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Abstract: Nickel silicides (NiSi) are renowned for their ability to withstand high temperatures and
resist oxidation and corrosion in challenging environments. As a result, these alloys have garnered
interest for potential applications in turbine blades and underwater settings. However, their high
brittleness is a constant obstacle that hinders their use in producing larger parts. A literature review
has revealed that incorporating trace amounts of transition metals can enhance the ductility of silicides.
Consequently, the present study aims to create NiSi-based powders with the addition of titanium
(Ti), boron (B), cobalt (Co), molybdenum (Mo), and vanadium (V) for Additive Manufacturing (AM)
through the process of gas atomization. The study comprehensively assesses the microstructure,
phase composition, thermal properties, and surface morphology of the produced powder particles,
specifically NiSi11.9Co3.4, NiSi10.15V4.85, NiSi11.2Mo1.8, and Ni-Si10.78Ti1.84B0.1. Commonly
used analytical techniques (SEM, EDS, XRD, DSC, and laser diffraction) are used to identify the alloy
configuration that offers optimal characteristics for AM applications. The results show spherical
particles within the size range of 20–63 µm, and only isolated satellites were observed to exist in the
produced powders, securing their smooth flow during AM processing.

Keywords: additive manufacturing (AM); gas atomization; nickel silicide (NiSi); silicon (Si); nickel (Ni)

1. Introduction

The use of extremely hard and corrosion-resistant materials in offshore industries
is increasing. Transition metal silicides possess these properties and typically exhibit a
high melting point and low electrical resistivity. However, producing components of
these materials using conventional processing techniques like casting and forging has
proven difficult due to their brittle nature. In view of this, new routes are required to
manufacture complex components. Additive Manufacturing (AM) has demonstrated the
potential to provide solutions to these material-specific challenges by generating various
microstructures directly linked to the process parameters [1,2].

The laser metal deposition of nickel silicide (NiSi) beads performed by Ibrahim et al. [3]
under specific process parameters— laser power: 1390 W; deposition speed: 0.9 m/s; and
feeding rate: 13 g/min—proved to result in severely cracked surfaces. This was believed
to be because of intergranular fracture caused by the residual stresses generated in the
AM process.
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Multiple approaches can be considered to transition the fracture mode of NiSi-printed
parts from intergranular to transgranular. One method involves grain refinement achieved
through faster cooling rates, which yield finer grains [4]. However, this approach can
inadvertently induce cracking [5]. Instead, adding specific elements such as boron (B) [6,7],
carbon (C) [6], and titanium (Ti) [8,9] increases the ductility in transition metal silicides by
changing the mode of failure. In Figure 1, schematics of the difference between intergranular
and transgranular fractures are presented. This can be explained by assuming that the
added elements will segregate to the grain boundaries as precipitates, increasing the alloy’s
resistance to crack propagation [6]. This, in turn, will allow the fracture mode to change
from intergranular to the more commonly seen transgranular [10], which occurs when the
crack grows through the material grains. Increasing the ductility of gas-atomized powder
provides a starting point, yet it is not the sole determinant for the final ductility of AM
parts. Other factors, such as microstructure, solidification, and process parameters, also
play vital roles in shaping the mechanical behavior of the printed parts. Ductile powder
particles do not break upon impact when transported or loaded into the machines, which
leads to a uniform and consistent particle size distribution.
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Since the raw material for AM is spherical powder particles, these can be produced
using different atomization and spheroidization techniques. Today’s market-leading tech-
nology is gas atomization [11], which involves the fragmentation of a molten metal stream
via a subsonic or supersonic jet of gas, forming metal droplets that are rapidly quenched
and solidified. These powders are collected in a tank with an inert atmosphere. The finer
fraction is separated to ensure a uniform size distribution. In view of this, such powders
are usually highly spherical and optimal as raw materials for use in AM [12].

In this context, it should be noted that metal powders used in AM are often more
costly than raw materials for conventional manufacturing processes. This cost difference
arises due to the relatively niche nature of the AM market and its specific demands for
alloy composition and particle size distributions. Established material suppliers have,
however, started taking an interest in the metal AM industry, using the feedstock materials
produced for the Metal Injection Molding (MIM) sector due to the similarities in the particle
size needed for successful processing [13]. This approach can, in the future, result in cost
reductions due to the established infrastructure of the MIM sector. However, when MIM
feedstock is unavailable, it is reasonable to anticipate higher costs for raw materials.

In the present study, NiSi powders optimized for AM are targeted. A detailed ther-
modynamic evaluation of the effect that the presence of small quantities of either cobalt
(Co), Ti, B, molybdenum (Mo), and/or vanadium (V) will have on the ductility and work-
ability of NiSi powders will be performed, and optimized powder compositions will be
produced through gas atomization. The following will be given special attention during
the characterization of the produced powder particles: (i) the exact chemical composition
and microstructure, (ii) the particle size distribution, and (iii) the melting behavior.
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2. The Ni-Si System and Assessment of Optimum Properties

The binary phase diagram of the Ni-Si system describes the different phases and their
stability regions as a function of composition and temperature; see Figure 2. This diagram
exhibits a typical eutectic-type behavior with the formation of intermetallic compounds.
The following phases are commonly observed in the Ni-Si system:

• Liquid phase—the liquid phase exists at high temperatures and compositions where
the alloy is molten.

• Nickel silicide (Ni3Si)—this intermetallic compound forms at high temperatures and
low Si concentrations.

• Nickel disilicide (NiSi2)—this phase forms at intermediate temperatures and moderate
Si concentrations.

• Nickel monosilicide (NiSi)—this phase forms at lower temperatures and higher
Si concentrations.
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The Ni-Si system also provides information about the system’s solubility limits, phase
boundaries, and various phase equilibria [14].

It is a well-known fact that Ni-based alloys tend to exhibit good ductility and tough-
ness at room temperature. The addition of Si, however, has proven to affect the mechanical
properties of the alloy through the formation of brittle intermetallic alloys [15]. It should be
noted that the mechanical properties, including brittleness, can vary depending on the spe-
cific alloy composition, processing methods, and heat treatments employed. Additionally,
the brittleness of a material can also be affected by factors such as grain size, impurities, and
the presence of other alloying elements. Additions of elements such as Co [16], chromium
(Cr) [17,18], V [19,20], Mo [21,22], Ti [8], B [10], and C [23] have been reported in the
literature to have had positive effects on the fracture behavior of the Ni-Si system.

In the present study, the Thermo-Calc thermodynamic simulation software (Thermo-
Calc AB, Solna, Sweden) using the TCNI12 database [24] was used to identify optimum
NiSiX alloy compositions (X = Co, Ti, B, V, and/or Mo) by evaluating the solidification path
and volumetric properties. The assessment was based on automated Scheil calculations
of a vast range of potential alloy compositions, identifying candidates that transformed
from fully liquid to fully solid over a low Solidification Temperature Range (STR), low
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change in density during solidification, and low hot cracking susceptibility (according to
both Kou [25] and RDG [26] criteria).

Based on the selection criteria mentioned above, a handful of alloy compositions were
selected that had (i) low STR, which implies a minimized build-up of internal stresses in
the overall system and uniform solidification; (ii) low Kou index, indicating a smooth slope
of the solidification curves at the end of solidification; (iii) low RDG index, indicating a
low maximum strain rate during solidification; and (iv) a low change in density during
solidification, indicating no sizeable volumetric change due to phase transformations which
can lead to shrinkage, porosity, and cracking.

In Figure 3, the STR of the most promising alloys assessed is presented, i.e.,
(a) NiSi10.15V4.85 (NiSiV) wt%, (b) NiSi11.2Mo1.8 (NiSiMo) wt%, (c) NiSi11.9Co3.4
(NiSiCo) wt%, and (d) NiSi10.8Ti1.8B0.1 (NiSiTiB) wt%. As can be seen from the figure,
the alloys with additions of Ti, B, Co, and/or Mo solidify rapidly, whereas the alloys
with additions of V undergo 85–90% solidification in a similar rapid fashion, but the
process continues for another 200 ◦C until it finally solidifies completely.
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To verify the outcome of the Thermo-Calc assessment, different alloy powders were
produced through gas atomization.
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3. Powder Production

The raw materials used in the present study for the production of the transition metal
silicides, i.e., NiSiV, NiSiTiB, NiSiMo, and NiSiCo by wt%, were provided by Elkem Silicon
AS (Norway), and the elements’ sources and purities are presented in Table 1.

Table 1. Sources and purities of the elements used in producing the transition metal silicides NiSiV,
NiSiTiB, NiSiMo, and NiSiCo.

No. Added Element Form Source Purity

1 Ti - Titan Plates Grade 2

2 B Powder, crystalline, −325 mesh Alfa Aesar 98%

3 Ni Crowns Nikkelverk, Glencore 99.8%

4 Co - Nikkelverk, Glencore 99.95%

5 Mo Pellets Alfa Aesar 99.7%

6 V Pieces < 10 mm American Elements 99%

7 Si Pieces < 30 mm Solar grade silicon 99.995%

The elements were charged into a 75 kW induction furnace in the compositions identi-
fied to give optimum STR properties. Once molten, the melts were stirred with a graphite
rod and with the induction currents to homogenize the melts before they were cast into
10 mm thick sheets. After being cooled to room temperature, the sheets were cut into
smaller samples (35–50 mm) and sent off to the INSTM research unit (National Interuni-
versity Consortium of Materials Science and Technology) of the Polytechnic University
of Turin (Italy), where the powder particles were produced in batches using a Hermiga
100/10 atomizer from Phoenix Scientific Industries Ltd. (PSI) (Hailsham, UK); see Figure 4.
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Figure 4. The gas atomizer (Hermiga 100/10 atomizer from PSI) used to produce the powder particles.
(a) Melting chamber, (b) atomizing chamber view 1, (c) atomizing chamber view 2, and (d) powder
collection unit.

The amount of material loaded into the Al2O3 crucible of the atomizer varied between
5.4 to 7.2 kg as it depended on the size of the charge and the density of the alloy to be
atomized. Each atomizing cycle started after the charge had melted and the atomizing
chamber had been evacuated to 10−3 mbar. The heating step was performed in a vacuum
to secure metal outgassing while both chambers were backfilled with Argon gas (Ar (g))
at 900 ◦C and with a slight overpressure of ~0.05 bar in the melting chamber. To ensure
the complete melting of the base elements Ni and Si, the atomization temperature was
manually adjusted to exceed the element’s respective liquidus temperatures. This step
guaranteed that the entire charge underwent the molten state during the atomization
process, and the die pressure was kept as constant as possible. The processing parameters
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for the individual alloys are given in Table 2, and the various melting stages are shown in
Figure 5.

Table 2. Process parameters and atomization yield for the produced transition metal silicides NiSiV,
NiSiTiB, NiSiMo, and NiSiCo.

Alloy Atomizing Gas
Pressure (bar)

Atomizing Temperature
(◦C)

Yield (25–60 µm/wt.
Loaded) (%)

NiSiMo 42–46 1400–1460 39.7

NiSiCo 45–47 1410–1460 40.41

NiSiTiB 47 1450–1500 42.04

NiSiV 48–51 1520–1580 37.71
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The powder particles were produced in a size range of 20–63 µm, and the obtained
yield in view of the individual alloys is given in Table 2. It should be noted that after the
atomization step, some slag remained in the crucible, reducing the alloy’s overall yield.
The slag was not analyzed but is believed to have affected the final composition of the
NiSiTiB alloy. The Ti and B elements were meant to react with each other to form titanium
boride (TiB2); however, since the temperature in the furnace was lower than the required
temperature for the Ti and B reaction to take place (<1300 ◦C), there is a possibility that
some of the Ti and B segregated into the slag phase.

4. Powder Characterization

Scanning Electron Microscopy (SEM) analyses were performed on all the produced
powder particles using a Low-Voltage Field Emission Scanning Electron Microscope (LVFE-
SEM) from Zeiss (Model: Supra 55VP, Oberkochen, Germany). The instrument was cali-
brated using a Pelcotec CDMS-1T traceable mount standard. Micrographic images were
acquired using a secondary electron detector to provide information on the morphology of
the atomized powders. The accelerating voltage was set to 10 keV and the working distance
to 10 mm. Elemental analysis was performed using the attached Energy-Dispersive X-ray
Spectroscopy (EDS) detector from EDAX (Pleasanton, CA, USA) at an increased accelerat-
ing voltage of 15 keV. It should be noted that SEM analysis is accepted throughout the AM
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industry as the main analytical instrument that provides a general overview of the powder
particles in view of size, shape, and surface roughness.

An X-ray Diffraction (XRD) unit from Bruker (D8 Focus X-ray diffractometer, Billerica,
MA, USA), equipped with a copper X-ray cathode tube with a wavelength of 1.54 Å
operated at 40 kV and 44 mA, was used to retrieve the diffractogram of the produced
powder particles. The unit was calibrated by measuring a standard reference material
(NIST-SRM-660a LaB6 powder)(Merck-Life Science, Darmstadt, Germany), and the 2θ
values obtained from the XRD pattern were compared to the issued certificate values. The
beam was aligned following the placement of the samples on the diffractometer stage. A
scan range of 10–90◦ was selected with a step size of 0.1◦. The Bruker AXS DIFFRAC.SUITE
software package EVA was adopted to perform spectral analysis and phase identifications.

Even the porosity of the produced powder particles was analyzed in SEM by mounting
the powders in ClaroCit, which is an acrylic resin (see Figure 6). Once cured, the samples
were ground in Saphir 330 from ATM (Germany) using Struers silicon carbide (SiC) paper
with 320 grit and 46 µm grain size.
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Figure 6. SEM image of ground and heat-treated powder particles showing particle porosity, i.e.,
(a) NiSiCo powder particles at the 30 µm scale and (b) NiSiMo powder particles at the 10 µm scale,
mounted in acrylic resin.

The Particle Size Distribution (PSD) analyses were carried out using a Partica LA-960
unit from Horiba (Kyoto, Japan) in deionized water, which uses laser diffraction to measure
the size distributions. The wet analysis method (Lower Duwamish Waterway (LD-W)) was
used in which particles are dispersed in a liquid. All samples were thoroughly mixed by
rotating the sample container top-over-bottom ten times before withdrawing the powder
specimen required for the analysis. The particle distributions were recorded in terms of the
volume distribution against the particle size, assuming all particles were spherical.

A Differential Scanning Calorimetric (DSC) unit equipped with a Thermal Gravimetric
Analyzer (TGA) from NETZSCH, model DSC STA 449 F3 Jupiter (Germany), was used to
analyze the phase transformation of the various compositions at elevated temperatures.
The system allows for a vacuum-tight setup to allow the analysis to be performed under a
vacuum or in an inert, oxidizing, or reducing atmosphere. The analyses were performed
using an Al2O3 crucible equipped with a lid. The heating rate was 10 ◦C/min up to a
temperature of 900 ◦C before being lowered to 2 ◦C/min to better acquire any phase
transformations in the desired region.

5. Results and Discussion

The produced powder particles, i.e., NiSiCo, NiSiMo, NiSiTiB, and NiSiV, were ex-
amined using SEM, and the secured micrographic images are presented in Figures 7–10.
During the SEM analysis, it was observed that a few satellite particles were present in
all powders. However, the number of satellites was more pronounced in the case of the
NiSiTiB and NiSiV powder particles (see Figures 9 and 10), which can be attributed to the
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high atomizing pressure utilized during the production of these particles. The increased
atomizing pressure is believed to have led to a turbulent flow within the atomization
chamber, causing the collision of newly formed semi-solidified droplets with larger powder
particles, resulting in the formation of satellite particles.
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It should be noted that both the NiSiTiB and NiSiV powder particles also exhibited
higher surface roughness compared to the other powder particles produced; see Figure 11.
Increased surface roughness can have detrimental effects on the performance of powder
particles, especially when employed in AM applications. Rough surfaces are known to
affect the flowability of powder by enhancing the interparticle friction [27]. In other words,
to secure improved flowability, it is desirable to produce highly spherical and smooth
particles [28,29].
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roughness of the particles at the 10 µm scale.

Enhancing the surface roughness and minimizing the formation of satellite particles
are vital and achievable through the fine-tuning of atomization parameters and powder
processing techniques [30]. Such improvements will ultimately enhance the powder par-
ticle’s suitability for AM applications. The surface roughness of the powder particles
affects the powder packing density, the flowability during spreading, the inter-particle
bonding, and the ultimate surface finish of the built parts [31]. Effective powder sieving
and classification post-atomization can mitigate the presence of fine and irregular particles,
leading to smoother powder surfaces and ultimately enhancing the packing and flowability
of powders during printing. The microstructure of these powder particles is character-
ized by a predominantly equiaxed structure, interspersed with regions featuring dendritic
grain morphology. The occurrence of dendritic grain structures is a common feature in
gas-atomized powders due to the rapid solidification process they undergo. Interestingly,
as the particle size decreases, there is a noticeable reduction in the size of these dendritic
grains [32].

EDS analyses were used to evaluate the distribution of the added elements in each
of the produced powders. The technique successfully detected the concentration of the
base elements Ni and Si and the lower concentrations of Co, Ti, B, Mo, V, and C; see Table 3.
It should be noted that while EDS provides qualitative elemental analysis, the analytical
technique also allows for semi-quantitative information to be derived for estimation pur-
poses [33]. Based on this, the EDS analysis also revealed that the concentrations of the
additional elements were higher than the initial amounts. This discrepancy is believed to
be attributed to the fact that the elements segregated to the grain boundaries and became
unevenly distributed within the molten alloy [34]. As a result, certain material regions
exhibited a higher concentration of these elements than others. Notably, boron, due to its
lower proportion relative to the other elements, was identified through the utilization of
the element-locking module within the TEAM: Texture and Elemental Analysis Microscopy
software (version 4.5).
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Table 3. Quantitative EDS results of the produced NiSiCo, NiSiMo, NiSiTiB, and NiSiV powder particles.

No Powder
Composition

Si
Content
(wt%)

Ni
Content
(wt%)

Co
Content
(wt%)

Mo
Content
(wt%)

Ti
Content
(wt%)

V
Content
(wt%)

B
Content
(wt%)

C
Content
(wt%)

1 NiSiCo 14.5 77.64 6.06 - - - - Detected

2 NiSiMo 10.45 83.17 - 2.14 - - - Detected

3 NiSiTiB 10.62 80.63 - - 2.30 - Detected Detected

4 NiSiV 14.84 81.58 - - - 2.55 - Detected

As can be seen from Table 3, the obtained EDS results confirmed the presence of a high
concentration of Ni in the range of 77–83 wt%, which agrees well with the expectations.
Additionally, the Si concentration was established to be in the range of 10–15 wt%, and for
the different alloying elements, in the range of 1–6 wt%. Given the low concentration of the
alloying elements, it was decided to perform complementary analyses and combine the
result with possible reactions supported by the Ni-Si binary phase diagram to confirm the
EDS results [35].

The performed XRD analyses revealed that the additional elements in each of the
produced powders were detected in conjunction with the Ni; see Figure 12. It was also
established that the produced samples exhibited similar crystal structures as the α-Ni
phase, as well as the intermetallic Ni3Si phase (with lattice parameters of a0 = 3.519 and
3.506, respectively) [36]. Even the presence of the metastable Ni25Si9 phase was established,
which is believed to have been formed due to rapid solidification/quenching. This is in
line with what other researchers have indicated in the literature, i.e., that the formation
of the metastable Ni25Si9 phase may occur during rapid quenching of the NiSi [37,38]. In
other words, the alloying elements have, in this case, acted as grain refiners, resulting in a
more complex microstructure.
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Figure 12. XRD scans of the NiSi-based powders with additions of Co, Ti, B, V, and Mo. The scan of
the powder particles represented by the orange line is for the composition NiSiCo, the red line for
NiSiMo, the blue line for NiSiTiB, and the green line for NiSiV.
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To further validate the hypothesis regarding the presence of the metastable phase
Ni25Si9, the NiSiCo powder particles were subjected to heat treatment by raising their
temperature to 600 ◦C and subsequently cooling. The XRD results of these particles—see
Figure 13—clearly demonstrated the disappearance of the metastable phase, leaving only
the Ni3Si phase present in the powders at room temperature. These findings confirmed
the complex microstructure development in each of the systems investigated, as well as
the presence of the metastable Ni25Si9 phase. In view of this, understanding these alloys’
phase transformations and behavior during heat treatment is crucial for optimizing their
properties and, thereby, their performance in various applications.
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Figure 13. XRD scan of the heat-treated (black) and atomized (red) NiSiCo powder particles shows
the total decay of the Ni25Si9 metastable phase, as well as the surface morphology of the particles
after heat treatment.

DSC measurements were also performed on all the produced powders. Two heating
cycles were utilized with a maximum temperature of 1400 ◦C to ensure that the measure-
ments were performed on homogeneous samples; see Figures 14 and 15. During the first
heating cycle, the samples were heated at 10.2 ◦C/min, revealing an exothermic peak
around 500 ◦C, which confirmed the presence of the Ni25Si9 phase. However, during the
second heating cycle performed at 1.8 ◦C/min, this peak was no longer visible, which fur-
ther supports the hypothesis regarding the presence of a metastable phase that completely
decays after material homogenization.

From Figure 14, it can also be seen that the first endothermic peak observed for all
the powders in the temperature range 1030–1050 ◦C can be attributed to the β1-Ni3Si to
β2-Ni3Si polymorph transformation within the Ni3Si phase, i.e., the transformation from
the low-temperature β1-Ni3Si phase to the more ordered high-temperature β2-Ni3Si phase.
It can further be seen that, as the temperature increases to 1130 ◦C, a second endothermic
peak appears, corresponding to the polymorph transformation from β2-Ni3Si to β3-Ni3Si,
accompanied by the formation of the disordered Ni3Si phase. The third endothermic peak,
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observed around 1140–1157 ◦C, is believed to be the eutectic reaction where Ni and Ni3Si
entirely melt.
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powders. The result of the powder particles represented by the orange line is for composition NiSiCo,
the red line for NiSiMo, the blue line for NiSiTiB, and the green line for NiSiV.

During the subsequent heating cycle shown in Figure 15, it can also be seen that
the β1-Ni3Si to β2-Ni3Si transition peak was absent. This is believed to be a result of the
precipitation of Ni during the transformations from the β1-Ni3Si phase to the β2-Ni3Si
phase and further from the β2-Ni3Si phase to the β3-Ni3Si phase. An accumulation of Si
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was also established to have occurred, which is believed to be a result of the low solubility
of Si in the α-Ni phase [39]. Consequently, in the present cases, rapid solidification led to the
formation of the metastable phase Ni25Si9 rich in Si. It is, however, essential to note that the
individual chemistries of the different powder particles produced may vary from the bulk
chemistry, as certain elements may precipitate early and accumulate in specific regions.

When comparing the obtained particle size distributions for the different powder
particles presented in Figure 16, the peak for NiSiTiB shifts slightly to the left, indicating
a minor increase in particle size within the 20–60 µm range. This shift is believed to be
attributed to the higher gas atomization pressure used while producing these powder
particles, as an increase in the gas atomization pressure tends to decrease the powder’s
overall particle size. However, in the case of NiSiV, the higher gas atomization pressure
resulted in an increased satellite formation, as previously mentioned; see Figure 9.
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The reduced particle size in the case of the NiSiTiB powder particles can have both
advantages and disadvantages. On the one hand, it can lead to higher densification and
packing efficiency during AM. The reduced size can also mean increased particle surface
energy, which during AM can lead to agglomeration and, in the case of Laser Powder
Bed Fusion (L-PBF), the higher reflectivity of the laser [17]. The diameter of the powder
particles can significantly influence the quality of the built parts. Smaller particles allow for
finer layer resolutions, resulting in smoother surface finishes, while larger particles might
produce rougher finishes. However, an extreme reduction in particle size can result in
porosity due to inadequate fusion. A proper sieving technique can help control the particle
diameter, and adjusting AM parameters, such as the gas atomizing pressure, can optimize
the powder’s particle size distribution [31].
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6. Conclusions

In the present study, NiSiCo, NiSiV, NiSiMo, and NiSiTiB powders have been produced
through gas atomization and properties related to the powder’s ductility and workability
characterized by SEM, EDS, XRD, DSC, and PSD. The chemical composition, morphology,
and microstructural evolution of the produced powders were systematically analyzed. The
main conclusions are listed below:

• The presence of small additions of transition metals such as Co, Ti, B, V, and/or Mo
could ensure a change in the fracture mode of the NiSi-printed parts from intergranular
to transgranular.

• The change in fracture mode will improve the ductility and strength of the produced
parts as the added transition metals are segregated to the grain boundaries, thereby
restricting the crack propagation within the powders. A similar role is expected from
the produced powders in printed parts.

• A variation in relative strength was identified between the produced powder particles
as a result of the variation in Si concentration, i.e., NiSiCo (NiSi11.9Co3.4 wt%), NiSiV
(NiSi10.15V4.85 wt%), NiSiMo (NiSi11.2Mo1.8 wt%), and NiSiTiB (NiSi10.78Ti1.84B0.1
wt%), and thereby the presence of different phases.

• Porosity was established to exist in some of the produced powder particles with higher
surface roughness and an increased number of satellites that may hinder optimum flow
conditions during printing, e.g., in the case of NiSiTiB and NiSiV powder particles.

• The gas atomization pressure can be increased to a certain limit (dependent on reac-
tor size and type) to obtain a smaller powder particle size suitable for L-PBF, after
which, the satellite formation dominates the powder production method and reduces
powder quality.

• Stable printing parts are expected when using the presently produced powder particles
once printing parameters are adjusted according to the optimum conditions in each
specific case.

The present study’s findings can guide further optimization of the production process
for powders to minimize porosity and ensure a more uniform distribution of the added
transition metals.

7. Future Work

Further work is required to confirm the present findings in view of optimum properties
for AM by giving special attention to the powders’:

• Flow behavior (evaluated using an FT4 Rheometer).
• Printability (evaluated using Direct Energy Deposition (DED) and Laser Powder Bed

Fusion (L-PBF)).
• Chemical and structural analysis (X-ray Photoelectron Spectroscopy (XPS) analyses to

evaluate the amount of oxygen (O) adsorbed on the surfaces of the powder particles
during transport and environmental exposure).

The printing parameters will also be adjusted and optimized in view of the most
favorable conditions of the different powders.
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