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HIGHLIGHTS

« The content of oxygen and hydrogen
increases with increasing level of
powder degradation in PBF-LB/M
process.

« Samples made of long-term reused
powder display quadruplicated
porosity compared to virgin powder
samples.

« Long-term reused powder reduces
tensile and yield strength as well as
elongation at break about 15 %.

« Oxygen content of processed powder
plays an important role in pore
formation of manufactured
components.
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ABSTRACT

Laser-based powder bed fusion (PBF-LB/M) is a well-established additive manufacturing (AM) process
capable of producing high quality parts with excellent mechanical properties. Industrial applications of
additively manufactured parts require the usage of fresh powder which makes the process expensive,
especially in case of AM machines with enlarged build envelopes. Processing long-term reused powder
fits to economic yields with the drawback of increased porosity and incorporated oxides.

In this study, a detailed analysis of components made of virgin and long-term reused AlSi10Mg0.4 pow-
der is provided. The experiments reveal that process parameters qualified for the virgin powder are not
working offhand for the reused powder, as an increase of porosity from less than 1% up to 3% and a
decline of tensile strength as well as yield strength of about 15 % are observed. The results indicate that
powder degradation, which is based on the formation of hydroxides and oxides, has a significant impact
on as-built microstructure as well as mechanical properties of additively manufactured parts. The
amount of hydrogen and oxygen is measured for different powder conditions and the powder ageing pro-
cess of AlSi10Mg0.4 is discussed in detail.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

E-mail address: tobias.fiegl@nmfgmbh.de (T. Fiegl).

1. Introduction

Nowadays one of the most significant techniques in the additive
manufacturing (AM) for metals is the powder bed fusion process
with the laser beam PBF-LB/M [1-4]. The layer-wise densification

https://doi.org/10.1016/j.matdes.2021.110176
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of loose powder with about 55 % apparent density [5] to a solid
body with >99 % relative density [6-8] is achieved by the energy
input of a laser beam. The single steps of the process cycle, namely
platform lowering and powder coating as well as powder melting,
are expounded in [1,4-5]. Protective atmosphere with oxygen con-
trol, that is typically kept around 1000 ppm in the PBF-LB/M is
used to assure necessary process control and enables high-
quality manufacturing [5,9-10]. Additively manufactured compo-
nents achieve mechanical properties as good as conventionally
produced parts [4,7,11]. One major benefit of PBF-LB/M is the pos-
sibility of producing complex-shaped components without the use
of any mold or long post-processing, especially turning and milling
with a large amount of metal waste [3,8,12,12-14].

In contrast, it is believed that successful AM requires high-grade
powder, which means spherical particles without inner gas poros-
ity and a particle size distribution (Gaussian) between some
microns up to 100 um in diameter [15-17]. A further requirement
of the powder is a low oxygen content, because oxides can cover
the liquid melt pool as Louvis et. al and Das et al. mentioned
[5,18]. Thus, the wetting behavior of powder particles next to the
melt track or of the previous molten layer below is reduced and
porosity in form of lack of fusion can occur. In literature, this effect
is often called balling [2,5,10,18]. Pauzon et al. analyzed the spat-
ters which are formed during the melting of Alloy 718 [19]. The
XPS measurements display an increasing oxide layer thickness of
these particles compared to virgin powder. This investigation indi-
cates oxygen uptake by liquid metal spatters (molten droplets
ejected from the melt pool) although the process atmosphere is
controlled with inert gas contenting a low amount of oxygen
[19]. Degradation in terms of oxide formation is increasing with
the increase in oxygen affinity of the basic alloy element, as shown
in case of Ti64 [28-29] and AlSi10Mg [29]. The recent work on
degradation of the AlSi10Mg0.4 alloy powder [30], that is also
the material of this investigation, confirms that powder degrada-
tion is connected to growing oxide layer thickness on powder par-
ticles as well as spatter formation and its accumulation during
prolonged reusage of feedstock powder in PBF-LB/M. The results
highlighted that the amount of spatter particles in sieved feedstock
reaches up to 3 % after 30 months of reuses. The surface of spatter
particles is covered with thick Al-based oxide scale, reaching about
125 nm thickness [30]. Influenced by the high amount of spatter
particles, the average oxide layer thickness of reused powder
increases from 4 nm in virgin to 38 nm in powder reused for
30 months. Previous studies show that spatter accumulation in
the powder bed during AM processing result in the oxide inclu-
sions in the as-built material and in the increasing presence of lack
of fusion type of defects [9,31]. Besides oxides, moisture and other
gaseous constituents are present on the powder surface as a result
of powder reuse and handling [20], which play an important role in
the PBF-LB/M. First, Louvis et al. mentioned a reduced flowability
of the powder because of moisture. Liquid bridges between the
particles contribute to the adhesive forces (such as van-der Waals
forces) and promote agglomeration. [18,21-22]. Second, adherent
moisture delivers a huge amount of gas. Weingarten et al. 3]
delineated that hydrogen, which is formed by the reaction of mois-
ture and aluminum, is supersaturated in the aluminum melt. The
lower hydrogen solubility in the solid leads to pore formation. This
group investigated the influence on as-received AlSi10Mg powder
and on powder dried at different temperatures before melting. The
porosity is reduced from about 0.5 % to 0.4 % and up to 0.2 % by
drying the virgin powder at 90 °C and at 200 °C, respectively. It
should be noted, that the 50 pm layered cubes were manufactured
without preheating of the build plate (usually at 200 °C for alu-
minum). Further drying experiments of virgin powder by melting
the scan track twice lowered porosity up to 90 % for certain melting
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parameters. Weingarten et al. required that moisture must be
reduced before the actual melting of the powder begins. [3]

Li et al. revealed similar results with Al-121Si powder. The ana-
lyzed cubes were fabricated with 50 pm powder layers and at a
preheating temperature of 200 °C. Before manufacturing, the virgin
powder was stored for one month at ambient air and temperature
whereas the dried powder was heated up to 100 °C in air condi-
tions for one hour. The different storage conditions cause a reduc-
tion of porosity from about 3% to 1%. XPS measurements show the
presence of aluminum oxide, aluminum carbonated hydroxides,
and moisture on the virgin powder. The drying process removes
the moisture resulting in a lowered porosity of the samples. [23]

The literature shows that oxides and hydrogen might extremely
influence the final part quality. Strict requirements to the powder
conditions involve high costs for the production of the powder
feedstock [24]. Most of the powder in the powder bed, that
depending on the component size, geometrical complexity, density
of support structures and the build envelope, is not exposed to the
laser beam and remains unconsolidated. Afterwards, it can be
removed and sieved [12,15]. The fraction of non-molten powder
can be up to 90 % of the total utilized powder [25]. The reuse of
powder for the following process gives high economic driving-
forces and will make the PBF-LB/M more efficient [12,24,26-27].
The importance increases with build volume and the use of hun-
dreds of kilograms of powder.

Several studies have been performed to evaluate the relation-
ship between powder conditions and mechanical properties of
additively manufactured specimens.

Seyda et al. investigated the effect of the recycled powder utiliz-
ing cubes and test specimens fabricated out of gas atomized Ti-
6Al-4 V powder with the process settings 200 W laser power and
30 pum layer thickness. The powder was used twelve times and
sieved in between. The main finding is the reduction of porosity
from 0.11 % to 0.05 % with the change from virgin to reused pow-
der. Seyda et al. explained the improvement by the rise of the
apparent density from 0.51 % to 0.55 %. The increased density can
be traced back to better flowability of the reused powder due to
the loss of fine particles (less than 20 pm). Furthermore, the hard-
ness is improved by about 34 %. The higher ultimate strength
(+7 %) can be related to the samples made of recycled powder. [12]

A similar approach was done by Ardila et al. [26]. This group
manufactured cubes and mechanical test specimens with virgin
and recycled IN718 powder (up to 14 times). The layer thickness
was 20 um. In contrast to Seyda et al., Ardila et al. dried the powder
in a furnace with air after sieving to reduce moisture. In this study,
no significant change in the particle size distribution and chemical
composition for virgin and recycled powder is noticed. Hence, the
mechanical investigation shows no clear variation. [26]

In the experimental analysis of Hann et al., no differences in
tensile and low cycle fatigue testing of specimens produced with
virgin and ten times reused IN718 powder are revealed. The pow-
der distribution and morphology of both powder types are similar.
Only a slight increase in oxygen content from 151 ppm to 172 ppm
can be recognized. [25]

The recent investigation concerning the reuse of powder is pub-
lished by Del Re et al. and deals with AlSi10Mg. The specimens for
the mechanical characterization were built with 30 um powder
layers. The residual powder was sieved. After eight-time reuse
coarser particles and large agglomerates are reduced and conse-
quently tap and apparent density increase marginally. The effect
on mechanical properties such as ultimate and yield strength is
negligible. [24]

It is important to emphasize that most of the studies are focus-
ing on small PBF-LB/M machines, little powder batches and
reduced layer thicknesses (less than 50 pm). In addition, current
studies for different materials display the potential of reusing pow-
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der in case of limiting the count of recycling to a low double-figure.
Results are sometime inconsistent as the application of different
AM processes as well as machine setup, type of alloy studied, dif-
ferent number of powder reuse cycles and component geometry
will determine the extent of powder degradation [19].

Up to now, no studies have examined the impact of long-term
reused powder on porosity and mechanical properties using speed
optimized process parameters with 100 um powder layer thickness
during laser-based powder bed fusion. Hence, a detailed analysis
on the formation and adsorption of hydroxides and oxides on
AlSi10Mg0.4 powder particles as well as the impact of these two
factors on the mechanical properties and microstructure is focused
in this study in order to improve the understanding of powder
degradation during PBF-LB/M process. In addition, new explana-
tory approaches for the pore formation are given.

2. Experimental

For characterizing the mechanical properties, tensile specimens
made of AlSi10Mg0.4 powder (powder supplier Concept Laser
GmbH, GE Additive) were produced via X LINE 2000R (Concept
Laser GmbH, GE Additive). The machine is connected by pipelines
to a sieving station and a silo. The closed system is exposed to a
permanent flooding with fresh inert gas (nitrogen 5.0) to prevent
powder oxidation. Due to a slight tolerant leakage of the system
the powder is not contactless to oxygen. In case of the X LINE
2000R, it includes the rotation of the processing module into the
glove box. Approximately 550 kg of AlISi10Mg0.4 powder is used
at any time, so virgin powder is added continuously to the system
as a result of the loss of powder after manufacturing components.
Thus, after 30 months the long-term reused powder is a mixture of
different aged powders. All melting and process parameters, for the
manufacturing of the about 100 tensile specimens, are listed in
Table 1. The process parameter is developed on basis of virgin pow-
der balancing quality (porosity less than 1 %) and economics (high
buildup rates resulting due to increasing layer thickness and scan
speed), especially for huge components.

The tensile specimens are positioned regularly distributed over
the total build area of 800 x 400 mm?, which is divided into two
same-sized 400 x 400 mm? working areas for the two laser sys-
tems. The additively manufactured 4 mm thick aluminum sheets
were machined to the shape of flat bar tensile specimens (see
Fig. 1) to preserve the as-built surface. The tensile tests (Zwick/
Roell Z100) were tested in accordance to the DIN EN ISO
6892:2007-05 at room temperature.

For powder characterization the particle size distribution was
analyzed by laser diffraction (Mastersizer 3000, Malvern Panalyti-
cal GmbH). The oxygen content is measured by Horiba oxygen
nitrogen analyzer EMGA-620 W (Horiba Scientific) and the hydro-
gen content is analyzed by G8 GALILEO ONH (Bruker / TU Darm-
stadt). Apparent and tap density were measured according to

DIN EN ISO 3923-1:2010-08 and 3953:2011-05. Light microscope

(LM) and scanning electron microscope (SEM) images were taken
with Zeiss Axio M1m Imager (Carl Zeiss Jena GmbH) and with a
Helios NanoLab 600i FIB Workstation (FEI Company), respectively.

Chemical analysis was performed with energy-dispersive X-ray

spectroscopy (EDS, Oxford instruments), which is integrated in
Helios NanoLab 600i FIB Workstation.

Table 1
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Fig. 1. Manufacturing of aluminum sheets (130 x 60 mm? and 4 mm thickness).
Afterward milling of two flat bar tensile specimens (dark-gray) out of one
aluminum sheet according to DIN 50125:2016-04 (gauge length of 35 mm).
Specimen exhibit machined contour and an as-built surface quality.

The porosity of each specimen was quantified on the basis of
around 40 LM images (cross-sections at 100x magnification) via
automated batch processing (Image Processing Toolbox MATLAB,
MathWorks). It is possible to distinguish between gas pores (round
shaped) and lack of fusion porosity (elongated defects). The sample
porosity sums up of both porosity types. The Vickers hardness
measurement HV 0.5 (Leco Microhardness tester LM 300AT, Leco
Corporation) was done on cross-sections of six selected tensile
specimens for both powders. The average value of each sample
results from 17 single hardness impressions, which were dented
with one-millimeter distance in between. In addition, the cell size
of the microstructure was determined by means of line intercep-
tion method using SEM pictures.

Images of the fractured surface from tested flat bar tensile spec-
imens were taken with Zeiss SteREO (Carl Zeiss Jena GmbH) and
analyzed by Image] measurement tools. Oxygen and hydrogen
measurement of manufactured samples were performed with the
same measurement tools used for powder characterization.

3. Results
3.1. Powder degradation

The oxygen content of virgin and long-term reused powders
(over 30 months) is shown Fig. 2. Beginning from virgin powder (=-
condition as delivered and defined as zero powder age in Fig. 2) the
oxygen content of about 0.05 % rises significantly during recircula-
tion of the powder in the first year. The progression follows a log-
arithmic function. The long-term reused powder reveals a doubled
oxygen content of 0.12 % compared to virgin powder.

Additionally, the hydrogen measurements show an increase
from virgin to long-term reused powder by 50 ppm from 80 ppm
to 130 ppm (see Table 2).

In contrast, the polished cross-sections of the two powder types
(Fig. 2) seems to be very similar, especially regarding the inner
porosity (see marker A) which is approximately 0.6-0.7 % (Table 2).
Sometimes fused surfaces connect two powder particles (Fig. 3, see
marker C). A considerable difference between the virgin and reused
powder reveals in the number of so-called satellites (small parti-
cles less than 5 um adhere to larger particles, see marker B). In
the case of virgin powder several satellites are present, whereas
reused powder is nearly free of these small particles. These obser-
vations can be confirmed by SEM images of the powder surface

Overview of melting and process parameters for the manufacturing of the analyzed tensile specimens.

Layer thickness (um)  Volume energy (J/mm?) Shield gas (-)

Build plate heating (°C)

Scan strategy (-) Size of islands (mm?) Rotation of islands (°)

100 40 Nitrogen 5.0 200

Island scanning 10x10 90
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Fig. 2. Oxygen content in dependence of powder ages beginning with virgin and
ending with long-term reused powder. The oxygen content over the time of reuse
follows a logarithmic function. In this study, only the initial and the final state of the
powder ages are used (gray bars).

(Fig. 3). Overall virgin and reused powder show a similar particle
size distribution as it can be seen from the D10, D50, and D90 val-
ues in Table 2. The measured apparent density of approximately
1.3 g/cm? reveals the same for both powders whereas a slight dif-
ference can be noticed in the tap density (Table 2).

3.2. Mechanical properties

The cross-sections of the tensile specimens manufactured with
virgin and reused powder (Fig. 4) display different densities. Thus,
the measured porosity in the sample made of reused powder is
about four times higher than the one of virgin powder. The latter
shows less than 1 % porosity, which is composed mainly of smaller
gas pores and to a small extent of irregular distributed lack of
fusion porosity (see Fig. 4, marker A). In contrast, the high porosity
in the specimen made of reused powder is a sum of numerous
spherical gas pores with various sizes - between some microns
up to 100 pm in diameter. In this case, the micrograph looks like
an aluminum foam with 3.0 % porosity.

Table 3 summarizes the mechanical properties of flat bar tensile
specimens. Tensile strength, yield strength, and elongation at break
are lower for the samples made of long-term reused powder than
the ones made of virgin powder. For example, tensile strength
decreases from 335 MPa to 285 MPa and yield strength from
222 MPa to 191 MPa on average, which corresponds roughly to
15 % reduction. The same can be observed for the elongation at
break. Virgin powder specimens display 3.3 % elongation at break,
while reused powder samples show only 2.9 %.

4. Discussion

Although, there is a significant decrease of the mechanical prop-
erties caused by the powder degradation, the as-built flat bar ten-
sile specimens made of reused powders (R;,, = 285 MPa,
Rpo2 =191 MPa, A = 2.9 %) would fulfill the minimum requirements

Table 2
Summary of the results for the powder characterization.
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for the pressure die casting alloy AlSi10Mg according to DIN EN
1706:2013-12 (R, > 240 MPa, Ryp, = 140 MPa, A > 1 %).

Nevertheless, the mechanical performance of the tested speci-
mens is affected by the amount and shape of defects existing in
the volume of the tensile specimens and secondly from the
microstructure of the specimens.

In general, a loss of tensile and yield strength come along with a
cross-section reduction, provoked by existing defects like gas
porosity. This is simply illustrated by the following equations. [32]

_po o
Ru = R, (lfsxm> (1)

with @: porosity, R, : max. tensile strength without porosity
and s: shape of defects

D
Rpo2 = Ryo> < (1 - 150) )

with @: porosity and Rgo.z : max. yield strength without porosity

The tensile strength R, is strongly dependent on the shape of
defects (s). Rehse et al. express spherical pores with s = 1.
Irregular-shaped defects increase the shape factor s (up to 5 in
the study of Rehse et al.) and thus reduce the tensile strength in
a significant way [32]. As mentioned in the results, all specimens
regardless of the powder used show mainly gas porosity with only
some statistically occurring larger defects, such as lack of fusion
porosity. The spherical gas pores are the overall dominating defects
in the fracture plane, especially for the specimens made of reused
powder (Fig. 5).

Assuming that the shape factor of defects s is nearly 1 the ten-
sile strength without porosity R%, for virgin and reused powder is
calculated via equation (1) to 344 MPa + 15 MPa and
300 MPa * 13 MPa, respectively (see Table 4). The yield strength
is independent of the defect shape, as equation (2) reveals, so the
calculated Rgo_z is about 230 MPa * 10 MPa for virgin and
200 MPa * 9 MPa for reused powder. Obviously, specimens made
from virgin and reused powder differ in terms of experimental
derived strength values as well as theoretically estimated strength
values. In conclusion, gas porosity observed within the specimens
is of minor importance for the tensile and yield strength.

At higher magnification of the fracture surface (see Fig. 6) sig-
nificant presence of oxide residues inside the pores can be seen.
Oxide residues occur more frequently with reused powder than
with virgin powder. Oxide particles can act as nucleating agent
for hydrogen pore formation and enhance micro-porosity. In addi-
tion, thick and extensive oxide inclusions, extending dozens of
micrometers, were observed on the fracture surface. The poor
cohesion between surrounding matrix and the inclusion are creat-
ing weak interfaces in the material and hence degrading mechan-
ical properties.

Besides the amount and size of pores and oxide inclusions, the
focus is set on the analysis of the microstructure in the following
paragraph.

The microhardness measurement for different tensile speci-
mens regularly distributed over the total build area of
800 x 400 mm? are shown in Fig. 7 (left). By the change from virgin
to reused powder specimens, the Vickers hardness of the produced
samples is reduced on an average from 108 HV 0.5 to 96 HV 0.5,

Powder  Oxygen content (%) Hydrogen content (%) Inner gas porosity (%) D10/D50/D90 value (um)  Apparent density (g/cm®)  Tap density (g/cm?)
Virgin 0.052 + 0.015 0.0079 + 0.0002 0.7+0.3 45/65/93 1.33 £0.01 1.48 £ 0.01
Reused 0.123 + 0.004 0.0128 + 0.0004 0.6 +0.2 43/64/90 1.34 £ 0.01 1.54 £ 0.01
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Fig. 3. Exemplary two light microscope (LM) images show cross-sections of virgin and reused powder: Inner gas porosity (A) in powder particles. Satellites (B) smaller than
5 um on larger powder particles and fused surfaces (C) between two particles. Scanning electron microscope (SEM) images of virgin and reused powder surface with higher
magnification (I, II) of some selected particles. Numerous satellites (B) on virgin powder particles compared to reused powder.

$=0.7% Po-3.0%

e
Build direction

E

Virgin powder Reused powder

Fig. 4. Exemplary porosity (®) measurement in cross-section of tensile specimens
made of virgin and reused powder. Melting and processing parameters (Table 1)
optimized for virgin powder and adopted for long-term reused powder. Lack of
fusion porosity (A) with the dimension up to 200 pm. Spherical gas porosity (B) with
an approximate diameter of 60 um.

which makes a loss of 13 %. Fig. 7 (right) displays the cell size dis-
tribution of the aluminum solid solution. The median cell size

Table 3

(Gaussian distribution) is determined to 0.88 pum for specimens
made of virgin and 0.97 um for specimens made of reused powder.
Although the melting parameter and the machine setup were kept
constant for the fabrication of all specimens, a slight coarsening of
the microstructure and consequently a reduction of the microhard-
ness due to the use of reused instead of virgin powder can be rec-
ognized. At present, the change in microstructure is the main
determining factor on the clear reduction of mechanical properties.
The energy input during melting can control the microstructure in
the as-built sample [33-34]. Up to that point it seems that the
energy coupling of the laser beam changes due to powder
degradation.

4.1. Influence of hydrogen and oxide content on part quality

Among other things, the pore formation in solid aluminum can
be traced back to the hydrogen solubility gap between liquid and
solid aluminum as in the literature mentioned. Aluminum melt
can solve about the twentyfold of hydrogen than the solidified alu-
minum (see Fig. 8). The hydrogen measurement of both powders,
virgin and long-term reused powder, show a significant surplus
of provided hydrogen. The virgin powder with about 80 ppm
hydrogen content supplies more than the maximum solubility of
hydrogen for liquid aluminum. Looking at the hydrogen content

Mechanical properties of flat bar tensile specimens fabricated with virgin and long-term reused powder. Averaged values over all tested samples. In addition, oxygen and

hydrogen measurement of tensile specimens are added.

9 o

Powder Tensile strength (MPa) Yield strength (MPa) Elongation at break (%) Oxygen content (%) Hydrogen content (%)
Virgin 335+ 17 222 +12 33+06 0.060 + 0.017 0.0022 + 0.0003
Reused 285+ 13 191 £ 10 29+05 0.070 + 0.008 0.0020 + 0.0001
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Virgin powder
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Reused powder

Fig. 5. SEM images of the fractured surface of tensile specimens made of virgin and long-term reused powder with higher magnification (I, II). Numerous and bigger gas pores
(A) in reused powder samples. The fractured surface analysis displays a honeycomb break.

Table 4

Theoretical calculation of tensile R%, and yield strength Rﬂm with use of equation (1)
and (2) for virgin and reused powder samples. Shape factor is assumed to be 1.
Averaged values over all tested samples.

Powder Tensile strength Yield strength Porosity in fractured
(MPa) (MPa) surface (%)

Virgin 344 + 15 230+ 10 28+1.2

Reused 30013 2009 54+15

in the manufactured tensile specimens, all samples reveal about
20 ppm hydrogen, regardless of the powder used. In comparison
to the porosity shown in Fig. 4 the latter result was not be
expected. Samples manufactured with virgin powder have less
than 1% porosity, composed of smaller pores and lack of fusion
porosity, whereas specimen fabricated of reused powder show
numerous spherical gas pores with a different amount of size. In
consequence, the large amount of hydrogen on virgin and reused
powder particles seems to play a minor role on the pore formation.

As previously mentioned, long-term reused powder reveals
more than twice the oxygen content of virgin powder. It is mainly
due to the increasing oxide layer thickness from about 4 nm to
38 nm and the higher content of spatters (highly oxidized melt
droplets are formed during melting) [30]. The powder ageing pro-
cess is obvious because spatters cannot fully remove despite of
sieving. Furthermore, fresh powder can absorb oxygen and mois-

ture during the process The atmosphere exhibits a residual oxygen
partial pressure, which is coming from the used inert gas (nitro-
gen) and slightly leakage of the system. Due to process time (sev-
eral hours or days for one process) and temperature (build plate
heating at 200 °C) oxide layers are growing and covering the sur-
face of the powder particles. In addition, the build envelope
of X LINE 2000R with the additively manufactured part is rotated
from the processing station into the glove box for powder removal.
In a couple of minutes, oxygen and moisture of the atmosphere can
deposit on powder particles.

The large difference in oxide layer thickness seems to be an
important factor, which can influence the energy coupling of the
laser beam on the powder surface. Pore growth is a diffusion-
controlled process and can be regulated by the energy input or
rather by the cooling rate [40]. Thus, in long-term reused powder
samples, pores can develop and expand. Further analysis will be
necessary to evaluate the correlation between powder degrada-
tion, energy input via laser beam and pore formation.

5. Conclusion

In this study, the influence of AlSi10Mg0.4 powder degradation
on the mechanical properties was investigated by using the laser
melting machine X LINE 2000R. The results indicate that with the
change from virgin to long-term reused powder (two and a half

Fig. 6. SEM images of the fractured surface of tensile specimens made of long-term reused powder with higher magnification (I, I). Oxide phase structure can be seen in some
gas pores (highest magnification). EDS analysis identified a high oxygen concentration of about 7 wt%. In the surrounding matrix, next to pores, no oxygen was detected.
Because of the higher penetration depth of the EDS measurement with regard to the thin oxide structure these values cannot be precise but give a clear indication.
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Fig. 7. Left: Microhardness of tensile specimens. Different positions P; of specimens on the build plate show that there is an overall and constant reduction of 13 % in hardness
from virgin to reused powder. The position-dependent hardness can be traced back to the build plate heating and heat dissipation via build chamber. A general overview of
the impact of the build envelope on the mechanical properties is given in [35] . Right: SEM micrographs showing the cell size of the Al solid solution (gray) and silicon

precipitations (black) in samples made of virgin and reused powder.
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Fig. 8. Hydrogen solubility in pure aluminum for different temperatures (data from
literature [36-39]. Measured hydrogen content for virgin and long-term reused
powder and for manufactured tensile specimens are sketched in the diagram.

years in use) the porosity in specimens made of reused powder is
about 4 times higher than the one in virgin powder samples. Con-
sequently, the mechanical performance of the manufactured ten-
sile specimens is declined. Tensile strength, yield strength,
elongation at break, and microhardness are reduced up to 15%.
Nevertheless, the mechanical properties of the as-built flat bar ten-
sile specimens made of reused powders fulfill the minimum
requirements for the pressure die casting alloy AlSi10Mg according
to DIN EN 1706:2013-12. In the end, long-term reused powder is
still processable by laser melting of 100 um powder layers, but
the major advantages of the excellent mechanical properties
achieved by additive manufacturing is lost, compared to parts
made with other production techniques such as die or sand casting.

Powder characteristics like particle size distribution, inner gas
porosity, apparent and tap density are nearly constant for virgin
and long-term reused powder. In contrast, considerable differences
can be recognized for oxygen and hydrogen content. An increase
from 0.05 % to 0.12 % for oxygen and from 0.008 % to 0.013 % for
hydrogen is observed. Both powders provide more hydrogen than
the maximum solubility of hydrogen in liquid aluminum. Addi-
tively manufactured specimens made of virgin or reused powder
show about 20 ppm hydrogen content and almost the same oxygen

content. This result is in contrast to porosity and pore size distribu-
tion of the produced components. The virgin powder samples
reveal smaller gas pores and some scattered lack of fusion porosity,
whereas the specimens fabricated with reused powder can be
compared to an aluminum foam with bigger gas pores. The oxide
layer thickness on powder particles seems to play an important
role during pore formation and growth. First, oxides can facilitate
the pore formation as nucleation agent. Second, latest results indi-
cate a higher energy input of the laser beam with increasing oxide
layer thickness. This effect can control pore formation in the alu-
minum melt. For a better understanding, in a subsequent study
the energy coupling will be investigated in detail.
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