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Abstract

Powder bed-based additive manufacturing processes offer an extended freedom in design and enable the processing of met-
als, ceramics, and polymers with a high level of relative density. The latter is a prevalent measure of process and component
quality, which depends on various input variables. A key point in this context is the condition of powder beds. To enhance
comprehension of their particle-level formation and facilitate process optimization, simulations based on the Discrete Ele-
ment Method are increasingly employed in research. To generate qualitatively as well as quantitatively reliable simula-
tion results, an adaptation of the contact model parameterization is necessary. However, current adaptation methods often
require the implementation of models that significantly increase computational effort, therefore limiting their applicability.
To counteract this obstacle, a sophisticated formula-based adaptation and evaluation method is presented in this research.
Additionally, the developed method enables accelerated parameter determination with limited experimental effort. Thus,
it represents an integrative component, which supports further research efforts based on the Discrete Element Method by
significantly reducing the parameterization effort. The universal nature of deducting this method also allows its adaptation
to similar parameterization problems and its implementation in other fields of research.
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1 Introduction

Additive manufacturing has revolutionized the engineer-
ing landscape, offering unprecedented opportunities for
increased customization, improved material efficiency,
and the ability to produce complex geometries. One type
of methods in this category can be summarized as powder
bed-based techniques. Particularly laser powder bed fusion
(LPBF) offers specific advantages such as excellent spatial
resolution, high part density, and compatibility with a wide
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larly due to the complex interrelations of various influencing
quantities and interacting physical effects [1, 2]. A critical
aspect of this challenge lies in the study of powder-related
phenomena, as the handling of powders and their solidifica-
tion are essential in-processing procedures during powder
bed-based additive manufacturing [3]. With the intention
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To identify possible relationships, process virtualization by
means of computational approaches has recently become a
focus of research. Compared to physical approaches, analy-
ses based on virtual process models do not tend to introduce
interfering influences, as it offers the possibility to exclude
them during modeling and to precisely define input vari-
ables independently. Furthermore, virtual approaches allow
easier access to state and process variables in a wide range
of the spatial size scale. However, there is a conceptual and
parametric modeling effort, which arises in the formulation
and evaluation of the simulation model.

In the context of in-processing, the objects of investi-
gation are typically associated with the scales of average
sized components (macroscopic scale,> 10~ m), melt pools
(mesoscopic scale, ~ 107 to 1073 m) and microscopic struc-
tures of the material (microscopic scale, < 10 m) [4, 5].
Essential goal for examinations of the mesoscopic scale is
to gain insight into the physical interactions within the pow-
der volume. A widespread tool for this is the implementa-
tion of simulations utilizing the Discrete Element Method
(DEM), which allows for a mapping of the kinetic interac-
tion of discrete particles among other physical interactions.
The implementation of DEM is specifically advantageous
for inquiries yielding results directly from characteristics of
powder grains, such as grain size distribution, grain shape,
and mechanical properties, especially applicable when geo-
metric restrictions prevent consideration as a continuum.
Within these constraints, DEM enables an analysis of
mechanisms that govern powder deposition in powder bed
additive manufacturing, since typical layer thicknesses range
from about 20 to 100 um and are, therefore, comparable in
size to typical grain diameters [6—11].

To derive reliable statements from the results of simula-
tions, both the adaptation and the validation of the model
parameterization are required, which up to now often
have been associated with extensive experimental effort
[6, 12—15]. To mitigate this, an adaptation and validation
method is presented in the following chapters. By combin-
ing the results of few physical reference experiments with a
dimensionless correlation of bulk density, angle of repose
and input variables of DEM simulations, the method derived
in the research presented here enables a formula-based
parameterization of the powder model.

2 Discrete Element Method

To characterize phenomena related to particle dynamics in
powder bed additive manufacturing, the prevailing approach
is to use DEM models composed of problem-specific subsid-
iary models. In the following sections, relevant models are
introduced to examine the interrelationships inherent in the
parameterization of the composite model. The fundamental
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equations and models of DEM are then elucidated to illus-
trate the underlying correlations, resulting possibilities, and
requirements related to simulation parameterization. Subse-
quently, the need for further reduction of both computational
and experimental effort is highlighted by discussing current
strategies in the literature to reduce simulation and param-
eter optimization effort.

2.1 Governing Equations and Subsidiary Models

The basic conceptual model of DEM is based on Newton's
second law of motion and can be used to describe interac-
tions between a variety of discrete bodies, which differ in
their properties. The governing equilibrium conditions for
DEM are obtained for particle i and its contact partners j
as force and torque equilibriums for three translational and
rotational degrees of freedom, respectively. Thus, it holds

(m); = mig + D F+ Fyy + Ff + Fy + F), W
J

ey, = Y, MY+ (FI+Fl) ) x @
J

where g is the acceleration due to gravity, §; is the transla-
tional acceleration, &; is the rotational acceleration, /; is the
moment of inertia, m; is the mass of the i-th powder grain
and F is the normal force in the direction of the grain radius
resulting from the interaction with contact partner j. F/ Y and
FZH are, with analogous indexing, the tangential force and
the cohesive force. The rotational degrees of freedom are
represented by the rotation angle vector w,, with M/ as the
torque due to rolling friction and 7¥ as the effective contact
radius, which depicts the distance between the centers of the
contacting particles and their point of contact.

Accounting to the more spherical grain shape of powder
particles commonly used in powder bed-based additive
manufacturing, DEM contact forces can be calculated
based on the overlap depth 6 of two bodies in spherical
contact. The applicability of corresponding models can
be distinguished, for example, according to cohesion and
compressibility, which models the plastic deformability
of the powder. Since AM powders can be classified as
incompressible and conditionally cohesive [16], elastic-
adhesive models are particularly suitable for describing the
contacts. These models in turn consist of subsidiary models
for the representation of the contact force in the radial
direction (e.g., the Hertzian contact model [17], extended by
an adhesion model such as suggested by Johnson et al. [18]
for elastically deformable particles) and tangential direction
(such as Mindlin [19]) in addition with damping forces in
the same directions (such as Tsui et al. [20]).
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The Hertzian contact model [17] describes the contact
force as an elastic spring force of two bodies in contact due
to a deformation at the contact point. For a contact of two
spherical bodies, the contact force perpendicular to the sur-
face is given by

FZH =4/3.EV. (f”ij)_] : ("ij)S’ @
with

-1
EU=E1~EJ--[Ej'(l_"iz)’Ei'O_sz)] , “4)
r’j=’”i'rj'(ri+rj)_l’ ©
a’ = (rij . 53)0'5, ©

where r;, r; describe the radii of the contact partners. The
radius of the flattened circular surface at the contact point
is described by a¥, where 5:{ describes the overlap depth of
the contact partners in the normal direction. E¥ describes
the effective Young’s modulus, E;, E; the respective Young’s
moduli and v;, v; the Poissons’s ratios of the contact partners.
Substituting Egs. 5 and 6 into Eq. 3 yields

0.5

FU =473 EV. (7). 6015, )

With stiffness in normal direction

kV'=4/3-EV.d", ®)
Eq. 7 yields
Foy =K+ 8. ©)

According to Tsuji et al. [20], a dissipative component
can be considered in the same direction with the definition
of a viscous damping term. In this case, the damping force
F,, scales with the coefficient of restitution c,,, which can

be formulated as a quotient of the velocities before and after
impact. It holds

ngﬂl =-2-4/5/6-In (cm,) . (ln2 (cm) + ﬂz)—o.s

(K mtj)°~5 87, (10)

res?®

with

Cres = Vcl/VCZ’ (11)
where 62 is the relative velocity of the collision partners in
the normal direction. The effective mass m' is considered
analogously to i and EY, with

mijzmi my (mi+mj)_l. (12)

Similar to the Hertzian contact model, the contact models
according to Mindlin [19] also describe a contact force as an
ideal elastic spring force of two bodies in contact. The fol-
lowing applies to the tangential force according to Mindlin

o i, sU
FtM_kt "0, (13)
with the displacement tangential to the sphere radius at the
contact point & and the tangential stiffness

KW=8-GUal, (14)

where the effective shear modulus G¥ is formulated analo-
gously to E¥ (Eq. 4). The relationship

G=E/2(1 +v), (15)

eliminates the shear modulus as a parameter to be considered
in the adaptation of the material model. With the implemen-
tation of macroslip as Coulomb’s friction [21], the follow-
ing applies for the tangential force

/. ij ij ij
gy For (E] S 0| (16)
’ V| F .(F;f/ Fi ); else

The dissipative part in tangential direction FZI is consid-
ered analogous to the normal direction by implementing the
tangential stiffness with

Fij 0.5

Yo =—2-v5/6-In(cy) - (In* (Cpo) +7°)

' <k;’ ' mij>0.5 ' 5;] 17

Adhesion between powder particles can occur due to cap-
illary forces (caused by moisture), Coulomb forces (caused
by electrostatic charge) and van der Waals forces. As AM
powders typically contain a low moisture content, the capil-
lary force density is correspondingly low. With respect to
force density, the same applies to electrostatic forces in elec-
trically conducting materials [22—24] or material pairings,
which have similar electron affinities and therefore tribo-
electrically charge to a negligible extent. To compare the
force densities of adhesion effects, not only the number of
relevant contacts but also the relative force effect per contact
must be considered. In a typical AM powder particle size
range (10-100 um), the forces differ by about +200% (cap-
illary force) and — 95% (force due to electrostatic charge)
from the centrally located van der Waals force [25-28].
This suggests, that adhesion forces in dry AM powders are
dominated by van der Waals forces. For modeling van der
Waals forces in DEM, the model according to Johnson et al.
[18] has been used in recent literature [6, 9, 29-31]. This
model correlates the surface energy density wygg with the
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contact force according to the Hertzian model, to infer the
resulting normal force as

Fi =4/3-EV. (rij)_

L 0.5
nJKR '

Vo gin _ (16 - 7 - wyg - EV - )
(18)
The first term of the right-side equals FZH (Eq. 7) with
repulsive character, the‘_second term expresses the counter-
acting adhesive force FZ - Equation 18 gives the critical val-
ues for the size of the contact area as well as for the overlap
(Eq. 6) and thus for the tensile force where the contact pair
detaches [32, 33], described as
Flpi = —3/2 7 wigg - 1. (19)
For evaluation of the torque equilibrium and the result-
ing angular acceleration, the modeling of the torque due to
rolling friction Mﬁ’ is necessary. In this context, the rolling
friction value u, is used to compensate for a flawed repre-
sentation of grain shape [34, 35]. This can result from the
approximation of non-spherical grain shapes with mono-
spherical bodies, which are applied due to modeling sim-
plicity rather than more accurate representations by poly-
spherical bodies. According to a computationally efficient
model, Mij can be considered as proportional to the angular
velocity of the i-th particle ; [34, 36] by
Mij——u,- @

rl =

Fi
n

i (20)

More plausible from a physical point of view, but also
more computationally intensive, is a consideration based on
the mean angular velocity @; of the contact pair [34, 37]
with
M=~ |Fi] -7 oy @

In comparison, the first model meets the requirements of
considering high particle counts the most, which is a rel-
evant factor when performing powder bed simulations.

Common Approaches for Simulation Effort Reduction
and Parameterization.

According to the previously listed equations, input vari-
ables of the force and torque equilibrium (Egs. 1, 2) result
to E, V, p, 7, Cres» Hg» M, and wygr . Their numerical adaptation
is carried out in a compromise between the optimization of
computation time and resulting simulation accuracy. Regard-
ing the computation time optimization in DEM, it is preva-
lent to lower the Young’s moduli E,, to E,, (index sim
denotes quantities, that are used in the virtual environment),
which is reduced by several orders of magnitude compared
to the physical reality (denoted by index real) [11, 14, 38].
This results in longer contact times, which in turn allows for
larger time steps and thus a reduction of the computational
effort. In addition to the dynamics of the simulated problem,
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the degree of reduction especially depends on the preserva-
tion of similarity within the model parameterization [14].
Regarding the similarities when scaling E;, equilibrium
condition terms are proportional to Eg,, for Fy, F; and M/,
while F Z »F Z and F’ Zn are proportional to Egi With the com-
mon reduction of E; . = 2/3 - E..,; [38—40], e.g., from 10°
to 10° Pa for metallic materials, a skewness of about 20%
between the terms may result, which could influence the
simulation result.

Another approach to mitigate the computational effort is
to reduce the number of particles or to increase the parti-
cle radius [41]. Besides reducing the number of calculated
contacts per volume, this approach also enables an increase
of the time step 7, [42—-45] in accordance with the linear
relation

T, = (n- 1y - (p/G)*°)/(0.163 - v + 0.8766). (22)

However, this procedure is only possible if the aspect
ratio between particles and geometry elements investigated
in the simulation is sufficiently large and entails an adjust-
ment of the relation of body and surface forces [38] accord-
ing to

. . I
Fier i F ~wigg -1/ (17 - 8). (23)

Here, F; corresponds to an inertial force due to the accel-
eration by gravity g and results for a spherical body to

F;=p-0.75-7r-ri3-g. (24)

Thus, if the radius of the particles is doubled, wykg
must be quadrupled according to the proportionality in
Eq. 23. In addition to literature given parameters (E, v, p),
adaptation parameters commonly used in the context
of parametrization and validation of DEM models for
AM powders are friction values pg, p,, the coefficient of
restitution ¢, and the surface energy density wygg. In this
respect, literature-based adaptation methods range from
physical measurement of grain-specific quantities [13, 35,
46, 47], to iterative simulative approximation of physically
determined macroscopic values [6, 13-15, 47-50],
pragmatic parameterization based on literature values [46,
51] and finally to the adaptation in one distinct parameter
[38]. In the latter, the surface energy density is particularly
well suited as an adaptation parameter for grain sizes typical
of AM powders due to a comparatively high sensitivity [16,
38]. Oriented to the stress state and dynamics during powder
application, the validity of the model parameterizations is
often referred to macroscopic reference values, such as the
angle of repose a, and/or the bulk density p, [6, 12-14,
46, 49, 52, 53]. Thus, the prevailing methodology can
be generalized as a partial parameter determination via
physical experiments supplemented with literature values,
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combined with a simplified statistical approach for adjusting
the remaining parameters based on macroscopic quantities.
Applicability is limited mainly by the use of simplistic
statistical methods, which require a significant number of
virtual experiments and associated computational effort,
and by the reduced validity of parameterizations when
using pre-adapted values from different sources. Therefore,
a standardized methodology that implements a sophisticated,
resource-efficient approach needs to be explored.

3 Methods and Materials

The following sections assume a contact model composed
of several sub-models, including Hertz and Mindlin's nor-
mal and tangential forces, damping forces in corresponding
directions as suggested by Tsuji et al., an adhesive force
element derived from Johnson et al. studies, and a standard
rolling friction model. Thus, for a contact pair of defined
materials, at least four adaptation parameters are available
(Cres> Mg» M, and wygg). If all these parameters are adapted
simulatively, a considerable computational effort is required,
especially when investigating multiple materials. Moreover,
the results thus derived lack unequivocal validity.

To counteract these drawbacks, an adaptation method
(Fig. 1) is presented below, in which the number of unknown
parameters is initially reduced through physical experi-
ments. Further parameter selection is based on dimension-
less quantities /7 correlating the model parameters, the angle
of repose and the bulk density. In addition, the derivation
and determination of the dimensionless quantities is also
performed in this research.

To provide for a targeted adaptation of the selected model
parameters, the parameterizations of the performed simula-
tions are systematically scattered around expected values.
In this respect, Wikg s 1S initialized by ranges of values
commonly found in literature [6, 9, 29-31], while y, g,
is motivated by deviations in grain morphology of mono-
spherical bodies used in simulation and the result of physical
determinations [34, 35]. Hence, data on grain size distribu-
tions and grain shapes are first determined experimentally.
Afterwards, the determined values are supplemented by
coefficients of sliding friction y ., coefficients of restitu-
tion C o eq1> angles of repose «; ,.,; and bulk densities pg .,
which are also determined experimentally. The correspond-
ing methods are presented in the following chapters. To
evaluate the applicability of the method on different classes
of material encountered in powder bed-based additive manu-
facturing, this study conducts investigations on AlSil0Mg
(type: AlSi10Mg.02; distributor: m4p material solutions
GmbH, Magdeburg-Germany), Al,O; (type: BAK40; dis-
tributor: xtra GmbH, Leonberg-Germany) and Polyether

srea

ether ketone (PEEK; type: Vestakeep 2000 FP; distributor:
Evonik AG, Essen-Germany).

3.1 Physical Characterization Methods

To reduce the number of parameters to be adapted simula-
tively and to correlate with physical reference experiments,
M real> Cres real> ®s real> Ps real» a0d grain size distribution data are
determined in this study according to the physical experi-
mental methods presented below. Standard deviations are
given as expanded standard deviations according to ISO/
IEC Guide 98-3:2008-09 method A [54].

Determination of Particle Morphology The description
of particle morphology consists of a qualitative description
of the sphericity and roundness of particles of the investi-
gated AM powders studied, as well as the particle size dis-
tribution and corresponding distribution values. Roundness
refers to the ratio between the mean radii of curvature of the
convex regions of a particle and the radius of its envelop-
ing circle. The sphericity of a particle indicates the ratio
between the circumference of an equal-area circle and the
actual circumference. Both values refer to two-dimensional
projections. The evaluation of the grain shape is based on
SEM images of the investigated powders (Fig. 2, analyzed
with a Supra 55VP, Gemini; manufacturer: Carl Zeiss AG,
Jena-Germany).

The grains of the AlSi10Mg powder are less round due
to bonded satellites and have a lower sphericity due to their
partially elongated shape compared to the Al,O; powder.
The PEEK powder is of a polygonal shape and has the low-
est sphericity and roundness of the powders investigated.
Gravimetric sieve analyses according to ISO 4497:2020-10
[55] were performed to determine the particle size distribu-
tions (balance of type: PNJ 600-3 M; manufacturer: Kern &
Sohn GmbH, Balingen-Germany and test sieves according
to ISO 3310-1 in mesh sizes 20/25/32/38/45/50/56/63/71/80
pum; manufacturer: Haver & Bocker OHG, Oelde-Germany,
mounted on sieve shaker AS 200 basic; manufacturer: Retsch
GmbH, Haan-Germany). The mass fractions thus obtained
are first approximated by a log-normal distribution. Assum-
ing a spherical grain shape, the mass-specific distribution
is then transformed into a grain number-based distribution.
The transformation is relative in the density function using
the proportionality of mass and volume and the relative scal-
ing of the sphere volume over the grain radii as

Pui T3 /T7 = Pis (25)

where @, is the value of the mass-specific density function
at a location i, r, is the reference grain radius and r; is the
grain radius at a location i to be transformed. The expec-
tancy values p, and standard deviations oy, thus determined
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Fig. 1 Method for accelerated
adaptation of model param-
eters for the simulation of AM
powders by DEM, supported by
physical size determination, a
formula-based approach utiliz-
ing dimensionless quantities,
while including (contact) model
parameters, repose angles and
bulk densities
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EHT = 3.00 kV 20 um
WD = 6.5mm

20 pm Mag = 200X
Signal A = SE2

Mag = 200X
Signal A = SE2

20 um Mag= 200X
Signal A = SE2

EHT = 3.00 kV
WD = 6.5mm

EHT = 3.00 kV
WD = 6.5mm

Fig.2 SEM micrograph of the powders to be modelled; a AlSi10Mg powder b Al,O; powder ¢ PEEK powder

Table 1 Determined size distribution values of particle diameters for
AlSi10Mg powder, Al,O; powder and PEEK powder

Powder materials Mass-specific size Number-specific size

distribution distribution

M [um] oy, [pm]  py [pm] oy [um]
AlSil0Mg 3533 1.26 33.95 1.23
AlL,O, 46.79 1.28 4275 1.24
PEEK 50 1.22 47.71 1.20

are given in Table 1 for distributions based both on mass and
number of grains.

Determination of Sliding Friction Coefficients The physi-
cal determination of sliding friction coefficients y ., is car-
ried out by inclination experiments in accordance with Nan
et al. [47]. For this purpose, 20 mm ‘- 20 mm surfaces on
cuboidal sliding bodies (stereolithography part of Formlabs
clear V4 with a mass of approx. 14 g) are coated with the
powders, using a silane coating as an adhesion promoter.
After curing (6 h at 55 °C), the coating was inspected using
a confocal laser scanning microscope (LSM; type: VK-
X160K; manufacturer: Keyence, Osaka-Japan). The degree
of particle coverage, illustrated in Fig. 3, minimizes potential
confounding influences arising from the contact between the
stereolithography material and the substrate on which the
sliding bodies are placed, thereby increasing the reliability
of the tribological analysis.

Preliminary to each experiment, the substrate plates
are cleaned with isopropanol and aerated. The angle of
inclination of the substrate plates is increased with a
micrometer screw until the onset of a sliding motion is
observed. Afterwards, the corresponding inclination angle

is measured based on a digital image. Finally, the sliding
friction coefficients are determined from the tangent of the
angles according to Table 2.

Determination of Restitution Coefficients The physical
determination of restitution coefficients ¢, .., for material
pairings according to Table 3 is carried out by means of drop
experiments and is calculated from the rebound height 7,
and drop height &, as

1/2
Cres real — (hcl /hc'O) . (26)

For the drop experiments, precision spheres (distributed
by HSI-Solutions GmbH, Vienna-Austria) are dropped onto
substrate plates from a height of 100 mm (corresponding to
an impact velocity of approximately 1.4 m/s) and rebound
heights are evaluated in digital video (240 frames/s). The
measurements are performed for each material pairing for
opposite pairings of static and dynamic impact partners. A
further velocity-dependent determination of ¢, ., 1S not
performed within this research.

Determination of Angle of Repose and Bulk Density
Methods for the physical determination of bulk density
Ps rea1 @nd the angle of repose «; ., are standardized in ISO
3923-1:2018:10 [56] and ISO 4324:1983-12 [57]. How-
ever, their immediate applicability must be put into perspec-
tive regarding the simulation effort, which depends on the
number of simulated particles, as well as the measurement
errors, which may occur in experiments conducted in phys-
ical reality. Regarding the simulation effort, a simulation
scale of < 100,000 particles is rational. As 1 mm? contains
about 20,000 particles for the particle size distributions
investigated here, the dimensions of the standardized experi-
mental setups are required to be adapted for a limitation
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Fig.3 LSM micrograph (height of 650 pm, width of 500 um) of sliding blocks coated with a AlSi10Mg powder, b Al,O; powder and ¢ PEEK

powder

Table 2 Coefficients of sliding
friction pg .., With coverage

Coefficients of sliding friction pg ., [-]

Substrate material

factors k and confidence levels AlSil0OMg AL O, PEEK

p, determined by inclination R,=3.4pm R,=17.4 pm R,=4.1 ym

experiments for AlSilOMg,

Al 05 and PEEK and surface Powder materials AlSilOMg 0.20+0.0179, 0.45+0.1493, 0.26+0.0025,

r()ughness of substrates RZ k= 2.78,p=95% k=2.78, p=95% k= 2.78,p=95%

measured by LSM (square ALO;, 0.19+0.0078, 0.33+0.0040, 0.17+0.0080,

measuring area of 250 um side k=2.78, p=95% k=2.78, p=95% k=2.78,p=95%

length) PEEK 0.26+0.0050, 0.52+0.0300,
k=278, p=95% k=278, p=95%

Table 3 Restitution coefficients ¢
PEEK substrates and spheres of comparable material

s real» With coverage factors k and confidence levels p, determined by drop experiments for A1Sil0Mg, Al,O;,

Coefficients of restitution ¢, oy [—].drop height: 100 mm

Substrate material

AlSil0Mg Al,O5 PEEK
Material of the sphere being dropped Al 0.54+0.006 0.42+0.010 0.80+0.024
Sphere diameter: 3.18 mm k=2.78, p=95% k=2.78, p=95% k=2.78,p=95%
Al,O; 0.54+0.009 0.84+0.024 0.78 +0.028
Sphere diameter: 3.00 mm k=2.78, p=95% k=2.78, p=95% k=2.78, p=95%
PEEK 0.97+0.015 0.91+0.006 0.84+0.022
Sphere diameter: 3.00 mm k=2.78,p=95% k=2.78, p=95% k=2.78, p=95%

of calculation time. To avoid scaling-related disturbances
between simulation and reality, an identically scaled physi-
cal setup is reasonable. However, this can only be followed
to a limited extent in terms of preparation and measurement,
as the relative measurement error increases with the size
of the system and can significantly influence further proce-
dures. The physical determination of the bulk density p, ., is
therefore performed using a standardized 25 cm? cup, while
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the simulatively obtained bulk density p, , is determined
using a scaled setup. The determination of a ., is performed
optically, which allows to adapt the scale of the physical
experiments to the simulation scale. For this purpose, the
powder is applied from an orifice diameter of 0.5 mm onto
a table with a diameter of 5 mm. Finally, «, ., is determined
by manually applying tangents (Fig. 4, values in Table 4).
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Fig.4 Measurements of a; ,; with manually applied tangents for a AISi10Mg, b Al,O; and ¢ PEEK powder. The powder feed (orifice diameter
of 500 um) is positioned 12 mm above the deposit table (diameter of 5 mm)

Table 4 Angle of repose a ., and bulk densities p; ., with corre-
sponding coverage factors k£ and confidence levels p for AlSil0Mg,
Al,05 and PEEK powders

Powder material

AISi10Mg ALO, PEEK
o, e [°] 60.73+4.62,  61.96+6.12,  70.09+5.62,
k=2.26,p=95% k=2.26,p=95% k=2.26,p=95%
Pere [/ 1.33+0.012, 195+0.016,  0.29+0.0035,
em’) k=278, p=95% k=278, p=95% k=2.78, p=95%

3.2 DEM-Models and Incorporation of Previously
Determined Parameters

The simulations of bulk density and angle of repose experi-
ments are carried out using the software EDEM (Altair
Engineering Inc., Troy-USA). The contact model with
mono-spherical particles previously discussed is applied in
accordance with the determined particle size distribution.
Deviations from the particle shapes are accounted for by
adapting u,. The previously determined restitution coeffi-
cients can be transferred to the DEM model as averaged
values of the corresponding impact pairs (¢, i = €
The same applies to the coefficients of friction, except for
the values determined for the Al,O; substrate. Due to its
significantly higher surface roughness, these values must
be corrected. The applied correction assumes a linear rela-
tionship between the average roughness R, and the friction
coefficient, while neglecting the linearization error in the
tangent (< 5%) by comparing the results of the contact pair
AlSi10Mg and Al,O;. The correction factor of 1/2.37 deter-
mined this way is multiplied with the measurement result for
the contact pairing Al,053-Al,O5 and the result is transferred
to the DEM simulation (p, g, = My real)-

To reduce the simulation effort, the simulations are scaled
down. Regarding the angle of repose, an application table
with a diameter of 2 mm and an orifice with a diameter
of 0.5 mm located 4 mm above the application table are

res real)‘

used. Regarding the bulk density, the filling of a cup with a
diameter of 1.95 mm and a height of 2.3 mm is simulated,
which corresponds to a scaling of the 25 cm® standard cup
to 6.5%. The simulation parameters used in the study are
listed in Table 5.

4 Results and Discussion

In this chapter, the simulation results are presented and
analyzed with the aim of linking relevant input variables
of the virtual experiments presented. First, influences on
simulation results are investigated, which result from scal-
ing the Young’s modulus applied in the simulation E, as
well as the time step size T;,,. The aim is to minimize the
computational effort and to evaluate effects of the param-
eter variations with respect to the quality of the simulation
result. Subsequently, by analyzing the relationships between
H sim> Mr sim> WikR sim a0d the resulting quantities «; ,,, and
Ps sim» @ correlation is derived using Buckingham's pi- theo-
rem [58].

4.1 Pre-Evaluation of Scaling Effects

In chapter 3.2, reducing the Young's modulus of the contact
partners and increasing the smallest grain diameter were
described as options to mitigate the computational effort.
The latter is excluded here because the geometries of the
simulated structure and the grains have almost the same
order of magnitude, which increases the risk of stochastic
influences. Furthermore, a reduction of the Young's modu-
lus Eg,, is applicable for the considered material models.
However, the influence of this measure on the simulation
accuracy must be evaluated in advance. The same applies
to T,;,,,- The evaluation of the influence of the variations is
based on simulations of the angle of repose in one-parameter
experiments. Regarding 7;.,,, the influence on the bulk den-
sity is also investigated.
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Table 5 Parameters used in
DEM simulations and further
analyses sorted by powder types

@ Springer

Parameters Symbols Units Values and value ranges
AlSil0Mg
Young’s modulus Egm Pa 75 x 10°-75 x 10°
(equals 0.01-100% of E,,)
Poisson’s ratio % [-] 0,33
Surface energy density WIKR sim J/m? 5x 10%-3.5x% 107
Solid density of a particle p kg/m® 2670
Surface of a reference particle AN m? 327 x 107
Expected value (log-normal, N-spec.) HN m 33.95x 107°
Standard deviation (log-normal, N-spec.) oN m 123 x10°¢
Lower capping value (@y; < 3.5%) Clow um 20
Upper capping value (¢y; < 0.35%) Chigh um 60
Coefficient of sliding friction M sim [-] 0.2 and 0.4
Coefficient of rolling friction He sim [—] 0.02-0.12
Coefficient of restitution Cres sim [-] 0.54
Time step Tim s 1.04 x 1078-1.04 x 10°°
AlLO4
Young’s modulus Egn Pa 39 x 10%-39 x 10'°
(equals 0.01-100% of E,,})
Poisson’s ratio v [-] 0.225
Surface energy density WIKR sim J/m? 5% 10742 x 1072
Solid density of a particle p kg/m? 3970
Surface of a reference particle AN m? 6.14 x 107
Expected value (log-normal, N-spec.) HN m 42.75 x 107
Standard deviation (log-normal, N-spec.) OoN m 1.24 %10
Lower capping value (gy; < 3.5%) Clow um 25
Upper capping value (¢y; < 0.35%) Chigh um 80
Coefficient of sliding friction H sim [-] 0.14
Coefficient of rolling friction He sim [-] 0.014-0.14
Coefficient of restitution Cres sim [-] 0.84
Time step Tim s 6.79 X 10°-6.79 x 107
PEEK
Young’s modulus Egn Pa 37 x 10*-37 x 10}
(equals 0.01-100% of E,.,)
Poisson’s ratio % [-1 0.36
Surface energy density WIKR sim Jm? 5x 1074 x 107
Solid density of a particle p kg/m? 1300
Surface of a reference particle AN m? 7.46 x 107
Expected value (log-normal, N-spec.) HN m 4771 x 107
Standard deviation (log-normal, N-spec.) on m 1.20 x 107
Lower capping value (@y; < 3.5%) Clow um 30
Upper capping value (¢y; < 0.35%) Chigh um 80
Coefficient of sliding friction H sim [-] 0.52
Coefficient of rolling friction Hy gim [-] 0.26-0.52
Coefficient of restitution Cres sim [-] 0.84
Time step Tim s 493 x 108493 x 10°°
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Fig.5 a Influence of the ratio between the Young’s modulus E A

used in the simulations and the Young’s modulus in physical reality
E,., on the angle of repose for AlISi10Mg, Al,O; and PEEK pow-

For a better comparability of the simulation results,
WikR sim 1S Scaled between the experimental series accord-
ing to a simplified force similarity between surface forces
and body forces as

Fko/Ftr - F;Ji(eri[(rrefN)/(mrefN : g) (27)

Here r,; describes the radius of a reference grain,
according to

Tret = Z @ni - i/ Z Pnis (28)

where @y; is the value of the density function of the number-
based grain size distribution at location i. The calculation of
the reference grain mass m, . can be performed analogously.
Over the series of experiments, Wykg «im @ an essential input
variable of F,, (cf. Equation 23) is normalized with respect
to the largest value (AL,O5: Wik 4im = 2mJ/m?, following a
factorization of 2 - 1073 of Eq. 27).

Considering natural behavior of the bulk, as evalua-
tion criterion for the determination of the scaling limit, the
occurrence of a realistic bulk cone shape and less a smaller
angular difference compared to the parameterization with
Eg., = E,., is decisive. This criterion is met for all three

powders up to a reduction factor of 107 (Fig. 5).

] PEEK
I AlSi10Mg

[1ALOs

0.01 0.1 1
Esim/ Ereal

ders and corresponding bulk cones on circular plates of 2 mm diam-
eter for AISilOMg, at b E;, /E.ey = 107, ¢ Egy/Epe = 107 and d
Esim/Ereal =1

For E; = E,.; - 107*, PEEK powder shows a strongly
dispersive behavior, resulting in the absence of a bulk cone.
Compared to AlSi10Mg and Al,O;, PEEK exhibits a sig-
nificantly lower E,,;. Combined with the time step criterion
T, = T, used in these simulations, the associated time step
difference of up to almost an order of magnitude (Fig. 6) can
lead to significantly larger overlaps 6. This might promote
force overshoots and dispersive behavior.

The extent to which a scaling of T, acts within constant
scalings of E;, is examined for the previously defined scal-
ing limit E;, = E,.,; - 107 All simulation results show the
typical bulk cone shape in this case. At0.2 - T, < T, < T,,
the angle of repose differs by 6.5% for AlSi10Mg, 4.9% for
PEEK, and 8.5% for Al,O;. Here, a, ,, ~ 1/T, holds up to
an approximate invariance at T, = 0,4 - T, (Fig. 7), which
marks the upper scaling limit. Regarding the bulk density, a
similar behavior is shown with deviations from the measured

values of <2.5%.

4.2 Effects of y s My sim @aNd Wyyg i, and Derivation
of the Pi-Diagram

To facilitate a targeted adaptation of the model
parameters, the values for p gm, Hrgm aDd Wikg ¢m are

@ Springer
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Fig.6 Relationship between the

magnitude of the Rayleigh time o PEEK
step 7, and the ratio between the )
Young's modulus Eg;, used in B2 © AlSiloMg
the 51mul.at10ns a%nd the \.Ioung's = o ALO,
modulus in physical reality E,,
using AlSi10Mg, Al,O5 and
PEEK powders 0.00
0.000 0.001 0.010 0.100 1.000
Esim/Ereal [']
Fig. 7 Influence of the ratio 80.00
between the time step size T, 70.00
used in the simulations and the 60.00 = [
size of the Rayleigh time step ‘ }
T, regarding the angle of repose g 20 \ 1 [ PEEK
for AlSil10Mg, Al,O; and PEEK £ 40.00 ‘
powders, at E;,, /E,.,; = 107 g 30.00 1 @ AlSi10Mg
20.00 | £ ALO,
10.00
0.00
0.2 0.4 0.7 1
Tsim/ Tr [']
Fig.8 Correlations between 1.6
the coefficient of sliding fric-
tion Hgsim = Hgreal = 02’ the 15
coefficient of rolling friction )
M, sim» the surface energy density —
WikR sim and the simulatively ME 1.4
determined bulk density °Q
Py sim At a target density of 28
Py e = 1.33g/cm, using lines E 13
of constant coefficients of fric- I Psrear=1.33
tion for AlSil0Mg powder
1.2
1.1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040

®  Ussim = 0.2; Yy sim = 0.02
®  Ussim = 0.2; iy sim = 0.04
®  Ussim = 0.2; iy sim = 0.08
®  Ussim = 0.2 fhy sim = 0.12
[ ]

Ps real

WikR sim [J/m?]

e}
o
o
o

Us sim = 0.4; piy sim = 0.02
Ussim = 0.4; Uy sim = 0.04
Ussim = 0.4; Uy sim = 0.08
Ussim = 0.4; iy sim = 0.12
Poly. (fs sim = 0.2; r sim = 0.02)

Poly. (s sim = 0.4; p sim = 0.02)
Poly. ( fs sim = 0.4; fhr sim = 0.04)
Poly. (s sim = 0.4; pr sim = 0.08)
Poly. ( fs sim = 0.4; Uy sim = 0.12)

Poly. (s sim = 0.2; iy sim = 0.04)
POIY* (Ms sim = 0.2; iy 5im = 0.08 )
Poly. (Us sim = 0,2; iy sim = 0,12)
Lin. (Ps real)

first systematically scattered around expected values,
where p, is motivated by grain morphology [34, 35] and
WikRr sim DY the ranges of values commonly used in the
literature [6, 9, 29-31]. In this context, the determination
of material-specific lines of constant friction values for
P sim(Wikrsim)  With  0.05 < wygg g < 20mJ/m®  and
0.1 sy reas £ By gim < 1.0+ gy oy 18 first performed using

@ Springer

the scaled bulk density experiment. For the coefficients
of sliding friction and coefficients of restitution used in
the simulations, the following applies: g g m = Hs rea and

c =c The following objective functions result

res sim res real *

from Ps sim (WJKR sim) = Ps real
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Fig.9 Result of simulated 0.14 70
angle of repose experiments 0.12 60
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Fig. 11 Result of simulated 0.12 70
angle of repose experiments for 0.10 60
Al,0O; with parameterization ’
derivable from Fig. 10 accord- — 0.08 ——— %0
ing to Eq. 29 (gray box) — T 40 —
g q gray £ 0.06 ° o
= 30 E
0.04 &
He sim(W]KR sim) = 0.6678e228:6-WKR sim 20
0.02
R? = 0.9843 \.\. 10
0.00 0
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WikR sim [J/m?]
®  Ursim ®  Ussim —— Pow. [y sim Lin. (s sim)
Ps sim = Ps real determined parameters’ Ps sim (WJKR sim? Mr sim> Hs sim) = Ps real
Hr sim (WJKR sim) . (29)

ssim — Hsreal

These can be used to fit the model parameters with respect
t0 g im = @ rear- 10 simulation results obtained in this way
are shown below for A1Si10Mg powder (Figs. 8 and 9) and
for Al,O; powder (Figs. 10 and 11). Based on the physically

with pig G = U rea cannot be satisfied for PEEK. The low-
est bulk density was determined to be 0.44 g/cm? for
Wikr sim = 4 mJ/m  and p, i, = #, 4m- The compensation
of significantly different grain shapes in simulation and
physical reality by adjusting the coefficient of rolling fric-
tion probably reaches its limits here.
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The similarity of the curves indicates a generally valid
relationship between the angle of repose, the bulk density
and the parameterization of the material and contact model,
thus the validity of

Qs sim =f<Esim’ Hs sim> Hr sim> Cres sim> WIKR sim> p’Aref’ Ps sim)

(30)
can be inferred. A, describes the influence of grain size dis-
tribution, based on the surface of a reference grain, accord-
ing to

Apf = 2 @xi - Ani/ Z Pni (€2))]

where @y; is the value of the density function of the num-
ber-based grain size distribution at location i. The index-
ing of Ay; is analogous. A mathematical representation of
Eq. 30 can be made based on Buckingham's pi-theorem.
According to its basic statement, physical relationships have

Table 6 Systems of equations of dimensional analysis for (a) IT  with
the nonrepeating variable a, and (b) I, with the nonrepeating vari-
able p,

(a) Exponent E, WIKR sim * P Appep  tanag gy
Unit of mass 1 2 1 0
Unit of length -1 0 1 -1
Unit of time -2 -5 0 0
() EXponent Esim WJKR sim * P Aref P Ps sim
Unit of 1 2 1 -1
mass
Unit of -1 0 1 3
length
Unit of -2 -5 0 0
time
1E+00
1E-15 e
SN
1E-30
A
—  1E-45
% 1E-60
Q
= 1E-75
1E-90 Mok = (E;fn/z - WikRsim * P2 - Arern
- 5 i —1/2 o o
1E-105 Mo = (Esig . wKRsim o=t A - tan g gim
1E-120
1E+00 1E+15 1E+30

Fig. 12 Relationship between model parameters of DEM simulations,
simulatively determined bulk densities and angles of repose, using
a contact model with standard rolling friction model, normal and
tangential force according to Hertz and Mindlin, damping forces in

@ Springer

2
* Ps sim

1E+45

validity regardless of the units used to measure the dimen-
sions of length, mass, time and temperature. Therefore, the
relationship between a ., p, im and the model parameters
can be described by the dimensionless parameters I1 and
I1,,;. These result from a dimensional parameter analysis of
Eq. 30 and solving the resulting systems of equations shown
in Table 6.

To obtain full rank solution vectors while including the
particle density p, both wyxg and A are multiplied by p.
At this point, it should be noted, that already dimensionless
parameters such as g g Hy gim a0d Cpoq iy Cannot be directly
incorporated into

I, = f(10,). (32)
via dimensional analysis. Therefore, they follow as
—5/2 -1/2
Hps = Esim/ * WIKR sim * P * (ArefN : P) * Ps sim> (33)
5/4 -1/2 ~1/4
Has = Esj{n . (WJKR sim ° /7) : (Aref . P) - tan & -
(34

However, p > My sim a0d Cpeq iy May be included as an
exponent, relativized according to their effects on a ,, and
In preliminary experiments, it was observed that an
or an increase in the damping force (see
Eq. 10) was observed to cause a decrease in a ,, and an
increase in p ,,. The latter also occurs in the investigated
area with larger ratio y ..,/ #: sim and with decreasing abso-
lute values of the two coefficients (Figs. 8 and 10). This
implies a scalability of the friction ratio by the coefficient

of restitution.

Ps sim*
increase in c,

res

Implementing K as the exponent into Eq. 32 yields

prK :f(HaxK)’ (35)

Myex = 5.0561 - My~ 2%
R? = 0.9991

A

)Cres sim"Hs sim/HKr sim

)Cres sim"Hs sim/Hr sim

1E+60 1E+75 1E+90

notsK [']
x PEEK a AlSilOMg

s ALO,

the same directions according to Tsuji et al., cohesive force compo-
nent according to Johnson et al. as well as mono-spherical particles
with logarithmically distributed grain size for AlSi10Mg, Al,O; and
PEEK, described with dimensionless quantities
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with

1K
HpsK - pr’ (36)
Mg = I, 37
and
K= Cres sim * Ms sim/#r sim* (38)

According to these dimensionless quantities plotted in
the double logarithmic diagram, the simulatively determined
experimental data can be approximated by

HpsK = Cl : H,ff](? (39)
with C; = 5.0561 and C, = —1.291 (Fig. 12).

According to these results, the adaptation effort of the
contact model parameterization can be significantly reduced
with the help of the determined relationship. Therefore, the
prerequisites are physically determined values of pg, C ., A et
and p,, which can be obtained in already standardized or
standardizable experiments with limited effort.

Since the regression performed here is based on values
with, in part, significant standard deviations, it is suggested
to perform regressions for the material models individually.
As the regression line can already be determined with only
two simulation sets for bulk density and angle of repose
experiments, the necessity for a scaled down simulation
domain is reduced. Thus, larger simulation domains and
higher particle numbers can be used, which leads to an
improved quality of the simulation results in statistical
terms. Thus, an equation-based parameter adaptation can
be accomplished, where wyky can be calculated for p; .gimate
such that o ., = & e a0 P = Ps e are satisfied in
reasonable approximation.

5 Conclusion and Outlook

In this research, a novel method for parameter adaptation
and validation in DEM based on dimensionless quantities
was presented using AlSi10Mg, Al,O; and PEEK powders
as examples. Within this method coefficients of sliding
friction, coefficients of restitution, grain size distributions
and corresponding values as well as repose angles and bulk
densities were determined through physical experiments.
Utilizing these parameters, a regression function of two
dimensionless quantities was derived, which enabled the
calculation of the surface energy density necessary to
adequately approximate both the previously determined
angle of repose and the bulk density in simulation
environment.

In this context, the present study initially focused on the
analysis of physical models applicable to depict the proper-
ties of common powders used in powder bed-based addi-
tive manufacturing in DEM. One goal was to obtain cor-
responding relevant influential variables. Supplemented by
evaluation and inclusion of common measures to reduce the
specific simulation effort (reduction of Young’s modulus,
maximizing time step size), simulations of comprehensive
parameter combinations were performed. In conjunction
with a dimensional analysis of the previously determined
influential variables, findings inferred from the simulation
results were used to derive the two dimensionless quantities
mentioned. The validity of the method was demonstrated
when applied to powders with spherical grains, but limita-
tions were noted in approximating the behavior of powders
characterized by highly polygonal grain shapes.

Ultimately, the presented method facilitates a notable mit-
igation of the computational efforts associated with adapting
DEM models of powders used in powder bed-based addi-
tive manufacturing. Moreover, it represents an integrative
constituent that supports further research efforts based on
DEM. The adaptation of the method to alternative reference
experiments or influencing variables as well as to various
contact models is conceivable and could significantly reduce
the effort for simulation-based optimizations for many dif-
ferent kinds of powder-based processes.
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