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Abstract

Laser powder bed fusion, largely employed for additive manufacturing, induces after each
batch a large quantity of remaining powder. This study focuses on the possibility to reuse
this remaining powder after a large number of production cycles and on the influence of
such reusing on the microstructure and mechanical properties. Inconel 718 parts made
from fresh and 50 times reused powder were processed and then characterized in the as-
built state. The effect of powder reuse on the microstructure was assessed thanks to a
multiscale study and the resulting mechanical response was evaluated using both
monotonous and cyclic tests. Our results clearly show that despite a better powder
flowability for the reused powder, only minor differences between the two investigated
materials demonstrating the possibility of high-quality parts production from reused

powders.
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I. Introduction

In the last decades, the ability of complex parts production directly from a computer aided
design without machining or assembling step has increased the interests in Additive
Manufacturing (AM) [1-4]. Among all AM techniques, Laser Powder Bed Fusion (LBPF)
also called Selective Laser Melting (SLM) is the most common technique due to its high
capability to build complex parts with generally improved mechanical properties [2—7]. This
layer-by-layer process is however known to induce some defects such as porosities,
inclusion of unmelt powder, residual stress [8,9] and also non-equiaxed grain growth. This

later phenomenon typically gives rise to anisotropic mechanical behavior [10-12].

For cost limitation and sustainable development, one challenge of powder bed fusion
processes is the direct reusing of unmelt powders collected after each completed batch. A
first possibility is to mix fresh powder (feedstock) and reused powder together, which is
called refreshment. Another approach is to use the entire powder feedstock by, for
instance, the production of smaller and smaller parts while the amount of powder is
decreasing or to mix reused powder from different fabrication lots [13]. Although reused
powder does not participate directly to the fabrication, it is affected by the process. Reused
powders typically exhibit different particle size distributions as compared to fresh powders
[14]. Particles can agglomerate resulting in large particles that do not melt completely
during the process and thus leading to defected zones. Such large particles can be easily
removed by a sieving process. However, even so, the average particle size tends to
increase and particles may exhibit so-called “satellites” whereas their sphericity decreases.
All these features typically lead to a diminution in the tape density and thus in the density
of the final product [14-17]. The effect of reusing is not limited to the particle morphology
but it can also affect the powder composition. For instance, spatters are created from
powder or molten material ejected from the melt pool during the laser scanning. When
spatters eject from the powder bed, they may have been partially or fully melted and
solidified in the chamber environment [18].

Thus, an increase in oxygen amount is sometimes reported [15,19-21]. Based on the
relationship between tape and final density, a 5 steps method has been proposed to check
if reused powders are suitable for fabrication [13]. In this method, the main parameters are
particle size distribution, shape factor, oxygen content, flowability and tape density [13]. In
the specific case of steels, a particle magnetic separation in addition to sieving has been
proposed [15]. In this later case, filters stream could be tuned to separate particles into



three categories: non-magnetic (oxides), weakly magnetic (reusable powder), and highly
magnetic (FesO4, spatter with high ferrite content) [15] which can help maintaining the

quality of the feedstock.

When it comes to mechanical properties, only few studies focused on the powder reusing
influence have been published. These studies are mainly dedicated to AlSiMg alloys
[22,23], Ti-6Al-4V [21,24-26], 316L stainless steel [15,27] and Inconel 718 (IN718) [14,19].
For AISiMg alloys, a single powder reuse (with sieving process) does not modify the
mechanical properties [22]. However, after 8 reuses (with sieving process and heat
treatment on parts) a 4% decrease on ultimate tensile strength (UTS) and yield stress
were reported [23]. Concerning as-built Ti-6Al-4V, parts porosity decreases (from 0.1% to
0.05%) after 12 reuses (with sieving and refreshment) whereas a slight increase in surface
roughness, hardness and UTS (4-7%) were reported [26]. For the same material, other
studies involving samples manufactured after 21 and 37 reuses (with sieving and mixing
with the feedstock) confirmed the slight increases in UTS and in yield strength with powder
reuse due to an increase in oxygen and nitrogen concentration [21,25]. In case of heat-
treated Ti-6Al-4V samples manufactured from new and 15 time reused powder [24], it was
shown that no increase in UTS related to the powder reuse was noticed. Nevertheless, the
fatigue life at high cycle regime of machined samples from reused powders shows a
significantly larger number of cycles to failure (10’ vs 10°). Regarding machined 316L
stainless steel, it was shown that the use of powders contaminated by spatters highly
decrease the mechanical properties (-25% on UTS and elongation break divided by 2)
[27]. However, even after 30 powder reuses (with sieving), it was reported a slight
decrease in part density and a light ductility increase whereas UTS and yield stress remain
relatively constant [15]. For IN718, after 14 reuses of powder (with sieving and mixing with
the feedstock), both microstructure (including porosity) and mechanically properties
(toughness) are similar for as-built samples [14]. This result was confirmed by another
study where 9 reuses (with sieving) do not induce any significant difference in tensile and

low fatigue properties [19].

Thus, due to the large number of parameters controlling the LPBF process and the large
number of potential reusing cycles, there is still a lack of understanding of the influence of
powder reusing on final microstructures and the resulting properties. It should be
emphasized that it requires a deep multiscale investigation of microstructures combined

with a systematic evaluation of the mechanical behavior. Besides, in the case of age
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hardening alloys, post-processing aging treatments could bring, additionally, another level

of complexity.

In the present work, the LPBF method has been applied to IN718 alloy. This precipitation
hardening Ni-based superalloy is widely used as structural components due to its high
mechanical properties at high-temperature and under corrosive environment [28]. Due to
its good weldability, IN718 can be produced by LPBF resulting in parts exhibiting almost
nearly no pores and excellent mechanical properties [9,28-30].

In the specific case of the IN718, of great industrial interest, the influence of high number
powder reusing has not been explored and no definitive conclusions can be drawn about
the effect of this powder reusing. Moreover, to the best author's knowledge, very few
coupled investigations of powder reusing, microstructure and mechanical properties
characterization have been reported. This lack of knowledge is detrimental to the
elaboration of a criteria that can be industrially employed to predict the maximal number of
part production with a given feedstock.

The objective of this work is, then, to investigate the evolution of the microstructure (by
scanning and transmission electron microscopy, and also atom probe tomography) and
mechanical properties (monotonous tensile tests and cyclic tests) for IN718 parts, in the
as-built state, manufactured by laser powder bed fusion after 1 and 51 manufacturing
cycles. This microstructure and mechanical behavior assessment is then compared to the
powder characteristics. As small variations of chemical elements such as Al, Ti or Nb from
one powder to another may alter, after ageing, the strengthening related to the gamma’
and gamma” precipitates formation [31,32], the as-built state has been considered for this
study to keep those elements mainly in solid solution. Results revealed that both
microstructure and mechanical properties are not significantly affected by such a large

number of powder reusing cycles.



II. Materials and methods

I1.1. Materials and process

The IN718 powder used in this study was produced by gas atomization by Aubert & Duval.
The sample manufacturing has been performed by laser powder bed fusion on an EOS
M400 machine in Volum-e company under protective Ar atmosphere with 4 lasers. Figure
1 illustrates the build layout for each powder type. Table 1 summarizes the parameters set

employed for the AM process.

To investigate the influence of powder reusing on the microstructure and mechanical
properties, two series of samples were manufactured, a first one exclusively with fresh
powder (named RO) and a second one with a powder (of the same initial batch) used for a
total of 50 printing jobs (named R50). Regarding powder reuse, so far, no international
standards have published to define a reliable and efficient strategy. In this investigation,
the powder reusing procedure consists in a sieving step of the remaining powder to
remove particles with diameter higher than 63 um close to the D90 of the initial size
distribution. During this sieving step the powder is exposed to an argon atmosphere to
reduce powder oxidation. This procedure is based on the Volum-e company knowledge
and also followed the international ISO/ASTL 52907 and ECSS-Q-ST-70-80C (from
European Space Agency) recommendations. Between these two specific layouts, general
industrial products were produced. These jobs were characterized by a similar volume of

melted powder compared to the R1 and R50 layouts.



Figure 1: lllustration of the build layout for the manufacturing of the samples printed with new (R0) or reused
powder (R50). Note that only the orange colored samples have been considered in the present study.

Table 1 : LPBF manufacturing parameters employed in this study

Laser power Laser scanning Powder layer Hatch distance Scanning
(W) speed (mm/s) thickness (um) (mm) rotation
400 1330 40 0.1 67°
I1.2. Methods
Powder

For chemical composition analysis of the two powders, Inductively Coupled Plasma (ICP)
has been employed. The particle size distribution has been also characterized for both
powder using a MASTERSIZER 2000 laser granulometry measurement device working in
liquid dispersion. Together with this particle size distribution of the powder, their
conventional flow rate through Hall flowmeter funnel (ASTM B213) have been assessed.
Apparent density has been measured with the same Hall flowmeter (ASTM B212) and tap

density was measured with a Densitap machine following ASTM B 527 standard. For a

better characterization of the powder flowability, Parameters such as avalanche energy,
break energy, avalanche and rest angles has been measured with a rotative drum device

(Mercury scientific).

Microstructure

Samples were extracted from as build parts to perform microstructure analyses. Scanning
Electron Microscopy (SEM) observations were performed with a JEOL 7900F equipped
with an Electron Back-Scattered Detector (EBSD) and an Energy Dispersed X-Ray
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Spectroscopy (EDS) detectors. For EBSD, sample surfaces were electrolytically polished
with a 9% water, 10% glycol, 8% perchloric acid and 73% ethanol solution at room
temperature at 20V.

For porosity observations, samples were mounted in epoxy castings and polished with SiC
abrasive papers, following by a mechanical polishing with diamond suspensions down to 1
pm. SEM images were taken on the horizontal (XY) as well as on vertical (XZ) sections of
each sample, and surface pictures are recorded in areas where the pores density is
important. ImageJ software was used to analyze the XY and XZ images by using a
thresholding feature to highlight pores. Then, area and fit ellipse parameters were
recorded using the “Analyze Particles” function. An average value is estimated based on

the analysis of six images.

Foils for Transmission Electron Microscopy (TEM) investigations were prepared by
grinding coupons down to approximately 80 um and then punched to obtain disks with a
diameter of 3 mm. Those disks were electropolished with a 10% perchloric acid solution in
90% methanol at -35°C and 20V using a twin-jet Tenupol-5 to obtain electron
transparency.

Atom probe analyses were performed on as-printed microstructure using a Cameca LEAP
4000 HR. Field evaporation was carried out with electric pulses (20% pulse fraction and
200kHz pulse repetition rate) with a sample temperature of 70K that allows the quantitative
measurement of phase compositions in IN718. Samples were prepared by Focused lon
Beam (FIB) using a Thermofisher Plasma FIB Helios (Xe ions). The three-dimensional
reconstruction procedure and data analysis were conducted with the IVAS software
package. For each investigated state, at least 2.10° ions were analyzed which is

considered sufficiently representative for bulk composition analysis.

Mechanical tests

To characterize the influence of the powder reusing on the mechanical properties,
monotonic and cyclic tests were carried out. To this aim, as-built cylinders of 90 mm height
and 26 mm diameter were machined to obtain conventional dog-bone specimens with a
gage section of 20 mm height and 8 mm diameter following the 1ISO-12106:2017 standard.
All tests were performed with a strain rate of about (2.2 + 0.5).10° s with an axial strain
measurement carried out by a "clip-on" extensometer. Monotonic mechanical behavior
was assessed with tensile tests up to fracture on an electromechanical MTS C45 tensile
machine with a cross-head displacement control mode. Cyclic mechanical behavior was

examined with Cyclic Stress—Strain Curves (CSSC) and fatigue tests on a MTS servo-
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hydraulic machine with a load capacity of 100 kN with a total strain amplitude control. Both
tests were carried out with a symmetric tensile/compression loading (R=-1). CSSC were
employed to quickly identify the cyclic behavior of each material over a wide region of
plastic strain amplitudes. These tests were performed with an increase in the total strain
amplitude from 10 to 10™ every 250 cycles. After 250 cycles, the evolution of stress and
strain amplitude and mean stress and strain were assessed. Stress amplitude, mean
stress and plastic deformation values given in the results part, corresponds to an average
of the 5 last cycles of each total strain amplitude. Based on these first cyclic tests, 3
different total strain amplitudes were chosen to perform pure fatigue tests: 2.75 1073, 4.25
10® and 7.5 10°. These three amplitudes are expected to correspond to high-cycle fatigue,
intermediate and low-cycle fatigue domain, respectively. At least 3 samples were
employed for each mechanical test (tensile, CSSC and fatigue) for both new or reused

powders.

I11. Results and discussion

IT1. 1 Powders and fused materials chemical composition

Composition for powders and manufactured samples are displayed in Table 2. Oxygen
content of the reused powder is about 85% higher than the new powder. This increase is
impinged to the interaction of powder with atmosphere during the reusing process.
However, even if the sample manufactured from fused reused powder still exhibits a 45%
higher oxygen content than the one built with fresh powder, one should notice that the
increase is reduced for manufactured samples compare to powders. This feature suggests
that the oxygen of the powder is not entirely translated into the solid material. Moreover, in
all cases (fresh and reused powders and related manufactured samples), the oxygen
content still fulfills the requirements of the aeronautic qualified procedure for industrial use
of this material.



Table 2 : Chemical composition obtained by ICP of IN718 powders (new and reused) and manufactured samples
(from new and reused powder) used in this study.

Ni Cr Fe Nb Mo Ti Al C (o] Si Co N H
New powder 52.38 21.35 18.2 3.36 1.86 1.33 1.18 0.14 0.054 0.06 0.02 0.04 0.017
At%
Reused powder 52.33 21.08 18.59 3.23 1.86 1.22 1.12 0.19 0.1 0.1 0.05 0.04 0.035
i +0.0 +0.0
Uncertainty (%) +1.45 +0.65 +0.52 +0.1 +0.06 | +0.04 5 +0.05 | +0.004 | +0.02 ) +0.04 | nla
Sample from 18.17 3.41 1.16 0.14 0.04
52.515 | 21.198 1.887 | 1.333 0.04 0.041 | 0.01 0.004
At% new powder 8 5 1 5 1
Sample from 18.51 1.09 0.19 0.06 0.05
52.492 | 21.149 3.19 1.876 | 1.16 0.058 0.082 0.009
reused powder 9 4 3 9 6
+0.0 0.0 0.0
Uncertainty (%) +0.45 +0.34 +0.25 . +0.04 | +0.05 ; +0.05 | +0.04 +0.02 1 +0.

II1. 2 Powder characterization

For the fresh powder, laser diffraction inspection of the fresh powder indicates that 10% of the
powder exhibits a particle size below 14.6 pm (D10), 50% below 27.1 pm (D50) and 90% below
49.0 pm (D90). For the reused powder, the particle size distribution is modified with: D10=19.2
pm, D50=30.8 pm and D90=49.6 pm showing an average particle size increase slightly larger than
the ones reported in literature [14,33,34]. This modification of the particle size distribution is also
depicted in figure 2(a) with a translation of the distribution towards larger values for the reused
powder. This phenomenon is due to the presence of spatters and satellites which increase the
particle size for the R50 powder and reduce its circularity as illustrated on the circularity
distribution of the powder particles (see figure 2(b)). This slight particle size increase may results in

an increment of the surface roughness for netshape samples [33].

= 30 —~ 50
> O new powder (R0) g\i O new powder (R0)
s 251 O reused powder (R50) = S 44 O reused powder (R50)
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£ 57T 2 10
8 (a) 5
; =t a (b)
E=E6r 7 819 2 3 4 - 5-6_789 2 3 0 T T T T
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Figure 2: (a) Size distribution of powder particles for the new and reused powder with their corresponding
circularity distribution in (b).



The powder characteristics, i.e., flowrate with Hall funnel, apparent and tap density as well

as avalanche energy, break energy, avalanche and rest angles (see tab. 3).

Table 3 : Summary of the powder characteristics for the new (R0) and reused (R50) powders.

Flowability Avalanche Rest
Tap Apparent Break energy | Avalanche
Powder | (Hall Funnel) ) . energy angle
density density (mJ/kg) angle (°)
(s) (mJ/kg) )
New
n.a. 5.26 4.50 22.11 29.34 51.79 3251
(RO)
Reused
16.16 5.12 4.35 11.91 16.62 44.26 31.84
(R50)

The comparison of the two powder characteristics clearly illustrates an increase in
flowability for the reused powder whereas the tap and apparent densities remain similar.
This flowability enhancement with powder reuses is the opposite to the one characterized
for the same material [33] but in agreement with other works for titanium alloys [21,24,26]
and stainless steel [35,36]. Following the work of Sutton et. al. [36], this feature could be
due either to the reduced volume fraction of small particles or particle oxidation for reused
powder. Here, considering the very low oxygen content increase for the reused powder,
this better flowability is probably linked to the reduction of small particle volume fraction

observed on figure 2(a).

II1.3. Microstructure

Density

As porosities are often observed in alloys manufactured by LPBF, it is of interest to
determine whether the reusing of powder has an influence on this defect formation. An
increase in the volume fraction of porosities in as-built condition will inevitably be
correlated with a decrease in the material’'s density. Therefore, specimen density in the as-
built condition was systematically measured using an Archimedes type balance (precision
measurement of 0.01 g) on 15 samples for each powder. As reference, the value of 8.32 g/
cm?® is taken, which corresponds to the density of an as-cast sample measured with the
same protocol. For samples elaborated with new powder, with respect to the reference, an
average density of 98.3 + 0.9 % was measured, whereas an average one about 98.7 = 0.4
% is measured for reused powder. First of all, despite the use of 4 different lasers, porosity

variation along the elaboration plate was not observed. Consequently, sample density is
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considered to be independent of the position on plate. Then, density measurements seem
to indicate that powder reusing has no influence on density and porosity despite the better
flowability of the reused powder reported in the former paragraphs.

In order to confirm this feature, the porosity level was also investigated using image
analysis on SEM microstructure observations. Figure 3 shows typical areas of polished
samples used for porosity analysis. One can see that the pores are mainly spherical and
no keyhole porosities were observed. Table 4 summarizes the average value of porosity
level and pores circularity obtained for samples from new (RO) and reused R50 powders.
Taking into account the experimental scattering, the obtained porosity values are similar,
showing that powder reusing has no effect on density samples. For both powders, the

pores circularity is nearly equal to 1.0, that indicating a perfect circle. Thus, most of pores

can be considered as spherical.

Figure 3: SEM images of polished R50 samples showing porosity in (a) horizontal section (XY) and vertical
section (X2).

SEM and EBSD investigations

SEM observation on etched samples (Figure 4a-d) reveals Melt Pool Boundaries (MPB) on
vertical sections of samples. Figure 4 also shows that the solidification occurs in the
columnar regime. In both samples, cells are delimited by white contrast borders which are
presumably Laves phases and carbides [37]. Cell size is related to the solidification rate
[38]. The smallest dimension of cells size was estimated by image analysis from a dozen
of high magnification images taken in the vertical plane on both samples. Automatic
analysis was performed on ImageJ [39] with bandpass filtering, thresholding, followed by a

local thickness measurement. Average cells sizes are 529+208 nm and 570£230 nm for
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fresh and reused powder samples, respectively. These values are in agreement with
previously reported data by Pancou [40]. Thus, it can be concluded that the cooling rate

was not significantly affected by powder reusing.

Figures 4c-d exhibit small black dots. On both samples, their number density is higher
below the MPB than above. As discussed later in the present manuscript, those dots have
been identified by TEM as Al,O; nanoscaled particles. It is also seen that cells are smaller
at the bottom of the melt pool than at the top but they keep the same grain orientation.
Nanoscaled oxides below MPB and small cell dimensions may affect locally the

mechanical behavior as it can impede dislocation movement.

EBSD analyses were performed in order to assess the size and the morphology of grains.
Figures 4e-f exhibit Inverse Pole Figure (IPF) maps from vertical and horizontal planes in
the center of as-built parts elaborated from new and reused powder. The represented
directions are parallel to the build direction Z. Mean grain sizes and median aspect ratio
estimated in vertical and horizontal planes for both materials are listed in Table 4. A
misorientation threshold of 15° was applied to identify grain boundaries and average grain
sizes were calculated as the equivalent diameter of a circular grain having the main grain
surface. Regardless of the sample, the average grain size is significantly greater in vertical
planes than in horizontal planes. The largest grains are several hundred microns long
along Z direction for both samples. High resolution SEM images on Figures 4c-d show that
some grains are continuous through the MPB (no contrast change across MPB).
Moreover, some grains in Figures 4e-f are larger than melt pools seen in Figures 4a-b.
This indicates that MPB crossing may occur and that epitaxial growth is the dominant
solidification mechanism [41]. White dashed lines plotted on horizontal planes in Figure
4e-f delimit bands corresponding to the melt pool width, which result from laser patterns.
On both samples, bigger and more elongated grains are found along these lines, i.e. at the
boundary between consecutive melt pools. The aspect ratio of grains was evaluated to
quantify grain morphology (Table 4). However, small grains are more prone to have a big
aspect ratio because the step size used for EBSD acquisition may induce irrelevant small-
grains aspects. Then the median aspect ratio, q, value was preferred to the mean grain
ratio. In the vertical plane (ZX), grains are mainly elongated along the building direction in
both materials with a large median aspect ratio (value of about 3). In the horizontal plane,
grains are less elongated with a median aspect ratio of about 1.7 for both samples.

Powder reuse has, hence, no significant effect on the final grain morphology. Besides, no

12



obvious preferential orientation can be observed while several studies have shown a
preferential orientation of grains orientation <100> along the building direction [10,42-45].

This difference might be connected to processing conditions that were slightly different.
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Figure 4 : Backscattered electron images at low magnification (a-b) and high magnification (c-d) and IPF (along
the building direction) maps (e-f). a-c-e are related to samples manufactured with the new powder and b-d-f with
the 50 times reused one. Black dashed lines in a-b-c-d are MPB. White dashed lines in e-f delimit small and big
grains in xy planes.
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Table 4 : Results from cell size measurements, EBSD mapping and density measurements on new (R0) and

reused (R50) powder made samples for XY and ZX planes.

RO samples R50 samples
XY ZX Xy ZX
Mean Grain Size (um) 12.3£7.8 19.4 £7.5 13.0+8.4 19.9+12.7
Median Aspect Ratio (-) 1.73 +0.65 2.94 +1.38 1.76 £ 0.6 3.02+1.4
Porosity level (%) 0.19 £ 0.09 0.23+0.04 0.14 £ 0.05 0.27 £0.17
Pores circularity (-) 0.95 +0.03 0.93+0.01 0.90 + 0.04 0.92 + 0.03
Cell size (nm) 529 +208 570 +230

TEM investigations

TEM investigations were performed to collect information at a smaller scale. Figure 5
shows bright field Scanning Transmission Electron Microscopy (STEM) images of the
material obtained with fresh and reused powders. A high dislocation density and two kinds
of particles (with dark contrast at interdendritic boundaries and with bright contrast mainly
located inside grains) are clearly exhibited. EDX analyses were carried out to identify
these particles (Figure 6). Three kinds of phases could be identified: 1) Al and O rich
particles, presumably aluminum oxide; 2) Ti, Nb and C rich particles, presumably MC
carbides ; 3) Nb and Ti rich particles, presumably lave phases [46]. Al and O rich particles
are known to have a good thermal stability and have been characterized even after high
temperature heat treatments [47]. Selected Area Electron Diffraction (SAED) rings shown
in Figure 7 inset that it is composed of really fine crystallites. The STEM bright field image
in Figure 8 shows that such Al,O; particles are often spherical and are eventually covered
by another phase with a dark contrast. EDX analysis revealed that, indeed, the Al,O;
particle served the MC carbides to preferential nucleation. However, oxides contribution to
mechanical properties should be negligible since density (around 10 m=®) and size

(around 60 nm) for both samples do not induce significant hardening.

In IN718, precipitation hardening is achieved with the dense precipitation of y’ and y”
phases. To check if significant precipitation occurred during thermal cycles after
solidification, samples were oriented in [100] zone axis. However, since no superlattice
reflections associated with these phases could be exhibited on SAED patterns, it is hence
inferred that y’ and y” are not formed in the as-built condition. DF-STEM imaging was also

carried out and no precipitates could not be imaged neither.
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Figure 5 : Bright field STEM images of new powder and reused powder made samples. Dislocation walls, Laves
phases, carbides and Al203 particles are present in both samples.
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Figure 6 : STEM bright field image (a) and EDX analysis (b-c-d-e) at low magnification of new powder sample
(RO). Intercellular region is enriched in Nb and Ti. This analysis also emphasizes the presence of Al203
precipitates and Ti carbides.
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Figure 7 : Bright field TEM image showing Al203 particle and the associated SAED in hew powder made sample.
Matrix is close to [110] zone axis.

Figure 8 : STEM bright field image (a) of new powder made sample and associated EDX element maps (b-c-d-e)
showing an Al203 particle surrounded by a shell enriched in Ti and Nb.
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Atom probe tomography (APT)
To measure the matrix composition and evaluate the potential hardening capacity thanks

to a post-LPBF aging treatment, materials were analyzed by APT. Besides, this technique
may reveal some early stage of precipitation (clustering) if any. Visual inspection of three-
dimensional reconstructions of analyzed volumes show a homogeneous distribution of Al
and Nb in both materials (Figure 9a). Since these elements strongly partition in y’ and y”
phases, it indicates that precipitates have not nucleated and grown during thermal cycles
after solidification, in agreement with our TEM observations. To quantify if clustering
occurred, radial distribution function for Nb atoms were calculated (Figure 9b). This
statistical analysis does not show any significant clustering. The matrix composition
estimated from those analyzed volumes are displayed in Table 5. Oxygen content in solid
solution in the matrix is significantly higher in the material build from reused powders
(0.011 +0.003 at.% against 0.003 +0.0016 at.%). These values are lower than those
obtained by ICP (see Table 2) for manufactured samples with the new RO powder (0.011
+0.01 at.%) and reused R50 powder (0.058 +0.01 at.%). Indeed, numerous AI203
particles that have captured a significant amount of oxygen and values reported in Table 5
are related to atoms left in solid solution in the matrix. The detected aluminum content is
slightly higher for the fresh powder (1.4 at.% +0.0074) than for the reused powder (1.2 at.
% +0.009). These measurements show that the amount of Al left in solid solution is
significantly reduced in the material built from reused powders (by about 0.2 at.%),
probably due to a slightly higher volume fraction of Al203.
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samples with b) corresponding Radial Distribution Functions (RDF) for Nb ions.
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Table 5 : Composition of APT volumes from new and reused samples.

New powder Reused powder
lon At % At err (%) At % At err (%)
C 0.008% +0.0021% 0.015% +0.002%
(@) 0.003% +0.0016% 0.011% +0.003%
Nb 3.048% +0.0096% 2.970% +0.014%
Mo 2.176% +0.0086% 2.114% +0.012%
Al 1.400% +0.0074% 1.196% +0.009%
Si 0.049% +0.0059% 0.087% +0.025%
Ti 1.345% +0.0060% 1.142% +0.009%
\' 0.007% +0.0020% 0.013% +0.002%
Cr 20.478% +0.0180% 20.047% +0.027%
Mn 0.015% +0.0012% 0.021% +0.002%
Fe 19.538% +0.0184% 19.231% +0.027%
Co 0.060% +0.0000% 0.072% +0.003%
Ni 51.933% +0.0242% 53.070% +0.037%

Based on the SEM, TEM and APT analysis of samples manufactured with the new and 50
times reused powder, it is clear that powder reusing, does not significantly affect the
microstructure, even down to the atomic scale. To confirm the good re-usability of IN718

powder, mechanical properties were also characterized in the following paragraphs.

I11.2. Mechanical properties

Tensile tests
Table 6 displays mechanical properties values extracted from tensile tests performed on
new powder and reused powder samples. Error bars are linked to the parameter’'s

determination errors.
Except for the UTS which exhibits a slight increase with powder reuse, these data do not

show any significant mechanical behavior difference, indicating that powder reusing has

little effect on the monotonous tensile behavior.
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Table 6 : Tensile properties along building direction for new-powder (R0) and reused-powder (R50) made
samples. The samples have been characterized as-received.

. Ultimate tensile Uniform ] )
Yield stress ] Elongation to failure
stress Ours elongation (%)
002 (MPa) A (%)
(MPa)
RO samples 6715 101544 272 49+2
R50 samples 6775 10254 272 51+2
SLM literature in the as-
received state 400-1000 800-1300 18-24 10-55
[10,18,30,41,42]

Tested samples are in good agreement with data reported in the literature for similar alloys
processed by SLM without age hardening heat-treatment [10,19,37,48,49].

Cyclic Stress—Strain Curves (CSSC)

Cyclic Stress—Strain Curves of samples elaborated from new (black) and reused (red)
powder are plotted in Figure 10. As in the tensile condition, no significant difference is
observed depending on the powder types. The total strain varies from 10 to 10" which
leads to a plastic strain variation from 10 to 102 The evolution of stress amplitude (Figure
10a) can be described linearly with a slope change around 107 plastic strain. Powder bed
fusion processes usually introduced residual stresses into the materials [1]. Mean stress
evolution along plastic strain is shown in Figure 10b. Independently on the plastic strain
amplitude, these mean stresses are negative which indicates compressive residual
stresses. For plastic strain amplitude lower than 5.10*, corresponding to microplasticity
(only the well oriented grains with respect to the loading direction are expected to deform
plastically with one activated slip system), the mean stress decreases with an increase in
plastic strain amplitude. The mean stress reach then a minimum around 5.10* of plastic
strain amplitude which is close to the onset of homogeneous plasticity (yield locus
crossed). Therefore, this minimal mean stress value, about -60 MPa, can be considered in
first approximation, to be equal to the average residual stress in the building direction. This
value is in agreement with the average value that have been reported for the same
material using neutron diffraction and numerical simulation [50]. Considering the
experimental scattering, no clear difference in minimal mean stress is observed between
the two samples series, revealing no influence of the powder type on the residual stresses.

For larger plastic strain amplitudes, corresponding to generalized plasticity, the formation
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of dislocation structures related to the plastic deformation strongly modify the initial
microstructure which, in turn, is expected to soften the residual stresses. These residual
stresses can affect the fatigue life [51] and thus may explain the lower fatigue life of LPBF
manufactured IN718 compared to ones elaborated from conventional methods [9,37,52].

Based on the CSSC, 3 strain amplitudes (illustrated in Figure 10 by vertical dashed lines)
were chosen to perform fatigue tests in the two plastic domains described above (i.e.
microplasticity and generalized plasticity) and in the transition between both domains.
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Figure 10 : Comparison between the cyclic stress-strain curves of samples elaborated from new (RO-
black) and reused (R50-red) powder. (a) Evolution of stress amplitude with plastic strain and b) evolution
of mean stress with plastic strain. Vertical dashed lines correspond to strain amplitude selected for
fatigue tests. Only two sample curves have been plotted for each kind of sample.

Fatigue tests

Fatigue tests were performed to assess the effect of powder reusing on fatigue life. For
tests performed with a total deformation equal to 7.5 10 and 4.25 1073, stress amplitude
and mean stress can be extracted from each cycle. In order to decrease the amount of
data collected on fatigue tests with a total deformation of 2.75 1073, analyses were
performed every 25 cycles for the first 10 000 cycles then every 10 000 cycles until the
end of the test. Cycles to failure values are rounded to the nearest thousand. Fatigues

tests data are summarized in Table 7.
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Figure 11 : Example of the evolution of stress amplitude and mean stress during fatigue tests for different
stress amplitudes

The stress amplitude and the mean stress significantly evolve during fatigue tests (Figure
11). For each test series, the plastic strain amplitude is inserted in this figure. It could be
noted that this amplitude corresponds to that expected from CSSC curves. The data
plotted for a number of cycles larger than 100 correspond to cycles that reach the selected
total strain amplitude. From such curves, experimental values including softening

magnitudes were estimated and have been listed in Table 7.

First, in agreement with microstructural data, the difference between samples elaborated
from new or reused powders is relatively low: average stress amplitude is slightly lower
and the mean stress amplitude slightly larger (absolute value) for samples elaborated with
the reused powder. Then, as expected while increasing the total deformation, the plastic
strain amplitude and the stress amplitude increase whereas the number of cycles to failure
decreases. Moreover, when the plastic deformation increases of one magnitude order, the
number of cycles to failure decreases to one magnitude order. As predicted by CSSC
curves a softening of mean stress amplitude (mean stress increases to approach 0) is
observed for a total strain amplitude of 2.75 102 and 7.5 10°. However, for a total strain
amplitude of 4.25 107 corresponding to the maximum absolute mean stress observed in
CSSC curves, it is not possible to erase this residual stress. Finally, one may notice in

Table 7 that the higher is the total strain, the higher is the softening of stress amplitude.
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Table 7 : Fatigue tests results. The number of cycles to failure for a total deformation of 2.75 10 are round to
the nearest thousand. “x” means that the noticed variation is around an average value and neither softening nor
hardening is observed. “?” means that the data are too noisy to extract the plastic deformation. Errors bars
associated to the average plastic strain amplitude, stress amplitude and mean stress are related to the variation
of these parameter over the cycle range of computation.

Total strain | Average Average Average |Stress Mean Cycles to
amplitude plastic strain |stress mean amplitude |stress failure
amplitude amplitude |stress variation variation
(MPa) (MPa) (MPa) (MPa)

RO #1 (3.5£1)10°  [524+2 -10+6 x 12 346 000
RO #2 2.7510%(Cin |[(3.0+1)10° 50243 -15+4 x 18 572 000
RO #3 Fig. 8a) (2.5+£1)10° 482+2 -31+5 X 17 580 000
R50 #1 2! 49717 -33+7 X 14 409 000
R50 #2 2.7510%(Cin |[(5.0+2)10° 536+2 -35+11 X 4 148 000
R50 #3 Fig. 8a) (2.5+2)10° 460+10 -39+9 X 13 512 000
RO #1 (4.0+0.5)10* |693+11 -86+2 -61 X 26 961
RO #2 4.25 10° (B in|(6.0+2)10* 692+14 -23+3 -55 x 18 458
RO #3 Fig. 8a) (4.0£0.5)10" |660+8 -122+2 -73 x 72 426
R50 #1 (6.0+1)10* 669+12 -127+5 -71 X 58 097
R50 #2 4.25 10° (B in|(5.0+2)10* 681+9 -34+2 =77 x 28 373
R50 #3 Fig. 8a) (5.0+1)10* 66019 -74+3 -86 x 29 279
RO #1 (3.1+0.1)10° |738+14 742 -125 30 3146
RO #2 7.5 10° (Ain Fig. [(3.2+0.2)10° |725+15 -25%2 -133 15 2106
RO #3 8a) (2.8£0.3)10° |721+13 -8+3 -260 38 2783
R50 #1 (3.0+0.2)10° |722+16 -27+3 -131 18 3094
R50 #2 7.5 10° (A in Fig.|(3.3+0.1)10° |725+16 -26+2 -151 15 2650
R50 #3 8a) (2.7+0.3)10° |706+14 -6+2 -120 16 4 825

The stresses amplitude as a function of the number of cycles to failure are plotted in

Figure 12 (SN curve). For the highest total strain (high stress), no difference between

samples from new and reused are exhibited. However, for lower total strain (low stress),

samples made with reused powder tends to have a lower fatigue resistance. Experimental

results were fitted with the power law of Basquin's model reported in Eql. [9].

o= AN® Eq1l

In this equation, A and B are materials constant, o the average stress amplitude and N the

number of cycles to failure. Basquin's model provided a good fit of our experimental values

even for a high number of cycles (10°) (R2=0.97 and 0.95 for new and reuse powder

respectively). Fitting parameters are listed in Table 8. Value for A is slightly larger in the
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case of reused powder meaning that for a single cycle, a sample made with the reused
powder will present a larger ultimate stress, which is fully consistent with tensile tests
results for reused powder made samples (see Table 6). Same trend is observed for B
parameter. A larger value of B (in absolute value) means a more ductile materials and thus
a lower fatigue life. It is consistent with the slightly higher elongation to failure that is

measured on the tensile curve of the sample made from reused powder.

A and B values extracted from literature are also given for comparison in Table 8. For a
study carried out in similar conditions (R=-1, machined samples) [9], A and B values are in
agreement with their higher UTS and lower elongation to failure (i.e. UTS=1406 MPa and
fracture strain 13,6%). Concerning the second set of data [12], parameter A is similar
which is consistent with our similar UTS. However, their lower fatigue resistance (stress <
400 MPa event for N < 10°) as compared to the present study can probably be explained
by a different surface finishing (machining removes surface defects and then improves
fatigue life).

However, the difference in the fit of our data for new and reused powders is lower than the
difference between 2 samples elaborated using a given powder. It further demonstrates
that powder recycling does affect as much final mechanical properties as elaboration
conditions. Despite the small variations observed for small strain amplitude fatigue test,
this mechanical investigation validates the capability of high-number reused powder to
build high qualities IN718 parts.
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Figure 12 : Comparison of SN curves for samples elaborated from new (black) and reused (red) powder. Lines
correspond to the fit.
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Table 8 : Parameters of the Basquin's model for samples elaborated with new and reused powder

A (MPa) B
New 1176 -0.81
Reused 1437 -0.85
Literature
R=-1 machined [9] 2153 -0.11
R=0.1 as-build [12] 1761 -0.20

Conclusions

For cost limitation and sustainable development, one challenge of powder bed fusion
processes is to be able to reuse unmelt powders after each fabrication. The impact of 50
powder reuses on microstructure and mechanical properties of laser powder bed fusion
produced Inconel 718 has been assessed for such purpose. The main conclusions can be

listed as follows:

1/ Oxygen content is slightly increased in reused powder and associated manufactured

samples but remains in the aeronautic standards.

2/ Powder flowability is significantly increased after the 50 production cycles of the reused
powder probably due to both small particles reduction and particle oxidation. No effect is

observed on porosity rate.

3/ the solidification process is not affected by the kind of powder as both dendrite size,
grain size and morphology and texture are similar for both sample batches (new and

reused powder based).

4/ Atom probe tomography does not reveal any chemical element clustering or y’ and y”

precipitates formation.
5/ Monotonic tensile properties are not modified by the 50 production cycles of the reused

powder. In cyclic conditions, similar average -60 MPa residual stress is reported for both

powder type.
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6/ In fatigue, a slight reduction in fatigue life is observed for reused powder-based samples
for small plastic amplitude loadings. This average fatigue life difference is, nevertheless, of

the same order than the result scattering for one given loading and kind of sample.

This work demonstrates that, if the recycling is correctly performed following high-quality
procedure, the final material properties still fulfill the requirements for industrial
applications, even after a high number of building jobs. Further work is in progress to
investigate the influence of the powder recycling on the microstructure and mechanical

properties after solution annealing and subsequent ageing of the samples.
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