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Abstract

Powder reuse is essential in laser powder bed fusion (L-PBF) to limit material waste and improve the
process sustainability. However, complex laser-material interactions result in an inevitable alteration
of the attributes of the recovered powder at the end of the fabrications. Powder degradation is
influenced by numerous factors including the processing parameters but also the build topology. In
this work, various build characteristics were studied to develop a better understanding of the effects
on powder degradation, with the aim of minimizing it. L-PBF prints with different melted volume
fractions, part spacings and fabrication heights were conducted using stainless steel 316L (SS316L)
material. Powders recovered on the build platform, as well as in zones of interest directly adjacent to
solidified areas were characterized to investigate the changes in particles characteristics, with special
regards to powder oxidation. In combination with these geometrical features, the effect of the
oxygen concentration in the build chamber was also studied. The results allow to identify the relation
between the oxygen content of recovered powder and the volume fraction of printed parts. It also
highlights the presence of heat-affected zones in the near vicinity of the parts with a strong oxygen
pick-up in a 500 um wide zone around the consolidated material. The results also show the
significance of the oxygen concentration in the process atmosphere, with a less severe oxidation and
fewer ejecta in the powder recovered after printing under 300 wppm O, compared to 1000 wppm
02.
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1. Introduction

Laser powder bed fusion (L-PBF) is one of the most mature metal additive manufacturing (AM)
technology and is already used industrially in several sectors such as aerospace, healthcare,
automotive or energy [1,2]. This success is attributed to the almost unlimited design possibilities
offered by the process, combined with resulting excellent mechanical properties of the printed parts
[3,4]. However, costs remain too high for markets with high-volume productions, due to relatively
small build volumes, quite slow build rates, and high powder material costs [5—7]. During the process,
only a small fraction of the powder bed is generally consolidated as parts. Powder reuse after each
printing (also sometimes referred to somewhat improperly as powder recycling) is thus essential for
the process sustainability and reliability. A number of recycling studies have been detailed in the
literature, dealing with various materials such as titanium alloys [8—11], aluminum alloys [11-13],
nickel alloys [11,14-16] or stainless steels [17-22]. All these studies showed that the powder
recovered at the end of a manufacturing cycle is inevitably degraded, and the phenomena are
amplified by repeated powder reuse. The most significant and recurring alteration of powder
attributes concerns its oxygen concentration, which gradually increases with powder recycling. This
can result in various consequences for the printed parts properties, such as a density decrease, an
increase of their oxygen content as well, or even an alteration of the mechanical properties
[8,9,20,21,23].

The alteration of recovered powder is globally related to the exposition to a high temperature
environment during the L-PBF process, due to different phenomena occurring in connection to the
interaction between the laser beam and the material. First, during laser scanning and powder
melting, considerable amounts of material ejection are observed, commonly referred to as spatters,
which are dispersed and can fall back on the powder bed area. Major efforts have been made to
study and understand the mechanisms of spatter generation in L-PBF, e.g. by means of coupled in-
situ imaging and modelling [24—29]. Spatter can be ejected directly from the melt pool, driven by
recoil pressure associated to the evaporation of some alloying elements. In addition, Marangoni
convection due to surface tension variations in the melt pool can also lead to liquid flow instabilities
and ejecta. A second mechanism of spattering has been demonstrated by Matthews et al. [30] and Ly
et al. [31], namely the entrainment of powder particles in proximity of the melt pool by the metal
vapor flow, creating local denudation zones [32,33]. The vapor-entrained particles can be
subcategorized into hot spatters and cold spatters, depending on whether the particles are carried
into or near the laser beam and heated, or whether they travel without passing through the beam
[31]. The chamber atmosphere is filled with a protective gas such as argon or nitrogen, however
significant amounts of residual oxygen remain, that allow spatter particles oxidation at the high
temperatures encountered during the process. Numerous factors also directly affect the generation
and oxidation of spatters in L-PBF, such as the laser beam power, diameter and scanning speed, the
type of material, or the build chamber environment and protective gas [27,34—-37]. For example, it
was observed by Taheri et al. [38] that a decrease of the laser power or an increase of the scanning
speed can reduce spatter formation. However, in any case, spatter generation cannot be totally
avoided, and adequate processing conditions to produce dense materials are needed. As such, an
insufficient input energy even though it may be favorable from the spatters standpoint, can not be
accepted as it leads to defects such as lack-of-fusion pores. The characteristics of spatter particles
have been widely explored, and the latter generally feature a selective oxidation on their surface,
with the presence of oxide nodules composed of elements with great affinity to oxygen [39-43]. The
residual oxygen concentration in the build chamber can influence the severity of oxidation of
spatters. Raza et al. [44] found that reducing the oxygen concentration during the L-PBF process
enables to lower the oxygen content found in Inconel718 hot spatters.



In addition to the degradation of recovered powder due to spatters contamination, a second group
of altered particles can be distinguished, consisting of unmelted particles present in the Heat-
Affected Zones (HAZ) in the vicinity of the solidified parts [17,21]. These particles are close enough to
the heat source and can therefore be subjected to modifications, with cycling heating of the parts
with successive laser scanning. The severity of particles oxidation in the HAZ is mainly influenced by
the type of alloy, the residual oxygen concentration in the build chamber and the laser scanning
speed, resulting in various oxide thicknesses and observable particles of different colors [21].

A schematization of the L-PBF process, with illustrations of the main phenomena occurring during
laser-material interaction is shown in Fig. 1. The two categories of altered particles (spatters and
particles in the HAZ), as well as the two subcategories of spatters (melt pool spatters and vapor-
entrained particles) are indicated in the side view schematic.

Side view Laser beam — Scanning direction
A. SPATTERS r [ gecsscsscnscisencnscnsnnnnng
. | ” -
H H L :
H H Hot H
: e o .+ A2.PARTICLES
Al. MELT POOL: .% : - i ENTRAINEMENT
SPATTERS : HLS \ :
H Recoil o -
B. HEAT-AFFECTED ZONES Al T, e
possssscssssssssnsse . I ‘ Rananscsssssagsscs gasnaen g ' B
solidfication = s dgfdl s
Powder
Laser reflection
: Thermal fluid
: Previous layers convection (Marangoni)
Laser unit Scanner system
ﬂ HAZ Laser beam Front view
Scanning ‘

direction ©

Heat affected powder Melt pool
; Powder

nudation :
one

Previously scanned tracks Marangoni )
convection Previous layers

Fig. 1. Schematic illustration of laser-material interactions in L-PBF process showing the different categories of altered
particles found in recycled powders (adapted from [31] and [45]).

It thus appears that in all cases, powder oxidation depends on the environment conditions, i.e.
temperature, exposure time and atmosphere composition and that the topology of the build (printed
parts volume fraction and positioning) will inevitably affect the quantity of altered material [46].
Indeed, the parts geometrical characteristics can make a significant difference in the reusability of
the powder and need to be further explored [46]. For instance, the melted volume is related to the
amount of material exposed to the laser beam and thus to the associated by-products and heat
affected zones. Components nesting during L-PBF, with part spacing often minimized for optimum
build volume utilization, are parameters that will also influence powder degradation. The existing
recycling studies did focus on overall powder degradation, but mostly with fixed processing
conditions and build geometries. A better understanding of the influence of build characteristics and
processing parameters on powder degradation would allow to strongly minimize its alteration and
thus to improve the sustainability of powder reuse.

To bring further insights in the mechanisms and the influential factors leading to powder degradation
[12], the present work has for objective to assess the effects of build topology and chamber oxygen
content on the degradation of recovered powder in L-PBF. To the authors knowledge, only a few
studies focused on the effects of the printed parts geometries [47,48]. Kriewall et al. [47] studied



different area fraction and part spacing and found changes in terms of particle size distribution,
phase fraction and amount of powder sieved off, but did not investigate the oxygen contents. Galicki
et al. [48] found that the oxygen content in recovered powder was dependent of the relative position
to the melt zones. More precisely, our objective is thus to study the effect of parts volume fraction
and spacing, fabrication height, i.e. the duration of the process, and of the chamber oxygen
concentration on the recovered powder. For this purpose, numerous L-PBF fabrications are
conducted using standard stainless steel 316L material (S5316L) and manufacturing parts of various
volumes, spacings and heights. In addition, all fabrications are produced twice, with a fairly high but
commonly used residual oxygen content of 1000 ppm (in weight) in the build chamber, and a more
limited one of 300 ppm O,. Powder recovered on the build platform after the prints, as well as in
zones of interest directly adjacent to melt areas is characterized to investigate the changes in
particles attributes, with special regards to powder oxidation.

2. Materials and methods

2.1. Material and L-PBF process

A gas-atomized AlSI 316L powder supplied by Oerlikon Metco Europe GmbH was used in this study.
Standard chemical composition of the powder, provided by the supplier and confirmed by chemical
analyses using inductively coupled plasma atomic emission spectrometry, glow discharge mass
spectrometry and inert gas fusion, is listed in Table 1. This commercial powder presents a particle
size distribution in the range of 20 — 45 um, with a rather spherical shape (see Fig. 2), that can be
considered standard for L-PBF implementation.

Table 1. Chemical composition of the SS316L powder provided by Oerlikon Metco, in wt.%.

Element Fe Cr Ni Mn Mo Si N C P S (0]

wt% Bal. 175 126 15 2.4 0.04 007 0.02 0.002 0.001 0.048

Fig. 2. SEM micrographs (SE and BSE images) of the virgin SS316L powder used in the present study.

Parts were produced by L-PBF with a TruPrint series 1000 machine from TRUMPF GmbH. The printer
is equipped with a 1070 nm fiber laser with a maximal power of 200 W and a spot diameter of 55
um. Optimized processing parameters leading to high-density specimens (> 99.9 %) were employed,
with a laser power of 165 W, a scanning speed of 950 mm/s, a hatch distance of 50 um and a layer
thickness of 30 um [21]. High-purity argon (Argon 5.7) shielding gas with a controlled laminar flow
rate of 3 m/s over the build platform generates a protective atmosphere during fabrication. An



oxygen concentration limit is specified by the operator, with a strategy consisting in a reintroduction
of inert gas to the system if the detected oxygen level exceeds the target.

2.2. Powder degradation study methodology

The different factors investigated in this study of powder degradation are schematized in Fig. 3. Four
melted volume fractions were studied, with the elaboration of cubic specimens inside square walls,
accounting for a volume (and surface) fraction of 10 %, 25 %, 50 % and 75%. The square walls were
printed to facilitate volume calculations and especially the recovery of the powder in the area at the
end of the fabrication. The influence of parts spacing and height was explored with the
manufacturing of walls of fixed width (10 mm) separated by grooves of different spacing: S0.5, S1, S2,
S3, 515 and S30, the values being expressed in mm. In addition, three different heights of 10 mm, 25
mm and 50 mm (referred to as H10, H25 and H50 in the following) were elaborated for each spacing.
The powder within each groove was collected separately for local characterization. Finally, as
mentioned in the introduction, two different oxygen concentrations inside the build chamber were
tested for each condition previously described. The prints were carried out first with a maximum
requirement for residual oxygen content of 300 ppm, and replicated with an O; target of 1000 ppm,
all oxygen content values being expressed in weight.

Melted Volume Spacing & Height

Build
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* 300 ppm

+ 1000 ppm
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Fig. 3. Chart of the powder degradation study methodology.

2.3. Characterization methods

The powder samples recovered for each condition (inside the square walls for the melted volume
study and inside each groove for the spacing and height study) were sieved using a 50 um screenin a
Retsch AS 300 vibratory sieving station. Powder oxygen content was measured by inert gas fusion,
using an Horiba EMGA 820 AC analyzer. For each sample, three to five repeatability measurements
were conducted. Particles color and morphology were observed by means of optical microscopy
(OM) on a ZEISS Axio Imager 2 instrument, and scanning electron microscopy (SEM) on a JEOL JSM-
7000 F with a field-emission gun. For a semi-quantitative evaluation of the surface composition of
the particles, X-ray energy dispersive spectroscopy (EDS) was employed. As for phase identification,
X-ray diffraction (XRD) analysis was carried out using a Bruker D8 Advance spectrometer with Cu Ka
radiation source under 40kV voltage, 40 mA current, over an angular range of 40-120° with a 0.02°
step size. Particle size distribution was determined by laser granulometry using a Horiba Partica LA-
950 granulometer, with five measurements of at least 5000 particles per condition. In addition to



the characterization of the powder, a limited characterization of printed parts characterization has
been performed, with the evaluation of the roughness of the elaborated surfaces according to
different parts spacing and height. To this end, 3D optical profilometry was conducted, using a Bruker
ContourGT-K optical profiler, with three area-based measurements per condition on 1255 pm x 941
um surfaces.

3. Results and discussion

3.1. Effect of parts volume fraction and chamber oxygen concentration

The oxygen content of the recovered powder as a function of the melted volume fraction in the L-
PBF print is displayed in Fig. 4. The two conditions of build chamber oxygen concentration are
represented with the blue (300 ppm O;) and red (1000 ppm O,) series, the dotted lines indicating the
linear trendlines of the two series are shown as guide to the eyes. Regardless of the oxygen
concentration in the build chamber, the powder recovered at the end of the fabrication present a
significantly higher oxygen content when a larger volume has been solidified as parts. A second
observation is that for all conditions of parts volume fraction, recovered powder oxygen content is
higher when the prints were conducted with a residual oxygen concentration of 1000 ppm in the
process chamber, compared to those carried out with a maximum oxygen level of 300 ppm. As a
reminder, the virgin powder presents an oxygen content value around 475 ppm.
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Fig. 4. Oxygen content of the recovered powder as a function of the melted volume fraction in the print and chamber oxygen
concentration.

Observations by SEM reveal that greater amounts of oxidized particles with surface dark spots were
found in the powder samples coming from the prints with 75% of melted volume (V75, see Fig. 5 (a)).
EDS mapping in Fig. 5 (b) and point analysis shows that these dark spots are oxides nodules rich in
Mn and Si on their surface, likely coming from the high-temperature oxidation of such spatter
particles in L-PBF [21]. This oxide composition was found to be similar in all tested conditions. No
differences appear observable on these images as a function of the oxygen concentration in the build
chamber, nor on optical microscopy observations. However, the latter showed an increase of the
number of uniformly colored particles with increased melted volume fraction. These observations
are not unexpected with this change in parts geometry. Indeed, an increase in part volume results in



longer laser scan distances and, consequently, a greater amount of material ejection. In addition, the
perimeters of the parts are also longer, leading to larger HAZ.
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Fig. 5. (a) BSE micrographs of V10 and V75 powders from fabrications with a chamber oxygen concentration of 300 ppm and
1000 ppm. White circles highlight particles with surface oxide nodules. (b) EDS maps of a partially oxidized particle with
selective surface oxidation.

Sieved residues (SR) were analyzed to obtain more information about this oxygen difference in the
recovered powders from different conditions of processing chamber atmosphere. Fig. 6 presents the
mass fraction of powder discarded by the sieving step compared to the total amount of powder
recovered at the end of the L-PBF process, as a function of the part volume fraction in the print and
the chamber oxygen level during the process. It can be seen that the higher the volume of material is
consolidated as parts, the higher the mass fraction of large particles in the recovered powder. In
addition, all the observed fractions of SR in the powder samples are more important for the prints
conducted with the highest chamber oxygen concentration of 1000 ppm. This shows that for any
print job in L-PBF, more agglomerates and large particles are produced if the oxygen level target in
the build chamber is higher. The same phenomenon was observed in the literature for titanium [49]
and nickel alloys [40]. Oxygen is known to influence the process, the morphology of the tracks, the
surface tension of the melt pool, and the spattering effect [35,50-52].

Fig. 7 shows SEM images of the SR of V10 powders from L-PBF processing with chamber oxygen
levels of 300 ppm (in blue) and 1000 ppm (in red). It is noticeable that a more severe oxidation is
present for the 1000 ppm sample. Oxide nodules are more numerous and more coalesced, covering
larger surfaces on the particles. This observation is confirmed by oxygen contents measurements,
with global values of 1325 and 1072 wppm for the chamber atmosphere conditions of respectively
1000 ppm and 300 ppm of residual oxygen.

It can be expected that the observed phenomena also occur for smaller spatter particles that pass
through the sieving mesh. Among those, hot spatters, that are known to be found in the higher
amounts [31], could also be presenting larger and most numerous oxide nodules. A more severe
oxidation might also apply to particles in the HAZ subjected to solid-state oxidation. This, combined
with a greater number of ejecta generated under a higher partial pressure of oxygen in the L-PBF



system, allows to qualitatively explain the differences in recovered powder oxygen content measured
by inert gas fusion.
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Fig. 6. Fraction of sieved residues in the recovered powder (wt.%) as a function of the melted volume fraction in the print and
chamber oxygen concentration.
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Fig. 7. BSE micrographs of sieved residues of V10 powders (V10 SR) form the prints conducted with a chamber oxygen
concentration of 300 ppm and 1000 ppm.

The SEM micrographs presented in Fig. 5 provides information about the presence of partially
oxidized particles, but also on the particles size. In these images, it appears that the particles tend to
be smaller and more numerous for both conditions of V10 samples, compared to the V75 powders.
Laser granulometry was performed on all 8 sieved samples to assess the potential size changes in the
powders recovered at the end of the prints with various parts volume fractions. The obtained particle
size distributions (PSD) characteristics values of Dig, Dso and Do are displayed in Fig. 8. Although size
variations between all conditions are minor, trends can nevertheless be observed. Slight increases of
the characteristic size values are found when the melted volume in the build is more important, with
more significant variations for the Dgo values especially. The values of the 1000 ppm oxygen series
are marginally higher than those of the 300 ppm series. Let us recall that the previous results showed
that more sieved residues and spatters were observed for larger fractions of consolidated material,
and for the prints conducted with the highest chamber oxygen concentration. Even though the large
ejecta are discarded by the sieving, some can be smaller than the mesh size but still larger the virgin
powder, or can be larger but elongated allowing them if they are favorably oriented to pass through.



Vapor-entrained particles can also be exposed to the laser beam totally or partially and merge with
each other, or small particles can attach to spatters as satellites, which increases the particle size. An
additional factor could be the really large ejecta that fall down on powder bed areas in semi-liquid
state creating large agglomerates with the sintering of small ‘as-virgin’ particles, which are then
removed by the sieve, thus reducing the number of fine particles and shifting the PSD towards larger
values. It is likely that the observations of these size trends after one powder recovery would be
accentuated by successive reuse of the powder in L-PBF.
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Fig. 8. Particle size distributions D1o, Dso, and Dgp of the recovered powders collected from L-PBF prints of different melted
volume fractions and conducted with 300 ppm and 100 ppm of oxygen in the build chamber.

XRD was performed on all samples to investigate the crystal structure of the recovered powders. No
differences were found in the diffractograms with respect to either the different part volumes or the
chamber oxygen concentrations. Only austenitic peaks are present, with no discernible &-ferrite peak
allowing a Rietveld refinement for phase proportions calculation. This result is not in line with our
previous work on the topic, where ferritic fractions up to 4 wt.% had been observed. However, in this
previous work, those 4% were observed after 15 reuse cycles, so it is likely that after only one cycle
ferrite would not be present in amounts detectable by DRX. The absence of ferrite is also a priori not
consistent with the results of Kriewall et al. [47], who found an increase in ferritic particles with
larger melted volumes of stainless steel 304L and over three iterations of recycling. However, in their
study, XRD analysis was carried out before powder sieving. This could explain the difference
compared to the present results. Magnetic particles were still identified in the different powder
samples, but were mostly found in abundance in the sieved residues due to their magnetic
attraction.

3.2. Effect of part spacing, height and chamber oxygen concentration

Unmelted powder collected inside each groove of different spacing between consolidated walls was
sieved and analyzed in terms of oxygen content. The obtained results are shown in Fig. 9 as a
function of the six different space distances between solidified parts, with three different part
heights. The blue data points correspond to powders recovered from L-PBF prints carried out with
300 ppm of residual oxygen in the processing chamber, and the red data points represent powders



recovered after processing performed with 1000 ppm of oxygen. The oxygen content of the powder
is seen to increase when the part spacing is reduced. It must be noted that the x-axis shows the
different spacings as categories and not in a linear format. Therefore, the increase of oxygen is
actually very progressive until a 1 mm spacing, then quite abrupt with a spacing reduction to 500 pum.
The pickup is about the same amount between 1 and 0.5 mm of part spacing than between 30 mm
and 1 mm, around 30 wppm. This shows that powder oxidation is strongly related to the particles
oxidized in the HAZ close to the printed parts, and not only by spatter particles. Another important
observation is that a 30 mm spacing between printed parts greatly limits powder degradation, with
oxygen content values relatively close to the one of the virgin powder (474 wppm), when the oxygen
concentration in the chamber during manufacturing is 300 ppm. The recovered powders oxygen
contents are systematically higher after build jobs conducted with 1000 ppm of oxygen in the
chamber. As for the melted volume study in the previous section, a higher oxygen partial pressure
during L-PBF might promote the oxidation of particles at high temperatures, with thicker oxide layer
or larger oxide nodules, resulting in higher overall oxygen contents. Regarding the influence of parts
height, it can be observed that fore large spacings (S15 and S30), higher parts lead to higher oxygen
contents. This effect is still relatively present for distances of 3 mm and 2 mm between consolidated
parts. For even smaller spacings, parts height no longer has any impact, with the oxygen pickup being
governed by such narrow spacings and reaching a plateau. Parts height is directly related to build
time. As an indication, fabrications with 10 mm, 25 mm and 50 mm high parts (supports not
included) lasted 10 h, 23 h and 43 h respectively (supports included). A longer printing time results in
a longer exposition of a number of particles to high temperatures. Indeed, it has been shown by
Yavari et al. [53] that the surface temperature of the parts gradually increases through the
superposition of scanned layers in the L-PBF process. The longer times at high temperatures,
combined with gradually higher temperatures during the process with repeated laser scanning must
have led to thicker oxide layer growths and thus higher overall measured oxygen contents.
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Fig. 9. Oxygen content of the recovered powder as a function of the parts spacing, fabrication height and chamber oxygen
concentration.

Optical microscopy was carried out to analyze the colors of the particles in the different grooves. The
influence of part spacing is highlighted in Fig. 10, with S0.5, S1, S3 and S30 powder samples with the
two conditions of chamber oxygen level. Numerous colored particles are noticeable for the smallest
spacing, with yellow/orange, purple and blue particles. An increase of the spacing leads to a smaller



number of colored particles among the recovered powder. Oxidation seems more pronounced for
the 1000 ppm O; series in terms of both the number of colored particles but also the shade of the
colors. Increased oxidation of stainless steel leads to various colorings according to the following
sequence: pale yellow, dark yellow, brown, purple brown, purple, blue, dark blue [54]. It appears that
“lighter” colors are visible for the powders after processing under 300 ppm of oxygen. However,
highly oxidized blue particles are still present for the samples with this condition. In any case, the
samples did not show only one type of color in addition to the grey virgin particles, but almost all
oxidation states. Observations for the different parts heights did not evidence significant change
towards specific colors either, although as mentioned earlier build height variations result in longer
or shorter exposure times to high temperature for the powders present in the HAZ. An increase of
parts height from 10 mm to 25 mm and 50 mm shows a slight increase in the number of colored
particles, which is in accordance with the measurements of oxygen content by inert gas fusion.

Part spacing

300 ppm O,

1000 ppm O,

Fig. 10. Optical images of recovered powders from S0.5, S1, S3 and S30 spacings from fabrications of 10 mm high (H10),
conducted with a chamber oxygen concentration of 300 ppm and 1000 ppm.

SEM observations were carried out as well on the powder samples. Surprisingly regarding the low
probabilities of spatter fallout in the very small spacing grooves (S0.5, S1), the latter present a large
number of ejecta compared to powders recovered in larger spacings (53 and above). However, these
observations do not allow to conclude about the distribution of the spatters redeposition, because of
the various directions followed by the laser. Zigzag scanning, rotations between layers can lead to
spatter ejection in about every direction. In addition, other factors such as the gas flow are known to
influence spatter redeposit [55,56].

As for the analysis of the effects of melted volume fraction in section 3.1, XRD was conducted on the
powder sample from the spacing experiments and did not show any significant difference in
crystallographic phases. It is assumed that the magnetic particles are small spatter particles that
were ejected from the melt pool at high speed, or vapor-entrained particles with high velocities
leading to fast cooling rates and this resulting different solidification [18,21,42]. The small powder
bed spacings do not have a high probability of ejecta fallout, and therefore of significant increase in
ferritic content with this local characterization of powder samples in each groove.



Preliminary parts characterization was performed with measurements of average areal surface
roughness Sa (in um). Fig. 11 (a) presents the results of the analyses conducted on the side surfaces
of 50 mm high parts printed with 1000 ppm of O, for four different spacings (S1, S3, S15 and S30).
Three different height zones were evaluated per spacing, with height A located approximately 10 mm
above the substrate, height B in the middle of the part around 25 mm high, and height C close to the
top surface at about 45 mm high. It can be seen that the location measurement along the part height
strongly influences the surface roughness. For each spacing, roughness values are gradually larger
with increasing height. The mean Sa of zones A are the smaller ones, and the values are increased by
18 % in zone B, while zone C measurements are increased by 32 % in average compared to the values
of zone A, that increase representing around 7 um independently of spacing. In addition to
fabrication height, part spacing has also a significant impact on absolute roughness values. The
maximum roughness is observed for the smallest spacing tested (1 mm), and an increase of space
distance reduces the roughness. As for the results of oxygen content as a function of the part
spacing, the increase in surface roughness is again far from gradual when observed on a linear scale
axis. The rise of Sa is rather progressive from 30 mm to 3 mm, with a gain of about 3 um averaged
over the three heights, then is quite abrupt with a similar increase with only a reduction of part
spacing by 2 mm (to S1). Analysis of the local side surface relief maps of each condition was carried
out. Fig. 11 (b) shows the outcomes for the S1 and S30 spacings and the three height zones. This
reveals that the increase in roughness along the height is mainly due to the sintering of more
particles and potentially larger ones to the side surface. It can be assumed that the overall increase
of part temperature with repeated laser scanning allows the sintering of more numerous particles
surrounding the part during melting and solidification. Spatter can also fall back in all conditions such
as semi-liquid state, but also in a cold state [31] and sinter to the surface because of that part
elevated temperature. At the beginning of the process where the heat sink effect of the substrate
plate is expected to be stronger, relatively lower temperatures might not have provoked this
sintering phenomenon.
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Fig. 11. (a) Roughness of the printed parts side surface as a function of part spacing and height; (b) Surface height maps of
S1 and S30 side surfaces for the three height zones.

4. Conclusions

In this study, the effects of several L-PBF process and build parameters on powder degradation were
evaluated, with the purpose of minimizing feedstock alteration during its reuse. Numerous prints



were conducted to investigate the impact of different melted volume fractions in the prints, part
spacings, fabrication heights and build chamber oxygen concentration on the powder to be reused.
The main findings are summarized as follows:

e The solidification of larger volumes as parts during L-PBF processing leads to an increase of
the fraction of sieved material in relation to the total amount of recovered powder on the
build platform at the end of the manufacturing.

e After sieving, the oxygen content of the recovered powder increases gradually with the
melted volume fraction in the print. Slightly more numerous colored particles are observed
with larger solidified areas, likely resulting from longer perimeters on the surface of each
layer, i.e. larger heat-affected zones. More spatters with selective oxidation of Mn and Si are
also present after sieving, because of the greater distances covered by the laser beam and
complex interactions with the powder resulting in more material ejecta.

e Recovered powder shows a slight increase in particle size with larger consolidated volumes.

e Areduction of part spacing results in a local elevation of the oxygen content in recovered
powders. A strong oxygen pickup, characterized by larger proportions of colored particles, is
observed when the distance between parts is reduced to 500 um. Conversely, a part spacing
of 30 mm strongly limits powder degradation and oxidation, with powder oxygen content
and attributes close to the ones of the virgin powder.

e  Fabrication height has an impact on the recovered powder for large part spacings, with more
color-oxidized particles and higher oxygen contents. Higher parts imply longer printing times,
leading to an increase in part temperature with successive addition of layers and repeated
laser scanning. For small spacings (0.5 - 1 mm), the effect of fabrication height is less
important, reaching a plateau, likely because the powders oxygen intake is governed by such
small part spacing distances.

e The build height also affects significantly the parts side surface roughness, which increases
along the build direction, with more numerous and larger particles sintered during melting
and solidification close to the surface. The roughness also increases with a reduction of part
spacing.

e A higher oxygen concentration in the build chamber during L-PBF processing accentuates all
the previously described phenomena. Processing with 1000 wppm of residual oxygen
compared to 300 wppm leads to an increase of the amount of sieved residues, spatter
particles in the sieved powders, colored particles, and overall oxygen contents in all
comparable conditions.

It thus appears that powder degradation and mainly its oxidation is inevitable during the L-PBF
process. However, some parameters and manufacturing characteristics allow to strongly limit the
kinetics of alteration and favor an extended powder reuse. Part geometry, with smaller melted
volumes associated with large enough space between parts can greatly contribute to minimize the
effects. Moreover, the chamber oxygen concentration plays a crucial role, and its restriction to levels
well below the 1000 ppm limit often found in industrial printers is necessary in view of the objective
of repeated powder reuse.

Further investigation should be focused on this issue, as well as other factors of interests. The use of
a heating plate during the manufacturing process, useful in particular to reduce the residual stresses
of the parts, must certainly have a strong impact on the powders remaining on the powder bed. It
would also be interesting to assess as well complex geometries such as lattice structures, which are
of interest in AM. Such geometries present a high surface/volume ratio, therefore larger numbers of
particles in heat affected zones that could lead to significantly different results as compared to those



obtained in the present study using geometrically simple parts. Magnetic sieving should be
implemented to quantify changes in crystallographic phase fractions in the powder samples more
efficiently. Additional parts characterization would also be interesting, such as the density and
mechanical properties of elaborated specimens as a function of build topology and chamber oxygen
content.
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