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Executive Summary

Binder jetting is a highly productive additive manufacturing method, wheatecle material is
layerwise applied to a buildplatform and selectively printed with a binder. The process
enables, among other things, the production of complex casting cores made of sandrevhic
used to represent internal contours in metallic cast components. However, iat ainfl
objectives between the mechanical and thermal-b@aring capacity of sand cores during
casting and their subsequent removability from the cast part leads to limitatighe
exploitable design freedom of cavities.

Instead of dry, flowable quartz sand, a wdtased ceramidurry is used in this work. Through

the suspension-based layer application and fine grain sizes, filigree greendiduiigh surface

qguality 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 corresporuiegspr
configurations to ensure homogeneous layer formation and stable process casedl.oB
this, the layetby-layer drying of the dispersion medium is investigdigdtudying the cause-
andeffed relationships of certairprocess parameters relevatat casting cores. Those
parameterswhich are decisive for botmaterial propertieand processfciency, are layer
thickness, drying intensity and drying period. Based on the scientific findinegsetformance,
potentials and challenges of the slurry-based 3D printing pracedemonstrated 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 finathstrersg
adjusted to approximately 10 timbgyherwith 25 MPa. Improved material propies were
achieved with longer drying periods. This reveals a conflict of objectie®gelenstructural
integrity and economic benefit¥he high selectivity of the 3D printing process enabled an
adequate level of detail to realise predetermined bredkieg in the internal geometry of
hollow casting core structures. It was shown that by involving an appropriatiisthaesign,

the stresses arising during shrinkage of the solidifying metal alone caceifailure of the
core. Mechanical deoring of slurry-based3D printed ceramic casting cores can thus be
envisaged for more complex, filigree core geometries such as those requirddae fo
representation of efficient, clos®ntour cooling structures in higierformance cast
components.






Kurzbeschreibung

Im Binder JettingVerfahren wird schichtweise Partikelmaterial auf eine Bauplattform
aufgetragen rd mit Binder bedruckt. Dieses hochprodu&tiadditive Fertigungsverfahren
ermoglichtunter andererdie Herstellungkomplexer GieRkernaus Sand, die zur Darstellung
innenliegender Konturen imetallischenGussbauteilen verwendet werdekufgrund eines
Zielkonflikts zwischender mechanischen und thermiscligslastbarkeit von Giel3kernen im
Giel3prozessowie der spateren Auslosbarkeit aismdGussteil sind der Gestaltung der
Hohlraume in Gussbauteilen jedaelchnischésrenzen gesetzt.

Anstelle von trockenem, flie3fahigen Quarzsawttd im Rahmen dieser Arbeit ein
wasserbasierter Keramikschlicker verarbeltiter einersuspensionsbasiert&chichtauftrag
und die Verwendung feiner KorngroRererdenfiligrane Griunkdrper hoher Oberflachengute
erzeugt,deren mechanische und thermische Eigenschaften im nachfolg8iterprozess
eingestellt werden kdnnen.

Der erste Schwerpunktdieser Arbeit liegt auf der Entwicklung eines geeigneten
Hardwaresetups und einer Prozesskonfiguration zur Sicherstellung einer homogenen
Schichtbildung und stabilen Prozessfuhrundgarauf aufbauend wird die schichtweise
Trocknung des Dispersionsmediumsd die UrsachéVNirkungketten bestimmter flr
GielRkerne relevanter Parameated KennwertaintersuchtDie Parameter, die sowohl fur die
Materialeigenschaften als auch fur die Prozesseffizienz entscheidend sinficlsiciatdicke,
Trocknungsintensitat und Trocknungsdadert Basis wissenschaftlich&rkenntnissaverden

die Performancedie Potentiale und die Herausforderundes schlickerbasierten 3Druck-
Verfahrensyor dem Hintergrund dd?rozesskette im Giel3ereiwesen dargelegt

Gegenubr des konventionellen 3D-Drucks mit Sand konndée mittleren Rautiefen um
~90% auf 1.2um reduziert werdenDie Endfestigkeit wurde in einem schwindungsfreien
Sinterprozessnit 25MPa auf den ca. Xfachen Wert eingestellEs wurden verbesserte
Materialkennwertebei langerer Trocknungsdauemund damit ein Zielkonflikt zwischen
struktureller Integritat und wirtschaftlichen VorteilanfgezeigtDie hohe Selektivitat des 3D-
Druckverfahrens ermdéglichte eSpllbruchstellen in der Innengeometrie hohler Gieldkern
detailgenau abzubilde&swurdegezeigt, dass bei einer geeigneten geometrischen Auslegung
allein die beim Aufschrumpfen des Metalls entstehenden Spannungen ein Versagemsdes
induzieren konnerbamit kann auch fur filigrane Kerne wseez.B. zur Darstellung effizienter,
konturnaher Kuhlstrukturen in Hochleistungsgussbauteilen bendétigt werden eine méghanisc
Entkernung schlickerbasiert 3D-gedruckter keramischer Gie8lwe Aussicht gestellt ween.
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1 Introduction

The fundamental concepts of additive manufacturing (AM) were developed roughjyedis0

ago. Those early technologies employed the |layse- approach in the manual creation of
parts, for instance, by candstadk constructions, since modern computers have been involved
in manufacturing technologies onlgince the mid1960s. At the time of its initial
commercialisation in the late 1980s, AM was referred to as rapid prototyping ormodyf

with its main applicatins. Ever since, multiple new processes, materials, and software tools
have emerged in various applications of AM. Nowadays, approximately one-third afyndus
organisations employ AM systems for cosmetic and functional prototyping, and a seond thi
for shortrun 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-58000 B.C. Initially, carved stones served

as mould cavitieEven 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 desti
remained the saméKhan, 2017, pp.-410) The 3D printing techniquegpday known as the

binder jetting process, is a highly productive generative procedure for mamunggiorous

parts. The earliest associated patent application in the late 1980s apesuysed
implementingthe technology in theasting process cha{®achs et al., 1989Binder jetting
hasthus been utilised to rapidly produesi 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 pabdédy of powders

in the dry state is confined to coarse and thus flowable compositions, the compleregmiarit

the soecalled indirect metal AM process can still not be fully exploited: Since the suafaa

to volume ratio of foundry sands is too little to allow for sinterability, the-lmeating cpacity

of casting cores is limited to the adhesiveness and the temperature stabiliéyohdbr.
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 pogigensed in an
aqueous suspension to allow for 3D printing of sinterable and, thusstnégigth ceramic
casting cores on improved minimum feature sizegesdrying strongly affects both material
properties and process efficiency, the investigations focasemmolling the madrial properties
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via drying configuration. Knowledge of the interfering factors of the drynoggss, which is
the additional operational step in 3D printing machines required when replacimyg fuandler
with slurry, will help to establish a basis fardustrial process design and facilitate future
material and process developments.

The following initial theses on slurlyased binder jetting of casting cores provide a strong
impetus for the research conducted herein:

- Slurry-based layer casting allows ftine processability of small particle sizes and
enables enhanced surface qualities, higher packing densities, and thusethabibkint
of binder jetted parts.

- The mechanical properties of the printed parts can be adjusted via the sintereng curv
Sinterng shrinkage can be minimized via a suitable slurry composition.

- The extraordinary temperature resistance of sintered, and thus binder-free land hig
strength casting cores can be exploited to enable filigreesggbiorting cores that do
not exhibit hotistortion effects during casting.

- Sintered high-strength casting cores do not decompose during casting. Hecarigle-
needs to be achieved by applying hollow core structures and adapting the wall
thicknesses used to the respective strength. Imprinted predetermined breakisig point
can be used to suppaallapsibility.

By extending the existing process knowledge on slurry-based 3D printing, ticulzar by
studying the effect of the drying process crucial for both part quality and prnpedsrmance,
it is aimed to lower the hurdles for its industrial implementation in the environmergtivfgca
technologies.
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This chapter introduces the fundamentals of additive manufacturing (AM). Thepbasiple
of AM is clarified, and the associated technologies are classified infgoc&® The main focus
of this chapter is placed on binder jetting technology. Here, binder jetting is cseelgas
powder-based and slurry-based binddirjgt

Both alternatives are presented in thentext of casting technology to generate an
understanding of the special requirements on processes and parts produced thdrelgndht t
of this chapter, theesultingresearch gap is summarised

2.1 Additive Manufacturing — Basic Principle and Classification

Additive manufacturing is the general term for technologies generatirsicgh$D geometries
from model data using a laybased approac{DIN EN ISO/ASTM 52900)and has been
recently incorporated in the classification of manufacturing proces&s 8580 in the main
group of primary shaping (DIN 8580). AM processes comprise the following steps: &
software model representing the 3D geometry, a file readable by the respedtimachine is
created, e.g. in STL file format. After transferring the file to an AM nraghthe geometry may
be manipulated regarding size, position and orientation. Before building the part, theemachi
parameters are set up according to the process, material constraints, rexldpadessproperties
As soon as the mainly automated building process is completed, the parts canusslreat
may need pogtrocessing steps like cleaning or heat treatrpgat to their enelise.(Gibsm,
2021, pp. 3-6)

Multiple AM processes, similar and different in many respects, have beeojgedah parallel.
Therefore, various attempts to classify the processes are available, e.gsioftenaterials,

energy sources, types, and conveyance of feedstock (Kumar, 2020, pp. 21-26). The ongoing
high number of AM-related patents issued, particularly the largest propouwtitims the
category “AM hardware/ methods” and “AM materialpdints 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 psses in clear
categories follows logicallfKumar, 2020, p. 21)

DIN EN ISO/ASTM 52900defines seven process classifications for additive manufacturing
(Figure2.1). Their approaches shall be introduced shortly: in binder jetting, the sFo8ens
of parts are formed by spraying a liquid bonding agent onto a powdeblvedted energy
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deposition processes provide the energy to merge matedsiplsally powders or wires
concurrently to their deposition. In material extrusion, printing materidrawn through a
nozzle and deposited. Material jetting is a process iclwmaterial is selectively deposited in
the form of droplets. In powder bed fusion, an energy source, like a lasertoorelszam, is
used to fuse the particles in the powder bed. Processes that merge sheetsabftontatan a
part are called sheet nanation. Vat polymerization processes selectively cure liquid
photopolymers contained in a vat. (Gibson, 2021, pp. 38—-39)

Process
categories
|
| | 1 1 1 1 1
Binder Dé:]ee%eyd Material Material Powder bed Sheet \:)%tlﬁﬂgtr(i)--
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 Massdishinstitute of
Technology (MIT) (Sachs et al., 1989)IN EN ISO/ASTM 5290@lefines binder jetting as an
»-additive manufacturing process in which a liquid bonding agent is selectivabgitied to join
powder materials”. Since this work focuses on the binder jetting process aigatcle
suspension instead of dry powder, the theoretical foundations treating the conVeonindex-
based process are given in this chapter before introducing the suppleraspttg associated
with its slurrybased alternative in chap@s.

2.2.1Process Description

The binder jetting process is illustratedFigure 2.2 It involves the folbwing steps: Firstly,

the buildplatform is lowered by a pset layer thickness. The free space between the underlying
layer and the recoater created thereby is subsdyguilet with powder. In the third step, an
inkjet printhead selectively appliesbinder to the new layer. The binder locally bonds the
particles that constitute the respective cresstion of the part to be buit its infiltration
enables the fusion with the print on the underlying layer. The process steppeated until

the print job reaches its full heigf@®unther et al., 2021, p. 5).
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New layer Recoater Printhead

Binder \L‘_J‘/ E>

Printed part  Loose powder

Building |@

platform

@ Lowering platform @ Recoating layer @ Jetting binder

Figure 2.2: Schematic illustration of the process steps characterising the binder jetting
procesqafter Gunther et al., 2021, p. 5).

Two mechanisms of droplet generation are typically used in inkjet printingncanisiet (CJ)

and drop-on-demand (DOD) inkjet printing. The first type generates a continuous efream
liquid binder droplets. An electric field deflects drops that are notetetxla gutter. Thereby
recycling unused ink is possible for many applications that accept the risk amioation
during environmental exposure, e.g. graphics industry. CJ printers operate at dropogenera
rates in the range of 2060 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 nozzlegher by a vapour pocket generated

by a thirfilm heate or by mechanical actuation from a piezoelectric transdiéguie2.3).

Surface tension keeps the liquid inside the chamber when no pulse is applied. D@i3 syste
typically generate drops at frequencies ef2D kHz. (Derby, 2010, pp. 39399)CJ printheads

can reach higher print rates than DOD. However, inks must be inductively chargede
deflectable tohe gutter. For piezoelectric printheads, the rheological property is thalcent
requirement in ink development, whereas in thermal inkjet printing, rapid dissolution of the
vaporized liquid is crucial to allow for homogeneous binder ejection. (Mostafakj 2020,

pp. 19-20)
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Thin film

Piezoelectric
actuator

— Vapor bubble
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Drops positioned on substrate

A g P N )

Figure 2.3: Schematic illustration of two drop generation principles for drop-on-demand
(DOD) printing; (a) thermal inkjet, (b) piezoelectric inkj&erby, 2010, p. 398).

The process chain @groducing BJ partss show in Figure2.4. It starts from a 3D model of
the part to be printedoreparedand digitally processed to be readable by the respective 3D
printer. Secondly, the binder jetting process is carriedrogiire2.2 shows this stepgeneric
operation sequence within a 3D printer. Some materials and processes requing atepr
after binder jetting to dry the binder further and enhance the printed giaésn strength. In
this case, the whole build box is typically transferred toueng 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 handtety sBuring
depowdering, the loose powder is removed from the build box, and the parts are faahed cl
commonly by brushing, vacuuming or air-blasting. Some technologies requiteerfurt
densification steps to achieve high densities and enhance the mechanicaigstdpitering

and infiltration are standard post-processing methods to achieve full densigyntéang, the
postprocessing cycle must be appropriately tuned to the material system usecdk\sny
material compositionand grain size distribution shows specific sintering characteristics.
Densifcation via infiltrationtypically ensures high degree of dimensional accuracy, whereas
sintering faces the challenge of shrinka@#ostafaei et al., 2020, pp. 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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2.2.2Binder Jetting Process Characteristics

Classifying and accommodating the binder jetting process characteristitse AM
technologiesframewok uncerline the manufacturing meth@dmportance. In the following,
the benefits and drawbacks relative to other AM processes are categorisethgdootde
crucial properties of production methodsfficiency, part properties, and versatility.

Proces<sfficiency

The primary advantage of binder jetting relates to its high production rates. ddilycthe
binder, which accounts for a small share of the total part volume, is dispensed tarough
printhead’snozzles, the process is relatively fast and budtes can be accelerated by
increasing the number pfintheads and thus nozzles used (Gibson, 2021, pGakaildoss et

al., 2017, p. B Large bild volumes are commercially viable as no sealed chambers for vacuum
or inerting are required (Mostafaei et al., 2020, pEsjraordinary build rates, artlus cost-
effectiveness, particularly for 3D geometries with added functionalittee 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 th&mp#&0litre printed volume
(Gunther et al., 2021, p.. 5D printing has nowadays even begun to outperform conventional
mould manufacturing processes not only in terms of lead times but also costs éor larg
production volumes (Sivarupan et al., 2021, p. Hdwever, some applications, for instance,
metal binder jetting applications, require costly and tcmesuming posprocessing steps like
sintering or infiltration (Gibson, 2021, p. 249)Furthermore adequate pogirocessing
strategies still need to be developed for most matéNadstafaei et al., 2020, p. 5).

Part Properties

Compared to other AM technologies, as-printed parts produced by binder gadtiriogt low
relative densities. As a result, the green parts show significant porrsitythe mechanical
properties are comparatively poor. Moreover, the dimensional accuracyréaakdinishes are
generally disadvantageous. (Gibson, 2021, pp—248) However, since shapinga binder
jetting is conducted at room temperature, defects related to high temperatures evatarap
gradientssuch as oxidatigrcan be avoided, and the quality of these supporting powder is
hardly affected, making it highly recyclal{lidostafaei et al., 2020, p. 5).
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Versatility

Concerning versatility, the main advantage of binder jetting is its exceptammahtibility with

a wide range of powdered materiéldostafaei et al., 2020, p. 5). Additives in binders even
allow a twematerial appsach 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 (Mostafac@P@| p. 5)
decreasinggeometric restrictions and expenses in finishing (Gibson, 2021, p. 249).

2.2.3Influencing Factors in Binder Jetting Technology

With the current state of technology, it is impossible to predict the resulting pperfes for
most binder jetting applications asmerousnutually interfering factors occur. Many research
results are not generalisable to other material systems, machinéd cstiafaei et al., 2020,

pp. 114-116)Multiple studies address the influence of material and process parametegs on t
properties of binder jetted parts, for instance, focusing on machine pas(Beyant et al.,
2020) powder characteristi¢¥uasa et al., 2021pr printing parameter(€havez et al., 2020)

to improve the understanding of the process physicsdecificapplicationsFigure2.5sums

up the essential interfering factors within the complex material and pracessnenent in
binder jetting technology based on both comprehen#ieature research and experience
without claiming to be exhaustive.

The following details on important interrelationships in binder jetting affecting ghe
properties are provided: First, the powdelated factors influencing powder properties,
chaacteristicaand processes are presented. Secondly, the binder properties, charactadistics a
inkjet parameters are shown together with their interdependencies. Finallytehaction
between thébinder and powder bed allows for an insight into tbeprocal effects of the
process modules.

Powder Properties, Powder Characteristics and Powder Processing

Virtually any powdered material is processible in binder jetting techndMdggtafaei et al.,

2020, p. 5) Particlesize distribution (PSD) and morphology are considered decisive factors
since they affect the packing density of powder beds and, thus, the quality of prird¢€a Ipemt

et al., 2022, p. 1). The flow properties of powders play an important role. The size and shape of
particles affect the flow fopowders (Utela et al., 2008, p. 2)n& the flowability of fine
powders is limited, achieving high powder packing densities and satisfaraeyg densities
required for full densification constitutes a major challenge in binder jgaget al., 2017,

p. 2). Generally, the use of fine powder allows for a low part porosgwerer, interparticle
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forces and friction increase with decreasing particle diamdeading to agglomeration and
impededflow behaviour. But yet, a sufficient level of flowability is necessary to enabl

uniform powder deposition. (Diener et al., 2021, pp. 3-5)

Powder properties Powder processing

Chemical composition Segregation

Particle size distribution Powder compression

g Powder characteristics

=

a Mean size Flowability Layer thickness
Powder morphology = Particle density Recoating method

Recoating process

Moisture content Compressibility
parameters
N i 7
'a\eg*
.,(\ %\S
O
) 4 . ?
- - - Density -
Powder-binder interaction Environmental
conditions
Impact Mechanical properties
Part design

Spreading & wetting Surface quality
Part positioning

Penetration Dimensional accuracy

Post-processing

y

Temperature stability

pr ;
/ Nt o o
, %,

Binder properties Binder characteristics Binder processing
Surface tension Binder rheology Droplet volume
Viscosity Binding methodology Droplet velocity
2 >
m Solid load Binding kinetics Droplet shape
Maximum particle size Ink reliability Resolution
Chemical composition Binder content
Printing speed

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 adunrag they are
affected by multiple influencing factors, e.g. PSD, particle shape, chepoogbosition,
moisture and temperature (Schulze, 2008, p. Bfical 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 decrféasatglity.

Bai et al.show an example of increasing powder packing and flowability simultaneousty usi
bimodal powder mixires(Bai et al., 2017, p. 6). Thougtypically 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 rougtsphenical particles.

In contrast, rough particles may be favourable regarding the flowability opéwelers since
adhesive forces play a crucial rofg¢ock et al., 2019, p. 389)

Adhesive interparticle forces essentially affect the behaviour of bulk sBlgige2.6 shows
the effect of particle size on various adhesive forces using the exampleha&rizapparticle
next to a wall. Forces due to liquid bridgesapillary forces in the presence of a wetting liquid
— affect the adhesive forces theost, while van der Waals forces are dominant in dry, fine-
grained bulk solids. Van der Waals forces act only within a small range. Otegréfe
geometry othe particlescontact points pursuant to the parti¢lesrface roughness astiape

is decisive.Electrostatic forces play a relevant role in processing electricallguctine
powders. However, electrostatic forces also apply to electrical isolatgrsgduring powder
transport. (Schubert, 2012, pp. 214-220, Schulze, 2008, p. 211)

Moreover,Figure2.6 compares the adhesive forces to the granatsted forces caused by
particles density labelled “weightandcomplying with a density of §/cm? in this examplelt
shows interparticle adhesive forces becoming less important with ingyezsiicle diameter
sincethe particlesincreasing weight ensures their high mobility (Schulze, 2008,38-140).

For procesgechnical reasons, the particle sizes in binder jetting are limited to the layer
thickness used. A maximum particle size corresponding to half of the maximurthiakeess

is recommended. (Diener et al., 2021, pp5)3Hence, when processing coarse powder,
increased lagr 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
stepg(Hartmann et al., 2022).



Powderbased Binder Jetting 11

-
o
-

-
[e=]
(=]

Fy [10-6N] ——

-
o
LN

102

-3
100 1 1 10 100

x=2R [pm] —=

Figure 2.8 Influence of the particle size x on the adhesive forcedmpared to gravity-
related force(Schulze, 2008, p. 26).

Furthermore, the requirements for flowability and sinterability are odistcay. While the
enlarged specific surface area of fine powder leads to higher sinteringgdforces, the
interparticle forces within fine powders impede the partiaiesbility. (Du et al., 2020, p. 5)

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

The powder properties mentioned above affect not only flowability but also packintydens
which is one of the key influencing factors in binder jetting technologykiRaaensity
influencescomponentsbinder consumption, quality, integrity, sinterability, and final density
(Miyanaji et al., 2019, p. 335). Powder morphology, powder mean size, PSD, interpatrticle
forces, powder surface chemistry, and flowability impingehe packing densitfMostafaei

et d., 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¢stafaei 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 etensiti
the case of large patrticles, thacking density is independent of herticle size.

- The mcking density depends on the layer depositioning method (e.qg. roller/ nake) a

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 powd&iéeer et al.,

2021, pp. 3-5)With increasing flowability, compressibility decrea¢gshulze, 2008, p. 178)
Commonly, the ratio between tapped and bulk density, known as Hausner raisoddRved

to descibe the packing behaviour of powders subjected to compression. However, there are
contrary reports regarding its applicability in A/8pierings et al., 2016, pp. 11-12).

The method and parameters of powder spreading influence the layer propertiessRoeder
commonly processed via hoppers, rollers or blades at a definable recoatid(Pseeer et al.,

2021, pp. 5-9). Depending on the device used, relevant process parameters are, in particular,
oscillator sped and blade angle or rotational direction and speed. Increasing the recoating spee
is beneficial concerning costBiéner et al., 2021, pp.-S, 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 sjpiedsdji et al., 2018b, pp. 5+9

Myers et al., 2019, pp. 127-132

Binder PropertiesBinder Characteristics and Binder Processing

The binder liquids core mission is penetrating interstitial spaces within the powder in each
layer, forming bridges lteeen the particleand thereby creating the desired shape. It has to
fulfil various requirements to meet the demands of the binder jetting prodesstoBy and
stability during deposition have to be suited to processing via inkjet technology. Motteever,
binder must allow for sufficient wetting and penetration of the powder bed. The binding
strength needs to ensure the structural integrity needed for further procd&ssiges,
minimising harmful chemical tracésdesirable. 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 al
binding ingredients within the printing liquid and thus allow for flexibility and broaterie
compatibility. However, the binding components within the liquid entedrgain vulnerability
regarding nozzle clogging. In contrast, binder systems containing in-bed cartgoalh@wv for

a more reliable deposition since binding can only occur when interacting with dbedse
component. Regarding chemical composition, comnetgcson criteria are the bindésolid
loading, thermal stability, volatility, and residuals during processing.ioWVar binding
methodologies are common, e.g. organic liquids, acid/base systems, inorganicsnts.sbiee
binding kinetics strongly depend on the respective binding methodology. Tkeafikbility

is affected byhe chemical composition, the rheological characteristics of the binding thaid, a
its compatibility with the selected printhedUtela et al., 2008, pp. 99-102)
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The rheological behaviour of an ink fluid is described by the ReynBlds\(Veber WWe and
Ohnesorge®@h) numbers:

aéH
4/ ay (2.1)
%¢H
9A= —
0 (2.2)
e YOA B
4R YU&H @3

Where &is the velocity, H characteristic length, arél 3 and Care the fluids density, dynamic
viscosity, and surface tension. Those physical constants groupeddmit@édand 1 Dhumbers
describe relevartrop generation characteristi¢Berby, 2010, pp. 399401)Figure2.7 shows

the limits of ink processing fastable operation of DOD printheads. Sufficient kinetic energy

has to be provided for drop formation, while splashing is avoided to allow for staftiegpri
Oh characterises the viscosity of the ink. DOD cannot process highly viscous mbkdraas
satellite droplet formation occurs at fluid viscosities that are too(loshse, 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 bytela et al.(2008)can offer guidance in ink development for
commercial inkjeprint engines (Utela et al., 2008, pp. 99-102):

- Typical maximum dynamic viscosit{8 R | P 3-00dk ¥pecial designs, maximum
100 P3DAV

- Minimum surface tensiotdof 35 mN/m

- Maximum size of suspended particles/ polymer chains 100 times smaller timaazzke

diameter

Key printing parameterare droplet velocity, droplet size, droplet shape, resolution (spacing),
and frequency (droplet interrival time) Colton, Crane, 2021, pp. 4-Staat et al., 2017, pp.

1-4). In particular, the binder content strongly influences the printedsparéchanical
properties and dimensional accuradiith increasing binder conterstrength and dimensional
distortion increase simultaneously (Patirupanusara et al., 2008, pf3,42nezSanchez 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 déposit
Thus, droplet size, spacing, and layeckness must be aligned carefullgadton, Crane, 2021,

pp. 4-5)

PowderBinder Interaction

The binder processing parameters mentioned above play a crucial role in {bavader
interaction. A series of infiltration kinetics occuimpact, spreading and wetting, and
penetration(Mostafael et al., 2020, pp. 224).Barui et al.(2020)observed a simultaneity of

fluid surface spreading and infiltration and highly nonuniform penetration attribuigidhal
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 sutfposssity (Chun et

al., 2020, p. 13).

Eachdroplet hits the powder bed at a distinct impact speed that supports binder spreading.
Liquid bridges connecting particles are formed within a few microseconds. FHoetimeeation

into the non-saturated powder beneath (usually from 0.k}Yading the capillary force effect

is mainly controlled by theespective properties of the powder bed and binder, e.g. binder
viscosity and surface tension, and liquid-powder contact angle. Gravity is negtigibko th

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 gan to modellinghebinder jettingprocess computationaltp gain

an improvedunderstanding of the process phenomena and save time and costs by replacing
experiments. One focus is modelling the powder spreading to optimise the powder kgd quali
Furthernore, the powder-binder interaction, including binder deposition, penetration and
powder rearrangement, is of vital interest, particularly for process developmeostéfdei et

al., 2020, pp. 104-111)

Modelling of Powder Spreading

Since numerous factors influence the packing density within the powder bed, an apgropri
prediction of the packing behaviour of powders is desirdifle.powder spreading process is
normally modelled byhe discrete element method (DEM). Attractive feteich as adhesion
and van der Waals forces, play an important role in particle-particle anteraand 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 materialsS&naks Ftill
under investigation, e.g. particle-specific friction coefficients, fluiction on air or forces due

to liquid bridge formation (Parteli et al., 2014, pp. 4-5). Correlating the macrosasagiour

of granular materials with their microstructure is still more a theoretical idshltihhan rekty.
However, multiple emerging material systems for 3D printing pave the wagystematic
experimental research involving, e.g., different particle shapes. (Rad|gi2217, pp. 1516)

Modelling of PowderBinder Interaction

While particleparticle interaction dominates the powder spreading process;ligaidi
interactions must be considered as soon as binder droplets are jetted onto the powder bed. The
infiltration of a liquid can be determined numericdliyemployingequations for computational

fluid dynamics (CFD), i.e. Navier-Stogeequation. The particles are commointplemented

in aCFD model as boundary conditions, while the fluid’s motgimacked by the levedet or
volume-offluid (VOF) method. (Mostafaei et al., 2020, pp. 2081,Zhang, Prosperetti, 2005,

p.1)

2.2.5Binder Jetting of Moulds and Cores for Metal Casting Applications

Integrating AM with the traditional metal casting process is also referrext‘todirect” metal
AM (Hodder, Chalaturnyk, 2019, p. 658), multi-step metal AM In contrast to “direct” AM
binder jetting allows for the production of tooling used to create the desiredeteggometry
in the subsequent castingst@Nang et al., 2019a, pp-3) The eficiency of the binder jetting
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process, in conjunction with the commercially available printing volumes of curngmtty
4 x 2 x 1m for sand systems, leads to extremely high production rates and practicaiytso |
in weight and size of the respectiv@sting part¢Kang, Ma, 2017, pp. 160-163).

The following shows theprocess chain of casgninvolving explicitly core andmould

production by means of binder jetting technology. Moreover, the material systeicely

used in indirect metal AM are specified together with the requirementstdaodbsg produced
by binde jetting related to its application in metal casting.

Overview of the Process Chain

Among thevariety ofcastingprocesses, five categories of metal cast technologies were derived
in DIN 8580 gravity casting, higlpressure die casting, lopressure casting, centrifugal
casting and continuous casting. The first three abovementioned categories typically involve
dies,whose geometry is the negative of the parts to be produtedwhich metal melt is
poured. An alternative classification of casting distinguishes betweemgcgsbcesses
utilizing either lost noulds and reusable patterns, lost moulds and lost patterns, or permanent
moulds (Klocke, 2018, p. 19Ik thereby placethe focus on the traditional strategies of mould
making butexcludeghe alternative of direahould manufacturing blginder jetting.

In the following, the process chain involving binder jetting of sand tools is outlined hsing t
example of sand casting. Conventional mould-making strategies involve the mamudact
patterns prior to mould production. Directly deriving the mould geometry from 3D @afa
reduces lead time and tooling cosBagsoli et al., 2007, p. 14%ama et al., 2020, p. R1
Moreover, the independency from patterns enables thes @and its casting systésndesign
freedom. In particular, the functional performance can be enhanced by enaldarguis.
(Hackney, Wooldridge, 2017, p. 458)

The process chain of indirect metal AM, shown in a simplified forfiguire 2.8 starts with
binder jetting of sand tools. Since sand tools are intended to be removable aftey, casti
sufficient strength to withstand the loads during handling and casting iseequinile easy
destructibility after casting needs to be assured (Stauder et al., 2016, p. 2asNherginder
jetting specific part characteristjqgrticularlyhigh porosity and low mechanical strengihe
commonly disadvantageous for direct AM, those properties can be exploddaagages in
metal castingGunther,Mégele, 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. 24ahd, 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, inclugjthe gating system, the cofesed to shape the internal cavifies
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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)he next step is the casting process, where molten feetaide

range of alloys can be casts poured into the mould (Le Néel et al., 2018, p. 13PBg cores

that outline the internal geometry of cast parts are removed after castiogriiy is typically
conducted by applying mechanical impulses before finishing the cast partaahidgtthe

gating system and precision machin{iagtemeyer, 2021, pp. 14-1Nitterpach et al(2017)
estimate a total demand of 6.3 tons of sand per each ton of ready castings iodrgend
emphasise the relevance of sand core reclamation on the life cycle assessnoemidites
(Mitterpach et al., 2017, pp. 324-327). Recovery of foundry sands is typically performed by
mechanical or thermal reclamati@ioseph et al., 2017, pp. 86-87).

Binder Additives Metal melt Metal part
Binder Mould Decoring &
> jetting >> Finishing >> assembly >> Casting >> Finish >
c
2 I
[] ©
Sand 2 % 8
& & o
o [a)
(&)
[vd

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

Materials for Binder Jetting of Moulds and Cores

The properties of casting moulds atates strongly affect the cgsrts propeties themselves

— in particular,in the surfacenear area. Concurrently, the characteristics of a binder jetted part
strongly depend on the sand material used, its powder characteristics, andiéneriaterial

and proportion.

Conventional mould and core production invalwbecompression of pretixed sanebinder
formulations against forming tools or patterns. Here, the grains aredfamto an optimal
orientation. Thus, finer powders are used in binder jetting compared to conventionagform
methods of sand tools to reasimilar surface quality levelfHodde, Chalaturnyk, 2019, p.

657) Sands produced for 3D printing applications are commonly sieved to averagazgsin s

of 140—- 250um (Upadhyay et al., 2017, p. 212)hey typically show a more narrow PSD at
smaller grain sizes and less angularity compared to traditional foundry @dodder,
Chalaturnyk, 2019, p. 653). However, whesing fine grain sizes, negative side effects can
occur, e.g. reduced gas permeability, increased binder consumption, or increased binde
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spreading rate caused byetbrowth in powder surface ar@aiunther, Mogele, 2016, pp. 65—
69, Mostafaei et al., 2020, p.)12

Natural quartz sands composed of &€ foundriesmost commonly used moulding materials
due to their coseffectivenesgGinther et al., 2021, pp. 5-7). When heated up, the mineral
guartz exhibits the so-called quartz inversion point at®&73vhere a rapid change in crystal
structure appearQuartz inversioms accompanied by an abrupt change ingkgansionffom
0.26t0 0.45 %in length and densityf(om 2.65to 2.6 g/cm3). In contrast totherquartz crystal
transformation processes, the transformation from the trigewalartz to the hexagonat
modification isalwaysreversible.However, the abrupt volume changes within the casting
process can result in severe casting def¢Etemming, Tilch, 1993, pp. 4@1, Recknagel,
Dahlmann, 2009, p. 8)

To overcome this obstacle or to further customise the moulding material prejpedeneral,
there are several artificial sand types available on the market: thgyat exhibit quartz
inversion ordiffer in thermal expansion, thermal conductivity and heat capacity, and thus
facilitate the tailored modification of the cooling rate during solidification of the roatal.

(Sun et al., 2012, pp. 1886888)Hence, quartz sand may be replaced by artificial sand types
with enhanced physicalr@hemical properties in order to fulfil the higher demands of the
respective casting application. To name a few examples: materials of low tleeqraakion
coefficients can prevent sand expansion defects like veining and improve dimensional
accuracy, isolating sands are used to realise-whlled cast parts, and sands of high
refractoriness avoid reactions between moulding materials and thermalgnbdrcast 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 GS1RP (Strobel Quarzsand GmbH, Freihung, GermaRigufe 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, theresinbullite sand
Cerabeads ES1450 (Huttenes-Albertus Chemische Werke GmbH, Disseldorgn@germ
(Figure2.9b) consistef mainly spherical grains.
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@) (b)

Figure 2.9: Dark field micrographs df) natural quartz sand GS14 RP afi) sintered

mullite sand Cerabeads ES1450.

The basic binder systecategoris relevant for binder jetting of moulds and coredliated in
Table2.1, together with selected typical properties of sand moulds and cores produced utilizing
those. Furan resin systems comprise a resin and an activator component. &, ¢batipanding
component within phenolic resins (phenol units) is contained in alcoholic or aqueous solutions
and crosdinked at elevated temperatureslgmming, Tilch, 1993, pp. 883, Ginther,
Mogele, 2016, pp. 688) In the context of the increasing importance of preventing harmful
emissions, inorganic silicate bindehave already replaced organic binder systems for various
casting applications. They can be cured physically by removing moistaretgkiy, 2016, pp.
88—-89)Furan systems form the most gas, wimlerganic sodium silicatbinders evolve the

least (Anwar et al., 2021, p. 1909). Depending on the binder system used, curing may be
acomplishedin several ways, e.gelf-hardening or microwave curinghi et al., 2021, p.

291).

Table 2.1: Relevant binder systems and properties of respective sand moulds agaftevres
Gunther, Mogele, 2016, p. 68).

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

Requirements On the Properties of Casting Cores and Characterisatiothdtks

Stauder et al.(2016) summarise fundamental sand cqmperties. These are arranged
according to the casting progressHigure 2.10. The requirements for the casting gome
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particular depend on the production environment, the castspgagometry, 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 Fundamentatelevantsand corgropertiescategorisedythe processtagesn
casting (after Stauder et al., 2016, pp. 1-2).

Dimensional accuracy is one of the most important parameters for evaluatinds umrks,
and the respective casting compongfdackney, Wooldridge, 2017, p. 462). Moreover, casting
coresmustwithstand thermal and mechanical logHsisbrouck et al., 2020, p. 33®Iready
prior to assembly, casting cores need to show appropriate mechanical propergeantRel
mechanical properties include thyeeint bending strength but also scratch hardness.

Commonly, standard test bars measuring 22.4 x 22.4 mm in cross-section anch 12
length, described by the German Association of Foundry Spec{8B36G-Richtlinie P72) are
used for measuring the three-point bending strength. Suitable characterisagiiipment
includes universal testing machines (Stauder et al., 2016, p.dt94kength machines
particularly designed for testing sand specin{@msvar et al., 2021, p. 1905). The printed sand
density is typicallyconnected to the specinisrstrength. It can be determined by associating
the weight of a specimen measured by a balance of reasonable accuracy witentsatis
(Bryant et al., 2020, p. 4).

Scratch hardness describes a specimemsistance to friability. It can be measured
guantitatively byscratch hardness testers (Bryant et2820, p. 5). It is a relevant property for
handling purposes but can also indicate resistance to erosion during gslgtimgtively, the
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hardness of sand moulds and cores can be obtained through the hardnes§3adaedag et
al., 2021, pp. 1-2).

Sufficient refractoriness is neededpi@vent sandnetal reactions. It can be characterised by
the pyrometric cone equivalent, by determining the sintering behaviour sxgrda the
German Association of Foundry SpecialifG-Merkblatt P26), or by the help of heating
microscopes. (Recknagel, Dahlmann, 2009, pp. 8-9)

Furthermore, casting cores need to remain dimensionally stebleghouthe casting process
to allow for the geometricaccuracy of the inner cavitieBinder systems are thus required to
withstand the thermal loads during casting. While phenolic resins represernjané bindes
with the highest temperaw stability, inorganic binder systems show further improved
temperature stability as they do not decompose. (Glunther, Mdgele, 2016;-¢®) B6wever,
plastic deformation in inorganically bound sand cooexurs attheir glass transition
temperaturgVaskova et al., 2020, pp. 11-12).

Loss of ignition (. 1 ¥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 tize volatilisation of organicsthe removal of chemically bound
water orthedissociation of inorganic compounds when components emit in the gaseous phase.
In . 1 testingaccording to AFS 5100-13; the weight change of samples is determined before
and after firing at 982C to calculate. 1 +

$F %
5 100 (2.4)

Where #is the starting weight of the empty crucibl®js the starting weight of the crucible

% .1+

containing the sample, antlis the weight of the crucible containing the sample after firing.
(Joseph et al., 2017, p. 88)

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

Finally, thesurface finish irucial as it directly affects the cast comporisrdurface finish.
Typically, a sand cast part shows an arithmetical maaghnesfaof 12.5 to 25um (Snelling

et al., 2013, p. 836and an agrage roughness depth Rz between 30 anduB60Casting
components dfigh surface requirements are commonly produced by investment casting where
Rz values between 6 and @th are conceivabléFlemming, Tilch, 1993, p. 15)nvestment
casting achieves high dimensional accuracy and surface finishes bygdjmeicise wax
patterns into ceramic slurri@umar,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 powdesmall 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 ouvet &peeds leading

to decreased productivity in binder jetting (Miyanaji et al., 2018a, pp. 505-506). Howeatr
importanty, the production of high-density green parts to be sintered for application in technical
ceramics is hindere(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).

2.3.1Process Description

In contrast to the conventional binder jetting proceksyysbased 3D printing technology
processes fine powders dispensed in a liquid to form and subsequently dry laye¥s. Sinc
capillary forces can draw the liquid phase of a slurry into a porous body, edreasking
densities can be achieved by using fine particle suspensions (Zocca etslp.2l495). The

part contour is again defined by jettitige binder onto each layeffigure2.11shows a diagram

of the slurrybased binder jetting process. It comprises the following steps: First, w islurr
applied onto a substrate or the previously cast layer. Second, the powder bed is driext The ne
step compriseprinting the binder and, where appropriateying it. Those process steps are
repeatedintil the part reaches its full height

IR lamp
slurry coater\ 7 o print
<M | head
A A A A A i
Y Y Vv V Vv ¥V ¥ #

i

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 psocassiee
derived from solidiquid interaction(Grau, 1998, p. 35):

- Processing of particles of diameter <
- Deposition in the form of a slurry
- Cohesive behaviour of the powder bed

Consequently, the typically most critical steps are drying the layersgd8i printing and the
postprocessing step of deowdering(Diener et al., 2021, p. 9). In the following, theoretical
foundations describing the most important process steps of fabricatinglshseg-3D printed
parts are given: layer casting, drying and infiltration vathinder. During posprocessing,
washout and sintering are particularly of interest.

Layer castirg

The process of layer casting during slurry-based 3D printing can be desilaepracess
combining characteristics of the technologies of tape casting, whegei@ duspension is
spread as a thin layer, and slip casting, where the liquid phase of a slursyiohi@a porous
mould by capillary forces (Zocca et al., 2015, p. 1990). For alternative methods of laye
forming, see chapt&*.3.3.

Figure2.12illustrates the forces acting on particles during layer casting. Apart frorfiortte
induced by capillary flow(x, the gravitational force(; the interparticle force(s; and
buoyancy (yact on each particle. In contrast, in powder-based 3D printing, only gravitational
and interparticle forces appear during layer deposition. Interparticle fetroegyly dominate

at smaller diameters as they scale as the second power of the diaste#er of the third power,

as is the case for the gravitational force. Thus, small particles deposdedry state do not
pack well when settling freely. Conversely, during layer casting, the fluiddlags particles
into points of maximum contact thi already settled particles. Whereas those particles freely
settle into favourable positions in a close-packing assemblage, they do not posvemtently
floating particles from settlingZocca et al., 2015, p. 199%he enhanced free settling can
even lead to the absence of obvious laytarfaces in slurspased AM (Zocca «l., 2015, p.
1990).
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consolidated powder bed

Figure 2.12: lllustration of the forces acting on particles during layer casting (dfteca et

al., 2015, p. 1996

Capillary pressureLgacts as the driving force for liquid migration (Grau, 1998, p.G&pillary
pressurenduced by a cylindrical pore can be described by means of the following equation

2 }j?KOa
Lo= — N — (2.5)
Where U is the surface tension of the liquidthe contact angle, antthe pore radiu¢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:

L Ui F Y
? T TA
?KGa 0 (2.6)
Where (; and (zare the interfacial tensions betwebasolid and vapoyrandthesolid and
liquid. However, surface roughness, irregularities, and porosity strongigt affe contact

angle. Alghunaim et al., 2016, p. 205, Zhang et al., 2021, pp. 1-2)

Washburn$ equation predicts the flow of liquids under capillary pressurgthuslthe rate at
which a liquid penetrates a small surface capillary:

~ 0?KOa
H= I——PNP (2.7)
@BNU7KO‘
@pPraH -2 (2.8)

Where Us the surface tensiorithe viscosity,athe contact angleNhe pore radius, antihe
length of a column of liquid in the capillary at the tirRéWashburn, 1921, pp. 279-282)
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In summary, capillary forces encourage high packing densities favourabléhfeviag high
part densities within an economic sintering cycle. Following the equatistes labove,
capillary pressure in slurfyased 3D printing is particularly related to the porosity of the
previously casiayer and the wettability of the sdimaterial by the dispersing liquid. The liquid
penetration rate is inversely proportionathe liquids viscosity andhe length of a capillary
already filledand directly proportional to the radius of the capillaryidngid’'s surface tension,
and he cosine of the contact angWashburn, 1921, p. 280).

Drying
Since drying is one of the criticaleps 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 ec@hpnoicessAlso,
properly optimised drying is considatcrucial to enable uniformitgind the absence of cracks,
particularly when drying watdrased suspensions (Briscoe et al., 1998, p. 1). Compared to
other liquids, wateshowsa high latent heat of vapourisation. Thus an appdnghtdemand

for energy needs to be mit enable the escaping of water molecules in the vapour phase
(Brosnan, Robinson, 2003, pp. 4-8).

Stages of DryingWhen slurry is applied to an underlying layer, drying is accomplished from
two directions simultaneously: The liquid is drawn into the pores of the porous layemesitie

by capillary forces. In parallel, externaddt sources can induce evaporation of the liquid from
the top. (Diener et al., 2021, pp-29) The following paragraph introduces the theory of thin-
film drying, disregarding the influence of a porous substrate.

Diffusion Diffusion

1

Diffusion
Flow

Flow _
B, Evaporation

(a) Constant rate period (b) 15t falling 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 ¥ falling rate period, and (c) the"2falling rate period (Erhard et al., 2021,
p. 6after Scherer, 1990, pp. 6-8).
Drying processes in solids saturated with liquids start with thestage of drying, the constant
rate period CRP, where the evaporation rate is independent of time, and the suwdaeecid
with a film of liquid. Capillary tension prevents exposure to the solid phase, and idhe sol
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 shrinkaggre2.13). As soon as shrinkage is
completed, further evaporation drives the meniscus into the body. Within thialfirj rate
period FRP1Kigure2.13b), the liquid recedes, and the pores become patrtially filled with air.
The evaporation rate decreases, and the surface temperature increases to a valu bbltve
temperature but below ambient temperature since most evaporation happens atritire exte
surface. The flux of the liquid to the surface reduces continuously. As soon as thesliquid
removed predominantly by evaporation inside the body and diffusion of its vapour, the second
falling rate period FRP2Kigure2.13) begins. The sensitivity to external conditions decreases
since the temperature of the surface approaches the ambient temgpé&aen though the total
stress on the network decreases, differential strain develops due to dissoimmifaession in
saturated and surfacear regions that can lead to warping. (Scherer, 1990,-pRdhaman,
2003, pp. 281-289

Figure 2.14 illustrates the trends of surface temperature, water content, and drigngnra
initially saturated samples at air temperatdanetti, 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/aluenetric

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 shrinyggeglly 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 cggiliassure, which is
considered responsible for creating critical flaws. Conceivable optiwneducing capillary
pressure are decreasing the surface tension ofciiel,l the cosine of its contact angle, or
increasing the pore size and permeability (see equation. (&&herer, 1990, pp. #H22)Figure



Slurry-based Binder Jetting 27

2.15illustrates a suspensianetwork strength and drying stress evolving in parallel during
drying. Cracks develop in case a stress curve exceeds the ristatength curveMurray

(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 developmeatgase

of the “open time”) to avoid cracking. Multiple options to avoid differential stneslside
modifying theformulation of the components,g.usinglarger 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 fiensl and descriloethe
critical cracking thicknes®o %8 a function of the fracture resistance of a film matergl
and the biaxial stresé(Hu et al., 1988):

% cyo:e(ﬁé) (2.9)

The critical layer thickness is thus suggested to be only dependent on stressgeivotwi
capillary pressure and fracture resistance. The CCT was found to bendedepef the drying
rate but dependent on vations in film properties that affect eithegor &€ % %n&as found to
be proportional to thegolyvinyl 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 warpihop Wit
the early drying stage, capillary tension may develop on the drying swafatkquid is drawn

from the other surfaces to balance the hydrostatic predsuteing productsexhibit alow
permeability, this tension can lead to varying compressive forces on the solid and afsupwa
warping behaviourKigure2.16). Warping in the revse direction may occur at a later stage
of drying. If the pores next to the surface are filled with air alreadytremtbwer portion is

still saturated with water, the lower network containing the liquid may be subject to
compressive forces-(gure2.16b). (Scherer, 1990, p. 7)
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Figure 2.16: Demonstration of the reverse directions of warpir(@)iearly stages of drying

and(b) later stages of drying (after Scherer, 1990, p. 7).

Drying shrinkage Shrinkage due to evaporation of a deposited thin sfiimys solvent must

be accounted for to achieve the desired dimensional and shape accuracy of a green bedy. Henc
in contrast to powder-based 3D printing, the actual thickness of each layer is not igatlymat
consistent with the layer heights preseth@ machine parameters.

The thickness of theth layer 6 J can be calculated as follows:

6() = *(1 F54) (2.10)

Where * is the preset thickness of a layer aidis the shrinkage ratio that depends on the
volume content of the solvent in the slurry. The actual layer thickness is thus matgess
approaching the preset value. (Tian et al., 2012, pp-—3®) Therefore, the higher the
shrinkage ratio, the more base layers are needed to reach the preset layerstbigkoas
tolerance.

Binder infiltration

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

Sufficient infiltrationinto 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 powdetifeds

from thatin 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 printirgdjfferent size ratios between drop and particletexis
Here, doplets first hit the surface of a rigid powder bed and then penetrate it. Thus, edmpar
to powder-based 3D printing, printed lines in slurry-based 3D printing tend to be rathert fl
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wide. (Knezevic, 1998, p. 173ince a rigid powder bed is tolerant to the ballistic impact of
droplets, no deformation of the powder surface is expected. Moretegrermeability and
infiltration kinetics of cohesive powder beds strongly differ due to the proportipdline
infiltration kinetics tothe pore size and the inverse proportionalifyttie permeabilityto the
square of the pore siz&rfezevic, 1998, p. 17/Gray 1998, p. 14H Grau (1998)found the
regions printed wittan acrylic polymeremulsion to impact the kinetics of layer casting by a
lowered void fraction, permeability, and contact angle. This effect led to burtisiaterface
between printed and unprinted regions. Therefore, the ratio of the cosines of angtastof
unprinted and printed regiort®sk @ ;2 5 1 4 GHSOS( 2 5 1 4 gAS suggested to match to enable
similar casting rate€€hanging the slurry solvent from water to a water/isopropyl alcohol blend
(since water/isopropyl alcohol shows an improved wettinghenacrylic polymer emulsion
used, or modifying the volume fraction of bindeere suggested to prevent differential aagti
rates (Grau, 1998, pp. 1841185) For detailed contiguities on binder characteristics and
processing, the author refersNtmon et al.’s extensive study on important characteristics of
inkjet binders for use in slurry-based 3D printing (Moon et al., 2002).

WashOut

Unlike in powder-based AM, green bodies produced by shased 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-baged slurries. (Mihler et al.,
2015b, p. 22)he redispersion of the powder compact is mainly controlled by the number of
particleparticle contacts and each contadtrength. While the number of contacts depends on
the particle sizes and the packing density, the strength can be influencedasiggiby slurry
additives. For example, polyethene glycol is believed to improve redispersicorrong

solube bridges between particle&Grau, 1998, p. 15Moon et al.studied the redpersion
behaviour of different slurry compositions and demonstrated the challenge of enabling a
spontaneous redispersion of powder compacts and, sghdsmagdree part retrieval. In
particular, polymeric components in the slurry and a high packing density of theepow
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, inhmoage
volume expansion may occur. Moreover, the manufactured part may act as a diffaseyn ba
for the solvent, making the wash-out process even more critical in slurry-based/&Mer

et al., 2015a, p. 115Mdhler et al., 2015b, p. 22Vhen using slurry-based binder jetting
technology, the wasbut medium mushot dissolve or weaken the binder. Furthermore, the
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printed part must exhibit sufficient strength to resist the veagiprocess successfullGrau,
1998, p. 137)

Spray rinsing is suggested to support material removal: no or a mild spraymgjtinteay be
used to achieve a smoothening effegcteaving material on the surface. More intense spraying
allows for removing all residuals from the manufactured body (Muhler et al., 2015b, p. 22).

To realise the full potential of slurtyased binder jetting, easy removal of undercut material
(particularly from long and thin channels to guae hollow and filigree casting cores for
cooling channels) is desirable, as well as the reuse of the redispersed partesiablean
integral material cycle.

Sintering

Sintering is the process of densifying a green body using the macrosaujpig thrce of the
reduction in surface energy during heating. The part density achievable bingiatgreen

part and its shrinkage mainly depend on the green bathyisity, the material system and the
sintering curve. (Du et al., 2020, p.,Xocca et al., 2017, pp. 144-14%ince compared to
powderbased binder jettinglurry-based 3D pnting uses relatively sma#lized particles and
enables an increased packing density, greater stidaadume ratid and green part denss,

the technology generallgllows for enhanced sintering when using the same temperature
profile. Common procedures to enhance sinterability in slurry-based 3D printinghohage
adding a second material system to decrease the sintering temperature sediqeaiphase
sintering. (Bourell et al., 2020, pp. 22124,Vogt et al., 2021b, pp. 335) Generally,a high
green densitpf > 50%is required for achieving a high sintered density: the higher the green
density, the lower the density change (shrinkage) during sintering to adisfitiered density.
Sintering can also lead to shape distortion due toitgra¥fects, 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)

2.3.3Layer Forming Methods

The layer forming method defines the roughness of each layer of slurry (Caha2&ol, p.
219)and directly influences the technically feasible process parameters. Vayies®aing
methods for slurry-based 3D printifgave been investigated from the technolsgyutset
(Caradonna, 1997, pp. 30-33)
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- Slurry jetting
- Spray deposition
- Tape casting

Slurry jetting uses small inkjet nozzles to give precise contrthefslurry to bedeposited.
However, the drawbacks were found to be reliability issues due to clogged namdles
relatively poor surfaces. Spray deposition uses atomizing nozzles that cstdved across

the building plate to create the layer. Only comparatively simple lzedi8 necessary to
realise spray deposition. The difficulty within this method is a low control otdlker&te and,

thus, of the resulting layer thickness. The tape casting approach, sometimefeakso t@ as
layerwise slurry deposition, uses a doctor blade to spread a pool of slurry. (Caradonna, 1997,
pp. 36-33) Most recent publications adopt the tape casting approach (e.g. Tian et a)., 2012
Muhler et al., 2015aYen (2015)designed a novel coat hanger getbmbased on tape casting

and slot-die casting, including a sluiseding mechanism that enables a reliable and uniform
distribution (Yen, 2015) Vogt et al. (2021a)recently announced pursuing a nozassed
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 abatitiee
Massachusetts Institute of Technology (MIT) in Cambridge, USA, in tke9@$ and early
2000s.Cima et al.(2001)reportthe successful production of components without foreseeable
material limitationsAlumina, titania, silica, silicon nitride, and WCo have been investigated
(Cima et al., 2001, p. 222). Moreoverfesearch team around the Clausthal University of
Technology and BAM Federal Institute for Materials Research and TestBeylin, Germany,
investigatesslurry-based additive manufacturing of ceramics sitieelate 2000sTable 2.2
gives an overview of materials previously processed by slurry-based AM metitbdsitw
claiming to be exhaustive.
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Table 2.2 Overview of studis on slurrybased additive manufacturing.

Particulate Layer thickness
AM method ) Solvent ) References
material in um
) Polyvinyl
N/A SiO2 10-80 pm (Yen, 2015)
alcohol
Laser sintering Al203-SiO2 Water 100 pm (Gabhler et al., 2006)
L ) (Tian et al., 2009, Tian et al.,
Laser sintering Porcelain Water 100-200 pm -
2012, Muhler et al., 2015a)
Binder jetting Al>O3 Water 20-50 pm (Grau, 1998)
N Isopropyl -
Binder jetting WC-Co 35 um (Oliveira, 2002)
alcohol
Binder jetting Al2O3 Water 50 pm (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 um

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 alrdganfylgrge

series production of cast parts in engine production (Gunther et al., 2021, p. 6). However, the
application of complex cores is limited to certain applications by reason ofqgunatde
properties like a high volume of porosity and shrinkage and low strength (Huahg2€t19,

p. 1).

Two relevant use cases of higtiength ceramic casting cores are presented shortly:

- The nsertion of sintered, highly temperatwtable ceramic cores into ceramic shells in
investment casting is statdé-the-art in producing near-net shape turbine blades.
Complex interior cooling geometries are particularly needed forralipe airfoils in
gas turbine engines. In investment casting, shells are produced by repyetitiadhg a
wax pattern with a refractory ceramic slurry, stuccoing, and drying theatege layer.
(Kanyo et al., 2020, pp~R) 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 fird to fabricate the ceramic cordie second to mould a wax
pattern around the core. (Bae, Halloran, 2011, p@) A single, patternless process

directly producing an integrally cored ceramic mould not only aldar reduced
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tooling costs, less material waste, and shorter lead .tilhedso enables advanced
dimensional accuracy and structural contrgkanyo et al., 2020, p. 16)
Stereolithography SLA) technology has accomplished AM of complex investment
casting cores and integrally cored metal castnoulds(Halloran, 2016, pp. 20-22)
Since lead times can be improved by¥8%nd production costs by 80 compared to
investment casting involving hard tooling, AM of burn-out patterns is also used in
investment castingyVang et al., 2019b, p. 648yhe removal of the ceramic cores in
hollow turbine blade manufacturing is commpatcomplished by leaching (Zhu et al.,
2019, pp. 1-2).

- Lost cores in higlpressure die casting (HPDC) must withstand high injection velocities
and pressures. Thus, advanced hatgength casting cores are needed in HPDC. Despite
their high strength, cores still need to be mechanically remewdtdr casting, e.g. by
water jetting. An EU research project developed the production processeadraic
water jacket core of a closelck aluminium engine block by dry pressing and sintering
(Lopez de Sabando, 2019). Two crucial challenges have been faced: first, the porosit
required in core removal allowed for penetration of aluminum melt. Secondwéerre
strength issues. A subsequent coating and infiltration addressedMersban et al.,
2019) Overall, the cycle time of deoring was not feasible for mass production, mostly
due to the complexity of the core.

Thesestudies reveal the conflict between a casting’sastength and its removability on the
one hand and the demand for an economical process for manufacturing complexemgtix
casting core®n the other. Compared to SLA, slubigsed binder jetting is an interesting
alternative for manufacturing integrally coretbulds in investment casting, particulamny
terms of economic efficiency (reduced material costs, increasedupuitates, increased build
volumes, reduced sintering times)jui®y-based bindr jetting shows higher cycle times than
the powderbasedalternativedue to the additional process step of drying the slurry solvent
Conventional advantages of scalability and flexibility in terms of materiaésysand high
complexity applyregardlessBesides high strength, improved surface qualities and thermal
resistance are required to realise filigree,-seffporting core structures for contallose
cooling channels, e.g. in manufacturing electric motors. A potential apptcHtslurrybased
binder jetted casting cores in all gravity and low-pressure casting techemiegtonsidered
technically challenging but feasible.



34 State of the A

2.4 Research Gap

Due to the increasing interest in additive manufacturing technologies, pbasks- binder
jetting and its mat@l-dependent factors of influence on the process and the resulting part
characteristics have been extensively investigated and transferred taiahdaystlication.
Comparatively few studies address the slutrgsed alternative whose process complesity
expanded by the additional process step of drying. Even thibwditerature points out the
importance and characteristics of drymegardingthe stress developmeirt ceramic films, no
previous studies on layer-wise drying are known to the author.

The effect of the drying conditions dhe part quality in slurrybased 3D printing is not yet
revealed in the literature. However, they strongly affect not only the @igtevperties but also

the process performance. Among the AM methods, prefefentige binder jetting process is
frequently given if a higltost pressure calls for economic efficiency. To be able to rdsdpon

this demand which is of particular importance in casting technologies alstg degeds to be
studied with respect to the efte@n part quality on the one hand side and process performance
on the other side which s compared to conventional powder-based 3D printirfigeavily
influenced by the additional process step of moisture removal.

To allow for the potential integratior slurry-based 3D printing in the process chain of casting,
the technologs crucial influencing factors need to be determined with respect to the
requirements of casting corésnally, so farit is not known that slurry-based 3D printing has
been utilied for producing higlstrength casting cores before. The potentials and challenges
specifically associated with the process chain integrating this technoldlyg sconventional
casting process are thus to be revealed.
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Although the latest state of science and technology reveals rising interastimproved
understanding of materials and processes in binder jetting technology, few studiesry-
based binder jetting have been conducBdce thdittle literature on slurrnybased 3D printing
focuses on processing various materials rather than studying the influnites process
parameters, 3D printing itself still raises decisive unresolved issuedlyaia prior study is
known to tailor the process to fit the demands of casting applications. The cehtic tas
present work is to elaborate fundamental knowledge on processemyieonmentally friendly
waterbased ceramic slurry in binder jettimgview ofthe potential application in indirect metal
AM. The extended process chain to be investigated thus involves the 3D printing pisatess
the post-processing steps of curing, wash-out and sinteringthencasting and deering
process.

Figure 3.1 gives an overview of theverall approacland structure of the present woflkhe

first objective is to elaborate the procedurestable processingf a defined ceramic slurry
material systemin a 3D printing test setup. Thos#low for reliable process control and
homogeneous powder bed formatiom key prerequisite for profound proceseecific
investigations For this purpose, dih CFD simulation and experimental woidre utilised
enabling a stable procesentrol, a suitablehardware and software configuration of the test
setup,and, thus, the fabrication of constant quality prints. Secondly, understanding the sub-
process of layewise drying isconsidereddecisivefor controllingslurry-based binder jetted
casting corésproperties. The drying conditions each individual layer cast from a ceramic
suspension is subjected to are crucial to enable a defectayer buildup. The resulting
microstructure, powder packing densisgrengh, dimensional accuracy, surface quality, and
the economic viability of theverallprocess are regarded as dependent on dryirgpntrast,

the binder system’s function is of minor interest, as its task is mapping tloaicordtead of
providing the final strength. Hence, a tailored process management is to be tethbora
specifically with regard to drying.

The overall aim of this work is a scientific contributionthe process development of slurry-
based 3D printing with a strong facwn generating fowledge utilisble for transfer to
industry. It is thus of particular importance to consider the central product ardgcEmands
relevant for potential implementation in the foundry sector. Against the backgroatateobf

the art in 3D printing andrying technology, the following central research hypotheses to be
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confirmed within this study assume a contradiction between econongiereély 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 leadateral binder migration.

From an economic perspective, the energy required for drying each layeferslggeinput
rapidly at a sufficientadiation powerDrying slowly, converselyis known to prevent typical
drying-related defects. High strength and density are considered advantageousal mater
properties for casting cores since those encourage flexibility in design. rawtlee the
absence of major defects indicated by strength is conducive to procebdgitseliBinder
migration is to be avoided iorder to allow for dimensional accuracy. While applying lower
layer thicknesses enables high surface qualities and filigree dasigndies a higher number

of layers to be deposited subsequently and, thigher processing efforts.

Correlations beteen crucial process parameters indirectly determining the techimlogy
economical viability and important quaktglated material properties shall be drawn up in this
work. The variety of casting processes and the diversity of casting products ispaife
requirementsA quantification thereof is essential to allow for an evaluation of indiVidoget
attainability in spite of the assumed conflict of ambivalence between profitaduid part
quality.

Moreover, all requirements within the expandedcpss chain must be elaborated carefully.
However, the process steps of sintering and casting are considered statet@rtti¢haronly
providethe prerequisites for the overall process consistefiogplly, the applicability of the

! Drying is considered to be excessive from the total energy input perdagfigured to such an amount that
drying-related material defects arise. Excessive drying can be induced by either g@tpedayers to too high
stages of radiated power and thmaalising rapid drying or by exceeding the drying duration above a tolerable
period. Since both a newly developed material system and iBbnpgrtest setup are subject to the present
investigation, those limits are to be specified.
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slurry-based 3D printing process to achieve high-strength casting cores is to betdaeubns
along the process chain of indirect metal AM.

The structure of this work follows the framework of scientific questions as alitiineve and
illustrated inFigure3.1.

Chapter 4.1 describes the materials initially customised to the requiremshis'pbased 3D
printing of casting coreslo allow for a comprehensive process understanding, investigations
are particularly drawn up aiming at ensuring a reliable process contra@layraling a suitable
hardware and process parameter configuration for homogeneous laydidorama allowing

for the control of the material properties by means of drying séfinaptes 4.3, 4.4 and 4.5
specify the simulation and experimental methodsCFD simulation model developed to
predict cast layershomogeneity and surface quality introduced, as well as the lab scale
slurry-based 3D printing test setughapter4.2). Appropriate,experimentally elaborated
process specificatiorend the factors affecting the drying conditions within the test setup are
presented along with the experimental design.

Chapter5.1 provides the results of the validation of the simulation model and its application in
the advancemermf the coater geometry used in the test setup. Moreover, clapteuntlines

the results of the experimems the control of material properties via drying configuratod
discusses those against the backgroumadrefdy publisheknowledge. A fundamental process
understandings derived from these resul{shapter5.3), facilitating control of the final part
properties by specifically controlling the drying conditions within the bine#ing process
while explicitly considering theeciprocal influence on the production process efficiency
mandatory for a future technology scale-up.

Finally, the knowledge gained is applied in an overall process demonstration inr hajpte
collapsible core structure tailored to aluminium gravity casting of a centose cooling
application is designed and realised. As a second use case, the applicabilityyebatad 3D
printed digital codes for part tracking purposes is suggesteadlly, the potentials and
challenges of implementing slurbased 3D printing in the conventidr@ocesses of metal
casting as unveiled in this worlaresummarised
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4 Materials and Methods

This chapter describes the materials utilised for investigations on thelshsed 3D printing
process in general and the laydse drying procesm particular The labscale slurrybased

3D printing setup, its configuration, the parameters involved in the basic 3D prirgignse,

and the simulation model for slurry-casting are introduced. Moreover, the methods of
fabrication and analysis of specimens are depjetedvell as the overarching process chain.

4.1 Materials

The consolidated powder bed, referred to as powder compact, is formed from an aqgueous sil
slurry. A thermoset resin insoluble in water after curing is used as a biradera® specified
in the following.

4.1.1 Slurry

Quartz was selected as the raw material powder due teenisfits 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 FraunhofeCéa@r

HTL. In contrast to the coarse-grained sand used in standard processes, a findoguartz
(Sikron SF600, Quarzwerke GmbH, Germanyyvdlue 3um, s value 10um) is appropriated
herein. 44vol.- % of quartz flour is suspended in55 vol.-% of deionised water with the
addition of ~1 vol.- % organics, resulting in a suspension with a density of Igik263. The
organics are composed of polysaccharides as the viscosity modulating agentsandisgent,

a defoamer, and a mervative.The slurry is prepared on a roller for A2vith 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 leakt @4or to processing to
avoid segregatiorkigure4.1depicts the rheological characteigs 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 Gml@&€rmany);(@) dynamic viscosity an¢b)
shear stress in dependence on the strain rate.

4.1.2 Binder System

The binder systemsnain 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 péttieles
powder compactHowever, the strength of the bond is of minor importance since the
consolidationduring sintering defines the part strength. Still, sufficient green bodyg#tren
required to ensure secure handling during wash-out.

In brief, the following requirements have to be met for application in the dhasgd 3D
printing process presentéérein:

Appropriate rheological properties for reliable processing in inkjet paaihe

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 tthafleprerequisitesit consists of a

solid phenolic novolak resin dissolved in isopropyl alcohol (IPA) and the curiegtag
Hexamethylenetetramine (Hexa)escribed in a patendlescription of HutteneAlbertus
ChemischeNerke GmbH, Dusseldorf, Germany (Egeler et al., 2012). Phenolic resins are the
condensation products of phenol and formaldehyde. Novolak is satiecuring phenolic resin

that is soluble in solvents and storable. Additexamethylenetetramine enablfie transition

to the non-soluble end stage when applying heat or acids. (P6himann, 2006, pp. 14-16)
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Different resinto-solvent ratios have been tested for their processability in an inkjet printhead.
Table 4.1 shows thefluid parameters for each alternativdetermined by viscometer S\

(A&D Co., Ltd, Tokyo, Japan)andthe optical contact angle goniometer and drop shape
analysis system OCA 2®ataPhysics Instruments GmbH, Filderst&giermany) All those
three compositions fit the area of reliable inkjet fluids stated in fluid theoinkget technology
(Figure4.2).

Table 4.1 Fluid parameters of different resto-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 9.4 5.6 4.4
Surface tension in N/m?2 24.5 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 printisati28AA (Fujifilm
Dimatix, Inc., Santa Clara, USAyas found to decrease with increasing resin cont@&ies.
weight ratio of resin to IPA is thus set to 1:8. It allows for a purge-free operttne of
~ 40 min compared to ~ 15 min for the 1.6 alternative and ~ 30 s for the 1:4 mixture.
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Figure4.2: (a) The domain for reliable inkjet fluids based on the Weber and Reynolds
numbergafter 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 purgednmstery 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 economicatlgsirable in idustrial processes on accountlod printhead

and binder effectivity. Since a purge function was found compulsory for printhead itgliabil

print jobs exceeding 50 layers (e.g. to realisectiraplex geometriegresented in chapté),

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 us&d is

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 asitesprsequence
implemented to allow for reliable process coht

4.2.1 Hardware Implementation

The experimental test setupigure 4.3) comprises three moveable axes driven by stepper
motors: the xaxis 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 @vihtng
printing dekcts; andhe zaxisfor lifting and lowering the builghlatform. The printhead SL
128-AA (Fujifilm Dimatix, Inc., Santa Clara, USAs mountedat anangle of 16to the coating
direction resulting in a fixed print resolution of 14n in the y-direction. The test setup is
controlled via a programmable logic controller (PLC) based on SIMATIC E&méhs AG,
Munich, Germany)accessibldy a standard PC via ethernet. The control program on the PC
allows a specification of the process steps using albighdefinition language.

The coating module includes the coating head with an inner structure responsgilerfor
distribution along the coating width and the pneumatically operated sludindesystem
(Figure4.4a). 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 drgimigyer. Thereby,
slurry residues are prevented from drying in and clogging the coater.

An IR emitter (IRD X230L, Optron GmbH, Garbsen, Germany) is mounted ired figsition
on the coating module, ensuring homogeneous heating of the sample during Bigurg (
4.4b). A suitable position of the IR heater was determined by examining the regorpe
homogeneity within the building area with a PI400i thermal imaging cameraq@ptrbH,
Berlin, Germany): the distance between the respective layer and the filanteatIBf lamp
was set to 65 mm.
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Printhead controller

Coater cleaning _ inder tank

Figure 4.3: Slurry-based 3D printing setup.

A pyrometer (CTSF22, MicroEpsilon Messtechnik GmbH & Co. KG, Ortenburg, Germany)
is mounted above the build platform and records the radiant energy of a freshly agmalient c
layer during drying. ThéR radiatots infrared radiation superimposes the layeadiation In
addition, the emission coefficient of the layer changes over time due to marssiréherefore,
the temperature values displayed by the pyrometer are treated as digial negdresenting a
specific drying state only. A type K thermocouple is ducted through a hole dhittmagh the
substrate and connected to a universal measuring amplifier (QuantumX MX840BgElotti
Briel & Kjaer GmbH, Darmstadt, Germany) to monitor the actual temperattine lowest
layer.

The printhead is operated with 1.8®ar negative pressure on the binder tank to avoid
unwanted leakage from the open nozzles and to allow for defined droplet formation by piezo-
electric actuationKigure4.4c). As mentioned above, the test setup was upgraded by a printhead
cleaning station subsequently to the parameter study to enable the fabrofdtarger parts.
Layerwise printhead cleaning accomplished by applyif@45 bapressure on the printhead
tank above a purge basin and wiping off binder residuals using a coilegaven-material.
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Figure 4.4 Schemes of the testtups subsystems: (agoating 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 shégura#.5.
It follows the sequence:

() The gap between the coater and the build platform is set to the predefiaed la
height. A coater applies slurry to the build platform. The slurry’s delivaty r
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 reedefi
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 s@payer casting, (b
drying, (c) lowering of the build platform, (d) printing.

In detail, the processnplementationin the test setup comprises the following essential
consecutive steps, which are implemented in the software to control the actu#terslofry-
based 3D printing test setup:

1. The printhead moves to a starting position in the y-directicax{y-movement).

2. The coater moves to a starting position in tkdirectionwhich is oneend of the build

platform (xaxis movement).
3. The layer height is adjusted to the prescribed val@xi@movement): 5Qm or 75um.
4. Slurry material is supplied motionledaring the prdead time (slurry feed).
5. Slurry mateial is spread along the buifdatform (xaxis movement, slurry feed).

6. The coater is cleaned by swaying it back and forth above a rotating coat@rgledler

(x-axis movement).
7. The layer is dried for a prescribed drying period Ké&ater) 15 s, 35 s, 55 s, or 75 s.
8. The slice datdor the respective layer are loaded.

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

height (yaxis movement).

10. The buildplatform islowered by Imm (zaxis movement).
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11.The printhead is purged, and the nozzle plate is cleaned from binder residualseo enabl
good printing image qualities.

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

is selectivey applied onto the dried layer @is movement).

Those steps are repeated until the print reachesaseribedull height. The drying intensity
or radiated powers set to a prescribed power adjustment voltage o342V, or 4.6V

(chapterd.4.3 prior to starting the print jobsing a hardware control dial.

4.3 Process Specifications

An overview of the process chain investigated herein is givéigure4.6. The slurrybased
binder jetting process step plagiskeyrole within this elaboration and is most intensively
studied in the experimentation. However, the post-processing steps of curingyutiashd
sintering are to badaptedto suit the material system and integrated into the experimental
studies to allow for a consistent characterisation of the specCimeerties. The application
of ceramic cores in casting technology involves the process steps of mould assasthiy,
and decoring. Those aredemonstrated subsequently in a probfrinciple trial (chapte6)
using the3D printing parameterdaborated hereinafter (chap&®r This chapter focuses on the
process specifications enabling reliable process coritretatesthe process modules, their
characteristics, and the constants utilised for conducting experiments lageheise drying
process.The crucial parameters or configurasamsedare marked irbold to facilitate fast
perception.

Binder Additives Metal melt Metal part
Binder Post- Mould Decoring &
> jetting > processing /> assembly >> Casting >> Finish >
Slurry _
I
[%2])
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o
> Curing >> Wash-out >> Sintering > -{%’
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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 -BasedBinder Jetting

The process sequence of slubgsed 3D printing realised in the test setup is described in
chapter 4.2 and illustrated inFigure 4.5 Sorptioneapable calcium silicate boards
(MONALITE® MA1T, Etex Building Performance GmbH, Ratingen, Germany) are used as
substrates for layer castingihe slurry container is filled witl250ml of slurry, which is
sufficient for a build-up of 1Gnm.

As typical for powder-based binder jetting also, starting layers are appfm@ Ipeinting the
first layer to allow for uniform and consistent conditions throughout the print poslutry-
based binder jetting, starting layers ensure not only the homageof layers but also the
compensation of shrinkage due to solvent evaporainah thus, the dimensional accuracy in
the building direction. Theumberof starting layers required for the desired shape is calculated
from (2.10. The maximum shrinkage ratid 4 ¢ sto be considered here equals the liquid
proportion of the slurry used (5®I1-%). The actual thickness of the"layer after drying
6£11) is calculated to reach a minimum of 99%é6of the preset value, which is 49.93 um for
50 um, and 74.9Qum for 75um layers. From layer 1@n, the lower and upper layers already
show a comparable thickne§®n base layersare thus considered sufficient concerning the
dimensional accuracy of specimens and kept constant throughout the exper@meetshe
slurry s liquid phase drains into the subjacent porous layers straight after its outflowh&om
coater, no horizontal shrinkage is apparent.

Theslurry pressure is set to 0.9%ar. For technical reasons, a delay of slurry outflow occurs
during pressure build-up using pneumatic control elements. Hence, a cqmstl@d time

of 800usis set which is the minimum time needed to form a sluronf using the implemented
hardware as determined experimentalllye preload time avoids the scalled sawtooth effect
occurring in casthe coater is already moving before the gap height is covered by slurry through
the entire length of the coatérhe slurry is supplied and fed through the coater prior to its
movement by applying the ptead time

Since the coating unit is guided on only one machine side shaft and carries not oagté¢he c
but also the printhead, the printhead control unit, anghiticular, the IR heater as an overhung
load, oscillating forces can occur. The test setup was found to operate closeetsotiant
frequency at low coater velocities, resulting in higher average roughness depths (e
Rz > 20um for velocities <40 mnvys). Figure 4.7 visualises macroscopic observations at
different coating velocities under the same drying conditions. Perigéigularitieswere
detected at velocities lower than 1Q@n. A coating velocity of 10@hm/s was found to go well
with a layer thicknes¢ of 50, or 10Qum. By contrast, a fragmentary filling of the layer during
coating was found at a velocity of 120 mm/s. Thusctiaing velaity > is set to 100mm/s.
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(a) (b) () (d) (e)
Q& 40 mm/s; Q80 mm/s; Q=100 mm/s; Q=100 mm/s; & 120 mm/s;

* =100 pm * =100 pm * =100 pm * =50 um * =50 um

Figure 4.7 Determination of a suitable coating velocity at identical drying conditions (target
layer temperature of 70°C). (4p) Periodically visible impurities at low coating velocities
due to oscillating forces in the test setup; (c)-(d) no visible inhomogeneitie®atiage

velocity of 100mm/s; (e) incomplete layer at a velocity of h2@/s.

Since a high selectivity of the print was found during the production of specimensaxise y-
and the image shift mechanism were installed for the production of higk@m&ms and parts
only, intending to achieve higher image qualities using the same printhesthiitst. Hence,
steps 1 and @f the process sequence specified in chapt2r2 applyonly to experiments
described in chapter. 6

Table4.2summarizes the process parameters kept constant throughout this work. Tiieseloc

of the respective axes are also set constant during the proceselddiey of the x-axis is set

to 100mm/sfollowing the coating velocity for all further movements. Medocities of the y

and zaxis are set to Inm/s. A printhead voltage of 75V results in a stable droplet mass of
33ng. For quality purposes, the average weight of a droplenheasured yb weighing

128 x 5@00 droplets prior to each print using the balance Practum 513-1S (Sartorius AG,
Gottingen, Germany). Moreover, the number of clogged nozzles is counted by pasgieg a p
strip under the printhead activated for a defined number of eteof00 per nozzle). The
printhead condition is rated sufficient if the measured droplet mass complies tai¢hnaace

of £10% around the value of 38) and less than 10 of 128 nozzles do not perform as intended.
Since the printhead angle is fixed in the test setugrihthead resolution in the y-direction

is 140um. However, the printing resolution in thedkection can be adjusted in the software.
The binder content can be setdwjustingthe printing resolution ithex-direction The binder
sydem' s central functiorihereinis the mapping of the contour. Therefore it must be primarily
ensured that the layers are properly bonded to sufficient handling strength and dinhensiona
accuracy. Since only a green part to be sintered is printed, the final mechevpeatips of

the casting cores are adjusted in the sintering process.
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A binderto-powder ratio of 1vt.-% is set (assuming a bulk density of 1.4 g/cm3 fEnmard

et al., 2021), resulting in@inthead resolution ~ < ™, pf 20 um for layer heights of 50pm,
and "« ¥ ,of 30um for layer heights of 75um. When substracting the volatile proportion
of the binder, a bindee-powder ratio ofl.25wt.-% remainsA green body thus contains a
total proportion of organics of <\&t.-%.

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 \%
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-lirtkgkria

the binder. The curing agent used is Hexamethylenetetramine, a reaction product of
formaldehyde and ammonia able to split off those substancegsverse reaction. The degree

of cure describes the number of crosslinking points compared to its theoretigedumeax
possible number. Since the curing process is-tamd temperature-dependent, and crosslinking
may be superimposed by thermal decompositibisn't easy to specify the degree of cure.
Hence, no characterisation method is availdbleirectly determine the crodsking point
arrangement(Poéhlmann, 2006, pp. £84) Consequentjythe property of three-point bending
strength is experimentally determined at different curing teatpeys to allow for an
applicationspecific evaluation of curing.

For this purpose, sand specimens of the dimensionsxZ24 x 172nm from a foundry-
specific standarBDG-Richtlinie P72)are produced by compacting a sdndder mixture in

a mould. Five specimens are generated for eadngceemperature: 220C, 260°C, and
300°C. Thestandard foundrgand GS14RP (Strobel Quarzsand GmbH, Freihung, Germany)

is used. The mass ratio of novolak resin to sand is se¥toAl specimens are cured forhl

in the muffle furnace LE14/11/R7 (Nattherm GmbH, Lilienthal, Germanygigure4.8 shows

the specimeriscolour change towards dark brown, and the respective three-point bending
strength determined based on the appropriate foundry stgBl2@IRichtlinie P71)on Zwick

Z020 universal testing machine (ZwickRoell GmbH & Co. KG, Ulm, Germany).



50 Materials and Methoc

-
o
[

Three-point bending strength in MPa
N w H a (o)) ~ oo ©
|

Figure 4.8 Threepoint bending specimens cured at different temperatures for 1 h.

The high dispersion of the bending strength values for the curing temperature @ 220
provides evidence that the crdsiking reaction is still ongoing at 22 after the cting time

of 1 h. At a curing temperature of 28Q, the strength is set to double compared to°220
whereas the standard deviation is halved. Further, minor achievable strength and standard
deviation improvements are detected for a curing temperatu8603C. However, the dark

brown colour indicates conversion reactions that do not initiate further moleavhgr
According to P6himanrB00°C is the onset temperature of thermal decompogiBéhimann,

2006, pp. 19-20Hence, a&uring temperature of 280°C for 1 his prescribed.

Whetreas in powder-based 3D printittge unprinted regions can be easily cleared from loose
powder, powder beds fabricated by slurry-based 3D printing show relevanivecstesngths.
Grau (1998) found the redispersion behaviour dependent on the number of ppditide
contacts, which, in turn, varies inversely with the cube of the respective pad&l&lsuspart
retrieval is a major challenge, and the redispersion behaviour of the powder bisdsaridring
characteristics must lead to an acceptable todid€¢Grau, 1998, pp. 69-75)

The slurry compositiofs small portions of organidsee chaptet.1.1) e.g.polysaccharides,
inhibit the redispersion behaviouigure4.9 compares the redispersion behaviour of powder
bed samples cured in the muffle furnace LE14/11/R7 (Nabertherm GmbH, Lilientha
Germany) forl h. The samples are put imater batrand found to dissolve into smaller flakes
after treatments at higher cugitemperatures. Amfluence of the organic slurry additives on
the redispersion behaviourthausevidenced. However, all specimens fagutatelike structures
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instead of being redispersed homogeneousig.Aeed for a matertapecific waskout process
that accounts for anisotrogiavithin the layemise built-up specimenis thus indicatedThe
part retrieval process is considered particularly important regardingvearall economic
process, as well as to allow for the fabrication of complex, hollowngpstire structure3.hus,
the washout during the drying process evaluation (chapteb) is conducted by placing the
cured and cooledoff powder bed in a water bath, manually brushing off powder residuals
from the specimens, and drying thendividual specimens from water at 50C for 5 h.
Further investigationef the waskout of complex geometriesre 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 treanent The degree of shattering is found-agse with increasing
curing temperatures.

4.3.3 Sintering

A sintering process tailored to the prescribed slurry system is developeduahofer ISC/
Center HTL. The raw materials used in this study comply with the material syS6r§iQure
4.10. Further optimisation regarding processability in skimaged 3D printing and shelf life
includes variations of the solid content and viscosity modulating agent content only.

Vogt et al. (2021b)analysed QS6 slipast specimens by thermooptical measurements and
sintering tests. While sintering atemperature of 200°C for 5h led to low bending strength

of approx. 4.9MPa, a decisively improved strength was found when raitegsintering
temperature to300°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 prexessd this studg scope
Inflation of approx. 0.%6 caused by cristobalifermation was measured for specimens from
slurry QS6 Figure4.10a) sintered at 200°C for 5h instead of shrinkage h€ targesintering
temperature is set to 275°C, and the dwelling time to 5h to account for this
overmodulation.
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Figure 4.10 Resultscharacterisingthe sintering behaviour of a similar slurry composition
QS8 (a) in-situ analysis of thermdreatment cyclesvith and without kaolin as a sintering

aid. (b) Threepoint bending strength specimensabricated by slip-casting, sintered at
different temperatures and dwelling tim(®®gt et al., 2021b, pp. 34-35).

Sintering is performed in the Top 60 furnace (Nabertherm GmbH, Lilienthal, Gg)ma the
following course: Debindering is accomplished by heating up using a lowndpeate of
60 °C/h untila temperature 0850°C is reached. From 65C to 1275°C, thetemperature is
raisedby 150°C/h. After the dwelling period of B, the furnace is cooled down at a cooling
rate of150 °Qh as long agprocurable without active cooling. Further investigations on the
sintering behaviour of slurrgased 3D printed specim& are shown in chapter 6.The
prescribed sintering course and the actually occurring temperature courssuatesed in
Figure6.12a.

4.4 Experimental Configuration

The central task of the present work is to elaborate a qualitative, determirosgsgmodel
relating target product properties of ceramic casting cores to configpraiskess variables in

the layerwise drying process. By identifying the respectivausegeffect chains when
processing a watdrased slurry system, a systematic understanding of the effect of differen
input variables on critical quality attributes in the production process is to be gainesthdr,

the collation of experiences on the pees capability and performance aims at tailoring a slurry
based 3D printing process to the requirements ifielceof indirect metal AM.
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4.4.1 System Description

Figure4.11 depicts the system description of the investigation described herein: thesproces
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 descatiEnshlips
between the process factansd their effects on process efficiency andrtfaterial properties,
ashighlighted inbold.

Chapter2.3.2 presents the fundamentals of drying theory that provide the basis for the
investigations on the layer-wise drying process in slurry-based 3D primtimdyucted herein.

By specifying the procasvariables pursuant to the research hypotheses presented in chapter 3
the relationships known from drying theory concerning single layers are inateganto this

study to confirm their validity in slurrpased 3D printing.

Cracks are formed by stress resulting from shrinkage. The magnitude, as wedl direction

of theeffect of stress, vary with the drying conditions. Both absolute and differdmtiakage

is to be considered due to their interference with crack formation. The magnitudessfis
known to increase in proportion to the thickness of a layer and the rate of evaporationgmeanin
that stress development is reduced when applying thinner layers and doyihg Blifferential

strain forms due to dissimilar compression of saturated and suréaceegions and develop
either in an early or a late stage of drying in contradicting directionge;earying the process
parameters adfyer thickness, drying intensity, and drying period is considered appropriate t
study the qualityeritical process step of drying. Since the capillary pressure affected by a
layer s permeability is known to induce flaws, an interaction of those preadablesmust be
carefully observed.

Temperature measurements continuously monitor the binder jetting prétgsee 4.4b
displays the measuring points used for in-process monitoring. The thermocoufpfegte
absolute temperature evolution on the lower end of the building area. The pyroenstar s
allows observation of the respective layer surface’s IR emissions. The autherisugr
contribution (Erhard et al., 2021) demonstrated process control via layer temperateie, He
pyrometer measurements are only utilised feprocess monitoring and quantification of the
duration of the individual sub-processes or machine movements, enabling reliable ooaclusi
on the cycle times.

Key characterisation methods involve the measurement of density, four-point beretigghst
and elongation at break. The density is considered decisive for assessing thetioampae
probability of the appearance of cracks or major flaws can be evaluated by andigdimgyt
point bending strength. The observations are to be backed up by microscopic examifia¢ions
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emergingspill-over effect of binder migration dependent on the drying conditions is observed
by measuring the dimensional accuracy. Surface roughness measurementeradofivst
evaluation of the future application areas of slurry-based 3D printed cores aadtieg
industry.

Inputs

Process flow

Material condition
Machine condition
Environmental conditions
Sliced data

Initial state

Outputs

Slurry material flow
Binder droplet mass
Number of clogged nozzles

Number of base layers
Pre-load time

Process velocities
Machine positions
Binder content

Cycle time
In-process temperatures

Binder jetting

Layer thickness
Drying intensity =-M
Drying period

Curing temperature

Curing period curing
Handling of powder Wash-out —> Green body properties
compact )
- Density
- 4-point bending strength
- Elongation at break
- Dimensional accuracy
- Surface roughness
- Microscopic examination
Furnace condition Sinteri . ,
Sintering curve intering Post sintering properties

Constant process parameter
P> Process variable

Subsidiary result
—» Main result

Figure 4.11: System description.

4.4.2 Specimens Geometries

The shape of the test specimen(Rigure 4.12a) to be used is specified as cuboid of
2.5x2x25mm in analogy to standar®IN EN 8431, embodiment A. The standard
commonly applies to advanced technical ceramics and specifies methods fmirdetethe
nominal bending strength of monolithic higkefformance materials at room temperature.
Specimen type A is used to evaluate dimensionauracy, density, four-point bending
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strength, surface roughness, and microstructure and is thus the keyggpeiofen within this
investigations. All measurements are conducted on the same set of spe@meashf
experimental run. Hence, the deterndimeoperties can be easily allocated and compared with
each other in chapter 5.2.

Specimens BFigure4.12b, right)are cylinders with a diameter ohdim and a height of Lidim.
Those are used for conducting thermooptical measurements and measuring theudiegsit
the principle of Archimedes.

Specimens C (cylindewith a diameter of 1inm and a height of &imas illustrated ifFigure
4.1%, left) allows for measuringthe 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 concepivolvesruns on all possible level combinations of the factors
used. A full factorial approach is conducted herein. Hence, the interaction betwietoad
is included in the investigation. (Montgomery, 2009, pp. 4-7)

Three factors are being considered for the experiment that impact thg doyidtions in
slurry-based 3D printingTable4.3 shows an overviewfahose together with the respective
levels, leading to a total number of @hs. To collect observations on the layer-wise drying
process to the fullest extent, the factors are studied at 2, 3, or 4 levels, dependingogethe r
of the process windowHowever,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 thectar s responses in preliminary screening studies Eglward et

al., 2021) It represents thanhits of stable processingn the test setup utilised. The drying
intensity is indicated as the IR power adjustment voltage Bé&wespondingo a specific
radiated power. The radiated power has been determined by the power mefOMHA_@ilin
Yongli Laser Technology Co., Ltd., Changchun, China).
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Table 4.3 Overview 6 process variables for investigating the layer-wise drying process.

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

Each run is conducted under the same experimental conditions. In each spaciidens are
printed: 7 for analysis ithe green state and 7 for analysis indimered stat@Figure4.12a).

4.4.4 Material Characterisation Methods

Reliable material characterisation methods allow for a quantitative determinaticatarial
properties andthus, objective comparisons of technological properties. Those erble
targeted development and optimisation of materials, processes, and products. én ZRdpt
requirements on the properties of casting cores staddardcharacterisation methods are
specified. Flemming, Tilch(1993) sum up the basic requirements rabulding materials:
mechanial strength, thermal stability, dimensional accuracy, and surface quillty.
distortion is a typical fault that can arise when exposing filigree cores modimm sand-
binder mixtures to elevated temperatures and mechanical loads during casngocess
investigated herein involves a sintering step, @nds,a sustained high-temperature operation.
During sintering at 1275 °C, no creep is obser@n a longterm exposure to 1650 °C only
causeminor deformationimplying the possibility oapplication in steel castinglowever, the
hot distortionof sintered ceramic casting coissot relevant in aluminium castigplications
due to the low pouring temperatures (< 800 °C) and is not further analysed herein.

This work processes a material systeat yet utilised in casting applicatianBurthermore,

until now, no common standards exist @stingspecimens fabricated by the slubgsed 3D
printing process. Hence, the specimand the testing methods are adapted, taking into account
applicationspecific requirementand established standardn a cross-application basithe
following section presents the characterisation procedures utilised withimatks

Dimensional Accuracy

The length of the green or sintered cuboids (specimemasidjhe dimensions of specimens B
and C aremeasured using a standardlipar gauge DIN EN ISO 13385-1reading accuracy
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0.01mm, tolerance 2m). The crosssection isdetermined using micromete (DIN 863-1,
reading accuracy 0.0fhm, tolerance am).

Density

The weight| is determined by a Secur@3:1S analytical balance (Barius AG, Goéttingen,
Germany). It showallinearity of 0.1mg and a repeatability of 0.02g. The density follows:

€= 3 (4.1)

The density of specimens i& determined directly by measuring the specimensight 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 partigieBnspen
porosity OP, and bulk densityusing the principle of Athimedes:

I xai

28= 6g¢
A aiF lugaocuau (4.2)
lagch | xai
12=
l egcF lugaodeuau (4.3)
G 2&@F1) (4.4)

This method is recommended for highly reliable density determinatitere,Spierings et al.
(2011)found a measurement accuracy and repeatabilityx @f.1%.

Four-Point Bending Strength

Inherent flaws rule the mechanical behaviour of ceramics. Since the sifsutdmt of flaws

is decisive for failure, a considerable scatter is characteristic to occtremytd testing of
ceramics. Moreover, since the likelihood of the occurrencentdijar flaw in a larger body is
higher, the strength of a ceramic part is always dependent on its abs@uteuszto stress
concentration in flaws, failure in ceramics occurs in tension rather than essigr. Hence,
compressive fracture strength igigally 1015 times higher than tensile fracture strength.
Though tensile testing is an uncommon procedure for ceramics due to their bsttedes
difficulties in the specimens’ preparation ati alignment in the testing machine relating
thereto. Instad, bending testing enables a eeffective determination of tensile strength using
simple sample geometrig€arter, 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 gpp¢icanen is
exposed to the ma@num stress in threpoint testingASTM C116118recommends four-puot
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flexure testing for most material characterisation purposes. Though;pbint flexure testing
offers the advantage of the simplicity of test fixtures and application pnec6d8TM C1161-

18). The adequacy of umixial bending testing is discussed controversially in scientific
literature. Compared to bi-axial benditegting, where the load is applied on a dikaped
specimen supported by balls or rings, the effective surface area is Bailper 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 tipeoper use of the analytical equations —axial testing is the widely
performed standard in strength testing of ceramics (Morrell, 2007). Both threeapdifdur-

point testing have evolved into popular characterisation methods for additively ctaneda
ceramics(Lakhdar et al., 2021, pp.—&1). Lechner (2021%howed clearly differentiating
fracture probabilities: four-point bending testing leads to overall lower feadtresses,
confirmingthat the comparatively larger volume subjected to stress is more likely to contain a
major flaw or critical stress concentratiirechner, 2021, pp. 73-74).

Fourpoint bending test is preferred over a three-point bending test here since pdatiga

of the specimen is subjected to the bending moment appheith regard to muchhigher
effective volumes in the industrial application of casting cores. The four-point bet@ingts

is determined based on the standaitl EN 8431 using the Inspekt table 100kN universal
testing machine (Hegewald & Peschke Mefid Pruftechnik GmbH, Nossen, Germany) and a
5KkN load cell (accuracy class ISO 7500

Surface Roughness

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

Homogeneity and Defects

Micrographs are captured usirgBX53M microscope (Olympus Europ@E & Co. KG,
Hamburg, Germany).

Sintering Behaviour

Specimens B are utilised the green state for the 4situ analysis of the sintering behaviour.
Figure 4.13 shows the basic layout of a thermooptical measurements (TOM) device as
developedat Fraunhofer ISC/ Center HTL. The design variant TOMMI_last is usexlyiald)

for the insitu analysis of the relative width of specimens on a measurement urgeofa
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0.4pum. Since the investigated process follows a layese buildup strategy, the physical
characteristics of specimens differ, corresponding to the orientation on the latiitatrpl In
order to analyse the anisotropic shrinkage behaviour, the specimens’erald#tion is
investigated both parallel and orthogonal to the layer interfdéigaré 4.13) on identical
temperature courses using haptand coohg rates of 2- 5K/min and a dwell time of h.

In addition, specimen C is used to determine the thermal diffusivity during heatt3p@ °C
using a TOM device. The measurement allows for parallel analysis of thelidgobgmogress
and the onset of diering.

Furnace _ Parallel Orthogonal
Specimen o
Light source =/ Camera - LY
all — - . -

(@) (b)

Figure4.13: (a) Basic layout and measurement principle of a thermooptical measurement
(TOM) device(after Vogt et al., 2022)]b) Schematicepresentation 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 stangtigais is
conducted by applying theAhalysis of Variancé method, also known as ANOVA. More
precisely, a singkdactor ANOVA for the fixed effects model is applied. In statistictdii@nce,
ANOVA is a procedure utilised for testing the equality of treatment meanssiiglefactor
fixed effects nodel describes the response variaklgas a linear function of the model

parameters:

=
=1,2,...,J (4.5)

. N v ll
We a+ gt YL'J\>‘|:_1

2
, 2
With the constantj the treatment or level effecigand the random erroi;.(Montgomery,
2009, pp. 63-64)

The model errors are assumed to be normally distributed random variablesmatn zero

and a varianced 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 Rvalue approach is adoptldre, assessing the significance lesfehull hypothesis truth.
The Rvalue is the smallest level of significanteading to a rejection of the null hypothesis.
In engineering sciences, fixed significance level testing is frequendgplied, rejecting the
null hypothesis to be tested at a specified level of typicall 102. The P-value is the
probability of finding results at least as extreme as the observed valuestdtibec when the
null hypothesis is true. Hence, it givagditional information on the weight of evidence against
the null hypothesis and enables an analysis of data without formadlgl@ecang a level of
significance (Montgomery, 2009, p. 38)he Rvalue allows for reasonable conclusions about
making a Type | error (a false positive finding) by rejecting the null ingsi$. A Pvalueof

5 . 102, which still is the common standard criterion for significant findjngeans that the
null hypothesis is falsely rejected ire® of the analyseqTravers et al., 2017, pp. 21211)
Schmidt, Osebold2017)anticipate a specific quality of significance according &ble4.4
that isused 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
3 '5.1072 Significant
3 ".10°72 Very Significant
3 ".10°% Highly Significant

The Rvalue resulting from ANOVA is incorporated in the respective data visualsati
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 simthating
slurry-based layer casting procegigh asignificant contribution oAlexander Seidé& master
thesis(appendixA2), supervised by the author. It has been published previdagther with
the results shown in chapter ¥nlErhard etal., 2022.

To the author's knowledge, there is no published work by other researchers on aumeric
simulation of the slurnpased 3D printing process, nor on the subprocess stage oflshseg-
layer casting. Thus, this elaboration builds upon recognitions from tape castinb,isvkie
manugcturing method with the maximum overlap witte subprocessvestigated herein
Tape casting is a wet forming technique wiaexeramic 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 tpeatips
in tape castingepend on similar parameters like a slismheological behaviour, layer height,
and coating velocity. In contrast, this work aims to develop a slurry device fotiseiastead
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 Openki@adloped by OpenCFD

Ltd. aims at predicting the homogeneity of a cast slurry layer with defined parssatteor
coater geometries using the Volu@&Fluid (VOF) method. Homasneity is considered
crucial to ensure stredee drying and high surface qualities. Hence, the CFD apptisach
proposed to allowaster 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 V@fkodne
combination with the Continuur8urfaceForce (CSF) method. It extends the conventional
NavierStokes and continuity equation by adding a convection term for the volume fraction of
the first phase= (Deshpande et al., 201Bdr further details on modelling multiphase flows by
those methods, the author refers to specialist literature, e.g. Bracklill B33 or Nieves
Remacha et al., 2015

As a starting point, a physical setup of a coater geometry, hereafteedeferas “waterfall
coater”, is gven (Figure 4.14). Its ability for precise slurry application was confirmed
experimentally before the simulation study. Conversely to the movement ingaeneantal
test setup, layer casting itself is mdddlby moving the substrate parallel to the slurry outflow
—first, in a linear acceleration phasad, next, in a phase of constant coating velocity.

A
N
Channel width: g =3 11
Channel depth: | x=0.4 |1
ﬁT lch.d P Id“(
I A .
> Chamfer distance : |H=0.1 11

Chamfer angle: (y= 45°

Figure 4.14 Geometry of the waterfall coatéErhard et al., 2022, p. 44). The gapsween
the channels equal the channel width oh@.
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The coater is fed with slurry from a presstigét container via plastitubing (inner diameter

4 mm, length 600nm). The targeted slurry outflow is to be controlled via a pressure reducing
valve connected to the container. The slurry presdyrg. 3is; set to the constant value of
9.5 A( Pa.

4.5.2 Boundary Conditions andDiscretisation

To decrease the computational demand in the simulation, the pressure drop along the slurry
tubing of the experimental setup for a filling heighy ; z s @k §0mm of the containeis
calculated in a prprocessing sub-simulation. Thesulting pressure at the inlég g f

3.1732 A0 Pa is set as a fixed boundary condition in the subsequesiraulation.

Figure 4.15 $iows the simulation domain for a gap heigitof 0.1mm. 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 véldoitally refined

mesh represents the coater geomstneargap region, including an evaluation plane for the
spatial reconstruction method (chapter 4.5Mvelocity Qis inscribed at the substrate patch

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

inlet (ﬁrgh,in)

_ Z %
atmosphere
,,,,,, T T

substrate

(a) (b)

Figure 4.15: Simulation domain for the coating process. (a) Overview of boundaries. (b) The
details in the neagap region for a gap heighglof 0.1 mm. The dotted line corresponds to
the evaluation plane for the spatial reconstructi@rhard et al., 2022, p. 46)
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4.5.3 Rheology model

Ceramic slurries are usually considered -Nawtonian fluids (Chantaramee et al., 2008, p.
3182),showing shear-thinning behaviour (Nagasawa et al., 2015, p.. H&)e, a poweiaw
rheology model is applied for the slurry phase, whereas the air phase isetoaelha
Newtonian fluid.

The power-law model is defined as follows (Westermaier, Kowalczyk, 2020, p. 138):
i= BEGIwith i,34Q 1 Q koe (4.6)

with i being the kinematic viscosityj ; i and i3 ¢ sthe lower and upper viscosity limits from
experimental data gained in rheology measuremériggire 4.1), Ote strain rated is the
consistency index numerically equal to the kinematic viscosity at a sheaf rbfs,andq is
the power-awindexdescribing the rheology of the flu{@hereq = 1: Newtoniang < 1: shear
thinning,q > 1 dilatant)(Ansari et al., 2020, pp-3). Using a ondinear Levenbergvlarquardt
leastsquares approach, the parameteasidq are fitted to the experimental dateeasured
employingrheometrywith a root mean square error RMSE of 9.81*&@/s.Table4.5 shows
an overview of the parametarsed 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.

) Iin m?/s
¥in N/m Ein g/cm3 ) ) @& ma/s —in -
| “ot | “t7
Slurry 7 -102 1.7254 1.772-10% 2.139-10' 1.228-102 3.794-10"
Air - 0.001 1.48 - 105 - -

4.5.4 Spatial reconstruction

A method for evaluating the slurry layer quality in the entire building isréaveloped based
on the coating simulation. The need for a high mesh resolution in the coater gapooe the
hand and careful handling of economic simulation resources on the other laaéstand for

an advanced method when examining the entire lenfyttiheo slurry layer (which is of
magnitude 1®bigger than the gap height).

Figure4.16 shows the spatial reconstruction method proposed for evalubgrentire slurry
layer during short computing periods. The slurry was found to form a downstreantumsenis
during the deposition process before remaining within a small range. The @rajplate is
set perpendicular to the coating direction within tighimesh resolution area but far enough
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away from the coater to not be influenced by the downstream menkEguse@.15. The
spatial reconstruction method evaluates the volume fractibierein referred to as the liquid
slurry phase volume fraction, of each cell within this evaluation plane for eaebtéjnin
grayscale snapshotShoseare subsequently saved in a video.fide= 1 is described bylack
pixels, == 0 by white pixels By amalgamating the data from the grayscale snapshots and the
respective positional information, a three-dimensional dataset of=tivalues for the
reconstructed layer is generatékh isosurface can be created on whichLYV HTXDO DW HYH!
point The method of spatial reconstruction is used to evaluate the surface quality ofrghe sl
layer. The arithmetic mean roughness Ra is calculated from the resutfexgesiata averaged

to its mean values along the coating digatrepresentinghe 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.
a7).

4.5.5Validation Approach

The slurrybasedD printing setup, as described in chapter 4.2, is used to determine the degree
of accurate representation of experimentally observed phenomenonsorbparing
experimental results tthe data associated with the simulation models. Coating experiments,
simulations and spatial reconstructions are carried out for five differemhptasetsvarying

the coating velocityi and the gap heiglitg according torable4.6 andkeeping the material,

the slurry outflow, the drying conditions, and the building height constant.
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Table 4.6: Summary of the parameters varied in the validation experiments.

Specimen/ simulation No. > inmm/s Z.inmm
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 thosianda
the experimental results. The specimgiotographsnd the reconstructed outlines are saved
as new image files with a resolutionlof 10* mm/pxand overlaid graphically. MarSurf M400
surface measuring instrumdéMahr GmbH, Goéttingen, Germany) and the BFW A4E32/90°
probe arm are used to evaluate the surface roughness.

4.5.6 Advancementof the Coater Geometry

Since weaknesses of the waterfall coater geometry have been identified, the @mulati
approach described alm® is applied iteratively for alternative coater geometries. The
advancementf the coater geometry aimsincrease the process and part quality and Idiveer
hurdles for scale-up and industrial application. In particutgsrovements proposed toedue
cycle times, increasreliability, and reducexcess material.

The initial reference geometry for advancemsrd coat hanger design known from polymer
sheet production (Carneiro, Nobrega, 2012, pp. 114-120, Han, Wang, 201&)vaheement
processs carried out using three major iterations of the geometry: a sstepecoat hanger
design with sharp cavity edges, a single-step coat hanger design with rounded gagityaed
the final twastep coat hanger with rounded cavity edges. The focus snsedaptingthe
distribution chambegeometryat the slurry inlet since it is a key item for minimising ow
velocity regions and thus allows for stable coating.

Subsequently, the simulation methods described above are used to determine an t@ppropria
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 acfusacyodel
soluion. By validating, lhe physical accuracy of the mathematical model issssdecomparing
computationakesults and experimental data and tpusving the credibility of a simulation
model. (Oberkampf, 2010, pp. +34) In the following chapter, the simulation results of the
computational model described in chaptés 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 exemplatsit®n set to
verify the accurate implementation of the model. The respective process gasaanetlisted

in Table4.6. Figure5.1a depicts the result: the isosurface fer 0.5 is shownas well as the
streamlines starting in ¢hdistribution channels (coloured accordinghe respective velocity
magnitude Q. An upstream meniscus in front of the coating head forms during the preloading
process. A snapshot from the experimental setup shewsilar behaviour Eigure5.1b).

0.0e+00 0.01 0.02 0.03 0.04 5.0e-02
L |

€Y (b)

Figure5.1: (a) Simulation result for simulation No. 1 at t = 2.25 s showing the isosurface for
. = 0.5 and the streamlines within the slurry phase. (Erhard et al., 2022, ;jp(b37)

photograph showing the formation of the continuous sliragt from single beads at t ~1s5

By examining a single stream line, the path of recirculation of a-laas9article is tracked.

A superposition of a transversal movemefrom the coater channel towards the area between
two channels necessary tarfothe continuous slurry frortand circulation is shown iRigure
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5.2 resulting in a helix shape with a tirdependent radius and slope. A patrticle is found to be
emitted through the channel in the first plaitehen circulates inside the upstream meniscus
while heading transversely towards the area where no direct outflow of stuigs As soon

as the particle gets close enough to the substrate, it passes the coatind ageposited.
However, since thslurry is treated as one phase only in the simulations, the spiral movement
of a real particle is presumdd depend onts individual size and shape. Superimposing
capillary and transverse forces caused by recirculation are expected to caydarities
during particle settlement and may lead to lower powder bed densitesecdservations are
taken into account when developing an improgeater geometry.
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Figure 5.2: Tracking of an exemplaparticle — the simulation shows a transversal

circulating movement

The pressure at the coater inlet leads to a computed flow rate airh¥6 for the waterfall
coater geometry, whereas experimental measurements show flow ra@ tof 226nms3/s.
Hence, in this respect, deviations in the range -0 3% are observed. Those are assigned to
the relatively low accuracy of the pressure gauge (scale spacing &0, @isecision category
2.5) used. Overall, the simulation results are found to fiextperimental observations well.

5.1.2 Visualisation of the Layer Topology by Spatial Reconstruction

Figure5.3shows 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 modi@lg the slurry casting on an impermeable surface. Air entrainment
accumulating in front of the coating gegsuspected to occur at the flow front of the upstream
meniscus, resulting ircvalues smaller thah, and, thus, in holezppearingn the deposited
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layer. In contrastmultiple layers are coated olhg onein the real setupA layer cast from
slurry represents @ absorbentsubstrate Hence, it enables capillary forces to induce a
microfluid flow into the underlying layers. However, the spatial reconstrushows the fluid
flow creating an outer lip higher than the ¢emggion of the slurry layer. B¢eair entrainments
can hardly influence the outer lijue to the boundary effeceyaluatinghe 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. 1 at = 0.5 (Erhard et al., 2022, p. 48).

5.1.3Validation Results

The approach to validaiy the CFD simulation model is specified in chaptes.5 In the
following, the simulation results and experimental data are checked feisworty. Thereby,
the outlines of the experimental and simulation ramdthe resulting surface roughness data
are compared.

Evaluation of the Outlines

Figure5.4shows an overlay of the respective outlines of the simulation results anaptbed b
spatial reconstruction method and the dimensioned photographs of the fabricated specimens
Since the first layer of each specimen was cast at velocitig&compensate faa potential
unevenness of the substrate by overfeeding, a single broader layer fopesaotes is visible
below the actual layers to be evaluated. The constant simulation time &ff@&.5each
simulationand the varying coating velocitiesnsidered in each simulation ca3ealjle 4.6)
lead to different lengthof the reconstructeldyerand thus outlines to be evaluat&h(res.4,
dashed outlines determined by spatial reconstruction). The outline of a singfelaherris
found to agree well with the specimens for varying veloci@esd gap height€y, As can be
seen, the overall width of the slurry layer can be predicted well. Moreover, thg slur
accumulations at the beginnimg the coating process aexcurately represented. A slight
deviationin shapebetween the experimental and simulation resulisible in all specimens
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regardingone detail: a morabrupt increase in width at the beginning of the layer is fedreh
andysing the simulation results compared to the experimental ones. This effecbigextto

the noneonstant acceleration apparent in the test setup. Whereas a constant accelehation t
coating velocity Qs prescribed in the simulation setup, thggbal axes are accelerated and
decelerated following a linear slope in order to reduce mechanical loads.

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

® T L g
Deviation in shape
(acceleration phase)

|
i
<+— 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 perspectiv
corrected images of the physical specim@nrbard et al., 2022, p. 50).

Evaluation of the Surface Roughness

Only the top side of the comgational reconstructed slurry layer was evaluated and compared
with surface measurements on the physical specimens. When comparing tladi@mnauid
experimental results, it has to be noted that tinfase of the physical specimeisgormed to
their final shape by multiple layers instead of one singlin@case of the simulatiorhat
might lead to averaging, overlay, or blurring effectsn Avaluation line for surface
measurement of the physicglesimen is chosen orthogonal to the coating direction. The
position of the surface measurement cannot be set up precisely. However, thigemeas

at varying positions along the coating area showed a standard deviation of only@.044
Hence, deviations along the physical specimen are reggligible.To assess the simulation
results, the surface roughness Ra is determined by evaluating the sytdogyt@long three
different planes perpendicular to the coating directioncatzllating the mean tfiose values.

Both the reconstruction and the physical specimens were found to show valley and platea
regions. Obviously, more slurry is deposited directly behind a channel than in thehenteel
regions. Furthermore, grooves along the coating dinecire formed in the experiments that
are also visible in the reconstruction.
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In the VOF method, a distinction between the phasesaie by judginga cells respective
YROXPH | UThe Wérfac@ of the phases lies within the volume of a cell if.G4. In

the presented model, settingo 0.5 ensures that a cell cexis assigned to the slurry phase if
more than half of the cell is filled with slurry. By alteringo a value of 0.25, the influence of
the air entrainment can be reduced since additional cells are assigned to the 'istsidage
side in this case However, this approach needs to be examined critically: underestimated
values will result in a loss ithe significance of the results.

The results of the surface roughness evaluatiGigure5.5compare the computed simulation
data for both. = 0.5 and. = 0.25 and the experimental data for varying coating velocities. All
Ra values are determined in the same order of magnityde €Ra< 8 um). Consideringhe
experimental data, the average roughnesssRenown toincreasealong with thesubstrate
velocities Q Nevertheless, the simulation results do not follow this trend for be#ttues but
indicate an inverse behaviour. For 0.25, a good approximation f@< 65mm/s is achieved.
However, substantial discrepancies were determined for higher velocitias.effect is
assigned to théigherimpact of air entrainment with increasing velocities. Moreover, the
simplified materal model may have caused the discrepatisconstanshear thinning flow
behaviour, as implemented heremay induce smoothingAt the same timethe slurrys
viscosity is presumed iacrease rapidlyhen in contact wittheunderlying absorberayers
Thus, the present model is found to be capable of predicting only the magnitude oftRa. Fur
work on an advanced material model involving an altering viscosity behaviour and a permeabl
substrate is suggested.

10

Ra in pm

2 l-e-simulation data, a = 0.5
--simulation data, a = 0.25
. -e-experimental data
50 55 60 65 70 75 80 85 90 95
velocity u in mm - s~}

Figure 5.5: Comparison of the calculated and experimentally determined average surface
roughness Ra as a function of coating velocityige= 0.1 mm(Erhard et al., 2022, p. 51).
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5.1.4 Advancementof the Coater Geometry

As described above, the following weaknesses of the waterfall coater gedraetr been
identified: material recirculation and transverse forces, surface inhomboggnand a non-
uniform velocity distribution at the outlet. Furthermore, during the practicéd,teadendency

of clogging coming from regions d&dw velocities within the inner coater geometry has been
observed, as well as a high portion of excess material. Those weaknessearataistitute

an obstacleéo industrial implementation and scale are to be compensatedibmprovingthe
coater gemetry.

Three major geometrical modificatigteps with mulple subiterations were carried out ¢ine
CAD design of ascaled coat hanger known from polymer sheet produchioparticular,
simulation identifies lowvelocity regions on the shouldsredgesHence, the contour of the
shoulders is progressively rounded to enable uniform slurry distribution andlulésrof the
inner geometry by water backwashing. The resulting geometries of the cgat bawities are
depicted inFigure 5.6. A detailed sketch of the final geometayd the related geometry
parameterare included irthe appendixKigure A1, Table Al).

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

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

The simulative methods introduced above enable the iterative determination of aniajgpropr
parameter set for the advanasxhting head geometry, referred to as coat hanger design. When
applying a substrate velocity &= 65mm/s at a slurry pressure, ; ¢ 53:1.4bar for a filling
height ) gz s G £ Mm, and a gap heighiy= 0.1mm, he preloading step was shown to be
no longer needed since those parameters allow for the formation of a continuoussitiody
constant magnitude during movement. Thhbs,cycle time can be reduced by eliminating the
preloading phase, aratceleratiorand deceleration proceduresn be omitted in the process
sequence. Moreover, by realising the slurry-on-demand deposition, nglomoyeecirculation
occurs,enablingthe minimisation of excess materidigure5.7 illustrates the streamlines in
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the slurry phase using the coat hanger design. Particles emitted through ¢éneoatiet are
shown to be deposited without circulatidallowing the shortest path possible to the coater

gap.
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Figure 5.7: lllustration of the streamlines in the slurry phase usingti@ancecdctoating

head design.

Another important achievement of tbiehancedlesign is the prevention of air entrainment,and
thus, more homogeneous layerof increased surface qualities. Thsairfacés improved
homogeneity is obvious when comparing the spatial reconstruction of a layeatid by the
enhancedesign Figure5.8) andthe corresponding simulation using the waterfall coating head
(Figure5.3). Neither plateaus andhlleys nor grooves occur when using émhancediesign
since a continuous outlet instead of a channel structure is implemented. The avegiysessou
Ra of theenhancedlesign resulted in Ra 0.79um, which equals a decline of around %0
Nevertheless, it has to be noted that a pliase suspension of ceramic particles and water is
implemented as a one-phase fluid in the simulation. Hence, the achievahte souighess

in reality, will be further influenced by particle settling and drying dynamadthough 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 heachgiy for [ = 0.1 mm
and u = 65mm/s at= 0.5 (Erhard et al., 2022, p. 52).
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Overall, the CFD modeknables theprediction of the magnitude of surface roughness
providing a useful tool for indicating inhomogeneities or defebitgersely it can be utilised

for optimisinggeometries and propog appropriate parameter sets for stable processing. The
study conducted herein is assessed as an initial validation approach for theesuggdisods.
Future work is proposed amplementing an advanced material model praving e/zidence

on the resulting properties of the cast |layleased on a larger test series.

However, reflecting upon theoating geometryg advancementa great added value has been
created by developing a coater geometry enablitigsbomisediuid flow using the suggested
methodsThe suggested parameter set is implemented in a slightly modified form for &dchnic
reasonssStill, practical experimentssing the coat hanger design confirmed the added value of
thosecarefully aligned parameter sekrst, the ckanability of the coater cavity has improved
significantly since deposits of hardened slurry are prevented by desigim{sed regions of

low velocities). Second, the homogeneity has increasknld,Tslurry access material has
decreasedenabling a slug-on-demand process thallavs 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 usesy the
setup describedni chapter 4.2 are analysed and discussed with regatiettheoretical
background summarised in chapter 2.3.2.

In particular, by doing so, the central research hypotheses concerning tioé afomiaterials
properties by means of dryirghpall be tested faheir truth. It isanalysedvhether excessive
drying provokes major flaws thaéducestrength. Moreover, thevestigations shall reveal a
potential dependence of compaction on the drying periods and layer thicknesseg, Finall
secondary effects resulting from varied drying conditions shall befutigr observed, in
particular concerning binder migration andfage qualities.

Chapter 4.4.3 introdudethe full-factorial experimental design applied in this studh its
factors and levels or treatmeniable5.1 gives an overviewfahe comprehensiveness of the
results deduced thereof. As indicated by thmark, some treatment combinations did not
producequantitativelyevaluable results. The respective specimens broke during handling prior
to their analysis so no quantitative observationerefeasiblein this case

However, as shown ifable 5.1, thesetreatment combinations involve either both high
radiation outputs and long drying periods at the lower level of layer thickness or test low
radiant power and drying period at the higher level of layer thickness. Thus, it can be
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gualitatively concluded that those treatment combinations exceed thedgasitdss window.
More precisely, the failure of the experiments conducted on a layer thickh&® pm in
combination with high drying intensities and periods early indsdiie potential truth of the
research hypothesis in chap&istating that excessive drying during layer formation leads to
major flaws. Conversely, by drying a layer of 75 um for onl\s Ha the lowest drying intensity,

a tochigh residual moisture content within the layer buildup is believed to cause ireniffici
densification and blurring dhe binder. Nevertheless, those qualitative observations are to be
confirmed by quantitative investigationg the sucessful treatmentombinations in the
subsequent subchapterwever, when analysing the data, it is essential to remetimddethe
unquantifiable data lead to a distortion of the results at first glance. Consggeech
visualisation of data contains information on thenber of data sets directly compared with
each otherOccasionally, green bodiegere damaged durinansport, resulting in a sample
number n as low as 2 for strength analysis. For data integrity reasongethdtseare shown
with a note of cautionrointerpretation.

Table 5.1 Overview @ 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 occurredsihtered specimens tife run marked withs- .

Drying time
Layer thickness Drying intensity 15s 35s 55s 75s
50 pm 3.8V 3 3 3 3
50 pum 4.2V 3 3 2 2
50 pum 46V 3 2 2 2
75 um 3.8V 2 3 3 3
75 um 42V 3 3 3 3
75 um 4.6V 3 3 3 3

5.2.1Influence of the Layer Thickness

In order to reveal relationships between the layer thickness and cruciabinateperties, the

data are examined extensively at different degrees of d&tas. chapter starts from the
hypothesis that improved density, four-point bending strength, and elongation at break can be
achieved by reducing thiayer thicknessWhen reducingthe layer thickness, the residual
moisture contentvithin a layerto be printed ontas lower if the drying intensity and period
remain unchanged hus, secondlythis chaptedeals with the hypothesid increased moisture
contents leading tmcreased binder migratiat higher layer thicknesses.
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Density

The density s determined ithe green and sintered stage. The two chosen levels of 50 and
75um are set due to their proven ability to be processed with the same constartg@asain

for slurry deposition (in particular pressure, preloading time, and coatingtygked thus to
avoid an increased croessndtivity. Figure 5.9 shows a general conspectus of the results
including the scatter. The number of specima relates teachbox plotin adiagramand is
specified agn absolute number an interval The example ifrigure5.9indicates that each of

the four box plots in the diagraim generated by merging data from 21 tosp&cimens of
different process parameters in respect of theotiver process variables (leedrying intensity

and drying time). The quantity of specimens of each box thus varies by reasonfefiagdif
guantity of test series included. In this case, only 21 data points are availahke hox plots

of 50um layers because of tmeissingquantitative data of experimental runs marked wih

in Table5.1 By contrastall except one run on 7&m layers, in totaklevenruns with three
data pointsfor eachrun, led to an increased number of quantitatively analysable results.
Moreover, the Rralues of the respective series are givgrioPthe green series andfér the
respective sintered ones.

Figure5.9 indicates a significant decrease in density when increasing the laglaretss for
both green and sintered specimens. Overall, the green series show higher absaolig® thensi
the respetive sintered oned hisis attributed to two effects: first, the green body contains not
only the quartz particles but also the binder and the organic slurry additivestoant for
approximately 2wvt.-% of the total weight. Second, even more decigivfle material system
tends to inflation during sintering. This effect is extensively discussed ptest&al.3.
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Figure 5.9: Density distributions for varying layer thicknesses.
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When directly comparing associated parameter segsie 5.10, a correlation between the
layer thickness variable and density property is confirnidecreasinglayer thicknesses
significantly enhanced the densitygreen and sintered specimens faliadaby slurrybased
3D printing. When altering the layer thickness fromuibto 50um, an average increase in the
green density of 5.% or in the sintered density of £8was detected. Thus it can be concluded
that lower layer thicknesses lead to imprddensities of the printed parts.
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Figure 5.10: Direct comparison of density distributions with varying layer thickeegse
defined drying intensities and drying periods.

DiscussionThe drying conditions applied to a layer substantially differ for varyingrlaye
heights as drying is accomplished simultaneously by evaporation froroggrend capillary
forces acting from underneath. A higher proportion of the total particle carrgind forming
one layer is believed to be immediately soaked into previously deposited layeas iosbeing
subsequently evaporated when using lower layer thicknesses.
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The time of depleting a dropldbn a constant drawing area can be calculated by
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(5.1)

where 8,is the total liquid volumeN the drawing radius=; the pore area surface fractiotk

the surface tension of the liquid-vapour interfagéhe contact angle of the liquid on the solid,

4 the capillay radius, andf3the dynamic viscosity(Denesuk et al., 1993, pp. HHL7)
Equation (5.1 does not account for gravity effects. However, such simplification of the ¢enera
equations of capillary flow derived Myashburn (1921} suggested to model liquid infiltration

in porous substrates since only distances in ngcede are involved verticalljHplman et al.,
2002, p. 432Hilpert, BerDavid, 2009, p. 207

Since the total liquid volume using 50 um layers corresponds to two-thirds of the totalevol
using 75um layers and the material constants and the drawing area are considered almost
constant, the infiltrabn time Hs estimated to reduce approximately by-timed when using

the 50um layers. Thus, by applying the same coating velocity, additional sluryylbea
delivered, filling the gap created simultaneously with water removabpylary forces and

thus increasing the overall solid content in CRP, where shrinkage is equal esshad fluid
(Scherer, 1990, p. 7).

Moreover, densification depends on the permeability of the underlying lagetha 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 therfgrate. The
mould porosity, in turnwas directly related to its moisture capacity. Furthermore, the gackin
density of the forming product was found to decrease with increasing suspensasities.
(Pivinskii et al., 1973)

In summary, when depositing thinner layers onto each other, multiple effecssumed to
superimposefirst, 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 saating
velocity. Second, since the absolute liquid volume to be removed during dryomgeis & more
advanced moisture removal can be realised, leading to an increased moisturg vdpetTit
encourages capillary dehydration of the next layer to be deposited. Highlargdorces result

in an advanced particle arrangement and, thus, in increased packing densities. iVtireove
distance between the previously cast layer and the farthest newly depoditdd galower.
Hence, since the upper proportion of the newly cast layer is subjected to highenchpilkes

than a thicker layer'apper section, improved densification is expected.
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Four-point Bending Strength

Since the strength of brittle materialspendon the size ok flaw, the flaw distribution, and
the specimers geometrythestrength of ceramics must be evaluatdistically(Danzer et al.,
2007, p. 3). A proofed statistic on bending strength distributions requires a large mimber
specimens thahis study cannot provide. However, the analysis of bending strengthe
sameset of specimens assed fordensity determination will provide the firstdication &
critical flaws, e.g. interconnected pores, emerging at certain parameter coomsimat|urry
based 3D printing. In particular, a potential correlation between the packingydemsithe
bending strength achieved by sintering is to be determined.

Figure5.11shows the bending strength distributions of all specimens assigned to the respective
layer thicknesgreconfigured in the process control. The results indicate a reduction of bending
strength by increasing layer thicknesses whichwith the results on density determination.
The green bending strength is relevant for handling issues only and is strorghgeiepon

the binder content. In contrast, the sintered bending strength is a mechanicdly pbte
readyto-use casting core. In view of the sintered strength, a high dispersion is found at both
levels of layer thicknesseBigure5.11). Nevertheless, the sintered specimens fabricated with
50 um layers significantly deviate from those with . The decrease in green strengths with
increasing layer thicknesses atamstant binder content is consistent with own further research
on binder jetting technology and that carried out by others, e.g. by Vaezi(ZiHig(Vaezi,

Chua, 2011, pp. 279-280).

Ps=4.58 - 103; P4 =8.01 - 10'%; n =[20;62]

Figure 5.11: Bending strength distributions for varying layer thicknesses.

When directly comparing associated parameter sétgure5.12, a high level of significance
is shown for results of specimens fabricated at drying periods of B5s (Figure5.12a and
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Figure5.12b) only, indicating a&learcorrelation between bending strength and layer thickness
on sintered specimens when using PAB.8V. Since the specimens of Hiéh layers showed
higher packing densitieas well this behaviourmeets the expectationglowever, this
observation cannot be made at selected parameter sets of higher dryingestansitiower
drying periods Figure5.1Z andFigure5.12d). The microstructural analysis at the end of this
sub-chapter revealmajor defects for both parameter sets visualisétgure5.12d,leading to
equally low bending strengths.

() Ps=2.94 - 105, Pg=1.17 - 10%; n = [5;7] (b) Ps = 3.56 - 102 Pg=2.28 - 102 n = [4;7]

() Ps=1.85-10"%; Pg=2.55 - 10%; n =[2;6] (d) Ps =6.32 - 10; Py =7.44 - 105 n =[2;7]

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.

Discussiom An improved packing density is known to positively affect the mechanical
properties attainable during sintering. Coinciderdhhigherdensitiesa reduced pore volume
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appears. The global pore concentration created during processing affesstgeteddity and,
thus, indirectly, the mechanical strength.

Two fundamental types of defect may constitute the origin of failure during thepdotr
bending test: pores and cracks. The shape of the pores determined by the serfpes as
driving forces isalso of major relevance when intending enhanced mechanical properties. Pores
are known for their ability to coales¢€arter, Norton, 2016, p. 284). Moreover, due to the
pores’ characteristic of concentrating stress, the strength of a palygasyptalline ceramic is
known to decrease more rapidly than its density (Carter, Norton, 2016, p.CZ88ks are
known to develop preferably due to excessive or differential shrinkage at higg dates or

in thick bodies (Brosnan, Robinson, 2003, pp.-4I38B). Hence, low layer thicknesses are
recommended in order to avoid stresses caused by shrinkage (Murray, 2009, pp. B3-49)
sum it up, the results showing an increased probability of enhanced bendinghsiveegt
applying layers of 5@m instead of 7%um conform to expectations provided in iterature:

both density and strength were found to improve with a reduction in layer thickness. The not
significantly deviating results when using PAA.6V indicate a flaw generation induced by
drying intensity independent of the layer thickness. Smegor flaws liable for failure are
apparent in both levels of layer thickness, the increased density in specimensl&yen a
thickness of 5um cannotcontribute to enhanced strength.

Overall, a significant increase in strength was achieved by sintergperding on the binder
system and content, conventional 3D printed sand parts for foundry applications show bending
strengths of 2.5 to 3/@Pa (Gunther, Mbgele, 2016, p. 6&orresponding approximately to

the strength atined in slurry-based 3D printed green bodies. Conversely, on average, bending
strengths above 1@Pa were measured on sintered specimens.

Elongation at Break

Since no displacement transducer or strain gauge was installed, the ungixigl neachine
equipmentdid not allow for precise deflection measurernsexgprovided inDIN EN 8432.
Thus, Young's modulus cannot be derived from the bending testsits However, fracture
occurredat forceswithin the range of.5 to 19N when testing sintered specimemsaking the
determination of the elongation at break as a criterion for brittleness feadielenaterial
property of elongation at break included herein reflects the displacement of ¢timaespein
the direction of the applied load at fractudé is recorded as the maximum machine
displacement during a bending test experimekg describedn DIN EN 8432, alternative
methods or specimens’ geometrage recommended for enhanced material characterisation.
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Ps=8.76 - 102 n = [31;62]

Figure 5.13: Elongation at break distributions for varying layer thicknesses.

Figure5.13 shows an overview of the results/olving all experimental runs. Aery 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 EHs#
elongation at break is the characterist@terialproperty quatifying a specimets deformation
capacity Compared to metals, the brittleness of ceramics causes very small absolute
deformation and significantly larger scattering since it is dependent on thsifla{unz,
1999, p. 137)and theprobability that the most critical defect size and sh@ang, Yang,
2019, pp. 10-11is apparent in the effective surface area under maximum tensile citirgss
mechanical testing and thtlee initiator of fractureDue to the largscattering, no significant
deviation between the 50 um and % can be derivettom the overview irFigure5.13. The
mean elongation at breakasly slightly lower for the specimens of @k layers.

The direct comparisons iRigure 5.14b,Figure 5.14c, andFigure 5.14d provide significant
results indicating a lower elongation at break value atnicompared to 5Qm for selected
parameter sets. In summary, the specimens tend to have a higher elaigateak at a lower
layer thickness. This trend agrees with the previously determined highetydergsibending
strength values for lower layer thicknesses. Data on Young’s modulus magpioecein future
investigations to prove evidence.
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(a) Ps=7.32- 107, n=[6;7] (b) Ps=1.73 - 10?; n = [5;5]

(c) Ps=4.61 - 103, n = [5;6] (d) Ps=3.31-10%; n=[6;7]

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

DiscussionWithin bulk ceramics, reduced strength is typically caused by impmemecor
flaws such as pores, large grains, or cracks acting as stress concentegt{@esgisu, 2001,
pp. 218-219)Griffith established a theoretical strength theory, calculating the feastress
gyin the case of plane stress to

()

.2 -

)

With the Young’s modulus, the surface free energy and the half length of the focal lir2
quantifying the imperfectids size(Griffith, 1921). The theoretical relatiship between stress
and strain proposes an increase in strength with increasing elastic medhitls in turn, is
expected to correlate with its substitute elongation at break. Since speghowing enhanced
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strength mostly also have elevated elongation at break values, a relatlwetgfgpn stress and
elongation at break is confirmed here. It is assumed that the global dislocatiom mnsot
impeded to the same extent due to the identical material system and sintering ggopbeds
and thus due to a constant intrinsic flaw size being the grain boundaries. The tieforma
capacity tends to be impeded severely by raising the layer thickhess be reasonably
resumed that the likelihood of occurrence of a critical flaw is higher within tleenooast 75.m
layers that are exposed to the most extreme stress level thanaiithfold amount of 5Qum
layers involving a higher number of layer interfaces. The number of layeraicgsrivithin a
highly stressed volume is found to be not decisive for fracture probability bat tae linkage
of individual layers or iayer defectstarly failure is assigned the formatiorof more critical
flaws when applying unfavourable drying conditions (here: increasingy@etlackness) that
are more likely taccur in the maximum load zone in four-point bending testing.

Dimensional Accuracy

Herein, the specimés width is analysed in order to evaluate the dimensional accurdoy in
green and sintered stage. The green width is considered a decisive cfaerorestigating
lateral binder migration effects that are also related to vertical eff€bts width of the
specimen's geometry can be examined at a higher precision ttsarheight using the
measurement method describedchapter4.4.4 and is thus preferred for analysing binder
migration.The difference between green and sintered specimmpadicularly interestingince
thedeformation causelly sintering effectalsoimpactsthe final cast part dimensions.

Ps=1.80-103; Pg=1.47 - 104 n =[20;33]

Figure 5.15 Specimenriswvidth distributions for varying layer thicknesses.

Figure5.15shows the distributions of the specimens’ widths categorised m5&nd 75um
layers. The dotted horizontal line indicates the specimimget width. Some outliers are
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visible for all categories. A sample measurement series was performed bgndiffersonnel

to determine the bias of the inspection worker using the same micrometre gatiggoseof

less than 4.46 were found. Hencehe outliers are assigned to the material adherences on the
specimens’ sides that are removed manually, and the dependence of the adhesivan ftive
roughness profile of the side faces. An unevenness in diveaion, characteristic for layer
wise bult-up specimens, and local printing defects caused by random single nozzksfailur
may provide a setting for adherences. On average, the specimenswoi&@rs did not reach

the preset value of 2rim, while the specimens of fn layer height averaggbverran this
value. The width of 7%m layer height specimens can be significantly distinguished from the
width of 50um specimens.

(@) Ps=7.59 - 10% Pyg=1.42 - 10, n =[3;3] (b) Ps=2.84 - 102, P4 =1.19 - 102, n = [3;3]

() Ps=4.39 - 102 Pg=1.11 - 10%; n =[3;3] (d) Ps =9.48 - 10?; P4 = 6.65 - 10'1; n =[3;3]

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 pasatseter
and varying the parameter of layer thickness oRlgyre5.16). The results show the same
trend and mostly a significant relationship between sintered specimens’ widthayer
thickness.

DiscussionThe increased number of outliers and the observation of not reaching the intended
width is attributed to the manual washt process. During washit, the specimens are
subjected to abrasion in all directions since the brush glides along the spésumf@ces with

its hair, eventually even carrying abrasive ceramic particles intensityis@lrasive effect.

The correlation between layer thickness and specimens’ width implies tHahttes jetting
process shows a significantly higher selectivity at a lower layer trgskarad, thus, a proceeded
drying sage. 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 spgzaiab.et ak2019)
showed the coalescence of consecutive binder droplets in real-time obsemiatlughspeed

X-ray imaging. One cannot rule out that by arranging the droplets closer to teewtorgssone

in one direction (to increase the overall binder content), the binder impact, spreauing
infiltration behaviour change simultaneously. (Parab et al., 2019, ppAGietailed statement

and investigation of the sintering process explaining the mefasanarginally wider sintered
specimens compared to the respective green specimens are provided in chapter 6.1.3.

Surface Roughness

Since the surface properties arar@djorimportance in casting applications, possible relations
between the drying parameters and the specinsemnce qualities are examined. The average
surface roughness Ra is analyseslwell as the corresponding average roughness height Rz.
The requirement®r casting cores’ properties concerning surface qualitgetaledn chapter

2.2.5 Yet, Rz values between 6 and |88, 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
specimen®\ determined on the uppével plane surfaceHowever, an average surface
roughness Ra of 4um or an average roughness height Rz of un8s detectedLogically,

if surface properties are determined along Haérection (at an angle of 90°) or at angle8°>

and <90° to the layer’s level, higher surface roughnesses will be observed due to tee discr
layer thicknesses that form stair steps.
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(@) Ps=5.92 - 10 n = [21;33] (b) Ps =4.85 - 10%; n = [21;33]

Figure 5.17 Specimerigoughness distributions for varying layer thicknesses.

DiscussionEven 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 comparisensand cores fabricated via powdssed 3D printing using

the typical foundry material systems GER (medium grain size 0.18m) in conjunction

with furan resin lead to Ra23.9um and Rz= 117.9um when using the same measurement
device. The average Ra has thus improved by®34&hdthe average Rby 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 & dryin
intensity of PAV= 3.8V and a drying period of 58. The bright lines show the layer interfaces
that exhibit lower local densities. Even though the number of highly porous interfaces
naturally higher using a lower layer thicknebgy(ire 5.18), theglobal porosity proportiors
found to be far lower. Apart from porosity, no major flaws are detected when cogfreese
parameter set$ience, the increase in elongation at break and bending stwitiyttecreasing
layer thicknessesan be assigned to the globally increased density.

In contrast, Figure 5.19 reveals major flaws for both layer thicknesses when applying
PAV = 4.6V and a drying period of 16 Defects as large as 5@ are visible in great
numbers at both layer thicknesses. This observation indicates the independeniceyoé thia
anomaly inthe microstructure from the layer thickness and, thus, the total water content to be
dried off. The constant bending strengths for different densities are explgimemhdidering

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

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

(@) 50 um, 4.6 V, 15 s - sintered (b) 50 um, 4.6 V, 15 s - green

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

Figure 5.19: Micrographs showing the microstructure of specimens of varying layer tlscknes
fabricated at PAV = 4.6 V and a drying period ofsl5
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Discussion Figure 5.18 reveals two defedree specimens showing diverging mechanical
properties due to varying proportions of porosities and densified regions. Dersifisatius
confirmed to be preferably attainable by reducing the layer thickness, and toebty di
relatable to the mechanical strength in case no flaws bigger than usual pares occ

Three characteristic forms of flaws are visibl&igure5.19 The commonest, the plaimonvex
defect shape with lengths betweenad@ 500um is found. Some flaws resemble more a hat
shape Figure5.19%) in cross-section, others more a platetubelike structure Figure5.19d).
Since those types of defects occur only when using high drying intensities and log dry
periods simultaneously, they may originate from moisture accumulation atttbentsides of
the layers while the surface of the layer subjected to direct radiatioeaslaldry. Exceeding
radiation power might lead to a prompt drying of the surface-near region of pleetres layer.

If the pores in the bottom region of the layer are still filled with water simultahgainrinkage

of the bottom part occurs only subsequently to shrinkddbe surfacenear part. Hence, the
layer might be subjected to compressive forces causing local warpiggrg 2.16).
Alternatively, the in total ioompletely solidified layer might be subjected to shear forces
causing thrust deformations as known from tectonics in geology. When an alreddiegol
and poorly permeable cover layer is created by excessive radiation while a l[dghalresier
moistue content is retained at the layer interface, the partially solidified layer ngginoe
securely attached to the previous layer. Applying a new slurry layer oategeradontaining
trapped moisture may lead to shear-off.

A detailed explanation of the flaw development mechanism cannot be verifeabbyndtrated
at this point. However, since those flaws appear only after a certain buildigbt hei
(approximately from 20 layers of %0n or 10 layers of 7fm), likely, enclosed moisture is
gradually growingwith increasing layer heights for these parameter sets.

5.2.2Influence of the Drying Intensity

Analogous to the previous examinatiopigusibleinterrelations between the drying intensity
and selected material properties are to be discovered in this dnhaptirent degrees of detail.

In particular, the following research hypothesis idradsed here: “Excessive drying provokes
the formation of major flaws, and thus leads to reduced strength.” Drying intersitpe
related to energy input per time owihg speed and is considered particularly relevant with
respect to theinder jetting process efficiency.
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Density

Figure 5.20 presents an overview onath on specimehdglensties for different drying
intensities. With respect to density, no significant deviations were detebtn investigating
the effect of varying drying intensities. No direct correlation betvieemprocess parameter of
drying inten#ty and the material praty of density can be deduced.

DiscussionWhile 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 spentane
vaporisationAdditionally, the IR lamp operates in a chronologically downstream procgss ste
The non-existence of a link between drying intensity and density is maingnedso the
energy input of the IR emitter acting only after the particle arrangement daeitlary forces

is completed.

Ps=2.91- 107 Py =1.06 - 107%; n = [15;21]
Figure 5.20: Density distributions with varying drying intensities.

Four-point Bending Strength

During préiminary investigations, it was noted that accumulated pores forming flaws of critical
size lead to reduced strengthf specimengErhard et al., 2021 Herein, it is stugkd if higher
drying intensities increase the probability of major flaw formation in sinteredrapns.

A consistently increasing green strength with higher drying intessiin be observed at a high
level of significanceKigure 5.2). In particular, the green strength of specimens fabricated at
PAV = 4.6V can be clearly distinguished from those produced at RAN2V. One outlier
even shows a green strength as high asiRd. Only a minor distinction is derived when
comparing PAV= 4.2V and PAV= 3.8V. Conversely,Figure5.21 shows a trend toards
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decreasing sintered bending strengths with increasing drying intensiéi¢sgit significance
level.

Ps=3.13 - 105; Py = 1.17 - 105; n = [21;32]

Figure 5.21: Bending strength distributions for varying drying intensities.

The direct parameter comparison visualise&igure5.22a shows the sensitivity of a pin
experiment to flaw formation dtigh drying intensitieseven at a low drying period. The
vulnerability of 75um layers when simultaneously using high drying periods and drying
intensities is evidenced igure5.221. However, increased bending strengths in the sintered
state can be achieved by increasing the drying intensity fam7Byers and applying drying
times of 35 or 55 (Figure5.22b,Figure5.2x). All direct comparisons show enhanced green
strengths at increasirdyying intensitieseven though not all runs provided significant results
due to the low sample number.

DiscussionSince a classic example of a thermosetting resin is used in this work, a degenden
of the thermal process management on the curing of the binder is reasonablgdassum
Consequently, increasing bending strengths with increasing 3D printing praogesdtires

are confirmed by these findings.

No influence of drying intensity on green or sintered density has been found. Thoughg pac
densityis crucial to impact the achievable strength during sintering. The effeeidoted
sintered strength when using higher drying intensities and either degdsium layers or
simultaneously allowing the layer to dry for an exaggerated long periddlsitgd to a higher
probability of flaw formation due to excessive drying. Excessive dryingdeaed to lead to

high differential shrinkage and, thus, to stress development and crack formation. Moreover
high process temperatures are suspected of cpydamar pore formation on the layer
interfaces.
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Furthermore, it has been shown that by coordinating the parameters of dryindyinteyisg
period, and layer thickness, equivalent sintered strength can be achieved for both layets of
thickness. Itthus can be stated that sufficient drying is to be guaranteed in Basegt 3D
printing to achieve high strengththis may be accomplished by increasing the drying period,
by reducing the layer thickness, or, particularly economically advaotsg byincreasing the
drying intensity.

() Ps = 1.24 - 102, Py = 1.54 - 10 n = [2;7] (b) Ps = 8.37 - 103; Py = 3.03 - 102 n = [3;7]

(c) Ps=1.82 - 102, Pg = 6.42 - 10°6; n = [5;8] (d) Ps = 4.31 - 107; Py = 6.08 - 103; n = [4;7]

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 specimshghtddecrease elongation
at break with increasingying intensities is found at an immers@ead Figure5.23.

Ps=1.49 - 103 n = [30;32]

Figure 5.23: Elongation at break distributions for varying drying intensities.

When comparing directly related parameter déitpufe5.24), no uniform trend can be derived.
No influence of the drying intensity on the deformation capaeitybe derived here

DiscussionThe results cannot consistently confirm the typical retatiqp between stress and
elongation at break stated I&riffith (1921) The discrepant results refer to runs applying
75 um layers and drying periods of 35 andsbHlere, the specimens generally exhibit enhanced
bending strengths at a lower elongation at break when applying=PA&V compared to
PAV = 4.2V. Inherent flaws are lawn to form stress concentration sites promoting brittle
failure (Bengisu, 2001, p. 244). Thus, it is presumed that those specerbitst flaws of
unfavourable size or shape at a disadvantageous place.
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(@) Ps=6.98 - 10, n =[4;7] (b) Ps =2.24 - 10, n = [3;7]

(c) Ps=4.14 - 10%, n = [5;7] (d) Ps=5.25 - 10, n = [5;6]

Figure 5.24: Direct comparison of elongation at break distributions with varying layer
thicknesses at defined drying intensities and drying periods.
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Dimensional Accuracy

The specimenswidth is analysed to deduce a relationship betwhe drying intensity and
binder migration. At higher drying intensities, higher energy inputs are applied, [diues
drying intensities may promote binder migratidiigure 5.25 indicates an overall contrary
trend.However, it is to be noted that this diagram is compiled from only quantifiableeatata s
— the data comprising the boxplots for 4.6 V involve data from runs at higher layer teeknes
or lower drying periods. In contrast, the ¥.8uns also yielded quantifiable results at s
and longer drying periods.

Ps=4.29 - 102 Pg=6.90 - 103; n = [15;21]

Figure 5.25 Specimenrisvidth distributions with varying drying intensities.

Figure5.26 shows the direct comparisons of selected parametef\setnrrelation between
drying intensity and dimensional accuracy is determined.

DiscussionThere is no evidence that drying intensitiyects either densification or binder
migration. Though, porosity is believed to influence binder migration strongly.itEnatlire
reveals the crucial impact of the packing density on fluid infiltration behay®anui 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 moisturetsowithin the
powder bed. However, the overall rise in temperature (ch&@e) may promote infiltration

by raising the binder’s viscosity or impede infiltration by hindering mdéanotion due to an
ongoing glass transition.
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(@) Ps =2.62 - 107; Pg=1.50 - 10, n =[3;3] (b) Ps =8.99 - 10; Pg=9.03 - 10, n =[3;3]

(c) Ps=3.69 - 10%; Pg =6.69 - 10%; n =[3;3] (d) Ps=5.64 - 10; Pg=6.10 - 10%; n =[3;3]

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

Surface Roughness

Figure5.27shows increasing ahelevelsurface roughnesses with increasing drying intensities
at a high significance leveA mediumaverage surface roughness Ra offiriiat PAV= 3.8V
compared to 1.jim at PAV= 4.6V means an improvement of Ra by 3305Coincidently, Rz

is found to improve by 28.3 % when applying the lowest level of drying intensity cethfia
the highest one selected in this study.
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(8) Ps = 1.50 - 10%; n = [15;21] (b) Ps = 5.05 - 10%; n = [15;21]

Figure 5.27 Specimengoughness distributions for varying drying intensities.

Discussion The results reveal a clear relationship between drying intensity andesurfa
roughness. In thin film technologies, a correlatioetweendrying rate during solvent
evaporation, particle packing, and permeability has been reported (Relye2624 pp. 356—

357). Reyes et al(2007)found agreatdifference in the particle arrangements with varying
drying rates causing a nonlinear deterioration of surface qualilithsincreasing drying
velocities(Reyes et al., 2007, pp. 361-367). Herein, the drying intensity is the process variable
mostly influencing the dryingrate An impaired particle arrangememtay bea reasonable
explanation for reduced surface qualities wheying intensity increasesiowever, since no
impact on density is shown coincidently, higher temperatures are more tlalyge surface
imperfections by promoting adhesions on the coating head.

Homogeneity and Defects

In Figure5.28 a comparison of the microstructure of specimens fabricated at different drying
intensities is shown. It is demonstrated that the speciohéed at the lowst level of drying
intensity donot exhibitany major flawsFigure5.28, Figure5.28b) In contrastthe specimens
fabricated at the drying intensity of ABshow multiple major flawspreferably on the upper
side of the specimen.

Discussionin chapter5.2.1,major defects are found at both levels of layer thickness when
applying the highest drying intensity and a drypegiodof 15s. This effect was assumed to
originate from moisture inclusions leading to differential stresses within the layer ot thrus
deformationsFigure5.28 compares 50um layerspecimerdried a the lowest level of drying
intensityto the corresponding specimdned at the highest drying rat8ince the specimen
dried at PAV= 3.8V does not show any flaws, it is supposed that contrast to the higher
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level of drying intensity— no rapid solidification appears here, but a more homogeneous
moisture removathroughout the whole layer. Thatay lead to low differential stresses and
enhanced structural stability of the layewen though its overall moisture content during
printing is high.

(&) 50 um, 3.8 V, 15 s - sintered (b) 50 um, 3.8V, 15 s - green

(c) 50 um, 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 ofis®and a drying period of 1&

5.2.3Influence of the Drying Period

Drying is considered “excessivathenapplying conditions thain total, exposeevery layer to

a high level of infrared radiation. Thus, along with the breakdown of the efféwt parameter
drying intensity, the analysis is extengdéatusing on the period of IR exposut¢he drying
period. The first research hypothesis addressehlis chapter states the increasing formation
of defects when drying excessively. Secondjyeater progress idrying is regarded as
favourable for improving compaction. In the following, both hypotheses are investifya
their truth.
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Density

Figure 5.29 shows an overview fodensity data gained at different drying periods. With
increasing drying periodan increase in both sintered and greenitierssfound until a drying
period of 55 s. When drying for 75 s, a slight decrease in density is observed.

Ps=2.73-10% Pg=1.62 - 10%; n =[12;16]

Figure 5.29 Specimenrisvidth distributions with varying drying periods.

In direct comparisonsH{gure 5.30), the trend of increasing densities with increasing drying
periods is confirmed. All runs show the highest densities at a drying timespiWbtereas when
drying for 75 s, a loss in density is found. The most significant finding in Figure 5.30b enables
clear differentation of densities assessed for varying drying periods.

DiscussionWhile drying intensity and density did not show any interferences, significant
deviations in density are found with varying drying periods. The duration of emgngyfor
evaporation purposes is observed to affect densificationtlanslthe global microstructer
Densification in slurrsbased 3D printing is known to be attainable by either capillary flow or
drying shrinkage. Capillary pressure as the driving force for densificatiomgdayer casting

is indirectly proportional tathe pore radius and the infiltration velocity (chapter 3.3.2
Moreover, an enhanced moisture capacity far off the pore saturation level &dlovest
dehydration and thus enables increased packing densities. Conversely, digkagshmesults

in particle arrangement during drying itself. However, shrinkage duringpgdig mainly
assigned to the constant rate period CRMRich 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 hardlgy temperature increase diue evaporation enthalpy
(Figure2.13.
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() Ps = 6.21 - 107; Pg = 6.91 - 102, n = [3;3] (b) Ps = 1.51 - 102 Py =5.47 - 10%; n = [3;3]

(C) Ps=3.86 - 10%; Pg = 1.03 - 107; n = [3;3]

Figure 5.30: Direct comparison of specimens’ width distributions with varying dryinggeri

at defined layer thicknesses and drying intensities.

Compaction via capillary flow is assumed to be more spontaneous than the drying'grocess
total duration However, since a more proceeded drying stage will influence moisture gapacit
and capillary flow, capillary effects and drying are believed to interact aredpsge during
layerwise drying. When exceeding FRP1, relevant temperatureaseseabove ambient
temperature are expected locally at the exposed surface, which is believed toapalise r
solidification instead of regular capillary flow when applying the subsequget. [8/hen
reaching the drying period of & relevant temperature increases are observed (chapigr
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that may lead to a rapid moisture release impeding capillary flow or blisteuiggdhe
depositionof anew layer.

Four-point Bending Strength

Analogous to the findings on the densiggure5.31shows significantly increasing sintered
bending strengths with increasing drying periods only until a drying period ®ibteached
while the green strength is further increasing.

Ps=1.35- 10_2; Pg =517 - 10-2; n= [14,28]

Figure 5.31: Bending strength distributions with varying drying periods.

When directly comparing associated parameter g$agure 5.32), the growth in sintered
strength with increasing drying periods until certain drying progressnirimed. Moreover,
all parameter combinations showed enhanced green strengths at higher drgihg) pe

DiscussionHigher process temperatures attained by extended drying periods aredf¢een t

to an enhanced level of curing of the thermoset resin used in this study and, thus,rto highe
green strengths. This context is discussedreater detail in chaptdy.2.4 However, the
sintered strength is affected by the sintered microstructure only. Thevieagpacking density
detected above correlates with the mechanical strength. The higher packing, @enksthus

the reduced pore volume directly leads to enhanced bending strengths.

Contrary to the drying intensity effects assessment, a direct carelaiween density and
bending strength can be revealed. The enlarged process window can explaiechaf\iie
the heat flux generated by the respective drying intensity can only bd fgréefactor of 1.6,
radiation isvariedfrom 15 s to 75 representing a factor of five.
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(@) Ps =2.42 - 10; Pg=3.60 - 10, n =[0;6] (b) Ps =6.71 - 103; Pg=4.72 - 10; n = [3;6]

(c) Ps=1.11 - 10% Pg =3.01 - 10%; n = [5;8]

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

Figure5.33shows the elongation at break distributions of sintered specimens depentlirg on
drying duration In accordanceavith the strength developmentisgdlayed inFigure 5.31, a
significantly increasing elongation at break with increasing drying peuiotlsa drying period

of 55 s is found.

Ps=1.45 - 107; n = [19;28]

Figure 5.33: Elongation at break distributions with varying drying periods.

In Figure5.34, direct comparisons confirm the increasing elongation at break at a chynstant
high level of significance until a certain level is reached. Gigure 5.34a reveals higher
elongation at break values at the drying period o €@édmpared to the respectivebtun, even
though the measured strength is found higher at(Egure5.32a).

DiscussionThe 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 detectdélgure 5.31 andFigure5.32 In
summary, the material properties of density, bending strength, and elongatieakaassessed

within this chapter prove two research hypotheses to be true: First, high dryiodspese

been found to improve compaction and lead to higher density and strength. Second, excessive
drying generated by applying exceedingly high drying periods leads tor ril@yvs and,
concurrently, to reduced strength and elongation at break distributions.
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() Ps=2.43 - 102, n =[0;6] (b) Ps=5.54 - 105, n =[3;6]

(c) Ps=3.46 - 104 n =[5;7]

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 intéopretat
The data of sintered bodies shown in (a) are incomplete (n=0) due to transport damage.

Dimensional Accuracy

The specimenswidth is analysed to assess the correlabetweenthe drying progress and
binder migration Figure5.35. At the lowest level of drying period, E5 an increased width
and a high spread of daagefound. In contrast, as long as sufficient energy for evaporation of
the slurry solvent is provedl (which is the case when drying for at leass3%he specimehs
width is determined tbea constant value close to the target.
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Ps=3.56 - 10%; Py = 5.12 - 103; n = [12;16]

Figure 5.35 Specimenisvidth distributions with varying drying periods.

When comparing directly related parameter combinations, cross-links bdayee thickness
and drying periods are noticed regarding lateral binder migrdtigare5.36shows the effect
of lateral binder migration onlgt the higher layer thickness level in combination with the

lowest drying period level.

DiscussionSince relevant deviations from the target specifmeitth are measured when both

a high amount of water is supplied and the drying period is selecbesstmrt, a relationship
between residual moisture contents and lateral binder migration is assLimeephigration
phenomenon itself is known to be more sensitive to the diffusion coefficient that desieabe
transport of a substance due to particle movement than to the conductivity of the substrate
(Farkas et al., 1991, p. 1046parkas et al1991)compared the binder infiltration profile during

the drying of paper and found binder particles in more distant sites wyirg diowly (Farkas

et al., 1991, pp. 1®4-1045)Klinov, Anashkin(2019)investigated diffusion in binary aqueous
solutions of alcohols and found an almost doubled diffusion coefficient of IPA when ingreasi
the temperature within this studyrelevant temperature range from°@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 highiasleaf binder application and
impeded migration.
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() Ps=3.91 - 102, Pg=4.61 - 10%; n =[3;3] (b) Ps=1.98 - 103; Pg =3.12 - 103, n = [3;3]

(c) Ps=2.97 - 10%; Pg =3.81 - 10%; n = [3;3]

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

Figure5.37shows the development thfe planelevel surface roughness with increasing drying
periods. While from 3%, a constant level of Ra1.2um, or Rz ~ 1Qum, is observed, the
drying period of 1% isshown to beslearly unfavourablevith respect tsurface quality.

(a) Ps = 3.22 - 10 n = [12;15] (b) Ps = 5.72 - 10%; n = [12;15]

Figure 5.37 Specimerigoughness distributions for varying drying periods.

DiscussionAs shown above, low drying times in combination with high drying intensities lead
to major flaw generation assigned to inhomogeneous moisture distribution withiaygr.
Those major flaws of sizes up to 5 are also suspected to reduce surface tepsli

Homogeneity and Defects

Figure 5.38 demonstrates that the specimen dried for onlg &5 PAV= 4.6V showslarge
flaws, which complies with the@xpectations from thmechanical testing resultk contrast,
the specimens dried for S5indicate noimpairments within the microstructure. However,
interlayer cracks are observed when drying excessively (for as lofgsas 7

DiscussionThe microstructural analysshowsthat the drying period needs to be carefully
adjusted to further dryingelated parametets avoid differential stressel$ has been evidenced
that an excessivelyjong drying period is disadvantageous in many respects, as well as a lo
drying period in combination with high drying intensities.
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(@) 75 um, 4.6 V, 15 s - sintered (b) 75 um, 4.6 V, 15 s - green

(c) 75 um, 4.6 V, 55 s - sintered (d) 75 um, 4.6 V, 55 s - green

(e) 75 um, 4.6 V, 75 s - sintered (f) 75 um. 4.6 V, 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 2\4.6
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5.2.4 Temperature Evolution and Influence of theLayer Temperature

The temperature evolution during dryioegtained by a thermocouple positioned below the
respective specimengi@ure4.4b)is analysedo verify the abovenentionedresults Figure
5.39indicates whether an advanced drying stage is reached as expected when varying layer
thickness, drying intensity, and drying period. All parameters are found tayhiécsintly
deviating. As anticipated, higher drying intensities and, thus, a higher chd@ier output or

higher drying periods clearly lead to higher layer temperatiigsie5.39b,Figure5.3).

(&) Ps =1.39 - 103, n =[31;62] (b) Ps =1.78 - 10°%; 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 5Qum specimens fabricated at a low drying intensity or a low drying pé&ttb
green bodies stable enough to allow for material analysisl€¢5.1), the overall temperatures
attained when using a higher layer thickness were slightly higher than thetirespaes of

the lower level of layer thicknegBigure5.3%). Though,directly comparable parameter sets
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show 1.5°C higher temperatures at the lower layer thickness. Consequently, a procgedgd dr
stage is evidenced to be attainable by lowering the layer thicknesgreasing the power to
be radiated, ooy increasing thelurationof radiation exposure.

Figure5.40shows diagrams of the average density, strength, and elongation at break attained
at different layer temperatures, coloured corresponding to the paranyatgridtensity. While
increasing émperatures tent enhance green bodiegensities and strengthFigure 5.40b,
Figure5.4Q), no clear relationship between the temperatures and both densities and strengths
in the sintered state can be derivEj(ire5.40a, Figure5.4(c). HoweverFigure5.4(e reveals

a tendency towards higher elongation at break values at higher layer temperature

DiscussionWhen drying ceramic films, most of the shrinkage and drying stresses are known
to occurduring 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 thecktizyaitg stages

of FRP1 and FRP2 is accomplished by increasing the drying pentiateor by reducing

the layer thickness. Due to reciprocal influences, enhanced data reliabilitgrastdstveness

are achieved by directly drawing conclusions between material propedi@soat parameters
instead of temperature data attained by processtonmg. The layer temperature development

is considered particularly dependent on the residual moisture of the powder compast and i
distribution.

Moreover, cooling due to evaporation is continuously superimposed with heat tvanisfer

in turn, is strongly dependent on the pore fluid’s thermal properties. Thus, futurehesegr
focus, in particular, on applyirapdvanceanethods from heat and water transyptysicsto the
slurry-based 3D printing process. Cha@e2.5 introducethe requirements for modelling these
complex processes in the future.

The green bodiésncreasing densitieand strengthwith elevated temperatures are attributed
to the curing behaviour of the novolak systdbifferential scanning calorimetry (DSC) is a
thermal analysis method measuring the heat flow from or into a small material siampiea
prescribed temperature pragn and is thus a characterisation method appropriate for
investigatingthe polymerisation of thermoset resi(iSocke et al., 1991, p. 1665Yarious
studies have investigated the curing of phenolic resins using this m&hadChiao, Jie
(1988) report a softening of novolak resin from 50 °C (Chun-Chiao, Jie, 1988, pMH[i53t

al. (2014)observedanendothermic polymerization reactifnom ~ 67 °C(Maji et al., 2014, p.
588).
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(a) Density — sintered (b) Density — green

(c) Strength — sintered (d) Strength — green

(e) Elongation at break — sintered

Figure 5.40 Averaged values of selectedterial properties attained dependent on the
temperatures evolving at different drying intensities.
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When analysing a chemically similar systéd®himann (2006jound an endothermic peak at
~58°C and assigned it to relaxati during the glass transition that occurs prior to the
exothermic crostinking from 140°C (P6himann, 2006, pp. 30-34). The authors interpret the
endothermic reaction as relaxation accompanied by vaporisation, implgcwsity changes

or an impeded molecular motion that may prevent bindgration.

Figure 5.41 DSC curve of Novolak/ Hexa 90/10 @4.¢P6himann, 2006, p. 31).

5.2.5Requirements forModel Development

Due to the strong influence of the drying conditions on the specimpezerties demonstrated
above and the potential of the slurry-based 3D printing process to alldlaefmmocessing of
almost every material system, model developrfarthe slurrybased layer casting and drying
process is considered important for further advancements in process developmenti§iven t
thesiss complexity and wide scopenerely the requirements for model development are
discussed that provide a basis for model development on future industrial machines. This
chapter is divided into subchapters concertivegirying of thin layers, transport processes and
heat transfer in porous media. It is suggested to develop an advanced model cdjpédohg of
thermodynamic and fluid mechanic models to allocate the interacting mechanisms within th
iterating process steps in sluipsed 3D printing.

Drying of Thin Layers

Typically, there is an exponential relationship between a thin film’s waigihthe dryig time.
Varying authors have proposed different medékpinar et al(2004)summarised 14 different
expressions. Due to the inadequate measurement accuracy of the measurememnequipm
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available for this study (Kern PCB 1000-2, Kern & Sohn GmbH, Balingen, Germany), the bes
fit with experimentally determined data on a slurry vodumthe magnitude of 100200times
higher than one layer in slurry-based 3D printing has been investigated exefoplimyse
models by regression analysisdqure5.42). The two-term model suggestedgndersa was
found to represent the best fit with the experimentally determined data.

[4 = > N6+ > AL¢ (5.3)

With the moisture ratio/ 4, the time P and the model coefficientss = 6.374 @08, >=
1605, \L=2.004 @078and \{=4.651 @078 For developing an advanced material model,
further data acquisition is needed in accordance with the actual layer vahdaferent
drying times. The author suggests using a fully enclosed measurement setup and
microbalance.

Chiu, Cima (1993tilise an optical interference technique to analyse substrate deflection and
thus,stress development duritige drying of ceramic films. However, no prior work is known

to the author attessing a layewise approach taking into account the strongly differing
behaviour when applying thin films on porous layekgntually retaining moisture.

Those methods will assist in identifying a slusrylrying behaviour but need to be coupled
through differential equations to enable a process model considering thevisgduildup.
However, even more advanced methods and models are to be qualified to provide a nodel tha
covers aspects regarding the development of the microstructure during, dsydescribed by
Breinlinger(2015).

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 Washbusnéuation to calculate the infiltration times in slurry
based 3D printing. Chapt@r3.2gives an introduction to modelling the infiltration times. The
infiltration time Rcan be accordingly calculated by:

R

R YYR

(5.4)

With the liquid column heighD) the liquid viscosityR the void fractionQ the permeabilityG

and the capillary pressurgy The author refers tGrau‘s detailed example calculations on the
slurry-based layer casting process, including the application of the colloidaidittnaodel
developed by Aksay, Schillin@984)that accounts for particle consolidation on the interface
to a porous substrate, mould or layer (Grau, 1998, 175-193), and Washburn’s garation
1998, 222-224).

However, with todays advanced computing capadtisolving the flow and transport problems
might be preferentially conducted using simulation tools. Besides multiple corahteats
(e.g. Flow-3D), opersource simulators like DuMuallow for the modular setup of multi-
domain simulations solving partidifferential equations in porousedium flow(Koch et al.,
2021, pp. 423424).Fetzer et al(2017)account for bottheat and water flux in a hydro system
application using DuMuby presening a simulation of evaporation from wet soil surfaces.
Investigating the adaptability of those existing models to shased 3D printing will be a
highly interesting task in future research.

Heat Transfer in Porous Media

One can describe the temperatureataons within a bulk solid containing a pore fluid by the
so-called heat penetration coefficieB(Buntebarth, 2020, p. 3):

Qype¥ace ¥Apge®yneTxreUx
éégé¥aJBéUx ¥5égééengé?agé

5=

(5.5)

With the thermal conductivitydand the thermal diffusivityaof the fluid (& re@Rd &y el x

and of the matrix & csand g ¢ 9.

The thermal conductivity of a slurry mixture can be approximately caézll@t be around
3 W/(mK). In contrastthe powder compad'thermal conductivity (the pores are filled with air
instead of water) is estimated to be around/@nK). Analogously, the thermal diffusivity is
estimated to lower from around Imnm?/s to around 0./am?/s. A calculation of the heat
penetration coefficiets 5of the theoretical limits within the application in slurgsed 3D
printing, which are the slurry consisting of quartz and fully saturated with vigig 5 5(5.6)
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and the powder compact with pores that are fully saturated with,aig 5 o €& 7) results in a

factor of 270 higher heat penetration coefficient in cddbeslurry. (Buntebarth, 2020, pp. 3—

5) Even though the experiments described above run within tighter limits, the kpeoperties

can be stated as widely changing during drying. Given the reciprocal influgfrte@sperature
development, the drying parameters, and the resulting layer propertiesjparatire-
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 psoblem’

complexity.
2
0.6 % §3.57%
JreasT — =0.43 (5.6)
71— 80.14
2
0026 1 835715
2,82508¢ =0.0016 (5.7)
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7-— 820
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5.3 Consequences for Industrial Core Production

In chapter5.2, the effects of the drying conditions on the material properties are athadysk
the causeeffect chains are discusséd.the interests of clarity, it is discussedefly how the
newly gained knowledge on tleentrol of materialsproperties via drying configuratiaran be
exploited for adjusting the slurry-based 3D printing process parameters agctydihe
requiremets in an industrial environment with a special focus on material properties and
economic efficiency.

5.3.1Control of Casting Cores’ Properties via Drying Conditions

Figure5.43summarises the effect of increasing thiging parameters layer thickness, drying
intensity, drying period, and temperatare the crucial material properties of casting cores. It
becomes clear that raising the layer thickness causes unfavourable changewnaterzil
properties except for the surface quatitgasured on the plane surfatbough, as discussed
above, 3D partssurface properties are necessarily connected with the layendisik

The positive effect of increasing the drying period to a certain extenteiwisi& evidently
demonstrated. When increasing the drying intensity, no unambiguous conclusiordcanibe
since elongation at breaknd surface quality are shownlte lower. In contrastfour-point
bending strength even increases in some instances.
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Moreover, higher process temperatuessl to higher green densitiasd strengthiand tend to
allow for increased elongation at breal#tuesin 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 * *x *
Green E = ® S »
Density
Sintered E = ‘.‘*
Four-point ~ Green . * x *
bending 50 um 75 um
strength Sintered . B f‘
El ti t .
ongAona Sivered | AP . 3 - -
Dimensional Green ‘ f
acedracy Sintered ‘ f
itgﬁfye Sintered ‘v ‘.‘

*Peak at 55 s

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

Conclusion and implicationslt has been shown that in slurry-based 3D printing, lower layer
thicknessesmprove materials properties in terms of density, mechanical strength, ductility,
dimensional accuracy, and surface quality. The drawbatdwer layer thicknesses is solely
thetotal increase in 3D printing process tiared costlue toincreasedxes movements for the
same print job. Since higher initial densities are achieved that facilitate dersifidaring
sintering, this disadvantage might be attenuated by time savingsst-processing. Since no
further improvements are possible with increasing the drying periods abosge ittts
recommended to dry at maximum up to this period. An overall rating of the invedtigat
parameter setg={gure 5.44) visualises possible trad¥fs in process settings by assigning
ratings from one to ten in linear gradations to each parameter set except &is theirsg the
exaggerateddrying period of 7%. When applying short process times, comparatively
disadvantageous properties are to be expected, whereas superior strengtéhgaaliigc and
dimensional accuracy are attainable with a traffilén 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-basedr@iDgopgrocess
investigated herein. Thereby, hints on feasible optimisations in terms ofermfficare
elaborated. Exemplary, the effecttbinner 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 conditiomsraihe
print job height and prinfayers that actually compose the later green pauthis work, the
number of base and finish layeds ¢ zgnd J, ;j sgwere fixed following the elaboration of the
process specifications for reliable process control (cha&p8er The number of print layers
Je sy £an be calculated by deviding the total job heighg &y the layer thicknes$ used.

Typically, Jg 3 ¢y s automatically output by theicing software.
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Similarly, all layers require the step of layer casting and drying. Though, when printimg ont
layers, additional timeonsuming steps are involved, such as the leyse-cleaning of the
printhead or a slweddown movement to ensure the desired printing frequencies. The
equations (5.8— (5.1Q allow for the calculation of the process times during slbased 3D

printing on the test setup utilised herein:

RavacvabRoigaooacBesi ol ®J, 0 Jeavuac

+ Jovadd Jeava®eRuacuau
RoigavoatiRuaocthuRaocoaondobusa ao

RavaciadtavagoxorooauBapcordoRaiivdu¢

(5.8)

(5.9)

(5.10)

With thevariables as listedndquantified in respect of the tesetupin Table5.2.

Table 5.2: List of variables for process time calculation.

Variables Quantification Specification
Ravacvao ~ Eq. (5.8): Total print job duration
Eq. (5.9): Duration of depositioning one
a()‘lﬂéOanc_ 16.3s . , N
layer and returning to the starting position
R.ao cUau 13s Duration of layer deposition
R.a0 cOAaORBO 20s Duration of the coater cleaning operation
Pe oy a o 13s Empty machine movement times
R,ai0a0 ~ Drying period
Raua clau 12.1s Eq. (5.10): Extra time for printed layers
Duration of the printhead cleaning
Ravegoxorac 6.0s .
operation
R.ocora0x 50s Duration of data load
% aiiR @6l 11s Duration of lateral printhead movements
NN 10 Number of base layers
ac .
Jeavadc—— ~ Number of print layers

'Jc',UélﬁJae 5

Number of finish layers
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When excluding the drying period, the layer tigy g% R oi1ga0 0k fhauac@fthe test
setup is 28.4, and its printing area is 4080mm. In comparison, an exemplary industrial
binder jetting machine for sand printing VX1080voxeljet AG, Friedberg, Germany) allows
for a layer time of only 18 when equipped with multiple stacks of printheads (Quitter, 2019)
It can print onto an area of 1000 x 60én (Gibson, 2021, p. 246).

The deposition rat& 4asthekey performane indicator for slurry-based 3D printiefficiency
can be calculated as:

H® S® *

& 4=
Roigh R.aivau (5.11)

With the machinedependent length and width of the printing atéad S.

(a) Test setup (b) Industrial BJ machine
Figure 5.45: Performance analysis dependent on drying time and layer thickness.

Figureb.45visualises the hyperbolic function of the deposition rate in dependence on the drying
time for relevant layer thicknesses on the test séliguie5.45a) and the exemplary industrial
machine as described abowagure 5.4%). It is thusapparent that the advancement in the
process step of drying will play an immensely important role in transfer to trradus
application.

Still, since the feasibility of applying drying periods of onlyslbas been demonstrated herein
using a simple IR heater assembly, and further improvements can be txdtedash advanced
measures are taken (e.g. supporting moisture transport by convection currgatming up
the slurry prior to its processing to accelerate evaporation), the enormous patkthial
process can be derived.
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In particular, when analysinge process efficiency in binder jetting, scalability must be taken
into accountFigure5.46 visualises the deposition rate in dependence on the layer thickness
used and the machirtgpe at an estimated drying time of 5 The grey line shows the
performance of the test setup utilised herein that is equipped with only one mriatiteahose
contol does not allow for parallelisation of the process steps. Conversely, an industtiahen

with a printing area of 1000 600mm that is generously equipped with printheads would be
capable of delivering a throughput of110l/hr on layer thicknesses between 20 and 190

For comparison, the recently launched lasdiced slipcasting (LIS) machine CeraMax Vario
V900 (Lithoz GmbH, Vienna, Austria) as an alternative laser-based additive roizmnumig
technology for largesize ceramic greenbodies (layeme of 40s) is additionally plotted
(Lithoz GmbH, 2022). In terms of productivity, a binder jetting machine of equivalent size
(250 x 250mm) iscalculatedo show a noticeably higher deposition rate as #iying time.

Overall, it is demonstrated that adjusting the mackipenting area size signifantly affects
the part throughput. Hence, the choice of printer size in slurry-based 3D printing mestidoe
based on the business case of the individual application.

Figure 5.46: Demonstration of tlegalability of the slurrnbased 3D printing process.
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This chapter aira to outline the prospects of the slurry-based 3D printing technology for
advanced casting applications basedhmnfindings within this work. First, investigations on
the extended process chain of ceramic cgstore production are performed. A synan the
postprocessing of 3D printegreen bodies enables a deeper insightvatmusrequirements
within interdependent procesteps and demonstratidhie demand for a diligent configuration

of the overall process. Chaptérl includes studies on the wash-out process essential for
damageree part retrieval and the sintering behaviour of the material system used in
consideration of anisotropic properties. In chapter 6.2, the knowledge derived frovoriis
results is applied in an overall process demonstration based on the examplegbfya
industrialvelevant closeontour cooling system. It shows the applicationhfh-strength
casting cores with imprinted predetermined breaking points fabricated in catisiderf the
overall elaborated knowledge. A second exemplary casting applicationestaeé chapter
6.3, employing the slurmbased 3D printing technology and its attributes of high resolution,
low surface roughness and flexibility laglditivdy manufacturinga matrix barcode insert for
part markingpurposes. Finally, chaptd.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 aprinted structures that do not exhibit their final properties in the green
state call for intelligent process management. Below, the cruciappmstssing treatments of
washout and sintering are investigated to assess the application potentials and boumdaries
the overall process chain.

6.1.1 Specification of the Curing Cycle

During upscaling of the printing volume (increasing specimaegyht from 2mm to up to
12mm), it is observed that the preuiy set curing cycle (28T, 1h) is to be modified to
account for the higher thermal inertia related to its total mass and heat cagmemsil as the
increased proportion of enclosing compacted powder material providing thermaliamsutat
particulr, the enclosed powder bedippearance 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, redisperfoomasto be inhibited.

By performing tests on the sluisythermal composition, the thermal removal of organics that
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make up approx. 1.06t.-% of the compacted and dried powder bed is investigated. Thereby,
six specimens cut from dry and compacted poveeels of around § each are weighed using
Secura 128 S analytical balance (Sartorius AG, Goéttingen, Germany) and klined at 360 °C
the muffle furnacd.E14/11/R7 (Nabertherm GmbH, Lilienthal, German®ne specimen is
removed from the furnace every hour, cooled down, and weighed &gaine6.1 shows the
weight loss as measured, the calculated total organic portion, and thesfe@ince value
measired at 900 °C.

Figure 6.1 Determination of the slurfg thermal decomposition over time.

The weight loss determined during the first hour of thermal treatment, equallingtQ%36 is
found by far the highest. During the second hour, the specimen loses another-20®nly

at 5h, the next clear increase in weight loss (around @18%6) is detected. Thus, it is
concluded that h of thermal treatment of the powder compact at 8@resents the Veer
limit of curing time for a specimés mass of 5 g. Since powder compacts weighing between
10 and 3@ are fabricated in this chapter, a curing cycle time bof i8 prescribed. A
simultaneous thermogravimetric analysis (TG) and differential scanniogneatry (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 (appekizdon STA 449 F3 Jupiter
(NetzschGeratebau GmbH, Selb, Germany) to assess the thermal stability of thedoindgr
this longer thermal cycle. The evaporation of the solvent, an endothermic reactiompaned

by major weight losgs already completed at 8C. No major degradation of the phenolic resin
is observed during a holding time oh3t 300°C (see the transition of TG-curve from [4.1] to
[4.3] in the lower right). Converselwhencuring the powder compact, a weight loss of @45

is detected, complying well with the results showFkigure6.1.
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It has been shown that the slurry’s organics slowly decompose duringy.cEmhanced
decomposition of the slurry additives is known to facilitate redispersion sineevamced
degree of disintegration weakens the strength of the interparticle bonds. Hoevevethough
no thermal decomposition can be determined from the binder’'s weight loss, the pdescribe
course operates within a temperature range potentially critical for hiledemposition. The
effect of the modified curing cycle on the green strength of 3D printed bodiestgest been
investigatedln future slurry material developments, one shquieferablyadd organics that
can be volatilised aemperatures 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
challengingn slurry-based 3D printing. The unprinted regions must be redispersed caxefully
retrieve the green part without damage. During redispersion, the dried conggbiolatier bed

is crushednto small aggregates via reimmersion in a solvent. Parameters influencing the
interparticle interactions and, thus, the redispersion of the powder bed are péhrtitida
powder type, the redispersing medium, and polymeric additives. (Moon et al., 2008inzel)

this thesis does not aim aptimise the slurrys chemistry, part retrieval and redispersion are
assessed solely by performing practical tests.

SpecimensGeometries

The challenges and possibilities of the wash-out process are demonstrated ors thietvasi
specimens: specimen BiQure6.2) is used to evaluate the effectivenesditierentwashout
methods and demonstrate the risk of part damage during wash-out. Furthammeseaped
test geometry designed in the style of a cooling channelsceegmentKigure6.3) is applied

to showcase the enormous interferenadefslurry’s composition, the wash-out procedure and
the damagdree fabricaibn of complex core structures.

Figure 6.2 Dimensions of specimen D in mm, used for evaluating the effectiveness oftthe was
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 thefstyle
the watercoolant jacket shown in Figure 6.13. The dimensinomamare scaled to the
available build volume of the test setup.

Specification of the Redispersiddedium

The slurrybased 3D printing method investigated herein allows for processing spaltiete
sizes and achieving increased packing densities. Those material characteadticsa high
number of particle-particle contacts, which is favourabléh regard to sinterability but
obstructive for redispersion.

Figure 6.4 shows the results from investigations on the redispersion behakigure6.4a¢
demonstrate the significantly differing separation of theshaped geometry using the
redispersing media water, IPA and a mixture (1:1 by volume) thereof. Withogt adbjected
to external forces, the powder bed is found to disintegrate into small flakes setonds in
water. Bigger flakes are created using the mixture of water and IPfedsspersing medium.
Only the coarse part structure is slowly separated from the surrounding hatariger chunks
when using IPA. Hence, the powder bed is shaavmemain cohesive in IPA but can be
spontaneously redispersed in water. Moon et al. (2000) report the inhibition of reidis st
decreasing surface tension, that in turn reduces capillary forces (Moon2€0&l, p. 2404)
IPA exhibits a surface tension of only approximately one-third of water and iptésismed
to possibly enable slow but gentle part retrieval.
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(a) Water (b) Water/IPA (c) IPA
(d) Water, 90s, 360W (e) Water/IPA, 90s, 360W (f) IPA, 90s, 360W
(g) Water, 420s, 360W (h) Water/IPA, 420s, 360W (i) IPA, 420s, 360W

Figure 6.4 Investigations on cleaning efficiency and part damage during ultrasonic cleaning.

Figure6.4d4 displays the cleaning progress observed on specimen D at a retention tinge of 90
in an ultrasonic treatment (Emmi 55, EMAG AG, Morfeldatalldorf, Germany). The
photographs confirm thedneased cleaning efficiency of water as a redispersion medium. The
decrease in speciméngolume over time in the ultrasonic bath is quantified=igure 6.5.
100% equals the target volume without any residuals on the specimefece or spallings.
Together withFigure 6.4g4, it reveals the challgges of damagéee but efficient cleaning.
Water is shown to be an aggressive redispersion medium highly sensitive tionéh of
exposure to ultrasound. In contrast, the course of the water/IPA mixture appro&cteegdt
value slowly. Spallings are clearly visible when excessively cleaning péft water or the
mixture of water and IPA, whereas a nearly danfage surface is shown for the treatment in
IPA.
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Figure 6.5 Quantification of residuals otihesurfacesf specimens or ultrasonic treatments
in different redispersion media.

Specification of the Washoumethod

Moreover, the effect of the ultrasonic power is investigated. However, only miactsedf the
ultrasonic output on the cleanindfieilency are found. Damages also occur likewise for all
levels of ultrasonic output at treatment periods above 90

Figure 6.6 Quantification of residuals on the surfaces of specimen®rCireatments of
different ultrasonic outputs in water.

A rapid expansion of powder compacts in building direction by approximatelyol&éh be
observed Kigure6.7). Swelling followed by solvent ingress is a known issue in part retrieval
(Muhler et al., 2015a, p. 115). Thereof, it might be presumed that the redispersion medium
ingresses the interlayer areas first due to their low density, wheredane plane may act as

a diffusion barrier leading to anhomogeneous expansion only in the z-direction. However,
the colouration of the powder compact after wetting with water indicates actiomneith the
rheology modifier used in the slurry that is originally processed as ewygli liquid. The
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dispersiig agent, a carboxylic acid preparation, hinders sedimentation by providitdileege
network associated with swelling. Thus, it is assumed that this additive causesbte

swelling even after drying.

Figure 6.7: Demonstration of the expansion of a powder compalee mdirectionand its
colouration followed byhe saturation of the pores with water.

The effect of the explosive expansion is visualiseligure6.8a. The swelling starts from the
inner core structure’s opening, which constitutes a horizontal break’s origiteontrary,

the solid ushaped core structure etrieved smoothly in an ultrasonic bath. These experiences
clearly show the need for further customisation of the slurry formulationspithial respect

to the additives used. Even though it might not be feasible to completely prevent swelling
enabling aless 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 itecltapto account

for the unfavourable swelling of the powder compact during wasfwhich is considered a
solvable problem in future applications.

@) (b) () (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 sintéged to i
final density and strength. Thus, the sintering behaviour, particularly the sfgibkaaviour,
is crucial with respect to the implementation of printed parts in the individual designate
application. As previously noted, the series of tests analyseldaipter5.2 do not show any
shrinkage but a slight expansion during sintering. First, the cause of thisefisciissed from
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a materialscience perspective. Moreover, measurements of the density, yamsithermal
diffusivity of 3D printedspecimens are shown. Thermaoat measurements reveal the 3D
printed green bodies’ anisotropic sintering behaviour.

Fundamentals on the Phase Trait®ns of Silica Polymorphs

Silica can take various crystalline forms that only exhibit minimal structurajgdéferences.
Investigating the phase transitions and the stability of phases in silicasisathkelicate
challenge.(Demuth et al., 1999, pp. 3833834) The volume differences of the emerging
polymorphs determine the volume changes during sintering. During heating, th& crys
structure of quartz changes reversibly from trigonal to hexagonal syyntheing the .- -
quartz transition at 573C (Raman, Nedungadi, 1940). The high quartgartz) turns to
tridymite at 87C°C and requires the presence of certain impuritiegistobalite is typically
formed from 1470C and shows a faegentred cubic crystal structure with a significantly lower
dersity (2.32g/cm3 compared to @5g/cm3 for quartz). However,-cristobalite can also
develop at lower temperatures above 1.000During cooling, the activation energy barrier
for converting -cristobalite into.-quartz Figure6.9a), the typically stable silica phase at room
temperature, is too high. Hence, a tetragapaiistobalite formsKigure6.9b). Pagliari et al.,
2013, p. 1 Carter, Norton, 2016, pp. 83-109) The conversion speed depends largely upon
temperatures and grain siZ@<lle et al., 2007, pp. 228-229).

(8) =quartz (b) =cristobalite

Figure 6.9 lllustrationsof the crystal structuresf (a) .-quartz and (b).-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 theerpansion values can be
used to customise the expansion behaviour in firing technology, e.g. to match a bedyisic
thermal expansion with that of a glgBagliari et al., 2013, p. Ilerein, this effect is exploited

to achieve zero net sintering shrinkage by superimposing regular sintering shnmkage
cristobalite formation associated with volume expansion. More precisely, tienpafithe .-
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cristobalite phase within the sintered specimen is set by prometngtobalite 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 inrchZptfe
density and porosity of specimens B fabricated at a layer thicknessuof,5rying intensity

of 3.8V, and a drying time of 55 are determined using Archimedpsnciple.Table6.1 shows

the results determined on low standard deviations. The density was further shden t
independent of the positioning on the printing platform by determining the density on
specimens printed in orientations parallel or orthogonal to the printingidiredthe bulk
densities determined on specimens B using Archimedeshod fully correspond to those
determined on specimens A based on DIN EN ISO 18Fire5.10a). Hence, the validit

of density determinations by weight and volume measurements is proven. Moreover, the
validness of the results shown in chaft@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 constantainatoperties

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 Archimedeséprincipl

Orientation of the cylinders  Particle density PD Open porosity 0 Bulk density O
to the printing direction in g/cm? in % in g/cm3
Parallel (n = 4) 2.56 45.05 1.40
Orthogonal (n = 4) 2.57 45.33 1.40
Standard deviation A02 Ao 03

Determination of Thermal Diffusivity

The thermal diffusivity evolving during heat-up can be monitored using thermooptical
measurementdsigure 6.10 visualises the trend of thermal diffugy and relative thickness
during thermal treatment in a thermooptical measurement device. The major dropnial the
diffusivity up to 500 °C can be attributed to the debinding of the material. The binding bridges
consisting of a polymer are removed, émel contact areas of the grains for heat conduction are
narrowed since the polymer is replaced by air only. After “&)0the 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 thah agdarge the
contact areas of the grains. The hgats aborted at 130. Since the majority of growth in
sintering necks occurs during the dwell timavhich is not considered herethethermal
diffusivity is proposed to increase further, reflecting the ongoing rsigteactivities.
Researchers on sintering technology, such as Saheb, @2&jat),reported an increase in
thermal diffusivity with both sintering temperature and dwell ti{&aheb, Hayat, 2017, pp.
124-125) In accordace with relevant literatur@Buntebarth, 2020and the heat penetration
coefficient 5(5.7) calculated above, a thermal diffusivigof 0.4 to 0.5mm?/s is believed to
be attainable using a complete sintering cycle.

The grey curve shws the sample expansion during heat-up. Here, the quartz inversion point
(573°C) is clearly recognisable. Furthermore;onsistent with the thermal diffusivity data
the onset of sintering accompanied by shrinkage is observed at around 1000 °C.

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 arrowselgtive width

is determined paradl and orthogonal to the layer interfaces, as illustratédjire4.13 During
heatup and cooling, the curves show a typical thermal expansion trend; in particutpratte
transition point is depicted as to be expected (Telle et al., 2007, pp. 226-228).
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@) (b)

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 1006 1100°C, relevant shrinkage is identifiable, even though shrinkage is
measured noticeably less orthogonal to the layer interfaces. The expansiomgauthe
sintering temperature points out the transition into cristobalite during the dwithieg As
stated above, unlike the -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 interfattean parallel. The reason for this effect may likely
be the higher porosity anthus,increased surface area next to the interfaces contributing to a
higher kinetic reaction rai@&ingdalen, 2015, pp. 490-491).

6.1.4 Strengthening By Sintering Cycle Extension

Finally, the adjustability of the casting coresechanical strengtvia an adapted sintering curve

iIs demonstrated. For this purpose, the experimental study, as specified in chapier 4.4
repeated, and the spemns produced thereby are sintered using a varied sintering Eiguss(
6.12a). Series 1, whose corresponding results have been analysed in dep@thtens.2, and
series 2, the comparison group, show an identical target dwelling timé blibdiverging
control parameters. It is noted that the temperature curve associatedriest2dies within the
temperature range relevant for sintering (>100@s determined in chapterl.3 for around

2 h longer.
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€Y (b)

Figure 6.12: Demonstration of theffec¢ of (a) deviating sintering curves d@n) the four-point
bending strength.

Figure6.12 shows exemplary results comparing the four-point bergtmeggths for the two
series using the same 3D printing parameters but different sintetteg c@ne can see that a
significant increase in strength can be achieved by extending the siniari@gAdl compared
parameter sets showed significantly increased strengths at a likeensased spread. When
increasing the retention time in the sintering relevant temperature rangey®/orhe four-
point bending strength and its spread are approximately doubled: whilelsehi@esed a mean
strength of 16 MPa at an average deviation from the mean oN#8, serie? exhibits an
average strength of 34MPa at a deviation of 8 8IPa. Hence, it can be concluded that an only
slightly deviating sintering process results in significantly higher gthsn- a Pvalue of
6.53 A03! quantifies the extremely high significance level. In contrast, the highealuE
achieved by varying the drying conditions comparing the bending strength amoimgesyzec
of seriesl lies in the order of 10

From these provisions, the potential in industrial implementation is evident: One auplgpr
configured 3D printing machine optimised regarding short process times may bemu3Bd f
printing different casting coregreen bodies. Various geometries can be easily arravied

the build volume. Depending on the requirements, particularly the fineness of the casting
and the respective load case, the qppstessing 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, edgicinifpolicies
and programs increasingly encourage green mobility concepts. In ye@est the usage of
electric motors has tisuisen dramatically. For efficiency reasons, floabled electric motors
with complexly designed water flow systems are preferably employedyimpkiformance
vehicles.(Boopathi et al., 2022, pp. 1-B)g. Feikus et al(2020) andlahangirian et a{(2020)
showed that the design of the cooling channelsnirlactric motor housing is of decisive
importance wih respect to cooling efficiencyigure 6.13hows an exemplary schematic of a
liquid-cooledelectric motothousing.

Casting technology is the preferred manufacturing method if both complexity andngc
efficiency are required in medium and large part quantities. However, talelfdemands of
high-quality castings, casting cores that enable forming of cavities within ttiegcaall for
meetingnumerous requirements such(@yarmatiet 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 solidificabn 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 s&ljpporting geometries like the one showRigure

6.13 conventional casting cores reach their limits duetheir low strength, thermal
decompositiorand distortion during casting, or core removability. The following subchapters
show an application of slurry-based 3D printingtba example of a tubular selbllapsing
geometry inspired by water coolant jackets in electrical motors.

6.2.2 Design of a Selfeollapsing Core Structure

Casting cores produced via 3D printing allow an almost free desigmef @avities within a
cast part. However, since the casting cores need to be stable enough ttheesisth
mechanical and thermal loads during casting but, concurremtistbe easily removable after
solidification of the cast metal, the caresability and theircollapsibility represent originally
competing goals. Slurry-based 3D printing is considered a potential enabler ogghfanl
realising both filigree and eiég collapsible casting cores by novel proeesented designs.

The shrinking metadxerts forces on a fully enclosed casting core resulting in core compression
and shrinkage constraint (Flemming, Tilch, 1993, pp. 28-2%e consequences are
deformations and stress in the core and cast part, impeding the collapdilailggla core but
enabling the seltollapsbility of a hollow core structure. Theress conditions are dependent

on the wall thickness of the cast part.

A core structure specially designed for smiflapsibility is intended to withstand the
mechanical and thermal loads during casting but collapse during solidification theecast
metals shrinkage. Depending on the load case applied;dheés wall thickness, the notches
crosssection the number of notches and their orientation can be adjusted.

Figure6.14illustrates an exemplary design of a smiflapsing core structure and its enclosing
cast as investigated hereatooling structure of a diameter oh@m cast in aluminium of &hm

wall thickness. The corgsglobalwall thickness is chosen bz 1.5mm since thinner structures
cannot be handled safely during waslt- Four helical notches with tips of 90° complement
the corés geometry dedicated to enialgl its collapse during solidificationThe helical
orientation is chosen due to the fact that on the one side, hollow cylinders prefeeaily br
along their length when subjected to pressangl 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 tiaa-wal
cast.Dimensions in mm.

6.2.3 Structural A nalysis

The finite element method (FEM) solver Simcenter Nastran is utilised within the Si¢&ixen
12.0 environment (Siemens AG, Munich, Germany) to predict the build-up of stressttaring
shrinking of aluminium on the casting core.

Table 6.2 provides details on the material properties used for FEM simulation. The cast
materials input properties originate from the material database of Siemens NXTi&0
thermal expansion coefficient of the quartz core is derived tteiiterature (Recknagel,
Dahlmann, 2009, p. 8\vhile the material density was determined experiment@typle6.1).

The @re’s mechanical properties represent only estimates. The structural analylssanes

thus to be regarded rather as a first indication to assess the physical behaviouthéuring
solidification of the cast metal and the magnitude of evolving streBse<rucial simulation
settings are listed ifable 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 2Q 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 A -6 A 6
Density in g/cm?3 2.67 1.4
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 appliad 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

Figure6.15visualises the result from structural analysis. For brittle materialsnéxéamum
normal stress theory, also called Ranlksné&heory, is typically applied to determine the
equivalent stressagsulting frommechanical strains. Hence, the maximum principal stress is
assessed herEBigure6.15a visualises the colour-coded model after cooling. Due to the radial
deformation constraint that simplifies the load case, the outer shell of the saljdifigtal
shows excessive stresses. In reality, displacements can occur in dbasreompensating for

the compressive and tensile stresses detected closeby. However, the aluminiusnosthell
implementedn the model to account for the thermal load case. The core itself is meshed finely,
in particular in the notch. Notches can samumerical singularities and eventually imptxe
converging of the solution (Niu et al., 2009).

Figure 6.1% shows the strongly scattering maximum principal stresses evolving within the
notch and precisely mappable stresses on the inner surface between the notchdsealon
casting cores length. The peripheral areas are hardly subjected to stress on the irawa. surf
However, the interior part shows tensile stresses aroumMdPBE0devebping due tothe cast
materials shrinkage.

By structural analysis, it is thus shown exemplary that a hollow structudesagned herein
can be subjected to tensile stresses duhagolidification of the enclosing metal. In contrast,
solid core structures only develop compressive stress dhenghrinkage of the cast metal.
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(@) (b)

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) memumprincipal stress evolving along the measuring paths.
6.2.4 Core Production

The collapsible core desigas presented iRigure6.14,is fabricatedn duplicate using the test
setup, dayer thickness of 5Qim, adrying intensity PAV of 3.8/, andadrying period of 3%.
Figure6.16 provides a detailed view of the printing process andréen part after wasbut.

(@) (b)

Figure 6.16 lllustration of selected stages of the smiflapsible core fabrication process. (a)
3D printing utilising the test setup, (b) finished green body before sintering.
6.2.5Casting

A 3D printedsand mould is utilised to produeegravitycast aluminium parfThe cast pars
minimum thickness conformsith the wall thicknessised in the FEM analysis, even though
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the cast part represents a cubdd. alloy simiar to A356 is casto the mouldat a casting
temperature of 750 °C.

Figure 6.17: Insertion of two ceramic casting conet® a 3D printed sand mould.

6.2.6 Analysis of the Cast Part

Figure6.18shows a photograph of the pasg cast, not yet subjected to external forces as usual

in the process step of de-coring. One of the two#l&psible coreproduced with the same
equipment and process parameleke prematurely to solidification of the cast méEadjure

6.18 left). The premature failure relates to the core arranged next to the Bguee6.17,
bottom). Tke enhancedifferentialmechanical and thermal loads during castirgsuspected

of exceedingthe corés load capacity. Howeveintrinsic material defects coincidentally
occurring in a spot subjected to unfavourably high stresses or premature damage yaused b
manual wastout are als@onceivable explanations

The second cord={gure 6.18 right) withstood the loads during casting and broke dtthieg
solidification of the cast metallhe photograph shows the arrangement of core fragments
loosely enclosed by the cast mefifferent types of cracks are identified: Cracks following
the course of the predetermined breaking line, crackgepdrcular to the predetermined
breaking line, radial cracks, and interlayer cracks. The first thpes somply with théoading
situation pesented in the suthapters.2.2 and 6.2.3The interlayer cracks can be explained
by the micrographic examinations conducted in chapter 5.2, showing highly porowsyenrterl
structureswith small, equally distributed flaws.

With the experiment performed herein, the concept of-cedldpsible cores for casting
applications has been proven for the first tifidteen mechanical impactsf approximately
3.3J on the cast part are foundfseiént for residueree decoring. By utilising slurrybased
3D printing, a procedure enabling complex and filigree structures that camalbéyréécored
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can thus be envisioned. Based on the process knowledge elaborated herein, the conventionally
conflicting targets of casting corestrength andcollapsibility associated with both high
processing efforts and restrictions in geometrical freedosy betransferred to a shared
approach for higlperformance cast parts, e.g. deployable in etmsgour coahgs for highly-

efficient electrical motors or even aerospace components.

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 cawe$tect chains and guarantees a solid foundation
for effective quality assuranc®egardless of whether a casting process involves additive
manufacturing of sand moulds or cores, or traditional sand casting procedurescéiss phain
comprises multiple steps prior to and after casting (e.g., mould/ core produatidinlaséing.
Employing marking methods allowing faomponent tracking during the whole complex
casting process is desirable but challengisimpce postireatments typically affect a cast
componens surface topographipeng et al., 2022, p. 1136)ssigning unique IDs to sand
moulds mayfacilitate part tracking throughout the casting proceslsaanoss the componesit’
entire life cycle. With this intentionVedelSmith, Lenau(2012) suggest reconfigurable
actuated pirtype tooling inserts applicable green sand moulding machindgyan et al.
(2022) studkd the utilisation of 3D printedwax tags to be added wwooden patterns prior to
moulding and burnt away during casting. Further developments include direct sand mould
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labdling via laser cutting or ceramic stendi{3arlsson et al., 2022, p..8D printing of sand
moulds and cores typically involséabdling using alphanumeric characters, e.g. wlitate
theassembly of mould segments (Meibodi et al., 2019, p. 140). However, subtle labels on sand
moulds transferred to the cast comporduning castingare hardly feasible due to tkearse
grains associated with a relatively low level of detail. QR code&@matrix barcodeshat

store data in a smaller space thaD barcodes. Advanced data processing techniques are
available that allow for QR code embedment onto freeform CAD sur{#ikschi et al., 2018,

p. 1) Placing a small digital code dhe cast parts surface that is not machined or sandblasted
after casting ishusconsidered achievable by inserting a sltraged3D printedQR codeat

an appropriate position into a sand core or mould. The principle procedure of additive
manufacturing a highesolution ceramic QR tag for part marking purposes in casting
applicatons as an alternative to the just unveiled approaehgsring traeability is described

in the following section.

6.3.2 Production Sequence

The production sequence corresponds to the procedure developed in thisshésgscted in
Figure4.6, using the parameter set as listed in cha@p@r andcomprises (18D printing of
the QR code via slurry-based additive manufactyri@ywashout, (3) sintering, (4)mould
assembly, (5) asting.

Figure 6.19 visualises different stages withthe green body fabrication. The tag outer
dimensions are 16 16 x 2mm. The QR code protrud®.5mm from the rectangular solid. The
minimum feature of the code measures Orirfdsquare, which corresponds to only 5.4 fold the
resolution perpendicular to the coating directionvizich is limited becauseof the printhead
installation in the test sgiuThe resolution in coating direction x is higher (chapter 1.Bdr
this reason, the printing result is very sensitive to nozzle dysfunctibie ypdirection as can

be seen irtheform of lineshaped indents iRigure6.1% andFigure6.19c.Figure6.1 also
shows unwanted modifications on the geometry caused byoudsine contours are rounded
off, and minor powder compact residuals remain on the edigesgeometry does not change
during sintering (chapter 6.1.3The residuals thus become permanently attached during
sintering.
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(@) (b) (©)

Figure 6.19: QR code tag. (a) CAD design, dimensions in mm, total depth of tagris(®)
as printed state, wetted, (c) green body after wash-out.

The QR code tag is bonded into angh inlet within a sand mould@Figure 6.208). An
aluminiumsilicon alloy is poured into the mould at a temperature 856-°C.Figure6.20b
shows the resulting cast pdri¢luding the casting system (gating system, feeders).

(@) (b)

Figure 6.20: (a) Assembly of the QR tag and the m¢h)dCast part.

6.3.3 Photographic Analysisand Discussion

Figure6.21visualises the result using frontal macro photographs. The additively manufacture
insert showshe desired basic geometrgntainingrounded edges and vertical print errors both
in the green and sintered stag@gure 6.21a-b).Even larger roundings are observed on the
castings surfacgFigure6.21c). This effect is attributed to the poor wettabiliby the quartz
ceramic with aluminium melt. Single features within the QR code broke durstopgand
moved slightly.However taking into accounthe very small size of th&QR tagof only

16 x 16mm, the minmum feature size of 0.#8m, and the low print resolution itme y-
direction owed to the hardware settige precision of detail is considered promising. Hardware
adjustments will allow for an increase in resolutiorthay-direction. Improvements towards
high-edge definitions are feasible by increasing the binder prop@midhor replacing organic
slurry additives that impair the washit processThe inprinciple technological feasibility of
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additive manufacturing digital codagsvia slurrybased 3D printing in small sizes is thus
demonstrated. The minimum feature size shown herein is physically imposgibétide in a
sharpcontoured print using sands of common grain siZesslurrybased 3D printed digital
tags, automaticade recognition after casting and sandblastimgtedas feasible using simple
cameras and image processing methédsufe6.21d).

(a) (b)

() (d)

Figure 6.21: Frontal view of the QR code tag (ajhirgreen state, (b) ithesintered 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 sulshapters present exemplary use cases to envisage possible fields of
application of slurry-based 3D printing in the foundry industry. As regardsnthestrial
application of the technology, the primary potentials and challenges with relatauiptmlogy
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and economy as identified in this thesis are summarised and accompanied by proposals for
action briefly inFigure 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)
3 | Distortion-free sintering and casting Functional integration
2 | Abrasion resistance Design freedom
£ | High temperature stability Conceivable eligibility in iron and steel casting
& 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
Increasing productivity through larger exploited
E‘ machines/ build volume Adaption of machine build volume to business case
2 |Production flexibility
(o]
8 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 ornechnological and economic potentials and challengeguding
proposals for further action.

With respect to technological aspects, the expected superior material propésiag high
surface qualitytemperature stability argtrengthand resistance to hdistortion and abrasion

— proviced the central impetus for the research conducted hereinvenel confirmedby
utilising a collapsible higistrength casting core as required in aluminium casting of contour-
close cooling structures. However, even individual properties may be edptoitpen ughe

new application as has been demonstrated by printing digital code tags to enable part
traceability in castingEqually, postprocess surface finishing may partially substituted by
integrating surface textesinto the core or mould. In particular, this might be of technological
interest for innercontours that are not accessible for machining comporants realise
functional surfaces, e.fpr medical implantsFrom an overall perspective, there are multiple
further promising opportunities in utilising slurbased 3D printing inhe foundry indistry,

e.g. in high precision casting or investment castulgre integrally cored ceramic moulds
allow for enhanced process controdduced lead timesand complexity compared to the
conventional route of dipping wax patterns repeatedly in ceramic $Bae; Halloran, 2011,

pp. 12551256).Some product ranges in investment casting alegady competavith 3D
printed sand moulds and corg¥oigt, Manogharan, 2018, p. 13). However, incorporating
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slurry-based 3D printingof integrally cored ceramic mouldsto thear infrastructure and
business model offeénvestment castethe prospect ajaining production flexibility and long-
term market shares on cast products meeting the most stringent quality requsresrgenin
terms of dimensional accuracy or surface roughreass processing sophisticated materials,
e.g. steel or nickdbase alloys

Washout was identified as a criticalquess step in the investigated process cfidia.geen
bodiesfabricated 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 suggested to be mitigated by modifying the slurry
composition.Moon et al. (2000) give valuable hints on the influencing factors tre
redispersiblility of ceramic slurried’he binder, its mass proportido be printed into the
powder compactnd the printing paraetersfurthercontribute tamproving thegreen bodiés
structural integrity. The principle of realising sedllapsible ceramic casting cores that
withstand the loads during casting and break as a result of the cast metal'sgehdukag
solidification has been demonstratétbwever, anisotropgewere found to must be taken into
account in the material model poedict core failure reliably

Regardingeconomic expenses, various indicators must be likewise involvebkcision

making, e.g. productiondxibility, lead time, machine costs, energy consumptarnyaste
generationSivarupan et al., 2021, pp.423).Incorporating AM in a hybrid casting process
offers the prospect of improved resource utilisation and production efficiency fauthéry
environment (Zheng et al., 2020, 6-11). Chapter 5.3.2 outlines considerations on the economic
efficiency ofthe slurrybased 3D printing process itself, taking into account increased layer
times due tdhe need to dry off a slurrg’solvent. Increasintpe machines printing area size

can significantly improvéhe part throughpubowever, measures for more efficient layase

drying are advisable to sav®th energy and processing tin®intering is ahighly energy
consuming procegdsbn-Mohammed et al., 2019, pp. 526214).Even though analysing the
energy consumption of the overall process chain exceeds the scope of this isarkyibus

that including another energy-intensive proceapplementary tanetal smelting into the
process lbain comes with additional resource expenses. For this reason, those efforts need to
be accompanied by earning benefits concerning the end product exploiting émeeaftbooned
enhanced material properties to gain added vi#tlie suggested to realise oiding concepts
tailored to the product and production environmentltMmaterial core package®smprising

sand and ceramic mould elementdl possibly allow for an overall costffective and
sustainable process route.
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Slurry-based 3D printing is a promising additive manufacturing technaegyocessing fine
powders dispersed in suspensiiows for the fabrication of sinterableeramicsof high
surface qualitiesSimilar topowderbased binder jettingijrtually any powdery material can be
processed ahigh deposition rates. Thus, favourable efficiency compared to other AM
methodsis conceivablewhich paves the way for future integration in the process chain of
advanced castingb1 metalcasting, cores are used for shaping the internal cavities of the cast
components. However, the production process fadesdeoff between a cofs temperature
resistance, its mechanical stability and its reliable removability subseqtececdistingleading

to limitations in the exploitable design freedoirhis work contributes to the fundamental
understanding of the process characteristtslurry-based binder jetting with a special
emphasi®n the requirements for future integratiarcastingtechrologies.

The slurry-based 3D printing process involves the repeating steps of casting a hausgene
layer from(for environmental reasons preferably aqué¢ahsry, drying the layer to remove
the suspension’s solvent, and selectively apglypinder onto the area thabnstitutes the
respective pais crosssection.This technologys key challenges are allowing for reliable and
homogeneous layer formation and controlling the formation of the microstructunedns of
proper process management

A 3D printing test setugnablingtailored process configuration and control options was
developed to examine the slurry-based 3D printing process from those perspBygtiudsing
CFD simulation methods, a coater geomeingappropriate process parametersdfiicient,
homogeneous and reliadbeyerformation were derived. Moreover, the influence of the layer-
wise drying configuration on the material properi@sstudied. Finally, within the framework
of an entire process chain demonstration potentials and challenges for industrial
implementation were revealed.

The most importanachievementsand proposal for further researclare summarised in the
following:

Homogeneous powder bed formation

The conditions necessary for a globally defeeé microstructure and scalability are created
by achieving uniform macroscopic layer propertiee CFD approach enabled
computationally efficiensurface reconstructiathat has been carried dotenhance the coater
design and determirappropriate procegzarametersA 3D printing test setup and the basic
process definitions required for reliable process control were developtidrathe simulation
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results and experiments. A tailored coater design alldareextremely high surface qualities
(Ra ~ 1.2um measured at the upper specinsdeve) at coating speeds of as high as /s
and material feed on demand.

Control of material properties via drying configuration

It was shown that in slurry-based 3D printing, coritigl material properties via drying
configuration is feasible. Lower layer thicknesses and higher drying pesigdgicantly
improvedmaterial density, mechanical strength, ductility, dimensional accuaacysurface
guality. However, inverse behaviour was observed from a certain drying statalfbge 5%).

Thus it is evidenced that an ovdrying statds attained when drying each layer excessively.
While reducing the layer thickness and increasing the drying period is favouittblegard

to materialsproperties, those process parameters are economically disadvantageousysince the
result inlower deposition rates. Hence, it is suggested to optimise the drying setup, e.g. involve
moisture transport via forced convection to achieve an advanced dtgtegn shorter times.

Potentials and challenges forridustrial application

By studying the effecof 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 therebyewested. This
thesis thus contributes to lowering the hurdles for the technislagjustrial implementation

in the foundry environment.

The concept of selfollapsible cores focasting applicationsvas demonstratedA tailored
design of a hollow casting coreprovided with predetermined breaking poirtexhibiting
superior mechanical and thermal stability was shown to break down due to farsed bg
shrinkage of the solidifying cast metal. Thus it can be concludedlthaEbased 3D printing
representan advanced manufacturing methmatentiallyenabling complex and filigraaner
structuresin future highperformance cast parts. A new strategyleiting the potentials of
slurry-based 3D printing may thus defy the conventianatleoff betweencastingcores
strength andheir collapsibilityand enable an elevation in design freedom for future cast parts.

Secondly, the superior surface properties in slurry-based 3D printing Wweven S0 be
exploitable by manufacturing ceramic digital code mould isdertpart tracking purposes.

However, this new approach demardgher materialand processlevelopmentgrior to its
industrial implementation. It was shown that the slurry material utilised heneipled zero
shrinkage during sintering and thus superior dimensional accuracy but did not allow for
appropriate redispersion due to the yetoptimised materiacomposition. Redispersion,
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however, is not only crucial to allow for part retrieval but also to enable fultledmity.
Hence, future researc dhe slurry materialthe process of part retrieval, and recycling is
proposed.






A Appendix

Advanced Coating Head Geometry

The advancedoating head geometry has been developed avitignificant contribution of
Alexander Seidéd master thesis (appendi?) supervised by the author.

Figure Al: 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 Heouao 0.525 m
Slurry tubing diameter @:ouau AQ3 m
Slot width He 02 m
Slot depth Hx Ao+ m
Chamfer distance & Ao4 m
Chamfer angle 3 45 °
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Thermal Analysis

Figure A2: 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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Student Theses

Several student research projects were conducted whnhsrope of this work. The conception
of the student theses, as well as the processing, analysis, interpretationusiratiah of
results, was performed under my supervision and scientific guidance. | would ékeress
my gratitude and appreciati 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 Muzés, 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 GieRkerne (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 Flow in Binder-Jet 3D Printing using OpenFOAM (2022)

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

Untersuchungen zum Auslésen schlickerbasiert 3D-gedruckter

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