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Abstract

Based on computational fluid dynamics method, the effect of atomization gas pressure on the atomization efficiency of
Laval nozzle was studied, and then a discrete phase model was established and combined with industrial trials to study the
effect of a new type of assisted gas nozzles (AGNs) on powder size distribution and amorphous powder yield. The results
show that increasing the atomization pressure can effectively improve the gas velocity for the Laval nozzle; however, it
will decrease the aspiration pressure, and the optimal atomization pressure is 2.0 MPa. Compared with this, after the
application of AGN's with the inlet velocity of 200 m s~ ', assisted gas jet can increase the velocity of overall droplets in the
break-up and solidification area by 40 ms~' and the maximum cooling rate is increased from 1.9 x 10* to
2.3 x 10* K s™'. The predicted particle behavior is demonstrated by the industrial trails, that is, after the application of
AGN:s, the median diameter of powders dsq is decreased from 28.42 to 25.56 pum, the sphericity is increased from 0.874 to
0.927, the fraction of amorphous powders is increased from 90.4% to 99.4%, and only the coercivity is increased slightly
due to the accumulation of internal stress. It is illustrated that the AGNs can improve the yield of fine amorphous powders,
which is beneficial to providing high-performance raw powders for additive manufacturing technology.
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1 Introduction

Additive manufacturing (AM) is a rapid forming technology
based on discrete materials such as powders and wires to
prepare parts through layer-by-layer stacking, which hasbeen
widely used in high-end electronics, medical devices and
aerospace fields with unique advantages, e.g., precision pro-
cessability, fast manufacturing speed and low energy con-
sumption [1, 2]. At present, under the strategic goal of “low
carbon, energy saving and emission reduction”, integration,
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miniaturization and high-frequency are the inevitable devel-
opment trends of electronic equipment [3-5]. Fe-based
amorphous alloys have become a new generation of soft
magnetic materials due to their excellent comprehensive
properties such as low cost, high saturation magnetization,
low coercivity and low high-frequency core loss [6]. Due to
the limitation of the glass forming ability of Fe-based amor-
phous systems, powder metallurgy process is often used to
produce Fe-based amorphous powders with high cooling rate
requirements, and then bulk metallic glasses are prepared by
subsequent consolidation processes [7-9]. Therefore, AM
technology that can break through the size and shape limita-
tions of bulk metallic glasses is expected to be a key tech-
nology for solving the preparation of large-sized and
complex-shaped amorphous parts in the future [10].

The characteristics of raw powders have an important
impact on the performance of the parts, e.g., the melting
uniformity of powders is related to powder size, the density
of the parts is related to powder sphericity, and the purity of
the parts is related to powder purity. Therefore, raw powders
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with fine particle size, high purity and high sphericity are
required by the preparation of high-quality parts. The char-
acteristics of powders are significantly affected by different
powder fabrication processes [8, 11, 12]. Mechanically
alloying and strip crushing methods are two common pro-
cesses for fabricating amorphous powders; however, the
powders produced by these two methods have irregular
shape with sharp edges, which easily lead to magnetic ani-
sotropy and are unfavorable for subsequent processing [13].
Although the water atomization method has a high cooling
rate (up to 10* K s™! or more), the droplets are prone to
oxidation and spheroidize insufficiently due to too rapid
solidification, and the powder sphericity and purity are poor
[14-16]. Compared with the above processes, the gas
atomization and gas—water combined atomization, which
have sufficient cooling rate, low cost and excellent powder
characteristics, have become the main processes for fabri-
cating Fe-based amorphous powders, and the relevant stud-
ies have been extensively reported in recent years.

Aydin and Unal [17] investigated the melt delivery tube
tip base pressure and flow separation phenomenon for the
close-coupled nozzle system. They verified the accuracy of
computational fluid dynamics (CFD) for predicting the
atomization efficiency and optimizing the nozzle geometry
parameters, and found that a reasonable gas nozzle design
can effectively avoid the flow separation phenomena.
Ouyang et al. [18] studied the effect of melt superheat on the
break-up process and found that the increase in melt super-
heat could reduce the thickness of melt liquid film during
primary atomization and the powder size after secondary
atomization. Schwenck et al. [19] designed a new annular slit
Laval nozzle and investigated its atomization behavior under
different atomization process parameters by numerical
simulation and high-speed imaging technology. Thompson
et al. [20] quantitatively investigated the effect of industrial
close-coupled gas nozzle geometry and atomization process
parameters on powder size distribution by discrete phase
model (DPM) and found that increasing atomization gas
pressure and decreasing melt surface tension can effectively
reduce powder size. Wang et al. [21] conducted an integral
simulation for vacuum induction gas atomization with close-
coupled nozzle, and the powder size after secondary
atomization was in good agreement with the experimental
results. In addition, they found that the evolution process of
spherical and irregularly shaped powders during the
atomization, and suggested that reasonable optimization of
the atomization flow field and control of the gas jet can
effectively promote the formation of spherical powders. Shi
et al. [8] used realizable k—¢ turbulence model with DPM to
simulate the gas atomization process of Fe-based amorphous
powders under different atomization pressures and summa-
rized the effect of atomization pressure on powder properties
by combining with the characterization of powders. Luo

et al. [22] reproduced the specific details of droplet break-up
and defect evolution during gas atomization by combining
the dynamic adaptive mesh, volume of fluid model and DPM,
and proposed feasible initiatives to improve the powder
yield. Ciftci et al. [23] investigated the effect of different gas
temperatures on gas atomization, and the results showed that
hot gas atomization can significantly improve the yield of
amorphous powders, although it has little effect on the
cooling rate.

In recent years, the research on the flow field of gas
atomization, break-up mechanism during primary atomiza-
tion and secondary atomization has been widely reported, but
the study about new industrial atomization equipment is
mostly limited to the structural optimization of nozzles and
delivery tubes, and the research on new atomization equip-
ment and process is rare. Based on this, a flow-heat transfer
model of atomization gas-only flow field was established in
this study. Firstly, the flow field characteristics of the Laval
nozzle under different atomization pressures were analyzed,
and the appropriate atomization pressure for the nozzle was
discussed. Then, a one-way coupling DPM was established
and combined with industrial trials to study the effect of a
novel type of assisted gas nozzles (AGNs) on the yield of
spherical amorphous fine powders. Finally, the effects of
AGNSs on the size, sphericity, amorphous fraction and soft
magnetic properties of powders were compared by the
characterization of powders to provide theoretical and
practical guidance for the development of novel atomization
equipment and processes.

2 Numerical and experimental methods
2.1 Model assumption and governing equations

In this study, the steady-state simulation of the gas-only flow
field inside the industrial atomization chamber was calcu-
lated by Fluent 19.1 which is a commercial CFD software
based on the finite volume method, and a DPM was devel-
oped to analyze the effect of AGNs on the powder particles.
Under the premise of ensuring the calculation accuracy, the
following assumptions were made to simplify the actual
physical problems and save computational resources:

(i) The Mach number of gas jet flow during atomiza-
tion is less than 0.3, and therefore, the atomization
gas N, can be treated as a compressible fluid
conforming to the ideal gas law [21];

(i1))  The walls of the atomization chamber, nozzles and
the delivery tube are all considered to be adiabatic
and smooth non-slip walls;

(iii) Considering the symmetry of the atomization
chamber structure, it is assumed that the actual
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internal gas flow field exhibits axisymmetric, and
then the three-dimensional model can be simpli-
fied into a two-dimensional axisymmetric model;

(iv) In actual atomization production, the mass of
molten steel injected in each batch is small, so that
only the effect of N, on particles is considered, and
the mass loading effect of particles on N, is ignored
in this model,

(v)  Only liquid metal droplets are considered, and the
break-up and agglomeration of droplets during the
atomization are ignored.

Based on the above analysis, the steady-state gas-only
flow field of the compressible fluid in the two-dimensional
axisymmetric geometric model satisfies the following
governing equations [17, 22, 24]:

Mass conversation equations:

2 (v + o) + 2 = 5, 1)

where x is the axial coordinate; p is the density of Ny,
Pop+P
and according to the ideal gas law, p is given by p=3;;

P, is the operating pressure value (set to 101 kPa); P is the
local static pressure; R is the universal gas constant; My, is
the molecular weight; T is the local temperature; v, is the
axial velocity; r is the radial coordinate; v, is the radial
velocity; and S, is the mass added to the continuous phase
N, from the discrete particles.

Momentum conservation equations:
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where u is the molecular viscosity; F, and F, is axial and
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radial body forces, respectively; v is the velocity vector;
and v, is the swirl velocity.

Energy conservation equations:
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where E is the total energy;  is the time; H is the enthalpy;
7 is the stress tensor; and ¢ is the heat flux vector.
SST k- turbulence equations:

V- (pkv) =V - (I'V - k) + G — Y + Sk (6)
V. (PCU\_") =V- (Fu)v ' w) + Gw - Yo) + Sw + Dw (7)

where k is the turbulent energy; w is the special turbulence
dissipation; [, and I, are the effective diffusivities of
k and o, respectively; G, and G,, is the production of k and
o, respectively; Y, and Y,, are the dissipation of k and o,
respectively; Sy and S, are user-defined source terms; and
D,, is the cross-diffusion term.

Particle force balance equation in DPM:

d”p U — lip §(pp - p)
Mp=q, ~ T +mp oy

(3)

where m,, is the particle mass; i is the N, velocity; i, is the

particle velocity; p, is the particle density; my“—=
drag force; g is the graviton; and 1, is the particle relax-
ation time calculated by:

ppdy 24
=
18u CqRe

©)

where d,, is the particle diameter; Cy is the drag coefficient;

and Re is the relative Reynolds number, which is defined as

follows:

Pdp|'7p — U ‘
U

Re = (10)

2.2 Boundary condition and solution modes

The schematic diagram of the location of AGNs is shown
in Fig. la, and the AGNs are cylindrical nozzles with a
diameter of 4 mm. The angle between the nozzle and the
vertical direction is 10°, and the distance between the
nozzle and the outlet of the delivery tube and the distance
between the nozzle and the central axis are all 150 mm.
The mesh and boundary conditions of the atomization
equipment used in this study are shown in Fig. 1b, where
the boundary conditions used for DPM simulation are the
same as those in the gas-only flow field calculation. The
atomization gas nozzle is set as the pressure inlet, the AGN
is set as the velocity inlet, the left boundary and the lower
boundary of the atomization chamber are set as the pres-
sure outlet, the central axis is set as the axis, and the rest
are set as the wall. The size of the overall computational
domain is 1100 mm x 300 mm, and the mesh refinement
is adopted near the nozzles and the central area of the
atomization chamber with large gradients of physical
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Fig. 1 Schematic diagram of AGN position (a) and two-dimensional axisymmetric mesh and boundary conditions (b)

quantities. The minimum mesh size is 0.25 mm, and the
mesh type is quadrilateral.

Based on the reasearch of Salvador et al. [25] research
about the computational accuracy of different turbulence
models in the spraying process, the SST k-w turbulence
model with higher accuracy for the development of internal
flow and atomization gas jet was selected in this study.
During the process of model solving, the characteristics of
gas-only flow field for the Laval nozzle under different
atomization gas pressures were firstly calculated without
AGNs, and then the variation of the flow field in the
atomization chamber was compared under different inlet
gas velocities of AGNs. Considering that it was difficult to
analyze the overall characteristics of the flow field due to
the large-sized domain, after the gas-only flow field was
solved to convergence, the one-way coupling DPM was
applied to more intuitively observe the flow field variation
with and without AGNs. In this study, N, was the contin-
uous phase and the metal droplet was the discrete phase.
Based on the study by Markus et al. [26] and our previous
primary atomization calculations, the injection was
released from the delivery tube tip. The mass flow rate of
particles was 0.05 kg s, the initial velocity magnitude of
particles was 2.2 m s~ ', the temperature of particles was
1573 K, and the particle size distribution was in the range
of 0.1-1.0 mm that obeyed the Rosin—-Rammler

Table 1 Geometry and material properties for numerical simulation

distribution. The material parameters of N, and metal
droplets and other process parameters used in the calcula-
tion are shown in Table 1.

In the solution process, the coupled scheme was adopted
as the pressure—velocity coupling scheme, the pressure was
discretized in the standard, the momentum, swirl velocity,
turbulent velocity, turbulent kinetic energy, specific dissi-
pation rate and energy were discretized in the second order
upwind. The residuals of continuity and energy equation
were set as 10 and 10’6, respectively, and other residuals
were set as 107,

2.3 Mesh independence and model validation

First, four meshes with nodes of 42,646, 78,636, 183,705
and 320,585 were used to investigate the effect of mesh
numbers on the simulation results, and the gas-only flow
field without AGNs was solved to convergence under
2.0 MPa atomization pressure. The velocity magnitude at
the characteristic point (— 0.01 m, 0.005 m) below the
delivery tube is shown in Fig. 2. When the mesh number is
less than 183,705, the velocity at the characteristic point
changes greatly with the increase in the mesh number, and
as the mesh number further increases, its influence on the
flow field gradually weakens. Therefore, considering the

Parameter Value Parameter Value
Density of Ny/(kg m™) Ideal-gas Density of droplets/(kg m™) 7175
Specific heat of No/(J kg™' K™ 1040.67 Specific heat of droplets/(J kg™ K™ 1350
Thermal conductivity of No/(J kg™' m™") 0.0242 Thermal conductivity of droplets /(J kg™' m™') 42
Viscosity of Np/(kg m~' s7") Sutherland Temperature of No/K 300
Temperature of droplets/K 1573 Delivery tube diameter/mm 2.0

Atomization gas pressure/MPa

0.5, 1.0, 1.5, 2.0, 2.5, 3.0 Inlet gas velocity of AGNs/(m s’l)

0, 50, 100, 150, 200
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Fig. 3 Results of atomization trials (a) and simulation (b)

computational resources and accuracy, the mesh with
183,705 nodes was used for calculation in this study.

To validate the model and assumptions, an industrial
trial was conducted as shown in Fig. 3a. The atomization
gas pressure was 1.0 MPa, the atomization gas was N,, the
high-temperature melt was replaced by water for visualiz-
ing the atomization process, and the final measured scat-
tering width at the position 100 mm from the outlet was
44.2 mm. Based on the above model and boundary con-
ditions, the gas-only flow field at 1.0 MPa atomization
pressure was calculated to convergence, and then the one-
way coupling DPM was applied for calculation. The results
are shown in Fig. 3b, and the scattering width at the same
position is 42.9 mm, which is only 2.9% in error with the
trial results, indicating the applicability of the model for
predicting the flow field development and particle trajec-
tory in the atomization process.

@ Springer

2.4 Experimental procedure

Commercial iron  (purity > 99.9%), silicon (pu-
rity > 99.5%), boron (purity > 99.9%) and pre-alloyed
Fe-B and Fe-C alloys were used as raw materials and
mixed to the powder nominal composition Fe;qgSijj 4.
B;19C5,Cry 57 (at.%). The powders were fabricated sepa-
rately by the above novel atomization process under the
conditions of without AGNs and with 200 m s~' inlet
velocity of AGNs, and then the powders were dehydrated,
dried and sieved to obtain the finished products (powder A
and powder B are used to represent these two kinds of
powders in this paper). The gas nozzle was a Laval nozzle
(convergent—divergent nozzle), throat diameter was
0.34 mm, the capacity of crucible was 15 kg, the
atomization gas pressure was 2.0 MPa, and the AGNs were
arranged symmetrically on the left and right sides of the
atomization chamber.

The morphology of the powders was observed using the
Phenom Pro Desktop scanning electron microscope (SEM),
and the accelerating voltage is 10 kV [27]. The sphericity
of the powders was counted by Phenom Prisuite Software.
The particle size distribution of the atomization powders
was measured by the BT-9300S laser diffraction particle
size analyzer (the detection particle size range was
0.1-341 pm, the shading rate was set as 16.02%, the
refractive index of the medium was set as 1.333, and the
refractive index of the sample was set as 2.860). The D2
Phaser X-ray diffractometry (XRD) was used to charac-
terize the structure of the powders (Cu Ko,
A =0.154184 nm). The step size was 0.02°, the scanning
range was 20°-100°, the tube voltage was 30 kV and tube
current was 10 mA. The crystallization enthalpy of the
powders was measured by the SETSYS-1750 CS Evol-
TG-DSC 1600 K differential scanning calorimeter (DSC)
at a heating rate of 10 and a 30 mL min "' flow rate of high
purity argon, and then the influence of the AGNs on the
yield of amorphous powders was analyzed. Simultane-
ously, the crystallization enthalpy of powder B sieved to
different size ranges was also measured by the same con-
dition to characterize the effect of particle size on the
fraction of amorphous powders. The saturation magneti-
zation and coercivity of the powders were measured by
Lake Shore 8604 vibrating sample magnetometer at the
maximum applied magnetic field intensity of + 8.0 x 10°
and &+ 1.6 x 10* A m™", respectively.
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3 Results and discussion

3.1 Effect of atomization pressure on flow field
without AGNs

As shown in Fig. 4a, b, when the atomization pressure is
2 MPa, the jet flow is ejected from the throat through the
convergent part of the Laval nozzle and then rapidly
expands and accelerates to supersonic speed. According to
the law of isentropic flows, the pressure and temperature
decrease rapidly (consistent with the characteristics in
Fig. 4c, d), and then a series of Prandtl-Meyer waves are
formed below the nozzle outlet under the action of the
pressure difference. Subsequently, the jet repeats periodic
expansion and contraction through continuous Prandtl-
Meyer wave and oblique shocks (manifested as pressure
fluctuations below the delivery tube tip in Fig. 4d) until its
pressure equals to the ambient pressure and the flow field
tends to be stable. In addition, at the wake region of jet
intersection below the delivery tube tip, a typical recircu-
lation zone is formed due to the deflection of gas flow path
[28]. In the recirculation zone, the upward gas flow
approaches the delivery tube tip and then extends radially
until the gas flow touches the sonic boundary, and returns
to the initial position of the recirculation zone under the
action of the gas jet with high kinetic energy to complete a
recirculation process. In this process, part of the subsonic

Velocity magnitude/(m s™!) 50 100 150 200 250 300 350 400 450 500

Temperature/K 160 180 200 220 240 260 280

(b)

gas flows out of the recirculation zone, and part of the
supersonic gas crosses the sonic boundary and enters the
recirculation zone due to energy loss, and the flow differ-
ence between the two determines whether the pressure
below the delivery tube tip is positive or negative [21].
Unal [29] proposed that ensuring a high negative pressure
value below the delivery tube is of great significance to
promote the smooth atomization and improve the
atomization efficiency. If a high positive pressure field
exists below the delivery tube, the downward flow of melt
will be hindered and extend in the radial direction, and then
the melt is easy to solidify under the cooling effect of the
low-temperature gas jet near the nozzle outlet (Fig. 4b),
which may change the shape of delivery tube and even
cause freeze off [11, 17]. Therefore, under the premise of
ensuring the atomization efficiency, the freeze off and flow
separation phenomenon must be avoided by applying a
reasonable atomization pressure, gas nozzle and delivery
tube structure for the antegrade atomization process, which
is important to keep the smooth atomization process
[17, 19].

Figure 5a, b is the curves of pressure and axial velocity
magnitude on the X-axis under different atomization pres-
sures without AGNSs, respectively. The two curves show
opposite trends and conform to the characteristics of the
atomization flow field of typical Laval nozzles [30]. For the
gas nozzle in this study, the aspiration pressure below the

" Recirculation zone

Velocity magnitude/(m s™!) 50 100 150 200 250 300 350 400 450 500

| -
mm | | | a

Pressure/kPa 0 200 400 600 800 1000 1200 1400 1600 1800

Fig. 4 Distribution of velocity magnitude (a), velocity vector (b), temperature (¢) and pressure (d) under condition of 2.0 MPa atomization

pressure without AGN's
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Fig. 5 Distribution curves of pressure (a) and axial velocity magnitude (b) on X-axis under condition of 2.0 MPa atomization pressure without

AGNs

delivery tube tip decreases with the increase in atomization
pressure, gradually decreasing from 1609.8 Pa at 0.5 MPa
to — 12,180.3 Pa at 3.0 MPa, which indicates that
increasing the atomization pressure is conducive to pro-
moting the downward flow of the melt. In addition, as the
atomization pressure increases from 0.5 to 3.0 MPa, the
maximum velocity in the recirculation zone increases from
154.9 to 240.2 m s' and the maximum velocity in the
atomization chamber increases from 194.9 to 422.3 m s~ .
However, the intensity of shocks also increases with the
atomization pressure, which leads to drastic fluctuations of
pressure and velocity, and the energy conversion efficiency
between gas and melt decreases [11]. Moreover, excessive
negative pressure value will make melt downflow too fast,
which will cause insufficient break-up and is not conducive
to improving the yield of fine powders [30]. Therefore, the
atomization pressure of about 2.0 MPa is selected in actual

Temperature/K
300

(@)

280
260
240
220
200
150

160 (c)

Q)

industrial production, which is consistent with the simu-
lation results.

3.2 Influence of inlet velocity for AGNs on flow
field

To study the effect of the inlet gas velocity of AGNs on the
atomization flow field, four velocities of 50, 100, 150 and
200 m s~ are simulated in combination with the actual
industrial conditions. Figures 6 and 7 are the temperature
and velocity distribution under different inlet velocities,
respectively. After the application of AGNs, the velocity of
the assisted gas jet is continuously attenuated after leaving
the nozzle, and the kinetic energy of the gas is converted
into heat energy, resulting in an increase in the temperature
near the nozzle outlet. With the increase in the inlet
velocity, the high-temperature area gradually extends along

Fig. 6 Distribution of temperature under different inlet velocities for AGNs. a 0 m sTHEb50ms ™ e100ms';d150ms™'; e200 ms™!
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Fig. 7 Distribution of velocity under different inlet velocities for AGNs. a 0 m s b50ms ' c100ms;d150ms™ ' €200 m s~

the nozzle outlet to the area in the lower part of the
atomization chamber. For the velocity distribution (Fig. 7),
when the inlet velocity is low (Fig. 7b, c), the shape of the
velocity contour does not change significantly except that
the jet penetration ability is slightly enhanced; when the
inlet velocity is increased to more than 150 m s~ ', the
velocity of the flow field near the AGNs and bottom of the
atomization chamber is increased significantly.

The curves of pressure and axial velocity magnitude on
the X-axis under different inlet velocities of AGNs are
shown in Fig. 8a, b, respectively. For the pressure curve
after applying AGNs, a small pressure peak is formed in
the range of — 0.2 to 0.5 m on the X-axis (just below the
AGNSs), and after reaching the peak, the pressure decays to
the value without AGNs. With the increase in the inlet gas
velocity, the kinetic energy of the gas increases, and the
pressure peak value and range increase. It can be seen from
Fig. 8b that with the increase in inlet velocity, the attenu-
ation of the gas velocity decreases. After applying AGNs
with the inlet velocity of 200 m s™', the velocity of the
flow field in the lower part of the atomization chamber
increased from 45.4 m s~ without AGNs to 70.4 m s™".
Based on the above discussion, considering the limitations
of industrial equipment, the selection of 200 m s~ inlet
velocity is selected for subsequent discussion. The velocity
vector diagram without or with 200 m s~ inlet velocity of
AGNs is shown in Fig. 9a, b, respectively. Without AGNs,
the gas flow velocity has been greatly attenuated near the
AGN:s, and the overall velocity is less than 50 m s~!. After
the application of AGNs, although the jet velocity does not
accelerate to supersonic speed and gradually decays due to
the structural characteristics of the cylindrical nozzle for
AGN:s, the gas flow velocity and direction near the AGNs
are still significantly improved. In Sect. 3.3, a DPM will be
used to reflect the change of atomization efficiency more

1

intuitively with or without AGNs through particle
information.

3.3 Comparison of atomization efficiency
before and after application of AGNs

Considering the motion trajectories of the actual particles,
a one-way coupling DPM is applied on the basis of the
above steady-state calculation results of gas-only flow field
to more clearly reflect the influence of the AGNs on the
flow field. The distribution of particle velocity and diam-
eter without AGNs and with the inlet velocity of 200 m s~
for AGNs are shown in Fig. 10a, b, respectively. Without
AGNs, the maximum particle velocity is 169.8 m s, and
the particle dispersion angle is 12.8°. After applying AGNs
with the inlet velocity of 200 m s™', the assisted jet flow
increases the kinetic energy of the particles, which
increases the maximum particle velocity to 202.2 m s~ '. In
addition, the particles are more concentrated under the
action of the assisted jet flow, and then the dispersion angle
is reduced from 12.8° to 9.0°. It can be seen from Fig. 10b
that without AGNs, the large droplets are located in the
middle of the atomizing cone due to large inertia, and the
small droplets are dispersed to the periphery of the
atomizing cone due to small inertia under the impact of the
jet. After applying AGNs, the distribution of droplets is
similar to that without AGNs, but some small droplets on
the periphery move to the middle under the action of
assisted jet flow, which is the reason for the decrease of the
dispersion angle.

Under the conditions of without AGNs and with
200 m s~ ' inlet velocity of AGNs, the fitting curves of
droplet diameter-velocity and droplet diameter-temperature
at X =— 0.3 m are shown in Fig. 11a, b, respectively.
Since small droplets have larger acceleration, the droplet
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velocity is inversely proportional to its diameter. With
200 m s~ inlet velocity of AGNs applying, the overall
droplet velocities can be increased by 40 m s™', which is
conducive to promoting the breakup of droplets and sub-
sequent cooling and solidification, thereby improving the
yield of fine amorphous powders [22]. It can be seen from
Fig. 11Db that the smaller the droplet diameter, the larger the
surface area, and the higher the heat transfer efficiency
between the droplets and the gas. Therefore, the droplet
diameter is inversely proportional to its cooling rate, and it
can be considered that the fine powder is more likely to be
amorphous. After the application of AGNs, the increase in
the overall droplet velocities further promotes the
improvement of the cooling rate. Since the small droplets
are located at the periphery of the atomizing cone and their
heat transfer efficiency is much greater than that of the
large droplets, the smaller the droplet diameter, the greater
the increase in the cooling rate. Figure 11c is the fitting

curve of the relationship between the flight time and tem-
perature change of the droplets captured at the outlet of the
atomization chamber. With the application of AGNs, the
time required for the droplets to move to the outlet is
greatly reduced, and the cooling rates of the droplets are
significantly improved. By extracting the data of about
50,000 particles captured at the outlet, the average and
maximum cooling rates are calculated to be 2.4 x 10° and
1.9 x 10* K s~ 'without AGNSs, respectively, and the
average and maximum cooling rates are increased to
4.1 x 10’ and 2.3 x 10*Ks™" with 200 m s~ inlet
velocity of AGNs. The break-up of droplets is not con-
sidered in this study, so as the droplet size gradually
decreases to several tens of microns, the cooling rate will
further increase significantly, which means that the actual
cooling rate of the atomization process equipped with
AGNs will be much higher than the above calculated value.
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3.4 Industrial trail results

The SEM images and size distribution of powder A and B
are shown in Fig. 12a, b. Without AGNs, the median
diameter of powders dsy of the powders is 28.42 pm, and
the sphericity obtained by image processing software is
0.874; with applying 200 m s~ inlet velocity of AGNs,
dso of the powders is decreased to 25.56 pum, and the
sphericity is increased to 0.927. Combining the above
simulation results, the particle dispersion angle decreases,
and the collision chance between unsolidified droplets may
increase, which will lead to the generation of a large
number of defective powders and deteriorate the sphericity
[21, 31]. However, the break-up of droplets is improved
after applying AGNSs, and finer droplet reduces the time
required for spheroidization, which improves the sphericity
eventually [32].
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Figure 13a is the XRD diffraction pattern of the above
two kinds of powders. The diffraction patterns both show
typical amorphous broad peaks without sharp diffraction
peaks corresponding to the crystal phase. The fraction of
amorphous powders is quantitatively analyzed based on the
crystallization enthalpy measured by DSC. The crystal-
lization enthalpy is the energy released during the crys-
tallization of the amorphous phase, so that a completely
amorphous powder sample (of which XRD pattern is also
shown in Fig. 13a) with the same composition can be
selected as the reference sample, and then the ratio of the
crystallization enthalpy of the above two kinds of powders
to that of the reference sample can represent the fraction of
amorphous phases [33]. The DSC curves of the three kinds
of powders are shown in Fig. 13b, and three crystallization
peaks are all formed in the range of 550 to 600 °C. The
crystallization enthalpies for powder A, powder B and the
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Fig. 12 SEM images and powder size distribution under conditions of powder A (a) and powder B (b)
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Fig. 13 XRD diffraction patterns (a) and DSC curves of three kinds of powders (b)
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Fig. 14 Comparison of amorphous fractions of powders in different
size ranges

reference sample are measured to be 111.289, 122.442 and
123.145 T g ', respectively, and then the fraction of
amorphous powders A and B is calculated to be 90.4% and
99.4%.

Figure 14 shows the fraction of amorphous powders
with different size ranges calibrated by the above DSC
method. Powders with size smaller than 74 pm can main-
tain more than 90% of the amorphous fraction, and the
droplet cooling rates decrease with the increase in particle
size, and then the amorphous fraction decreases signifi-
cantly, which effectively confirms the above simulation
results. In summary, after the application of AGNs, the
increase in droplet velocity and the decrease of powder size
effectively increase the cooling rate, thereby greatly
improving the yield of amorphous fine powders.

The hysteresis loops of powders A and B are shown in
Fig. 15a, and the two loops show typical soft magnetic
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properties, indicating that powders A and B both have
excellent soft magnetic properties. The measurement
results of saturation magnetization and coercivity are
plotted as Fig. 15b, and the saturation magnetization of
powders A and B are 0.85 and 0.84 T, respectively. The
difference is very small, mainly because the saturation
magnetization is related to the content of ferromagnetic
phase. The two kinds of powders have the same compo-
sition, and therefore, the saturation magnetization is basi-
cally the same. The coercivity of powders A and B is 11.1
and 19.1 A m™', respectively. As a structure-sensitive
physical quantity, the coercivity is mainly related to
internal stress, impurity content and microstructure [33].
With 200 m s~ inlet velocity of AGNs, the cooling rate of
droplet is increased, and then the coercivity is slightly
increased by the accumulation of internal stress.

According to previous studies [13, 34, 35] and the above
experimental results, the size, sphericity and amorphous
fraction of the powders significantly affect the soft mag-
netic properties of the finished electronic components. If
the fraction of amorphous powders is low, the excessive
precipitated crystal phases will deteriorate the permeability
and coercivity; if the particle size is coarse, the high fre-
quency core loss and direct current (DC) bias performance
will be significantly deteriorated; if the sphericity is poor, it
is not conducive to the subsequent insulation coating and
consolidation process. Therefore, the sphericity, amor-
phous fraction and size of the powder prepared by the
novel atomization process equipped with AGNs are sig-
nificantly improved, which can provide excellent raw
powders for the subsequent preparation of amorphous
material parts with low core loss and excellent DC bias
performance.
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Fig. 15 Hysteresis loops (a) and comparison of magnetic properties (b) for powder A and B
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4 Conclusions

1. As the atomization pressure increases from 0.5 to
3.0 MPa, the aspiration pressure gradually decreases,
and the velocity of flow field gradually increases.
However, the increase in atomization pressure pro-
motes the development of oblique shocks, resulting in
dramatic fluctuations of pressure and velocity, and
excessive negative pressure will lead to too fast mass
flow rate of melt, which is not conducive to the break-
up. Therefore, an atomization pressure of 2.0 MPa in
industrial production can not only effectively promote
the smooth atomization, but also improve the yield of
fine powders.

2. After the application of AGNSs, the simulation results
of the gas-only flow field show that with the increase in
the inlet velocity for AGNs, the kinetic energy of the
gas increases, and the velocity in the lower part of the
atomization chamber increases from 454 to
70.4 m s~'. In addition, a small pressure peak is
formed below the charge nozzle, which is proportional
to the inlet velocity.

3. The DPM results show that the velocity and cooling
rate of small droplet are higher than those of large
droplet due to larger acceleration and specific surface
area. After applying 200 m s~ inlet velocity of AGNs,
the overall droplet velocity is increased by 40 m s~
and the maximum cooling rate is increased from
1.9 x 10°t0 2.3 x 10* Ks™".

4. After the application of AGNs, the cooling rate of the
droplets is increased, and the increased accumulation
of the internal stress accumulation resulting in a slight
increase in the coercivity of the powders. However, dsq
of the powders is reduced from 28.42 to 25.56 um, the
sphericity is increased from 0.874 to 0.927, and the
fraction of amorphous powders is increased from
90.4% to 99.4%.
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