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A B S T R A C T

For AM processes—specifically Laser Powder Bed Fusion (L-PBF) processes—powder flowability is essential for
the product quality, as these processes are based on a thin layer spreading mechanism. However, the available
techniques to measure this flowability do not accurately represent the spreading mechanism. Hence, this paper
presents two novel applicator tools specifically designed to test the spreadability of L-PBF powders in thin layer
application. The results were checked by running standard tests to analyze the powder morphology, moisture
content, chemical composition and flowability using the Hall-flowmeter. For this study, four common L-PBF
metal powders were selected: Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy. From the as-received state,
drying (vacuum and air) and moisturizing treatments were applied to compare four humidity states and in-
vestigate the feasibility of pre-treating the powders to remove moisture, which is known to cause problems with
flowability, porosity formation and enhanced oxidation. The tests reveal that AlSi10Mg is the most susceptible
alloy to moisture and oxygen pick-up, considerably decreasing the spreadability and relative density on the build
platform. However, the results also reveal how challenging the direct measurement of moisture levels in metal
powders is.

1. Introduction

Metal Additive Manufacturing (AM) techniques, such as Laser
Powder Bed Fusion (L-PBF), Electron Beam Melting (EBM) and Directed
Energy Deposition (DED), use metal powder as feedstock to produce
complex parts [1,2]. L-PBF and EBM are part of a cluster defined by ISO
[3] as Powder Bed Fusion systems. Such systems are characterized by
the deposition of a thin layer of powder by a wiper blade over the build
platform and the melting of the powder following a pattern by a high-
power source (e.g. laser or electron beam).

Control and characterization of the material is a key step to ensuring
optimal and repeatable properties of the final parts when using metal
powder technologies [4,5]. The L-PBF process and the resulting parts
produced are strongly dependent on the powder morphology, compo-
sition [6] and the presence of contamination (e.g. moisture) [7]. These
parameters have a direct effect on the powder spreadability on the
powder bed.

This paper will focus on studying the flowability and spreadability
of metal powders that have been moisturized and pre-treated to reduce
moisture. Therefore, in the next subsections the existing literature on

(the measurement of) powder flowability will be discussed, as well as
some proposed methods of pretreating the powders.

1.1. Powder flowability

The powder plays a critical role in a L-PBF process, being a crucial
factor for achieving optimal mechanical properties and surface quality.
Firstly, the condition of the powders affects the process since the
flowability over the build platform critically determines the continuity
and uniformity of each layer. Homogenous layers usually result in
higher density in the final parts [8]. Secondly, the repeatability of the
process depends mainly on properly controlled process parameters in-
cluding the initial state of the powder material. Even if the optimal
performance is not achieved, a predictable process means more reliable
parts, in general [9].

The powder flowability is influenced by numerous forces opposing
flow. Pleass, et al. [10] discussed the main mechanisms affecting
powder flow behavior: (i) friction between particles, (ii) mechanical
interlocking, (iii) interparticle forces such as Van der Waals and (iv)
liquid bridging. Particle morphology represents the main reason that
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the first two mechanisms—friction between particles and mechanical
interlocking—take place.

The flowability of a thin layer of powder over the building plate is
mainly determined by the powder morphology, particle size distribu-
tion (PSD) and the surface topology of the powder particles. The L-PBF
process requires both a high flowability and a high apparent density of
the deposited layer. The PSD is a tradeoff between two competing
mechanisms. On the one hand, a compact layer requires particles which
are small enough to fill the gaps between the bigger particles (Fig. 1b).
On the other hand, a high number of fine particles in the powder
usually decreases the flowability. Therefore, the question remains
whether a rather narrow PSD of spherical particles (Fig. 1a) is prefer-
able over a broader PSD with a high number of fine particles.

Currently, only flowability tools designed for traditional powder
metallurgy technologies such as Metal Injection Molding (MIM) are
available. The thin layer application of powder, which is typical for the
L-PBF process, is not yet tested by any standard tool. In fact, both the
Carney and the Hall methods, which are two of the most widely used
methods to measure the apparent density of powders, are not suitable to
investigate the influence of humidity in metal powders. In addition,
very fine, irregular or moisturized powders tend not to flow through the
orifice of Carney and Hall flowmeters due to the significant particle-to-
wall friction [11]. Apart from the gravitational flowmeters there are a
few other testing methods based on shear testers and rheometers that
also provide information about the dynamic behavior of powder under
certain conditions [12,13]. Although powder rheometers and shear
testers are bulk testing methods and their analysis is not based on thin
layer application, as the proposed method, they are useful to study the
powder flow behavior and packing information (e.g., particle cohesion
force) that are fundamental to the powder spreadability in L-PBF.

It can thus be concluded that, although current methods are still
important as complementary testing methods for measuring bulk
powder properties, the proposed method, which is thin layer applica-
tion based, provides additional information on the powder behavior
such as layer spreadability and apparent density. As equipment that
allows to study the layering process is developed, correlation to powder
rheological or revolution powder analysis might be possible in the fu-
ture.

1.2. Moisture influence and pre-treatment of metal powders

Even though the L-PBF building chamber is sealed and the process is
carried out in a shielded and usually inert environment, there remains a
risk of powder contamination in the many steps present between the
powder production and the L-PBF process. Powders need to be stored
after production, be transported to a user and be often stored again for
some time. Subsequently, the L-PBF device is loaded with the powder
before a print job and in many cases a significant part of the powders
may be reused, requiring sieving, and/or other forms of handling. In all
these steps, the powder particles may be temporarily exposed to a non-
inert environment potentially giving rise to forms of contamination to

occur [14]. For example, adsorption of oxygen, nitrogen, water mole-
cules on the surface of the powder particles may have a large effect on
the way the powder behaves during subsequent printing steps. Changes
in the physical and/or chemical conditions of the powder can have
large consequences for the quality, repeatability and reproducibility of
the printing process on the one side and the microstructure and prop-
erties of the printed product on the other side.

Moisture that is adsorbed on the particle surface can lead to the
formation of a thicker external oxide layer. Adsorption occurs whenever
a solid surface is exposed to a gas or liquid, which give rise to either
physisorption (physical adsorption) or chemisorption [15]. Physisorp-
tion interactions are the same as those responsible for the condensation
of vapors, whereas chemisorption interactions are essentially those re-
sponsible for the formation of chemical compounds. The driving force
for these interactions is a reduction of the surface energy.

For some powder materials the growth of the oxide film on the
particle surface happens at ambient temperatures under the influence of
oxygen and moisture (H2O). Specifically, aluminum powders have a
natural oxide film built up very quickly as soon as the metal comes in
contact with air. The oxide film is composed of two superimposed
layers with a total thickness between 4 nm and 10 nm. The final
thickness is reached only after several weeks – even months – and it
depends on the physicochemical conditions [16]. This means that a
humid environment can lead to a thicker oxide film.

In the literature, usually only oxygen and nitrogen contents are
measured in metal powders [17–19]. Therefore, this study proposes
using a moisture analyzer, similar to the thermo-gravimetrical analysis,
as a method to estimate the water content on the particle surfaces as a
result of physisorption. Moisture entrapped in the metal powders
during the L-PBF process yields a decrease in powder flowability during
spreading and often also a lower apparent density in the powder bed.

Besides poor flow behavior, moisture can also affect the final
properties of the builds. If moisture is present in the metal powder, it
may create hydrogen porosity during the melting process [20]. Hy-
drogen pores are generated as a result of the formation of gas bubbles in
the melt pool; they are typically spherical and small [21]. Weingarten,
et al. [22] and Li, et al. [23] proposed (air) pre-drying treatments for the
powder, before and during the process, to reduce the level of hydrogen
and to eliminate hydrogen pores. Both studies achieved a significant
reduction of the hydrogen pores and therefore a higher relative density
by means of using pre-drying treatments.

To summarize, the drying treatments found in the literature vary
from source to source and are not unified. Most studies dry the powder
at temperatures in the range from 80 °C to 190 °C prior to flowability
characterization, but this treatment is seldomly applied to powders
loaded into the L-PBF machine [24]. The main concern is contamination
due to the drying treatments as most of them are carried out in air.
Moreover, the effects are typically investigated by measuring only
oxygen and nitrogen content, not by directly measuring the moisture
content.

1.3. Objectives

The present paper will address the identified topics often missing in
scientific literature regarding the effects of moisture and pre-treating
the powders on the spreadability of the L-PBF process: (i) direct mea-
surements of moisture content in powders have not yet been used to
characterize these effects; (ii) although powder pre-treatment methods
have been investigated, a unified and well-motivated approach is not
yet available; (iii) no suitable methods are available to quantify the
powder flowability/spreadability in a way that is representative for the
L-PBF process.

The first topic will be covered by studying the influence of moisture
on the chemical composition and on the flow behavior of metal pow-
ders used for L-PBF process. Following the second topic motivation, an
effective way to dry the powders to remove moisture and to achieve the

Fig. 1. (a) Best scenario for optimal powder flowability, (b) best scenario for
optimal powder apparent density.
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maximum apparent density will be proposed. The third topic of mea-
suring flowability will be covered by proposing and demonstrating two
new tools, based on a unidirectional movement of the powder over a
rough surface, to measure the spreadability and relative density. The
new tools will also enable to accurately quantify the effects of moisture
content on flowability, unlike commonly applied standard methods.

The paper is structured as follows. In Section 2 the main features
and composition of the powder materials are briefly explained. The
powders are conditioned into four states: as-received, air-dried, va-
cuum-dried and moisturized. The testing procedure is also presented in
this section, as well as the proposed tools for flowability measurements.
Section 3 presents the experimental results, which are discussed in
Section 4, addressing the humidity problem for metal powders and the
influence of humidity on flowability. Section 5 provides the conclusions
of the paper.

2. Materials and methods

2.1. Materials

In this paper four typical L-PBF alloys from different suppliers were
used: Inconel 718 (Oerlikon), Ti6Al4Mg (LPW Technology), Scalmalloy
(Airbus APWorks) and AlSi10Mg (LPW Technology). Table 1 shows the
density and the composition of the four alloys studied in this paper.

2.2. Experimental procedure

In this section, three main blocks of work are described: (1) appli-
cator tools design; (2) material conditioning and (3) experimental
testing. The applicator tools were designed to determine the layer ap-
parent density of metal powders used for the L-PBF process. The four
metal powders, Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy, were
tested using the applicator tools and various standard methods. The
materials were conditioned at different humidity states to assess the
impact of moisturizing, drying in vacuum and air. To complete this
study, the morphological and chemical composition of the powders
were compared for four different humidity states.

2.2.1. Applicator tools
Studying the stability of the flow and apparent density of the

powder bed, constituted by layers between 30 μm to 50 μm, is critical to
ensure a smooth powder deposition. The apparent density of the ap-
plied powder layers to be melted should be constant and repeatable for
reproducible interaction with the laser. In turn, this should result in a
constant and repeatable microstructure.

The current methods that are used to estimate the flowability of
metal powders for L-PBF, as was discussed in Section 1.1, do not easily
correlate to the layering process in L-PBF process. Instead they measure
free flowing apparent density or angle of repose / avalanche, that do
not represent the typical spreading of a powder by a wiper on a rough
surface. Most L-PBF machines are equipped with a wiper blade as re-
coater and use a powder reservoir where the powder is either deposited
in front of the wiper blade or lifted up from a container to the same
height of the layer to be applied.

This paper aims to investigate the influence of moisture on the
powder flowability by using two new tools designed and manufactured

by the Netherlands Aerospace Centre (NLR), that mimic the thin layer
powder application in the L-PBF process. Generally, it is preferred to
characterize powders with a method in which the powder handling is as
close to the manufacturing process as possible. In this study, the SLM
Solutions 280 H L model was used as inspiration for designing the tools.
This model is equipped with a wiper blade for the layering process. The
tools were used to measure the apparent density and enable visual in-
spection of the flow behavior of the powders. Different materials were
tested with the tools and their response to the flow behavior at various
humidity states. The tools are based on a unidirectional movement of
the powder over a rough surface. They also support the study of the
influence of particle size and shape and the impact of agglomerates
and/or satellites on the flow behavior when applying thin powder
layers.

The applicator tools (open tool and funnel tool, see Figs. 2a and b,
respectively) accurately estimate the apparent density of a thin layer of
powder. The names open and funnel tool refer to their geometrical
features. In the open tool the powder is deposited directly on the strip,
while in the funnel tool the powder flows through a short funnel before
being deposited on the strip (see Fig. 2c and d). The aperture that al-
lows to create the thin layer of powder was fixed to 100 μm for both
applicators (Fig. 2e), this is based on the assumption of 50 % relative
density to obtain a 50 μm layer thickness after melting.

The powder flowability in thin layer application is judged based on
both the apparent density and the layer quality. An irregular layer with
stripes or uncovered areas indicates poor flow behavior. Wear of the
strip must be prevented as the obtained powder layer density is influ-
enced by the surface roughness of the application surface. Therefore,
regular blasting of the strip with corundum is necessary to maintain the
desired roughness between 2 and 3 μm.

The relative density (Rρ, in %), calculated using Eq. 1, is defined as a
percentage of the powder true density (ρtrue), determined by the value
of the apparent density (ρapp).

= =
M

V
R,app

powder app

true (1)

with ρtrue as the powder true density of the homogeneous, porosity free
material, which was provided by the suppliers (see Table 1), Mpowder as
the necessary mass of powder to obtain the desirable layer length, and V
the powder layer volume as determined from the layer length (L), width
(W) and thickness (t).

The experiments were executed at least five times per humidity state
to achieve statistical significance. For every experiment a new volume
of powder was taken from the container storing the powder in the re-
spective humidity state. The experiments were carried out in a la-
boratory environment without additional (inert) gas protection.
However, as-received powder, air dried and vacuum dried powders
were stored in a desiccator before the measurements to avoid con-
tamination. It is expected that executing the measurements under am-
bient conditions (T=22 °C, RH=60 %) does not lead to large varia-
tions in the results, as the time between taking the powders from the
storage containers and executing the test is minimized (typically
1−2min).

The apparent powder layer density, ρapp (g/cm3) and relative den-
sity, Rρ (%), obtained from Eq. (1) were calculated using the mass and
the layer volume (derived from the track length). It is preferred to apply

Table 1
Density ρ (g/cm3) and chemical composition (wt%) given by the powder suppliers.

Material ρ Al Cr Fe Mg Mn Mo Nb+Ta Ni Sc Si Ti V Zr

Inconel 718 8.2 0.42 18.93 ∼18 <0.01 – 3.08 5.14 Bal. – 0.05 0.94 – –
Ti-6Al-4V 4.4 6.3 – 0.14 – – – – – – – Bal. 4.05 –
AlSi10Mg 2.7 Bal. – 0.11 0.38 <0.01 – – <0.01 – 10.10 <0.01 – –
Scalmalloy 2.7 Bal. – 0.13 4.39 0.49 – – – 0.66 <0.01 0.021 0.013 0.31
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a long track (in the range of 900mm) on the strip for reasons of ac-
curacy and repeatability. Before the measurements, the ruler and the
applicator were cleaned with isopropanol. Then, the applicator was
placed on the test strip with the wiper block to the left, facing in the
direction opposite to the moving direction (indicated with an arrow in
Figs. 2a and b), and the funnel/open side to the right. The required
volume of powder (approximately 1.8 cm3) was calculated based on an
expected apparent density for the specific material and was then ver-
ified (and modified if necessary) in two trial experiments before the
actual measurement. The powder was then weighed in a non-static cup
using a Mettler Toledo scale (model AT261 DeltaRange®) and trans-
ferred to the applicator.

Then, the applicator was moved by an operator at a constant speed
of ±200mm/s along a straight line (5 s over a length of 1000mm, the
time was measured each time with a chronometer). Although the
manual movement of the tool could lead to variations in speed, it was
observed that once an operator gained some experience with the tool, it
was possible to keep the speed in different experiments rather constant
(as measured by the time to cover the 1m track). As all experiments
have been performed by the same operator, this minimizes the speed
variation. All powder was deposited over a roughened stainless-steel
strip along a ruler, forming a thin powder layer with a thickness of
100 μm and a layer width of 20mm (both dimensions are inherent to
the tool design). At the end of the track (final 3–5 cm), where only a
small amount of powder was present in the tool, the complete width
could not be covered anymore (see Figs. 2a and b). The track length was
then measured using the ruler (see the dotted line in Figs. 2a and b), but
a geometrical correction was made to account for the incomplete width
of the layer in the final 3–5 cm. The area of a rectangle equivalent to the
triangle formed in the final 3–5 cm was estimated to calculate the tract
length. Finally, the track length together with the fixed width and layer
thickness enabled to calculate the volume of the deposited powder
layer, and (using the mass of the powder) the apparent density.

2.2.2. Material conditioning
Fig. 3 shows the four different states in which the four metal pow-

ders were used for the experimental analyses. These include (i) mor-
phology analysis, (ii) moisture analysis, (iii) chemical analysis, and (iv)
density-flowability behavior analysis. All analyses are described in the
next subsections. By default, all powders received from the suppliers

(specified in Section 2.1) are in the as-received state. These powders
were used to conduct the reference/baseline measurements. Next, three
groups of samples of the as-received powders were separated to perform
the drying and moisturizing treatments. The first group of samples (nr.
2 in Fig. 3) were dried under vacuum conditions (<10−2 mbar) in a
Binder VDL53 furnace at 85 °C for 12 h. The second group of samples
(nr. 3) were dried in air using the moisture analyzer of model MS-70
from A&D Company Limited at 150 °C for 20min. The drying tem-
peratures were optimized for each drying method in order to ensure the
total absence of moisture in the powder. Finally, the third group of
samples (nr. 4) were placed for 72 h in a climate chamber of model
VC0018 Vötsch at 50 °C and 80 % humidity. This conditioning ap-
proach resulted in four different states of the four different materials (a
total of sixteen sets of samples). Before executing the flowability mea-
surements, a shaker/mixer of model Turbula was used for 10min to
break apart the agglomerations produced by the drying and moistur-
izing treatments.

2.2.3. Morphological analysis
The particle shape was analyzed using a Scanning Electron

Microscope (SEM) of model Jeol SEM JSM-7200 F. An inspection using
the SEM enabled a comparison of the powder morphologies of the
various materials and of each of the materials in the different states
(described in Fig. 3).

The particle size distribution (PSD) of the powders was obtained
using a Mastersizer 2000 (according to ASTM B 822 02). The PSD
measurements were carried out in a water-based dispersion. The

Fig. 2. Applicator tools designed by NLR: Top view (a) and side view (c) of the open tool. Top view (b) and side view (d) of the funnel tool. (e) Powder flowing
through the 100 μm aperture of open and/or funnel tool. The direction of movement of the tools is pointed with an arrow in (a) - (d).

Fig. 3. Different states studied of the metal powders (1) As-received state: from
the suppliers, (2) vacuum-dried state: at 85 °C for 12 h, (3) air-dried state: at
150 °C for 20min, and (4) moisturized state: at 50 °C and 80 % humidity for
72 h.
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samples were subjected to ultrasonic vibration in an Elmasonic S15H
device for about 5−10min before the measurements to improve the
sample dispersion and avoid agglomeration of powders. Commercial
deflocculants such as Fluicer PD 96/F and Dolapix CE64 were added to
the suspension in order to improve the dispersion of Ti6Al4V and
Inconel 718, respectively. The Mastersizer software calculates the PSD
assuming perfectly spherical particles. Therefore, the results of less
circular particles are only an approximation of the real value [25]. The
error will depend on the percentage of irregular particles in the studied
powder.

2.2.4. Moisture and chemical composition analysis
Contamination of powders is in most cases only analyzed by mea-

suring oxygen or nitrogen pick-up, as was discussed in Section 1.2. In
this work, also the actual moisture pick-up (physisorption) is in-
vestigated. The moisture content of the powders was estimated fol-
lowing the mass loss on drying principle using a moisture analyzer,
model MS-70 from A&D Company Limited. The sample was placed on a
heating plate for 20min increasing the temperature at a heating rate of
10 °C /min until the target temperature of 150 °C was reached. The
samples from the four states shown in Fig. 3 (as-received, vacuum-
dried, air-dried, moisturized) were dried in the moisture analyzer and
the mass was tracked throughout the measurement. Consequently, from
the measured mass loss, the moisture content M (%) in the initial
powder sample was estimated as follows:

= = ×V m m M V
V

, 100water
w d

water

water

sample (2)

where mw represents the initial sample mass or “wet mass” and md the
“dried mass”. Vwater is the water volume in the initial powder sample,
Vsample and ρwater, the water density.

For the measurements, samples were taken at approximately equal
volumes (3 cm3) in order to be able to accurately compare the water
loss. To obtain the exact volume in each measurement, Vsample was
calculated by dividing the mass difference and the theoretical density of
the material. The water density at 100 °C (ρwater=0.96 g/cm3) was
used to calculate Vwater, the water volume in each sample. The moisture
content was calculated by taking into account volume values, therefore
the result of moisture content in materials with different density can be
compared.

The oxygen and nitrogen contents were determined through the
inert gas fusion method by a LECO TC-500 analyzer, following the
ASTM E1409-13 standard. This method quantified the oxygen and ni-
trogen contents for the four powders in the four humidity states de-
scribed in Fig. 3. In this analysis the sample melts under a helium at-
mosphere in a graphite crucible. All the oxygen trapped in the samples
reacts with the carbon of the crucible to generate CO and CO2, that is
detected by an infrared cell. The nitrogen, as N2, enters the measuring
cell and the thermistor bridge output is integrated and processed to
display percent nitrogen.

X-Ray Photo Spectroscopy (XPS) was performed using the Quantera
SXM scanning XPS microprobe from Physical Electronics to analyze the
surface chemistry of the AlSi10Mg particles and quantify the oxygen
content in the as-received and moisturized states. This technique uses
X-rays in an ultra-high vacuum environment to determine the chemical
compounds of the first nanometers of a sample’s surface. The elements
are detected by comparing the measured energy of emitted electrons to
their calculated binding energy.

2.2.5. Physical behavior analysis
In addition to the apparent/relative density measurements using the

proposed applicator tools (Section 2.2.1), the true density of the metal
powder particles was also measured. This is done by using a Helium Gas
Pycnometer (ASTM B923) of model Micrometrics Accupyc 1330. Since
the helium gas can penetrate between the particles, this method is
suitable for determining the skeletal density of metal powders.

Calculations are based on the ideal gas law at the prevailing tempera-
tures and pressures.

To characterize the powder flowability and apparent density, three
different methods were used. The first and second method used to test
the powder flowability are based on the two applicator tools described
in Section 2.2.1. The third method was the standard Hall method
(ASTM B213) where the flow rate ΦHall and relative density Rρ (ASTM
B212) were determined for all four powders in the four humidity states.
The Hall-flowmeter was used to measure the flow rates of free-flowing
powders through an aperture of 2.54mm on the bottom of a vessel. The
time that 50 g of powder took to flow through the vessel’s aperture was
measured to obtain the flow rate. To calculate the apparent/relative
density, it was necessary to pour the powder into a cylindrical brass cup
of capacity 25 cm3. Then, the powder was weighed to calculate the
density using the cylindrical cup capacity, Vcup and powder mass,
mpowder.

3. Results

3.1. Morphology

The metal powders from all four states (see Fig. 3) were inspected
using SEM. The morphology of the as-received powders is shown in
Fig. 4. No differences between the as received, moisturized and dried
powders were observed with the SEM analysis. Inconel 718 and
Ti6Al4V particles (Fig. 4a-d) have a homogenous and spherical shape
with few satellites. Conversely, AlSi10Mg shows an irregular shape that
has plenty of satellites (Fig.3 e–f). The Scalmalloy powder presents a
more rounded surface with fewer satellites (Fig. 4g-h) in comparison to
AlSi10Mg.

The fshape index was calculated in a previous study by Cordova, et al.
[26] for the same four as-received powders, as the multiplicative in-
verse of the aspect ratio (AR−1). This index quantifies the shape of the
particle, where a value equal to 1 represents the perfect spherical shape.
The results of Table 2 shows that the lowest value is scored by Al-
Si10Mg. This material is also perceived as the least homogeneous in
Fig. 4.

The volume and cumulative frequency PSD are plotted in Fig. 5. The
mean value of the diameter (d50) for the four materials is also shown in
Fig. 5. Inconel 718 and Ti6AL4V show similar PSD and d50 values. The
Al alloys show a broader PSD than Inconel 718 and Ti6Al4V. The alu-
minum alloys only differ slightly in both the d50 values and the com-
plete PSD curves. Since the morphologies of AlSi10Mg and Scalmalloy
are not spherical, the PSD values obtained using the laser-based method
are an approximation of the real values (see Section 2.2.3).

Fig. 6 shows Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy
powders in their containers after being exposed to moisture (50 °C and
80 % humidity) in the climate chamber for 72 h (Fig. 3). Inconel 718,
Ti6Al4V and Scalmalloy did not show a strong affinity to moisture but
they did form agglomerates (arrows in Figs. 6a, 6b and 6d) that were
easily separated upon application of the shaker/mixer (see Section
2.2.2). There seems a link between the materials’ morphology and their
affinity to moisture since these three materials have the most spherical
shape as observed in Fig. 4. On the contrary, from observing Fig. 6 it
seems that humidity has a stronger influence on AlSi10Mg, which has a
more irregular surface. The moisturized AlSi10Mg powder is rather
compacted showing a light gray powder on the upper layer, while the
material on the bottom has a darker gray color (see circle in Fig. 6c).
The differences in appearance were reason to further investigate the
powders after being exposed to different states (Fig. 3) by SEM. No
significant changes were found in the morphology or particle surface
upon treatment as compared to the as-received state shown in Fig. 4.
Moisture appears to affect the metal powders rather physically than
chemically, at least in the studied conditions.
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3.2. Moisture content and chemical composition analysis

In this section the results of various techniques, namely moisture
analyzer, inert gas fusion and XPS, are presented to study the moisture
content and chemical composition, respectively, of the powders after
vacuum/air drying and moisturizing. The results are compared with the

as-received state as baseline/reference. The aim is to assess possible
changes in moisture and oxygen content when changing the humidity
level of the various metal powders.

The moisture content, as the volumetric loss of moisture in the in-
itial powder sample, is shown in Table 3 for the four states described in
Fig. 3. There seems to be little influence on the moisture content for
Inconel 718, Ti6Al4V and Scalmalloy as all moisture values remain
relatively low even in the moisturized state. On closer inspection, the
results for Inconel 718 and Ti6Al4V are even somewhat unexpected, as
the moisture content in the air-dried state is higher than in the moist-
urized state. This is most probably due to the limited accuracy of the
measurements, also regarding the typical magnitudes of the error. In
fact, such low amounts of moisture appear to be difficult to detect with
this method. However, AlSi10Mg seems very sensitive to moisture pick-
up after being exposed to humid conditions: the average moisture
content rises to about 0.437 %, which is significantly higher than in the

Fig. 4. a), b) Inconel 718, c), d) Ti6Al4V, e), f) AlSi10Mg and g), h) Scalmalloy as-received powders inspected by SEM.

Table 2
Morphological fshape index measured for the
L-PBF as-received powders.

Material fshape

Inconel 718 0.84
Ti6Al4V 0.90
AlSi10Mg 0.73
Scalmalloy 0.79
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other conditions.
The values for the oxygen and nitrogen contents measured by the

inert gas fusion principle are shown in Fig. 7. The chemical content was
obtained for all four alloys in the as-received and moisturized states.
The oxygen content remains constant for Inconel 718, Ti6Al4V and
Scalmalloy. However, for AlSi10Mg the oxygen content drastically in-
creases in the moisturized state. Aluminum has a high affinity with
oxygen to form Al2O3 oxide: the Ellingham diagram shows one of the
lowest Gibbs free energy values for this reaction [27]. The Scalmalloy
powder shows a different affinity to moisture and oxygen than the Al-
Si10Mg powder despite the fact that both are aluminum based. The
morphology of Scalmalloy is more homogeneous. Hence, the surface
physically adsorbs less water. In addition, Scalmalloy is known for its
corrosion resistance due to the high amounts of magnesium and

zirconium [28] (see also Table 1), which results in a more stable oxide
layer. Therefore, significant changes in the oxide layer are not expected.

The nitrogen contents of Inconel 718 and AlSi10Mg remain stable
after moisturizing the powder, while they appear to decrease for
Ti6Al4V and Scalmalloy. Note, however, that there is a large standard
deviation in the measurements of the as-received states which may
indicate some variation from particle to particle.

The XPS data displayed in Fig. 8, measured for AlSi10Mg powder,
show the elements oxygen, aluminum, silicon and magnesium. The high
amount of oxygen in the first few nanometers on the surface of the
powder particles indicates the presence of an oxide layer. The measured
concentrations of the alloying elements—Al, Si, Mg— in both states
show very little variation. That means that the measured composition is
rather independent of the sampling. The atomic percentage of oxygen
slightly increases in the moisturized state, which suggests that there is
additional oxidation on the first few nanometers of depth of the surface.

3.3. Physical behavior

In this last results subsection, the physical behavior of the powders
is studied. The flowability and apparent/relative density are quantita-
tive measures which indicate how the powders will perform in the L-
PBF process. The true density values listed in Table 4 were obtained

Fig. 5. Particle size distributions (PSD) of as-received metal powders measured
using a laser-based method.

Fig. 6. Visual inspection of (a) Inconel 718, (b) Ti6Al4V, (c) AlSi10Mg and (d) Scalmalloy after 72 h exposure to moisture at elevated temperatures (50 °C at 80 %
humidity). The images were taken prior to application of the shaker/mixer. Note the arrows pointing to the agglomerates and a circle marking the wet area.

Table 3
Moisture content for as-received powder, vacuum dried powder, air dried
powder and moisturized powder. Standard deviation obtained from 3 mea-
surements per data point.

Material As-received Vacuum Air Moisturized

Inconel 718 0.024 ± 0.020 0 0.116 ± 0.022 0.011 ± 0.020
Ti6Al4V 0 0.012 ± 0.020 0.120 ± 0.002 0.035 ± 0.001
AlSi10Mg 0.057 ± 0.020 0.063 ± 0.040 0.068 ± 0.059 0.437 ± 0.140
Scalmalloy 0.082 ± 0.024 0 0 0.069 ± 0.022
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using the helium pycnometer; the reported variations are typical for the
use of a pycnometer. The density of Inconel 718 is almost four times
higher than that of Scalmalloy and AlSi10Mg. The measured values are
similar to the true density values provided by the suppliers (see
Table 1).

The flowability or time in seconds that 50 g of powder takes to flow
is assessed by the Hall-flowmeter and shown in Fig. 9. With this method
only three of the four states were measured, since the powders did not
freely flow in the moisturized state. The fastest powder to flow is In-
conel 718 followed by Ti6Al4V, which is mainly caused by their rela-
tively high densities (see Table 4) and regular morphologies. Scalmalloy
and AlSi10Mg are lightweight alloys, which therefore often flow slower.
Drying the powders in vacuum slightly increases the flowability for all
four materials. When drying Ti6Al4V and Scalmalloy in air the flow-
ability is slightly improved relative to the as-received state, while for
AlSi10Mg this effect is barely perceived. On the contrary, drying In-
conel 718 in air apparently negatively affects the time to flow.

The relative densities of the four materials in the four states using
the open tool, funnel tool and Hall-flowmeter are shown in Fig. 10.

With the open tool and funnel tool the relative density could be de-
termined in all four states, although some inhomogeneities and lines
due to the agglomerates where observed. Whereas with the Hall-flow-
meter the relative density could not be determined in the moisturized
state (see also Fig. 9). It is worth to notice that with the Hall-flowmeter
there are no significant differences in relative densities between the as-
received and air/vacuum dried states, with a rather low standard de-
viation.

Fig. 10 shows that the four materials behave rather similar with
each of the two applicators, although the standard deviation in the
measurements is rather high in some states. Nonetheless, some trends
were observed due to the different nature of the powder deposition in
each applicator (i.e. the use of gravity). For the funnel tool the relative
density values for Inconel 718 and Ti6Al4V are generally higher than
for the open tool. This is caused by the weight of the powder that is
compacting the particles more in the funnel tool. On the other hand, the
aluminum alloys do not show a clear difference in relative density va-
lues between the two tools. This is partly due to relatively large var-
iations across different measurements (large standard deviation) but
can also be explained by the fact that the flow behavior of the alu-
minum alloy powder is more strongly influenced by particle-to-wall
interaction due to their lower densities and higher surface roughness.
The apparent density and by extension the relative density as de-
termined with the applicator tools is thus a measure for both the
flowability of the powder and the amount of compaction by the weight
of the powder inside the tool.

For each of the four alloys some specific results will be discussed
now, both regarding the relative density changes across the four states,
and on the performance of the two applicator tools.

There are no significant differences between the humidity states for
all the powders, except for the AlSi10Mg air dried state using the open

Fig. 7. Inert gas fusion composition: (a) oxygen and (b) nitrogen content in as-received and moisturized states. Error bars obtained from 3 measurements per data
point.

Fig. 8. Weight percentage (wt%) of chemical elements determined with XPS
from as-received and moisturized AlSi10Mg powder. Error bars obtained from 4
measurements per data point.

Table 4
True density values measured with the pycnometer for
the L-PBF metal powders. Standard deviation obtained
from 4 measurements per material.

Material Density (g/cm3)

Inconel 718 8.26 ± 0.03
Ti6Al4V 4.38 ± 0.01
AlSi10Mg 2.65 ± 0.01
Scalmalloy 2.68 ± 0.01

Fig. 9. (a) Time to flow ϕHall using the Hall-flowmeter method for the four
metal powders. NF: non-flowing. Error bars obtained from 5 measurements per
data point.
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and funnel tools and for Ti6Al4V air dried state using the open tool. For
AlSi10Mg the air-drying treatment shows a clear benefit (i.e. increased
relative density), while the moisturizing treatment yields a considerably
lower density. When drying the Ti6Al4V powder in air, the relative
density increases due to the removal of humidity that creates water
bridges between the particles, while moisturizing this value is de-
creased, although both states report a high standard deviation. The
powders were tested on different days, where slight differences in re-
lative humidity in the (temperature-controlled) laboratory environment
may influence the test results. The differences of the spreadability be-
tween air and vacuum drying measurements for AlSi10Mg, where also
the standard deviation is high in both the open and the funnel tool,
could be associated to the development of oxides.

Vacuum drying yields relatively small standard deviations for all
powders, which suggests that the vacuum dried powder behaves in a
more homogeneous manner and has more constant properties. The re-
lative density values tend to decrease in the moisturized states in
comparison to the as-received state, although the measurements are
characterized by a large amount of variation, in particular for Ti6Al4V
and Scalmalloy.

In comparison with the spreadability tests (open and funnel tool)
the Hall-flowmeter results, as mentioned, show a lower standard de-
viation. Besides the error that comes with this measurement (spreading
a thin layer of powder), also the type of material and humidity condi-
tion could influence the repeatability of the test.

4. Discussion

As mentioned in Section 1.1, the powder flowability is influenced by
four main mechanisms affecting flow behavior: (i) friction between
particles, (ii) mechanical interlocking, (iii) interparticle forces such as
Van der Waals and (iv) liquid bridging. The morphology of the studied
materials plays an important role in the present work, with AlSi10Mg
having the most irregular morphology and Ti6Al4V the most spherical

morphology (see Fig. 4). For spherical particles the friction and inter-
locking between particles is minimal. The impact of powder mor-
phology, as characterized in Section 3.1, on powder flowability will be
discussed in Section 4.1. The third mechanism is related to the Van der
Waals interparticle forces. They are relatively weak and only act within
short distances because they arise from polarization of atoms or mo-
lecules which attract each other due to electro-static forces [29]. Fi-
nally, the fourth mechanism of liquid bridging is studied by moistur-
izing and drying the powders to determine the powder flow behavior.
The capillary force is caused by condensation of the ambient humidity
forming a meniscus or a liquid capillary neck between a particle and a
surface, which will be discussed in more detail in Section 4.2. Finally, in
Section 4.3, the results of the application of the funnel and open tools
will be discussed and compared with existing literature.

4.1. Effect of morphology on powder flowability

The morphology and the PSD have a great influence on the powder
flowability [30]. The general principle is that the more regular the
shape of the particles, the better they flow. This is confirmed by the
results in Fig. 9, where AlSi10Mg, with a density very close to that of
Scalmalloy, shows a much worse flow behavior. This can mainly be
attributed to the coarser morphology of AlSi10Mg particles. In fact,
AlSi10Mg has the most irregular morphology of the four studied ma-
terials as shown in Table 2 by a fshape index value of 0.73, which is much
lower than the fshape values for the other three materials.

However, for powders used in L-PBF systems, yet another aspect of
flowability is very important: the spreadability. It has been noted that,
with continued powder reuse in L-PBF systems, the PSD tends to
broaden towards the larger side due to sintering and agglomeration of
particles exposed to high temperatures [26]. To maintain the shape and
width of the PSD within certain values a sieving process is done before
every cycle using reused powder. Usually, for unused powder with a
PSD between 20 μm–63 μm a sieving mesh size of 100 μm is used, which

Fig. 10. Relative density of (a) Inconel 718, (b) Ti6Al4V, (c) AlSi10Mg and (d) Scalmalloy materials tested by the open and funnel tools and the Hall-flowmeter
method. NF: non-flowing. Error bars obtained from 5 measurements per data point.
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imposes a limit to the larger side of the PSD. Often, most of the particles
are not spherical and, in some cases, elongated particles with a rela-
tively narrow cross section may still pass the sieving mesh. Upon reuse
of powder containing these larger particles, due to agglomerate for-
mation and segregation of larger particles during recoating, problems in
the uniform spreading of powder may occur as shown in Fig. 11b and
observed in practice in Fig. 11c while testing AlSi10Mg. In this case the
powder spreadability is decreased, and the layers can show lines or
areas with smaller amounts of particles or even without particles due to
particle-build or particle-platform interaction. Such lines and/or areas
significantly decrease the local powder density, possibly leading to
manufacturing defects. Three phenomena were observed as indicated
by the arrows in Fig. 11c and the detailed images in Figs. 11d–f. The
first phenomenon is caused by an accidental start-stop in movement. It
leads to deep lines and areas without particles. The second phenom-
enon is related to larger particles or agglomeration of particles blocking
the tool and creating long lines along the powder layer. The last phe-
nomenon happens due to powder placed under the tool and making the
layer wider.

The proposed applicator tools, with an aperture of 100 μm, are more
sensitive to the particle morphology and the PSD in comparison to the
gravitational flowability measurements (see Fig. 9) using the Hall-
flowmeter method with an aperture of 2.5 mm. In this case, as is hap-
pening in the real L-PBF process, large or irregularly shaped particles
are an issue for the spreading behavior. This is observed in the ex-
periments with the flow behavior of AlSi10Mg using the applicator
tools. While the other three materials obtained a considerable higher
relative density in comparison with the value obtained by the Hall-
flowmeter method, AlSi10Mg seems to score the lowest relative density
using the applicator tools, especially when using the funnel model.
Since the material is irregular and presents a wider PSD, few particles
are usually trapped in the 100 μm aperture creating lines on the de-
posited layer during the experiments (see Fig. 11c). Therefore, the
powder bed is not as smooth as it should be in the L-PBF process. A
material with the same morphology and PSD as AlSi10Mg used in the L-
PBF machine has a high chance of a bad flow behavior, which conse-
quently can also lead to porosity, dimensional inconsistencies, poorly
fused particles, etc. The proposed applicator tools can therefore help to
accurately assess the flow behavior of a powder, including the im-
portant aspect of spreadability, before loading the powder into the L-
PBF machine.

4.2. Moisture pick-up, formation of liquid bridges and the role of oxides

As was mentioned in the introduction, metal powder adsorbs H2O
molecules through physisorption and chemisorption. The physisorption
is driven by capillary forces between particles, which depend on the
capillary bridge surface. So again morphology plays an important role
in the development of adhesion forces between particles [31]. Pakar-
inen, et al. [32] introduced a method to numerically calculate the shape
of the capillary bridge and the corresponding force for various particle
sizes. The result was that, surprisingly, for particles in the micrometer
size (>1 μm) the capillary force is independent of the relative hu-
midity. Therefore, once there is moisture entrapped in the powder, this
force will remain constant supporting powder agglomerations, see also
Fig. 6.

In some cases, the adsorbed water/moisture also leads to a chemical
response. For example, AlSi10Mg picks up moisture easily that physi-
cally gets adsorbed onto the particle surface as shown schematically in
Fig. 12. In this case, chemical reactions occur oxidizing the surface
layer extending the thickness of the existing oxide layers to a small
extent. The morphology of the powder did not show changes after
moisturizing that could be detected with SEM inspection.

Inconel 718 and Ti6Al5V behaved very similarly in terms of
moisture adsorptivity (physisorption), i.e. they showed very low
moisture pick-up in all states (see Table 3). These two materials have
spherically shaped powder particles with a homogeneous morphology.
Therefore, the surface does not easily adsorb water but still after
moisturizing the powder forms agglomerations (see Fig. 6), in line with
the above-mentioned results of Pakarinen.

For the two aluminum alloys, some differences in the drying and
moisturizing effects were observed. After drying under vacuum and in
air, the moisture was reduced in Scalmalloy powder to a value close to
zero and when moisturizing again the initial moisture level, measured
in the as-received state, was regained. On the contrary, for AlSi10Mg
the measured moisture levels remained the same in all states, except in
the moisturized state where the moisture content reached six times the
initial value. Due to the irregular morphology in AlSi10Mg, more
moisture, than the other powder materials, is easily physisorbed and
very difficult to remove with drying treatments. All AlSi10Mg moisture
content values presented a large standard deviation due to the varia-
bility of the measurements, as the local morphology differences are
quite large from particle to particle.

The conclusion of the chemical composition study is that for
AlSi10Mg, the satellites and surface roughness allow a higher amount of

Fig. 11. (a) Spherical particles flow using the
applicator tools, (b) irregular shaped particles
flow using the applicator tools. (c) Powder
layer of AlSi10Mg applied using the applicator
tools: the deposition is not homogeneous, pre-
senting lines caused by large particles or ag-
glomerates. The arrows in (c) point to: [I] start-
stop in movement (see detail in d), [II] lines
created by particles larger than the layer
thickness (see detail in e), [III] powder under
the side of the tool (see detail in f), the layer
width exceeds 20mm.

L. Cordova, et al. Additive Manufacturing 32 (2020) 101082

10



water adsorbed on the surface through physisorption, which in turn,
due to the susceptibility of this alloy to humidity, leads to chemisorp-
tion. It could be argued that the observed high level of water absorption
in AlSi10Mg, as compared to the three other powder alloys, is due to the
less spherical shape of the particles in the AlSi10Mg powder used here.
However, Bauer [33] investigated AlSi10Mg powder atomized by the
Electrode Induction Melting Gas Atomization (EIGA) process, which
resulted in a very spherical morphology. A moisturizing treatment at
23.7 °C and 84.2 % rH for 72 h was applied to the EIGA atomized
powder, which is similar to the conditions applied in the present study
(Fig.3). The results in [33] show that even for these very spherical
particles an increasing humidity level leads to a significant decrease in
the flowability of the powder (which in this work was concluded from
an increase in the avalanche angle and avalanche time in a Revolution
Powder Analyzer test). The reduced flowability is also in this work
attributed to a higher agglomeration rate due to higher moisture con-
tent and hydrogen bonds.

The oxides present in AlSi10Mg are MgO, Al2O3 and SiO2, ordered
from the most to the least thermodynamically stable following the
Ellingham diagram. The XPS measurement registered an increase in O
and Al on the oxide film, from 57 at.% to 62 at% O and from 17 at.% to
19 at.% Al. The chemistry of the film does not exactly correspond to the
ideal composition of Al2O3 i.e. 60 at.% O and 40 at.% Al due to the
presence of SiO2 and MgO. Vargel [34] reported that aluminum alloys
with a high magnesium content exhibit an excellent resistance to at-
mospheric corrosion. The higher amount of magnesium (Table 1) in
Scalmalloy than AlSi10Mg in addition to the regular morphology of this
powder makes it a more corrosion resistant material.

Inconel 718 and Ti6Al4V do not show such a sensitivity to water
(physisorption), mainly because the morphology of these materials is
more spherical than of AlSi10Mg. However, the elements present in
these two powders have a strong tendency to oxidize, leading to the
possible formation of NiO, TiO2, FeO, Cr2O3 and Al2O3 in Inconel 718
and TiO2, Al2O3 and V2O5 in Ti6Al4V [35]. At the oxygen partial
pressure corresponding to air these oxides are stable through the entire
range of temperatures plotted. Therefore, it is the tendency of metal of
lower oxidation state to oxidize when stored in air, although the ki-
netics of such a process may be slow [36].

The moisture analyzer results show low amounts of moisture for
Inconel 718, Ti6Al4V and Scalmalloy, while AlSi10Mg exhibits a sig-
nificant percentage of moisture. The low amounts of moisture in the
three former materials lead to serious inaccuracies in the results.
Therefore, it is concluded that the method is not suitable to accurately
quantify low moisture contents. However, the measurement results
shown in Fig. 7 show the same tendency as the moisture analyzer re-
sults, which confirm that AlSi10Mg powder has a higher affinity to
moisture than the other powders.

In addition, as discussed before, the spreadability in AlSi10Mg sig-
nificantly increased after the air-drying treatment. This phenomenon
might be related to oxidation of the powder surface. Aluminum

powders are very reactive, in non-protective atmosphere they can easily
create a thick oxide layer, although this effect is stronger at higher
temperatures [37]. This behavior is absent for Inconel 718, which has a
very high thermal stability and therefore does not show significant
differences between the drying treatments.

The flowability results measured by the Hall-flowmeter agree with
the results of the Pakarinen method as the flow behavior of powders is
virtually the same in all states except in the moisturized where the flow
behavior is no longer quantifiable.

4.3. The powder applicator tool as a valid test method for L-PBF powders

The Hall-flowmeter method is not a suitable method to characterize
moisturized powder, as observed in Figs. 9 and 10. Therefore, prior to
the tests, most researchers dry the powders to increase the powder
flowability and being able to quantify the powder flow properties. The
applicator tools presented in this study, do not only better mimic the
thin layer application than any other standard tool (see Section 4.1),
but also allow to characterize any type of powder, even in a moisturized
state.

Until now, there is not a reliable method to experimentally assess
the thin layer application of powder over the build platform. Recently,
new flowability models of powder deposition over the build platform
applied to L-PBF powder materials have been developed. The models
simulate the thin layer application of powder following the same
principle as the applicator tools, specifically the same geometry of the
open tool. Markl, et al. [38] using the Discrete Element Method (DEM)
obtained the relative density of a 100 μm powder layer assuming
spherical particles with a linearly interpolated size distribution and
neglecting impurities. Their model yielded very small deviations, up to
0.7 % of relative densities larger than 58 %. Considering that the ma-
terial properties of a Ti6Al4V powder with a mean diameter of 58 μm
were used for the simulations, the results are similar to the value of the
relative density obtained with the open tool Rρ-open=56 %. Other au-
thors also used the DEM to simulate powder flowability based on par-
ticle-to-particle interactions and particle-to-wall interactions applied to
the L-PBF process obtaining similar results [39–42]. Since the modelling
and experimental results are aligned, the open tool is therefore con-
sidered a reliable tool to partially mimic the L-PBF spreading process,
also because this is the most common recoater set-up in SLM machines.

The results of the applicator tools are characterized by a standard
deviation that is often larger than observed with the Hall-flowmeter.
The nature of the Hall-flowmeter method allows to quantify other
powder properties than the applicator tools. The reason for this is both
the design of the tools and the role of gravity. With the applicator tools,
gravity only plays a minor role, but the particles do experience particle-
particle, particle-tool and particle-substrate friction. In combination
with the narrow aperture of the tool, the spreading behavior will be
determined by many variables such as cohesion, rolling and sliding
friction that strongly depend on particle morphology and PSD. This

Fig. 12. (a) Natural oxide layer on the surface of metal powders. (b) Water bridges between particles (physisorption). (c) Thickening of the oxide layer as a result of
contact with moisture (chemisorption).
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explains the apparent density differences observed between the Hall-
flowmeter and applicator tool. When manually moving the tool along
the strip to apply the powder, the resulting small variations in speed
could potentially lead to slightly varying results. However, the inherent
variations from powder to powder might also cause this variation.
Nevertheless, the speed has to be kept constant and any start-stops in
movement should be avoided. It is also advised that the experiments are
carried out under an inert atmosphere as in the L-PBF process to avoid
potential variation caused by the ambient relative humidity. This means
that the application of the tools can even be further improved to
minimize deviations in results and increase the overall reliability.
Research is going on to make the measurement approach automatized
by using a motor for controlled tool movement and a camera to capture
the layer measurements, which would help to improve the accuracy and
consistency of the measurement.

However, despite the immaturity and the associated limitations of
the proposed applicator tool, it is still believed that the results and
insights obtained by applying this tool are very valuable in advancing
the field of powder bed AM.

5. Conclusions

The most important conclusions drawn from this study are:

(i) The new applicator tools proposed in this work, enable a fast and
simple assessment of thin layer deposition and quantification of the
L-PBF powders relative density. The results obtained with the tools
have been compared and validated with process modelling results
from literature;

(ii) The aging mechanism due to moisture contamination severely (and
negatively) affects the chemical composition of AlSi10Mg. The
other studied materials do not show large affinity to moisture and
oxygen in the tested conditions: 72 h exposure at 50 °C and 80 %
humidity. The exposure to moisture also reduces the flowability
and relative density of the deposited layers over the build platform
in Inconel718, Ti6Al4V, AlSi10Mg and Scalmalloy.

Five more specific conclusions regarding the tests are described
below:

1) Visual inspection and moisture content measurements show that
AlSi10Mg is the most sensitive powder to moisture uptake due to its
irregular morphology and roughness. The other three materials only
form agglomerates (physisorption) that are easily broken apart with
a shaker. Furthermore, the moisture and oxygen content of Inconel
718, Ti6Al4V and Scalmalloy remains at the same level even after
moisturizing. Scalmalloy, whose composition is similar to AlSi10Mg
but with a higher magnesium content, presents a better corrosion
behavior and a less irregular morphology. Inconel 718 and Ti6Al4V
have both a smoother surface and a spherical shape. The results
obtained with the moisture analyzer lack somehow of accuracy to
quantify the amount of moisture in metal powders at low levels of
moisture. However, through a visual inspection and chemical ana-
lysis it is possible to study the powder affinity for moisture.

2) Density plays a major role on the flow behavior. AlSi10Mg and
Scalmalloy behave very similar in the applicator tools due to their
density similarity, with Scalmalloy performing slightly better in all
states. The flowability behavior of Inconel 718 and Ti6Al4V is stable
due to their high density. In addition, the more spherical mor-
phology of these materials plays a positive role in obtaining better
flowability results.

3) To conclude the tools assessment, flowability of moisturized powder
can be tested, unlike by the Hall-flowmeter. Although there are no
significant differences in flowability within the humidity states
using the applicator tools, the open tool demonstrates less variation
between the moisture states. It is recommended to use the open tool

because it better mimics the powder layer deposition, gives results
similar to the L-PBF process simulation and reports smaller devia-
tions in the results than the funnel tool.

4) Vacuum drying proved to be the most effective drying procedure
when testing with the Hall-flowmeter method. However, the dif-
ference between the drying treatments in improving the relative
density is not significant using the applicator tools. In addition, the
potential contamination linked to the air-drying treatment still re-
mains an open question. Therefore, vacuum drying is more protec-
tive to avoid oxidation and nitrogen pick up. Since with drying the
moisture (H2O) content is usually decreased, the standard deviation
of the relative density decreases too when eliminating this variable.
Furthermore, this helps to decrease the probability of hydrogen
porosity formation in the builds after the L-PBF process.
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