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A vacuum-induced multistage atomization process was adopted to fabricate the high-
performance 304 stainless steel powder for 3D printing, based on the flexible control of the
droplet spheroidization and solidification process. The 36.7 μm-median diameter (D50) 304
stainless steel powder with high sphericity was successfully obtained, together with
particle size proportion of 45–55 μm larger than 35% and the lower oxygen and
nitrogen content increment below 0.04%.
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INTRODUCTION

The 3D printing technique is an advanced forming process based on layer-by-layer “bottom-up”
material stacking in the three-dimensional space. Compared with casting, forging, and other
traditional processes, 3D printing suits for the near-net-shape forming of complex parts because
it can significantly shorten the production period and save raw materials. Hence, 3D printing is
regarded as a breakthrough technique in the new round of technological revolution and has been
widely concerned worldwide (Jones, 2012; Preston et al., 2013).

Yang et al. prepared high-performance 316L stainless steel (σb � 755 MPa, δ � 18%) for vane
wheels of high-precision planet gears using selective laser melting (SLM) (Yang et al., 2019).
Khademzadeh, Tolosa, and Choi et al. found that metal powder particle size significantly affected the
surface completeness and mechanical properties of 3D printing parts (Tolosa et al., 2010; Choi et al.,
2012; Khademzadeh et al., 2015). Meier et al. reported that powder sphericity had an effect on the
loose density, packed density, and fluidity of 3D printing parts (Meier et al., 2019). Park stated that
the element purity (O, N) of 15-5ph stainless steel powder influenced the performance of 3D printing
parts (Zhang et al., 2018). In terms processes (Lewandowski and Seifi, 2016; Bartolomeu et al., 2017;
Ma et al., 2017; Suryawanshi et al., 2017; Fortunato et al., 2018; Kong et al., 2018), researchers believe
that metal powder quality is one of the key factors influencing the forming process and the final
performance of 3D printing [direct metal laser sintering (DMLS), SLM, laser-engineered net shaping
(LENS), and electron beam melting (EBM)). Thus, preparation techniques of high-performance
metal powder for 3D printing are of crucial importance.

In this study, contactless vacuum induction and multistage atomization flexible control were
combined to improve the powder purity, particle size, and sphericity, which cannot be well tailored
by the existing powder preparation processes, such as high-temperature plasma process and rotating
electrode process. Finally, high-performance 304 stainless steel powder for 3D printing was
successfully prepared.
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EXPERIMENTAL

The 304 stainless steel (AISI304) was selected as rawmaterial, and a
contactless induction heating and multistage atomization pressure
flexible control process was used for powder preparation. During
the preparation by EIGA, the quantity of 304 stainless steel powder
from a single lot is 10 Kg. The process route involves as follows: 1)
heating power W: 28 kW, 2) bar material feeding speed v:
0.04–0.06 mm/s, angular spin rate ω: 6 r/min; and 3)
atomization stage pressure: 4.5–6–8MPa, at an interval time of 7 s.

An 80-mesh screen was used for the 304 stainless steel powder.
The morphology of powder was observed using a Gemini SEM
300 field-emission scanning electron microscope (SEM). Particle
size and distribution were determined using a BETTERSIZE 2000
laser particle analyzer. The physical properties of powder were
assessed through a BT1001 universal property analyzer. Elemental
composition was analyzed by a chemical analytical method (ICP).

RESULTS AND DISCUSSION

The scientific essence for preparation ofmetal powder for 3Dprinting
is a continuous process of droplet spheroidization and solidified
coupling of metal materials. Figure 1 shows the SEM images of 304
stainless steel powder prepared from a vacuum induction single-stage
atomization process (8MPa). It can be found that the large
atomization pressure endowed the metal drops with large flying
linear velocity, so the droplets were prone to ruleless collision and
intensified breakage during atomization. Moreover, the surface of
metal drops experienced very fast overcooling and solidification,
leading to the ruleless and fast droplet solidification. Hence, the
powder particles in this process were evenly distributed, and the
median diameter D50 was determined as approximately 41.7 μm
(Figure 2), but ellipsoidal or irregular powder was easily observed, so
the entire powder sphericity was relatively low (Figure 1A).

To address the above problem, we fully considered the
spheroidization control of metal droplets to ensure the appropriate
overcooling of metal droplets during solidification, and designed a
multistage atomization flexible process (atomization pressure:

4.5–6–8MPa, time interval: 7 s), based on the nozzle structure
and the physical properties of 304 stainless steel (density and
droplet fluidity). Figure 3 shows the SEM images of the powder,
and the corresponding particle size was displayed in Figure 2.

At the initial stage of the multistage atomization process, as the
pressure was approximately 4.5–6 MPa, the initial movement
velocity of metal droplets and the gas flow of ring-like nozzle
were flexibly controlled, and the motion path of metal droplets in
the airflow field was distributed in order, which decreased the
probability of ruleless collision of metal droplets. As the
atomization pressure rose to 8 MPa, the droplets were rapidly
solidified, and printed the nucleation and growth, causing the
formation of smaller-size powder particles (Figure 3).

In addition, the distribution profile of peak particle diameter
was left-shifted, indicating the present multistage atomization can
increase the proportion of fine powder, and the final median
diameter D50 was decreased to 36.7 μm (Figure 2). The overall
sphericity of the powder was fine, and part of the powder slightly
grew up (Figure 3A). Furthermore, these power particles were
characterized by high surface quality, without fracture, convex,
adhesion, or other defects (Figure 3B).

FIGURE 1 | Morphology of powder prepared from 304 stainless steel single-stage atomization process (atomization pressure: 8 MPa).

FIGURE 2 | Particle size curves of 304 stainless steel powder.
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Table 1 lists the compositional analysis and physical properties of
the present 304 stainless steel powder. The contactless vacuum
induction multistage atomization process can effectively decrease
the increment of O and N concentrations and can significantly
improve the elemental purity during powder preparation.Moreover,
the overall physical properties of the powder changed slightly and
can meet the requirement for exclusive use in 3D printing.

Thus, high-performance 304 stainless steel powder exclusive for
3Dprinting was successfully prepared, and the particle size proportion
of 45–55 μm can reach approximately 40%. Through the multistage
atomization process, the O and N elemental composition and overall
physical properties—sphericity and particle size of 3D printing
power—were flexibly controlled. Importantly, this process can also
be used for preparation of other brands of stainless steels, such as 316L,
or other metal material powder with similar density.

CONCLUSION

The high-performance 304 stainless steel metal powder exclusive
for 3D printing was prepared by a vacuum induction multistage
atomization process, which can improve the powder composition,
overall physical properties, sphericity, and particle size bymeans of
flexible control of multistage atomization pressure.
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FIGURE 3 | Morphology of 304 stainless steel powder prepared from multistage atomization (atomization pressure: 4.5–6–8 MPa, interval 7 s).

TABLE 1 | Chemical composition and physical properties of 304 stainless steel powder prepared from different atomization processes.

Process
procedure

Alloy element (wt%)

Ni Cr Si Mn C O N S Fe

AISI304 9.0–12 18.0–20.0 ≤1.0 ≤1.5 ≤0.03 ≤0.03 ≤0.03 ≤0.03 Balance
Single-stage atomization 10.72 18.80 0.72 0.85 0.021 0.023 0.0028 0.005 Balance
Multistage atomization 11.02 18.29 0.76 0.65 0.018 0.022 0.0031 0.006 Balance

Process
procedure

Power property

Angle of repose/(°) Angle of collapse/(°) Loose density/(g·cm−3) Tap density/(g·cm−3)

Single-stage atomization 31.85 28.77 5.04 5.68
Multistage atomization 32.02 27.15 4.46 5.49
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