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Abstract

Using recycled powder during the additive manufacturing processes has been a matter of debate by several research groups and
industry worldwide. If not significantly different from the feedstock, the recycled powder can be reused many times without a
detrimental impact on the mechanical properties of the final printed parts, which reduces the metallic powder waste and printing
time. A detailed characterization and comparison of the feedstock and recycled powders is essential in order to understand the
number of times a powder can be recycled. The recycled powders were sampled after 10 times reuse in the Powder Bed Fusion (PBF)
process in the 3D printer. In this paper, we have performed a detailed characterization on morphology, microstructure, and the
surface and bulk composition of virgin feedstock and recycled stainless steel 316 L powders (over 10 times reused), and correlated
these measurements to topography, nanoindentation and hardness tests. We have also performed rarely reported synchrotron surface
characterization of both powder sets in order to measure the level of oxidation of the individual metallic elements present in the
virgin and recycled steel powder and the way such chemical composition changes following use in the manufacturing process.
The results show more satellite and bonded particles in the recycled powder although the particle size is not broadly impacted.
The atomic force microscopy results showed a smaller roughness on recycled powders measured on surfaces without satellites
which might be due to less surface dendrites on recycled powder surface. Finally, a higher hardness was measured for the recycled
powder resulted from the manufacturing process on grains and chemical composition. The results suggest no significant changes
on the mechanical properties of the printed parts depending for a certain number of reusing cycles.

* Corresponding author.

E-mail addresses: nima.gorji@i-form.ie, Nima.gorji@dcu.ie (N.E. Gorji), Rob.oconnor@dcu.ie (R. O’Connor), andre.mussatto2@mail.dcu.ie
(A. Mussatto), matthew.snelgrove2@mail.dcu.ie (M. Snelgrove), pierre.mani@uacj.mx (P.G.M. Gonzélez), Dermot.brabazon@dcu.ie (D.
Brabazon).

https://doi.org/10.1016/j.mtla.2019.100489

1. Introduction and stainless steel are the core of such research in literature. Nandwana
et al. have reported that the reuse of Inconel 718 and Ti-6Al-4 V is gov-
erned by the oxygen pick up of the powder during/between build cycles
[4]. Tang et al. presented that the recycled Ti-6Al-4 V can be reused for
21 times with insignificant effect on the mechanical properties of the
AM printed tensile bars. However, they reported the Oxygen increment
on reused powder progressively by reuse times [5]. Similarly, Simonelli
et al. have also noticed an increased surface oxidation on stainless steel
316 L (SS316L) and Al-Si10-Mg by repeated use in the Bed Fusion (PBF)
process [6]. Electron-dispersive spectroscopy (EDS) by Jelis et al. on
Steel 4340 revealed an increased Oxygen level on powder surface and
assigned that to changes in Oxygen level in the PBF chamber [7]. Similar
to above studies, National Institute of standards and technology (NIST)
has also confirmed that reusing the recycled Stainless Steel S17-4 pH
powders for 11 times will not change the tensile strength of the parts

Recently, Additive Manufacturing (AM) of metallic parts for a wide
range of applications ranging from dental implants to aviation industry
has been the focus of many research groups and industry [1]. In order to
reduce the materials consumption/waste, the consumed energy and the
production cost, the reusability of the recycled powder in each printing
cycle requires detailed examination. This provides an understanding of
the impact of reusing the recycled powder on the final part characteris-
tics. For some industries, e.g. for risk intolerant aviation industry, it is
inevitable to ensure the component’s high quality especially of the parts
printed from recycled powders [2]. However, not many research has
been presented in literature on characterization of surface, bulk, and mi-
crostructure of the recycled metallic powders printed by commercial 3D
printing machines for different applications [3]. Inconnel, Ni-Ti, Co-Cr,
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dramatically [8]. Hann (from Honeywell Aerospace) has also reported
that reusing the Ni-based super-alloy 718 powder for 10 times showed
no appreciable impact on mechanical properties but the Oxygen content
was gradually increased [9].

In this paper, our focus is on recyclability of stainless steel 316 L
(SST316L) powder during the AM process. Sartin et al. have reused the
SS316L powder for 12 times and concluded that only 5% of the powders
are subject to variations in oxidation level, size and microstructure [10].
Conversely, Terrassa et al. reported that change on powder surface/bulk
properties (e.g. Oxygen level increment) comes from laser interaction
and printing condition together [11]. They, however, reported insignif-
icant changes occur on mechanical properties of the printed parts after
9 reuse. Heiden et al. reported the Oxidation level increases by build
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cycles and thus the printed part’s density decreases slightly for higher
reusing times but the yield strength remains relatively consistent [12].
Independently, Galicki et al. reported that the oxygen picks up of the
unmelted powder varies as function of its relative position to the heat
source and the spatter ejecta in molten materials have highest oxidation
rate [13]. Barnhart et al. have reported higher oxygen concentration on
the surface of reused powder compared to virgin after 4 reuse times but
a slight change on tensile of the printed parts [14].

Here, we report our latest characterization on surface composition,
morphology, topography and microstructure tests on both virgin and
recycled SST316L powders and correlate the characterization results to
hardness of the powder in order to asses if the recycled powder can be
still reused in the 3D printing process. These studies also shed light on

Fig. 1. SEM images of both virgin (left)
and recycled (right) SST316L powders at
100 um. The virgin powder shows more
spherical and less fine particles than the
recycled powder with deformed contami-
nated shape and many finer particles.
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the need to mix the recycled powder with fresh feedstock during the
manufacturing process.

2. Materials and characterization methods

The commercial gas-atomized powders stainless steel alloy 316 L
powder used in these experiments was manufactured and delivered from
a commercial supplier [Castolin Eutectic - Ireland]. The average parti-
cle size used was 75um. However, finer or bigger particles do also exist.
However, the particle size distribution is not broad as confirmed with
our rheology Malvern Mastersize analyzer. About 1 kg of the recycled
powders was sieved for particles bigger than 75 um before character-
ization, however, some spatters were still present in sieved. The exact
number of times these powders were recycled has not been recorded but
it is definitely over 10 times. The AM parts 5 cm® cubes were produced
using the virgin powder in the EOSINT M280 SLM 3D printer (powder
bed fusion process) with 195 W power, 1000-1200 mm/s scan veloc-
ity, 0.1% limit on O, in AM chamber, 80 °C ambient temperature and
0.1 mm beam diameter. The powder was collected by vacuum cleaner
taken over the whole powder bed. We performed several detailed char-
acterizations on the surface structure, bulk, size, microstructure of both
virgin and recycled powders to understand how the chemical composi-
tion and mechanical properties of the powders change during the AM
process. The hardness and roughness were also measured on both pow-
ders using the Nanoindentation and Atomic force microscopy measure-
ments, respectively.

2.1. Size and shape morphology analysis

We performed scanning electron microscopy (SEM) using EVO-LS15
Scanning Electron Microscope and also high-resolution SEM measure-
ments using (Hitachi S5500 Field Emission SEM) to survey the change
in size, grains, surface contamination, morphology and microstructure
of the powder particles.

2.2. Surface composition analysis

We performed X-ray Photoemission Spectroscopy (XPS) to analyze
the surface composition of the powders using a VG Microtech elec-
tron spectrometer, at base pressure of 10-° mbar, and a conventional
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Mg Ka (hv = 1253.6 eV) X-ray source. The XPS curves were fitted using
CASAXps software. The binding energy positions were referenced to the
C 1s peak at 284.5 eV. No chemical treatments were conducted on the
particles prior to XPS scans in order to reduce the surface contamination.
We manually sprinkled powders on an adhesive carbon pad mounted on
a 1 cm? diameter steel circular sample holder. The acquired XPS peaks
were curve-fitted to their relevant chemical species using literature val-
ues and the NIST X-ray Photoelectron Spectroscopy Database.

2.3. HAXPES synchrotron analysis

Hard X-Ray Photoelectron Spectroscopy (HAXPES) measurements at
the SOLEIL Synchrotron were carried out on the Galaxies Beamline [15].
Spectra were acquired at pressures of 1 x 10-° mbar with photon beam
energy of 10k eV, which allows for probing of deep core levels of all ele-
ments present as well as the acquisition of more bulk sensitive (10k eV)
spectra. A Si (333) monochromator was used for 10k eV beam. Both
virgin and recycled powders were measured under these conditions.

2.4. Atomic force microscopy (AFM) roughness

To measure the roughness of the virgin and recycled powder parti-
cles, we performed Atomic Force Microscopy (AFM) and confocal mi-
croscopy using the Bruker Dimension ICON AFM. The scan tube size is
90 pm, which is coupled with a TESPA cantilever of 8 nm tip radius. Tap-
ping mode was applied and powder particles were sprinkled on moulds.
The analysis area was 10 pm? and several particles mounted on moulds
were analyzed. The AFM topological images were taken on the polished
area of the particle. The images were plane leveled with the noise reduc-
tion filter (medium) enabled in Gwyddion software. The Median Filter
is a non-linear digital filtering technique, often used to remove noise
from an image or signal.

2.5. Nanoindentation and hardness test

Finally, we performed Nanoindentation hardness tests on both pow-
ders using Bruker HYSITRON TI Premier. For this experiment, we used
cold mounting of the powder particles using two round moulds silicon
rubbers. The mounted particles were then polished in micro and nano

Fig. 2. High-resolution SEM images of the (a) virgin particles
and (b) recycled powder particles showing the bonding of the
particles, surface cracks and contamination, satellites, cluster-
ing of the particles and the surface quality. (all images in 10
pm scale).
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Table 1
Concentration of chemical elements on powder surface extracted from
XPS curves using CasaXPS.

Powder %0 %C %Mn %Fe %Si %Sh %Cu
Virgin 27.04 56.21 2.02 1.04 10.83 2.86 -
Recycled 34.19 45.55 2.27 2.70 10.07 - 5.22

size using the diamond suspensions. MetPrep Tri Hard solution and pow-
der was used as the based materials and we polished the particles using
Metkon Forcipol polisher and using Diamond Suspension 6 and 1 pm
and then using Silicon Colloidal Silica 0.06 um. The optical microscope
was used to scan the polished surface of the particles at every stage.

3. Results and discussions
3.1. Morphology of the powders

The SEM images of the powder particles shows the grain size, shape,
surface contamination and porosity of the particles before and after SLM
processing. The powders were sieved for bonded and agglomerated par-
ticles larger than 75 pum. However, still some particles or spatters exist
in sieved powder with irregular shape and bigger size than the mesh
or grown like thin bar are found in the powder under SEM (Fig. 1).
Our Image processing results (not shown here) by ImageJ free source
software shows that the size of the recycled powder has not change dra-
matically and the particles have mostly retained their spherical shapes.
The powder particles average size for virgin and recycled powder was
75 um and 80 pm, respectively. This is not surprising since many lit-
erature have reported that even after many (i.e. 20 or 30) reuse times,
the average particle size increases only slightly [4,16]. Nevertheless, the
number of fine particles with diameter <10 um reduces and the number
of larger particles increases which broadens the Gaussian distribution of
the volume fraction of reused particles. This broader distribution is due
to existence of larger particles and either the finer particles which are
fewer than compared to larger ones. The recycled powder shows lots of
bonded particles, fused particles, and cluster formation with more satel-
lites on particles and some particles with deformed shape. Some parti-
cles in the recycled powder now show a smoother surface than the virgin
powder. Heiden et al. suggested that the heat affects some particles dur-
ing the melting and solidification that shatters their rough surface [12].
We also show several virgin particles with much cleaner circular surface
for comparison. Some recycled powder particles show noticeable signs
of porosity and cracks on the surface as shown in Fig. 2b. Conversely,
Heiden et al. reported a reduction in both surface and internal pores in
reused powder particles suggesting that pores break up with under the
laser’s heat and the porous particles are consumed by time [12].

3.2. Surface composition

The XPS results presented for both powder sets indicate significant
oxidation of the recycled powder and the presence of metallic oxides
on the surface compared to virgin powder (Fig. 3). Table 1 compares
the elemental composition of the surface of virgin and recycled powder
calculated using CasaXPS software. While the survey spectra in Fig. 3a
are dominated by carbon and oxygen, which are typically observed at
the surface of stainless steel powder grains, the results also show the
presence of Mn, Cu, Fe, Cr, Ni, and Si on both powders. There are sig-
nificant differences in elemental concentrations between the virgin and
recycled powders, which is in agreement with literature [17]. The most
notable changes are the increase in oxygen content (27.0% to 34.24%)
and reduction in carbon concentration (56.2% to 45.6%). These results
are in agreement with the literature reports [18] of the metallic signals
observed, Mn (640 ev) and Fe (at 708 eV) peaks are the most prevalent
in both powders and are slightly more intense for recycled powder. Hei-
den et al. have also reported the same peaks but also a weak Cr peak
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Fig. 3. XPS spectra of the virgin and recycled SST316L powders acquired using
lab based XPS. The wide energy range survey scans (a) show that the spectra
are dominated by carbon and oxygen, which make up 83% and 80% of the
total signal for the virgin and recycled powders, respectively. This is due to the
adsorption of oxidized adventitious carbon containing species on the surface (b)
shows the Fe 2p spectra. Little information about the chemical state of the iron
can be extracted due to the surface contamination. (c) Oxygen Spectra.
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Fig. 4. HAXPES Synchrotron analysis of both virgin and recy-
cled SST316L powders. Survey spectra (a) are dominated by
metallic core level peaks. (b) The sharp Fe 1s signal allows
for fitting with the component peaks in order to understand
the oxidation state of the Fe. The O 1 s spectra (c) show that
the signals associated with Fe, MnSiOgs, and Cr increase for the
recycled powder while Ni signal decreases.
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(at 574 eV) which is not observed in our XPS measurements [12]. This
could be attributed to the degree of contamination observed. Note that
even the Fe 2p in Fig. 3b is difficult to differentiate from the background
noise.

Based on the increased oxygen concentration and corresponding re-
duction in carbon, we conclude that the metallic oxides form during the
AM process and oxide thickness increases on surface. The shape and in-
tensity of the Fe 2p peaks is similar in both powders (Fig. 3b) showing
that the iron oxide species are present on surface regardless of powder
recycling, but a detailed analysis of the oxidation state proves difficult.
Conventional XPS measurements show some changes in the O 1 s peak
(Fig. 3c) in the recycled powder; however, detailed analysis of this peak
is difficult due to the limited resolution of the lab-based XPS system.
Three iron species, which consisted of pure metal (707 eV) and metal
oxide species (710 eV and 712 eV), were identified to fit with several
peaks. Several possible metal oxide species are: FeO (709.6 eV), Fe,O3
(710.9 eV), and FeS (711.9 eV).

3.3. HAXPES synchrotron measurements

In order to better understand the chemical composition of the near
surface region and the effect of the AM process on the oxidation states
of the metallic elements near the surface, Hard XPS (HAXPES) measure-
ments were performed at the SOLEIL synchrotron, Paris. The HAXPES
synchrotron results are shown in Fig 4. HAXPES measurements correlate
with and enhance the non-monochromatic XPS source results, indicat-
ing the presence of metallic oxides on the surface. The survey spectra
(Fig. 4a) are not dominated by carbon and oxygen, but by sharp signals
attributable to the 1 s core levels of metallic elements, showing that the
increased sampling depth of HAXPES allows for probing of the steel
powder grains beyond the surface region, which is primarily composed
of contaminant elements.

The Fe 1 s spectra in Fig. 4b shows two signals present; the Fe!* sig-
nal was identified at 7109.3 eV, while the Fe?* signal was recorded at
7112.8 eV. This suggests that at the surface, the Fe?* is the predominant
signal for the recycled powder. The Cr 1 s signal obtained suggests that
Crl+ at 5987.5 eV is more predominant at the recycled powder surface.
The manganese oxide signal decreases while the silicate signal increases,
which indicates that the silicon has occupied the manganese on the sur-
face.

The high-resolution O 1s-spectra fits in Fig. 4c show six signals are
required in order to accurately fit the data. The component at the lowest
binding energy (529.3 eV) is associated with Iron oxide [19]. The peak
at 529.46 eV is associated with Nickel oxide, which shows a decrease
in the recycled powder [20]. This decrease is also observed for Ni 1 s
signal (not shown). The peak at 530.27 eV was associated with Mn oxide.
Table 2 shows the relative change in the elements concentration (AC)
from the signal detected for each element in the recycled powder when
compared with the virgin sample. As expected, the oxygen content rises
for the recycled sample. Fe, Cr and Mn also rise indicating a diffusion
of those elements to the surface of the powder grains during the SLM
process, while Ni is pushed away from the surface.

The peaks at 531.18 eV was attributed to chromium oxide [21]. The
peak at 532.1 eV was attributed to manganese silicates and this signal
increased considerably in the recycled powder (shift 1.8 eV from man-
ganese oxide signal) [22]. The peak at 533.4 eV was associated to oxygen
absorbed on the surface of the particles [23]. Nickel and iron core levels
had similar intensity when comparing the virgin steel and recycled steel

Table 2
Relative changes of each core level area, taking the virgin
steel powder as the reference.

Element [¢] Si Mn Fe Ni Cr

AC (%) 32.9 7.3 20.5 156.1 -43.6 -8.1
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powders. This suggests that the Ni and Fe oxidation states and concen-
trations near the powder grain surface are the same for both powders.
All fits were analyzed by AAnalyzer software [24,25].

3.5. Surface roughness and topography

AFM topography images taken from the surface of both virgin and
recycled particles are shown in Figs. 5 and 6. Data were taken from re-
gions with no satellites after leveling the image for higher resolution and
removing the noisy bars in the images and also after removing the areas
with huge contrast. The surface roughness of the recycled powder parti-
cles shows a reduction compared to virgin powder as measured by AFM
and calculated using the Gwyddion software [26]. The average surface
roughness of recycled and virgin powder was 12 (+8) nm and 25 (+10)
nm respectively measured from 4 um? area on AFM topography images
as indicated in the figure’s insets. Almost same range of values were also
reported by Heiden et al. with average roughness values of 10 nm and
23 nm for recycled and virgin powder particles, respectively [12]. They
assigned this smoothening of recycled particles to the loss of dendrite
exteriors, which leads to less friction between particles and enhances the
flowability during spreading. Nevertheless, a higher repeated reuse of
particles will probably increase the surface satellites and defect and will
increase the roughness further. We also measured the average rough-
ness on the polished surface of the powders mounted on mould. These
samples were prepared for nanoindentation but worth of measuring the
average roughness in order to analyze the bulk part of the particles. Av-
erage roughness of 6.85 (+2) nm and 9.12 (+2) nm were calculated for
recycled and virgin powders, respectively. The impact of heat, oxygena-
tion and recrystallization of particle structure during the AM processing
might be the reason of such difference between the average roughness
of the particles.

3.6. Nanoindentation: hardness

We performed numerous nanoindentation tests on a random selec-
tion of 10 particles of both virgin and recycled powders. Table 3 shows
the average hardness of the powders measured under 250 uN for 5-10s.
The recycled powder is showing slightly higher hardness, which could
probably be due to oxidation and porosity/cracks induced throughout
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Fig. 5. the AFM topography measured from the polished surface of particles
sprinkled on hard mould. The degree of roughness is notable on mould and
steel surface.
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~

Fig. 6. Representative AFM measurement areas (4 um?) for a virgin and recycled particle. The roughness of the recycled powder was measured to be less than the
virgin powder.
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Fig. 7. A typical plot of Force vs. Displacement from nanoindentation measurements on a recycled powder. Maximum F =250 um was applied on a randomly selected
particle for 5 s. The inset shows the selected partile dispersely mounted on resin and polished as described in prevous section.
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Fig. 8. Topography images of the main test indent (left) and the other indents applied on the surface of a single particle of a recycled powder. Different areas on

different particles were indented and tested.

Table 3

Nanoindentation values measured from both
recycled and virgin powders. Average Hard-
ness with deviation values given in parenthe-
sis. The values reported below our data were
reported in Ref. [12].

Powder Hardness (GPa)
Virgin 2.34 (+x0.22)
Ref. [12] 2.56 (+0.21)
Recycled 3.30 (+0.36)
Ref. [12] 3.64 (+0.67)

the particle’s structure during manufacturing. In fact, SEM images con-
firmed the presence of porosity on the surface of the powder, which
could actually propagate towards the bulk of the particles. Sartin et al.
reported no consistent statistical trend in microhardness but only some
localized variations on the SST316L powder recycled for twelve cycles
[10]. It is worth to mention that the NIST group (US) have reported al-
most identical hardness values for the tensile cubes made of virgin and
recycled powders (11 times) [8,17]. Conversely, Heiden et al. measured
slightly higher hardness on the 30 times reused powder and assigned
that to higher oxidation of the recycled powder due to slightly smaller
grain sizes of their recycled powder particles that introduce Hall-Petch
strengthening [12]. On the other hand, higher hardness values were
reported for metallic oxides [27] than its metal counterpart in the Ma-
terials Hardness Table [28]. In our XPS measurements, we detected a
higher concentration of metal oxides for the recycled powder thus that
could be another reason to obtain increased hardness values for the
recycled powders. This either shows a good correlation of data obtained
through characterization and mechanical properties measurements. A
typical plot has been shown in Fig. 7 where a maximum force of 250 uN
was applied on a particle selected from numerous particles mounted on
the hard mould [29].

Fig. 8 shows the topography of nanoindentation applied on the sur-
face of a single particle of recycled powders mounted on mould. Before
planning a matrix of indents, we have applied different forces ranging
from 100-1000 uN for 5-10 s also for different depths in order to deter-
mine if the indent point is at a reliable position. These randomly selected

powder particles were selected for their more spherecity and size under
the optical imaging of the same nanoindentation machine following our
previous nanoindentation measurement procedure [30]. The position
of the indent was selected to be on smooth positions away from sur-
face dendrites, pores and visible rough areas. The indent was imaged
using imaging mode of the same machine. We performed indentation
on different places on the particle and applied number of indents and
measured the hardness values.

4. Conclusion

Recycling the metallic powder alloys from 3D printing machine for
repeated use has been the discussion of additive manufacturing scien-
tists recently. Some applications do not consider reusing the powder at
all and some others try to use it for over 30 times. There is limited or
no standard knowledge or protocol for such analysis yet. This is our
earlier effort towards coming up with a standard method for recycling
the used powder during additive manufacturing process. We have char-
acterized virgin and recycled powders of stainless steel 316 L for mi-
crostructure, surface and bulk composition and hardness. The results
show that the recycled powder has more oxidation on its surface and
the higher concentration of metallic oxides. In addition, there are more
surface satellites, cracks, porosity, bonded particles and clusters are ob-
served compared to the microstructure of the virgin powder. Both pow-
ders show similar phase but slightly higher hardness has been obtained
for the recycled powder. Those effects could be associate to nucleation
process at the powders surface (bonds weaker with the oxygen incorpo-
ration). HAXPES results support the nanoindentation measurements by
increased hardness of the recycled powder. Increased metal oxides in
recycled powder was detected by XPS (both synchrotron and lab XPS)
and this correlated with nanoindentation and AFM results. Our analy-
sis opens a road towards greener, cost-effective and low waste process
still with high mechanical properties for the 3D printed parts out of
recycled metallic powder alloys. We will present our analysis on the
manufactured parts from the fresh and recycled powder elsewhere in
near future. In future investigations, we will reveal the porosity forma-
tion during the 3D printing process and the extend of porous particles
in recycled powder compared to feedstock.
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