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ABSTRACT

The use of particle loaded inks in binder jetting offers several advantages, such as the improved sintering
ability or the adaption of material properties in a printed part. Various aspects have to be considered for
the preparation and the printability. A high stability is necessary, therefore agglomeration and sedimen-
tation of the particles must be avoided. It is also important that long filaments and thus satellite droplets
are not formed during printing. In this study, inks loaded with graphite nanoparticles were investigated
regarding their stability and drop formation behavior to qualify them for reliable processing in binder jet-
ting. Polyvinylpyrrolidone (PVP) was used as a binder for the binder jetting process and simultaneously as
a dispersing agent for the nanoparticles. The PVP mass fraction was investigated for its dispersion effect.
To meet the print head requirements, the particle size distribution had to be below 1 um. To destroy
agglomerates with a diameter above this limit, ultrasonic treatment was used. The duration of the ultra-
sonic treatment was examined to identify the minimum time required to obtain a well dispersed ink.
Particle loaded inks were then prepared and the fluid mechanical properties were determined for inks
with different particle mass fractions. Monitoring of the drop formation provided information about a
stable drop generation, the filament lengths, and the velocity of the drops. It was possible to qualify inks
with a maximum particle mass fraction of 10 m% for the binder jetting process.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Binder jetting is a powder-based additive manufacturing tech-
nology that uses an ink to solidify the single layers of the powder
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bed. The bonding of the powder allows the layer-by-layer manu-
facturing of a stable green part. Adding nanoparticles to this ink
can improve the part quality, as the particles serve as sintering
additives or increase the packing density. Bai et al. [1] added silver
nanoparticles to the ink and solidified silver microparticles in the
powder bed. Due to a lower melting temperature of the nanoparti-
cles, their consolidation resulted in a higher bonding strength dur-
ing the heating process. This effect led to a higher green part
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strength, improved the dimensional accuracy, and increased the
ductility of the silver parts.

Additionally, nanoparticles offer the possibility of selectively
changing the material composition in the part. Godlinski and Mor-
van [6] produced graded green parts by applying a functional ink
loaded with carbon black nanoparticles to a steel powder bed.
These nanoparticles acted as alloying elements and changed the
local strength and hardness properties.

However, Tsai et al. [22] showed that nanoparticles affect the
fluid mechanical properties, the drop formation, and the stability
of an ink. To understand their relationship, they are explained in
detail.

1.1. Stable drop formation

A stable drop formation is necessary to ensure the positional
accuracy and a reproducible printing resolution. Jang et al. [7] pos-
tulated that inadequate drop formation is characterized primarily
by the formation of long filaments, which results in satellite drops
and influences the precision of the drop placement negatively.

For the drop formation in a piezoelectric print head, the viscos-
ity, the density, and the surface tension of the liquid are decisive.
Fromm [5] summarized these ink properties in the dimensionless
Ohnesorge number Oh.

on—YWe_ n__ (1)

“Re ~ Jp)L

We is the Weber number, Re the Reynolds number, # the viscosity, p
the density, y the surface tension, and L the characteristic length of
the drop formation process. Polsakiewicz and Kollenberg [16] stated
that the nozzle diameter of the print head is usually used for this
length.

With the help of the inverse Z of the Ohnesorge number, a
stable drop formation and thus a good printability of an ink can
be predicted. In the literature there are different approaches for
the classification of Z:

e Reis and Derby [17] found that for drop-on-demand systems
such as piezoelectric print heads an ink should have a Z value
between 1 and 10. Lower values of Z led to viscous dissipation
and thus no drops were formed and values higher than 10
resulted in the formation of long filaments, which caused satel-
lite drops.

e Jang et al. [7] redefined the range of the values for Z for good
printability. Inks with a Z value under 4 already showed long-
lived filaments during the drop formation. When Z exceeded
the value 14, the ink was not able to form a single drop during
printing due to low viscosity.

e Zhong et al. [25] further narrowed down the range for Z. They
numerically determined a Z value between 4 and 8.

The viscosity, the surface tension, and the density of an ink
determine Z and are thus limited by these defined ranges. The vis-
cosity and the surface tension are particularly influenced by parti-
cles. An increasing particle volume fraction increases the viscosity
and can even lead to a change in the fluid mechanical behavior, as
Mueller et al. [12] described.

1.2. Stability of a particle loaded ink

In addition to the drop formation, the stability of an ink is
important for good printability. Unstable inks tend to sediment
and agglomerate, which affects the printing behavior and leads
to clogging of the print head nozzles. According to Utela et al.
[24], the initial particle size, the size of the agglomerates, and the
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viscosity influence the stability of an ink. Mewis [11] analyzed
the influence of the Brownian forces on the sedimentation behav-
ior of particles. Small particles are prevented from sinking by these
forces. If the particles form agglomerates, Brownian motion no
longer occurs and the particles sediment. Nanoparticles tend to
agglomerate easily due to their high surface area, and a dispersant
is required to uniformly distribute the particles throughout the ink.
Since agglomeration and sedimentation cannot always be pre-
vented, the particle size distribution is an indicator of whether
clogging of the nozzles may occur. The most suitable type of print
heads has a nozzle diameter around 50 pum. Utela et al. [24] stated
that the agglomerates of the particles need to be at least 50 times
smaller to prevent clogging or bridging of the nozzle. The higher
the viscosity is, the slower is the sedimentation. However, high vis-
cosity values influence the printing behavior. Consequently, Z con-
flicts with the stability as the viscosity increases.

1.3. Approach

This study focuses on the preparation of a stable, printable ink
loaded with graphite nanoparticles. The ink was designed for use
in binder jetting to produce tungsten carbide parts with local gra-
dients, as published in the concept of Lehmann and Zaeh [9].
Depending on the desired gradient, different particle fractions
should be dispersed in the ink. Therefore, inks with varying particle
mass fractions were prepared and characterized. Zhu et al. [26]
showed that a non-ionic dispersant such as polyvinylpyrrolidone
(PVP) is suitable for improving the stability of graphite nanoparti-
cles in water. The preparation route was determined and the influ-
ence of the PVP mass fraction and the duration of the ultrasonic
treatment was investigated due to their dispersion effect. Using
the finding outlined by Utela et al. [24], the required value for
the maximum particle size was set to 1 pum. The viscosity, the den-
sity, and the surface tension of the ink had to meet the require-
ments of the print head and had to result in the correct balance
of inertial, viscous, and surface tension forces during the drop for-
mation. The calculated Ohnesorge number described this balance
and the inverse Z gave the theoretical printability of the inks. The
validation of the printability and the characterization of the drops
were conducted by in-process drop monitoring.

2. Experimental

The description of the experimental procedure of this study is
divided into three subsections. These subsections summarize the
preparation process and the characterization of the different
experiments. An overview of the objectives and their relevance is
given in Table 2.

2.1. Preparation of the particle loaded ink

Using the procedure laid out in Polsakiewicz [15], a water-
based ink with Newtonian fluid behavior was used as the base
ink for the experiments. To adapt the base ink to the print head,
the viscosity was adjusted by varying the mass fraction of ethylene

Table 1
Composition of the base inks in m% (based on [15]) with the variations of the etyhlene
glycol and the water content

Ink Water Ethylene glycol Isopropanol PVP
in m% in m% in m% in m%

A 55.87 22.39 8.7 13.04
B 45.87 32.39 8.7 13.04
C 35.87 42.39 8.7 13.04
D 28.74 47.10 8.7 13.04
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Table 2
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Preparation route and characterization of the different partial objectives and their relevance for reliable printing

Objectives Components

Preparation process

Characterization/Relevance

Base ink Water, PVP,isopropanol,ethylene
glycol (EG)
Base ink, particle type A and B,

mass fraction of 10%

Particle size distribution

PVP mass fraction Water, PVP (1 to 800 m%)
referred to solid content, 10 m%
particles (type A)

Duration of the ultrasonic Base ink, 10 m% particles (type A)

treatment

Adjustment of the EG content,mixing the components,
magnetic stirring for 30 min

Mixing of the components,magnetic stirring for 30 min
sonication (160 s)

Mixing water with PVP, magnetic stirring for 30 min
adding 10 m% of particles magnetic stirring for 30 min,
sonication (160 s)

Mixing of the components, magnetic stirring for 30 min,
variation of the duration of the sonication between 80

Drop monitoring / base ink for
the particle loaded inks

Laser diffraction analyzer /
rightarrow prevent clogging of
the printhead

Viscosity measurement /
dispersion of the particles

Laser diffraction analyzer |
homogenization

and 280 s

Particle loaded inks Base ink,1, 5, 10, and 15 m%

particles (type A)

Mixing of the components, magnetic stirring for 30 min,
US homogenization (160 s)

Fluidmechanical properties,
drop monitoring / printability

glycol and water. The compositions of the prepared base inks are
shown in Table 1.

PVP (Luvitec 17, BASF, Germany) was used as a binder for the
subsequent binder jetting process and simultaneously as a disper-
sant for the nanoparticles in the ink. Isopropanol defined the sur-
face tension of the base ink. PVP was dissolved in the water-
isopropanol-ethylen-glycol mixture for 30 min using a magnetic
stirrer.

For the preparation of the particle loaded inks, graphite nano-
particles (Graphite (C) Nanopowder, Nanografi, Turkey) with a
mean diameter of less than 50 nm (referred to as type A) in the
range of 1 to 15 m% were added to the base ink. The mixture
was stirred for another 30 min.

To compare different sizes of particles, an ink with graphite
nanoparticles (ACS Material, USA) with a diameter of 400 to
600 nm (referred to as type B) and 10 m% was prepared.

In order to capture the influence of the PVP mass fraction, inks
with a constant particle mass fraction of 10% were prepared with
water, PVP, and particles.

For the homogenization, the particle loaded inks were sonicated
for 160 s with a 1 min cooling break after each 20 s. To determine
the influence of the duration of the ultrasonic treatment, the inks
were sonicated in a time interval of 80 s to 280 s.

2.2. Characterization

The rheological properties of the inks were measured using a
rotational rheometer (Kinexus lab +, Netzsch, Germany) with a
40 mm plate-plate geometry and a sample gap of 0.1 mm. The vis-
cosity was measured at a shear rate of 80 s~! for 3 min, capturing
36 single point measurements to compare the influence of the PVP
mass fraction and to determine the viscosity of the inks with differ-
ent particle fractions. Samples were kept at 25°C at all times. The
particle size distribution was determined using a laser diffraction
analyzer (SALD-2201, Shimadzu, Japan). For the dilution of the
inks, deionized water was used as the medium with a ratio of
1:500. The density of the inks was calculated theoretically. The sur-
face tension of the inks was examined by the stalagmometric
method developed by [21]. Deionized water was used for the cali-
bration. For each measurement, 20 drops were weighed and three
measurements per ink were performed.

2.3. Drop monitoring

A test rig was set up for the drop monitoring (see Fig. 1). The
drops were generated by a piezoelectric print head (Spectra SL-
128 AA, Fujifilm, Japan) with a nozzle diameter of 50 um in a bin-
der jetting printer (VTS128, Voxeljet Technology GmbH, Germany).
The voltage was set to 80 V and a pulse duration of 7us was used. A
stable drop formation was achieved for the base ink at a frequency

of 1000 Hz. Printing of the particle loaded inks with 10 m% was not
possible at this frequency, thus it was reduced to 250 Hz for all inks
to ensure comparability. To record the drops and analyze the drop
formation, a high-speed camera (iSpeed, Olympus, Japan) with a
Sigma objective lens with 105 mm focal length and 68 mm exten-
sion rings was used. The high-power LED (M405LP1, Thorlabs, Inc.,
USA) was focused with a collimator (SM2P50-A, Thorlabs, Inc.,
USA) and controlled by an LED driver (LEDD1B T-Cube, Thorlabs,
Inc., USA).

Piezo
ED driver J’ Image
i monitorin
driver Print g
head
,,,//”Isl\ High-
— i T
LED |Collimator| 4 D speed
S e camera
\¢/

Fig. 1. Schematic image of the monitoring setup

Each ink was recorded during two runs at the printer, and sev-
eral videos were recorded of each run. To capture images of the
drop formation, a high image quality was necessary. Therefore, a
frame rate with 2000 frames per second (fps) was employed. To
measure the velocity of the drops, a higher frame rate was needed.
Thus, it was adjusted to 100000 fps. A summary of this data is
shown in Table 3.

The velocity was calculated from the number of pixels and the
frame rate. The distance of the drops to the nozzle (number of pix-
els) was determined as a function of time (frame rate).

Table 3
The frame rate and the image quality for the monitoring images and the velocity
calculation

Objective Frame rate in fps Image quality in pixels
Drop formation 2000 2048 x 512
Velocity 100,000 96 x 72

3. Results and discussion
3.1. Particle size distribution

To ensure that the print head nozzles do not become clog-ged
with agglomerates, the particle size distribution of the particles
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Fig. 2. Comparison of the particle size distribution of nanoparticles with an initial
size of 600 nm (type B) and 50 nm (type A) in an aqueous solvent containing 10 m¥%
of particles

of types A and B was investigated. Fig. 2 displays the normalized
density distribution over the particle size of these two types of
nanoparticles.

Both types of nanoparticles show agglomerated particles. The
agglomerates of the type A remain under the defined threshold
of 1 um. The major part of these particles has a size in a three-
digit nanometer range. The particles of type B also form agglomer-
ates. Due to the greater initial size, their size is above the defined
limit. The maximum particle size reaches 6 pm. Due to their differ-
ent diameters, the particle size distribution of both types lies in a
range above the initial size of the particles. Comparing the agglom-
eration rate, type B showed a more effective dispersion behavior,
but quickly exceeded the defined threshold value. The particles
of type A had a higher surface area, which usually leads, according
to Nanda et al. [14], to an increased tendency to agglomeration due
to their higher surface energy. Zhu et al. [26] postulated that the
stabilization effect of a non-ionic dispersant is based on its concen-
tration on the surface of the particles. Ueki et al. [23] stated that
the dispersant forms a molecular layer that causes a repulsive force
between the dispersant layers of the other particles and reduces
the particle-particle interactions. Thus, for smaller particles, more
PVP can be adsorbed at the surface, and too low fractions of the
dispersant result in an insufficient dispersion of the particles. How-
ever, the particle size remained below the limit, and the particles
were used for binder jetting processing. Since an unsuitable con-
centration of the dispersant in an ink affects the dispersion effect
negatively, the influence of the PVP mass fraction was investigated
for the particles of type A.

3.2. Influence of the PVP mass fraction on the dispersion of the
particles

The influence of the PVP mass fraction on the viscosity, and thus
on the stability of the ink, is shown in Fig. 3. The PVP mass fraction
refers to the solid mass content and the standard deviation results
from 36 single point measurements.

For small quantities of PVP the viscosity of the ink has a value
between 0.08 and 0.15 Pas and shows a high standard deviation.
According to Mewis [11], this indicates the presence of agglomer-
ates in the ink. With increasing PVP mass fraction, the viscosity
decreases to a minimum of 0.0013 Pas at 20 m% PVP and the stan-
dard deviation is reduced. Up to a PVP mass fraction of 100%, the
viscosity remained constant. In the experiment, the flowability of
the ink was improved by the reduction of the particle-particle
interactions due to a high dispersion of the nanoparticles. This
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Fig. 3. Viscosity of an ink with a particle load of 10 m% at a shear rate of 80 s~ over
the PVP mass fraction

effect was already observed by Schréckert et al. [19]. When the
PVP mass fraction was further increased, the viscosity rose again.
The surface of the particles was then completely coated by PVP
and the remaining PVP molecules in the ink increased the viscosity.

The base ink had a PVP mass fraction of 13.04%. Referring this
fraction to the solid mass content, theoretically a particle mass
fraction of 65.2% can be dispersed in the base ink.

3.3. Influence of the duration of the ultrasonic treatment

To evaluate the influence of the duration of the ultrasonic treat-
ment, the particle size distribution was measured after different
time intervals and the dso value is plotted versus the duration of
the ultrasonic treatment in Fig. 4.

Three measurements were recorded for each duration. The
standard deviation was too small to be displayed in the diagram
and was in the range of a few nanometers.

The dsq value decreased with an increasing duration of the
ultrasonic treatment. At 160 s the suspension was well dispersed
and equivalent to the results of the particle size distribution in
Fig. 2. A longer ultrasonic homogenization did not improve the dis-
persing of the particles, neither was a reagglomeration of the par-
ticles caused. However, the relationship from Fig. 4 demonstrates
that ultrasonic treatment is necessary. Consequently, for the
preparation of the particle loaded ink for the printing process, all
samples were sonicated for 160 s.

04+ . 4

\

02 1 1 1 1
80 120 160 200 s 280

Ultrasonic duration t

Fig. 4. ds, value of the particle size distribution over the duration of the ultrasonic
treatment
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3.4. Printability

According to Derby and Reis [3], the range 1 <Z < 10 is defined
as the printable region (white region in Fig. 5). The lines a and b
added by Derby [2] limit the printable area, since below a the
energy is not sufficient for drop formation and when the velocity
of a drop exceeds the line b, splashing occurs.

Analogous to Derby and Reis [3], in Fig. 5 We is plotted against
Re. The Z values of the inks A, B, C, and D were calculated and are
classified within the printable range. Drop monitoring images of
the printed inks sorted according to their Z value are added to
the graph to visualize the printing behavior.

With increasing ethylene glycol content, the viscosity rose and Z
decreased. All inks had a Z value in the range defined by Derby and
Reis [3]. For the print head used, the inks A (Z = 8.92) and B
(Z = 6.84) were printable, but formed satellite drops. The ink D with
the Z value of 3.55 was too viscous to be printed. A stable drop for-
mation was achieved with ink C with a Z value of 5.15. This ink was
used as the base ink for the preparation of the particle loaded inks.
The results show that the range of the Z values defined by Zhong
et al. [25] best delimits the printable region of the prepared inks.
For stable spherical drops, the upper limit of Z was reduced to 6
in this work. To identify the printablility of the particle loaded inks,
the fluid mechanical properties viscosity, density, and surface ten-
sion were used to determine the Ohnesorge number and Z for each
ink. The results are presented in Table 4. With increasing particle
fraction the viscosity and the density of the inks increased. This
goes in line with findings from the literature, such as the research
of Rutgers [18]. For 1 m% and 5 m% the surface tension decreased,
while it slightly increased for 10 m% and 15 m%. This can also be
explained by the high viscosity and thus the higher probability of
measurement errors with the stalagmometric method. There are
different findings in the literature regarding the influence of the
particle fraction on the surface tension. Tanvir and Qiao [20]
showed that the surface tension of a suspension increases with
increasing particle fraction due to molecular forces, such as the
Van der Waals forces. In contrast, Murshed et al. [13] observed a
reduction of the surface tension with an increasing particle frac-
tion. They explained this effect, among other things, by the Brow-
nian motion. Dong and Johnson [4] showed that at low particle
volume fraction the internal energy is reduced by a spontaneous
adsorbtion of the particles at the surface, leading to a decrease of

TN 2
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= z<1 -] ¢ z=892| 1
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Fig. 5. The We number is plotted against the Re number as done by Derby and Reis
[3] with a classification of the different inks by their Z number in the white,
printable range. The left limit of the printable region represents a Z value of 1, the
right limit a Z value of 10. The drop monitoring images in the bars are used to
visualize the drop formation behavior. In the area below the line a there is not
enough energy for the drop formation. Line b indicates the onset of splashing.
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Table 4
Values of the fluid mechanical properties and calculated Ohnesorge number of the
particle loaded inks with different particle fractions

Fraction n p Y L Oh V4
in m% in mPas in kg/m> in mN/m inm - -
0 8.98 1.041.10° 41.11 510° 0194 515
1 8.89 1.047.10° 38.37 510~  0.198 5.04
5 10.49 1.066-10° 37.19 510> 0236 424
10 14.44 1.089.10° 40.35 5107° 0308 3.25
15 16.96 1.111.10° 40.38 510> 0358 279

the surface energy of the suspension. As the particle volume frac-
tion increased, the capillary attraction between the particles led
to an increase in surface tension.

However, in this study we observed that the surface tension and
the density affect Z, but increasing the particle mass fraction has
the largest impact on the viscosity and thus the greatest influence
on Z. The measurement errors in the surface tension can therefore
be neglected.

Theoretically, the inks with a mass fraction of particles up to
15% should be printable due to their Z value. However, the exper-
iments showed that it was not possible to print the 10 m% and
15 m% at a frequency of 1000 Hz. Jang et al. [ 7] evaluated the influ-
ence of Z on the frequency. The lower the Z value is, the longer the
drop formation takes. The time of the drop formation can be equa-
ted with the maximum allowable frequency. Thus, the frequency
was set to the lowest possible value of 250 Hz. With this frequency
the inks up to a mass fraction of 10% were printed. Even at 250 Hz
the drop formation of the ink with a mass fraction of 15% was not
possible.

3.5. Drop monitoring

3.5.1. Drop formation

The drop formation was investigated by drop monitoring.
Fig. 6a-d show the drop formation from the ejected ink with fila-
ment formation until the drops form a sphere.

All printed inks formed spherical drops. For a particle mass frac-
tion between 0 and 5% (see Fig. 6a, b, c) the occurring satellite
drops, which formed due to the long filament existence, merged
together with the primary drop. For a particle fraction of 10 m%,
a stable drop formation could not be observed (see Fig. 6d). Due
to thinning, the filament split up into multiple satellite drops that
could not merge with the primary drop. Kowalewski [8] postulated
that with an increasing viscosity, the flow of the ink from the thin-
ning areas of the filament is reduced and the formation of the neck
becomes more pronounced, leading to longer filaments and multi-
ple pinch-offs.

3.5.2. Filament length

The influence of the particle mass fraction on the filament
length was determined and is depicted in Fig. 7.

The filament length decreases with an increasing particle frac-
tion until a particle mass fraction of 5% and rises again for a particle
mass fraction of 10%. The ink without particles shows the longest
filaments. Due to the low frequency, the filament of this ink is
longer than with a frequency of 1000 Hz and leads to an instability
in the drop formation and thus to a high standard deviation. As
already described in SubSection 3.4, the Z value at higher fre-
quency resulted in more stable drop formation, but the compara-
bility between the inks was only given at a frequency of 250 Hz.
The filament thinning for a particle mass fraction of 10% led to a
high scattering of the measurement values and the filament
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7 ps and frequency of 250 Hz; time interval between two adjacent frames of 4 us
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Fig. 7. Filament length of the ejected drops over the particle mass fraction

lengthened during the drop formation. Due to a higher viscosity,
the drop took more time to detach from the nozzle and stretching
and thinning of the filament occurred. The decrease of the length at
low particle fractions showed that the particles have a positive
effect on the filament length. But if the increase in viscosity out-
weighs the influence of the particles, this effect ceases.

3.5.3. Velocity

The drop velocity is important for the process stability in binder
jetting. Marston et al. [10] observed that a high velocity leads to
splashing of the drop or the powder and a too low velocity affects
the penetration behavior of the droplets into the powder bed. The
velocity as a function of the particle fraction is shown in Fig. 8. The
ink without particles shows a high scattering of the measurement
values because of the long filament, which hinders an accurate
measurement. For the particle loaded inks, a correlation between
the particle mass fraction and the velocity is observed. The higher
the mass fraction of the particles suspended in the ink is, the
slower is the velocity of the drops. This observation is consistent
with other studies in the literature, such as the study of Tsai
etal. [22]. An increase in the particle mass fraction is therefore lim-
ited by the resulting velocity. If the drop becomes too slow, it may
remain on the powder bed instead of penetrating it.

3.5 T T T T T
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Fig. 8. Drop velocity over the particle mass fraction

4. Conclusions

The particle load has a high influence on the drop formation and
thus on the process stability in binder jetting. In this study, it was
possible to prepare a stable suspended ink and avoid clogging of
the print head nozzles. The results of this study can be summarized
as follows:

e The particle size distribution is an important measure to deter-
mine the formation of agglomerates and to ensure that the set
limit for the maximum particle size is not exceeded.

e The dispersant content and the ultrasonic treatment have an

influence on the stability of the inks and it was shown that a

PVP mass fraction of minimum 20 m% and a duration of the

ultrasonic treatment of 160 s are necessary to prepare a stable

and sufficiently dispersed particle loaded ink. An increase of
the PVP mass fraction and the extension of the duration of the
ultrasonic treatment do not improve the dispersion effect.

The printability of the inks was evaluated by the Z value and

validated by the observation of the drop formation conducted

by drop monitoring. Inks with a particle load up to 5 m% show

a good printability. Exceeding this particle load leads to an

increase of the viscosity and a deterioration of the printing

behavior. A decrease of the frequency resulted in improved
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printability and drop formation, but the ink with a particle load
of 10 m% forms undesired satellite drops. The ink with a particle
load of 15 m¥% is too viscous for printing even at a frequency of
250 Hz.

e We demonstrated that the particle load affects the filament
length and the velocity of the drops. The particles lead to a
reduction of the filament length until increasing the viscosity
overlays this effect. The reduction of the velocity can ensure
that splashing does not occur during binder jetting, but reduc-
ing the speed too much can have a negative effect on the pene-
tration behavior into the powder bed.

In further research, decreasing the viscosity of the base ink can
improve the printability of the inks with higher particle loads.
Additionally, a base ink with reduced ethylene glycol content will
be used. The influence of the particle mass fraction on the penetra-
tion behavior in the powder bed is of high interest and will be
examined further.

Data availability
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these findings can be made available upon request.
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