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Abstract: A new method of producing metal powders for additive manufacturing by the
atomization of free-falling melt streams using pulsed cross-flow gaseous shock or detona-
tion waves is proposed. The method allows the control of shock/detonation wave intensity
(from Mach number 4 to about 7), as well as the composition and temperature of the
detonation products by choosing proper fuels and oxidizers. The method is implemented
in laboratory and industrial setups and preliminarily tested for melts of three materials,
namely zinc, aluminum alloy AIMg5, and stainless steel AISI 304, possessing significantly
different properties in terms of density, surface tension, and viscosity. Pulsed shock and
detonation waves used for the atomization of free-falling melt streams are generated by
the pulsed detonation gun (PDG) operating on the stoichiometric mixture of liquid hy-
drocarbon fuel and gaseous oxygen. The analysis of solidified particles and particle size
distribution in the powder is studied by sifting on sieves, optical microscopy, laser diffrac-
tion wet dispersion method (WDM), and atomic force microscopy (AFM). The operation
process is visualized by a video camera. The minimal size of the powders obtained by
the method is shown to be as low as 0.1 to 1 um, while the maximum size of particles
exceeds 400-800 um. The latter is explained by the deficit of energy in the shock-induced
cross-flow for the complete atomization of the melt stream, in particular dense and thick
(8 mm) streams of the stainless-steel melt. The mass share of particles with a fraction of
0-10 pm can be at least 20%. The shape of the particles of the finest fractions (0-30 and
30-70 pum) is close to spherical (zinc, aluminum) or perfectly spherical (stainless steel). The
shape of particles of coarser fractions (70-140 pm and larger) is more irregular. Zinc and
aluminum powders contain agglomerates in the form of particles with fine satellites. The
content of agglomerates in stainless-steel powders is very low. In general, the preliminary
experiments show that the proposed method for the production of finely dispersed metal
powders demonstrates potential in terms of powder characteristics.

Keywords: metal powder; gas atomization; free-falling melt stream; pulsed detonation
gun; particle size distribution; zinc; aluminum,; stainless steel; additive manufacturing
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1. Introduction

Currently, additive manufacturing (AM) technologies for prototyping and fabricating
various parts of machines are actively developing [1,2]. Along with household 3D printers
using various plastics, 3D printers operating on various metals and alloys have been
developed and globally applied in industry. The printing technology in such printers
usually consists of layer-by-layer sintering of metal powder using powerful laser/electron
beam radiation (powder bed fusion (PBF) methods, including Laser Beam Melting (LBM)
and Electron Beam Melting (EBM)). As this technology becomes more widespread, so do
the requirements for the quality and accuracy of printing parts, which depend both on
the properties of the printer itself and the quality of the metal powder used. The quality
of the metal powder affects the resulting porosity of the material after printing and the
uniformity of shrinkage of the parts. To reduce the porosity of the material, it is necessary
to use powders with a minimum particle size. To obtain uniform shrinkage of the parts
after printing, it is necessary to ensure that the shape of the powder particles is close to
spherical. Thus, the AM technology based on a laser powder bed fusion technique requires
spherical particles 10-60 um in size [3].

The production of powders, despite the variety of methods, is the most labor-intensive
and expensive stage of the technological process. The physical, chemical, and technological
properties of powders, as well as the shape of the particles, depend on their produc-
tion technology. The main industrial technologies for producing metal powders are (i)
mechanical grinding of metals in vortex, vibration, and ball mills [4,5]; (ii) centrifugal
atomization [6,7]; (iii) atomization of metal melts with compressed cold gas (air [8], ni-
trogen [9], argon, helium [10], etc. [11,12]), hot gas [13] or steam [14], liquified /cryogenic
gas [15,16] or liquid (water [17] and oil [18]) jets under high pressure; (iv) ore or scale
recovery [19]; (v) electrolytic deposition of metals from solutions [20]; (vi) application of a
strong electrical current to a metal rod in vacuum [21]; and (vii) plasma atomization [22-24],
wire explosion [25], etc. In industrial conditions, special powders are also obtained by
precipitation, carburization, thermal dissociation of volatile compounds (carbonyl method),
and other technologies.

Each of these technologies exhibits its pros and cons [26]. Thus, mechanical grinding is
the cheapest powder production method, but it commonly provides flattened particles with
changed morphologies. Centrifugal atomization provides a wide range of particle sizes
with very narrow particle size distribution (PSD) but requires very high rotation speeds for
producing fine powders. Gas atomization is suitable for a wide range of metals and alloys
and produces spherical particles but requires high gas pressures and provides powders
with fine satellites, wide PSDs, and low yields of particles 20-150 pm in size. Liquid
(water-assisted) atomization exhibits very high throughputs and wide ranges of particle
sizes but requires high liquid pressures and post-process liquid removal and provides
powders with small satellites, wide PSDs, low yields of particles 20-150 pum in size, and
particles of irregular morphology. Plasma atomization is commonly used for producing Ti
powders of highly spherical shape but requires feedstock to either be in wire or powder
form and exhibits low productivity and high cost.

Despite water-assisted melt atomization technologies being the most commercially
available, metal powders for laser AM are commonly produced by melt atomization
technologies with high-pressure gas jets [27]. These technologies are attractive in terms
of powder characteristics (PSD, particle shape, particle internal structure and surface
morphology, powder purity, density and flowability) and economic considerations. The
atomization of melt streams by continuous high-pressure gas jets in conventional gas
atomizers occurs at gas pressures up to about 4 MPa and gas velocities at a nozzle exit up
to Mach number 3 [28]. Since the melt is atomized into fine droplets due to the dynamic
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interaction of the liquid stream with gas jets, the efficiency of the atomization process is
proportional to the gas-to-metal momentum ratio and relative interphase area. Therefore,
the properties of the powder arising after droplet solidification are affected by the types
of gas and melt used in the atomization process [29], as well as gas and melt parameters,
such as atomization gas pressure and temperature, melt stream shape and dimensions, and
melt temperature [30]. Higher gas pressure allows for producing finer and more spherical
particles [31]. The atomization gas temperature also affects the particle shape and size [32].
Higher flow rates of the melt stream typically lead to finer powder particles [33]. According
to [34], the characteristic times for particle spheroidization for gas-atomized powder are
usually a few orders of magnitude lower than the times required for droplet solidification.
Therefore, the shape of gas-atomized powder particles is usually spherical, which is an
important prerequisite for acceptable powder density and flowability [35], as opposed to
particles of nonspherical shape [36]. The surface of gas-atomized particles is usually smooth
and contains no satellites [37]. The PSD of gas-atomized solidified powders is usually
log-normal [38]. It is worth noting that very fine particles promote particle agglomeration
and deteriorate powder flowability due to interparticle forces [39].

We herein propose a new method for obtaining metal powders by the atomization
of free-falling melt streams using pulsed cross-flow gaseous shock or detonation waves
patented by us in [40]. In the method, the chemical energy of fuel used for the generation
of pulsed shock or detonation waves is directly converted into the mechanical work of melt
stream fragmentation, thus avoiding the use of high-pressure gases. Moreover, this method
allows for the control of shock/detonation wave intensity (from Mach number 4 to about 7),
as well as the composition and temperature of the detonation products by choosing proper
fuels and oxidizers. In other words, it allows for creating high-temperature (above 1800 K)
atomizing gas with oxidizing/reducing properties containing various target substances for
melt modification. The new and distinctive feature of this method is that the free-falling
melt stream can be subject to multiple impacts of cross-flow shock or detonation waves
rather than a single impact of a shock wave often used in the literature in experimental
studies of liquid droplet [41,42] and liquid jet [43] atomization. As for the gas atomization of
melt streams in a shock-induced cross-flow, there are only a few experimental studies in the
literature. Thus, the authors of [44] studied experimentally the shock-induced cross-flow
gas atomization of a liquid stream of room-temperature eutectic alloy of gallium, indium,
and tin using high-speed digital in-line holography videos to obtain time-resolved droplet
statistics. The shock wave Mach number in the experiments is low and attains 1.5. It is
claimed that the shock-induced atomization of liquid metals is a rich and under-explored
research area.

Thus, the new gas atomization method used in this paper has several advantages over
the conventional gas atomization methods. First, it replaces the high-pressure atomizing
gas with the normal-pressure reactive mixture filling the gas generator. Second, the energy
required for melt stream atomization is the chemical energy of the reactive mixture in
the gas generator rather than the energy of the compressed gas. Third, the gas generator
operates in a pulse mode rather than continuously and produces strong shock/detonation
waves, finely atomizing the melt stream in a catastrophic breakup mode. Fourth, the
intensity of shock/detonation waves and the temperature of the detonation products
emanating from the gas generator can be easily controlled by changing the composition of
the reactive mixture and by the fill of the gas generator. Fifth, the particle size distribution in
the atomized melt can be controlled by pulse frequency and the number of gas generators.

In this paper, we imply that multiple impacts of shock and detonation waves on the
free-falling melt stream can provide not only primary and secondary atomization of the
stream and droplets but also a whole cascade of atomization events, depending on the
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shock/detonation strength and the frequency of gas-dynamic pulses. The general objective
of this work is to provide preliminary results for the further development of this technology,
implying its possible use for the production of fine metal powders.

2. Materials and Methods
2.1. Metals

The preliminary experiments reported herein are first conducted with metals possess-
ing a relatively low melting point, namely zinc and aluminum alloy, using the laboratory
setup. Thereafter, some experiments are conducted with a melt of stainless steel with a
considerably higher melting point. These experiments are performed on the modified
industrial setup.

Thus, three metals are used in the experiments, namely zinc, aluminum alloy AIMg5,
and stainless steel AISI 304. Tables 1 and 2 show the composition and main properties of
these metals, respectively.

Table 1. Studied metals.

Metal Purity/Composition

Zinc 99.9%
Aluminum alloy AIMg5 Al (92-95%), Mg (5-6%), Mn (up to 0.8%)
Stainless steel AISI 304 Fe (66-74%), Cr (17.5-20%), Ni (8-11%)

Table 2. Properties of studied metals.

Density, Melting Boiling Melt Melt
Metal kg/m? ! Temperature, Temperature, Surface Tension, Viscosity,
°C °C N/m mPa-s
Zinc 7100 420 906 0.78 21
Aluminum alloy 2700 660 2519 0.88 1.3
Stainless steel AISI 304 7900 1400 2900-3200 1.7 6.0

2.2. Fuel and Oxidizer for the Pulsed Detonation Gun

Pulsed shock and detonation waves used for the atomization of liquid-metal streams
are generated by the pulsed detonation gun (PDG) operating on the stoichiometric mixture
of liquid hydrocarbon fuel (LHF) (benzene solvent (52-80/120)) and gaseous oxygen. The
composition of the LHF is shown in Table 3. Table 4 shows the properties of the LHE.
The gaseous oxygen is of technical purity (99.7%). Table 5 shows the mean detonation
velocity (Dy;) in the stoichiometric LHF-oxygen mixture measured in experiments, the
thermodynamic value of the detonation velocity (Dcj), and the calculated equilibrium
temperature and composition of detonation products expanded to the ambient pressure
(1 bar).

Table 3. Composition of the liquid hydrocarbon fuel.

Compound Content, vol.%
Heptane isomers 71
Methylcyclohexane 14
Cyclohexane 8
Hexane isomers 4

Octane isomers 3
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Table 4. Properties of the liquid hydrocarbon fuel.

Property Value
Density at 20 °C, kg/m?> 0.700
Flash temperature, °C -9

Lower flammability limit 0.8;

Flammability limits (vol.% in air) Upper flammability limit 7.7

Self-ignition temperature, °C >200
Boiling temperature, °C 78-113
Vapor pressure (air = 1 at 101 kPa) >1
6.1 at 20 °C;
Saturated vapor pressure, kPa 14.5 at 38 °C;
23.1at 50 °C
Evaporation rate (n-buthylacetate = 1): 3
Kinematic viscosity, mm?2/s 8?7 i gg Zg’
Freezing temperature, °C <40
Molecular mass, a.u. Calc. 98

Table 5. Measured and calculated detonation velocity and calculated composition of detonation
products expanded to 1 bar.

Dy, D¢j?, T1par®, H,0P, CO,, Co, 0, H,, Other,
m/s m/s K vol.% vol.% vol.% vol.% vol.% vol.%
2100 2342 2811 36.1 22.3 17.7 8.7 4.1 11.1

2 Calculated using SDToolBox [45]; b calculated using Cantera [46].

2.3. Experimental Setup

Experimental studies are performed on two setups: laboratory and industrial. The
schematic and photograph of the laboratory experimental setup are shown in Figure 1.
The industrial setup initially designed for water atomization of free-falling melt stream is
accordingly modified to test its applicability to the atomization of the melt stream using
pulsed cross-flow gaseous shock or detonation waves. The main elements of the setups are
the PDG, atomization chamber, and water tank with particle separator.

The PDG is a straight water-cooled tube 1 m long and 50 mm in inner diameter made
of stainless steel. One end of the tube is open to the atmosphere, whereas the other end is
closed and equipped with the ports for the supply manifolds of LHF, oxygen, and purging
gas (nitrogen), as well as the spark plug for mixture ignition. Gases are delivered to the
PDG from high-pressure cylinders through reducers with a maximum output pressure
of 25 bar and direct-acting electromagnetic valves. LHF is delivered to the PDG from a
displacement-type supply system with a pressure of up to 25 bar using a liquid fuel injector
(Bosch 03C906036M, Volkswagen AG, Wolfsburg, Germany).
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Figure 1. Schematic (a) and photograph (b) of the laboratory setup.

The PDG operates in a pulsed mode. The operation cycle starts from the supply of
LHF and oxygen to the PDG. After ignition of the combustible mixture with a spark plug,
the arising flame accelerates and transitions to a detonation. The arising detonation wave
further propagates in the mixture at a very high velocity (D¢; ~ 2342 m/s), converting
the mixture into the detonation products that mainly comprise steam and carbon dioxide
at high values of temperature and pressure (the thermodynamic values are T¢; ~ 3871 K
and pcj =~ 3.9 MPa, respectively). When the detonation wave arrives at the open end of
the tube, it transitions to a strong shock wave propagating in the surrounding atmosphere,
whereas the high-temperature detonation products expand to the atmosphere in the form
of a dense high-speed jet with a velocity over 1000 m/s (on average), leading to a rapid
pressure drop in the PDG. Once the pressure in the PDG drops down to the atmospheric
pressure, new portions of LHF and oxygen are supplied to the PDG. When the PDG is
again filled with the combustible mixture, the next operation cycle begins by triggering
the spark plug. To ensure the high-frequency operation of the PDG without misfires, it
is necessary to separate the detonation products of the previous operation cycle from the
charge of the fresh combustible mixture of the next cycle. This is achieved by short-term
purging of the PDG with a plug of nitrogen. The nominal operation frequency of the PDG
is 10 Hz. The average consumption of the combustible mixture in the nominal operation
mode is 28.0 & 0.25 g/s. The maximum attained operation frequency of the PDG is 20 Hz.

The PDG is attached to the atomization chamber with the melt tundish and to a
rectangular vented water tank (500 x 500 x 1000 mm in dimensions) with the particle
separator. In the laboratory setup, a volume of metal melt of about 250 mL is prepared in a
15 kW induction furnace (Yihui Casting Technology, Guangdong, China), after which it is
poured into a heated tundish with a circular opening of diameter d = 4 mm at the bottom.
In the industrial setup, a volume of metal melt of about 4 L is poured into a heated tundish
with a circular opening of diameter d = 8 mm at the bottom. The water tank is used for
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melt particle solidification. The separator consists of 4 powder collection trays installed
at different distances from the PDG. Thus, the smallest particles are collected in the most
distant tray, while the largest particles are collected in the closest tray.

After the particles are extracted from the water, excess moisture is removed by drying
under natural conditions for 48 h. After drying, the initial powder samples are dry-sieved
and the fractional composition of individual portions of the powders is studied by different
analytical means.

As an example, Figure 2 shows photographs of aluminum powder samples in four sep-
arator trays after draining the water (Figure 2a) and after collection and drying (Figure 2b).
The majority of particles collected from the first tray are quite coarse. As the trays are more
distant from the PDG (see the arrow), the mean particle size decreases. Nevertheless, the
smallest powder fraction is found in all trays. Moreover, this fraction is approximately
uniformly distributed in all the trays.

Figure 2. Samples of aluminum powder: (a) on separator trays and (b) after collection and drying.

As shown schematically in Figure 1a, strong shock waves periodically emanating from
the PDG atomize the freely falling melt stream. The melt stream itself and formed melt
droplets can be subject to a sequence of incident and reflected shock waves, as well as to
supersonic gas jets of high-temperature detonation products primarily comprising steam,
carbon dioxide, and carbon monoxide. This means that the melt stream and melt droplets
can undergo multiple acts of aerodynamic fragmentation depending on the intensity and
frequency of gas-dynamic pulses. The intensity of the shock waves emanating from the PDG
can be considerably elevated when the PDG is overfilled with the combustible mixture, i.e.,
the combustible mixture fills both the PDG and the atomization chamber. In this case, the
melt stream is subject to the detonation wave transmitted from the PDG to the atomization
chamber. The time given to melt droplets to solidify is controlled by the shock intensity
and the level of water in the water tank.

The experimental procedure implies special precautions to avoid foreign contaminants
in the produced powder. First, all elements of the equipment, both laboratory and industrial,
are made of stainless steel. Second, the equipment is thoroughly cleaned, washed with
water, and dried before each experiment. In both setups, the same PDG is used, which
operates in the overfill mode when the LHF-oxygen mixture completely fills the PDG and
partly the atomization chamber.
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2.4. Measuring Techniques

The PDG is equipped with three ports for mounting ionization probes (IPs) to measure
the detonation velocity. The distance between the ports is 200 mm. Figure 3 shows an
example of records of three IPs in one operation cycle of the setup. The detonation wave
propagates steadily from cycle to cycle at a velocity of 2100 &£ 100 m/s. This velocity is
somewhat lower than the thermodynamic value (2342 m/s), which may be caused by the
incomplete mixing of fuel components in the PDG.

2086 m/s 2021 m/s

3134.0 3134.1 3134.2 31343 31344 3134.5
Time, ms

Figure 3. Example of IP records in a single operation cycle during PDG operation in the
frequency mode.

The particle analysis and PSD in the powder were studied by four approaches, namely
fraction separation by dry sifting on sieves, optical microscopy, laser diffraction wet disper-
sion method (WDM), and atomic force microscopy (AFM). Dry sifting was performed using
sieves (S-Uni, Moscow, Russia) with sizes 2, 1.4, 1.0, 0.8, 0.4, 0.25, 0.14, 0.070, and 0.030 mm.
For the optical microscopy, the Nikon Eclipse LV150N (Nikon Instruments, Tokyo, Japan)
microscope was used. The measurements of PSD by laser diffraction WDM were made on
an Analysette 22 device (Fritch, Idar-Oberstein, Germany) in the presence of surfactants
during ultrasonic treatment (50 W). The specimens were prepared by rubbing with a spat-
ula in a bottle with the addition of a surfactant. The particle analysis using AFM is based
on the force interaction between the probe and the surface of the sample, which leads to a
registered deformation of the probe—cantilever. AFM measurements were performed using
a Solver HV atomic force microscope (NT-MDT, Moscow, Russia) with standard HA-NC
cantilevers (chip size 3.6 x 1.6 x 0.45 mm, cantilever size 87 x 32 x 1.75 pm, curvature
radius of the tip 10 nm). The measurements were carried out in a semicontact mode. The
operation process was also visualized by the video camera GoPro 10 (San Mateo, CA, USA).

At this preliminary stage of the study, possible changes in phase and chemical com-
position of the material after the action of shock/detonation waves and high-speed jets
of detonation products were not studied. Also, the scaling criteria for the design of the
industrial setup are beyond the scope of the current study.

3. Results
3.1. Zinc

The first experiments were made with zinc on the laboratory setup. In this case, the
free fall of the melt stream from the tundish into the atomization chamber lasted for about
10-15 s and the PDG operated at the nominal frequency of 10 Hz.

Figure 4 presents the results of measurements of particle mass size distribu-
tions (PMSDs) by means of zinc powder dry sifting on sieves 140-250, 70-140, 30-70,
and 0-30 pm in size. The mass of the finest particles (0-30 um) is nearly the same in all
four trays. The mass of the largest particles (140-250 um) is lowest in tray #4. A close
similarity of PMSDs in trays #1 and #2, on the one hand, and in trays #3 and #4, on the
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other hand, is worth noting. It is also worth reminding here that the PSD of Figure 4
is obtained by zinc stream atomization in periodic detonation waves. Accordingly, the
completeness of the melt stream processing is determined by the PDG operation frequency.
The largest fragments of the melt are simply a part of the free-falling stream that was not
exposed to the shock/detonation wave and high-speed flow emanating from the PDG. In
this work, the PDG operation parameters are not varied—there is no such goal (this is part
of future research). At this preliminary stage, there is a simple statement of the fact that
a certain portion of the metal remains unprocessed. Therefore, Figure 4 shows the PSD
only for particles smaller than a given threshold (250 pm). The factors accompanying the
atomization process are analyzed in detail in Section 4.

40
30
10

140-250 70-140 30-70 0-30
Size, pm

Zinc

I Tray #3

I'ray #2
Tray #1

Mass percentage, %
g

=

Figure 4. PMSDs of zinc powder particles in separator trays #1-#4 obtained by means of dry sifting
on sieves on fractions 140-250, 70-140, 30-70, and 0-30 um; sample mass 313.8 g.

Figure 5 shows the results of the microscopic examination of powder samples of
fractions 140-250 and 0-30 um. A large number of agglomerates is seen in both fractions.
These agglomerates look like particles with multiple fine-sized satellites. The finest fraction
is studied by the AFM. The powder particles of 140-250 um in size are seen to have an
irregular shape. However, with the decrease in particle size, the particles tend to take a
spherical shape.

Figure 6 shows the results of PSD measurements by laser diffraction WDM of each
particle size fraction (0-30, 30-70, and 70-140 pum). The median sizes of zinc particles in
these fractions are 10.1, 10.5, and 28.4 um. In the cumulative PSD, 90% of zinc particles
in these fractions possess sizes less than 27, 31.4, and 112.1 pum, respectively. The powder
samples obtained on 0-30 and 30-70 um sieves are virtually indistinguishable. The probable
reason is the considerable number of agglomerates in the dry powder. Here, the average
particle sizes D[4,3] are 12.9 and 14.2 um, respectively. The mass share of powder with an
average size of 13-14 pm is about 21%. It is worth noting that there is a significant number
of particles smaller than 1 um. In the size fraction 70-140 pm with a mass share of about
21%, the average particle size D[4,3] = 45.1 pm, which is smaller than 70 um due to the
availability of a considerable number of fine-sized satellites in the powder. In general, the
measurement results for the zinc powder demonstrate a wide PSD.
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Figure 5. Results of microscopic and AFM examination of zinc powder fractions (a) 140-250 um and

(b,c) 0-30 pm.
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Figure 6. Zinc powder PSDs obtained by laser diffraction WDM for several particle fractions:

(a) 0-30 um, (b) 30-70 um, and (c) 70-140 pum.

3.2. Aluminum

Experiments on the atomization of aluminum melt stream using pulsed cross-flow
gaseous shock and detonation waves are also performed on the laboratory setup with the
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PDG nominal operation frequency of 10 Hz. The measurement results for the aluminum
powder also demonstrate wide PSDs. Similar to zinc samples, the aluminum particle size
decreases as the trays are more distant from the PDG. Figure 7 presents the results of PMSD
measurements by means of aluminum powder dry sifting on sieves 140-800, 70-140, 30-70,
and 0-30 pm. Unlike zinc, the PMSDs exhibit a more regular dependence on the distance
from the PDG and on the sieve size. The mass share of powder obtained on the finest sieves
is seen to increase compared to zinc samples. Similar to the zinc powder, the mass share of
the finest particles (0-30 pm) is nearly the same in all four trays; the mass share of the largest
particles (140-800 pum) is lowest in tray #4; and there exists a close similarity of PMSDs
in trays #1 and #2, on the one hand, and in trays #3 and #4, on the other hand. Figure 8
shows the results of the microscopic examination of powder samples obtained on 140-800
and 0-30 um sieves, with the finest fraction studied by the AFM. Similar to zinc powder,
coarse aluminum particles are seen to have an irregular shape, but the number of particle
agglomerates is considerably less than in zinc powder. With a decrease in particle size, the
particle shape tends to be spherical. Similar to zinc powder, the aluminum powder contains
agglomerates in the form of particles with fine-sized satellites. Figure 9 shows the results
of PSD measurements for the aluminum powder by laser diffraction WDM of each particle
size fraction (0-30, 30-70, and 70-140 pum). The median sizes of aluminum particles in these
fractions are 4.5, 41, and 44.2 um. In the cumulative PSD, 90% of aluminum particles in
these fractions possess sizes less than 13.2, 100.5, and 98.9 um, respectively. Contrary to zinc
powder with similar PSDs for fractions 0-30 and 30-70 pm, the aluminum powder samples
are virtually indistinguishable for particle fractions obtained on 30-70 and 70-140 pm
sieves. Here, the average particle sizes D[4,3] are 46.8 and 48.5 pm, respectively. The latter
is smaller than the sieve size of 70 um due to the existence of particle agglomerates in the
powder. The total mass of powder with an average size of 47—49 um is about 33%. The
mass of the aluminum powder sieved on the 0-30 pm sieve is about 20%, with an average
particle size D[4,3] of about 6.2 um. Interestingly, this fraction of the powder contains a
significant number of particles smaller than 1 um, in particular, particles with a size close

to 0.1 um.
Aluminum AIMg5
=3
X 60
< 50
&
S
=
8 30
S —
D 29 I'ray #3
i Tray #2
10 .
: I'ray #1
S 0 140800 70140 30-70 0-30

Size, pm

Figure 7. PMSDs of aluminum powder particles in separator trays #1—#4 obtained by means of dry
sifting on sieves on fractions 140-250, 70-140, 30-70, and 0-30 um; sample mass 143.2 g.
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Figure 8. Results of microscopic and AFM examination of aluminum powder fractions (a) 140-800 pm

and (b,c) 0-30 um.
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Figure 9. Aluminum powder PSDs obtained by laser diffraction WDM for several particle fractions:

(a) 0-30 pm, (b) 30-70 um, and (c) 70-140 um.

3.3. Stainless Steel

In addition to experiments with zinc and aluminum, the atomization of stainless steel
AISI 304 free-falling melt streams is studied on the modified industrial setup. Figure 10
shows video frames of two successive cycles of the atomization process at the PDG opera-
tion frequency of 10 Hz or a cycle period of 100 ms. The arrows on the left show the position
of the PDG. The time interval between the frames in each cycle is 16.7 ms. The cycles are
seen to reproduce well. The free-falling melt stream is seen to be completely destroyed by
the incident detonation wave. The melt droplets leave long emitting tracks, which is an
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melt are also seen.
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Figure 10. Sequential video frames of the shock-induced atomization process of the free-falling
stream of stainless-steel melt.

Figure 11 presents the results of PMSD measurements by means of dry stainless-
steel powder sifting on sieves. Unlike Figures 4 and 7, Figure 11a shows the PMSD of
particles over a wider spectrum, up to sizes exceeding 1000 pum. If one follows the general
logic adopted herein and analyzes the percentage of different particle fractions by the
target group, i.e., for particles smaller than 250 pum, one obtains the distribution shown in
Figure 11b. Due to the larger diameter of the stainless-steel melt stream (8 mm vs. 4 mm
in the laboratory setup), the mass share of the larger particle fraction increases, but the
powder still contains some particles smaller than 30 pm and even smaller than 10 pum.
The increase in the mass share of large particles in the PMSD is caused, on the one hand,
by a considerably lower gas-to-melt momentum ratio than in experiments with zinc and
aluminum and, on the other hand, by a weaker interaction of the gaseous detonation wave
with the heavier melt stream, leading to the formation of ligaments in addition to droplets.
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Figure 11. PMSDs of stainless-steel powder particles obtained by means of dry sifting on sieves

on fractions (a) >1000, 800-1000, 400-800, 250—400, 140-250, 70-140, 30-70, and 0-30 um; and on
fractions (b) 140-250, 70-140, 30-70, and 0-30 pum; sample weight 84.4 g.

Mass percentage, %

Mass percentage, %
-
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Figure 12 shows the result of the microscopic examination of a sample of the obtained
stainless-steel powder, with the finest fraction studied by the AFM. The shape of the powder
particles is seen to be perfectly spherical. The other specific feature of the powder is a
considerably lower number of agglomerates as compared to zinc and aluminum powders.
Finally, Figure 13 shows the results of PSD measurements for the stainless-steel powder by
laser diffraction WDM of each particle size fraction (30-70 pm, 70-140 pm, and 140-250 pum).
Note that the particle mass fraction 0-30 um is not present because its mass (0.2 g) is too
low for analysis by laser diffraction WDM. The median sizes of stainless-steel particles in
these fractions are 66.5, 128.8, and 253.1 um. In the cumulative PSD, 90% of stainless-steel
particles in these fractions possess sizes less than 101.1, 196.4, and 431.8 um, respectively.
The average particle sizes D[4,3] are 68.2, 131.0, and 268.5 um, respectively. Thus, the
experiments with the free-falling streams of stainless-steel melt demonstrate the possibility
of using the proposed atomization technology for atomizing different metals and alloys,
including structural steels.

Stainless steel AISI 304

0 20 4 6 8 10 120 140 16

0 0.4 08 12 1.6
Plane, pm

(c)

Figure 12. Results of microscopic and AFM examination of stainless-steel powder obtained on sieves
(a) 70-140 um and (b,c) 0-30 um.
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Figure 13. Stainless-steel powder PSDs obtained by laser diffraction WDM for several particle
fractions: (a) 30-70 um, (b) 70-140 um, and (c) 140-250 pm.

4. Discussion
4.1. Comparison of Particle Size Distributions

It is interesting to compare the PSDs of different materials obtained under the same
processing conditions. Figure 14 compares the PSDs obtained by laser diffraction WDM for
zinc and aluminum powders of the finest fraction, 0-30 um. Clearly, the PSDs look similar
in terms of shape, height, and width despite the density and viscosity of aluminum being
considerably less than those of zinc (2.7 vs. 7.1 g/cm® and 1.3 vs. 2.3 mPa-s). Nevertheless,
the PSD for aluminum is noticeably shifted towards finer particles and shows the second
mode in the submicron range of particle sizes, which is most probably caused by the higher
gas-to-melt momentum ratio [47]. The median sizes of aluminum and zinc particles in
this fraction are 4.5 and 10.1 um, whereas the average particle sizes D[4,3] are 12.9 and
46.8 um, respectively.

Aluminum AIMg5
0-30 pm

Differential PSD, %
|
Z
Cumulative PSD, %

0.1 1 10 100 1000
Size, pm

Figure 14. Comparison of PSDs obtained by laser diffraction WDM for aluminum and zinc powders
of fraction 0-30 pum.

Figure 15 compares the PSDs for zinc, aluminum, and stainless-steel powders of
fraction 30-70 pm. The PSD for zinc powder is shifted considerably towards finer particles.
The PSDs for aluminum and stainless steel are seen to attain the maximum values at nearly
the same particle size of about 70 um. The differences between these latter PSDs arise in
their width and height. The larger widths of the PSDs for zinc and aluminum powders are
probably caused by their higher propensity to form aggregate particles with fine satellites.
The stainless-steel powder exhibits a very narrow PSD with a lack of particles finer than
20-30 um. The possible reason is the lack of fine satellite particles in the powder. The
median sizes of zinc, aluminum, and stainless-steel particles in this fraction are 10.5,
41.0, and 66.5 pm, whereas the average particle sizes D[4,3] are 14.2, 46.8, and 68.5 um,
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respectively. In the cumulative PSDs, 90% of particles in this fraction possess sizes less than
30 um for zinc and less than 120 um for aluminum and stainless steel.

10 1 —Zinc
94 30-70 um
X g J2 —Aluminum AIMg5
A, 1 30-70 um
P ¢ I3 —Stainless steel AISI 304

I
3
Cumulative PSD, %

E5] 30-70 pm i
v e —
54 i Y
£, i 30
=3 ] 1 —
AT s L
2 - 3 — 20
[ L
7 o % L 10
- e, N
0 — 2 T 0
0.1 1 10 100 1000

Size, um

Figure 15. Comparison of PSDs obtained by laser diffraction WDM for zinc, aluminum, and stainless-
steel powders of fraction 30-70 pm.

Let us now consider the powder production efficiency of the new technology in
terms of two criteria, namely the yield of powder with particle size less than 150 um
(Criterion 1) and the yield of powder with particle size less than 70 pm (Criterion 2). In our
experiments, Criterion 1 provides the following yields: 13% for zinc, 24% for aluminum,
and 6% for stainless steel, whereas the yields provided by Criterion 2 are 7% for zinc, 18%
for aluminum, and 2 wt.% for stainless steel. Note that the sample mass of the stainless-steel
powder looks not representative (85 g out of more than 30 kg), so there may be a large
error in this estimate. If one compares these yields with those provided by other available
technologies (10-20% [26]), then it looks competitive even in its current form without
further optimization.

Such AM technologies as PBF are known to require powders with spherical parti-
cles in a size range of 15-45 um (for LBM/PBF methods) and 45-106 pm (for EBM/PBF
methods) [26]. Similar to other available powder production technologies, the proposed
technology provides a polydisperse powder, which must be sorted to obtain a powder
suitable for use. If one takes the powder fraction of 30-70 pm for this purpose, then the

corresponding yields of such powders in our experiments are 3% for zinc, 9% for aluminum,
and 2% for stainless steel.

4.2. Phenomenology of Melt Stream Atomization

The phenomenology of melt stream atomization by pulsed shock/detonation waves
can be reconstructed based on the quantitative estimates of the most important governing
nondimensional criteria and characteristic times. The most important criteria governing

the aerodynamic breakup of liquid streams and droplets are the Weber and Ohnesorge
numbers, defined as

u2s
We = Pslls?

o
Oh = Hi

V1o

where p, is the gas density, p; is the melt density, u, is the gas velocity, o is the melt surface
tension, y; is the melt viscosity, and ¢ is the stream or droplet diameter. For liquids with
small Ohnesorge numbers, the effect of melt viscosity on the breakup process is known
to be negligible as compared to the effect of liquid surface tension. For the free-falling
melt streams studied herein, the parameters entering the expression for the Ohnesorge
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number take the values of y; = 1.3-6.0 mPa-s; p; ~ 2700-7900 kg/m3,' 0 =0.8-1.7N/m;
and 6 = d = 0.004-0.008 m. Therefore, the characteristic values of the Ohnesorge number
for the melt streams are on the order of Oh ~4.2-107% —5.7.1074, i.e., very low. In these
estimates, the higher values of the Ohnesorge number are attributed to the melts with
larger viscosity. In this case, the breakup behavior of streams and droplets is primarily
described by the Weber number.

For the free-falling melt streams studied herein, the parameters entering the expression
for the Weber number take the values on the order of p; ~ 2 kg/m?, 1y ~ 1000 m/s,
0 = d = 0.004-0.008 m, and ¢ = 0.8-1.7 N/m. Therefore, the characteristic values of the
Weber number for the melt streams are on the order of We ~ 9000-10,000. These values are
significantly higher than the critical values of the Weber number for the various transition
modes of stream/droplet breakup in the gas cross-flow [48]: 12 < We < 50 for the bag type
breakup mode, 50 < We < 100 for the bag-and-stamen mode, 100 < We < 350 for the sheet
stripping mode, 350 < We < 2670 for the wave crest stripping mode, and We > 2670 for
the catastrophic breakup mode. According to this classification, the present experimental
conditions correspond to the catastrophic breakup mode.

The characteristic size of the droplets formed as a result of the primary atomization of
the melt stream can be estimated as follows. On the one hand, the critical size of droplets
04 formed by the atomization of the liquid column in the steady-state gas cross-flow can be

estimated as [49]
2/3
8, = 200- ’”‘/‘72 [m]
PgPl”g

For the free-falling melt streams studied herein, J. takes the values of 51 um for zinc,
74 um for aluminum, and 150 um for stainless steel. On the other hand, the maximum
stable diameter of a droplet in the process of shock-induced aerodynamic breakup can be
estimated as [48]

(o

5** - Weciz

Pgls
where We,. ~ 12 is the critical Weber number for the bag-type breakup. For the conditions
of the present experiments, é.» = 5-10 pm. In this estimate, the higher values of d.
are attributed to the melts with larger surface tension. These two estimates indicate that
the primary droplets of melt stream atomization are potentially capable of undergoing
multistage atomization with a decrease in droplet size from J to dy.

Thus, the atomization process of the free-falling melt stream by the high-enthalpy gas
cross-flow induced by pulsed shock/detonation waves can be conditionally divided into
the following stages:

Stage 1: Melt stream motion and deformation;

Stage 2: Melt stream primary atomization with the formation of ligaments and droplets;

Stage 3: Melt ligament and droplet motion, deformation, and secondary atomization;

Stage 4: Melt secondary-droplet motion and tertiary atomization, etc.

The characteristic times of these stages can be estimated as follows. Clearly, due to a
large difference between the gas cross-flow velocity and melt stream fall velocity, the effect
of gravity force on the atomization process can be ignored. The characteristic dimensionless
time inherent in melt stream atomization is given by [50]

tu
g /
T= a pg/p1

where time t is counted from the instant of shock/detonation wave arrival at the melt
stream. According to [41,44,51], the dimensionless times of stream initial deformation
(Stage 1) and primary stream breakup (Stage 2) are 7y ~ 2-3 and 1, ~ 5-6. Keeping in mind



J. Manuf. Mater. Process. 2025, 9, 20

18 of 22

that in the present experiments, the parameters entering the expression for T take values on
the order of ug ~ 1000 m/s, d = 0.004-0.008 m, p; ~ 2 kg/m3, and p; ~ 2700-7900 kg/m3,
the characteristic dimensional times of Stages 1 and 2 are on the order of t; ~ 0.3-1.5 ms
and fp ~ 0.7-3.0 ms. In these estimates, the longer times are attributed to the melts of larger
density and thicker streams. As seen, the characteristic duration of the first two stages of
melt stream atomization is two orders of magnitude shorter than the PDG cycle duration
tc ~ 100 ms at the PDG operation frequency of 10 Hz. If one takes into account that the
PDG operation frequency is mainly determined by the time of tube fill, and this time is
an order of magnitude longer than the total time required for flame ignition, acceleration,
deflagration-to-detonation transition, and detonation wave propagation along the PDG,
then the characteristic time of shock-induced gas flow impact on the melt stream is about
10 ms, which is still about an order of magnitude longer than the characteristic times of
Stages 1 and 2. At extremely large Weber numbers, the primary atomization of the melt
stream results in the formation of fragment droplets with the characteristic mass median
size of J; ~ 0.1d [44,49], i.e., about 400-800 um in the present experiments. Note that
the realistic PSD is commonly log-normal and contains a whole spectrum of sizes. The
maximum fragment droplet size is about twice as large as mass median sizes, regardless of
the Weber number [48].

Let us now estimate the characteristic times of Stage 3. The characteristic Weber
numbers for the droplets formed due to the primary atomization of the melt stream are
still very high and attain the values of We ~ 900-1000. According to [48], the governing
mode of the secondary droplet atomization at such Weber numbers is the surface wave
crest stripping. The characteristic times of spherical droplet deformation and breakup, f;3,
on the one hand, and droplet acceleration in the gas cross-flow, ¢,3, on the other hand, can
be estimated as

o
tb3”72[2 p1/pg
8
o = 801

3 =

where Cp is the droplet drag coefficient. For the conditions of the present experiments,
the characteristic times f;3 and t,3 take the values of 70-300 us and 1.5-4.3 ms (at Cp =~ 1),
respectively. In these estimates, the longer times are attributed to the melts of larger density.
As tp3 < t;3, the secondary atomization starts nearly immediately after the primary
atomization, while the droplets are not much involved in motion. The distance traveled by
the droplet prior to the secondary atomization is estimated as [48]

3

[ ——
378

Cp136

In the present experiments, /3 = 4-10 mm. The secondary atomization of melt droplets
results in the formation of droplets with the characteristic size of é3 ~ 0.014, i.e., about
40-80 um in the present experiments. In the case when the secondary atomization is incom-
plete for some reason, a certain number of primary melt droplets with the characteristic size
6 (about 400-800 pm) is present in the flow. These droplets are then involved in motion
with gas. The particle tracks in Figure 10 are presumably emitted by such melt droplets.
The finite length of the emitting tracks can be attributed to the secondary atomization of
these droplets in shock waves reflected from the rigid walls of the atomization chamber
and from the water surface in the water tank.

Similar estimations can be made for Stage 4 of the atomization process. The characteris-
tic Weber numbers for the secondary droplets of characteristic size é3 are still very high and
attain the values of We ~ 90-100. According to [48], the governing mode of droplet breakup
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at such a Weber number is the bag-and-stamen mode. The characteristic times of spherical
droplet deformation and breakup, t;4, and droplet acceleration in the gas cross-flow, t,4,
can be estimated using the same formulae as 7-30 us and 150-430 ps, indicating that the
tertiary atomization starts nearly immediately after the primary and secondary atomiza-
tion, and the formed droplets are not much involved in motion. The distance traveled by
the droplet prior to the tertiary atomization is estimated at [y = 0.4-1 mm. The tertiary
atomization of melt droplets results in the formation of droplets with the characteristic
size of J4 ~ 0.001d, i.e., about 4-8 pm in the present experiments. This size is close to the
maximum stable diameter (J4« = 5-10 um) of the droplet in a multistage breakup process,
estimated above. Again, in the case when the tertiary atomization is incomplete for some
reason, a certain number of secondary melt droplets with the characteristic size é3 (about
40-80 um) is present in the flow. These droplets are then involved in motion with gas
and can undergo tertiary atomization in shock waves reflected from the rigid walls of the
atomization chamber and from the water surface in the water tank.

Since the critical Weber number for the bag-type breakup of droplets is We, = 12, qua-
ternary atomization becomes impossible, as the characteristic Weber numbers (We ~ 9-10)
for tertiary droplets are lower than the critical Weber number. However, according to [48],
the vibrational breakup mode (We < 12) can come into play, leading to the formation of
even smaller droplets.

Thus, the atomization process of the melt stream in the conditions of present experi-
ments is multistage, with three and even four stages for all studied metals. The estimated
maximum stable diameter of droplet fragments in a multistage breakup process is about
5-10 pm. Since the characteristic time of shock-induced gas flow—melt interaction (about
10 ms) in the present experiments is considerably longer than the cumulative atomization
time (1.5-2 ms), the atomization fragments of the previous PDG pulse are seemingly not
affected by the subsequent PDG pulses but can be affected by the reflected shock waves.
To ensure a more intense interaction of the shock-induced gas flow with the melt stream,
it is necessary to increase the PDG operation frequency. The existence of large solidified
particles of irregular shape in the measured PSDs with a size exceeding 400-800 um can
be explained by the deficit of energy in the shock-induced cross-flow for the complete
atomization of the melt stream. To increase the energy of the shock-induced flow, there are
several options, including an increase in the PDG diameter and an increase in the number
of PDGs.

5. Conclusions

A new method for obtaining metal powders by the atomization of free-falling melt
streams using pulsed cross-flow gaseous shock or detonation waves is proposed. In
the method, the chemical energy of fuel used for the generation of pulsed shock and
detonation waves is directly converted into the mechanical work of melt stream fragmen-
tation, thus avoiding the use of high-pressure gases. The method allows the control of
shock/detonation wave intensity (from Mach number 4 to about 7), as well as the composi-
tion and temperature of the detonation products by choosing proper fuels and oxidizers.
In other words, it allows for creating high-temperature (above 1800 K) atomizing gas with
oxidizing/reducing properties containing various target substances for melt modification.

The method is implemented in laboratory and industrial setups and preliminarily
tested for melts of three materials, namely zinc, aluminum alloy AIMg5, and stainless steel
AISI 304, possessing significantly different properties in terms of density, surface tension,
and viscosity. Pulsed shock and detonation waves used for the atomization of free-falling
melt streams are generated by the PDG operating on the stoichiometric mixture of liquid
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hydrocarbon fuel and gaseous oxygen. The atomized melt is then solidified in the water
tank equipped with the particle separator.

The analysis of solidified particles and particle size distribution in the powder is
studied by four approaches, namely fraction separation by dry sifting on sieves, optical
microscopy, laser diffraction wet dispersion method, and atomic force microscopy. The
operation process is also visualized by a video camera. The minimal size of the powders
obtained by this method is shown to be as low as 0.1-1 um, while the maximum size of
particles exceeds 400-800 um. The latter can be explained by the deficit of energy in the
shock-induced cross-flow for the complete atomization of the melt stream, in particular,
dense streams of the stainless-steel melt. The mass share of particles with a fraction of
0-10 pm can be at least 20%. The shape of the particles of the finest fractions (0-30 and
30-70 um) is close to spherical. The shape of particles of coarser fractions (70-140 pm and
larger) is getting more irregular. Zinc and aluminum powders contain agglomerates in
the form of particles with fine-sized satellites. Fine particles of stainless-steel powder are
perfectly spherical and free of satellites. In general, the preliminary experiments show that
the proposed method for the production of finely dispersed metal powders looks promising
in terms of powder characteristics.

Theoretical analysis indicates that the atomization process of the melt stream in the
conditions of present experiments is multistage, with three to four stages for all three
metals. To ensure a more intense interaction of the shock-induced gas flow with the melt
stream, it is recommended to increase the operation frequency of the PDG. To increase the
energy of the shock-induced flow, there are several options, including an increase in the
PDG diameter and an increase in the number of PDGs. This work will be implemented in
the near future.
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