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Executive Summary

Binder jetting is a highly productive additive manufacturing method, where particle material is
layer-wise applied to a build platform and selectively printed with a binder. The process
enables, among other things, the production of complex casting cores made of sand, which are
used to represent internal contours in metallic cast components. However, a conflict of
objectives between the mechanical and thermal load-bearing capacity of sand cores during
casting and their subsequent removability from the cast part leads to limitations in the

exploitable design freedom of cavities.

Instead of dry, flowable quartz sand, a water-based ceramic slurry is used in this work. Through
the suspension-based layer application and fine grain sizes, filigree green bodies of high surface
quality are produced, whose mechanical and thermal properties can be adjusted in the

subsequent sintering process.

This work’s first focus is on developing a suitable hardware setup and corresponding process
configurations to ensure homogeneous layer formation and stable process control. Based on
this, the layer-by-layer drying of the dispersion medium is investigated by studying the cause-
and-effect relationships of certain process parameters relevant to casting cores. Those
parameters, which are decisive for both material properties and process efficiency, are layer
thickness, drying intensity and drying period. Based on the scientific findings, the performance,
potentials and challenges of the slurry-based 3D printing process are demonstrated against the

background of the process chain in the foundry sector.

Compared to powder-based 3D printing with sand, the average roughness depths could be
reduced by ~ 90 % to 1.2 um. In a shrinkage-free sintering process, the final strength was
adjusted to approximately 10 times higher with 25 MPa. Improved material properties were
achieved with longer drying periods. This reveals a conflict of objectives between structural
integrity and economic benefits. The high selectivity of the 3D printing process enabled an
adequate level of detail to realise predetermined breaking lines in the internal geometry of
hollow casting core structures. It was shown that by involving an appropriate structural design,
the stresses arising during shrinkage of the solidifying metal alone can induce failure of the
core. Mechanical de-coring of slurry-based 3D printed ceramic casting cores can thus be
envisaged for more complex, filigree core geometries such as those required for the
representation of efficient, close-contour cooling structures in high-performance cast

components.






Kurzbeschreibung

Im Binder Jetting-Verfahren wird schichtweise Partikelmaterial auf eine Bauplattform
aufgetragen und mit Binder bedruckt. Dieses hochproduktive additive Fertigungsverfahren
ermdglicht unter anderem die Herstellung komplexer GieBBkerne aus Sand, die zur Darstellung
innenliegender Konturen in metallischen Gussbauteilen verwendet werden. Aufgrund eines
Zielkonflikts zwischen der mechanischen und thermischen Belastbarkeit von GieBkernen im
GieBprozess sowie der spiteren Auslosbarkeit aus dem Gussteil sind der Gestaltung der

Hohlrdume in Gussbauteilen jedoch technische Grenzen gesetzt.

Anstelle von trockenem, flieffdhigen Quarzsand wird im Rahmen dieser Arbeit ein
wasserbasierter Keramikschlicker verarbeitet. Uber einen suspensionsbasierten Schichtauftrag
und die Verwendung feiner Korngréfen werden filigrane Griinkérper hoher Oberfldchengiite
erzeugt, deren mechanische und thermische Eigenschaften im nachfolgenden Sinterprozess

eingestellt werden konnen.

Der erste Schwerpunkt dieser Arbeit liegt auf der Entwicklung eines geeigneten
Hardwaresetups und einer Prozesskonfiguration zur Sicherstellung einer homogenen
Schichtbildung und stabilen Prozessfithrung. Darauf aufbauend wird die schichtweise
Trocknung des Dispersionsmediums und die Ursache-Wirkungsketten bestimmter fiir
Giellkerne relevanter Parameter und Kennwerte untersucht. Die Parameter, die sowohl fiir die
Materialeigenschaften als auch fiir die Prozesseffizienz entscheidend sind, sind Schichtdicke,
Trocknungsintensitét und Trocknungsdauer. Auf Basis wissenschaftlicher Erkenntnisse werden
die Performance, die Potentiale und die Herausforderungen des schlickerbasierten 3D-Druck-

Verfahrens vor dem Hintergrund der Prozesskette im GiefBereiwesen dargelegt.

Gegeniiber des konventionellen 3D-Drucks mit Sand konnten die mittleren Rautiefen um
~90 % auf 1.2 uym reduziert werden. Die Endfestigkeit wurde in einem schwindungsfreien
Sinterprozess mit 25 MPa auf den ca. 10-fachen Wert eingestellt. Es wurden verbesserte
Materialkennwerte bei ldngerer Trocknungsdauer und damit ein Zielkonflikt zwischen
struktureller Integritét und wirtschaftlichen Vorteilen aufgezeigt. Die hohe Selektivitit des 3D-
Druckverfahrens ermoglichte es, Sollbruchstellen in der Innengeometrie hohler Giellkerne
detailgenau abzubilden. Es wurde gezeigt, dass bei einer geeigneten geometrischen Auslegung
allein die beim Aufschrumpfen des Metalls entstehenden Spannungen ein Versagen des Kerns
induzieren konnen. Damit kann auch fiir filigrane Kerne wie sie z.B. zur Darstellung effizienter,
konturnaher Kiihlstrukturen in Hochleistungsgussbauteilen bendtigt werden eine mechanische

Entkernung schlickerbasiert 3D-gedruckter keramischer GieBBkerne in Aussicht gestellt werden.
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1 Introduction

The fundamental concepts of additive manufacturing (AM) were developed roughly 150 years
ago. Those early technologies employed the layer-wise approach in the manual creation of
parts, for instance, by cut-and-stack constructions, since modern computers have been involved
in manufacturing technologies only since the mid-1960s. At the time of its initial
commercialisation in the late 1980s, AM was referred to as rapid prototyping in conformity
with its main applications. Ever since, multiple new processes, materials, and software tools
have emerged in various applications of AM. Nowadays, approximately one-third of industry
organisations employ AM systems for cosmetic and functional prototyping, and a second third
for short-run production of end-use parts. One-sixth focuses on tooling applications, and
another sixth addresses research, education and further applications. (Wohlers, 2022, pp. 48—
55, Wohlers et al., 2022, pp. 22-30)

In contrast, metal casting dates back as early as 5000 — 3000 B.C. Initially, carved stones served
as mould cavities. Even though various casting processes and advanced casting materials have
evolved, in particular implying continuous advancements with respect to part design, part
quality, and economic considerations for mass production, the basic principle of casting has
remained the same. (Khan, 2017, pp. 1-10) The 3D printing technique, today known as the
binder jetting process, is a highly productive generative procedure for manufacturing porous
parts. The earliest associated patent application in the late 1980s already proposed
implementing the technology in the casting process chain (Sachs et al., 1989). Binder jetting

has thus been utilised to rapidly produce lost moulds for metal casting from its outset.

Meanwhile, 3D printed sand moulds, cores, and core packages have increasingly gained
importance in gravity casting series production. However, since the processability of powders
in the dry state is confined to coarse and thus flowable compositions, the complementarities of
the so-called indirect metal AM process can still not be fully exploited: Since the surface area
to volume ratio of foundry sands is too little to allow for sinterability, the load-bearing capacity
of casting cores is limited to the adhesiveness and the temperature stability of the binder.

Moreover, surface roughness is confined to the powder sizes used. (Sachs et al., 1998)

The objective of this thesis is to demonstrate the processability of fine powders dispensed in an
aqueous suspension to allow for 3D printing of sinterable and, thus, high-strength ceramic
casting cores on improved minimum feature sizes. Since drying strongly affects both material

properties and process efficiency, the investigations focus on controlling the material properties
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via drying configuration. Knowledge of the interfering factors of the drying process, which is
the additional operational step in 3D printing machines required when replacing the dry powder
with slurry, will help to establish a basis for industrial process design and facilitate future

material and process developments.

The following initial theses on slurry-based binder jetting of casting cores provide a strong

impetus for the research conducted herein:

- Slurry-based layer casting allows for the processability of small particle sizes and
enables enhanced surface qualities, higher packing densities, and thus the sinterability

of binder jetted parts.

- The mechanical properties of the printed parts can be adjusted via the sintering curve.

Sintering shrinkage can be minimized via a suitable slurry composition.

- The extraordinary temperature resistance of sintered, and thus binder-free and high-
strength casting cores can be exploited to enable filigree, self-supporting cores that do

not exhibit hot distortion effects during casting.

- Sintered high-strength casting cores do not decompose during casting. Hence, de-coring
needs to be achieved by applying hollow core structures and adapting the wall
thicknesses used to the respective strength. Imprinted predetermined breaking points

can be used to support collapsibility.

By extending the existing process knowledge on slurry-based 3D printing, in particular by
studying the effect of the drying process crucial for both part quality and process performance,
it is aimed to lower the hurdles for its industrial implementation in the environment of casting

technologies.
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This chapter introduces the fundamentals of additive manufacturing (AM). The basic principle
of AM is clarified, and the associated technologies are classified into categories. The main focus
of this chapter is placed on binder jetting technology. Here, binder jetting is categorised as

powder-based and slurry-based binder jetting.

Both alternatives are presented in the context of casting technology to generate an
understanding of the special requirements on processes and parts produced thereby. At the end

of this chapter, the resulting research gap is summarised.
2.1 Additive Manufacturing — Basic Principle and Classification

Additive manufacturing is the general term for technologies generating physical 3D geometries
from model data using a layer-based approach (DIN EN ISO/ASTM 52900) and has been
recently incorporated in the classification of manufacturing processes of DIN 8580 in the main
group of primary shaping (DIN 8580). AM processes comprise the following steps: From a
software model representing the 3D geometry, a file readable by the respective AM machine is
created, e.g. in STL file format. After transferring the file to an AM machine, the geometry may
be manipulated regarding size, position and orientation. Before building the part, the machine
parameters are set up according to the process, material constraints, and desired part properties.
As soon as the mainly automated building process is completed, the parts can be removed but
may need post-processing steps like cleaning or heat treatment prior to their end-use. (Gibson,
2021, pp. 3-6)

Multiple AM processes, similar and different in many respects, have been developed in parallel.
Therefore, various attempts to classify the processes are available, e.g. in terms of materials,
energy sources, types, and conveyance of feedstock (Kumar, 2020, pp. 21-26). The ongoing
high number of AM-related patents issued, particularly the largest proportions within the
category “AM hardware/ methods” and “AM materials”, points toward continuous innovation
and investment in AM processes (Wohlers et al., 2022, pp. 287-288). The difficulty of
differentiation in terminology and classifying all existing and future AM processes in clear

categories follows logically (Kumar, 2020, p. 21).

DIN EN ISO/ASTM 52900 defines seven process classifications for additive manufacturing
(Figure 2.1). Their approaches shall be introduced shortly: in binder jetting, the cross-sections

of parts are formed by spraying a liquid bonding agent onto a powder bed. Directed energy



4 State of the Art

deposition processes provide the energy to merge materials, typically powders or wires,
concurrently to their deposition. In material extrusion, printing material is drawn through a
nozzle and deposited. Material jetting is a process in which material is selectively deposited in
the form of droplets. In powder bed fusion, an energy source, like a laser or electron beam, is
used to fuse the particles in the powder bed. Processes that merge sheets of material to form a
part are called sheet lamination. Vat polymerization processes selectively cure liquid

photopolymers contained in a vat. (Gibson, 2021, pp. 38-39)

Process
categories
|
| 1 1 1 1 1 1
Binder %;%?Si/d Material Material Powder bed Sheet \@fggtﬁ'
jetting deposition extrusion jetting fusion lamination Zation

Figure 2.1: Additive manufacturing process categories (DIN EN ISO/ASTM 52900).

2.2 Powder-based Binder Jetting

Binder jetting technology was initially developed and patented at the Massachusetts Institute of
Technology (MIT) (Sachs et al., 1989). DIN EN ISO/ASTM 52900 defines binder jetting as an
,-additive manufacturing process in which a liquid bonding agent is selectively deposited to join
powder materials”. Since this work focuses on the binder jetting process using a particle
suspension instead of dry powder, the theoretical foundations treating the conventional powder-
based process are given in this chapter before introducing the supplementary aspects associated

with its slurry-based alternative in chapter 2.3.

2.2.1 Process Description

The binder jetting process is illustrated in Figure 2.2. It involves the following steps: Firstly,
the build platform is lowered by a preset layer thickness. The free space between the underlying
layer and the recoater created thereby is subsequently filled with powder. In the third step, an
inkjet printhead selectively applies a binder to the new layer. The binder locally bonds the
particles that constitute the respective cross-section of the part to be built — its infiltration
enables the fusion with the print on the underlying layer. The process steps are repeated until

the print job reaches its full height (Glinther et al., 2021, p. 5).
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Figure 2.2: Schematic illustration of the process steps characterising the binder jetting
process (after Giinther et al., 2021, p. 5).

Two mechanisms of droplet generation are typically used in inkjet printing: continuous-jet (CJ)
and drop-on-demand (DOD) inkjet printing. The first type generates a continuous stream of
liquid binder droplets. An electric field deflects drops that are not needed to a gutter. Thereby
recycling unused ink is possible for many applications that accept the risk of contamination
during environmental exposure, e.g. graphics industry. CJ printers operate at drop generation
rates in the range of 20 — 60 kHz. The drops are positioned by steering in flight or moving the
substrate. (Derby, 2010, pp. 396-397)

DOD inkjet printheads produce individual drops when needed by promoting a pressure pulse
in the fluid held in chambers next to the printing nozzles — either by a vapour pocket generated
by a thin-film heater or by mechanical actuation from a piezoelectric transducer (Figure 2.3).
Surface tension keeps the liquid inside the chamber when no pulse is applied. DOD systems
typically generate drops at frequencies of 1 —20 kHz. (Derby, 2010, pp. 397-399) CJ printheads
can reach higher print rates than DOD. However, inks must be inductively chargeable to be
deflectable to the gutter. For piezoelectric printheads, the rheological property is the central
requirement in ink development, whereas in thermal inkjet printing, rapid dissolution of the
vaporized liquid is crucial to allow for homogeneous binder ejection. (Mostafaei et al., 2020,
pp. 19-20)
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Figure 2.3: Schematic illustration of two drop generation principles for drop-on-demand
(DOD) printing; (a) thermal inkjet, (b) piezoelectric inkjet (Derby, 2010, p. 398).

The process chain of producing BJ parts is shown in Figure 2.4. It starts from a 3D model of
the part to be printed, prepared, and digitally processed to be readable by the respective 3D
printer. Secondly, the binder jetting process is carried out. Figure 2.2 shows this step’s generic
operation sequence within a 3D printer. Some materials and processes require a curing step
after binder jetting to dry the binder further and enhance the printed parts’ green strength. In
this case, the whole build box is typically transferred to a curing oven and undergoes a
temperature treatment prescribed depending on the box volume, powder and binder system.
After curing, the green parts show adequate green strengths to be handled securely. During
depowdering, the loose powder is removed from the build box, and the parts are further cleaned,
commonly by brushing, vacuuming or air-blasting. Some technologies require further
densification steps to achieve high densities and enhance the mechanical properties. Sintering
and infiltration are standard post-processing methods to achieve full density. For sintering, the
post-processing cycle must be appropriately tuned to the material system used since every
material composition, and grain size distribution shows specific sintering characteristics.
Densification via infiltration typically ensures a high degree of dimensional accuracy, whereas

sintering faces the challenge of shrinkage. (Mostafaei et al., 2020, pp. 7-9)

Binder . De- Sintering/
> 3D model >> jetting >> Curing >> powdering >> Infiltration >

Figure 2.4: Schematic diagram of the regular process chain for binder jetting parts. Some

binder jetting technologies do not require all steps. Steps that are not always needed are
faded.
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2.2.2 Binder Jetting Process Characteristics

Classifying and accommodating the binder jetting process characteristics in the AM
technologies’ framework underline the manufacturing method’s importance. In the following,
the benefits and drawbacks relative to other AM processes are categorised according to the

crucial properties of production methods — efficiency, part properties, and versatility.

Process efficiency

The primary advantage of binder jetting relates to its high production rates. Since only the
binder, which accounts for a small share of the total part volume, is dispensed through a
printhead’s nozzles, the process is relatively fast and build rates can be accelerated by
increasing the number of printheads and thus nozzles used (Gibson, 2021, p. 248, Gokuldoss et
al., 2017, p. 3). Large build volumes are commercially viable as no sealed chambers for vacuum
or inerting are required (Mostafaei et al., 2020, p. 5). Extraordinary build rates, and thus cost-
effectiveness, particularly for 3D geometries with added functionalities, are feasible
(Gokuldoss et al., 2017, p. 3). By way of example, binder jetting machines processing sand for
industrial series production of moulds and cores in the foundry industry achieve build rates up
to 400 litres per hour which leads to costs of significantly less than 10 € per litre printed volume
(Giinther et al., 2021, p. 5). 3D printing has nowadays even begun to outperform conventional
mould manufacturing processes not only in terms of lead times but also costs for larger
production volumes (Sivarupan et al., 2021, p. 12). However, some applications, for instance,
metal binder jetting applications, require costly and time-consuming post-processing steps like
sintering or infiltration (Gibson, 2021, p. 249). Furthermore, adequate post-processing

strategies still need to be developed for most materials (Mostafaei et al., 2020, p. 5).

Part Properties

Compared to other AM technologies, as-printed parts produced by binder jetting exhibit low
relative densities. As a result, the green parts show significant porosity, and the mechanical
properties are comparatively poor. Moreover, the dimensional accuracy and surface finishes are
generally disadvantageous. (Gibson, 2021, pp. 248-249) However, since shaping via binder
jetting is conducted at room temperature, defects related to high temperatures or temperature
gradients, such as oxidation, can be avoided, and the quality of the loose supporting powder is
hardly affected, making it highly recyclable (Mostafaei et al., 2020, p. 5).
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Versatility

Concerning versatility, the main advantage of binder jetting is its exceptional compatibility with
a wide range of powdered materials (Mostafaei et al., 2020, p. 5). Additives in binders even
allow a two-material approach enabling customised adjustments of the mechanical properties
(Gokuldoss et al., 2017, p. 3). Furthermore, there is no need for support structures for
overhanging features as the part is supported by loose powder (Mostafaei et al., 2020, p. 5),

decreasing geometric restrictions and expenses in finishing (Gibson, 2021, p. 249).

2.2.3 Influencing Factors in Binder Jetting Technology

With the current state of technology, it is impossible to predict the resulting part properties for
most binder jetting applications as numerous mutually interfering factors occur. Many research
results are not generalisable to other material systems, machines, etc. (Mostafaei et al., 2020,
pp. 114—116). Multiple studies address the influence of material and process parameters on the
properties of binder jetted parts, for instance, focusing on machine parameters (Bryant et al.,
2020), powder characteristics (Yuasa et al., 2021), or printing parameters (Chavez et al., 2020)
to improve the understanding of the process physics for specific applications. Figure 2.5 sums
up the essential interfering factors within the complex material and process environment in
binder jetting technology based on both comprehensive literature research and experience

without claiming to be exhaustive.

The following details on important interrelationships in binder jetting affecting the part
properties are provided: First, the powder-related factors influencing powder properties,
characteristics and processes are presented. Secondly, the binder properties, characteristics and
inkjet parameters are shown together with their interdependencies. Finally, the interaction
between the binder and powder bed allows for an insight into the reciprocal effects of the

process modules.

Powder Properties, Powder Characteristics and Powder Processing

Virtually any powdered material is processible in binder jetting technology (Mostafaei et al.,
2020, p. 5). Particle size distribution (PSD) and morphology are considered decisive factors
since they affect the packing density of powder beds and, thus, the quality of printed parts (Chen
etal., 2022, p. 1). The flow properties of powders play an important role. The size and shape of
particles affect the flow of powders (Utela et al., 2008, p. 2). Since the flowability of fine
powders is limited, achieving high powder packing densities and satisfactory green densities
required for full densification constitutes a major challenge in binder jetting (Bai et al., 2017,

p. 2). Generally, the use of fine powder allows for a low part porosity. However, interparticle
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forces and friction increase with decreasing particle diameters, leading to agglomeration and

impeded flow behaviour. But yet, a sufficient level of flowability is necessary to enable a

uniform powder deposition. (Diener et al., 2021, pp. 3-5)
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Figure 2.5: Influencing factors on part properties in binder jetting technology.
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The flow properties of powders are not theoretically determinable by a function as they are
affected by multiple influencing factors, e.g. PSD, particle shape, chemical composition,
moisture and temperature (Schulze, 2008, p. 35). Typical relationships between flowability and

powder properties are reported as follows (Vock et al., 2019, p. 388):

- A narrow PSD is favourable for achieving good powder flowability.
- Flowability increases with increasing particle sizes.
- Until saturation is reached, increasing moisture contents lead to decreasing flowability.

Bai et al. show an example of increasing powder packing and flowability simultaneously using
bimodal powder mixtures (Bai et al., 2017, p. 6). Though, typically inhibited flow behaviour
can be observed with increasing fines content (Schulze, 2008, pp. 237-238).

No universal statement on the impact of morphology on flow behaviour can be made. Coarse
powders of smooth, spherical particles tend to flow better than rough, non-spherical particles.
In contrast, rough particles may be favourable regarding the flowability of fine powders since

adhesive forces play a crucial role. (Vock et al., 2019, p. 389)

Adhesive interparticle forces essentially affect the behaviour of bulk solids. Figure 2.6 shows
the effect of particle size on various adhesive forces using the example of a spherical particle
next to a wall. Forces due to liquid bridges — capillary forces in the presence of a wetting liquid
— affect the adhesive forces the most, while van der Waals forces are dominant in dry, fine-
grained bulk solids. Van der Waals forces act only within a small range. Therefore, the
geometry of the particles’ contact points pursuant to the particles’ surface roughness and shape
is decisive. Electrostatic forces play a relevant role in processing electrically conductive
powders. However, electrostatic forces also apply to electrical isolators, e.g. during powder
transport. (Schubert, 2012, pp. 214-220, Schulze, 2008, p. 211)

Moreover, Figure 2.6 compares the adhesive forces to the gravity-related forces caused by the
particles’ density labelled “weight” and complying with a density of 3 g/cm? in this example. It
shows interparticle adhesive forces becoming less important with increasing particle diameter

since the particles’ increasing weight ensures their high mobility (Schulze, 2008, pp. 139-140).

For process-technical reasons, the particle sizes in binder jetting are limited to the layer
thickness used. A maximum particle size corresponding to half of the maximum layer thickness
is recommended. (Diener et al., 2021, pp. 3-5) Hence, when processing coarse powder,
increased layer thicknesses are required. Thus, the parts’ surface finishes naturally become
rougher (Chen et al., 2022, p. 1), even though new approaches allow for the smoothing of stair

steps (Hartmann et al., 2022).
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Figure 2.6: Influence of the particle size x on the adhesive force Fr compared to gravity-
related force (Schulze, 2008, p. 26).

Furthermore, the requirements for flowability and sinterability are contradictory. While the
enlarged specific surface area of fine powder leads to higher sintering driving forces, the

interparticle forces within fine powders impede the particles’ mobility. (Du et al., 2020, p. 5)

Powders differing in size, shape or density tend to segregate. Interparticle adhesion, apparent
in fine powders, leads to limited mobility of particles and thus may prevent segregation
(Schulze, 2008, p. 281).

The powder properties mentioned above affect not only flowability but also packing density,
which is one of the key influencing factors in binder jetting technology. Packing density
influences components’ binder consumption, quality, integrity, sinterability, and final density
(Miyanaji et al., 2019, p. 335). Powder morphology, powder mean size, PSD, interparticle
forces, powder surface chemistry, and flowability impinge on the packing density (Mostafaei
et al., 2020, 12-15). It is further known that the deformation history affects the behaviour of the
powder (Schulze, 2008, pp. 115-124).

The following common relationships between packing density and powder properties or

processing are reported (Mostafaei et al., 2020, pp. 12—15, Sohn, Moreland, 1968, p. 1):

- Broader PSD enables higher packing densities compared to narrow PSD.

- In fine powders, interparticle forces can lead to reduced powder packing densities. In

the case of large particles, the packing density is independent of the particle size.

- The packing density depends on the layer depositioning method (e.g. roller/ rake) and

parameters. Higher packing densities are achievable at a lower layer thickness.
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Compressibility is the compaction related to consolidation stress in a powder bed (Diener et al.,
2021, pp. 3-5). With increasing flowability, compressibility decreases (Schulze, 2008, p. 178).
Commonly, the ratio between tapped and bulk density, known as Hausner ratio HR, is derived
to describe the packing behaviour of powders subjected to compression. However, there are

contrary reports regarding its applicability in AM (Spierings et al., 2016, pp. 11-12).

The method and parameters of powder spreading influence the layer properties. Powders are
commonly processed via hoppers, rollers or blades at a definable recoating speed (Diener et al.,
2021, pp. 5-9). Depending on the device used, relevant process parameters are, in particular,
oscillator speed and blade angle or rotational direction and speed. Increasing the recoating speed
is beneficial concerning costs (Diener et al., 2021, pp. 5-9, Mostafaei et al., 2020, p. 25).
However, studies show a reduced dimensional accuracy, a lower powder bed density, and
increased surface roughness with increasing recoating speeds (Miyanaji et al., 2018b, pp. 5-9,
Myers et al., 2019, pp. 127-132).

Binder Properties, Binder Characteristics and Binder Processing

The binder liquid’s core mission is penetrating interstitial spaces within the powder in each
layer, forming bridges between the particles and thereby creating the desired shape. It has to
fulfil various requirements to meet the demands of the binder jetting process: Rheology and
stability during deposition have to be suited to processing via inkjet technology. Moreover, the
binder must allow for sufficient wetting and penetration of the powder bed. The binding
strength needs to ensure the structural integrity needed for further processing. Besides,
minimising harmful chemical traces is desirable. Those competing demands make the selection

or design of binder systems a challenging task. (Mostafaei et al., 2020, pp. 17-24)

Two basic binding strategies can be distinguished: Liquid-only binder systems provide all
binding ingredients within the printing liquid and thus allow for flexibility and broad material
compatibility. However, the binding components within the liquid entail a certain vulnerability
regarding nozzle clogging. In contrast, binder systems containing in-bed components allow for
a more reliable deposition since binding can only occur when interacting with the second
component. Regarding chemical composition, common selection criteria are the binders’ solid
loading, thermal stability, volatility, and residuals during processing. Various binding
methodologies are common, e.g. organic liquids, acid/base systems, inorganics or solvents. The
binding kinetics strongly depend on the respective binding methodology. The ink’s reliability
is affected by the chemical composition, the rheological characteristics of the binding fluid, and

its compatibility with the selected printhead. (Utela et al., 2008, pp. 99-102)
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The rheological behaviour of an ink fluid is described by the Reynolds (Re), Weber (We) and

Ohnesorge (Oh) numbers:
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Where v is the velocity, [ a characteristic length, and p, 1, and y are the fluid’s density, dynamic

viscosity, and surface tension. Those physical constants grouped in the Re, We and Oh numbers

describe relevant drop generation characteristics. (Derby, 2010, pp. 399—401) Figure 2.7 shows

the limits of ink processing for a stable operation of DOD printheads. Sufficient kinetic energy

has to be provided for drop formation, while splashing is avoided to allow for stable printing.

Oh characterises the viscosity of the ink. DOD cannot process highly viscous media, whereas

satellite droplet formation occurs at fluid viscosities that are too low. (Lohse, 2022, 354-365)
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Figure 2.7: Domain for reliable inkjet fluids based on the Weber and Reynolds numbers

(Lohse, 2022, p. 354).
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The following rules outlined by Utela et al. (2008) can offer guidance in ink development for
commercial inkjet print engines (Utela et al., 2008, pp. 99-102):

- Typical maximum dynamic viscosity n of 20 mPa-s — for special designs, maximum

100 mPa-s
- Minimum surface tension y of 35 mN/m

- Maximum size of suspended particles/ polymer chains 100 times smaller than the nozzle

diameter

Key printing parameters are droplet velocity, droplet size, droplet shape, resolution (spacing),
and frequency (droplet inter-arrival time) (Colton, Crane, 2021, pp. 4-5, Staat et al., 2017, pp.
1-4). In particular, the binder content strongly influences the printed part’s mechanical
properties and dimensional accuracy. With increasing binder content, strength and dimensional
distortion increase simultaneously (Patirupanusara et al., 2008, pp. 4243, Yanez-Sanchez et
al., 2021, pp. 15165-15167). A moderate droplet overlap is required for binder coalescence
within the powder bed. However, balling defects occur when too much binder is deposited.

Thus, droplet size, spacing, and layer thickness must be aligned carefully. (Colton, Crane, 2021,
pp. 4-5)

Powder-Binder Interaction

The binder processing parameters mentioned above play a crucial role in powder-binder
interaction. A series of infiltration kinetics occur: impact, spreading and wetting, and
penetration (Mostafaei et al., 2020, pp. 23—-24). Barui et al. (2020) observed a simultaneity of
fluid surface spreading and infiltration and highly nonuniform penetration attributed to global
changes in fluid drainage and pressure through porous media (Barui et al., 2020, p. 34262).
Chun et al. (2020) reported increasing penetration depths with increasing capillary pressure
within the powder, which was achieved by controlling the powder surfaces’ porosity (Chun et
al., 2020, p. 13).

Each droplet hits the powder bed at a distinct impact speed that supports binder spreading.
Liquid bridges connecting particles are formed within a few microseconds. Further permeation
into the non-saturated powder beneath (usually from 0.1 to 1 s) using the capillary force effect
is mainly controlled by the respective properties of the powder bed and binder, e.g. binder
viscosity and surface tension, and liquid-powder contact angle. Gravity is negligible due to the

low mass of a single droplet. (Mostafaei et al., 2020, pp. 22-24)
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2.2.4 Computational Models for Binder Jetting

Increasingly attention is given to modelling the binder jetting process computationally to gain
an improved understanding of the process phenomena and save time and costs by replacing
experiments. One focus is modelling the powder spreading to optimise the powder bed quality.
Furthermore, the powder-binder interaction, including binder deposition, penetration and
powder re-arrangement, is of vital interest, particularly for process development. (Mostafaei et
al., 2020, pp. 104-111)

Modelling of Powder Spreading

Since numerous factors influence the packing density within the powder bed, an appropriate
prediction of the packing behaviour of powders is desirable. The powder spreading process is
normally modelled by the discrete element method (DEM). Attractive forces, such as adhesion
and van der Waals forces, play an important role in particle-particle interaction and should
therefore be considered in DEM simulations of fine powders (Parteli et al., 2014, p. 1).
However, the relevance of certain forces on powders of different materials and PSD is still
under investigation, e.g. particle-specific friction coefficients, fluid friction on air or forces due
to liquid bridge formation (Parteli et al., 2014, pp. 4-5). Correlating the macroscopic behaviour
of granular materials with their microstructure is still more a theoretical ideal wish than reality.
However, multiple emerging material systems for 3D printing pave the way for systematic

experimental research involving, e.g., different particle shapes. (Radjai et al., 2017, pp. 15-16)

Modelling of Powder-Binder Interaction

While particle-particle interaction dominates the powder spreading process, solid-liquid
interactions must be considered as soon as binder droplets are jetted onto the powder bed. The
infiltration of a liquid can be determined numerically by employing equations for computational
fluid dynamics (CFD), i.e. Navier-Stokes equation. The particles are commonly implemented
in a CFD model as boundary conditions, while the fluid’s motion is tracked by the level-set or
volume-of-fluid (VOF) method. (Mostafaei et al., 2020, pp. 108—111, Zhang, Prosperetti, 2005,

p. 1)

2.2.5 Binder Jetting of Moulds and Cores for Metal Casting Applications

Integrating AM with the traditional metal casting process is also referred to as “indirect” metal
AM (Hodder, Chalaturnyk, 2019, p. 653) or ,,multi-step metal AM*. In contrast to “direct” AM,
binder jetting allows for the production of tooling used to create the desired near-net geometry

in the subsequent casting step. (Wang et al., 2019a, pp. 2-3) The efficiency of the binder jetting
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process, in conjunction with the commercially available printing volumes of currently up to
4 x 2 x 1 m for sand systems, leads to extremely high production rates and practically no limits

in weight and size of the respective casting parts (Kang, Ma, 2017, pp. 160-163).

The following shows the process chain of casting involving explicitly core and mould
production by means of binder jetting technology. Moreover, the material systems typically
used in indirect metal AM are specified together with the requirements on lost tooling produced

by binder jetting related to its application in metal casting.

Overview of the Process Chain

Among the variety of casting processes, five categories of metal cast technologies were derived
in DIN 8580: gravity casting, high-pressure die casting, low-pressure casting, centrifugal
casting, and continuous casting. The first three abovementioned categories typically involve
dies, whose geometry is the negative of the parts to be produced, into which metal melt is
poured. An alternative classification of casting distinguishes between casting processes
utilizing either lost moulds and reusable patterns, lost moulds and lost patterns, or permanent
moulds (Klocke, 2018, p. 19). It thereby places the focus on the traditional strategies of mould

making but excludes the alternative of direct mould manufacturing by binder jetting.

In the following, the process chain involving binder jetting of sand tools is outlined using the
example of sand casting. Conventional mould-making strategies involve the manufacturing of
patterns prior to mould production. Directly deriving the mould geometry from 3D CAD data
reduces lead time and tooling costs (Bassoli et al., 2007, p. 149, Sama et al., 2020, p. 21).
Moreover, the independency from patterns enables the part’s and its casting system’s design
freedom. In particular, the functional performance can be enhanced by enabling undercuts.
(Hackney, Wooldridge, 2017, p. 458)

The process chain of indirect metal AM, shown in a simplified form in Figure 2.8, starts with
binder jetting of sand tools. Since sand tools are intended to be removable after casting,
sufficient strength to withstand the loads during handling and casting is required, while easy
destructibility after casting needs to be assured (Stauder et al., 2016, p. 2). Whereas the binder
jetting specific part characteristics, particularly high porosity and low mechanical strength, are
commonly disadvantageous for direct AM, those properties can be exploited as advantages in
metal casting (Glinther, Mogele, 2016, p. 54). The binder jetted sand tools are subsequently
finished by de-powdering (removal of the unbound sand of the surrounding powder bed)
(Almaghariz et al., 2016, p. 241) and, if appropriate, coated (Jakubski et al., 2005, p. 164). The
unprinted powder can be recycled directly (Hawaldar, Zhang, 2018, p. 1039). The mould may

be printed as a whole, including the gating system, the cores (used to shape the internal cavities)
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and the outer mould (Snelling et al., 2015, p. 931), or assembled from modular components
(Snelling et al., 2015, p. 925). The next step is the casting process, where molten metal — a wide
range of alloys can be cast — is poured into the mould (Le Néel et al., 2018, p. 1328). The cores
that outline the internal geometry of cast parts are removed after casting. De-coring is typically
conducted by applying mechanical impulses before finishing the cast part by detaching the
gating system and precision machining (Ettemeyer, 2021, pp. 14—17). Mitterpach et al. (2017)
estimate a total demand of 6.3 tons of sand per each ton of ready castings of grey iron and
emphasise the relevance of sand core reclamation on the life cycle assessment for foundries
(Mitterpach et al., 2017, pp. 324-327). Recovery of foundry sands is typically performed by
mechanical or thermal reclamation (Joseph et al., 2017, pp. 86—87).

Binder Additives Metal melt Metal part

' f

Binder e Mould : Decoring &
> jetting >> Finishing >> assembly >> Casting >> Finish >

f

Sand

Reuse
Regeneration
Disposal

Figure 2.8: Simplified schematic process chain of indirect metal AM using sand moulds and
cores and the corresponding material flow.

Materials for Binder Jetting of Moulds and Cores

The properties of casting moulds and cores strongly affect the cast parts’ properties themselves
— in particular, in the surface-near area. Concurrently, the characteristics of a binder jetted part
strongly depend on the sand material used, its powder characteristics, and the binder material

and proportion.

Conventional mould and core production involves the compression of pre-mixed sand-binder
formulations against forming tools or patterns. Here, the grains are forced into an optimal
orientation. Thus, finer powders are used in binder jetting compared to conventional forming
methods of sand tools to reach similar surface quality levels. (Hodder, Chalaturnyk, 2019, p.
657) Sands produced for 3D printing applications are commonly sieved to average grain sizes
of 140 — 250 um (Upadhyay et al., 2017, p. 212). They typically show a more narrow PSD at
smaller grain sizes and less angularity compared to traditional foundry sands (Hodder,
Chalaturnyk, 2019, p. 653). However, when using fine grain sizes, negative side effects can

occur, e.g. reduced gas permeability, increased binder consumption, or increased binder
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spreading rate caused by the growth in powder surface area (Glinther, Mdgele, 2016, pp. 65—
69, Mostafaei et al., 2020, p. 12).

Natural quartz sands composed of SiO: are foundries’ most commonly used moulding materials
due to their cost-effectiveness (Giinther et al., 2021, pp. 5-7). When heated up, the mineral
quartz exhibits the so-called quartz inversion point at 573 °C, where a rapid change in crystal
structure appears. Quartz inversion is accompanied by an abrupt change in the expansion (from
0.26 to 0.45 % in length) and density (from 2.65 to 2.6 g/cm?). In contrast to other quartz crystal
transformation processes, the transformation from the trigonal a-quartz to the hexagonal [3-
modification is always reversible. However, the abrupt volume changes within the casting
process can result in severe casting defects. (Flemming, Tilch, 1993, pp. 40-41, Recknagel,
Dahlmann, 2009, p. 8)

To overcome this obstacle or to further customise the moulding material properties in general,
there are several artificial sand types available on the market: they may not exhibit quartz
inversion or differ in thermal expansion, thermal conductivity and heat capacity, and thus
facilitate the tailored modification of the cooling rate during solidification of the cast metal.
(Sun et al., 2012, pp. 1886—-1888) Hence, quartz sand may be replaced by artificial sand types
with enhanced physical or chemical properties in order to fulfil the higher demands of the
respective casting application. To name a few examples: materials of low thermal expansion
coefficients can prevent sand expansion defects like veining and improve dimensional
accuracy, isolating sands are used to realise thin-walled cast parts, and sands of high
refractoriness avoid reactions between moulding materials and thermally burdened cast metals.
(Recknagel, Dahlmann, 2009, pp. 11-15, Vaskova et al., 2020, pp. 1-2)

Figure 2.9 illustrates two different sand types produced on unalike routes: the natural quartz
sand GS14 RP (Strobel Quarzsand GmbH, Freihung, Germany) (Figure 2.9a) is one of the
standards in 3D printing of sand cores and moulds. It shows an irregular shape with rounded
edges at a relatively narrow particle size distribution. In contrast, the sintered mullite sand
Cerabeads ES1450 (Hiittenes-Albertus Chemische Werke GmbH, Diisseldorf, Germany)

(Figure 2.9b) consists of mainly spherical grains.
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(b)

Figure 2.9: Dark field micrographs of (a) natural quartz sand GS14 RP and (b) sintered
mullite sand Cerabeads ES1450.

The basic binder system categories relevant for binder jetting of moulds and cores are listed in
Table 2.1, together with selected typical properties of sand moulds and cores produced utilizing
those. Furan resin systems comprise a resin and an activator component. In contrast, the binding
component within phenolic resins (phenol units) is contained in alcoholic or aqueous solutions
and cross-linked at elevated temperatures. (Flemming, Tilch, 1993, pp. 86-93, Giinther,
Mogele, 2016, pp. 67-68) In the context of the increasing importance of preventing harmful
emissions, inorganic silicate binders have already replaced organic binder systems for various
casting applications. They can be cured physically by removing moisture. (Zaretskiy, 2016, pp.
88—89) Furan systems form the most gas, while inorganic sodium silicate binders evolve the
least (Anwar et al., 2021, p. 1909). Depending on the binder system used, curing may be
accomplished in several ways, e.g. self-hardening or microwave curing (Shi et al., 2021, p.
291).

Table 2.1: Relevant binder systems and properties of respective sand moulds and cores (after
Giinther, Mogele, 2016, p. 68).

Furanic resin Phenolic resin Inorganics
Typical bending strength 2.5MPa 3.5 MPa 3 MPa
De-coring ++ + -
Pollutant emissions High High No

Requirements On the Properties of Casting Cores and Characterisation Methods

Stauder et al. (2016) summarise fundamental sand core properties. These are arranged

according to the casting progress in Figure 2.10. The requirements for the casting core, in
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particular, depend on the production environment, the cast part’s geometry, the quality

demands, and the process design.

* Handling strength
* Moisture sensitivity

Prior to
casting

* Erosion and penetration resistance

» Chemical interaction with the cast metal
» Gas evolution and gas permeability

* Strength

* Hot distortion behaviour

» Shake-out characteristics
* Recyclability

Figure 2.10: Fundamental relevant sand core properties categorised by the process stages in
casting (after Stauder et al., 2016, pp. 1-2).

Dimensional accuracy is one of the most important parameters for evaluating moulds, cores,
and the respective casting component (Hackney, Wooldridge, 2017, p. 462). Moreover, casting
cores must withstand thermal and mechanical loads (Hasbrouck et al., 2020, p. 339). Already
prior to assembly, casting cores need to show appropriate mechanical properties. Relevant

mechanical properties include three-point bending strength but also scratch hardness.

Commonly, standard test bars measuring 22.4 x 22.4 mm in cross-section and 172 mm in
length, described by the German Association of Foundry Specialists (BDG-Richtlinie P72), are
used for measuring the three-point bending strength. Suitable characterisation equipment
includes universal testing machines (Stauder et al., 2016, p. 191) or strength machines
particularly designed for testing sand specimens (Anwar et al., 2021, p. 1905). The printed sand
density is typically connected to the specimen’s strength. It can be determined by associating
the weight of a specimen measured by a balance of reasonable accuracy with its dimensions
(Bryant et al., 2020, p. 4).

Scratch hardness describes a specimen’s resistance to friability. It can be measured
quantitatively by scratch hardness testers (Bryant et al., 2020, p. 5). It is a relevant property for

handling purposes but can also indicate resistance to erosion during casting. Alternatively, the
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hardness of sand moulds and cores can be obtained through the hardness B scale (Sadarang et
al., 2021, pp. 1-2).

Sufficient refractoriness is needed to prevent sand-metal reactions. It can be characterised by
the pyrometric cone equivalent, by determining the sintering behaviour according to the
German Association of Foundry Specialists (VDG-Merkblatt P26), or by the help of heating
microscopes. (Recknagel, Dahlmann, 2009, pp. 8-9)

Furthermore, casting cores need to remain dimensionally stable throughout the casting process
to allow for the geometrical accuracy of the inner cavities. Binder systems are thus required to
withstand the thermal loads during casting. While phenolic resins represent the organic binders
with the highest temperature stability, inorganic binder systems show further improved
temperature stability as they do not decompose. (Giinther, Mogele, 2016, pp. 66—68) However,
plastic deformation in inorganically bound sand cores occurs at their glass transition

temperature (Vaskova et al., 2020, pp. 11-12).

Loss of ignition (LOI) is a common test procedure for determining the weight loss of moulds
and cores during casting and an indicator for gas generation (Anwar et al., 2021, p. 1905).
Weight loss can be traced to the volatilisation of organics, the removal of chemically bound
water or the dissociation of inorganic compounds when components emit in the gaseous phase.
In LOI testing according to AFS 5100-12-S, the weight change of samples is determined before
and after firing at 982 °C to calculate LO!:

0 =
% LOI = ——

x 100 (2.4)

Where A is the starting weight of the empty crucible, B is the starting weight of the crucible
containing the sample, and C is the weight of the crucible containing the sample after firing.
(Joseph et al., 2017, p. 88)

A sufficient permeability of bonded sand is needed to allow for gas dissipation during casting.
It can be determined using a permmeter measuring the airflow through cylindrical specimens
(Martinez et al., 2020, pp. 1341-1343).

Finally, the surface finish is crucial as it directly affects the cast component’s surface finish.
Typically, a sand cast part shows an arithmetical mean roughness Ra of 12.5 to 25 um (Snelling
et al., 2013, p. 836) and an average roughness depth Rz between 30 and 360 um. Casting
components of high surface requirements are commonly produced by investment casting where
Rz values between 6 and 30 pm are conceivable (Flemming, Tilch, 1993, p. 15). Investment
casting achieves high dimensional accuracy and surface finishes by dipping precise wax

patterns into ceramic slurries (Kumar, Karunakar, 2021, p. 1).
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2.3 Slurry-based Binder Jetting

Moulds and cores produced by the powder-based 3D printing technique typically exhibit a
relatively low density, stability, and surface quality. Since powders of small particle sizes result
in limited flowability, the application area of powder-based binder jetting was found to be
limiting. Firstly, the spreading of fine powders needs to be carried out at lower speeds leading
to decreased productivity in binder jetting (Miyanaji et al., 2018a, pp. 505-506). However, most
importantly, the production of high-density green parts to be sintered for application in technical
ceramics is hindered (Zocca et al., 2017, p. 141). Thus, the layer-wise deposition of fine

powders dispersed in a liquid was developed to overcome this constraint (Sachs et al., 1998).

2.3.1 Process Description

In contrast to the conventional binder jetting process, slurry-based 3D printing technology
processes fine powders dispensed in a liquid to form and subsequently dry layers. Since
capillary forces can draw the liquid phase of a slurry into a porous body, increased packing
densities can be achieved by using fine particle suspensions (Zocca et al., 2015, p. 1995). The
part contour is again defined by jetting the binder onto each layer. Figure 2.11 shows a diagram
of the slurry-based binder jetting process. It comprises the following steps: First, a slurry is
applied onto a substrate or the previously cast layer. Second, the powder bed is dried. The next
step comprises printing the binder and, where appropriate, drying it. Those process steps are

repeated until the part reaches its full height.

IR lamp
slurry coater\ 7 o print
<M | head
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Figure 2.11: Diagram of the slurry-based 3D printing process (Erhard et al., 2022, p. 44).
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2.3.2 Characteristics of Slurry-based Binder Jetting

Key differences between the powder-based and slurry-based 3D printing processes can be

derived from solid-liquid interaction (Grau, 1998, p. 35):
- Processing of particles of diameter < 10 um
- Deposition in the form of a slurry
- Cohesive behaviour of the powder bed

Consequently, the typically most critical steps are drying the layers during 3D printing and the
post-processing step of de-powdering (Diener et al., 2021, p. 9). In the following, theoretical
foundations describing the most important process steps of fabricating slurry-based 3D printed
parts are given: layer casting, drying and infiltration with a binder. During post-processing,

washout and sintering are particularly of interest.

Layer casting

The process of layer casting during slurry-based 3D printing can be described as a process
combining characteristics of the technologies of tape casting, where a liquid suspension is
spread as a thin layer, and slip casting, where the liquid phase of a slurry drains into a porous
mould by capillary forces (Zocca et al., 2015, p. 1990). For alternative methods of layer

forming, see chapter 2.3.3.

Figure 2.12 illustrates the forces acting on particles during layer casting. Apart from the force

induced by capillary flow Fg, the gravitational force Fj, the interparticle force F,,, and

pp>
buoyancy Ff act on each particle. In contrast, in powder-based 3D printing, only gravitational
and interparticle forces appear during layer deposition. Interparticle forces strongly dominate
at smaller diameters as they scale as the second power of the diameter instead of the third power,
as is the case for the gravitational force. Thus, small particles deposited in a dry state do not
pack well when settling freely. Conversely, during layer casting, the fluid flow drags particles
into points of maximum contact with already settled particles. Whereas those particles freely
settle into favourable positions in a close-packing assemblage, they do not prevent concurrently
floating particles from settling. (Zocca et al., 2015, p. 1995) The enhanced free settling can
even lead to the absence of obvious layer interfaces in slurry-based AM (Zocca et al., 2015, p.

1990).
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suspension

consolidated powder bed

Figure 2.12: lllustration of the forces acting on particles during layer casting (after Zocca et
al., 2015, p. 1995).
Capillary pressure p. acts as the driving force for liquid migration (Grau, 1998, p. 35). Capillary

pressure induced by a cylindrical pore can be described by means of the following equation

_ 2yy cosB

Pe =" " (2.5)

Where v,y is the surface tension of the liquid, 8 the contact angle, and r the pore radius (Grau
et al., 1999, p. 2081).

Young’s equation describes the equilibrium at the contact of the liquid, vapour, and solid phase

and thus the wettability of a solid by a liquid in a system:

Ysv — VsiL

cosf = ——————
Yir (2.6)

Where yg, and yg; are the interfacial tensions between the solid and vapour, and the solid and
liquid. However, surface roughness, irregularities, and porosity strongly affect the contact
angle. (Alghunaim et al., 2016, p. 205, Zhang et al., 2021, pp. 1-2)

Washburn’s equation predicts the flow of liquids under capillary pressure and, thus, the rate at

which a liquid penetrates a small surface capillary:

, (Y cosb

L —(5 5 )Tt (2.7)
al _ry

E = EHCOSH (28)

Where v is the surface tension, 7 the viscosity, 6 the contact angle, r the pore radius, and [ the

length of a column of liquid in the capillary at the time t. (Washburn, 1921, pp. 279-282)
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In summary, capillary forces encourage high packing densities favourable for achieving high
part densities within an economic sintering cycle. Following the equations listed above,
capillary pressure in slurry-based 3D printing is particularly related to the porosity of the
previously cast layer and the wettability of the solid material by the dispersing liquid. The liquid
penetration rate is inversely proportional to the liquid’s viscosity and the length of a capillary
already filled and directly proportional to the radius of the capillary, the liquid’s surface tension,
and the cosine of the contact angle (Washburn, 1921, p. 280).

Drying
Since drying is one of the critical steps during slurry-based 3D printing, theoretical foundations

and research work on drying are presented in this chapter.

The drying process not only plays an important role in designing an economical process. Also,
properly optimised drying is considered crucial to enable uniformity and the absence of cracks,
particularly when drying water-based suspensions (Briscoe et al., 1998, p. 1). Compared to
other liquids, water shows a high latent heat of vapourisation. Thus an apparent high demand
for energy needs to be met to enable the escaping of water molecules in the vapour phase
(Brosnan, Robinson, 2003, pp. 4-8).

Stages of Drying When slurry is applied to an underlying layer, drying is accomplished from
two directions simultaneously: The liquid is drawn into the pores of the porous layer underneath
by capillary forces. In parallel, external heat sources can induce evaporation of the liquid from
the top. (Diener et al., 2021, pp. 9-11) The following paragraph introduces the theory of thin-

film drying, disregarding the influence of a porous substrate.

Diffusion Diffusion

1

Diffusion
Flow

Flow
e Evaporation

(a) Constant rate period (b) 1stfalling rate period (c) 2 falling rate period
Figure 2.13: Scheme of the theory of drying - (a) representing the end of the constant rate
period, (b) the I* falling rate period, and (c) the 2" falling rate period (Erhard et al., 2021,

p. 6 after Scherer, 1990, pp. 6-8).

Drying processes in solids saturated with liquids start with the first stage of drying, the constant
rate period CRP, where the evaporation rate is independent of time, and the surface is covered
with a film of liquid. Capillary tension prevents exposure to the solid phase, and the solid
undergoes shrinkage. The shrinkage of the suspension volume is proportional to the rate of

evaporation. The end of CRP is reached as soon as the radius of the liquid meniscus equals the
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pore radius within the network stiffened by shrinkage (Figure 2.13a). As soon as shrinkage is
completed, further evaporation drives the meniscus into the body. Within the first falling rate
period FRP1 (Figure 2.13b), the liquid recedes, and the pores become partially filled with air.
The evaporation rate decreases, and the surface temperature increases to a value above wet bulb
temperature but below ambient temperature since most evaporation happens at the exterior
surface. The flux of the liquid to the surface reduces continuously. As soon as the liquid is
removed predominantly by evaporation inside the body and diffusion of its vapour, the second
falling rate period FRP2 (Figure 2.13c) begins. The sensitivity to external conditions decreases
since the temperature of the surface approaches the ambient temperature. Even though the total
stress on the network decreases, differential strain develops due to dissimilar compression in
saturated and surface-near regions that can lead to warping. (Scherer, 1990, pp. 4-8, Rahaman,
2003, pp. 281-289)

Figure 2.14 illustrates the trends of surface temperature, water content, and drying rate on

initially saturated samples at air temperature (Janetti, Janssen, 2020, p. 4).

.surface temperature

volumetric water content time

_drying rate e

t1 to time

Figure 2.14: lllustration of the course of the average surface temperature, the volumetric
water content and the drying rate. (Janetti, Janssen, 2020, p. 4).

Drying Defects Cracking is the most common drying defect in ceramics. Cracks can arise in
connection with stresses resulting from excessive or differential shrinkage, typically at high
drying rates or in thick bodies (Brosnan, Robinson, 2003, pp. 137-138). Reducing the
probability of fracture may be accomplished by decreasing the capillary pressure, which is
considered responsible for creating critical flaws. Conceivable options for reducing capillary
pressure are decreasing the surface tension of the liquid, the cosine of its contact angle, or

increasing the pore size and permeability (see equation (2.5)). (Scherer, 1990, pp. 10-12) Figure
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2.15 illustrates a suspension’s network strength and drying stress evolving in parallel during
drying. Cracks develop in case a stress curve exceeds the network’s strength curve. Murray
(2009) proposes either a reduction of only the magnitude of stress (compression of the stress
curve leading to lower maximum stress) or also a postponement of its development (an increase
of the “open time”) to avoid cracking. Multiple options to avoid differential stress include
modifying the formulation of the components, e.g. using larger particles, volatile plasticisers or

humectants, drying slowly, or applying thinner layers. (Murray, 2009, pp. 43—49)
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Figure 2.15: Stress development during drying (after Murray, 2009, pp. 38-39).
Hu et al. (1988) investigated the mechanics of cracking on thin films and and described the

critical cracking thickness CCT as a function of the fracture resistance of a film material K,

and the biaxial stress o (Hu et al., 1988):

K.
CCT = (1_40) 2.9)

The critical layer thickness is thus suggested to be only dependent on stress evolving from
capillary pressure and fracture resistance. The CCT was found to be independent of the drying
rate but dependent on variations in film properties that affect either K. or 0. CCT was found to
be proportional to the polyvinyl alcohol (PVA) binder content that increases the fracture
resistance of a film. (Chiu et al., 1993, p. 2263)

Excessive drying only from one surface of a drying product can also lead to warping. Within
the early drying stage, capillary tension may develop on the drying surface, and liquid is drawn
from the other surfaces to balance the hydrostatic pressure. If drying products exhibit a low
permeability, this tension can lead to varying compressive forces on the solid and an upwards
warping behaviour (Figure 2.16a). Warping in the reverse direction may occur at a later stage
of drying. If the pores next to the surface are filled with air already, and the lower portion is
still saturated with water, the lower network containing the liquid may be subject to

compressive forces (Figure 2.16b). (Scherer, 1990, p. 7)



28 State of the Art

PAAAAAEA o

; - Air-filled pores
E ti
vaporation from upper surface Saturated pores

(@) (b)

Figure 2.16: Demonstration of the reverse directions of warping in (a) early stages of drying
and (b) later stages of drying (after Scherer, 1990, p. 7).

Drying shrinkage Shrinkage due to evaporation of a deposited thin slurry film’s solvent must
be accounted for to achieve the desired dimensional and shape accuracy of a green body. Hence,
in contrast to powder-based 3D printing, the actual thickness of each layer is not automatically

consistent with the layer heights preset in the machine parameters.

The thickness of the nth layer T;(n) can be calculated as follows:

T,(n) = H(1 — SR™) (2.10)

Where H is the preset thickness of a layer and SR is the shrinkage ratio that depends on the
volume content of the solvent in the slurry. The actual layer thickness is thus successively
approaching the preset value. (Tian et al., 2012, pp. 364-366) Therefore, the higher the
shrinkage ratio, the more base layers are needed to reach the preset layer thickness by low

tolerance.

Binder infiltration

A binder used in slurry-based 3D printing is required to fulfil the following fundamental tasks
(Grau, 1998, p. 137):

Sufficient infiltration into a fine-grained powder bed

Insolubility in the redispersion solvent to allow for part retrieval

Sufficient strength

Processability on inkjet printheads

Regarding binder absorption, the process of droplet penetration in rigid powder beds differs
from that in loose powder beds. In powder-based 3D printing, the rapid deceleration at the
impact of the droplet and its commingling with the powder happens simultaneously.
Conversely, in slurry-based 3D printing, different size ratios between drop and particle exist.
Here, droplets first hit the surface of a rigid powder bed and then penetrate it. Thus, compared

to powder-based 3D printing, printed lines in slurry-based 3D printing tend to be rather flat but
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wide. (Knezevic, 1998, p. 17) Since a rigid powder bed is tolerant to the ballistic impact of
droplets, no deformation of the powder surface is expected. Moreover, the permeability and
infiltration kinetics of cohesive powder beds strongly differ due to the proportionality of the
infiltration kinetics to the pore size and the inverse proportionality of the permeability to the
square of the pore size (Knezevic, 1998, p. 17, Grau, 1998, p. 146). Grau (1998) found the
regions printed with an acrylic polymer emulsion to impact the kinetics of layer casting by a
lowered void fraction, permeability, and contact angle. This effect led to bumps at the interface
between printed and unprinted regions. Therefore, the ratio of the cosines of contact angles of
unprinted and printed regions cos(@unprmted) /€0S(Oprintea) Was suggested to match to enable
similar casting rates. Changing the slurry solvent from water to a water/isopropyl alcohol blend
(since water/isopropyl alcohol shows an improved wetting on the acrylic polymer emulsion
used), or modifying the volume fraction of binder were suggested to prevent differential casting
rates. (Grau, 1998, pp. 181-185) For detailed contiguities on binder characteristics and
processing, the author refers to Moon et al. ‘s extensive study on important characteristics of

inkjet binders for use in slurry-based 3D printing (Moon et al., 2002).

Wash-Out
Unlike in powder-based AM, green bodies produced by slurry-based AM cannot be easily

removed from a loose powder bed. The powder compact surrounding the individual parts must
rather be dissolved in a solvent that is water in the case of water-based slurries. (Miihler et al.,
2015b, p. 22) The redispersion of the powder compact is mainly controlled by the number of
particle-particle contacts and each contact’s strength. While the number of contacts depends on
the particle sizes and the packing density, the strength can be influenced significantly by slurry
additives. For example, polyethene glycol is believed to improve redispersion by forming
soluble bridges between particles. (Grau, 1998, p. 15) Moon et al. studied the redispersion
behaviour of different slurry compositions and demonstrated the challenge of enabling a
spontaneous redispersion of powder compacts and, thus, a damage-free part retrieval. In
particular, polymeric components in the slurry and a high packing density of the powder
compact were found to strengthen particle-particle bonds and, thus, impede redispersion.
(Moon et al., 2000)

Since the dissolution of the powder compact is preceded by its swelling, inhomogeneous
volume expansion may occur. Moreover, the manufactured part may act as a diffusion barrier
for the solvent, making the wash-out process even more critical in slurry-based AM. (Miihler
et al.,, 2015a, p. 115, Miihler et al., 2015b, p. 22) When using slurry-based binder jetting

technology, the wash-out medium must not dissolve or weaken the binder. Furthermore, the
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printed part must exhibit sufficient strength to resist the wash-out process successfully. (Grau,
1998, p. 137)

Spray rinsing is suggested to support material removal: no or a mild spraying intensity may be
used to achieve a smoothening effect by leaving material on the surface. More intense spraying

allows for removing all residuals from the manufactured body (Miihler et al., 2015b, p. 22).

To realise the full potential of slurry-based binder jetting, easy removal of undercut material
(particularly from long and thin channels to produce hollow and filigree casting cores for
cooling channels) is desirable, as well as the reuse of the redispersed particles to enable an

integral material cycle.

Sintering

Sintering is the process of densifying a green body using the macroscopic driving force of the
reduction in surface energy during heating. The part density achievable by sintering a green
part and its shrinkage mainly depend on the green body’s density, the material system and the
sintering curve. (Du et al., 2020, p. 11, Zocca et al., 2017, pp. 144—-146) Since, compared to
powder-based binder jetting, slurry-based 3D printing uses relatively small-sized particles and
enables an increased packing density, greater surface-to-volume ratios and green part densities,
the technology generally allows for enhanced sintering when using the same temperature
profile. Common procedures to enhance sinterability in slurry-based 3D printing may include
adding a second material system to decrease the sintering temperature and realise liquid phase
sintering. (Bourell et al., 2020, pp. 123—124, Vogt et al., 2021b, pp. 33-35) Generally, a high
green density of > 50% is required for achieving a high sintered density: the higher the green
density, the lower the density change (shrinkage) during sintering to a defined sintered density.
Sintering can also lead to shape distortion due to gravity effects, temperature gradients, or
liquid-phase formation (Du et al., 2020, p. 11). For a comprehensive overview of the theories

and principles of sintering, the author refers to Rahaman (Rahaman, 2007).

2.3.3 Layer Forming Methods

The layer forming method defines the roughness of each layer of slurry (Cima et al., 2001, p.
219) and directly influences the technically feasible process parameters. Various layer-forming
methods for slurry-based 3D printing have been investigated from the technology’s outset
(Caradonna, 1997, pp. 30-33):
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- Slurry jetting
- Spray deposition
- Tape casting

Slurry jetting uses small inkjet nozzles to give precise control of the slurry to be deposited.
However, the drawbacks were found to be reliability issues due to clogged nozzles and
relatively poor surfaces. Spray deposition uses atomizing nozzles that can be rastered across
the building plate to create the layer. Only comparatively simple hardware is necessary to
realise spray deposition. The difficulty within this method is a low control of the flow rate and,
thus, of the resulting layer thickness. The tape casting approach, sometimes also referred to as
layer-wise slurry deposition, uses a doctor blade to spread a pool of slurry. (Caradonna, 1997,
pp. 30-33) Most recent publications adopt the tape casting approach (e.g. Tian et al., 2012,
Miihler et al., 2015a). Yen (2015) designed a novel coat hanger geometry based on tape casting
and slot-die casting, including a slurry-feeding mechanism that enables a reliable and uniform
distribution (Yen, 2015). Vogt et al. (2021a) recently announced pursuing a nozzle-based
strategy (Vogt et al., 2021a, pp. 42-43).

2.3.4 Materials and Applications of Slurry-Based Additive Manufacturing

A series of fundamental and extensive studies on slurry-based 3D printing was conducted at the
Massachusetts Institute of Technology (MIT) in Cambridge, USA, in the late 90s and early
2000s. Cima et al. (2001) report the successful production of components without foreseeable
material limitations. Alumina, titania, silica, silicon nitride, and WC-Co have been investigated
(Cima et al., 2001, p. 222). Moreover, a research team around the Clausthal University of
Technology and BAM Federal Institute for Materials Research and Testing in Berlin, Germany,
investigates slurry-based additive manufacturing of ceramics since the late 2000s. Table 2.2
gives an overview of materials previously processed by slurry-based AM methods without

claiming to be exhaustive.
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Table 2.2: Overview of studies on slurry-based additive manufacturing.

Particulate

Layer thickness

AM method . Solvent . References
material in yum
) Polyvinyl
N/A SiO2 10-80 ym (Yen, 2015)
alcohol
Laser sintering Al203-SiO2 Water 100 ym (Ganhler et al., 2006)
. . , (Tian et al., 2009, Tian et al.,
Laser sintering Porcelain Water 100-200 um .
2012, Muhler et al., 2015a)
Binder jetting Al2O3 Water 20-50 ym (Grau, 1998)
, o Isopropyl o
Binder jetting WC-Co 35 um (Oliveira, 2002)
alcohol
Binder jetting Al2O3 Water 50 ym (Zocca et al., 2017)
Binder jetting Porcelain Water N/A (Lima et al., 2018)
: " . . (Zocca et al., 2019, Diener et
Binder jetting SiC/ SiSiC Water 100 pm

al., 2022, Diener et al., 2023)

2.3.5 Potential for Application in Casting Technology

Due to the relatively low costs, binder jetted sand moulds and cores are already part of large

series production of cast parts in engine production (Giinther et al., 2021, p. 6). However, the

application of complex cores is limited to certain applications by reason of inadequate

properties like a high volume of porosity and shrinkage and low strength (Huang et al., 2019,

p. 1).

Two relevant use cases of high-strength ceramic casting cores are presented shortly:

- The insertion of sintered, highly temperature-stable ceramic cores into ceramic shells in

investment casting is state-of-the-art in producing near-net shape turbine blades.

Complex interior cooling geometries are particularly needed for superalloy airfoils in

gas turbine engines. In investment casting, shells are produced by repetitively coating a

wax pattern with a refractory ceramic slurry, stuccoing, and drying the respective layer.

(Kanyo et al., 2020, pp. 1-2) Multiple steps are involved in manufacturing the patterns

and, subsequently, the moulds and cores: e.g. two sets of injection moulding tooling

may be required — the first to fabricate the ceramic core, the second to mould a wax

pattern around the core. (Bae, Halloran, 2011, pp. 1-2) A single, patternless process

directly producing an integrally cored ceramic mould not only allows for reduced
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tooling costs, less material waste, and shorter lead times. It also enables advanced
dimensional accuracy and structural control. (Kanyo et al., 2020, p. 16)
Stereolithography (SLA) technology has accomplished AM of complex investment
casting cores and integrally cored metal casting moulds (Halloran, 2016, pp. 20-22).
Since lead times can be improved by 89 % and production costs by 60 % compared to
investment casting involving hard tooling, AM of burn-out patterns is also used in
investment casting (Wang et al., 2019b, p. 648). The removal of the ceramic cores in
hollow turbine blade manufacturing is commonly accomplished by leaching (Zhu et al.,

2019, pp. 1-2).

- Lost cores in high-pressure die casting (HPDC) must withstand high injection velocities
and pressures. Thus, advanced high-strength casting cores are needed in HPDC. Despite
their high strength, cores still need to be mechanically removable after casting, e.g. by
water jetting. An EU research project developed the production process of a ceramic
water jacket core of a closed-deck aluminium engine block by dry pressing and sintering
(Lopez de Sabando, 2019). Two crucial challenges have been faced: first, the porosity
required in core removal allowed for penetration of aluminum melt. Second, there were
strength issues. A subsequent coating and infiltration addressed those (Merchan et al.,
2019). Overall, the cycle time of de-coring was not feasible for mass production, mostly

due to the complexity of the core.

These studies reveal the conflict between a casting core’s strength and its removability on the
one hand and the demand for an economical process for manufacturing complex high-strength
casting cores on the other. Compared to SLA, slurry-based binder jetting is an interesting
alternative for manufacturing integrally cored moulds in investment casting, particularly in
terms of economic efficiency (reduced material costs, increased build-up rates, increased build
volumes, reduced sintering times). Slurry-based binder jetting shows higher cycle times than
the powder-based alternative due to the additional process step of drying the slurry solvent.
Conventional advantages of scalability and flexibility in terms of material systems and high
complexity apply regardless. Besides high strength, improved surface qualities and thermal
resistance are required to realise filigree, self-supporting core structures for contour-close
cooling channels, e.g. in manufacturing electric motors. A potential application of slurry-based
binder jetted casting cores in all gravity and low-pressure casting technologies is considered

technically challenging but feasible.
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2.4 Research Gap

Due to the increasing interest in additive manufacturing technologies, powder-based binder
jetting and its material-dependent factors of influence on the process and the resulting part
characteristics have been extensively investigated and transferred to industrial application.
Comparatively, few studies address the slurry-based alternative whose process complexity is
expanded by the additional process step of drying. Even though the literature points out the
importance and characteristics of drying regarding the stress development in ceramic films, no

previous studies on layer-wise drying are known to the author.

The effect of the drying conditions on the part quality in slurry-based 3D printing is not yet
revealed in the literature. However, they strongly affect not only the material properties but also
the process performance. Among the AM methods, preference for the binder jetting process is
frequently given if a high cost pressure calls for economic efficiency. To be able to respond to
this demand which is of particular importance in casting technologies also, drying needs to be
studied with respect to the effects on part quality on the one hand side and process performance
on the other side which is — compared to conventional powder-based 3D printing — heavily

influenced by the additional process step of moisture removal.

To allow for the potential integration of slurry-based 3D printing in the process chain of casting,
the technology’s crucial influencing factors need to be determined with respect to the
requirements of casting cores. Finally, so far, it is not known that slurry-based 3D printing has
been utilised for producing high-strength casting cores before. The potentials and challenges
specifically associated with the process chain integrating this technology in the conventional

casting process are thus to be revealed.
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Although the latest state of science and technology reveals rising interest in an improved
understanding of materials and processes in binder jetting technology, few studies on slurry-
based binder jetting have been conducted. Since the little literature on slurry-based 3D printing
focuses on processing various materials rather than studying the influences of the process
parameters, 3D printing itself still raises decisive unresolved issues. Notably, no prior study is
known to tailor the process to fit the demands of casting applications. The central task of the
present work is to elaborate fundamental knowledge on processing an environmentally friendly
water-based ceramic slurry in binder jetting in view of the potential application in indirect metal
AM. The extended process chain to be investigated thus involves the 3D printing process itself,
the post-processing steps of curing, wash-out and sintering, and the casting and de-coring

process.

Figure 3.1 gives an overview of the overall approach and structure of the present work. The
first objective is to elaborate the procedures of stable processing of a defined ceramic slurry
material system in a 3D printing test setup. Those allow for reliable process control and
homogeneous powder bed formation, a key prerequisite for profound process-specific
investigations. For this purpose, both CFD simulation and experimental work are utilised,
enabling a stable process control, a suitable hardware and software configuration of the test
setup, and, thus, the fabrication of constant quality prints. Secondly, understanding the sub-
process of layer-wise drying is considered decisive for controlling slurry-based binder jetted
casting cores’ properties. The drying conditions each individual layer cast from a ceramic
suspension is subjected to are crucial to enable a defect-free layer buildup. The resulting
microstructure, powder packing density, strength, dimensional accuracy, surface quality, and
the economic viability of the overall process are regarded as dependent on drying. In contrast,
the binder system’s function is of minor interest, as its task is mapping the contour instead of
providing the final strength. Hence, a tailored process management is to be elaborated

specifically with regard to drying.

The overall aim of this work is a scientific contribution to the process development of slurry-
based 3D printing with a strong focus on generating knowledge utilisable for transfer to
industry. It is thus of particular importance to consider the central product and process demands
relevant for potential implementation in the foundry sector. Against the background of state of

the art in 3D printing and drying technology, the following central research hypotheses to be
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confirmed within this study assume a contradiction between economic efficiency and beneficial

material properties:
- Excessive drying provokes the formation of major flaws and thus reduces strength. !

- High drying periods lead to improved compaction and thus result in increased density

and strength.

- Low layer thicknesses enable improved compaction and thus result in increased density

and strength.
- High residual moisture contents lead to lateral binder migration.

From an economic perspective, the energy required for drying each layer is preferably input
rapidly at a sufficient radiation power. Drying slowly, conversely, is known to prevent typical
drying-related defects. High strength and density are considered advantageous material
properties for casting cores since those encourage flexibility in design. Furthermore, the
absence of major defects indicated by strength is conducive to process reliability. Binder
migration is to be avoided in order to allow for dimensional accuracy. While applying lower
layer thicknesses enables high surface qualities and filigree designs, it implies a higher number

of layers to be deposited subsequently and, thus, higher processing efforts.

Correlations between crucial process parameters indirectly determining the technology’s
economical viability and important quality-related material properties shall be drawn up in this
work. The variety of casting processes and the diversity of casting products involve specific
requirements. A quantification thereof is essential to allow for an evaluation of individual target
attainability in spite of the assumed conflict of ambivalence between profitability and part

quality.

Moreover, all requirements within the expanded process chain must be elaborated carefully.
However, the process steps of sintering and casting are considered state of the art and thus only

provide the prerequisites for the overall process consistency. Finally, the applicability of the

! Drying is considered to be excessive from the total energy input per layer configured to such an amount that
drying-related material defects arise. Excessive drying can be induced by either exposing the layers to too high
stages of radiated power and thus realising rapid drying or by exceeding the drying duration above a tolerable
period. Since both a newly developed material system and 3D printing test setup are subject to the present

investigation, those limits are to be specified.



Objectives and Approach 37

slurry-based 3D printing process to achieve high-strength casting cores is to be demonstrated

along the process chain of indirect metal AM.

The structure of this work follows the framework of scientific questions as outlined above and

illustrated in Figure 3.1.

Chapter 4.1 describes the materials initially customised to the requirements of slurry-based 3D
printing of casting cores. To allow for a comprehensive process understanding, investigations
are particularly drawn up aiming at ensuring a reliable process control by elaborating a suitable
hardware and process parameter configuration for homogeneous layer formation and allowing
for the control of the material properties by means of drying setup. Chapters 4.3, 4.4 and 4.5
specify the simulation and experimental methods. A CFD simulation model developed to
predict cast layers’ homogeneity and surface quality is introduced, as well as the lab scale
slurry-based 3D printing test setup (chapter 4.2). Appropriate, experimentally elaborated
process specifications and the factors affecting the drying conditions within the test setup are

presented along with the experimental design.

Chapter 5.1 provides the results of the validation of the simulation model and its application in
the advancement of the coater geometry used in the test setup. Moreover, chapter 5.2 outlines
the results of the experiments on the control of material properties via drying configuration and
discusses those against the background of already published knowledge. A fundamental process
understanding is derived from these results (chapter 5.3), facilitating control of the final part
properties by specifically controlling the drying conditions within the binder jetting process
while explicitly considering the reciprocal influence on the production process efficiency

mandatory for a future technology scale-up.

Finally, the knowledge gained is applied in an overall process demonstration in chapter 6. A
collapsible core structure tailored to aluminium gravity casting of a contour-close cooling
application is designed and realised. As a second use case, the applicability of slurry-based 3D
printed digital codes for part tracking purposes is suggested. Finally, the potentials and
challenges of implementing slurry-based 3D printing in the conventional processes of metal

casting, as unveiled in this work, are summarised.
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4 Materials and Methods

This chapter describes the materials utilised for investigations on the slurry-based 3D printing
process in general and the layer-wise drying process in particular. The lab-scale slurry-based
3D printing setup, its configuration, the parameters involved in the basic 3D printing sequence,
and the simulation model for slurry-casting are introduced. Moreover, the methods of

fabrication and analysis of specimens are depicted, as well as the overarching process chain.
4.1 Materials

The consolidated powder bed, referred to as powder compact, is formed from an aqueous silica
slurry. A thermoset resin insoluble in water after curing is used as a binder. Both are specified

in the following.

4.1.1 Slurry

Quartz was selected as the raw material powder due to its benefits in regard to costs and
availability. Quartz powder is the standard moulding material in light metal and iron sand
casting. Slurry development and characterisation were carried out at Fraunhofer ISC/ Center
HTL. In contrast to the coarse-grained sand used in standard processes, a fine quartz flour
(Sikron SF600, Quarzwerke GmbH, Germany, dso value 3 um, dos value 10 um) is appropriated
herein. 44 vol.- % of quartz flour is suspended in ~ 55 vol.- % of deionised water with the
addition of ~ 1 vol.- % organics, resulting in a suspension with a density of 1.725 g/cm?. The
organics are composed of polysaccharides as the viscosity modulating agent, a dispersing agent,
a defoamer, and a preservative. The slurry is prepared on a roller for 12 h with the help of
12 mm alumina beads. For 7 days, no considerable sedimentation is noticeable. (Vogt et al., pp.
124—-127) Nevertheless, the slurry is stored on a roller for at least 24 h prior to processing to

avoid segregation. Figure 4.1 depicts the rheological characteristics of the slurry.
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Figure 4.1: Rheological properties of the quartz slurry at T = 20 °C determined by a
rotational rheometer (MCR301, Anton Paar GmbH, Germany), (a) dynamic viscosity and (b)
shear stress in dependence on the strain rate.

4.1.2 Binder System

The binder systems’ main function in slurry-based 3D printing is defining the shape of the part
to be fabricated. Hence, the binder needs to ensure bonding between the fine particles of the
powder compact. However, the strength of the bond is of minor importance since the
consolidation during sintering defines the part strength. Still, sufficient green body strength is

required to ensure secure handling during wash-out.

In brief, the following requirements have to be met for application in the slurry-based 3D

printing process presented herein:
- Appropriate rheological properties for reliable processing in inkjet printheads
- High selectivity, even when exposed to residual moisture in the powder compact
- Sufficient bonding of particles to allow for appropriate handling strength
- Insolubility in water after curing

The binder system selected for this study conforms to all those prerequisites. It consists of a
solid phenolic novolak resin dissolved in isopropyl alcohol (IPA) and the curing agent
Hexamethylenetetramine (Hexa) described in a patent description of Hiittenes-Albertus
Chemische-Werke GmbH, Diisseldorf, Germany (Egeler et al., 2012). Phenolic resins are the
condensation products of phenol and formaldehyde. Novolak is a non-self-curing phenolic resin
that is soluble in solvents and storable. Adding Hexamethylenetetramine enables the transition

to the non-soluble end stage when applying heat or acids. (P6hlmann, 2006, pp. 14—16)
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Different resin-to-solvent ratios have been tested for their processability in an inkjet printhead.
Table 4.1 shows the fluid parameters for each alternative, determined by viscometer SV-10
(A&D Co., Ltd, Tokyo, Japan), and the optical contact angle goniometer and drop shape
analysis system OCA 25 (DataPhysics Instruments GmbH, Filderstadt, Germany). All those
three compositions fit the area of reliable inkjet fluids stated in fluid theory on inkjet technology
(Figure 4.2).

Table 4.1: Fluid parameters of different resin-to-solvent ratios (mean values over five
measured values).

Weight proportions of resin to IPA

Fluid parameter 1:4 1:6 1:8
Dynamic viscosity in mPa s 94 5.6 4.4
Surface tension in N/m? 245 22.9 21.2
Contact angle in ° 29.8 25.5 24.0

Due to the fast volatilisation of the solvent, the reliability of the printhead SL 128-AA (Fujifilm
Dimatix, Inc., Santa Clara, USA) was found to decrease with increasing resin contents. The
weight ratio of resin to IPA is thus set to 1:8. It allows for a purge-free operation time of

~ 40 min compared to ~ 15 min for the 1:6 alternative and ~ 30 s for the 1:4 mixture.
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Figure 4.2: (a) The domain for reliable inkjet fluids based on the Weber and Reynolds
numbers (after Lohse, 2022, p. 354), and (b) assignment of the binder compositions and
visualisation of the directional effects of the contributing factors.

Using fluids of higher resin content is conceivable when utilising the purge function every few
layers. The resin proportion of the ink actually provides the binding effect, while the solvent

IPA is a non-functional component that, however, also needs to be ejected by the printhead.
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High resin loads are economically desirable in industrial processes on account of the printhead
and binder effectivity. Since a purge function was found compulsory for printhead reliability in
print jobs exceeding 50 layers (e.g. to realise the complex geometries presented in chapter 6),
the test setup was upgraded by a printhead cleaning unit subsequently to the performed
parameter study on drying conditions. However, to provide consistency, the 1:8 resin is used in

all experiments performed in the context of this work.

4.2 Slurry-based 3D Printing Test Setup

In the following section, the 3D printing test setup is introduced as well as the process sequence

implemented to allow for reliable process control.

4.2.1 Hardware Implementation

The experimental test setup (Figure 4.3) comprises three moveable axes driven by stepper
motors: the x-axis for the coating module; the y-axis, which is mounted on the same base as the
coating module and enables slight shifts of the printhead from layer to layer to avoid cumulating
printing defects; and the z-axis for lifting and lowering the build platform. The printhead SL
128-AA (Fujifilm Dimatix, Inc., Santa Clara, USA) is mounted at an angle of 16° to the coating
direction, resulting in a fixed print resolution of 140 um in the y-direction. The test setup is
controlled via a programmable logic controller (PLC) based on SIMATIC S7 (Siemens AG,
Munich, Germany), accessible by a standard PC via ethernet. The control program on the PC

allows a specification of the process steps using a high-level definition language.

The coating module includes the coating head with an inner structure responsible for slurry
distribution along the coating width and the pneumatically operated slurry feeding system
(Figure 4.4a). A coater cleaning unit consisting of a continuously rotating roller immersed in
water is positioned so that the coater rests on the cleaning unit while drying each layer. Thereby,

slurry residues are prevented from drying in and clogging the coater.

An IR emitter (IRD X230L, Optron GmbH, Garbsen, Germany) is mounted in a fixed position
on the coating module, ensuring homogeneous heating of the sample during drying (Figure
4.4b). A suitable position of the IR heater was determined by examining the temperature
homogeneity within the building area with a PI400i thermal imaging camera (Optris GmbH,
Berlin, Germany): the distance between the respective layer and the filament of the IR lamp

was set to 65 mm.
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Figure 4.3: Slurry-based 3D printing setup.

Coating h

A pyrometer (CT-SF22, Micro-Epsilon Messtechnik GmbH & Co. KG, Ortenburg, Germany)
i1s mounted above the build platform and records the radiant energy of a freshly applied ceramic
layer during drying. The IR radiator’s infrared radiation superimposes the layer’s radiation. In
addition, the emission coefficient of the layer changes over time due to moisture loss. Therefore,
the temperature values displayed by the pyrometer are treated as digital values representing a
specific drying state only. A type K thermocouple is ducted through a hole drilled through the
substrate and connected to a universal measuring amplifier (QuantumX MX840B, Hottinger
Briiel & Kjaer GmbH, Darmstadt, Germany) to monitor the actual temperature in the lowest

layer.

The printhead is operated with 1.96 mbar negative pressure on the binder tank to avoid
unwanted leakage from the open nozzles and to allow for defined droplet formation by piezo-
electric actuation (Figure 4.4c). As mentioned above, the test setup was upgraded by a printhead
cleaning station subsequently to the parameter study to enable the fabrication of larger parts.
Layer-wise printhead cleaning is accomplished by applying 0.45 bar pressure on the printhead

tank above a purge basin and wiping off binder residuals using a coiled non-woven material.
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Figure 4.4: Schemes of the test setup’s sub-systems: (a) coating head feeding and cleaning
system, (b) drying arrangement, (c) printhead feeding and cleaning system.

4.2.2 Process Sequence

The investigated process for the fabrication of ceramic layer compounds is shown in Figure 4.5.

It follows the sequence:

(a) The gap between the coater and the build platform is set to the predefined layer
height. A coater applies slurry to the build platform. The slurry’s delivery rate
corresponds to the coating speed and the layer height. It is thus fed according to
demand only with a small surplus of material.

(b) An IR radiator is centred above the build platform, heating the layer for a defined
period of time to remove moisture from the freshly applied layer.

(c) The build platform is lowered.

(d) The printhead selectively applies the binder onto the powder compact whilst

returning to the starting position.
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Figure 4.5: Slurry-based 3D printing sequence realised in the test setup: (a) layer casting, (b)
drying, (c) lowering of the build platform, (d) printing.

In detail, the process implementation in the test setup comprises the following essential
consecutive steps, which are implemented in the software to control the actuators of the slurry-

based 3D printing test setup:
1. The printhead moves to a starting position in the y-direction (y-axis movement).

2. The coater moves to a starting position in the x-direction which is one end of the build

platform (x-axis movement).
3. The layer height is adjusted to the prescribed value (z-axis movement): 50 pm or 75 um.
4. Slurry material is supplied motionless during the pre-load time (slurry feed).
5. Slurry material is spread along the build platform (x-axis movement, slurry feed).

6. The coater is cleaned by swaying it back and forth above a rotating coater cleaning roller

(x-axis movement).
7. The layer is dried for a prescribed drying period (IR-heater): 15 s,35s,55s, or 75 s.
8. The slice data for the respective layer are loaded.

9. The printhead is shifted by a prescribed distance in accordance with modified sliced
data to avoid the accumulation of nozzle defects throughout the total part/ specimen

height (y-axis movement).

10. The build platform is lowered by 1 mm (z-axis movement).
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11. The printhead is purged, and the nozzle plate is cleaned from binder residuals to enable

good printing image qualities.

12. The printhead moves back to the starting position together with the coater. The binder

is selectively applied onto the dried layer (x-axis movement).

Those steps are repeated until the print reaches its prescribed full height. The drying intensity,
or radiated power, is set to a prescribed power adjustment voltage of 3.8 V, 42V, or 4.6 V

(chapter 4.4.3) prior to starting the print job using a hardware control dial.

4.3 Process Specifications

An overview of the process chain investigated herein is given in Figure 4.6. The slurry-based
binder jetting process step plays a key role within this elaboration and is most intensively
studied in the experimentation. However, the post-processing steps of curing, wash-out, and
sintering are to be adapted to suit the material system and integrated into the experimental
studies to allow for a consistent characterisation of the specimens’ properties. The application
of ceramic cores in casting technology involves the process steps of mould assembly, casting,
and de-coring. Those are demonstrated subsequently in a proof-of-principle trial (chapter 6)
using the 3D printing parameters elaborated hereinafter (chapter 5). This chapter focuses on the
process specifications enabling reliable process control. It states the process modules, their
characteristics, and the constants utilised for conducting experiments on the layer-wise drying
process. The crucial parameters or configurations used are marked in bold to facilitate fast

perception.

Binder Additives Metal melt Metal part

Binder .  Post- \\’ Mould Decoring &
- processing /> assembly >> Casting >> Finish >
Slurry
> Curing >> Wash-out >> Sintering >

jetting
Regeneration v

Disposal

Figure 4.6: Simplified schematic process chain of indirect metal AM using slurry-based 3D
printed cores and corresponding material flow.
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4.3.1 Slurry-Based Binder Jetting

The process sequence of slurry-based 3D printing realised in the test setup is described in
chapter 4.2 and illustrated in Figure 4.5. Sorption-capable calcium silicate boards
(MONALITE® MIT, Etex Building Performance GmbH, Ratingen, Germany) are used as
substrates for layer casting. The slurry container is filled with 250 ml of slurry, which is

sufficient for a build-up of 10 mm.

As typical for powder-based binder jetting also, starting layers are applied before printing the
first layer to allow for uniform and consistent conditions throughout the print job. In slurry-
based binder jetting, starting layers ensure not only the homogeneity of layers but also the
compensation of shrinkage due to solvent evaporation and, thus, the dimensional accuracy in
the building direction. The number of starting layers required for the desired shape is calculated
from (2.10). The maximum shrinkage ratio SR,,,, to be considered here equals the liquid
proportion of the slurry used (55 vol-%). The actual thickness of the 11" layer after drying
T;(11) is calculated to reach a minimum of 99.86 % of the preset value, which is 49.93 pm for
50 pm, and 74.90 um for 75 pm layers. From layer 11 on, the lower and upper layers already
show a comparable thickness. Ten base layers are thus considered sufficient concerning the
dimensional accuracy of specimens and kept constant throughout the experiments. Since the
slurry’s liquid phase drains into the subjacent porous layers straight after its outflow from the

coater, no horizontal shrinkage is apparent.

The slurry pressure is set to 0.95 bar. For technical reasons, a delay of slurry outflow occurs
during pressure build-up using pneumatic control elements. Hence, a constant pre-load time
of 800 ps is set, which is the minimum time needed to form a slurry front using the implemented
hardware as determined experimentally. The pre-load time avoids the so-called saw-tooth effect
occurring in case the coater is already moving before the gap height is covered by slurry through
the entire length of the coater. The slurry is supplied and fed through the coater prior to its

movement by applying the pre-load time.

Since the coating unit is guided on only one machine side shaft and carries not only the coater
but also the printhead, the printhead control unit, and, in particular, the IR heater as an overhung
load, oscillating forces can occur. The test setup was found to operate close to the resonant
frequency at low coater velocities, resulting in higher average roughness depths (e.g.
Rz >20 um for velocities <40 mm/s). Figure 4.7 visualises macroscopic observations at
different coating velocities under the same drying conditions. Periodic irregularities were
detected at velocities lower than 100 pm. A coating velocity of 100 mm/s was found to go well
with a layer thickness H of 50, or 100 um. By contrast, a fragmentary filling of the layer during

coating was found at a velocity of 120 mm/s. Thus, the coating velocity u is set to 100 mm/s.
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u =40 mm/s; u =80 mm/s; u =100 mm/s; u =100 mm/s; u =120 mm/s;

H =100 pm H =100 pm H =100 pm H =50 ym H =50 pm

Figure 4.7: Determination of a suitable coating velocity at identical drying conditions (target
layer temperature of 70°C). (a)-(b) Periodically visible impurities at low coating velocities
due to oscillating forces in the test setup, (c)-(d) no visible inhomogeneities at a coating
velocity of 100 mm/s; (e) incomplete layer at a velocity of 120 mm/s.

Since a high selectivity of the print was found during the production of specimens, the y-axis
and the image shift mechanism were installed for the production of higher specimens and parts
only, intending to achieve higher image qualities using the same printhead installation. Hence,

steps 1 and 9 of the process sequence specified in chapter 4.2.2 apply only to experiments

described in chapter 6.

Table 4.2 summarizes the process parameters kept constant throughout this work. The velocities
of the respective axes are also set constant during the process: The velocity of the x-axis is set
to 100 mm/s following the coating velocity for all further movements. The velocities of the y-
and z-axis are set to 1 mm/s. A printhead voltage of 75 V results in a stable droplet mass of
33 ng. For quality purposes, the average weight of a droplet is measured by weighing
128 x 50000 droplets prior to each print using the balance Practum 513-1S (Sartorius AG,
Gottingen, Germany). Moreover, the number of clogged nozzles is counted by passing a paper
strip under the printhead activated for a defined number of droplets (2000 per nozzle). The
printhead condition is rated sufficient if the measured droplet mass complies with a tolerance
of £10 % around the value of 33 ng and less than 10 of 128 nozzles do not perform as intended.
Since the printhead angle is fixed in the test setup, the printhead resolution in the y-direction
is 140 pm. However, the printing resolution in the x-direction can be adjusted in the software.
The binder content can be set by adjusting the printing resolution in the x-direction. The binder
system’s central function herein is the mapping of the contour. Therefore it must be primarily
ensured that the layers are properly bonded to sufficient handling strength and dimensional
accuracy. Since only a green part to be sintered is printed, the final mechanical properties of

the casting cores are adjusted in the sintering process.
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A binder-to-powder ratio of 11 wt.-% is set (assuming a bulk density of 1.4 g/cm? from Erhard
etal., 2021), resulting in a printhead resolution res, 5o of 20 pm for layer heights of S0 pm,
and res, 75 of 30 pm for layer heights of 75 pm. When substracting the volatile proportion
of the binder, a binder-to-powder ratio of 1.25 wt.-% remains. A green body thus contains a

total proportion of organics of <2 wt.-%.

Table 4.2: Overview of process parameters set constant.

Constant Value Unit
Number of base layers 10 -
Slurry pressure 0.95 bar
Pre-load time 800 us
Coating velocity 100 mm/s
Printhead voltage 75 V
Binder-to-powder ratio 11 wt.-%

4.3.2 Curing & Wash-Out

An appropriate curing temperature is to be found to ensure a strong cross-linking network in
the binder. The curing agent used is Hexamethylenetetramine, a reaction product of
formaldehyde and ammonia able to split off those substances in a reverse reaction. The degree
of cure describes the number of crosslinking points compared to its theoretical maximum
possible number. Since the curing process is time- and temperature-dependent, and crosslinking
may be superimposed by thermal decomposition, it isn’t easy to specify the degree of cure.
Hence, no characterisation method is available to directly determine the cross-linking point
arrangement. (P6hlmann, 2006, pp. 18-24) Consequently, the property of three-point bending
strength is experimentally determined at different curing temperatures to allow for an

application-specific evaluation of curing.

For this purpose, sand specimens of the dimensions 22.4 x 22.4 x 172 mm from a foundry-
specific standard (BDG-Richtlinie P72) are produced by compacting a sand-binder mixture in
a mould. Five specimens are generated for each curing temperature: 220 °C, 260 °C, and
300 °C. The standard foundry sand GS14 RP (Strobel Quarzsand GmbH, Freihung, Germany)
is used. The mass ratio of novolak resin to sand is set to 2 %. All specimens are cured for 1 h
in the muffle furnace LE14/11/R7 (Nabertherm GmbH, Lilienthal, Germany). Figure 4.8 shows
the specimens’ colour change towards dark brown, and the respective three-point bending
strength determined based on the appropriate foundry standard (BDG-Richtlinie P71) on Zwick
7020 universal testing machine (ZwickRoell GmbH & Co. KG, Ulm, Germany).
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Figure 4.8: Three-point bending specimens cured at different temperatures for 1 h.

The high dispersion of the bending strength values for the curing temperature of 220 °C
provides evidence that the cross-linking reaction is still ongoing at 220 °C after the curing time
of 1 h. At a curing temperature of 260 °C, the strength is set to double compared to 220 °C,
whereas the standard deviation is halved. Further, minor achievable strength and standard
deviation improvements are detected for a curing temperature of 300 °C. However, the dark
brown colour indicates conversion reactions that do not initiate further molecule growth.
According to P6hlmann, 300 °C is the onset temperature of thermal decomposition (P6hlmann,

2006, pp. 19-20). Hence, a curing temperature of 280 °C for 1 h is prescribed.

Whereas in powder-based 3D printing the unprinted regions can be easily cleared from loose
powder, powder beds fabricated by slurry-based 3D printing show relevant cohesive strengths.
Grau (1998) found the redispersion behaviour dependent on the number of particle-particle
contacts, which, in turn, varies inversely with the cube of the respective particle size. Thus, part
retrieval is a major challenge, and the redispersion behaviour of the powder bed and its sintering

characteristics must lead to an acceptable trade-off. (Grau, 1998, pp. 69-75)

The slurry composition’s small portions of organics (see chapter 4.1.1), e.g. polysaccharides,
inhibit the redispersion behaviour. Figure 4.9 compares the redispersion behaviour of powder
bed samples cured in the muffle furnace LE14/11/R7 (Nabertherm GmbH, Lilienthal,
Germany) for 1 h. The samples are put in a water bath and found to dissolve into smaller flakes
after treatments at higher curing temperatures. An influence of the organic slurry additives on

the redispersion behaviour is thus evidenced. However, all specimens form plate-like structures
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instead of being redispersed homogeneously. The need for a material-specific wash-out process
that accounts for anisotropies within the layer-wise built-up specimens is thus indicated. The
part retrieval process is considered particularly important regarding an overall economic
process, as well as to allow for the fabrication of complex, hollow casting core structures. Thus,
the wash-out during the drying process evaluation (chapter 5) is conducted by placing the
cured and cooled-off powder bed in a water bath, manually brushing off powder residuals
from the specimens, and drying the individual specimens from water at 50 °C for S h.

Further investigations of the wash-out of complex geometries are shown in chapter 6.1.2.
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Figure 4.9: Qualitative comparison of the redispersion behaviour of a powder compact in
water after thermal treatment. The degree of shattering is found to raise with increasing
curing temperatures.

4.3.3 Sintering

A sintering process tailored to the prescribed slurry system is developed at Fraunhofer ISC/
Center HTL. The raw materials used in this study comply with the material system QS6 (Figure
4.10). Further optimisation regarding processability in slurry-based 3D printing and shelf life

includes variations of the solid content and viscosity modulating agent content only.

Vogt et al. (2021b) analysed QS6 slip-cast specimens by thermooptical measurements and
sintering tests. While sintering at a temperature of 1200 °C for 5 h led to low bending strength
of approx. 4.5 MPa, a decisively improved strength was found when raising the sintering
temperature to 1300 °C. Further improvements in strength were proved feasible when adding
kaolin as a sintering aid. (Vogt et al., 2021b, pp. 33-35)

Studies on slurry additives, raw materials, and the sintering process exceed this study’s scope.
Inflation of approx. 0.7 % caused by cristobalite formation was measured for specimens from
slurry QS6 (Figure 4.10a) sintered at 1300 °C for 5 h instead of shrinkage. The target sintering
temperature is set to 1275°C, and the dwelling time to Sh to account for this

overmodulation.
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Figure 4.10: Results characterising the sintering behaviour of a similar slurry composition
0S6: (a) in-situ analysis of thermal treatment cycles with and without kaolin as a sintering
aid. (b) Three-point bending strength of specimens fabricated by slip-casting, sintered at
different temperatures and dwelling times (Vogt et al., 2021b, pp. 34-35).

Sintering is performed in the Top 60 furnace (Nabertherm GmbH, Lilienthal, Germany) on the
following course: Debindering is accomplished by heating up using a low heating rate of
60 °C/h until a temperature of 650 °C is reached. From 650 °C to 1275 °C, the temperature is
raised by 150 °C/h. After the dwelling period of 5 h, the furnace is cooled down at a cooling
rate of 150 °C/h as long as procurable without active cooling. Further investigations on the
sintering behaviour of slurry-based 3D printed specimens are shown in chapter 6.1. The
prescribed sintering course and the actually occurring temperature course are visualised in

Figure 6.12a.
4.4 Experimental Configuration

The central task of the present work is to elaborate a qualitative, deterministic process model
relating target product properties of ceramic casting cores to configurable process variables in
the layer-wise drying process. By identifying the respective cause-effect chains when
processing a water-based slurry system, a systematic understanding of the effect of different
input variables on critical quality attributes in the production process is to be gained. Moreover,
the collation of experiences on the process capability and performance aims at tailoring a slurry-

based 3D printing process to the requirements in the field of indirect metal AM.
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4.4.1 System Description

Figure 4.11 depicts the system description of the investigation described herein: the process
modules appear in the centre of the illustration with input values on the left and output values
on the right sides. The qualitative process model to be developed will describe relationships
between the process factors and their effects on process efficiency and the material properties,
as highlighted in bold.

Chapter 2.3.2 presents the fundamentals of drying theory that provide the basis for the
investigations on the layer-wise drying process in slurry-based 3D printing conducted herein.
By specifying the process variables pursuant to the research hypotheses presented in chapter 3,
the relationships known from drying theory concerning single layers are incorporated into this

study to confirm their validity in slurry-based 3D printing.

Cracks are formed by stress resulting from shrinkage. The magnitude, as well as the direction
of the effect of stress, vary with the drying conditions. Both absolute and differential shrinkage
is to be considered due to their interference with crack formation. The magnitude of stress is
known to increase in proportion to the thickness of a layer and the rate of evaporation, meaning
that stress development is reduced when applying thinner layers and drying slowly. Differential
strain forms due to dissimilar compression of saturated and surface-near regions and develop
either in an early or a late stage of drying in contradicting directions. Hence, varying the process
parameters of layer thickness, drying intensity, and drying period is considered appropriate to
study the quality-critical process step of drying. Since the capillary pressure affected by a
layer’s permeability is known to induce flaws, an interaction of those process variables must be

carefully observed.

Temperature measurements continuously monitor the binder jetting process. Figure 4.4b
displays the measuring points used for in-process monitoring. The thermocouple identifies the
absolute temperature evolution on the lower end of the building area. The pyrometer sensor
allows observation of the respective layer surface’s IR emissions. The author’s previous
contribution (Erhard et al., 2021) demonstrated process control via layer temperature. Herein,
pyrometer measurements are only utilised for in-process monitoring and quantification of the
duration of the individual sub-processes or machine movements, enabling reliable conclusions

on the cycle times.

Key characterisation methods involve the measurement of density, four-point bending strength
and elongation at break. The density is considered decisive for assessing the compaction. The
probability of the appearance of cracks or major flaws can be evaluated by analysing the four-

point bending strength. The observations are to be backed up by microscopic examinations. The
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emerging spill-over effect of binder migration dependent on the drying conditions is observed
by measuring the dimensional accuracy. Surface roughness measurements allow for a first

evaluation of the future application areas of slurry-based 3D printed cores in the casting

industry.
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Figure 4.11: System description.

4.4.2 Specimens’ Geometries

The shape of the test specimen A (Figure 4.12a) to be used is specified as a cuboid of
2.5x2x25mm in analogy to standard DIN EN 843-1, embodiment A. The standard
commonly applies to advanced technical ceramics and specifies methods for determining the
nominal bending strength of monolithic high-performance materials at room temperature.

Specimen type A is used to evaluate dimensional accuracy, density, four-point bending
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strength, surface roughness, and microstructure and is thus the key type of specimen within this
investigations. All measurements are conducted on the same set of specimens for each
experimental run. Hence, the determined properties can be easily allocated and compared with

each other in chapter 5.2.

Specimens B (Figure 4.12b, right) are cylinders with a diameter of 5 mm and a height of 10 mm.
Those are used for conducting thermooptical measurements and measuring the density using

the principle of Archimedes.

Specimens C (cylinders with a diameter of 11 mm and a height of 2 mm as illustrated in Figure
4.12b, left) allows for measuring the thermal conductivity and sintering activity. The

investigations on the sintering behaviour are described in chapter 6.1.3.
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Figure 4.12: Specimens used for the experiments in this work and their orientation in the
build volume. (a) Specimens A, (b) specimens B (right), and specimens C (left).

4.4.3 Experimental Design

A factorial experiment concept involves runs on all possible level combinations of the factors
used. A full factorial approach is conducted herein. Hence, the interaction between all factors

is included in the investigation. (Montgomery, 2009, pp. 4-7)

Three factors are being considered for the experiment that impact the drying conditions in
slurry-based 3D printing. Table 4.3 shows an overview of those together with the respective
levels, leading to a total number of 24 runs. To collect observations on the layer-wise drying
process to the fullest extent, the factors are studied at 2, 3, or 4 levels, depending on the range
of the process window. However, conventional full factorial designs suggest an identical
number of levels for each factor (Antony, 2014, p. 63). The process window has been
determined together with the factor’s responses in preliminary screening studies (e.g. Erhard et
al., 2021). It represents the limits of stable processing on the test setup utilised. The drying
intensity is indicated as the IR power adjustment voltage PAV corresponding to a specific
radiated power. The radiated power has been determined by the power meter HLP-200B (Jilin
Yongli Laser Technology Co., Ltd., Changchun, China).
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Table 4.3: Overview of process variables for investigating the layer-wise drying process.

Process variable Level 1 Level 2 Level 3 Level 4
Layer thickness 50 ym 75 uym - -
PAV 3.8V 42V 46V -
Radiated power 0.73 W/cm? 0.97 W/cm? 1.18 W/cm? -
Drying period 15s 35s 55s 75s

Each run is conducted under the same experimental conditions. In each run, 14 specimens are

printed: 7 for analysis in the green state and 7 for analysis in the sintered state (Figure 4.12a).

4.4.4 Material Characterisation Methods

Reliable material characterisation methods allow for a quantitative determination of material
properties and, thus, objective comparisons of technological properties. Those enable the
targeted development and optimisation of materials, processes, and products. In Chapter 2.2.5,
requirements on the properties of casting cores and standard characterisation methods are
specified. Flemming, Tilch (1993) sum up the basic requirements of moulding materials:
mechanical strength, thermal stability, dimensional accuracy, and surface quality. Hot
distortion is a typical fault that can arise when exposing filigree cores produced from sand-
binder mixtures to elevated temperatures and mechanical loads during casting. The process
investigated herein involves a sintering step and, thus, a sustained high-temperature operation.
During sintering at 1275 °C, no creep is observed. Even a long-term exposure to 1650 °C only
causes minor deformation, implying the possibility of application in steel casting. However, the
hot distortion of sintered ceramic casting cores is not relevant in aluminium casting applications

due to the low pouring temperatures (< 800 °C) and is not further analysed herein.

This work processes a material system not yet utilised in casting applications. Furthermore,
until now, no common standards exist in testing specimens fabricated by the slurry-based 3D
printing process. Hence, the specimens and the testing methods are adapted, taking into account
application-specific requirements and established standards on a cross-application basis. The

following section presents the characterisation procedures utilised within this work.

Dimensional Accuracy

The length of the green or sintered cuboids (specimens A) and the dimensions of specimens B

and C are measured using a standard calliper gauge (DIN EN ISO 13385-1, reading accuracy



Experimental Configuration 57

0.01 mm, tolerance 20 um). The cross-section is determined using a micrometre (DIN 863-1,

reading accuracy 0.01 mm, tolerance 2 um).

Density

The weight m is determined by a Secura 125-1S analytical balance (Sartorius AG, Gottingen,
Germany). It shows a linearity of 0.1 mg and a repeatability of 0.02 mg. The density p follows:

p= “.1)

The density of specimens A is determined directly by measuring the specimens’ weight and
their dimensions based on DIN EN ISO 18754, method B, after drying to constant mass
(uncertainty of measurement 1%). Specimens B are analysed for their particle density PD, open

porosity OP, and bulk density p using the principle of Archimedes:

mdry
PD =p
120 Mary — Mgioating (4'2)
m —m
OP = wet ary (4 3)
Myet — Myioating ’
p=PD-(1-0P) (4.4)

This method is recommended for highly reliable density determinations. Here, Spierings et al.

(2011) found a measurement accuracy and repeatability of =< 0.1%.

Four-Point Bending Strength

Inherent flaws rule the mechanical behaviour of ceramics. Since the size distribution of flaws
is decisive for failure, a considerable scatter is characteristic to occur in strength testing of
ceramics. Moreover, since the likelihood of the occurrence of a major flaw in a larger body is
higher, the strength of a ceramic part is always dependent on its absolute size. Due to stress
concentration in flaws, failure in ceramics occurs in tension rather than compression. Hence,
compressive fracture strength is typically 10-15 times higher than tensile fracture strength.
Though tensile testing is an uncommon procedure for ceramics due to their brittleness and
difficulties in the specimens’ preparation and the alignment in the testing machine relating
thereto. Instead, bending testing enables a cost-effective determination of tensile strength using

simple sample geometries. (Carter, Norton, 2016, pp. 304-313)

Three- and four-point bending setups using cuboid specimens are most commonly used to
determine uni-axial tension in ceramics. Since a comparatively low portion of the specimen is

exposed to the maximum stress in three-point testing, ASTM C1161-18 recommends four-point
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flexure testing for most material characterisation purposes. Though, three-point flexure testing
offers the advantage of the simplicity of test fixtures and application procedure (ASTM C1161-
18). The adequacy of uni-axial bending testing is discussed controversially in scientific
literature. Compared to bi-axial bending testing, where the load is applied on a disc-shaped
specimen supported by balls or rings, the effective surface area is smaller (Borger et al., 2002,
pp. 1425-1428), and there is a risk of measuring the edge effects modifiable during finishing
(With, Wagemans, 1989, p. 1538). However, numerous difficulties are associated with the
testing assemblies or the proper use of the analytical equations — uni-axial testing is the widely
performed standard in strength testing of ceramics (Morrell, 2007). Both three-point and four-
point testing have evolved into popular characterisation methods for additively manufactured
ceramics (Lakhdar et al., 2021, pp. 8-11). Lechner (2021) showed clearly differentiating
fracture probabilities: four-point bending testing leads to overall lower fracture stresses,
confirming that the comparatively larger volume subjected to stress is more likely to contain a

major flaw or critical stress concentration (Lechner, 2021, pp. 73-74).

Four-point bending test is preferred over a three-point bending test here since a larger portion
of the specimen is subjected to the bending moment applied — with regard to much higher
effective volumes in the industrial application of casting cores. The four-point bending strength
is determined based on the standard DIN EN 843-1 using the Inspekt table 100kN universal
testing machine (Hegewald & Peschke MeB- und Priiftechnik GmbH, Nossen, Germany) and a
5 kN load cell (accuracy class ISO 7500-1).

Surface Roughness

The surface roughness of the sintered cuboids (specimens A) is measured on the specimens’
lower surfaces parallel to the coating direction using the MarSurf M400 surface measuring
instrument (Mahr GmbH, Goéttingen, Germany) and the BFW A 10-45-2/90° probe arm.

Homogeneity and Defects
Micrographs are captured using a BX53M microscope (Olympus Europa SE & Co. KG,

Hamburg, Germany).

Sintering Behaviour

Specimens B are utilised in the green state for the in-situ analysis of the sintering behaviour.
Figure 4.13a shows the basic layout of a thermooptical measurements (TOM) device as
developed at Fraunhofer ISC/ Center HTL. The design variant TOMMI last is used, allowing

for the in-situ analysis of the relative width of specimens on a measurement uncertainty of
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0.4 um. Since the investigated process follows a layer-wise buildup strategy, the physical
characteristics of specimens differ, corresponding to the orientation on the build platform. In
order to analyse the anisotropic shrinkage behaviour, the specimens’ relative dilation is
investigated both parallel and orthogonal to the layer interfaces (Figure 4.13b) on identical

temperature courses using heat-up and cooling rates of 2 — 5 K/min and a dwell time of 1 h.

In addition, specimen C is used to determine the thermal diffusivity during heat-up to 1300 °C
using a TOM device. The measurement allows for parallel analysis of the debinding progress

and the onset of sintering.
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Figure 4.13: (a) Basic layout and measurement principle of a thermooptical measurement
(TOM) device (after Vogt et al., 2022), (b) Schematic representation of the direction-
dependent investigation of shrinkage using 3D printed cylindrical specimens.

4.4.5 Statistical Analysis

Comparisons are drawn for data assessed at different levels, and a statistical analysis is
conducted by applying the “Analysis of Variance” method, also known as ANOVA. More
precisely, a single-factor ANOVA for the fixed effects model is applied. In statistical inference,
ANOVA is a procedure utilised for testing the equality of treatment means. The single-factor
fixed effects model describes the response variable y;; as a linear function of the model

parameters:

i=12..
Vij = U+ T; +€ijL- =1,2,...n (4.5)

With the constant u, the treatment or level effects 7; and the random error ¢;;. (Montgomery,

2009, pp. 63-64)

The model errors are assumed to be normally distributed random variables with a mean zero
and a variance s? constant for all levels. Thus, for hypothesis testing, the observations are

presupposed to be mutually independent. (Montgomery, 2009, pp. 63—70)
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The P-value approach is adopted here, assessing the significance level of null hypothesis truth.
The P-value is the smallest level of significance, leading to a rejection of the null hypothesis.
In engineering sciences, a fixed significance level testing is frequently applied, rejecting the
null hypothesis to be tested at a specified level of typically 5 - 102 The P-value is the
probability of finding results at least as extreme as the observed value of the statistic when the
null hypothesis is true. Hence, it gives additional information on the weight of evidence against
the null hypothesis and enables an analysis of data without formally preselecting a level of
significance. (Montgomery, 2009, p. 38) The P-value allows for reasonable conclusions about
making a Type I error (a false positive finding) by rejecting the null hypothesis. A P-value of
5 - 1072, which still is the common standard criterion for significant findings, means that the
null hypothesis is falsely rejected in 5 % of the analyses. (Travers et al., 2017, pp. 210-211)
Schmidt, Osebold (2017) anticipate a specific quality of significance according to Table 4.4

that is used for the assessments within this study.

Table 4.4: P-values and the related significance levels (after Schmidt, Osebold, 2017, p. 154)

P-value Significance Level
P>5-107? Not significant
P<5-1072 Significant
P<1-1072 Very Significant
P<1-1073 Highly Significant

The P-value resulting from ANOVA is incorporated in the respective data visualisations

together with the number of specimens n each boxplot refers to.

4.5 Coating Simulation

This section introduces the CFD model and simulation setup developed for simulating the
slurry-based layer casting process with a significant contribution of Alexander Seidel’s master
thesis (appendix A2), supervised by the author. It has been published previously, together with
the results shown in chapter 5.1 in Erhard et al., 2022.

To the author’s knowledge, there is no published work by other researchers on numerical
simulation of the slurry-based 3D printing process, nor on the subprocess stage of slurry-based
layer casting. Thus, this elaboration builds upon recognitions from tape casting, which is the
manufacturing method with the maximum overlap with the subprocess investigated herein.

Tape casting is a wet forming technique where the ceramic slurry is spread over a surface using
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a doctor blade to form a thin layer (Jabbari et al., 2016, pp. 1-2). The resulting layer properties
in tape casting depend on similar parameters like a slurry’s rheological behaviour, layer height,
and coating velocity. In contrast, this work aims to develop a slurry device for selective instead

of continuous application of slurry, as proposed previously by Yen (2015).

4.5.1 System Description

The CFD model based on the open-source environment OpenFOAM developed by OpenCFD
Ltd. aims at predicting the homogeneity of a cast slurry layer with defined parameter sets or
coater geometries using the Volume-Of-Fluid (VOF) method. Homogeneity is considered
crucial to ensure stress-free drying and high surface qualities. Hence, the CFD approach is
proposed to allow faster process developments in slurry-based 3D printing. The numerical
solver interFoam is used in OpenFOAM in version v1912 to capture the behaviour of the two
fluid phases, air and slurry, and their interface. InterFoam utilises the VOF method in
combination with the Continuum-Surface-Force (CSF) method. It extends the conventional
Navier-Stokes and continuity equation by adding a convection term for the volume fraction of
the first phase a. (Deshpande et al., 2012) For further details on modelling multiphase flows by
those methods, the author refers to specialist literature, e.g. Brackbill et al., 1992 or Nieves-
Remacha et al., 2015.

As a starting point, a physical setup of a coater geometry, hereafter referred to as “waterfall
coater”, is given (Figure 4.14). Its ability for precise slurry application was confirmed
experimentally before the simulation study. Conversely to the movement in the experimental
test setup, layer casting itself is modelled by moving the substrate parallel to the slurry outflow

— first, in a linear acceleration phase, and, next, in a phase of constant coating velocity.

A
N
Channel width: I, ,, = 3 mm
Channel depth: I, ; = 0.4 mm
ﬁT ] ‘lch.d'
e Chamfer distance : [, = 0.1 mm

Chamfer angle: B, = 45°

Figure 4.14: Geometry of the waterfall coater (Erhard et al., 2022, p. 44). The gaps between
the channels equal the channel width of 3 mm.
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The coater is fed with slurry from a pressure-tight container via plastic tubing (inner diameter
4 mm, length 600 mm). The targeted slurry outflow is to be controlled via a pressure reducing
valve connected to the container. The slurry pressure pg,,,y is set to the constant value of

9.5 - 10* Pa.

4.5.2 Boundary Conditions and Discretisation

To decrease the computational demand in the simulation, the pressure drop along the slurry
tubing of the experimental setup for a filling height hf;y,4 of 70 mm of the container is
calculated in a pre-processing sub-simulation. The resulting pressure at the inlet p,gp i of

3.1732 - 10* Pa is set as a fixed boundary condition in the subsequent sub-simulation.

Figure 4.15 shows the simulation domain for a gap height hy of 0.1 mm. An atmospheric
condition is prescribed, and the noSlip boundary condition is assigned to the substrate and the
cavity wall patches treating those as impermeable surfaces with zero velocity. A locally refined
mesh represents the coater geometry’s near-gap region, including an evaluation plane for the
spatial reconstruction method (chapter 4.5.4). A velocity u is inscribed at the substrate patch

for a simulation time of 2.5 s to model the coater movement.

inlet (ﬁrgh,in)

atmosphere

substrate

(a) (b)

Figure 4.15: Simulation domain for the coating process. (a) Overview of boundaries. (b) The
details in the near-gap region for a gap height hg of 0.1 mm. The dotted line corresponds to
the evaluation plane for the spatial reconstruction. (Erhard et al., 2022, p. 46)
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4.5.3 Rheology model

Ceramic slurries are usually considered non-Newtonian fluids (Chantaramee et al., 2008, p.
3182), showing shear-thinning behaviour (Nagasawa et al., 2015, p. 1432). Hence, a power-law
rheology model is applied for the slurry phase, whereas the air phase is modelled as a

Newtonian fluid.

The power-law model is defined as follows (Westermaier, Kowalczyk, 2020, p. 138):
v =f T withvpn < U < Uy (4.6)

with v being the kinematic viscosity, U,,in and U4, the lower and upper viscosity limits from
experimental data gained in rheology measurements (Figure 4.1), € the strain rates. f is the
consistency index numerically equal to the kinematic viscosity at a shear rate of 1/s, and ¢ is
the power-law index describing the rheology of the fluid (where ¢ = 1: Newtonian, ¢ < 1: shear
thinning, ¢ > 1 dilatant) (Ansari et al., 2020, pp. 2-3). Using a non-linear Levenberg-Marquardt
least-squares approach, the parameters f and ¢ are fitted to the experimental data measured
employing rheometry with a root mean square error RMSE of 9.81 - 10*m?¥s. Table 4.5 shows
an overview of the parameters used to model the rheology.

Table 4.5: Summary of the rheology parameters used by the interFoam solver. The properties
of air are adapted and simplified from Wagner et al., 2010.

vin m%s
Y in N/m p in g/lcm? f in m?/s qin -
Vmin Vmax
Slurry 7-107? 1.7254 1.772 - 10+ 2.139-10" 1.228-102 3.794 - 10"
Air - 0.001 1.48 - 10 - -

4.5.4 Spatial reconstruction

A method for evaluating the slurry layer quality in the entire building area is developed based
on the coating simulation. The need for a high mesh resolution in the coater gap on the one
hand and careful handling of economic simulation resources on the other leads to a demand for
an advanced method when examining the entire length of the slurry layer (which is of

magnitude 10 bigger than the gap height).

Figure 4.16 shows the spatial reconstruction method proposed for evaluating the entire slurry
layer during short computing periods. The slurry was found to form a downstream meniscus
during the deposition process before remaining within a small range. The evaluation plane is

set perpendicular to the coating direction within the high-mesh resolution area but far enough
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away from the coater to not be influenced by the downstream meniscus (Figure 4.15). The
spatial reconstruction method evaluates the volume fraction «, herein referred to as the liquid
slurry phase volume fraction, of each cell within this evaluation plane for each timestep in
grayscale snapshots. Those are subsequently saved in a video file. a =1 is described by black
pixels, o = 0 by white pixels. By amalgamating the data from the grayscale snapshots and the
respective positional information, a three-dimensional dataset of the o values for the
reconstructed layer is generated. An isosurface can be created on which o is equal at every
point. The method of spatial reconstruction is used to evaluate the surface quality of the slurry
layer. The arithmetic mean roughness Ra is calculated from the resulting surface data averaged
to its mean values along the coating direction representing the average surface heights in the

observed area.
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Figure 4.16: Reconstruction of a slurry layer based on temporal data (Erhard et al., 2022, p.
47).

4.5.5 Validation Approach

The slurry-based 3D printing setup, as described in chapter 4.2, is used to determine the degree
of accurate representation of experimentally observed phenomenons by comparing
experimental results to the data associated with the simulation models. Coating experiments,
simulations and spatial reconstructions are carried out for five different parameter sets, varying
the coating velocity u and the gap height /g according to Table 4.6 and keeping the material,
the slurry outflow, the drying conditions, and the building height constant.



Coating Simulation 65

Table 4.6: Summary of the parameters varied in the validation experiments.

Specimen/ simulation No. u in mm/s hg in mm
1 55 0.1
2 65 0.1
3 80 0.1
4 95 0.1
5 97.5 0.075

Dimensioned and perspectively corrected photographs are used to compare the simulation and
the experimental results. The specimens’ photographs and the reconstructed outlines are saved
as new image files with a resolution of 1 - 10* mm/px and overlaid graphically. MarSurf M400
surface measuring instrument (Mahr GmbH, Géttingen, Germany) and the BFW A 10-45-2/90°

probe arm are used to evaluate the surface roughness.

4.5.6 Advancement of the Coater Geometry

Since weaknesses of the waterfall coater geometry have been identified, the simulation
approach described above is applied iteratively for alternative coater geometries. The
advancement of the coater geometry aims to increase the process and part quality and lower the
hurdles for scale-up and industrial application. In particular, improvement is proposed to reduce

cycle times, increase reliability, and reduce excess material.

The initial reference geometry for advancement is a coat hanger design known from polymer
sheet production (Carneiro, Nobrega, 2012, pp. 114-120, Han, Wang, 2012). The advancement
process is carried out using three major iterations of the geometry: a single-step coat hanger
design with sharp cavity edges, a single-step coat hanger design with rounded cavity edges, and
the final two-step coat hanger with rounded cavity edges. The focus is set on adapting the
distribution chamber geometry at the slurry inlet since it is a key item for minimising low-

velocity regions and thus allows for stable coating.

Subsequently, the simulation methods described above are used to determine an appropriate

parameter set for the new coater design.






5 Results and Discussion

5.1 Homogeneous Powder Bed Formation

Verification is the process of assessing the correctness and numerical accuracy of a model
solution. By validating, the physical accuracy of the mathematical model is assessed, comparing
computational results and experimental data and thus proving the credibility of a simulation
model. (Oberkampf, 2010, pp. 13—14) In the following chapter, the simulation results of the
computational model described in chapter 4.5 are shown based on the parameter study set up

as a first validation approach.

5.1.1 Prediction of the Slurry Front Formation and Slurry Flow

Simulation No. 1 from the validation experiments is chosen as the exemplary simulation set to
verify the accurate implementation of the model. The respective process parameters are listed
in Table 4.6. Figure 5.1a depicts the result: the isosurface for a = 0.5 is shown, as well as the
streamlines starting in the distribution channels (coloured according to the respective velocity
magnitude u). An upstream meniscus in front of the coating head forms during the preloading

process. A snapshot from the experimental setup shows a similar behaviour (Figure 5.1b).
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0.0e+00 0.01 0.02 0.03 0.04 5.0e-02

(a) (b)

Figure 5.1: (a) Simulation result for simulation No. 1 att = 2.25 s showing the isosurface for
o = 0.5 and the streamlines within the slurry phase. (Erhard et al., 2022, p. 47), (b)
photograph showing the formation of the continuous slurry front from single beads at t ~1.5 s.
By examining a single stream line, the path of recirculation of a mass-less particle is tracked.
A superposition of a transversal movement — from the coater channel towards the area between

two channels necessary to form the continuous slurry front — and circulation is shown in Figure



68 Results and Discussion

5.2, resulting in a helix shape with a time-dependent radius and slope. A particle is found to be
emitted through the channel in the first place. It then circulates inside the upstream meniscus
while heading transversely towards the area where no direct outflow of slurry occurs. As soon
as the particle gets close enough to the substrate, it passes the coating gap and is deposited.
However, since the slurry is treated as one phase only in the simulations, the spiral movement
of a real particle is presumed to depend on its individual size and shape. Superimposing
capillary and transverse forces caused by recirculation are expected to cause irregularities
during particle settlement and may lead to lower powder bed densities. These observations are

taken into account when developing an improved coater geometry.
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Figure 5.2: Tracking of an exemplary particle — the simulation shows a transversal
circulating movement.

The pressure at the coater inlet leads to a computed flow rate of 196 mm?/s for the waterfall
coater geometry, whereas experimental measurements show flow rates of 202 to 226 mm?/s.
Hence, in this respect, deviations in the range of 3 - 13% are observed. Those are assigned to
the relatively low accuracy of the pressure gauge (scale spacing of 0.05 bar, precision category

2.5) used. Overall, the simulation results are found to fit the experimental observations well.

5.1.2 Visualisation of the Layer Topology by Spatial Reconstruction

Figure 5.3 shows the result of the spatial reconstruction of simulation No. 1. A rugged top and
bottom interface and minor holes are found. This effect is assumed to be caused by the
simulation setup modelling the slurry casting on an impermeable surface. Air entrainment
accumulating in front of the coating gap is suspected to occur at the flow front of the upstream

meniscus, resulting in a values smaller than 1, and, thus, in holes appearing in the deposited
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layer. In contrast, multiple layers are coated one by one in the real setup. A layer cast from
slurry represents an absorbent substrate. Hence, it enables capillary forces to induce a
microfluid flow into the underlying layers. However, the spatial reconstruction shows the fluid
flow creating an outer lip higher than the centre region of the slurry layer. Since air entrainments
can hardly influence the outer lip due to the boundary effects, evaluating the slurry layer width

based on the spatial reconstruction method is considered justifiable.

position y in mm

position x in mm

position z in mm

Figure 5.3: Spatial reconstruction for the waterfall coating head geometry for simulation
No. I at = 0.5 (Erhard et al., 2022, p. 48).

5.1.3 Validation Results

The approach to validating the CFD simulation model is specified in chapter 4.5.5. In the
following, the simulation results and experimental data are checked for consistency. Thereby,
the outlines of the experimental and simulation runs and the resulting surface roughness data

are compared.

Evaluation of the Outlines

Figure 5.4 shows an overlay of the respective outlines of the simulation results analysed by the
spatial reconstruction method and the dimensioned photographs of the fabricated specimens.
Since the first layer of each specimen was cast at velocities << u to compensate for a potential
unevenness of the substrate by overfeeding, a single broader layer for each specimen is visible
below the actual layers to be evaluated. The constant simulation time of 2.5s for each
simulation and the varying coating velocities considered in each simulation case (Table 4.6)
lead to different lengths of the reconstructed layer and thus outlines to be evaluated (Figure 5.4,
dashed outlines determined by spatial reconstruction). The outline of a single slurry layer is
found to agree well with the specimens for varying velocities u and gap heights hy. As can be
seen, the overall width of the slurry layer can be predicted well. Moreover, the slurry
accumulations at the beginning of the coating process are accurately represented. A slight

deviation in shape between the experimental and simulation result is visible in all specimens
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regarding one detail: a more abrupt increase in width at the beginning of the layer is found when
analysing the simulation results compared to the experimental ones. This effect is attributed to
the non-constant acceleration apparent in the test setup. Whereas a constant acceleration to the
coating velocity u is prescribed in the simulation setup, the physical axes are accelerated and

decelerated following a linear slope in order to reduce mechanical loads.

(a) Simulation No. 1 (b) Simulation No. 2 (c) Simulation No. 3

A A AR,
Deviation in shape
(acceleration phase)

|

:

<+—— Start layer =—>

(d) Simulation No. 4 (e) Simulation No. 5 (f) Evaluation detail

Figure 5.4: Overlay of the outlines determined by spatial reconstruction and the perspective-
corrected images of the physical specimens (Erhard et al., 2022, p. 50).

Evaluation of the Surface Roughness

Only the top side of the computational reconstructed slurry layer was evaluated and compared
with surface measurements on the physical specimens. When comparing the simulation and
experimental results, it has to be noted that the surface of the physical specimens is formed to
their final shape by multiple layers instead of one single in the case of the simulation. That
might lead to averaging, overlay, or blurring effects. An evaluation line for surface
measurement of the physical specimen is chosen orthogonal to the coating direction. The
position of the surface measurement cannot be set up precisely. However, three measurements
at varying positions along the coating area showed a standard deviation of only 0.044 pm.
Hence, deviations along the physical specimen are rated negligible. To assess the simulation
results, the surface roughness Ra is determined by evaluating the surface topology along three

different planes perpendicular to the coating direction and calculating the mean of those values.

Both the reconstruction and the physical specimens were found to show valley and plateau
regions. Obviously, more slurry is deposited directly behind a channel than in the inter-channel
regions. Furthermore, grooves along the coating direction are formed in the experiments that

are also visible in the reconstruction.
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In the VOF method, a distinction between the phases is made by judging a cell’s respective
volume fraction a. The interface of the phases lies within the volume of a cell if 0 <a < 1. In
the presented model, setting a to 0.5 ensures that a cell centre is assigned to the slurry phase if
more than half of the cell is filled with slurry. By altering a to a value of 0.25, the influence of
the air entrainment can be reduced since additional cells are assigned to the interface’s slurry
side in this case. However, this approach needs to be examined critically: underestimated o

values will result in a loss in the significance of the results.

The results of the surface roughness evaluation in Figure 5.5 compare the computed simulation
data for both o = 0.5 and o = 0.25 and the experimental data for varying coating velocities. All
Ra values are determined in the same order of magnitude (2 um < Ra < 8 um). Considering the
experimental data, the average roughness Ra is shown to increase along with the substrate
velocities u. Nevertheless, the simulation results do not follow this trend for both o values but
indicate an inverse behaviour. For a = 0.25, a good approximation for u < 65 mm/s is achieved.
However, substantial discrepancies were determined for higher velocities. That effect is
assigned to the higher impact of air entrainment with increasing velocities. Moreover, the
simplified material model may have caused the discrepancy: the constant shear thinning flow
behaviour, as implemented herein, may induce smoothing. At the same time, the slurry’s
viscosity is presumed to increase rapidly when in contact with the underlying absorbent layers.
Thus, the present model is found to be capable of predicting only the magnitude of Ra. Further
work on an advanced material model involving an altering viscosity behaviour and a permeable

substrate is suggested.
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Figure 5.5: Comparison of the calculated and experimentally determined average surface
roughness Ra as a function of coating velocity for hy = 0.1 mm (Erhard et al., 2022, p. 51).



72 Results and Discussion

5.1.4 Advancement of the Coater Geometry

As described above, the following weaknesses of the waterfall coater geometry have been
identified: material recirculation and transverse forces, surface inhomogeneities, and a non-
uniform velocity distribution at the outlet. Furthermore, during the practical trials, a tendency
of clogging coming from regions of low velocities within the inner coater geometry has been
observed, as well as a high portion of excess material. Those weaknesses that clearly constitute
an obstacle to industrial implementation and scale-up are to be compensated by improving the

coater geometry.

Three major geometrical modification steps with multiple sub-iterations were carried out on the
CAD design of a scaled coat hanger known from polymer sheet production. In particular,
simulation identifies low-velocity regions on the shoulder’s edges. Hence, the contour of the
shoulders is progressively rounded to enable uniform slurry distribution and cleanability of the
inner geometry by water backwashing. The resulting geometries of the coat hanger cavities are
depicted in Figure 5.6. A detailed sketch of the final geometry and the related geometry
parameters are included in the appendix (Figure A 1, Table A 1).

(a) First geometry (b) Second geometry (c) Final geometry

Figure 5.6: Illustration of the major iteration steps in coating head geometry advancement.

The simulative methods introduced above enable the iterative determination of an appropriate
parameter set for the advanced coating head geometry, referred to as coat hanger design. When
applying a substrate velocity of u = 65 mm/s at a slurry pressure pgy.ry, = 1.4 bar for a filling
height hgjjying = 70 mm, and a gap height h; = 0.1 mm, the preloading step was shown to be
no longer needed since those parameters allow for the formation of a continuous slurry front of
constant magnitude during movement. Thus, the cycle time can be reduced by eliminating the
preloading phase, and acceleration and deceleration procedures can be omitted in the process
sequence. Moreover, by realising the slurry-on-demand deposition, no more slurry recirculation

occurs, enabling the minimisation of excess material. Figure 5.7 illustrates the streamlines in
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the slurry phase using the coat hanger design. Particles emitted through the coater outlet are

shown to be deposited without circulation, following the shortest path possible to the coater

gap.
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Figure 5.7: Illustration of the streamlines in the slurry phase using the enhanced coating
head design.

Another important achievement of the enhanced design is the prevention of air entrainment and,
thus, more homogeneous layers of increased surface qualities. The surface’s improved
homogeneity is obvious when comparing the spatial reconstruction of a layer fabricated by the
enhanced design (Figure 5.8) and the corresponding simulation using the waterfall coating head
(Figure 5.3). Neither plateaus and valleys nor grooves occur when using the enhanced design
since a continuous outlet instead of a channel structure is implemented. The averaged roughness
Ra of the enhanced design resulted in Ra = 0.79 pm, which equals a decline of around 80 %.
Nevertheless, it has to be noted that a two-phase suspension of ceramic particles and water is
implemented as a one-phase fluid in the simulation. Hence, the achievable surface roughness,
in reality, will be further influenced by particle settling and drying dynamics, although those
were disregarded within this study.

position ¢ in mm

position z in mm

position z in mm

Figure 5.8: Spatial reconstruction for the enhanced coating head geometry for hg = 0.1 mm
and u = 65 mm/s at a = 0.5 (Erhard et al., 2022, p. 52).
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Overall, the CFD model enables the prediction of the magnitude of surface roughness,
providing a useful tool for indicating inhomogeneities or defects. Inversely, it can be utilised
for optimising geometries and proposing appropriate parameter sets for stable processing. The
study conducted herein is assessed as an initial validation approach for the suggested methods.
Future work is proposed on implementing an advanced material model and proving evidence

on the resulting properties of the cast layers based on a larger test series.

However, reflecting upon the coating geometry’s advancement, a great added value has been
created by developing a coater geometry enabling a customised fluid flow using the suggested
methods. The suggested parameter set is implemented in a slightly modified form for technical
reasons. Still, practical experiments using the coat hanger design confirmed the added value of
those carefully aligned parameter sets. First, the cleanability of the coater cavity has improved
significantly since deposits of hardened slurry are prevented by design (minimised regions of
low velocities). Second, the homogeneity has increased. Third, slurry access material has
decreased, enabling a slurry-on-demand process that allows selective coating applications in

future developments.

5.2 Control of Material Properties via Drying Configuration

In this chapter, the results from experiments described in chapters 4.3 and 4.4 using the test
setup described in chapter 4.2 are analysed and discussed with regard to the theoretical

background summarised in chapter 2.3.2.

In particular, by doing so, the central research hypotheses concerning the control of materials’
properties by means of drying shall be tested for their truth. It is analysed whether excessive
drying provokes major flaws that reduce strength. Moreover, the investigations shall reveal a
potential dependence of compaction on the drying periods and layer thicknesses. Finally,
secondary effects resulting from varied drying conditions shall be carefully observed, in

particular concerning binder migration and surface qualities.

Chapter 4.4.3 introduced the full-factorial experimental design applied in this study with its
factors and levels or treatments. Table 5.1 gives an overview of the comprehensiveness of the
results deduced thereof. As indicated by the x-mark, some treatment combinations did not
produce quantitatively evaluable results. The respective specimens broke during handling prior

to their analysis, so no quantitative observations were feasible in this case.

However, as shown in Table 5.1, these treatment combinations involve either both high
radiation outputs and long drying periods at the lower level of layer thickness or the lowest

radiant power and drying period at the higher level of layer thickness. Thus, it can be
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qualitatively concluded that those treatment combinations exceed the feasible process window.
More precisely, the failure of the experiments conducted on a layer thickness of 50 pm in
combination with high drying intensities and periods early indicates the potential truth of the
research hypothesis in chapter 3, stating that excessive drying during layer formation leads to
major flaws. Conversely, by drying a layer of 75 um for only 15 s at the lowest drying intensity,
a too-high residual moisture content within the layer buildup is believed to cause insufficient
densification and blurring of the binder. Nevertheless, those qualitative observations are to be
confirmed by quantitative investigations of the successful treatment combinations in the
subsequent subchapters. However, when analysing the data, it is essential to remember that the
unquantifiable data lead to a distortion of the results at first glance. Consequently, each
visualisation of data contains information on the number of data sets directly compared with
each other. Occasionally, green bodies were damaged during transport, resulting in a sample
number n as low as 2 for strength analysis. For data integrity reasons, these results are shown
with a note of caution on interpretation.

Table 5.1: Overview of the treatment combinations in the full-factorial experimental design.

Parameter combinations marked with ‘x’ did not lie within the feasible process window.
Damage during transportation occurred at sintered specimens of the run marked with ‘v**.

Drying time
Layer thickness Drying intensity 15s 35s 55s 75s
50 pm 3.8V v v v v
50 um 42V v v x x
50 um 46V v x x x
75 pm 3.8V x v v v
75 pm 42V v v v v
75 pm 46V Y Y Y Y

5.2.1 Influence of the Layer Thickness

In order to reveal relationships between the layer thickness and crucial material properties, the
data are examined extensively at different degrees of detail. This chapter starts from the
hypothesis that improved density, four-point bending strength, and elongation at break can be
achieved by reducing the layer thickness. When reducing the layer thickness, the residual
moisture content within a layer to be printed onto is lower if the drying intensity and period
remain unchanged. Thus, secondly, this chapter deals with the hypothesis of increased moisture

contents leading to increased binder migration at higher layer thicknesses.
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Density

The density is determined in the green and sintered stage. The two chosen levels of 50 and
75 um are set due to their proven ability to be processed with the same constant parameter set
for slurry deposition (in particular pressure, preloading time, and coating velocity) and thus to
avoid an increased cross-sensitivity. Figure 5.9 shows a general conspectus of the results,
including the scatter. The number of specimens n relates to each box plot in a diagram and is
specified as an absolute number or an interval. The example in Figure 5.9 indicates that each of
the four box plots in the diagram is generated by merging data from 21 to 33 specimens of
different process parameters in respect of the two other process variables (here, drying intensity
and drying time). The quantity of specimens of each box thus varies by reason of a differing
quantity of test series included. In this case, only 21 data points are available for the box plots
of 50 um layers because of the missing quantitative data of experimental runs marked with x
in Table 5.1. By contrast, all except one run on 75 um layers, in total eleven runs with three
data points for each run, led to an increased number of quantitatively analysable results.
Moreover, the P-values of the respective series are given: P, for the green series and Ps for the

respective sintered ones.

Figure 5.9 indicates a significant decrease in density when increasing the layer thickness for
both green and sintered specimens. Overall, the green series show higher absolute densities than
the respective sintered ones. This is attributed to two effects: first, the green body contains not
only the quartz particles but also the binder and the organic slurry additives that account for
approximately 2 wt.-% of the total weight. Second, even more decisively, the material system

tends to inflation during sintering. This effect is extensively discussed in chapter 6.1.3.
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Figure 5.9: Density distributions for varying layer thicknesses.
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When directly comparing associated parameter sets (Figure 5.10), a correlation between the
layer thickness variable and density property is confirmed. Decreasing layer thicknesses
significantly enhanced the density of green and sintered specimens fabricated by slurry-based
3D printing. When altering the layer thickness from 75 um to 50 um, an average increase in the
green density of 5.8 % or in the sintered density of 4.8 % was detected. Thus it can be concluded

that lower layer thicknesses lead to improved densities of the printed parts.
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Figure 5.10: Direct comparison of density distributions with varying layer thicknesses at
defined drying intensities and drying periods.

Discussion The drying conditions applied to a layer substantially differ for varying layer
heights as drying is accomplished simultaneously by evaporation from the top and capillary
forces acting from underneath. A higher proportion of the total particle carrying liquid forming
one layer is believed to be immediately soaked into previously deposited layers instead of being

subsequently evaporated when using lower layer thicknesses.
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The time of depleting a droplet t on a constant drawing area can be calculated by

2

)
YLy COSOR / G-
2n

T4* T ap

where V, is the total liquid volume, r; the drawing radius, a,, the pore area surface fraction, y,y
the surface tension of the liquid-vapour interface, 8 the contact angle of the liquid on the solid,
R the capillary radius, and 7 the dynamic viscosity. (Denesuk et al., 1993, pp. 116-117)
Equation (5.1) does not account for gravity effects. However, such simplification of the general
equations of capillary flow derived by Washburn (1921) is suggested to model liquid infiltration
in porous substrates since only distances in micro-scale are involved vertically (Holman et al.,
2002, p. 432, Hilpert, Ben-David, 2009, p. 207).

Since the total liquid volume using 50 um layers corresponds to two-thirds of the total volume
using 75 um layers and the material constants and the drawing area are considered almost
constant, the infiltration time t is estimated to reduce approximately by one-third when using
the 50 um layers. Thus, by applying the same coating velocity, additional slurry may be
delivered, filling the gap created simultaneously with water removal by capillary forces and
thus increasing the overall solid content in CRP, where shrinkage is equal to the loss of fluid
(Scherer, 1990, p. 7).

Moreover, densification depends on the permeability of the underlying layer and the slurry
viscosity. Pivinskii et al. (1973) investigated the forming rates of quartz ceramics in slip casting
and identified the porosity of the mould as a significant factor affecting the forming rate. The
mould porosity, in turn, was directly related to its moisture capacity. Furthermore, the packing
density of the forming product was found to decrease with increasing suspension viscosities.
(Pivinskii et al., 1973)

In summary, when depositing thinner layers onto each other, multiple effects are assumed to
superimpose: first, water removal by soaking may be accomplished in a shorter period. Thus, a
higher proportion of backfill during layer casting can be realised using the same coating
velocity. Second, since the absolute liquid volume to be removed during drying is lower, a more
advanced moisture removal can be realised, leading to an increased moisture capacity which
encourages capillary dehydration of the next layer to be deposited. Higher capillary forces result
in an advanced particle arrangement and, thus, in increased packing densities. Moreover, the
distance between the previously cast layer and the farthest newly deposited particle is lower.
Hence, since the upper proportion of the newly cast layer is subjected to higher capillary forces

than a thicker layer’s upper section, improved densification is expected.
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Four-point Bending Strength

Since the strength of brittle materials depends on the size of a flaw, the flaw distribution, and
the specimen’s geometry, the strength of ceramics must be evaluated statistically (Danzer et al.,
2007, p. 3). A proofed statistic on bending strength distributions requires a large number of
specimens that this study cannot provide. However, the analysis of bending strength on the
same set of specimens as used for density determination will provide the first indication of
critical flaws, e.g. interconnected pores, emerging at certain parameter combinations in slurry-
based 3D printing. In particular, a potential correlation between the packing density and the

bending strength achieved by sintering is to be determined.

Figure 5.11 shows the bending strength distributions of all specimens assigned to the respective
layer thickness preconfigured in the process control. The results indicate a reduction of bending
strength by increasing layer thicknesses which fits with the results on density determination.
The green bending strength is relevant for handling issues only and is strongly dependent on
the binder content. In contrast, the sintered bending strength is a mechanical property of the
ready-to-use casting core. In view of the sintered strength, a high dispersion is found at both
levels of layer thicknesses (Figure 5.11). Nevertheless, the sintered specimens fabricated with
50 um layers significantly deviate from those with 75 pm. The decrease in green strengths with
increasing layer thicknesses at a constant binder content is consistent with own further research
on binder jetting technology and that carried out by others, e.g. by Vaezi, Chua (2011) (Vaezi,
Chua, 2011, pp. 279-280).
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Figure 5.11: Bending strength distributions for varying layer thicknesses.

When directly comparing associated parameter sets in Figure 5.12, a high level of significance

is shown for results of specimens fabricated at drying periods of 55 or 75 s (Figure 5.12a and
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Figure 5.12b) only, indicating a clear correlation between bending strength and layer thickness
on sintered specimens when using PAV = 3.8 V. Since the specimens of 50 pum layers showed
higher packing densities as well, this behaviour meets the expectations. However, this
observation cannot be made at selected parameter sets of higher drying intensities and lower
drying periods (Figure 5.12¢ and Figure 5.12d). The microstructural analysis at the end of this
sub-chapter reveals major defects for both parameter sets visualised in Figure 5.12d, leading to

equally low bending strengths.
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Figure 5.12: Direct comparison of bending strength distributions with varying layer
thicknesses at defined drying intensities and drying periods. Note of caution for
interpretation. The data of green bodies shown in (c) and (d) are incomplete (n=2) due to
specimen break prior to testing.

Discussion An improved packing density is known to positively affect the mechanical

properties attainable during sintering. Coincidently, at higher densities a reduced pore volume
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appears. The global pore concentration created during processing affects the sinterability and,

thus, indirectly, the mechanical strength.

Two fundamental types of defect may constitute the origin of failure during the four-point
bending test: pores and cracks. The shape of the pores determined by the surface energies as
driving forces is also of major relevance when intending enhanced mechanical properties. Pores
are known for their ability to coalesce (Carter, Norton, 2016, p. 284). Moreover, due to the
pores’ characteristic of concentrating stress, the strength of a porous polycrystalline ceramic is
known to decrease more rapidly than its density (Carter, Norton, 2016, p. 289). Cracks are
known to develop preferably due to excessive or differential shrinkage at high drying rates or
in thick bodies (Brosnan, Robinson, 2003, pp. 137-138). Hence, low layer thicknesses are
recommended in order to avoid stresses caused by shrinkage (Murray, 2009, pp. 43—49). To
sum it up, the results showing an increased probability of enhanced bending strength when
applying layers of 50 um instead of 75 um conform to expectations provided in the literature:
both density and strength were found to improve with a reduction in layer thickness. The not
significantly deviating results when using PAV = 4.6 V indicate a flaw generation induced by
drying intensity independent of the layer thickness. Since major flaws liable for failure are
apparent in both levels of layer thickness, the increased density in specimens from a layer

thickness of 50 um cannot contribute to enhanced strength.

Overall, a significant increase in strength was achieved by sintering. Depending on the binder
system and content, conventional 3D printed sand parts for foundry applications show bending
strengths of 2.5 to 3.5 MPa (Giinther, Mogele, 2016, p. 68), corresponding approximately to
the strength attained in slurry-based 3D printed green bodies. Conversely, on average, bending

strengths above 15 MPa were measured on sintered specimens.

Elongation at Break

Since no displacement transducer or strain gauge was installed, the uniaxial testing machine
equipment did not allow for precise deflection measurements as provided in DIN EN 843-2.
Thus, Young’s modulus cannot be derived from the bending tests’ results. However, fracture
occurred at forces within the range of 4.5 to 19 N when testing sintered specimens, making the
determination of the elongation at break as a criterion for brittleness feasible. The material
property of elongation at break included herein reflects the displacement of the specimens in
the direction of the applied load at fracture. It is recorded as the maximum machine
displacement during a bending test experiment. As described in DIN EN 843-2, alternative

methods or specimens’ geometries are recommended for enhanced material characterisation.
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Figure 5.13: Elongation at break distributions for varying layer thicknesses.

Figure 5.13 shows an overview of the results involving all experimental runs. A very large
scattering is observed — not merely due to the grouping of individual trials on different
parameter sets but also to the principal behaviour of ceramics in mechanical testing. The
elongation at break is the characteristic material property quantifying a specimen’s deformation
capacity. Compared to metals, the brittleness of ceramics causes very small absolute
deformation and significantly larger scattering since it is dependent on the flaw size (Munz,
1999, p. 137) and the probability that the most critical defect size and shape (Zhang, Yang,
2019, pp. 10-11) is apparent in the effective surface area under maximum tensile stress during
mechanical testing and thus the initiator of fracture. Due to the large scattering, no significant
deviation between the 50 pm and 75 pm can be derived from the overview in Figure 5.13. The

mean elongation at break is only slightly lower for the specimens of 75 um layers.

The direct comparisons in Figure 5.14b, Figure 5.14c, and Figure 5.14d provide significant
results indicating a lower elongation at break value at 75 um compared to 50 um for selected
parameter sets. In summary, the specimens tend to have a higher elongation at break at a lower
layer thickness. This trend agrees with the previously determined higher density and bending
strength values for lower layer thicknesses. Data on Young’s modulus may be recorded in future

investigations to prove evidence.
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Figure 5.14: Direct comparison of elongation at break distributions with varying layer
thicknesses at defined drying intensities and drying periods.

Discussion Within bulk ceramics, reduced strength is typically caused by imperfections or
flaws such as pores, large grains, or cracks acting as stress concentration sites (Bengisu, 2001,
pp.- 218-219). Griffith established a theoretical strength theory, calculating the fracture stress

o in the case of plane stress to

2Ey
O'f = |/

e

(5.2)

With the Young’s modulus E, the surface free energy y, and the half length of the focal line ¢
quantifying the imperfection’s size (Griffith, 1921). The theoretical relationship between stress
and strain proposes an increase in strength with increasing elastic modulus, which, in turn, is

expected to correlate with its substitute elongation at break. Since specimens showing enhanced
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strength mostly also have elevated elongation at break values, a relationship between stress and
elongation at break is confirmed here. It is assumed that the global dislocation motion is
impeded to the same extent due to the identical material system and sintering process applied,
and thus due to a constant intrinsic flaw size being the grain boundaries. The deformation
capacity tends to be impeded severely by raising the layer thickness. It can be reasonably
resumed that the likelihood of occurrence of a critical flaw is higher within the outermost 75 pm
layers that are exposed to the most extreme stress level than within a 1.5-fold amount of 50 pm
layers involving a higher number of layer interfaces. The number of layer interfaces within a
highly stressed volume is found to be not decisive for fracture probability but rather the linkage
of individual layers or in-layer defects. Early failure is assigned to the formation of more critical
flaws when applying unfavourable drying conditions (here: increasing the layer thickness) that

are more likely to occur in the maximum load zone in four-point bending testing.

Dimensional Accuracy

Herein, the specimen’s width is analysed in order to evaluate the dimensional accuracy in the
green and sintered stage. The green width is considered a decisive criterion for investigating
lateral binder migration effects that are also related to vertical effects. The width of the
specimens’ geometry can be examined at a higher precision than its height using the
measurement method described in chapter 4.4.4 and is thus preferred for analysing binder
migration. The difference between green and sintered specimens is particularly interesting since

the deformation caused by sintering effects also impacts the final cast part dimensions.
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Figure 5.15: Specimens’ width distributions for varying layer thicknesses.

Figure 5.15 shows the distributions of the specimens’ widths categorised in 50 pm and 75 pm

layers. The dotted horizontal line indicates the specimens’ target width. Some outliers are
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visible for all categories. A sample measurement series was performed by different personnel
to determine the bias of the inspection worker using the same micrometre gauge. Deviations of
less than 4.4 % were found. Hence, the outliers are assigned to the material adherences on the
specimens’ sides that are removed manually, and the dependence of the adhesive forces on the
roughness profile of the side faces. An unevenness in the z-direction, characteristic for layer-
wise built-up specimens, and local printing defects caused by random single nozzle failures
may provide a setting for adherences. On average, the specimens of 50 um layers did not reach
the preset value of 2.5 mm, while the specimens of 75 um layer height averagely overran this
value. The width of 75 pm layer height specimens can be significantly distinguished from the

width of 50 um specimens.
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Figure 5.16: Direct comparison of specimens’ width distributions with varying layer
thicknesses at defined drying intensities and drying periods.
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The same conclusion can be derived when directly comparing corresponding parameter sets
and varying the parameter of layer thickness only (Figure 5.16). The results show the same
trend and mostly a significant relationship between sintered specimens’ width and layer

thickness.

Discussion The increased number of outliers and the observation of not reaching the intended
width is attributed to the manual wash-out process. During wash-out, the specimens are
subjected to abrasion in all directions since the brush glides along the specimens’ surfaces with
its hair, eventually even carrying abrasive ceramic particles intensifying this abrasive effect.
The correlation between layer thickness and specimens’ width implies that the binder jetting
process shows a significantly higher selectivity at a lower layer thickness and, thus, a proceeded
drying stage. Nevertheless, it is to be noted that the binder content was adjusted to the same
overall percentage for both layer thicknesses by aligning the droplet spacing. Parab et al. (2019)
showed the coalescence of consecutive binder droplets in real-time observations via high-speed
X-ray imaging. One cannot rule out that by arranging the droplets closer to the consecutive one
in one direction (to increase the overall binder content), the binder impact, spreading, and
infiltration behaviour change simultaneously. (Parab et al., 2019, pp. 6—7) A detailed statement
and investigation of the sintering process explaining the reason for marginally wider sintered

specimens compared to the respective green specimens are provided in chapter 6.1.3.

Surface Roughness

Since the surface properties are of major importance in casting applications, possible relations
between the drying parameters and the specimens’ surface qualities are examined. The average
surface roughness Ra is analysed, as well as the corresponding average roughness height Rz.
The requirements for casting cores’ properties concerning surface quality are detailed in chapter
2.2.5. Yet, Rz values between 6 and 30 um, conventionally only achievable by investment
casting (Flemming, Tilch, 1993, p. 15), are targeted when applying slurry-based 3D printing in

casting core applications.

Figure 5.17 reveals no relation between the layer thickness and the surface quality of
specimens A determined on the upper-level plane surface. However, an average surface
roughness Ra of 1.4 um or an average roughness height Rz of 10.8 um is detected. Logically,
if surface properties are determined along the z-direction (at an angle of 90°) or at angles > 0°
and < 90° to the layer’s level, higher surface roughnesses will be observed due to the discrete

layer thicknesses that form stair steps.
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Figure 5.17: Specimens’ roughness distributions for varying layer thicknesses.

Discussion Even though the values show a relatively high spread, the enormous potential of the
slurry-based 3D printing technique is confirmed by the magnitude of Ra and Rz identified
within this study. For comparison — sand cores fabricated via powder-based 3D printing using
the typical foundry material systems GS14 RP (medium grain size 0.13 mm) in conjunction
with furan resin lead to Ra=23.9 um and Rz = 117.9 um when using the same measurement
device. The average Ra has thus improved by 94.3 %, and the average Rz by 90.8 % using the
slurry-based 3D printing method.

Homogeneity and Defects

Figure 5.18 shows the microstructure of specimens of varying layer thickness at a drying
intensity of PAV = 3.8 V and a drying period of 55 s. The bright lines show the layer interfaces
that exhibit lower local densities. Even though the number of highly porous interfaces is
naturally higher using a lower layer thickness (Figure 5.18a), the global porosity proportion is
found to be far lower. Apart from porosity, no major flaws are detected when comparing these
parameter sets. Hence, the increase in elongation at break and bending strength with decreasing

layer thicknesses can be assigned to the globally increased density.

In contrast, Figure 5.19 reveals major flaws for both layer thicknesses when applying
PAV =4.6 V and a drying period of 15s. Defects as large as 500 um are visible in great
numbers at both layer thicknesses. This observation indicates the independence of that type of
anomaly in the microstructure from the layer thickness and, thus, the total water content to be
dried off. The constant bending strengths for different densities are explained by considering

the relevance of flaws in the failure of ceramics.
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(@) 50 ym, 3.8V, 55 s (b) 75 um, 3.8V, 55s

Figure 5.18: Micrographs showing the microstructure of specimens of varying layer thickness
fabricated at PAV = 3.8 V and a drying period of 55 s.

(a) 50 ym, 4.6 V, 15 s - sintered (b) 50 ym, 4.6 V, 15 s - green

v

(c) 75 um, 4.6 V, 15 s - sintered (d) 75 um, 4.6V, 15s - green

Figure 5.19: Micrographs showing the microstructure of specimens of varying layer thickness
fabricated at PAV = 4.6 V and a drying period of 15 s.
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Discussion Figure 5.18 reveals two defect-free specimens showing diverging mechanical
properties due to varying proportions of porosities and densified regions. Densification is thus
confirmed to be preferably attainable by reducing the layer thickness, and to be directly

relatable to the mechanical strength in case no flaws bigger than usual pores occur.

Three characteristic forms of flaws are visible in Figure 5.19. The commonest, the plano-convex
defect shape with lengths between 50 and 500 um is found. Some flaws resemble more a hat
shape (Figure 5.19b) in cross-section, others more a plate- or tube-like structure (Figure 5.19d).
Since those types of defects occur only when using high drying intensities and low drying
periods simultaneously, they may originate from moisture accumulation at the bottom sides of
the layers while the surface of the layer subjected to direct radiation is already dry. Exceeding
radiation power might lead to a prompt drying of the surface-near region of the respective layer.
If the pores in the bottom region of the layer are still filled with water simultaneously, shrinkage
of the bottom part occurs only subsequently to shrinkage of the surface-near part. Hence, the
layer might be subjected to compressive forces causing local warping (Figure 2.16).
Alternatively, the in total incompletely solidified layer might be subjected to shear forces
causing thrust deformations as known from tectonics in geology. When an already solidified
and poorly permeable cover layer is created by excessive radiation while a high residual inner
moisture content is retained at the layer interface, the partially solidified layer may not yet be
securely attached to the previous layer. Applying a new slurry layer onto a layer containing

trapped moisture may lead to shear-off.

A detailed explanation of the flaw development mechanism cannot be verifiably demonstrated
at this point. However, since those flaws appear only after a certain building height
(approximately from 20 layers of 50 um or 10 layers of 75 um), likely, enclosed moisture is

gradually growing with increasing layer heights for these parameter sets.

5.2.2 Influence of the Drying Intensity

Analogous to the previous examinations, plausible interrelations between the drying intensity
and selected material properties are to be discovered in this chapter in different degrees of detail.
In particular, the following research hypothesis is addressed here: “Excessive drying provokes
the formation of major flaws, and thus leads to reduced strength.” Drying intensity can be
related to energy input per time or drying speed and is considered particularly relevant with

respect to the binder jetting process efficiency.
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Density

Figure 5.20 presents an overview on data on specimens’ densities for different drying
intensities. With respect to density, no significant deviations were detected when investigating
the effect of varying drying intensities. No direct correlation between the process parameter of

drying intensity and the material property of density can be deduced.

Discussion While capillary flow leads to rapid water drainage, the comparatively low power
output of the IR lamp generates only moderate evaporation that does not result in spontaneous
vaporisation. Additionally, the IR lamp operates in a chronologically downstream process step.
The non-existence of a link between drying intensity and density is mainly assigned to the
energy input of the IR emitter acting only after the particle arrangement due to capillary forces

is completed.
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Figure 5.20: Density distributions with varying drying intensities.

Four-point Bending Strength

During preliminary investigations, it was noted that accumulated pores forming flaws of critical
size lead to reduced strengths of specimens (Erhard et al., 2021). Herein, it is studied if higher

drying intensities increase the probability of major flaw formation in sintered specimens.

A consistently increasing green strength with higher drying intensities can be observed at a high
level of significance (Figure 5.21). In particular, the green strength of specimens fabricated at
PAV =4.6 V can be clearly distinguished from those produced at PAV =4.2 V. One outlier
even shows a green strength as high as 14 MPa. Only a minor distinction is derived when

comparing PAV =42V and PAV =3.8 V. Conversely, Figure 5.21 shows a trend towards
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decreasing sintered bending strengths with increasing drying intensities at a high significance

level.
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Figure 5.21: Bending strength distributions for varying drying intensities.

The direct parameter comparison visualised in Figure 5.22a shows the sensitivity of a 50 um
experiment to flaw formation at high drying intensities, even at a low drying period. The
vulnerability of 75 um layers when simultaneously using high drying periods and drying
intensities is evidenced in Figure 5.22d. However, increased bending strengths in the sintered
state can be achieved by increasing the drying intensity for 75 um layers and applying drying
times of 35 or 55 s (Figure 5.22b, Figure 5.22¢). All direct comparisons show enhanced green
strengths at increasing drying intensities, even though not all runs provided significant results

due to the low sample number.

Discussion Since a classic example of a thermosetting resin is used in this work, a dependence
of the thermal process management on the curing of the binder is reasonably assumed.
Consequently, increasing bending strengths with increasing 3D printing process temperatures

are confirmed by these findings.

No influence of drying intensity on green or sintered density has been found. Though, packing
density is crucial to impact the achievable strength during sintering. The effect of reduced
sintered strength when using higher drying intensities and either depositing 50 pm layers or
simultaneously allowing the layer to dry for an exaggerated long period is attributed to a higher
probability of flaw formation due to excessive drying. Excessive drying is expected to lead to
high differential shrinkage and, thus, to stress development and crack formation. Moreover,
high process temperatures are suspected of causing planar pore formation on the layer

interfaces.
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Furthermore, it has been shown that by coordinating the parameters of drying intensity, drying
period, and layer thickness, equivalent sintered strength can be achieved for both levels of layer
thickness. It thus can be stated that sufficient drying is to be guaranteed in slurry-based 3D
printing to achieve high strength — this may be accomplished by increasing the drying period,

by reducing the layer thickness, or, particularly economically advantageous, by increasing the

drying intensity.
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Figure 5.22: Direct comparison of bending strength distributions with varying layer
thicknesses at defined drying intensities and drying periods.
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Elongation at Break

When analysing the elongation at break of sintered specimens, a slight decrease in elongation

at break with increasing drying intensities is found at an immense spread (Figure 5.23).
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Figure 5.23: Elongation at break distributions for varying drying intensities.

When comparing directly related parameter sets (Figure 5.24), no uniform trend can be derived.

No influence of the drying intensity on the deformation capacity can be derived here.

Discussion The results cannot consistently confirm the typical relationship between stress and
elongation at break stated by Griffith (1921). The discrepant results refer to runs applying
75 pum layers and drying periods of 35 and 55 s. Here, the specimens generally exhibit enhanced
bending strengths at a lower elongation at break when applying PAV =4.6 V compared to
PAV =42 V. Inherent flaws are known to form stress concentration sites promoting brittle
failure (Bengisu, 2001, p. 244). Thus, it is presumed that those specimens exhibit flaws of

unfavourable size or shape at a disadvantageous place.
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Figure 5.24: Direct comparison of elongation at break distributions with varying layer
thicknesses at defined drying intensities and drying periods.



Control of Material Properties via Drying Configuration 95

Dimensional Accuracy

The specimens’ width is analysed to deduce a relationship between the drying intensity and
binder migration. At higher drying intensities, higher energy inputs are applied. Thus, lower
drying intensities may promote binder migration. Figure 5.25 indicates an overall contrary
trend. However, it is to be noted that this diagram is compiled from only quantifiable data sets
— the data comprising the boxplots for 4.6 V involve data from runs at higher layer thicknesses
or lower drying periods. In contrast, the 3.8 V runs also yielded quantifiable results at 50 um

and longer drying periods.
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Figure 5.25: Specimens’ width distributions with varying drying intensities.

Figure 5.26 shows the direct comparisons of selected parameter sets. No correlation between

drying intensity and dimensional accuracy is determined.

Discussion There is no evidence that drying intensity affects either densification or binder
migration. Though, porosity is believed to influence binder migration strongly. The literature
reveals the crucial impact of the packing density on fluid infiltration behaviour (Barui et al.,
2020, p. 34258). However, further research is needed to allow for a breakdown of counter-
acting effects: Migration is presumed to increase with increasing moisture contents within the
powder bed. However, the overall rise in temperature (chapter 5.2.4) may promote infiltration
by raising the binder’s viscosity or impede infiltration by hindering molecular motion due to an

ongoing glass transition.
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Figure 5.26: Direct comparison of specimens’ width distributions with varying layer
thicknesses at defined drying intensities and drying periods.

Surface Roughness

Figure 5.27 shows increasing plane-level surface roughnesses with increasing drying intensities
at a high significance level. A medium average surface roughness Raof 1.1 um at PAV=38V
compared to 1.7 um at PAV = 4.6 V means an improvement of Ra by 33.5 %. Coincidently, Rz
is found to improve by 28.3 % when applying the lowest level of drying intensity compared to

the highest one selected in this study.
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Figure 5.27: Specimens’ roughness distributions for varying drying intensities.

Discussion The results reveal a clear relationship between drying intensity and surface
roughness. In thin film technologies, a correlation between drying rate during solvent
evaporation, particle packing, and permeability has been reported (Reyes et al., 2007, pp. 356—
357). Reyes et al. (2007) found a great difference in the particle arrangements with varying
drying rates causing a nonlinear deterioration of surface qualities with increasing drying
velocities (Reyes et al., 2007, pp. 361-367). Herein, the drying intensity is the process variable
mostly influencing the drying rate. An impaired particle arrangement may be a reasonable
explanation for reduced surface qualities when drying intensity increases. However, since no
impact on density is shown coincidently, higher temperatures are more likely to cause surface

imperfections by promoting adhesions on the coating head.

Homogeneity and Defects

In Figure 5.28, a comparison of the microstructure of specimens fabricated at different drying
intensities is shown. It is demonstrated that the specimens dried at the lowest level of drying
intensity do not exhibit any major flaws (Figure 5.28a, Figure 5.28b). In contrast, the specimens
fabricated at the drying intensity of 4.6 V show multiple major flaws, preferably on the upper

side of the specimen.

Discussion In chapter 5.2.1, major defects are found at both levels of layer thickness when
applying the highest drying intensity and a drying period of 15 s. This effect was assumed to
originate from moisture inclusions leading to differential stresses within the layer or thrust
deformations. Figure 5.28 compares a 50 um layer specimen dried at the lowest level of drying
intensity to the corresponding specimen dried at the highest drying rate. Since the specimen

dried at PAV = 3.8 V does not show any flaws, it is supposed that — in contrast to the higher
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level of drying intensity — no rapid solidification appears here, but a more homogeneous
moisture removal throughout the whole layer. That may lead to low differential stresses and
enhanced structural stability of the layer, even though its overall moisture content during

printing is high.

(a) 50 ym, 3.8V, 15 s - sintered (b) 50 ym, 3.8V, 15s - green

(c) 50 ym, 4.6 V, 15 s - sintered (d) 50 um, 4.6 V, 15 s - green

Figure 5.28: Micrographs showing the microstructure of specimens of varying drying
intensities fabricated at the layer thickness of 50 um and a drying period of 15 s.

5.2.3 Influence of the Drying Period

Drying is considered “excessive” when applying conditions that, in total, expose every layer to
a high level of infrared radiation. Thus, along with the breakdown of the effect of the parameter
drying intensity, the analysis is extended, focusing on the period of IR exposure — the drying
period. The first research hypothesis addressed in this chapter states the increasing formation
of defects when drying excessively. Secondly, greater progress in drying is regarded as
favourable for improving compaction. In the following, both hypotheses are investigated for

their truth.
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Density

Figure 5.29 shows an overview of density data gained at different drying periods. With
increasing drying periods, an increase in both sintered and green density is found until a drying

period of 55 s. When drying for 75 s, a slight decrease in density is observed.
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Figure 5.29: Specimens’ width distributions with varying drying periods.

In direct comparisons (Figure 5.30), the trend of increasing densities with increasing drying
periods is confirmed. All runs show the highest densities at a drying time of 55 s, whereas when
drying for 75 s, a loss in density is found. The most significant finding in Figure 5.30b enables

clear differentiation of densities assessed for varying drying periods.

Discussion While drying intensity and density did not show any interferences, significant
deviations in density are found with varying drying periods. The duration of energy input for
evaporation purposes is observed to affect densification and, thus, the global microstructure.
Densification in slurry-based 3D printing is known to be attainable by either capillary flow or
drying shrinkage. Capillary pressure as the driving force for densification during layer casting
is indirectly proportional to the pore radius and the infiltration velocity (chapter 2.3.2).
Moreover, an enhanced moisture capacity far off the pore saturation level allows for fast
dehydration and thus enables increased packing densities. Conversely, drying shrinkage results
in particle arrangement during drying itself. However, shrinkage during drying is mainly
assigned to the constant rate period CRP, which is generally short compared to drying
completely (Janetti, Janssen, 2020, p. 3). During CRP, a constant drying rate is accompanied
by a linear moisture loss and hardly any temperature increase due to evaporation enthalpy
(Figure 2.13).
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Figure 5.30: Direct comparison of specimens’ width distributions with varying drying periods
at defined layer thicknesses and drying intensities.

Compaction via capillary flow is assumed to be more spontaneous than the drying process’s
total duration. However, since a more proceeded drying stage will influence moisture capacity
and capillary flow, capillary effects and drying are believed to interact and superpose during
layer-wise drying. When exceeding FRPI1, relevant temperature increases above ambient
temperature are expected locally at the exposed surface, which is believed to cause rapid
solidification instead of regular capillary flow when applying the subsequent layer. When

reaching the drying period of 75 s, relevant temperature increases are observed (chapter 5.2.4)
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that may lead to a rapid moisture release impeding capillary flow or blistering during the

deposition of a new layer.

Four-point Bending Strength

Analogous to the findings on the density, Figure 5.31 shows significantly increasing sintered
bending strengths with increasing drying periods only until a drying period of 55 s is reached

while the green strength is further increasing.
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Figure 5.31: Bending strength distributions with varying drying periods.

When directly comparing associated parameter sets (Figure 5.32), the growth in sintered
strength with increasing drying periods until certain drying progress is confirmed. Moreover,

all parameter combinations showed enhanced green strengths at higher drying periods.

Discussion Higher process temperatures attained by extended drying periods are found to lead
to an enhanced level of curing of the thermoset resin used in this study and, thus, to higher
green strengths. This context is discussed in greater detail in chapter 5.2.4. However, the
sintered strength is affected by the sintered microstructure only. The improved packing density
detected above correlates with the mechanical strength. The higher packing density, and thus

the reduced pore volume directly leads to enhanced bending strengths.

Contrary to the drying intensity effects assessment, a direct correlation between density and
bending strength can be revealed. The enlarged process window can explain that effect. While
the heat flux generated by the respective drying intensity can only be varied by a factor of 1.6,

radiation is varied from 15 s to 75 s representing a factor of five.
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Figure 5.32: Direct comparison of bending strength distributions with varying drying periods
at defined layer thicknesses and drying intensities. Note of caution for interpretation: The
data of sintered bodies shown in (a) are incomplete (n=0) due to transport damage.
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Elongation at Break

Figure 5.33 shows the elongation at break distributions of sintered specimens depending on the
drying duration. In accordance with the strength development displayed in Figure 5.31, a
significantly increasing elongation at break with increasing drying periods until a drying period
of 55 s is found.
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Figure 5.33: Elongation at break distributions with varying drying periods.

In Figure 5.34, direct comparisons confirm the increasing elongation at break at a constantly
high level of significance until a certain level is reached. Only Figure 5.34a reveals higher
elongation at break values at the drying period of 75 s compared to the respective 55 s run, even

though the measured strength is found higher at 55 s (Figure 5.32a).

Discussion The typical relationship between strength and elongation at break is confirmed in
Figure 5.33 and Figure 5.34. The courses meet the expectations in light of the strength
development with increasing drying periods, as detected in Figure 5.31 and Figure 5.32. In
summary, the material properties of density, bending strength, and elongation at break assessed
within this chapter prove two research hypotheses to be true: First, high drying periods have
been found to improve compaction and lead to higher density and strength. Second, excessive
drying generated by applying exceedingly high drying periods leads to major flaws and,

concurrently, to reduced strength and elongation at break distributions.
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Figure 5.34: Direct comparison of elongation at break distributions with varying drying
periods at defined layer thicknesses and drying intensities. Note of caution for interpretation:
The data of sintered bodies shown in (a) are incomplete (n=0) due to transport damage.

Dimensional Accuracy

The specimens’ width is analysed to assess the correlation between the drying progress and

binder migration (Figure 5.35). At the lowest level of drying period, 15 s, an increased width

and a high spread of data are found. In contrast, as long as sufficient energy for evaporation of

the slurry solvent is provided (which is the case when drying for at least 35 s), the specimens’

width is determined to be a constant value close to the target.
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Figure 5.35: Specimens’ width distributions with varying drying periods.

When comparing directly related parameter combinations, cross-links between layer thickness
and drying periods are noticed regarding lateral binder migration. Figure 5.36 shows the effect
of lateral binder migration only at the higher layer thickness level in combination with the

lowest drying period level.

Discussion Since relevant deviations from the target specimens’ width are measured when both
a high amount of water is supplied and the drying period is selected to be short, a relationship
between residual moisture contents and lateral binder migration is assumed. The migration
phenomenon itself is known to be more sensitive to the diffusion coefficient that describes the
transport of a substance due to particle movement than to the conductivity of the substrate
(Farkas et al., 1991, p. 1045). Farkas et al. (1991) compared the binder infiltration profile during
the drying of paper and found binder particles in more distant sites when drying slowly (Farkas
etal., 1991, pp. 1042-1045). Klinov, Anashkin (2019) investigated diffusion in binary aqueous
solutions of alcohols and found an almost doubled diffusion coefficient of IPA when increasing
the temperature within this study’s relevant temperature range from 40 °C to 60 °C (Klinov,
Anashkin, 2019, p. 5). The high diffusion rate of IPA, the solvent in the binder system used, at
elevated temperatures is suspected of leading to the high selectivity of binder application and

impeded migration.
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Figure 5.36: Direct comparison of specimens’ width distributions with varying drying periods
at defined layer thicknesses and drying intensities.
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Surface Roughness

Figure 5.37 shows the development of the plane-level surface roughness with increasing drying
periods. While from 35 s, a constant level of Ra~ 1.2 um, or Rz ~ 10 um, is observed, the

drying period of 15 s is shown to be clearly unfavourable with respect to surface quality.
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Figure 5.37: Specimens’ roughness distributions for varying drying periods.

Discussion As shown above, low drying times in combination with high drying intensities lead
to major flaw generation assigned to inhomogeneous moisture distribution within the layer.

Those major flaws of sizes up to 500 um are also suspected to reduce surface qualities.

Homogeneity and Defects
Figure 5.38 demonstrates that the specimen dried for only 15s at PAV =4.6 V shows large

flaws, which complies with the expectations from the mechanical testing results. In contrast,
the specimens dried for 55 s indicate no impairments within the microstructure. However,

interlayer cracks are observed when drying excessively (for as long as 75 s).

Discussion The microstructural analysis shows that the drying period needs to be carefully
adjusted to further drying-related parameters to avoid differential stresses. It has been evidenced
that an excessively long drying period is disadvantageous in many respects, as well as a low

drying period in combination with high drying intensities.
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(c) 75 um, 4.6 V, 55 s - sintered

(e) 75 um, 4.6V, 75 s - sintered (f) 75 um. 4.6V, 75's - green

Figure 5.38: Micrographs showing the microstructure of specimens of varying drying periods
fabricated at the layer thickness of 75 um and PAV = 4.6 V.
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5.2.4 Temperature Evolution and Influence of the Layer Temperature

The temperature evolution during drying obtained by a thermocouple positioned below the
respective specimens (Figure 4.4b) is analysed to verify the above-mentioned results. Figure
5.39 indicates whether an advanced drying stage is reached as expected when varying layer
thickness, drying intensity, and drying period. All parameters are found to be significantly
deviating. As anticipated, higher drying intensities and, thus, a higher radiated power output or

higher drying periods clearly lead to higher layer temperatures (Figure 5.39b, Figure 5.39c¢).

Temperature in °C

(@) Ps=1.39 - 103 n = [31;62]

70.00
65.00
60.00
55.00
50.00
45.00
40.00
35.00
30.00

15s

35s

55s

75s

70.00 [ 70.00

65.00 |- 65.00

(o]

© 60.00 |- T O 60.00
£ £
o 55.00 |- o 55.00 T
S X S
% 50.00 |- % 50.00 X @
: o : L
S 45.00 - T S 45.00 T
= 40.00 |- o 2 40.00

35.00 |- 35.00

30.00 30.00

50um 75um 3.8V 4.2V 4.6V

(b) Ps=1.78 - 108, n = [30;32]

(c) Ps=3.83 - 10 n =[19;28]

Figure 5.39: Temperature evolution during drying — dependent on (a) the layer thickness, (b)
the drying intensity, and (c) the drying time.

Since only 50 pm specimens fabricated at a low drying intensity or a low drying period led to
green bodies stable enough to allow for material analysis (Table 5.1), the overall temperatures
attained when using a higher layer thickness were slightly higher than the respective ones of

the lower level of layer thickness (Figure 5.39a). Though, directly comparable parameter sets
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show 1.5 °C higher temperatures at the lower layer thickness. Consequently, a proceeded drying
stage is evidenced to be attainable by lowering the layer thickness, by increasing the power to

be radiated, or by increasing the duration of radiation exposure.

Figure 5.40 shows diagrams of the average density, strength, and elongation at break attained
at different layer temperatures, coloured corresponding to the parameter drying intensity. While
increasing temperatures tend to enhance green bodies’ densities and strengths (Figure 5.40b,
Figure 5.40d), no clear relationship between the temperatures and both densities and strengths
in the sintered state can be derived (Figure 5.40a, Figure 5.40c). However, Figure 5.40e reveals

a tendency towards higher elongation at break values at higher layer temperatures.

Discussion When drying ceramic films, most of the shrinkage and drying stresses are known
to occur during CRP, which is the initial stage of drying in which the pores are still filled with
the liquid phase (Scherer, 1990, p. 1). However, temperature increases above the wet bulb
temperature arise only during FRP1 and FRP2. In this study, reaching the elevated drying stages
of FRP1 and FRP2 is accomplished by increasing the drying periods and rate or by reducing
the layer thickness. Due to reciprocal influences, enhanced data reliability and conclusiveness
are achieved by directly drawing conclusions between material properties and input parameters
instead of temperature data attained by process monitoring. The layer temperature development
is considered particularly dependent on the residual moisture of the powder compact and its

distribution.

Moreover, cooling due to evaporation is continuously superimposed with heat transfer which,
in turn, is strongly dependent on the pore fluid’s thermal properties. Thus, future research may
focus, in particular, on applying advanced methods from heat and water transport physics to the
slurry-based 3D printing process. Chapter 5.2.5 introduces the requirements for modelling these

complex processes in the future.

The green bodies’ increasing densities and strengths with elevated temperatures are attributed
to the curing behaviour of the novolak system. Differential scanning calorimetry (DSC) is a
thermal analysis method measuring the heat flow from or into a small material sample during a
prescribed temperature program and is thus a characterisation method appropriate for
investigating the polymerisation of thermoset resins (Focke et al., 1991, p. 1665). Various
studies have investigated the curing of phenolic resins using this method. Chun-Chiao, Jie
(1988) report a softening of novolak resin from 50 °C (Chun-Chiao, Jie, 1988, p. 175). Maji et
al. (2014) observed an endothermic polymerization reaction from ~ 67 °C (Maji et al., 2014, p.
588).
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Figure 5.40: Averaged values of selected material properties attained dependent on the
temperatures evolving at different drying intensities.
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When analysing a chemically similar system, P6hlmann (2006) found an endothermic peak at
~ 58 °C and assigned it to relaxation during the glass transition that occurs prior to the
exothermic cross-linking from 140 °C (P6hlmann, 2006, pp. 30—34). The authors interpret the
endothermic reaction as relaxation accompanied by vaporisation, implying viscosity changes

or an impeded molecular motion that may prevent binder migration.
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Figure 5.41: DSC curve of Novolak/ Hexa 90/10 wt.-% (Pohimann, 2006, p. 31).

5.2.5 Requirements for Model Development

Due to the strong influence of the drying conditions on the specimens’ properties demonstrated
above and the potential of the slurry-based 3D printing process to allow for the processing of
almost every material system, model development for the slurry-based layer casting and drying
process is considered important for further advancements in process development. Given this
thesis’s complexity and wide scope, merely the requirements for model development are
discussed that provide a basis for model development on future industrial machines. This
chapter is divided into subchapters concerning the drying of thin layers, transport processes and
heat transfer in porous media. It is suggested to develop an advanced model capable of linking
thermodynamic and fluid mechanic models to allocate the interacting mechanisms within the

iterating process steps in slurry-based 3D printing.

Drying of Thin Layers
Typically, there is an exponential relationship between a thin film’s weight and the drying time.
Varying authors have proposed different models. Akpinar et al. (2004) summarised 14 different

expressions. Due to the inadequate measurement accuracy of the measurement equipment
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available for this study (Kern PCB 1000-2, Kern & Sohn GmbH, Balingen, Germany), the best
fit with experimentally determined data on a slurry volume in the magnitude of 100 - 200 times
higher than one layer in slurry-based 3D printing has been investigated exemplary for those
models by regression analysis (Figure 5.42). The two-term model suggested by Henderson was

found to represent the best fit with the experimentally determined data.
MR = b1 e_zlt‘l‘bz e_zzt (53)

With the moisture ratio MR, the time t, and the model coefficients b; = 6.374-10%, b, =
1605, z; = 2.004 - 10~* and z, = 4.651 - 10~*. For developing an advanced material model,
further data acquisition is needed in accordance with the actual layer volume and different
drying times. The author suggests using a fully enclosed measurement setup and a

microbalance.

Chiu, Cima (1993) utilise an optical interference technique to analyse substrate deflection and,
thus, stress development during the drying of ceramic films. However, no prior work is known
to the author addressing a layer-wise approach taking into account the strongly differing

behaviour when applying thin films on porous layers, eventually retaining moisture.

Those methods will assist in identifying a slurry’s drying behaviour but need to be coupled
through differential equations to enable a process model considering the layer-wise build-up.
However, even more advanced methods and models are to be qualified to provide a model that
covers aspects regarding the development of the microstructure during drying, as described by
Breinlinger (2015).
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Figure 5.42:Regression analysis of experimental data to determine an appropriate drying
model.
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Transport Processes in Porous Media
Grau (1998) suggests using Washburn’s equation to calculate the infiltration times in slurry-
based 3D printing. Chapter 2.3.2 gives an introduction to modelling the infiltration times. The
infiltration time t can be accordingly calculated by:

h?n

t= S okp (5.4)

With the liquid column height h, the liquid viscosity 7, the void fraction @, the permeability k,
and the capillary pressure p.. The author refers to Grau ‘s detailed example calculations on the
slurry-based layer casting process, including the application of the colloidal filtration model
developed by Aksay, Schilling (1984) that accounts for particle consolidation on the interface
to a porous substrate, mould or layer (Grau, 1998, 175-193), and Washburn’s equation (Grau,
1998, 222-224).

However, with today’s advanced computing capacities, solving the flow and transport problems
might be preferentially conducted using simulation tools. Besides multiple commercial tools
(e.g. Flow-3D), open-source simulators like DuMu* allow for the modular setup of multi-
domain simulations solving partial differential equations in porous-medium flow (Koch et al.,
2021, pp. 423-424). Fetzer et al. (2017) account for both heat and water flux in a hydro system
application using DuMu* by presenting a simulation of evaporation from wet soil surfaces.
Investigating the adaptability of those existing models to slurry-based 3D printing will be a

highly interesting task in future research.

Heat Transfer in Porous Media

One can describe the temperature variations within a bulk solid containing a pore fluid by the

so-called heat penetration coefficient S (Buntebarth, 2020, p. 3):

_ AwiayKmex A AftiaPruiaCrivia

S
Amtx\/Kfluid \/Amtxpmtx Cmtx

(5.5)

With the thermal conductivity A and the thermal diffusivity k of the fluid (A4 and Kfpyiq)

and of the matrix (A, and Kpey).

The thermal conductivity of a slurry mixture can be approximately calculated to be around
3 W/(mK). In contrast, the powder compact’s thermal conductivity (the pores are filled with air
instead of water) is estimated to be around 1.3 W/(mK). Analogously, the thermal diffusivity is
estimated to lower from around 1.4 mm?*s to around 0.4 mm?/s. A calculation of the heat
penetration coefficients S of the theoretical limits within the application in slurry-based 3D

printing, which are the slurry consisting of quartz and fully saturated with water Sgj;-yy (5.6)
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and the powder compact with pores that are fully saturated with air S¢ompace (5.7) results in a
factor of 270 higher heat penetration coefficient in case of the slurry. (Buntebarth, 2020, pp. 3—
5) Even though the experiments described above run within tighter limits, the thermal properties
can be stated as widely changing during drying. Given the reciprocal influences of temperature
development, the drying parameters, and the resulting layer properties, a temperature-
dependent model needs to account for the kinetics of both heat and transport flux. Its
implementation using advanced simulation tools is recommended due to the problem’s
complexity.
w mm?

0.6m 3.57 S

Ssturry = = 0.43 (5.6)
2

7V 014
mK S

2
0.026 X |3.57Mm
mK S

w mm
mK 20 S

= 0.0016 (5.7)

SCompact =

5.3 Consequences for Industrial Core Production

In chapter 5.2, the effects of the drying conditions on the material properties are analysed, and
the cause-effect chains are discussed. In the interests of clarity, it is discussed briefly how the
newly gained knowledge on the control of materials’ properties via drying configuration can be
exploited for adjusting the slurry-based 3D printing process parameters according to the
requirements in an industrial environment — with a special focus on material properties and

economic efficiency.

5.3.1 Control of Casting Cores’ Properties via Drying Conditions

Figure 5.43 summarises the effect of increasing the drying parameters layer thickness, drying
intensity, drying period, and temperature on the crucial material properties of casting cores. It
becomes clear that raising the layer thickness causes unfavourable changes in all material
properties except for the surface quality measured on the plane surface. Though, as discussed

above, 3D parts’ surface properties are necessarily connected with the layer thickness.

The positive effect of increasing the drying period to a certain extent is likewise evidently
demonstrated. When increasing the drying intensity, no unambiguous conclusion can be drawn
since elongation at break, and surface quality are shown to be lower. In contrast, four-point

bending strength even increases in some instances.
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Moreover, higher process temperatures lead to higher green densities and strengths and tend to
allow for increased elongation at break values in sintered state. However, no evident conclusion

can be drawn here for the reasons extensively discussed in chapters 5.2.4 and 5.2.5.

Layer Drying Drying Temperature
thickness intensity period
*x * * *
Green E = f S »
Density .
Sintered E = S B
Four-point ~ Green 2 . B x B
bending 50 um 75 um
strength Sintered . B ‘ # f
El ti t .
e sitered | . 2 * 2 )
Dimensional Green ‘ f
acctiracy Sintered ‘ f
s;:afﬁ:; Sintered " “

*Peak at 55 s

Figure 5.43: Summary of the effects of the investigated drying conditions on the resulting
material properties.

Conclusion and implications It has been shown that in slurry-based 3D printing, lower layer
thicknesses improve materials’ properties in terms of density, mechanical strength, ductility,
dimensional accuracy, and surface quality. The drawback of lower layer thicknesses is solely
the total increase in 3D printing process time and cost due to increased axes movements for the
same print job. Since higher initial densities are achieved that facilitate densification during
sintering, this disadvantage might be attenuated by time savings in post-processing. Since no
further improvements are possible with increasing the drying periods above 55s, it is
recommended to dry at maximum up to this period. An overall rating of the investigated
parameter sets (Figure 5.44) visualises possible trade-offs in process settings by assigning
ratings from one to ten in linear gradations to each parameter set except for the sets using the
exaggerated drying period of 75s. When applying short process times, comparatively
disadvantageous properties are to be expected, whereas superior strength, surface quality, and

dimensional accuracy are attainable with a trade-off in process time.
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Figure 5.44: Overall rating of the investigated parameter sets regarding process times,

surface quality, strength, and dimensional accuracy. The data is linearly normalised to scale

values between 0 (unfavourable) and 10 (favourable).

5.3.2 Economic Efficiency Analysis

This subchapter focuses on the economic efficiency of the slurry-based 3D printing process

investigated herein. Thereby, hints on feasible optimisations in terms of efficiency are

elaborated. Exemplary, the effect of thinner layers on process times is calculated on the base of

the given test setup environment and abstracted to an industrial machine.

A total print job embraces base and finish layers enabling consistent conditions all over the

print job height and print layers that actually compose the later green part. In this work, the

number of base and finish layers ng,,, and ng;p;sp were fixed following the elaboration of the

process specifications for reliable process control (chapter 4.3). The number of print layers

Nprine can be calculated by deviding the total job height hy,;, by the layer thickness H used.

Typically, np,i,s 1s automatically output by the slicing software.
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Similarly, all layers require the step of layer casting and drying. Though, when printing onto
layers, additional time-consuming steps are involved, such as the layer-wise cleaning of the
printhead or a slowed-down movement to ensure the desired printing frequencies. The
equations (5.8) — (5.10) allow for the calculation of the process times during slurry-based 3D

printing on the test setup utilised herein:

tPrintjob = (tLayercasting + tDrying) ' (nBase + Nprint

(5.8)
+ Nginish) + Nprine - Uprinting

tLayercasting = tCoating + tCoatercleaning + tMachine (5,9)

tPrinting = tPrintheadcleaning + tpataload T tNozzleshift (5.10)

With the variables as listed and quantified in respect of the test setup in Table 5.2.

Table 5.2: List of variables for process time calculation.

Variables Quantification  Specification
tprintjob ~ Eq. (5.8): Total print job duration
tLayercasting 163 s Eq. (5.9): Durati.on of depositio.ning on.elz
layer and returning to the starting position
tcoating 13s Duration of layer deposition
Lcoatercleaning 20s Duration of the coater cleaning operation
tMmachine 13s Empty machine movement times
Uprying ~ Drying period
tprinting 121s Eq. (5.10): Extra time for printed layers
Duration of the printhead cleaning
Uprintheadcleaning 6.0s .
operation
tpataload 50s Duration of data load
tNozzleshift 11s Duration of lateral printhead movements
Npase 10 Number of base layers
hyob

~ Number of print layers

NEinish 5 Number of finish layers
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When excluding the drying period, the layer time t;4yer = trayercasting + tprinting Of the test
setup is 28.4 s, and its printing area is 40 x 80 mm. In comparison, an exemplary industrial
binder jetting machine for sand printing VX1000-S (voxeljet AG, Friedberg, Germany) allows
for a layer time of only 12 s when equipped with multiple stacks of printheads (Quitter, 2019).
It can print onto an area of 1000 x 600 mm (Gibson, 2021, p. 246).

The deposition rate DR as the key performance indicator for slurry-based 3D printing efficiency

can be calculated as:

l-w-H

DR (5.11)

tLayer + tDrying

With the machine-dependent length and width of the printing area [ and w.
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Figure 5.45: Performance analysis dependent on drying time and layer thickness.

Figure 5.45 visualises the hyperbolic function of the deposition rate in dependence on the drying
time for relevant layer thicknesses on the test setup (Figure 5.45a) and the exemplary industrial
machine as described above (Figure 5.45b). It is thus apparent that the advancement in the
process step of drying will play an immensely important role in transfer to industrial

application.

Still, since the feasibility of applying drying periods of only 15 s has been demonstrated herein
using a simple IR heater assembly, and further improvements can be forecasted when advanced
measures are taken (e.g. supporting moisture transport by convection currents or warming up
the slurry prior to its processing to accelerate evaporation), the enormous potential of the

process can be derived.
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In particular, when analysing the process efficiency in binder jetting, scalability must be taken
into account. Figure 5.46 visualises the deposition rate in dependence on the layer thickness
used and the machine type at an estimated drying time of 15s. The grey line shows the
performance of the test setup utilised herein that is equipped with only one printhead and whose
control does not allow for parallelisation of the process steps. Conversely, an industrial machine
with a printing area of 1000 x 600 mm that is generously equipped with printheads would be
capable of delivering a throughput of 1 — 10 I/hr on layer thicknesses between 20 and 100 pm.
For comparison, the recently launched laser-induced slipcasting (LIS) machine CeraMax Vario
V900 (Lithoz GmbH, Vienna, Austria) as an alternative laser-based additive manufacturing
technology for large-size ceramic greenbodies (layer time of 40 s) is additionally plotted
(Lithoz GmbH, 2022). In terms of productivity, a binder jetting machine of equivalent size

(250 x 250 mm) is calculated to show a noticeably higher deposition rate at 15 s drying time.

Overall, it is demonstrated that adjusting the machine’s printing area size significantly affects
the part throughput. Hence, the choice of printer size in slurry-based 3D printing must be made

based on the business case of the individual application.
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Figure 5.46: Demonstration of the scalability of the slurry-based 3D printing process.
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This chapter aims to outline the prospects of the slurry-based 3D printing technology for
advanced casting applications based on the findings within this work. First, investigations on
the extended process chain of ceramic casting core production are performed. A survey on the
post-processing of 3D printed green bodies enables a deeper insight into various requirements
within interdependent process steps and demonstrates the demand for a diligent configuration
of the overall process. Chapter 6.1 includes studies on the wash-out process essential for
damage-free part retrieval and the sintering behaviour of the material system used in
consideration of anisotropic properties. In chapter 6.2, the knowledge derived from this work’s
results is applied in an overall process demonstration based on the example of a highly
industrial-relevant close-contour cooling system. It shows the application of high-strength
casting cores with imprinted predetermined breaking points fabricated in consideration of the
overall elaborated knowledge. A second exemplary casting application is presented in chapter
6.3, employing the slurry-based 3D printing technology and its attributes of high resolution,
low surface roughness and flexibility by additively manufacturing a matrix barcode insert for
part marking purposes. Finally, chapter 6.4 summarises the potentials and challenges for

technology deployment throughout the foundry environment.
6.1 Post-processing of 3D Printed Green Bodies

Complex and filigree as-printed structures that do not exhibit their final properties in the green
state call for intelligent process management. Below, the crucial post-processing treatments of
wash-out and sintering are investigated to assess the application potentials and boundaries in

the overall process chain.

6.1.1 Specification of the Curing Cycle

During upscaling of the printing volume (increasing specimens’ height from 2 mm to up to
12 mm), it is observed that the previously set curing cycle (280 °C, 1h) is to be modified to
account for the higher thermal inertia related to its total mass and heat capacity, as well as the
increased proportion of enclosing compacted powder material providing thermal insulation. In
particular, the enclosed powder bed’s appearance and texture change by enlarging the material
surrounding the printed green bodies without adjusting the curing cycle. Even though the green
bodies’ strength has not been investigated in this respect, redispersion is found to be inhibited.

By performing tests on the slurry’s thermal composition, the thermal removal of organics that



122 Prospects for Advanced Casting

make up approx. 1.05 wt.-% of the compacted and dried powder bed is investigated. Thereby,
six specimens cut from dry and compacted powder beds of around 5 g each are weighed using
Secura 125-18S analytical balance (Sartorius AG, Gottingen, Germany) and klined at 300 °C in
the muffle furnace LE14/11/R7 (Nabertherm GmbH, Lilienthal, Germany). One specimen is
removed from the furnace every hour, cooled down, and weighed again. Figure 6.1 shows the
weight loss as measured, the calculated total organic portion, and the LOI reference value
measured at 900 °C.
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Figure 6.1: Determination of the slurry’s thermal decomposition over time.

The weight loss determined during the first hour of thermal treatment, equalling 0.36 wt.-%, is
found by far the highest. During the second hour, the specimen loses another 0.06 wt.-%. Only
at 5 h, the next clear increase in weight loss (around 0.06 wt.-%) is detected. Thus, it is
concluded that 1 h of thermal treatment of the powder compact at 300 °C presents the lower
limit of curing time for a specimen’s mass of ~ 5 g. Since powder compacts weighing between
10 and 30 g are fabricated in this chapter, a curing cycle time of 3 h is prescribed. A
simultaneous thermogravimetric analysis (TG) and differential scanning calorimetry (DSC) of
compacted powder (courses [3.1]-[3.3]) and a 1:4 mixture of binder and already cured
compacted powder (courses [3.1]-[3.3]) is conducted (appendix A2) on STA 449 F3 Jupiter
(Netzsch-Gerdtebau GmbH, Selb, Germany) to assess the thermal stability of the binder during
this longer thermal cycle. The evaporation of the solvent, an endothermic reaction accompanied
by major weight loss, is already completed at 80 °C. No major degradation of the phenolic resin
is observed during a holding time of 3 h at 300 °C (see the transition of TG-curve from [4.1] to
[4.3] in the lower right). Conversely, when curing the powder compact, a weight loss 0of 0.45 %

is detected, complying well with the results shown in Figure 6.1.
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It has been shown that the slurry’s organics slowly decompose during curing. Enhanced
decomposition of the slurry additives is known to facilitate redispersion since an advanced
degree of disintegration weakens the strength of the interparticle bonds. However, even though
no thermal decomposition can be determined from the binder’s weight loss, the prescribed
course operates within a temperature range potentially critical for binder decomposition. The
effect of the modified curing cycle on the green strength of 3D printed bodies has not yet been
investigated. In future slurry material developments, one should preferably add organics that

can be volatilised at temperatures below the respective onset temperature of binder degradation.

6.1.2 Wash-Out of Complex and Filigree Structures

As already noted, the disintegration of the green body and the consolidated powder bed is
challenging in slurry-based 3D printing. The unprinted regions must be redispersed carefully to
retrieve the green part without damage. During redispersion, the dried consolidated powder bed
is crushed into small aggregates via reimmersion in a solvent. Parameters influencing the
interparticle interactions and, thus, the redispersion of the powder bed are particularly the
powder type, the redispersing medium, and polymeric additives. (Moon et al., 2000, p. 1) Since
this thesis does not aim to optimise the slurry’s chemistry, part retrieval and redispersion are

assessed solely by performing practical tests.

Specimens’ Geometries

The challenges and possibilities of the wash-out process are demonstrated on the basis of two
specimens: specimen D (Figure 6.2) is used to evaluate the effectiveness of different wash-out
methods and demonstrate the risk of part damage during wash-out. Furthermore, an u-shaped
test geometry designed in the style of a cooling channel core’s segment (Figure 6.3) is applied
to showcase the enormous interference of the slurry’s composition, the wash-out procedure and

the damage-free fabrication of complex core structures.
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Figure 6.2: Dimensions of specimen D in mm, used for evaluating the effectiveness of the wash-
out process and observing damages caused by wash-out and their orientation within the
building volume.
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Figure 6.3: Designs of a hollow (left) and solid (right) u-shaped test geometry in the style of
the water coolant jacket shown in Figure 6.13. The dimensions in mm are scaled to the
available build volume of the test setup.

Specification of the Redispersion Medium

The slurry-based 3D printing method investigated herein allows for processing smaller particle
sizes and achieving increased packing densities. Those material characteristics lead to a high
number of particle-particle contacts, which is favourable with regard to sinterability but

obstructive for redispersion.

Figure 6.4 shows the results from investigations on the redispersion behaviour. Figure 6.4a-c
demonstrate the significantly differing separation of the u-shaped geometry using the
redispersing media water, IPA and a mixture (1:1 by volume) thereof. Without being subjected
to external forces, the powder bed is found to disintegrate into small flakes within seconds in
water. Bigger flakes are created using the mixture of water and IPA as a redispersing medium.
Only the coarse part structure is slowly separated from the surrounding material in larger chunks
when using IPA. Hence, the powder bed is shown to remain cohesive in IPA but can be
spontaneously redispersed in water. Moon et al. (2000) report the inhibition of redispersion by
decreasing surface tension, that in turn reduces capillary forces (Moon et al., 2000, p. 2404).
IPA exhibits a surface tension of only approximately one-third of water and is thus presumed

to possibly enable slow but gentle part retrieval.
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Figure 6.4: Investigations on cleaning efficiency and part damage during ultrasonic cleaning.

Figure 6.4d-f displays the cleaning progress observed on specimen D at a retention time of 90 s
in an ultrasonic treatment (Emmi 55, EMAG AG, Morfelden-Walldorf, Germany). The
photographs confirm the increased cleaning efficiency of water as a redispersion medium. The
decrease in specimens’ volume over time in the ultrasonic bath is quantified in Figure 6.5.
100 % equals the target volume without any residuals on the specimens’ surface or spallings.
Together with Figure 6.4g-i, it reveals the challenges of damage-free but efficient cleaning.
Water is shown to be an aggressive redispersion medium highly sensitive to the time of
exposure to ultrasound. In contrast, the course of the water/IPA mixture approaches the target
value slowly. Spallings are clearly visible when excessively cleaning parts with water or the
mixture of water and IPA, whereas a nearly damage-free surface is shown for the treatment in
IPA.
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Figure 6.5: Quantification of residuals on the surfaces of specimens D for ultrasonic treatments
in different redispersion media.

Specification of the Washout-Method

Moreover, the effect of the ultrasonic power is investigated. However, only minor effects of the

ultrasonic output on the cleaning efficiency are found. Damages also occur likewise for all

levels of ultrasonic output at treatment periods above 90 s.
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Figure 6.6: Quantification of residuals on the surfaces of specimens D for treatments of
different ultrasonic outputs in water.

A rapid expansion of powder compacts in building direction by approximately 150 % can be

observed (Figure 6.7). Swelling followed by solvent ingress is a known issue in part retrieval

(Miihler et al., 2015a, p. 115). Thereof, it might be presumed that the redispersion medium

ingresses the interlayer areas first due to their low density, whereas the dense plane may act as

a diffusion barrier leading to an inhomogeneous expansion only in the z-direction. However,

the colouration of the powder compact after wetting with water indicates a connection with the

rheology modifier used in the slurry that is originally processed as a yellowish liquid. The
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dispersing agent, a carboxylic acid preparation, hinders sedimentation by providing a gel-like
network associated with swelling. Thus, it is assumed that this additive causes reversible

swelling even after drying.

S | —

Figure 6.7: Demonstration of the expansion of a powder compact in the z-direction and its
colouration followed by the saturation of the pores with water.

The effect of the explosive expansion is visualised in Figure 6.8a. The swelling starts from the
inner core structure’s opening, which constitutes a horizontal break’s origin. On the contrary,
the solid u-shaped core structure is retrieved smoothly in an ultrasonic bath. These experiences
clearly show the need for further customisation of the slurry formulation with special respect
to the additives used. Even though it might not be feasible to completely prevent swelling,
enabling a less pronounced and more homogeneous instead of plate-like redispersion is
believed to allow for local and smooth dissolution without causing forces on green bodies’
walls. A relief hole is mechanically inserted into the core presented in chapter 6.2 to account
for the unfavourable swelling of the powder compact during wash-out, which is considered a

solvable problem in future applications.

(a) (b) (c) (d)

Figure 6.8: Outcome of the part retrieval — (a) horizontal break in hollow u-shape due to
explosive expansion of non-bound material after a water bath for 5 s, (b) solid u-shaped core
with major adhesions after a water bath for 5 s, (c) core (b) treated in an ultrasonic bath for
60 s, (d) core (c) after finishing manually by brushing.

6.1.3 Shrinkage-free Sintering

Once a green body is removed from the environing consolidated powder, it is sintered to its
final density and strength. Thus, the sintering behaviour, particularly the shrinkage behaviour,
is crucial with respect to the implementation of printed parts in the individual designated
application. As previously noted, the series of tests analysed in chapter 5.2 do not show any

shrinkage but a slight expansion during sintering. First, the cause of this effect is discussed from
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a material science perspective. Moreover, measurements of the density, porosity and thermal
diffusivity of 3D printed specimens are shown. Thermooptical measurements reveal the 3D

printed green bodies’ anisotropic sintering behaviour.

Fundamentals on the Phase Transitions of Silica Polymorphs

Silica can take various crystalline forms that only exhibit minimal structural energy differences.
Investigating the phase transitions and the stability of phases in silica is thus a delicate
challenge. (Demuth et al., 1999, pp. 3833-3834) The volume differences of the emerging
polymorphs determine the volume changes during sintering. During heating, the crystal
structure of quartz changes reversibly from trigonal to hexagonal symmetry during the a-f-
quartz transition at 573 °C (Raman, Nedungadi, 1940). The high quartz (B-quartz) turns to
tridymite at 870 °C and requires the presence of certain impurities. B-cristobalite is typically
formed from 1470 °C and shows a face-centred cubic crystal structure with a significantly lower
density (2.32 g/cm?® compared to 2.65 g/cm® for quartz). However, B-cristobalite can also
develop at lower temperatures above 1.000 °C. During cooling, the activation energy barrier
for converting B-cristobalite into a-quartz (Figure 6.9a), the typically stable silica phase at room
temperature, is too high. Hence, a tetragonal a-cristobalite forms (Figure 6.9b). (Pagliari et al.,
2013, p. 1, Carter, Norton, 2016, pp. 83—109) The conversion speed depends largely upon
temperatures and grain sizes (Telle et al., 2007, pp. 228-229).

(a) a-quartz (b) a-cristobalite

Figure 6.9: Illustrations of the crystal structures of (a) o-quartz and (b) o-cristobalite. Large
spheres represent Si atoms, and small spheres represent O atoms (Demuth et al., 1999, pp.
3838-3845).

The characteristic of significantly deviating bulk densities and thermal expansion values can be
used to customise the expansion behaviour in firing technology, e.g. to match a ceramic body’s
thermal expansion with that of a glaze (Pagliari et al., 2013, p. 1). Herein, this effect is exploited
to achieve zero net sintering shrinkage by superimposing regular sintering shrinkage with

cristobalite formation associated with volume expansion. More precisely, the portion of the a-
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cristobalite phase within the sintered specimen is set by promoting p-cristobalite transition until

the desired content is reached, compensating for the concurrent shrinkage.

Determination of Density and Porosity

To demonstrate the high validity of density determinations on specimens A in chapter 5.2, the
density and porosity of specimens B fabricated at a layer thickness of 50 um, a drying intensity
of 3.8 V, and a drying time of 55 s are determined using Archimedes’ principle. Table 6.1 shows
the results determined on low standard deviations. The density was further shown to be
independent of the positioning on the printing platform by determining the density on
specimens printed in orientations parallel or orthogonal to the printing direction. The bulk
densities determined on specimens B using Archimedes’ method fully correspond to those
determined on specimens A based on DIN EN ISO 18754 (Figure 5.10a). Hence, the validity
of density determinations by weight and volume measurements is proven. Moreover, the
validness of the results shown in chapter 5.2 on a scaled build volume is confirmed by analysing
more voluminous specimens that require a higher height of the building volume and, thus, a
greater number of total layers. Overall, the prospect of achieving constant material properties
over even greater build volumes using the 3D printing process developed herein can be held

out.

Table 6.1: Results of the density determinations on specimens B using Archimedes’ principle.

Orientation of the cylinders  Particle density PD Open porosity ® Bulk density p
to the printing direction in glcm® in % in g/em?
Parallel (n = 4) 2.56 45.05 1.40
Orthogonal (n = 4) 2.57 45.33 1.40
Standard deviation 1.57:102 2.08-10" 5.16-103

Determination of Thermal Diffusivity

The thermal diffusivity evolving during heat-up can be monitored using thermooptical
measurements. Figure 6.10 visualises the trend of thermal diffusivity and relative thickness
during thermal treatment in a thermooptical measurement device. The major drop in thermal
diffusivity up to 500 °C can be attributed to the debinding of the material. The binding bridges
consisting of a polymer are removed, and the contact areas of the grains for heat conduction are
narrowed since the polymer is replaced by air only. After 500 °C, the thermal diffusivity

remains constant until approximately 1000 °C. Exponential growth is observed from here. The
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growth in diffusivity points out the ongoing formation of sintering necks that again enlarge the
contact areas of the grains. The heat-up is aborted at 1300 °C. Since the majority of growth in
sintering necks occurs during the dwell time — which is not considered here — the thermal
diffusivity is proposed to increase further, reflecting the ongoing sintering activities.
Researchers on sintering technology, such as Saheb, Hayat (2017), reported an increase in
thermal diffusivity with both sintering temperature and dwell time (Saheb, Hayat, 2017, pp.
124-125). In accordance with relevant literature (Buntebarth, 2020) and the heat penetration
coefficient S (5.7) calculated above, a thermal diffusivity k¥ of 0.4 to 0.5 mm?/s is believed to

be attainable using a complete sintering cycle.

The grey curve shows the sample expansion during heat-up. Here, the quartz inversion point
(573 °C) is clearly recognisable. Furthermore, — consistent with the thermal diffusivity data —

the onset of sintering accompanied by shrinkage is observed at around 1000 °C.
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Figure 6.10: Trend of thermal diffusivity and relative thickness during heat up.

Consideration of Anisotropy during Sintering

Figure 6.11 shows the positioning of specimen B within the furnace and the results of the
thermooptical measurements during a sintering cycle following the arrows. The relative width
is determined parallel and orthogonal to the layer interfaces, as illustrated in Figure 4.13. During
heat-up and cooling, the curves show a typical thermal expansion trend; in particular, the quartz

transition point is depicted as to be expected (Telle et al., 2007, pp. 226—228).
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Figure 6.11: (a) Positioning of a marked specimen B in the thermooptical measurement
device; (b) Relative width parallel and orthogonal to the layers obtained during a sintering
cycle.

From around 1000 — 1100 °C, relevant shrinkage is identifiable, even though shrinkage is
measured noticeably less orthogonal to the layer interfaces. The expansion occurring at the
sintering temperature points out the transition into cristobalite during the dwelling time. As
stated above, unlike the a-B-quartz transition, this modification in the crystal structure can be
irreversible. The expansion accompanied by cristobalite conversion is found to be more
pronounced orthogonal to the layer interfaces than parallel. The reason for this effect may likely
be the higher porosity and, thus, increased surface area next to the interfaces contributing to a
higher kinetic reaction rate (Ringdalen, 2015, pp. 490—491).

6.1.4 Strengthening By Sintering Cycle Extension

Finally, the adjustability of the casting cores’ mechanical strength via an adapted sintering curve
is demonstrated. For this purpose, the experimental study, as specified in chapter 4.4, is
repeated, and the specimens produced thereby are sintered using a varied sintering curve (Figure
6.12a). Series 1, whose corresponding results have been analysed in depth in chapter 5.2, and
series 2, the comparison group, show an identical target dwelling time of 5 h but diverging
control parameters. It is noted that the temperature curve associated with series 2 lies within the
temperature range relevant for sintering (>1000 °C as determined in chapter 6.1.3) for around

2 h longer.
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Figure 6.12: Demonstration of the effect of (a) deviating sintering curves on (b) the four-point
bending strength.

Figure 6.12b shows exemplary results comparing the four-point bending strengths for the two
series using the same 3D printing parameters but different sintering cycles. One can see that a
significant increase in strength can be achieved by extending the sintering cycle. All compared
parameter sets showed significantly increased strengths at a likewise increased spread. When
increasing the retention time in the sintering relevant temperature range by only 2 h, the four-
point bending strength and its spread are approximately doubled: while series 1 showed a mean
strength of 17.6 MPa at an average deviation from the mean of 3.8 MPa, series 2 exhibits an
average strength of 34.1 MPa at a deviation of 8.3 MPa. Hence, it can be concluded that an only
slightly deviating sintering process results in significantly higher strengths — a P-value of
6.53 - 10! quantifies the extremely high significance level. In contrast, the highest P-value
achieved by varying the drying conditions comparing the bending strength among specimens

of series 1 lies in the order of 107.

From these provisions, the potential in industrial implementation is evident: One appropriately
configured 3D printing machine optimised regarding short process times may be used for 3D
printing different casting cores’ green bodies. Various geometries can be easily arranged within
the build volume. Depending on the requirements, particularly the fineness of the casting core
and the respective load case, the post-processing route can be exploited for an easy and cost-

effective adjustment of the mechanical strength.
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6.2 Collapsible Cores for Contour-Close Coolings

6.2.1 Motivation

In order to meet environmental objectives and reduce carbon emissions, electrification policies
and programs increasingly encourage green mobility concepts. In recent years, the usage of
electric motors has thus risen dramatically. For efficiency reasons, fluid-cooled electric motors
with complexly designed water flow systems are preferably employed in high-performance
vehicles. (Boopathi et al., 2022, pp. 1-2) E.g. Feikus et al. (2020) and Jahangirian et al. (2020)
showed that the design of the cooling channels in an electric motor housing is of decisive
importance with respect to cooling efficiency. Figure 6.13 shows an exemplary schematic of a

liquid-cooled electric motor housing.

Casting technology is the preferred manufacturing method if both complexity and economic
efficiency are required in medium and large part quantities. However, to fulfil the demands of
high-quality castings, casting cores that enable forming of cavities within the casting call for

meeting numerous requirements such as (Gyarmati et al., 2021, p. 2):
- Adequate strength to withstand the loads during handling and casting

- High thermal stability to allow for maintaining dimensional accuracy until the

surrounding metal is solidified

- Collapsibility after solidification to enable easy core removal

Figure 6.13: Schematic of a liquid-cooled electric motor housing.
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When it comes to filigree, complex, and self-supporting geometries like the one shown in Figure
6.13, conventional casting cores reach their limits due to their low strength, thermal
decomposition and distortion during casting, or core removability. The following subchapters
show an application of slurry-based 3D printing on the example of a tubular self-collapsing

geometry inspired by water coolant jackets in electrical motors.

6.2.2 Design of a Self-collapsing Core Structure

Casting cores produced via 3D printing allow an almost free design of inner cavities within a
cast part. However, since the casting cores need to be stable enough to resist the high
mechanical and thermal loads during casting but, concurrently, must be easily removable after
solidification of the cast metal, the cores’ stability and their collapsibility represent originally
competing goals. Slurry-based 3D printing is considered a potential enabler technology for

realising both filigree and easily collapsible casting cores by novel process-oriented designs.

The shrinking metal exerts forces on a fully enclosed casting core resulting in core compression
and shrinkage constraint (Flemming, Tilch, 1993, pp. 28-29). The consequences are
deformations and stress in the core and cast part, impeding the collapsibility of a solid core but
enabling the self-collapsibility of a hollow core structure. The stress conditions are dependent

on the wall thickness of the cast part.

A core structure specially designed for self-collapsibility is intended to withstand the
mechanical and thermal loads during casting but collapse during solidification due to the cast
metal’s shrinkage. Depending on the load case applied, the core’s wall thickness, the notches’

cross-section, the number of notches and their orientation can be adjusted.

Figure 6.14 illustrates an exemplary design of a self-collapsing core structure and its enclosing
cast as investigated herein: a cooling structure of a diameter of 8 mm cast in aluminium of 2 mm
wall thickness. The core’s global wall thickness is chosen to be 1.5 mm since thinner structures
cannot be handled safely during wash-out. Four helical notches with tips of 90° complement
the core’s geometry dedicated to enabling its collapse during solidification. The helical
orientation is chosen due to the fact that on the one side, hollow cylinders preferably break
along their length when subjected to pressure, and, on the other side — since the casting cores
are printed horizontally — the layer interfaces which are visible in the microstructure already

represent vulnerabilities.
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Figure 6.14: Design of a self-collapsing core structure (inner tube) enclosed by a thin-walled
cast. Dimensions in mm.

6.2.3 Structural Analysis

The finite element method (FEM) solver Simcenter Nastran is utilised within the Siemens NX
12.0 environment (Siemens AG, Munich, Germany) to predict the build-up of stress during the

shrinking of aluminium on the casting core.

Table 6.2 provides details on the material properties used for FEM simulation. The cast
material’s input properties originate from the material database of Siemens NX 12.0. The
thermal expansion coefficient of the quartz core is derived from the literature (Recknagel,
Dahlmann, 2009, p. 8), while the material density was determined experimentally (Table 6.1).
The core’s mechanical properties represent only estimates. The structural analysis results are
thus to be regarded rather as a first indication to assess the physical behaviour during the
solidification of the cast metal and the magnitude of evolving stresses. The crucial simulation
settings are listed in Table 6.3. During the cooling of cast aluminium, mechanical strains
develop from 350 °C downwards (Reihle et al., 2013, pp. 488—489). Thus, the cooling interval

between 350 °C and 20 °C is prescribed in the simulation.

Table 6.2: Material properties for structural analysis.

Cast material Ceramic core
Material property
(aluminum A356) (quartz)
Thermal expansion coefficient in 1/K 21.4-106 14-106
Density in g/cm? 2.67 14
Young’'s modulus in GPa 70 2.5

Poisson’s ratio 0.33 0.2
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Table 6.3: Meshing parameters, boundary conditions and loads applied in the FEM
simulation.

Type Expression Location

Global mesh element size 0.5 mm Cast & Core

Mesh refinement 0.125 mm Notch
Deformation constraint Forced radial deformation Outer surface of the cast
Initial stress-free temperature 350 °C Entire workspace
Temperature load 20°C Entire workspace

Figure 6.15 visualises the result from structural analysis. For brittle materials, the maximum
normal stress theory, also called Rankine’s theory, is typically applied to determine the
equivalent stresses resulting from mechanical strains. Hence, the maximum principal stress is
assessed here. Figure 6.15a visualises the colour-coded model after cooling. Due to the radial
deformation constraint that simplifies the load case, the outer shell of the solidifying metal
shows excessive stresses. In reality, displacements can occur in all directions, compensating for
the compressive and tensile stresses detected closeby. However, the aluminium shell is only
implemented in the model to account for the thermal load case. The core itself is meshed finely,
in particular in the notch. Notches can cause numerical singularities and eventually impede the

converging of the solution (Niu et al., 2009).

Figure 6.15b shows the strongly scattering maximum principal stresses evolving within the
notch and precisely mappable stresses on the inner surface between the notches along the
casting core’s length. The peripheral areas are hardly subjected to stress on the inner surface.
However, the interior part shows tensile stresses around 10 MPa developing due to the cast

material’s shrinkage.

By structural analysis, it is thus shown exemplary that a hollow structure as designed herein
can be subjected to tensile stresses during the solidification of the enclosing metal. In contrast,

solid core structures only develop compressive stress during the shrinkage of the cast metal.
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Figure 6.15: Analysis of the stress development due to solidification of aluminium
encapsulating the core structure — (a) visualisation of the inner core structure and the
measuring paths, (b) maximum principal stress evolving along the measuring paths.

6.2.4 Core Production

The collapsible core design, as presented in Figure 6.14, is fabricated in duplicate using the test
setup, a layer thickness of 50 um, a drying intensity PAV of 3.8 V, and a drying period of 35 s.

Figure 6.16 provides a detailed view of the printing process and the green part after wash-out.

(a) (b)

Figure 6.16: lllustration of selected stages of the self-collapsible core fabrication process. (a)
3D printing utilising the test setup, (b) finished green body before sintering.

6.2.5 Casting

A 3D printed sand mould is utilised to produce a gravity-cast aluminium part. The cast part’s

minimum thickness conforms with the wall thickness used in the FEM analysis, even though
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the cast part represents a cuboid. An alloy similar to A356 is cast to the mould at a casting

temperature of 750 °C.

Figure 6.17: Insertion of two ceramic casting cores into a 3D printed sand mould.

6.2.6 Analysis of the Cast Part

Figure 6.18 shows a photograph of the part as cast, not yet subjected to external forces as usual
in the process step of de-coring. One of the two self-collapsible cores produced with the same
equipment and process parameters broke prematurely to solidification of the cast metal (Figure
6.18, left). The premature failure relates to the core arranged next to the sprue (Figure 6.17,
bottom). The enhanced differential mechanical and thermal loads during casting are suspected
of exceeding the core’s load capacity. However, intrinsic material defects coincidentally
occurring in a spot subjected to unfavourably high stresses or premature damage caused by

manual wash-out are also conceivable explanations.

The second core (Figure 6.18, right) withstood the loads during casting and broke during the
solidification of the cast metal. The photograph shows the arrangement of core fragments
loosely enclosed by the cast metal. Different types of cracks are identified: Cracks following
the course of the predetermined breaking line, cracks perpendicular to the predetermined
breaking line, radial cracks, and interlayer cracks. The first three types comply with the loading
situation presented in the sub-chapters 6.2.2 and 6.2.3. The interlayer cracks can be explained
by the micrographic examinations conducted in chapter 5.2, showing highly porous interlayer

structures with small, equally distributed flaws.

With the experiment performed herein, the concept of self-collapsible cores for casting
applications has been proven for the first time. Fifteen mechanical impacts of approximately
3.3 J on the cast part are found sufficient for residue-free de-coring. By utilising slurry-based

3D printing, a procedure enabling complex and filigree structures that can be reliably de-cored
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can thus be envisioned. Based on the process knowledge elaborated herein, the conventionally
conflicting targets of casting cores’ strength and collapsibility associated with both high
processing efforts and restrictions in geometrical freedom may be transferred to a shared
approach for high-performance cast parts, e.g. deployable in close-contour coolings for highly-

efficient electrical motors or even aerospace components.

Crack along predetermined  Cracks perpendicular to Interlayer
breaking line predetermined breaking line cracks

-

Core failure prior to solidification Radial cracks

Figure 6.18: Analysis of the part as cast.

6.3 Additively Manufactured Digital Codes for Flexible Part Marking

6.3.1 Motivation

Quality control is of substantial importance in advanced production processes. Component
traceability enables early identification of cause-effect chains and guarantees a solid foundation
for effective quality assurance. Regardless of whether a casting process involves additive
manufacturing of sand moulds or cores, or traditional sand casting procedures, the process chain
comprises multiple steps prior to and after casting (e.g., mould/ core production, sandblasting).
Employing marking methods allowing for component tracking during the whole complex
casting process is desirable but challenging since post-treatments typically affect a cast
component’s surface topography (Deng et al., 2022, p. 1136). Assigning unique IDs to sand
moulds may facilitate part tracking throughout the casting process and across the component’s
entire life cycle. With this intention, Vedel-Smith, Lenau (2012) suggested reconfigurable
actuated pin-type tooling inserts applicable to green sand moulding machines. Uyan et al.
(2022) studied the utilisation of 3D printed wax tags to be added to wooden patterns prior to

moulding and burnt away during casting. Further developments include direct sand mould
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labelling via laser cutting or ceramic stencils (Carlsson et al., 2022, p. 4). 3D printing of sand
moulds and cores typically involves labelling using alphanumeric characters, e.g. to facilitate
the assembly of mould segments (Meibodi et al., 2019, p. 140). However, subtle labels on sand
moulds transferred to the cast component during casting are hardly feasible due to the coarse
grains associated with a relatively low level of detail. QR codes are 2D matrix barcodes that
store data in a smaller space than 1D barcodes. Advanced data processing techniques are
available that allow for QR code embedment onto freeform CAD surfaces. (Kikuchi et al., 2018,
p. 1) Placing a small digital code on the cast part’s surface that is not machined or sandblasted
after casting is thus considered achievable by inserting a slurry-based 3D printed QR code at
an appropriate position into a sand core or mould. The principle procedure of additive
manufacturing a high-resolution ceramic QR tag for part marking purposes in casting
applications as an alternative to the just unveiled approaches ensuring traceability is described

in the following section.

6.3.2 Production Sequence

The production sequence corresponds to the procedure developed in this thesis, as depicted in
Figure 4.6, using the parameter set as listed in chapter 6.2.4, and comprises (1) 3D printing of
the QR code via slurry-based additive manufacturing, (2) wash-out, (3) sintering, (4) mould

assembly, (5) casting.

Figure 6.19 visualises different stages within the green body’s fabrication. The tag’s outer
dimensions are 16 x 16 x 2 mm. The QR code protrudes 0.5 mm from the rectangular solid. The
minimum feature of the code measures 0.76 mm square, which corresponds to only 5.4 fold the
resolution perpendicular to the coating direction y, which is limited because of the printhead
installation in the test setup. The resolution in coating direction x is higher (chapter 4.3.1). For
this reason, the printing result is very sensitive to nozzle dysfunction in the y-direction, as can
be seen in the form of line-shaped indents in Figure 6.19b and Figure 6.19c¢. Figure 6.19c also
shows unwanted modifications on the geometry caused by wash-out: the contours are rounded
off, and minor powder compact residuals remain on the edges. The geometry does not change
during sintering (chapter 6.1.3). The residuals thus become permanently attached during

sintering.
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Figure 6.19: OR code tag. (a) CAD design, dimensions in mm, total depth of tag is 2 mm, (b)
as printed state, wetted, (c) green body after wash-out.

The QR code tag is bonded into a 2 mm inlet within a sand mould (Figure 6.20a). An
aluminium-silicon alloy is poured into the mould at a temperature of ~ 750 °C. Figure 6.20b

shows the resulting cast part, including the casting system (gating system, feeders).

(a) (b)

Figure 6.20: (a) Assembly of the OR tag and the mould. (b) Cast part.

6.3.3 Photographic Analysis and Discussion

Figure 6.21 visualises the result using frontal macro photographs. The additively manufactured
insert shows the desired basic geometry containing rounded edges and vertical print errors both
in the green and sintered stage (Figure 6.21a-b). Even larger roundings are observed on the
casting’s surface (Figure 6.21c). This effect is attributed to the poor wettability of the quartz
ceramic with aluminium melt. Single features within the QR code broke during casting and
moved slightly. However, taking into account the very small size of the QR tag of only
16 x 16 mm, the minimum feature size of 0.76 mm, and the low print resolution in the y-
direction owed to the hardware setup, the precision of detail is considered promising. Hardware
adjustments will allow for an increase in resolution in the y-direction. Improvements towards
high-edge definitions are feasible by increasing the binder proportion and/ or replacing organic

slurry additives that impair the wash-out process. The in-principle technological feasibility of
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additive manufacturing digital code tags via slurry-based 3D printing in small sizes is thus
demonstrated. The minimum feature size shown herein is physically impossible to realise in a
sharp-contoured print using sands of common grain sizes. For slurry-based 3D printed digital
tags, automatic code recognition after casting and sandblasting is rated as feasible using simple

cameras and image processing methods (Figure 6.21d).

(c) (d)

Figure 6.21: Frontal view of the OR code tag (a) in the green state, (b) in the sintered state,
(c) on the surface of the cast part. (d) shows an overlay of the digital code data and the cast
imprint’s photograph.

6.4 Summary of the Technological and Economic Potentials and Challenges

The previous sub-chapters present exemplary use cases to envisage possible fields of
application of slurry-based 3D printing in the foundry industry. As regards the industrial

application of the technology, the primary potentials and challenges with relating to technology
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and economy as identified in this thesis are summarised and accompanied by proposals for

action briefly in Figure 6.22.

Suggestions
Potentials
Material properties
- High surface quality Application in high precision casting/ investment casting
[ High strength Surface texturing (e.g. for medical implants)
2t Distortion-free sintering and casting Functional integration
o |- Abrasion resistance Design freedom
St High temperature stability Conceivable eligibility in iron and steel casting
2 Geometric flexibility Individualisation/ part marking
Challenges
Damage during wash-out process Modification of the slurry and binder composition
Prediction of core failure considering Development of a material model
anisotropics Coupling of casting process simulation and FEM
Potentials
Custom-tailored multi-material approach |Use of sintered ceramic only where advances are
s, [Increasing productivity through larger exploited
g machines/ build volume Adaption of machine build volume to business case
€ |Production flexibility
o
e Challenges
Reduced productivity through drying off [Development of efficient drying process (colouring,
the slurry's solvent microwave, hot solvent, convection)
High energy demand for sintering Alignment of the sintering period to the required strength

Figure 6.22: Inferences on technological and economic potentials and challenges, including
proposals for further action.

With respect to technological aspects, the expected superior material properties — being high
surface quality, temperature stability and strength, and resistance to hot distortion and abrasion
— provided the central impetus for the research conducted herein and were confirmed by
utilising a collapsible high-strength casting core as required in aluminium casting of contour-
close cooling structures. However, even individual properties may be exploited to open up the
new application, as has been demonstrated by printing digital code tags to enable part
traceability in casting. Equally, post-process surface finishing may be partially substituted by
integrating surface textures into the core or mould. In particular, this might be of technological
interest for inner contours that are not accessible for machining components or to realise
functional surfaces, e.g. for medical implants. From an overall perspective, there are multiple
further promising opportunities in utilising slurry-based 3D printing in the foundry industry,
e.g. in high precision casting or investment casting where integrally cored ceramic moulds
allow for enhanced process control, reduced lead times, and complexity compared to the
conventional route of dipping wax patterns repeatedly in ceramic slurry (Bae, Halloran, 2011,
pp. 1255-1256). Some product ranges in investment casting may already compete with 3D

printed sand moulds and cores (Voigt, Manogharan, 2018, p. 13). However, incorporating
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slurry-based 3D printing of integrally cored ceramic moulds into their infrastructure and
business model offer investment casters the prospect of gaining production flexibility and long-
term market shares on cast products meeting the most stringent quality requirements, e.g. in
terms of dimensional accuracy or surface roughness, and processing sophisticated materials,

e.g. steel or nickel-base alloys.

Wash-out was identified as a critical process step in the investigated process chain. The green
bodies fabricated herein demanded a high exposure to ultrasound energy. Moreover, the non-
bound compacted powder bed was found to swell tremendously. Thus, the green bodies were
found susceptible to damages which are suggested to be mitigated by modifying the slurry
composition. Moon et al. (2000) give valuable hints on the influencing factors on the
redispersiblility of ceramic slurries. The binder, its mass proportion to be printed into the
powder compact, and the printing parameters further contribute to improving the green bodies’
structural integrity. The principle of realising self-collapsible ceramic casting cores that
withstand the loads during casting and break as a result of the cast metal’s shrinkage during
solidification has been demonstrated. However, anisotropies were found to must be taken into

account in the material model to predict core failure reliably.

Regarding economic expenses, various indicators must be likewise involved in decision-
making, e.g. production flexibility, lead time, machine costs, energy consumption, or waste
generation (Sivarupan et al., 2021, pp. 12—13). Incorporating AM in a hybrid casting process
offers the prospect of improved resource utilisation and production efficiency in the foundry
environment (Zheng et al., 2020, 6-11). Chapter 5.3.2 outlines considerations on the economic
efficiency of the slurry-based 3D printing process itself, taking into account increased layer
times due to the need to dry off a slurry’s solvent. Increasing the machine’s printing area size
can significantly improve the part throughput. However, measures for more efficient layer-wise
drying are advisable to save both energy and processing time. Sintering is a highly energy-
consuming process (Ibn-Mohammed et al., 2019, pp. 5213-5214). Even though analysing the
energy consumption of the overall process chain exceeds the scope of this work, it is obvious
that including another energy-intensive process supplementary to metal smelting into the
process chain comes with additional resource expenses. For this reason, those efforts need to
be accompanied by earning benefits concerning the end product exploiting the aforementioned
enhanced material properties to gain added value. It is suggested to realise moulding concepts
tailored to the product and production environment. Multi-material core packages comprising
sand and ceramic mould elements will possibly allow for an overall cost-effective and

sustainable process route.



7 Conclusion and Future Work

Slurry-based 3D printing is a promising additive manufacturing technology as processing fine
powders dispersed in suspension allows for the fabrication of sinterable ceramics of high
surface qualities. Similar to powder-based binder jetting, virtually any powdery material can be
processed at high deposition rates. Thus, a favourable efficiency compared to other AM
methods is conceivable, which paves the way for future integration in the process chain of
advanced castings. In metal casting, cores are used for shaping the internal cavities of the cast
components. However, the production process faces a trade-off between a core’s temperature
resistance, its mechanical stability and its reliable removability subsequently to casting, leading
to limitations in the exploitable design freedom. This work contributes to the fundamental
understanding of the process characteristics of slurry-based binder jetting with a special

emphasis on the requirements for future integration in casting technologies.

The slurry-based 3D printing process involves the repeating steps of casting a homogeneous
layer from (for environmental reasons preferably aqueous) slurry, drying the layer to remove
the suspension’s solvent, and selectively applying binder onto the area that constitutes the
respective part’s cross-section. This technology’s key challenges are allowing for reliable and
homogeneous layer formation and controlling the formation of the microstructure by means of

proper process management.

A 3D printing test setup enabling tailored process configuration and control options was
developed to examine the slurry-based 3D printing process from those perspectives. By utilising
CFD simulation methods, a coater geometry and appropriate process parameters for efficient,
homogeneous and reliable layer formation were derived. Moreover, the influence of the layer-
wise drying configuration on the material properties was studied. Finally, within the framework
of an entire process chain demonstration, potentials and challenges for industrial

implementation were revealed.

The most important achievements and proposals for further research are summarised in the

following:
Homogeneous powder bed formation

The conditions necessary for a globally defect-free microstructure and scalability are created
by achieving uniform macroscopic layer properties. A CFD approach enabled a
computationally efficient surface reconstruction that has been carried out to enhance the coater
design and determine appropriate process parameters. A 3D printing test setup and the basic

process definitions required for reliable process control were developed based on the simulation
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results and experiments. A tailored coater design allowed for extremely high surface qualities
(Ra ~ 1.2 um measured at the upper specimen’s level) at coating speeds of as high as 100 mm/s

and material feed on demand.
Control of material properties via drying configuration

It was shown that in slurry-based 3D printing, controlling material properties via drying
configuration is feasible. Lower layer thicknesses and higher drying periods significantly
improved material density, mechanical strength, ductility, dimensional accuracy, and surface
quality. However, inverse behaviour was observed from a certain drying state (here above 55 s).
Thus, it is evidenced that an over-drying state is attained when drying each layer excessively.
While reducing the layer thickness and increasing the drying period is favourable with regard
to materials’ properties, those process parameters are economically disadvantageous since they
result in lower deposition rates. Hence, it is suggested to optimise the drying setup, e.g. involve

moisture transport via forced convection to achieve an advanced drying state in shorter times.
Potentials and challenges for industrial application

By studying the effect of the drying process, which is crucial for both part quality and process
performance, comprehensive process knowledge on slurry-based 3D printing, and the
achievable properties of future ceramic casting cores produced thereby were revealed. This
thesis thus contributes to lowering the hurdles for the technology’s industrial implementation

in the foundry environment.

The concept of self-collapsible cores for casting applications was demonstrated. A tailored
design of a hollow casting core — provided with predetermined breaking points — exhibiting
superior mechanical and thermal stability was shown to break down due to forces caused by
shrinkage of the solidifying cast metal. Thus it can be concluded that slurry-based 3D printing
represents an advanced manufacturing method potentially enabling complex and filigree inner
structures in future high-performance cast parts. A new strategy exploiting the potentials of
slurry-based 3D printing may thus defy the conventional trade-off between casting cores’

strength and their collapsibility and enable an elevation in design freedom for future cast parts.

Secondly, the superior surface properties in slurry-based 3D printing were shown to be

exploitable by manufacturing ceramic digital code mould inserts for part tracking purposes.

However, this new approach demands further material and process developments prior to its
industrial implementation. It was shown that the slurry material utilised herein enabled zero-
shrinkage during sintering and thus superior dimensional accuracy but did not allow for

appropriate redispersion due to the not-yet-optimised material composition. Redispersion,
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however, is not only crucial to allow for part retrieval but also to enable full recyclability.
Hence, future research on the slurry material, the process of part retrieval, and recycling is

proposed.






A Appendix

Al Advanced Coating Head Geometry

The advanced coating head geometry has been developed with a significant contribution of

Alexander Seidel’s master thesis (appendix A2) supervised by the author.
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Figure A 1: Sketch of the final, advanced coating head geometry.
Table A 1: Geometry parameters of the final, advanced coating head geometry.
Geometry parameter Variable Value Unit
Slurry tubing length ltubing 0.525 m
Slurry tubing diameter dtubing 4-103 m
Slot width Iy w 3.3-102 m
Slot depth lsa 1-10% m
Chamfer distance I, 1-10+ m

Chamfer angle

Be 45 °
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A2 Thermal Analysis
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Figure A 2: Investigations of the thermal degradation of a compacted powder bed containing
only slurry [3.1-3.3], or slurry and binder [4.1-4.3].
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A3 Student Theses

Several student research projects were conducted within the scope of this work. The conception
of the student theses, as well as the processing, analysis, interpretation, and illustration of
results, was performed under my supervision and scientific guidance. I would like to express

my gratitude and appreciation to all students for their essential contribution to this work.

Table A 2: List of Student Theses.

Name Type of Thesis  Title (Year)

Production and Characterization of Ceramic Layer Compounds

Simon Muzas, J. Master’s Thesis (2020)

Numerical Simulation and Optimisation of the Slurry-based Layer
Seidel, A. Master's Thesis  Casting Process in Additive Manufacturing of Ceramic Parts
(2020)

Investigation of the Selective Binder Application to Ceramic Layers

Angenoorth, J.  Student Thesis (2021)

Investigation of the Slurry-based Layer Coating Process in 3D

Angenoorth, J. Master's Thesis Printing of Ceramic Casting Cores (2021)

Versagensgerechtes  Design  3D-gedruckter  keramischer

Ding, H. Student Thesis o kerne (2022)

Influences of the Drying Process on the Properties of Ceramic

Zou, Y. Master's Thesis Specimens Produced by Slurry-based Binder Jetting (2022)

Development of a Numerical Simulation Tool for the Multiphase

Tanjavooru, V. Master's Thesis ¢ in Binder-Jet 3D Printing using OpenFOAM (2022)

Thermische Simulationen zum Einfluss der Wa&rmestréme in
Rauch, J. Master's Thesis  Industriedfen: Vorhersage der Dichteverteilung und Endform bei
der Sinterung von Keramiken (2022)

Untersuchungen zum Ausldsen schlickerbasiert 3D-gedruckter

Weileder, M. Bachelor's Thesis keramischer Griinkérper aus dem konsolidierten Pulverbett (2022)
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