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ABSTRACT

The powder bed fusion (PBF) process is widely
adopted in many manufacturing industries because of its
capability to 3D print complex parts with micro-scale precision.
In PBF process, a thermal energy source is used to selectively
fuse powder particles layer by layer to build a part. The build
quality in the PBF process primarily depends on the thermal
energy deposition and properties of the powder bed. Powder
flowability, powder spreading, and packing fraction are key
factors that determine the properties of a powder bed.
Therefore, the study of these process parameters is essential to
better understand the PBF process. In our study, we developed
a two-dimensional powder bed model using the granular
package of the LAMMPS molecular dynamics simulator.
Cloud-based deposition was adopted for pouring powder
particles on the powder bed. The spreading of particles over the
substrate was mimicked like a powder bed system. The powder
flowability in the proposed study was analyzed by varying the
particle size distribution. The simulation results showed that a
greater number of larger particles in a power sample results in
an increase in the Angle of Repose (AOR) which ultimately
affects the flowability. Two different kinds of recoater
geometry were considered in this study: circular and
rectangular blades. Simulation results showed that depending
on the recoater shape there is a change in the packing fraction
in the powder bed. Cross-sectional analysis of the power bed
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showed a significant presence of voids when a greater number
of larger particles existed in the powder batch. The packing
fraction of the powder bed was found to be a strong function of
particle size distribution. These analyses help understand the
influence of particle size and recoater shape on the powder bed
properties. Findings from this study help to provide a guideline
for choosing particle size distribution if the spherical particles
are considered. While the present study focuses on the spherical
powder particles, the proposed system can also be adapted to
the study of powder bed with aspherical particles.

Keywords: Powder Bed Fusion (PBF), Powder Flowability,
Spreadability, Packing Fraction, Molecular Dynamics (MD)
Simulation

NOMENCLATURE
PBF Powder Bed Fusion
MD Molecular Dynamics

LAMMPS  Large-scale Atomic Molecular Massively
Parallel Simulator

DEM Discrete Element Method

AOR Angle of Repose

OVITO Open Visualization Tool
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1. INTRODUCTION

Many industries are currently revolutionized by the
Additive Manufacturing process because of its capability to
produce operatable parts. Powder bed fusion process, an
additive manufacturing technique that has drawn much
attention to researchers nowadays. As a heat source in the
powder bed fusion process, a laser or electron beam is used in
general. All types of PBF include spreading powder over the
bed periodically to build a new layer. Powders can be provided
on the bed by either a hopper or a feed cartridge of a certain
height. Fabrication of parts is dependent on many process
parameters like laser-related, scan-related, powder-related, and
temperature-related [1]. Improvement of powder bed density
and homogeneity can decrease the melting defects of the
powder bed and improve the part quality [2][3][4]. Denser
powder layers make some powder fusion processes (Electron
beam selective melting [5][6] and Selective laser melting
[71[8]) more steady and continuous. Other defects such as
porosity, balling effect, geometric defects, surface defects,
microstructural inhomogeneity also contributed to the overall
quality of the bed [9]. Indeed these defects are dependent on
different sources like equipment, process, design for additive
choices, and feedstock materials [9].

In the PBF process, one of the most important concerns is
to choose a suitable particle size and size distribution [10].
Choice of particle size is also important as it affects the layer
thickness. When particle sizes are greater, it is usually possible
to achieve a higher density as the smaller particles can fit in
between the larger particles, creating a higher density bed [11].
In the PBF, smaller particles are desired as it attributes to better
dimensional accuracy. Small particle size reduces surface
roughness [12][11], and particle packing [13][14]. However,
porosity increases when the particle sizes are drawn to a very
small scale (micron) [15]. So, it's crucial to choose a good
particle size with the size distribution.

Granular particles are composed of many dissipative
particle-body interactions which can be handled by using MD
simulation. MD simulation aids to understand the motion of
particles in a system. Since experimental measurement of the
flow of powder particles in the powder bed is arduous work, we
can get a good understanding of flow using the MD simulation.
Some studies have been done regarding the powder particle
properties, their spreading process during the additive
manufacturing process [16]. Most of those works include the
Discrete Element Method (DEM), which is a well-established
modeling technique for large-scale small particles. Parteli and
Poschelb [17] found out that process speed can impact the
roughness of powder beds. Chen et al. [18] show that DEM
simulation can give a clear understanding of the relationship
between the layering parameters with the powder bed. DEM
algorithms are very similar to MD simulation [19] in many
ways with the advantage of using parallel computing for

simulating a large system of particles. Many researchers used
both of the terms interchangeably [20]. In this paper, we used
MD simulation to investigate the powder bed system. To the
authors’ best knowledge there is no article yet where the
distribution of polydisperse particles in the final bed with
multilayer pouring is presented. The basic granular pouring
method from the LAMMPS website is used for developing the
simulation model. We observed the influence of some process
parameters on the final bed. The simulation was carried out in
the lab computer which has an Intel® Core™ i5 — 8™ generation
processor with 16 GB RAM.

2. METHODOLOGY AND SIMULATION SETUP

The model was built up using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
[21] and visualization was done by Open Visualization Tool
(OVITO) [22]. A serial version (29 Sep 2021) of LAMMPS was
used to perform the simulation. As an initialization, we set the
boundary to two dimensions. Periodic boundary condition was
applied to the z-axis whereas the x-axis was non-periodic
(fixed) and the y-axis was non-periodic (shrink-wrapped). The
particles were treated as a finite-sized spheres with different
diameters. Microcanonical ensemble NVE was used to update
the position, angular velocity, and velocity of the spherical
particles. As a pair style, we have used gran/hertz/history to
calculate the frictional force between two granular particles
[23][24][25]. This pair style works when the distance 7 is less
than the contact distance d = R; + R; between two different
particles (R;, R; is the radius of two different particles). The
Hertzian style equation (Eqn. 1) is shown below:

R.R.
Fry = V5 * R, il—]R] * Fry

= /5 * R}:T}ij * [(kndnij — meffynvn) — (k¢As; +
meffytvt)] (1)
Parameters used in equation (1) are:

k,, = Elastic constant for normal contact

k. = Elastic constant for tangential contact

6 = Overlap distance of two particles

¥ = Viscoelastic damping constant for normal contact

y: = Viscoelastic damping constant for tangential contact

As; = Tangential displacement vector between two particles
(Truncated)

me¢y = Effective mass of two particles with M; and M; mass

n;; = Unit vector that connects centerline of two particles
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v,, = Normal component of the relative velocity of two
particles

v, = Tangential component of the relative velocity of two
particles

Parameter values used in our model are shown in table 1:

Table 1: Pair style parameter value for the simulation

k, k; Vn Ve xmu | damflag
4000 | NULL* | 350 | NULL* 0.5 0*

2

* k, = NULL= (;) «k,
ye =NULL=(3) *1n

2

damflag = 0, which means tangential damping force is
excluded.

xmu = F,/F,= Static yield criterion

_ 4%G
n 3(1-nu)

I = 4G
T2 -nuw)
c= E

T 2(1 4+ nw)

E =Young’s Modulus
G = Shear Modulus
nu = Poisson’s ratio

Values in table 1 were set properly to mimic the ideal powder
flow in the powder bed system. The gravity was set to three
times the general gravity to adjust the jumping effect of the
particles. At the base gravity, the powder particles were pouring
like Ping-Pong balls.

The geometric region was set to —0.5 to 0.5 in the z-
axis. This is customary to keep z-axis finite for a 2D simulation
in LAMMPS. We used the square lattice style with 0.95 lattice
constant in our simulation. After constructing the regions, an
array of atoms was used to build the powder bed and the
recoater (Both circular and blade shape) by using the
Create_atoms command in LAMMPS. Velocities of the atoms
in the z-direction were zeroed by using the fix enforce2d
command. We applied the frictional wall at both sides of the x
and y-direction to simulate the granular system. Pairwise force
field coefficients were set to asterisks. Timestep used for our
study was 0.001. A total of 10 times particle spreading over the
powder bed was adopted in our simulation. A snapshot of our
powder bed is shown below.

FIGURE 1: a) Powder bed with blade recoater b) Powder bed
with circular recoater

3. RESULTS AND DISCUSSION
In this section, we observed the influence of some process
parameters on the powder bed system.

3.1 Angle of Repose (AOR)

Angle of Repose characterizes the interparticle friction
during the movement of bulk powder materials. A higher angle
of repose means poor flowability and vice-versa. In this paper,
we investigate the effects of different sized particle ratios on
AOR. A total of seven types of different diameter particles were
used for our calculation. Powders were poured from a narrow
opening of the upper portion of the bed which mimics a funnel
method [26]. 1SO-4490 defined angle of repose as the free flow
of powder particles through a funnel [27]. Angle of Repose
(AOR) was calculated by using the following formula (Eqn. 2):

-1 2xh

6 = tan .

(2)
Where,

6 = Angle of Repose

h = Powder particle pile height

d = Diameter of the powder pile

The different particle ratios used for our work are listed in table
2. We limited our work to seven-sized particles for now. A
diameter variation of 0.5 was used for the simulation. A ratio of
diameters (2.5,2.25,2,1.75,1.5,1.25,1) is automatically
detected in LAMMPS if we put these diameters in the input file.
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Table 2: Different particle ratios with varying diameter used
in the Simulation

Diameter | 5 | 45 4 |35 3 [25] 2

Run | Particle 0. 02]01(01|01(|01]|0.
1 ratio 3 1
Run 0./ 0101 (01|01(|01]|0.
2 2 5 5 2
Run 0./ 01]01|02|00(02]|0.
3 15| 5 5 15
Run 0. 0101 (01|01(|00]|0O0.
4 15| 5 5 5 5 5 12
The angle of repose calculated for four different runs (Particle

ratio variation) is illustrated in fig. 2. 6 =16.278 £ 0.5°

FIGURE 2: (a-d) Four different runs and their corresponding
Angle of Repose

A combined graph that contains all the runs and their
corresponding Angle of Repose (AOR) is shown in fig 3.

Particle Ratio vs. Angle of Repose (AOR) Plot
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FIGURE 3: Particle ratio vs. Angle of Repose (AOR) Plot

From fig. 3, we can see that AOR is 16.278, which is the
minimum AOR in the graph. The minimum AOR corresponds
to a minimum particle ratio for larger-sized particles. Lower
AOR means good flowability during the operation. When we
6 =21973 +0.5° set the particle ratio for larger-sized particles high, the AOR
increases, which means that the flowability becomes poor
which is in coherence with other research outcomes [28].

3.2 Influence of recoater shape

A recoater is mainly responsible for spreading powder
particles over the substrate so that the printing process can take
place. A couple of work has been done with the varying recoater
shape and their influence on the bed [29][30]. In the powder bed
system, recoater type and their spreading speed is an important
factor as good spreading time can reduce the printing time. But
if the spreading speed is high, it results in powder layer sparsing
[31][17]. For our simulation, we considered a blade type and a

6 =19.7+0.5°
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circular recoater. The recoating process for blade and circular
type recoater at different timesteps is shown in fig. 4.

a) Timestep = 63400

b) Timestep = 107600

c) Timestep = 140600

e

d) Timestep = 83600

e) Timestep = 99200

f) Timestep = 181200

End value: 3.5 v A

8)

P
R¥=
Start value: 0 : A

FIGURE 4: (a-c) Recoating action for blade type recoater (d-
f) Recoating action for circular recoater (g) Colour coding
values represent the radius

From fig. 4 (a-c), we can see that for blade type recoater the
recoating process works smoothly, as a result, the powder bed
was fully loaded with powders. On the other, there was an issue
with the circular recoater (fig. 4 (d-f)), as we can see that the
particles are attaching to the circular recoater which hinders the
recoating process. But reducing the particle-particle interaction
between recoater and powder particles would solve this kind of
issue. The motion (rolling) of the circular recoater was set to 60
units so that it would not shoot those small particles. Whereas
the motion of the blade recoater was 2.9 units. For color
gradient (fig. (g)), a normalized value converted from the start
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and end value is mapped into an RGB value depending on the
selected color gradient. We used rainbow color gradient for our
simulation.

3.3 Packing fraction

Packing fraction plays a pivotal role as it directly affects
the mechanical and physical properties of any product [32]. A
high packing fraction means the powder bed compaction is
good. We know that the maximum packing fraction can be
increased by introducing more smaller particles in the
simulation box. Experimentally researchers showed that the
size ratios above a critical value of smaller particles will not
affect the packings of larger particles [33]. For four different
runs (blade recoater used), we investigated the packing fraction
of the powder bed which is illustrated in fig. 5.
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FIGURE 5: (a-d) Packing conditions for four different runs
(e) Colour coding values represent the radius

We developed a code using Python using the OpenCV package
and analyzed the packing fraction. For each run, we get a
percentage of colors that are available in the powder bed. The
higher percentage of black space means there is more empty
space in the bed.

Table 3: Percentage of particles in Run 1

Percentage (%)

Diameters Empty space 13.449
1 2.516

15 4.248

2.5 35.782

2.25 18.814

1.75 5.612

1.25 5.383

2 14.195

More number of bigger particles were detected by image
processing for run 1. The empty space calculated for this run is
13.449 percent.
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Table 4: Percentage of particles in Run 2

Diameters

Percentage (%)

Empty space 12.012
1 7.531

1.5 8.051

2.5 30.723
2.25 12.432
1.75 11.74
1.25 4.096

2 13.413

The empty space for run 2 was 12.012 percent. There were more
smaller particles in run 2 which results in a decreased empty
space.

Table 5: Percentage of particles in Run 3

Percentage (%)
Empty space 20.83
Diameters 1 4.220
15 2.668
25 17.251
2.25 14.103
1.75 15.846
1.25 14.19
2 10.89

The empty space for run 3 was 20.83 percent. There were more
smaller particles in run 3 but the shaking of the bed
agglomerates particles so that there was more empty space than
in other runs.

Table 6: Percentage of particles in Run 4

Percentage (%)
Empty space 14.656
Diameters 1 5.003
1.5 7.532
2.5 23.684
2.25 19.993
1.75 14.964
1.25 1.603
2 12.563

The empty space for run 4 is 14.656 percent which is
considerably less than run 3.

4. CONCLUSION
The powder spreading process in powder bed fusion has
gained much interest among researchers in recent years which

in turn pushes many researchers to research the basic criteria of
powder spreadability. As an instance, we tried to develop
relationships among some parameters which characterize
powder flowability, spreadability, packing fraction for Poly-
disperse (Non-uniform) particles. Some critical observations
from our research work are summarized as follows:

1) A higher amount of larger dia particles increase the AOR
and thus affecting the flowability. So it’s recommended to
work with a proper mixer of different-sized powder
particles that have a good flowability.

2) For circular recoater, the attraction and repulsion with the
powder particles are very crucial during the spreading. It
should be taken care of properly, otherwise, it would hinder
the spreading process.

3) A combination of larger and smaller powder particles is
helpful to get a better packing fraction. Increasing smaller
particles largely may affect the powder bed when the bed
goes down for another recoating cycle.

There should be more work with different sized particle ratios
so that a critical value of the bigger particles can be suggested.
Further work with a variety of ratios and their corresponding
packing factor should be compared to each other to get the
optimum packing factor. Besides, the load on the powder
particles due to the recoater shape can be further analyzed for
future work. Experimental work can also help bolster the
simulation results, and that is what we are planning to do in the
future.
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