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a b s t r a c t

Fabrication of parts with high mechanical properties heavily depend on the quality of powder deployed
in the fabrication process. Copper powder in three different powder types were spheroidized using radio-
frequency inductively coupled plasma (ICP) spheroidization process (TekSphero-15 system). The charac-
terized powders include virgin powder as purchased from the powder manufacturer, powder used in
electron beam powder bed fusion (EB-PBF) process, and reconditioned powder, which was used powder
that underwent an oxygen-reduction treatment. The goal of spheroidizing these powder types was to
evaluate the change in powder morphology, the possibility of enhancing the powder properties back
to their as-received conditions, and assess oxygen reduction of the powder lots given their initial oxygen
contents. Also, to investigate the impact of re-spheroidization on powder properties, the second round of
spheroidization was performed on the already used-spheroidized powder. The impact of powder type on
powder sphericity and particle size distribution was evaluated using the image analysis of scanning elec-
tron microscope (SEM) micrographs and laser diffraction, respectively. The spheroidized powder showed
higher sphericity and more uniform particle size distribution overall. Depending on the powder collection
bin, second round of spheroidization affected the powder sphericity differently. The possibility of deploy-
ing the plasma spheroidization process as an alternative oxygen-reduction technique was also investi-
gated through tracking the powders’ oxygen content using inert gas fusion method before and after
the spheroidization. The plasma spheroidized powder showed less oxygen content than the hydrogen-
treated powder. The second round of spheroidization caused no change in oxygen content. The correla-
tion between oxygen-reduction and created cracks was discussed and compared between plasma
spheroidization and hydrogen-treatment. The plasma spheroidization process created a powder with
higher sphericity, uniform particle size, and less oxygen content.
� 2022 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Additive Manufacturing (AM) has considerably improved the
method of part fabrication in the past few years [1–3]. While

several different steps such as machining, welding, and assembling
could be performed to fabricate a component using the conven-
tional manufacturing methods, AM can produce the final part in
a one-step layer-based process [4–12]. The material feedstock for
some of the AM processes is in the form of powder which provides
higher flexibility in producing components with high-complex
geometries. The powder characteristics, like shape, morphology,
and interparticle friction, control the powder performance during
such AM processes, especially in terms of powder flowability and
spreadability [13], through engaging the particles at their sharp
edges which creates large agglomerates [14,15]. Resolving the poor
powder performance due to the high cohesivity of fine particles
which resulted in agglomeration was studied by Dave et al.
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through deploying a milling process and expansion of suspension
materials [16–18]. Some techniques like particle coating and sur-
face modification, such as silanization, have been implemented
to enhance the flowability of powders since the powder perfor-
mance can consequently dominate the properties of fabricated
parts [19–24]. One of the powder-based AM methods is Electron-
Beam Powder Bed Fusion (EB-PBF) process which uses an electron
beam to scan powder bed or previously fabricated layer. After fus-
ing and melting the powder particles, each part’s layer is solidified,
and a new layer of powder is spread for fabrication of next layer
[25].

Copper is used for fabrication of parts requiring high electrical
and thermal conductivity. Application of copper powder in the
EB-PBF process and its related difficulties have been investigated
in the literature [26–28]. The copper’s high thermal conductivity
provides high cooling rates which transfers the heat of melt pool
to the powder bed. Since the thermal conductivity of the solidified
material is different than that of the powder bed, thermal contours
are created which consequently can cause part deformation due to
the generated thermal stress [29,30]. Creation of keyhole porosity
defects is also reported due to the simultaneous impact of high
cooling rate and easy flow of molten material [31].

The purity of copper powder feedstock to the EB-PBF process is
important as the amount of oxygen content present in the copper
powder can be considerably detrimental to the properties of fabri-
cated parts [32]. Even if the initial powder has low oxygen impur-
ity, it has been found that reusing the copper powder in the EB-PBF
for several cycles increases the oxygen content through creation of
oxides in powder particles [33]. Thus, to produce high quality cop-
per parts, the amount of oxygen content should be reduced and
kept at low levels. Some oxygen reduction methods have been
reported in the literature [34]. Hydrogen-treatment is one of the
oxygen-reduction techniques and creates water molecules after
exposing the oxidized copper powder particles to the flowing
hydrogen gas. By heating the hydrogen-treated powder particles,
the water molecules evaporate, and the oxygen content decreases
[35,36]. Oxygen-reduction, which consequently results in less
creation of oxides, has also been observed as a minor effect in
the powders processed using another technique called the plasma
spheroidization process, whose main objective is to improve the
powder characteristics through reshaping the particles to spherical
geometries [37–41]. As stated by Sehhat et al. in their comprehen-
sive review paper on the plasma spheroidization process, the
spheroidized powder has been found to have higher spherical par-
ticles, higher flowability, and lower oxygen impurity [42–44].

The powder feedstock needs to have sufficient flowability in
order to ensure that the powder adequately spreads along the
build plate during the EB-PBF process. The more spherical particle
geometries result in better flowability and powder packing which
consequently increases the powder bed density and improves the
properties of fabricated parts [45–48]. Therefore, the powder feed-
stock to the EB-PBF process is recommended to be provided in
spherical geometries. The plasma spheroidization process can be
used to create such a powder feedstock by injecting the particles
into a high-temperature plasma and reshaping them to spheres
due to the created surface tension effects. Not only can the plasma
spheroidization process reshape the particle geometries to spheres,
but also it can reduce the oxygen impurities [49].

In this study, the impact of plasma spheroidization process on
the morphology properties of copper powder, in terms of powder
sphericity and particle size distribution, was investigated. The vir-
gin powder was considered as the control case and its characteris-
tics before and after the spheroidization were studied. To assess
the impact of powder reuse on powder characteristics, the powder
that was reused for 20 cycles in EB-PBF was characterized; then, to
evaluate the capability of plasma spheroidization process in reset-

ting the powder properties of used powder to its virgin-like condi-
tions, the used powder was spheroidized and its properties were
compared. In addition, to compare the oxygen-reduction capability
of hydrogen-treatment process with that of plasma spheroidiza-
tion process, a hydrogen-treated powder was spheroidized and
the powders’ oxygen content were measured. The effect of plasma
spheroidization process on the powder’s oxygen content was com-
pared among all types of powders.

2. Material and methods

Three types of copper powder were characterized. The first type
of powder is the gas-atomized copper powder in the as-received
condition as purchased from the powder manufacturer and is
called the virgin powder, which met UNS C10200 for oxygen-free
high thermal conductivity (OFHC) copper (99.95 % purity
and < 10 PPM oxygen content). After using the virgin powder in
EB-PBF process for part fabrication, the unbuilt remaining powder
can be collected to be reused as the input material feedstock for the
next EB-PBF builds. The collected remaining powder after 20 times
of recycling is called used powder and considered as the second
type of characterized powder. The third type of powder is the same
used powder as in the second type, but the powder underwent an
oxygen-reduction treatment to reduce the oxygen content that the
powder picked-up during EB-PBF process; the oxygen-reduced
powder is called the reconditioned powder. The deployed
oxygen-reduction technique was the hydrogen-treatment which
was performed at 482 �C in a hydrogen atmosphere to reduce the
surface oxides present on the samples. The furnace used for
hydrogen-treatment was operating with flowing forming gas (Ar-
5vol.%H2) at a rate of 120 cm3/min. Table 1 summarizes the three
types of powder characterized in this study and assigns a sample
ID to each of them for easier reference in later discussions. Fig. 1
shows the three types of studied powders. The amount of oxygen
present in a sample dominates the powder color as the used pow-
der shows darker colors while the reconditioned powder reset to
the initial bright color of virgin powder. To assess the flowability
of three types of powder, the Revolution Powder Analyzer (RPA),
which is composed of a digital camera taking images of powder
motion in a rotating drum, was used. The results of powder ava-
lanche angle (the maximum angle a powder creates in an ava-
lanche) are shown in Table 2. A more flowable powder shows a
smaller avalanche angle. Virgin powder was the most flowable
powder, although its avalanche angle was slightly smaller than
the reconditioned powder. The used powder had the least flowabil-
ity, mainly due to the detrimental effects during powder recycling
in AM. It should be noted that since the amount of powder col-
lected after the spheroidization process was very small, it was
not possible to measure the powder flowability of spheroidized
powders.

For powder spheroidization, an Inductively Coupled Plasma
(ICP) System, TekSphero-15, was used. The maximum power of this
machine is 15 kW, and it is capable of providing plasma with tem-
peratures as high as 3,000–10,000 K, which is high enough to
decompose, melt, or evaporate most materials. An ASPEX Scanning
Electron Microscope (SEM) was utilized to capture the SEM images

Table 1
Summary of characterized powders and their assigned sample ID.

Sample ID Description

Virgin As-purchased from the manufacturer
Used As-purchased that was used for 20 build cycles in EB-PBF

process
Reconditioned Used for 20 build cycles in EB-PBF process and then oxygen-

reduced
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of powder particles for morphology assessment. The powder
particle sizes were measured using a particle size analyzer (Micro-
trac S3500) that works based on the laser diffraction method. The
oxygen content was determined via LECO combustion analysis
using a LECO ON836 analysis systems.

3. Experimental procedure

3.1. Spheroidization process

TekSphero-15 is an ICP machine that spheroidizes input pow-
der, thereby improving the powder’s flow characteristics while
simultaneously removing unwanted impurities and reducing inter-
nal particle porosity. In addition to improving powder properties, a
central goal of reconditioning powder is to reduce variations in
powder properties and thus ultimately reduce uncertainty in the
mechanical performance of manufactured parts. In the plasma
spheroidization process the powder is injected into a high-
temperature plasma under an inert atmosphere (cryogenic argon),
to be melted for enhancing particle sphericity. The temperature of
plasma is in the range of 3,000–10,000 K. Depending on the parti-
cle size, material melting point, residence time of powder particles
in plasma, and spheroidization process parameters, the powder
particles could be melted and/or vaporized. After powder particles
are melted, they fall under gravity inside the plasma chamber,
where they are quenched at the high cooling rates of � 106 K/s
[50]. The surface tensions will alter the powder particle geometries
to spheres.

The plasma-treated powder can be collected from two powder
collection bins, including main bin and cyclone bin. The larger size
powder is deposited in the main bin and the finer size powder is
entrained to the cyclone bin. Depending on the needed particle size
for the specific applications, different powder size from machine’s
different bins can be collected. Following the function of each
spheroidization process parameter and considering the properties
of copper powder, the levels for spheroidization process parame-
ters should be appropriately selected to both reshape particles to
spheres as best as possible and yield powder mass as highest as

possible. Based on the findings of previous spheoidization studies
and as recommended by the machine’s manufacturer, the experi-
ments were performed with carrier gas 3 lpm, central gas 10
lpm, and chamber pressure 15 psi. The used sheath gas was a mix-
ture of Ar-H2 (50 lpm cryogenic argon plus 4 lpm H2) since addition
of H2 to argon had been found beneficial in protecting the torch
against plasma high-temperatures and enlarging the plasma hot
zone along the torch’s axial direction [51,52].

3.2. Measurement of powder sphericity

After running the experiments, the powders were collected
from both main and cyclone bins. Then, the particles were depos-
ited on a carbon tape to prepare SEM samples. Ten SEM images per
each sample were then taken to analyze the particle shapes, col-
lecting data of at least 500 particles per sample. The SEM images
were analyzed in MIPAR image analysis software. The change in
powder shape was quantified using the aspect ratio, which is
defined as the ratio of the major axis to the minor axis of the
bounding ellipse for a particle. Through this definition, the particle
sphericity increases as the aspect ratio approaches unity. The
aspect ratio is reported in terms of cumulative percentage of pow-
der particles; for example, AR50 = x indicates that the 50 % of parti-
cles of powder sample have aspect ratios smaller than or equal to x.

4. Results and discussion

4.1. Powder sphericity

The impact of powder type on sphericity of particles are indi-
vidually compared. For each factor, first the comparison plots of
powders collected from the main bin are discussed, followed by
the same discussion for powders from the cyclone bin. To always
have a comparison basis between as-received (shown as AR in
the plots) powder and the powder spheroidized with different pro-
cess parameters, the as-received powder’s curve is included in all
plots.

4.1.1. As-received of all powders
Before comparing the spheroidized powders, first the powder

characteristics in their pre-spheroidization conditions (as-
received) should be characterized. Fig. 2 shows the analysis of
sphericity for the as-received conditions of all three types of pow-
der. The used powder in the EB-PBF process shows almost the same
sphericity as the virgin powder. Such finding can be desirable since
from a particle geometry viewpoint, the particles were not deteri-
orated even after 20 times of recycling with the EB-PBF process.
Based on this result, the powder can be reused for the next EB-
PBF builds without concerning about particle sphericity. For the
reconditioned powder (the oxygen-reduced used powder), the
sphericity got worse, suggesting that during oxygen reconditioning
treatment some detrimental effects were occurred to the particles’
sphericity.

4.1.2. Virgin powder
Fig. 3 illustrates the particle geometries of virgin powder before

and after spheroidization. The virgin powder is perfectly spheroi-
dized in the main chamber while the spheroidized virgin powder
collected from the cyclone bin shows irregular geometries. The
sphericity of virgin powder in its as-received and spheroidized
conditions can be seen in Fig. 4. The sphericity of powder collected
from the main bin after spheroidization is shown in Fig. 4a, and
that of the powder collected from the cyclone bin is displayed in
Fig. 4b. The powder particles collected from the main bin show
considerably higher sphericity after the spheroidization process

Fig. 1. The color of three types of powder, (a) virgin, (b) used in EB-PBF, (c)
reconditioned (oxygen-reduced).

Table 2
Comparison of powder flowability in
terms of avalanche angle (�).

Sample ID Avalanche Angle

Virgin 29.6
Used 33.6
Reconditioned 30.8
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while the powders in the cyclone bin show similar sphericity to
that of their as-received condition. The sphericity deterioration of
cyclone’s powder can be explained by the smaller particle size
for powder in cyclone bin; the smaller molten droplets adhered
to each other and created non-spherical particles. Having said that,
it should be noted that even the least spherical powder in this com-
parison, i.e., the virgin as-received powder particles, is still very
spherical with aspect ratio values close to unity. For quantifying
the powder yield, the mass of input powder and mass of powders
collected from main and cyclone bins were measured and are
reported in Table 3. As can be seen, one of the major system’s
downsides is the huge amount of powder residue on the machine’s
chamber wall, which requires manual removal and cleaning, and
therefore is not usable.

4.1.3. Used powder
The SEM images corresponding to each powder condition are

shown in Fig. 5. Appearance of several largely welded particles in
the used1-main powder is observable; it seems several particles
were adhered together during the melting step of spheroidization
process and have created some large particles with satellites. In
contrast, the used1-cyclone particles show high sphericity with
small particle size; the appearance of satellites is rare in the
used1-cyclone. As mentioned, it should be noted that the used1-
main powder was fed as the as-received condition of the second
round of spheroidization. The used2-main powder is composed
of large particles with sharp edges; the solidification striation lines
are left on particle surfaces at the intersection areas of welded

multi-particles which are caused by the impact of second round
of particle re-heating and surface tension re-creation. The same
is true for used2-cyclone with smaller sizes.

The sphericity of used powder in three conditions of as-
received, after first round of spheroidization (called spheroidized-
used), and after second round of spheroidization (called
spheroidized-used2) are shown in Fig. 6. First the used as-
received powder was fed into the machine and the spheroidized-
used powder was collected from both the main and cyclone bins.
Then, the spheroidized-used powder collected from the main bin
was fed into the machine for the second round of spheroidization.
For the used powder, the sphericity of particles showed minimal
improvement by re-spheroidizing the powder collected from the
main bin; the order of powder sphericity from highest to lowest
for used powder from the main bins is spheroidized-
used2 > spheroidized-used > as-received, as shown in Fig. 6a. It
should be noted that the plots display the cumulative distribution
of aspect ratio. During powder spheroidization the smaller parti-
cles evaporate due to the plasma high temperatures. By removing
these small-size particles which are usually in irregular geome-
tries, the remained powder is only composed of large-size particles
which are usually spherical. When considering the particles’ aspect
ratio in a cumulative manner, the removal of small-size particles
plays an important role. Thus, the increase in sphericity of particles
after re-spheroidization shown in Fig. 6a is mainly due to the
removal of small-size particles and not necessarily reshaping the
particles. For the powders collected from the cyclone, the first
round of spheroidization minimally improved the particles’

Fig. 2. Sphericity comparison of all three types of copper powders in their as-received conditions.

Fig. 3. SEMmicrographs of virgin powder. Main bin powder shows higher sphericity while the cyclone bin powder shows similar sphericity to that of as-received powder. For
powder in cyclone bin, the smaller molten droplets adhered to each other and created non-spherical particles.
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sphericity due to the evaporation of small-size particles with irreg-
ular geometries, as shown in Fig. 6b. Although the second round of
spheroidization caused partially better sphericity than the as-
received condition, the second round of spheroidization resulted
in less sphericity than the first round of spheroidization. This can
be explained by two facts. Firstly, it should be noted that the input
powder for the second round of spheroidization was the used1-
main. Secondly, the used2-c has fewer small-size particles than
used1-m (the fed powder for the second round of spheroidization),
thus, the first cumulative percentiles of the used2-c powder (until
70 percentile) shows higher sphericity than that of the as-received

condition; however, after 70 percentile, the used2-c powder shows
worse sphericity since after two cycles of evaporation, the used2-c
powder has lost several particles and is left with only large parti-
cles with geometries less spherical than that of the as-received
condition.

4.1.4. Reconditioned powder

The SEM images of reconditioned powder before and after
spheroidization are shown in Fig. 7. Reconditioned-main powder
shows high sphericity while the sphericity of reconditioned-
cyclone powder is perfect. The sphericity of reconditioned powder
is compared in Fig. 8 for powders collected from both main and
cyclone bins. The reconditioned powders showed higher sphericity
after the plasma spheroidization in both main and cyclone bins.

4.1.5. Spheroidized of all powders

To make a deeper comparison and discussion among the
three types of powder, Fig. 9 shows the spheroidized condi-

Fig. 4. The sphericity of virgin powder particles in their as-received and spheroidized conditions for powders collected from, (a) the main bin, and (b) the cyclone bin.

Table 3
The quantity of input powder and yield (g).

Input Mass Main Bin Cyclone Bin Chamber Wall’s Residual

50.63 13.73 0.72 23.68
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As-received condition Spheroidized-Main Spheroidized-Cyclone

Used1

Used2

Fig. 5. SEMmicrographs of used powder. Top and bottom rows show the powder conditions for the first and second round of spheoidization, respectively. re-spheroidization
improved the sphericity of main bin powder while it deteriorated the sphericity of cyclone bin powder.

Fig. 6. The sphericity of used powder particles in their as-received, first spheroidization round, and second spheoidization round for powders collected from, (a) the main bin,
and (b) the cyclone bin.
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tions of all powders in both main and cyclone bins. The
baseline material, i.e., virgin powder in its as-received condi-
tion (AR-virgin) is also included in the plots to facilitate
making an inclusive comparison. For powders collected from
the main bin, the spheroidized-virgin powder resulted in
the highest spherical particles. The first round of spheroidiza-
tion on the used powder made the particles more spherical

compared to the AR-virgin; in other words, the
spheroidized-used powder showed higher sphericity than the
AR-virgin. The second round of spheoidization (spheroidized-
used2) improved powder sphericity compared to as-received-
virgin while it shows comparable sphericity to that of
spheroidized-used1. The spheroidized-reconditioned powder
shows improvement in its sphericity. These changes in pow-

As-received condition Spheroidized-Main Spheroidized-Cyclone

Reconditioned 

Fig. 7. SEM micrographs of reconditioned powder. Both main bin and cyclone bin powders showed improved sphericity compared to their as-received conditions.

Fig. 8. The sphericity of reconditioned powder particles in their as-received, spheroidized conditions for powders collected from, (a) the main bin, and (b) the cyclone bin.
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der sphericity can be correlated with the change in powders’
oxygen content, as discussed in the next sections.

For the powders collected from the cyclone bin (see Fig. 9b), the
spheroidized-virgin powder showed slightly higher sphericity than
the AR-virgin powder. The first round of spheroidization on the
used powder improved the powder sphericity considerably while
the second round of spheroidization deteriorated the powder
sphericity to the same level of AR-virgin powder. The sphericity
of reconditioned powder was improved to the similar sphericity
of spheroidized-used1 powder, indicating that the hydrogen-
treatment had no impact on the sphericity of particles collected
from the cyclone bin. In other word, although the reconditioned
powder had less oxygen content than the used powder, they both
showed same sphericity after the spheroidization process.

4.2. Particle size distribution

As highlighted in the previous sections, one of the important
factors in the powder spheroidization process is the powder evap-
oration which changes particle size distributions through vaporiz-
ing the fine particles. Thus, besides the particle sphericity, the

particle size distribution should be studied. Following the same
discussion layout for the powder sphericity, in the below sections
first the particle size distribution of powders in their as-received
conditions are compared followed by an individual discussion on
each type of powder.

4.2.1. As-received of all powders

The comparison for all types of powder in their as-received con-
ditions are shown in Fig. 10. The virgin powder has more small-size
particles than that of the used and reconditioned powders. As the
reconditioned powder is the same used powder but with less oxy-
gen, the used and reconditioned powders have similar particle size
and are larger than the virgin powder; this is confirmed by a shift
in particle size peak to larger values.

4.2.2. Virgin powder

Fig. 11 shows the particle size distribution for virgin as-received
powders collected from the main and cyclone bins. For the main
chamber, not only the spheroidized powder has fewer small-size

Fig. 9. Comparison among the spheroidized conditions of different types of powder for powders collected from, (a) the main bin, and (b) the cyclone bin.
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particles, but also several particles are enlarged to greater sizes
(Fig. 11a). This could be due to both evaporation and particle
reshaping to spheres during the spheroidization process. For the
cyclone bin, the particle size decreased considerably as can be seen
in Fig. 11b. The spheroidization machine operates in way that
smaller size particles will be entrained and collected in the cyclone
bin.

4.2.3. Used powder

The comparison for the used powder from the main and cyclone
bins in three conditions of as-received, after the first round of
spheroidization (called spheroidized-1), and after second round
of spheroidization (called spheroidized-2) is shown in Fig. 12. For
the powders collected from the main bins, the spheroidized-1
powder has fewer small-size particles and a greater number of
large-size particles. This suggests that the finer particles were
evaporated and some of the large particles were melted and
agglomerated with other particles to create even larger size parti-
cles during the spheroidization process. Second round of
spheroidization increased the number of finer particles although
it should have been reduced due to the second evaporation round
of finer size particles. For the powders collected from the cyclone
bin, the particle size of spheroidized-1 decreased while the particle
size of spheroidized-2 increased; this can be caused by feeding
spheroidized-1-main as input for the second round of spheroidiza-
tion, confirmed by the similarity in particle size distribution of
spheroidized-1 with spheroidized-2-cyclone as can be compared
by looking at Fig. 12a and Fig. 12b.

4.2.4. Reconditioned powder

The impact of spheroidization process on powder particle size
distribution of oxygen-reduced powder for both main and cyclone
bins is shown in Fig. 13. For powders collected from the main bin,
spheroidized powder shows fewer small-size particles and the par-
ticles are reshaped to larger ones. For the powders collected from
the cyclone bin, the particles reshape to smaller sizes, as shown
in Fig. 13b.

4.2.5. Spheroidized of all powders

For a comparison among all the spheroidized powders in terms
of their particle size distributions, powders collected from both

main and cyclone bins of all spheroidized powders were compared
as shown in Fig. 14. The virgin as-received powder is also included
in all plots as a comparison baseline. For the powders collected
from the main chamber, the virgin spheroidized powder shows
fewer small-size particles compared with the virgin as-received
powder. The same is true for the used1, used2, and reconditioned
powders. The used2 powder shows a greater number of smaller
particles than that of the used1. The reconditioned powder, how-
ever, shows even smaller sizes than those of both used1 and used2.
For the powders collected from the cyclone (see Fig. 14b), the
spheroidized virgin is composed of more small-size particles than
any other powder type. The first round of spheroidization has sev-
eral small-size particles while the second round of spheroidization
shifted particle size to greater values. The reconditioned powder
has fewer small-size particles than that of the used1 powder.

5. Oxygen impurity and created grooves

As mentioned earlier, the treatment method for reconditioned
powder was to expose the used powder to flowing forming gas
which reacts with the present oxides in the powder to create
H2O molecules. By heating the hydrogen-treated powder to high
temperatures (beyond 400 �C), the created H2O molecules evapo-
rate as water vapor. Ledford et al. [36] found that when the water
vapor is leaving the powder particles, it leaves some grooves both
on the particles surfaces and among the individual particles’ grain
boundaries. These grooves were found to remain on the particles
surfaces even when the powder is set back to the room environ-
ment conditions. To evaluate the creation of such grooves in differ-
ent types of powders after the plasma spheroidization process and
whether the water evaporation is the main cause of groove cre-
ation, the oxygen content of powders collected from the main
bin was measured and compared corresponding to the observed
grooves in their SEM micrographs.

Table 4 shows the measured values of oxygen content in differ-
ent types of powder before and after the spheroidization process.
The oxygen content in the virgin powder decreased from 200 to
40 ppm after the spheroidization since the plasma spheroidization
process provides high enough temperatures to remove oxygen
from powder particles. The powder used for 20 cycles in the EB-
PBF process considerably picked up oxygen from 200 ppm
(virgin-as-received condition) to high value of 370 ppm; one round
of spheroidization on this used powder decreased the oxygen
impurity to 120 ppm. Not only is the oxygen content present in

Fig. 10. Particle size distribution comparison of all three types of copper powders in their as-received conditions.
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the used-spheroidized powder much less than that of its pre-
spheroidization condition (120 vs 370 ppm), but also the used-
spheroidized powder has lower oxygen content than that of the
virgin-as-received powder (120 vs 200 ppm). These are promising
signs as they indicate the oxygen-reducing capability of
spheroidization process to decrease the oxygen content to values
even lower than that of the as-received powder. In contrast to one’s
intuition that re-spheroidization may be even more beneficial in
decreasing the powder’s oxygen impurity, the second round of
spheroidization showed no variation in oxygen content (constant
at 120 ppm); based on the collected data in this study, re-
spheroidizing the powder for the second round of spheroidization
caused no change in the powder’s oxygen content. The further
rounds of re-spheroidization, i.e., third round, fourth round, etc.,
may cause a change in powder’s oxygen content, evaluation of
which will be a future work of this study. The reconditioned pow-
der had less oxygen content than the virgin (140 vs 200 ppm) and

used (140 vs 370 ppm) powders before their spheroidization which
implicates the functionality of hydrogen-treatment process in
reducing the powder’s oxygen content. Spheroidizing the recondi-
tioned powder decreased its oxygen content from 140 to 80 ppm;
although the oxygen present in the reconditioned-spheroidized
powder is less than that of the used-spheroidized powder (80 vs
120 ppm), the spheroidized-virgin powder still showed the least
oxygen impurity (40 ppm) among all powders. This finding sug-
gests that the direct spheroidization process without a pre-
hydrogen-treatment is more powerful in decreasing the powder’s
oxygen content and outperforms both the hydrogen-treatment
process and the spheroidization process with a pre-hydrogen-
treatment in this regard. While not a major contributor, we believe
that using a mixture of Ar-H2 as the sheath gas helps to keep the
oxygen partial pressure low, which is probably the main reason
for the deoxidation of the powder. Thus, if the powder is planned
to be processed with the plasma spheoidization, there is no need

Fig. 11. The particle size distribution of virgin powder particles in their as-received and spheroidized conditions for powders collected from the main bin (a), and the cyclone
bin (b).
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of powder hydrogen-treatment prior to the spheroidization
process.

A correlation between the oxygen content and the powder
sphericity was observed. The spheroidized-virgin powder had very
low oxygen content among all spheroidized powders. The lower
oxygen impurity in a powder is mainly due to the existence of less
oxides on the particle surfaces. The spheroidized-virgin powder

particles collected from the main bin showed considerably higher
sphericity after the spheroidization process since a smaller number
of oxides existed on the particle surfaces after the spheroidization
process. The same pattern was observed for the reconditioned
powder where the consistent sphericity improvement in both main
and cyclone bins of reconditioned powder is because the recondi-
tioned powder particles have less surface oxides.

Fig. 12. The particle size distribution of used powder particles in their as-received and spheroidized conditions for powders collected from the main bin (a), and the cyclone
bin (b).
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Fig. 13. The particle size distribution of reconditioned powder particles in their as-received and spheroidized conditions for powders collected from the main bin (a), and the
cyclone bin (b).
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6. Conclusion

In this work, three types of copper powder, including virgin,
used in EB-PBF process, and oxygen-reduced after being used in
EB-PBF process, were plasma spheroidized using process parame-
ters stroke 50 %, carrier gas 3 lpm, sheath gas 50 lpm. For the used
powder the spheroidization was performed for the second round to
evaluate the impact of re-spheroidization on powder properties.
The spheroidization process reshaped the powder particles to more
spherical geometries. The powders collected frommachine’s differ-

ent bins were influenced differently after the second spheroidiza-
tion round as the sphericity of main bin’s powder improved
while the sphericity of cyclone bin’s powder deteriorated.
Although, the powders collected from the main chamber show
fewer small-size particles overall, the second spheroidization
round created a greater number of smaller particles than that of
the first spheroidization round. For the powders collected from
the cyclone bin, the first round of spheroidization created several
small-size particles while the second round of spheroidization
shifted particle size to larger values. The spheroidization process
was found to decrease the oxygen content of these studied copper
powders. In addition to improving the geometry and uniforming
the particle size distribution, the spheroidization of used powder
reset the powder’s oxygen content to values lower than that of
the virgin-as-received powder. This indicates the advantageous
impact of spheroidization process in powder re-use. The second
round of spheroidization showed no variation in oxygen content.
The spheroidization process also outperformed the hydrogen-

Fig. 14. Particle size distribution comparison among the spheroidized conditions of different types of powders collected from, (a) the main bin, and (b) the cyclone bin.

Table 4
The oxygen content in different types of powder before and after the spheoidization.

Powder As-received (ppm) Spheroidized (ppm)

Virgin 200 40
Used 370 120
Used-second spheroidization 120 120
Reconditioned 140 80
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treatment method as the spheroidized-virgin powder showed
lower oxygen impurity than that of the reconditioned powder.
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