14

Originalarbeit

Berg Huettenmaenn Monatsh (2021) Vol. 166 (1): 14-22
https://doi.org/10.1007/s00501-020-01067-x
© The Author(s) 2020

®

updates
Berg- und
Hittenmannische
Monatshefte

Investigation of the Influence of Powder Moisture on the
Spreadability Using the Spreading Tester

Marco Mitterlehner’, Herbert Danninger’, Christian Gierl-Mayer', and Harald Gschiel?

Institut fir Chemische Technologien und Analytik, TU Wien, Wien, Austria
2voestalpine Bohler Edelstahl GmbH & Co KG, Kapfenberg, Austria

Received November 13, 2020; accepted November 20, 2020; published online January 14, 2021

Abstract: Moisture is often regarded as one of the main
reasons for poor processability of powders using Laser-
powder bed fusion (L-PBF) processes. To determine the
influence of moisture on the spreadability, a superalloy
powder IN718 commonly used for L-PBF processes has
been conditioned in two different states: once in the as-
received and dry condition and once in a moist condition
obtained by storing the powder for four weeks in an atmo-
sphere containing a relative humidity of 75%. Using a self-
built spreading tester and a subsequent analysis method
specially developed for testing the spreadability of a pow-
der, the differently conditioned IN718 powder batches have
beeninvestigated regarding the surface roughness and flat-
ness of the powder layers. Additionally, the formation of
empty spots between the powder particles in the top layer
has been studied.

Keywords: Additive Manufacturing, Powder bed fusion,
IN718, Moisture, Spreadability, Testing, Python

Untersuchung des Einflusses der Feuchte von Pulvern auf
die Rakelfahigkeit mit dem Spreading Tester

Zusammenfassung: Feuchte wird oft als einer der Haupt-
grunde fur schlechte Verarbeitbarkeit von Pulvern mittels
L-PBF Prozessen angefiihrt. Um den Einfluss der Feuch-
te auf die Rakelfahigkeit zu untersuchen, wurde ein inert-
gasverdustes Superlegierungspulver IN718, welches Ubli-
cherweise fiir L-PBF Prozesse verwendet wird, unterschied-
lich konditioniert: einmal trocken und somit wie im Anlie-
ferungszustand und einmal feucht, durch eine vierwdchige
Lagerung des Pulvers in einer Atmosphare mit einer relati-
ven Luftfeuchtigkeit von 75 %. Mit Hilfe eines selbstgebau-
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ten Prifstandes und einer eigens flr die Priifung der Rakel-
fahigkeit eines Pulvers entwickelten Analysemethode wur-
den die unterschiedlich konditionierten IN718 Pulverchar-
gen hinsichtlich der Rauigkeit und Ebenheit der aufgetra-
genen Pulverschichten untersucht. Zusatzlich wurde auch
die Bildung leerer Flachen zwischen den Pulverpartikeln in
einer einzigen aufgetragenen Schicht untersucht.

Schlisselworter: Additive Fertigung,
Pulverbetttechnologie, IN718, Feuchte, Rakelfahigkeit,
Priifen, Python

1. Introduction

Nickel-based superalloys combine high-temperature
strength, toughness, corrosion resistance, and good fa-
tigue life, which is why they are widely used in the
aerospace and energy industries [1-3]. Since this also
makes them difficult to process, especially through ma-
chining, near-net-shape processing techniques such as ad-
ditive manufacturing of these materials has gained more
and more popularity over the last decades [1, 3].

An initial powder characterization to determine whether
or not a powder is suitable for a build job has always been
of particular interest, due to the high cost and long duration
of such a build job. Many well-known powder characteris-
tics, such as flowability or apparent density, are therefore
tested in the field of additive manufacturing techniques that
use powder bed systems. Of particular interest is the flowa-
bility of a powder, whereby a distinction must be made be-
tween flow time and flowability. The formeris measured by
means of a calibrated Hall funnel, and the latter refers to the
totality of various measurable variables that are combined
to describe the complex behaviour of powders when mo-
bilised, such as flow time, but also, for example, cohesive-
ness, particle size and shape, and others [4, 5]. Apart from
these well-known powder properties, new testing methods
are available as well [6-9]. In any case, the quality of the
applied top powder layers, especially the filling as well as
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the homogeneity, is of crucial importance during the build-
ing process. Particularly assessing this quantitatively is of
high practical importance, although it is a challenging job.

In Laser-powder bed fusion technologies, humidity is of-
ten claimedto be ahuge problem. Especially whenitcomes
to spreading the powder, humidity is suspected to resultin
a poor final quality of the printed components. Moisture
in the printing chamber is associated with the formation
of pores in the built components, as investigated in [10].
In this study, it was also found that some materials such
as aluminium alloys are more affected than others, as e.g.
an investigated nickel-based superalloy (IN718). Regarding
powder characteristics such as the flowability, which can
be influenced by particle size and shape, adsorbed water
on the powder surface is also often claimed to be detri-
mental [11-13]. Since adsorbed water always plays a major
role here, several attempts have been made to quantify the
water adsorption in the recent past. Thereby, Karl Fischer
titration appears to be the most reliable one [14, 15].

To investigate the impact of adsorbed water on the
spreading behavior—or also called spreadability—of a gas
atomized IN718 powder, a self-built testing device—the so-
called Spreading Tester—was used. The powder used was
then once tested in a dry state and once in a humid state.
With a specially developed subsequent analysis method
for evaluation of the spread surfaces, differences therein
were investigated.

2. Experimental Procedure
2.1 Powder Used

An inert gas atomized IN718 powder grade of voestalpine
Bohler Edelstahl GmbH & Co KG, available under the desig-
nation L718 AMPO, was used for this study. Fig. 1 shows the
mass-related particle size distribution measured by laser

particle size [pm]

diffraction using a Sympatec HELOS/BF system. The distri-
bution is minimally skewed left but overall, very uniform
and narrow. The particle size ranges from 15 to 55um
and the mass-median-diameter (ds, s0) of the powder is
30.4+0.1pum.

In Fig. 2 an SEM image of the L718 AMPO powder used,
taken with a JEOL JCM-6000, can be seen. The shape of the
particles is mostly well spherical, but, nevertheless, there
are also a few non-spherical particles as well as fused ag-
glomerates consisting of smaller particles (<10 um). Fur-
thermore, some of the particles are partially covered with
satellites, and yet, the overall shape is considered to be
more or less spherical and uniform.

The flow time according to ISO 4490:2018 was also mea-
sured. The powder was found not to flow freely through
the calibrated Hall funnel. Nevertheless, it could be spread
using the Spreading Tester without any problems.

Fig. 22 SEMimage oftheused L718 AMPO powder
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2.2 Powder Conditioning

To investigate the influence of adsorbed water on the
spreadability of the used powder and therefore on the
quality of a spread powder layer, the powder was condi-
tioned once in a dry and once in a humid state. For the dry
state, the powder was stored in a desiccator above silica gel
for four weeks, which is intended to remove all moisture
from the environment, making the powder “dry” For the
humid state, the powder was also stored in a desiccator
for four weeks, but above a saturated sodium chloride
solution, through which a relative humidity of 75% could
be achieved [15], making the powder “humid”

2.3 Spreading

To test the spreadability of powders, a special tester was
developed—the so-called Spreading Tester shown in Fig. 3.
It is controlled by a LabVIEW program, and thus parame-
ters, such as the number of spread layers, layer thickness,
spreading velocity, the mimicked machine, and much more,
can be varied. In addition to these software parameters,
other parameters, such as the distance between the re-
coater blade and the building platform —also known as the
gap size—the angle of the recoater blade, or even the re-
coater blade itself, can be changed. Yet, in this study an
EOS M280 machine was mimicked using an HSS recoater
blade with a rhombic shape as shown in Fig. 4.

In Fig. 5 the simplified spreading strategy of an EOS
M280 machine can be seen. First (1), the building platform
moves down and thereby adjusts precisely the layer thick-
ness. Next (2), the recoater blade moves forward, spread-
ing the powder on the building platform. Now, the pow-
der would be selectively molten, but since the Spreading
Tester is only used to spread layers of powder, this step is
not necessary. At the end (3) the building platform moves

Fig. 3: Spreading Tester

lifting
platform

Fig. 4: HSS recoater blade

downwards to protect the layer when the recoater blade
moves back to its initial position.

In this study, two different evaluation methods were
used. The first one investigates the formation of empty
spots in a single spread layer, whereas the second one in-
vestigates the surface roughness and flatness of several
spread layers. Both methods are now explained in more
detail.

2.4 Investigation on the Formation of Empty
Spots

In other words, examining the formation of empty spots
means examining the surface coverage of a single spread
powder layer. It is of course essential to spread a dense
powder layer in order to selectively melt enough material
in the actual layer and thus prevent defects during printing.
To do so, two aspects are decisive, namely the gap size (§)
and the layer thickness (d|). Thus, the layer thickness in the
first layer is determined by §, and it depends on the layer
thickness if, in each further layer, it is equal to the gap size
because of two facts: the first one is that there are voids
between the particles in the layer even in case of maximum

- gear belt
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ing strategy ofan EOS M280

Fig. 5: Simplified spread- 1 {)
(Bbuilder; Ffeeder)

T powden -

building
platform

Fig. 6: Compaction of melted powder

Fig. 7: Uniform process

packing density (74% for spheres of constant particle size)
and therefore, after selectively melting the powder, the re-
maining now solidified area is lowered compared to the
surrounding powder as shown in Fig. 6. There the initial
gap size (8i), the height of the selectively molten material in
the nth layer (hm, n) and the height difference by which the
surface of the molten material is lowered due to the voids
also for the nth layer (hy, n) are marked. Then to grant a uni-
form process in every further layer, the layer thickness has
to be adapted to the gap size as shown in Fig. 7. Of course,
this can also be done the other way round so that the gap
size is defined through the layer thickness. Thus, only if the
layer thickness is equal to the height of the molten material
in the first layer (di=hwm, o), the upper end of molten ma-
terial would be at the same level as the initial position of
the building platform in the next layer. Therefore, the rela-
tionship given in Eg. 1 must be fulfilled, in which vs is the
amount of the void fraction between the powder particles.

Equation 1: Correlation Between Layer Thickness (d)) and
Initial Gap Size (8;) for a Uniform Process

d,
8= —
1- vy

(1

Now, if the gap size was smaller than all of the particles,
no powder particles could pass (Fig. 8a). The resulting layer
would then probably have a high amount of empty space
(approaching 100%) when spread on solid ground like the

Fig. 8: Spreading scenarios (atoo small gap size, b segregation, cjamming)

o

B

building platform or, later, the molten material from the
layer below.

If the gap size during spreading on these grounds is
within the range of the size of the particles in the powder
used, at least the smaller particles can pass. Yet, this will
result, on the one hand, in a segregation of the powder
(Fig. 8b), whereby smaller particles remain in the spread
layer and bigger ones remain in the powder heap. On the
other hand, a bigger particle can get stuck in front of the
recoater blade and thus block it for smaller particles to pass
(Fig. 8c), which would resultin the formation of empty spots
as simulated in [16].

All these aspects do not apply, however, as soon as the
powder is spread in a loose powder bed, as the powder can
be compacted or easily moved in this bed as it is not fixed
locally (this does not apply to electron beam melting, as
there the powder is slightly sintered before each layer). As
shown in [17], not only the gap size influences the forma-
tion of these empty spots but also the spreading velocity.
Thereby, it was observed that the faster a powder is spread,
the less dense the resulting layer.

Since the powder is not melted during the examination
with the Spreading Tester, the correlation from Eq. 1 does
not have to be taken into account, but the following ap-
plies to grant a uniform process: the gap size is equal to
the layer thickness. In order to investigate the formation
of empty spots, just one single layer of powder is spread
for which the gap size has previously been adjusted pre-
cisely. After that the builder—on which the layer has been
spread—is removed from the tester and placed under a dig-
ital microscope (Keyence VHX-5000). There, three-dimen-
sional images are taken at nine spots (shown in Fig. 9) in
the spread powder layer using 800 x magnification. These
images each consist of 30 single images that are stitched to-
gether and therefore have a size of about 1.1x 1.1mm. This
image acquisition process is always done carefully in order
not to change the morphology of the spread layer.

In Fig. 10 an example of these three-dimensional images
is shown. Taking a closer look at the magnified area in the
upper left corner, it can be seen that the software of the
used digital microscope somehow smoothens the surface,
since the area right next to the particles is not dark blue—as
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Fig. 10: Three-dimensionalimage of asingle spread layer

it should be if the height at this position were zero. There-
fore, the building platform’s height is not always zero, but
somehow distributed within a few microns (which is in fact
an—inevitable—artefact generated by the software). Now
to evaluate the amount of empty space between the par-
ticles, the height data of each pixel in the image are used.
These data can be exported by the microscope software and
then be plotted as shown in Fig. 11. Obviously, the height
distribution consists of two single peaks where the lower
peak can be assigned to the empty spots and the higher one

~—— lower fit higher fit —— overlapping fit raw data
4.0
3.0
&
2
75 100 125 1

height [pm]

to the particles. The amount of empty space (y) can now be
quantified by first fitting peaks with a Gaussian shape into
the height distribution and then by calculating the percent-
age of the area below the lower peak relative to the total
area below all fitted peaks, as shown in Eq. 2.

Equation 2: Amount of Empty Space

v = Alowerfit .100 (2)
Atotal

For the spreading test, a gap size of 40um and a spread-
ing velocity of 1750 mm/s were used. Since the Spreading
Tester is only placed in a digestor in a lab, the atmosphere
around it cannot be adjusted manually and thus the ad-
sorbed water probably desorbs during spreading. In order
to minimize this error, the powder was removed from the
conditioning environment at the very last second and filled
very quickly into the feeder. Then the test was started. Thus,
for testing the formation of empty spots, in which only one
single layer is spread, the conditioned state of the powder
can be assumed to remain practically unchanged until after
the test had been performed.

2.5 Investigation on the Surface Roughness and
Flatness

For describing and assessing the quality of the top spread
layer using a powder bed system, a new method has been
developed, which is discussed in brief: In contrast to the
investigation on the formation of empty spots, several lay-
ers are spread. After that the top spread layer is exam-
ined using the digital microscope as well, whereby three-
dimensional images (Fig. 13) in the same way as previously
described and the same nine spots as shown in Fig. 9 are
taken. A Python program written by the author then scans
the three-dimensional images in two directions (horizontal
and vertical) and thereby examines one line profile after the
other searching for maxima occurring at the same location
in both directions. By doing so, each of these maxima that
are present in both scans is equivalent to one particle in the
surface, as this is a unique feature in this kind of surface,
also seen in Fig. 12. Therein also a perfect surface for this
scenario can be seen, which consists of only spherical parti-

~—— lower fit higher fit —— overlapping fit raw data
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Fig. 11: Plotted heightdistribution corresponding to the spread surface in Fig. 10
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Fig. 13: Three-dimensionalimage ofthe top spread surface after several
layers

cles with the same size of the mass-median-diameter (d3, 50)
and is packed closest (hexagonal or cubic, both achieving
the same packing density [18]). This method is described
in more detail in [19-21]. The surface evaluated with the
method shown in Fig. 13 is shown in Fig. 14, where each
particle found is marked with a black plus.

Using the particles detected in the surface as well as the
height data of the recorded surface, several parameters can
be calculated that allow us to assess the quality of a spread
powder layer. For this, four different parameters have been
determined in this study, whereby the size of the examined
area of course plays a decisive role, which is why it was
always kept the same. Thereby, the height (AHpar) as well as
the distribution of the height (AQpa,) of the found particles,
the surface area (A), and the enclosed volume of the surface
(Vequ) are used as follows:

AHpar is defined as the difference in height within the sur-
face between the lowest and highest particles visible from
above and is called deviation of height. The parameter is
used to describe the flatness of a surface and states that
all the larger the deviation, the less flat the surface. Here,
however, it should be considered that only images of the
same size of the measured area should be compared, since

Fig. 14: Evaluated three-dimensional image ofthe top spread surface
fromFig. 13

the probability of a very large deviation of height increases
with the investigated area.

AQpa is classified as the difference between the third
quartile and the first quartile relating to the height distribu-
tion of the found particles and is called difference in quar-
tiles. This is also referred to as the interquartile range,
which is often used in statistics to describe the width of
the distribution. The parameter states that the higher it is,
the higher the interquartile range and therefore the wider
the distribution. Put simply, the higher AQpar, the wider the
range in which the middle 50% of the particles appear and
the rougher the surface. This parameter is virtually inde-
pendent of the investigated area.

A is the surface area itself, which is calculated by trian-
gulation of the surface. It states that the higher the surface
area, the rougher the surface.

Vequ is the so-called equalizing volume. It is determined
by placing a virtual perfectly flat plane in the surface. The
enclosed volume between the plane and the surface, above
and below the plane, that is equal is specified as Vequ. Thus,
the volume enclosed above the plane corresponds to the
volume of the powder and the volume enclosed below the
plane corresponds to the volume of the cavities. The pa-
rameter states that the larger the volume, the rougher the
surface.

For the spreading tests, a layer thickness as well as a gap
size of 40um were chosen and the spreading velocity was
set to 150mm/s. As mentioned before the atmosphere
around the Spreading Tester cannot be adjusted manually.
Thus, again the powder was removed at the very last sec-
ond from the conditioning environment, filled very quickly
into the feeder and the test was started. Yet, since for this
investigation a total of 40 layers were spread, it could not
be guaranteed that the conditioned state of the powder re-
mained practically unchanged until after the test had been
performed, as this takes some time. As a result, this test
was even more similar to the real L-PBF process in which
a dry inert gas atmosphere is used during printing, result-
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ing in a significantly lower humidity in the atmosphere than
during the spreading test, which was also investigated in
[22].

3. Results and Discussion

3.1 Investigation of the Formation of Empty
Spots

In Fig. 15 the evaluated amount of empty space (y) of the
dry (0% relative humidity, white bars) and humid (75% rel-
ative humidity, black bars) conditioned powder is shown.
On the left side of the figure, the evaluated data for each
spot and, on the right, the averaged value from all spots is
depicted. The evaluated data of each spot shows that the
amount of empty space for the humid conditioned powder
is always higher in comparison to the dry one. This means
that, in case of the humid conditioned powder, the spread
layers are significantly less covered with powder. There is
also a correlation between the position of the spot and the
amount of empty space, which is caused by the tilt of the
building platform, which is inevitable as it is not perfectly
parallel to the recoater blade and cannot be adjusted with
the required precision. Yet, since the building platform was
never moved during these experiments, the tilt was always
the same and the measured values can be compared to each
other without any hesitations. In the area of spot number5,
there is a cover in the centre of the building platform to pro-
tect the spindle underneath, as can be seen in Fig. 9. This
cover is not perfectly tight and is therefore slightly raised,
resulting in a significantly decreased gap size, which is why
the evaluated values there are significantly increased.

To sum this up, moisture adsorbed on the powder sur-
face has a clearly negative impact on the coverage of a sin-
gle spread powder layer as long as the moisture is retained
during spreading. Higher relative humidity levels thereby
lead to less covered spread surfaces, which would be detri-
mental for the powder bed fusion process. Thus, if the
relative humidity was at the same level during the entire
build job inside the machine, it would not be successful.

0O 0% relative humidity —m 75 % relative humidity
45.0

30.0 1 ]

v [%]

15.0 1 ]

0‘0 : 4
1 2 3 4 5 6 7 8 9 average

Fig. 15: Evaluated amountofempty space (y) after four weeks of stor-
age at 0% (white bars) and 75% relative humidity (black bars)

3.2 Investigation on the Surface Roughness and
Flatness

Since more than one layer was spread here, it should be
mentioned that, even despite the non-measurable flow
time, the powder could be spread without any problems.

In Fig. 16 the evaluated deviation of height (AHpar) can
be seen. In contrast to the investigation on the formation
of empty spots described previously, there is no clear trend
that the deviation of height is always higher for one of the
differently conditioned powders. Thus, the average value
is considered, which indicates that the spread surface using
the humid conditioned powder is slightly flatter. Neverthe-
less, the values are in the range of scatter of the other.

The evaluated interquartile range (AQpar) is shown in
Fig. 17. As with the deviation of height, no clear trend can
be observed regarding improved values of any of the con-
ditioned states. Thus, looking atthe averaged values on the
right, this indicates that the spread surface using the humid
conditioned powder is marginally smoother. But again, the
values are still in the range of scatter.

Fig. 18 shows the evaluated surface area (A). Again,
there is no clear trend regarding improved values of any
of the conditioned states. Therefore, looking at the aver-
aged values on the right, it is also indicated that the spread
surface using the humid conditioned powder is slightly
smoother, whereby again the values are more or less within
the scatter of the other.

In Fig. 19 the evaluated equalizing volume (Vequ) is
shown. Here, the same trends referred to the single po-
sitions seen for the surface area before can be observed.
This further means that there is no clear trend regarding

0 0 %relative humidity m 75 % relative humidity

150

75 a ]
1 2 3 4 5 6 7 8 9 average

Fig. 16: Evaluated deviation of height (AHPar) after four weeks of stor-
age at 0% (white bars) and 75% relative humidity (black bars)

0 0 %relative humidity —m 75 % relative humidity

25.0 4

AQy,, [um]

20.0 A -
1 2 3 4 5 6 7 8 9 average

Fig. 17: Evaluatedinterquartile range (AQpar) after four weeks of stor-
age at 0% (white bars) and 75% relative humidity (black bars)
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Fig. 18: Evaluatedsurfacearea(A)after fourweeks ofstorageat0% (white
bars) and 75% relative humidity (black bars)
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Fig. 19: Evaluated equalizing volume (Vequ) after four weeks of stor-
age at 0% (white bars) and 75% relative humidity (black bars)

improved values of any of the conditioned states. Looking
atthe averaged values on the right, it is again indicated that
the spread surface using the humid conditioned powder
is slightly smoother, whereby the values are more or less
within the scatter of the other.

To conclude this test, all parameters indicate the same
trend that, if a larger number of layers has been spread, the
top spread surface for the humid conditioned powder will
be slightly flatter and smoother, whereby the parameters
describing the surface are always very similar and within
the scatter range of each other. Therefore, it can be said
that the relative humidity at which the powder is stored
does not influence the quality of the top spread layer after
a total of 40 layers as long as the relative humidity around
the spread powder bed is much lower. It is therefore as-
sumed that the desorption of the adsorbed water on the
powder surface happens relatively fast. Yet, when combin-
ing both investigation methods—spreading just one single
layer and spreading 40 layers—it can be concluded that
there must be a critical humidity level at which the quantity
of adsorbed water is so high that the spreading of layers
cannot be sufficiently successful. Further, if this high level
of humidity were to be present in the chamber during the
entire printing process, then humidity would certainly have
aclearly negative influence on the whole process, as shown
in the investigation of the formation of empty spots. Yet,
although this statement clearly applies at least to the ex-
amined L718 AMPO powder, it cannot be claimed that it
applies to other powders as well.

Furthermore, there are two additional aspects that have
to be considered. The first one is that it takes about 30 min
to fill the powder into the machine before a real build job

is started. During this time, the balance between adsorbed
water and relative humidity in air is already established
and the former is thus changed, provided that the powder
is stored at a different humidity level than that prevailing in
the room where the 3D printer is located. The second one
is that the process chamber is flooded and purged with dry
inert gas to establish the required low oxygen level inside,
which takes an additional 30 to 45 min. Due to this constant
dry gas flow inside the machine, the water will desorb on its
own, maybe even before manufacturing starts. Thus, such
a conditioned powder would only be processed about an
hour later and would have enough time and opportunities
to desorb the adsorbed water, thus more or less approach-
ing the same state as powders stored in dry conditions.

4. Summary

In this study it was found that adsorbed water and there-
fore high humidity levels can have a detrimental influence
on the additive manufacturing process if this humidity was
present during the entire build job. Furthermore, it was
also observed that the adsorbed water quickly desorbs and
an equilibrium with the environment is established quite
rapidly. Due to this and several other aspects concern-
ing the timing, humidity should not be a problem at least
when considering the L718 AMPO superalloy powder inves-
tigated here (for powders in which humidity during storage
causes irreversible changes, this might be different). It was
also shown that there has to be a critical humidity level at
which it is no longer possible to spread dense powder lay-
ers, since the dry conditioned powder did produce dense
ones and the humid conditioned one did not.

Once more the Hall funnel flow test was shown not to
be a suitable method for testing powders used for L-PBF
technologies, since the powder did not flow freely through
the funnel but still could be spread and processed without
any problems.
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