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ABSTRACT

Recycling metallic powders used in the additive manufacturing (AM) process is essential for reducing
the process cost, manufacturing time, energy consumption, and metallic waste. In this paper, the focus is
on pore formation in recycled powder particles of stainless steel 316L during the selective laser melting
process. We have introduced the concept of optimizing the powder bed’s printing area in order to see the
extent of the affected powders during the 3D-printing process. X-ray Computed Tomography (XCT) is
used to characterize the pores inside the particles. The results from image processing of the tomography
(rendered in 3D format) indicate a broader pore size distribution and a higher pore density in recycled
powders compared to their virgin counterparts. To elucidate on this, the Electron Dispersion spectroscopy
(EDX) analysis and Synchrotron-based Hard X-ray Photoelectron Spectroscopy (HAXPES) were
performed to reveal the chemical composition distribution across the pore area and bulk of the recycled
powder particles. Higher concentrations of Fe, Cr, and Ni were recorded on the interior wall of the pore in
recycled particles and higher Mn, S and Si concentrations were recorded in the outer layer around the
pore area and on the surface of the recycled particle. The pore formation in recycled powder is attributed
to out-diffusion of Mn, S and Si to the outer surface as a result of the incident laser heat during the AM
process due to higher electron affinity of such metallic elements to oxygenation. HAXPES analysis shows
a higher MnO concentration around the pore area which impedes the in-diffusion of other elements into
the bulk and thereby helps to creates a void. The inside wall of the pore area (dendrites), has a higher
concentration of Fe and Cr oxide. We believe the higher pore density in recycled powders is due, at least
in part to composition redistribution, promoted by laser heat during the AM process. Nanoindentation
analyses on both virgin and recycled powder particles shows a lower hardness and higher effective
modulus in the recycled powder particles attributed to the higher porosity in recycled powders.
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1. INTRODUCTION

The extend and methods of degradation of metal powders that have been processed through PBF are
poorly understood. Due to the requirement for high and controlled levels of quality control in parts
produced, such degradation can for some applications hinders the ability to recycle the powder. Ideally
these would be recycled indefinitely, however, morphological and compositional changes to the powder
limit the number of times a powder can be recycled. Degradation of the powder feedstock manifests itself

Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).
The final published version (version of record) is available online at DOI:10.1016/j.matchar.2020.110167. Please refer to any applicable publisher terms of use.


li2106
Text Box
Materials Characterization, Volume 161, March 2020,  Article number 110167
DOI: 10.1016/j.matchar.2020.110167


li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.matchar.2020.110167. Please refer to any applicable publisher terms of use.



as a reduction in the mechanical properties of components built using this powder. Hence, a technique is
required which allows us to appraise the quality of the powder throughout its life.

Recently, producing parts from recycled metallic powders within the additive manufacturing (AM)
process has become an attractive topic for the R&D sector [1, 2]. Reusing the non-solidified metallic
powders promotes resource sustainability and resource-efficiency [3]. Several research groups have
reported different recycling strategies to reuse the powders for five to more than 30 times [4, 5]. However,
they all agree that after a certain number of recycling steps, the mechanical quality of the printed part or
the metallurgy of the powder itself becomes a concern. These concerns centre on the increased degree
of oxidation on the surface of recycled powder, changes in the particle size distribution (PSD), and
porosity formation in the powder [6]. Variations in the chemical composition throughout the particle can
also lead to critical variations in the composition of parts fabricated during the manufacturing process.
Despite great developments in metal AM, persistent deficiencies and challenges exist in preventing
porosity formation, excess surface roughness, and propagation of crack/void which directly impact on the
part quality [7]. The internal pores in the particles, which have survived the laser heat and been retained
in the melt pool, could also create porosity within the parts. In fact, both virgin and recycled powders
contain a range of porosity in many particles. Therefore, further research is required to improve the
powder manufacturing and AM dynamics e.g. by improving the gas atomization process or preventing out
gassing of the melt pool [8, 9].

We have previously reported a surface composition analysis of both virgin and recycled powders [10] and
here we focus on understanding the pore formation and distribution mechanism as well as the pore
nature in recycled metallic powders. Porosity may occur in recycled powders for several reasons [11].
Terrassa et al. have observed spherical internal pores in both virgin and recycled stainless steel 316L
powder particles using metallographic SEM analysis and attributed these to the atomization process or
the laser generated heat during the AM process [12]. They reported that larger pores will form with
increasing re-use cycles, suggesting that this is due to incomplete melting, increased agglomeration and
more gas inclusion over time. Pores in produced parts can also form due to lack of fusion, called internal
voids. This type of pore forms due to partially melted or isolated un-melted particles [13]. Observing pores
in the virgin powder suggests an improvement is required in the powder manufacturing process.
However, preventing pore formation in the recycled powder requires optimizing the manufacturing
conditions to control the powder’'s dynamic morphology (metallic element distribution) under laser heat
and argon flow in the chamber (gas bubble related porosity). X-ray Micro computed tomography is a very
reliable measurement technique. Several authors have previously discussed its importance in
dimensional metrology for measurement of various micro-features [14]. Heiden et al. have measured the
size, distribution, and morphology of the internal porosity in recycled powder particles (316L) using X-ray
micro-computed tomography (XCT) [15]. They reported noticeable signs of porosity in both virgin and
recycled particles with a slight decrease in pore size and surface/volume of the pores in recycled powder.
They attributed this difference to pore collapse with thermal treatment during the laser process or the
consumption of porous particles during the process. Pycnometery analysis also confirmed that the pores
were breaking up into smaller pores during the AM process leading to a wider pore size distribution for
the recycled powder. There are inconsistent reports in the literature on pore size distribution and
formation in recycled powders which necessitates further researcher of this phenomenon [16].

The area used by powder bed can also be considered in evaluating the extent of the effect of the
manufacturing process on recycled powders. When more area of the powder bed is used and is covered
by the powder, then lesser number of particles are affected and most of them are used in the process.
Also, the recycled powders will have more homogenous surface and bulk properties since there is not
much area for the affected particles to skip from solidification and thus the ejected particles will mostly
see a similar impact from the laser heat or from the printing process [8,9]. By applying this concept to
several available 3D-printing machines and recording the powder bed area under print, we can have a
better idea on how the recycled powders could differ from the virgin powders.



Here, the focus is on pore analysis in both virgin and recycled of 316L powder. The particle and pore size
distribution were measured using 3D imaging XCT. The surface and bulk chemical composition were
analyzed by synchrotron XPS surface and EDX respectively. The hardness and effective modulus of the
powder particles were measured with nanoindentation to analyze the impact of porosity on the particles’
mechanical properties. 3D tomography is a capable non-destructive technique as it can image the pores
inside the particles even though they may look perfectly solid under the SEM and have a clean surface.
The pore density and pore nature in the recycled and virgin powders was examined and the possible
reasons of a higher pore density and broader size distribution in recycled powders is discussed.
Elemental distribution in the interior side and outside the pores was measured which confirmed the
presence of more metallic oxides in the particle pore. Finally, the mechanical properties of the porous
areas on the recycled powder were measured to correlate with the microstructure and chemical
composition analysis. The dynamic laser melting process in the AM machine and the heat imparted
during the AM process can explain the pore formation in the powder particles and the re-distribution
(infout diffusion) of elements resulting in pore formation. Reducing the porosity of the part results in
greater part density which would enable AM parts to be produced with higher mechanical properties.

Based on observations from the literature it is therefore necessary to devise a standardized approach for
creating recycled powder and evaluating its suitability. In this work, a methodology is proposed alongside
a systematic proposal for the use of characterization techniques which are commonly available. Data
processing tools were applied in order to ensure that these return communicable data.

2. Materials and Characterization Methods

The commercial gas-atomized powders of stainless steel alloy 316L powder were provided by Castolin
Eutectic Ltd. The chemical composition of the powder is as given in Ref. [10]. The average particle size
after sieving was 20-35 um with some finer particles present. AM parts were manufactured using an
EOSINT M280 SLM 3D printer at SEAM center in Waterford Institute of Technology (Ireland) and the
recycled powders were sieved to remove bigger particles and the spatters, although some ejecta were
still present in sieved powder. The number of 9 test cubes of 5 cm?® were printed and the recycled powder
was sampled for characterization from 10 mm distance between the cubes. The apparent density of the
virgin powder was 7.99 g/cm?® [17]. The recycled powder was sampled over 10 printing cycles. These
powders were stored in glass vials and capped to minimize atmospheric exposure. They were
subsequently moved to the laboratory for characterization as described below. No further surface
treatments were performed on the powders after sampling. In previous work, the authors performed
various characterization tests on both virgin and recycled powders and reported the difference in their
general morphology, surface structure, bulk composition, size distribution and the microstructure to
understand how the chemical composition and mechanical properties of the powders change during the
AM process [10]. In our previous analysis, the hardness and effective modulus were measured by
nanoindentation at different locations on the powder surface. This was then investigated by AFM
measurements to examine the results in relation to pore locations, with different microstructures and
chemical compositions. This motivated the focus on pore analysis for both powders to understand the
nature of porosity in terms of composition and distribution. The results of XCT, HAXPES, and EDX were
correlated to determine if the pore formation (especially the trapped pores) was related to composition
changes during the manufacturing process. The nanoindentation measurements were also examined to
understand the difference between the mechanical properties of both types of particles, virgin and
recycled.

2.1. X-ray Computed Tomography (XCT)

X-ray computed tomography (XCT) measurements were performed with a Xradia 500 Versa X-ray
microscope (XRM) at the University of Nottingham (UK) with 80 KV and 7 W accelerating voltage [18].
The powders were kept in a polycarbonate tube of 5 mm diameter and placed at 27 mm distance from the
X-ray source and 11 mm distance from a 1024x1024 3-axis CCD detector. The pixel size was set at 2
pm, taking about 2.30 hours to complete the 3D scan of the rotating sample around its z-axis in 1600



steps for 0.2 degrees and 6 seconds exposure time. About 1350 particles were measured for each
powder sample.

2.2. Synchrotron Hard X-ray Photoemission Spectroscopy (HAXPES)

Synchrotron XPS measurements were performed to analyze the chemical composition (to a depth of
approximately 20-30 nm) of the virgin and recycled powders. Hard X-Ray Photoelectron Spectroscopy
(HAXPES) measurements were conducted at SOLEIL Synchrotron in France on the Galaxies Beamline
[10, 19, 20]. Spectra were acquired at pressures of 107 mbar with photon beam energies of 10k eV,
which allows probing the deep core level of all elements as well as the acquisition of more bulk sensitive
spectra using a Si (333) monochromator. Both virgin and recycled powders were measured under these
conditions. No chemical treatments were conducted on the particles prior to XPS scans in order to reduce
the surface contamination. Powder particles were deposited on an adhesive carbon pad mounted on a 1
cm? diameter steel circular stub. The acquired XPS peaks were curve-fitted to their relevant chemical
species using CASAxps [21] and AAnalyser [22], using literature values and the NIST X-ray
Photoelectron Spectroscopy Database [23].

2.3. Energy Dispersive X-ray Spectroscopy (EDX)

The chemical composition on both type of powder particles was measured especially on open pore
areas scanned with an EDX spectrometer of Hitachi S5500 Field Emission SEM system. The particles
were imaged at 20 nm scale (15-20 kV). High-resolution images were recorded on the surface and
beneath by secondary electron scattering to reveal the chemical composition and distribution.

2.4. Nanoindentation measurements

Nanoindentation hardness tests were performed on both powders using a Bruker HYSITRON Tl Premier.
For this experiment, cold mounting of the powder particles was performed using two round moulds silicon
rubbers. MetPrep Tri Hard solution and powder were used as the based materials and the particles were
polished using Metkon Forcipol polisher and using Diamond Suspension of 6 microns, then 1 micron, and
then using Silicon Colloida Silica of 0.06 micron. The optical microscope was used to examine the
polished surface of the particles at every stage and to confirm where the indents were applied on the
particles.

3. Results and Discussion

The characterization results on both virgin and recycled powders were analyzed in search of a
correlation between the pore’s bulk/surface chemical composition and microstructure acquired from
different characterization techniques.

3.1.X-ray Tomography analysis

Over 900 XCT image slices were recorded for each specimen and reconstructed in 3D format using
Aviso Software [24] available for use with the XCT machine. Figure 1 presents the 3D rendered image of
the virgin powders. The same 3D image was reconstructed for the recycled powder. Cubic regions of
interest were selected to categorize the particles in three different sizes and displayed them in different
colors. The green, blue and red particles size range were of <20 um, 20-40 um and >60 um, respectively
as shown in Fig. 1. The image processing procedure available in the software provides a method to
extract the particle and pore size distribution of the specimens from the XCT images. Fig. 1 shows the
PSD and volume histogram of the virgin and recycled powders which do not show much difference but a
slight overlap of the sizes which means the AM process did not change the particles size significantly.
This is in agreement with literature reports on this [25, 26]. The volume of the particles from the 3D
reconstructed cube did not show much difference between the two powders. There were more smaller
particles in the recycled powder compared to its virgin counterpart probably due to the blowing of smaller
particles away from the melt pool during processing, as for this a lower level of kinetic energy would be
required [27].
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Figure 1. (a) 3D reconstructed representation of XCT images, (b) size distribution of particles in 3 colors, (c) volume
histogram, and (d) particle size distribution extracted from XCT images for both the virgin and recycled powders.

Apart from the particle size distribution analysis, extensive testing was carried out using a variety of
image processing methods for quantitative pore analysis of the powders [28, 29, 30]. Most literature
reports on pore evaluation in manufactured parts (and not powders) using the XCT technique [18]. The
pore formation in recycled powders from the AM process has been rarely reported in the literature. Such
investigations promote an understanding of pore formation dynamics and may suggest possible
preventive optimization actions. In fact, XCT is a reliable and accurate technique for this purpose as a
non-destructive method and enables the pore shape, position and size distribution analysis [28,31]. 3D
imaging of the pores (especially the trapped pores) is preferred over crystallography cross-section
analysis of pores because 3D imaging is fast in scan time, does not require any pre-treatment, i.e.
polishing and grinding, and is able to scan the whole specimen without requiring manual interference with
its structure. To extract the pore size and distribution, over 900 slices (cross-sectional images) of each
powder sample were stacked to form the 3D images. Fig. 2 represents the image processing steps that
were applied such as threshold adjustment (gray scale threshold), colored classifying, edge cutting,
disconnecting the powders and some other manual image processing [18, 28, 29].



Figure 2 Image processing analysis to extract the pore size distribution in powder samples: (a) 3D reconstruction
and color inversion of the pores and gaps, (b) 2D representation of a single slice, (c) isolating of the bonded
particles, and (d) removal of the margins.

Fig. 3 (a) presents one slice of a set of images taken from the recycled powder. Trapped pores and
open dendrites are visible (shown in red circles). The 3D distribution of pores and the pore size
distribution extracted from the image analysis are also shown in Fig. 3 (c) plotted in cumulative frequency
mode and d) in chart mode. Fig 3c shows the cumulative frequency distribution for the pores between 5 -
60 um diameter of both powders. In the virgin powder specimen, pores of 5 um size contributes to
16.28% of the entire pore population. An increase of 6% is observed in recycling powder. For pore
population between 5-10 um, the virgin powder shows 8% greater pores compared to recycled which can
be assigned to thermal impact during the AM process. Also micro-pores (~ 5 microns) develop in recycled
powder. Similarly, for the pore population between 5-15 um, the recycled powder shows 7.74% increase
compared to virgin powder. It is thus evident, that new pores of the order 10 to 15 um develops in
recycled powder as expected. Nevertheless, beyond 20 microns, both curves are flattening out, which
means that there is no significant difference in the new pores above 20 microns. Overall, the fact that the
cumulative frequency curve for the recycled powder is always above the virgin powder specimen,
confirms the new pores generation in the recycled powder. The recycled powder has smaller pores than
the virgin counterpart but in a broader range. Maskery et al. attributed this to growth of smaller pores due
to the decreased cooling rate of the melting pool at the edges [18]. Some literature also reported minor or
no change in pore size in the recycled powders [32, 33, 34]. Barnhart reported a significant change in
both size (26 um to 34 um) and shape of the recycled powders changing from mostly spherical to having



more dendrites open pores [35]. Looking at several single slices in the image set shows a noticeable
number of trapped pores in both powders which could not be detected by the other techniques (i.e. SEM
or light optical metallography). Table 1 summarizes the morphological properties extracted from XCT
analysis. The average size (diameter), average surface area and volume of both powders and pores for
virgin and recycled samples were extracted. The data shows that the pore size decreased slightly. This is
in agreement with the numbers reported by Heiden et al. where average diameter of 7 um and 4.4 um for
pores in virgin and recycled powders, were respectively reported [15].

Counts

10 20 30 40 50 60
Pore Size Distribution (um)

Figure 3. (a) One slice of the XCT images taken from recycled powders with pores of several particles indicated with
red circles, (b) pore identification in the 3D reconstructed image, and the pore size distribution of both powders
measured from the whole 3D rendered image plotted in ¢) Cumulative Frequency mode and d) chart patterns.

A negligible average particle size difference for recycled powders (25 um) versus the virgin powder (26
pm) was recorded which is in contrast to Heiden et al. as they reported a slightly larger average particle
size for reused powder (18.5 um) compared to virgin powder (15.5 um) [15]. Conversely, Galicki et al.
reported a more irregular shape, slight decrease in particle size but a broader size distribution after 30
recycling steps [27]. They also reported a smaller internal pore volume and surface area for the recycled
powders and attributed that to pore collapse under application of the laser heat. Nevertheless, our finding
is in agreement with most literature reporting a finer size for recycled powders [36, 20, 37, 38]. A smaller
average surface area and volume of pores in recycled powder could be as a result of the influence of the
laser heat, which breaks the pores into smaller inclusions and fosters their consumption during the laser
processing. Terressa et. al [12] measured larger pores in recycled powders assigning this to melting and
agglomeration. Simonelli et al. reported a minor or insignificant change in the porosity from metallography



measurement of the both powders [simonelli]. This measurement result is in agreement with the results
found in this work where negligible change in pore size was also recorded.

Table 1 Average particle and pore diameter, surface area and volume, from XCT measurements.

Powder Average Diameter (um) Average Surface Area (um?) Average Volume (um3)
Virgin 26(+8) 2350(+1500) 12200(£12520)
Recycled 25(+7) 2223(+1430) 11240(+11650)
Virgin pores 10(+8) 521(+1000) 2085(+7778)
Recycled pores 9(+7) 418(+900) 1633(+6846)

3.2. EDX composition analysis

EDX analysis on electron backscatter on the pore area was conducted and the results are presented
in Fig. 4. Both powders show a similar EDX spectrum with comparable peaks for C, O, Si, S, Cr, Mn, Fe
and Ni which is in agreement with our previous report on the concentration of such elements in these
powders [10]. It is possible to obtain the composition from open pore areas and not from trapped pores.
Open pores are dendrites or pores forming at edges and the trapped pores are vacant inside the particle
away from the edges. The EDX map created for an open-pore (a porous particle halved from center) in a
recycled particle is displayed in Fig. 5 with the concentration of carbon and oxygen across the particle.
There is a uniform distribution of these two elements across the particle, which is not surprising. Fig. 6
shows the EDX composition map of other elements inside and around the pore area. Interestingly the Fe,
Cr and Ni are more concentrated inside the pore area whereas Si, S, and Mn are mostly concentrated
outside and around the pore area. This observation could reveal a diffusion process of metallic elements
during the AM process. Barnhart reported a high concentration of metal oxides of Fe and Cr with a thicker
Si oxide layer (5-7 times thicker) on the surface of recycled powder [35]. Note that Cr and Si have higher
O affinity, according to Ellingham Diagrams, and form a thick oxide in presence of oxygen. In contrast, Ni
and Mn have low O affinity and are less subject to oxide formation. However, Mn has a high tendency to
diffuse to the surface during the AM process. Therefore, a lower Fe and Ni concentration but a higher
concentration of Mn-oxide and Si-oxide has been detected on the surface of the recycled 316L powders.
Mn and Si surface enrichment is assigned to their high volatility, high diffusion rate. This reveals the
diffusion of metallic elements of oxide formation in or outside the pore or on the particle surface as a
guide to optimize our laser processing. However, in agreement with the EDX measurement on recycled
particles, the Synchrotron HAXPES measurements, as presented in Fig. 7, show that only Cr oxides form
in the bulk part.
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Figure 4 EDX spectrum of each virgin and recycled powder. Most peaks overlap well for both powder samples. The
highest peaks belong to Fe, Cr, and Ni and there are S, Si and Mn with weaker peaks. C and O are also present as
expected.




Figure 5 Open pore in a recycled particle images with EDX. The carbon and oxygen composition map across the
pore shows a uniform distribution of the two elements. The red arrow shows the EDX line scan direction.

Figure 6, EDX compositional map of various elements inside and around the open pore in a recycled particle. Three
elements of Fe, Cr, and Ni (top) are more concentrated inside the pore, and the other elements Mn, Si and S are
more distributed outside and around the pore area.

3.3. Synchrotron HAXPES composition analysis

HAXPES can be used to reveal the chemical composition through the photoemission of core level
electrons from the particles of the stainless steel [39] to a depth of about 20-30 nm. Therefore, it can
confirm the presence of elements across the pore area trapped inside the particles. To the best of our
knowledge, such measurements have not been reported for recycled powders within the AM process to
date. Figure 7 shows the HAXPES measurements on the recycled and virgin powders by element
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composition analysis.. Different metallic components show peaks at different binding energies, which
represent the orbitals from which the electrons have been emitted. The elemental concentration on the
recycled powders were previously measured and showed that the C and O concentration increases more
than any other element on the surface of recycled powder compared to virgin powders [10, 40]. Here, the
peaks from elements observed in EDX map are reported in order to make a correlation between the two
experiments. Figs. 7 shows the HAXPES 1s peaks for Fe, Cr, Ni, Mn, S, and Si. The recycled powder has
a large Fe 1s peak, indicating a higher surface concentration of Fe after recycling. There is almost a
same metallic Cr concentration but a higher Cr-oxide on recycled powder in correlation with the EDX
data. The metallic Mn signal increases slightly indicating a higher concentration of metallic Mn at the
surface in recycled powders. The Si and S peaks are largely unchanged and Ni signal reduces
significantly indicating a diffusion of nickel away from the surface during the laser melting process. The
metal oxides presented in the results such as FeO, Fez20s3, CrO, Cr203 and NiO were only observed in
recycled powder, or had a higher concentration in recycled powder. In general, the increase in oxidation
happens by heating the sample e.g. by laser heat during AM the process. Terressa et al. also reported
Mn203, Cr203 and Fe20s in the recycled powder [12]. They related this to imperfect vacuum cleaning of
the SLM machine, impurities with oxidation present on the surface, heat and the oxygen released from
the inclusion sites inside the melted particles. The higher concentration of Fe, Cr and Ni oxides are
explained at the surface together with the reduction in Ni in the near surface region of the recycled
powder by a dynamic diffusion of other elements to the outer surface under laser heat process. In fact,
Cr20s3 is the most stable oxide of the above mentioned metal oxides and will form first [19]. In 1997,
Kimura et al. have shown that heating Mg soluted in aluminum alloy powders moves out from the inner
region to the outer surface at higher temperature by breaking the surface oxide films and forming metallic
aluminum on the particles’ surface [41]. The oxidation rate also has an effect on the diffusion rate of the
metals because formation of a thicker oxide layer will reduce or block the in-diffusion of the elements
which can leave a void inside the particles. This may be more probable in the recycled powders as they
experience continuous laser heat during the SLM process. For example, when Mn diffuses out to the
surface of the patrticle, the Fe and Cr remain inside. Then S or Si cover the particle surface and block the
oxygen or Mn to return into interior part of the particle thus leaving a pore or void area inside. This
definition is also in agreement with EDX results as the Mn, Si and S are mostly outside the pore area
while Fe, Cr, and Ni are also inside the pore area. An alternative conventional explanation is that the
oxygen inclusion in the bulk of the particle creates the pores mostly observed in printed parts rather than
in powder particles [18].

11



1.6x 10"

15x10 F Fe ls  p2* e 4 408107
H
L2x10’ H T 32x10°
.
H 1.2x101
o e .
= Yuxil - F . T 24100
£ SR T 1
E soxtot L FeC ™ h- . . e f %
= am—] LI Vi 1 1.
[] BUx I
30xi0” - ,——/ \\ . S ._.// l\
— ROx10 = -
W17 T T T T T — T T T
7120 7116 7112 7108 7104 7100 5996 5992 S988 5984 5980 8344 8340 8336 8332 8328 8324 8320
T T T T T T T T T T T T T T T T
7100 - 1 soxiof " BRI ITI) S .
70 Mn 1s SO0 g q ™o sits
6x10° Mn-C 3 7 f i3 / ’i
n- H I s % T Y
¥ [ 4.5x10F F3 h Y = Fsi 1 0
sk om0 O} - it L VAR
e AR N
Z o o A - . 10X 107, n—— - _
@ dxi0 il ~1 ! o'l L3l
2 R — AT Y 1 ~
2 ek N - Foy £
= /i 1 £ £
w10t i 4 3510 .r'q"' -\. -
‘ s’ N 5.0x10° ]
Ix10° | ; . | St otoss .
3.0x10° b
T 71T 771 77 T LI T T T T T T T T T T T
6564 6560 6556 6552 6548 6544 6540 6536 2476 2472 2468 2464 1848 1844 1840 1836
Rindine Facrow (oW D i die

P Y P ¥4 Dinding Troroe: £at7h

Figure 7. HAXPES measurements on the recycled and virgin powders by element composition analysis at 10kV
beam energy.

3.4. Nanoindentation measurements

It is known that porosity is detrimental to the mechanical properties of the powder and parts, and
results in lower strength and fatigue for the porous materials [19]. Pores can also propagate to cause
cracks and further stress concentration. To understand the mechanical properties of the powders,
nanoindentation was performed on both virgin and recycled powder samples [10]. Several
nanoindentation tests were applied at different locations on randomly selected particles of both powders
(F=250 uN for 5-10 seconds). A lower average hardness was obtained from the recycled powders. Here,
further measurements are presented after monitoring the pore areas on the polished surface of the
particles under the microscope of the same nanoindentation system. Fig. 8 presents the hardness, and
effective modulus measured for different depths on both samples. The recycled particles show lower
hardness and higher modulus at different indentation depths. These are assigned to the presence of
pores beneath or around the indented areas. However, other factors can also contribute to this. For
example, the recycled powder particles may be degraded. The metal oxides, which are more present in
the recycled powder, have a higher molecular weight and reduce the mechanical strength of the recycled
powders [42]. Terressa et al. reported no statistical relation between the microhardness of the recycled
powder and the cycle number [12]. Sartin et al. reported a minor change (0.2%) on tensile strength of the
recycled powder and part [26]. Heiden et al. reported a slightly higher roughness on the recycled powders
attributed to dendrite exterior on the particle or open pore formation on surface [15].
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Figure 8 Nanoindentation measurements showing the (a) hardness and (b) effective modulus obtained for both
recycled and virgin powder on different indentation on different porous locations of the particles.

4. Pore formation mechanism in recycled powders

The internal pores in recycled powders (not in printed parts) has been less investigated in literature
[43]. Most research groups have examined the pore formation in printed parts which could either be
manufactured from the recycled powders or a mix of virgin and recycled ones. Nevertheless, the pore
formation in recycled powders can shed light on optimizing the PBD process itself or the strategy to reuse
the powder in further reusing cycles. Note that pores could be source of oxygen or contamination and can
cause pore formation in printed parts with undesired mechanical properties [18]. Saboori et al. measured
a lower elongation for the parts made of recycled powders compared to the parts made of virgin powder
due to a lower inclusion content and of lower average size of the recycled powders [43]. According to
EDX results, the pores contain Cr and Si-oxides due to high oxygen affinity of such elements even at a
reduced gas flow rate with minimized oxygen content. The characterization results presented here
provides an insight into the pore formation mechanism in recycled powders. Especially, XCT images
revealed the porosities with average cross-sectional diameters of 8 um which is slightly smaller than the
pores in virgin powders (10 um). The pore shape in recycled powder distributions did not change
significantly compared to its virgin counterpart. However, some clustered pores were observed even if the
virgin powder was sieved. The powder bed geometry of our EOS printer is 250 mm x 250 mm x 250 mm.
The number of 9 test cubes of 10 mm? were printed. The rest of the powder bed was used to print number
of tensile test bars. The recycled powder was sampled for characterization from 10 mm distance between
the cubes. In total, only 25% of the powder bed was used for printing the cubes and bars and the recycled
powders were sampled from 120 mm? area remained between the cubes (from one of the 10 mm
channels between the cubes). The area of 250 mm? of the powder bed is occupied with test cubes and
the distanced between them. The periphery area around the cubes is also covered by the powders. The
percentage of the total area used by the 3D printer is calculated by,

Used are of powder bed for printing = (total cubes surface area) / total area of the powder bed

It is believed that the powders remained between the cubes are the most impacted powders although
it can still be mixed with untouched particles. Therefore, the small variation in size of the virgin and
recycled powder can be understood as the powder bed size is large compared to the area used to print
the test cubes. A smaller powder bed may increase the number of spatters or the population of the
affected particles in recycled powder resulted in a different pore size distribution [44]. Martin et al. have
attributed the pores formation to melt pool dynamic due to rapid formation when excess energy is
imparted by laser to melt pool [7]. Thus they suggested modulating the laser power to compensate for
melt pool overheating and pore formation.
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Figure 9 the powder bed and the printed test cubes with the given dimensions. The recycled powders were
sampled from 10 mm distance between the cubes shown by the red indicators after over 10 times recycling.

The XCT measurements show a slightly increased number and volume of the recycled powders. This
is in agreement with the report of Gasper et al. showing that the particles of up to six times larger can also
exist in recycled powder such as ejected spatters [45]. We have previously shown that although the
recycled powder was sieved, the clustered particles and elongated spatters still observed in the recycled
powder [10].

5. Conclusion

Pore formation in powders and parts is still a challenging problem in AM processes. The solution to
this problem is to provide and use powder feedstock which does not have pores, as much as possible,
and to implement a control strategy which mitigates pore formation during the process. A better
understanding on pore formation and nature will help to develop strategies to prevent them for occurring.
The pore nature and formation were investigated in powder particles of recycled and virgin 316L powders
within an additive manufacturing SLM process. The recycled powders show slightly more porosity inside
the powder particles as confirmed with X-ray computing tomography. The pores have more iron and
chromium inside whereas the Mn, Ni, and Si were mostly distributed outside and on periphery of the pore
areas. This understanding was confirmed with synchrotron XPS analysis where the higher concentration
of Fe and Cr from recycled powder were confirmed. Nanoindentation was performed to measure the
mechanical properties of the particle and the recycled powders have shown lower hardness and higher
modulus at different indentation depths, which would be expected to be due to the higher level of porosity
in these powder particles. The pore formation in recycled powders is more probable when the powder bed
is more occupied by the printing parts since the number of affected particles increases if more area of the
powder bed is used for printing. Therefore, apart from the chemical reorganization of the elements during
the printing process, the used powder bed area can also give us a useful idea on the extent of the
impacted powders. Therefore, we suggest to record the powder bed area used for printing during the
process for every 3D-printing machine.
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