles have a 
regular spherical shape with a sphericity coefficient close to 0.8–0.9, the microstructure of which is characterized 
by the absence of pores and voids.
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distribution, shape, physical, chemical and tech-
nological properties. For example, for the SLM, 
CS processes, powders of a narrow fraction of 
15–45 µm, EBM 45–106 µm, for LDED 45–150 
µm, and for PMD technology fractions of 63–160 
µm are used [3–5]. In addition, these powders 
should have a spherical shape with a minimum 
number of external (satellites) and internal de-
fects (pores, voids), good technological proper-
ties (high flowability, bulk density, sphericity co-
efficient, etc.) and a low content of gas inclusions, 
which ensures high packing density of additive 
layers, reduced porosity, and improved mechani-
cal properties of the final product [6–8].

Currently, the most common technology 
for obtaining spherical powders for additive 
manufacturing is gas atomization (GA) which 
includes two main methods – VIGA (vacuum 
inert gas atomization) and EIGA (Electrode In-
duction Melting Inert Gas Atomization). Despite 
a number of advantages described in [9, 10], this 
technology has a number of significant disad-
vantages, namely [10–13]:
 • the presence of a significant number of satel-

lites and irregularly shaped particles, a lower 
sphericity coefficient for melt gas atomization 
methods, which causes poor flowability and 
bulk density (especially for a fine fraction < 
63 μm) and leads to the formation of defects 
in the deposited layers;

 • the presence of intragranular argon porosity 
for GA powders, which in some cases cannot 
be eliminated by subsequent cold or hot iso-
static pressing methods and leads to weaken-
ing of mechanical properties of final parts.

Also, plasma rotating electrode process 
(PREP) is used for industrial production of spher-
ical powders [14, 15]. In PREP process a plasma 
jet melts the surface layer of the rotating billet 
tip, and the melt is atomized by centrifugal forces 
[16, 17]. However, this method also has a number 
of significant limitations, because the operation 
of PREP equipment is associated with signifi-
cant difficulties in obtaining a fraction of < 106 
μm [18, 19]. To achieve a yield of this fraction 
of more than 40 wt.% there is a need to signifi-
cantly increase the speed of billet rotation (more 
than 30.000 rpm), which complicates the already 
complex kinematic scheme of the PREP equip-
ment (it is necessary to reduce the level of vibra-
tions, design complex bearing systems, etc.) Also, 
this includes the difficulties associated with the 

manufacture of a billet with precise dimensions, 
which must be polished with high accuracy [19].

In this aspect, there are prospects for obtaining 
spherical powders using technologies that use wires 
or rods as consumable materials, and the processes 
of heating, melting and dispersion of the melt are 
carried out by plasma jets without the use of cen-
trifugal forces, high-speed equipment with a com-
plex kinematic scheme [20–25]. Such technologies 
include the plasma arc atomization process, which 
is flexible and can be used to produce powders from 
a wide class of materials that are either produced by 
industry (wires, rods) or can be obtained in the form 
of ingots by foundry methods [26–30].

For the above-mentioned plasma-arc atomiza-
tion technology, studying the mechanisms of melt-
ing, gas-dynamic and thermal interaction of the 
melt, forming at melting of the dispersed material, 
with the plasma jet, mechanisms of fragmentation 
of liquid metal drops, etc, is of considerable sci-
entific and practical interest. These questions still 
remain practically unstudied, which is extremely 
necessary for further commercial application of 
the technology for manufacturing high-quality 
spherical powders from a wide range of materi-
als [31–42]. It should be also noted that at pres-
ent there are no approved mathematical models, 
which describe the processes of heating, melting 
and fragmentation of the melt, forming at the tips 
of flux-cored wires at plasma-arc atomization.

Therefore, the objective of the work is the the-
oretical and experimental study of the mechanisms 
and features of the processes of melting and frag-
mentation of the melt, forming at the tips of solid 
and flux-cored current-conducting wires, at the 
specified technological parameters of the process 
of plasma-arc atomization, where the following 
will be performed to achieve the posed objective:
1. Mathematical modeling of the process of melt 

formation and its fragmentation at plasma-arc 
atomization of solid and flux-cored wires, clar-
ifying the regularities of fragmentation of the 
initial drops in the plasma jet, depending on 
atomization distance. 

2. Experimental study of the mechanisms of frag-
mentation of the dispersed material of solid 
and flux-cored wires in the plasma jet, using 
high-speed filming and experimental proce-
dure for determination of the powder particle 
size distribution (sieve analysis).

3. Comparison of the obtained theoretical and 
experimental data for assessment of the devel-
oped mathematical model.
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4. Experimental study of the spheroidization pro-
cess and peculiarities of microstructure forma-
tion of the powders, formed from solid and flux-
cored wires during plasma-arc atomization.

MATERIALS AND METHODS

Procedure of atomization of solid and flux-
cored wires and determination of the size of 
initial drops and fractional composition of 
atomization products 

Technology of plasma-arc atomization of 
current-conducting solid and flux-cored wires 
(PTWA – plasma transferred wire arc) was 
used for experiment performance. It consists 
in melting the current-conducting wire-anode, 
introduced into the zone of high-speed plasma 
jet, and further refinement of the melt layer at 
the wire tip [43, 44]. This method envisages ap-
plication of an accompanying gas flow directed 
coaxially to the plasma jet, which configures 
the latter, and promotes its compression, thus 
reducing the angle of opening of the atomized 
particle plume, increases the outflow velocity 
and the dynamic pressure of the plasma jet that 
in its turn creates the conditions for obtaining 
an optimal particle size distribution and chemi-
cal composition of the dispersed phase (Fig. 1). 
Plasma-arc atomization of solid and flux-cored 
wires was conducted in an argon atmosphere 
by the following procedure. Inert gas – argon 
was supplied for 20 min with the flow rate of 
25 l/min from below the atomization chamber 

through the nozzle with a system of holes of 
1.0 mm diameter (to ensure a laminar outflow 
of gas and to reduce the degree of air mixing 
with the supplied gas), in order to force air out 
of the chamber of volume V = 0.49 m3, which 
was followed by atomization of wire materials 
in a controlled argon atmosphere. 

Technological parameters of the process are 
as follows: current of 260 A, arc working volt-
age of 80–85 V, plasma-forming gas flow rate 
of 4.8 m3/h, accompanying gas flow rate of 30 
m3/h, wire feed rate of 10–13.5 m/min. The dis-
tance from the tungsten electrode tip to the axis 
of the atomized wire is 14 mm. Plasma-forming 
and accompanying gas was argon of the higher 
grade I1 to ISO 14175-2008. Accepted atomiza-
tion modes were determined by achievement of 
the minimal opening angle by the plasma jet and 
stability of the process at melting of the atom-
ized wire in the plasma jet axial zone. Atomiza-
tion distance was equal to 150 mm. Particle size 
distribution of the laboratory batches of powders 
was determined by the sieve analysis method in 
keeping with the procedure of ISO 2591-1:1988 
[45–48] in impact sieve analyzer AS-200U (RO-
TAP) (Ukraine) with a set of sieves with holes 
of sizes 25–500 μm, sample weight was not less 
than 200 g of powder. 

Atomization material

Solid wire of 1.6 mm diameter from AISI 
316L stainless steel and flux-cored wire of Fe-Al 
alloying system were used as atomization mate-
rial (Table 1). Cored wire of Fe-Al system was 

Figure 1. Schematic (a) and visualization (b) of PTWA atomization of 1.6 mm AISI 316L solid wire
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manufactured by the E.O. Paton Electric Weld-
ing Institute (Kyiv, Ukraine) and it consists of 
the sheath of AISI 1008 unalloyed steel with a 
thickness of 0.4 mm and aluminum (PA-4 grade) 
powder filler material with a filling ratio of 25–
27 vol.%. It has a composition of 86 wt.% Fe + 
14 wt.% Al, which corresponds to the formula of 
Fe3Al intermetallic type.

Visualization of the atomization process

The photo was made with the camera Pho-
tonFocus HD1-D1312-80-G2 (Switzerland) 
with 1312 × 1082 pixels CMOS detector and was 
provided with an optical bandpass filter (cen-
tral wavelength 575 nm, FWHM 50 nm). The 
camera provided registration of monochromatic 

(brightness) images of a two-phase jet at 200-
fps rate. Changeable lenses of the digital cam-
era provided a spatial resolution of 22.4 and and 
51.9 μm/pixel in the recorded frames.

Determination of the morphology and 
microstructure of powder particles 

Morphology and microstructure of atomized 
powder particles was investigated with applica-
tion of scanning electron microscope TESCAN 
MIRA3, VEGA3 LMU (Czech Republic) and 
further analysis of the obtained images in MIPAR 
program product, in order to study the morphol-
ogy and microstructure of the atomized powder 
particles, using the procedure of [50–52].

Figure 2. Сross-section of the solid AISI 316L (a) and flux-cored Fe-Al wires (b)

Table 1. Chemical compositions of wires in wt.%
Wire C Si Mn Mo P S Cr Ni N Al Fe

AISI 316L (solid) 0.03 1.0 2.0 2.0–2.5 0.045 0.015 16.5–18.5 10.0–13.0 0.1 ‑ base

Fe‑Al (FCW) ‑ ‑ ‑ ‑ ‑ ‑ ‑ ‑ ‑ 14 base

Figure 3. The spectral-brightness optical diagnostic system: (a) schematic diagram, (b) external appearance of 
the system during operation of the atomization facility: 1 – plasma torch nozzle; 2 - two-phase plasma jet; 3 – 

contact tip; 4 – atomized wire; 5 - camera, 6 – studied jet volume; 7 – computer [49]
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Complex mathematical model of the process 
of plasma-arc atomization of current-
conducting solid and flux-cored wires

Selection of the scheme of computational area 
of the process of plasma-arc atomization with cur-
rent-conducting wire for mathematical modeling 
was performed using the approaches of [33, 40]. It 
was believed that the refractory cathode forms an 
annular electrode nozzle of radius Rc together with 
the channel wall (Fig. 4), through which the plas-
ma-forming gas is supplied with flow rate G1 and 
the total arc current I flows. Taken as the beginning 
of computational area was plane z = 0, located as a 
certain distance from the working end of the cath-
ode. This allows considering the arc plasma flow in 
this plane axially symmetrical and one-dimensional 
in the direction of axis OZ. Shielding gas with flow 
rate G2 is supplied through annular channel R1…
R2 as an axially symmetrical flow at angle α to the 
system axis of symmetry. Anode wire is located at 
distance Z2 from the computational area beginning. 
It is assumed that arc current decreases smoothly in 
the region of anode attachment and a current-free 
inertial gas movement takes place further on (at z 
> Z2). Under the impact of the anode spot of the 

arc and the high-temperature plasma flow moving 
around the arc, the wire is heated and melted, and 
a layer of molten metal of characteristic thickness 
Lb forms at its tip. The molten wire material will be 
entrained by the plasma flow, forming a liquid met-
al jet. As it progresses further, this jet will break 
up into drops – dispersed particles of atomized 
material. Coming to the plasma flow, the molten 
particles are accelerated, heated and after reaching 
the critical conditions, they disintegrate with for-
mation of finer fragments. Electric arc plasma flow 
and formation of a plasma jet under the conditions 
of plasma-arc atomization are described by a sys-
tem of magnetohydrodynamic (MHD) equations 
in the approximation of a turbulent boundary layer 
for time average values of plasma temperature and 
velocity [30, 33]:
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where: T is the average plasma temperature; 
( ) /v v vr r r′ ′= + , where v is the average 

radial velocity, ρ is the average plasma 
density, r’ and v’ are the pulsations of 
density and radial velocity of plasma; u 
is the average axial plasma velocity; p is 
the pressure; Cp(Т,р) is the specific heat at 
constant pressure; σ is the specific elec-
tric conductivity of plasma; ψ(Т,р) is the 
volume power density of intrinsic radia-
tion power; j is the vector of electric cur-
rent density; η  and χ  are the full coef-
ficients of dynamic viscosity and heat 
conductivity of plasma, which are sums 
of the molecular and turbulent viscosities 
and heat conductivity, respectively; μ0 is 
the universal magnetic constant; Hϕ  is 
the azimuthal component of the arc cur-
rent magnetic field, which is related to the 
component of electric field density by the 
following relationships:
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The electromagnetic characteristics of the arc 
are described using the equation of magnetic field 
intensity of the arc current:

Figure 4. Scheme of computational area: 1 – cathode; 
2 – plasmatron nozzle, 3 – channel of accompanying 
gas flow blowing the plasma jet; 4 – wire-anode; 5 – 
arc plasma; 6 – accompanying gas; 7 – mixing zone; 

8 – external gas medium
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The equation of convective diffusion of plas-
ma-forming gas in the external gas atmosphere 
is used to allow for the convective diffusion pro-
cesses occurring at mixing of plasma-forming gas 
with the external gas atmosphere, and respective 
change of the composition, thermophysical prop-
erties and plasma transfer coefficients:
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where: m1(r,z) and m2(r,z) are the relative weight 
concentrations of plasma-forming and ex-
ternal gas in the plasma mixture, 12D  is 
the coefficient of binary diffusion.

The system of MHD equations together with 
accompanying relationships, k-ε  turbulence mod-
el and boundary and initial conditions completely 
defines the thermal and gas-dynamic characteris-
tics of the turbulent plasma flow, both in the arc 
and inertial sections of the flow. These equations 
form the basis of a unified mathematical model 
suitable for calculation of spatial distributions of 
temperature and velocity of subsonic turbulent 
plasma flows, which are generated in our case 
by the plasmatron with a partially open arc in the 
presence of an accompanying gas flow, moving 
around the plasma arc. 

The thermal state of the current-conducting 
solid and flux-cored wires at plasma-arc atomiza-
tion was determined using models [40, 53–57], 
based on a quasi-stationary equation of heat con-
ductivity presented in the cylindrical system of 
coordinates:

 21w w w
w w w w w w
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T T TC v r j
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where: Tw (r,zw) is the spatial distribution of tem-
perature in the wire; ρw (T) γw (T), Cw (T), 
χw (T) are the density, specific heat, coef-
ficient of heat conductivity and specific 
electric resistance of wire material, re-
spectively; j is the electric current density.

Boundary conditions for Equation 6 are set, 
allowing for the convective-conductive heat ex-
change of the plasma flow and ambient gas with the 
wire side surface Qс; heat exchange of thermal ra-
diation energy between the plasma and wire surface 

Qr; action of the electric arc contributing the heat 
though the anode spot at the wire tip Qa; volume 
Joule heating of the wire by flowing electric cur-
rent; heat losses with the molten metal carried away 
by the plasma flow Qt, as well as cooling of the wire 
surface due to the vapour flow removing the energy 
of wire material atom evaporation energy Qv. Equa-
tion 6 is closed by relationships, allowing determi-
nation of the spatial position of the wire tip relative 
to the plasma jet axis Lp = z*, at which the volume of 
liquid layer held at the wire tip Vb will correspond 
to the wire molten metal volume 2

liq w liqV R Lπ=
, i.e. condition b liqV V=  will be satisfied. For the 
case of heating and melting of flux-cored wire (Fig. 
5), at contact of two media - the steel sheath with 
the powder core, the molten part of the wire with 
the unmolten part, boundary conditions of the ІVth 
of the following form were used:
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To describe the thermophysical parameters 
and transfer coefficients of the wire powder core 
we will use approaches applied at modeling the 
heat transfer processes in porous media, in par-
ticular, application of effective heat capacity, heat 
conductivity, etc. which are determined by ratios 
of the following kind:

 (1 )s pλ φ λ φ λ= ⋅ + − ⋅  (8)

All the other boundary conditions correspond 
to the earlier proposed model of wire heating and 
melting at plasma-arc atomization [53]. In order 
to determine the spatial position of the wire, as 
well as the parameters of the melt held at the wire 
tip, approaches were used, which were described 
in works [33, 53–63]. Here, the scope of the wire 
molten part will be determined by the volumes 
of molten particles of the wire sheath and the 
powder core. Flowing of the melt trickle from 
the tip of the current-conducting wire and forma-
tion of dispersed particles during atomization is 
described with sufficient accuracy by a quasi-uni-
dimensional system of Navier-Stoke’s equations, 
written allowing for the force of viscous impact 
on the melt from the plasma flow side:
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where: ν=ν(z,t) is the axial component of the melt 

flow velocity; 2 extp K pσ= +  is the 
capillary pressure, σ is the surface tension 
coefficient; K is the average curvature of 
the jet surface, pext is the pressure in the 
external medium; h=h(z,t) is the radius 
of the jet cross-section; F(z,t)=πh2(z,t) 
is the cross-sectional area of the jet; 

( )p p zτ τ=  is the stress of friction in the 
plasma on the flown-around surface; γw, 
νw are the density and kinematic viscosity 
of the wire material at the melting tem-
perature; Ld is the jet length.

After the drop separation, its movement in the 
plasma jet is described by the following equations 
[30, 40, 51, 53–66]:

 
( ) ; .d m d
dt dt

= =
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where: m(t), w(t) = (wx, wy, wz) and r (t) = (x, y, 
z) are the current values of mass, veloc-
ity vector and radius-vector of the particle 
position in the selected Cartesian sys-
tem of coordinates; F(t) is the resultant 
force acting on the liquid particle from 
the plasma side. Equation 11 is comple-
mented by the relationships allowing for 
deformation of the molten particles dur-
ing their movement in the plasma flow, as 
well as expressions allowing for appear-
ance of the critical conditions of breaking 
up and formation of fragments resulting 
from particle fragmentation that is well 

described in works [33, 53]. In its turn, 
the thermal state of particles in the plasma 
flow was determined using a non-station-
ary equation of heat conductivity, taking 
into account the assumption of the spheri-
cal shape of the particle: 
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where: Tm (r, t) is the space-time distribution of 
temperature in the particle; χm (T) and 

( )mC T  are the coefficient of heat con-
ductivity and effective heat capacity of 
its material. Boundary conditions for 
Equation 12 are written allowing for the 
convective-conductive and radiation heat 
flows, as well as specific heat losses as-
sociated with surface evaporation of the 
particle material [33].

RESULTS AND DISCUSSION

Modeling

The developed physico-mathematical model 
and software for its computer realization was 
used to conduct the numerical analysis of the 
characteristics of the flow of turbulent argon plas-
ma generated by the plasmatron with a consum-
able current-conducting anode [33, 51, 53–66]. It 
was found that blowing of turbulent plasma jet 
by a flow of cold gas with flow rate G2 = 30 m3/h 
prevents jet expansion and significantly increases 
its length, compared to the submerged jet (Fig. 6, 
7). Submerged jet of argon arc plasma outflowing 

Figure 5. Stages of melting of flux-cored wire with a steel sheath: а – initial state; b – partially melted sheath; c 
– molten sheath with partially melted core
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into the ambient atmosphere, rather quickly mix-
es with it, cooling much more intensively than the 
flown-around jet.

Here, the extent of the high-temperature high-
velocity zone (Z < 60 mm) is greatly increased. 
According to the conditions of plasma-arc atomi-
zation technology, it is rational to introduce the 
atomized wires into this zone, as here the jet ve-
locity and temperature reach the highest values of 
750–600 m/s and 20 000–15 000 ºК, respectively. 
It leads to the fact that the melt forming at melt-
ing of the atomized wire tip will be exposed to 
significant gas-dynamic impact of the plasma jet 
in this zone, and this will cause its fragmentation 
with formation of a large number of finer particles 
(secondary fragmentation).

The developed physical-mathematical model 
of the thermal state of current-conducting wire 
[48] was used to determine the parameters of the 
liquid layer held at the wire tip (Fig. 8). It was 
found that at atomization of the solid wire in the 
specified atomization mode the wire will take up a 
position with 0.4–1.0 mm shifting from the plasma 
jet axis, and at atomization of the flux-cored wire - 
with 0.5–1.3 mm shifting, but the thickness of the 
liquid layer is equal to 0.1–0.16 mm for both the 
cases. Numerical studies using approaches of [33, 
53, 58, 64] were conducted on the base of the mod-
el of molten particle behaviour in the plasma flow, 
and distribution of particles formed as a result of 

fragmentation by velocities, temperatures and siz-
es at the distance z = 140 mm from the plasmatron 
nozzle edge was obtained (Fig. 9).

As one can see from calculation data shown in 
Fig. 9, at plasma-arc atomization of 1.6 mm solid 
wire from AISI 316L stainless steel and 1.8 mm 
flux-cored wire of Fe-Al system multiple disinte-
gration of the particles and their fragments, mov-
ing in the plasma jet, takes place. Initial drops of 
average diameter of 670 µm form at the tip of at-
omized solid AISI 316L wire, and at 150 mm dis-
tance fragments (particles) of average diameter of 
105 µm form as a result of multiple disintegra-
tion, while for flux-cored wire of Fe-Al system 
the initial diameter of the drops is equal to 780 
µm at average diameter of fragments of 125 µm. 
Analysis of calculation results showed that the 

Figure 6. Distribution of axial velocity of the plasma 
jet outflowing into the ambient atmosphere: а) 

without blowing; б) with blowing; I = 260 A, G1 = 4.8 
m3/h, G2 = 30 m3/h

Figure 7. Temperature distribution of the plasma jet 
outflowing into the ambient atmosphere: (a) without 
blowing; (b) with blowing; I = 260 A, G1 = 4.8 m3/h, 

G2 = 30 m3/h

Figure 8. Influence of the wire feed rate on its 
position relative to the plasma jet axis (1–2) and 

thickness of the liquid layer (1’–2’) held at the tip at 
atomization of flux-cored 1, 1’ and solid 2, 2’ wires
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most characteristic two areas of disintegration of 
the liquid particles and their fragments exist at the 
above-mentioned atomization distance. The most 
intensive particle disintegration takes place in the 
first area (near the plasmatron nozzle edge) of the 
length of the order of 60 mm, characterized by 
high values of plasma velocity and temperature in 
the considered modes of plasma-arc atomization. 
In this area We number for the particles is sig-
nificantly higher than the critical value of Weber 
number, leading to their intensive disintegration. 
In the second area the conditions of the particle 

flowing around change due to reduction of par-
ticle sizes (as a result of disintegration), as well 
as lowering of the relative velocity of plasma and 
particles when moving away from the plasmatron 
nozzle edge. Here, the molten particles feel the 
smooth increase of the force of aerodynamic re-
sistance, due to a change in their shape that leads 
to their breaking up after a certain time. Particle 
disintegration practically stops at the distance 
of approximately 120 mm from the plasmatron 
nozzle edge, as a result of a significant reduction 
of the force of aerodynamic impact of the plasma 
flow on the molten particles and increase of the 
surface tension force at their partial solidification 
at the mentioned distance that, in its turn no lon-
ger leads to their deformation and breaking up. 

Experimental data 

One of the important objectives of this study 
is visualization of the process of melt formation 
and drop separation from the tip of atomized 
wire, as well as its movement and disintegration 
with formation of dispersed fragments, as a re-
sult of the action of the aerodynamic force of the 
plasma jet that allows determination of the initial 
dimensions of the drops, nature of disintegration, 
comparing the obtained experimental data with 
the calculated data and assessing the adequacy 
of the developed model. Earlier the means of 
mathematical modeling and experimental studies 
[17, 49–52, 58, 67] revealed that at high-velocity 

Figure 9. Change of average diameter (d) of the 
particles forming at the tip of atomized solid AISI 

316L wire and flux-cored wire of Fe-Al system 
during plasma-arc atomization, depending on the 

distance from plasmatron edge (z)

Figure 10. Visualization of the processes of fragmentation of the initial (a, b) and secondary (c, d) drops, 
forming during plasma-arc atomization of solid AISI 316L wire (a, c) and flux-cored wire of Fe-Al system (b, d) 

at the current of 260 А
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plasma-arc atomization the jet metal transfer is 
the main type of breaking up of the jet of molten 
metal separating from the wire tip (Weber num-
ber of 12 < We < 40–100), at which the initial 
drops disintegrate into a large number of fine 
fragments of practically the same size (secondary 
drops). Fig. 10 gives the photos obtained at high-
speed filming of the process of plasma-arc at-
omization of both the solid and flux-cored wires, 
which fully coincide with mathematical model-
ing results. Thus, analysis of the photos showed 
(Fig. 4 а), that in both the cases in the specified 
atomization modes (at high plasma-forming gas 
flow rates) the melt forming at the atomized wire 
tip is elongated in a jet of 2–5 mm length, and 
then disintegrates into drops of practically the 
same size. However, for the case of atomization 
of solid wire of AISI 316L grade, the initial drop 
diameter is equal to 720 µm, and for atomization 
of flux-cored Fe-Al wire it is 815 µm. Analysis of 
the obtained images showed that secondary frag-
mentation of the melt is performed by the mecha-
nism of disintegration of «bag breakup» or «bag/
streamer breakup» type with Weber numbers in 

the range of 12 < We < 40–100, in keeping with 
the published data [33, 49].

Determination of the dimensions of second-
ary fragments (powder) by the methods of sieve 
analysis showed that at the same modes of plasma-
arc atomization of the studied current-conducting 
solid and flux-cored wires the particle size dis-
tribution is in the range from 1 to 400 µm in the 
general case. For both the cases the main fraction 
is 1-300 µm, which is equal up to 98 wt.% for 
atomization of solid stainless wire of AISI 316L 
grade, and in the case of atomization of flux-cored 
wire of Fe-Al system it is up to 96 wt.%, and the 
average particle diameter is 119 and 142 µm, re-
spectively. Fig. 11 (a, b) shows a SEM image and 
microstructure of powder produced at plasma-arc 
atomization of solid wire of AISI 316L grade and 
flux-cored wire of Fe-Al system. Analysis of the 
powder morphology in MIPAR showed that in 
both the cases of atomization of solid AISI 316L 
wire the powder has a spherical shape with aver-
age sphericity factor S = 0.87, and in the case of 
atomization of flux-cored Fe-Al wire – S = 0.78. 
At the same time, the amount of external defects 

Figure 11. Morphology (a, b) and microstructure (c, d) of powder produced at plasma-arc atomization of solid 
AISI 316L wire (a, c) and flux-cored wire of Fe-Al system (b, d) at 260 A current
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in the form of satellites is not observed on both 
powders, and the amount of irregularly shaped 
particles for AISI 316L powder is no more than 1 
wt.% and for Fe-Al powder no more than 7 wt.%. 
Analysis of cross-sectional images Fig. 11 (c, d) 
of powders obtained in the plasma-arc atomiza-
tion process showed that their microstructure is 
characterized by the absence of pores and voids.

Comparison of the results

Calculation of the dimensions of initial drops 
separating from the atomized wire tips showed 
that the error between the theoretical and experi-
mental data for solid sire of AISI 316L grade is 
not higher than 3 %, where the average diameter 
is equal to 650 and 670 µm, respectively, and for 
flux-cored wire of Fe-Al system it is not higher 
than 7 % at average diameter of 730 and 780 µm, 
respectively. Analyzing the calculated and exper-
imental data on particle size distribution of pow-
der produced at powder-arc atomization of the 
studied solid and flux-cored wires (Fig. 12), one 
can see that in both the cases the main fraction 
is that of 5–300 µm, which makes up to 97% of 
the total powder weight, the amount of particles 
of 300-400 µm fraction is at a rather low level, 
being not higher than 3 wt.%. At more detailed 
consideration of fractional composition of atom-
ized particles, it should be noted that the error 
between the theoretical and experimental data 
for 1–100 µm fraction is equal to not more than 
16%, and for 100–200 µm fractions it is not more 
than 7%, respectively. For 200–300 µm fraction 
the error of the results becomes much greater and 
is equal to 32% and for 300–400 µm fraction it 
is equal to 62%, respectively. The above-given 

data show that for calculation of the main frac-
tion the error between the theoretical and experi-
mental results is not higher than 32% that allows 
prediction of fractional composition with pretty 
good accuracy. It should be also noted that the 
share of the coarse fraction of 300–400 µm in the 
total volume is small, so that it does not have any 
essential influence on the general change of the 
particle size distribution.

The high sphericity coefficient of 0.78–0.87 
for both powders indicates that the powders un-
dergo a sufficient degree of spheroidization. Com-
plete spheroidization is achieved when the sphe-
roidization time exceeds the solidification time of 
the droplet, during which time the high surface 
energy of the molten droplets promotes the for-
mation of spherical particles before they solidify. 
However, it should be noted that the lower sphe-
ricity coefficient for Fe-Al powder may be due 
to the melting peculiarities of flux-cored wires, 
which are different from solid wires. Thus, at plas-
ma-arc atomization of Fe-Al powder the process 
of spheroidization may not occur completely due 
to the rapidity of the process, high cooling rates 
of the formed fragments, which have large sizes 
in comparison with solid wires. Also, in this case, 
a significant role is played by the surface state of 
the powder filler material - aluminum, on which 
an oxide film is formed, which also contributes 
to the decreasing of sphericity and increase in the 
number of irregularly shaped particles.

The absence of pores and voids in the pow-
der suggests that the solidification rate for both 
powders is moderate, as the gas either does not 
enter the powder or escapes in time. This is in 
contrast to the gas atomization process, where the 
gas is forced into the powder as it solidifies [68]. 

Figure 12. Histograms of particle size distribution in the powder produced at plasma-arc atomization of solid 
AISI 316L wire (а) and flux-cored wire of Fe-Al system at 260 A current
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Because the solidification rate is too high, the 
gas output rate is too low to get out, thus it gets 
wrapped up inside the powder, forming internal 
pores and voids [69].

CONCLUSIONS

Mathematical modeling of the processes of 
thermal and dynamic interaction of the plasma jet 
with the melt, forming at the tips of solid and flux-
cored wires at plasma-arc atomization was per-
formed. Size distribution was determined of parti-
cles forming as a result of melt fragmentation at the 
tips of solid and flux-cored wires under the aero-
dynamic influence of the plasma jet for different 
parameters of the plasma-arc atomization process. 
Modeling results showed that at the tip of atomized 
solid AISI 316L wire initial drops with average di-
ameter close to 670 µm are formed, and at 150 mm 
distance fragments (particles) of average diameter 
of 105 µm form as result of multiple disintegration, 
whereas for flux-cored wire of Fe-Al system the 
initial drop diameter is equal to 780 µm at average 
fragment diameter of 125 µm. Theoretical calcula-
tions of the process of flux-cored wire melting at 
the specified mode showed that in this case the di-
mensions of the initial drops greater by 16 % are as-
sociated with the wire shifting by 0.4 mm from the 
plasma jet axis, that promotes formation of initial 
drops of larger dimensions, as melt fragmentation 
occurs in the zone of lower gas-dynamic pressure. 

Dimensions of the initial drops, forming at 
the tips of atomized wires were determined ex-
perimentally using high-speed filming. It was es-
tablished that for the case of atomization of the 
solid stainless wire of AISI 316L grade, the aver-
age dimensions of the initial drops are equal to 
720 µm, and for atomization of flux-cored Fe-Al 
wire they are 815 µm. Determination of fragment 
dimensions at atomization distance of 150 mm by 
sieve analysis procedure showed that in the same 
modes of plasma-arc atomization of the studied 
current-conducting solid and flux-cored wires the 
particle size distribution range is from 1 to 400 
µm. For both the cases, the main fraction is 1–300 
µm, which is up to 98 wt. % for atomization of 
solid stainless wire of AISI 316L grade, and in the 
case of atomization of flux-cored wire of Fe-Al 
system it is up to 96 wt.%, and the average parti-
cle diameter being 119 and 142 µm, respectively.

Comparison of the obtained experimental and 
calculation data showed that the 1–300 µm fraction, 

equal to 96–99 wt.% is the main fraction for atomi-
zation of both the solid stainless wire of AISI 316L 
grade, and flux-cored wire of Fe-Al system. Here, 
the error between the theoretical and experimental 
data for calculation of the main fraction is not high-
er than 16–32% that is indicative of their quite sat-
isfactory correspondence, and enables prediction of 
the powder fractional composition in order to deter-
mine the optimal modes of the process of plasma-
arc atomization of a wide range of wire materials. 
Experimental study of the spheroidization process 
and the features of the microstructure formation of 
plasma-arc atomized powders from different types 
of wires showed that generally high-quality spheri-
cal powders with a sphericity coefficient close to 
0.8–0.9 and the absence of internal defects in the 
form of pores and voids are formed. At the same 
time, the lower sphericity coefficient and the higher 
number of irregularly shaped particles is due to 
high cooling rates of the formed fragments, which 
have large sizes in comparison with solid wires and 
surface state of powder filler material.
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