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Metal alloy powder with spherical-shaped morphology, high flowability, and packing density are
the main requirements for metal-based Additive Manufacturing (AM). Among metal alloys, nickel
silicide is considered as a potential candidate due to its unique properties such as high melting
point, good electrical conductivity, as well as high corrosion and wear resistance. However, the
fabrication of spherical nickel silicide powder has proven to be a challenging task. In the present
work, spherical NiSil6 alloy powders were synthesized by Inductively Coupled Plasma
Spheroidization (ICPS). The influence of the feed rate on the properties of the as-prepared powder
was investigated using different analytical techniques to evaluate the particle morphology, particle
size distribution, oxygen content, bulk density, fluidity, and spheroidization rate. The results
showed some unique advantages of the ICPS technology in the preparation of spherical nickel
silicide powder that is believed to be well suited for AM.

1. Introduction

Recently, the application of metal silicides has gained more attention among researchers and
various industries especially in additive manufacturing (AM) due to their excellent properties such
as excellent corrosion and wear resistance, high strength and high-temperature oxidation
resistance.l® Such popular properties are unfavorably associated with characteristics of high
melting point, high hardness, and low fracture toughness at low temperatures which pose
challenges to the application of these materials in AM.3® Additions of a second or third element
are a good way to improve the properties.

Nickel silicide is one of the well-known metallic silicides with excellent physical and
functional properties. Composites with the Ni element is a good way to improve the properties of
silicide-based materials.! However, due to the high melting point and hardness, powder
metallurgical technologies are normally the most effective way for producing nickel silicides.
Powders synthesized by traditional methods may have irregular size and shape, low powder
flowability, and packing density. Though irregular-shaped powders may possess good
compressibility, spherical-shaped powders typically have better packing density, flowability, and
lower inter-particle friction and therefore are commonly specified for AM.>° In the past few years,
plasma spheroidization techniques have been developed to produce spherical metal powders.10-14

Among plasma spheroidization technologies, inductively coupled plasma spheroidization
(ICPS) is a promising technology because it has a long reaction zone and residence time, which
are favorable for the endothermic melting of metal powders. Various spherical metal powders have
been produced by the ICPS technology.>*>" For example, Qian gin et al. [5] prepared spherical
shaped Ta powder from irregularly shaped powders using inductively coupled plasma processing



technology. The obtained Ta powder exhibited improved apparent density, tap density, and
flowability.

The development and production of existing and new material powders consisting of spherical
particles with the aim of entering new applications using ICPS technology is complicated.
Therefore, various parameters such as feed rate, gas flow rate, residence time, and pressure need
to be optimized in ICPS for the transformation of irregularly shaped particles to spherical shaped
particles.

Up til now, no studies on the preparation of spherical nickel silicide powder using ICPS
technology have apparently been reported. In the present work, the spheroidization of NiSil6 was
performed by ICPS with NiSil6 feedstock consisting of different particles sizes of irregular
shapes. The influence of the feed rate of the feedstock material on the ICPS was investigated to
provide a technical condition for the preparation of high-quality spherical NiSi16 powder for AM.
The results from a systematic investigation of the powder morphology, phase, crystal structure,
particle size distribution, oxygen content, bulk density and flowability were studied.

2. Experimental procedure

2.1 powder

NiSil6 feedstock powder (NiSil6-Feed) consisting of different particles sizes (d10=47.3um,
ds0=62.1um and dgo=91.5um) with irregular shapes was obtained from ELKEM Technology,
Norway.

2.2 Experimental

The spheroidization of NiSil6-Feed was performed on a TEKSPHERO-15 (Tekna Co. Ltd
Canada) Inductively Coupled Plasma Spheroidization (ICPS) system. The ICPS procedures are
briefly described here. Firstly, the ICPS system was evacuated. After evacuating the system, argon
as a central gas and a secondary gas of hydrogen were purged to the system. Further, the sheath
gas (argon) was purged to cool down the quartz tube of the plasma system. First, plasma was
generated in the tube. After that, the NiSi16-Feed powder particles were fed into the plasma torch
through a vibration-type powder feeder. Particles were melted and formed liquid droplets at the
high-temperature plasma torch zone. Finally, these droplets flew out of the plasma torch zone and
solidified in the argon gas to form spherical particles. The ICPS treatment was performed at a
power of 15 kW. The experimental parameters are summarized in Table 1.

Table 1. Experimental parameters of ICPS treatment

Parameters Values
Plasma power (kW) 15
Reactor pressure (psi) 15
Sheath gas (slpm) 35
Central gas (slpm) 10
Secondary gas (slpm) 4
Carrier gas (slpm) 5

Feed rate (g/min) 6, 8, 10, 12




2.3 Characterization of powders

The phase and structural characteristics of powders were determined by an X-ray diffractometer
(XRD, Bruker) with Cu-Ka radiation. The morphology and microstructure of powders were
characterized by JSM-7200F field emission scanning electron microscopy (FE-SEM, JEOL)
equipped with a back-scattered electron detector (BED). The elemental distribution was
determined by the energy-dispersive X-ray spectroscopy (EDS) technique in SEM equipped with
BED. The particles size distribution (PSD) of powders was measured by a particles size analyzer
(Malvern, Mastersizer 3000). The apparent density and flowability of powders were measured by
a calibrated hall flowmeter.

3. Results and discussion

The spherical NiSi16 powder was prepared by ICPS treatment of the NiSil6-Feed powder. A
schematic illustration of the ICPS process is shown in Figure 1a. The ICPS treatment was carried
out consisting of feeding NiSil16-Feed powder directly into the plasma torch with a different feed
rate (6, 8, 10, and 12 g/min). The particles were vaporized at the high-temperature plasma zone
and solidified as spherical particles after flying out from the plasma zone. The obtained powder
from the ICPS reactor was indexed as NiSi16-X (X represents the feed rate, 6/8/10/12 g min™).
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Figure 1. (a) Schematic diagram of the ICPS process of NiSi16 powder, (b) XRD diffraction
patterns of NiSil16-Feed and NiSi16-X powders

The phase and crystal structure of the NiSi16-Feed and NiSi16-X powders were analyzed by
powder X-ray diffractometer (XRD) and the results are shown in Figure 1b. The XRD diffraction
pattern indicates the presence of Ni.Si (pdf no. 48-1339) and Niz1Si12 (pdf no. 24-524) phases in
the NiSil6-Feed powder. After the ICPS treatment, the XRD diffraction peaks of the NiSi16-X
powders are similar to the diffraction peaks of the NiSi16-Feed powder, indicating that the ICPS
treatment did not affect the phase composition of the NiSil6 powders. However, compared to the
NiSil6-Feed, the full width at half maximum (FWHM) of diffraction peaks of NiSi-X powders
are increased, which indicates that the crystallinity of NiSil6 powder decreases during ICPS
treatment. The crystallinity of NiSil6 powder decreases due to the rapid cooling and solidification
of molten NiSi16 powder during ICPS treatment.



Figure 2. Scanning electron microscopy images of (a, b) NiSi16-Feed, (c, d) NiSi16-6, (e, f)
NiSi16-8, (g, h) NiSi16-10, and (i, j) NiSi16-12

Further, the morphology and microstructure properties of the NiSil6-Feed and NiSi16-X powders
were studied by SEM and the results are shown in Figure 2. As shown in SEM images of NiSil16-
Feed powder (Figure 1a, b), the particles are irregular in shape with sharp edges. After the ICPS
treatment, the irregular NiSil6 particles are transformed to spherical particles with a smooth
surface (Figure 2c-j). In the ICPS process, the particles could absorb heat energy during passes
through the high-temperature plasma zone, resulting in the transformation of the solid phase to
liquid droplets. The irregular NiSil6-Feed particles melted and condensed into spherical NiSil6
particles with a smooth surface under the surface tension action.

When the powder feeds to the ICPS process with a lower feeding rate, the particles are
spheroidized nearly 100% with a few numbers of satellites for 6 g min* (Figure 2c, d), 8 g min™
(Figure 2e, f), and 10 g min (Figure 2g, h). Furthermore, when the feed rate increases to 12 g
min’t, the irregular shape, and satellites of particles are significantly increased (Figure 2i, j). It is
suggested that the observation can be explained by the melting process of the feedstock particles
1921 A particle in the ICPS process should absorb sufficient heat to melt under the operating
condition.??> When the powder was fed to the ICPS system at a low feed rate (6-10 g min®), all the
particles could absorb sufficient heat energy to melt completely, resulting in maximum efficiency
of spheroidization.'® However, when the powder was fed to ICPS at a high feed rate (12 g min™),
all the particles could not absorb sufficient heat energy to melt completely, resulting in a reduction
of spheroidization efficiency and thus the quality.*® However, a slow feed rate could result in lower
packing density and poor flowability due to every particle absorbing too much heat. This may
result in smaller particles size distributions..'® Therefore the optimum feed rate is very important
to meet maximum efficiency and quality.

Figure 3 shows the cross-section SEM images and elemental distribution results of the NiSil6-
Feed and NiSi16-X powders. As shown in cross-section SEM images (Figures 3a, b), two phases
(bright and dark part) are observed in the particle of NiSi16-Feed powder. The EDS-point analysis
result (Figure 3c) indicates that the bright part has nearly 15.3 wt% (26 at%) Si and the dark part
has nearly 18.5 wt% (30.7 at%) Si, which corresponds to the Nis1Sit2 and NizSi phases,
respectively. After plasma spheroidization, similar to the NiSil6-Feed powder, two phases are
observed in the cross-section images of the NiSil6-X particle, demonstrating that the ICPS
treatment did not affect the phase composition of the NiSil6 powder. Further, the EDS point
analysis results indicate that all the NiSi16-X powders have similar elemental distribution to the
NiSil6-Feed powder, demonstrating that the ICPS treatment did not affect the elemental
composition of NiSil16 powder. These results are strongly evident in the XRD results.
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Figure 3. (2) SEM cross-section image, (b) high resolution SEM cross-section image, (c) elemental
distribution of NiSi16-Feed. (d) SEM cross-section image, (e) high resolution SEM cross-section
image, (f) elemental distribution of NiSil16-6. (g) SEM cross-section image, (h) high resolution
SEM cross-section image, (i) elemental distribution of NiSi16-8. (j) SEM cross-section image, (k)
high resolution SEM cross-section image, (I) elemental distribution of NiSi16-10. (m) SEM cross-
section image, (n) high resolution SEM cross-section image, (0) elemental distribution of NiSi16-
12.



The particle size distributions (PSD) was obtained by a particle size analyzer (Mastersizer 3000)
and the results are shown in Figure 4a. As shown in the PSD result of NiSi16-Feed powder, the
mean particle size varies from 47.3 pum (dio) to 91.5 um (dgo) with a mean (dso) particle size
diameter of 62.1 um. After the ICPS treatment, compared to the NiSi16-Feed, the mean particle
size is reduced to 51.0, 52.8, 57.1, 57.3 um for NiSi16-6, NiSi16-8 NiSi16-10, NiSil6-12 powders,
respectively. The mean particle size range is from 35.8 um (dio) to 79.3 pum (dgo) for NiSil16-6,
from 36.8 um (d10) to 83.5 um (dgo) for NiSi16-8, from 40.2 pm (d1o) to 88.5 pm (dgo) for NiSi16-
8, and from 40.2 um (d10) to 90.5 um (dgo) for NiSi16-12 powder. After the plasma spheroidization,
the mean particle size of the produced powders was reduced.

It is also interesting to notice that the particle size distributions are more to the right of higher size
values as the ICPS feed rate increases. The particle diameters are increased at a high feed rate due
to the augmented interaction between plasma and particles, which leads to the decrease in plasma
energy experienced by the individual particles.?! As a result, the evaporation of the surface and
parts of particles can be lowered with respect to the reduced temperature, which leads to an
increase of particles size diameter at the exit of the plasma zone.?*

The above results and discussion suggest that the irregular NiSil6-Feed powder was successfully
spheroidized in the ICPS process and the feed rate greatly influences the NiSil6 powders
morphology, microstructure properties as well as particles size distribution.
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Figure 4 (a) particles size distributions, (b) apparent density, and (c) flowability of NiSi16-Feed
and NiSil16-X powders



To investigate the apparent density and flowability of NiSi1l6-Feed and NiSi16-X powders, a hall
flowmeter was used and the results are shown in Figure 4b, c, respectively. Before the ICPS
treatment, the NiSi16.1-Feed powder shows a low apparent density (2.89 g cm™) and poor
flowability (100g/24.79s) (Figure 4b and Figure 4c, respectively). After the ICPS treatment,
compared to the NiSil6.1-Feed, the apparent density and flowability are significantly improved
for all the NiSi16-X powders (Figure 4b, and Figure 4c, respectively). The particles of the feed
powder are irregular in shape and size, which leads to higher inter particles friction. As a result,
the feed powder shows poor flowability and a lower apparent density. After the ICPS treatment,
the particles became smooth and spherical, resulting in reduced particles friction. Therefore, the
apparent density and flowability improved significantly. In view of the feed rate effects, the
apparent density and flowability increased as a result of increasing the feed rate to 10 g min™.
Further, when the feed rate was increased to 12 g min™ (Figure 4c, d), the apparent density and
flowability were reduced due to the presence of satellites as well as the irregular-shaped particles
which increased the friction between the particles. A high packing density and flowability of
powder are required for additive manufacturing.

4. Conclusion

In summary, starting with the irregular NiSi16 powder, we prepared spherical NiSi16 powders by
ICPS process with focusing on powder feeding rates (6, 8, 10, and 12 g min). After ICPS
treatment, the particles of powders are transformed to spherical shape with a smooth surface and
a decent degree of sphericity. The apparent density, and dynamics of flowability of spheroidized
powders significantly improved as compared to the feed powder. The particles of powders are
spheroidized completely up to the 10 g min™ feeding rate. With the increase of feed rate to 12 g
min, the spheroidization quality is decreased. After spheroidization, the NiSi16-10 powder
showed the maximum apparent density of (4.15 g cm3) and flowability (100g/16.79s). The present
study demonstrated that the ICPS process significantly improved the morphologies, packing
density, and flowability of nickel silicide powders which is believed to be well suited for AM.
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