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ABSTRACT

The technological and structural properties of spherical granules and the peculiarities of their production processes using indus-
trial technologies of gas atomization, plasma rotating electrode process and plasma-arc atomization of neutral and current-car-
rying wires and rods are considered. It was found that among the considered methods of obtaining spherical granules, the most
promising in terms of productivity, energy efficiency and simplicity of the equipment used is the method of plasma-arc atomi-
zation, which, due to the presence of a large number of technological and structural parameters of the process, allows adjusting
the particles size distribution and technological properties of the granules in a wide range. Experimental studies have shown
that the particles size distribution, shape factor and technological properties of granules from titanium alloys and stainless steel
obtained by plasma-arc atomization of current-carrying wire materials at the E.O. Paton Electric Welding Institute of the NAS
of Ukraine, together with LLC R&D PLAZER Center, are at the level of the best foreign analogues. A promising direction of
increasing the energy efficiency and productivity of the process of obtaining spherical granules for additive manufacturing and
granule metallurgy using the technology of plasma-arc atomization of current-carrying rods with a diameter of more than 50
mm at reverse polarity by plasma trons with a hollow copper anode is proposed.

KEYWORDS: plasma-arc atomization of current-carrying wires and rods, spherical granules, additive manufacturing, selec-

tive and direct laser melting and sintering, granule metallurgy

INTRODUCTION

Tendencies in the progress of modern industry in the
leading world countries showed that further advanc-
es in aerospace, ship-building, power, chemical and
biomedical industries are impossible without devel-
opment and production of new special materials with
specified properties and their processing technologies,
primarily Additive Manufacturing (AM) [1]. Among
the most widely applied AM technologies one should
note Bed Deposition technology, which includes the
processes of selective and direct laser melting and sin-
tering (Selective Laser Melting (SLM) and Selective
Laser Sintering (SLS), DMLS) and Electron Beam
Melting (EBM); Direct Energy Deposition technolo-
gy — a direct energy deposition method, including
the processes of laser deposition (Direct Metal Depo-
sition (DMD) and Laser Engineered Net Shaping
(LENS) and cold gas-dynamic spraying (Cold Spray-
ing (CS)), and the technology of precision workpiece
manufacturing with minimal machining allowance,
using the compacting methods of granule metallur-
gy — Hot Isostatic Pressing (HIP) and oth.

All these methods mainly use specialized spheri-
cal granules as the consumable material for forming
additive layers and granule composition. These gran-
ules should satisfy strict requirements, namely they
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should have a high degree of sphericity in the absence
of satellites and other defects [2, 3], and a certain
their size distribution, which for SLM and DMLS
processes should be in the range of 15-63 pum, for
CS — 15-45 pm, for SLS — 15-80 um, for EBM —
45-106 pum, for LENS and DMD — 45-150 pum, and
for HIP technology — 106-250 pm. Such granules
should have minimal porosity and stable chemical
and phase composition.

At present, gas atomization is the most widespread
technology to produce the granules for additive man-
ufacturing [4]. A certain share in these processes be-
longs to plasma-arc technologies, featuring a number
of advantages [5]. Significant expansion of additive
manufacturing application and its transition to a new
technological level requires new technologies of pro-
ducing consumable materials, meeting a number of
criteria by their quality, technological characteristics,
productivity, cost, etc. In this connection, this work is
aimed at solving the following tasks:

e conducting a critical review of the available
technologies of producing spherical granules for addi-
tive manufacturing and promising directions of their
development;

e substantiation of the effectiveness and analysis of
new avenues of development of plasma-arc technologies
and equipment for producing spherical granules for ad-
ditive manufacturing and granule metallurgy;
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e description of new results in producing spherical
granules by plasma-arc atomization of wire materials,
as well as rods and large-sized ingots.

REVIEW OF THE AVAILABLE
TECHNOLOGIES OF PRODUCING
SPHERICAL GRANULES FOR ADDITIVE
MANUFACTURING

The main technologies of producing spherical gran-
ules for additive manufacturing include: gas atomi-
zation (GA) of the melt by inert gas (Free Fall Gas
atomization (FFGA), Close-coupled gas atomiza-
tion (CCGA), Electrode Induction Gas Atomization
(EIGA)) and technologies of plasma atomization of
wires and rods (Plasma Rotating Electrode Process
(PREP) and Plasma Atomization (PA)).

At present GA in the most widely accepted meth-
od to produce spherical granules from different metals
and alloys for AM. In GA method (Figure 1) the initial
material is melted in the shielding atmosphere (vacu-
um or inert gas) or in air (at open furnace melting).

Then, the produced melt is poured through the at-
omizer, where the melt flow is fragmented by a flow
of high-velocity inert gas (nitrogen, helium, argon),
which breaks up the melt into fine drops, which cool
down and solidify penetrating inside the atomization
chamber, and the dimensions of which can be deter-
mined from the following relationship [7]:

D, =Zv,eU?a Q)
where Dp is the mean particle size, um; o is the sur-
face tension force, N/m?; p is the liquid density, kg/
m?®; U2 is the relative velocity between gas and parti-
cle, m/s; We is the Weber criterion.

In work [8] it is shown that EIGA atomization at
inductor power of 50-70 kW, electrode rotation speed
of 1540 °C/s and atomization pressure of 5—8 MPa
allows producing spherical granules from Ti—-6A1-4V
titanium alloy of 1-400 pum size. Here, the average
size of the granules was d,; = 145-190 pm, where up

Molten metal

Molten metal

to 50 wt.% was made up by granules of 50-180 pum
size. It should be also noted that at pressure rise up
to 7-8 MPa, the quantity of satellites on individual
granules is greatly increased, as a result of individu-
al particles of different size colliding with each other
during atomization. Similar results were obtained in
[9], where studies of the size distribution of particles
from Ti—45A1-2Nb-2Mn titanium alloy, produced
by the technology of electric arc melting of the ingot
(arc current of 475 A) and further melt atomization at
atomization pressure of 5.5 MPa showed that the av-
erage granule diameter is d,; = 143—-168 pm, and less
than 35 % of the granules are of < 100 pm size, de-
sirable for AM. The authors [10] note that at inductor
power of 240 kW and atomization pressure of 5 MPa
at argon flow rate of 18 m’/min, the productivity of
the abovementioned process can be up to 10-75 kg/h
for Ti—-6Al-4V titanium alloy, and the coefficient of
sphericity is not more than 0.83 on average. Here also
gas entrapment occurs during granule solidification in
GA, which leads to porosity in these granules. Such
entrapped pores can greatly increase porosity in parts,
made by AM technology, which may reach 0.63 vol.%
[11], where even further HIP treatment allows only
reducing the pore size and number of pores, but not
completely eliminating gas porosity. Thus, despite the
high productivity of GA process, the obtained gran-
ules are characterized by relatively low coefficient of
sphericity, presence of a large number of satellites,
and argon-induced porosity, but the particle size dis-
tribution of the granules lies in a wide range, where
only a small portion is the interval suitable for appli-
cation in AM.

A wide array of plasma-arc technologies of wire
and rod atomization, among which we can highlight
PREP and PA methods, belongs to another kind of
widely-accepted technologies of producing spherical
granules for additive technologies.

During the PREP process the electrode to be atom-
ized is melted by the plasma arc. Under the impact of
an off-center force the molten metal spreads radial-

Electrode
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Figure 1. Technological scheme of GA process variants: a — FFGA; b — FFGA; ¢ — EIGA [6]
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Figure 2. Technological schemes of the processes of plasma-arc atomization of wires and rods: PREP (a) and PA (b) [16]

ly, forming fine drops, and after that it solidifies into
spherical granules, due to the surface tension forces
(Figure 2, a).

It is known that the billet rotation speed has the
greatest influence on the particle size distribution of
the granules in the above process [12], where dimen-
sions of atomized granules can be calculated from the
following equation:

Dp:E« ° s (2)
o \\p-D

where Dp is the mean particle size, pum; o is the sur-
face tension force, N/m?; p is the liquid density, kg/
m’®; o is the billet rotation speed, rpm; D is the billet
diameter, m; K is the correction factor.

In the general case the atomization process is
conducted at super high speeds of electrode rotation
(up to 9000-25000 rpm), which allows regulation of
the particle size distribution in a broad range of 50
to 500 pm. In work [13] it is shown that increase of
the billet rotation speed from 9000 to 23000 rpm at
PREP atomization of an electrode from Ti—-6Al-4V
titanium alloy of 55 mm diameter at plasmatron pow-
er of 75 kW, allows reducing the average diameter
of the granules from af50 =320 to 127 wm. However,
there exist considerable difficulties of producing the
fine fraction of <75 pm, the proportion of which is
not more than 10 wt.%, and which is widely used in
additive technology area. That is, the main limitation
for PREP is the fact that the available applied rotation
speed is not suitable for forming fine granules, which
points to a pressing need for designing and producing
equipment with a higher speed of electrode rotation.
Significant technological difficulties are also encoun-
tered in the process of manufacturing the precision
billet for atomization, most often using vacuum-in-
duction melting technology, and further machining of

the billet. Other drawbacks are impossibility of manu-
facturing billets from materials of a high hardness and
brittleness (Cr—Mo-Fe, Fe—Al, Ni-Al, etc. alloying
systems), insufficiently efficient utilization of billet
material (stub length is not less than 5 cm on average),
low productivity of the process, etc.

A simpler and technologically accessible method
of such atomization is plasma atomization of neutral
wires and rods of a small diameter, called Plasma At-
omization (PA), where melting and dispersion of the
material of these wires is caused by the energy and
pressure of the plasma jet, generated by three plasma-
trons (Figure 2, b). It is shown in [14] that the above
process can have at least eight adjustable technolog-
ical and structural parameters of the process, which
allow regulation of the particles size distribution of
the granules. Here, the granule size can be calculated,
using the following equation:

3.35-d} dy, o

D, = : 3
7 0(1+0.00367-T) p @

where Q is the flow rate of plasma-forming gas, m*/s;
d is the plasmatron nozzle diameter, m; 7 is the mass
average temperature of the plasma jet at the nozzle
edge, K; d is the wire diameter, mm; p is the liquid
density, kg/m’; o is the surface tension force, N/m.
For instance, by changing the plasma-forming gas
supply volume, it is possible to change the kinetic en-
ergy of the plasma jet, leading to greater or smaller
refinement of the melt drops, while change of current
supplied to the plasmatron, allows adjustment of the
atomized electrode melting rate and volume of the
liquid forming at its edge, etc. It should be also taken
into account that increase of the atomized electrode
diameter, on the one hand, leads to increase of the
process productivity, and on the other hand, to low-
ering of the amount of fine granule fraction of < 80
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um, as at application of large-diameter wires and rods
the mass of the melt coming to the atomization zone
is increased, and intensity of fragmentation of the ini-
tial drops is decreased. Researchers [15, 16] showed
that application of a system of three plasmatrons of
the total power of 83 kW and plasma-forming gas
flow rate of 18-22 m?/h, allows producing spherical
granules from 1.6 mm Ti Grade 2 titanium wire in a
rather broad range of 10-300 pm, with average diam-
eter of d,; = 189 um, where O, oxygen content is
below 0.055 %. The granules are characterized by
a minimal number of defective particles, which is
not more than 1 wt.% in both the cases, and their
porosity is not more than 0.08 vol.%. It should be
noted, however, that the maximal productivity of
the process for titanium alloys is not more than
1.5 kg/h is the general case.

Critical analysis of the structural, technological
and technical-economic characteristics of spherical
granules and available technologies of their manufac-
ture showed the following. Presence of a large num-
ber of satellites and irregularly-shaped particles, low-
er coefficient of sphericity for GA technology leads to
a difference in some technological characteristics of
the granules, compared to PA and PREP. The above-
mentioned defects create the conditions under which
the GA granules “cling” to each other at their mutual
displacement (powder feed), which greatly worsens
the fluidity values (particularly for the fine fraction
of <63 pum), and leads to defect formation in the de-
posited layers. Intragranular argon-induced porosity
for GA granules is impossible to remove by HIP in
some cases. In other cases at further heat treatment
of the parts the gas opens up the regions in which it
is trapped as a result of material heating in the sin-
gle-phase area, and porosity with ~0.1 % volume frac-
tion forms. Pore opening leads to significant lowering
of the values of ultimate strength, impact toughness
and other mechanical characteristics of the parts,
which are formed by layer-by-layer deposition. Such
a microstructural defect is inadmissible for such criti-
cal parts as turbine discs, nozzle path parts, etc. Here,
the PREP and PA technologies are characterized by
a practically complete absence of gas porosity in the
granules. PREP and PA methods also feature granule
crystallization at super high cooling rates, creating
the conditions for formation of a microcrystalline
(and in some cases nanocrystalline) structure, which
has a positive effect on the mechanical properties of
the products made from them. Also important is the
fact that for GA process the gas-to-metal ratio (GMR)
[17] (flow rate of atomizing gas (argon) required to
produce 1 kg of powder) can be from 26 to 110, and
for PA and GA processes it is not higher than 8 (for
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Ti—6A1-4V). PREP equipment operation runs into
considerable difficulties related to producing a fine
fraction of <100 pm. To achieve more than 50 wt.%
yield of the abovementioned fraction, it is neces-
sary to significantly increase the billet rotation speed
(more than 30000 rpm), which even more compli-
cates the already not at all simple kinematic diagram
of the unit (for lowering the vibration level, designing
complex bearing systems, etc). We can also include
here the difficulties, associated with producing a cy-
lindrical billet of precise dimensions, which has to be
polished with a high precision. At present, the scopes
of producing the spherical granules by PA technolo-
gy do not satisfy the needs of additive manufacturing
of products, because of its low productivity, leading
to overpriced powders, as well as delays in delivery
times. Therefore, it is rational to consider this process
now only for use under laboratory conditions, when
manufacturing small test batches of powder.

This leads to the conclusion that the technology of
plasma atomization has a significant potential for fur-
ther development and practical application in spheri-
cal granule manufacturing. One of its variants is the
process of plasma-arc atomization of current-carrying
wire materials [14]. The above process is character-
ized by a higher productivity level [18], which can be
up to 12—16 kg/h, and simplicity and mobility of the
equipment, which allows application of a wide range
of standard consumable materials from solid and flux-
cored wires and rods; a large number of technolog-
ical and structural parameters, permitting regulation
of the particle size distribution in a broad range of
15-315 pm. Here, the amount of <100 um fraction
can be up to 90 wt.%.

PWI DEVELOPMENTS IN THE FIELD

OF PLASMA-ARC TECHNOLOGIES

OF PRODUCING SPHERICAL GRANULES
FOR ADDITIVE TECHNOLOGIES.

NEW DIRECTIONS IN TECHNOLOGY
AND EQUIPMENT DEVELOPMENT

In order to increase the efficiency of the processes of
manufacturing spherical granules with the specified
particle size distribution and sphericity parameters, at
PWI they are currently being developed in two main
areas of technology and equipment for:

e plasma-arc atomization of wire materials of 0.8—
3.5 mm diameter (solid and composite, for instance
with a metal sheath and powder core);

e plasma-arc atomization of rods and ingots of up
to 50 mm and larger diameter.

The main technological variants for implementa-
tion of the first group of technologies are shown in
Figure 3, a, b. Here melting of the current-carrying
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Figure 3. Scheme of the process of plasma-arc atomization of neutral wire (@), current-carrying wire without accompanying flow (b),
current-carrying wire with accompanying gas flow (¢) and appearance of the atomization process (d)

wire-anode, fed into the zone of high-velocity plasma
jet, and further dispersion of the melt from the wire
edge, are performed. The arc runs between the non-
consumable tungsten cathode and current-carrying
wire-anode, fed behind the plasmatron nozzle edge,
and in the case of neutral wire atomization — between
the cathode and plasmatron anode. The working (plas-
ma-forming) gas coming to the working chamber is
heated by the electric arc and flows out of the nozzle
in the form of a plasma jet.

Results of analysis of energy efficiency and pro-
ductivity of the processes of plasma-arc atomization
of the neutral and current-carrying wires, in the case
of atomization of titanium wire of Ti Grade2 at plas-
ma arc power of 15 kW confirmed [19] that atomi-
zation of current-carrying wire allows increasing the
wire heating efficiency more than 4 times (n =17 and
4 %, respectively) relative to the method of neutral
wire atomization, which in its turn allows increasing
the process productivity from 1.5 to 12 kg/h (for tita-
nium wire of Ti Grade2), and energy efficiency up to
6 times. However, despite the relatively low produc-
tivity, the method of neutral wire atomization is still
widely used in PA technology to produce high-quality
commercial spherical powders from reactive, refrac-
tory and other high-alloyed metals and alloys (AP&C,
Pyrogenesis, Canada [20]).

u, m/s

Note that the method of plasma-arc atomization
of current-carrying wire without accompanying gas
application can provide a high productivity of the
atomization process, which at 20-25 kW power can
be equal to 10-12 kg/h for tungsten wire. However,
a significant disadvantage of the above process is a
wide size distribution of the atomized particles in the
range of 40 to 1000 pum [21].

A further development of this process was design-
ing and producing serial UN-126 and KT-088 (PWI)
[22] and PLAZER 30-PL-W units (Scientific & Pro-
duction Center PLAZER, Ukraine) [23], where the
abovementioned disadvantages was eliminated by ap-
plication of an accompanying gas flow (Figure 3, ¢).
The accompanying gas flow, directed coaxially to the
plasma one, forms the configuration of the latter, pro-
motes its compression and thus reduces the angle of
opening of the atomized particle plume, increases the
outflow velocity and dynamic pressure of the plasma
jet, which in its turn creates the conditions for produc-
ing the optimal particle size distribution and chemi-
cal composition of the dispersed phase. The data ob-
tained by the results of mathematical modeling [24],
showed (Figure 4) that the submerged jet flowing into
the atmosphere, rather quickly expands, while mixing
intensively with the external gas atmosphere. Plasma
jet blowing by a circular laminar flow of cold gas of

7104, K
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Figure 4. Longitudinal changes of velocity u (a) and temperature 7 () of argon plasma flowing out into argon (7, 3) and air (2, 4)
atmosphere in different modes of plasmatron operation (current / =200 A), plasma-forming gas flow rate 0,=2 m?*h): 1, 2— accom-
panying gas flow rate Q=20 m*/h for argon and air, respectively; 3, 4 — Q =0 m*/h [24]
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)

Figure 5. Appearance of PLAZER 50-PL-W laboratory unit («) and two-phase plasma jet (b): / — transformer power source of the
main arc; 2 — thyristor electric drive; 3 — transformer power source of pilot arc; 4 — control and gas preparation cabinet; 5 — mobile
operator console with touch panel

the same composition as the plasma-forming one pre-
vents the plasma jet expansion. Here, the turbulence
is partially damped by the surrounding circular flow,
and the jet energy and pulse are preserved at greater
distances than for the submerged jet.

Increase of the velocity of plasma jet outflow in
the zone of wire location promotes an increase of
gas-dynamic pressure of the jet on the wire edge and
transition from vibrational breakup, We = 8—12, and
bag breakup, 12 < We < 50, to the mechanism of bag-
and-stamen breakup, 50 < We > 100. Here, the inten-
sity of breakup of the melt drops forming at the cur-
rent-carrying wire edge at its melting, is significantly
increased [25]:

We =—£—=—~, 4)

Table 1. PLAZER-50-PL-W unit specification

where p, is the gas phase density, kg/m’; u?  is the
relative speed between the gas phase and the particle,
m/s; dp is the particle diameter, m; o is the force of the
drop surface tension, N/m.

Experimental data [14] showed that use of ac-
companying gas flow allows significant reduction of
maximal drop dimensions from d,, = 1000 to 315 pm,
which enables an essential increase of the amount of
the fraction suitable for use in AM and granule metal-
lurgy technologies.

Over the recent years development of this tech-
nology of plasma-arc atomization consisted in solv-
ing tasks related mainly to extension of service life
of plasmatron internal parts, improvement of produc-
tivity and efficiency of heating and of atomization
material utilization. For this purpose, the Scientific
& Production Center PLAZER, Ltd. designed and
manufactured an experimental-production unit PLA-

Parameter Value
Consumed power, kW, not more than 50
Voltage of 50 Hz three-phase AC mains, V 380
Open-circuit voltage, V 160
Range of working current adjustment, A 100-500
Range of working voltage adjustment, V 30-100
Duty cycle, % 100
Air flow rate at 0.6 MPa pressure, nm*/h 15-60
Argon or helium flow rate at 0.1 MPa pressure, nm*/h 1-3
Wire feed rate, m/min 2-15

Plasmatron cooling

Air or water

Service life of plasmatron nozzle and cathode, h (machine time)

Not less than 100

Cooling water pressure, MPa 0.3-0.5
Cooling water flow rate, nm*/h 0.4-0.6
Diameters of applied wire materials, mm 1.0-2.4
Control type Automated
Controller type PLC
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ZER 50-PL-W (Figure 5), which incorporated a new
design of the plasmatron with water cooling and op-
timized geometry of the nozzle part of reduced over-
all dimensions, which allowed the abovementioned
equipment power to be increased from 30 to 50 kW
(Table 1) [18].

This, in its turn, allowed increasing the process
productivity to 16—18 kg/h, and intensifying the pro-
cesses of dispersion of the melt forming at the wire
edge. It should be also noted that power increase be-
comes particularly relevant for the case of flux-cored
wire atomization, where increase of flux-cored wire
diameter from 1.6 to 2.4 mm and more allows greatly

System
of technological gas feed

HMI-panel

increasing the wire FF (up to 40 %) and, the degree
of granule alloying, respectively, but requires ensur-
ing a proper degree of metallurgical interaction of the
components, present in the flux-cored wire composi-
tion, which leads to lowering of the degree of granule
heterogeneity by their chemical and phase composi-
tion. The developed unit enhances the technological
capabilities of the process of plasma-arc atomization
of current-carrying wires, as a specialized control sys-
tem was developed for this purpose, which includes
the measuring, starting and control and signal equip-
ment, in particular, use of a touch panel, programma-
ble logic controller (PLC) and development of the re-
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Figure 6. Scheme (a) and appearance (b) of experimental-production equipment and visualization (c) of the process of plasma-arc
spheroidization of current-carrying materials with a chamber with protective atmosphere and counter gas flow
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spective software. The unit software contains all the
functions of control, adjustment, indication and emer-
gency signaling of the unit operation modes. PL.C has
the function of an executive computing device, which
on the basis of the data received from the monitor-
ing system, performs correction of atomization pro-
cess parameters and equipment operation algorithm,
changing current, gas flow rates, wire feed rate, etc.

PWI developed an experimental-production unit
for plasma-arc spheroidization of current-carrying
materials (Figure 6), where a counter gas flow is used
for control and monitoring of the speed and tempera-
ture characteristics of the granules. It allows greatly
reducing the overall dimensions of the atomization
chamber to 3 m chamber height, as the standard pro-
duction chambers have not less than 10-15 m cham-
ber height, and regulating the rate of particle cooling
inside the chamber, in particular for formation of a
fine-crystalline structure.

Numerical modeling means were used for calcula-
tion of the main structural parameters of this chamber,
and for selection of optimal velocities of the count-
er gas flow. For this purpose, first modeling of the
process of outflowing of argon plasma blown by an
accompanying gas flow was performed in CFD soft-
ware, by solving a system of MHD equations (5—-12)
and using a standard two-parametric k—e model of tur-
bulence (13), and gas-dynamic and temperature char-
acteristics of the plasma jet were defined (Figure 7):

1. Law of mass conservation:

Vpo. 3)
2. Law of momentum conservation:
oy - 2 — —
p(V-VV)z]-B—Vp+§p(VV)+2V-(pS). (6)
3. Law of energy conservation:
V-(pVh)ZV-(?»VT)+j-E+E—j~VT. 7
e
500 -
2400 !
= g
8 300 | g
e )
8,200 - 5
@ g
2100 - 8
ay
0 -
1 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 25 30
a Distance to plasmatron edge, m

4. Maxwell equation:

V-(-eVQ)=0, ®)
E=-V, )
Vi A=—p,/, (10)
B=V.A. (11)
5. Ohm’s law
j=c-E. (12)

where p is the gas density, kg/m’; V is the gas ve-
locity, m/s; }E is the Lorentz force due to electric
current vector }', A/m?; and electromagnetic induc-
tion vector, B , T; p is the pressure, Pa; p is the dy-
namic viscosity of plasma, kg/m.s; S is the strain rate
tensor; 4 is the enthalpy, J/kg; E is the electric field,
V/m; k, is the Boltzmann constant, J/K™'; e is the el-
ementary charge, C; ¢ is the electric conductivity of
gas, W/m'K; @ is the electrostatic potential, V; A is
the vector potential of the electromagnetic field, T-m.

2
b, =pC (13)
€
where k is the kinetic energy of turbulence, m%s?; ¢
is the turbulent energy dissipation rate, m*/s’; p is the
medium density, kg/m’; C = 0.09; p, value has the di-
mension of kg/m-s.

At the next stage the Taylor Analogue Break-up
(TAB) model of hydrodynamic break-up of the drops
and the derived experimental data were used to mod-
el the process of dispersion of the melt forming during
plasma-arc atomization at the edge of current-carrying
1.6 mm wire from AISI 316 steel (14—17). TAB model
draws an analogy between the mass-spring-damper sys-
tem and oscillations and deformation of the liquid drops
leading to their refinement. In this analogy the surface
tension force is represented by the restoring or stabiliz-

20000
15000 -
10000 -
5000
0 -
1 1 1 1 1 1 1
0 0.5 1.0 15 2.0 25 30
b Distance to plasmatron edge, m

Figure 7. Gas-dynamic (a) and temperature characteristics (b) of argon plasma, blown by accompanying gas (P = 16 kW)
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ing force of the spring, while the aerodynamic force of
the gas is the source of external force, or the force, which
destabilizes the mass, and the damping force is repre-
sented by the liquid viscosity characteristic:

mi=F —kx—dx, (14)
where m, F, k and d are the mass, force, spring con-
stant and damping constant, respectively; x is the dis-
placement of the drop equator from the equilibrium
position in the form of a sphere to an oblate ellipsoid
(Figure 8).

Using the Taylor’s analogy coefficients, the phys-
ical dependencies of the coefficients in equation (14)
have the following values:

2

F . pgu

m ! pr

k_¢ o, (16)
3

m P

d

Loc, (17)

m p;r

where p, is the drop density, kg/m’; p, 18 the density
of the continuous phase, kg/m?; u is the relative speed
of the drop, m/s; r is the initial drop radius, m; ¢ is
the drop surface tension force, N/m; p, is the drop
dynamic viscosity, kg/m-s. Values for dimensionless
constants are as follows: Cf: 0.33;C,=5and C, = 8.
It was found that during atomization, particles
the dimensions of which can be in the range of 20
to 500 um, are formed. Investigations of these parti-
cles movement and their heat exchange with the at-
mosphere inside the atomization chamber (Figure 9)
showed that at 3 m distance from the plasmatron edge
their speed can be in the range of 8-30 m/s, depending
on the calculated dimensions, and their temperature
can be equal to 400-1200 K. This, in its turn, leads
to particle deformation and formation of defective
70

— 20-100
— 100-200

L £ Lh
=] = (=] S
1 I I 1

Particle speed ¥, m/s

b
=
1
Particle temperature T, K

—
=
T

=
T

1 1 1 1
0 0.5 1.0 1.5 2.0
Distance to plasmatron edge, m

25 3.0

a

Figure 8. Drop deformation mechanism in keeping with TAB
model

products at their collision with the walls of powder
collector (at calculated chamber height, equal to 3 m).

It is shown that the counter gas flow allows per-
forming processing in atomization chambers of not
more than 3 m length, due to intensification of parti-
cle braking processes, and increasing the rate of heat
exchange between the atmosphere and the particles
(Figure 10).

Experimental studies of the sphericity coefficient
of granules from AISI 316 stainless steel (Figure 11),
produced at atomization in different atmospheres,
showed that compared to atomization in air, use of
chambers with a shielding argon atmosphere and
counter gas flow allows increasing the sphericity co-
efficient of the granules from 0.73 to 0.85.

PWI is also performing studies of the processes
of plasma-arc spheroidization of neutral (Figure 12,
a) and current-carrying wires (Figure 12, b) and rods,
using plasmatrons with a hollow copper anode, oper-
ating at reverse polarity.

It was found that the method of reverse polarity
plasma-arc atomization (by the “wire—cathode” and
neutral wire scheme) has a number of advantages
among the currently available plasma spheroidization
technologies, which are of wide practical interest, as:

— 20-100
2500 |- —— 100-200
—— 200-300
—— 300-400
2000 - —— 400-500 pm
1500
1000
500 -
0 I 1 I 1 1 I

1
0 0.5 1.0 1:5 2.0
Distance to plasmatron edge, m

25 3.0

Figure 9. Dependence of the change in particle speed V' (@) and temperature 7 (b) at a certain distance from plasmatron edge (without

using counter gas flow)
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Figure 10. Dependence of the change in particle speed V' («) and temperature 7" (b) at a certain distance from plasmatron edge (using

counter gas flow)

e they allow increasing electric power (up to
200 kW) due to “eclongation” of the arc (from 150
to 550 V) in the copper electrode cavity owing to a
change of the jet gas-dynamic characteristics, unlike
plasmatrons operating at straight polarity, where in-
crease of electric power is achieved by increasing the
working current (from 400 to 1000 A), using high ca-
pacity power sources, which intensifies erosion of the
nozzle and the electrode, or using plasmatrons of a
more complex design (water-cooled IEI etc.)

e they enable dispersion of a wide range of sprayed
materials (from large-diameter solid and flux-cored
wires to rods of 50 mm and greater diameter, etc.);

e plasmatron design allows generation of a super-
sonic plasma jet with the velocity in the range of (1.5—
4.0)-10° m/s, which greatly intensifies the processes of
dispersion of the melt, forming at the spraying elec-
trode edge, and increases the amount of the produced
fine fraction (<80 um) of the granules [26];

e a low rate of erosion (0.01 nanogram/C at
40 kW) of the electrode is achieved, which does not
have any limitations as to the number of its operation
starts, which also greatly prolongs the plasma equip-
ment service life;

e thermal efficiency of plasmatrons with a hollow
copper cathode is on the level of 0.80—0.85, here the
power transferred to the product by the plasma flow,

1.0 -
0.8 |
0.6
04
02

0

0.85

0.73 0.69

Air
(hardening in water)

Air
(hardening in air)

Argon

Figure 11. Dependence of sphericity parameters of sprayed parti-
cles from AISI 316 stainless steel of 20-100 pm fraction on am-
bient atmosphere type (P = 16 kW): / — air (hardening in water);
2 — air (hardening in air); 3 — argon
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P at the same operation modes is 1.2 to 1.5 times
greater, than at straight polarity. It results in improve-
ments of the process efficiency, allowing a significant
reduction of the amount of energy consumed in melt-
ing one unit of the wire volume [27].

The data obtained at numerical modeling of the
abovementioned process (Figure 13) confirmed that
at plasmatron operation at reverse polarity current,
arc voltage U is much higher than when working at
straight polarity, U,, = (1.1-1.5)U, (U, is the con-
stricted arc voltage at plasmatron operation at reverse
polarity, Uy, is the constricted arc voltage during plas-
matron operation at straight polarity), resulting in
higher productivity of the plasmatron [28].

In accordance with that a line of plasmatrons were
developed for atomization of neutral and current-car-

Anode (+) Anode (+)
Gas Nozzle Gas Nuzz
inlet 1I11LI
Wite—cathode (5 Rud—udtht!dc( )
> RS-
Anode (+)

Anode (+)

[

Gas Gas
inlet = inlet
' X Cathode () dlh()d(,( )
Rod
7, Wire /
" A

Figure 12. Scheme of plasma-arc atomization process at reverse

polarity using plasmatrons with a copper hollow anode: cur-
rent-carrying («) and neutral (b)
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Figure 13. Dependence of constricted arc voltage on current: / —
total arc voltage; 2 — voltage inside hollow electrode; 3 — volt-
age in the nozzle plasma-forming channel; 4 — voltage in open
section of the arc; 5 — voltage in the cut cavity at plasmatron
operation at reverse (', 5") and straight polarities (1", 5")

rying materials, using approaches established when
designing and manufacturing the plasmatrons for re-
verse polarity cutting.

PRODUCING SPHERICAL GRANULES
BY PLASMA-ARC ATOMIZATION
OF WIRE MATERIALS

Experiments on atomization of various types and
grades of current-carrying compact (Figure 14, @) and
flux-cored wires (Figure 14, b) were performed in
PLAZER-50-PL-W unit with further analysis of the
technological and structural features of the produced
granules.

So, investigation of particle size distribution of
granules (Figure 15) produced at atomization of cur-
rent-carrying compact wire from AISI 316 stainless
steel, showed that owing to a large number of regulat-
ed parameters the above equipment allows producing
spherical granules in the size range of 15-315 pm.
Here, in certain atomization modes it is possible
to obtain a large amount of fine fraction. The main
fraction is 15-100 um, which makes up to 90 wt.%,

Figure 14. SEM images of the cross-section of compact wire from
AISI 316 stainless steel (@) and flux-cored wire of Fe—Al(86Fe +
14A1 wt.%) alloying system (b)

n, wt.%

25

20

15

10

5_

15-45 45-63 63-80 80-100  100-160 dp, um

Figure 15. Particle size distribution of granules produced at atom-
ization of compact wire from AISI 316 stainless steel

where the proportion of 1545 um fraction is equal to
21.2 wt.%, that of 45—63 pum fraction — 23.7 wt.%,
that of 63—80 um fraction — 25.4 wt.%, that of 80—
100 pm fraction — 19.2 wt.%, that of 100—160 um
fraction — 10.5 wt.%, and the average diameter
d,,= 63 um.

Investigations of the shape of these granules
showed that on the whole they are of a regular spher-
ical shape (Figure 16, a) with sphericity coefficient
S =0.83 and higher, while the proportion of irregular-
ly-shaped particles is not more than 1 wt.%.

Results of investigations of the technological
properties of the abovementioned granules showed
that their fluidity (in the case of —45; +15 pum frac-

Figure 16. SEM image of granules produced at atomization of compact wire from AISI 316 stainless steel (a) and Ti Grade2 titanium

(@) B1]
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Table 2. Particle size distribution and fluidity of granules of different grades from 316 L stainless steel

Powder brand and production method Fraction size, pm g, LM dy, pm d, um Fluidity, s/50 g
MetcoAdd 316-A, GA —45; +15 46 30 19 <20
PLAZER-30, PA —45; +15 43 28 17 18
GA [29] —45;+15 45 22 8 29

Table 3. Particle size distribution of granules, produced at atomization of current-carrying compact wires of different chemical com-

position
. L Average granule diam-
Number Material Wire diameter, mm Power, kKW
eter d, pm
1 Cu-ETP copper 1.2 21 52
2 AISI 316 stainless steel 1.0 18 63
3 NiCr-3 nickel alloy 2.0 21 184
4 Inconel 625 nickel alloy 1.2 22 87
5 Ti Grade 2 titanium 1.6 14 152

tion) is at the same level as that of another commer-
cial powder of MetcoAdd 316-A grade (Oerlicon AM
Co., Ltd, Germany), widely used by SLM and DMLS
methods and it is equal to 18 s/50 g.

It should be also noted that the productivity of the
abovementioned process for this mode of atomization
of current-carrying wire from AISI 316 stainless steel
(plasma arc power P = 18 kW and total argon flow

rate Q = 25 m’/h) is equal to 10.5 kg/h with further
possibility of its increase. Table 3 gives the results
of analysis of particle size distribution of granules
produced at atomization of current-carrying compact
wires of different chemical composition.
Investigations of the process of plasma-arc atom-
ization of current-carrying flux-cored wire of Fe-Al
alloying system, showed that the above process al-

: 100 um

200 um

Figure 17. SEM image of Fe—Al wire edge after an abrupt extinguishing of the arc during plasma-arc atomization (a), granule micro-
structure (b) and appearance of particles (¢): spectra 1-3 — zone of metallurgical interaction of the wire material at its melting and
atomization; spectrum 4 — wire zone not subjected to thermal impact; spectra 1-12 — zone with granule cross-section
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Table 4. Chemical composition of local zones at the edge of flux-cored wire—anode Fe—Al after an abrupt extinguishing of the arc

during plasma-arc atomization and granule microstructure

Local zone number Chemical composition of local zones, at.%
Image

(spectrum) Fe Al Si 0
1 76.49 23.51 - —
2 . 75.49 24.51 — —
3 Figure 17, a 74.15 25.85 - -
4 99.64 — 0.36 —
1 82.92 16.04 0.55 0.49
2 82.67 16.31 0.70 0.32
3 83.01 16.44 0.21 0.34
4 74.07 25.09 0.63 0.21
5 74.78 24.62 0.46 0.14
6 Figure 17, b 74.44 24.94 0.43 0.19
7 ’ 71.67 27.71 0.20 0.42
8 72.52 27.52 0.00 0.23
9 71.59 28.01 0.13 0.27
10 83.17 16.22 0.24 0.37
11 74.10 25.03 0.71 0.16
12 71.75 27.85 0.12 0.28

lows producing spherical granules from high alloys
(Figure 17, ¢), which are difficult or impossible to
produce by the traditional methods (nickel, titanium,
iron intermetallics and other alloys). Such granules
further on can be used to manufacture products of a
complex geometry, for instance by the technology of
cold gas-dynamic spraying and further HT or TMT.
The paper presents the results of experimental inves-
tigations of the processes of heating, melting and in-
teraction of 86Fe + 14Al wt.% flux-cored wire, con-
sisting of a steel sheath from St-08rim low-carbon
steel and powder filler (aluminium of PA-4 grade) at
optimal parameters of the atomization mode (18 kW
power) in PLAZER-50-PL-W equipment. These stud-
ies showed that the above process allows producing
spherical granules of a chemical composition, which
practically does not differ from the composition of the
initial material (flux-cored wire), while the proportion
of granules with external and internal defects is not
higher than 1.0-1.5 wt.% (Table 4) at average diame-
ter d,, = 115 um and up to 45 wt.% proportion of fine
fraction of <100 pm.

Studies of melted-off edge of the flux-cored
wire after an abrupt extinguishing of the arc, using
X-Ray microspectral analysis (Tescan MIRA 3 LMU)
showed that at the wire edge metallurgical interac-
tion of the molten metal sheath and the aluminium
filler takes place, leading to formation of a melt, the
integral chemical composition of which corresponds
to intermetallic of Fe, Al type (Figure 7, a, Table 4).
Investigation of the heterogeneity of intermetallic
granules of different fractions (Table 4) showed a
small inhomogeneity of chemical composition of the
produced granules. So, Al proportion can vary from

16 to 28 at.%. At the same time, however, investiga-
tion of the granule phase composition by the meth-
od of X-Ray diffraction phase analysis (DRON-3M,
CuK -radiation) showed that the proportion of Fe Al
intermetallic phase can be up to 85 wt.%.

PRODUCING SPHERICAL GRANULES
BY PLASMA-ARC ATOMIZATION OF RODS
AND INGOTS

Experiments on atomization of current-carrying com-
pact wire of 1.6 mm diameter from low-carbon steel of
ER70S-6 grade and stationary rod of 50 mm diameter
from low-carbon Q235 steel at 120 kW power of the
plasma arc were performed in PLAZER-50-PL-W unit,
upgraded for plasma atomization at reverse polarity.
Analysis of particle size distribution of granules
(Figure 18) produced at atomization of current-car-
rying wire showed that during atomization spher-
ical granules in the size range of 15-630 um are

n, wt.%
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5_

0

15-100 100-160  160-200  200-250 250-315 dp, um

Figure 18. Particle size distribution of granules produced at at-
omization of current-carrying compact ER70S-6 wire of 1.6 mm
diameter by plasmatron at reverse polarity and 120 kW power
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n, wt.%
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Figure 19. Particle size distribution of granules produced at atom-
ization of a current-carrying stationary rod from low-carbon Q235
steel rod of 50 mm diameter by a plasmatron at reverse polarity
and 120 kW power

formed, with the following percentage of fractions:
15-100 pm — 15.8 wt.%, 100-160 pm — 20.2 wt.%,
160-200 um — 24.7wt.%, 200-250 pm — 23.2 wt.%,
250-315 pm — 16.1 wt.%, and the average diameter
isd, =183 um.

Analysis of particle size distribution of the gran-
ules (Figure 19), produced at atomization of cur-
rent-carrying wire, showed that during atomization
spherical granules in the size range of 15-630 pum are
formed, with the following percentage of fractions:
15-100 pm — 10.3 wt.%; 100200 pm — 17.2 at.%;
200-315 pm —29.2 wt.%, 315-400 pm — 27.5 wt.%,
400-630 — 15.8 wt.%, average diameter being equal
to d,, =282 pm.

Study of the produced granules shape (Figure 20)
showed that on the whole they have a regular spher-
ical shape (Figure 20, a) with sphericity coefficient
S = 0.75 and more, and the proportion of irregular-
ly-shaped particles is not more than 5 wt.%. The pro-
ductivity of atomization process at 120 kW power can
be up to 16 kg/h for current-carrying compact wire
from low-carbon ER70S-6 steel of 1.6 mm diame-
ter, and in the case of atomization of a stationary rod
from low-carbon Q235 steel of 50 mm diameter it is
20 kg/h. Here, a tendency is also observed to further
improvement of productivity at increase of plasma arc
power to 200 kW.

Thus, despite a high productivity the above pro-
cess requires further investigations and development
of additional technological measures, which will al-
low a significant increase of the amount of the frac-
tion, suitable for application in AM and granule met-
allurgy technologies.

CONCLUSIONS

1. Critical analysis of modern technologies for pro-
ducing spherical granules showed that in the general
case the technologies of gas atomization are charac-

16

Figure 20. SEM images of granules produced at atomization in
air of a current-carrying stationary rod from low-carbon Q235
steel of 50 mm diameter

terized by the presence of a large number of satellites
and irregularly-shaped particles, lower coefficient of
sphericity and intragranular argon-induced poros-
ity, leading to formation of defects in the deposited
layers and causing a significant lowering of the val-
ues of ultimate strength, impact toughness and other
mechanical characteristics of finished products. The
Plasma Rotating Electrode Process allows avoiding
the majority of these disadvantages. Equipment op-
eration, however, involves considerable difficulties
for producing a fine fraction of <100 um. To achieve
more than 50 wt.% yield of the mentioned fraction,
there is the need for an essential increase of the billet
rotation speed (more than 30000 rpm), which greatly
complicates the already not at all simple kinematic di-
agram of the unit (lowering of the level of vibrations,
designing complex bearing systems, etc.). There are
also difficulties associated with producing the cylin-
drical billet of precise dimensions, which has to be
polished with a high accuracy, etc.

2. It was found that the technology of plasma-arc
atomization has considerable potential for further
development and practical application in spherical
granule manufacturing. One of its variants is the pro-
cess of plasma-arc atomization of current-carrying
and neutral wires, rods and large-sized ingots of up
to 50 mm and greater diameter. The abovementioned
process is characterized by higher values of energy
efficiency and productivity, which can reach up to
20 kg/h, and relative simplicity of the equipment,
and it allows producing spherical granules in a broad
range of dimensions of 15-315 um. Here, the amount
of <100 um fraction may reach 90 wt.%. A new gen-
eration PLAZER-50-PL-W unit was developed for




DEVELOPMENT OF PLASMA-ARC TECHNOLOGIES OF SPHERICAL GRANULE PRODUCTION

plasma-arc spheroidization of neutral and current-car-
rying wires and rods. Its feature is application of a
plasmatron with higher current load and intelligent
system of automatic real-time control and monitor-
ing of a greater number of technological parameters.
The designed atomization chamber with shielding at-
mosphere with gas counter flow allows a significant
reduction of overall dimensions of the equipment,
namely chamber height from 10-15 to 3 m, enables
controlling particle cooling processes to form a fine-
ly-dispersed structure, and promotes producing spher-
ical granules in the size range of 20-315 pm with the
sphericity coefficient of 0.75-0.85.

3. Plasma-arc technologies developed at PW1 allow
producing spherical granules from the entire range of
materials, widely used in the area of 3D printing of
high-quality products by the methods of selective and
direct laser melting and sintering, electron beam melt-
ing, cold gas-dynamic spraying and granule metallur-
gy technologies for producing high-quality structural
metallic materials by compacting particles (granules)
of a microcrystalline structure, which crystallized
from the melt at a high rate.
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