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Abstract: This study was carried out to investigate the possibility of titanium alloy metal powder production using
low-power plasma torches. An argon DC non-transferred arc plasma torch was designed, and numerical analysis was
conducted to determine the plasma jet properties and wire temperature. The highest velocities inside the nozzle
attachment were between 838 and 1178 m/s. The velocities of the jets at the apex were between 494 and 645 m/s for
different gas flow rates. The studied plasma gas flow rates had no significant effect on the effective plasma jet length. It
was shown that the plasma jet length can be estimated by numerical analysis using the temperature and velocity changes
of the plasma jet over distance. It was observed that the powders produced were spherical without any satellites. As a
result of this study, a plasma torch was developed and powder production was performed successfully by using
relatively low torch power.
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1 Introduction

There is a growing interest in additive
manufacturing (AM) production technology. The
success of these processes depends to a large extent
on the availability and properties of powder
materials [1]. Such powder materials need to be
provided in the form of highly pure, fine, dense,
and spherical powders [2,3]. Plasma atomization
(PA) technology is one of the spherical powder
production methods for titanium and its alloys. In
recent years, this metal powder production
technology has become an indispensable production
technique for AM due to the superior properties of
some powders such as their sphericity and
flowability [4]. Plasma jets are able to both melt
and atomize a material which is fed into the apex of

jets in the form of a wire. The distribution of
temperature and velocity in a plasma jet formed at
the outer edge of plasma torches is very important
in order to melt a solid wire and to disintegrate the
liquid metal into fine spherical particles. Torch
design is very important in providing a high jet
velocity for an efficient atomization process. The
plasma atomization process is based on the use of
plasma torches generating plasma jets that converge
towards an apex. The feed wire material is melted
and atomized by the thermal and kinetic energy
supplied by the plasma jets. Due to the physical size
of such plasma torches, the apex of the plasma jets
may be up to 5 cm away from the nozzle of the
torches. The distance between the torch nozzle and
apex varies according to the torch power [5] and the
physical size of the plasma torch. This relatively
long distance causes the loss of a considerable
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amount of thermal and kinetic energy in the plasma
jets before they reach the apex position and touch
the wire material [6]. LAROUCHE et al [5]
operated each plasma torch at a power of 30 kW
and an argon gas flow rate of 150 L/min. The values
reported by TSANTRIZOS et al [7] were a total
torch power of 83 kW and an argon gas flow rate of
100 L/min. It is possible to estimate the plasma jet
properties by using numerical simulation to
evaluate its suitability for plasma atomization with
relatively low power. The plasma atomization
especially powder
production of refractory materials such as titanium
and its alloys, but there is only a small amount of
literature on plasma torches for powder production
purposes. This study was carried out to investigate
the possibility of metal powder production at low
plasma torch power, and to determine the powder
properties of the titanium alloy produced.

In this study, the plasma jet properties at the
apex of three converging torches were estimated by
numerical analysis to determine the production
of metal powder at low plasma torch power. As
a result of the numerical solutions, the powder
production parameters were determined and applied
in the experimental study. Titanium alloy powder
production experiments were performed in a
laboratory-scale plasma atomization system. The
results of the numerical analysis and experimental
studies were presented and discussed.

method is important for

2 Experimental

Plasma atomization is a process in which a
solid metal wire is melted and atomized at the apex
of three plasma jets [8], as shown in Fig. 1(a). The
plasma torch is one of the most important
components of the system since it has a direct effect
on the quality of the powders produced. In this
process, plasma torches are DC non-transferred arc
torches working with argon gas. The interior
schematic view of the torches is shown in Fig. 1(b).
The plasma gas flows through the small space
between the cathode and the anode where the anode
arc has a constrictive effect. As the gas flow
continues, the plasma is formed by a high-voltage
pulse that forms a conductive path for the electric
arc between the cathode and the anode. The electric
heating produced by the arc (Joule heating) causes
the gas to reach very high temperatures (>10000 K).

The expansion of the gas during the transition to the
plasma state results in an acceleration of the plasma
jet: the arc current interacts with its induced
magnetic field and the Lorentz forces resulting
from this interaction accelerate the gas. It also
causes the formation of a cold boundary layer
around the water-cooled anode wall. This layer is
not electrically conductive and increases the
temperature and velocity by narrowing the plasma
jet. Thus, the plasma gas entering the torch at room
temperature exits the torch in a plasma jet form at a
very high temperature. The three torches are evenly
placed around the central axis at 120° intervals,
each forming an angle of 10° to 60° with respect to
the vertical axis [5]. Plasma jets are able to melt the
solid metal wire due to their high temperatures and
disintegrate the metal into very small droplets
(Fig. 1(c)) by the effect of the jet velocity. It is
important that the three plasma torch combinations
are positioned and the torch axes converge at an
apex. It has been observed that this apex
corresponds to the peak of the atomizing cutting
forces of the plasma jet produced from the plasma
torch. Properly positioned plasma torches expand
the hot zone to provide the required temperature for
the atomization process. Thus, the melting of the
metal material by melting takes place more easily
and efficiently. Although this situation does not
have a direct effect on the sphericity of the
produced powders, it has a positive effect on the
sphericity as the droplets formed have sufficient
temperature.

The torches used in this experimental study
were designed according to the numerical analysis
results and produced to very close tolerances. All
connections (electricity, cooling water, and gas)
were made behind the torch. The actual images of
the PA system and some additional equipment
where powder production was carried out are
shown in Fig. 2. As shown in Fig. 2(a), the reactor
with the upper feeding
approximately 4.5m in height. The reactor was
evacuated by a vacuum pump and filled with argon
gas to reduce oxygen inside the reactor. The wire
was introduced through the wire feeding system
shown in Figs. 2(b) and (d). The wire speed was
adjusted via the controller shown in Fig. 2(c).
Particle sizes of the atomized powders were

wire system was

measured, and the particle size distribution was
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Fig. 1 Plasma atomization set-up: (a) General
(c) Powder production image during operation

Fig. 2 Overview of PA reactor (a), wire feeder and straightener system (b), plasma ignition and wire speed controller (c),
top view of reactor and torches (d), view of torches in reactor (e), and powder production (f)

obtained. The results were compared with similar analysis of the internal structure of the powders was
powder information from published literature. Pore carried out by metallographic examination.
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3 Theoretical method

3.1 Model assumptions

The following assumptions were made to
model the plasma jet.

(1) The effects of gravity and viscous diffusion
were neglected.

(2) Since the Mach number (Ma) at the nozzle
inlets was generally 0.3 or less, the flow was
considered incompressible. However, it is known
that the flow at the torch exit was definitely
subsonic flow (0.3 <Ma<0.8) or supersonic
velocity (1.2 < Ma < 3).

(3) Plasma was assumed to be in local
thermodynamic equilibrium (LTE) to simplify the
mathematical formulas. As a result, the plasma gas
was considered to be a fluid
characterized by a single temperature.

(4) Plasma flow is considered steady-state and
turbulent. Experimental studies conducted by the
authors of this study and other researchers [9,10] on
this subject revealed that the arc root attachment
was fixed to one point and the area was eroded
during long working periods. Accordingly, the
steady-state assumption was feasible in determining
the temperature and velocity values external to the
thermal plasma torch. It also required the use of
turbulence models (such as k—¢) due to the
multi-scale structure of plasma flow within the
thermal plasma torch. The arc caused the gas to heat
up and expand rapidly. In this way, its acceleration
increased and its flow became turbulent.

(5) The induced electric field is negligible.

(6) The plasma is optically thin. This
assumption was made because the reabsorption of
radiation was insignificant compared to the total
radiation loss at all wavelengths.

(7) Only argon gas was used for the numerical
analysis and experimental studies. It provided
simplicity in modeling studies due to its simple
chemical properties. It created an ineffective
protective environment for the properties of the
product in the material processes [11]. When used
in the PA process, it did not react with liquid metal,
and production was performed without pollution.
Helium and other gases were not preferred because
they increased costs. Nitrogen was not preferred as
it forms nitrides. Air was not preferred because of
its interaction with the tungsten cathode.

continuous

3.2 Governing equations

Modeling of plasma jets uses
momentum, and energy conservation equations.
Also, modeling of arc formation involves
Maxwell’s electromagnetic equations. The flow is
considered incompressible since Mach numbers at
the torch inlet are usually 0.3 or less. However, arc
formation and the convergent-divergent (CD)
nozzle attachment cause the temperature and
velocity values to increase. Thus, as a result of the
increase in the Mach number, the flow passes into a
compressible form. Ansys Fluent software performs
the solution with compressible equations thanks to
its adaptive solver feature. Therefore, the equations
are given as compressible flow equations. These
equations can be written according to Egs. (1)
to (8).

(1) Conservation of mass

V-pV =0 (1)

mass,

where p is the density; V is the gas velocity vector.
(2) Conservation of momentum

p(V-VV):JxB—Vp+§,u(VV)+2V-(ﬂS) 2)

where J is the current density vector; B is the
magnetic induction vector; JXB is the Lorentz force;
p is the pressure; u is the dynamic viscosity; .S is the
strain rate tenser.

(3) Conservation of energy

v.(pm):v.(wzr)uxm%"?w.vr 3)
where / is the enthalpy; A is the thermal
conductivity; 7 is the temperature; E is the electric
field; kg is the Boltzmann constant; e is elementary
charge.

(4) Maxwell electromagnetism and Ohm’s law
equations

V-(—oVp)=0 4)

where o is the electrical conductivity; ¢ is the
electrical potential.

E=-Vo¢ (5)
V:A=—u,J (6)

where A is the magnetic vector potential; y, is the
permeability of free space.

B=Vx4 (7)
J=0E ®)

The gas entering the plasma torch suddenly
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warms up due to arc formation. The arc causes the
gas to heat up and expand rapidly. In this way, its
acceleration increases and its flow becomes
turbulent. Therefore, the k—¢ turbulence model was
used. The turbulence kinetic energy, &, and its rate
of dissipation, ¢, were obtained from the following
transport equations (Egs. (9) and (10)).

V-(pkv)=V~|Iy+iJVk}+Gk—pe (9)

Oy

V-(pgv):V-K,u+&J Va}f(ClgGk —-peC,,) (10)
o, k
where v is the velocity; g is the turbulent viscocity;
Gy represents the production of turbulent kinetic
energy and is modeled identically for the standard,
RNG, and realizable k—¢ models. The terms o;and
o, are the turbulent Prandtl numbers for £ and ¢,
respectively; Ci. and C,, are constants, and the
values entered into the ANSYS simulation program
in this study were as follows: Ci.=1.44, (,,=1.92,
C,=0.09, o,=1 and o, =1.3. The exact equation for
the term defined for the transport of £, is shown in

Eq. (11):
Gy=—pvyV, (11)
where v/ and V) are the mean and fluctuating

velocity components, respectively; —pvi'_v; is
Reynolds stress; V, isthe dv,/dx,.

The turbulent viscosity, g is computed by
combining k& and ¢ in Eq. (12):

1,=pC, (k> /€) (12)

where C,is a constant.

3.3 Boundary conditions and computational
domain

Figure 3(a) shows modeling elements and
representation of data receiving lines. A mesh
structure and computational domain were used to
simulate the PA system as shown in Fig. 3(b). The
wire diameter was 3 mm. In order to accelerate the
analysis studies, a 120° section was modeled. The
computational domain included the anode, the
cathode region (Fig. 1(b)), and the high velocity
nozzle attachment that accelerated the plasma jet to
the apex. The apex point is shown in Fig. 1(a) and
the torch nozzle was as close as possible to the
apex. However, this was not possible due to the
physical dimensions of the torches. For that reason,
a nozzle attachment was assembled onto the torches.
Thus, the distance between the apex and torch
nozzle was reduced to 20 mm.

The maximum skewness value of the mesh
elements was 0.77, and the minimum orthogonal
quality value was 0.23. Mesh sensitivity tests
were performed to increase the reliability of the
simulation results. For these tests, the changes in

(2)
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Fig. 3 Modeling elements and representation of data receiving lines (a), and geometry of computational domain and

mesh structure (b)
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the average temperature and velocity values in the
exit cross-section of the torch were examined. It
was observed that the average temperature and
velocity values did not change after approximately
90000 cell numbers, and cell numbers ranging from
90000 to 130000 were used in modeling processes.
Values such as thermal and electrical conductivities
and the enthalpy of argon gas from low
temperatures to high temperatures were taken from
Ref. [12] to fully simulate the thermal and electrical
behavior of the argon gas at high temperatures
(30000K). Argon gas entered axially into the
plasma arc region. Ti—6Al-4V alloy wire material
properties were compiled from Ref. [13] and
defined in the software. Modeling was carried out
using ANSYS Fluent software with the
magnetohydrodynamics (MHD) module, which was
used to the relationship between the
electromagnetic field and the gas flow. Plasma
applications such as plasma atomization require
supersonic flow with a high Mach number to
produce finer powder sizes. The k—¢ model with
coupled algorithm and second-order upwind were
used to obtain a reliable solution. Other solution
algorithms diverged due to both the high Mach
number and the sudden rise in temperature during
the plasma formation process.

The main purpose of the numerical analysis
was to determine the temperature of the wire at the
apex region for melting purposes. The data
receiving lines are shown in Fig. 3(a). The first data
line was at the center of the torch starting from the
throat of the nozzle attachment up to the apex. The
second data line was parallel to the wire direction
and was shifted 0.5 mm from the wire surface. The
temperature distribution on the surface of the wire
was estimated by using the second data line and it
was discussed in relation to melting.

The boundary conditions used for the
computational domain are shown in Table 1. The
values given in this table are the same as those used
in the experimental studies. For example, gas inlet
and cathode temperatures were determined to be
300 K. By entering the anode thickness, the cooling
water temperature was defined as 300 K. The anode
material was copper, and the cathode material was
tungsten alloy with 2% Th. On the cathode tip
surface, a Gaussian-like current density profile J(r)
was imposed and defined as follows:

J(r)=Joexp[~(r/R,)]" (13)

solve

where J, represents the maximum electric current
density at the cathode tip; 7 is the radial distance
from the torch axis; R, is the are core radius; J, and
n. are parameters that specify the shape of the
current density profile. The maximum current
density was Jo=2.1x10% A/m’ , where n. was 5 and
the value of R, was chosen to ensure that the
integration of J(r) over the cathode tip area was
equal to the total applied current of 300 A.

Table 1 Boundary conditions for computational domain
as flow Current
rate/ density/

G
.. Pressure, Temperature/
Position

pMPa K (L'min") (A'm?)
et 03 300 60,70,90 &J/on=0
Cathode dplon=0 300 0 )
Anode  Op/on=0 OT/On=hyyy 0 o0J/on=0
. dgig’on oplon=0  OTlom=hyy O 0Jion=0
Wire  oplon=0 0T/on=hew O  J/on=0
Outlet 0.1  0T/on=hey 0VION=0 aJon=0

n is real number (text) and normal to boundry; /gy is convective
heat transfer coefficient

4 Results and discussion

4.1 Comparison of experimental visible plasma

jet with numerical solution

Plasma jet outlet temperatures were above
10000 K. In order to determine the reliability of the
analysis results, the torches were kept at 300 A and
run individually at plasma gas flow rates of 60, 70,
and 90 L/min. The effect of the plasma gas flow
rate on the plasma jet properties and the comparison
with the experimental images are shown in Fig. 4.
For the comparison process, the lowest (299.9 K)
and the highest (32210.4 K) temperatures in the
temperature distribution scale were applied to all
gas flow rates. Since all measurements were known,
the resulting temperature distribution graph was
compared with the actual plasma jet images of the
torch. Line No.1 in Fig. 4 indicates where the
anode ended and the high velocity nozzle
attachment started. Line No. 2 in Fig. 4 denotes the
location of the high velocity nozzle attachment
point. Point 3 shows the output point of the torch.
The graphs were drawn over a 25 mm distance
starting at the torch output point (Point 3) and
ending at Point 4. In addition, these numbers are
also shown on the temperature and velocity graphs.
By using the images in Fig. 4, the visible length of
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Fig. 4 Effect of mass flow rate on plasma jet properties and comparison with experimental images

the plasma jets was determined. The temperature
and velocity graphs showed a distinct change at a
specific distance from the torch nozzle and this
point may be evidence of the endpoint of the visible
plasma jet. In particular, the visible jet length
measured for 300 A and 70 L/min and the jet length
obtained from the numerical analysis were
comparable to each other. The visible jet length
determined experimentally for all flow rates was
approximately 23 mm. By determining the
recognizable change points on the graphs, it was
possible to estimate the jet lengths by using the

temperature and velocity graphs. It was seen
that this distance was approximately 22 mm. These
results may be considered as confirmation of this
approach.

The experimentally measured voltage values
for each of the plasma torches for these 3 flow rates
were in the range of 26 to 30 V. The generated
power value for each torch was calculated to be
approximately 9 kW. In Refs. [5] and [7], powder
production was accomplished using the power of
20 to 40 kW per torch. In this study, it was shown
that spherical and fine powders can be produced
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with a lower torch power. Thus, we can conclude
that it is possible to produce Ti alloy powder by
using lower power.

4.2 Solution for wire temperature and velocity
The total current value of 300 A was kept
constant, and 60, 70, and 90 L/min gas flow rate
values were used for numerical analysis. The
distance of the data line parallel to the wire
direction was 30 mm. Temperature and velocity
values were taken from the points on a line 0.5 mm
away from the wire surface and the results are given
in Fig. 5. Accordingly, when the velocity values
were examined, the highest values occurred at
the apex. The highest temperatures occurred at
approximately 10 mm above the apex. This result
showed that unless a suitable wire velocity is
selected powders having a coarser powder size will
be produced compared to powders produced at the
apex. In terms of variables, the highest velocity was
obtained for 90 L/min at 300 A. The highest
temperature was obtained at a gas flow rate of
60 L/min. As a result of the analysis made at gas
flow rates of 60, 70, and 90 L/min, velocity values

(a) 30 g ------ao- - Beginning of wire ------------
251
g
£ 20t
- =—e=—1300 A, 60 L/min
S 15 ==—300A, 70 L/min
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at the apex were 489.1, 539.51, and 643.31 m/s,
respectively. Temperatures at the apex for
these flow rates were 11575.89, 11234.42, and
10636.32 K, respectively. These results showed that
the plasma jet temperature and velocity values are
enough for the plasma atomization of the Ti alloy.
These values are point values taken from modeling
studies. In addition, making an inference only from
high temperature values may cause wrong results. It
should be evaluated together with the velocity
values occurring in the apex area. The velocity
values obtained from the apex are 489.10, 539.51,
and 643.31 m/s. When the temperature and velocity
values are examined together, the melting and
atomization processes in the plasma atomization
process occur simultaneously. This situation leads
to the conclusion that the material in solid form
atomizes and solidifies before it has time to
evaporate (or evaporates at a negligible level).

4.3 Temperature and velocity profiles

Figure 6 shows the temperature and velocity
graphs drawn with data taken from a line between
the nozzle throat point and the apex. Accordingly,

®) 39
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Fig. 5 Comparison of temperature (a) and velocity (b) values for plasma jet
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the drop in temperature values from the torch
nozzle exit is negligible, considering the melting
temperature of the wire. The decrease in velocity is
more noticeable. Velocity values between the
nozzle exit and apex at gas flow rates of 60, 70, and
90 L/min are decreased by 35%, 37%, and 39%,
respectively.

The temperature and velocity distributions
under operating conditions are shown in Fig. 7.
Accordingly, the highest temperatures occurred at
very close distances to the cathode tip. The
maximum temperature ranged from 25942 to
32515 K. The velocity reached the highest value on
the throat section. The highest velocities inside the
nozzle attachment were between 838 and 1178 m/s.
The velocities of the jets at the apex were between
494 and 645 m/s for different gas flow rates.

The PA process requires high-temperature
values to melt the wire and high-velocity values to
atomize the melt. The elevated temperatures
obtained at the intersection of the plasma jets were
sufficient to melt a Ti—6Al-4V alloy wire. The

183

temperature values obtained according to Fig. 5
mean that the wire start to melt before reaching the
apex. The temperatures are above the melting
temperature of the metal wire. In order to create a
strong atomization environment, high-velocity
values are also needed. The velocity values of the
jets are the highest at the apex. In order to produce
powders of fine size, disintegration should be
carried out at the highest possible velocity.
Accordingly, it has been inferred that when a
suitable wire velocity is selected, the melting
and atomization processes will take place
simultaneously at the apex, and powders of a fine
size will be produced.

4.4 Shape, size, and microstructure of powders
produced
At the conclusion of the numerical modeling
studies, it was decided to use parameters of 300 A
and 90 L/min in the experimental study. Powder
production using this parameter set was performed,
as shown in Fig. 8. Figure 8(a) shows the image
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Fig. 7 Temperature and velocity profiles at gas flow rates of 60, 70, and 90 L/min
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Fig. 8 Plasma atomization images during powder
production: (a) Before wire feeding; (b, c¢) During
production; (d) Immediately after production

before wire feeding, Figs. 8(b) and (c) show the
moment of powder production, and Fig. 8(d) shows
the image after production. It was concluded from
the experimental study that the symmetry of the
torch positions is very important. If one of the
torches works irregularly, the melt will shift
towards the torch side, and the atomized particles

Mass fraction/%
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will solidify before they can attain their spherical
shape.

The shape and oxygen content of the powder
particles are important to obtain the properties
required for AM and conventional powder
metallurgy processes. Minimizing the oxygen level
before starting production is effective on the
oxygen levels of the produced powders. The oxygen
content of the produced powders was 0.011—
0.035 wt.%. In order to carry out the described
characterization processes, the classification of the
particles was carried out in two size ranges: 0 to
53 um and 53 to 125 um. Particle size distribution
analysis was performed by using SEM images.

Figure 9 shows SEM images at various
magnification scales for the powder particles in the
0-53 um size range and their particle size
distribution curve. It is seen that almost all of the
powder particles have a perfectly spherical shape.
In general, it is desirable that the spheroidization
time for liquid droplets should be smaller than the
solidification time in order to produce spherical
powders [14], and that a short spheroidization time
is achieved with low liquid metal viscosity. High
surface energy and small particle size contribute to
spherical particle formation before solidification.
Thus, it can be concluded from the shapes of the

Cumulative mass fraction/%

0

Particle diameter/um

5 5.5 5.9.&

Fig. 9 SEM images at various magnification scales for powder particles (a—c) and particle size distribution (d) in size

range from 0 to 53 pm
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particles that the plasma jets can ensure enough
heat to melt the wire and the required overheating
temperature for liquid material. Another conclusion
is that the power of the torches is sufficient to melt
the wire and to disintegrate the liquid metal into
fine spherical particles. The average powder size
(dso) value was approximately 32 um in the size
range of 0—53 um. According to the cumulative size
distribution curve, 90% of the particles are less than
46 um and 10% of the particles are less than 17 pm.
Furthermore, when the powder size distribution and
shape properties are examined, it is shown that the
powders obtained are suitable for selective laser
melting, powder injection molding, and hot isostatic
pressing methods.

Figure 10 shows SEM images of powder
particles in the size range from 53 to 125 um and
their particle size distribution curve. The average
powder size (dso) value in this size range was
approximately 68 um. According to the cumulative
size distribution curve, 90% of the particles were
below 98 um, and 10% were below 53 pm. Also,
hard layers on the particle surfaces were detected,
as shown in this figure. It was thought that the
surface of these particles (indicated by arrows) that
cooled faster and were coated with a harder layer,
was exposed to thermal stresses. Similar images
were also available in scientific studies [15—18]

with powders from manufacturers.

In order to produce powders with fine powder
size, the temperature and velocity values to be
obtained from the torches should be as high as
possible. With the increasing torch power, the
temperature and velocity values of the plasma jet
also increase. By using the CD nozzle attachment,
sufficient velocity values are achieved for efficient
fragmentation. Similarly, increasing the volumetric
flow values of the plasma gas increases the plasma
jet velocity. At the same time, since the gas/metal
flow rate is an important issue in controlling the
size in the atomization process, an increase in this
ratio is the parameter that controls the produced
powder size. In controlling the powder size in the
plasma atomization process, not only the torch
power, but also the temperature and velocity of the
plasma jet, as well as the distance of intersection
with the wire, are important.

Figure 11 shows the particle size distributions
of the powders, which were previously made with
high power and produced using low power within
the scope of this study. In this way, a comparison of
powders produced by other methods was also made.
Accordingly, it is seen that the cumulative powder
size curves using low-power and high-power curves
are similar. According to the graph (Curves (e) and
(1)), only 15% of the powders produced by PREP

=

g

§ 25F 130 g
S 20 2
= i 7]
é? 15k iy =68 pm 60 g
[} n [
é 1ok 40 %
5r d0:53pm- 20 é

=

0 @]

9 929929 9P~ 5\@

WA D PSS
Particle diameter/um

Fig. 10 SEM images at various magnification scales for powder particles (a—c) and particle size distribution (d) in size

range from 53 to 125 pm
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Fig. 11 PSD graphs of Ti—6Al1-4V powders produced by

PA and different methods: (a) This study; (b) PA [19];

(c) PA [20]; (d) EIGA [19]; (e) PREP [19]; (f) PREP [20];

(g) Argon atomizer [20]

method consist of powders of 100 pm and below.
This method is consistent with previous studies [21]
in which coarser powders are produced [22,23], but
are formally similar to PA in terms of their excellent
sphericity, the lack of gas-filled pores. 45% of
argon atomized powders (Curve (g)) are composed
of 100 pm particles. Due to the shape [24] and gas
porous voids [25] of these powders, they are not

particularly preferred in processes such as AM. It is
also inefficient in cost as it uses higher energy than
other methods in powder production, especially
from reactive materials with a high melting
temperature. 68% of EIGA powders (Curve (d)) are
composed of 100 um particles. Although it is
considered to be positive in terms of particle-size
distribution (PSD), satellite formation, porous
structure [26], and high gas consumption [27] are
among the disadvantages of the method. Curves (b)
and (c¢) in Fig. 11 show two different powders
produced with PA. Accordingly, Curve (b) shows
that the sizes of 79% the powders are 100 um.
Curve (c) shows that the sizes of 94% powders are
not larger than 100 um. 98% of the powders
produced within the scope of this study (Curve (a))
consist of 100 um particles.

In Fig. 12, a microstructure examination of the
particles smaller than 53 um was performed.
Figure 12(b) shows the microstructure of particles
obtained after etching. Accordingly, the structure
formed was dominated by the martensitic o phase
due to the high cooling rate (10° to 10° K/s) in the
atomization process. These structures appear to be
needle-like. The white layer on the outer wall of
the particle is thought to be the primary f boundary

Fig. 12 Microstructures of particles in size range of 0-53 pm: (a) General view; (b) Etched; (c—g) Different

magnification scales without etching
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formed by rapid solidification towards the center of
the particle. Similar images have been observed in
other scientific studies [18,28,29]. Figures 12(c—g)
show images at various magnification scales of
metallographically examined particles without the
etching process. It is shown clearly that the
sphericity of the particles is quite good.

In Fig. 13, a microstructure examination of the
particles in the size range of 53 to 125 um was
performed. Figure 13(b) shows the image obtained
with the etching of the particle. The martensitic o
phase was dominant appearing as needle-like
structures. The plasma jets melted the wire and
disintegrated the melt into small droplets. After
spheroidization of droplets, they cooled rapidly and
produced a martensitic surface layer on the
particles. Figures 13(c—g) show the interior of the
particles subjected to metallographic examination at
various magnification scales. Particles were solid,
and there was almost no internal porosity in this
size range.

Figure 14 shows an examination of pore
formation at various magnifications for different
powder size ranges. It is seen from the figure that
there are almost no pores in powders in the 0 to
53 um and 53 to 125 um size ranges, but there are

some pores in coarser particles. It is thought that
these pores are argon-filled pores that are used in
production. The dimensions of the pores formed in
the coarser particles are in the range from 0 to
100 um and spherical in shape.

4.5 Comparison of production using commercial
powders

Scientific studies in published literature consist
of studies on powders supplied from manufacturers.
Figures 15(a) and (b) are images obtained by
examination of powders from commercial powder
producers. Figure 15(c) shows powder image
presented in a scientific study [30]. Figures 15(d—f)
are pictures of powders produced in this study.
Although the shapes of both powder samples are
quite spherical, there are some exceptions. The
sphericity of the powder particles produced in this
study was very successful, and they are comparable
to commercial powders.

According to the images given in Fig. 16, the
plasma-atomized powder can be comparable with
plasma rotating electrode process (PREP) powders
in terms of shape. Although they had a rather
spherical structure, powders are generally coarse.
For this purpose, the PA method is superior to other

Fig. 13 Microstructures of particle in size range of 53—125 pum: (a) General view; (b) Etched; (c—g) Different

magnification scales without etching
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53-125 um 0-53 pm

125 um and above

Fig. 15 Images of plasma-atomized powders from commercial producers (a, b), powders in Ref. [30] (¢) and powders

produced in this study (d—f)

methods in terms of intracellular porosity, shape,
size, and microstructural properties. The images of
the powders produced in this study at various
magnifications are given as a separate column on
the right-hand side of Fig. 16 [19,24,26,30-32]. It is
thought that the powder properties produced on the
laboratory scale plasma atomization setup with low
torch power are comparable to properties of
commercial powders produced by the same method.

5 Conclusions

(1) A high velocity nozzle attachment was
necessary to assemble three torches to ensure a
short distance between the torch exit and the apex
of the plasma jets. It also increased the velocity of
the plasma jet for more complete atomization.

(2) The wire temperature reached its highest
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Fig. 16 Comparison of different powders produced by plasma atomization and other methods in terms of shape
properties (References: [24,30] for GA; [19,31] for PA; [19,26] for PREP; [26,32] for EIGA)

value at about 10 mm above the apex of the jets.
For 60, 70, and 90 L/min flow rates, temperatures at
the apex were 11575.89, 11234.42, and 10636.32 K,
respectively. This result showed that plasma jets are
suitable for the atomization of Ti alloy.

(3) The addition of the high velocity nozzle
attachment increased the plasma jet velocity to the
required level; however, it caused a decrease in the
plasma jet temperature. The highest velocities
inside the nozzle attachment were between 838 and
1178 m/s. The velocities of the jets at the apex were
between 494 and 645m/s for different gas flow
rates. These velocities were enough to disintegrate
the melt into fine droplets.

(4) The studied plasma gas flow rates had no
significant effect on the effective plasma jet length.
It was shown that the plasma jet length can be

estimated by numerical analysis using the
temperature and velocity change of the plasma jet
over distance.

(5) The powders produced on the laboratory
scale in this study can compete with the commercial
powders in terms of sphericity, particle size and
microstructural properties.
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