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Abstract: In this study, the comparison of properties between fresh (virgin) and used (recycled)
316L stainless steel (316L SS) and AlSi10Mg powders for the laser powder bed fusion additive
manufacturing (L-PBF AM) process has been investigated in detail. Scanning electron microscopy
(SEM), electron-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD) techniques are used
to determine and evaluate the evolution of morphology, particle size distribution (PSD), circularity,
chemical composition, and phase (crystal structure) in the virgin and recycled powders of both
materials. The results indicate that both recycled powders increase the average particle sizes and
shift the PSD to higher values, compared with their virgin powders. The recycled 316L SS powder
particles largely retain their spherical and near-spherical morphologies, whereas more irregularly
shaped morphologies are observed for the recycled AlSi10Mg counterpart. The average circularity of
recycled 316L SS powder only reduces by ~2%, but decreases ~17% for the recycled AlSi10Mg powder.
EDX analysis confirms that both recycled powders retain their alloy-specific chemical compositions,
but with increased oxygen content. XRD spectra peak analysis suggests that there are no phase
change and no presence of any undesired precipitates in both recycled powders. Based on qualitative
comparative analysis between the current results and from various available literature, the reuse of
both recycled powders is acceptable up to 30 times, but re-evaluation through physical and chemical
characterizations of the powders is advised, if they are to be subjected for further reuse.
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1. Introduction

Laser powder bed fusion (L-PBF) is one of the main categories of metal additive manufacturing
(AM) technology, in which selective laser melting (SLM) is a widely used technique under this
category. In the SLM process, a focused laser beam is used to selectively melt multiple layers of
powder bed in succession and produce complex, functional metallic components according to the initial
computer-aided-design (CAD) file [1]. To date, a wide range of metals and alloys have been successfully
fabricated by SLM, including 316L SS, 304L SS, 15-5 PH SS, AlSi10Mg, Scalmalloy (AlMgSc), CoCr,
IN 718, Ti6Al4V, and CuSn10 for various functional use, especially in the aerospace, biomedical, and
automotive industries.

To date, a significant amount of research on metal AM has focused on the process–microstructure
–property relationship. In particular, emphasis is given on the influence of various processing parameters
such as laser power, scan speed, scan line (hatch) spacing, and layer thickness on the microstructures and
the resulting properties such as fracture, yield, and tensile strengths, fatigue life, as well as corrosion
and tribological properties [2–8]. Studies have shown that AM-fabricated metallic components
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can possess similar or even enhanced properties, compared to conventionally manufactured (CM)
parts [9–12]. Such improvements in these properties, e.g., strength, have been generally attributed to
the unique multi-scale microstructures, much finer grain sizes, and the presence of ultrafine/nano-sized
precipitates [13–20]. Furthermore, efforts for the standardization and qualification of metal AM parts
have been actively carried out by organizations such as the American Society for Testing and Materials
(ASTM) and the National Institute of Standards and Technology (NIST) by publishing various standards
pertaining to additively manufactured metallic components [21–27].

While research into the process–microstructure–property relationship of AM metallic parts is
certainly important, another equally essential aspect that has been given less attention is the properties
of the metal powder used for AM processing, i.e., the feedstock materials. So far, available studies in the
literature have revealed that the quality of these feedstock materials play a major role in determining
the quality of the as-built AM parts, particularly densification levels and porosity contents [28–30].
In fact, the quality of metal powders used for AM is often assessed through their physical properties
such as particle size, particle size distribution (PSD), morphology, packing density and flowability,
as well as their chemical composition. In turn, the quality of metal powders is significantly determined
by the powder manufacturing method, in which water atomization (WA), gas atomization (GA),
and the plasma rotating electrode process (PREP) are prevalent techniques [28,31–35]. Nevertheless,
for L-PBF AM, high packing density and high flowability are desired to ensure optimal powder melting
and homogeneous deposition of the powder bed layers [36]. Thus, in terms of morphology, smooth,
spherical particles with as little satellites/defects as possible are desirable [29,37–39]. In addition,
Hajnys et al. [37], Liu et al. [40], and Benson et al. [41] explained that a wide PSD with a mix of large
and fine particle sizes can improve the packing density of the powder bed through the accumulation
of the fine powders within the interstitial spaces that exist around the larger powder particles.
However, some studies have also shown slightly reduced flowability when a wide PSD is used for AM
fabrication due to increased inter-particle friction, thereby suggesting that some compromise is needed
when selecting the particle sizes to attain the highest possible packing density while maximizing
flowability [42–44]. On the other hand, several researchers recommend different nominal powder
particle sizes to be used as the starting feedstock for L-PBF AM processes, e.g., 10–60 [28], 10–45 [29],
and 5–80 µm [45]. Nonetheless, regardless of the particle size range chosen for AM processing,
the powder particles need to be spherical and free from defects as mentioned previously.

On the other hand, back in 2016, Honeywell projected that the metal AM industry will experience
an immense growth amounting to $3.1 billion over the next 5–10 years [46]. However, the relatively
high cost of virgin powders for L-PBF AM (~$100–$200/kg) and high usage volume per build (~40–50 kg
is needed to fill the powder dispenser of the L-PBF machine) could be a major obstacle that could
increase the overall production cost along the supply chain [47–52]. Thus, it is often economically
viable to reuse/recycle the powders for further build cycles. However, the recycling of used powders
may induce alterations in their physical properties and chemistry, which could affect the eventual
mechanical properties of the as-built parts [27]. In fact, studies have shown that the recycled powders
will almost always have larger particle sizes, rougher surface areas, reduced particle circularity,
increased contamination, and a higher uptake of oxygen, nitrogen, or other inert gases regardless of
the number of reuse times [53–61].

For example, Zhang et al. [47] attributed the rougher texture with the increased number of
satellites in recycled 15-5 PH SS powder used for L-PBF to the repeated heating/cooling cycles during
processing and increased inter-particle friction during powder bed recoating, as compared to its virgin
counterpart. Galicki et al. [56] and Heiden et al. [57] both reported increased uptakes of oxygen in
recycled 316L SS powder due to the oxidation that occurs during the manufacturing and the presence
of residual oxygen in the build chamber. Similarly, Gorji et al. [38] detected an increase in the metal
oxide content in recycled 316L SS powder, while the initially spherical particles evolved into a more
irregularly shaped morphology, together with the presence of agglomerates and spatter. However,
Mellin et al. [62] and Lutter-Gunther et al. [63] discovered an insignificant change in oxidation level in
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recycled 316L SS powders, and hypothesized that the elements that have high affinity to oxygen such as
Cr, Mn, and Fe diffuse out of the powder surface during the AM fabrication process. Nevertheless, any
increased oxygen absorption and oxide formation need to be taken into consideration before reusing
the recycled powders as they may adversely affect the performance of the eventual as-built parts
during service [28,29]. On the other hand, Hajnys et al. [37] observed an increase in the PSD of recycled
316L SS powder but considered further reuse to be acceptable. Similarly, although Nezhadfar et al. [64]
observed more of satellites and porosity on the surface of recycled 316L SS powder after 12 times of
reuse, they reported an inconclusive trend in the ductility and mechanical strength in the solidified
parts. Interestingly, some studies have also shown that a phase change could occur in recycled 316L
SS and other SS alloys after >10 times of reuse without any considerable changes in the physical and
chemical properties, as well as apparent density and hardness, implying that the recycled powders can
still be reused for further build cycles [57,65].

Moreover, other direct investigations on the packing density and flowability of virgin and recycled
powders for L-PBF based on established ASTM standards have shown some interesting results.
For example, Seyda et al. [66] observed an increased flowability of recycled Ti6Al4V powder after
12 reuse times, which was attributed to the reduced number of satellites and fine particles despite the
coarsening of the powder particles, which become increasingly irregularly shaped with increasing PSD
values [66]. Quintana et al. [55] reported similar results in recycled Ti6Al4V powder with increasing
content of oxygen from 0.09 wt.% to 0.13 wt.% after 31 reuse times. They even reported comparatively
higher tensile strength in the parts built using the recycled powder due to the oxide strengthening
effect. However, Tang et al. [67] revealed that while the Ti6Al4V powder particles became rougher and
less spherical with fewer satellites after 21 build cycles, the PSD actually became narrower but still
exhibited improved flowability without any compromise on the tensile properties in the as-built parts.
In addition, Cordova et al. [36] studied the physical and chemical properties, as well as packing density
and flowability, of virgin and recycled Ti6Al4V, AlSi10Mg, Scalmalloy, and IN 718 for various reuse
times. In general, the recycled powders displayed an increased flowability and maintained a high
packing density due to the reduced number of satellites and fine particles. They concluded that these
would enable optimal powder melting and subsequently homogeneous deposition of the powders on
the build platform.

Hence, these studies have shown the importance of evaluating and understanding the changes that
occur in powders after undergoing numerous build cycles in terms of quality control and consideration
for further reuse of the recycled powders for AM fabrication. However, comprehensive studies are still
limited in terms of the correlation of the changes in the physical and chemical properties of virgin and
recycled metal powders for AM processing, and their feasibility for further reuse [24,36,55]. Therefore,
in this study, the physical and chemical properties of virgin and recycled 316L SS and AlSi10Mg
powders used particularly for SLM processing were characterized and compared via the following
approaches: (i) Microstructural observations through scanning electron microscopy (SEM), (ii) chemical
composition analysis through electron-dispersive X-ray spectroscopy (EDX), and (iii) phase analysis
through X-ray diffraction (XRD). The results from this study were then compared with those in the
available literature to qualitatively assess the suitability of these recycled powders for further reuse.

2. Materials and Methods

Four batches of gas-atomized 316L SS and AlSi10Mg powders (2 fresh sets (virgin), and 2 used
sets (recycled)) were used in this study. The fresh powders were obtained in their as-received state
from the supplier, Concept Laser, while the recycled powders were taken from the powder dispenser
container in the Laser Cusing M2 SLM machine. The following are the chemical compositions of the
virgin powders as listed by Concept Laser (in wt.%): (i) 316L SS; Cr: 16.5–18.5; Ni: 10.0–13.0; Mo:
2.0–2.5; Mn: 0–2.0; Si: 0–1.0; P: 0–0.045; C: 0–0.03; S: 0–0.03; Fe: Bal. and (ii) AlSi10Mg; Si: 10.5–13.5;
Mg: 0–0.05; Fe: 0–0.55; Mn: 0–0.35; Ti: 0–0.15; Cu: 0–0.05; Zn: 0–0.10; C: 0–0.05; Ni: 0–0.05; Pb: 0–0.05;
Sn: 0–0.05, Al: Bal.
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The recycled powders have been used about 20 times prior to collection. It should be noted that
during the SLM process, the build chamber was purged with nitrogen to limit contamination and
oxidation as much as possible. In addition, the recycled powders were also sieved for particles larger
than 80 µm for 316L SS, and 50 µm for AlSi10Mg prior to characterization.

The size, morphology, circularity, and distribution of the virgin and recycled powder particles were
evaluated via JSM-JEOL 9500 scanning electron microscopy (SEM, JEOL Tokyo, Japan) observations
combined with analysis of the SEM images using ImageJ software (V 1.52, NIH and LOCI, Wisconsin,
WI, USA). The changes in chemical composition between the virgin and recycled powders were
assessed using EDX analysis, while phase evolution was determined through X-ray diffraction (XRD)
analysis using a Bruker D2 Phaser powder diffraction machine (θ/2θ configuration, range: 40–100◦,
Bruker, Billerica, MI, USA).

3. Results and Discussion

3.1. Microstructural Analysis

3.1.1. Morphology and Distribution

The morphology and cumulative particle size distribution (PSD) of the virgin and recycled 316L
SS and AlSi10Mg powders are shown in Figure 1. It is clear that the powder particles for both virgin
powders are largely spherical or near-spherical (Figure 1a,d), but some irregularly shaped particles,
such as cylindrical and tear-drop morphologies, can be observed for the virgin AlSi10Mg powders
(Figure 1d). The surfaces of the recycled powders also appear rougher compared to the initially smooth
virgin powders. In addition, fine particles called satellites (<5 µm) are attached to the surface of the
virgin 316L SS and AlSi10Mg powders (e.g., dashed arrows of the zoomed areas in Figure 1a,d), which is
common in virgin metallic powders produced by the gas atomization process [37,42,68]. However,
fewer satellites are observed in both recycled powders as shown in Figure 1b,d, often attributed to
their detachment from the surface of unmelted powder particles when they are being blown off from
the as-built AM parts [27,55,67].
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In addition, the agglomeration of small powder particles on the larger ones could be observed for
the recycled 316L SS, as shown in Figure 1b. Such agglomerates are typically caused by the spattering
of unmelted powders (powder spatter) from the powder bed upon contact with the laser heat source
during SLM fabrication, which are then attached to other unconsolidated or semi-consolidated powder
particles [36–38,47]. Similarly, other studies have shown that such agglomerates could also arise from
melted powder particles that are ejected from the powder bed (droplet spatter), which eventually
solidify during the flight and then either adhere to the as-fabricated part or impinge on other powder
particles [69–72].

Although the recycled 316L SS powders largely retain their spherical/near-spherical shape
(Figure 1b), the recycled AlSi10Mg powders generally deform into more irregular shapes (Figure 1e).
Interestingly, the powder particles are apparently larger for both sets of recycled powders (Figure 1b,e)
compared to their virgin counterparts (Figure 1a,d). This is also quantified by the cumulative
distribution function showing the average particle size (D50) of the virgin and recycled powders
(Figure 1c,f). The values of D50 for virgin and recycled 316L SS powders are ~22 µm and ~29 µm,
respectively, which are higher than those of the virgin and recycled AlSi10Mg powders: ~11 µm and
~13 µm, respectively. These could be ascribed to the melting of smaller powder particles during the
previous SLM processing [47]. The higher D50 values for the recycled powders in this study are similar
to those obtained for various recycled AM metal powders observed in other studies, which often show
a wider distribution and variation in particle sizes [36,58,59]. Nevertheless, Figure 2 indicates that the
316L SS powder consists of a wide range of particle sizes with broad size distribution (0–80 µm) when
compared with the AlSi10Mg powder that comprises relatively finer particle sizes with narrower size
distribution (0–50 µm).

On the other hand, several noteworthy observations can be made from the morphologies of the
recycled 316L SS and AlSi10Mg powders shown by the high-magnification SEM images in Figure 2.
For example, Figure 2a,d show the deformation of powders into more irregular shapes and visibly
rougher surface texture compared to the initially smooth virgin powder particles. A number of factors
have been related to these occurrences, including: (i) Continuous melting and cooling cycles of AM
processing, (ii) remelting of powders upon exposure to the laser heat source, (iii) friction among
powder particles during the spreading of successive powder bed layers, and long exposure times to
high temperatures during the fabrication process [29,36,67,73].
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In addition, a sintering neck can be observed to form between two adjacent powder particles
of the recycled AlSi10Mg powders, as shown by the circled area in Figure 2d. Similarly, Figure 2b
exhibits the fusion of a partially melted powder particle with an unmelted one for the recycled 316L SS,
while an example of the incomplete fusion of differently sized powders in recycled AlSi10Mg is shown
in Figure 2e. Altogether, the occurrence of these phenomena can be attributed to the insufficient heat
input and considerable temperature difference between loose powders and powders that are already
fused [74–76]. They have been identified as undesirable defects that contribute not only to the surface
roughness of as-built AM parts, but also, more importantly, to the porosity that could compromise
their strength and service properties [6,67,68,77].

Furthermore, the agglomeration of powder particles due to droplet and powder spatter, previously
observed in Figure 1b,e, are shown in more detail in Figure 2c,f for recycled 316L SS and AlSi10Mg
powders, respectively. In both cases, the size of the agglomerates is measured as >45 µm. For 316L
SS, much smaller powder particles ranging from 5 to 15 µm are impinged on larger powder particles
of >45 µm. As for AlSi10Mg, particles with sizes of 5–20 µm are observed to be clustered together,
whereas larger particles remain either free from such agglomerates, or only have fewer satellites
attached onto them. Interestingly, the clumped particles are of different morphologies that include
spherical, near-spherical, and irregularly shaped ones. This is in contrast with the agglomerates in
recycled 316L SS, in which much smaller spherical or near-spherical powder particles are attached to
the larger powder particles with similar morphologies. These can be ascribed to the higher tendency
of fine particle sizes with narrow size distribution to agglomerate, compared to those possessing
comparatively larger particle sizes and wider size distribution, as is the case for the AlSi10Mg and
316L SS powders in this study, respectively [78,79].

Moreover, the histograms in Figure 3 reveal the PSD of the virgin and recycled 316L SS and
AlSi10Mg powders in more detail. Both virgin and recycled 316L SS powders (Figure 3a,b) exhibit a
comparatively wider size distribution than those of AlSi10Mg powders (Figure 3c,d), ranging from
0 to 80 µm and 0 to 50 µm, respectively. A clear shift toward higher PSD values, i.e., increasing
percentages of larger particle sizes, can be observed: >25 µm for 316L SS (Figure 3b) and >10 µm for
AlSi10Mg (Figure 3d). At the same time, fewer fine particles ranging from 0 to 5 µm can be observed in
the recycled powders (Figure 3b,d). This confirms the higher D50 values observed for the recycled
powders shown by the cumulative PSD graphs Figure 1c,f, which can be attributed to the presence of
agglomerates and the removal of satellites during AM fabrication [36,67].
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3.1.2. Circularity

In addition to SEM observations that provide visual and qualitative assessments of the powder
particle shapes, the circularity factor, C, is introduced to evaluate the morphology of the virgin and
recycled 316L SS and AlSi10Mg powders, given by the formula [80]:

C = 4πA/P2 (1)

where P is the perimeter (µm) and A is the pore area (µm2), both determined from the ImageJ software.
C values close to 1 indicate near-perfect circular particles, while C values close to 0 demonstrate
increasingly irregularly shaped particles. The results of the calculations are shown in Table 1.

Table 1. Average circularity of virgin and recycled 316L SS and AlSi10Mg powders.

Powder
Circularity Percentage Reduction

(%)Virgin Recycled

316L SS 0.89 ± 0.11 0.87 ± 0.13 2.3

AlSi10Mg 0.83 ± 0.17 0.69 ± 0.31 16.9

It is clear that the virgin powders possess higher average circularity values than the recycled
powders, with a slightly higher value in 316L SS (0.89 ± 0.11) than AlSi10Mg (0.83 ± 0.17). This suggests
rounder and more regular shapes in the virgin 316L SS compared to the virgin AlSi10Mg, confirming
the SEM observations in Figure 1a,d. The average circularity of recycled 316L SS powder remains
virtually unchanged at 0.87 ± 0.13, while that of recycled AlSi10Mg powder decreases to 0.69 ± 0.31.
This correlates well with the observations in Figure 1b,d, in which the 316L SS powder particles
largely retain their spherical or near-spherical shapes, whereas the AlSi10Mg powder particles tend to
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deform into more irregular shapes upon reuse for SLM fabrication. On the other hand, representative
visual examples of powder particle circularity are shown in Figure 4. A range of morphologies can
be observed with the corresponding circularity, with the highest circularity, C = 1, obtained from
virgin 316L SS powder (Figure 4a), and the lowest circularity was evaluated as C = 0.38 from recycled
AlSi10Mg powder (Figure 4e).
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3.2. Compositional Analysis

Semi-quantitative EDX analysis was conducted on the surface of the virgin and recycled 316L SS
and AlSi10Mg powders to determine their chemical compositions, and the results are presented in
Table 2.

Table 2. Chemical composition of virgin and recycled powders via electron-dispersive X-ray
spectroscopy (EDX) analysis (wt.%).

Element
316L SS AlSi10Mg

Virgin Recycled Virgin Recycled

Fe 61.71 ± 0.08 60.38 ± 0.05 - -
Ni 12.92 ± 0.04 11.89 ± 0.05 - -
Cr 18.43 ± 0.06 17.55 ± 0.03 - -
Al - - 86.97 ± 0.07 86.16 ± 0.05
Si 0.94 ± 0.01 1.11 ± 0.02 11.09 ± 0.04 10.43 ± 0.03

Mg - - 0.45 ± 0.03 0.40 ± 0.04
Mn 1.96 ± 0.03 2.18 ± 0.01 - -
Mo 2.46 ± 0.02 2.21 ± 0.03 - -
O 1.42 ± 0.07 4.68 ± 0.09 1.49 ± 0.08 3.01 ± 0.08

It can be observed that the composition of the main elements in both virgin powders determined
via EDX analysis (Table 2) corresponds well and is within the range of the supplier-listed compositions
detailed in Section 2. In addition, the composition of most elements for the virgin and recycled powders
only fluctuates slightly and remains stable, except for oxygen. For 316L SS, the oxygen content in the
recycled powder increases by ~3 times compared to the virgin powder, whereas it doubles that of the
virgin powder for the recycled AlSi10Mg. The increase in oxygen content in the recycled powders is
expected and has been observed in various metal powders that have undergone AM processing in
other studies [36,47,55,67]. The higher percentage of oxygen in recycled AM powders can be attributed



Metals 2020, 10, 1625 9 of 18

to a number of factors, including: (i) Oxygen pick-up due to contaminants, moisture, and residual
oxygen that might still be present within the build chamber despite being purged with protective inert
gases such as argon and nitrogen (this study); (ii) vaporization of oxygen (a trace element) from the
powder surface that might already exist during powder production upon contact with the laser heat
source; and (iii) the exposure of powder to ambient air during their removal from the as-received part,
during the sieving process, as well as during powder handling and storage [36,38,67].

In particular, several studies in the field of powder metallurgy have also shown the strong affinity
of major alloying elements such as Mn and Si to oxygen and the selective oxidization on the powder
surface [81–83], which might also be the case for the 316L SS and AlSi10Mg powders subjected to AM
fabrication in this study, respectively. In fact, Simonelli et al. [69] found that the high affinity of Mn
and Si to oxygen was the reason that both elements were selectively oxidized on the surface of molten
material spatter-ejected from the powder bed, which then solidify during flight in the build chamber.
Nevertheless, further study could include EDX map analysis for visual confirmation of the presence of
these oxides on the surface of these powders. In addition, an important thing to note is that EDX is
commonly used as a semi-quantitative tool to determine the chemical composition of a material, but the
exact values detected might not be accurate, particularly for trace elements such as oxygen [42,47,61].
Thus, more detailed surface chemical analysis is necessary, such as by using X-ray photoemission
spectroscopy (XPS) and inductively coupled plasma mass spectrometry (ICP-MS), to obtain a more
accurate reading of the chemical compositions, as well as to detect thin surface oxide layers that
may be present on the surface of the powders [47,70]. Nonetheless, the EDX analysis in this study
adequately captures the trend of increasing oxygen content in the recycled powders, and suggests that
the deviations in chemical compositions are within the acceptable range for both materials [84,85].

3.3. Phase Analysis

The phase identification of the virgin and recycled 316L SS and AlSi10Mg powders is shown by
the XRD spectra in Figure 5.
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Figure 5a shows no phase change for both virgin and recycled 316L SS powder, such that they
remain a single γ-austenite FCC structure. Similarly, the recycled AlSi10Mg powder exhibits identical
peaks of Al and Si as the virgin counterpart (Figure 5b). No additional peaks can be observed,
suggesting that any change in phase (if any) is below the XRD detection limit and represents very little
contamination within the build chamber, and therefore, it is negligible [38,70]. However, the hypothesis
of insignificant contamination during the AM build cycle might seem paradoxical, seeing that the
EDX results show increasing oxygen content in the recycled powder that is often associated with the
presence of contaminants inside the build chamber. Thus, the more reasonable explanation is that
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even though no phase change can be observed in the XRD spectra, it could still occur but below the
limit of detection of the XRD equipment used in this study. Furthermore, nitrogen is known as an
austenite stabilizer and, especially for 316L SS, the presence of nitrogen in the build chamber during
AM processing might even suppress the formation of other phases despite the three-fold increase in
oxygen content detected by EDX analysis in the recycled powder.

In fact, Heiden et al. [57] conducted electron-backscattered diffraction (EBSD) and XRD analyses on
virgin and recycled 316L SS and observed the presence of the δ-ferrite BCC phase in the recycled powder
(reused for 30 times). Jacob et al. [65] observed a progressive increase in ferritic-martensitic BCC phase
in 17-4 PH stainless-steel powder via XRD analysis after a minimum use of four times. In addition,
Simonelli et al. [69] detected an enrichment of thin Mn and Mg oxide films on the surface of recycled
316L SS and AlSi10Mg powders through EDX maps analysis, respectively. They attributed the growth
of these oxide films to the volatile nature of Mn and Mg and their high affinity toward oxygen [5,60,86].
Therefore, future investigations could include carrying out EDX mapping, electron-backscattered
diffraction (EBSD), and transmission electron microscopy (TEM) analyses to determine sub-micron-scale
phase and microstructures, which can definitively confirm whether other phases can be observed in
the recycled powders.

4. Discussion

It is known that flowability and packing density are two of the most important qualities of metal
powders that are to be used for PBF AM processing as they have considerable influence on the quality
of as-built parts, together with the processing parameters applied [42,87,88]. Altogether, these two
properties are determined by the particle size, PSD, morphology, and chemical composition of the
powders [61,66,70]. However, with increasing number of uses, the virgin powders with initially
favorable properties will undergo physical and chemical changes that require further evaluation
before a decision can be made about whether they can be reused. Based on the guidelines proposed
by Cordova et al. [36], it is recommended to consider the following five key aspects in assessing
the suitability of reusing the powders, including: (i) Particle size distribution (PSD), (ii) powder
morphology, (iii) chemical composition, (iv) flowability, and (v) packing density.

First, the nominal powder PSD typically used for SLM is in the range of 10–45 µm, which is
much finer than those used for other PBF processes, such as electron beam melting (EBM) (45–106 µm)
and directed energy deposition (DED) (20–200 µm) [28,29,89]. This is because of the architecture of
SLM machines that only allows for fine powder distributions to reduce surface roughness by utilizing
lower layer thicknesses, as compared with those of EBM and DED counterparts that enable the use of
higher layer thicknesses and larger particle sizes [90]. Based on the results in this study, the PSD for
both recycled powders fall within this range, up to 80 µm for 316L SS and up to 50 µm for AlSi10Mg.
In particular, the recycled 316L SS powder can be further sieved to remove the agglomerates and
unmelted particle sizes of >45 µm.

Secondly, powder morphology has been identified as another important aspect that needs to be
examined as it significantly influences flowability and packing density. Smooth, spherical, and dry
particles possess the best flowability characteristics due to the low inter-particle friction that enable the
deposition of densely solidified layers and produces homogeneous microstructures [42,91]. On the
other hand, powder particles with rough surfaces and more irregular shapes reveal larger specific
surfaces that increase surface friction between them, typically reducing flowability and leaving voids
and gaps that lead to porosity in the as-built parts [47,68]. Therefore, to be considered for further reuse,
the guidelines provided by Cordova et al. [36] recommended that the circularity factor of the recycled
powders needs to be as close to 1 as possible, or at least ≥7.0. In this study, there are no issues with
the recycled 316L SS powders as the average circularity is ~0.87, which does not differ much from its
virgin counterpart (~0.89). However, the average circularity of recycled AlSi10Mg is ~0.69, which is
on the borderline value suggested. Thus, the recycled AlSi10Mg might still be considered for a few
more uses, but only for noncritical components outside of high-risk industries, e.g., in the aerospace
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sector and some biomedical applications [38]. Furthermore, reuse after >30 build cycles is generally
not recommended, due to severe degradation that deteriorates the quality of the metal powders, as has
often been observed in powders of various metallic materials, including considerable agglomerates
and satellites, and noticeable deformation and distortion into highly irregular shapes [55,57,68,92].

Thirdly, the chemical composition of the recycled powders must be measured to ensure that they
remain within alloy-specific compositions, and to address the issues of losses due to evaporation
such as spatter, contamination within the build chamber and during powder handling and recovery,
as well any pick-up of oxygen or other trace elements such as nitrogen or argon during the AM build
process [29,36]. In addition, no (significant) phase change should occur in the recycled powder, as any
changes in the crystal structure, e.g., through additional peaks in the XRD spectra, or any precipitates
and oxide layers detected from TEM or XPS, would result in considerable contamination that could
negatively impact the structural and mechanical properties of the fabricated parts [38,70]. In the present
investigation, EDX analysis shows a 2–3 times increase in oxygen content for both recycled powders,
which could be caused by residual oxygen present in the chamber, or evaporation of entrapped oxygen
within the powders (from the gas atomization powder production process) due to powder and droplet
spatter [1,93]. Nevertheless, the XRD spectra analysis does not show any unexpected peaks in the
recycled powders, and their chemical compositions remain within the acceptable range of both 316L SS
and AlSi10Mg alloys. Therefore, based on the EDX and XRD results, at least, the further reuse of both
recycled powders is considered acceptable. However, if more detailed analyses such as through XPS,
EBSD, EDX mapping, and TEM reveal undesired precipitates, oxides, or phases in the recycled powders,
then the recycled powders should not be used for any structural or other critical end-use applications.

The last two guidelines from Cordova et al. [36] recommend the flowability and packing density
of the recycled powders to be directly measured through analytical tools following the various ASTM
or other international standards. High flowability and high packing density are desired to ensure
homogeneous deposition of powder bed layers and optimal powder melting, which would lead to
high densification and low porosity levels in the as-built parts. In particular, the packing density
of the powder bed has been found to be more important than processing parameters such as laser
power (P), scan speed (S), hatch spacing (d), and layer thickness (h) in determining part density
and porosity [36,42]. Smooth and spherical particles with minimal defects are known to improve
packing density, while irregularly shaped particles with numerous defects such as agglomerates
and satellites reduce the packing density of the powder bed, similar to their influences on powder
flowability [29,39,94]. In addition, the inclusion of fine powder particles (fines) also contributes to
high packing density due to the fine particles filling the interstitial spaces that exist among the larger
particles [40,44,90]. However, these fine particles tend to result in wider PSD and have been found
to reduce powder flowability [30,36,55,67]. Therefore, as a compromise, it is suggested that smooth,
spherical particles with as minimum defects as possible with narrower PSD should be used for AM
fabrication to attain optimized flowability with relatively high packing density [29,37,42].

In this study, direct measurements of flowability and packing density were not carried out.
However, comparative analysis between the current results and discussions with the first three
recommendations from Cordova et al. [36], as well as with established literature, can still be made to
provide qualitative assessments for the viability of reusing the recycled powders in this study (after
20 times of use). The properties of the recycled powders analyzed in this study, powder characteristics
that are suitable for reuse as suggested by available literature, and recommendations from the authors
regarding the possible further reuse of the recycled powders are listed in Table 3. Based on the
comparative analysis, the authors suggest that the reuse of the recycled 316L SS and AlSi10Mg powders
is acceptable up until 30 build cycles overall, but further reuse beyond that should require re-evaluation
through further detailed physical and chemical characterizations.
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Table 3. Qualitative analysis on the recommendation of reuse of the recycled powders in the present study based on results established in available literature.

Powder Properties Recommendation from
Literature

Properties of Recycled Powders in This Study Overall Recommendation from
Current Authors316L SS AlSi10Mg

PSD 10–45 µm;
Narrow PSD; reduced fine

particles [29,36,37,42]

0–80 µm (Wide PSD); reduced
fine particles of sizes < 5 µm

0–50 µm (Narrower PSD);
reduced fine particles sizes

<5 µm

PSD for both powders are acceptable.
Particles >45 µm can be further

sieved, as they are mostly
agglomerates anyway.

Morphology and circularity Smooth, spherical, with
minimum defects (agglomerates

and satellites); circularity as
close to 1 as possible or at least

≥0.7 [36,37,42,92]

Mostly spherical and
near-spherical; agglomerates

present; fewer satellites:
circularity: ~0.87 (virgin: ~0.89)

Mix of spherical and
increasingly irregular-shaped

particles; agglomerates present;
fewer satellites; circularity:

~0.69 (virgin: 0.83)

No issues for 316L SS powder.
Exercise caution when reusing

AlSi10Mg powder, probably not more
than 30 times overall, and not for

critical components.

Chemical composition and
phase (crystal structure)

Maintain within alloy-specific
compositions; minimum

pick-up of oxygen or other trace
elements; No change from

initial powders and no
undesired precipitates should

form [29,36,38,70,91]

Within alloy-specific
composition; oxygen content

triples from that of initial
powders; No phase change from
initial powders can be detected

through XRD

Within alloy-specific
composition; oxygen content
doubles from that of initial

powders; No phase change from
initial powders can be detected

through XRD

Reuse of both recycled powders is
acceptable based on the EDX and

XRD results, but there are concerns
on the oxygen pick-up. Detailed

analysis through XPS, EDX mapping,
EBSD, and TEM could be carried out
in the future to definitively confirm

the presence of any undesired
phases/precipitates.
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5. Conclusions

In this study, the properties of 316L SS and AlSi10Mg powders in the virgin condition and recycled
state after 20 times of reuse are analyzed and compared by using SEM, EDX, and XRD techniques.
Qualitative assessments on the viability of using the recycled powders for further build cycles are made
based on the results in this study and those recommended in the available literature. The following
conclusions can be made:

(1) Compared with virgin powders, a shift to higher particle size distribution (PSD) values are
observed, resulting in higher average particle sizes for both 316L SS and AlSi10Mg recycled powders.

(2) SEM observations indicate the presence of agglomerates, but fewer satellites are detected on
the surface of the recycled 316L SS and AlSi10Mg powders.

(3) The recycled 316L SS powder particles retain their spherical and near-spherical morphologies,
whereas that of the AlSi10Mg counterpart deforms into more irregularly shaped morphologies.

(4) The average circularity of recycled 316L SS powder only reduces slightly by ~2%, but a higher
reduction in circularity is attained for the recycled AlSi10Mg powder (~17%).

(5) EDX analysis suggests the chemical composition of both recycled powders remains within
alloy-specific values, but an increase in oxygen pick-up is detected in both cases.

(6) XRD spectra peak analyses indicate no change in crystal structures or presence of any undesired
precipitates in both recycled powders.

(7) Based on the present results and qualitative comparative analysis with available literature,
the reuse of both recycled powder for further build cycles is acceptable up to 30 overall build cycles.
However, these are preliminary assessments, and extensive re-evaluation through physical and
chemical characterizations is necessary if they are to be further reused.
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