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ABSTRACT

This work demonstrates the possibility of producing spherical Ti-6Al-4V Grade 5 alloy powders with superior
technological properties compared to those obtained through conventional industrial gas atomization methods for
additive manufacturing, by utilizing plasma atomization of a 1.0 mm diameter solid wire. The process employs
supersonic plasma jets generated by a DC reverse polarity plasma torch with vortex arc stabilization. The plasma
torch has a copper hollow electrode-anode and a special diffusive nozzle-cathode. Analysis of the particle size dis-
tribution of the powder showed the main fraction of -140 pm 96 wt%, and the amount of the finely-divided fraction
of -63 pm is up to 55-60 wt%. Also, using subsonic jet had been give fraction -250 um, which is 97 wt%, and the
amount of the finely-divided fraction -63 pm does not exceed 30 wt%. The study of the shape and structure proper-
ties of Ti-6Al-4V Grade 5 powder showed that the sphericity coefficient reaches up to 0.9, the number of defects
in the form of satellites and irregular particles does not exceed 1 wt%. In terms of technological characteristics,
Ti-6Al1-4V Grade 5 powder obtained by the adopted technique is on par with the industrial method of producing
spherical powders for additive manufactuing by the direct polarity plasma torches.

Keywords: plasma atomization, reverse polarity, solid wire, Ti alloy, powders, particle size distribution, morphol-
ogy, technological properties.

INTRODUCTION

The rapid growth of aviation, aerospace, en-
ergy, and chemical industries has created a signifi-
cant demand for manufacturing and repairing of
Ti alloy parts, mainly through powder-based addi-
tive manufacturing (AM) methods, including se-
lective laser melting (SLM), electron beam melt-
ing (EBM), laser direct energy deposition (LDED)
and cold spraying (CS) techniques [1-12]. In this
case, the properties of the powder feedstock play a
primary role in powder-based AM technology, on
the process window setup and on the properties of
AMed products [13]. All these techniques require
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spherical metal powders with controlled particle
size, high sphericity, low porosity, and good flow-
ability to ensure uniform layer deposition and
high-quality final parts [1-4].

The most common method for producing
Ti alloy powders is gas atomization (GA) [14],
including techniques such as vacuum induction
melting inert gas atomization (VIGA) and elec-
trode induction melting inert gas atomization
(EIGA). While GA enables relatively high pro-
ductivity (up to 80 kg/h for VIGA and 20 kg/h for
EIGA), it has significant drawbacks: formation of
pores due to gas entrapment [15, 16], presence of
satellites and irregular particles [17-19], reduced
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flowability and packing density [20, 21]. These
drawbacks ultimately degraded mechanical
properties in AMed parts [23, 24]. An alternative
is the plasma rotating electrode process (PREP),
which produces powders of excellent sphericity
and minimal defects [13, 25, 26]. However, PREP
has limitations in scaling and producing fine par-
ticles (<106 um), and it requires precision-ma-
chined billets and complex high-speed rotating
systems [27-29]. A more promising technique is
plasma wire atomization (PA) using three direct
polarity plasma torches (3DPT) [30]. This meth-
od melts and disperses wire feedstock with con-
verging plasma jets, offering: high control over
particle size distribution [31], high finely-divided
fraction yield (< 63 um up to 60 wt%) [32], and
flexibility in feedstock materials. Despite these
advantages, current PA-3DPT systems are limit-
ed by: low productivity (~1.0 kg/h for Ti-6Al-4V
alloy) [33], high equipment cost due to multi-arc
configuration, and restricted power of existing
plasma torches, limiting plasma velocity and
melt dispersion [34].

This necessitates the overcoming these limi-
tations by developing a plasma torch with im-
proved energy efficiency and operational stabil-
ity, enabling more efficient production of high-
quality Ti alloy powders for AM applications.

Justification of the prospects for using of
reverse polarity plasma torches for plasma
atomization of wire materials

It is known that currently, the most common
plasma torch designs used for spraying/atomiza-
tion are single-electrode designs with one cathode
and one anode. In such technique the electrode
wear leads to significant arc fluctuations, which
deteriorates its dynamics [35]. Consequently,
the plasma jet pulsations affect process stabil-
ity, worsening the uniformity of axial and radial
velocity and temperature gradients of the plasma
jet [36, 37], which results in uneven melting and
fragmentation of the wire material with obtain-
ing of a wider particle size distribution dominat-
ed by a coarser fraction, as well as a decrease in
the sphericity coefficient, etc. Currently, intense
electrode wear, led to developing new concepts
of high-power plasma torches — multi-electrode
type (mainly 3 cathodes and 1 anode) and/or
cascaded systems where arc fluctuations do not
exceed £5 V [38-41]. These plasma torches are
characterized by increased operational stability

and extended service life, as the use of a multi-
cathode system reduces current density in each
cathode at a constant total arc power, and the use
of a cascaded system effectively limits axial dis-
placements of the anode spot, resulting in more
stable arc behavior and a virtually constant output

power during spraying/atomization [37, 38].

In this aspect, the concept of plasma torches
with a copper hollow internal electrode is of in-
terest. These torches can operate on both direct
(DPT) and reverse polarity plasma torches (RPT),
use both monatomic (argon, helium) and diatom-
ic/multiatomic (nitrogen, hydrogen, methane,
etc.) gases and their mixtures as a plasma-form-
ing gas, which allows the formation of superson-
ic, high-enthalpy plasma jets at low current loads
on the internal electrodes [42—44]. Additionally,
the application of a non-transferred arc with re-
verse polarity, where the copper plasma-forming
nozzle acts as the cathode and the hollow internal
copper electrode acts as the anode [42, 45-47], is
a promising direction of plasma torches design.
The ability of the cathode spot to actively move in
the arc discharge is due to the following physical
factors [34, 42, 47-51]:

1. Local overheating of the cathode - the cathode
spot concentrates high power on a small area,
causing local heating. When the temperature
in the spot region exceeds the optimum, the
cathode material begins to evaporate, worsen-
ing emission conditions. New centers form in
colder areas, and old ones disappear.

2. Electromagnetic forces (Ampere force and
magnetic compression) - the interaction of the
cathode spot current with its own magnetic field
creates Lorentz forces, which can lead to spot
displacement (especially at currents > 100 A).

3. Gas dynamic influence of the plasma-forming
gas can «blow off» the cathode spot, promoting
its movement to a region with lower pressure
gradient values.

Thus, author’s [51] shows that changing the
polarity from direct to reverse at constant current
leads to arc elongation and allows increasing the
arc voltage thereby increasing the output power
of the RPT plasma torch. Additionally, in works
[30, 51, 52], it is noted that with an increase in
plasma torch power, more intense heating of the
working gas occurs, leading to an increase in its
temperature and a decrease in density. As a result,
the gas outflow velocity through the nozzle in-
creases, reaching supersonic values. The authors
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showed [52] that the RPT plasma torch operates
stably with arc fluctuations which ensures uniform
quality of the obtained powders and good repro-
ducibility of the atomization process. Further-
more, compared to a conventional single-cathode
argon plasma torch operating on direct polarity,
the RPT plasma torch operates at a higher arc
voltage and lower current, resulting in less elec-
trode wear. Additionally, the thermal efficiency of
the RPT plasma torch and the specific enthalpy
of its plasma jet, making it ideal for generating a
supersonic plasma jet with high energy density,
while low erosion rate of copper electrodes is ob-
served. Thus, the performed analysis confirms the
effectiveness and prospects of using RPT plasma
torches in PA technology [47, 51, 52]. At the same
time, there is a need to improve their design from
the point of view of reducing the dispersity of the
obtained powders and achieving the required level
of their technological properties.

Aim of the work

The aim of this work is to investigate the
physical, mechanical and technological proper-
ties of titanium alloy Ti-6Al-4V Grade 5 powders
obtained by the PA (plasma-arc wire atomization)
technique using an DC RPT plasma torch with
a copper hollow electrode and a diffusive noz-
zle-anode. To achieve this goal, it is necessary to:
e confirm the possibility of generating a super-

sonic plasma jet with the RPT plasma torch
and achieving the effect of increasing the dis-
persity of the obtained powder, compared to
plasma-arc wire atomization at subsonic plas-
ma outflow velocities;

e investigate the structure, particle size distribu-
tion, morphology, and technological properties
of Ti-6Al-4V Grade 5 powder obtained using
an RPT plasma torch with the implementation
of a supersonic plasma jet mode;

e perform a comparison of the main technologi-
cal characteristics of Ti-6Al-4V Grade 5 pow-
der obtained using an RPT plasma torch with
the implementation of a supersonic plasma jet
mode, and justify the prospects of its use in
additive manufacturing.

MATERIAL AND METHODS

The experiments were carried out on tech-
nological equipment for plasma-arc atomization
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manufactured by LLC «SPC «PLAZER»
(Ukraine) using the PLAZER 180 PL-S unit [53].
For the PA process it was used an experimental
RPT plasma torch with a copper hollow electrode
(Figure 1b, 1c), operating according to the «non-
transferred plasma arc» scheme (NTPA) that has
been designed by the E.O. Paton Electric Weld-
ing Institute. This plasma torch with an expanding
(diffusive) nozzle channel and vortex stabilization
of the DC arc allows generating strongly ionized
plasma in argon, nitrogen, helium, and their mix-
tures, including with hydrogen and methane, at
atmospheric pressure and currents of 100-400 A,
with axial temperature values up to 25-35x10° K
[54, 55]. High-enthalpy plasma jets with plasma-
forming gas flow rates in the range of 3-24 m’/h
are created at a large arc length 40—70 mm, which
self-adjusts depending on the type of plasma-
forming gas and its flow rate, and a high efficiency
coefficient n~0.7, which allows effectively heat-
ing the plasma-forming gas, increasing its outflow
velocity, and forming a supersonic plasma jet.
The use of a conical diffusive nozzle reduces arc
movement and plasma jet fluctuations to 5-10 V,
due to the nozzle geometry providing a hydrody-
namically stable plasma flow without formation of
large-scale turbulence in the region of the cathode
arc attachment on the conical step of the nozzle
surface (cathode) [56—58]. This leads to the for-
mation of longer and more stable plasma jets with
higher specific enthalpy [56].

In general, the process of plasma-arc atomiza-
tion of solid wire involves its feeding into a local-
ized high-speed zone of the plasma jet (Figure 1,
(a)), where occurs heating, formation of melt on
the wire end, its fragmentation, and the formation
of primary fragments (droplets).

Subsequent processes of secondary frag-
mentation of primary droplets, their spheroidiza-
tion, and solidification occur mainly outside the
high-temperature zone of the plasma jet, during
its outflow into the surrounding atmosphere. Sub-
sequently, depending on the atomization aim, so-
lidification of secondary droplets (powders) oc-
curs during their free fall inside the reactor of the
atomization chamber.

Optimization of the PA process parameters
was performed using the results of mathemati-
cal modeling and previous experimental research
results [59—65]. The technological parameters of
the PA process were as follows: current 300 A,
operating arc voltage 70-140 V, plasma-forming
gas (argon) flow rate 615 m*/h.
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Figure 1. Schematic (a) of PA process of 1.0 mm Ti-6Al-4V Grade 5 solid wire in atomization chamber, 3D
model (b) and appearance (c) of RPT plasma torch, where: 1 — expanding plasma-forming nozzle (cathode);
2 — hollow copper electrode (anode); 3 — plasma arc; 4 — swirl ring; 5 — atomized wire;

6 — high-speed plasma jet; 7 — powder

Further solidification of the formed fragments
(powders) took place in a laboratory atomization
chamber (reactor, Figure 2) in atmosphere of ar-
gon, where before filling of atomization chamber
by argon, the internal volume of the chamber was
evacuated to a residual pressure of 5—7 x 1073 Torr.

A solid wire of Ti-6Al-4V Grade 5 titanium
alloy with a diameter of 1.0 mm was used as the
feedstock material. The chemical composition of
the wire according to the manufacturer certificate
is shown in Table 1.

Particle size distribution analysis of the
powder was performed by screen sizing ac-
cording to ISO 2591-1:1988 using an AS-200U
(ROTAP) (Ukraine) impact sieve analyzer with
a set of sieves with aperture sizes of 25-250
um. The sample weight was at least 500 g of
powder. Morphology of atomized powder was
investigated using images from scanning elec-
tron microscope (SEM) TESCAN VEGA 3 SBH
EasyProbe (Czech Republic) with thermionic
electron gun and their subsequent analysis in
«MIPAR» software (USA) using the methodol-
ogy described in [66—70].

Loose powder samples have been mounted
on standard holding stubs using carbon adhesive
tape. Microstructure of the atomized powder was
studied by metallographic analysis. Investiga-
tions were carried out using a Carl Zeiss Jena

Neophot-32 (Germany) inverted metallographic

microscope with a digital camera attachment.
The preparation of metallographic sections

was carried out using the following procedure:

1. Cutting samples on a BEUHEL ISOMet 1000
(USA) machine using diamond cut-off blades
(Diamond Cut-Off Blade 11-4808E);

2. Embedding samples in resin block, grind-
ing using SiC waterproof abrasive paper with
P400, P600 grit, and elastic discs containing
diamond inclusions of various particle sizes
(A28/14 and A14/10);

3. Polishing on a wool cloth using DiaDuo dia-
mond suspension with a diamond particle size
of 3 um;

4. The reagent composition (%vol.) for reveal-
ing the microstructure of the samples was as
follows: HF:HNO3:H20=1:1:1. Before etch-
ing, the samples were heated to a temperature
of ~50 °C.

5. The phase composition of the powder and
the lattice parameters of individual phases
were investigated by X-ray diffraction analy-
sis (XRD). X-ray diffraction studies were
performed on a DRON-M1 (Ukraine) X-ray
diffractometer in monochromatized CuKa
radiation. A graphite single crystal installed
on the diffracted beam was used as a mono-
chromator. The sample was scanned by the
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a)

Figure 2. External view of the atomization chamber
main components: a - reactor chamber; b - part of the
atomization chamber with a service window, plasma
torch mounting flange, and vacuum feedthroughs
for wire injection; ¢ - visualization of the wire
atomization process through the viewport of the
atomization chamber.

Bragg-Brentano method in 26 geometry. The
scanning angle varied from 10° to 120°. The
scanning step was 0.05°, and the exposure
time was 3-9 s. The processing of diffracto-
metric measurement data was performed using
the «PowderCell 2.4» (Germany) program for
full-profile analysis of X-ray spectra from a
mixture of polycrystalline phase components;
6. Microstructure and chemical composition
analysis of the powder was done by using a

TESCAN VEGA3 SBH EasyProbe scanning
electron microscope. Electron Probe Micro
Analysis (EPMA) method was carried out with
Bruker Quantax spectrometer (Germany) using
XFlash 6-10 energy dispersive spectrometry
(EDS) detector;

7. The oxygen and nitrogen content in the atom-
ized powders was investigated using a LECO
TC-436 Nitrogen Oxygen Analyzer (USA) gas
analyzer;

8. The flowability of the powder was determined
using a Hall flowmeter according to the Stan-
dard Test Methods for Flow Rate of Metal
Powders Using the Hall Flowmeter Funnel
ASTM B213-20 standard;

9. Measurement of the powder’s bulk density was
done according to the Standard Test Method for
Apparent Density of Free-Flowing Metal Pow-
ders Using the Hall Flowmeter Funnel ASTM
B212-21 standard.

RESULTS AND DISCUSSION

Figure 3 shows the appearance of plasma
jets generated by the specified plasma torch
when using different flow rates of plasma-form-
ing gases (hereinafter referred as G), which
contributes to the formation of a subsonic (Fig-
ure 3a) at G = 6 m*/h and a supersonic argon jet
(Figure 3b) — G = 15 m*/h.

Based on the analysis of the obtained images
of the supersonic plasma jet, the Mach number
was calculated using the following empirical for-
mula, based on the distance between the shock
waves [71]:

A
0.67-d

where: M is the Mach number; A is the distance
between the shock waves (in this case A
= 8 mm); d is the nozzle diameter (in this
case d = 6 mm).

~
=

~ 2 (D)

The speed of sound in argon was determined
by the following formula without considering
ionization excitation of the gas [72]:

Table 1. Chemical composition of the Ti-6Al-4V Grade 5 wire

Chemical composition, wt%

Ti

Al

Fe

C

Bal.

5.87

3.90

0.34

0.020

0.015

0.107

0.003
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a)

b)

Figure 3. Visualization of plasma jets generated by a RPT plasma torch with a copper hollow electrode during,
respectively, subsonic M~0.8, G = 6 m*/h (a) and supersonic M~2, G = 15 m*/h (b) outflow of argon plasma
into the surrounding atmosphere.

a =.,/YRT =1440m/s (2)

where: y is the adiabatic index (for argon y =
1.67); R is the gas constant for argon (R
=208.1 J/(kg-K)); T is the temperature of
the argon plasma at the nozzle outlet, K (T
= 6000 K).

An approximate determination of the gas ve-
locity at the nozzle outlet during its supersonic out-
flow (flow rate G = 15 m*h) was performed [72]:

V=M-a=2880m/s (3)

where: M is the Mach number (M = 2); a — speed
of sound in argon (a = 1440 m/s).

According to experimental and calculated
data presented in contributions [73, 74], the mean
velocity of an argon plasma jet, characteristic of
subsonic outflow of the plasma jet at an argon
flow rate of G = 6 m*/h and a current of I = 300—
400 A, is on average 1200 m/s.

An approximate determination of the Mach
number at the nozzle outlet during its, so-called,
subsonic outflow was performed [72]:

%4
M=—-=0.28 4)
a
where: V' is the gas velocity at the nozzle outlet
at a flow rate of G = 6 m*h (V' = 1200
m/s); a is the speed of sound in argon (a
= 1440 m/s).

Thus, increasing the flow rate of the plasma-
forming gas from 6 to 15 m*h leads to an increase

in the plasma jet outflow velocity at the plasma-
forming nozzle outlet from M = 0.8 to M = 2.0.

Figure 4 shows the results of the particle size
distribution for powders obtained during subsonic
and supersonic outflow of the argon jet, where the
change in the plasma flow regime achieved by in-
creasing the argon flow rate from G =6 m*/h to 15
m?/h, with nozzle configuration and current un-
changed. The obtained results observed, that the
formation of a supersonic plasma jet significantly
increases the yield of the fine powder fraction. At
a flow rate of G = 15 m%/h, the yield of the fine
fraction -63 um reaches up to 55 wt%, whereas in
the case of subsonic plasma jet flow (G = 6 m3/h)
the yield does not exceed 30 wt%. Furthermore,
under supersonic atomization mode, the average
powder diameter is d,; = 63 um, compared to d,,
=104 pum in the subsonic mode.

The reduction of the average powder diam-
eter d,; by 39% using-supersonic flow and the for-
mation of significantly smaller powders that due
to increasing gas-dynamic pressure on the melt,
which formed during the melting of the ends of
the atomized wires [30, 32, 33]. Increasing the
volumetric flow rate of the plasma-forming gas
will be increase the outflow velocity of the plas-
ma jet, which leads to effective fragmentation of
the melt at the wire end. Thus, the ratio of plasma-
forming gas/molten metal is an important param-
eter that allows controlling the powder size dur-
ing the plasma wire atomization process.

According to economic numbers the most
productive regime to atomize materials, among
the methods studied, is by using a plasma-forming
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Figure 4. Particle size distribution of PA powder from Ti-6Al-4V Grade 5 titanium alloy, obtained at subsonic
plasma jet outflow velocity (a) — Mach number M~0.8, and under supersonic conditions
(b) — Mach number M~2

gas flow rate of 6 m*/h, which yields a produc-
tivity of 2.4 kg/h at a plasma torch power of
27 kW. Also, increasing the argon flow rate to
G = 15 m*/h at a constant current of 300 A leads
to an increase in arc voltage from 90 to 140 V
and, accordingly, to an increase in plasma torch
power to 42 kW. However, these results will be
decreasing the process productivity to 1.8 kg/h,
which may be due to plasma cooling, a decrease
in its enthalpy and temperature [34].

Figure 5 shows SEM images of PA powders
from Ti-6Al-4V Grade 5 titanium alloy with
fractions +45;-106 pm (Figure 5a) and +63;-160
pm (Figure 5c) and the results of processing the
obtained images in the «MIPAR» software prod-
uct (Figure 5b, 5d).

Analysis of the morphology of titanium
powder in MIPAR showed that the +45;-106 um
fraction powder has a spherical shape with an
average sphericity coefficient S = 0.91, and for
the +63;-160 pum fraction, S = 0.87, while the
proportion of powder with defects in the form
of satellites and irregularly shaped particles does
not exceed 2 wt%.

Figure 6 shows images of the cross-section
of the -100 um fraction powder particles (Figure
6a) and the +100;-160 pm fraction powder par-
ticles (Figure 6(b-d)). Analysis of the obtained
images showed that the microstructure for all
powder fractions is characterized by the absence
of pores and voids inside the powder, which is
inherent for gas atomization. Such a difference
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between the structural properties of powders ob-

tained by PA and GA techniques is due to the

following [15, 17, 18, 20]:

e PA is characterized by less gas entrapment
due to lower gas dynamic influence on the
metal melt, as the gas pressure in the atomi-
zation process does not exceed 4-10 bar,
while for GA methods, the pressure values
are at least 20—40 bar with its turbulent out-
flow character;

e PA is characterized by high gas temperatures
at the nozzle outlet of plasma torch (in gen-
eral, the gas temperature lies in the range
of 4,000-10,000 °C), which contributes to
a long residence time of the powder in the
«hot» state, which, when presence of gas in-
side the powder, promotes its complete re-
lease, unlike the GA process, where cold gas
is used to atomize the melt, which promotes
instantaneous solidification of the powder
and the inability to degas its internal volume.

Figure 7 shown the characteristic spectra of
atomized powders of various fractions by EPMA
with energy dispersive spectrometry. Numerous
results of analysis are represented together with
analysis of the initial feedstock (wire) in the Ta-
ble 2. It is shown that obtained powders meets
the requirements for the chemical composition
of wires and rods from titanium alloys accord-
ing to the ASTM B348-05 standard «Standard
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Date(m/dly): 11/05/24  WD: 15.00 mm
View field: 1.04 mm Det: BSE 200 pm
SEM MAG: 267 x HiVac

Date(m/dly): 11/05/24  WD: 15.00 mm VEGA3 TESCAN|

View field: 2.08 mm Det: BSE 500 pm
SEM MAG: 133 X HIVac

©)

Figure 5. SEM images of Ti-6Al-4V Grade 5 titanium alloy powder with fractions +45;-106 um (a) and +63;-
160 um before (a, ¢) and after processing in the MIPAR software product (b, d)

¢)

Figure 6. Microstructure of Ti-6Al-4V Grade 5 powder of the classes -100 pm (a) and +100;-160 pm (b, c,
where ¢ — chemical etching using etchant solution HF:HNO,:H,0=1:1:1) obtained by developed technique as
well as powder of the class +100;-160 um [75], obtained by GA-EIGA technique (d)
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3
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d)

Figure 7. Location of the analyzed areas (a, ¢) on the SEM image and the results of EPMA analysis
(b, d) of the -100 um fraction powder (a, b) and +100;-160 um (c, d)

Table 2. Results of local chemical composition analysis of the initial wire and atomized powders of various

fractions by EDS
Chemical composition, %
No. Specimen

Ti Al \Y Fe
1 Element content according to ASTM B348 05 bal. 5.5-6.75 3.5-4.5 0.4
2 Initial wire bal. 5.87 3.90 0.34
3 Powder fraction -100 pm bal. 5.67 3.72 0.35
4 Powder fraction +100; -160 um bal. 5.84 3.69 0.31

specification for titanium and titanium alloy
bars and billetsy.

The study of oxygen and nitrogen content
in atomized powders (Table 3) showed that the
chemical composition in terms of oxygen and
nitrogen meets the requirements for the chemi-
cal composition of wires and rods made of ti-
tanium alloys according to the ASTM B348-05
standard «Standard specification for titanium
and titanium alloy bars and billets».

Results of the X-ray diffraction analysis
(Figure 8, Table 4) showed that the phase com-
position of the powder for all fractions consists
mainly of a-Ti, however, for the coarse fraction
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of the +160;-250 um powder, a small amount of
3.55 vol.% B-Ti is detected.

Table 5 shows the technological proper-
ties of commercial and investigated Ti-6Al-4V
Grade 5 titanium alloy powders of various frac-
tions, obtained by GA-VIGA, supreme-speed
plasma rotating electrode process (SS-PREP)
and PA-3DPT atomization techniques. The
high sphericity of the investigated powders de-
termines their high technological properties,
which are closely equivalent to properties of
powders obtained by SS-PREP and PA-3DPT
technologies. At the same time, the technologi-
cal properties of the obtained powder exceed the
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Table 3. Study of oxygen and nitrogen content in the initial wire and atomized powder of various fractions

No. Specimen Oxygen (wt%) Nitrogen (wt%)
1 Element content according to ASTM B348 05 0.20 max 0.05 max
2 Initial wire 0.19 0.0078
3 Powder fraction -100 um 0.17 0.0050
4 Powder fraction +100; -160 ym 0.17 0.0057
5 Powder fraction +160; -250 um 0.19 0.0050

4754 T T T T T T T T T T
o-a-Ti
°
I/rel
2077
o
o
° i i
T T T T T T T T T T
35 40 45 50 55 60 65 70 75 80
2theta/deg
a)
4727 T T T T T T T T T T
: o
o-a-Ti
Vel
2364
c
(o]
Q o
o) S o
o C
o
0 T T 1 T T 7 T T T T 1
T T T T T T T T T T
35 40 45 50 55 60 65 70 75 80
2theta/ deg
4318 T T T T T T T T T T
o-o-Ti
o-B-Ti
I/rel.
2159
0
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Figure 8. Diffraction patterns of Ti-6Al-4V Grade 5 titanium alloy powders of fractions -100 pm
(a), +100;-160 um (b) and -160;+250 pm (c)
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Table 4. Results of XRD analysis of Ti-6Al-4V Grade 5 titanium alloy powders of fractions —100 um, +100;-160

pum and —160;+250 pm

No. Specimen Phases Phase cont., %vol. Lattice parameters, A

a-Ti 100 a=2.9213; c=4.6524; c/a=1.592
1 Powder fraction -100 uym

B-Ti - -

a-Ti 100 a=2.9242; c=4.6599; c/a=1.593
2 Powder fraction +100; -160 pm

B-Ti - -

a-Ti 96.46 a=2.9253; c=4.6524; c/a=1.590
3 Powder fraction +160; -250 pm

B-Ti 3.55 a=4.6659

Table 5. Technological properties of Ti-6Al-4V Grade 5 titanium powder obtained by various atomization

technologies
Manufacturing technique Class, pm Bulk density, g/cm? Flowability, s/50 g
+45;-100 2.35 <35
GA-VIGA (Héganas, Sweden) [76] 163160 238 <9
+45;-100 2.40-2.60 <30
SS-PREP (Sino-Euro, China) [77]
+63;-160 2.50-2.70 <25
+45;-100 2.52 <28
PA-3DPT (AP&C, USA) [78]
+63;-160 2.59 <25
+45;-100 2.46 <31
PA-RPT (PEWI, Ukraine)
+63;-160 2.51 <26

technological properties of GA-VIGA powder in
terms of flowability and bulk density.

Improvement of the technological properties
of PA-RPT powder, compared to GA, is explained
by the absence of external defects in the form of
satellites and better sphericity. These external de-
fects and shape imperfections leads to increased
adhesion and internal friction between powder
particles, which is associated with increased un-
evenness and an increased contact area between
particles, which somewhat worsens the flowabil-
ity and bulk density characteristics [20].

CONCLUSIONS

1. By PA-RPT atomization of Ti-6Al-4V Grade
5 as an example, it has been experimentally
confirmed that generating a supersonic plasma
jet with a Mach number of approximately M~2
using an RPT plasma torch with a copper hol-
low electrode, compared to its subsonic out-
flow (Mach number M~0.8), contributes to a
40% reduction in the average diameter d,; of
the obtained powder, specifically from 104 to
63 um. In this case content of the fine fraction
-63 pm increases from 30 to 55 wt%.

2. Ti-6Al-4V Grade 5 powder, obtained by wire
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atomization by supersonic plasma jets using an
RPT plasma torch in a chamber with controlled
atmosphere (argon with preliminary vacuum-
ing to 5-7x10* Torr), is characterized by a
high sphericity coefficient (at the level of 0.9),
and practically lacks defects in the form of sat-
ellites, irregular-shaped particles, and internal
porosity. Chemical composition analysis of the
powder showed its complete correspondence
to the chemical composition of the initial mate-
rial — the wire. The main phase of the powder is
a-Ti, but for the coarse fraction +160; -250 pum,
3.55 wt% of B-Ti is identified.

. It was confirmed that in terms of technological

characteristics (particle size distribution, bulk
density, flowability), Ti-6Al-4V Grade 5 pow-
der obtained by supersonic plasma wire atomi-
zation with an RPT plasma torch is on par with
the industrial techniques of obtaining spheri-
cal powders for AM — SS-PREP (with rotation
speeds exceeding 30,000 rpm) and PA-3DPT
techniques, and surpasses the technological
properties of powders of similar composition
produced via GA-VIGA. This implies a great
prospect for using powders obtained with the
developed RPT plasma torch in AM, primarily
in SLM, CS, EBM, and LDED processes.
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