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Abstract: This work considers the fabrication of ceramic parts with the help of an additive manu-
facturing process, robocasting, in which a paste with suspended particles is robotically extruded.
Within the final part, the material properties depend on the orientation of the particles. A prediction
of the particle orientation is challenging as the part usually undergoes multiple processing steps with
varying contributions to the orientation. As the main contribution to the final particle orientation
arises from the extrusion process, many corresponding prediction models have been suggested.
Robocasting involves, however, further processing steps that are less studied as they have a smaller
influence on the orientation. One of the processing steps is drying by natural convection, which
follows directly after the extrusion process. A quantification of the reorientation that occurs during
drying is mostly unknown and usually neglected in the models. Therefore, we studied the amount
of reorientation of suspended particles in robocasted green filaments during drying in detail. For our
study, we applied the discrete element method, as it meets various requirements: The exact particle
geometry can be resolved precisely; particle-particle interactions can be described; the paste composi-
tion is reproduced exactly; the initial particle orientation can be set in accordance with the prediction
from the analytical models for the extrusion part; macroscopic force laws exist to represent capillary
forces due to the remaining fluid phase that remains during drying. From our study, we concluded
that the magnitude of particle reorientation during drying is small compared to the orientation occur-
ring during the extrusion process itself. Consequently, reorientation during drying might further be
neglected within analytical orientation prediction models.

Keywords: evaporation; orientation prediction; particle reorientation; additive manufacturing;

material extrusion

1. Introduction

Robocasting, a material extrusion based additive manufacturing (EAM) technology
technology, produces continuous rod-like filaments from a paste consisting of suspended
microsized ceramic particles. After extrusion, robocasted filaments are subjected to at
least two further processing steps, which are (i) drying by natural convection at room
temperature followed by (ii) sintering. Of interest is the particle orientation within the fi-
nally processed filaments as it affects the material properties of the printed objects [1,2].
Therefore, a prediction of the particle orientation after an extrusion process is the topic
of ongoing research. However, while there exist a burgeoning number of analytical orien-
tation prediction models (OPMs) [3-8] or microscopic simulations [9-11] to predict such
a particle orientation within the still-wet filament, little is known about the magnitude
of particle reorientation in robocasted filaments during the drying step. Experimentally,
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information on particle reorientation is difficult to address as the particle orientation can
only be measured after the sintering step, before which, however, the liquid phase must
have already been removed. An experimental measurement of the orientation in the still-
wet filament is hence not feasible. Instead, we quantified particle reorientation during
the drying step with the help of numerical simulations.

The aim of the study is visualized in Figure 1, which shows the robocasting process
extruding a continuous filament. Further, a zoom on the microstructure at two different
locations is shown, which should represent two different points in time: once before and
once after drying. The former microstructure is the one predicted by analytical OPMs;
the latter is the one measured by experiments.

fluid
evaporation z
v ]
[wet filament [1dried filament
, - remaining
suspended particles oo, fluid particles in _ﬂmd
green body in pores

with predicted orientation X .
after reorientation

Figure 1. Overview figure of the scope of this work. The figure shows an illustration of the robocasting
process that extrudes a ceramic filament. A zoom shows the microstructure in the wet filament that
is usually predicted using numerical simulation or analytical models. After printing, the carrier
fluid evaporates, during which the particle orientation changes (second microstructure), yielding
the microstructure that can be measured in the experiment.

Drying, due to its importance for industrial applications, has been intensively stud-
ied for at least 90 y [12]. Today, it is still a practically relevant topic due to the variety
of drying strategies (e.g., convection, microwaves, heat, chemical reaction, spray drying,
thin layer drying, deep bed drying) and the complexity of the limiting processes therein
(e.g., capillary forces, surface tension, or gradients of moisture, temperature, or pres-
sure, all giving raise to liquid and vapor transport, as well as diffusion) [13]. Most of to-
day’s knowledge is based on the pioneering work of Sherwood and coworkers [14-17].
The drying process is separated into at least two stages. The first stage is characterized by
a constant drying rate—hence, termed the stage of constant drying rate—which depends
on local conditions such as the humidity or the surrounding temperature [14,18]. During
this stage, most of the particle reorientation takes place [19], and this stage was hence
in the focus of our study (see Figure 2). The first stage continues while there is a continuous
support of liquid molecules from the core region. Once the internal liquid transport starts
to become limited, the second stage begins—also termed the stage of falling drying rate.
During the second stage, the body volume stays constant and water evaporates mainly
from the pores within the body’s interior. During this second stage, the internal stress
state rises [20], the distribution of water varies significantly with position [21], and particle
breakup is observed [22]. The consideration of the second stage was excluded from our
study due to the little particle reorientation involved.
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Figure 2. Illustration of the drying cell strategy. (a) shows the particle configuration in the wet
filament as produced by the printing process. During the first stage of drying (b,c), most of the water
evaporates and the particles change their orientation.

There exist at least two strategies to model drying behavior. On the one hand, sev-
eral approaches are suggested to describe and to model the complex behavior taking
place at the vapor-liquid interface [23-30], and they apply RVEs, as shown in Figure 2.
The advantage of the RVE approach is that information on particle orientation and particle
morphology can be directly imposed. However, the approach is demanding in terms of com-
putational resources when modeling all contributing phases (solid, liquid, and vapor) and
the detailed structures of the particles. Therefore, unfortunately, the RVE approach allows
only studying small systems limited to a few particles [18,31-34], which are systems signifi-
cantly smaller than robocasted filaments. A common solution to overcome the numerical
limitations, on the other hand, is thereby to not resolve the individual particles and to rather
use a continuum framework in terms of average field quantities to consider the moisture
and heat transport of each phase, as well as the temperature gradients. This approach,
predominantly pioneered by Luikov [35], Whitaker [36], and coworkers, allows modeling
the system’s full scale [25,26,37].

Both strategies, however, suffer from limitations that make them unfeasible
for the present study. A full resolution, even though such an approach has even been
published by our group [30], has clearly been identified as computationally too expen-
sive to model drying in a system of the filament’s length scale. The homogenization
approach is also conceptually not applicable as the particles—whose orientation we want
to study—need to be fully resolved. Instead, we applied the discrete element method
(DEM), a Lagrangian particle method, that can model the effects occurring during drying.
We however omitted the computation of the complex vapor-liquid interface and instead
applied a virtual fluid that dries with an artificial drying rate assuming that the influence
of the drying kinetics during slow drying is negligible for the final particle orientation.
To represent the missing fluid phase, we applied suitable interaction laws depending
on whether the particles were within the suspended or dried state. Such a strategy has
also been applied elsewhere [38-44]; the main difference from those works is that the start
configuration in this work consisted of a highly filled (3D) system of particles composed
exactly as applied for the robocasting process. The initial orientation of the particles within
the filament was predicted numerically taking into account the process history during
robocasting [9]. Such an orientation can also be predicted with the help of analytical OPMs,
which have become a standard tool within extrusion processes [45].

This paper is structured as follows. Section 2 explains the fundamentals of the numer-
ical model. This includes the algorithm (Section 2.2), the creation of the start configura-
tion with the according initial orientation (Section 2.4), and modeling of the drying front
(Section 2.5). Section 3 follows with the results of our parameter study, which includes
a comparison of the filament shrinkage measured during the experiment and simula-
tion (Section 3.1) and the reorientation measured within our numerical parameter study
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(Section 3.3). Section 4 contains a discussion on the results, and Section 5 concludes this
work with our suggestion about whether the effect of drying should be included within
analytical orientation prediction models.

2. Method
2.1. Experimental Robocasting and Measurement of Drying Shrinkage

A robocasting paste was prepared using as-received Al,Oz powders in the shape
of spherical particles (CT 3000 LS SG, Almatis, Ludwighafen, Germany, median diameter
based on the volume distribution d_, = 0.5 pm) and platelet-like particles (RonaFlair® White
Sapphire, Merck Chemicals GmbH, Darmstadt, Germany, d.; = 9 pm). The powders were
dispersed in distilled water using ammonium polymethacrylate (Darvan C-N, R.T. Van-
derbilt Co., Inc., Norwalk, CT, USA) as a dispersant and mixing the dispersion using
a tumbling mixer. The paste, to be suitable for printing, must have a well-defined shear-
thinning behavior and yield stress. This behavior is required to allow extrusion of the paste
(shear thinning) and subsequent liquid-to-solid transition for shape retention after printing
(yield stress). For further details, we refer the interested reader to [46], where the measure-
ment is explained and the corresponding flow curves are presented. In order to fabricate
the paste with suitable rheological properties, an ethyl hydroxyethyl cellulose solution
(Bermocoll E 320 G, Akzo Nobel GmbH, Diiren, Germany) and ammonium acetate (NHzAc,
Merck KGaA, Darmstadt , Germany) were stepwise added as the binder and coagulant,
respectively. The paste was further mixed and degassed using a planetary centrifugal mixer
(ARE-250, Thinky Co., Tokyo, Japan). The solid content of the paste was set to 50 vol%,
whereas this solid loading was divided into 20 vol% platelet-like powder and 30 vol%
spherical powder. The paste was extruded using a Stoneflower printer (Stoneflower 3.0,
Multi-Material 3D printer, Eching, Germany) equipped with a volumetric dispensing sys-
tem (Vipro-HEAD 5, ViscoTec, Toging a. Inn, Germany) through nozzles with diameters
of 250 pm, 580 pm and 780 pm.

Single-layer structures were generated, and their shrinkage was determined. This was
performed by taking pictures immediately after printing and after 24 h of drying at ambient
conditions (Figure 3), then measuring the diameters using the image analysis software
Image] [47].

(a)

Figure 3. Photographs of a robocasted sample being produced with a nozzle with an 840 pm diameter.
(a) shows the complete layer after printing; (b) shows a zoom into the filament; (c) shows the same
position as in (b), but after drying for 24 h.

To investigate the influence of the binder and coagulant on the drying shrinkage,
additional measurements were performed with the slurry (consisting of distilled water,
dispersant, and ceramic powder). For this purpose, the slurry was filled into trays and
the height change during drying was investigated by means of a laser system.



Materials 2022, 15, 2100

50f 20

2.2. Applying the DEM to Model Particle Reorientation during Drying

The experimental particle system is represented by an ensemble of DEM particles.
Confusion might arise with respect to the terminology applied within this paper. We apply
the term DEM particle to denote the numerical quantity of the DEM and the term particle
to refer to the ceramic particle in the experiment.

In the DEM, we solved Newton’s equations of motion,

m;v; = F;, 1 =v; and 1)
&wl = Ti/ (2)

for an ensemble of n DEM particles with labels i, radius R; = 0.25 x 107® m, mass m; =
(4/3) mp; R3, density p; = 4 x 10° kg/m?, center of mass positions r;, velocities v;, inertia
tensors [;, angular velocities w;, forces F;, and torques T;. The scheme was advanced
in time applying a velocity Verlet scheme [48] with time step At = /min(R;)/|amax|,
where amax denotes the maximum acceleration of all DEM particles. We denote L =1 —1j
as the relative position vector pointing from the position of particle j to particle i and
v;j = v; — v; as the relative velocity vector, respectively. All force and torque contributions
were summed up to a net resulting force:

F, = Z [fil}ep + fi\]{isc + fglide + fl%B:| + fidrag + figrav ( 3)
i
and torque:

lid 11
T, = 3 [t5e et @)
]
where all constituents of Equations (3) and (4) are explained in the subsequent sections. As
all particles have diameters in the range of micrometers, Brownian diffusion was neglected
(Péclet number Pe > 1).

2.2.1. Contact Forces
DEM particles i and j in contact, i.e., h;j = R; + R; — [r;j| > 0, were subjected to various
kinds of contact forces f"d that were all considered by the following kinds of interactions

laws. We considered elastic deformation by Hertzian repulsion reflecting the analytic
solution of elastic spheres in contact [49],

£

= SRkl 657 = fy7 ®
with Ee¢ = E/(1 —1?) using E = 1x 107 Pa as the particle’s Young’s modulus
(this value was chosen to realize feasible simulation times), v = 0.25 as the particle’s
Poisson’s ratio, and Rer = R; R;/ (R; + Rj) as an effective particle radius. Dissipation
of kinetic energy due to inelastic collision was considered by a viscous normal force as in-
troduced by Landau and Lifshitz [50],

visc __ Roce v rij fvisc __ gvisc rij 6
ij = T Meff eff 11ijVij © @/ ij = flj il (6)

[rij]

with 7 = 0.1Pas as an effective contact viscosity. We further considered two kinds
of friction, which were sliding and rolling friction. Sliding friction is described by a tan-
gential spring scheme [51] in which an imaginary spring is attached to the initial contact
points when two DEM particles collide. During the finite collision time, the elongation
of the spring ¢;; was tracked. For each particle, a force was applied at the current contact
point (i.e., the center of the contact area) directed along the spring. This spring caused
a force on the center of mass and a torque on the particle. For Hertzian contacts, as in our
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case, the approximated Hertz-Mindlin—-Deresiewicz friction law, derived by DiRenzo [52],
was used,

. 8 _ i
slide _ _ . [© XL visc rep g
fjj = —min [3 Geff\/ Rt hl] |61] |/ HCoulomb (fij + fl‘]‘ ):| |§ij| ’ (7)

with Gegg = E/(2(1 4 v)) as an effective shear modulus and icoyiomp = 0.2 as a Coulomb-
like friction coefficient. The corresponding sliding friction torque on particle i caused by
particle j is given by:

ti?lide — 1]1 % fis]'hde (8)
with the branch vector 1;; pointing from the center of particle i to the contact point with
particle j. For details of the implementation of this scheme, the reader is referred to
the works of Luding [53,54]. Dissipation by rolling friction was introduced by an empirical
torque on particle i due to particle j as given by Zhou [55],

i rep\ w; i rep
til}oll _ { —Hroll (fi}llsc + fl] ) |wi‘ s for fi}llsc + fl] > 0/ (9)

0, for £y + f;F <0
with the rolling friction coefficient p;o = 0.3 x 1072 m.

2.2.2. Liquid Bridge Model

During drying, water evaporates at the surface. However, not all the water content
evaporates. From the experimental weight measurements, we derived that 19% of the ini-
tially provided water remained in the filament. The remaining water formed liquid bridges
between particles exerting capillary forces f-B that we considered applying the liquid
bridge model of Richefeu et al. [56]. This model depends on the liquid volume of the bond
V, = 1 x 1072 m3 (assuming an equal distribution of liquid among all particles), the liquid—
vapor surface tension vs = 72mN/m [57] and a particle-liquid-vapor contact angle
8 = 0° [56,58,59]. The liquid bridge model is given by [56]:

—KR, for (51] <0, ”
fi® = —kRe™%/* for0 < &y <drpr, £ = fi]LBif (10)
|xij]
0, for 51‘]‘ > drupt ]
where 6;; = —hj; = |r;j| — (R; + R;) denotes the separation between the DEM particles’

surfaces, R = /R; Rjis the geometrical mean radius, ¥ = 27y, cos 6 is a constant pre-
factor [60], and drupt = (1+65/2)+/ V4 [61] is the debonding distance above which the liquid
bridge ruptures. Equation (10) includes a characteristic length A given by [56]:

Vy (R + R]')

V=09 TR R

(11)

where ¥ = max{R;/R;; R;/R;} [56] is the maximum DEM particles’ radii ratio.

2.2.3. Neighbor Independent Forces
We further considered two non-contact forces. These are gravity ££°" = m; g with
g = (0,0,—9.81 m/sz)T and the Stokes drag £97°8 — 67 Ndrag Ri vi, which is exerted onto

1
the particle by the virtual background fluid, where 74,44 is the background viscosity which
is either #u;; = 2 % 105 Pa or Hwater = 1 X 103 m depending on whether the particle is

in a dried or suspended environment.
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2.2.4. Discretization of Experimental Particles by Rigid Bodies

The correct 3D morphology of the particles was considered by a rigid body approach
in which the rigid bodies are composed of a group of DEM particles with a fixed relative
position. This representation, visualized in Figure 4, was applied for the platelet-like particles,
but not for the sphere-like particles, which were represented by pure DEM particles.

platelet-like sphere-like
Ronaflair particles CT 3000 particles

)

o0

]
£
5]
wn

[

]
o=

1%}

=

()

>
] .‘.

8 I ARES %
= B o a2 SN
o0 % e
o &

Figure 4. The Ronaflair (a) and CT 3000 particle systems (b) as observed by SEM images and
as represented in the numerical simulation (c,d).

The dynamics of the rigid body motion was considered by the quaternion approach
of Omelyan [62,63]. The orientation of each rigid body k is described by a quaternion
A = (G 1k o x) T [62]. The quaternion q is propagated in time based on acting total
forces and torques acting on the rigid body. The algorithm for the implementation for
time propagation was explained in detail in [64] and is therefore omitted here for the sake
of brevity. While the quaternion approach yields a stable numerical tool to propagate
rigid body dynamics in time, it is difficult to visualize the orientation of a quaternion qy.
A convenient illustration for orientation is its orientation vector py, as shown in Figure 5,
which coincides with the principle axis of the rigid body.

Figure 5. Definition of the orientation vector py by spherical coordinates.

We derived that the rigid body’s orientation vector p; can be computed based
on the Omelyan quaternions by:
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R A T
Pk = 2(Ckxk — Ckme) |- (12)
2(7C + Crxr)

2.3. Mean Orientation Description by Orientation Tensors

While the orientation of each platelet is well defined in terms of the quaternion
or the orientation vector, we sought for a concise description of the mean orientation of all
platelets. Such a description was provided by means of a second order orientation tensor A,
which is defined in terms of the dyadic product of the ensemble average of all orientation
vectors p, i.e., [65]:

A= ]{ pp ¥ (p) dp, (13)
p

where 1(p) is the orientation distribution function (ODE) defined on the surface of the unit
sphere representing all possible values of p. From the orientation tensor, the element Ayy
describes the degree of orientation along the extrusion direction: Ayy = 1(0) means all
(no) platelets are oriented along the extrusion direction. Orientation is obviously only
tracked for platelets and not for spheres that have no main principle axis and therefore no
orientation.

The orientation vector is usually expressed in terms of spherical coordinates, as shown
in Figure 5, with a polar angle § and an azimuthal angle ¢. In this work, we mostly worked
with the polar angle 6, which is used to quantify the degree of orientation within the
x-direction as all particles are predominantly oriented within the x—z-plane. Here, 8 = 90°
refers to an alignment along the extrusion direction, i.e., the x-direction. Usually, the orien-
tation tensor is favored, but for this work, we found that reorientation expressed in terms
of an angle provided a more visual information than a change in the orientation tensor.

2.4. Start Configuration and Initial Orientation within the Wet Filament

The simulations were carried out in RVEs, which allowed resolving all spheres and
platelets within a specific slice of the filament (see Figure 6). The filament diameter
L, € {250 um, 580 ym and 780 pm} in the z-direction was chosen in accordance with
the nozzle diameter, and the width Ly = 18um and depth L, = 25um with PBC in
the x- and y-direction were chosen large enough to prevent rigid body self-correlation over
the PBCs and also large enough to consider a statistically relevant amount of particles (e.g.,
the smallest configuration with L, = 250 pm contained 120,000 DEM particles). The bottom
of the RVEs was closed with a rigid wall, which represented the printing plate onto which
the particles would settle during drying.

The full view in Figure 6 shows the platelets discretized by rigid bodies in light gray
and the pure DEM particles to represent the spheres in dark gray. The auxiliary zoom into
the filament shows the spheres as transparent to allow the inspection of the individually
colored platelets. The initial orientation tensor within the filament was derived from
previous works [9] in which the orientation was predicted based the process history. It
could be shown that the orientation tensor varied spatially with the filament height. The
filament was therefore separated into 7 compartments, each of which had its individual
initial orientation tensor. We also classified the outer two bins as the “outer” filament
and the inner three bins as the “inner” filament. The highest degree of alignment was
at the outer layers of the filament that were close the nozzle wall during printing and
the lowest degree in the nozzle center.
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Bin1: (Axx =~ 0.80)
outer filament
Bin2: (Axx =~ 0.75)

Bin3: (Ayx ~ 0.68)

inner filament Bin4: (Ayx =~ 0.58)

Bin5: (Axx =~ 0.68)

filament diameter L,

Bin 6 : (Axx =~ 0.75)
outer filament
Bin7: (Ayxx = 0.80)

Figure 6. Exemplary RVEs of size L, = 250 um. The figure further shows the section of the filament
from which the RVEs were extracted. Additionally, a zoom into the microstructure with additional
coloring of the platelet-like particle is provided. The left side of the figure shows the classification
of the RVEs into the 7 bins, as well as the initial orientation in the x-direction and the classification
into “inner” and “outer” filament regions.

The DEM particle sample in the RVEs is supposed to have the same orientation
as extracted from the wet filament. However, the orientation tensor of the DEM particle
sample could not be set directly, and it was instead obtained by an iterative procedure. We
applied an evolutionary algorithm that created a set of orientations leading to the desired
orientation tensor. Afterwards, the rigid bodies were placed within the RVEs according
to the pre-computed set of orientations. The remaining void spaces were filled with spheres
until the desired filling fraction was reached. Placing the platelets before the spheres
allowed having enough space within the RVEs so that randomly positioned platelets did
not intersect with each other. Each composition was simulated with three different start
configurations in order to obtain statistical averages.

2.5. Modeling of the Drying Process

Figure 7 shows an exemplary drying simulation propagating from the left to the right
with the purpose to explain the concept of the numerical model. Initially, the whole
filament was filled with a virtual fluid that evaporated over time. The border between
the still existing virtual fluid and the already dried filament is denoted as the drying front.

This drying front propagated from the top towards the printing plate with a velocity
vgs = 500 pm/s until it reached the printing plate. The simulation was declared as finished
when DEM particle movement was no longer observed. DEM particles above the drying
front were subjected to the background viscosity of air (f/grag = #air = 2 X 107 Pas). and
the liquid bridge model was active; below the drying front, Ndrag = Mwater = 1 X 1073 Pas,
and no liquid bridge model was active. In Figure 7, the sphere particles are shown in blue,
while the platelet particles are colored according to their binning. Furthermore, the evolu-
tion of element Ay, from the orientation tensor—which quantifies the orientation in the
extrusion direction—is shown for each of the bins. The dark red particles are those close
to the top part of the filament, and those particles will dry first. For these reasons, the corre-
sponding A, orientation curve changes first. Next, the drying front reaches the light red
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particles, which start to change their orientation. The drying front propagates further, and
lastly, the dark blue particles start to be prone to drying and start to change their orientation.
From each of these simulations, we compared the final orientation with the beginning
of the simulation.

‘ ! T T 1 .
I I I I I A - Bln 1
;/_/‘t/ \ ] i ; 1 —Bin 2
! 1 ! ! j Bin 3
- 1 1 1 1 1 ] Bin 4
| | | | 1 Bin 5
- 1 : 1 1 : . Bin 6
| 1 | | 1 | | | 1 | | 1 | o B 7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 mn
MH»0,0 —"MH20
MH70,0

Figure 7. Exemplary drying simulation. The top sequence shows simulation screenshots in which
the blue rectangle indicates the suspended area, while all particles above the blue rectangle are in air,
but contain the remaining liquid, exerting capillary forces. The bottom graph shows the progress
of the Ay, orientation tensor element for the 7 bins that were classified in Figure 6.

3. Results
3.1. Experimental and Numerical Filament Shrinkage during Drying

We used the filament shrinkage during drying for a comparison between the simu-
lation and experiment. Figure 8 shows the filament shrinkage S = (LY — Lg°) /L within
the simulation and the equivalent shrinkage of the filament diameter in the experiment,
where LY is the initial height (or diameter) and LS the final height of the dried filament.
For each diameter, three filaments were printed on each of which, 20 measurements were
performed (yielding a total of 60 measurements per data point in Figure 8). As the mea-
surement was performed after printing, any kind of swelling or elongation that might
have occurred during printing was already taken into consideration. The shrinkage within
the experiment was measured twice, once with the printable paste and once with a pure
slurry (i.e., without the addition of the binder and coagulant). These ingredients were
added to the slurry to increase the viscosity and to stabilize the green filament. Obviously,
their presence affected the drying-induced shrinkage. With respect to the paste, the fil-
ament shrinkage in the simulation and in the experiment was found to be independent
of the filament diameter (indicated by the dashed lines). The slurry showed substantial
shrinkage around 36%. Because of this strong shrinkage, reliable measurements were only



Materials 2022, 15, 2100

11 of 20

possible with a large sample volume, which was comparable to a filament diameter >
1000 pm and which was not modeled numerically because of the long simulation time and
the finding that the shrinkage was independent of the filament diameter. Furthermore,
also the smallest diameter of 250 nm is omitted in Figure 8 as the experiment did not yield
reliable data for shrinkage measurements of such a small sample. The numerical filament
shrunk four-times more than the experimental filament, which can be explained by the ad-
dition of the binder, which stabilized the green filament during drying. On the other hand,
the shrinkage of the slurry in the experiment was again two-times higher than predicted
in the simulation, but substantially less strong than the experimental paste. The origin for
the deviations in shrinkage between the experiment and simulation is further discussed
in Section 4.

50
32 i I Simulation (paste)
& 40 Sslurry/Spaste =8.4 T _| BB Experiment (paste)
Eo 30 - l -|— Experiment (slurry)
_{2 20 I /Spaste =42 -
=
2 101 |
& 0 [Spaste__________ ﬂﬁ""ﬂ ______
” 0 ! \i

Initial filament diameter in ym

Figure 8. Filament shrinkage during drying as observed in the experiment and measured in the sim-
ulation. The error bars denote one standard deviation. The horizontal lines represents the mean
shrinkage for a certain category.

3.2. Increase of the Filling Fraction during Drying

Practically more interesting than the shrinkage is the final filling fraction that was
realized within the filament after drying. This information is provided in Figure 9 by
heat maps. Each heat map shows the increase in the filling fraction A¢ = ¢(te) — P (o)
(beginning of simulation g and end of simulation f.,) for a specific paste composition (the
filling fraction of platelets ¢p| is shown on the abscissa, the filling fraction of spheres ¢g,,
on the ordinate; the dashed lines denote the isolines of the constant total filling fraction
of both spheres and platelets).
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Figure 9. Increase in filling fraction A¢ for various paste compositions.

Obviously, compositions with a smaller initial filling fraction have a higher potential
for shrinkage compared to configurations with an initially high filling fraction. Interestingly,
the change in the filling fraction did not primarily scale with the initial filling fraction,
but rather with the platelets’ filling fraction. In particular, a significant increase was
only found for ¢p; < 0.2 as the platelets stabilized the filament otherwise and withstood
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the compaction. Here, the smaller the platelets” aspect ratio, the smaller the stabilization
effect, the stronger the increase of the filling fraction was. Noticeable also is the influence
of the spheres as it seemed that the total maximum could be found around (0.1,0.3) and
not at one of the extremes (0.1,0.0) or (0.1,0.4). The reason for this behavior is further
discussed in Section 4.

3.3. Orientation Change during Drying

From here onwards, we focus only on the particle reorientation measured in the simu-
lation. The mean orientation of all particles is presented in terms of the mean polar angle 6
(see again Figure 5) as we found this quantity intuitively more understandable than the
corresponding values of the orientation tensor. Consequently, reorientation A0 = 0 — 6 is
defined as reorientation between the end (f) and start of the simulation (6p). This quantity
Af is a measure of reorientation, and at the same time, it provides an interpretation about
whether particles rotate towards (A > 0) or away from (Af < 0) the extrusion direction.

3.3.1. Influence of the Composition and Platelet Aspect Ratio

We move on to study the amount of reorientation as a function of the composition,
aspect ratio, and position within a 250 pm filament, as shown in Figure 10. This figure
consists of two subfigures that are composed similarly, but show different processing steps:
Subfigure (a) quantifies the reorientation that occurred during the extrusion process itself
as predicted in another work [9,45]; Subfigure (b) quantifies the reorientation that occurred
during drying as measured in this work. Each row represents a constant aspect ratio, which
is indicated at the very left of Subfigure (a). The left column of the heat maps of each
subfigure was created from all particles from the outer layer of the filament and the right
column those of the inner layer (the classification into “outer” and “inner” is visualized
in Figure 6). The reason for this classification was that the inner and outer particles had
different initial orientations and the particles experienced a different amount of deformation
during the extrusion process. Each heat map is composed similarly to those from Figure 9.
The color bar on the right of Subfigure (b) applies to both subfigures, and it quantifies
the reorientation of the platelets. A blue color means that particles have reoriented towards
the extrusion direction, while a red color indicates a rotation in the opposite direction.

Figure 10 is the main result of this work, and therefore, it is explained more in detail.
Subfigure (a), showing the reorientation during the extrusion process, generally shows
a stronger reorientation compared to the drying case in Subfigure (b). This was mostly
due to the large amount of shear that was acting on the outer particles during extrusion.
In the filament center, elongational strain was acting on the particles, but the amount of elon-
gation in the center was significantly smaller than the amount of shear in the outer layer.
The magnitude of reorientation was therefore smaller in the inner part compared to the outer
part. Obviously, reorientation depended less on the platelet’s aspect ratio or the actual
composition of the paste, but rather on whether the particles were close to the outer or inner
layer. In the case of drying, referring to Subfigure (b), no such process dependency existed.
Here, we found a clear distinction between short platelets (r. = 5) and longer platelets
(re > 10) in terms of rotation direction, and there was only a minor influence of the actual
composition. Still, only a little reorientation took place during drying, which is expressed
by the faint colors in Subfigure (b). The main message of Figure 10 is that the reorienta-
tion during drying was small compared to during extrusion, as revealed when directly
comparing both subfigures.
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Figure 10. Quantification of the reorientation Af during drying (b) in direct comparison to the re-
orientation that occurred during the extrusion process (a). Each heat map shows the influence
of the composition. From top to bottom, the aspect ratio 7, of the platelets is varied.

3.3.2. Influence of Filament Diameter

Next, we studied the reorientation as a function of the filament diameter. While previ-
ous analysis was performed for varying paste compositions, we now considered a constant
paste composition of ¢p; = 0.2 and ¢s, = 0.3, which was also used in the experiment. The
results are shown in the form of boxplots of the reorientation in Figure 11. A classification
of the reorientation into outer and inner particles led to a similar result and is hence not
shown. We found that the particles reoriented around £5° for all filament diameters.

ST 1 T
1T 1 L

| |
250 540 840
Filament diameter in pm

Af in °

Figure 11. Boxplots of reorientations as observed for different initial filament diameters.

4. Discussion
4.1. Discussion of the Model

We studied the reorientation of particles within robocasted green filaments during con-
vective drying with the help of a DEM. This model can resolve the exact geometry of the par-
ticle system and consider particle-particle interactions and the presence of remaining water
by liquid bridge forces. The DEM, as a Lagrangian method, allows keeping track of the in-
dividual orientation of each ceramic particle and composing a start configuration with
a defined initial orientation tensor, which we extracted from previous simulations and ex-
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perimental work. However, we applied some simplifications because of the computational
demands of the model. First and foremost, we neglected the experimental drying kinetics.
A consideration of the correct drying kinetics requires resolving all three phases—solid,
liquid, and surrounding vapor phase—as well as the thermodynamic balance between
the liquid and vapor phase. Modeling of all phases, even though possible for a small
number of particles [28], drastically increases the computational demand, which makes
the desired simulation unfeasible within reasonable time constraints. We are not aware
of any numerical simulation approach in which such a high resolution is used. This work,
however, considered the whole filament diameter for a realistic extrusion nozzle size. We
identified that even only resolving the fluid phase without resolving the surrounding air
phase was computational too demanding. The simple reason for this claim should be
explained with the help of Figure 12.

-

Figure 12. Subsection of Figure 2 close to the surface region where the fluid (light blue area) is repre-

.
-

<

(@)

sented by a coarse (large blue circles in in (a)) and by a fine (small blue circles in (b)) fluid resolution.

Fluid between two non-touching surface particles separated by a distance smaller
than the particle discretization size will dry in reality, but not in the simulation: The length
scale of the fluid discretization hence affects whether this fluid element is identified as a
surface fluid particle, and hence whether it is drying (this situation is shown in Figure 12a).
This situation occurred inevitably in our simulation, in which we studied high filling frac-
tions of particles. Consequently, the drying kinetics depends on the resolution of the fluid
discretization if this resolution is in the same order of magnitude as the particle sizes.
This dependency is only avoided when choosing a fine fluid discretization size (Subfig-
ure (b)). Such a resolution, however, is again not feasible with the given time constraints
and the desired size of the RVEs. Instead, the current model only resolves the solid phase
and considers the missing liquid phase with an effective liquid bridge model, while the un-
derlying model parameters were extracted from experimental measurements. Still, not
resolving the fluid phase also means that we did not resolve the fluid flow that was induced
by particle rotation or surface tension. In this particular case, we considered omitting those
effects acceptable as the dynamics of the particle system is rather determined by geomet-
rical constraints, and, hence, we assumed that any fluid flow has a negligible influence
on the final particle orientation. We also applied drying kinetics that were faster than
the experimental drying kinetics. We again justified this procedure by the fact that drying
happened under natural convection over 24 h, and therefore, the process was not limited
by the drying kinetics. All in all, we are convinced that this model can be used to study
the reorientation of particles in robocasted filaments during drying, and—with respect
to the remaining models suggested in the literature—this is the best tool at hand as long
as the reorientation is not accessible by experiments.

The numerical setup was motivated by the experimental paste composition and
filament shape, but minor deviations existed. The experimental particles had a lognormal
size distribution (more information to be found in [46]), while we applied a monodispersed
size distribution within our parameter study. This distribution was chosen to better identify
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the influence of the aspect ratio, and the actual values of the aspect ratio were chosen with
respect to the minimum and maximum occurring aspect ratios in the experimental powder.
We also decided to apply RVEs with a rectangular shape instead of a circular segment,
which would be a more natural choice for the circular filament. This choice was motivated
by the fact that a rectangular RVE shape avoids the singularity problem at the bottom end
of the segment, which would cause numerical instabilities during the simulation. In this
regard, we assumed that the shape of the RVEs had an insignificant influence on the results
of our parameter study.

4.2. Discussion of Results

The key topic of this work was a quantification of the reorientation that was studied
for various paste compositions, platelet aspect ratios, and filament diameters. The impor-
tant results are shown in Figure 10 and suggest that reorientation during drying is small
compared to reorientation during extrusion. The reorientation was also studied as a func-
tion of filament diameter in Figure 11 for the composition applied within the experiment.
In general, it was found that the filament diameter had no influence on the particle reori-
entation. This behavior was expected and followed the basic intuition, and we assumed
it also holds for diameters outside the studied parameter range. All in all, satisfyingly,
the results showed a similar trend that there was only a small amount of reorientation by
£5° throughout the whole parameter study.

The filament shrinkage during drying was compared to the experimental shrinkage
for different filament diameters. We found the numerical model to overpredict the fil-
ament shrinkage compared to the experiment by a factor of four. The origin of this
mismatch is unknown, but there are some possible explanations. One, in our opinion,
unlikely explanation is that we underestimated the friction forces between the particles.
The discretized platelets had an increased artificial surface roughness due to the spacing
of the DEM particles compared to the experimental platelets. Each platelet was approxi-
mated by 120 DEM particles, a number large enough to resolve the underlying aspect ratio
and geometry of the platelets, but at the same time, too small to resolve a smooth platelet
surface (see again Figure 4 for the numerical representation of the platelets). A second touch-
ing platelet might become blocked within the concave region between the DEM particles.
In this regard, the experimental platelets should have a smaller friction than the numerical
platelets. Instead, more likely, we assumed that there existed further forces that were
neglected in our model and that came from the non-volatile ingredients in the paste com-
position (i.e., Bermocoll) that had been added in small amounts to the paste as binder
ingredients. This binder remained as a scaffold within the green filament and thereby was
responsible for its stability during drying. To test this hypothesis, we reperformed the exper-
iment again with a slurry instead of the paste (i.e., without the addition of the binder) and
found the shrinkage of the slurry to be eight-times higher than the shrinkage of the paste
and two-times higher than the simulation. The binder hence might have locally glued
the platelets together. The consideration of the binder ingredients by a particle-based
numerical model would be a whole new subject of study, and we hence preferred to neglect
their influence. As we overpredicted the filament shrinkage with this choice, we might have
also overpredicted the particle reorientation that had actually occurred in the experimental
filament. However, the overall message of our work—reorientation can be neglected for
further studies—remains true as the experimental reorientation would even be smaller
than predicted in our work. This means the particle orientation after the extrusion process
will largely be maintained during drying.

Shrinkage was also studied as a function of paste composition in Figure 9.
This study showed that the capillary force from the liquid bridge model had a stronger
influence on the drying behavior than the actual paste composition. The strength of the cap-
illary force depends on the distance between two DEM particles: the closer the particles
approach each other, the stronger the attractive force is. This fact leads to the situation
that a configuration with higher initial filling fraction of spheres collapses more strongly
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than comparable setups with fewer spheres. The small spheres can easily occupy the void
space between two platelets and thereby impose capillary forces in all directions, whereas
in setups with few spheres, those spheres become simply attached to the platelets, yielding
effectively even more bulky platelets. This situation holds until the filling fraction of the
spheres in the initial configuration exceeds about 30 vol%, as then, the spheres lose their
mobility in the dense setup, preventing them from occupying smaller void spaces. In con-
trast, the addition of platelets does not increase the amount of compression, as the platelets
rather contribute to the isosteric hindrance in the system and thereby prevent shrinkage.
Allin all, it follows that the addition of small mobile particles to the system might actually
increase the shrinkage during drying.

4.3. Limitations of This Work

The results of this work are transferable to other drying processes under the following
conditions: First, we studied uncharged ceramic particles, and hence, we neglected any
kind of electrostatic contributions. Depending on the exact charge, this might either increase
(opposite charges) or decrease (similar charges) the friction between the particles. Second,
we studied a composition of spheres and platelets in which the spheres were significantly
smaller than the platelets. As such, the spheres could easily occupy the smaller void regions
between the platelets, and at the same time, their mass was too small to have a significant
impact on the momentum of the platelets [9]. The dynamics of a system with larger spheres
might be different. Third, this work assumed that the drying kinetics can be neglected, i.e.,
the particle system has enough time above the drying front to move into an equilibrium
state, and particle inertia has no effect. The results cannot be compared with other processes
including fast drying kinetics. Fourth, the particles are micrometers in size and embedded
within a system of a high filling fraction, due to which, we neglected Brownian motion.
Smaller systems with nanometer-sized particles, however, are influenced by Brownian
motion, and hence, both systems cannot be compared.

4.4. Consequences for Orientation Prediction Models and Homogenization Methods

What are the consequences of our findings for the application of analytical OPMs?
Often, experimental orientation data are used to calibrate OPMs [66,67]. In an ideal case, suf-
ficient transient data of the orientation evolution are available to enable reliable parameter
fitting. Ceramic extrusion does not allow such a transient measurement because of the high
filling fraction of particles and the resulting opacity of the paste. Instead of the full transient
data curve, only the final experimental orientation state is used to calibrate the model pa-
rameter. Additionally, the deformation profile required for fitting must be extracted from an-
other computational fluid dynamic (CFD) simulation, and also, the initial orientation state is
unknown. This procedure assumes that the particle orientation is maintained during drying
as strong reorientations during drying would severely hinder such a calibration mecha-
nism. Successful calibrations, however, have been reported for similar systems [2,66,68].
As such, the small amount of reorientation during drying that we measured in our work
agrees well with these findings. However, this statement is only true if the amount of de-
formation taking place during extrusion is large enough. We saw in Figure 10 that the
drying-induced reorientation was small compared to the extrusion-induced reorientation
for particles at the outer layer of the filament where large deformation occurred; in contrast,
the drying-induced reorientation was almost found in the same order of magnitude as the
extrusion-induced reorientation for particles in the center part of the filament, where only
small amounts of deformation occurred. This means that drying might have a significant
influence at positions where only minor deformation happens during the process.

The shrinkage might imply consequences for the application of homogenization dry-
ing methods (as introduced in Section 1). In these methods, the particles are unresolved
and only considered by an average filling fraction. These methods estimate the internal
flux of water and vapor based on pressure gradients and permeability (Darcy’s law [69])—
the latter quantifies the easiness of flow through a medium, and consequently, it depends
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on the filling fraction. Usually, the focus in this kind of simulation is set on the cor-
rect prediction of the pressure gradient [34], as this is the substantial driving force, and
less on the permeability. The permeability is computed once based on the initial filling
fraction and then kept constant through the simulation. The experiment showed that,
depending on the choice of additives, little to large shrinkage can occur during drying.
Consequently, the filling fraction changes over time. As such, we suggest that for the appli-
cation of the homogenization approach, the shrinkage should be determined beforehand
(e.g., by experiments) to estimate the final filling fraction in order to make a wise choice for
the permeability.

5. Conclusions

We performed DEM simulations to quantify the reorientation of particles during
drying of robocasted green filaments. The filaments were composed of platelet- and sphere-
like particles to represent the paste applied in the experiment. On average, particles rotated
by a maximum of £5°.

Reorientation during drying is typically neglected in analytical OPMs. These are com-
monly applied to extrusion processes to reliably predict a mean particle orientation based
on the deformation (i.e., how much shear and elongation the particles have experienced).
In our opinion, the drying step should remain neglected in OPMs, because we found
that reorientation during the extrusion was significantly larger than during drying. That
means using only the OPM is enough for an orientation prediction as long as the particles
experience a significant amount of deformation.

There are at least two open subjects that are worth addressing in future research. Dur-
ing the unconsidered second stage of drying, i.e., the falling rate period, the evaporation
of the remaining fluid induced stress within the filament. This stress may lead to crack initi-
ation, and hence, its avoidance is crucial for the successful establishment of ceramic additive
manufacturing to guarantee a constant production quality. While there are experimental
works in this direction [70-72], the authors are not aware of any simulation work on the par-
ticle level that studies the stress distribution in the particle network. The effect of stress
can, however, not be studied with our model without discretization of the fluid phase.
We assume existing models that also resolve the fluid phase are only feasible when com-
bined with REVs that are smaller than used in this work and, thus, too small to address
the research question. The second subject relates to the subsequent processing step—
sintering—during which the ceramic obtains its strength. Sintering evokes a further volume
reduction and thereby a potential reorientation, a quantification of which should also be
performed for the present system.
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Abbreviations

The following abbreviations are used in this manuscript:

3D three-dimensional

CFD  computational fluid dynamic

DEM discrete element method

EAM material-extrusion-based additive manufacturing
ODF  orientation distribution function

OPM  orientation prediction model

PBC  periodic boundary condition

RVE  representative volume element

SEM  scanning electron microscopy
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