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Abstract. Powder bed fusion using a laser beam (PBF-LB/M) is considered one of the most
versatile additive manufacturing methods as the parts printed have high resolution thanks to the
low layer thickness used. The powder packing density (PD) of the powder layer has a
significant impact on the density, surface roughness and other mechanical properties of the
built parts. Due to the difficulty of characterizing the powder bed in situ, simulation has often
been used to study the powder behavior on the powder bed. However, in order for the
simulation to have practical value, there must be some way of confirming the results via
experimental methods, also called validation. The aim of this study was to develop a powder
packing density-based validation method for a powder bed simulation. The developed method
featured a simplistic “open cup” style sample which traps powder inside for PD measurement.
The samples were built with an EOS M 290 PBF-LB/M system using Alloy 718 (also known
as “IN718” or “Inconel”) powder. Average PD over the five built samples was 52.4 %, with a
standard deviation of 0.2 %. The method was used to successfully validate a powder bed
simulation with four recoated powder layers, modelled using FLOW-3D DEM simulation
software from Flow Science Inc. Similar methods for PD characterization were found in
literature, but in many cases the method does not fully correspond to the conditions of a
simulated powder bed, the scale is very small, or the reliability of the PD measurement is not
confirmed. The method presented in this study corresponds to typical powder bed simulation
conditions, while retaining high reliability and repeatability of results.

1. Introduction

Laser-based powder bed fusion (PBF-LB/M) is the most applicable of all the standardized methods of
additive manufacturing (AM) in terms of industrial applications, due to its capability of fabricating
complex parts with high dimensional accuracy [1-3]. The PBF-LB/M process uses a laser beam to
melt thin (<0.1 mm) layers of metal powder on top of previously melted and fused layers until the
required design is complete. However, building solid, accurate, and strong parts with PBF-LB/M is
only possible if the powder material properties (e.g. particle size distribution or PSD [4] and particle
morphology [5]), processing parameters (e.g., laser power [6], scanning speed [6], and layer thickness
[7]), and post-process heat treatments [8] are carefully optimized. This is often done by practical
experiments, by comparing the mechanical properties of finished parts resulting from each
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combination of powder material or process parameters, which is labor-intensive, time consuming, and
expensive, [9-11]. For this reason, it is an attractive proposition to replace experiments with computer
simulation of the powder bed and the laser-material interaction.

Powder bed simulations (PBS) commonly use the discrete element modelling (DEM) technique which
models the contact forces and trajectories of individual powder particles [12]. DEM has been used for
observing powder packing behavior [13,14] as well as for creating realistic powder beds for the
simulation of laser-material interaction [15]. Packing behavior is typically described with the packing
density (PD) of the particles in the powder bed, which is the portion of volume in the powder bed
occupied by particles. For example, a bed with a PD of 60 % consists of 60% of actual powder
material and 40% empty interstitial space. As is shown in Figure 1, high PD correlates with reduced
porosity in finished parts [4,16,17] and improved absorptivity of energy from the laser beam [18,19].
Higher PD also reduces the effective powder layer thickness, as the difference of powder layer volume
and melt pool volume is smaller [4], which has been found to reduce surface roughness of parts [20].
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Figure 1. Effect of powder packing density in PBF-LB/M, adapted from: [20], and data in [18].

It is therefore important that PBS models accurately represent the powder packing behavior. This can
be confirmed by a validation experiment, where the powder packing density is measured from the real
powder bed and compared to the packing density of the simulated powder bed, these validation
methods are referred to as “PD-based validation” in this study. Such validation experiments have been
developed across many studies conducted by various authors [11, 13, 22, 23, 25]. In [21] the
“staircase” method, which was developed in [22], was used to validate a DEM recoating simulation. In
this method, a 10 x 25 mm rectangle is built to a height of about eight layers, and the build continues
with five zones of stepped height increase incremented by one layer height, creating an object
resembling a staircase. Powder was removed from around the staircase, and the single layer of powder
left on the second “step” of the staircase was weighed to find its packing density. The thickness of this
single powder layer was measured using a high depth of field digital microscope, enabling the
calculation of PD. In [23] the PBF-LB/M process was used to build one layer tall 15 x 15 mm
rectangular enclosures in three lines along the length of the build platform. The surrounding powder
was removed, and the sampled powder inside the enclosures was weighed to determine PD. This style
of sample is referred to as an “open cup” sample in this study. Both of these PD-based validation
methods investigate a small area and single layer of powder. Such a small sample volume increases
the relative impact of measurement error, and cannot be considered a representative sample of the
whole powder bed. This is problematic if a DEM-simulated powder bed is intended to be used as a
“digital twin” representation of the actual powder bed of an PBF-LB/M system.

Simulations of powder packing behavior are also sometimes validated with other parameters, e.g. the
angle between the build platform and the powder pile during recoating, the dynamic repose angle
(DRA) [24], or the slope angle of a powder pile formed under gravity, the angle of repose (AOR)
[24,25], or by visual comparison between the simulated and real powder bed [13]. More research is
needed to confirm if parameters not based on PD can be used to validate a powder bed simulation of
powder packing behavior.

There are also multiple methods developed for measuring PD, which are not intended for validation,
but could be applied for validation purposes. A non-exhaustive list of these methods include the closed
container samples [26], open cup samples [22,27-29], the sample picker device [30], impact
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penetration into the powder bed [31], or light-curable liquid polymer to extract powder bed samples
[32]. The sample picker, impact penetration test and liquid polymer methods require purpose-built
equipment, and have a seemingly high risk of measurement error (e.g. the sample picker is hand-held).
The closed container method was found in preliminary tests to be difficult to perform repeatably, in
addition to the relatively large amount of material waste and long build times, making the method
expensive. The high powder column also does not correspond to the simulated thin powder beds.
Therefore, only the open cup sample was chosen for further development. In this study, a PD-based
validation method which uses a large area open cup sample was designed. Five samples were built and
measured to confirm the repeatability of the method. Sources of uncertainty were recognized and
quantified. The method was used to validate a PBS model based on PD, and the significance of
uncertainty in the validation method was compared to inherent uncertainty in the simulation.

2. Aim and purpose of study

Simulation of powder packing and especially the validation of these simulations form a modest portion
of total research on PBF-LB/M simulation, as is shown in Figure 2. This figure shows the number of
yearly publications between the years 2003-2023 with keywords related to the topic of this study,
which were extracted from the Elsevier SCOPUS database in May 2023. Unless otherwise mentioned,
all terms are separated by AND, and were searched in all article fields.
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Figure 2. Yearly publications for search terms related to PBF-LB/M, simulation, and validation.

The total number of articles containing “additive manufacturing” was over 230 000, and over 20 000
for “laser powder bed fusion”. Adding “simulation” yields nearly 9 300 results, and adding
“simulation powder packing” and “simulation powder packing (validation OR validated)” yields 701
and 312 results respectively. Though simulation is a relatively popular topic in research related to
PBF-LB/M, less than 10 % of it is related to the powder packing behavior despite it being crucial for
building a realistic base for simulating the laser-material interaction. Of the studies on simulation of
powder packing behavior, less than half mention validation by definition. One possible reason is the
expense of testing a validation method for PBS. Furthermore, the lack of well-established standardized
powder characterization routines and tests during and pre- or post-PBF-LB/M processing also makes
validation of PBS models less popular in literature.

This study aims to develop a repeatable, simple, and inexpensive validation method which
corresponds to the conditions of a typical PBS model; low powder layer thicknesses and high
repeatability. The scientific relevance of this study is the new understanding of the significance of
uncertainty in the validation method compared to uncertainty in the simulation model. Also, the
inexpensive and repeatable PD-based validation method can enable the accurate validation of PBS
models which increase the understanding of powder packing behavior in PBF-LB/M. The industrial
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relevance of this study is that the presented large area open cup sample is well suited for validating
PBS models which are extrapolated to the entire build area. PBS has potential for replacing expensive
experiments, but only if the models can be reliably validated. The presented validation method can
also be used as a method for characterizing PD during PBF-LB/M processing.

3. Experimental setup and procedure

3.1. Experimental setup

An EOS M 290 PBF-LB/M system by EOS GmbH (Germany) was used to build the open cup
samples. The powder material was the gas-atomized EOS NickelAlloy IN718 (Alloy 718). The
powder PSD is between 22-50 um, and particles are mostly spherical with occasional satellites, see
supplier specification in [33]. Alloy 718 was chosen for this study as it is commonly processed with
PBF-LB/M in industry [34,35] and its behavior in PBF-LB/M is well documented [36]. A validated
parameter set could be provided by EOS, which reduced the risk of error from build defects. The
samples were weighed using a Mettler Toledo 1CS425 (Switzerland) scale (measuring accuracy 0.1 g).
The length and width of the open cup sample were measured with a Mitutoyo 500-173-30 Absolute
Digimatic (Japan) caliper (measuring accuracy 0.01 mm). The height of the open cup walls was
measured using a Mitutoyo ID-C112X Absolute Digimatic (Japan) depth gage (measuring accuracy
0.001 mm). The simulation model of the powder bed was created with FLOW-3D DEM software by
Flow Science Inc. (USA).

3.2. Experimental procedure

Only the topmost powder layers are affected by the laser-material interaction, so the sampled powder
bed should be relatively thin, but still multiple layers thick to reduce the impact of measuring error. Of
the build platform area, only the central region near the dispenser would be sampled, because the
edges and the end of the powder bed may have higher variation in PD due to the possible segregation
of different sized particles [32] and the unlikely possibility that the recoater does not pick up enough
powder from the dispenser. Thus, the sample should be shallow and follow the shape of the platform,
but it should be centered and placed near to the dispenser, as seen in Figure 3.

Figure 3. A 3D-model of the “open cup” PD
validation sample (green) on the build
platform of an EOS M 290. The recoater
picks up powder from the dispenser at end of
x-axis, and spreads the powder over the

x-axis building platform towards the origin, i.e.,
right to left.

Recoating ||
direction

Built sample
y-axis

Building platform

The outside width of the sample is 178 mm. The corners were rounded with a 10 mm radius to ease
the removal of powder from the open cup sample. The height was 5 mm and wall thickness was 2.5
mm. Both values could still be lower, though this will make it more difficult to remove surrounding
powder without disturbing the sampled powder. The samples were built using the 40 um layer height
Alloy 718 process for the M 290 [33]. After printing, powder outside the sample walls was removed
with a paint brush, and the build platform with the sample was weighed as seen in Figure 4 A. This
weighing yields mg which is the mass of the platform, sampled powder, and any powder residue left
on the platform after initial brushing. After this, the sampled powder was moved from the walled area
into a plastic bag with a scoop and paint brush, and weighed. The weight of the bag was tared. This
gives the minimum mass of sampled powder, Mpowder-min. Then, the sample area inside the wall was
cleaned with a cloth, but the area outside the wall was left untouched, as is seen in Figure 4 B. After
this the build platform was weighed, yielding Mempties Which was deducted from mg to find Mpowder-
measured WhicCh is the likely most accurate value for mass of sampled powder.
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Figure 4. The open cup
sample during initial
weighing (A) and after
emptying the sampled
powder (B), where the
arrow indicates powder
residue outside the
sampled area.

Building
platform

Powder residue
on the building
platform

Measuring Mpowder-measured this way results in a value where only the mass of sampled powder is
included and the mass of residual powder outside the sampled area is excluded. Finally, the entire
platform was vacuum cleaned and wiped with a cloth and isopropyl alcohol, including the bottom side
and the screw holes. After this the platform was again weighed, yielding Mcieanes, Which was deducted
from mgun to find Mpowder-max, Which is the likely maximum value for mass of sampled powder.

After this weighing procedure, the inner width and length of the sample rectangle were measured at
three locations (at midpoint and both edges) and averaged. Wall height was measured at the midpoint
of each rounded corner and averaged. Sample volume Vsampe Was calculated based on the average
width w, average length I, and the average height h, using Equation 1. The rounded corners were
assumed perfectly round with a 10 mm radius r.

37 _ W=2r)xlxh+msrZsh+(1-2r)*2r*h+r2*xh
Vsample [Cm ] - 1000 (1)

Next, the volume occupied by powder particles was calculated for each three powder mass values with
skeletal density ps of particles (measured by supplier according to ASTM B923-22), using Equation 2.

— Mpowder (2)

v,
powder s

With Vouwder and Vsample, it is possible to calculate PD using Equation 3.

PD = Vpowder (3)

Vsample

In addition, a nominal PD (PDromina) is calculated using the nominal volume of the CAD model and
Vpowder-measured (the volume of powder calculated from Mpowder-measured). AS is shown in Figure 5, a PD
value was calculated for each measured powder mass (min, measured, max) and their calculated
powder volumes, using the measured sample volume Vsample.

Mpowder_min e e Mpowder_max Width w
Length /
Height h

Mpowder_min Mpowder_measured v
Ps Ps Ps calculation of volume
v

Vpowder_measured

Vpowder_min

Vpowder_

Vpowder_min
measured

Vpowder_measured

Vpowder_max

V— Vsample

Visample Vnominal

Figure 5. Different PD values and their calculation logic.



NOLAMP- Nordic Laser Materials Processing Conference (19TH-NOLAMP-2023) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1296 (2023) 012020 doi:10.1088/1757-899X/1296/1/012020

3.3. Simulation model

The model has approximately 260 000 particles recoated in four 40 um layers. The shape of recoater
and recoating speed were the same as in the real M 290. The total simulation area including the
dispenser was 17.5 x 1.5 mm, of which the powder bed was 6.5 x 1.5 mm. The simulated PSD was
based on data from dynamic image analysis (ISO 13322-2) and particle density on pycnometry results
(ASTM B923-22), both done by the powder supplier. Friction coefficients were approximated as 0.3
and 0.6 for particle-particle dynamic and static friction respectively and 0.4 for particle-wall friction,
based on rheometry experiments done according to standard ASTM D7891. A suitable particle
stiffness was found by calibration as 10 N/m, and the coefficient of restitution was approximated from
[37] as 0.6.

The PD of the simulated powder bed was measured in three ways, since the choice of method has
significant effect on the result. Measuring the fraction of volume occupied by particles from a
sampling volume completely embedded in the powder bed will yield higher PD than if the sampling
volume is defined by the extents of the powder bed. The former measurement in this study is referred
to as PDmax-sim and the latter PDminsim. A measurement taken between these two iS PDmeasured-sim. PD
was sampled from both the full length of the simulated powder bed and a central stable area, where the
thickness of the powder bed did not vary. The “stable area” measurement is considered more useful, as
varying powder bed thickness distorts the PD measurement. The simulation was then repeated with
identical parameters to quantify the effect of randomized particle generation pattern on PD.

4. Results and discussion

4.1. Results of validation experiment
The PDmin, PDmeasured, PDmax results of each sample as well as their mean and standard deviation are
shown in Table 1. The samples are labeled OL (Open cup, Large area) and numbered in build order.

Table 1. Measured and calculated PD of all samples.

PD OL1 OL2 OL3 OoL4 OL5 Mean Standard deviation
PDmin 51.9% 51.9% 52.2% 52.6 % 525 % 522% 0.29%
PDmeasured 52.2 % 52.2 % 52.3% 52.6 % 52.6 % 524% 0.20%
PDmax 52.2% 52.2% 52.3% 52.7% 52.7 % 524% 0.22%
P Dnominal 54.0 % 52.4 % 53.0 % 52.8 % 53.5% 53.2% 0.56 %

As it can be seen in Table 1, there is slight variance between the PD values, but all values of PDnin,
PDieasured, and PDmax are between 51-53 %. PDmeasured 1S COnsidered the most accurate measurement
since the values of PDmin and PDmax are likely lower and higher than the true PD respectively, and are
not intended as a characterized value, but only for quantifying uncertainty from the cleaning method.
The mean value of PDmeasured Was 52.4 %, and it is considered the definitive PD value characterized
with this method. The PDmeasured 1S Very uniform across samples, with a standard deviation of 0.20,
likely due to the large mass of sampled powder which reduces the relative significance of small
measurement errors. The only variation in PDmeasured IS @ slight increase between the second and fourth
samples, after which there is no change between OL4 and OLS5. This could be due to increasing
proficiency in sample handling, leading to less sampled powder being lost before weighing. This
increase is not present in PDnominai, Which alternates between 52.4-54 % without a clear trend. No
correlation between PDnominai and other PD values was found, which indicates that variations in sample
volume which are not accounted for in the sample measurement (e.g. variation in the surface of the
build platform or the built wall) do not impact PD and are not a significant source of uncertainty. The
built parts were slightly taller (0.02-0.18 mm taller) than the nominal CAD model, which was
unexpected as PBF-LB/M-built parts with a short z-dimension are typically slightly shorter than
nominal due to instability of layer thickness in the first ~10 layers [38]. This is possibly due to the
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manually coated first layer being slightly thicker than the nominal layer height. For this reason,
PDrominal is always slightly higher than PDmeasured OF PDmax.

The PDnmin and PDmax Values were measured to quantify the variation resulting from different sample
cleaning methods or error in sample cleaning. Greatest difference between PDmin and PDmeasured Values
was in samples OL1 and OL2, with a difference of 0.3 percentage points. The PDmax values have at
most 0.1 percentage point difference to PDmeasured Values, indicating that the samples have low error
due to residual powder and other debris on the build platform, and that the error from accidentally
removing residue from outside the sampled area before weighing is lower than the error caused by
trying to remove only the sampled powder by brushing and scooping. Therefore it is better practice to
e.g. vacuum clean the sample and entire build platform before weighing. Overall, the results show that
the used cleaning method is an insignificant source of uncertainty regardless of the used technique.

4.2. Application of validation method to simulation
As seen in Figure 6, the method of measuring PD from the simulation has significant effect on the PD.

Figure 6. PD measurement from the
stable region of the simulated powder
’| bed; sampling volumes marked with
white rectangle, and PD on the right.
A: sampling volume following
eXtentS, PDmin-sim

B: PDmeasured-sim, Where the sampling
volume height is defined at midpoint
between PDmin-sim and PDmax-sim.

C: sampling volume embedded into
the powder bed so that maximum PD
is found, PDmax-sim.

The sampling volume heights for the extent-following PDmin-sim and fully embedded PDmax-sim Were 150
pum and 210 pm respectively, with the PDmeasured-sim being defined as the midpoint between these
extremes (180 pm). The nominal powder bed thickness was 200 pm. PDmeasured-sim Measured at a stable
region of the powder bed, between 1.35-1.56 cm of simulated volume (full length of powder bed being
1.1-1.75 cm of the total volume) is considered the best analogue to the measurement method in the
validation experiment, which also sampled a central stable region. PDmeasured-sim Was 52 %, which
agrees with the validation experiment. PDin-sim @nd PDmax-sim Were 45 % and 58 % respectively, which
means the choice of measurement method is a significant source of uncertainty, much larger than any
uncertainty associated with the validation method.

The PDumin-sim, PDmeasured-sim, @Nd PDmax.sim measured from the full length of the simulated powder bed
(1.1-1.75 cm) were 37 %, 49 %, and 58% respectively. The lower results were expected due to lower
powder bed thickness at the end of the bed resulting in more empty volume being included in the
sampling volume. However, PDmax-sim Was identical in both measurements, which is significant since
PDmax-sim 1S fully embedded in the simulated powder bed and thus should not be affected by any
variation in powder bed thickness, indicating that as long as the sampling volume is equally embedded
in the powder bed, its size and thus the change in wall-powder interface area does not affect the PD
result. If the length of the sampling volume affected PD, a change in PDmaxsim Should have been seen.
The results of a repeated simulation run were nearly identical, except PDmeasured-sim in the stable region
of the repeat run was 53 % compared to 52 % in the first run. This is not a sufficient sample size to
make conclusions, but it demonstrates that the randomized particle generation is a potential source of
uncertainty, though further research on the effect of randomized particle generation on the variance of
PD is needed to quantify how significant a source of uncertainty it is, and to confirm that the variation
in PD observed in this study is not an outlier.
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The open cup PD-based validation method can be considered sufficiently repeatable and precise for
the purposes of validating DEM simulations of powder bed recoating. The validation result matching
the carefully parametrized simulation indicates that the sampled powder bed in the open cup method is
not significantly compressed by gravity compared to the simulation despite being about 50 times
taller, and that the PD of a ~9 mm? sampling area of the simulation is comparable to the average PD of
the entire center area of the build platform.

5. Conclusions

The aim of this study was to develop a powder packing based validation method which matches the
typical conditions of a powder bed simulation and is suitable for their validation. Uncertainties related
to the measurement process were identified and quantified. The results of the validation experiment
and its sources of uncertainty were compared to a powder bed simulation model and the sources of
uncertainty related to it. The main conclusions of the study are:

Multiple validation methods based on different powder bed parameters exist in literature, as well as
many methods for measuring PD for other purposes. The presented open cup PD-based validation
method with Alloy 718 powder material had a mean value of PDmcasured OVer five samples of 52.4 %
with a standard deviation of 0.20 %. Despite the sample being orders of magnitude larger, the PD
result is a good match to a simulated powder bed, which was carefully parametrized by practical
experiments, literature review, and calibration. The sources of uncertainty quantified from the
simulation are more impactful than those of the validation method, making the validation method
sufficiently accurate and reliable for validating powder bed simulation models.

6. Future work

The validation model built in the scope of this research could be utilized as a basis to develop a
thermomechanical CFD/FEM model of laser-material interaction as an initial step in the PBF-LB/M
simulation methodology. In addition, the powder bed model could be a part of a powder
characterization sequence. Traditional powder characterization for PBF-LB/M includes the
characterization of PSD, particle morphology, packing density, and flowability. With the rapid
development of simulation software, it is a natural progression that simulation of the powder bed in
the build chamber becomes a part of the powder characterization sequence.
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