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Abstract

In Laser Powder Bed Fusion (L-PBF) of metallic materials, costs and material yield strongly depend on
the ability to reuse powder efficiently, as a significant amount is not solidified as part by the laser
beam. However, some of the powder is nevertheless exposed to high temperatures during the
manufacturing process resulting in an alteration of the feedstock properties if reused. Therefore,
there is a need to study and understand powder degradation during the L-PBF process and its direct
effects on the printed parts. In this study, gas-atomized 316L stainless steel powder was used,
recovered, sieved and reused up to 15 times in order to produce successive L-PBF prints without
adding any virgin powder. Both recycled powders and elaborated parts were fully characterized at
each iteration to investigate changes in particles (morphology, rheology, microstructure and
chemical composition) as well as printed parts (porosity, microstructure, microhardness and tensile
properties). Recycled powder exhibited larger particle size and an improved flowability. A gradual
increase in oxygen content was observed, along with the presence of colored and oxidized particles,
as well as magnetic particles. Parts density slightly decreased with powder reuse and their
microstructure featured more numerous and finer grains along reuse cycles. On the other hand, no
significant difference was found on the microhardness and the tensile properties of the L-PBF
components.

Keywords: Laser Powder Bed Fusion, Powder recycling, Stainless steel, Powder characterization,
Mechanical properties

1. Introduction

Additive Manufacturing (AM) regroups a number of processes that allow to create parts from three
dimensional (3D) model data by successive additions of material, as described by the ISO-ASTM
52900-15 norm [1]. As opposed to conventional processes, AM offers the possibility to manufacture
complex parts and to use only the right amount of material needed to produce them [2]. Laser
Powder Bed Fusion (L-PBF), also often called Selective Laser Melting (SLM), is one of the most widely
used AM technology and can process a wide range of metallic materials such as stainless steels,
maraging steels, nickel superalloys, titanium alloys or aluminum alloys [3]. In this process, a thin layer
of powder (20-90 um) is spread by a recoater on a build platform, then a laser beam selectively melts
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the particles and the molten metal solidifies rapidly. The repetition of these operations, layer upon
layer, with the laser scanning following trajectories predefined with the slicing of the digital file, leads
to the production of 3D parts. The design freedom allows to achieve mass reduction of structures
with the use of topology optimization, and also to limit assembly operations by replacing several
parts with an integrated assembly. In addition, mechanical properties of parts elaborated by L-PBF
are equivalent or superior compared to those of conventional processes due to the fast cooling rates
and the resulting fine microstructures [4][5]. However, inconsistencies of printed parts quality in
terms of porosities, cracks and surface roughness are still common [6].

L-PBF is a complex process, which involves numerous phenomena and parameters, and most of the
efforts have been focused on the optimization of the process to improve components quality. Machine
parameters such as the laser power, scanning speed and strategy, hatch distance and layer thickness
(Fig. 1a) directly affect the melt pool size, shape and instabilities, solidification rate and resulting
microstructure of the elaborated parts [7][8].
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Fig. 1. (a) Schematics of L-PBF process parameters, (b) Formation of spatter particles

Along with the process parameters, the effect of the raw material characteristics, i.e. the metallic
powders in the case of L-PBF, is an important issue to assess in order to produce reliable parts and
improve process repeatability. This relation between powder and final components properties is less
studied in the literature, even though changes in powder characteristics can lead to the formation of
metallurgical defects [9—-12]. During the process, only a small fraction of the powder is fused by the
laser beam and solidified as part. The price of the feedstock being high, there is a need to reuse the
non-melted powder to maximize the resource efficiency of the L-PBF technology [13-15]. However,
powder leftover properties may deviate from those of the virgin material after being subjected to the
L-PBF environment. The reuse of the powder, also referred to as recycling, can lead to a deterioration
of the final parts properties. Therefore, understanding the impact of powder recycling on both
powder and printed parts is essential.

From a general point of view, powder degradation in L-PBF can often be related to its exposure to a
high temperature environment. This occurs for instance when spatters are ejected from the molten
pool and recovered on the powder bed. Such instabilities can in turn be related to liquid state
instabilities, driven by the recoil pressure caused by the evaporation of some alloying elements [16].
In addition, Marangoni convection coming from temperature-related surface tension variations at
the melt pool surface can also lead to fluid flow instabilities. In addition to these liquid pool spatters,
the vaporization flow can also drive the entrainment of surrounding virgin particles through the laser
beam [17-19], as schematized in Fig. 1b. Liquid pool spatters can generally be sieved out, but not the
entrained powder. In any case, contamination of the powder-bed surrounding the solidified parts by
these spatter particles is one reason of the alteration of powder properties with recycling. Apart from
spatter related degradation, Pinto et al. [20] distinguished a second group of unused powder close



enough to the heat source to be subjected to modifications. The latter consists of particles in the
heat-affected zone (HAZ) in the near vicinity of the molten pool.

Successive recycling in L-PBF leads to an increase of the proportion of altered particles among the
recovered powder, and changes in particles morphology, chemical composition or microstructure can
be observed. Not all recycling studies in the literature show identical results but tendencies emerge.
Particle size distribution (PSD) seems to shift towards larger values with intensive reuse, with an
increase of irregularly-shaped particles [21-23]. Smaller amounts of fine particles are also reported,
which can lead to an improved powder flowability, as it reduces frictions and inter-particle adhesion.
On the other hand, less spherical particles are expected to negatively affect the flow behavior of a
powder [21,24-26]. An increase of oxygen content in reused powder has been repeatedly observed
[27,28]. Some materials such as titanium or aluminum alloys are more prone to oxygen pickup but
this phenomenon has also been noticed on stainless steel powders. In the case of stainless steel
316L, several authors noticed the presence of silicon and manganese oxides on the surface of spatter
particles, that can be held partly responsible for the change in oxygen content [29-31].
Microstructural modifications can also occur on these particles. For example, Heiden et al. [29]
showed an increase of the volume fraction of 6-ferrite phase from 0-0.5 % to 6-7 % in SS316L powder
reused 30 times. These magnetic particles can lead to particles clustering and negatively affect the
powder bed uniformity during L-PBF [20]. Regarding both liquid spatters and magnetic particles, a
large proportion of altered powder can be removed by a sieving process, but some of it still passes
through. Conclusions on the influence of powder recycling on printed parts are not that
straightforward. Sartin et al. [32] studied SS316L components produced with powder recycled 12
times and found slight variations and no statistical trends regarding specimens density, chemical
composition, mechanical strength, ductility or microhardness. Other studies highlighted minor
changes in terms of yield strength (YS) and ultimate tensile strength (UTS) [33], but elongation at
break has been shown to decrease with recycled powder [23,25,34]. All these properties depend on
the attributes of the powder but are also correlated to the L-PBF processing conditions, which can
lead to different results on the parts.

As L-PBF has captured the attention of many industrial sectors such as aerospace, biomedical,
automotive or nuclear, an in-depth understanding of powder recycling and its effects on the final
components properties is necessary for a widespread adoption of the technology. A number of
studies have been carried out on different materials but most of them focus on the comparison of
the virgin condition and a recycled state. The purpose of the present work is to assess both the
powder feedstock degradation and the effect on printed specimens throughout multiple recycling
using standard SS316L as base material. It should be stated that 316L is not considered in view of a
specific application field. Indeed the material is widely used in a number of industrial domains,
including the energy, medical and nuclear sectors, but even though specifications for reuse may
differ from one industrial sector to another, the issue of recycling remains. The evolution of
properties will be followed throughout each printing cycle, with the characterization of both powder
attributes and final parts properties. A detailed investigation is conducted on the recycling of gas-
atomized stainless steel 316L powder and its impact on parts elaborated with optimum process
parameters in L-PBF. Systematic characterization of the powder is carried out by means of laser
granulometry, inert gas fusion, flowmeter funnels, microscopies and X-ray diffraction. Solidified
specimens features such as density, oxygen content, microhardness and tensile properties are
examined after each of the 15 printing cycles performed without addition of fresh powder.



2. Materials and methods

2.1. Material and L-PBF process

Gas-atomized AlSI 316L powder manufactured by Oerlikon Metco Europe GmbH with a particle size
distribution of 20 — 45 um was used for this study. Table 1 shows the average chemical composition
of the virgin stainless steel powder measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES), glow discharge mass spectrometry (GD-MS) and inert gas fusion. The
observed composition fits within the range of the ASTM A240 norm [35] for SS316L, also reported in
Table 1. There is no specification regarding the oxygen content, nevertheless typical values are
usually less than 1000 wppm for gas-atomized products.

Table 1. Chemical composition of the virgin SS316L powder, in wt.%

Element Fe Cr Ni Mn Mo Si C P S N 0]
Powder Bal. 17.5 12.6 1.5 24 0.04 0.02 0.002 0.001 0.07 0.048
ASTM

Bal. 16-1 10-14 <2 2- <0.7 <0. <0.045 <0. - -
A240 a 6-18 10 3 0.75 0.03 <0.045 <0.03

Specimens were produced on a TruPrint series 1000 L-PBF printer (TRUMPF GmbH) with a 200 W
continuous Yb-fiber laser (1064 nm wavelength) and a spot size of 55 um. Fabrication was performed
under argon atmosphere with a residual oxygen concentration inside the build chamber imposed
under 300 ppm. Cubic samples (10 x 10 x 10 mm3) and horizontal cylindrical samples (@ 10 mm x 40
mm) for mechanical tests were built using a layer thickness of 30 um and a laser scanning strategy
with a 67° rotation between layers. Laser parameters were optimized beforehand with a statistical
design of experiments (DOE) on the same virgin powder batch allowing to achieve very low porosity
(>99.9 %). Parts were built with a laser power of 165 W, a scanning speed of 950 mm/s and a hatch
distance of 50 um.

2.2. Powder recycling methodology

Fig. 2 illustrates the approach used to study the impact of SS316L powder recycling on both powder
feedstock and elaborated parts. 15 printing cycles followed this loop, with no addition of virgin
powder during the successive fabrications. After each cycle, powder sieving was performed on the
recovered powder in a Retsch AS 300 vibratory sieving station using a 50 um screen.

Build plates were composed of 6 cubic samples, 3 horizontally built cylindrical specimens (dimensions
just given above) for tensile testing and 4 vertically built cylinders to ensure that the whole powder
set is subjected to machine processing at each iteration. The latter were not tested but were built to
control the height of the fabrications, which was consequently decreased after each powder reuse as
less powder was available after parts solidification, powder sieving and powder sample collection.
Therefore, the percentage of melted volume in the build area increased gradually with recycling,
going from 6 % to 22 %.
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Fig. 2. Chart of the powder recycling methodology

2.3. Powder characterization methods

Optical microscopy (OM, ZEISS Axio Imager 2) and scanning electron microscopy (SEM, JEOL JSM-
7000F) were used to observe particles color and morphology. X-ray energy spectra using energy
dispersive spectroscopy (EDS) allowed to evaluate the surface composition of the particles. After
preparation of powder samples embedded in epoxy and polished down to a 0.04 um colloidal silica
solution finish, electron backscatter diffraction (EBSD) was used to examine the microstructure, grain
size and phase composition. X-ray diffraction (XRD) also helped tracking changes in powder
microstructure with phase analyses obtained with a Bruker D8 Advance spectrometer. XRD data
were collected after scans conducted over an angular range of 20 - 120° using a step size of 0.02°,
with a Cu Ka radiation source under 40 kV voltage and 40 mA current. MAUD (Materials Analysis
Using Diffraction) software was used to perform Rietveld refinement for quantification of phases
[36].

Laser granulometry was used to determine the particle size distributions (PSD), with the
granulometer Horiba Partica LA-950. Three to five measurements of at least 5000 particles were
performed for each condition. Chemical composition was measured by ICP-AES for major elements
and by GD-MS for traces (X7 Series, Thermo Fisher Scientific). Inert gas fusion with Horiba EMGA 820
AC analyzer was performed to obtain the oxygen content of the powders. Three replications were
conducted at each iteration of the study to estimate statistical variations within the powder. The
measurement of powders flowability was conducted using the Carney flowmeter funnel according to
the ASTM B212-17 [37].



2.4. Parts characterization methods

Two methods were implemented to determine L-PBF cubic samples density. First, the Archimedes
method was used [38]. Masses of each cube were measured independently three times in air and
water with the help of an electronic balance with an accuracy of 0.1 mg. All samples were then
analyzed by image analysis of a cross section (parallel to the build direction) after metallographic
preparation, with images captured and assembled over the entire 1 cm? area with OM at a
maghnification of 50X. Quantification of samples porosity was then performed using ImagelJ software.
To investigate the parts microstructure, SEM observations and EBSD were performed on those cross
sections after electrolytic polishing in a 10% oxalic aqueous solution for 30 seconds at 15 V. As for
the powders, the oxygen content of the parts was measured by inert gas fusion with three to five
measurement per condition.

Vickers microhardness (HV) measurements under a load of 1 kg were also conducted on the cubic
samples using Struers DuraScan 70 microhardness tester. For each sample (6 per recycling), 15
measurements were taken in the diagonal of the cross section. To investigate the tensile properties
of the parts produced with recycled powder, tensile specimens were machined from the cylindrical
components. The specimen dimensions presented in Fig. 3 were determined according to the I1SO
6892-1 standards [39]. Three uniaxial tensile tests per fabrication were carried out at room
temperature using MTS Criterion 43 electromechanical test system at a displacement-controlled
loading rate of 1 mm/min.

Fig. 3. Schematic of tensile specimens dimensions (in mm)

3. Results and discussion

3.1. Effect of recycling on powder

Powder morphology, which relates to particles size and shape is known to have a great impact on
powder bed density and thus parts quality in L-PBF [40]. Fig. 4a shows the cumulative volumic
particle size distribution of powders collected after each printing cycle and sieved through a 50 um
mesh. Particles tend to be larger with recycling even if the biggest particles are removed by the
sieving, as some irregular shaped elongated particles can pass through in one direction. Powder
feedstock used in this study does not really contain fine particles (less than 10 um) so the decrease in
fines is not as clear as found by other authors [24] . However, D1o, Dso and Do are nevertheless
slightly increasing throughout multiple recycling (Fig. 4b). The sieving is clearly effective, as shown in
Table 2 with the comparison of average particle size distributions for sieved powders and sieved
residues (SR) after different printing cycles. In addition, it should be noticed that more powder in
fraction was sieved off related to the amount of powder recovered after each cycle, going from 1.4 %
to 4 % of total recovered powder. This is related to the fact that the fraction of melted volume in the



build area used in the successive cycles is increasing. When comparing the mass of SR after each
fabrication according to the corresponding melted volume, the ratio remains stable over the 15
prints (average ratio of 2.1 £ 0.2). This sieving step is useful for removing really large particles, mostly
spatter particles expelled from the melt pool, but also contributes to increasing the average size of
the powder. As mentioned earlier, after ejection of molten metal, these spatters can fall back on the
powder bed in a semi-liquid state causing the aggregation of small powder particles. These
agglomerates are then discarded by the sieving process. Another explanation to the particles size
increase during recycling is that smaller particles are more likely present on the build platform and
solidified. Indeed, during the L-PBF process, particles larger than the layer thickness are preferentially
spread past the build area by the recoater and more are collected for reuse [41].
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Fig. 4. (a) Cumulative particle size distributions and (b) D10, Dsg, Dao of powders of each printing cycle

Table 2. Average particle size distributions for recycled powders and corresponding sieved residues (SR). Numbers in
parentheses are standard deviation.

Powder (Stdev)  Average diameter (um) D1o (um) Dso (um) Dgo (um)

Recycled powder after sieving

R1 32.7(0.5) 23.2(0.1) 31.5(0.3) 44.3 (0.8)
R5 34.2 (0.7) 24.3(0.1) 32.7 (0.4) 45.4 (1.8)
R11 35.3(1.1) 25.3(0.5) 33.8(0.7) 46.8 (2.5)
R15 35.4(0.2) 25.2 (0.3) 33.8(0.3) 47.3(0.4)
Sieved residues (SR)

R1SR 85.5(2.1) 58.5(1.4) 80.1(1.9) 117.8 (4.2)
R5 SR 85.6 (3.4) 58.0 (2.0) 80.3 (3.0) 118.7 (6.4)
R11 SR 91.7 (2.4) 59.7 (0.5) 84.7 (0.7) 132.2 (7.7)
R15 SR 91.5(2.9) 58.4 (1.3) 83.2 (1.6) 135.6 (6.6)

Powder shape is also affected by the L-PBF process and particles tend to be less spherical. Fig. 5 (a)
presents microscopy observations of the virgin powder and the sieved powder after 5, 10 and 15
prints, and Fig. 5 (b) shows back-scattered electron micrographs of the virgin powder and highly
recycled state (R15). More agglomerates and irregularly shaped particles are visible with increase of
powder reuse. A major increase of the number of colored particles (yellow-brown, blue) is also

noticeable.



Fig. 5. (a) Optical images of RO (virgin powder), R5, R10 and R15 powders at 200x magnification; (b) Back-scattered electron
micrographs of RO and R15 powders at 500x magnification

Rheology tests were carried out using Carney funnel to investigate the flow behavior of the powders
after each printing cycle. Fig. 6 shows the evolution of powders flow times throughout recycling. An
improvement of the stainless steel feedstock flowability is clear with multiple powder reuse. This is in
accordance with the decrease of the number of smaller particles, which reduces inter-particles
interactions [42].
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Fig. 6. Flow time of powder after each printing cycle

On top of the PSD shift toward larger values, another explanation to the shorter flow times of
recycled powders despite the decrease of particles sphericity could be the presence of oxides on the
surface of some particles, which can reduce friction and interparticle adhesion [24]. In the present
study, the increase of colored oxidized particles could be the dominant mechanism responsible for
this improved flowability rather than the decrease of fines particles, as the D1 of the virgin powder is
already quite high (>20 um).

Chemical composition analyses were performed on the various powder samples. No significant
difference in terms of chemical composition was found between the virgin and highly recycled
powders, except regarding the oxygen content. Fig. 7 shows the variation of oxygen content in the
SS316L powder with reuse times. The latter gradually increases throughout the 15 iterations, from



474 ppm to 665 ppm. This increase is noticeable but oxygen concentration remains within acceptable
range. In comparison, oxygen contents of SR are stable around 1600 — 1800 ppm.
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Fig. 7. Oxygen content of the powder with recycling

The oxygen pickup can in part be associated to the colored particles observed in Fig. 5. Different
colors correspond to different oxide layer thicknesses and thus to different overall oxygen contents
[43]. It can be assumed that these particles oxidized in the near vicinity of solidified parts, where heat
transfer induces significant temperature increases. There was no size effect regarding the coloration
of these particles. Other kinds of oxygen-affected particles were observed in both recycled and
sieved samples, by OM and SEM. Some particles present oxides nodules on their surface. EDS
mapping shows that those are Mn and Si rich oxides, as shown in Fig 8.

Fig 8. SEM (Secondary Electrons and Backscattered Electrons) images and EDS maps of a partially oxidized particle in the
recycled powder

Similar selective oxidization is found on large spatters (over 100 um) and by different authors who
studied stainless steels ejecta [29—-32]. A tentative explanation was proposed by Simonelli et al.,
based on the fact that Mn and Si are elements with high affinity to oxygen and greater volatility
compared to Fe and Cr, resulting in increased diffusion toward the surface. Partially oxidized particles
were mostly found in the SR. However, , the present findings show that some of them are small
enough to pass through the 50 um sieving mesh and were found even after only one print. The latter
could be vapor-entrained powders, i.e. virgin particles entrained with sufficient momentum from the
surrounding of the melt pool by the vaporization flux to pass through the laser beam, melt fully or
partially, but in all cases are submitted to a high enough temperature to oxidize in flight [44]. OM and



SEM correlations were carried out to observe the visual colors of these nodule-containing ejecta.
Indeed, in the samples collected after numerous prints (10 — 15), most of these ejecta identified and
observed are also colored. However, when inspecting the powder after one printing cycle and
sieving, those particles do not seem to present other colors than the ‘classical grey’ of the virgin
powder. This may mean that they could have partially oxidized in flight during one L-PBF print and
then with powder reuse were heated and colored-oxidized during following fabrications while being
in the HAZ. Fig. 9 shows different partially oxidized particles observed with both OM and SEM in
back-scattered electrons mode. They all have Mn and Si rich oxide nodules, but present different
surface colorations. It is important to mention that most of the colored particles do not present oxide
nodules.

20 pm 20 pm
Fig. 9. OM - SEM micrographs correlation of partially oxidized particles in the recycled powder

Extremely spherical, smooth and bright particles are also noticeable in the recycled powder. These
are magnetic particles, and it was therefore possible to extract them with a standard magnet to
analyze them. Backscattered electrons observations reveal the presence of dark regions on the
surface, which are also richer in O, Mn and Si. EDS point analyses were used as semi-quantitative
analysis to compare the oxides of the two kinds of particles (magnetic and partially oxidized). Oxide
elements concentrations (in weight %) of the magnetic particles are less important (O ~ 17 %, Mn ~
10 % and Si ~ 7 %) than those of the non-magnetic (O ~ 35 %, Mn ~ 25 % and Si ~ 15 %). EBSD
performed on these powders shows that the magnetic particles are fully ferritic and single crystals.
All other particles are austenitic and polycrystalline. Fig. 10a shows optical microcopy of magnetic
particles with as-virgin powder attracted with them on the bottom right. Fig. 10b (taken on a
different set of particles) represents EBSD images of such powders. The three ferritic particles (BCC)
are single crystals of different orientations, and the austenite one (FCC) is polycrystalline.

—— E—
50 pm 50 pm

Fig. 10. (a) Optical microscopy observation of magnetic (spherical-bright) and as-virgin particles; (b) EBSD of magnetic and
as-virgin particles (phase map and inverse pole figure)

According to Korinko and Malene [45], the solidification mode of austenitic stainless steels can be
predicted according to the ratio of chromium equivalence (Creq) and nickel equivalence (Nieg). Several
equations are proposed by different researchers to calculate this ratio, including the WRC-1992 [46]
equivalence equations (Creq = Cr + Mo + 0.7Nb; Nieq = Ni + 35C + 20N + 0.25Cu) that were used with
the chemical compositions of the virgin powder and R15 powder measured by ICP-AES and GD-MS.
With Creq/Nieq of 1.29 and 1.31 respectively, both virgin and highly recycled powders should follow an



AF solidification sequence with primary austenite then ferrite:L - L+y —>L+3d+y—>7y+d—7,
oran Amode: L — L +y — vy. The higher the ratio is, the larger the ferrite forming tendency.
However, such a chemical composition criterion is not adequate to support the formation of fully
ferritic particles in the recycled powders.

Cooling rates can also be expected to have an influence, and it can be suggested that they are high
enough to cause sufficient amount of undercooling to bypass austenite nucleation and form
metastable o ferrite. From qualitative arguments, it can be inferred that at a given cooling flux,
smaller particles will have a higher cooling rate. Conversely, at a given particle size, a higher heat
exchange coefficient will result in a higher cooling rate. It can thus be proposed that the magnetic
particles are particles entrained through the laser beam or melt pool spatter ejected at high velocity,
as suggested by Heiden et al. [29]. Young et al. [47] found that among the different types of spatter
in L-PBF, liquid droplets ejected directly from the melt pool exhibit the smallest sizes and highest
velocities.

XRD was carried out after sieving to investigate the crystal structure of powder samples and perform
phase quantification using Rietveld refinement. A comparison of the XRD patterns for the virgin
powder and highly reused powder (R15) is showed in Fig. 11. Phase quantification highlighted the
increased fraction of &-ferrite phase after the 15 L-PBF prints, going from 0-1 wt.% to 4 wt.%.
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Fig. 11. XRD diffractograms of the virgin (RO) and 15-times recycled (R15) powders

EBSD analyses were also conducted on powders collected after various printing cycles. However, it is
difficult to estimate the proportion of ferritic particles on the sieved samples as these images do not
display numerous particles. The small diameters of the latter make it rather difficult to prepare
samples with many uniformly distributed particles, some particles being expelled during polishing. In
this respect, EBSD of SR were easier to implement due to their larger size. Fig. 12 shows EBSD phase
maps and inverse pole figures of the 15 times recycled powder (R15) and the SR sample collected
after its sieving. It is clear that ferritic particles are more abundant in the SR. Interestingly, magnetic
separation in the SR showed that these smooth and spherical particles are relatively small. Fig. 13
represents an optical microscopy observation of particles extracted from SR with a standard magnet.
The diameter of the smooth particles does not exceed 70-80 um, and a majority is even smaller than
50 um. This size would have theoretically allowed them to pass through the sieve mesh, but their
magnetic attraction must have favored particles clustering and their recovery upon sieving. These
limited diameters are in accordance with the supposition of fast cooling provoking the solidification
of BCC ferrite, and was also reported by Pinto et al. [20].



Fig 13. Optical microscopy observation of magnetic particles extracted from SR with a standard magnet

Fig. 14 summarizes the different kinds of particles encountered in the SS316L recycled powders,
including as-virgin particles, elongated particles and agglomerates, partially oxidized particles,
colored particles, magnetic particles and sieved residues. All the characteristics of the sieve residues
presented in this study show the importance of the sieving stage, which is essential to limit the
degradation of the feedstock during powder reuse in L-PBF.
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Fig. 14. Summary of particles present in the recycled powders

3.2. Effect of recycling on printed parts

In parallel with the characterization of the powders, parts manufactured during this recycling study
were analyzed to follow potential changes regarding their metallurgical attributes, chemical
composition and mechanical properties.

Metallurgical characterization of printed parts was performed with density and microstructure
measurements. Fig. 15 represents the evolution of the cubic parts density measured by Archimedes
method and metallographic observation. Archimedes density is rather stable during 5-6 printing
cycles then decreases as powder reuse is pursued. On the other hand, image analyses of samples
cross sections present very few porosities and remain constant over the 15 fabrications. However,
this method assesses the components density on surface observations, which might not be
representative of the whole part. Differences are not necessarily noticeable, especially when
densities are really high and variations are minor. A first explanation to account for such a decrease is
that surface oxidation present on recycled particles can increase the absorption of laser irradiation
resulting in increased recoil pressure and surface tension variations [10]. This can cause more liquid
metal to leak out as spatters, which can also create inclusions and pores when falling back on the
parts. Another potential explanation for the observed density decrease of solidified samples density
could be related to PSD increase. Larger particles need more energy to be melted and similar L-PBF
processing conditions may lead to voids and inclusions. However, in view of the very limited size
increases observed (see Fig. 4) such a mechanism does not appear as very likely.



100.00 —5—

[ ] { ® L $ & ¥
99.75 1 %
X
99.50 I x
£ 99.25 ;|; %
2 99,00
7]
&
a 98.754
98.50 1
98.254 @ Metallographic abservation %
X Archimedes % 1
98.00

RO RL R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14
Recycling

Fig. 15. Parts density measured by Archimedes method and metallographic observation in function of recycling

The microstructure of the cubic samples was observed by OM and SEM. Typical L-PBF microstructure
is found with large colomnar grains, traces of melt pool boundaries and cellular network structures
[48]. Grains are elongated and aligned with the building direction (parallel to z axis), extending across
several melt pools. Fig. 16 provides EBSD grain maps in xz plane of cubic parts printed with virgin
powder (R0), 7-times recycled (R7) and 14-times recycled (R14) powders. Grains are determined
using a boundary misorientation angle of 5° on Quantax ESPRIT 2.0 Brukker software.

Fig. 16. ESBD grain maps of cross sections in building direction (BD) of RO, R7 and R14 cubic samples

It is apparent that the grains become more numerous and finer for parts manufactured with reused
powders. Grain size and shape analyses confirms this visual impression, with the values of grains
number, median size and average size corresponding to the three EBSD maps reported in Table 3.
Grain sizes are calculated reported to the surface.

Table 3. Grains number, median and average sizes in EBSD maps of RO, R7 and R14 parts

Recycling Grains number Median size (um) Average size (um) S.tar.1dard
deviation (um)
RO 1157 97.9 108.5 65.6
R7 1369 85.4 99.5 66.9
R14 1680 72.5 80.5 49.4

These changes in grains number and size could be explained by the increase in oxygen content in the
recycled powders. It is expected in L-PBF printed parts that fairly uniform distribution of nano-oxides
are found throughout the build, due to L-PBF processing conditions and oxygen from the powder
[49]. Inclusions were found to be rich in O, Cr, and Si or O, Mn, N, Si and Al in the case of austenitic
stainless steels by different authors [46][47]. Those inclusions may influence the microstructure of



the solidified samples in two possible ways. The oxides could act as nucleating sites for grain
germination which promotes grain refinement [51]; and/or they could contribute to pinning of the
grain boundaries and inhibit grain growth [52]. On the other hand, it can be recalled that the same
process parameters were used for all fabrications, therefore the refinement cannot be attributed to
a change in cooling rate. In addition, nucleant particles (e.g. ferrite) could be expected to impact
grain size but none was ever observed in the elaborated parts.

Oxygen content was also measured by inert gas fusion on the solidified parts. Fig. 17 represents the
oxygen concentrations in wppm of parts from the 15 L-PBF prints. As for the powders, there is a

gradual increase throughout the powder reuse cycles. Both initial and final conditions remain lower
in oxygen content than the powders, but the rise is still around 150 wppm over the 15 fabrications.
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Fig. 17. Oxygen content in the printed parts with recycling

Mechanical properties of the parts were investigated. Microhardness tests showed no significant
difference between the different reuse conditions (Fig. 18). The values are steady around 212 HV,
with a standard deviation of 8 HV. The same trend is observed for the uniaxial tensile tests (Fig. 19).
Yield strength (YS), ultimate tensile strength (UTS) and elongation at break remain stable with the
increase of feedstock reuse, with satisfactory values of YS around 580 MPa, UTS around 670 MPa and
ductility of 40 %, with standard deviations of 9 MPa, 8 MPa and 5 % respectively. These values
compare favorably to mechanical properties of L-PBF processed SS316L given in the literature [5],
and are well above the minimum UTS, YS and elongation requirements of 515 MPa, 205 MPa and
30% respectively specified in the ASTM F3184 norm [53]. As a matter of fact, such results a posteriori
validate the choices made regarding the processing parameters.
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Fig. 18. Vickers microhardness of the printed parts with recycling



~
=]
=]

o
~
v

[ ] -
s} L4 ° i ®
650
56254
=
= 600
3 % i x
‘;,5,575-% X z % X
550
525{ @ UTS
X s
s—_
RO Rl R2 R3 R4 R5 R6 R7 R8 R9 R10 R1l R12 R13 R14

Recycling

Elongation (%)

50

401

30

20 1

10 1

(b)

RO Rl R2 R3 R4 R5 R6 R7 R8 RO RIO0 R11 RI2 R13 R14
Recycling

Fig. 19. (a) Ultimate tensile strength, yield strength, and (b) Elongation at break of printed parts with recycling

There is therefore no significant difference in mechanical strength, ductility and microhardness
despite the grain refinement observed previously. It can be assumed that the large and elongated
grains are not the major contribution to the tensile properties of the L-PBF parts, as it was claimed by
Leicht et al. [54] and Wang et al. [4]. They assumed that variations of mechanical strength are mainly
due to the fine cellular structure inside the grains. The cellular networks of the cubic samples were
observed by SEM. However, the large variation of cell sizes within a cross section do not enable to
determine average sizes and trends regarding the different prints.



4. Conclusions

In this study, gas-atomized 316L stainless steel powder was recycled 15 times in a standard L-PBF
process. A thorough investigation of powder and parts properties was conducted after each printing
cycle. The following conclusions can be drawn from this work:

e Powders show a slight increase in particle size with recycling, with the presence of irregular
shaped particles in the feedstock even after sieving using a 50 um mesh.

e Recycled powders exhibit an improved flowability, mainly due to an increased presence of
particles with surface oxidation.

e The oxygen content of both powder and printed parts gradually increases with reuse time,
from 475 to 675 wppm and 405 to 545 wppm respectively after 15 builds. No other
significant changes are found in recycled powder chemical composition.

e Partially oxidized spatter particles with Mn and Si rich oxide nodules are present in recycled
powders even after the sieving process. The latter could be vapor-entrained particles that
oxidized in flight. A major increase of colored particles (yellow-brown, blue) is also noticeable
after several reuses, due to their presence in heat-affected zones near the vicinity of
solidified parts.

e Asignificant amount of &-ferrite (4 wt.%) is found in the 15-times recycled powder after
sieving, compared to the almost fully austenitic virgin powder (0-1 wt.% of BCC ferrite). Also
present in great amount in the sieve residues due to magnetic interactions and clustering,
these highly spherical particles do not exceed 70-80 um and solidify under supercooling
condition in single crystal ferrite.

e The sieving process is crucial to limit powder degradation and L-PBF process alteration with
powder reuse, as it discards large agglomerates and magnetic particles with high oxygen
content (around 1800 wppm). However, it does not remove all altered particles as presented
above, which can alter future fabrications.

e Parts density remain rather stable during 5-6 fabrications then decreases progressively.

e Parts microstructure highlight grain refinements over the L-PBF prints, with more numerous
and finer grains possibly coming from oxide inclusions acting as nucleation sites or
contributing to the pinning of the grain boundaries.

e There is no significant difference in samples microhardness and tensile properties with
powder recycling. SS136L powder can thus be used up to 15 times with the L-PBF process
without significantly compromising mechanical properties of elaborated specimens.

The results from this study show that SS316L powder is altered during the L-PBF process and its
multiple reuse leads to changes in particles morphology, composition and crystallographic phases,
although the sieving process between each fabrication strongly contributes to the limitation of these
variations. Tensile properties and microhardness remain satisfactory, but changes in parts density
and microstructure are significant. A third method, X-ray tomography, will be assessed in the future
to compare and validate the porosity measurements performed by metallographic observations and
the Archimedes method. Further investigations should explore the grains modifications in recycled
part and the potential of grain refinement with oxidized powders. Moreover, additional mechanical
properties such as fatigue and impact toughness analyses should be implemented regarding the
evolution of parts density and oxygen content observed in this study. In addition to conventional
vibrating sieving, a step of magnetic separation could be added between reuse cycles in order to
counteract the tendency for ferrite particles accumulation. Finally, it would be interesting to
investigate L-PBF process related variables that could have an impact on powder degradation, as the



influence of parts spacing or shield gas protection. This could expand the understanding of powder
recycling, limit powder alteration phenomena and therefore increase material yield in L-PBF.
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