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Preface

Preface

This publication based dissertation consists of two peer-reviewed scientific journal articles and one
peer-reviewed conference proceeding. They include the main results of my experimental work at the
Karlsruhe Institute of Technology (KIT), Institute of Mechanical Process Engineering and Mechanics in

the group of Applied Mechanics during November 2017 until February 2021.

This thesis follows a brief introduction to the state of the art on porous materials in general and the
innovative and inexpensive processing route for manufacturing highly porous sintered materials based

on capillary suspensions. The main part of this dissertation consists of the following publications:

e A Robust Soil Water Potential Sensor with High Sensitivity and Broad Measuring Range
e Robust Soil Water Potential Sensor to Optimize Irrigation in Agriculture
e Giant Functional Properties in Porous Electroceramics through Additive Manufacturing of

Capillary Suspensions

The dissertation concludes with a generally summary, an outlook as well as a bibliography. The
bibliography includes all references of the publications. Hereby, the publications are slightly changed.

Some graphs and images are modified in size and color.
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Abstract

Abstract

Ceramic materials exhibit good oxidation, corrosion and temperature resistance, low thermal
expansion, high mechanical strength and good biocompatibility. Porous ceramic materials also exhibit
high permeability and are therefore used in a variety of industrial processes such as filtration, as
catalyst supports, in energy conversion and storage, as lightweight materials, and as biomimetic
materials. For each application, the specific properties of the ceramics, such as porosity, pore size,
material composition and component shape, can be adapted and optimized. Four methods have been
established for the production of porous ceramics: Partial sintering, sacrificial templating, replica
technique and direct foaming. However, with these four manufacturing methods, pore size ranges
between 1 and 10 um at porosities > 50 % are difficult to realize. This gap could be closed by using

capillary suspensions for the manufacturing of porous ceramics.

Capillary suspensions are three-phase systems consisting of a particulate solid and two immiscible
liquids. One of the liquids is present in the system only in a small amount (typically < 5 vol%). The state
in which the secondary fluid wets the particles better than the bulk fluid is called the pendular state.
Here, binary bridges of secondary fluid connect adjacent particles and cause attractive capillary forces
forming a percolating particle network. This structure formation is accompanied by a change in the
flow properties: depending on the type and amount of the secondary liquid added, the properties
change from liquid or slightly elastic to strongly gel-like. The resulting pasty and moldable material can
be processed using all established techniques, including extrusion-based 3D printing. In addition, the
particle network is so stable that it does not collapse even during debinding and sintering processes,
producing a molded part with a defined pore structure and high mechanical strength. The novel
manufacturing method can be applied to all common ceramic materials. However, the ceramic
materials investigated so far did not exhibit any functional properties. In addition, no usable ceramic

product based on this principle has been developed so far.

In this dissertation, a first product was developed to market readiness in cooperation with TRUEBNER
GmbH, which uses a ceramic based on capillary suspensions as the main component. The product is a
soil water potential sensor, with which the plant available water in the soil can be determined. In the
ceramic disc, a wide pore size distribution (0.5 to 200 um) ensures that water can be absorbed from a
wide variety of soils. High porosity (> 69 + 0.1 %) of the ceramic disks allows high water absorption and
thus high measurement accuracy. A new circuit board system was built by TRUEBNER GmbH from a

transmission line within a time-domain transmission circuit. In this way, a change in the dielectric
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response of the ceramic discs can be detected as the water uptake changes. The versatility of the new
sensor was tested in a large number of laboratory and field experiments in different soil types. The
advantages of the new sensor were demonstrated in cooperation with several farms under real
conditions, e.g. in the cultivation of blueberries, asparagus and tomatoes. The new sensor provided
accurate and reliable data during the trials. Through a comparative study, an empirical relationship
was established between the output signal of the new sensor and the soil water potential determined
with a commercial tensiometer. This makes it possible to determine the soil water potential with the
new sensor without knowledge of the soil type. For this reason, the new sensor can be used for

optimized irrigation.

Furthermore, in this dissertation a porous electroceramic based on capillary suspensions was
manufactured, 3D printed and characterized with respect to its electromechanical properties for the
first time. The capillary suspension was optimized for the 3D printing process Direct Ink Writing in such
a way that strut-to-pore ratios of approx. 1:6 (70 um strut diameter and 440 um pore diameter) can
be realized. Printed strut diameters of that small size have not been documented to date. To
investigate the electrical properties, hierarchically structured barium titanate ceramics with printed
mesostructure (~ 100 um) and pore sizes of about 1 um in the struts with closed bottom and top layers
and internal 3-3 connectivity were manufactured. The overall porosity was > 60 % in this case. The
unique structure of the particle network of capillary suspensions in the 3D printed structures enables
tailored dielectric and electromechanical coupling, resulting in a remanent piezoelectric coefficient
dssrem value of 330 pC N with a remanent relative permittivity of 1197. As a result, the energy
harvesting figure of merit FOM3s3 reaches a value of 10.3 pm? N%, which is more than four times higher
than any documented data for barium titanate. This proves that the combination of 3D printing and
the advantageous microstructure from capillary suspensions can extremely enhance the piezoelectric
and electromechanical properties of electroceramics. This opens up new potentials in a variety of
applications such as electromechanical energy harvesting, electrode materials for batteries or fuel

cells, thermoelectrics or bone tissue engineering with piezoelectrically stimulated cell growth.

Vi



Zusammenfassung

Zusammenfassung

Keramische Materialien weisen gute Oxidations-, Korrosions- und Temperaturbestandigkeit, eine
geringe Warmeausdehnung, eine hohe mechanische Festigkeit und eine gute Biokompartibilitat auf.
Porose keramische Materialien weisen dariiber hinaus eine hohe Permeabilitat auf und finden daher
Anwendung in einer Vielzahl von industriellen Prozessen wie beispielsweise der Filtration, als
Katalysatortrager, in der Energieumwandlung und -speicherung, als Leichtbaumaterialien und als
biomimetische Materialien. Fir jede Anwendung kénnen die spezifischen Eigenschaften der Keramik
wie die Porositat, die PorengrofRe, die Materialzusammensetzung und die bauteilform angepasst und
optimiert werden. Zur Herstellung von pordsen Keramiken haben sich vier Methoden etabliert:
Partielles Sintern, Platzhaltermethode, Replikatechnik und Direktschaumung. Mit diesen vier
Herstellungsmethoden sind jedoch PorengréRenbereich zwischen 1 und 10 um bei Porositaten > 50 %
nur schwer zu realisieren. Diese Liicke kénnte durch die Verwendung von Kapillarsuspensionen fiir die

Herstellung von pordsen Keramiken geschlossen werden.

Kapillarsuspensionen sind drei Phasen Systeme, die aus einem Partikuldren Feststoff und zwei nicht
miteinander mischbaren Flissigkeiten bestehen. Eine der Fliissigkeiten liegt nur in einer geringen
Menge (meist< 5 vol%) im System vor. Der Zustand, in dem die Sekundarfliissigkeit die Partikel besser
benetzt als die Hauptfllssigkeit, wird als pendular state bezeichnet. Hier verbinden binare Briicken der
Sekundarflissigkeit benachbarte Partikel und verursachen anziehende Kapillarkrifte, die ein
perkolierendes Partikelnetz bilden. Das Netzwerk wird durch die Kapillarkrdfte, die durch die
Ausbildung von Flissigkeitsbriicken an den Kontaktstellen zwischen den Partikeln entstehen,
zusammengehalten. Mit dieser Strukturbildung geht die Anderung der FlieReigenschaften einher: Je
nach Art und Menge der zugegebenen zweiten Fliissigkeit verdandern sich die Eigenschaften von flissig
oder schwach elastisch zu stark gel-artig. Der so entstandene pastdse und formbare Stoff [dsst sich mit
allen etablierten Techniken inklusive dem 3D Druck verarbeiten. Dariiber hinaus ist das
Partikelnetzwerk so stabil, dass es auch beim Entbinder- und Sinterprozess nicht kollabiert und ein
Formteil mit definierter Porenstruktur und hoher mechanischer Festigkeit erzeugt wird. Die neuartige
Herstellungsmethode lasst sich auf alle gdngigen keramischen Sintermaterialien anwenden. Die bisher
untersuchten keramischen Materialien wiesen dabei jedoch keine funktionellen Eigenschaften auf.
Hinzu kommt, dass bisher noch kein verwertbares keramisches Produkt auf Basis dieses Prinzips

entwickelt wurde.
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In dieser Dissertation wurde in Kooperation mit der TRUEBNER GmbH ein erstes Produkt bis zur
Marktreife hin entwickelt, das eine Keramik auf Basis von Kapillarsuspensionen als Hauptkomponente
verwendet. Das Produkt ist ein Saugspannungssensor, mit dem das pflanzenverfligbare Wasser im
Boden bestimmt werden kann. In der Keramikscheibe gewadhrleistet eine breite
PorengroRenverteilung (0.5 bis 200 um), dass Wasser aus unterschiedlichsten Béden aufgenommen
werden kann und eine Messung unabhdngig von der Bodenzusammensetzung erfolgt. Eine hohe
Porositat (> 69 £ 0.1 %) der Keramikscheiben ermdglicht eine hohe Wasseraufnahme und damit eine
hohe Messgenauigkeit. Von der TRUEBNER GmbH wurden leiterplattenintegrierte
Ubertragungsleitungen als Sensorelemente entwickelt, deren Ausbreitungseigenschaften mit einer
Hochfrequenzschaltung im Zeitbereich erfasst werden. Auf diese Weise kann eine Verdnderung des
dielektrischen Verhaltens der Keramikscheiben bei einer sich verdandernden Wasseraufnahme
festgestellt werden. In einer Vielzahl an Labor- und Feldversuchen in unterschiedlichen
Bodenzusammensetzungen wurde die Vielseitigkeit des neuen Sensors erprobt. Dabei konnten die
Vorteile des neuen Sensors in Kooperation mit einigen Landwirtschaftsbetrieben unter Realbedingen,
z.B. beim Anbau von Heidelbeeren, Spargel und Tomaten, aufgezeigt werden. Der neue Sensor liefert
bei den Versuchen genaue und zuverldssige Daten. Durch eine vergleichende Studie wurde eine
empirische Beziehung zwischen Ausgangssignal des neuen Sensors und dem mit einem kommerziellen
Tensiometer ermittelten Saugspannung hergestellt. Dadurch ist eine Bestimmung der Saugspannung
ohne Kenntnis der Bodenzusammensetzung mit dem neuen Sensor moglich. Aus dem Grund kann der

neue Sensor fir eine optimierte Bewdsserung eingesetzt werden.

Des Weiteren wurde in dieser Dissertation erstmalig eine pordse Elektrokeramik auf Basis von
Kapillarsuspensionen hergestellt, 3D gedruckt und auf ihre elektromechanischen Eigenschaften
untersucht. Die Kapillarsuspension wurde fiir das 3D Druck Verfahren Direct Ink Writing derart
optimiert, dass sich Steg-Poren-Verhéltnisse von ca. 1:6 (70 um Steg- und 440 um Porendurchmesser)
realisieren lassen. Derartige geringe Durchmesser von gedruckten Streben sind bisher nicht
dokumentiert worden. Um die elektrischen Eigenschaften zu untersuchen wurden hierarchisch
strukturierte Bariumtitanat-Keramiken mit gedruckter Mesostruktur (~ 100 um) und PorengréRen von
ca. 1 umin den Streben mit geschlossenen Boden- und Deckenschichten und innerer 3-3-Konnektivitat
hergestellt. Die Gesamtporositat betrug dabei > 60 %. Die einzigartige Struktur des Partikelnetzwerks
der Kapillarsuspensionen in den 3D gedruckten Bauteilen ermdglicht eine malgeschneiderte
dielektrische und elektromechanische Kopplung, was zu einem remanenten piezoelektrischen
Koeffizienten dssem-Wert von 330 pC N1 bei einer remanente relative Permittivitit von 1197 fiihrt. Die

Energy Harvesting Leistungszahl FOMs; erreicht dadurch einen Wert von 10,3 pm? N, was mehr als
viii
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viermal hoher ist als alle dokumentierten Daten fiir Bariumtitanat. Das beweist, dass sich durch die
Kombination aus 3D Druck und der Vorteilhaften Mikrostruktur von Kapillarsuspensionen die
piezoelektrischen und elektromechanischen Eigenschaften von Elektrokeramiken extrem erweitern
lassen. Auf diese Weise werden neue Potentiale in einer Vielzahl an Anwendungen wie beispielsweise
elektromechanisches Energy Harvesting, Elektrodenmaterialien fiir Batterien oder Brennstoffzellen,
Thermoelektrik oder Knochenersatzmaterialien mit piezoelektrisch stimuliertem Zellwachstum

moglich.
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Abbreviations

AM
BSE

BT
TCP
BURPS
CAPS
CIP

CS
CT/XCT
DIW
DPF
EDXS
EMI
FEM
LVE
LVG
MEMS
SEM
SOFC
SWP
TDT
TEM
XRD

Latin symbols

Additive manufacturing / Additive manufactured
Backscattering method

Barium titanium oxide / Barium titanate
Beta-Tricalciumphosphat / B-Tricalciumphosphat
Burned out polymer spheres

Capillary Suspension

Cold-isostatic-press

Conventionally sintered

X-ray computed tomography

Direct ink writing

Diesel particulate filters

Energy-dispersive X-ray spectroscopy
Electromagnetic interference

Finite element method

Linear viscoelastic regime

Teaching and Research Institute for Horticulture
Micro-mechanical systems

Scanning electron microscope

Solid oxide fuel cell

Soil water potential

Time-domain transmission

Transmission electron microscopy

X-ray diffraction

Oy Apparent yield stress [Pa]
Xpore,av Average pore size [um]

Fc Capillary force [N]

E. Coercive electric field [kV/mm]
Qs Cumulative distribution [-]

z Distance between the layers of the log-pile structure  [um]

S Distance between the two spherical particles [um]
FOM3;3 Energy harvesting Figure of Merit [pm?/N]
g1 Grain size [um]

ty Holding time in furnace [h]

G” Loss modulus [Pa]
d33max Maximum piezoelectric strain coefficient (high field)  [pC/N]

P max Maximum polarization (high field) [uC/cm?]
Smax Maximum strain (high field) [%]

X
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Rz
d33rem
Prem
SI’EEI’I’]
G’

Ts

T
X90,3
Xs50,3

X10,3

Particle diameter

Piezoelectric coefficient
Piezoelectric strain coefficient
Pore size

Pore size distribution

Radius of fluid bridge’s curvation
Radius of fluid bridge’s neck
Remanent piezoelectric strain coefficient
Remanent polarization
Remanent strain

Storage modulus

Sintering temperature
Temperature

Volume-based average diameter
Volume-based average diameter
Volume-based average diameter

Greek symbols

w

&r

EI'el'l’\

(I)Sec
W
Dsolid
Qs

&s
Bs5

n
Oy

Angular frequency
Compression strength

Contact angle

Density

Fluid’s surface tension

Half filling angle

Maximum relative permittivity (high field)
Open porosity

Overall porosity

Permittivity

Relative permittivity

Remanent relative permittivity
Secondary fluid volume fraction
Soil water potential

Solid particle volume fraction
Strut porosity

Strut porosity

Three phase contact angle
Viscosity

Yield stress

[um]
[pC/N]
[pC/N]
[um]
[1/pm]
[um]
[um]
[pC/N]
[uC/cm?]
[%]
[Pa]
[°C]
[°C]
[um]
[um]
[um]

[rad/s]
[MPa]
[°]
[g/cm?]
[mN/m]
[°]

[-]

[%]

[%]

[-]

[-]

[-]

[vol %]
[MPa]
[vol %]
[%]

[%]

[*]

[Pa

[Pa]
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General introduction

1 General introduction

Ceramic materials exhibit high mechanical hardness and strength, good oxidation and corrosion
resistance, good biocompatibility, good stability and operational potential at high temperatures and

low thermal expansion. [1-4]

The brittleness of ceramics, however, limits their mechanical damage tolerance. This is a major
obstacle to their wide technical applications. To overcome this problem, pores can be incorporated
into the structure. The properties of ceramics can be extremely extended in this way. Porous ceramics
feature unique structural advantages such as a low density, a high specific surface area, high
toughness, good thermal insulation capability, strong thermal shock resistance, low dielectric constant,

and improved piezoelectric properties. [1, 2, 5-7]

These special properties open up entirely new possibilities for a whole range of different industrial
applications (1) as filters of hot gases from industrial processes removing unwanted particulate
matters, as (2) filters for drinking water removing heavy metals, virus and contaminants, (3) as catalyst
support for pollutants degradation, environmental remediation, phenol mineralization, and hydrogen
production, (4) as energy conversion and storage components in concentrated solar power
configurations, solid oxide fuel cell (SOFC) and batteries, (5) as ferroelectric ceramics with incorporated
pores for the development of advanced micro-mechanical systems (MEMS) powering small scale
electronic devices, (6) as electromagnetic interference (EMI) shielding for commercial wireless
communication devices and automobile applications, (7) as advanced construction materials for heat
insulation and sound absorption and (8) as bio-mimetic materials, e.g. as bone substitutes. [1, 6, 15,

16, 7-14]

Numerous manufacturing processes for macroporous sintered materials are established. For the range
of pore sizes <10 um at porosities > 50 % Dittmann et al. [17] recently published an innovative and
inexpensive manufacturing process. So-called capillary suspensions (CapS) are used as precursors for
sintered materials. The process is based on standard unit operations and all common sintered
materials can be used. A CapS is an ink consisting of particles (typically ¢soia < 30 vol%), a bulk fluid, and
a small fraction of an immiscible secondary fluid (typically dsec< 5 vol%). The capillary forces acting in
this ternary solid/fluid/fluid system induce the formation of a self-organized, sample-spanning particle
network with high shear modulus and yield stress [18]. Based on the unique rheological flow properties
and stable sample-spanning particle network of CapS, innovative product formulations can be
developed in a wide range of applications. Formulations range from pastes for ultra-stretchable

1
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electronics [19], over electrode slurries for lithium-ion battery electrodes [20] up to silver pastes for

solar cell metallization [21].

This thesis focuses on the formulation of CapS as precursors for highly porous sintered materials [22—
28]. It focusses on the development of first applications of porous ceramics based on capillary
suspensions. This includes first the development and manufacturing of innovative ceramic discs for use
in a soil moisture sensor and the subsequent testing and evaluation of the sensor in soil moisture
experiments for optimizing irrigation in agriculture. And finally, the tuning of the functional properties
of an electroceramic material through 3D printing of highly open porous, hierarchically structured
ceramics via direct ink writing (DIW) of CapS-type inks. This way opening up new opportunities in a
broad variety of applications, including electromechanical energy harvesting, electrode materials for
batteries or fuel cells, thermoelectrics, or bone tissue engineering with piezoelectrically stimulated cell

growth.

In this chapter, the properties and economic importance of porous materials for industrial applications
in general are discussed. Subsequently, the most important manufacturing routes for highly porous
inorganic materials are presented and compared with sintered materials based on the capillary
suspension concept developed by Dittmann et al. [17, 22]. This concept and the adaptation of the
formulation of the CapS for 3D printing of structural ceramics by Maurath et al. [24] form the basis for
the product formulations developed in this thesis. This chapter closes with an outline and an overview
about open questions which will be answered within this dissertation, consisting of two peer-reviewed

publications and one peer-reviewed conference proceeding.

1.1 State of the art

1.1.1 Porous sintering materials

Advanced porous ceramics show an indispensable potential for a wide range of applications especially
in energy- and environment- related fields [11]. This is because they exhibit high thermal and chemical
resistivity at a high mechanical strength making them feasible for applications in extremely harsh

conditions.

The microstructure, i.e. the open and closed porosity, the pore size, the pore orientation, the grain
size, the degree of sintering and the hierarchical structure has to be carefully adapted to the demands
of the respective application as they define the mechanical properties and advanced functionalities of

the porous ceramics [1, 2].
2
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Typically, porous materials can be classified into three main categories depending on the pore size:
Microporous (Xgore <2 NM), mesoporous (2 NM < Xpore < 50 NM), and macroporous (Xpore > 50 Nm)
materials [1]. The commonly used term hierarchical pore structure refers to the coexistence of a
combination of pores of different sizes spanning several length scales in a single ceramic matrix.
Furthermore, the pore structure of porous ceramics can be divided into open and closed pores. Open

pores are interconnected in the ceramic matrix, and closed pores are isolated.

The four most common manufacturing techniques for porous ceramics are partial sintering, the replica
technique, the sacrificial template method and direct foaming. In addition, additive manufacturing
(AM), as an emerging technology, offers great potential for the production of porous ceramics, as it
opens up new possibilities in all fields. As shown in Figure 1.1, depending on the choice of
manufacturing method, the microstructure, i.e. the porosity and the pore size can be adjusted within

a certain range.

Porosity (%) Pore size
Partial sintering __ Partial sintering
Replica template Replica template
Sacrificial template Sacrificial template
Direct foaming Direct foaming
Additive manufacturing Additive manufacturing
Hot gas filter __Hot gas filter
Diesel particulate Diesel particulate
filters (DPF) . filters (DPF)
Water filter ) Water filter
Catalyst support ) Catalyst support
Solar absorber SOFC Solar
SOFC electrode electrode absorber
MEMS components MEMS éomponent_)sk
Insulation applications Insulation applications N
Mechanical strength Mechanical strength
Thermal insulation Thermal insulation

-

0 10 20 30 40 50 60 70 80 90 100 1nm 10nm O0.1jpm 1pm 10pm 100pm 1mm 10mm

Figure 1.1 The porosity and pore size distribution features of porous ceramics that can be created by
techniques such as partial sintering, replica template, sacrificial template, and direct foaming. Each
type of porous ceramic has its own specific features regarding microstructure and application

properties. Reproduced with permission [11]. Copyright © 1969, Elsevier.

In the following paragraphs these four most common manufacturing techniques for porous ceramics
are introduced. Figure 1.2 schematically visualizes the main processing steps of the four manufacturing

techniques.
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Figure 1.2 Schematic of the four major processes for manufacturing macroporous sintering

materials (adapted with permission from [2, 29]). Copyright © 2006 The American Ceramic Society
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The most widely used and employed process for the production of porous sintered materials is partial
sintering. In this process, powdered solids are pressed into a mold and the resulting green body is
subsequently sintered until the desired porosity is reached. The starting powders and the sintering
conditions mainly determine the microstructure of the porous ceramic. The pore size distribution can
be adjusted by the particle size and particle size distribution used. The porosity, on the other hand, is
adjusted by not only the particle size distribution used, but also the molding pressure and temperature
treatment applied. Generally, porosities <50%, macropores with diameters between
50 NnM < Xpore < 10 um, a narrow pore size distribution and an interconnected open porosity are

obtained. [1, 11]

With the replica technique open porous ceramics can be manufactured using the porous structure of
an organic template. The templates are first infiltrated with a ceramic slurry, then dried, thermally
debinded and sintered. During the thermal treatment, the organic template is decomposed while the
ceramic remains. Finally, porous ceramics are obtained that replicate the structure and morphology of
the organic template. Using this technique porosities up to 95 % and pore sizes 10 UM < Xpore < 3 MM

can be reached depending on the template used. [2, 6, 11, 30]

In the sacrificial template method, a disperse phase is mixed into a ceramic suspension or a ceramic
precursor (in solid or liquid form). The disperse phase is subsequently removed via evaporation,
pyrolysis or extraction. This way, the removed dispersed phase forms the macropores. Finally, the
porous ceramic or preceramic framework is sintered. Therefore, the sacrificial template method differs
from the replica technique in that the latter replicates the original configuration of the template, while
the former creates a negative replica of the original pore features. Both open and closed pores can be
created using the sacrificial template method. Both natural and synthetic organic materials, but also
metals or salts, can be used as sacrificial templates in this method. Due to this variety of different
materials, the porosity can be adjusted between 20 and 90 % with pore sizes ranging from

1 um < Xpore < 700 um. [11, 31, 32]

Freeze casting is related to the sacrificial templating method. In this method a frozen liquid is used as
atemplate to create pores. To obtain a frozen liquid, ceramic suspensions are subjected to a directional
cooling process. This allows the frozen suspension to be subsequently removed by directional
sublimation, resulting in macroporous ceramics with unidirectionally aligned pores. This way,

porosities > 50 % are possible. [11, 33—-35]
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In the direct foaming process, a ceramic suspension is foamed using a gaseous dispersion phase
consisting of air or inert gases. For stabilization of the gas bubbles the suspension contains surfactants.
Theses prevent the coalescence of the gas bubbles in the foam due to a reduction of the interfacial
tension between the gas and liquid. After subsequent drying of the foam, thermal debinding and
sintering take place. In this way, porous ceramics with porosities of up to 97% can be manufactured

with both open and closed pores with sizes Xpore > 10 um. [2, 36—39]

The named processes cover a wide range of achievable porosities and pore sizes, which are
summarized in Table 1. None of these methods provides a straightforward route for manufacturing
macroporous ceramics with porosities > 50 % and pore sizes Xpore < 10 pm. Porous ceramics based on

CapS could fill this gap [17, 22-25, 27, 28, 40-42].

Table 1 Methods for producing macroporous ceramics with corresponding pore size Xpore and porosity

(adapted from [17])

method Xpore / pmM porositiy / %
Partial sintering <10 <50
Replica technique 10 - 3000 25-95
Sacrificial templating 1-700 20-90
Direct foaming 10-1200 40-97
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1.1.2 Highly porous ceramics based on capillary suspensions

A Capillary Suspension can be formed by adding a secondary fluid to a two-phase suspension consisting
of solid particles suspended in a bulk fluid, where the secondary and bulk fluid have a miscibility gap.
Characteristic for this material is an overall structure consisting of a percolated network of particles,
connected by attractive capillary interactions induced by the secondary fluid. Due to the particle
network, CapS exhibit high shear modulus, high yield stress and shear thinning behavior [18, 22]. The
rheological properties of the suspension can be tuned from liquid or weakly elastic to gel-like by
changing the fraction of secondary fluid (see Figure 1.3 (A)) [17]. In addition, the suspension is
stabilized in this way, as the network caused by the capillary force prevents the sedimentation of

particles [18].

Two types of CapS are defined: In the pendular state the secondary fluid wets the solid particles better
than the bulk fluid (8sg < 90°) and forms concave bridges between the particles (see Figure 1.3 (B)). In
the capillary state the secondary fluid does not wet the solid particles (8sg >90°) and no bridges are
formed, but particles aggregate to form small, e.g. tetrahedral or octahedral clusters. [43—45] In this
thesis, we will focus on CapS in the pendular state since the material systems used within in this work

are in this state.

The capillary force holds the particle network together. In order to understand this force acting in the
pendular state, a liquid bridge between two spherical particles in air can be considered in a simplified

manner (see Figure 1.3 (C) and (D)).
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(A)

b= 0.0 vol% ‘ . 1.0

@)

Figure 1.3 (A) Transition from liquid to weakly elastic to gel-like state by adding an appropriate amount
of secondary fluid to an oil-based alumina suspension (a-Al,Os; Xso3 = 5.67 pm; ¢solia = 20 voI%). The
secondary fluid is an aqueous sucrose-solution (50 vol%). Adapted with permission from [17].
Copyright © 2012 The American Ceramic Society. (B) Confocal image of silica (xso3 = 6.43 um) based
CapsS in pendular state and in the top right corner a schematic of a pendular article network. Solid
particles are shown in red, secondary fluid in yellow, and undyed nonpolar bulk fluid as black regions.
Adapted with permission from [44]. Copyright © 2016 The American Ceramic Society. (C) Schematic of
a pendular state capillary bridge between two spherical particles and (D) schematic of the angle

relation.
8
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Here, O is the contact angle between secondary liquid and solid particles, R; the radius of curvature of
the fluid bridge, R; the radius of fluid bridge’s neck, x the particle diameter, B the half filling angle and
S the distance between the two spherical particles. With the fluid’s surface tension I the capillary force

F. can be calculated (see equation (1)) [46].

. : x(1 :
Fc =nxTsinf [sin(f + 0) + Z(___) sinf (1)
I

With the parameters used as labeled in Figure 1.3 (C) equation (1) is valid only for zero particle distance
S = 0. The capillary force consists of two parts: an axial component of the surface tension acting at the
liquid-gas interface (1) and the Laplace pressure acting inside the fluid bridge (Il). Typically, the second

term is much larger than term |, further assuming that R; << R, equation (1) reduces to equation (2)

[47-49]:
P T sing > 1. sz 1,
c=mxl sinp 4Rlsmﬁ— nl - Rlsm B 2)

i

Assuming S = 0, equation (3) can be formed using Pythagoras, and with R; << R; it reduces to equation

(4):

X\ 2 X 2
(E) + (R1 + R2)2 = (Z + Rl COS 9) (3)
R,? (4)
Rl =
x cos 6

With the same assumption of S =0, the sine angle relation can be formed to equation (5) and simplified

with R1 << R2 to equation (6):

. Ry + R,
sinff = 3y—— (5)
7t Ry cos @
R
sinff = 72 (6)
2

Inserting equation (4) & (6) in equation (2) it reduces to equation (7):

Fo=mxTcos@ (7)
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In the context of CapS [17, 47] this simplified equation is often used to illustrate the main factors that
can be influenced during paste formulation. The rheological behavior of CapS have already been
studied in detail and the theoretical correlations between yield stress and material properties have
been explained [22, 25, 44, 47]. Equation (8) describes a simplified version of the yield stress o, of a
capillary suspension with the assumption of two spherical particle with diameters of equal size, and

the boundary conditions of a distance of S = 0 between the spherical particles [22, 25, 47].

41T cos@

0y = f(d)solid; Nbridge) g(Vbridge) T (8)

Here, f (¢soiia, Neridge) is a function of the solid content and the number of capillary bridges and g (Vbridge)
a function of the bridge volume. Both functions are not yet fully described. Investigations regarding
these functions and the influence of individual parameters on the yield stress can be found in [17, 25,

44, 45, 47, 50, 51], but will not be elucidated in more detail here.

Dittmann et al. [17, 22] used the CapS phenomenon to develop an innovative processing route for
manufacturing open porous ceramics with porosities higher 50 % at pore sizes lower 10 um by using
ceramic particles as solid phase in the suspension. Here, the CapS with a stable percolated particle
network acts as precursor for the porous sintered parts. The network can be preserved during
debinding and sintering making completely open porous sintered structures accessible. The main
processing steps are schematically shown in Figure 1.4. A small amount of second phase is added to a
regular ceramic suspension with a solids content of solid ¢seia = 10 - 30 vol%. After a homogenization
step, the CapS can be shaped by casting, extrusion or 3D printing, for example. This is followed by
mechanical debinding, i.e. the removal of a large part of the bulk phase by using adsorbing supports
or porous substrates or by applying solvent extraction. By adding a binder dissolved in the second
phase (e.g. sucrose), the capillary bridges are solidified as soon as volatile component of the second
phase is removed by evaporation. This especially helps to form a stable green body and to safely handle
it. After mechanical debinding, the green bodies are thermally treated. In this process, all organic
components are pyrolyzed during thermal debinding and subsequently, the ceramic body is sintered.
In the end, fully open porous ceramics with unprecedented porosities (>50%) and pore size

(0.5 pm < Xpore < 50 um) specifications can be produced using this processing route.

10
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mixing +
forming

removing
bulk phase

thermal
debinding +
sintering

. bulk phase

B solid phase
|| sec. phase

Figure 1.4 Flow sheet with the main process steps for porous sintering materials based on CapS [17, 52].

The ceramics manufactured with the processing route described by Dittmann et al. [17, 22] are mostly

based on paraffin oil as bulk fluid, Al,O3 as solid particles and an agueous sucrose solution as secondary

phase. Whereby he specifies that also other ceramics (silicon dioxide, tricalcium phosphate, titanium

dioxide), other bulk phases (paraffin oil, paraffin wax, decanol, octanol and diisononyl phthalate) and

other secondary phases (glycerine, polyvinyl alcohol, polyvinyl pyrrolidone and polyethylene glycol)

can also be used. Dittmann et al. [17, 22] used the Al,0; system to investigate the rheological

properties of the Caps and the microstructure (porosities, pore size distributions and mechanical

strength) of this sintered material with a variation of the solid fraction (¢sia = 10 - 30 vol%) and a

variation of the secondary phase (sec = 0 - 4 vol%).
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Dittmann et al. [17, 22] presented a three regime model describing the changes in the network
structure depending on the second phase volume fraction. The network structure corresponding to
the three regimes can be visualized by the microstructure of the sintered ceramics using scanning
electron microscope (SEM) images (see Figure 1.5). in regime |, the transition from a suspension to a
structure with a weak particle network to a fully developed paste-like CapS (regime Il) takes place.
Regime Il is characterized by a homogeneous structure of the particle network, which can only be
achieved with a very specific amount of secondary phase. Regime lll is achieved by using slightly more
secondary phase. This regime is characterized by increasing inhomogeneities, which are dominated by
spherical agglomerates, which destabilize the network. With increasing second-phase content, the
average pore diameter xso3 increases in this case from about 10 to 50 um (here, determined via image
analysis: Line Intercept Count Method — see Figure 1.5). But not only the average pore size is affected
by the changed network, also the pore size distribution gs. In regime (1), a monomodal pore size
distribution is present, in (Il) a second, somewhat larger characteristic pore size occurs which leads to
a bimodal distribution, and finally in regime (lll) a broad multimodal pore size distribution is present

(see Figure 1.5) [22].

By adjusting the material type, particle size, solid fraction and secondary phase fraction, both the
rheological properties of the CapS and the properties of the sintered components such as porosity,

pore size and pore size distribution can be specifically tailored.

12
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Figure 1.5 (A)-(C) Three regime model for CapS illustrated via appropriate SEM crosscut image (solid
particles appear light gray and pores black) of sintered capillary suspensions; (D) Average pore size
Xpore,av plotted versus the amount of secondary fluid; (E) the resulting pore size distribution qs(Xpore)
for different amounts of secondary fluid (a-Al;0s; Xs0,3 =5.67 um; saiig = 20 vol%). Adapted with

permission from [22]. Copyright © 2012 The American Ceramic Society.
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Maurath [24] combined the principle of CapS with additive manufacturing by printing Al,O3 based CapS
inks using DIW, also referred to as robocasting. The special properties of CapS, such as the high yield
stress, the pronounced shear thinning and the rapid structure recovery, are of decisive advantage here
compared to other formulations, since it enables the printing of complex 3D bodies with large span
ratios [47, 53]. With an adapted composition, Maurath succeeded in manufacturing cellular structures
(log-pile and honeycomb structures, see Figure 1.6) with debinding and sintering the structures crack-
free. Whereby the printed structures always had the um pores of the CapS ceramics with fully open
porosity. With the paste composition produced [24], it was possible to work with nozzle diameters in
the range of 200-650 um for extrusion. Due to the properties of CapS it was possible to achieve a
strut/pore ratio of approx. 1:1 (490-634 um strut and 490-570 um pore diameter). Maurath named
filtration processes in hot gas applications or the use of these structures as catalyst supports with smart

flow channels for fast chemical reactions as potential areas of application.

Figure 1.6 SEM images of sintered log-pile structures based on Cap$S (a-Al;0s3; Xso3 = 0.5 um, printed
with a 610 um nozzle). (A) Top view, (B) magnified surface of filament, (D) Crosscut image of printed
filament and (E) crosscut image of microstructure of sintered CapS. (C) and (F) Images of sintered
hexagonal honeycomb structures, printed with a 200 um nozzle. Adapted with permission from [24].

Copyright © 2017 Elsevier.
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In [23] Dittmann et al. modified the concept of CapS to advanced or smart CapS. They mention, that it
is possible to tune the properties such as the mechanical strength of the Al,O3 ceramic system by
adding suitable active ingredients to the particle contact zones using the secondary fluid as transport
medium. Finally, they achieve the improved ceramic properties by adding t-ZrO, as fine powder
fraction to the original Al,03 CapS composition (see Figure 1.7). This mixed material composition
resulted in an increase of flexural strength by a factor of 2.5 and of compressive strength by a factor
of almost 3.5 compared to the monomodal a- Al,Os coarse powder preparation. This effect is due to
the mixed phase of the particles that forms at the particle contact points during the sintering process,

but not because it was added to the secondary fluid.
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Figure 1.7 SEM crosscut image and mechanical properties of sintered CapS made from different
powder compositions. (A) Powder mixture of a-Al,0; and t-ZrO, (t-ZrO, appears white and a-Al,O3
grey). Compression strength of corresponding sample with a porosity of approx. 55 %. Adapted with

permission from [23]. Copyright © 2016 Wiley-VCH Verlag GmbH & Co. KGaA
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Weild et al. [28] combined the works of Maurath [24] and Dittmann et al. [23] by 3D printing CapS with
nanoparticles included in the secondary phase. Here, the nanoparticles are exclusively deposited at
the contact regions between coarse particles (see Figure 1.8). This way the compressive strength
increased by a factor of 2.0 for porosities of 51 % and an increase by a factor of 5.0 for porosities of
70 %. The finest achieved structure showed a density of 192 kg/m3 with a compressive strength of
4.0 MPa, which is very close to the specific strength values of balsa wood. With the paste composition
produced by WeiB et al. [28], 200 and 410 um nozzle diameters were used for 3D printing resulting in
327 and 527 um sintered strut diameters. The increased strut width beyond the nozzle diameter might
be related to material overflow during extrusion [24]. In this work, only honeycomb structures were
manufactured to evaluate the compressive strength. No strut size to pore size ratios were investigated.
Therefore, no strut size to pore size ratios have been documented so far for the pastes made from
CapS with incorporated nanoparticles. According to Weil} et al. [28] the designed lightweight materials
could be used in high temperature catalytic applications or as filters in chemically harsh environments,

but also as construction and/or thermal insulation materials.

(A)

Figure 1.8 (A) Schematic sintering neck formation with incorporated nanoparticles. (B-D) TEM-EDXS
mappings of sintered CapS using a-Al,Os as solid phase and silica nanosuspension as secondary phase.
Dark areas represent vacuum-, yellow areas Si-, and blue areas Al regions. (B) showing only Al
fractions, (C) only Si fractions and (D) showing both mapped elements. Adapted with permission from

[28]. Copyright © 2020 Elsevier.
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2 Motivation and manuscript outline

In the previous chapter, an innovative concept for the manufacturing of porous ceramics using CapS

was presented. This process allows the properties of macroporous ceramics to be tailored in a range,

which cannot be achieved with the conventional methods described before (see Figure 2.1). In

particular, the range of porosities >50 % and small pore sizes Xso3 < 10 um is not covered by the

conventional manufacturing methods. Here, the manufacturing of ceramics using CapS as precursors

comes into play as porosities between 20 and 80 % with pore sizes between 0.5 and 50 pm can be

flexibly adjusted with this approach: the experimental data from previous work are collected and

shown as orange stars for CapS and as half-filled orange stars for CapS with incorporated nanoparticles.

Showing this novel process has great potential to close precisely the previously existing gap in

manufacturing porous ceramics.
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Figure 2.1 Porosities and pore sizes achieved by common manufacturing routes for macroporous

ceramics and the capillary suspension method. Adapted with permission from [2, 28, 54]. Copyright

© 2006 The American Ceramic Society.

In addition to the parameter range mentioned above, the use of CapS in 3D printing offers new

possibilities to open up pore size ranges previously not reached by CapS. In this way, printed pores in

the range of > 50 um could be achieved using CapsS.
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Investigations on porous ceramics from Cap$S so far have mainly been carried out to determine the
rheological properties of the ceramic pastes [17, 25], the structural properties of the porous structural
ceramics [22, 26, 27] and how the structural properties can be improved [23]. In addition, different
molding methods such as 3D printing for CapS were investigated [24, 28]. Up to now, there is no
literature about CapS based ceramic products which were developed up to market readiness. In
addition to that, there is no literature about CapS based functional ceramics. In addition to CapS based
structural ceramics, the development of CapS-based functional ceramics may open up a whole new
world for applications in the field of mechanical and thermal energy conversion, electromechanical

energy harvesting or bone tissue engineering with piezoelectrically stimulated cell growth.

In this thesis, the step of research to business for ceramics based on CapS will be done for the first
time. To achieve this, the properties such as pore size distribution and porosity of a CapS-based ceramic
are extended to previously unreached ranges. In addition, the CapS phenomenon will be applied to a
piezoelectric ceramic material for the first time, which will also be 3D printed. The following main part
of this thesis consists of two peer-reviewed scientific journal articles and one peer-reviewed

conference proceeding which may be divided into two sections:

I Application: soil water potential sensor

Il. 3D printing of functional ceramic

Section | includes one peer-reviewed publication and one conference proceeding, while section Il
includes one peer-reviewed publication. The publications in section | discuss the development [41] and
testing of a novel soil water potential sensor to optimize irrigation in agriculture [42] and can be found
in chapter 3. The project was a collaboration with TRUEBNER GmbH, a manufacturer of soil moisture
sensors. The construction of the sensor includes on the one hand the development of a ceramic based
on capillary suspensions with a pore size distribution as wide as possible and a porosity as high as
possible with a sufficiently high mechanical strength and on the other hand the development of a
suitable sensor board by TRUEBNER GmbH. For the testing of the sensor, a large number of laboratory
and field experiments were carried out in a wide range of soil types in order to demonstrate the

versatility of the sensor.

In section Il, the CapS phenomenon is applied for the first time to an electroceramic material and can
be found in chapter 4. The properties of the CapS are adapted in such a way that previously unreached

minimum strut diameters and previously unreached span ratios are achieved for the DIW process. By

18



Motivation and manuscript outline

combining the structural properties of the CapS with a printed structure using additive manufacturing,

the piezoelectric and electromechanical properties are tuned to a previously unattained level.
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3 The Soil Water Potential Sensor

3.1 A Robust Soil Water Potential Sensor with High Sensitivity and

Broad Measuring Range

Full titel: A Robust Soil Water Potential Sensor with High Sensitivity and Broad Measuring Range
Authors: David Menne, Christof Hiibner, Dennis Trebbels, Norbert Willenbacher
Status: published [41]

Bibliographic data: 2021 13th International Conference on Electromagnetic Wave Interaction with

Water and Moist Substances (ISEMA), 2021, pp. 1-7, doi: 10.1109/ISEMA49699.2021.9508320.
Copyright © 2021, IEEE. Reproduced with permission from IEEE.
Abstract

Agriculture is by far the largest consumer of water worldwide. Soil moisture sensors contribute to the
sustainable use of this scarce resource. So far, these devices only measure how much water is present
in the soil. The decisive factor, however, is how much water the plants can draw from the soil with
their roots, which depends heavily on the composition of the soil. This is the reason why we developed
a novel sensor for soil water potential (SWP) measurement. The sensor consists of a highly porous
ceramic disc and a new circuit board system for detecting the change in dielectric response of the
ceramic discs with changing water uptake. The ceramic was tailored using a novel processing route
[17], based on so-called capillary suspensions as precursors, allowing the production of highly open-
porous ceramics with characteristic pore size distribution and high mechanical strength. Two different
kieselguhr powders were used as ceramic sintering material because they allowed the reproducible
fabrication of defect-free sensor discs with high shape accuracy at low sintering temperatures. Ceramic
discs with open porosities ranging from 58 to 69 % and broad pore size distributions with pore sizes
ranging from 0.5 to 200 um were manufactured for this new sensor. Drying experiments were carried
out in air, in a model soil and in field experiments demonstrating the feasibility and improved

sensitivity of the setup.
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3.2 Robust Soil Water Potential Sensor to Optimize Irrigation in

Agriculture

Full titel: Robust Soil Water Potential Sensor to Optimize Irrigation in Agriculture
Authors: David Menne, Christof Hlibner, Dennis Trebbels, Norbert Willenbacher
Status: published [42]

Bibliographic data: Sensors 2022, 22, 4465.doi: 10.3390/s22124465

Copyright: © 2022 MDPI. Reproduced with permission from MDPI

Abstract

Extreme weather phenomena are on the rise due to ongoing climate change. Therefore, the need for
irrigation in agriculture will increase, although it is already the largest consumer of this valuable
resource. Soil moisture sensors can help to use water efficiently and economically. For this reason, we
have recently presented a novel soil moisture sensor with high sensitivity and a broad measuring
range. This device does not measure the moisture in the soil, but the water available to plants e.g. the
soil water potential (SWP). The sensor consists of two highly porous (> 69 %) ceramic discs with a broad
pore size distribution (0.5 to 200 um) and a new circuit board system using a transmission line within
a time-domain transmission (TDT) circuit. This detects the change in dielectric response of the ceramic
discs with changing water uptake. To prove the concept, a large number of field tests were carried out
and comparisons were made with commercial soil water potential sensors. The experiments confirm
that the sensor signal is correlated to the soil water potential irrespective of soil composition and is

thus suitable for the optimization of irrigation systems.
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3.3 Introduction

Global climate change continues to progress. In the year 2020 global temperatures tied record highs
[55]. For this reason, too, even more urgent attention must be paid to the waste of water and the
associated consequences for the water supply of mankind. Agriculture is responsible for > 70% of
water consumption worldwide [56, 57]. At the same time, water losses of > 50 % are state of the art in
this sector. Accordingly, this is where the leverage for sustainable and efficient water use is greatest

and of crucial importance for mankind. [58, 59]

A sustainable use of the worldwide available water resources is only possible using modern monitoring
and control techniques. Especially due to increasing conflicts of objectives such as between
environmental protection and crop production [60]: on the one hand, the washing out of nutrients is
to be prevented by a sustainable water supply, on the other hand, ever-increasing quality demands
require an ever more intensive cultivation [61]. The technology of irrigation systems has already
reached a high level. However, the associated measurement systems for determining soil moisture in

agriculture are limited [62—64].

To determine the water content of a soil one possibility is to use the water retention curve. The water
retention curve relates the volumetric water content to the soil water potential ¥;, (SWP), i.e. the
specific potential energy of water in the soil. The SWP can be expressed as the sum of normalized

forces acting on the water in the soil (see equation (9))

Itincludes the gravitational- (W), matric- (capillary and adsorptive, ¥, ), osmotic- (¥,) and hydrostatic

potential (¥},). All forces emanating from the soil matrix are summarized in the matric potential [59].
Wy =¥ + ¥, +¥, +¥, (9)

The SWP does not indicate the volumetric water content, but the fraction of water available to plants.
Therefore, soil water potential sensors are not only essential for the most efficient use of water in
agriculture, but for Earth system models [65]. Most common sensors for measuring the soil water
potential are piezometers, tensiometers, heat dissipation sensors, thermocouple psychrometers, and
dielectric sensors [59]. Advantages and disadvantages of the individual devices are summarized in [66]:
classic tensiometers have a limited measurement range and require frequent maintenance, heat
dissipation sensors have a high power consumption and a slow reaction time. In contrast, dielectric
sensors are inexpensive, require little maintenance and have low power consumption [66]. Only a few

sensors described in literature are commercially available and the market is dominated by a small
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number of devices (see Table 1) [62—64]. For further information on commercially available sensor
systems see [64]. In addition to the mentioned commercially available sensors, Whalley [67-69]
developed a porous matrix sensor which shows a measuring range from 500 hPa to 3000 hPa. Recently
a few new sensors have been introduced in the literature, which could market launch in the near future

[67,70,79, 71-78].

Table 3.1 Commercially available Sensor systems. All information according to the respective

manufacturer.
. approx
system name manufacturer measuring range price source
METER Group, Inc.
TEROS 21
05 (Pullman, WA, USA) 90 to o= hPa 250 € [80]
(former MPS-6) .
(former Decagon Devices, Inc.)
Watermark Irrometer Company, Inc.
2 hP 7 1
(granular matrix) (Riverside, CA, USA) 0'to 2000 hPa o€ [81]
Delta-T Devices Ltd.
EQ3 Equitensiometer (Burwell, Cambridge, 0to 10,000 hPa 800€ [82]

United Kingdom)
EcoTech Umwelt-

Tensiomark (0-7) MeRsysteme GmbH 1to 10,000,000 hPa 650 € [83]
(Bonn, Germany)
Full Rangfe (Polymer-) Wage.nlngen University 0t0 15,000 hPa 1000 € [84-86]
Tensiometer (Wageningen, Netherlands)

In conclusion, a sensor is still needed which offers a low-cost alternative, covers the whole measuring
range from very dry soils often addressed in soil science to very wet soils relevant in agriculture, and

offers good performance in saline, vertic and stoney soils [62].

Our sensor principle is based on the high-frequency measurement of the dielectric constant of a porous
ceramic disc, which is in hydraulic equilibrium with the surrounding soil [87]. Depending on the water
potential of the soil, water is transported into or out of the ceramic. The water content in the disc is
determined from the resonance frequency of the electrical resonant circuit. In order to achieve a large
measuring effect over a wide range of matric potential, the ceramic has a particularly high pore volume
and a broad pore size distribution. By measuring the dielectric permittivity of the porous ceramic disc,
the water potential is determined. In this way, the water potential of the soil can be calculated using

correlation functions for standard soils.

The main component of our dielectric sensor are two highly porous ceramic discs. The ceramic has

pore sizes between 0.5 um and 200 um, with an open porosity of well over 60 % and a sufficiently high
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mechanical strength. This is enabled by using so-called capillary suspensions as precursor for the
production of highly porous ceramics. Capillary suspensions are ternary solid/fluid/fluid systems
consisting of microscopic particles suspended in a main liquid and a small proportion of an immiscible
secondary liquid. The capillary forces inferred by the secondary liquid trigger the formation of a sample
spanning particle network. The particle network, stabilized by the strong capillary forces, remains
largely intact even after the main liquid has been removed, so that highly porous green bodies can be
formed. These green bodies are then sintered to produce open-pore ceramic parts. With this concept,
pore shape, pore size distribution, porosity, and mechanical strength can be adjusted over a wide range

by varying particle type, size, and shape. [22, 23, 25]

3.4 Materials and Methods

3.4.1 Raw materials

The raw powder used to fabricate the ceramic discs were commercial grade brown kieselguhr with a
volume-based particle diameter xso,3 of 12.0 um and a density of 2.57 g/cm”and white kieselguhr with
a Xso,3 of 33.5 um and a density of 2.24 g/cm’ (VWR International GmbH, Karlsruhe, Germany). The
initial particle size distribution of the employed powders and soils was determined according to DIN
EN 1SO 8130-13 using a commercial Fraunhofer diffraction device (Helos H0309; Sympatec, Clausthal-
Zellerfeld, Germany) equipped with an ultrasonic wet dispersing unit (Quixel, Sympatec) and sieve
analysis. The particle size distribution of both kieselguhr systems, Figure 3.1., was broad, but
monomodal. The bulk phase used to fabricate the ceramic discs was odorless mineral spirits, (Sigma-
Aldrich, Karlsruhe, Germany) with a relative density of 0.752 g/cm? and the secondary phase was a
50 vol% solution of D(+)-sucrose (Carl Roth, Karlsruhe, Germany) in distilled water prepared at room

temperature.

The cumulative particle size distributions of the model soils are shown in Figure 3.1. Data shown in
blue in the diagram was used for calibration of the sensor. The soil types were a soil at a measuring
station of Landesforsten Rheinland-Pfalz - forestry administration in Hermeskeil (Rhineland Palatinate
High Forest, Germany), consisting of 22.8 % clay, 41.6 % silt and 35.6 % sand, soil at State Horticultural
College and Research Institute (LVG; Heidelberg, Germany) with a xso3 of approx. 45 um, soil at a
measuring station of Landesforsten Rheinland-Pfalz - forestry administration in Merzalben (Rhineland
Palatinate High Forest, Germany), consisting of 11.3 % clay, 19.0 % silt and 69.7 % sand, soil at Hegehof

(Hegehof GmbH, Ladenburg, Germany) with a xso3 of approx. 190 um, a model soil so called lawn base
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layer with lavasand (corthum Nordschwarzwald GmbH, Marxzell, Germany) with a xso3 of approx.
700 um and coconut substrate at Erlenhof (Erdbeerland Funck GbR, Eisenberg, Germany) with a Xso,3

of approx. 1700 um.
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Figure 3.1 Particle size analysis of the used raw kieselguhr powders and soils. Cumulative distribution
Qs and frequency particle size distribution qs were determined through sieve analysis (open symbols)

and through Fraunhofer diffraction (filled symbols).
3.4.2 Ceramic disc fabrication

Suspensions were prepared by mixing the ceramic particles into the bulk phase in a planetary mixer
(Speedmixer, Hauschild GmbH & Co KG, Hamm, Germany). Sample volumes of 70 ml were mixed for
5 min at 2200 rpm in 150 ml cups. Subsequently, the secondary fluid was added to the suspension and
then mixed for 5 min at 2200 rom and 1 min at 700 rpm. The solids content of the kieselguhr
suspension was set to ¢soig=15vol%. The amount of secondary phase was varied between
(Gsec=0-7vol%. The prepared pastes were placed by hand into a cylindrical sample mold
(diameter = 55 mm and height = 8 mm). The sample's top was smoothed using a doctor blade. The
mold was placed on an absorbent pad and directly demolded after filling was completed. Mechanical
debinding of the bulk phase was carried out by capillary extraction for 3 days at room temperature,
followed by thermal debinding at 200 °C (30 min), 500 °C (1 h), and 800 °C (1 min) to ensure a complete

and gentle debinding of the bulk and secondary phase (LVT 05/11, Nabertherm GmbH). The heating
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rate to reach the different levels of constant temperature was 3 °C/min. Brown kieselguhr samples
were heated to 1050 °C and white kieselguhr samples to 1160 °C, both with a heating rate of 5 °C/min
and both subsequently sintered at their temperature for 2 h (LHT 04/17, Nabertherm GmbH). After
sintering the ceramic plates height was adjusted to 5 mm, respectively, and a diameter of 45 mm by
hand with SiC paper. In the center, a hole with a diameter of 3 mm was drilled to fix the ceramic discs

on the circuit board.
3.4.3 Sensor layout

For measuring the water content in the porous ceramic discs two different methods have been
developed. Both methods determine the capacitance between electrodes which is affected by the
dielectric properties of the porous discs, i.e. their water content. In the first setup, comb-like
electrodes are designed with proper geometric dimensions to confine the electrical field within the
disc. The electrodes are embedded in a multilayer printed circuit board. An optional metal mesh
encasing the disc provides an additional screen for the electrical field. The capacitance of the
electrodes and the enclosed ceramic disc results in a resonance frequency of the electric circuit in the
upper MHz range. A microcontroller read out via an RS-485 interface is used to determine the

resonance frequency varying with the water content of the ceramic discs.

The second setup uses a transmission line within a time-domain transmission (TDT) circuit. The
propagation velocity of electrical pulses along this line depends on the capacitance between the
electrodes. [88] The geometric circuit dimensions are also designed to confine the electrical field
mainly to the ceramic disc. The transmission line is embedded in a multilayer printed circuit board and
forms a ring oscillator with the accompanying electronic circuit. The oscillating frequency is a few
hundred MHz which is advantageous compared to the first design since variations of electrical
conductivity of the water in the disc, e.g. due to varying salinity, has less effect on the measured signal.
The oscillating frequency is measured by a microcontroller and usually provided as so-called “counts”
which are the raw data for calibration experiments. The counts are inversely proportional to the
oscillation frequency. The stability of the ring oscillator is about one count. Together with a dynamic

range of over 1000 counts its resolution is 10 bit.
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In Figure 3.2 both electrode structures are shown - on the left-hand side the comb-like electrodes and

on the right the TDT circuit.

Figure 3.2 The electrode of the comb-like electrodg(left) and the TDT (right).
3.4.4 Ceramic and sensor characterization

The open porosity of the ceramic discs was determined using Archimedes’ principle according to DIN
EN 993-1 (calculation of Archimedes density) and DIN EN 993-18 (technical implementation).
Compressive mechanical strength was measured following DIN51104. Based on image processing
using line intercept count method of crosscut images obtained from scanning electron microscopy in

backscattering mode (SEM-BSE) pore size distributions were calculated as described in [17, 22].

The maximum and minimum count value of each sensor was determined from measurements with

just the circuit board in air and in water.

To correlate the measured count values to the volumetric water content in the ceramic, the ceramics
were first infiltrated with water for 1 min under atmospheric pressure and room temperature, then
set for drying at ambient conditions until a selected count value was reached. For this condition, the
water content of the ceramics was determined by drying the ceramics at 105 °C for 3 using a Halogen

Moisture Analyzer HX204 (Mettler-Toledo GmbH, GieRen, Germany).

To analyze the temperature sensitivity of the sensors at different moisture levels, the sensors were
infiltrated with water at the conditions already mentioned and also dried to a selected count value.
The sensors were then completely sealed with a plastic cover and exposed to temperatures ranging

from 5 °C to 50 °C in a refrigerator and drying oven.

For air drying experiments the porous ceramics were infiltrated with water and then set to dry under

the conditions already mentioned.

For soil drying experiments lawn base layer with lava sand and coconut substrate were used as model

soils, 16 vol% of distilled water was added during continued mixing using a dissolver stirrer. Sensors
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were placed in the soil, and drying took place at room temperature (approx. 20 °C), atmospheric

pressure and a relative humidity of 36 + 3 %.

Commercially available soil sensors used in this work were: the SMT100 (TRUEBNER GmbH, Neustadt,
Germany) measuring the soil water content using a transmission line within a time domain
transmission (TDT) circuit; the TEROS 21 Gen.1 formerly MPS-6 (METER Group, Inc., Munich, Germany
formerly Decagon Devices, Inc., USA) a matric potential sensor using an impedance of 70 MHz signal
in equivalent porous medium [64]; and the T8 tensiometer (METER Group, Inc., Munich, Germany
formerly UMS GmbH, Munich, Germany) a matric potential sensor measuring the tension of water

directly at a pressure transducer [64].

3.5 Experimental results

3.5.1 Ceramic and sensor properties

We characterized our white and brown ceramics regarding their open porosity €.pen, mechanical
compressive strength o. and pore size distribution to determine the highest possible porosity with

acceptable strength for our ceramics.

The brown kieselguhr system shows a compressive strength of 27 £ 2 MPa at an open porosity of
52 £ 0.2 % when prepared without secondary fluid and a compressive strength of 12 + 3 MPa at an
open porosity of 59+ 0.1 % with ¢sec =7 vol%. The white kieselguhr system shows a compressive
strength of 11+ 1 MPa at an open porosity of 65+ 0.2 % without added secondary fluid and a
compressive strength of 6+ 1 MPa at an open porosity of 69 £ 0.1 % with ¢sec =4 vol%. At a given
porosity the compressive strength of both kieselguhr systems is similar to that of aluminum oxide, one
of the most widely used ceramic material [23]. Compressive strength of > 5 MPa was proven to be high
enough to withstand all relevant stresses which were applied to the ceramic discs and the sensor
during the laboratory and field tests. Therefore, the brown kieselguhr ceramic with a porosity of 59 %

and the white kieselguhr ceramic with a porosity of 69 % were used for setting up the sensors.

The dimensions, characteristic pore size distribution data, mechanical strength and porosity of the

discs made from brown and white kieselguhr used in our sensor setup are summarized in Table 2.

Corresponding SEM images, particle size distribution data and photographs of the sensors are shown

in Figure 3.3.
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Table 3.2 Data of ceramic characterization of brown and white kieselguhr ceramics.

. . . X X X £ G
ceramic type diameter / mm height / mm 103/ Xs03/ Xs03/  Eopen/ </

um um um % MPa
brown ceramic 43.0+0.2 5.0+ 0.2 16 41 72 59+3 1243
white ceramic 43.0+0.2 5.0+ 0.2 44 101 159 69+3 6+1
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Figure 3.3 Comparison of the the brown (top) and white ceramics (bottom): SEM images of polished

surfaces of sintered parts (cavities in black and ceramic material in white) [a), d)], pore size

distribution gs (Xpore) and Qs (Xpore) [b), €)], top view of the ceramics [c), f)].

In order to establish the correlation between volumetric water content in the ceramic and a count
value measured with the sensor, both white and brown kieselguhr ceramics with different water
contents were analyzed. Explicit care was taken to ensure that there was no water between the plate
and the ceramic, since this could induce systematic measurement errors. As the ceramics are
completely infiltrated with water, values of 3400+ 5 counts are obtained for the sensor. For
completely dried ceramics, values of 4450 £ 5 counts are obtained. There is no significant difference
whether the measurements are performed using brown and white ceramic discs. Thus, neither the
material type nor the pore size distribution has a significant influence on the count values. The linear

correlation between counts and volumetric water content in the ceramic is shown in Figure 3.4 (left).

For the experiments on the temperature dependence of the sensors between 5 °C and 50 °C, it was
crucial that the sensors were completely sealed and no water could evaporate, which would distort

the measurements. Sensitivity measurements were performed with both brown and white kieselguhr
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ceramics at different water contents. Regardless of the water content in the ceramic, there is a
variation of up to 100 counts between the measured value at 5 °C and that at 50 °C (see Figure 3.4
(right)). Since the influence of the temperature is independent of the water content, this could be
compensated by an additional control in the sensor. There is no significant difference in the use

between brown and white ceramics.
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Figure 3.4 Correlation between measured counts and volumetric water content in white and brown
ceramics (left) and sensors sensitivity with constant vol. water content: counts are plotted versus

temperature (right).

The results of the air-drying experiment are shown in Figure 3.5. Fully infiltrated and submerged in
water the sensors showed count values of approx. 3200 + 5 counts for both ceramic types. The drying
curves of the sensors with both ceramics do not show significant differences, although the ceramics
show significant differences in the pore size distribution (see Figure 3.3). Obviously, the difference in
pore size distribution of the two ceramics is not significant for drying kinetics under atmospheric
pressure. In air at dry state the sensors mounted with white ceramics showed count values of approx.

4450 £ 5 counts and for sensors mounted with brown ceramics approx. 4400 + 5 counts.
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Figure 3.5 Drying experiment in air at 25 °C: counts are plotted versus time in hours, ceramic drying
curves of six different TDT circuit sensors: three sensors with brown and three sensors with white

ceramic discs.
3.5.2 Soil moisture measurement experiments

To test the electronic layout of the sensor and the different functionality of the two ceramics in soil
and to test the sensor, soil moisture measurement experiments were conducted in soils with different

particle size distributions.

The aim of these experiments was to find out the potential of the sensor for optimized irrigation,
collect sufficient data to correlate measured counts with soil water potential and to compare the

functionality of our sensor with commercially available sensors.

For the experiments, sensors mounted with brown and white ceramic discs were installed in two
different soils for laboratory experiments and in field experiments at Hegehof, Erlenhof, at the
Teaching and Research Institute for Horticulture in Heidelberg, Germany (LVG) and at a measuring
station at Hermeskeil and at Merzalben in the Rhineland Palatinate High Forest in cooperation with
the Landesforsten Rheinland-Pfalz — forestry administration. A dielectric sensor for volumetric water
content (SMT100), tensiometers (T8 and ES-3V 500) and a soil water potential sensor (TEROS 21) were

used in this measurement campaign for comparison.
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Laboratory experiments

For the soil drying experiments, 16 vol% water was mixed into the respective model soils. Six TDT
circuit board sensors with ceramic discs of brown (three) and white kieselguhr (three), two sensors
without ceramic for control and one commercial sensor ES-3V 500 tensiometer for comparison were

placed in the soil.

In Figure 3.6 the corresponding drying curves for the experiment in the model soil lawn base layer are
shown with counts plotted vs. time for our sensors and tensiometer data in mV vs. time. Based on
manufacturer information [89] tensiometer data x were converted from mV into soil water potential
values y in hPa as shown in Table 33 according to

y = 0.25x — 125.

At the beginning all sensors are essentially dry and the initial count values were around 4400 counts
for the brown and 4500 counts for the white ceramic discs, respectively. Then the sensors were placed
in the wet soil, soak up with water and reach count values of 3250 for the brown and 3350 counts for
the white ceramic discs, respectively, within minutes. Then, a hydraulic equilibrium with the
surrounding soil was established within about 50 h as indicated by a constant level of counts. For the
sensors mounted with brown ceramic discs at about 3400 counts and for the ones equipped with white
ceramic discs at about 3500 counts. Subsequently, all sensors with white ceramic discs almost ran dry
within approx. 150 h showing a value of about 4200 counts, but still kept steadily, but slowly drying to
about 4400 counts within 300 h. The sensors mounted with brown ceramic discs were mostly dried
after approx. 200 h and kept steadily drying to about 4200 counts within 300 h, too. The sensors with
the white ceramics exhibited a count increase to the dry level much faster than those with the brown
discs and we attribute this to the different pore size distribution with smaller pores and hence stronger

capillary forces in the brown ceramics.

Within each set of ceramic types, however, no significant difference was observed regarding absolute
count values and characteristic drying kinetics. The sensors without ceramic discs exhibited a
monotonic increase in count values without equilibrium plateau value or a sharp increase
corresponding to drying out. Instead, they monitored the monotonic loss of water in the soil. However,
the absolute values of counts differed significantly between both sensors, which could be due to

moisture content inhomogeneities in the soil.

The tensiometer established a hydraulic equilibrium with the surrounding soil just as both ceramics

did. Subsequently, the SWP steadily increased until the tensiometer ran dry after approx. 125 h
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reaching approx. 1790 mV (322 hPa), 50 h later the tensiometer was refilled, but ran dry again within
approx. 25 h, ending at the upper measuring limit of 3300 mV (700 hPa). According to the data sheet,

the tensiometer has a certified upper measuring limit of 2500 mV (500 hPa).

Table 3.3 Conversion of tensiometer data from mV to soil water potential in hPa.

tensiometer/mV 500 1000 1500 2000 2500 3000 3500
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Figure 3.6 Drying experiment in model soil lawn base layer: counts are plotted versus time in hours,
ceramic soil drying curves of eight different TDT circuit sensors: three sensors with brown and three
sensors with white ceramic discs, two without ceramic disc, and one commercial tensiometer (ES-

3V 500).

In Figure 3.7 the corresponding drying curves for the experiment in the model soil coconut substrate
shown with counts plotted vs. time for our sensors and tensiometer data in mV vs. time. Here, the
tensiometer data x were converted from mV into soil water potential values y in hPa just as in Figure

3.6 according to Table 3.3 based on manufacturer information [89].

The drying experiment in coconut substrate was very similar to the experiment in lawn base layer
shown in Figure 3.6. At the beginning of the experiment, all sensors are essentially dry. After the
sensors are placed in the moist soil, they become saturated with water and establish a hydraulic

equilibrium with their surrounding soil, indicated by a constant level of counts. Here, count values of
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3400 for the sensor with brown ceramic discs and 3500 for the sensor with white ceramic discs are
reached. Subsequently, all sensors with white ceramic discs almost ran dry within approx. 300 h
showing a value of about 4300 counts, but still kept steadily, but slowly drying to about 4400 counts
within 800 h. The sensors mounted with brown ceramic discs were mostly dried after approx. 800 h.

Jus

Just like in the drying test in the lawn base layer, the sensors with the white ceramics exhibited a count
increase to the dry level much faster than those with the brown due to bigger pores and hence weaker

capillary forces in the white ceramics.

Also in this experiment, the tensiometer establishes a hydraulic equilibrium with the surrounding soil
just as both ceramics did. Subsequently, the SWP steadily increased until the tensiometer ran dry after

approx. 175 h, also reaching approx. 1790 mV (322 hPa), after which it ceased to provide useful data.
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Figure 3.7 Drying experiment in model soil coconut substrate: counts are plotted versus time in hours,
ceramic soil drying curves of eight different TDT circuit sensors: three sensors with brown and three
sensors with white ceramic discs, two without ceramic disc, and one commercial tensiometer (ES-

3V 500).
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Field experiments
Hegehof

The sensors were installed in an asparagus bed in a depth of approx. 15 cm under plastic foil. Irrigation
took place only through natural precipitation. The measuring period examined was between
April 21, 2020 and June 06, 2020. In Figure 3.8 the variation of temperature during this is shown. The
temperature in the soil ranged between a minimum of 10 °C and a maximum of 30 °C and reproduces
the usual temperature fluctuations between day and night. All sensors exhibited the same
temperatures during this trial. Furthermore, Figure 4 shows the corresponding soil moisture

measurement values for the sensors with brown and white ceramic discs as well as for the SMT100.

The curves can be divided into three sections: the first section lasts up to about 250 h, the second to
about 475 h and the last period extends to the end of the measuring period at 800 h. In the first range,
the sensors with brown and white ceramic discs form a hydraulic equilibrium at approx. 3900 counts
(white) and at approx. 3500 counts (brown). In the second regime precipitation took place on the
fields. The sudden drop in temperature also indicates an atmospheric low-pressure period. The counts
of the sensor with the white ceramic discs therefore dropped to 3750 counts and those with brown
ceramic discs to approx. 3700 counts. The sensors reacted here with a strong delay, since the
precipitation is only slowly absorbed into the asparagus soil wall due to the protective plastic film
covering it. In the third period, the process of natural precipitation was repeated. Here, the count
values for the sensor with white ceramic discs reached a minimum of 3600 and those for the sensor
with brown ceramic discs a minimum of 3450. Both precipitation events were also recorded by the
SMT100: volumetric water content increased from the first to the second regime from 11.5 vol% to

12.2 vol% and finally to 13.5 vol% in period three.

Although the SMT100 gives a relatively accurate indication of the increasing moisture in the soil, it is

not possible to determine how much soil water is available for the plants.

The difference in the measurement values of the sensors with brown and white ceramic discs can be
attributed to the different pore size distributions. The pore size distribution of the brown ceramic is
much narrower than that of the white ceramic and has predominantly small pores. As a result, the
brown ceramics exhibit a higher capillary effect and, in this case, extract more water from the

surrounding soil than the white ceramics.
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Figure 3.8 Soil moisture measurement experiment at Hegehof in asparagus field: counts are plotted

versus time in hours for our new sensors, vol. water content vs. time for the SMT100

Erlenhof

For the experiments at the Erlenhof, a total of four sensors were installed in two 50 L pots between
27.04.2020 and 04.08.2020. The pots were filled with coconut substrate and planted with blueberries.

The blueberries were regularly irrigated by an automatic irrigation system.

In Figure 5 the corresponding temperature is plotted vs time for all sensors in both blueberry pots.
Further, in Figure 5 the corresponding soil moisture measurement curves are shown with counts
plotted vs. time for the sensors with white ceramic discs and vol. water content vs. time for the

SMT100.

The temperature in the substrate of both pots started at approx. 20°C on April 27 and fluctuated
between a minimum of approx. 10 °C and a maximum of approx. 28 °C in the following weeks. The
blueberry pots were located outside under a tunnel tent. The usual temperature fluctuations between
day and night are reflected equally by all sensors. The sensors exhibit no significant difference among

each other.
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In the first blueberry pot, the SMT100 measured a water content of approx. 13.5 vol% for the first
1200 h. Subsequently, the water content dropped reaching a minimum of 6.5 vol% after 1650 h and
then increased again to approx. 13.5 vol% in the final measurement period. Over the entire measuring
range, the data fluctuated in a range of + 6 vol%. This could be due to the sensor being installed very
close to the irrigation unit. This means that each irrigation cycle is registered directly by the sensor,
without the water being able to distribute itself evenly in the substrate beforehand. The sensor
mounted with white ceramic discs established a hydraulic equilibrium with the surrounding soil within
24 h at approx. 3400 + 50 counts. After 1200 h the counts values started to rise reaching a maximum
of approx. 4050 + 50 counts at 1650 h, then dropped to 3800 * 50 counts for 100 h, and increased
again to approx. 4050 * 50 counts. Finally, the signal steadily dropped back to 3400 + 50 counts. Like
the SMT100, this sensor was installed close to the irrigation valve. This could allow the water to be
absorbed by the sensor's ceramics during irrigation cycles without being evenly distributed in the

substrate.

The data collected in the second blueberry pot were similar to those from the first pot. The SMT100
data, however, exhibit only weak fluctuations in a range of £ 0.5 vol%. This is due to the greater
distance between the sensors and the irrigation valve. The measuring curve obtained using the sensor
with white ceramic discs ran almost parallel to that of the SMT100 underlining the functionality of the

new sensor.

Finally, this experiment shows that both the SMT100 and our sensor with white ceramic discs captured
the water content in the coconut substrate, a soil which is a very coarse with a xso,3 of approx. 1700 um,
satisfactorily. On the other hand, it also shows that the appropriate placement of the sensor in the

substrate has a significant influence on the measurement results obtained.
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Figure 3.9 Soil moisture measurement experiment at Erlenhof in two blueberry pots: the upper graph
shows temperature vs. time at all sensor positions, in the middle and lower graph counts are plotted
vs. time in hours for our new sensors, vol. water content vs. time in hours for our new sensors, vol.

water content vs. time for the SMT100.
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LvG

For the experiments at the LVG, a total of seven sensors were installed in the tomato research field
(see Figure 6) and eight sensors in the spinach research field (see Figure 7). In the tomato field,
measurements were taken between 29.06.2020 and 06.08.2020 and in the spinach field between
07.10.2020 and 30.12.2020. In both fields, three and four sensors, respectively, were installed at two
different locations approximately 1 m apart at a depth of 30 cm. Both fields were regularly irrigated by
an automaticirrigation system with time schedule. In both Figure 3.10 and Figure 3.11 the temperature
is plotted vs time for the sensors grouped at spot 1. Furthermore, the corresponding soil moisture data
obtained from the sensors with white and brown ceramic discs, the SMT100 and the TEROS 21 are

shown.

e Tomato research field:

The temperature in the soil started at approx. 20 °C on June 29 and fluctuated in the range of £ 1 °Cin
the following weeks. The small temperature variations between day and night are reflected equally by
all sensors, the temperature signals detected by the different sensors exhibited no significant

difference among each other.

At spot 2, initially a relatively dry area, the first irrigation took place after approx. 50 h, which was
registered similarly by all three sensors, but for the ceramic disc sensor the respective count drop came
with some delay. The soil water potential detected by the TEROS 21 then increased from -300 kPa to -
10 kPa within 100 hours, the count value obtained by the sensor with white ceramic discs dropped
from 4325 counts to 3315 counts in the same time interval and the water content measured with the
SMT100 rose from 14.5 vol% to 25.6 vol%. The TEROS 21 then remained at -10 kPa without significant
fluctuations until hour 700, then decreased to -90 kPa and finally rose again to -10 kPa, corresponding
to lower measuring limit of the teros21. In contrast, the further drying (after 375, 600, and 800 h) and
irrigation (after 400, 650, and 840 h) periods were similarly registered by the SMT100 as well as the

ceramic disc sensors.

Since spots 1 and 2 were only about 1 m apart, the drying and watering processes detected by the
three sensors were similar to each other. For the SMT100 at spot 1, the irrigation cycles were
registered more strongly than at spot 2. For this sensor, for example, the measured water content in
the soil even increased to approx. 35 vol% during the first irrigation period after 100 h. For the sensor
with white ceramic discs and the TEROS 21 at spot 1, for example, the drying period after 600 hours

showed up more pronounced, the sensor with white ceramic discs measured 4235 counts at this spot
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and the TEROS 21 detected a soil water potential of - 215 kPa. In contrast, at spot 2, the TEROS 21
registered no drying phase at all and the sensor with white ceramic discs detected a less pronounced
drying phase. In addition, a sensor with brown ceramic discs was used at spot 1. Here, too, the
transient counts data vary similarly as the data of the SMT100 showing the irrigation and drying cycles.
However, since the pores of the brown ceramic discs were much smaller than those of the white
ceramic discs, they retain the stored water more strongly, and as a result, the drying cycles in particular
show up less pronounced. Here, the measured values increased to a maximum of 3600 counts after

800 h.

These measurements show in particular that the installation location of the sensor is significant for the
obtained results. Even small differences in the distance to the irrigation unit among the individual
sensors can cause significant differences in the obtained results. Basic irrigation or drying trends,

however, were properly detected by all sensors at all installation locations in this trial.
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Figure 3.10 Soil moisture measurement experiment at LVG in tomato research field: the upper graph

shows temperature vs. time at all sensor positions, in the middle and lower graph counts are plotted

vs. time for the new sensors with white and brown ceramic discs, vol. water content vs. time for the

SMT100 and soil water potential vs. time for TEROS 21
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e Spinach research field:

The subsequent experiments in the spinach field at LVG were similar to those in the tomato field, but
this time sensors with brown ceramics were installed at both spots and irrigation was carried out more
regularly. Furthermore, the measuring domain of the TEROS 21 was reduced to a range of O to

— 23 kPa.

The temperature in the soil started at approx. 18 °C on October 7 and steadily decreased to approx.
8 °C on December 30. Day and night fluctuations in the range of £ 1 °C during the whole measuring

process were reflected equally by all sensors.

In the spinach field experiments, a total of five irrigation events were recorded by all sensors at both
spots: after 35 h, 220 h, 730 h, 970 h, and 1500 h. If irrigation 3 at 730 h is neglected, all irrigations
occurred after similar readings were obtained for the respective sensor at both spots with non-

significant variations, data are summarized in Table 3.4.

Table 3.4 Data for the irrigation events at spot 2 and 1.

spot white / counts TEROS 21 / kPa SMT100/ % brown / counts
2 3484 £ 10 11.7+0.5 16.5+2.8 3292 £ 35
1 3406 + 25 11.9+0.6 16.5+2.8 3567+ 10

The differences between spot 2 and 1 were negligible for the sensor with white ceramic discs, the
TEROS 21 and the SMT100. Only the sensors with brown ceramic discs showed a significant difference
of 276 counts on average between the two spots. This could be due to the narrow pore size distribution
and small average pore size in this ceramic. Due to the small pores, the ceramic might not be able to
establish a hydraulic equilibrium with the different particle size ranges in the soil and thus may exhibit

a significantly higher dependence on the correct positioning during installation.

The sensor with white ceramic discs provided promising results similar to the TEROS 21 in determining
plant-available water in the soil. Compared to the SMT100, the transient data provided by these

sensors show similar variations over time with high accuracy and little scatter.
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Figure 3.11 Soil moisture measurement experiment at LVG in spinach research field: the upper graph

shows temperature vs. time at all sensor positions, in the middle and lower graph counts are plotted
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potential vs. time for TEROS 21.
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Forest field experiments

For the forest field experiments, sensors mounted with brown and white ceramics and a dielectric
sensor (SMT100) were installed at a measuring station at Hermeskeil in the Rhineland Palatinate High
Forest and at Merzalben in Palatinate Forest in cooperation with the Landesforsten Rheinland-Pfalz-
forestry administration. The results of the soil moisture measurements are shown in Figure 3.12 for
Hermeskeil and Figure 3.13 for Merzalben. In both cases irrigation took place only through natural

precipitation.
e Hermeskeil:

At the measuring station a tensiometer (T8) was already installed in a depth of 60 cm. The six additional
sensors were mounted in a depth of 30 cm and 60 cm. The measuring period examined was between

Mai 27, 2020 and August 12, 2020.

All three sensors used at a depth of 30 cm registered the precipitation events after 210, 550, 1200,
1650 h. According to the measurements, however, the forest soil dried out over the whole measuring
period. The measured values of the sensor with white ceramic discs increased over the measuring
period from 3860 to 4230 counts and those with the brown ceramic discs from 3530 to 4070 counts.

At the same time the water content according to the SMT100 decreased from 19.5 to 14.8 vol%.

The data recorded with the sensors at a depth of 60 cm are similar to those at a depth of 30 cm. The
difference, however, is that the precipitation events are not registered by the sensors at a depth of
60 cm. Only for the first event after 210 h the sensor with white ceramic discs as well as the T8
tensiometer show a slight drop in the measured values. Overall, the long term drying out of the soil
became even clearer at a depth of 60 cm: here the count values detected by the sensor with white
ceramic discs increased from 3820 to 4260 counts and those registered with the brown ceramic discs
sensor increased from 3580 to 4210 counts. At the same time, the vol. water content according to the
SMT100 drops from 23.8 to 18.4 vol%. TheT8 tensiometer registered an increase in soil water potential
to the degree of drying out completely after 1000 h, reaching the maximum reading of 825 hPa. This
is followed by the typical drying-out behavior of such kind of tensiometer itself, in which the measured

values decrease constantly, but not related to a change in soil humidity.

This experiment revealed a great disadvantage of the commercial tensiometer, which was no longer
functional above a certain soil water potential and required increased maintenance. Especially in

remote areas, our sensor offers a valuable alternative, since it does not require any service and can
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still measure far beyond the soil water potential limit specified by the classical tensiometers (here

825 hPa).
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Figure 3.12 Drying experiment in forest soil (Rhineland Palatinate High Forest — Hermeskeil): counts
are plotted vs. time in hours for the sensors with the ceramic discs, vol. water content vs. time for
the SMT100 and soil water potential vs. time for the T8 tensiometer. Time =0 h corresponds to the

date May 27, 2020, and time = 1833 h to August 12, 2020
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e Merzalben:

At the measuring station a tensiometer (T8) was already installed in a depth of 30 cm. The three
additional sensors were mounted in a depth of 30 cm. The measuring period examined was between
April 1, 2020 and July 21, 2020. The temperature in the soil started at approx. 5 °C in April and steadily

rose to approx. 15 °Cin July. The sensors exhibit no significant difference among each other.

The sensor mounted with brown ceramic discs quickly established a hydraulic equilibrium at approx.
3500 counts and did not show a significant change for 2250 h. From this point on, the ceramic dried
out monotonically within the next 50 hours to approx. 4200 counts. Subsequently, the value dropped
to 3500 counts indicating strong rain. Then the ceramic discs dried out again within the next 250 h to
subsequently register strong rain again after 2800 h indicated by another drop to approx. 3500 counts,

and finally another drying process started.

The sensor mounted with white ceramic discs also established a hydraulic equilibrium at approx.
3500 counts at the beginning, but quickly started drying until after 750 h a count drop to 3370 counts
was registered. The rain was also detected by the SMT100 with an increase in water content from
13 vol% to 15 vol%, and for the T8 a decrease in soil water potential from 146 hPa to 77 hPa was found
within that period of time. During the next 2000 h, the sensor equipped with the white discs repeatedly
captured switches between drying and irrigation by rain, which was detected consistently also by the
SMT and the T8 sensors. After approx. 2700 h, however, the tensiometer ran dry, as indicated by the
monotonic drop in the measured values over the remaining period in time. At this point, the great
advantage of the new sensor concept is evident, as it continued to register rainfall and dry periods,
which is characterized by falling and rising count values registered at times > 2500 h. The SMT100 also
continues to work reliably even in very dry soil. However, it only indicates the volumetric water
content, which, as already explained above, requires additional information about the soil properties

for reasonable interpretation
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Figure 3.13 Drying experiment in forest soil (Palatinate Forest — Merzalben): temperature is plotted
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discs, vol. water content vs. time for the SMT100 and soil water potential vs. time for the T8
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3.6 Discussion

To make irrigation efficient and resource-saving, the water available to plants in the soil should be

determined reliably and accurately. With this goal in mind, we developed a novel sensor.

In order to retrieve the soil available water for plants, this sensor detects the resonance frequency of
an electrical circuit, which includes two ceramic discs as dielectric layers in a capacitor layout. The
resonance frequency depends on the water content in these discs, i.e. the amount of water absorbed
from the surrounding soil, and is subsequently converted into so-called counts as an output signal of
the sensor system. However, the counts are only raw data which should be converted into the soil

water potential, since this parameter is generally used to characterize the water available for plants.

To achieve this, the soil water potential obtained from a commercial T8 tensiometer is plotted as a
function of the count values recorded with the novel sensor during forest soil experiments in
Hermeskeil and Merzalben, as well as in laboratory experiments in lawn base layer and coconut
substrate. Corresponding data are shown in Figure 3.14. During the experiments in Hermeskeil, the
upper measurement limit of 850 hPa of the T8 tensiometer was exceeded, but the ceramic disc sensor
still recorded data during further drying of the soil. A linear correlation was assumed to extrapolate
water potential data corresponding to these count values (shown as open symbols in Figure 3.14). An

empirical function was fitted to the whole set of data points (see equation (10)):

1
a+b-counts®

SWP = f(counts) =

a=0.1
b=-0.01
c=0.274

Based on this function, the count values from the new ceramic sensor can be converted into soil water
potential data with a reasonable accuracy £ 100 hPa, no additional knowledge about soil composition

is required.

In the wet regime around 3400 counts the measured data show irregular scatter. This could be due to
the delayed data logging of the T8 tensiometer, which occurs during abrupt changes in soil moisture
such as heavy rain. Our sensor does not exhibit this delay. As a result, measured count values are

assigned to soil water potential values that are too high. In addition, hysteresis in the irrigation and
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drying process occurs with tensiometers such as T8 [90]. For this reason, fluctuations of + 50 hPa in

soil water potential up to 3800 counts are present in the correlation.

Particularly in the dry regime > 4000 counts, the soil water potential values obtained at a given count
value in the Merzalben soil are systematically higher than those recorded in the Hermeskeil soil. this
could be due to the different particle size distributions in these soils. Since the soil in Hermeskeil
includes a larger fraction of small particles, the water is bound more strongly there, especially in the
dry regime. The sensor including the white ceramic discs with a wide pore size distribution was
explicitly designed to form a hydraulic equilibrium with all soils. However, there are apparently still
systematic differences in the range of + 100 hPa in the measured data when the particle size

distribution in the soil differs greatly.

With our novel sensor and the empirical model proposed in equation (10), it is now possible to
accurately characterize the soil water potential from very wet to very dry conditions up to 1200 hPa
independent of the soil type with an accuracy + 100 hPa. The reproducibility of SWP determination in

a single given soil even is + 15 hPa.
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Figure 3.14 Correlation of soil water potential data (T8) and count values from the sensor with white

ceramic discs recorded during drying experiments in model soil lawn base layer and coconut substrate

as well as forest soil (Palatinate Forest — Merzalben and Rhine land Palatinate High Forest —

Hermeskeil).
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3.7 Conclusion

We presented a novel sensor for soil moisture characterization. This device includes a printed circuit
board with tailored electronic layout and two porous ceramic discs mounted on it. Dielectric
measurements are used to determine the amount of water absorbed by the discs which is considered
to be related to the soil water potential. The porous ceramic discs were fabricated using an innovative
processing route employing so-called capillary suspensions as pre-cursor [17, 22] allowing for tailoring
a wide pore size distribution, very high porosity, and sufficient mechanical strength. The novel sensor
is a highly sensitive and robust device with a wide measurement range, as confirmed here in a large

number of field trials in direct comparison with competing products.

The new sensor provides accurate and reliable results, in particular, the experiments with controlled
irrigation have shown that the sensor provides data with high accuracy and low scatter. It is thus a

valuable tool, suited for optimizing irrigation in agriculture.

Based on a comparative study including three very different soil types a universal, empirical
relationship between the output signal of the new sensor and the soil water potential as obtained
using a T8 tensiometer was established which allows for a determination of the soil water potential

without knowledge about the soil composition.
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Abstract

Dedicated hierarchical structuring of functional ceramics can be used to shift the limits of functionality.
This work presents the manufacturing of highly open porous, hierarchically structured barium titanate
ceramics with 3-3 connectivity via direct ink writing of capillary suspension type inks. The pore size of
the printed struts (~1 um) is combined with a printed mesostructure (~100 um). The self-organized
particle network, driven by strong capillary forces in the ternary solid/fluid/fluid-ink, results in a high
strut porosity and the distinct flow properties of the ink allow for printing high strut size to pore size
ratios, resulting in total porosities > 60 %. These unique and highly porous additive manufactured log-
pile structures with closed bottom and top layers enable tailored dielectric and electromechanical
coupling, resulting in an energy harvesting figure of merit FOMs3; more than four times higher than any
documented data for barium titanate. This clearly demonstrates, that combining additive
manufacturing of capillary suspensions in combination with appropriate sintering allows for creation
of complex architected 3D-structures with unprecedented properties. This opens up opportunities in
a broad variety of applications, including electromechanical energy harvesting, electrode materials for
batteries or fuel cells, thermoelectrics, or bone tissue engineering with piezoelectrically stimulated cell

growth.
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4.1 Table of Content

We fabricated highly porous, hierarchically structured barium titanate ceramics with 3-3 connectivity
via direct ink writing using capillary suspension type inks. The unique pore structure yields remanent
piezoelectric strain coefficient values similar as for dense barium titanate but at = 60% porosity and an
energy harvesting figure of merit four times higher than any documented data for this particular

material.
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Figure 4.1 Giant Functional Properties in Electroceramics - Table of Content
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4.2 Introduction

Complex porous ceramic structures are relevant for a wide range of applications, as they can be used
for filtration of liquids, chemical reactive media or high temperature gases, as catalyst carriers, heat
exchangers, lightweight construction materials and bio-mimetic materials, e.g. as bone substitutes. [1,
6—10] The microstructure, i.e. the open and closed porosity, the pore size, the pore orientation, the
grain size, the degree of sintering and the hierarchical structure has to be carefully adapted to the
demands of the respective application. [1, 2] To date, however, most applications focus on the
mechanical and thermal properties of these mesostructures. Here we demonstrate that combining the
mechanical properties with functional ceramics opens up new pathways for designing a new class of
functional materials. These architected, hierarchically organized structures can be used to enhance the

functional properties of electroceramic materials beyond previous limits.

Porous ceramics are usually manufactured by sacrificial templating, direct foaming, replica technique
or partial sintering. [1, 2, 91-93] A novel, innovative and inexpensive method for creating highly open
porous ceramics has recently been developed by Dittmann et al.. [17] It is based on the capillary
suspension (CapS) phenomenon introduced by Koos et al.. [18] A CapS is an ink consisting of particles,
a bulk fluid, and a small fraction of an immiscible secondary fluid. The capillary forces acting in this
ternary solid/fluid/fluid system induce the formation of a self-organized, sample-spanning particle
network with high shear modulus and yield stress, suited as a precursor for the porous sintered body.
Fabricated porous ceramics are composite materials (ceramic —air) and are generally used as structural

materials. [7]

AM of ceramic materials has attracted huge interest, since it allows for rapid prototyping, but also
versatile and cost efficient production of parts with complex shape since no expensive tools or
additional moulds are needed. [5, 94-96] So far there is a strong focus on dense objects with complex,
often cellular, shape. However, AM has also been combined with various above mentioned porous
ceramic concepts to obtain hierarchically structured cellular materials with exceptional specific

strength. [24, 96, 97]

Beyond that, such complex structures can be combined with functional ceramics to obtain new
materials with unique properties based on synergies of composite structures and functionality. A high
demand for such complex structures with different functionalities currently emerges in the field of
energy conversion. lon exchange in fuel cells can be dramatically increased with a large surface area

of oxygen or proton conducting materials. [98, 99] Future solid state batteries will only be competitive
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if the volume of active material can be dramatically increased with short conductive paths. [100] A
combination of AM and self-organized particle networks yields a hierarchically structured cellular
material with high specific strength. [24, 53, 96] Such synergy effects may also be used to improve
mechanical and thermal energy conversion. By tailoring the electrical and thermal conductivity the
efficiency of thermoelectric materials can be dramatically improved. [101] Similar effects can be
observed for mechanical energy harvesting when the dielectric and electromechanical coupling is
carefully adjusted. [102] Looking at nature, bone is a similar functional material exhibiting distinct
porosity. It is a composite material consisting of collagen and hydroxyapatite, both exhibiting
piezoelectric characteristics. [103—-106] This intrinsic piezoelectric behavior of bone is discussed as one
of the mechanisms governing bone healing and re-structuring processes. For this reason, research
focuses on new types of electrically active implants that stimulate cell growth in the bone through
stress induced surface charges. [107-109] The use of such active implants could be applied, for
example, in the treatment of osteoporosis, bone loss of astronauts in space [110] or the design of

flexible piezoelectric nanogenerators for biomechanical energy harvesting [111-113].

To take the next step forward in developing hierarchically structured functional materials, additive
manufacturing comes into play, as it enables the manufacturing of precise structures with complex
geometries or assemblies with interconnected structures. Using AM, a broad range of degrees of
connectivity such as 0-3, 1-3, 2-2, 3-3 are accessible. Here, the first number refers to the connectivity

of the material and the second number refers to the connectivity of the porosity. [114]

Some studies indicate that for example freeze casting can be used to fabricate structures with 3-0, 3-
3 and 2-2 connectivity and thus enhanced piezoelectric energy harvesting properties can be
achieved. [102, 115-118] According to these studies, the relative permittivity € of a material can be
lowered by increasing porosity and thus the figure of merit FOMs3, the key parameter for energy

harvesting, can be increased (see equation (11)):

d?j
FOMj; = — (11)

g
2

Here dl-jis the piezoelectric strain coefficient and &} the permittivity, both in tensorial notation.
However, the degrees of freedom that structures with 3-0, 3-3 and 2-2 connectivity exhibit cannot be

fabricated as easily using conventional methods such as extrusion, tape-casting, replication, dice-and-

fill, gel-casting and freeze casting as they can with AM methods. [119, 120]
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Moreover, recent studies have shown that especially AM can be used to optimize the microstructural
properties of piezoelectric materials, such as barium titanate (BT), and as a consequence, optimize
functional properties as well. [121] A broad overview of additive manufactured piezoelectric ceramics
is given by Chen et al.. [13] According to this review, BT and BT-based ceramics have already been
investigated using AM techniques such as stereolithography, [13, 122, 123] binder jetting, [124, 125]
extrusion free forming, [126] fused deposition modeling, [127, 128] selective laser sintering, [129]
electrical poling-assisted additive manufacturing [130] or, solvent evaporation-assisted 3D
printing [131]. Only few studies deal with the extrusion or DIW of BT and only a small fraction of those

investigates the production of 3D printed ceramic bodies. [13, 132—-134]

So far, using CapS as a pre-cursor is one of the most versatile and efficient ways to simultaneously
achieve high open porosity (40 —80 %) and pore sizes in the range from 0.5 to 50 um in ceramic
materials, and their microstructure can be finely tuned based on the choice of particle size, particle
loading as well as type and amount of secondary fluid. [17, 22] Due to their distinct flow behaviour
including a high yield stress and pronounced shear thinning, CapS are ideally suited for DIW and
accordingly a second length scale of porosity, i.e. an architected mesostructure can be introduced.
Based on this concept, Maurath et al. [24] adapted the composition of Al,0s-based CapS and
developed appropriate DIW protocols to obtain undeformed, crack-free cellular ceramic structures

with overall open porosity close to 90 % and unusually high specific strength.

The aim of this study is to demonstrate how this innovative ink concept and AM can be used to
fabricate hierarchically structured porous ceramics with outstanding functionality, potentially
applicable for energy harvesting or as bone substitute materials, but also for thermoelectric materials
or as electrode materials in fuel cells and solid-state batteries. The combination of AM and CapsS is
especially well suited to obtain controlled complex porous structures, as it is possible to 3D print 3-3
structures, with the printed struts also being 3-3 composites. We manufactured log-pile structures
with and without printed bottom and top layers from BT-based CapS. Printing behaviour of the CapS-
type pastes as well as the accessible printed and self-organized structures were carefully analyzed. AM
samples were compared to conventionally sintered (CS) reference samples. We employed different
heat treatments and analyzed the different degrees of sintering, with respect to their microstructure
(porosity, grain- and pore size) as well as their piezoelectric response. We could demonstrate that, the
piezoelectric properties of functional ceramics can be taken to a new level by combining AM

techniques and CapS.
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4.3 Materials and methods

4.3.1 Raw materials

Commercial grade BT, 99 % (metals basis) particles were purchased (Alfa Aesar, Karlsruhe, Germany).
The average particle size according to Fraunhofer diffraction is xso3 = 1.05 um (see Figure 4.2 left for
particle size volume frequency - and cumulative distribution). The used particles have a spherical shape
and are therefore well suited for creating capillary suspensions [25] (see Figure 4.2 right SEM image of

the used BT powder). The particles have a density of p = 5.95 g/cm3.

As bulk phase for 3D printing a mixture of 37.6 vol% low viscous paraffin oil (n=0.035Pas,
p =0,85 g/cm3; Carl Roth GmbH & Co. KGaA), 47.4 vol% mineral spirits (p =0,752 g/cm?; Sigma
Aldrich), and 15 vol% stearin wax (p = 0,92 g/cm3; TrendLight Creative GmbH) were used. The wax was
dissolved in the mixture of the two liquid phases by heating the solution up to 70 °C while constantly
mixing with a magnetic stirrer for 15 min. Subsequently, the mixture was further homogenized in a
non-contact planetary mixer (Speedmixer™ 150.1 FVZ, Hauschild GmbH & Co KG) for 5 min at
2400 rpm. The secondary phase was an aqueous solution of 50 vol% D( + )-sucrose (Carl Roth GmbH &
Co. KGaA). The three-phase contact angle of the system Bsg = 31.6 + 5.4° was determined as described

in, [24] placing the system in the pendular state. [17, 18]
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Figure 4.2 Left: Particle size analysis of the used BT powder. Particle size frequency distribution g3 and
sum distribution Qs were determined through Fraunhofer diffraction. Right: SEM image of the used

BT powder.
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The X-ray diffraction (XRD) pattern of the commercial-grade BT powder (99 %, metals basis) is
displayed in Figure 4.3. The diffractogram does not show any secondary phases or significant

impurities.
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Figure 4.3 XRD pattern of commercial-grade BT, 99 % (metals basis) recorded using a D8-A25-Advance

diffractometer (Bruker Corp.).
4.3.2 Sample preparation, printing, and sintering procedures

Suspensions were prepared by mixing BT particles (31 vol%) into the bulk phase in a non-contact
planetary mixer (Speedmixer™ 150.1 FVZ, Hauschild GmbH & Co KG). We prepared a sample volume
of 70 mlin 150 ml cups for 5min at 2400 rpm. Subsequently, the second fluid phase (2 vol%) was added
and the suspension was mixed for 5 min at 2400 rpm. Followed by a subsequent de-agglomeration
step in a three-roll mill EXAKT 80E (EXAKT Advanced Technologies GmbH) with decreasing gap width

from 40 down to 10 um and a roller speed of 160 rpm.

For the so-called conventionally prepared samples, the powder was dried, sieved (250 um sized mesh),
then pre-pressed into 10 mm diameter discs applying 20 MPa in a uniaxial press, followed by

subsequent pressing in a cold-isostatic-press (CIP) at 200 MPa.
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Log-Pile structures and log-pile structures with a bottom and top layer were 3D-printed using a
commercial direct ink writing device (Developer's Kit 3D Printer, Voxel8, Inc.). The structure consists
of 21 parallel lines in one layer and a total of 40 layers. The capillary suspensions were extruded at
room temperature with constant volumetric flow rates and constant print head speed (600 mm/min)
through stainless steel tips with inner diameter of 150 um (Nordson EFD) controlled by the applied
pressure (480 kPa) directly onto porous alumina sintering plates. The distance between the layers of
the log-pile structure was kept constant at z = 0.12 mm. Thereafter, the green body was mechanically
debinded on porous alumina sintering plates at room temperature for 5 days. Organic binder
components and secondary liquid in the green bodies were then burned out in a debinding furnace
(LVT 05/11, Nabertherm GmbH) heating the samples to 200 °C (holding time ty =30 min), 500 °C
(tn = 30 min), and then 800 °C (ts = 1 min) with a heating rate of 2 °C/min.

The samples were treated in a stepwise heating process (all in air and without flux): this means that
the samples were heated in a first sintering step at a heating rate of 5 °C min™ to 800 °C (ts = 1 min)
and with a heating rate of 2 °Cmin™to 1050 °C (ty = 2 h). This was followed by cooling to 800 °C
(tw = 1 min) with a cooling rate of 2 °C minand cooling to room temperature in a sintering furnace
(LHT 04/17, Nabertherm GmbH). After the temperature treatment, the samples were tested for their

electromechanical and piezoelectric properties.

Subsequently, these samples were heat-treated in PT crucibles covered with an alumina lid leaving a
1-2 mm gap using 5 °C/min as heating rate up to 800 °C (1 min) and 2 °C/min up to 1150 °C (tn =2 h)
and finally cooled down to 800 °C (ty =1 min) with a cooling rate of 2 °C/min and then to room
temperature. Afterwards, theses samples were tested for their electromechanical and piezoelectric

properties again.

Finally, the samples were temperature treated at the previously mentioned heating and cooling rates
with the sintering temperatures of 1200, 1250 and 1300 °C (t4 = 2 h). Between each temperature

treatment, the electromechanical and piezoelectric properties of the samples were determined.
4.3.3 Characterization

Rheological characterization of the printing inks was performed using a stress-controlled rheometer
(Haake Mars Il, Thermo Fisher Scientific Inc.) equipped with a plate-plate geometry (upper plate:
titanium, lower plate: stainless steel) with a diameter of 35 mm. Both plates were rough (sandblasted

surface) to prevent wall slip. The experiments were conducted at a gap height of 1 mm and a
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temperature of T =20 °C. The storage modulus G’ and the apparent yield stress 6, were obtained from
the stress amplitude sweep experiments performed at an angular frequency w =1rad/s. G’ was
determined as the plateau value in the linear viscoelastic regime (LVE) and oy was determined as the
shear stress amplitude at the crossover, at which G’ = G”, with the loss modulus G”. [135] The storage
modulus G’ determined as described above is also called shear modulus, since for the gel-like inks or
pastes this quantity is essentially constant in a broad frequency range covering several orders of

magnitude. [24]

The strut porosity €, was determined using the Archimedes’ principle according to DIN EN 933-1. The

true porosity and density were calculated from sample dimensions and weight.

SEM images (S-4500; Hitachi High Technologies Europe GmbH and Zeiss Supra 55; Carls Zeiss AG) of
sintered part cross-sections were used to analyze the microstructure. Pore size was calculated from
the SEM using the line intercept method as described in. [22] Grain size measurements were
performed following a line intercept method using the Lince software (Lince 2.4.2, TU Darmstadt,

Germany).

X-ray computed tomography (XCT) measurements were obtained using an industrial scanner

(XT H 225 ST industrial CT scan, Nikon Metrology Inc.).

For electric characterization, the AM structures, as well as the CS, were sputtered with silver paste on
two opposite sites. Polarization, capacitance, relative permittivity, and piezoelectric coefficient (ds3) as
a function of the electric field at room temperature were analyzed with a piezoelectric evaluation
system (aixACCT, aixACCT Systems GmbH). Polarization and capacitance using a single loop, no
prepolarization, and a hysteresis frequency of 1 Hz. The piezoelectric coefficient for the dense pellet
(1.0 mm height) was measured using a small frequency and amplitude of 1 kHz and 30 V, respectively.
For the 3D-structures (3.1 mm height) using a small frequency and amplitude of 1 kHz and 94V,

respectively.
4.3.4 Microstructural analysis

Figure 4.4 shows the densification rate versus temperature of the BT powder used from the optical
dilatometry experiment. At 1050 °C, the powder used shows no densification. Sintering starts at
1150 °C, indicated by a weak increase in the slope of the densification rate. Thereafter, the
densification rate increases to higher temperatures such as 1200 °C and reaches a maximum at

1250 °C. At a temperature of 1300 °C, the densification process no longer shows any change and the
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material is completely densified. To understand the effects of the degree of sintering on the electrical
properties of a sample, samples without sintering effects (1050 °C), with just formed sinter necks
(1150 °C), the highest compression rate (1250 °C) and the maximum compression (1300 °C) are

investigated.
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Figure 4.4 Densification rate of the used BT using a TOMMI PLUS optical dilatometer (Fraunhofer

Institute for Silicate Research).
4.4 Results and discussion

We used the Cap$S concept to 3D print precise and fine log-pile structures with commercial grade BT.
Figure 4.5 shows the typical microstructure of a sintered BT sample (10x10x5 mm) as obtained using
computed tomography (CT). Viewing the CT scan in z-x axis shows the cross-section of the AM sample
with 20 thin filigree struts stacked in z-direction, resulting in a total of 40 layers (Figure 4.5 b). The
sample shows a slight curvature from the center to the sides and a slightly pyramidal shape, which is
due to the shrinkage resulting from the sintering process, here performed at 1150 °C for 2 h. This is
also the reason for not just seeing one but two layers when slicing the CT scan in the x-y axis (Figure
4.5 c). Shrinkage, however, is much less pronounced for Cap$S than for conventional suspensions, due
to the strong capillary forces still present during de-binding, this also reduces crack formation
significantly. [26, 27] Adjusting the composition of the BT-ink to the distinct wetting and surface

properties of these particles, we were able to print homogeneous struts with a diameter of
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about 100 pm, while spanning pores of up to 400 um (see Figure 4.5 d and e). Such high strut/pore
width ratios of about 1:4 are possible since CapS-type pastes exhibit yield stress (cy) and shear moduli
(G’) significantly higher than the corresponding two-phase suspensions, [27] here o, = 192 + 7 Pa and
G’ = G” =3209 * 152 Pa. Due to the properties of CapsS, it was even possible to achieve strut/pore ratio
of approx. 1:6 (70 um strut and 440 um pore diameter) previously not accessible (see Figure 4.10). The
printed struts exhibit a porosity of a; = 40.3 £ 0.5 % and the 3D printed log-pile structure had an overall
open porosity of a=58.4+0.2%. This is due to the sintered particle network formed by CapS, as
shown in the SEM cross-sectional image in Figure 4.5 f and schematically illustrated in Figure 4.5 h

andi.

Figure 4.5 g) shows a finite element method (FEM) simulation in which an electric field is applied to a
log-pile specimen with dense struts. This simulation shows that the printed struts in the x-y plane are
not affected by the electric field (dark blue area), however, the connected struts in z direction show a
clear electromechanical coupling along the electric field direction. Therefore, this mechanical 3-3
composite has 1-3 electromechanical properties. According to Roscow et al., [102] 3-1 and 2-2
connectivity types show higher values for ds; coefficients than those with uniformly distributed
porosity at similar porosity levels, indicating that the 3D printed structure could be further optimized.
1-3 interconnects would significantly reduce permittivity and thus increase the FOMs;; values, but
provide very low mechanical stability. In contrast, our log-pile structures as 3-3 mechanical and 1-3

electromechanical composites offer both high FOMs; values and high mechanical stability.

In addition to the sample geometry, the grain size and the sample porosity also have a major influence
on the electromechanical and dielectric properties. [136, 137] One way to significantly influence both
is the sintering protocol and here, we focus on the sintering degree of the AM sample made from our

CapS ink in comparison to the CS obtained from the compacted powder.
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Figure 4.5 CT scan of 3D printed BT log-pile structure (10x10x5 mm): overall CT scan (a), crosscut
through struts (b) and horizontal crosscut (c). SEM side view of a broken open log-pile structure (d),
SEM crosscut image of magnified strut (e) and crosscut image with the unique microstructure of
sintered capillary suspensions (f). The electric field intensity in a log-pile structure simulated with
COMSOL Multiphysics®-Software (g). Schematic illustration of a capillary suspensions as paste (h) and
sintered form (i). A paste with 31 vol% particle loading and a secondary fluid volume fraction of 2 %

was used to print this object.

The upper row of Figure 4.6 shows SEM cross-sectional images of AM samples (Figure 4.6 a-d) and the
lower row shows the micrographs of the CS samples (Figure 4.6 e-h) (see Figure 4.11 for enlarged
images). Sintering temperatures range from 1050 °C to 1250 °C with dwell times of 2 h. The
corresponding porosities are shown below each image. The strut porosity data and for the AM samples
also the overall (3D printed scaffold) porosities are summarized in Table 4.1. The grain sizes of all

samples correspond to the initial particle sizes of approximately g; = 1.0 um.
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At a sintering temperature of 1050 °C, both the AM sample (Figure 4.6 a) and the CS sample (Figure
4.6 e) show a low degree of sintering since the temperature is close to but still below the onset
temperature of sintering activity. Although the CS sample was prepared with a cold isostatic press (CIP)
and the AM using the CapS technique, the microstructures as observed in the SEM images appear
similar. However, the samples show significant differences in porosity (Table 4.1), a =35.4 + 1.5 % for
the CSand a =50.6 + 1.4 % for the AM sample. The high porosity of the AM sample is due to the particle
network self-assembled in the CapS-type printing ink. At T=1150 °C the AM sample exhibits a low
degree of sintering, still maintaining the grain size (1.0 um) but reducing the porosity to 40.3 £ 0.5 %.
The sample-spanning particle network now is connected by necks throughout the sample. Necks also
begin to form in the CS sample. As a result, the particles move closer together, the sample shrinks, and

the porosity is reduced to 26.3 + 0.9 %, while the grain size remains unchanged.

When the sintering temperature is further increased to 1200 °C, the necks continue to evolve for both
the AM and CS samples. The grain sizes remain at 1.0 um, but the porosity further decreases to
35.9+ 0.9 % for the AM and 22.7 + 1.4 % for the CS sample. When a sintering temperature of 1250 °C
is applied, the driving force during sintering, i.e., the reduction of the surface energy, is greatest. At
this state the densification is highest. The necks for the AM sample continue to form, causing the
porosity to decrease to 32.5+ 0.5 % with an unchanged grain size of 1.0 um. For the CS sample,
maximum densification occurs, resulting in a low porosity of 3 £ 0.5 % and no grain growth. Higher
sintering temperatures, e.g., above 1320 °C, lead to abnormal grain growth due to a liquid phase in the
BT phase diagram [136] and are not beneficial for the structural properties of the sample. The high
structural stability and compressive strength of porous ceramics from capillary suspensions has been
thoroughly discussed for bulk samples, [22] 3D printed cellular structures, [24] as well as for samples
reinforced via deposition of nanoparticles at the neck between the sintered Al,O; particles. [28] For
the BT-based AM sample studied here (T =1150°C), we found 0.338 £+0.112 for the relative
compressive strength at a relative density of 0.427 + 0.036, consistent with previous reports on

CapsS. [22, 24, 28]
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Figure 4.6 Crosscut SEM images showing the microstructure of AM samples sintered for 2 h at 1050 °C
(a), 1150 °C (b), 1200 °C (c), 1250 °C (d), as well as CS samples sintered for 2 h at 1050 °C (e), 1150 °C
(f), 1200 °C(g), 1250 °C (h), extracted values for strut porosity as are listed underneath. The scale bars
associated with all images is shown in a). The extracted values for grain size g1 are 1.0 £ 0.1 um for

all samples.

Table 4.1 Sintering conditions and corresponding strut porosities as and overall porosities a.

sintering condition strut porosity as overall porosities a

(3D scaffold)
AM 1050°C-2h 50.6+1.4% 63.3+0.5%
1150°C-2h 40.3+09% 58.4+0.2%
1200°C-2h 35.9+0.9% 55.3+0.7%
1250°C-2h 32.5+0.5% 494+04%
CS 1050°C-2h 354+15%
1150°C-2h 26.3+09%
1200°C-2h 22.7+1.4%
1250°C-2h 3.0+0.1%

Next, the effect of sintering temperature and hence porosity of BT samples on piezoelectric properties
will be discussed. Figure 4.7 shows the electromechanical and dielectric properties of the AM and CS
samples. The hysteresis loops of polarization (a, e), strain (b, f), relative permittivity (c, g) and
piezoelectric coefficient ds3 (d, h) of the AM and the CS samples sintered at 1050 °C, 1150 °C and
1250 °C, respectively, are displayed as a function of the applied electric field strength (see Figure 4.12
for samples sintered at 1200 °C and 1300 °C).
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The AM samples show a generally low maximum polarization between 4.90 uC/cm? for 1250 °C and
2.29 uC/cm? for 1050 °C, i.e. polarization decreases with increasing porosity. Similarly, the remanent
polarization decreases from 2.30 pC/cm? to 1.70 uC/cm? and the coercive field from 0.13 kV/mm to
0.51 kV/mm, respectively. The strain loops exhibit a typical butterfly shape and are symmetrical,
except for the 1050 °C sample. The samples show maximum strain values of about 0.05 % independent
of the degree of porosity. Only the strain loop for the AM sample with the lowest porosity of a =49 %
shows a lower maximum strain value. This indicates a loss of electromechanical coupling due to a loss
of connectivity. The remanent relative permittivity dramatically decreases with increasing porosity,
from 2790 for a =49 % to 619 for a = 63 %. However, at the maximum applied electric field, the AM
samples show no significant difference with values between 461 for 1050 °C and 680 for 1250 °C in
relative permittivity. The remanent piezoelectric strain coefficient dssrem value is relevant for this work
because it indicates the amount of charge that the BT samples could retain and provide, e.g. to either
stimulate surrounding cellular tissue when used as an active bone repair material or to accumulate
charge when used as energy harvesting material. The AM sample sintered at 1150 °C with a porosity
of 58 % shows the highest dssem value of 330 pC/N. At both higher and lower porosities, the dssrem
values are lower (101 pC/N for 1050 °C and 234 pC/N for 1250 °C). This occurs due to the reduced
electromechanical coupling, as mentioned before in the context of electric field induced strain for high
porosities. The decrease of dssem for lower porosities results from a changed electric field dependent
behavior. When porosity increases the dssrem l0ooOp becomes wider with higher remanent values. For
increasing electric fields, the values are similar, indicating a high electromechanical coupling up to

rather high porosities.

For the CS samples, a more pronounced influence of the porosity on the electromechanical and
dielectric properties is observed. All parameters significantly increase with decreasing porosity and the
dense sample shows the highest values. While the increase in polarization and permittivity are
dramatic compared to the AM samples, the strain and piezoelectric coefficient have similar values
compared to the AM samples. Only the dense CS sample surpasses the AM samples in maximum strain
and the piezoelectric coefficient reaches similar values for the dense CS and the AM samples. The
maximum polarization of the CS samples increases from 2.38 uC/cm? to 18.50 uC/cm?, the remanent
polarization from 0.80 uC/cm? to 9.84 uC/cm? with decreasing porosity. The coercive field, on the
other hand, shows only a small decrease from 0.28 kV/mm to 0.21 kV/mm. The strain loops have a
butterfly shape and are symmetrical. The maximum strain increases with decreasing porosity from
0.016 % to 0.076 %. This clearly demonstrates the strong influence of reduced electromechanical

coupling in samples without particle networks. The permittivity loops show an increase in remanent
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relative permittivity from 1312 to 9126 with decreasing porosity. In addition, the permittivity at
maximum electric field increases with decreasing porosity from 1154 to 2849. The dense CS sample

sintered at 1250 °C shows the highest disrem value of 377 pC/N.

Air has a significantly lower permittivity than ceramic materials and the permittivity of a porous
ceramic is generally given as product of bulk permittivity and porosity. [138] This is not true for the
data shown in Figure 4.7. While the high field permittivity clearly increases with decreasing porosity
and follows the approximation of the overall permittivity being a product of the bulk permittivity and
the porosity, the remanent relative permittivity is not simply proportional to porosity. Even though the
permittivity increases with decreasing porosity, AM and CS samples behave very differently. Obviously,
the sample microstructure plays a significant role. This is also reflected in the large-signal strain
measurements. While the strain hysteresis of the AM samples remains almost constant, the CS samples
exhibit a significant decrease of the strain output with increasing porosity. This effect is even more
pronounced for the small-signal piezoelectric coefficient. Here, increasing porosity in the AM samples
first leads to an increase in ds3 and a subsequent reduction. For the CS samples ds3 continuously
decreases with increasing porosity and significantly lower absolute values are observed. This shows
that especially the mechanical coupling in the AM samples can be maintained up to high levels of
porosity, while the dielectric response is suppressed by the porosity. The reason for the strong
electromechanical coupling in the AM samples is the ordered particle network in the porous struts and
the mechanical stability of the log-pile structure. So far, only cellular structures fabricated from CapS
based inks using AM allow for this micro- and mesostructural tailoring. AM enables these unique
microstructural interactions and the corresponding unique mechanical 3-3 structure with a 3-3 strut

structure that show 1-3 electromechanical properties.
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Figure 4.7 Polarization (a, e), strain (b, f), relative permittivity (c, g), and ds; hysteresis (d, h) loops of
AM and CS BT samples. Polarization and capacitance using a single loop, no prepolarization, and a
hysteresis frequency of 1 Hz. Piezoelectric coefficient was measured using a small frequency and
amplitude of 1kHz and 30V for the dense pellets (1.0 mm height) and 94 V for 3D-structures
(3.1 mm height).
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For bone substitutes, the dss; value is relevant and can be directly compared with the value of
bone. [103] For sensing or energy harvesting applications, however, the FOMs3 is the relevant
parameter. [132, 138] This quantity directly depends on the ds; value and the relative permittivity (see
Equation (11)). The higher the ds; and the lower the relative permittivity, the higher values are

achieved for the FOMass.

Figure 4.8 displays the values of the coefficients dss, remanent relative permittivity and FOMs; for the
AM and CS samples sintered at different temperatures. The relevant electromechanical and dielectric
characteristics are summarized in Table 4.2. Figure 4.8 indicates the continuous increase of
electromechanical properties for the CS sample with decreasing porosity. The AM samples exhibit
lower permittivity values due to their overall higher porosity, but the trend upon variation of porosity
is the same as for the CS samples. For the piezoelectric coefficient, however, a completely different
behavior appears. Here maximum levels of piezoelectric strain coefficients ds3 are reached for the AM
samples at intermediate sintering temperatures. At these temperatures the sintering activity is high
enough to firmly connect the ordered particle network but still maintains a high level of porosity, finally
resulting in high ds3 and hence high FOMs3 values. In contrast, for the CS samples, the dssrem Values
increase alongside with the strongly increasing remanent relative permittivity. As a result, the FOMs3
remains at a relatively low value for all sintering temperatures, i.e. increasing the degree of sintering

has no significant effect on the FOM33 of the CS samples.

These results show that the combination of a log-pile structure and an ordered particle network fosters
high electromechanical coupling with simultaneous low dielectric response. Printing a log-pile
structure from a normal two-phase BT ink would require either a higher particle loading or the use of
suitable binders. This would lead to a lower porosity and thus to a lower FOM33 as well as to different
debinding and sintering conditions. The strong deviation between electromechanical and dielectric
response leads to a dramatic increase in FOMs; and outperforms current concepts for
electromechanical energy harvesting applications, electrode materials for batteries or fuel cells,

thermoelectrics or bone tissue engineering based on BT.

According to Equation (11), FOMs; depends quadratically on the piezoelectric coefficient dszrem, While
the relative permittivity enters only with the first power. Accordingly, the FOMs; values increase
drastically with increasing dssrem. This is the case for the AM samples at 1150 °C and 1200 °C and the
values of the remanent relative permittivity increase only slightly. Both samples show a large dssrem
value, whereas the remanent relative permittivity still remains low according to the high porosity of

these samples (a =58 % and 55 %, resp.). This results in FOMs3 values as high as 10.28 pC?%/N and
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6.50 pC%/N, respectively. For BT, such high FOMs3 values have not yet been documented. [102] The
FOMassvalue of the AM sample at 1150 °C is more than four times higher than any reported value and
around 3 times higher than the theoretical maximum value for an ideal 2-2 structure. [102] With
materials more optimised for energy harvesting these values can potentially be increased

dramatically. [138]

To understand why such high FOMs3 values are achieved with our CapS based 3D printed porous
ceramics, we have to consider the origin of the high dssem value and at the same time relatively low
remanent relative permittivity. The high dssrem value is a result of the sample spanning particle network
induced by CapS with grain-connecting necks that just formed at the sintering temperature of 1150 °C
(see Figure 4.5). The grains that make up a ceramic material are usually randomly distributed with
respect to the orientation of their crystallographic axis. When exposed to an electric field each grain
as such wants to deform in a direction dictated by the angle between electric field vector and
crystallographic axis. In dense ceramics, however, the local stress distribution in a grain is highly
heterogeneous and determined by the surrounding grains, grain boundaries, domain walls and
defects. This local stress state contributes significantly to the way a single grain can deform when an
electric field is applied. [139] Both an enhancement as well as an inhibition of the local piezoelectric

response is possible, however the macroscopic piezoelectric response is reduced. [140]

In the present case, the clamping effect on each grain is minimized due to the highly porous structure
that allows the grains to freely respond to the applied electric field. This way even large anisotropic
strains can fully develop. At the same time, necking between the particles has evolved to a degree that
allows sufficient electric field distribution throughout the whole sample to trigger the observed

piezoelectric response.

The low relative permittivity can be directly attributed to the high overall porosity, which occurs on
different length scales: on the one hand the CapS ink enables a high porosity of about 40 % within the
printed struts with pore sizes in the lower pm range (< 5 um), and on the other hand of the 3D printed
log-pile structure with macropores in the range of several hundred um, due to the mechanical strength
of the CapS ink, we were able to print with a strut/pore diameter of approx. 1:6 (70 um strut and

440 um pore diameter) and achieve the resulting free spaces (see Figure 4.10).
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Table 4.2 Relevant values for maximum polarization (high field) (Pmax), remanent polarization (Prem),

coercive electric field (Ec), remanent relative permittivity (€rem), maximum relative permittivity (high

field, €max), maximum strain (high field, Sma), remanent strain (Srem), remanent piezoelectric strain

coefficient dszrem and maximum piezoelectric strain coefficient dsamax (high field).

Ts Pmax Prem Smax Srem Ec €rem €max d33rem d33max

[°Cl  [uC/ecm?] [uC/ecm?]  [%] [%] (kV/mm]  [] [[1  [pC/N] [pC/N]
AM 1050 2.2 1.7 0.030 4.3E4 0.51 619 462 101 201
1150 2.9 1.0 0.051 64.7E-4 0.22 1197 564 330 297
1200 3.3 1.8 0.053 19.4E-4 0.30 1657 732 309 312
1250 4.9 2.3 0.049 35.7E-4 0.13 2791 680 234 270
1300 53 2.0 0.047 16.9E-4 0.07 3495 858 145 266
CS 1050 2.4 0.8 0.016 13.9E-4 0.28 1312 1154 68 218
1150 7.2 1.9 0.032 25.3E-4 0.24 2125 1593 157 317
1200 7.2 1.9 0.032 24.9E-4 0.24 3627 2661 147 355
1250 18.4 9.8 0.076 47.3E-4 0.21 9126 2849 377 394
1300 16.4 6.5 0.070 64.7E-4 0.10 5104 2423 175 403
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Figure 4.8 Summarized values of dszrem (a), remanent relative permittivity (b) and FOMas; (c) values as
a function of the sintering temperature for AM and CS samples. in addition, the porosity a of the

respective sample is shown in the legend

In Figure 4.9, the FOMas3 values from our work are compared with the highest values from others [102,
141] achieved with BT. In addition, two models have been included: an ideal 2-2 model and model

predicting FOMs; from the intrinsic material properties and assuming uniform porosity [102].

With the method presented here, the combination of capillary suspensions and additive
manufacturing, we achieve FOMss values that are 486 % higher than those of dense ceramics. This is
far above all previously documented values for BT material. Even the models shown in literature are

clearly below the potential we have demonstrated.
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Figure 4.9 Energy harvesting figure of merit as a function of porosity. Comparison of AM and CS
samples with freeze casted [102], uniform porous burned out polymer spheres (BURPS) [142] BT
samples and two models: a model predicting FOMs3 from the intrinsic material properties assuming

an ideal 2-2 structure and a model assuming uniform porosity.
4.5 Conclusion

DIW is a feasible method for manufacturing complex hierarchical structures from piezoelectric
materials for applications in the field of electromechanical energy harvesting or bone tissue
engineering with piezoelectrically stimulated cell growth. Depending on the application, the properties
can be specifically tailored by 3D printing. Here we focus on the fabrication of highly open porous,
hierarchically structured BT ceramics via DIW using CapS type BT inks providing a unique pore structure
in the printed struts. Dedicated sintering of the printed objects with complex hierarchical structure
and 3-3 connectivity yields unusual piezoelectric functionality. A step-wise heat treatment between
1050 °C and 1300 °C is employed, resulting in different degrees of sintering. The AM sample sintered
at 1150 °C was found to show an overall porosity of 58 % and at the same time the highest dssrem value
of 330 pC N'* which is comparable to dense BT. At the same time this sample was found to show a
remanent relative permittivity of 1197, resulting in a high energy harvesting figure of merit - FOMs3 of

10.3 pm? N}, more than four times higher than documented data for this particular material. This is
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rationalized by the distinct sample spanning network formed in the porous, sintered ceramics made
from CapS-type inks. In order to exploit the full potential of this technology material composition as
well as the 3D printed geometry may be further optimized. The generic concept of combining AM with
self-assembly based on capillary forces in the printing ink may also be applied to create thermoelectric
materials as well as electrode materials for fuel cells and solid-state batteries in order to achieve

complex hierarchical structures with unprecedented functionality.
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4.7 Supporting information
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Figure 4.10 SEM top view of an AM log-pile structure with printed strut widths = 70 um.
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Figure 4.11 Crosscut SEM images showing the microstructure of AM samples sintered for 2 h at
1050 °C (a), 1150 °C (b), 1200 °C (c), 1250 °C (d), as well as CS samples sintered for 2 h at 1050 °C (e),
1150 °C (f), 1200 °C (g), 1250 °C (h), extracted values for strut porosity as are listed underneath. The

scale bars associated with all images is shown in a
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Figure 4.12 Polarization (a, e), strain (b, f), relative permittivity (c, g), and ds3 hysteresis (d, h) loops of
AM and CS BT samples. Polarization and capacitance using a single loop, no prepolarization, and a
hysteresis frequency of 1 Hz. Piezoelectric coefficient was measured using a small frequency and
amplitude of 1kHz and 30V for the dense pellet (1.0 mm height) and 94 V for 3D-structures
(3.1 mm height).
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5 Summary

The novel processing route of manufacturing highly porous ceramics using capillary suspensions (CapS)
as precursor, was first introduced by Dittmann et al. in 2012 [17]. With this concept, macroporous
ceramics with porosities > 50 % and pore sizes in the range between 0.5 and 50 umcan be flexibly
adjusted. 10 years after the concept was introduced, in this dissertation we are presenting the first
product using a porous ceramic based on CapS that has been developed to market readiness.
Furthermore, in this dissertation we extend the range of applications of porous ceramics based on
CapS from structural ceramics to the field of functional ceramics, that were not in the focus of other

researchers, so far. The main results of this cumulative dissertation are divided into two parts.

In part | of this thesis a novel soil water potential sensor was developed and tested in collaboration
with TRUEBNER GmbH, a manufacturer of soil moisture sensors. This device measures plant-available
water, i.e. the soil water potential and can therefore be used to optimize irrigation in agriculture. The
sensor consists of a printed circuit board with tailored electronic layout and two porous ceramic discs
mounted on it. The highly porous (> 69+ 0.1 %) ceramic discs show a sufficient high mechanical
strength (> 6 £ 1 MPa) and a broad pore size distribution (0.5 to 200 um) and were developed using
capillary suspensions as precursors. The new circuit board system was build using a transmission line
within a time-domain transmission circuit. In this way, a change in dielectric response of the ceramic
discs with changing water uptake is detected. The concept was proven by carrying out multiple
laboratory and field experiments in a wide range of soil types, which demonstrated the versatility of
the sensor. In this way, it was confirmed that the signal of the new sensor correlates with the soil water
potential irrespective of soil composition and is thus suitable for the optimization of irrigation systems.
By comparing the new sensor with commercial soil water potentials- and soil moisture sensors, it was
confirmed that the new sensor provides accurate and reliable results. In particular, in the experiments
with controlled irrigation it was shown that the new sensor provides data with high accuracy and low
scatter. A universal empirical relationship was established between the output signal of the new sensor
and the soil water potential determined with a T8 tensiometer through a comparative study with three
very different soil types. Through this, a determination of the soil water potential without knowledge

of the soil composition is possible with the new sensor.
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In part Il of this thesis for the first time a porous electroceramic was manufactured using CapS as
precursor. The CapS were optimized for the use in the 3D printing process direct ink writing in such a
way that previously unattained strut to pore ratio of approx. 1:6 (70 um strut and 440 um pore
diameter) were achieved. In this way, highly open porous hierarchically structured barium titanate
ceramics with closed bottom and top layers and inner 3-3 connectivity were manufactured. Here, the
printed mesostructure (~100 um) was combined with a pore size of the printed struts (~1 um),
resulting in overall porosities of > 60 %. Employing a step-wise heat treatment between 1050 °C and
1300 °C, resulted in different degrees of sintering. The 3D printed sample sintered at 1150 °C showed
an overall porosity of 58 % and at the same time the highest dssem value of 330 pC N? which is
comparable to dense barium titanate. At the same time this sample was found to show remanent
relative permittivity of 1197, resulting in a high energy harvesting figure of merit of 10.3 pm?2 N, which
is more than four times higher than documented data for this particular material. The high dssrem value
is a result of the sample spanning particle network induced by CapS, with grain-connecting necks that
just formed at the sintering temperature of 1150 °C. Here, the clamping effect on each grain is
minimized due to the highly porous structure that allows the grains to freely respond to the applied
electric field. At the same time, the sintering necks between the particles have evolved to a degree
that allows sufficient electric field distribution throughout the whole sample to trigger the observed
piezoelectric response. In this way, it was proven, that by combining the microstructural properties of
the CapS with a printed structure using additive manufacturing, the piezoelectric and

electromechanical properties of electroceramic can be tuned to a previously unattained level.
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6 Outlook

6.1 Soil water potential sensor

In this dissertation in chapter 3, a soil water potential sensor with a porous ceramic based on CapS as
the main component was developed. In a number of laboratory and field experiments it could be
shown that the sensor works up to a soil water potential of 1000 hPa and shows low scatter in the
measurement signal. In future work, the ceramic could be further optimized so that the sensor can be
used up to soil water potential of 15 000 hPa. This could be relevant for research in soil science as it is
the permanent wilting point [143]. For this purpose, the pore size distribution, which has been
relatively broad up to now, would have to be expanded, especially in the number of smaller pores
(< 10 pm). The ceramic could be produced, for example, by particle mixtures of kieselgur with different
particle sizes. One possibility would be to add particles with an average particle diameter of < 20 um.
In this way, the sensor could also be used in particular for optimized irrigation in very fine-grained soils.
In addition, there is still a need for development in the calibration of the sensors. The current sensors
are calibrated individually. In future work, a sensor-independent calibration could be implemented.
For this, it must be ensured in production that, on the one hand, the circuit boards do not differ
significantly from one another and, on the other hand, the microstructure of the ceramics is always

comparable in all ceramic discs.

6.2 Additive Manufacturing of Caps

6.2.1 Electroceramics

In Chapter 4 of this thesis, the functional properties of an electroceramic were significantly improved
by the unique particle network of the CapS and by using additive manufacturing. A commercial BT
powder was used to produce the porous ceramics. Compared to other electroceramics, BT has a lower
maximum ds3 value. Solid solutions of BT-based ceramics with CaZrOs (BaixCaxZri-yTiyOs, BCZT) already
reach excellent piezoelectric properties with ds; values > 500 pC/N [144]. For this reason, in future
work CapS type pastes should be developed with BCZT as solid content, 3D printed and investigated

for their electrical properties.

In this work the 3D printed log-pile structures with closed top and bottom were not explicitly optimized
in their geometrical design to achieve maximum functional properties. Therefore, there is still a need

to explore what structure of the 3D printed components would yield higher ds3- and lower permittivity
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values. In particular, the geometry should be adjusted to maximize the ds3 value and minimize the
permittivity. One possible strategy could be to maximize the printed pore sizes of the objects. The
larger the spanning factor of the printed struts in the component, the larger the pores and the lower
the permeability will be. Based on the work presented here, new piezoelectric devices may be designed

opening up new technological opportunities, especially in the field of energy harvesting.

The rheological properties of the CapS produced in this work were adapted for 3D printing. For this
reason, neither the solid content nor the second-phase content were varied in the paste formulation
for subsequent investigations of the functional properties of the manufactured ceramics. However,
these two parameters in particular allow the microstructural properties of the particle network of the
CapS to be strongly changed. The three regimes I, Il and Il of the CapS show distinct structural
differences. In further work the influence of these structural differences on the functional properties
of electroceramics should be investigated. Printable formulations should be accessible in all three

regimes.
6.2.2 Bioactive Materials

CapS can be used to produce macroporous ceramics with pore sizes between 0.5 and 100 um. With
the use of CapS in 3D printing, the range of printed pores can be increased to > 100 um by selecting a
suitable cellular structure. In the bone tissue engineering field, scaffolds made of osteoconductive and
resorbable materials, such as B-tricalcium phosphate, bioactive glass or hydroxyapatite, are used. In
order to guarantee cell growth, the use of these materials is recommended with pores in the range of
300 — 500 um [145, 146] or, in recent studies, in the range of 700 — 1200 um [147]. The ceramic
material can serve both as a support structure and, depending on the choice of material, as a nutrient
medium for the cells. Since CapS can be used to 3D print hierarchical structures and there are no
restrictions on the material to be used, CapS could be suitable for the production of bone replacement

materials.

In the field of bone replacement materials in combination with 3D printed CapS the following questions
could be investigated: influence of strut porosity on cell growth [148, 149], influence of 3d printed
strut sizes, pore size and shape on cell growth, influence of rough surface induced by CapS on adhesion
and growth of cells, influence of nanoparticles like Si02, TiO2 MgO or ZnO included in the secondary
liquid on cell growth, and the effect of the nanoparticles on the mechanical strength and the sintering

properties of the material [150].
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To take a first step in this direction, preliminary tests were carried out with two different materials. On
the one hand commercial grade beta tricalciumphosphat (TCP) C13-13 (Chemische Fabrik Budenheim
KG, Budenheim, Germany) with an average particle size of xso3 = 3.3 um, according to Fraunhofer
diffraction, and a density of p = 3.4 g/cm? was used. On the other hand, commercial grade bioactive
glass 45S5 Bioglass® product name Vitryxx® (SCHOTT AG, Mainz, Germany) with an average particle
size of xso3=4.98 um, according to Fraunhofer diffraction, and a density of p=2.7 g/cm3?® was

employed for paste formulation.

Based on these two materials CapS were produced suitable for 3D printing in a first run. The
composition of these material systems was based on the composition described in [40]. Cellular
structures were printed using a nozzle with inner diameters of 150 um for both systems. In preliminary
tests TCP honey comb structures with densities > 128 kg/m3 and triangular structures with densities
> 250 kg/m3 were printed (see Figure 6.1 A and B). The bioactive glass material was used to print 3D
structures with a gradient in pore sizes to mimic the bone structure (see Figure 6.1 C). In the middle
row of Figure 6.1, SEM images are shown of 3D printed TCP log pile structures with printed strut
diameters of 70 um (D) and a magnification of such a strut (E). In Figure 6.1 (F) a crosscut image of a
printed strut with a diameter of 70 um with the unique microstructure of sintered capillary
suspensions is shown. The bottom row shows a 3D printed TCP log-pile scaffold (G), and a SEM picture
of the broken up scaffold with human mesenchymal stem cells (hMSC) placed inside the scaffold (H)
and a magnification of the cell (I). These preliminary experiments show that the cells adhere to the
porous surface structure in the 3D printed scaffold. In further work cell viability- and proliferation
experiments should be performed in both the TCP and bioactive glass structures. The aim should be to
investigate whether the particle network created by CapS, the resulting pores and the surface
roughness and surface structure promote cell growth. In this way, CapS-based components could serve
as scaffolds in the body to regenerate bone defects more quickly or experiments on cell and bone

growth could be carried out to develop bone disease models [151, 152].
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Figure 6.1 3D printed and sintered structures using CapS-based inks: TCP honeycomb structures (A),

TCP triangular structures (B), bioglass® structure with varied printed pre sizes (C), SEM picture of TCP
struts with a 70 um diameter (D & E), crosscut through TCP strut (F), TCP log-pile scaffold (G), SEM
picture of adhered hMSC on TCP strut in 3D printed log-pile scaffold (H and ).
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