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Abstract

Laser powder bed fusion of aluminum poses safety challenges due to the reactive nature of the
feedstock. The non-explosible claim of the NExP-1 AISilOMg from Equispheres has been validated through
Lower Explosive Limit and Minimum Ignition Energy, ranking it in the lowest explosion class per JIS Z 8817.
This relieves the need for otherwise costly investment in the manufacturing environment. With its enhanced
flowability and homogenously spherical particles above 100 pm in average size distribution, the feedstock
facilitates faster build rates at high layer thickness. Attempting to utilize this powder on a 400 W Yb laser, well
below the 700 W for which it was designed, leads to atypical energy behavior within the melt pool. The
necessary process parameter development was analyzed with density and mechanical characteristics
highlighting the promising future of affordable aluminum additive manufacturing for lightweight applications.
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Introduction

AlSi10Mg has become a preferred alloy in microelectronic applications that require high electrical and
thermal conductivities within lightweight structures [1,2,3]. Laser-powder bed fusion technology (L-PBF)
contributes to the popularity of AISil0Mg by enabling the manufacturing of intricate geometries (such as
lattices) for lightweight applications with increased surface area [3,4]. Moreover, the presence of silicon (Si) in
the alloy accelerates solidification by lowering the melting point. It improves weldability by reducing the
penetrating energy to melt the powder while Mg formation within B’ increases mechanical strength by Mg»Si
precipitation [5]. The benefits of Si and Mg render AlSil0Mg a suitable feedstock for L-PBF. However,
aluminum powder, with its fine particle size characteristics of below 420 um, is on the Special Health
Hazardous Substance list due to being prone to flammability and high affinity for oxidation [3]. Furthermore,
the explosible character of AlSi10Mg creates a safety risk during handling for operators, implying high safety
equipment costs often accompanied by investments in the manufacturing environment [6]. Innovative
AlSi1l0Mg formulations with non-explosible features can lower and even eliminate risks during the L-PBF
process, drastically decreasing operational cost. Moreover, the cost of NExP-1 powder is set to approximately
85 USD/kg, while prices for standard AISilOMg feedstock of 30-60 um particle diameters from North
American suppliers can range between 135-145 USD/kg.

Commercially available AISil0Mg powder typically ranges between 20-70 um for medium-wattage
industrial L-PBF machines, for both spherical and elliptic granules [5]. Spherically shaped particles with
uniform distribution at higher diameters enable superior build rates due to increased flowability coupled with
the option of printing at higher layer thicknesses [7]. Thicker powder causes atypical energy penetration in the
melt pool [8], necessitating L-PBF process parameter optimization towards achieving adequate part density and
strength. The NExP-1 non-explosible powder from Equispheres, standing out among commercial equivalents, is
homogenously spherical-shaped with a power size distribution above 100 pm; these characteristics can
potentially meet the aforementioned high built rate requirements in an affordable manufacturing environment.
Literature [9] suggests that parts fabricated with NExP-1 can display close to full density and good mechanical

768



properties on 700 W (high-wattage) L-PBF machines. However, additive manufacturing and part
characterization with this innovative powder on medium-wattage (400 W) equipment is not yet researched.

This study aims to characterize NexP-1 powder explosiveness and to develop the processing of highly
homogenous spherical AlISilOMg of over 100 um particle size distribution in an affordable L-PBF machine
with a 400 W Yb-fiber laser. The non-explosible claim of the NExP-1 AlSi10Mg powder was analyzed through
Lower Explosive Limit (LEL) per JIS Z 8818, Minimum Ignition Energy (MIE) per JIS Z 8834 and Explosion
Class per JIS Z 8817. Density and mechanical test characterizations were performed on 3D printed AISil0Mg
parts towards L-PBF process parameter optimization.

Material and Methods

The study unfolds over two steps, beginning with the explosibility characterizations of NExP-1
AlSi10Mg powder (Equispheres, Canada) followed by L-PBF process parameter optimization. The chemical
composition of NExP-1 powder is included in Table 1. An SEM image of the uniform and spherical powder
was exhibited in Figure 1.a, while the powder size approaches and even exceeds 100 um as illustrated by the
cumulative size distribution graph in Figure 1.b.

Table 1. Chemical Composition of AISi10Mg-NExP-1powder in wt.%

Al Si Mg Fe Ti Mn Cu Zn

Base 9.0-11-0 0.20-0.45 0.20 0.10 0.10 0.05 0.10

100

80 4
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40 4

20

Cumulative size distribution [wt%)]
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(b)
Figure 1. (a) NExP-1 AISi10Mg powder SEM image. (b) Cumulative powder size distribution of NExP-1 [9].

The explosibility of NExP-1 was evaluated under the Lower Explosive Limit (LEL) according to JIS Z
8818 (&ASTM E 1515-07) and Minimum Ignition Energy (MIE) according to JIS Z 8834 (<I1SO/IEC 61241-
2-3). Two separate aluminum powders, which are Powder A-AlSi1l0Mg and Powder B-Pure Al powder, were
produced using the gas atomization technique and assessed along with NExP-1 powder under the same
conditions. The explosion class of NExP-1 powder was determined by Maximum Explosion Pressure (MEP)
analysis according to JIS Z 8817 (&ASTM E 1226). The Hartmann-type test apparatus (Figure 2.a) was used to
measure the propagation of flame height using a Hartmann-type blow-off for LEL and MIE characterizations.
An explosion spherical container (Figure 2.b) was utilized to measure explosion pressure in LEL and MEP.

769



The

(a) (b)
Figure 2. (a) Hartmann-type test apparatus, (b) Explosion spherical container.

Concerning process parameter optimization, sixteen different parameter sets were proposed, with one
solid cube of side equal to 12 mm manufactured per set on a medium-wattage L-PBF machine (XM200G, Xact
Metal, USA) (Table 2). A stripe scanning strategy was adopted and border parameters were disabled. The main
parameters are a constant 390 W laser power (P), close to the maximum 400 W of the machine and a constant
60 um layer thickness (t) due to manufacturer recommendations as per the NExP-1 datasheet [9]. The rationale
is that the effective layer thickness, which is a function of packing density and approximately equals double the
vertical build plate displacement after seven coating passes [7] should exceed the D90 particle size distribution.
Given the latter’s value of 99 pm and the calculated effective layer thickness of 60 um layers to be
approximately 110 pm, this condition is met.

The scanning speed (v) range was between 750-1250 mm/s while the hatch distance (s) varied between
0.09 and 0.19 um. The combination of these parameters was defined as the volumetric energy density, VED, of
Equation 1 [10], characterizing the energy within the melt pool.

VED = = (1)

v.t.s

Table 2. Parameter sets for L-PBF process parameter optimization.

Scanning Speed (mm/s) Hatch Distance (mm) Volumetric Energy
Density (J/mm?)
0.09 57.77
0.11 47.27
1250 0.13 40
0.16 32.50
0.19 27.36
0.09 65.65
1100 0.11 53.71
0.13 45.45
0.13 55.55
900 0.15 48.14
0.17 42.48
0.19 38.01
0.13 66.66
750 0.15 57.77
0.17 50.98
0.19 45.61
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Density characterizations were subsequently performed using metallographic analysis after
manufacturing all parameter sets. The specimens were cut parallel to the building direction, then ground and
polished on a post-processing unit (QATM, Germany) to obtain mirror surfaces that would reveal any
manufacturing imperfections. These defects were imaged via a light optical microscope (LOM) (Keyence,
Japan).

Two parameter sets, 1250 mm/s-0.11 mm and 1100 mm/s-0.13 mm, displaying the highest density, were
used to manufacture three horizontally oriented tensile samples per set. These were subsequently tested at a
displacement rate of 5 mm/min on a tensile tester (Z010 10kN, Zwick Roell, Germany) equipped with a
mechanical extensometer (Digiclip, Zwick Roell, Germany) according to ASTM ES8. Fracture surface images
were acquired using a scanning electron microscope (SEM) (Hitachi S-4800, Japan). Surface roughness was
measured on the 1100 mm/s-0.13 mm parameter samples employing a surface profilometer (Dektak, Brukel).

Results and Discussions

Explosion Results and Discussions

Regarding the LEL of Figure 3, Powder A exhibited 39 mJ, with Powder B proving even more
dangerous, at below 10 mJ. The LEL of NExP-1 is significantly higher, indicating superior safety. NExP-1
powder showed that no explosion occurred even at the test upper limit energy of 300 mJ. Based on these results,
it can be concluded that NExP-1 powder can significantly reduce the risk of dust explosions at actual
manufacturing sites, lowering the setup cost.
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Figure 3. Lower Explosive Limit (LEL) graph of three different powders: NExP-1, Powder A (AlSi10Mg) and
Powder B (Pure Al).

MIE values were measured to be 190 g/m? for Powder A and 30 g/m? for Powder B, while the 440 g/m3
for NExP-1 powder was more than twice that of Powder A (Figure 4.a). The explosibility of NEXP-1 is
overwhelmingly low in the MIE test as well as in the LEL test. NExP-1’s explosion possibility based on the JIS
standard was classified as the lowest level of danger. Figure 4.b shows that the explosive intensity of NExP-1
powder was drastically reduced compared to Powder A and Powder B. A dust explosion occurred due to the
combustion of the dust cloud, which caused rapid volumetric expansion under JIS-Z-8812. The ignition of
Powder B, which gave the lowest MIE energy value, was observed at 200 g/m? from the first seconds, while the
explosion stopped at 15 seconds in a Hartmann-type test apparatus. The ignition of Powder A at 600 g/m®
occurred after 12 seconds, with the explosion stopping 24 seconds later. NExP-1 powder, which had an MIE
value of 440 g/m?3, was ignited at 1000 g/m® from the 18th second, with a less aggressive combustion observed
in the 30th second.
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A big difference was shown in the intensity of explosion among powders; Powder A had 6x10? kPa
while Powder B had 11.5x10? kPa (Figure 5). No pressure rise in NExP-1 powder was observed in the

explosion container during the test. As a result, NExP-1 powder was classified as st0, certifying its non-

explosive nature.
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Figure 5. Maximum Explosion Pressure graph of three different powders. NExP-1, Powder A (AlSil0Mg) and
Powder B (Pure Al).

Density Characterization Results and Discussions

Figure 6 shows mirror surface images per parameter set in a scanning speed-hatch distance graph under
constant 390 W laser power and 60 um layer thickness. Reduction in defect formation was observed at 750 and
900 mm/s scanning speeds as the hatch distance was increased from 0.13 to 0.19 mm. The reason for the defect
reduction might relate to high volumetric energy density, in other means penetrated energy to the melt pool
caused keyhole porosity formation [11]. Increasing hatch distance greatly grew manufacturing quality at low
scanning speeds, while increasing scanning speed adversely influenced the quality at the same hatch distance
range. An increase in surface defects was seen in increasing the hatch distance from 0.17 to 0.19 mm at a speed
of 1250 mm/s. Increasing hatch distance reduces the penetrated energy towards the melt pool, resulting in the
lack of fusion porosity [10]. On the other hand, the lowest defect formation was observed at 1250 mm/s-0.11
mm and 1100 mm/s-0.13 mm parameter combinations. VED values of these parameter sets were calculated as
45 and 47 J/Jmm?3, seen as quite close values to each other.
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Figure 6. Scanning Speed-Hatch Distance graph of 16 different parameter sets for L-PBF process parameter
optimization.

Mechanical Test Results and Discussions

Tensile tests were performed on samples from the two parameter sets which displayed the lowest defect
formations as shown in Figure 7. Table 3 highlights the ultimate tensile strength (UTS) and yield strength (YS)
of 1250 mm/s-0.11 mm samples at 316 MPa and 185 MPa, respectively; a 3.6% elongation value was
measured. The 1100 mm/s-0.13 mm samples exhibited higher mechanical performance (355 MPa UTS, 220
MPa YS) and 4.4% elongation, attributed to lower defect distribution. The results of both parameters, especially
the 1100 mm/s-0.13 mm parameter are compatible with the literature [12,13] despite intra-part manufacturing
defects. Paul et al., 2021 [14] reached a 98% Archimedes density rate, along with 189-213 MPa in YS and 323-
340 MPa as UTS at 60 um layer thickness. The one exception is linked to the 6.7% elongation value that
exceeds that of the 1100 mm/s-0.13 mm samples. On the other hand, the results of Aboulkhair et al. and Read et
al. for horizontal dog bone tensile tests [15,16] are in line with the UTS and YS outcomes of this study whereas
their elongation values are lower than those measured for the two characterized sample sets. The study [15]
explained that the reason for lower elongation is associated with poorer surface roughness values. The measured
surface roughness was 3.85+1.5 um for this study. Thus, Praneeth et al. revealed 3.53 um surface roughness and
similar tensile test results to this study's values [17].
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Figure 7. Stress-strain graph of tensile tested dog bones manufactured with 1250 mm/s-0.11 mm and 1100
mm/s-0.13 mm parameter sets.

Table 3. Mechanical properties of tensile-tested dog bones manufactured by two parameter sets

Parameters UTS (MPa) YS (MPa) Elongation (%)
390 W, 1250 mm/s, 0.06 mm, 0.11 mm 316.3+4.5 185.3+5.8 3.6+0.2
390 W, 1100 mm/s, 0.06 mm, 0.13 mm 355.3+13.6 220+4 4.440.3

Figure 8.a and b exhibited the SEM images of tensile-tested dog bone fracture surfaces for both the 1250
mm/s-0.11 mm and 1100 mm/s-0.13 mm sets. Brittle fractures with no dimple-like features were observed for
both parameters. More than one layers were shown at the fracture surface in Figure 8.a regarding the layer-by-
layer L-PBF principle. The reason for the fracture might be the defect formations illustrated in Figure 6. Figure
8.c also shows shear rupture at the horizontal-orientated flat tensile specimen manufactured with 1100 mm/s-
0.13 mm. Paul et al. 2021 [14] explained that shear fracture is linked to the lack of tri-axiality since horizontal

dog bones were tested perpendicular to the building rate.
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Figure 8. SEM images of tensile-tested dog bones fracture surface (a) 1250 mm/s-0.11 mm, (b) 1100 mm/s-0.13
mm, (c) 1100 mm/s-0.13 mm.

Conclusion

The explosibility results classify NExP-1 as an outstandingly safe feedstock for L-PBF, rendering it very
attractive in a manufacturing setup for lightweight applications. The UTS and YS values of NExP-1 AISi10Mg
align with the literature despite defect formation. This innovative powder, however, is still open to development
for medium-wattage machines towards achieving almost full density. 1100 mm/s-0.13 mm hatch distance with
constant 390 W and 0.06 mm layer thickness has been linked to the lowest defect formation and the highest
mechanical strength. Having reached the maximum recommended laser power, as the machine's limitation, can
encourage different scanning strategies and post-processing techniques to be applied for thick powder over 100-
micron powder size. Consequently, this study shows the promising future of non-explosible aluminum-alloy
powder for the adoption of affordable additive manufacturing, at no cost to part density or
mechanical performance.
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