Arch. Metall. Mater. 65 (2020), 3, 997-1000
DOI: 10.24425/amm.2020.133205

DAE-KYEOM KIM1,2, YOUNG IL KIM1,3, HWASEON LEE1, YOUNG DO KIM1,2,
DONGJU LEE3, BIN LEE1*, TAEK-SOO KIM1*

GAS ATOMIZATION PARAMETRIC STUDY ON THE VIGA-CC BASED SYNTHESIS OF TITANIUM POWDER

With the recent advancement in technology for titanium metal powder injection molding and additive manufacturing, high
yield and good flowability powder production is needed. In this study, titanium powder was produced through vacuum induction
melting gas atomization with a cold crucible, which can yield various alloy compositions without the need for material pretreatment.
The gas behavior in the injection section was simulated according to the orifice protrusion length for effective powder production,
and powder was prepared based on the simulation results. The gas distribution changes with the orifice protrusion length, which
changes the location of the recirculation zone and production yield of the powder. The produced powders had a spherical morphology, and the content of impurities (N, O) changed with the injected-gas purity.
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1. Introduction
The weight reduction of vehicles such as automobiles and
aircraft has been continually studied since their development.
In addition, owing to the recent paradigm shifts such as the
introduction of electric cars, lightweight structural materials
are attracting increasing attention. One of the most interesting
lightweight structural metals is titanium (Ti), which is widely
used in aerospace, defense, and medical fields because of its
high strength, corrosion resistance, and biocompatibility. Furthermore, in accordance with the trend of weight reduction of
automobiles, small parts such as connecting rods and bolts are
actively manufactured using Ti [1-3].
Methods based on powder metallurgy are generally used
to manufacture Ti parts. Among them, metal injection molding (MIM) is one of the best methods for the mass production
of small precision parts through powder metallurgy. In MIM,
a high-precision part is manufactured by mixing a metal powder
with a binder to secure formability, forming a shape in a mold,
debinding, and sintering [4]. The MIM method requires a powder
consisting of spherical particles less than 100 μm in diameter.
The powder should be sufficiently flowable for smooth process
application, and the concentrations of impurities, such as oxygen
and nitrogen, should be controlled to obtain final products with
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the desired physical properties. In addition to MIM, 3D printing
can potentially be used to manufacture Ti parts. However, for
practical applications, 3D printing requires further research to
ensure flowability for easy powder use.
Ti powders for MIM and 3D printing can be prepared using
various methods, such as the electrode induction melting gas
atomization (EIGA), vacuum induction melting gas atomization
with a cold crucible (VIGA-CC), and the plasma rotating electrode process (PREP). The EIGA, VIGA-CC, and PREP methods
have advantages and disadvantages based on the characteristics
of the manufacturing method. Among them, VIGA-CC has the
following advantages: it does not require material pretreatment
processes, such as the machining of the electrode, and it can yield
various alloy compositions. Furthermore, in contrast to EIGA
and PREP, this process can dissolve the scrap remaining powder
production, which makes it possible to design a complementary
manufacturing process [5-7].
In VIGA-CC, a spherical powder is produced by dissolving
Ti in a cold crucible and spraying an inert gas. An orifice is used
to control the finished Ti powder size by controlling the thickness
of the molten metal. The orifices of commercial gas atomizers
are made of ceramic materials, but in the case of VIGA-CC for
manufacturing Ti powders, the orifice is made of tungsten, which
is less reactive with molten Ti, because molten Ti reacts with
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ceramic materials. The tungsten orifice is in direct contact with
the water-cooled crucible, but efficient heating of the orifice
is important because molten Ti must not be cooled until it has
passed through the orifice before the atomization process. Therefore, a new design is necessary for the structure of the orifice and
gas-injection part. The gas behavior depends on the structure of
the gas-injection part, which consists of gas-injection nozzles.
For efficient powder production, it is necessary to understand the
gas behavior according to the structural properties. In addition,
molten Ti reacts with the atmosphere-control and injection gas,
affecting the powder properties. Therefore, the characteristics of
the produced powder must be analyzed with respect to changes
in the injection and atmosphere-control gas.
In this study, the gas behavior at the gas-injection section
was simulated according to the orifice protrusion length for
effective powder production. However, because the accurate
prediction of the behavior of gas-liquid metals is difficult
through simulations, different powders were prepared based on
gas-behavior simulations, and the efficiencies were compared.
Furthermore, to achieve sufficient flowability for 3D printing,
the flowability change of the powder with the change in purity
of the atmosphere-control and injection gas was observed. The
change in flowability was measured from the angle of repose
and Hall flow rate. The microstructure of the prepared powder
was observed and characterized.

2. Experimental
In this study, ANSYS Fluent 2019 R2 ACADEMIC was
used to analyze the velocity distribution of gases formed according to the structure of the gas-injection nozzle. Fig. 1 schematically shows the gas-injection nozzle applied in this experiment. In order to observe the injection-gas velocity distribution
according to the gas-injection nozzle structure, the simulation
was performed by changing the protrusion length (h) of the
molten-metal outlet orifice in the range of 2-8 mm.

Fig. 1. Schematic of the orifice and gas-injection nozzle

VIGA-CC (Dongyang Induction Melting Furnace, Republic
of Korea) was used to evaluate Ti powder production according
to the gas velocity distribution. The gas-injection nozzles designed according to the orifice protrusion lengths were applied.
The suction pressure for each orifice protrusion length was

measured using a micro manometer (Fluker) at the top of the
orifice. For powder preparation, commercially pure (CP) titanium
grade 2 was used as the master alloy. The molten metal was
heated to 2000°C in an Ar atmosphere, following which 2 MPa
Ar gas was injected to prepare a powder. In order to evaluate
powder characteristics according to the purity of the injection
and atmosphere-control gas, normal-purity (99.9%) Ar and highpurity (99.999%) Ar were used to prepare different powders.
The microstructure of the powders was observed using
scanning electron microscopy (SEM; JEOL Ltd., JSM-7100F)
and energy-dispersive spectroscopy (EDS; JEOL). X-ray diffraction (XRD, Bruker Inc., D8 Advance) analysis was performed to
confirm the crystallization of the synthesized powders. The O and
N contents of the powder were evaluated using an ONH analyzer
(ELTRA GmbH, ONH 2000). For the flowability characterization
of the powder, the Hall flow rate (FRH (s/50 g)) was evaluated
using a Hall flow meter (HMK Test, AS-300).

3. Results and discussion
Fig. 2 shows the simulation results of gas velocity distribution
with respect to the orifice protrusion length. A circulation zone
is formed differently according to the orifice protrusion length at
position A between the orifice and gas nozzle and at position B at
the bottom of the orifice tip. Position A reduces the gas-injection
efficiency by obstructing the constant gas flow from the nozzle,
and position B helps form a fine powder through melt circulation.
Table 1 lists the maximum gas velocity at the orifice tip
according to the orifice protrusion length. The gas velocity is
1419.73 m/s for 0 mm but decreases to 1238.85 m/s as the protrusion length increases.
TABLE 1
Orifice-tip gas velocity according to orifice protrusion length
Oriﬁce protrusion length (mm)

Oriﬁce Tip gas velocity (m/s)

0
2
4
6

1419.73
1389.21
1260.58
1238.85

Fig. 3 shows the results of suction pressure and powder
production yield with respect to the orifice protrusion length.
Powder cannot be manufactured with a protrusion length of 0 mm
because of back pressure. A protrusion length of 2 mm resulted
in the highest suction pressure. The simulation results show that
the protrusion length of 2 mm caused back pressure owing to
the large recirculation zone at position A. When the protrusion
length was 4 mm, the recirculation zone at position B is large
and close to the bottom of the orifice tip, creating a high suction
pressure. For protrusion lengths of 6 and 8 mm, the recirculation
zone is formed away from the orifice tip, resulting in a lower
suction pressure [8-10].
The yield of powder production was the highest (62%) when
the protrusion length was 4 mm. A high suction pressure was
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Fig. 2. Simulation results of gas-velocity distribution according to orifice protrusion length: (a) 2 mm, (b) 4 mm, (c) 6 mm, and (d) 8 mm
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Fig. 3. Suction pressure and powder production yield according to
orifice protrusion length

formed when the protrusion length was 2 mm because the ratio
of gas-to-melt mass flow rate (G:M) was low and there was no
recirculation zone at position B. Furthermore, the highest powder
production yield was obtained when the protrusion length was
4 mm. For the case of 4 mm, recirculation occurred at position B
and the suction pressure was less than that for the case of 2 mm,
resulting in a high G:M. For the case of 6 mm, the powder yield
was low because of the solidification of molten metal in the
orifice during the atomization process [11,12].
Fig. 4 shows the morphologies of the powders prepared with
different Ar gas purities in the atomization process. The powder
particles are almost perfectly spherical, and the surface is smooth
without any satellites or defect, irrespective of gas purity.
Table 2 lists the measurement results of nitrogen and oxygen concentrations in the prepared powders according to the Ar
gas purity in the atomization process. The oxygen and nitrogen
concentrations in the powder produced with normal-purity Ar gas
(99.9%) are 740 ppm and 380 ppm higher than those in the powder produced with high-purity Ar gas (99.999%), respectively.

Fig. 4. SEM image of the produced powders: (a), (b) Ti powder prepared
with 99.9% pure Ar gas and (c), (d) Ti powder prepared with 99.999%
pure Ar gas
TABLE 2
Nitrogen and oxygen concentrations of powders prepared
with different Ar gas purities in the atomization process

Purity of Ar gas
99.9%
99.999%

Prepared Ti powders
Oxygen
Nitrogen
(ppm)
6930
1580
6190
1200

Fig. 5 shows the XRD results of powders prepared with
different Ar gas purities in the atomization process. Single-phase
Ti was observed in the powder prepared with high-purity Ar,
while a Ti6O phase was observed in addition to the Ti phase with
normal-purity Ar. The Ti6O phase was generated by reaction with
the oxygen contained in the injection and atmosphere-control
gas [13,14].

1000
normal-purity (99.9%) Ar gas, high fractions of N and O were
observed in the powder, and a Ti6O phase was formed. The shape
of the powder particles was not affected by the purity of Ar gas.
Higher oxygen and nitrogen concentrations in the powder reduce
flowability, necessitating the use of high-purity Ar (99.999%).
This result suggests that efficient powder manufacturing can be
achieved by controlling the structure of gas-injection part and
injection-gas purity.
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26.57
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