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Abstract: Electrode induction melting gas atomization (EIGA) is a wildly applied method for prepar-
ing ultra-clean and spherical metal powders, which is a completely crucible-free melting and atomiza-
tion process. Based on several experiments, we found that although the sphericity of metal powders
prepared by EIGA was higher than that of other atomization methods, there were still some satellite
powders. To understand the formation mechanism of the satellite, a computational fluid dynamics
(CFD) approach FLUENT and a discrete particle model (DPM) were developed to simulate the gas
atomization process, and several EIGA experiments with different argon pressures (2.5–4.0 MPa)
were designed. A numerical simulation of the gas-flow field verified the formation trajectory of
satellites, and the Hall flow rate of the powder produced under different pressures was 13.3, 13.8,
15.6, and 16.8, which were consistent with the prediction of the numerical simulation. This study
provides theoretical support for understanding the satellite formation mechanism and improving
powder sphericity in the EIGA process.

Keywords: EIGA; computational fluid dynamics; satellite powder; gas field

1. Introduction

There is an increased demand for high-quality metallic powders used for additive
manufacturing, such as in the aerospace, automotive, and medical fields and other appli-
cations [1]; this results in particular requirements for the production of spherical metal
powders with narrow size distribution [2]. Various methods can prepare powder particles,
including mechanical crushing, ball milling, gas atomization, electrolysis, and oxidation [3].
Metallic powders prepared by gas atomization have better sphericity and low oxygen
content, mainly when the atomization is conducted under an inert gas atmosphere [4]. Due
to the better kinetic energy transfer ability from gas to metal melt, argon atomization (AA)
has been widely applied in recent years [5]. However, ceramic materials (crucibles and
delivery tubes) in the AA equipment will easily react with alloys and bring certain amounts
of non-metallic inclusions into the powders, which may seriously affect the performance of
the produced components [6]. In the electrode induction melting gas atomization (EIGA)
method, the melt flow is not in contact with refractories, which is often used to prepare
ultra-clean metal powders [7,8].

The quality of gas-atomized powders is associated with two significant problems.
The first is fine powder yield and particle size distribution, and the second is surface
morphology and sphericity. In recent years, much research on EIGA has begun to appear.
Geling [9], Cui [10], and Liu [11] studied EIGA parameters such as pressure and melting
power but mainly focused on fine powder yield. Although powders prepared by EIGA
have better sphericity than those prepared by other gas atomization processes such as VIGA
(vacuum induction melting inert gas atomization) [12,13], there are still some satellites [14].
The satellites seriously reduce powder bulk density and fluidity and are prone to poor
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fusion in the forming process [15]. Some scholars focused on the problem of satellites
in the gas atomization process. Özbilen [16] explored the satellite formation mechanism
and observed the difference in satellite content under different materials and pressures,
Achelis [17] used a gas recirculation system to reduce satellites, and Liu [18], Chen [19],
and Xiao [2] studied powder morphology under different pressures. However, nearly
no one mentioned the detailed satellite formation mechanism under different pressures.
Therefore, it is necessary to understand the relationship between satellite and pressure in
the EIGA process.

Since gas atomization is a complex physical process, where a high-speed gas quickly
breaks a high-temperature fluid into tiny droplets, conventional experimental methods
are inadequate to characterize the satellite formation process. Therefore, a computational
fluid dynamics (CFD) approach was developed to simulate the gas atomization process.
Zeoli [20] conducted numerical simulations to investigate the application and performance
of close-coupled nozzles and studied the mechanism of droplet breakup in primary at-
omization. Bojarevics [1] investigated the complex interaction of the electromagnetic and
thermal fields on the fluid flow with a free surface in the EIGA process by COMSOL
software. Xia [21] designed a simulation of the entire gas atomization process and proved
that the numerical simulation results agreed well with the experimental measurements.
Djambazov [22] and Wang [23] proposed the reasons for forming satellites and hollow
powders by CFD techniques. According to these studies, a visualization of the satellite
formation in the atomization process can be achieved by numerical simulation.

This paper aims to understand the formation mechanism of satellites and explore
the satellite content and fluidity of powder produced under different pressures. The ex-
periments are performed on a self-developed EIGA device, and a simulation of the gas
flow field and particle trajectory in the whole atomization chamber is performed using
the commercial CFD software FLUENT. This work provides theoretical support for un-
derstanding the satellite formation mechanism under different pressures, thus, improving
powder quality in EIGA.

2. Experimental and Simulation Methods
2.1. Experiments

In this work, experiments were performed on a self-developed EIGA device, Ni-based
superalloy was selected as the metal in the experiments, and compressed argon was used
as the atomization gas (Figure 1).
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The diameter of the used Ni-based superalloy rod in Figure 1b was 55 mm, and the
composition of the alloy is listed in Table 1.

Table 1. Composition and content of Ni-based superalloy.

Component Ni Co Cr W Ti Al Mo Ta Nb C B Zr

Content/% 46.1 21.7 13.4 4.73 3.58 3.49 2.67 1.59 1.70 0.046 0.025 0.063

Four different argon pressures were designed in the experiments to observe the satellite
formation and content, which were 2.5, 3.0, 3.5, and 4.0 MPa. We controlled the continuous
metal melt metal flow, as shown in Figure 1c, using specific process parameters, such as
induction coil size and power supply, which could obtain fine powder yields [24], and all
atomization parameters were set as 5 × 10−3 Pa for equipment vacuum, 48 ± 1 kW for
smelting power, and 1970 ± 5 K for heating temperature.

The powder diameter distribution was analyzed using laser diffraction (BT-9300S), the
flowability was measured using a powder tester (BT-1000) and metallographic microscope
(RX50M), and the surface topography was observed using a scanning electron microscope
(Regulus8100).

2.2. Numerical Simulation Parameters

The atomization chamber of the original EIGA equipment is an axisymmetric cylinder
with a height of 2.6 m and a radius of 1 m, and, under the assumption that accuracy will
not be affected, the model was simplified as a 2D model based on the symmetry of rotation
to decrease the simulation workload. A mesh model (2.6 m × 1 m) was developed by
AUTOCAD and GAMBIT 2.4.6 software to visualize the entire gas flow field better as
shown in Figure 2, and it should be mentioned that the simulation was based on actual
EIGA equipment drawings.
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Figure 2. Mesh model of the EIGA device.

The initial mesh density was varied to increase calculation accuracy, we designed
three different grids to verify the independence of the mesh, and the mesh numbers were
64,385, 166,772, and 47,950. Additionally, we chose three points (0, 0; 80, 10; 125, 15) to
observe the changes in the velocity in different grids, which are shown in Figure 3.
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Figure 3. Gas velocity under different model grid numbers.

The velocity of three points was basically stable when the number of model grids had
been increased from 64,385 to 166,772, so the number of grids, 166,772, for gas atomization
simulation was independent. In this condition, different density grids were divided at
different zones to keep a balance between the calculation efficiency and accuracy. The
density around the nozzle area was high (from 0.1 mm to 0.4 mm) and lowered in the
other areas (from 0.4 mm to 4 mm), and the total number of grids was 166,772 under
this design condition. Then, the boundary conditions, such as axis, wall, pressure inlet
(argon), and pressure outlet, were defined, and the 2D-mesh file was exported and imported
into FLUENT 2020 R2 software, where the remaining parameters were set. A simulation
of the stable single-phase air flow field (argon) was conducted first, and the physical
properties of argon were taken from the FLUENT database and are listed in Table 2. The
k-ε turbulence model was employed, and the gas pressures were set as 2.5, 3.0, 3.5, and
4.0 MPa. Furthermore, the second-order upwind scheme was selected from the possible
schemes, the time step size was set as 6 × 10−7, and the number of time steps was 106.

Table 2. Physical properties of argon.

Parameter Value Unit

Density 1.63 kg·m−3

Cp (specific heat) 520 j·kg−1·k−1

Thermal conductivity 1.58 × 10−2 w·m−1·k−1

Viscosity 2.13 × 10−5 kg·m−1·s−1

Molecular weight 39.9 kg·kmol−1

Temperature 300 K

Generally, the whole gas atomization goes through two interrelated stages: primary
atomization and secondary atomization, and the satellite is mainly formed in the secondary
atomization stage [2]. The discrete particle model (DPM) and Taylor analogy breakup (TAB)
model under 3 MPa were applied in FLUENT software to observe the particle’s trajectory
in the atomization chamber and explore the satellite formation mechanism. The diameter
distribution of particles was set as from 1 mm to 0.25 mm, the position was from (2564, 0) to
(2584, 13), and the physical properties of the Ni-based superalloy are listed in Table 3 [21],
and the DPM model was calculated based on the completed single-phase argon field model.
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Table 3. Physical properties of the Ni-based superalloy [25].

Parameter Value Unit

Specific heat 720 J·kg−1·K−1

Thermal conductivity 29.6 W·m−1·K−1

Viscosity 0.05 mPa·s
Surface tension 1.84 mN·m−1

Density 7056 kg·m−3

Melting point 1683 K
Solidification interval 1683–1823 K

2.3. Theoretical Model

During various solidification stages, the satellites are produced by collisions or im-
pingement of fine solidified powder particles into the coarser molten or semi-molten
particles. According to Yang’s research, the particles are assumed as a rigid sphere at
the nozzle exit, and the cooling rate of particles with different diameters is deduced as
follows [26]: ∣∣∣∣dTd

dt

∣∣∣∣ = 6
ρcP

(
Td − Tf

)(2kg

d2 + 0.6
√

Re
3√

Pr

)
(1)

where Td is the temperature of particles; t is the cooling time; ρ, cP, d, Re, and Pr are the
density, specific heat, diameter, and Reynolds number and Prandtl number of particles,
respectively; Tf and kg are the temperature and thermal conductivity of argon.

Re can be defined as:

Re =
ρvD

µ
(2)

where ρ, v, and µ are the density, velocity, and viscosity of the particles; D is the diameter
of the continuous metal flow, which is 4 mm [27].

Pr can be defined as:
pr =

cpµ

λ
(3)

where cp, µ, and λ are the specific heat, viscosity, and thermal conductivity of the particles.
According to the parameters in Tables 2 and 3, and Equations (1)–(3) can be calculated

as follows: ∣∣∣∣dTd
dt

∣∣∣∣ =
(

12kg

ρcPd2 +
3.6
µ

√
ρv3D3

λcp

)(
Td − Tf

)
(4)

In the process of simulation, the standard k-ε turbulence model was employed in
FLUENT, which is suitable for complex flows, such as a high Reynolds number, mixed flow,
and swirl [28]. The mass equation, continuity equation, momentum equation, and energy
equation are given in the following [29–31]:

Mass equation
∂ρ

∂t
+∇·

(
ρ
⇀
u
)
= 0 (5)

Continuity equation

∂ρ

∂t
+

∂

∂x
(ρux) +

∂

∂r
(ρur) +

ρur

r
= 0 (6)

Momentum equation

∂

∂t

(
ρ
⇀
u
)
+∇·

(
ρ
⇀
u
⇀
u
)
= −∇P +∇·

[
=
τ
]
+ ρ

⇀
g +

⇀
F (7)

Energy equation
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∂

∂t
(ρE) +∇·

(
⇀
u (ρE + P)

)
= −∇·

(
∑

j
hj Jj

)
+ Sh (8)

The Euler–Lagrangian discrete phase model was employed to observe the particle’s
trajectory in secondary atomization, where the aerodynamic coefficients Weber number
(We) was an essential dimensionless parameter. With the increase in We, a variety of
typical secondary crushing patterns, including Taylor analogy breakup (TAB) models,
Wave models, and Kelvin–Helmholtz (KH) models, appear [20].

We can be defined as:

We =
ρgU2dL

σ
(9)

According to the parameter settings in DPM, We was calculated as ranging from 25 to
101, which determines that the TAB model should be selected [32].

3. Results and Discussion
3.1. Satellite Formation

In the EIGA experiment, obvious recirculation can be found from the observation
window. Figures 4 and 5 show the recirculation phenomenon and SEM photos of powder
in the EIGA process with 3.0 MPa pressure (no. 2).
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In Figure 4, the recirculation phenomenon is recorded during the EIGA process. Frame-
by-frame display with camera showed the minor fragments in the equipment raised with
the airflow and moved to the central area during the atomization process in Figure 4b–f,
which indicates that there was an extensive range of recirculation zone in the atomization
equipment, and this phenomenon might be the leading cause of satellites.

The morphology of the atomized powders and their representative particles are illus-
trated in Figure 5. It can be seen that most of the powders were nearly spherical with a few
irregular-shaped powder particles, and some larger particles were decorated with satellites
on the surface in Figure 5b–d.

Based on the calculation results of DPM, 6,890,000 particles were simulated by FLU-
ENT, and the velocity, temperature, and diameter of the droplet were calculated to observe
the particle’s trajectory in the atomization chamber and explore the satellite formation
mechanism. The trajectories of atomized powders are shown in Figure 6, and the particles’
temperature, velocity, and diameter are shown in Figure 7 (t = 1.1873 s).
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As shown in Figure 6, obvious particle recirculation was observed in the whole
atomization chamber, which could mainly be classified into four steps. In the first step, the
initial particles moved down and broke up with the high-speed argon until they came into
contact with the bottom of the chamber (0.2769 s–0.3123 s). In the second step, the initial
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particles hit the bottom at a certain speed under argon and gravity and moved horizontally
along the bottom after bouncing (0.3123 s–0.4034 s). In the third step, the initial particles
moved upward along the chamber wall under the action of argon recirculation until the
force provided by the argon was insufficient to resist the gravity of the particles themselves
(0.4034 s–0.8993 s). In the furth step, the upward kinetic energy of the initial particles ran
out, and the particles began to move towards the center, relying on the argon recirculation
zone, then merged into the particle stream produced in the first step and collided with it to
form satellite powders. Figure 6 demonstrates the presence of particle recirculation and the
possibility of satellite formation.

As shown in Figure 6b,g, the initial particles contacted the subsequently atomized
particles at the dotted line, the time from (a) to (b) was 0.0107 s, and, in this process, the
particle temperature decreased from 1800 K to 1200 K. From Figure 7a, it can be observed
that the particle velocity in this process was assumed as 150 m/s according to Figure 7b,
and the particle diameter calculated from Figure 7c was 50.6 µm, and Equation (4) can be
calculated as follows:

∣∣∣∣dTd
dt

∣∣∣∣=
 12× 0.0158

7056× 720× d2 +
3.6

0.05

√
7056× 1503 × 0.0043

29.6× 720

× (1970− 300) =
6.23× 10−5

d2 + 3.22× 104 (10)

According to Equation (10), the cooling rate was calculated as 5.65 × 104 K/s, and the
particle temperature dropped by 604.4 K in the process from Figure 6a to Figure 6b, which
is consistent with the particle temperature variable result in Figure 7a.

As seen in the simulation result shown in Figure 7b, the velocity of initial particles after
recirculating was negligible, the relative velocity between initial particles and subsequently
atomized particles was assumed as 100 m/s, and the low-temperature particles collided
with the high-temperature particles to form satellites.

3.2. Argon Recirculation Velocity Field in Different Pressure

The particle recirculation phenomenon visually indicated the formation process of
satellite powder, and it can be speculated that the strength of the recirculation zone was
a critical point in the satellite formation process. A single-phase model was adopted to
investigate the recirculation zone characteristics at different atomization pressures, as
shown in Figures 8 and 9.
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Figure 8 shows the velocity field at four different atomization pressures; the flow field
was a symmetrical structure. Figure 8a–c and the left side of (d) are the steamtraces velocity
fields, and the streamtraces demonstrated a large recirculation zone below the device,
which caused the atomized powders to form satellites. The intersection of the dotted line is
the center of the recirculation zone, and the velocity near the wall increased with argon
pressure. It was found that the trend of the argon field on the dotted line was the same,
but the recirculation velocity at high pressure (4.0 MPa) was significantly higher than that
at low pressure (2.5 MPa). The right part of Figure 8d is the argon velocity contour, and a
supersonic speed can be seen in the gas outlet, which provided the atomized powder with
a high initial velocity and increased relative velocity to recirculated particles and made it
easier to combine into satellites.

Figure 9 shows the recirculation zone characteristics at different atomization pressures,
and the accurate values were provided by simulation results. The centric position of the
recirculation zone is shown in Figure 9a, the X position increased (from 334 to 412 mm),
and the Y position decreased (from 729 to 708 mm) with the argon pressure increase, which
indicates that the centric position gradually approached the primary atomization area
and that the probability of satellite formation might increase as the pressure increases.
The recirculation velocity and max velocity are presented in Figure 9b, the recirculation
velocities were 11.7, 12.4, 13.7, and 15 m/s, and the increased ratios were 6.0%, 10.5%, and
9.5% from 2.5 to 4.0 MPa. It can be found that the change in recirculation velocity will
be stable at about 10% with the pressure increase; the max velocities (gas outlet velocity)
were 487, 504, 509, and 513 m/s; the increased ratios were 3.5%, 1.0%, and 0.8% from 2.5 to
4.0 MPa; and the speed was stable as the pressure increased.

According to the comparison between Figures 6 and 8b, the particle trajectory coin-
cided nicely with argon steamtraces, which indicates that the argon recirculation was the
critical point for particle recirculation and satellite formation. The characteristics in Figure 9
also show that as the pressure increased, the recirculation velocity affecting the formation
of the satellite increased much more than the max velocity, which would inevitably lead to
an increase in the number and velocity of recirculated particles.

Combined with the intersection lines of the initial particles and the subsequently
atomized particles in Figures 6 and 7, it can be speculated that the X position of the
intersection line must rise with the pressure, velocity, and temperature of the subsequently
atomized particles that collide with the recirculated particles are further increased, which
will increase the degree and probability of bonding, and it can be inferred that the satellite
content will increase with the pressure.
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3.3. Atomized Powder Detection

According to the atomization parameters, EIGA atomization experiments were de-
signed with different pressures (2.5, 3.0, 3.5, and 4.0 MPa), further verifying the relationship
between the satellites and atomization pressure.

Figure 10 shows the SEM images of atomized powders and the distribution curves. As
shown in Figure 10a–d, the atomized powders sizes were increased with the atomization
pressure, the size produced for the pressure of 4.0 MPa was smaller than that for the 2.5 MPa,
and there were a small number of large particle powders for 2.5 MPa. It was visually
observed that the powder sphericity was different for the four atomization pressures, the
atomized powder was nearly spherical for 2.5 MPa and 3.0 MPa, but the sphericity of the
powders prepared at 3.5 MPa began to decrease, and the content of the visible satellite
increased with the atomization pressure. According to the results of the laser particle
analyzer shown in Figure 10e, it was visually observed that the powder size decreased with
the increase in pressure, and the D50 values were 78.58, 66.27, 58.07, and 43.19 µm for the
pressures of 2.5, 3.0, 3.5, and 4.0 MPa, respectively.
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In order to further verify the influence of atomization pressure on the sphericity of the
powder, the properties of the powder were further tested by the powder tester (BT-1000),
and the apparent density, tapped density, flow index, and Hall flow rate are summarized in
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Table 4. The Carr compressibility and Hausner’s ratio are two indicators of powder flow
index; the smaller the two are, the better the fluidity of powder is, and they are deduced as
follows [33]:

Carr compressibility =
apparent density − tapped density

tapped density
× 100% (11)

Hausner′s Ratio =
tapped density

apparent density
(12)

Table 4. Comparison of powder properties from different pressures.

No. Argon
Pressure/MPa

Powder
Size/µm

Apparent
Density/g·cm−3

Tapped
Density/g·cm−3

Flow Index
Hall Flow

Rate/s·(50 g)−1Carr
Compressibility

Hausner’s
Ratio

1 2.5 D50 = 78.58 5.12 5.76 11% 1.13 13.3
2 3.0 D50 = 66.27 5.19 5.88 12% 1.13 13.8
3 3.5 D50 = 58.07 5.27 6.12 14% 1.16 15.6
4 4.0 D50 = 43.19 5.20 6.32 18% 1.22 16.8

Table 4 summarizes the relevant parameters of powder sphericity for different pres-
sures. It was found that the apparent density increased with the atomization pressure when
it was less than 3.5 MPa, and decreased when the pressure increased to 4.0 MPa, which
indicates that the particle size decreased with the increased pressure, but the content of the
satellite increased when the pressure was too high (4.0 MPa), which inhibited the trend of
increasing apparent density.

As illustrated in Table 4, the flow index gradually weakened with the increase in
pressure, and the powder fluidity evaluation is unsuitable for the pressure of 4 MPa, in
which the Carr compressibility exceeded 16%, and the Hausner’s Ratio exceeded 1.19
(ASTM D6393). Moreover, the Hall flow rate also indicates that the powder fluidity
decreased with the pressure increase.

In summary, the testing of powder properties verified that powder fluidity decreased
when pressure increased, which further indicates that the content of satellite powder
increased, and the results proved the correctness of the numerical simulation prediction in
Section 3.2. It can be concluded that the choice of pressure was not the higher the better
in the gas atomization process, and the adverse effects caused by the increase in satellite
content and the decrease in powder fluidity under high pressure should be fully considered.

4. Conclusions

This work performed CFD simulations to investigate the formation mechanism of the
satellite and the pressure influence on powder fluidity in the EIGA process, and the obtained
results agreed well with the experimental data. More specifically, the k-ε turbulence
model, the discrete particle model (DPM), and Taylor analogy breakup (TAB) model
were adapted to simulate the single-phase argon flow field and particle trajectory, which
explored the satellite formation mechanism. Moreover, several EIGA experiments with
different argon pressures (2.5–4.0 MPa) were designed to observe the powder morphology
and properties. This study provides theoretical support for understanding the satellite
formation mechanism and improving powder sphericity in the EIGA process:

• A numerical simulation of particle trajectory verified the formation of satellites, and
the simulation results were consistent with the experimental photos. Moreover, the
decreasing trend of particle temperature in the numerical simulation was verified by
the particle cooling equation, and the accuracy of the simulation work was verified.

• A numerical simulation of the single-phase argon flow field verified the difference in
the recirculation zone characteristics at different atomization pressures. The centric
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position gradually approached the primary atomization area (X from 334 to 412 mm
and Y from 729 to 708 mm), and the recirculation velocities increased from 11.7 to
15 m/s, which provides a theoretical basis for the increase in satellite content in
high-pressure atomization.

• The detection of atomized powder under different pressures proved the decrease
in powder fluidity prepared under high pressure. The Carr compressibility and
Hausner’s ratio increased from 11% to 18% and from 1.13 to 1.22, and the Hall flow
rate increased from 13.3 to 16.8 s/(50 g), which indicates that the powder fluidity
decreased with the pressure increase.

• Moreover, this work indicates that the selection of pressure should consider the adverse
effects caused by the increase in satellite content and the decrease in powder quality
under high pressure, and the appropriate atomization pressure should be selected
comprehensively.
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Nomenclature
(Equations (5)–(9))

ρ Mass density (kg·m−3)
t Time (s)
⇀
u Velocity momentum (m·s−1)
x Axial coordinate
ux Axial velocity (m·s−1)
r Radial coordinate
ur Radial velocity (m·s−1)
P Static pressure (Pa)
=
τ Viscous stress tensor
⇀
g Gravitational acceleration (m·s−2)
⇀
F Surface tension (N·m−1)
E Internal energy of the material (J)
hj Enthalpy of species j (J)
Jj Diffusive flux of species j (kg·(m2·s)−1)
Sh The viscous dissipation term
ρg Gas density (kg·m−3)
U Relative velocity of gas and droplet (m·s−1)
dL Particle diameter (m)
σ Surface tension of the molten droplet (N·m−1)



Materials 2023, 16, 2499 13 of 14

References
1. Bojarevics, V.; Dughiero, F.; Roy, A.; Pericleous, K. Numerical model of electrode induction melting for gas atomization. COMPEL-

Int. J. Comput. Math. Electr. Electron. Eng. 2011, 30, 1455–1466. [CrossRef]
2. Gao, C.F.; Xiao, Z.Y.; Zou, H.P.; Liu, Z.Q.; Chen, J.; Li, S.K.; Zhang, D.T. Characterization of spherical AlSi10Mg powder produced

by double-nozzle gas atomization using different parameters. Trans. Nonferrous Met. Soc. China 2019, 29, 374–384. [CrossRef]
3. Zhu, H.; Tong, H.; Yang, F.; Cheng, C. Plasma-assisted preparation and characterization of spherical stainless steel powders. J.

Mater. Process. Technol. 2018, 252, 559–566. [CrossRef]
4. Si, C.-R.; Zhang, X.-J.; Wang, J.-B.; Li, Y.-J. Design and evaluation of a Laval-type supersonic atomizer for low-pressure gas

atomization of molten metals. Int. J. Miner. Metall. Mater. 2014, 21, 627–635. [CrossRef]
5. Wei, M.W.; Chen, S.Y.; Sun, M.; Liang, J.; Liu, C.S.; Wang, M. Atomization simulation and preparation of 24CrNiMoY alloy steel

powder using VIGA technology at high gas pressure. Powder Technol. 2020, 367, 724–739. [CrossRef]
6. Qiu, C.L.; Attallah, M.M.; Wu, X.H.; Andrews, P. Influence of hot isostatic pressing temperature on microstructure and tensile

properties of a nickel-based superalloy powder. Mater. Sci. Eng. A 2013, 564, 176–185. [CrossRef]
7. Hohmann, M.; Ludwig, N. Einrichtung zum Herstellen von Pulvern aus Metallen. DE 4102101C2, 18 December 2003.
8. Zheng, M.; Zhang, S.; Hu, Q.; Xu, J.; Mao, W.; Lu, L.; He, H.; Liu, Y.; Zhao, W. A novel crucible-less inert gas atomisation method

of producing titanium powder for additive manufacturing. Powder Metall. 2018, 62, 15–21. [CrossRef]
9. Gerling, R.; Hohmann, M.; Schimansky, F.P. Gas atomization of high melting reactive metals by a crucible- and ceramic-free

technique. Mater. Sci. Forum 2007, 539–543, 2693–2698. [CrossRef]
10. Wang, G.; Zheng, Z.; Chang, L.T.; Xu, L.; Cui, Y.Y.; Yang, R. Characterization of tial pre-alloyed powder and its densification

microstructure. Acta Metall. Sin. 2011, 47, 1263–1269.
11. Guo, K.K.; Liu, C.S.; Chen, S.Y.; Dong, H.H.; Wang, S.Y. High pressure EIGA preparation and 3D printing capability of Ti-6Al-4V

powder. Trans. Nonferrous Met. Soc. China 2020, 30, 147–159. [CrossRef]
12. Le, G.M.; Li, Q.; Dong, X.F.; Xu, Q.D.; Hu, Y.; Li, P. Fabrication Techniques of Spherical-Shaped Metal Powders Suitable for

Additive Manufacturing. Rare Met. Mater. Eng. 2017, 46, 1162–1168.
13. Sun, X.Y.; Yuan, L.; Wang, L.L.; Cheng, L.Y. Study on the Formability of 3D Printed TC4 Alloy Powder by EIGA. In Proceedings of

the 2nd International Conference on Frontiers of Materials Synthesis and Processing, Sanya, China, 9 October 2019; Volume 493.
14. Liu, Z.; Huang, C.; Gao, C.; Liu, R.; Chen, J.; Xiao, Z. characterization of ti6al4v powders produced by different methods for

selective electron beam melting. J. Min. Metall. Sect. B-Metall. 2019, 55, 121–128. [CrossRef]
15. Zhao, S.Y.; Tang, H.P.; Chen, G.; Yin, J.O.; Wang, J.; Ge, Y.; Li, Z.F.; Tan, P. Preparation of TC4 Powder for 3D Printing and

Characterization of Synchrotron Radiation CT. Rare Met. Mater. Eng. 2018, 47, 3853–3859.
16. Özbilen, S. Satellite formation mechanism in gas atomised powders. Powder Metall. 1999, 42, 70–78. [CrossRef]
17. Achelis, L.; Uhlenwinkel, V. Characterisation of metal powders generated by a pressure-gas-atomiser. Mater. Sci. Eng. A-Struct.

Mater. Prop. Microstruct. Process. 2008, 477, 15–20. [CrossRef]
18. Liu, X.; Xie, H.W.; Wang, L.; Luo, J.W.; Cai, Y.X. Production of Fe-Si-Al-Ni-Ti soft magnetic alloy powder by inert-gas atomization.

Chin. Mater. Conf. 2012, 27, 1426–1433. [CrossRef]
19. Chen, Y.Y.; Xiao, Z.Y.; Zou, H.P.; Li, S.K.; Li, A.H. Preparation and Characterization of Fine 316L Stainless Steel Powders Prepared

by Gas Atomization. In Proceedings of the Chinese Materials Conference (CMC), Yinchuan, China, 6–12 July 2017; pp. 25–34.
20. Zeoli, N.; Gu, S. Numerical modelling of droplet break-up for gas atomisation. Comput. Mater. Sci. 2006, 38, 282–292. [CrossRef]
21. Xia, M.; Wang, P.; Zhang, X.H.; Ge, C.C. Computational fluid dynamic investigation of the primary and secondary atomization of

the free-fall atomizer in electrode induction melting gas atomization process. Acta Phys. Sin. 2018, 67, 41–51.
22. Lena, C.; Djambazov, G.; Pericleous, K. Tms, Modelling metal powder production by the gas atomisation process. Mater. Charact.

Comput. Model. 2008, 2, 279–285.
23. Luo, S.; Wang, H.Z.; Gao, Z.Y.; Wu, Y.; Wang, H.W. Interaction between high-velocity gas and liquid in gas atomization revealed

by a new coupled simulation model. Mater. Des. 2021, 212, 110264. [CrossRef]
24. Feng, S.; Xia, M.; Ge, C.-C. Consecutive induction melting of nickel-based superalloy in electrode induction gas atomization.

Chin. Phys. B 2017, 26, 60201. [CrossRef]
25. Ting, J.; Connor, J.; Ridder, S. High-speed cinematography of gas-metal atomization. Mater. Sci. Eng. A 2005, 390, 452–460.

[CrossRef]
26. Yang, L.B.; Ren, X.N.; Xia, M.; Sun, H.T.; Lv, X.A.; Ge, C.C. Study on Powder Characteristics and Effect Factors of Droplets Size

During Electrode Induction Melting Gas Atomization. Rare Met. Mater. Eng. 2020, 49, 2017–2023.
27. Wu, J.; Xia, M.; Guo, S.; Wang, J.; Ge, C. Effect of Electrode Induction Melting Gas Atomization Process on Fine Powder Yields:

Diameter of Free-Fall Gas Atomizer. J. Mater. Eng. Perform. 2022. [CrossRef]
28. Launder, B.E.; Spalding, D.B. Lectures in Mathematical Model of Turbulence; Academic Press: Cambridge, MA, USA, 1972.
29. ANSYS. ANSYS Fluent Users Guide; ANSYS: Canonsburg, PA, USA, 2020; pp. 2181–2354.
30. Wang, P.; Li, J.; Wang, X.; Liu, H.S.; Fan, B.; Gan, P.; Guo, R.F.; Ge, X.Y.; Wang, M.H. Close-coupled nozzle atomization integral

simulation and powder preparation using vacuum induction gas atomization technology. Chin. Phys. B 2021, 30, 027502.
[CrossRef]

31. Li, X.-G.; Fritsching, U. Process modeling pressure-swirl-gas-atomization for metal powder production. J. Mater. Process. Technol.
2017, 239, 1–17. [CrossRef]

http://doi.org/10.1108/03321641111152612
http://doi.org/10.1016/S1003-6326(19)64947-2
http://doi.org/10.1016/j.jmatprotec.2017.10.010
http://doi.org/10.1007/s12613-014-0951-4
http://doi.org/10.1016/j.powtec.2020.04.030
http://doi.org/10.1016/j.msea.2012.11.084
http://doi.org/10.1080/00325899.2018.1540525
http://doi.org/10.4028/www.scientific.net/MSF.539-543.2693
http://doi.org/10.1016/S1003-6326(19)65187-3
http://doi.org/10.2298/JMMB181025008L
http://doi.org/10.1179/pom.1999.42.1.70
http://doi.org/10.1016/j.msea.2007.07.095
http://doi.org/10.1016/j.proeng.2011.12.604
http://doi.org/10.1016/j.commatsci.2006.02.012
http://doi.org/10.1016/j.matdes.2021.110264
http://doi.org/10.1088/1674-1056/26/6/060201
http://doi.org/10.1016/j.msea.2004.08.060
http://doi.org/10.1007/s11665-022-07366-3
http://doi.org/10.1088/1674-1056/abc167
http://doi.org/10.1016/j.jmatprotec.2016.08.009


Materials 2023, 16, 2499 14 of 14

32. Zeoli, N.; Tabbara, H.; Gu, S. CFD modeling of primary breakup during metal powder atomization. Chem. Eng. Sci. 2011, 66,
6498–6504. [CrossRef]

33. Ferreira, A.P.; Rawlinson-Malone, C.F.; Gamble, J.; Nicholson, S.; Tobyn, M. Chapter 10—Applications of Multivariate Analysis to
Monitor and Predict Pharmaceutical Materials Properties. In Multivariate Analysis in the Pharmaceutical Industry; Ferreira, A.P.,
Menezes, J.C., Tobyn, M., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 235–267.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ces.2011.09.014

	Introduction 
	Experimental and Simulation Methods 
	Experiments 
	Numerical Simulation Parameters 
	Theoretical Model 

	Results and Discussion 
	Satellite Formation 
	Argon Recirculation Velocity Field in Different Pressure 
	Atomized Powder Detection 

	Conclusions 
	References

