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Abstract

In the scope of this thesis, I focused on SrTiOs (ST)-based dielectric ceramic composites as
a lead-free perovskite material, which holds great potential for use in various electronic
components. Such materials are large-scale and fabricated under high energy requirements,
indicating an increasing need for a more environmentally friendly processing method. In
this relation, Room Temperature Fabrication (RTF) offers a potential solution to reduce
processing temperatures by using water-soluble inorganic compounds such as LixMoO,
(LMO), which can be cured and densified at room temperature, resulting in the form of
pure ceramic or ceramic composites.

In my doctoral research, I optimized the RTF processing parameters on the LMO-ST
composite system to improve the dielectric performance. By using LMO or such inorganic
salts as the binding phase between ST ceramic particles, an “upside-down” form of the
composite was synthesized, where a high loading of functional ceramic filler and a small
amount of binder in the form of a solid and saturated aqueous solution were combined.
Densification occurs as the binder deposits on the surface of ST filler particles during
pressing and drying.

Furthermore, I varied the composition (LMO binder content), which converted the
upside-down composites to traditional 0-3 composites. In addition, alternative binders such
as NaaMoOy, Na;WO4, NasSiO3, and MgSO4 were found to be suitable candidates for RTF
systems, which resulted in a relative density of 81-87 %, relative permittivity of 65-130,
and dielectric loss tangent values of 0.002-0.05 at 1 MHz and corresponding resonant
frequencies in the microwave range (4-6 GHz). In the light of comparison, I utilized BaTiOs
(BT) ceramics in the ceramic-binder upside-down composites and investigated the
dielectric properties.

During the research course, all composite materials underwent characterization through
microstructural imaging, mechanical testing (B3B), X-ray diffraction, Thermo-
gravimetrical analysis, and Fourier-transform infrared analysis.

Additionally, I investigated the influence of residual porosity on the dielectric properties
through theoretical modeling, i.e., rules of the mixture. The negative effect of residual
porosity was partially mitigated by impregnation with Titanium isopropoxide (TTIP). In
addition, OOF2 simulations were used to simulate the polarization and density of electric
fields in such composites from the SEM images, and the experimentally observed
phenomena were further explained.

Overall, this study's results brought meaningful progress in the field of RTF, which
entails almost infinite possibilities of combining different materials for various applications
and paves the way to more sustainable electronic production.
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Povzetek

V svoji doktorski disertaciji sem se osredotocila na raziskovanje dielektricno keramicénih
kompozitov na osnovi stroncij titanata, SrTiO; (krajse ST), ki sodi med perovskitne
materiale brez svinca in ima velik potencial za uporabo v razlicnih elektronskih
komponentah. Zaradi visoke energetske porabe pri visokotonazni industrijski proizvodnji
tovrstnih materialov za elektroniko potrebujemo okolju prijaznejsi proizvodni pristop. Kot
odgovor na to nudi metoda zgoSfevanja pri sobni temperaturi (anglesko “Room-
temperature fabrication — RTF”) potencialno resitev za znizanje procesnih temperatur z
uporabo vodotopnih anorganskih spojin, kot je Li;:MoO, (LMO). Taksne materiale je
mogocCe strjevati pri sobni temperaturi, bodisi v obliki enofazne keramike bodisi kerami¢nih
kompozitov.

V svoji doktorski raziskavi sem preucevala vpliv in optimizacijo razli¢nih procesnih
parametrov zgoSCevanja pri sobni temperaturi (RTF) na LMO-ST in podobnih
kompozitnih sistemih. Z uporabo anorganskih soli kot veziva med ST keramic¢nimi delci
sem pripravila »upside-down« obliko kompozitov. V taksnih “narobe obrnjenih”
kompozitih spajamo visok delez funkcionalnega keramicnega polnila in majhno koli¢ino
veziva, tako v obliki prahu kot nasiCene vodne raztopine. Vezivo se med stiskanjem in
susenjem odlaga na povrsini ST delcev, kar na koncu privede do zgoscene tablete.

Spreminjala sem tudi sestavo (delez LMO), kar je vodilo do pretvorbe v t. i.
tradicionalne 0-3 kompozite. Poleg tega sem raziskovala tudi druga veziva, kot so NasMoOL,
Nay;WOy, NasSiOz in MgSOy, ki jih lahko uporabimo namesto LMO. Uporaba le-teh privede
do relativne gostote od 81 do 87 % in drugih uporabnih lastnosti, kot npr. dielektri¢na
konstanta med 65 in 130 ter dielektri¢ne izgube med 0,002 in 0,05, ki so bile izmerjene pri
1 MHz in ustreznih resonan¢nih frekvencah v mikrovalovnem obmocju (4-6 GHz). Za
primerjavo dielektricnih lastnosti sem pripravila tudi kompozite z alternativnim
kerami¢nim polnilom, BaTiO; (BT). V raziskavah sem wuporabila razlicne metode
karakterizacije, npr. mikrostrukturno analizo, mehanske teste (B3B), rentgensko difrakcijo,
termogravimetri¢no analizo in infrardeco analizo Fourierove transformacije.

Dodatno sem raziskovala vpliv poroznosti na dielektricne lastnosti z uporabo
matematicnih mesalnih pravil. Negativni uc¢inek poroznosti sem delno omilila z uporabo
impregnacije s titanovim izopropoksidom. Za simulacijo polarizacije in elektri¢nega polja v
taksnih kompozitih iz slik elektronske vrsti¢ne mikroskopije sem uporabila program OOF2,
ki omogoca razlago eksperimentalno opazenih pojavov. Rezultati te Studije prinasajo
pomemben napredek na podro¢ju RTF, ki vkljucuje skoraj neskonCne moznosti
kombiniranja razli¢cnih materialov za veliko razli¢nih aplikacij in utira pot k bolj trajnostni
proizvodnji elektronike.
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Chapter 1

Literature Review and Theoretical
Background

1.1 Green Energy Requirements

Energy is one of the most critical and debated topics in the 21*" century. The rising demand
to reduce reliance on energy derived from coal, petroleum, and natural gas is driving the
need for environmentally friendly and clean energy alternatives. The crude production of
fossil fuels has extended over a million years, and it cannot keep pace with daily depletion.
The main drawback of fossil fuels lies in their accompanying emission of CO; and other
pollutants, as well as damaging mining and digging techniques, which substantially affect
natural ecosystems and threaten human health. New, alternative, non-polluting energy
sources must be implemented to safeguard our environment and way of living. Green
energy, derived from sources such as the sun, wind, water, heat, and vibration, is often
strongly influenced by seasonal conditions. Efficient storage solutions are crucial after
energy harvesting to ensure its potential use as a reliable energy source. This results in the
high demand for devices that effectively store produced electrical energy. The concept of
energy storage traces back to ancient times. It is very natural, i.e., making fire using wood
and charcoal, biomass energy storage carriers of solar energy. Modern energy storage
materials play a vital role in the versatile utilization of renewable energy. They have been
the subject of significant attention, ranging from intensive research and development to
their successful integration into industrial applications [1]. Commercial energy storage
devices are generally divided into short- and long-term (battery). Capacitors and batteries
represent the typical energy storage devices that differ in the capacity for storing energy
and delivery of power. Energy can be stored under an electric or magnetic field. Two factors
defining an energy storage device's capabilities and practical applications are energy
density and power density, which are both materials-dependent. High energy density (10-
300 Wh/kg) and moderate power density (<500 W /kg) are typical for batteries due to the
slow movement of the charge carriers. On the other hand, capacitors usually possess high
power density (~10* — 10° W /kg) and low energy density (<30 Wh/kg) [2]. Capacitors and
resonators are the primary fields of interest in terms of application tackled in this doctoral
study. There are different types, such as double-layer, ultra-capacitors, supercapacitors,
electrolytic capacitors, and multilayer ceramic capacitors (MLCCs) [3]. Capacitors belong
to the category of passive electronic devices, which are widely utilized in electronics. More
than 1 trillion MLCCs based on barium titanate are produced yearly [4]. The main demands
for future electroceramics are high energy density (W>10 J cm™), a more comprehensive
temperature stability range (—50 °C to 250 °C), high power density, fatigue resistance,
lifetime reliability, and low manufacturing cost. Generally, the energy storage properties of
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electroceramics are strongly related to microstructural characteristics such as density, grain
and particle size, and secondary phases. Energy density can be optimized with an
insulator's increased intrinsic band gap and higher density [2].

1.2 State-of-the-art in Electroceramics

1.2.1 Dielectric behavior of ceramics

Electroceramics are a class of advanced ceramic materials extensively used in the technical
sector due to their unique properties. These properties include dielectric, piezoelectric,
ferroelectric, pyroelectric, and thermoelectric properties, as well as electromechanical
coupling and magnetic, electrocaloric, optical, mechanical, and catalytic properties [5],[6].
In microelectronics circuitry, many electronic components are integrated into a small space.
A small component requires low power and hence not only facilitates the miniaturization
of electronic devices but also reduces fabrication and processing costs for a wide range of
electronic applications, many of them depicted in Figure 1.1 [7].

satellite communication wireless communication systems

passive electronic components cellular phone base stations

capacitor, resistor, antenna, actuator miniaturization

Figure 1.1: Applicative potential of dielectric ceramics.

A dielectric material is an electrically insulating material. One of the main
characteristics is an electric dipole structure, which corresponds to the separation of
positive and negative electrically charged centers on a molecular and atomic scale. The
dipole moment is a vector pointing from negative to positive charge, which orients and
interacts with the applied external electric field. The phenomenon of electric dipole
alignment under an external electric field is so-called polarization. Polarization is directly
proportional to the material's ability to store energy in the electric dipoles. Dielectric
materials typically exhibit at least one of the four types of polarization: electronic, ionic,
and orientation, as well as space charge polarization. The polarization and capacitance of
materials are generally represented by a property called relative permittivity (& ). Relative
permittivity, also known as the dielectric constant, is defined by the ratio of electric field
strength, E, to electric flux density, D, as represented by the following equation (1.1).

g =— == (1.1)
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It can also be expressed as the ratio of capacitance between capacitors of equal
dimensions, where C represents the capacitance of a capacitor filled with the material of
interest, and Cj is the capacitance of the reference/empty capacitor. Capacitance is defined
as the quantity of charge stored on the plate divided by the voltage applied across a
capacitor. As such, an increase in & represents an equal relative increase in charge stored
in a capacitor at a given voltage and, thus, an increase in energy storage. It is a function
of polarization and strongly depends on the field frequency range (radio frequency range
(RF): usually 20 Hz — 1 MHz). In particular, & of a material defines how fast the electrical
signal travels through it. Another facet of characterizing the dielectric properties of
ceramics involves determining the quantity of electrical energy absorbed by a dielectric
material when subjected to an electric field. Materials do not behave ideally and thus lose
energy due to dissipation or scattering. The latter effect occurs as the electromagnetic wave
propagates through a particle, interacts with the atoms, and deviates from the original
direction. This scattering causes the wave to lose some of its energy. Depending on the
type of material it interacts with, and the wavelength of the incoming wave, various
phenomena like reflection, refraction/transmission, diffraction, or absorption can occur as
a result [8]. Another factor that affects the overall energy loss is scattering caused by the
oscillation of dipoles. The magnitude of dissipation is expressed as dielectric loss tangent
(tan 8). It can be affected by various factors such as electrical conduction, dielectric
relaxation, dielectric resonance, non-linear processes, and crystal structure, which define
the interaction with AC electric field. Furthermore, imperfections and impurities in crystal
lattice, microstructural defects, porosity, cracks, random grain orientation, grain
boundaries, dislocations, etc., can result in dielectric losses.

\J

_9_
c=2=A(p)
Figure 1.2: Dielectric in electric field. Adapted from [2].

Experimentally, the dielectric properties of a material, &, and tan § at radio- frequencies
can be determined by the parallel plate capacitor method using an LCR meter. Due to the
extensive motion of electrons, irreversible degradation of material or dielectric breakdown
can occur at a high external electric field (RF). Dielectric strength corresponds to the
magnitude of an EF, resulting in a breakdown [9].

The primary reason for dielectric materials to find applications in capacitors is their
ability to interact with external electric fields. In the scope of this work, I focused on a
parallel-plate capacitor consisting of one plate that becomes positively charged and the
other that is negatively charged in the presence of applied voltage.

Most known and commercially used dielectric materials used for electronic or energy-
storage applications are either lead-based ceramics (relaxor ferroelectrics as
Pb(Mg1/sNby/s)O3—PbTiOs, and antiferroelectrics as PbZrOs, (Pb, La)(Zr, Ti)Os, or lead-
free ceramics based on BaT103 (BT), SI‘T103 (ST), Ko,sN&o,sNbO:ﬁ, NaoAsBioAsTiO;g, AngO;;,
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NaNbOj etc., which exhibit high energy density and high energy conversion efficiency [7].
Lead-free ceramics have gained a foothold in recent years due to the toxicity of lead/lead
oxide-based compounds. As reported in the literature, a wide range of applicative properties
with BT-based ceramics can be achieved by doping or substituting oxides with AlOs,
Lay03, MgO, NbyOs, Mn,Os3, SiO, and utilizing different sintering techniques and sintering
aids. ST-based ceramics are well-known for being incipient ferroelectrics, demonstrating
remarkable properties such as a high relative permittivity (& ~ 300) and low dielectric loss
(<1 %) at room temperature (RT). Common approaches utilized to optimize the energy
storage properties of ST-ceramics are doping with Ba-, Mg-, Ce-, Bi- on the A site or Mn,
Sn- on the B site and using various sintering aids and sintering techniques. Other members
of lead-free ceramics are Ky;NagsNbOj-based ceramics and NagsBiosTiOs—based ceramics

[2]-
1.2.1.1 Microwave dielectric properties

In the Internet of Things (IoT) era, we are facing increasing demand for improving wireless
technologies such as faster Internet access, higher data rates, larger network capacity, lower
battery consumption, etc. In response, fifth and sixth-generation (5G, 6G) cellular network
technologies are emerging and require components with lower power consumption, which
corresponds to dielectric loss < 0.001, shorter delay times, or latency when sending data,
which is strongly related to the relative permittivity of materials [10], [11],[12]. Microwave
materials encompass dielectric resonators (DR), filters, electromagnetic interference
shielding materials, tunable dielectrics, polymer-ceramic and all ceramic composites, etc.
DR operates in a micro- and milli-frequency range and can be integrated into various
devices such as oscillators, bandpass and band-stop filters, and dielectric resonator antenna.
Traditionally, DRs are fabricated with high-temperature solid-state synthesis. In this
study, I present an alternative approach to fabricate DR materials at low temperatures.

In the microwave frequency range, the most common measure of the power loss is
described by the quality factor, ), which is in the case of materials with perovskite
structure mostly simplified to be inversely related to tan 6. This relation is true and can
be applied when conduction, radiation, and external loss are negligible. ) factor can be
expressed in the following Equation (1.2).

maximum energy stored per cycle

Q=2m (1.2)

average energy dissipated per cycle

Experimentally, microwave materials are characterized by their dielectric properties
through transmission and reflection methods. For instance, the resonant cavity TEyns mode
method appears to be the most accurate measurement technique suitable for high e,
materials, but it is applicable only in a narrow frequency band. Using TEys mode, the
effect of conductor and radiation losses are easily bypassed, as the sample is isolated using
low-loss single-crystal quartz or Teflon spacer inside the cavity, represented in Figure 1.3
a). To prevent perturbation of the electromagnetic field, the cavity size should be large
enough (typically 3-5 times larger than the test sample). The loaded @ factor (QL) can be
identified from the shape of the resonance peak (Figure 1.3 b)). The bandwidth (also
marked as Af) describes the width of the resonance curve read 3 dB down from the peak,
while the peak frequency corresponds to the resonant frequency, f. The @ factor is derived
from the f divided by Af (Equation (1.3)).

=2 (1.3)
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In the composite system containing two or more dielectric materials, the @ factor
appears as a sum of dielectric losses in all particular dielectric regions. The total loss of the
system or the loaded Q-factor is thus described by the equation (1.4):

1

1 1 1 1
—=—+—+—4
QL Q4 Qc Qr Qext

(1.4)

Q; factor hence represents the energy dissipation within the entire measurement system,
which encompasses the sample material and the measuring instrument. Itis associated with
the sum of other Q-factors, each describing a different source of losses i.e. (1/Qq as dielectric
losses, 1/ Q. as losses due to conductivity, 1/@Q: as the radiation loss, 1/ Qe as the external
losses). Moreover, there are external losses are coming from the external coupling between
the resonator and feed. The radiation loss is neglected because most resonant cavities are
shielded and cause no radiation effect. The desired quantity for most applications is the
unloaded quality factor @,, which is defined by the energy dissipation associated with the
material itself [9].

Qurepresented in Equation (1.5) can not be measured directly but can be estimated from
the Q; measurements.

1

1
- wtete (1.5)

11

Q). can be also calculated by considering the voltage reflection coefficient B, and return
loss, RL, which is further described in the equation (1.6)[13]:

RL
Qu=0,+p) =0, (1-107) (16)
Where B is a coupling factor defined by Equation (1.7),
1 11
'B_?_F=511 (17)

Where D is the diameter of the Polar/Smith chart, defined by Kajfez (D = 2 Units), that
is, d is the diameter of the touching circle between S, and St [13], [14].

Experimentally, ) is estimated from the shape of the resonance peak, where the bandwidth
is defined as the width at =3 dB. The resonant frequency (at the peak) is divided by this
width according to the equation (1.3).

QWED software computations based on Krupka method [15] are further used to obtain &
and tan 6.
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a) b) 4
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Figure 1.3: a) A microwave cavity measurement setup. b) The TEps resonant peak
(reflection mode). Adapted from [9].

From an applicative point of view, DR should exhibit high @ values, high relative
permittivity, and low-temperature coefficient of resonant frequency(t:) in the microwave
range. The resonant frequency is mainly influenced by the physical dimensions of the
ceramic resonator and the dielectric constant of the material. In fact, resonant frequency
tends to decrease with the increase in relative permittivity of the material. Functional
properties of materials suitable for DR application can be measured using different
techniques, mainly size-, shape- and material property-dependent. Miniaturization of
devices is possible by employing high & because the wavelength in the dielectric material
is inversely proportional to the square root of material permittivity. When microwaves
penetrate a dielectric material, they experience a reduction in their speed, approximately
proportional to the square root of the material's permittivity. Consequently, this leads to
a corresponding decrease in wavelength while the frequency remains unchanged. Ionic and
electronic polarization mechanisms contribute strongly to the net dipole moments in the
microwave frequency range [9],[16],[17].

1.3 Perovskite Ceramics

Perovskite materials exhibit a versatile and vast application potential, from future low-
cost solar cells to next-generation electronic components [18], [19]. Such materials have
diverse properties anywhere between ferroelectricity and superconductivity [20]. Perovskite
structure was first observed in the 1920s in the mineral calcium titanate CaTiOs, with the
general formula ABX; and a three-dimensional network of the corner-sharing BXg
octahedra. The perovskite structure can accommodate most metallic ions in the periodic
table and various anions. The most commonly found materials exhibiting perovskite
structure are oxides and fluorides. However, heavier halides and oxynitrides are also
possible. The first breakthrough of perovskites came during the 1940s due to their
exceptional ferroelectric properties [21]. The first reported use was a capacitor made from
BaTiOj; ceramics.

Perovskite materials can form different crystal structures based on the size and
interaction of the A cation and the BXs octahedra. Perovskite structure consists of a large
cation, A, similar to an anion, and a smaller cation, B. Two different-sized cations, A and
B in ABXj, allow many possible cations charge combinations, which enable a wide range
of compositions [22], [23]. In structures, where sites are occupied by more than one species,
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the effective ionic size is determined as a weighted average. If there are stoichiometric
vacancies, they are assumed to have a size of 0 [24].

Due to A and B cations being different in size, structural distortions can occur. The
dominance of certain types of perovskite structures is directly related to the inherent ability
of octahedral tilt distortion with respect to the size mismatch between the A and B cations.
The presence and magnitude of octahedral tilt distortion not only affects the crystal
structure but also has a great influence on many physical properties [23]. Goldschmidt
tolerance factor () is an empirical index, which is defined by the size (the ionic radius) of
A-, B-, and X- ions of the atoms using the following formula (Equation (1.2)):

ra+ry
= Frgrro) (1.2)

here ry4 is the radius of the A cation, rp is the radius of the B cation, and ry is the radius
of the anion, as reported by Shannon [25]. Based on #values varying between 0.8 and 1.1
for perovskite-structured materials, one can predict the preferential formation and stability
of the perovskite structure. The lowest % reported for oxide perovskites is 0.8465.[24],[26].
Structural changes, which are temperature and pressure-dependent, cause ferroelectricity
— the most practically exploited and unique property of perovskites. The most known
perovskite materials are titanates such as PbTiZrOs (PZT), BaTiOs (BT), BaiSr«TiOs
(BST), and SrTiO; (ST), with their specialty being the non-centrosymmetric structure in
a specific temperature range [20], [22].

1.3.1 Strontium titanate, SrTiOs3

Strontium titanate (ST) is a typical ferroelectric material with a perovskite structure
(Pm3m) presented in Figure 1.4, which exhibits beneficial functional properties for their
application to microelectronics. ST possesses an ideal perovskite structure. Ideal perovskites
are usually cubic but may be ordered or distorted, resulting in tetragonal, orthorhombic,
rhombohedral, or hexagonal structures varying as a function of composition. In a cubic
structure, the large cation (at cube corner position (0, 0, 0)) connects the anions in a close-
packed arrangement with coordination number 12, where smaller cations occupy 1b
(%,%,%) sites. The bond distance Ti-O is 1.953 A, while Sr is equidistant from 12 oxygens,
which means that Sr-O distance is half of the diagonal of any cell face (2.76 A) [27]. Either
cation or anion vacancies, as well as cation and anion substitutions, are the origin of defects
in perovskites. By adjusting the composition, the optimization of properties in perovskite-
related materials can be achieved.

SrTi0;

Figure 1.4: The schematic of ABO; perovskite structure of ST.
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1.3.2 Barium titanate, BaTiO3

In ferroelectric BaTiOs (BT), as a typical member of the perovskite family, each Ba ion is
enclosed by 12 oxygen ions, forming a face-centered tetragonal lattice (P4mm) at RT
(Figure 1.5 b)). Titanium ions occupy octahedral interstitial positions surrounded by six
oxygen ions. Titanium ions have a +4 charge and a consequent high degree of polarization.
Ti** ions, in comparison with Ba?" ions, are too small to remain stable in an octahedral
position, which results in the spontaneous polarization of Ti*" ions. In the applied electric
field, Ti'* ions can relocate from random to aligned positions, contributing to high
polarization and producing a high dielectric constant. BT is tetragonal at room

temperature, a = 3.995 A, ¢ = 4.034 A [27]. The cubic (Pm§m) structure of BT is shown
in Figure 1.5 a). The structure of ST is analogical to BT above T..

BaTlO;

Figure 1.5: The schematics of ABOj; perovskite structure of BT:a) cubic structure; b)
tetragonal structure.

Temperature can substantially affect crystal structure and, thus, polarization
characteristics of BT-like materials. BT can occur as a cubic structure above Curie
temperature (7.), which changes upon cooling to tetragonal (120 °C), where there is
sufficient thermal vibration causing random orientation of Ti ions. A permanent dipole is
formed when the octahedral site is altered with Ti*"ion in an off-center position. The Curie
temperature is a temperature where phase transition and change of spontaneous
polarization to permanent dipole occur. Temperature strongly depends on stoichiometry
and grain size. Therefore, tailored polarization characteristics can be achieved by crystal
chemical modifications [28].

1.3.2.1 Ferroelectricity and piezoelectricity in BT and ST

As perovskite materials have exceptional electrical properties, it is essential to point out
ferroelectricity and piezoelectricity. Spontaneous polarization, which occurs due to the
positioning of ions within the unit cell, is typical for ferroelectrics. Above Curie
temperature, the ions within the unit cell acquire symmetric positions in a perovskite
structure. On the other hand, in piezoelectrics, electric polarization is induced due to
mechanical stress, which results in their use as transducers between electrical and
mechanical energies. For example, the piezoelectricity of PZT is a consequence of the off-
center displacement of cations and anions in opposite directions (with respect to the cubic
structure). In PZT, this causes a permanent polarization that can be changed under applied
load or by a temperature change (pyroelectric effect) [21], [7], [29]. Piezoelectrics undergo
spontaneous polarization only when exposed to an external stress (direct piezoelectric
effect). On the other hand, piezoelectric materials will deform under the applied field
(converse piezoelectric effect) [30]. However, it is important to note that not all
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piezoelectrics are also pyroelectrics. In pyroelectrics, the magnitude of polarization can be
changed with temperature.

The ferroelectric behavior of ceramics (ST, BT) strongly depends on their crystal
structure. To achieve ferroelectric behavior, a material should exhibit a non-
centrosymmetric crystal structure. Ferroelectricity in the perovskite structures of ST and
BT occurs due to limited atomic displacements in TiOg octahedra, resulting in a consequent
net polarization and formation of dipole moments. In BT, Ti ions in adjacent unit cells
experience a similar displacement in the same direction, which, when exposed to external
EF, move through the center of the octahedral site in the direction of one of the corner
oxygen. Such reversibility of the structure results in high polarizability and permittivity
[27]. Furthermore, an increased strength of external EF results in increased induced
polarization and stored charge. The relation between polarization behavior and voltage is
not linear and follows a form called a hysteresis loop. A hysteresis is formed when electric
polarization follows EF with a delay up further to the transition point of saturation.
Polarization in such materials can be reversed by applying an electric field [31]. BT exhibits
ferroelectricity in tetragonal, orthorhombic, and rhombohedral structures [32]. Above the
Curie temperature 120 °C), BT behaves as a paraelectric [28]. In comparison to BT, ST is
a paraelectric at RT. It is also considered incipient ferroelectric, which means that a small
amount of energy and/or dopants are required to transfer ST to a ferroelectric phase. The
tetragonal distortion of the cubic structure in ST occurs at —168 °C [33]. However, under
strain forces (application of EF), ST converts to a ferroelectric phase (T ~ —269 °C).
Furthermore, sufficient concentration of dopants also results in ferroelectric phase
transition in ST [34], [35]. In such transformation, ferroelectricity is induced by the dopant
ions' off-center position and the dipoles' interaction. The ST crystal lattice possesses a very
high polarizability. Dopants or impurities (concentration ~ 10%10%), as displacements in
ST lattice, can initiate a ferroelectric state due to the interaction of dipole moments formed
or elastic strains (uniaxial compression at only 1 kbar) that appear in the proximity of a
dopant ion [36],[37],[38]. The ferroelectric order of ST can be further stabilized with *O
isotope substitution [39].

Most ceramics applications are used at low operating temperatures. In practical use,
dopants have been introduced to the main ceramic components, such as ST and BT, to
lower the phase transition temperature and widen the relative permittivity range of the
capacitor. One of the simplest ways is to substitute some Sr atoms for Ba atoms. ST
exhibits the maximal relative permittivity at about —253 °C. Doping can lead to a possible
maximum of permittivity in a temperature range between —253 °C-122 °C. The ratio
between Sr and Ba in Bai. SryTiOs; (BST) determines the maximum permittivity. At
temperatures above 7., materials are in a paraelectric state, where no spontaneous
polarization occurs [38], [40].

1.3.3 Structural defects

The overall performance and reliability of ceramics are determined by microstructural
features such as (grain size and shape, porosity, grain boundaries, phase assemblage, etc)
and chemical composition [41]. In addition, the influence of intragranular, planar (2D),
linear (1D- dislocations), and point defects (0D) should not be neglected. Schottky and
Frenkel defects are intrinsic point defect structures that can occur at RT due to entropy
in a crystal, though their number increases with temperature. Point defects are strongly
related to crystal structure, composition, temperature, and doping (extrinsic defects). In
addition, their concentration can critically influence the properties of electroceramics.
Schottky defects occur as cation and anion vacancies. Frenkel defects are linked defect
pairs consisting of the vacancy and interstitial. Thus, they are formed when an atom is
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moved from its lattice site onto an interstitial site (on both cation and anion sublattices).
This type of defect is not common in perovskite structures. On the other hand, linear
dislocations are less common in electroceramics; they are induced mainly by stress (wear)
or high temperatures. Planar defects occur with a large probability due to translation
(stacking faults), orientation, and inversion. An important example of planar defects is
grain boundaries, which are open structures exposed to the segregation of impurities. The
atom transport rate across and along interfaces at grain boundaries can be varied in such
a way as to increase the densification rate, promote rapid grain growth in microstructure,
and tailor properties. In addition, 3D defects refer to porosity (secondary grain growth).
Such extrinsic factors that increase dielectric losses of electroceramics can be successfully
reduced by proper material processing [9],[42]. Schottky defects in ST mostly consist of
nominally charged Sr, Ti, and O vacancies and are referred to as the most stable ST-based
defect structure. Such defects occur under various chemical conditions and composition
changes, i.e., the SrO excess results in the formation of oxygen vacancies and a strontium—
titanium anti-site defect. The point defects, such as oxygen vacancies and cation anti-site
defects, are strongly related to the functionality of ST [43].

1.4 Connectivity Patterns in Ceramic Composites

Progressing interest in particulate composites gained a foothold in recent years as these
multi-phase systems often yield an advantageous blend of properties of individual diverse
materials. There are different types of composites, such as ceramic—ceramic, ceramic—
polymer, and metal-polymer. In this work, I focused on ceramic-ceramic composites. A
composite is a system where materials with significantly different physical or chemical
properties are mixed to achieve advanced properties. When combining materials, it is vital
to choose constituent phases with the desired properties and couple them in the most
optimal way. A comprehensive understanding of the three-dimensional microstructure of
such multi-component materials is strongly related to the interconnectivity between their
individual constituents and can greatly influence overall effective performance.
Connectivity can be attributed to the interfacial relationship of the major filler phase with
the surrounding two phases, such as binder and air in pores, which affects mechanical and
electric fluxes between the phases. Indeed, physical properties can change considerably
depending on the manner of connection formation. The degree of connectivity is commonly
determined by the number of dimensions (out of the standard three orthogonal spatial
directions) in which each phase is self-connected [44]. Each phase in a composite system can
be self-connected in zero, one, two, or three dimensions. There are 10 possible connectivity
patterns for a two-phase and 20 possible connectivity patterns for a three-phase composite
system. The number of connectivity patterns is defined as (n + 3)!/3!n!, where n represents
the number of phases [8], [44]. The most common is a 0-3 connectivity pattern, where 0-
dimensional isolated filler particles are randomly distributed in 3 dimensions of the
continuous host matrix. Such connectivity pattern is mostly utilized in ceramic-polymer
composites [45].

The 2-2 connectivity pattern, often used in tape-casting, consists of alternating layers
of the two phases. In the 3-2 connectivity, one phase is three-dimensionally connected, and
the other phase is two. The 3-3 connectivity pattern is the most challenging and interesting,
where the two phases form interpenetrating 3-dimensional networks. It is commonly found
in living systems, such as corals [44]. The 0-3, 1-3, and 2-2 connectivity patterns are the
most researched as such composites are easy to prepare and low-cost [8]. Nelo et al.
introduced the term upside-down 0-3 composite, which relies on maintaining the high
loading of ceramic filler with a small amount of the corresponding binder. In such a
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composite system, the matrix is formed from a ceramic filler, hence the term “upside-
down”[46]. In this doctoral study, the primary binder used was Li;MoO, and ceramic filler
SrTiOs. Both upside-down and conventional 0-3 types of composite are represented in
Figure 1.6. Increasing filler content is beneficial in terms of the dielectric performance of
the composite.

Upside-down composite Conventional 0-3 composite

Functional
cere ller ~

Figure 1.6: Schematics of upside-down 0-3 (left) and 0-3 composite (right).

1.5 Binders in Ceramic Composites

1.5.1 Lithium molybdate (LMO)

The crystal structure of lithium molybdate is composed of a three-dimensional
arrangement, where corner-linked LiOsand MoQ, tetrahedra are slightly distorted. LixMoO,
(LMO) can be synthesized at RT by combining MoOs; and LiOH x H,O, resulting in a
highly crystalline ternary phase [47]. LMO has a density of 2.66 g/cm? [48]. LMO exhibits
a broad applicative spectrum, i.e., it can be used as a corrosion inhibitor [49], an effective
catalyst for the oxidation of methane [50], or in the form of LMO composites with carbon
nanofibers as an anode material for lithium-ion batteries [51]. LMO ceramics sintered at
540 °C for 2 h resulted in a relative density of 95.63 % and excellent microwave dielectric
properties (¢ = 5.58, Q= 49,328 GHz, TCF or 1, = -168 ppm/°C at f = 10.17 GHz) [52].
LMO combined with BaFe;sO19 was successfully cold-sintered at 120 °C and exhibited
dielectric properties of 5.6 <& <5.8, @ =16,000-22,000 GHz at ~6 GHz [53].
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Figure 1.7: Crystal structures of binders. a) LizMoOs, b) Na:MoOy, ¢) Na;WOy, d) Na,SiOs,

1.5.2 Sodium molybdate (NMO)

Na;MoOs (NMO) is a white, crystalline salt, which can exist in either anhydrous or
dihydrate, NaxMoOy - 2H,O form and exhibits a density of 3.78 g/cm?, a solubility of 65.3
g/100 mL of water (25 °C) [48]. NMO has a spinel-type structure with a network formed
by a molybdenum oxygen polyhedron and sodium oxygen polyhedron (Figure 1.7 b)). As
reported, NMO can be synthesized at 400 °C and exhibit interesting dielectric properties
(er ~4.1, @ x f~ 35,000 GHz, TCF or v = —76 ppm/°C, p=90 %) when sintered at 660
°C for 4 h [54]. Commercially, it can be used as fertilizer [55], corrosion inhibitor [56],
heterogeneous catalyst for methanolysis [57]. Similarly, NaoMoO: has been successfully
cold-sintered at 200 °C, 350 MPa for 1 h, resulting in an orthorhombic crystal structure
[58].

1.5.3 Sodium tungstate (NWO)

Na,WO; (NWO) crystallizes in the rhombohedral crystal structure. In the presence of
water, it tends to form orthorhombic di-hydrates. It has a density of 4.18 g/cm® and a
solubility of 74.2 g/100 mL of water (25 °C). Figure 1.7 ¢) shows the crystal structure of
NWO with Na™ ions on the 16 ¢ sites in octahedral coordination and W ions on the 8b
sites in tetrahedral coordination [46]. NWO is suitable for use as a microwave dielectric
ceramic prepared with cold sintering at a lower sintering temperature, which makes it a
promising candidate for RTF [59]-[61]. Besides, it is used as a fire retardant in fabrics and
for the fabrication of coated electrodes for electro-catalysis [62]. For microwave dielectric
properties, NWO has been cold-sintered under two different conditions. The first is at 120
°C under a pressure of 120 MPa for 1 h, including additional drying at 100-300 °C. The
second is at 240 °C with a heating rate of 10 °C min, pressing at 400 MPa for 1 h, and
additionally dried at 200°C for 12 h. Both sets of synthesis conditions resulted in promising
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microwave dielectric properties with relative permittivity of ~5.80, @ x f= 22,000-70,000
GHz, and TCF or 1 = —70 ppm/K [59], [60].

1.5.4 Sodium silicate (NSiO)

Na,SiOs (NSiO) is a white crystalline hygroscopic solid that produces an alkaline solution
when dissolved in water. It exhibits a density of 2.61 g/cm®and can dissolve up to
22.2 g/100 mL of water at a temperature of 25 °C [63], [64]. The structure of NSiO is a
chain silicate, shown in Figure 1.7 d), where the chains are linked through sodium atoms
that are surrounded by five oxygen anions shaped like distorted trigonal bipyramids [65].
It has remarkable physical and chemical properties [66]. It can be used for hardening
building materials, as a soil stabilizer [67], to control the corrosion of domestic water piping
[68], as a corrosion inhibitor in cosmetics, as a chelating agent, as a buffering and pH
adjuster, and is generally regarded as a safe food ingredient [69]. In general, the physical
properties of sodium silicates control their binding power. NSiO is hardened in the ceramics
industry as carbon dioxide gas is passed through it [67]. The main potential of NSiO for
industrial and research applications lies in its exceptional properties across a wide range of
temperatures and frequencies [70].

1.5.5 Magnesium sulfate (MSO)

MgSO, (MSO) is an anhydrous inorganic salt (density 2.66 g/cm?, solubility 269 g/100 mL
at 0 °C)[48], commercially mostly applied in the heptahydrate form MgSO, - TH,O (density
1.68 g/cm?®; solubility 71 g/100 mL dH,O at 20 °C), known as Epsom salt. According to
the literature, MSO is used as a bath salt, in medicine for various purposes [63], [64] in the
food industry, for wood impregnation, as a fire-retardant [71], as a fertilizer in agriculture
[72] and ultimately for thermochemical storage systems [73]. Orbital measurements indicate
that MSO is widespread across the Martian surface [74]. MSO naturally occurs in stable
mineral deposits exclusively in hydrated forms, specifically as epsomite, hexahydrate, and
kieserite, which contain seven (51 wt % water), six (47 wt % water), and one (13 wt %
water) moles of bound crystal water. Rare, metastable MSO minerals are pentahydrate
(MgSO, - 5H-0, 43 wt % water), starkeyite (MgSO, - 4H,0, 37 wt % water) and sanderite
(MgSO, - 2H,0, 23 wt % water). Other hydration states (n = 12, 3, 1.25) are not identified
as minerals but can be synthetically produced [75]. MgSO,- TH.O exists in two
modifications, a-form, and B-form, occurring above and below 800 °C, respectively [76].
The hydration state of MSO salts depends on the relative humidity (RH) and temperature,
which is depicted in a phase diagram [77]. Higher temperature and lower RH result in a
lower hydration state. All hydration forms of MSO salts consist of SO tetrahedra and Mg
(O, H,0)s octahedra, while some involve extra-polyhedral water (water that is not in
octahedral coordination with Mg). Epsomite easily undergoes a transformation into
hexahydrate by a loss of its extra-polyhedral water. This transition is reversible and takes
place at approximately 50-55 % relative humidity (RH) at 25 °C. Kieserite is more stable
at lower RH and higher temperatures; in thermogravimetric analysis, it is present up to
397 °C, compared with 177 °C for hexahydrate. However, as humidity increases, kieserite
converts into hexahydrate or epsomite. Nevertheless, these phases do not easily revert back
to kieserite upon desiccation [74], [75]. Structures of anhydrous MSO and MSO
heptahydrate are depicted in Figure 1.7 e), f).
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1.6 Ceramic Processing

1.6.1 Conventional high-temperature solid-state sintering

Materials manufacturing processes are often highly energy intensive and based on high
temperatures, leading to an increase in carbon footprint. For instance, in manufacturing
ceramic tiles, 83 % of the total CO, emissions are a consequence of firing and drying [78].
Ceramics can be produced using various techniques, with some of these methods dating
back to ancient civilizations. Firing of the green body is performed to produce the desired
microstructure. During solid-state sintering, a material system is heated to a sintering
temperature (7%), which is 0.5-0.95 of the melting temperatures (7). In such a way, the
starting powder remains in a non-melted state. The bonding of particles and reduction of
porosity during the sintering process takes place through atomic diffusion in the solid state.
The sintering process is divided into three stages (Figure 1.8). In the first stage, the
rearrangement of particles and the neck formation at the particle contacts take place. The
second stage, called densification, involves the neck and grain growth, which is
accompanied by shrinkage and porosity removal. The grain boundaries move as the grains
grow at the expense of adjacent grains as long as the pores are interconnected. In the last
stage, the porosity is partially to completely removed by vacancy diffusion along the grain
boundaries. It is essential to control grain growth to achieve maximum removal of porosity.
If the grains grow too fast, the grain boundaries move faster than the pores, leaving them
isolated inside the grains. The main driving force of sintering is the reduction of surface
free energy of the consolidated particles, which can be achieved by the atom diffusion
process leading to densification or by coarsening of the microstructure. The reduction of
surface area minimizes surface-free energy [79],[80]. The model of the mechanism of
transport of material in sintering is presented in Equation (1.3):

AL _ (kya®D*t\"™"
Z_( KkTd" ) (1.3)

where AL/Ly represents the sintering rate (or linear shrinkage), y is the surface energy, a*
is the atomic volume of diffusing vacancy, D" is the self-diffusion coefficient, k is the
Boltzmann constant, T is the temperature, d is the particle diameter, ¢ is the time, K is
geometry-dependent constant. The exponent n is generally close to 3, while the exponent
m is in the range of 0.3-0.5 [79]. From Equation (1.3), it is obvious that the particle
diameter affects the sintering rate the most.

Diffusion is either surface- or volume-kind and involves the transport of atoms or
vacancies along a surface, grain boundary, or through lattice dislocations in the material.
The sintering process yields a successfully formed microstructure composed of crystalline
grains separated from each other by grain boundaries. In order to achieve a higher density
of the body, the coarsening process should be suppressed. Density can be negatively affected
by non-optimized processing conditions (sintering temperature and time, heating rate, and
sintering atmosphere) and the presence of inhomogeneities. In addition, the sintering
atmosphere should be carefully selected regarding gas composition, resulting in oxidation-
reduction conditions.
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Figure 1.8: Sintering process (adapted from [60].)

High-temperature, large-scale fabrication of materials may result in several unwanted
possible consequences, such as overfiring, warpage, excessive grain growth, incomplete
burn-off of binders, decomposition, and polymorphic transformation upon cooling [81].
These phenomena could potentially lead to undesirable porosity and unreacted carbon
residue, which might, on the one hand, increase production costs and, on the other hand,
deteriorate the electrical and mechanical properties of the fabricated ceramics.

1.6.2 Hot-pressing

The main difference between conventional sintering and hot-pressing (HP) is the assistance
of pressure during heating. By increasing the contacts between particles and optimizing
the rearrangement of particles, the process of densification is accelerated, resulting in an
overall improvement in packing efficiency. Simultaneous pressing can improve densification
by a factor of 20, leading to several benefits such as reduced densification time and
temperature, minimized residual porosity and grain growth, and less sintering aid needed.
The process takes place in the furnace, which has a high-temperature die and an in-line
press to employ and control the load. Generally, applied pressure ranges between 6.9-34.5
MPa. HP is typically performed at half of the melting temperature of the material, which
is still lower compared to the conventional sintering temperature. HP is influenced by three
mechanisms: plastic deformation, grain rearrangement (grain sliding), and stress-enhanced
diffusion [82]. Hot-pressing can be conducted under uniaxial pressure or isostatic pressure
(HIP). By latter, pressing from multiple directions is possible but demands a water-cooled
autoclave attached. In this way, a preform made with a cold-pressing is needed. The main
benefits of HIP are net-shape forming, elimination of die-wall friction effects, and preferred
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orientation, which together lead to a higher mechanical strength [79]. HIP is often used as
a post-sintering treatment to remove final porosity [83]. One version of hot-pressing is also
hydrothermal hot-pressing (HHP), which employs hydrothermal conditions(<500 °C) and
mimics the lithification geological process [84].

1.6.3 Low-temperature densification methods

In conventional solid-state sintering, densification occurs in a multistage process that
involves diffusion of ions, grain growth, and elimination of pores between grains, which is
accompanied by shrinkage of the ceramic body. Two prerequisites must be met for
sintering: a transport mechanism for the material and its activation by an explicit energy
source. Indeed, the latter is the main difference with new low-temperature alternatives for
the fabrication of ceramics and ceramic composites. Sintering usually demands high
temperatures to overcome diffusion activation energy. Furthermore, it is difficult to control
the shrinkage of the material during sintering, so it can greatly affect the size and shape of
the final product [79].

In nature, densification is a lifelong process observed in the formation of the earth's
crust. Lithification, respectively, is the process by which sediment is compacted, cemented,
and converted into sedimentary rock. Sediment consists of solid particles and voids between
particles. The reduction in volume occurs by compacting the particles and thereby reducing
the number of pores. Cementation takes place when minerals crystallize in the pores, thus
effectively binding the sediment (see Figure 1.9). As described, clear similarities can be
seen with new geologically inspired low-temperature consolidation methods based on high-
pressure conditions and liquid phase assistance, which enables particle rearrangement,
compaction, and crystallization from the liquid phase, which, in the end, results in dense
materials [85]. A comparison between low and high-temperature consolidation methods is
shown in Figure 1.9.

Energy consumption [kJ/g]

30
300 Room
1050 - 540 — 130 . Eegll_’erﬁt“re
abrication
700 Cold
sintering
3(1“{1200 Field (——— dissolution of particles drying
() assisted- ‘&t@(%’ % g S
iqui 090 :
2800 Liquid Microwave- k .o D
T R00 phase sintering NS %_/O\\ A
sintering ) @ ’ O J {0
T.[°Cl Solid- state Fast firing Q ﬂ 7
wetting of the particles precipitation

sintering
Inspired by geological processes

Figure 1.9: Ceramics processing. A tendency towards lower temperature and reduced
energy consumption during the consolidation of ceramic materials. (Adapted from [86],
[87],188].)

Cold sintering (CS) was developed as an upgrade of hot pressing (following the Coble
creep model) [89]. It has emerged as a highly efficient technique for compacting ceramics
and composite materials at reduced temperatures (0.1 < 7/ T < 0.2). CS employs two
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phases: a powder from which a ceramic body is formed and a transient solvent that enables
mass transport. A mixture undergoes simultaneous heating and uniaxial pressing to induce
dissolution and precipitation processes [90]. This consolidation process applies similar low-
temperature metamorphic conditions (7= 150 °C - 350 °C, p= 200-800 MPa), which are
common in geological processes such as diagenetic lithification, bulk rock deformation, and
compaction of sediments [64],[70]. Pressure solution creep encompasses non-equilibrium
chemo-mechanical enhanced dissolution (especially at grain-to-grain contacts), grain
boundary diffusion towards open pore surfaces assisted by a liquid film, and precipitation
in the pores, all driven by established chemical potential gradients [92]. CS relies on the
pressure solution as the main densification mechanism but can include Ostwald ripening,
coalescence, and epitaxial growth [58]. Dissolution-precipitation depends on surface area
and interfacial energy. Chemical potential gradients are formed as a consequence of
compressive and tensile stresses and established in areas with enhanced dissolution in the
liquid phase and a high potential for contacting particle surfaces with low chemical
potential. In CS, the establishment of congruent dissolution along with large solubility
in a low-temperature aqueous environment is desired. The dissolution-precipitation
mechanism is hindered with materials such as perovskites and spinels, where
incongruent or limited solubility in water prevails [93]. This appears due to the
atoms/ions being strongly bonded by the close-packed structures. Incongruent
dissolution can produce second phases or an amorphous layer covering the lattice sites
for nucleation, hindering the mass transport between aqueous and crystalline phases,
which all negatively affect dielectric properties. This can be mitigated by adjusting the
pH of a liquid phase accordingly [94]. The main goal of the CS process is to accelerate
the kinetics by selecting nanoparticle-sized materials along with suitable experimental
processing parameters [89]. Nanoparticles exhibit a high surface-to-volume ratio in
comparison to coarse particles. Therefore, more lattice sites for nucleation are provided
amidst precipitation.

Several studies report successful densification to high relative densities (>90 %) of
different ceramic and composite materials at temperatures far below the conventional
sintering temperatures [53], [58], [60], [95]-[98]. By employing CS, it was determined on a
laboratory scale that the energy consumption for consolidating BT powder could be
reduced significantly, from 2800 MJ /kg for conventional sintering to 30 MJ /kg, a decrease
of two orders of magnitude [87]. Cold-sintered BT-PVDF composites (prepared at 190 °C,
350 MPa + 120 °C, 12h) exhibited a relative density of 94.8 %, relative permittivity of 71,
and dielectric losses of 0.04 at 1 GHz [99]. Furthermore, ST can be cold-sintered at 180 °C
but requires heating in air at 950 °C to reach average densities of 97 % and relative
permittivity of 100 at 1 MHz [95]. However, in order to achieve sufficient dielectric
properties, in many cases, additional post-heat treatment is carried out as the next
step after CS.

At the hand of post-annealing (~700-900 °C) recrystallization from the amorphous
phase, epitaxial growth of NP, precipitation, and the evolution of particle structure
into a polygonal configuration take place [93]. In addition, the evolution and successful
decomposition of impurities can be achieved by additional heat treatment phases [100].

1.7 Room Temperature Fabrication

Room temperature densification (RTD), or more general room temperature fabrication
(RTF), was developed by Hanna Kéahari and other scientists from the Microelectronics
research unit in Oulu, Finland. The first proof-of-concept of the method was based on
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the compression (130 MPa) of the LixMoO, (LMO) powder (size below 180 pum) mixed
with a small amount of distilled water. They measured the dielectric properties of as-
prepared samples dried at RT and 120 °C and compared them to the measured values of
control samples (conventionally sintered at 540 °C). Densification at RT was enabled due
to the solubility of LMO in water at RT. The driving force for consolidation in RTF is
pressure [101].

When RTF is applied in bulk ceramic upside-down composites, the high loading of filler
material (for example, ST, BT, etc.) with required functional properties is combined with
the corresponding binder (inorganic aqueous-soluble salt, i.e., LMO, partly in the form, of
a saturated aqueous solution. The process depends on the water solubility of the inorganic
binder. The RTF steps (sieving, mixing, ultrasound treatment, pressing, and drying) are
illustrated in Figure 1.10. In fact, the effect of pressure on solubility is also very important
and can impede both dissolution and crystallization [102]. During RTF of upside-down
composites, the binder crystallizes on the surface of and in between the filler particles, thus
physically binding them together. Densification of ceramics occurs at ambient temperature
during pressing of the ceramic body, followed by drying at 110 °C. Drying is the last
processing step, where the residual water evaporates, and the dissolved binder crystallizes
between the solid particles, resulting in a dense final product. The temperature and
duration of drying can be modified in such a way as to achieve sufficient evaporation of
residual water in a specific time range. The method is based on soft solution processing,
which combines mixing, molding with steel dies, pressing, and drying. The first prerequisite
for efficient densification of such composites is the pretreatment of the filler component in
order to obtain suitable particle size distribution (bimodal, polymodal), resulting in high
packing density. Next, a binder in a liquid phase and a solid powder are used to ease the
rearrangement of the particles during pressing. Another way to enhance the densification
process is to coat filler particles with a binder, which resulted positively in the case of PZT-
ceramics fabrication [103].

The RTF and CS processes share certain similarities—both use a liquid phase that can
partially solubilize the powdered material and compaction under pressure, leading to
particle rearrangement and the reprecipitation or recrystallization of the solid material.
But there are some noticeable differences. In CS, densification occurs under pressure and
simultaneous heating; the starting powder is predominantly nanosized, which may result
in grain growth. However, also microsized powders can be used in CS [90],[104]. Compared
to conventional sintering and CS, RTF does not induce grain growth and overall shrinkage
of the sample. Therefore, it is considered as a net-shape technology. Moreover, as the pH
of the liquid phase is often non-neutral in CS, particularly for incongruent dissolving
materials, post-annealing is sometimes required at high temperatures [93].

This novel and innovative technique of ceramics densification is beneficial since as-
prepared ceramics exhibit well-developed electrical characteristics without the need for
their sintering at high temperatures, thus considerably reducing ceramics fabrication costs.
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Figure 1.10: Schematic representation of the RTF process.
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1.7.1 Crystallization from solution

Crystallization is defined as a process of producing crystalline substances and takes place
from melts, solutions, and vapors. A crystal is a homogeneous solid particle in many
characteristic forms that appear due to solidification under optimal conditions. Crystalline
substances are classified as metal crystals, ionic crystals, valence crystals, semi-conductor
crystals, and molecular crystals. Ionic crystals are common in salts and appear as a
combination of highly electropositive and electronegative elements. Upon dissolution as a
pre-step to crystallization, bonds between solid and solvent are weakened, and solute ions
tend to have a higher attraction to water molecules than to each other. The basic concept
in crystallization is solubility and “supersolubility”. Solubility represents the maximum
concentration of a solute in a solution at equilibrium, indicating the point at which the
solution becomes saturated, which is the degree to which the solute can dissolve. Solubility
is, however, solute-, solvent- and temperature-dependent. Crystallization, however, can be
brought about in different ways, i.e., through evaporation of a solvent until
supersaturation, or as a result of decreased temperature, which causes reduced solubility,
or simply due to a change like a system (adding another type of solvent,). Crystallization
is a two-step process that involves nucleation and concurrent crystal growth.
Supersaturation is the driving force of both processes and resembles a state of
disequilibrium. A solid compound's chemical potential equals a dissolved compound's
chemical potential at equilibrium. Dissolved solute molecules begin to form agglomerates,
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and upon nucleation, smaller particles grow spontaneously within a metastable mother
solution. The concentration gradient from the solution to the appearing crystals is the
driving force of crystallization [105].

1.8 Rules of Mixtures in Composites

The properties of electroceramics can be tailored to suit the needs of various applications
by employing a composite approach. A composite system can comprise n phases with
different dielectric permittivity. The properties of such a composite system are influenced
by the constituent phases, where the more prevalent matrix phase plays a significant role
in determining the overall properties of the composite. Rules of mixtures are equations
used to predict or calculate the effective properties of heterogeneous mixtures. The
equations are based on the properties and volume fractions of the materials' constituents.
Many of the mixing equations depend on general mixing models, either parallel or series.
These rely on the assumption that the way permittivity is affected by inclusions in a
medium is similar to how a dielectric material is affected in a capacitor when exposed to
an applied electric field.

Various models for dielectric mixtures have been proposed and investigated to elucidate
and predict the effect of each phase on the composite dielectric properties. Mixing equations
are generally divided into two subgroups: symmetric equations for statistical mixtures or
asymmetric equations for matrix-inclusion composite type [106]. Lichtenecker and Maxwell
Garnett's (MG) theoretical models are two of the most commonly used for estimating and
predicting functional properties of composites [8], [107], [108]. MG is known as a mean-
field method and considers permittivity of the matrix and inclusions asymmetrically
(Equations (1.11-1.14) [8]. It was adapted for spheres by Wagner and oriented /randomly
oriented ellipsoids by Sillars/Fricke [106],[17],[18]. As reported, the MG model can only be
used when the composite contains a low filler volume fraction [111]. The Bruggeman
symmetric mixing rule (Equation 1.16) calculates the effective permittivity, assuming that
spherical inclusions are evenly distributed in the surrounding matrix. Effective medium
theories revolved around the polarizabilities of ellipsoidal inclusions surrounded by an
effective medium. Among them, the Lichtenecker logarithmic mixing rule has shown good
agreement with experimental values in many studies on ceramic-polymer composites
(Equations (1.4-1.9)) [111]-[114]. Furthermore, it is possible to adjust an empirical factor,
denoted as k, to fit the material more accurately based on the nature of the fillers and
matrix (Table 1.1). Commonly, a value of 0.3 is used for k [8]. Effective-medium-theory
considers the particle shape but with limited accuracy [115]. The Looyenga equation
(Equation (1.15)), based on the symmetric integration method for spherical particles, is
not applicable if the permittivity difference among constituents is too large [106].
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Table 1.1: A list of equations of rules of mixtures used for mathematical evaluation of
relative permittivity in LMO-ST composites.

Equation | Mathematical Ref.
Number | model
(1.4) Lichtenecker al [116]
ek = Zfi e k+0
i=1
(1.5) e, = fie* + fr6%; -1<k<1
(1.6) Ing, =filne; + folney; k=0
(1.7) Lichtenecker = (1-pe+ (- f)e + fwew” [117]
(1.8) geological Ine= (1-p)ine +(p—fw)lneg, + fuwlney,
(1.9) Reformulated In&composite [118],
Lichtenecker = (I—fimo—fair) M &1 + fimoln €Lmo | this
;" fair In Eair work
s 1/k
(1.10) Fitting 900 = (fiel + fo6" + fae5%) "k % 0.
function efilogeitfzloge+fsloges | —
- &—&
(1.11) gdaxw:il . 142V, (g2 — 231) [119]
arne =& =
1-V, (25L)
&+ 2&
(1.12) €composite [118],
_f. €LMo — Est this
. 1+ 2(]CLMO falr) (SLMO + ZSST) work
o (eLmo — &st)
(1 = (fimo — fair)
(CeLmo + 2¢57))
(1.13) =g +3Fe [ 2”4 ] [120]
1308 &+ 26 — f(&5 — &)
(1.14) & = Sexperimental(l + 1.5P)
(1.15) Looyenga et/3 = f1€11/3 + f2£21/3 [106]
(1.16) Bruggeman 2 27c 1— =0 [9]
€1 + 2¢ 1+52+25 (1—=1)

In calculations based on mixing equations, only the bulk ceramic constituents with a
total volume fraction of 1 are often considered. However, it is essential to note that the
remaining pores in the system can also play a significant role. Porosity appears as a
constituent in composites and can be either unwanted or engineered, typically caused by
processing conditions. It is often necessary to apply porosity correction in the mixing
equations, as porosity reduces the relative permittivity of materials [120]. The relative
permittivity of composite mixtures can have an additional contribution due to the
accumulation of space charges at the boundary [29], [121]. As demonstrated, many different
mixing rules are available for composite mixtures, and the fitting model must be chosen
accordingly for each material system.

1.9 Object-oriented Finite Element (OOF2

Analysis
Simulations)

Object-oriented finite element analysis (OOF2) is public-domain software developed by the
National Institute of Standards and Technology (NIST) to perform linear elasticity and
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thermal conductivity simulations [112]. OOF2 calculations on arbitrary two-dimensional
microstructures are used to obtain approximate solutions to initial and boundary-value
equations.

At its most basic level, OOF2 is constructed to analyze how boundary conditions
influence the local fields in microstructures. Figure 1.11 provides a brief overview of OOF2's
solver characteristics. OOF2 can solve any problem in which the divergence of some
generalized flux is a generalized external force. Flux is a linear combination of fields and
gradients of force. Common forces include displacement, voltage, and temperature, and
typical fluxes include stress, polarization, and heat flux. OOF2 thus allows users to study
the thermal, electrical, and stress fields in a microstructure, along with couplings such as
piezoelectricity, pyroelectricity, and thermal expansion. OOF2 uses different sources such
as mass and force density, free charge, and heat source. OOF2 can simulate various material
properties and processes, including heat and mass diffusion, thermoelasticity, relative
permittivity, thermal conductivity, and thermal capacity. An upgrade of OOF2 enables
using nonlinear models that can simulate plasticity and ferroelectricity [122].

There is a principal object hierarchy in OOF2, where Microstructures contain Images
and Skeletons, which in turn contain Meshes. For clarity, all OOF2 elements are written
with the capital initial. Steps in the OOF2 simulation are depicted in Figure 1.12. Before
its use in OOF2, a microstructure image must be segmented; each material in the image
must be assigned a unique color. Tools such as ImageJ or GIMP can be used for this task.
Such an image can be imported into OOF2, which forms the basis of a Microstructure.
Microstructure is the fundamental object in OOF2 and consists of Pixel selection, Pixel
groups, and a Material map, which assigns Materials to Pixels. A Pixel represents the
smallest component of the Microstructure processed by OOF2 and consists of data arrays
that describe a material. A set of Pixels in the Microstructure can be assigned to a Pixel
group according to their colors and contrast. Each group is designated to specific material
properties to differentiate between pixels when creating the Skeleton. Meshes are created
based on the Skeleton.
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Figure 1.11: OOF2 solver characteristics.

The Skeleton is a pre-step to the finite element solution. While Microstructure consists
of many Skeletons, which represent different discretizations, one Skeleton, in turn, produces
many Meshes, which serve as options for various physics and solution methods to be
implemented on a single geometry. Mesh is created upon the Skeleton’s triangular/
quadrilateral elements, which contain Materials properties from pixelized Microstructure.
The Skeletons should have a high average homogeneity over their Elements to ensure valid
operation. The homogeneity of an Element is defined as the ratio of its dominant Pixel
type versus its total Pixel count. To define boundary conditions before solving equations
on a Mesh, one must first select Skeleton boundaries. When edge and point boundaries are
selected, one can apply Dirichlet, Floating, and Neumann boundary conditions [123]-[126],

[127].
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Figure 1.12: OOF2 analysis. Graphically represented steps from the real microstructure to
a constructed material map or skeleton.

OOF2 internally does not use units. However, if the input data is in consistent units,
the output data will follow. Some examples are displayed in Table 1.2. Both unit formats
are equally valid and will lead to the same result for the same structure. In our case, it is
assumed that the space charge is always 0. OOF2 is based on the Gauss law equation

(1.17):
VD—p=0 (1.17)

Table 1.2: OOF2 data and units.

Data Quantity/ Type Unit Unit format 2
parameter format
1
Input Distance Scalar m pm
(width,
height), [x,y]
voltage [U] | Scalar \Y% mV
field
permittivity | Scalar F/m=C | pF/pm
€] field /Vm
free space Scalar C/m3 nC/pm?
charge* [p] | field
Data Quantity Type Unit Unit Equation | Equation
format | format 2 number
1
Output | electric vector V/m mV/pm= E= _0U | (1.18)
field [E] field V/mm 0x
polarization | vector C/m? pF mV /pm?= P=¢e-E | (1.19)
[P] field fC/pm?
energy Scalar CV/m? | fC W=p E 120
density [W] | field =J/m? | mV/um3=alJ/p 2
m3

The relative permittivity among electric material properties assigned to the
Microstructure in OOF2 defines the total polarization flux P, which depends linearly and
isotopically on the gradient of the voltage field. The average energy density (W) is further
calculated as the important output parameter following Equation (1.21)

Z?;o WL'

W = L=l (1.21)
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and represents the average energy density for all elements of the structure.
If the case of an ideal capacitor (single dielectric of area A and thickness k) is applied, W
is calculated as:

2
W=2e (1.22)

Considering this, the equivalent average absolute permittivity of our structure is
derived by Equation (1.23):

2h? w;
e="72lo (1.23)

The OOF2 software offers a unique advantage by combining real microstructural data,
such as particle size, shape, spatial position, and actual orientation, with fundamental
material parameters, including electric properties, elastic modulus, and Poisson’s ratio of
constitutive phases. This combination provides a better understanding of the overall
material behavior [125].

1.10 Mechanical Strength of Ceramics

In general, mechanical characterization is performed by tensile testing, as in real-life cases,
specimens genuinely break due to tensile stresses rather than compression. Tensile stresses
will lead to fracture and usually emerge from either specimen misalignments or elastic
property mismatches. Contrarily, the compression strength values of ceramics are generally
ten or more times greater than the tensile strength values.

Biaxial tensile strength testing has been a longstanding practice, with many different
test setups reported in the literature, e.g., ring-on-ring, punch-on-ring, ball-on-ring, piston-
on-three balls, and ball-on-three balls test (B3B) [128], [129],[130].

a) l preload

punch

supporting
balls

3: supporting ball

b)

—disc specimen

specimen
. N O,
loading ball loading ball 0)
01
<+ guide
3 3
block Ra, supporting radius
stamp supporting point

Figure 1.13: Schematic representation of biaxial B3B testing of a ceramic disc.a) the fixture,
b) the closer view to the ball on three balls testing situation, c¢) Biaxial tension in a two-
dimensional view; Adapted from [131],[132].
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The Ball on Three Balls, B3B-test is a biaxial bending strength test, where a disc-
shaped plate is symmetrically supported by three balls at the upper plane and loaded by a
fourth ball in the center of the bottom plane (Figure 1.13) [128],[131]. The maximum tensile
stress occurs in the center of the top plane of the specimen on the opposite side of the
loading ball and is given by Equation (1.24),

Fmax
Omax = f(@, B, V) 2 (1.24)
t Rq
a=2p=7 (1.25)
2R
R, = T; (1.26)

where F.. represents the maximum fracture load, h is the thickness, and R is the radius
of the disc specimen. In contrast, fis a dimensionless factor related to the geometry of the
sample. More precisely, a is the scale parameter (disc geometry), B is the shape parameter
(support geometry) with the R,, which is a supporting radius, which is related to the radius
Ry of the balls (Equations (1.25)). The radii R, of the supporting balls and the R, of the
loading ball are the same. The correlation between both radii is described in Equation
(1.26). Further, v is the material’s Poisson’s ratio, inherent to the specimen [131], [133].
The Poisson ratio is the transverse strain divided by the longitudinal strain in the elastic
loading direction. In simpler terms, it illustrates a material’s ability to undergo deformation
perpendicular to the loading direction. Generally, except ductile or high-temperature
ceramics, regular ceramics exhibit relatively low Poisson ratios (< 0.3), corresponding to
their brittle behavior [134],[135].

The most sensitive parameter is the thickness of the specimen, which must fit into the
space beneath the loading ball. A 1 % error in thickness determination leads to
approximately 2 % error in calculated stress [131].

The strength data of brittle materials often shows considerable variability in the
measured results; therefore, the strength values must be statistically evaluated. The
Weibull statistics-probability-based function is usually applied in ceramics to achieve this.
Waloddi Weibull was the first to describe the statistical evaluation of brittle fracture in
1939 [136], [137],[138] based on “the weakest-link theory”[139]. Weibull statistics indicate
a particular type of defect distribution, which explains that the largest defect is the limiting
factor in determining fracture-related mechanical properties. In addition, Weibull assumed
that each elemental part of the bulk material carries an individual property (or local
strength). Thus, the probability of failure of each element is integrated over the entire
specimen. The cumulative probability function of a two-parameter Weibull distribution is
presented in Equation (1.27),

(2

m
P=1-exp|- ((70) ] (1.27)
where P means a probability of failure at a certain stress o; oy is the characteristic strength
corresponding to the stress at which the probability of failure is 63 %, and m is the Weibull
modulus, which gives the distribution shape (shape parameter) [134],[137],[140]. Probability
of failure, P plotted against the logarithm of of gives a line of slope m, Weibull modulus.
The slope can be estimated graphically or using the least squares or maximum likelihood
method [138].

Based on the experimental data, there is usually a higher probability of failure with
higher load amplitude and larger specimen sizes. The strength in brittle materials is mainly
controlled and defined by the size of the major flaw in the specimen. Correspondingly, the
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size of the specimen can significantly affect the mean strength, i.e., the strength of small
specimens will be higher than that of larger specimens [141]. The Weibull theory further
interpreted the effect of size on strength.

[131]. This is beneficial since many electronic components are rectangular. According
to the literature, B3B testing has been applied to miniaturized electroceramic components
[142] and metal castings [140].

Compared to uniaxial conventional bending testing, B3B testing of ceramics offers
certain advantages, such as simplified preparation of test specimens, well-defined geometry
of the load transfer from the jig to the specimen, high tolerance to measurement oscillations
and geometrical inaccuracies, which is achieved by testing the center of the specimen that
prevents the effect of edge finishing defects. Imperfect alignment and the edge effect of the
specimen, which can be critical factors in other bending tests, become irrelevant in the
B3B test. With this upgrade, it is possible to test as-sintered samples, which may appear
to have slightly curved surfaces [129].

However, the relation between the volume under tensile load and the specimen volume
is often a shortcoming of the B3B test. If the sample is small, microstructural defects may
not be found in the sample volume. This absence of defects makes it difficult to localize
the fracture, which means that the Weibull distribution is no longer valid [142]. Another
constraint in B3B testing is that a Poisson's ratio value is required in all analytical
Equations for fracture stress, which might not always be independently accessible from the
literature [130].

1.11 Fractography

By its definition, brittle fractures happen with little or no plastic deformation and are
generally caused by unavoidable microscopic flaws that appear during processing. The
brittleness of ceramics results from the strong ionic or covalent bonding between the
metallic and non-metallic elements [134].

Fractography is a valuable tool for identifying the cause of failure in brittle materials
or even providing quantitative data about the loading conditions during testing. In fact,
to a large extent, it is simply pattern recognition. Often, under mechanical loading, we
wonder why our piece of ceramics or any other material broke even though we wouldn’t
expect it to, and thus, what the cause of the break was. In response, fractographic analysis
can give us feedback on whether the strength test was performed correctly, whether the
specimen was properly aligned, and ultimately where the fracture originates.

Fractographic analysis includes a few steps. First, the specimen must be reassembled—
like solving a puzzle. Then, the tested specimen's fragments (size, shape) must be visually
inspected to determine the breakage pattern. Then, the reconstructed sample is inspected
under an optical microscope, and finally, the fracture surfaces are examined under a
scanning electron microscope. Both halves of the fracture surface should be carefully
inspected, as each provides information about the fracture origin. Branching patterns can
explain the direction of crack propagation. Typically, a pair of branches pointing in
opposite directions limits the origin of the fracture, as shown in Figure 1.14. The fracture
begins as a single crack that propagates and splits into two or branches forward into
multiple propagating cracks. Latter happens if the stresses are high enough or directed
toward crack propagation.
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Figure 1.14: Crack branching [100].

Flaws and crack propagation in the specimens are often related to the processing and
microstructure. Flaws can be either surface-, volume- or even edge-distributed. Different
types of flaws can appear in the microstructure, such as large grains, grain boundaries,
compositional inhomogeneity, porosity, inclusions, etc. Large grains may occur due to
compositional variability or exaggerated local grain growth. They are easily recognized by
optical inspection, as they reflect differently from the surrounding matrix. Crack
propagation can be trans-granular (through grains) or inter-granular (along grain
boundaries). Sometimes, side-by-side flaws can link and form a strength-limiting flaw.
Surface voids, among the possible vulnerable fracture areas, are cavities that appear on the
surface of a specimen after reacting with the processing environment. However, not all
flaws in the microstructure will induce a fracture, as the limiting ones have to be oriented
perpendicularly to the principle tensile stress. Besides, as Griffith’s law states, there is a
critical size of the crack that will propagate at a given applied stress. This means that
small cracks are more stable and do not propagate that easily, as their energy generally
rises with length. In contrast, larger cracks are less stable and propagate because their
energy decreases with increasing length [143].

Another essential aspect to remember is to avoid contamination of the fracture surface
before the sputtering for the SEM analysis, as impurities can mask flaws and obstruct the
pattern identification process [132].
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Chapter 2

Objective and Outline of This Work

2.1 Aim

The main focus of this dissertation was to investigate the densification and the resulting
functional properties of ceramic composites, prepared at room temperature using LMO and
alternatives as a binder and ST as the filler.

The aim of the first part of this thesis was to study the fabrication process, the
microstructure, and the dielectric properties of the upside-down LMO-ST composites by
exploring physical factors that affect each processing step. Furthermore, I aimed to
experimentally investigate the effect of composition on the microstructure and dielectric
properties. An important approach implemented was to compensate for the observed
residual porosity in LMO-ST composites by impregnating the composite with titanium(IV)
isopropoxide (TTIP).

In the second part of this thesis, my goal was to describe the dielectric properties of
LMO-ST composites as a function of composition by using mathematical mixing rules and
Object-oriented finite element simulation software (OOF2). In addition, the effect of binder
coating on ST filler particles would be simulated using OOF2 and then compared to
experimental results. Therefore, I aimed to explain the composite material's response to an
electric field better.

In addition, I aimed to focus on finding new binders as an alternative to LMO and
investigating their binding potential in ceramic composites fabricated at room temperature.

In the final section of my thesis, I aimed to analyze the mechanical properties of
ceramics and ceramic composites using the ball-on-three-balls-bending (B3B) test.

The following is a list of leading questions which were addressed in the doctoral
dissertation:

— How do physical parameters, such as particle size, applied pressure, and drying

time, affect the densification and dielectric properties of LMO-ST composites?

— How does the change in composition (LMO-ST proportion) affect densification and

dielectric properties?

— How does residual porosity affect dielectric properties?

— Is it possible to improve relative density and dielectric properties through

impregnation?

— Can any trends be identified through theoretical analysis based on the rules of

mixture and OOF2 simulations?

— Which are the optimal alternatives to LMO binder?

— What are the mechanical properties of LMO-ST and ST-alternative binder

composites?

—  Which approach of mechanical characterization is the most reliable and consistent

in testing such materials?
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2.2  Hypotheses

Hypothesis 1: The optimization of the RTF process, including the use of larger
particle-size filler powders, higher applied pressure, and longer drying time
exposure, increases relative permittivity.

Many studies have focused on selecting the best combination of composite constituents to
obtain dense structures [144], [145]. The Furnas and Dinger-Funk packing models are based
on the appropriate proportioning of different particle sizes to achieve improved packing
density of mixtures [146], [147]. It is possible to achieve higher packing density using non-
uniform particles. Smaller particles fill the gaps between the larger ones, resulting in denser
structures. Pressure is expected to facilitate densification, and hence, by increasing the
pressure, a denser composite structure will appear as a result. In addition, when exposing
samples to a temperature above 100°C, adsorbed moisture and remaining water from
processing are removed.

Hypothesis 2: Higher binder (LMO) content increases relative density but
decreases relative permittivity.

On the one hand, smaller and softer LMO particles are expected to fill the pores and
compress more under pressure than the harder ST phase. On the other hand, the LMO
binder represents a low relative permittivity material, which, when combined with a high
relative permittivity material (ST), would result in a decreased dielectric performance of
the composite. For this reason, I tackled this research dilemma experimentally.

Hypothesis 3: Residual porosity decreases the dielectric properties of binder-ST
ceramic composites, which can be proved by using mathematical rules for
mixtures.

It is generally known that porosity is one of the main drawbacks to the relative permittivity
of materials. Particularly when the pores are filled with adsorbed moisture or residual
water, this can negatively affect the overall loss within a dielectric material. Using the rules
of mixture, one can predict or mathematically estimate the effect of porosity, as has been
utilized in many studies [9].

Hypothesis 4: OOF2 simulations can characterize the electric field and
polarization within the binder-ST composite and help us further understand
local field phenomena within the composites.

In RTF of binder-ST composites, a complex multiphase system can respond unusually to
the applied electric field in reality. As reported in the literature [125], object-oriented finite
element analysis (OOF2) can solve the Coulomb Equation and build the data about the
polarization and energy density from the actual microstructure of binder-filler composites.
It is, therefore, expected that simulations can assist in understanding the properties and
functionality of such composites.

Hypothesis 5: Impregnation with titanium (IV) isopropoxide (TTIP) improves
the relative density and dielectric properties of LMO-ST composites.

The residual porosity in composites and ceramics made at room temperature is expected
to be approximately 15 % [46], [103], [148]. The dielectric constant of classically sintered
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ST ceramics and RT-fabricated LMO-ST ceramic composites differ mainly due to the much
larger porosity (sintered ST exhibits 1-2 % porosity). I believe the overall dielectric
properties of RT-fabricated pellets can be improved by introducing an impregnation process
with a liquid medium that solidifies after drying and has a relative permittivity greater
than 1 (air). For instance, titanium (IV) isopropoxide transforms into titanium dioxide
after hydrolysis, polycondensation, and heating at a sufficient temperature [149].

Hypothesis 6: The characteristic mechanical strength of sintered ST and binder
ceramics surpasses that of RTF binder ceramics and binder-ST composites.

A critical aspect of using ceramic materials in electronics to ensure their smooth operation
and long life is their mechanical stability when subjected to loads during operation.
Processing conditions can play a big role in this and significantly impact the final functional
properties of such electroceramic passive elements.

Multiphase binder-filler composites prepared at room temperature are composed of
materials with significantly different inherent mechanical properties. It was, therefore,
expected that their response to loading stresses would be very complex and somewhat lower
compared to sintered ceramics. As mentioned above, such materials are more porous, which
is generally known to have a significant effect on the final mechanical properties.

To the best of my knowledge, there has been no literature study to date that examines the
mechanical strength of RTF ceramics and composites, which motivated me to conduct such
research.

2.3 Thesis Outline

The doctoral thesis is divided as follows: in Chapter 1 introduction to the theoretical
background of the research topic and the existing literature review is provided. In
Chapter 2 the aim, goals, and hypotheses of the thesis are presented. In Chapter 3, the
materials and methods used to conduct the experimental investigation are presented. The
experimental results and discussion are divided into Chapters 4-9. In Chapter 4, the
optimization of the RTF method on LMO-ST composites and the effect of various
processing parameters on dielectric properties and microstructure are presented. In
Chapter 5, the experimental and mathematical evaluation of the effect of varied
composition (LMO-ST proportion) on dielectric properties is outlined. In Chapter 6, the
OOF2 simulations on real and engineered microstructures were used to provide a deeper
insight into the electrical properties of composites. In Chapter 7, impregnation with
titanium(IV) isopropoxide (TTIP) was used to reduce overall porosity in LMO-ST. In
Chapter 8, the focus is shifted to replacing the extensively researched binder, LMO, with
innovative inorganic alternatives. The performance of these new binders was investigated,
with particular emphasis on their density and dielectric properties in radio and microwave
frequency ranges. The experimental work was extended to employing BT as the filler phase
and comparing the results with binder-ST composites. In Chapter 9, results on the
mechanical characterization of binder-ST composites are presented, and compared to the
mechanical strength of single-phase binder ceramics and ST ceramics.
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Chapter 3

Materials and Methods

3.1 Synthesis of ST- and BT-binder Ceramic Composites

The composite samples for RTF experiments were fabricated using a two-stage process. At
first, ST ceramic pellets were prepared by combining high-purity SrCOs; and TiO, powders
(both chemicals > 99.9 %, Sigma - Aldrich Co., United States), which were used for
subsequent composites. ¢ Binders were used in two forms: as a powder, sieved <40 pm,
and as binding aqueous phase-saturated solution. The composition was mostly kept
constant, wherein a high loading of ST filler (93.5 wt %, 85 vol %) was combined with a
selected binder (6.5 wt %, 15 vol %). However, a chapter with varied LMO binder (from
1, 6.5, 10, 20, 30, 40, 50, 60, 80, and 100 wt %) content is an exception.

The RTF process encompasses sieving, mixing, ultrasound treatment, pressing, and
drying. Precisely, ST fractions and the desired amount of LMO were weighed using an
analytical balance (AG104, Mettler Toledo) and mixed by shaking for 1 min in a 25-mL
glass vial. Subsequently, a saturated aqueous solution of a binder (0.2 mL/per 0.666 g of
dry composite mixture) was added to the mixture and well mixed, then transferred into a
steel dye with a diameter of 10 mm. Once the mixture was placed into the die, ultrasonic
treatment (UP100H ultrasonic processor with MS1 sonotrode — 100 W, 30 kHz, Hielscher
Ultrasonics GmbH) was implemented to enhance mixing, particle wetting and enable a
denser distribution within the mixture. Next, the binder-ST mixture underwent uniaxial
pressing (Manual Lab press from P/O/Weber, Germany) at RT, wherein a varied pressure
ranging from 60 MPa to 1 GPa and pressing times between 1 to 60 min were applied.
Subsequently, the pressed pellets were weighed and dried for 3 to 20 h at 110 °C. An
equivalent outcome in terms of relative density and dielectric properties was achieved when
composite samples were dried at RT in a desiccator for 24 h. Furthermore, during my visits
to Finland, binder-ST composites were hot-pressed at 110°C for 1 h. In this study,
processing parameters were thoroughly inspected and optimized somewhat to regulate the
energy consumption within this fabrication process. After drying, composite pellets were
reweighed, and the water content of 2-3 wt % and total binder content of 9 wt % were
estimated from the mass difference and the binder solubility value. The dimensions,
including the width and height of the pellets, were measured with a caliper, from where
the relative density of the composite samples was calculated. The RTF process scheme is
presented in Figure 1.8.
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3.1.1 Synthesis of ceramic compounds ST, BT; binders NMO, NWO,
NSiO

To synthesize ST ceramics, a precise stoichiometric ratio (1:1) of SrCO; and TiO, powders
was thoroughly mixed in a planetary mill (Retsch) with the addition of ethanol as a mixing
medium (30 min, 250 rpm). Following the milling, the ethanol was evaporated at 80 °C.
The resulting powder was then uniaxially compacted into pellets (d=12 mm, p=250 MPa)
and calcined at 1100 °C for 20 h (heating rate 5 °C min™). Calcined pellets were crushed
and again homogenized with milling in ethanol. Dried powder was pressed into pellets and
sintered at 1400 °C for 20 h (heating rate 5 °C min™). Both calcination and sintering were
performed in an air atmosphere. Subsequently, a detailed characterization of the sintered
ST ceramics was performed, focusing on their microstructural and dielectric properties. To
prepare the sintered ST for use in composites, it was crushed in agate mortar and then
sieved into various size fractions ranging from <40 pm up to 500 pm. For this, a stack of
steel sieves with different mesh sizes (500, 200, 150, 63, and 40 pm; 200 pm in diameter,
ISO3310 Endecotts Limited) fixed in a Sieve Shaker (Octagon 200 Sieve shaker, 230 V, 50
Hz, Endecotts Limited) was used. The Na-based salts were prepared via a solid-state
reaction, as shown in Figure 3.1. For the synthesis of a particular binder, both reactants
were well mixed in an appropriate stoichiometric ratio in a mortar. The binders NasMoOy,
Na,WO,, and Na,SiO; were synthesized from sodium hydroxide (NaOH, 98 %, Fisher
Scientific), molybdenum oxide (MoOs, 99.5 % Thermo Scientific), tungsten oxide (WOs,
99.9 %, Fluka), and silicon dioxide (SiO,, 99.999 %, Alfa Aesar) following the reactions
and conditions depicted in Fig. 3.1. The synthesis conditions for NWO and NSiO were
optimized in this study based on the existing literature [22, 28]. The powders were
homogenized by ball milling (Retsch, Germany) in ethanol (250 rpm, 30 min) before
calcination. The dried powder mixture was pressed into pellets and calcined at elevated
temperatures. After synthesis, the binder pellets were crushed using a mortar and pestle.

|

reactant 2

solid-state
reactant

reaction .!. Py
pellet l ?g.'
]
@
binder powder

Na,MoO,: 2NaOH + MoQ, 380°C, Na,MoO, + H,0
Na,WO,: 2NaOH + WO, 227G Na, WO, + 1L,0
Na,SiO,: 2NaOH + Si0, 990°C, Na,Si0, + H,O

Figure 3.1: Solid-state synthesis of the NMO, NWO, and NSiO binders.

3.2 Density Measurements

The densities of the LMO-ST composites were determined using two methods:
geometrically measuring the dimensions and weight of the samples after drying and using
the He pycnometer method. Whereas the pycnometric density (ppy or Papparent) Of the samples
was measured using a gas pycnometer (Ultrapyc 5000 Foam, helium).

The subsequent equations (3.1-3.7) were used to compute the geometric, theoretical,
apparent densities, total and open porosity, and the fraction of open porosity:
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Poeo = (3.1)
Pen = f1p1 + f2p2 (3.2)
_ (Pgeo'Ptn)
ppy N Dclosed PthtPgeo <33)
_ Pgeo
(ptotal =1- H (3'4>
Pgeo
(popen =1- E (35)
Dirosed = Protal — d’open (3'6>
% 0f Popen = 22" 3.7
0 Of open Proral ( : )

Where p is the density (pi, p2 for components 1 and 2, p,, for pycnometric density), m
is the mass, z is the width of the pellet, r is the radius of the pellet, and f stands for the
volume fraction (f;, f for components 1 and 2), ® is the porosity.

The geometrical density of each sample pellet was calculated from the mass and
dimensions. Theoretical density was assumed from the starting volume fractions of solid
binder and solid filler. Relative density equals the quotient of geometrical and theoretical
density (Equation (3.8)). In addition, the binder content coming from the saturated
solution was calculated (Equation (3.9)) and added to the total mass of the binder
(Equations (3.11), (3.12), (3.14)). Total filler content was calculated with Equation (3.13).
Water content was calculated from the mass difference between the weighed pellet before
drying (after pressing) and after drying (Equation (3.10)). The theoretical density of the
pellet and relative density were corrected by including the volume of the dissolved binder
(equation 3.15). Fractions of air and filler were calculated by Equations (3.17) and (3.18).

__ Pgeometrical
Prelative = p ] (3‘8>
theoretical
Mgissolved binder = Water content(%) - Myefore arying * Solubility of the binder (3.9)
m ing—Mm i
water content (%) = Amass = —Lredying. _after dving .y (3.10)

Mpefore drying

The sample pellet is weighed after pressing (before drying) and after drying.
Total mass of the binder:

Mpinder, total — (Wt % Of the binder - mbefore drying) + Myjssolved binder (3-11)

Total binder content (wt %) =

total binder content (Wt %) - Mg fter drying

Pbinder (312>

total binder content (wt %)- Mafter drying | total filler content (Wt %)- Mafter drying

Pbinder Pfiller
total filler content (Wt%) = 1 — total binder content (wt %) (3.13)
total binder content (vol%) = —rindertotal (3.14)

Mafter drying
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ptheoretical, corrected = ( total binder content (vOI %) ' pbinder) + ((1 -

total binder content (vol %)) * priner (3.15)
__ Pgeometrical

prelative, corrected — W (3-16)
corrected’

vol % Of air=1- Prelative, corrected (3'17>

vol % of filler =1 — vol % of binder — vol % of air (3.18)

3.3 Coating

In this work, only ST ceramic particles were coated with LMO binder. A precise description
of a coating procedure with LMO can be found here [103] and is presented in Figure 3.2.
The required mass of LMO powder (6.5 wt %/15 vol %) was weighed and mixed with a
few drops of deionized water, and then 1,2-butanediol (> 98 %, Fluka) was added to the
LMO slurry. ST powder in all size fractions (40-500 pm) was added. Concurrent mixing
and heating to 150 °C were applied. First, water from the LMO-ST solution evaporated.
Then, 1,2-butanediol solvent was added, which caused the evaporation of water and
precipitation of LMO on the surface of ST particles due to its higher boiling point of 192
°C.

ST particles
_LMO slurry + 1,2-butanediol

- Y
D

heating to 150°C ) - H,0

heating to 200°C_D - 1.2-butancdiol

heating to 150°C|  20h

Figure 3.2: The schematics of the coating procedure.

Finally, the temperature was increased to 200 °C to evaporate the remaining 1,2-
butanediol. A thick paste of ST and LMO was formed and post-heated at 150 °C in the
laboratory oven for 20 h. The coated ST particles were then wetted with LMO saturated
solution, transferred to a steel die, sonicated for 30 s, pressed at 250 MPa for 5 min, and
dried for 6 h at 110 °C in the laboratory oven. Afterward, dimensions were measured using
a caliper, and silver paste was applied to the top and bottom sides of the pellet as required
for dielectric measurements.

3.4 Impregnation

Impregnation was performed only on the LMO-ST samples with a 6.5 wt % (15 vol %)
LMO composition. As-prepared LMO-ST samples were immersed in TTIP solution in a 10
mL glass vial. Impregnation involves four steps: deaeration, filling the pores under high
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pressure, hydrolysis under water vapor, and drying (Figure 3.3). First, the vials were
transferred to the desiccator coupled with a cold trap (liquid nitrogen) and a vacuum
pump. This step was utilized to remove air from the pores of the pellets. For this purpose,
the pressure was lowered to about 100 mbar for 10 min. Subsequently, the vials containing
the pellets were subjected to a high pressure of up to 3 bar for 3 min. Thus, the pores in
the composites were filled with TTIP. The samples were then subjected to water vapor for
10 min to prompt hydrolysis of TTIP. Subsequently, the samples were dried in air at 110
°C for 4 h. The entire impregnation process with all 4 steps, shown in Figure 3.3, was
repeated one or three times for two different sets of experiments. Moreover, two other
drying procedures were tested. The impregnated samples were dried in a vacuum oven at
room temperature for 4 h or fired at 400 °C for 4 h. After drying, the density and dielectric
properties of the pellets were measured. The impregnation process is simple and feasible
for a larger batch of samples, making it easily scalable for industry [149].

-
I ati
;::ﬁ:cggirwl:m H,;0 vapour treatment Firing at \
I‘T 10 min 400°C, 4 h
2

@ = O Dryimgar 110%
B _,,S < Dl'ymgz(]atll 110°C

7 YYVYVYY
ST/LMO = @
Drying in vacuum
Submerging the at RT, 4 h
sample to TTIP

Ti(OCH( (‘H + ﬂI 50— Ti(OH), + 4(CH;)CHOH (hydrolysis step)
\ Ti(OCH(CH,),), + 2H,0 — Ti0, + 4(CH;),CHOH (overall reaction)

deaeration

Figure 3.3: Schematic representation of the impregnation process using TTIPto compensate
residual porosity in LMO-ST composites.

3.5 X-ray Diffraction Analysis

The crystal structure of all composite constituents and composites was examined at room
temperature using X-ray diffraction (XRD, AXS D4 Endeavor, Bruker Instruments).

3.6 Scanning Electron Microscopy-Energy Dispersive
Spectroscopy (SEM-EDS)

A scanning electron microscope FESEM Ultra plus (Carl Zeiss, Germany) with an energy-
dispersive spectrometer (EDS, Inca 400, Oxford Instruments) was used to perform a
microstructural analysis. Prior to the SEM examination, to avoid the buildup of electrons
on the surface of the specimen, known as sample charging, a thin film of 4-5 nm thick Pt
layer using PECS (GATAN Inc.) was deposited. For SEM-EDS analysis, cross-sections of
the pellets were prepared using an ion beam cross-section polisher (Jeol IB-19520CCP, Jeol
Ltd., Japan). FESEM-EDS, Carl Zeiss SMT AG was used for SEM imaging of binder-ST
samples in Oulu. For SEM imaging of fractured samples in Leoben, Thermo Scientific™
Apreo 2 SEM was used.
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3.7 Fourier-Transform Infrared Spectroscopy (FTIR)

The nature of the bonds in the prepared binder-ST and impregnated composite pellets was
investigated using a diffuse reflectance infrared Fourier-transform spectrometer (DRIFT;
PerkinElmer Spectrum 100, Waltham MA, USA). Spectra were measured in the
wavenumber range 400-4000 cm™. Sample preparation for DRIFT was carried out by
mixing 5 mg of the investigated material with 70 mg of KBr.

3.8 Thermogravimetric Characterization

For thermogravimetric analysis, heat treatment of samples was performed from 40 °C to
800 °C using a thermogravimetric analyzer coupled with a mass spectrometer (TG-MS;
NETZSCH STA 449 C/6/G Jupiter, 403 C Aéoloss QMS 403). Mass loss and released gases
were evaluated on ~150 mg of powder for each sample (as-prepared binder-ST, pure
binders, pure ST, impregnated- LMO-ST samples) in Al,O; crucibles. A heating rate of 10
K min'! in an operating atmosphere, consisting of 20 % oxygen and 80 % argon, with a
total flow rate of 50 mL min™, was utilized for the measurements.

3.9 Surface Wettability

The intermolecular interactions of the different binders with ST were investigated by
measuring their surface wettability using a contact angle meter, Theta Lite (Biolin
Scientific, Gothenburg, Sweden). Polishing of the ST surface was performed using grinding
paper (grits 1200, 2000, and 4000), cleaned with water and acetone, exposed to ultrasound,
and dried in a drying oven at 110 °C to prevent water adsorption at the surface. All ST
surfaces were treated equally to avoid the effect of surface roughness on the contact angle
(CA) measurements. Droplets (3 pL) of a saturation solution of each binder were placed
on the polished ST surface. Ten subsequent images were taken of the droplets at one-
second intervals to observe any changes in the droplet shape. The images were analyzed
using the Attension theta 4.1.0 Software to obtain the corresponding contact angles. The
arithmetic mean of the left and right contact angles was considered for the final contact
angle measurement. At least six replicates saturated solution droplets were deposited on
the ST pellet to obtain the average value and standard deviation.

3.10 Dielectric Measurements

Prior to dielectric measurements, silver paste (DuPont 5064H, DuPont Microcircuits
Material, United States) was applied to the top and bottom surfaces of the pellet. The
applied paste on both sites was then dried at 110 °C. Subsequently, relative permittivity
and dielectric losses were measured using an Agilent 4284A Precision LCR meter with a
custom sample holder, with open/short circuit calibration. The entire setup was placed
inside a desiccator during the measurements. A custom-made setup was constructed after
the effect of moisture on composites was observed. All dielectric assessments were carried
out within the frequency range of 20 Hz to 1MHz, with an amplitude of 1 V. Dielectric
properties of ceramic composites were measured using the TEgis resonant cavity method.
Pure binders were characterized using the N1501A coaxial probe method (Keysight). The
temperature coefficient of the resonant frequency of the binder-ST composites was
measured on three parallel samples of each composition at five different temperatures (from
27.5 °C to 65 °C, each step 10 °C; cooled down to 27.5 °C and remeasured) using TEgs
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resonant cavity method (Vector network analyzer, E8361C, Agilent) coupled with thermal
chamber Ultra 2000 (Kambi¢) setup.

3.11 Microstructural Simulation Using OOF2

The OOFEM analysis was performed on the SEM-EDS images of polished cross-sections
of LMO-ST composites to investigate the microstructure-property relationship. The OOF2
was used for the approximate relative permittivity in composite samples. The software
requires a microstructural image that is transformed into a binary image and serves as the
input data. Microstructure is divided into pixel groups and assigned to materials properties.
The simulation of the microstructure subjected to an applied electric field was conducted.
Using OOF2, the distribution of polarization and energy of the electric field for the entire
Microstructure was evaluated. Simulation was performed on different sample compositions
of LMO (10 %, 20 %, 30 %, 50 %, 85 %)-ST composites. With OOF2 simulations, the effect
of binder content, coating of ST ceramic particles, and electric field penetration through
the composite material was demonstrated. The Ubuntu Linux system was used to run
OOF2.

3.12 Mechanical Measurements — Ball on Three Ball Test
(B3B) and Fractography Analysis

The characteristic strength of ceramics and ceramic composites was measured under biaxial
bending using the ball-on-three-balls (B3B) test [131]. The measuring setup is depicted in
Figure 3.4. The experiments were conducted under ambient conditions (~25°C and ~30 %
RH) utilizing a Zwick 010 testing machine (manufactured by Zwick GmbH & Co. KG in
Ulm, Germany). Depending on the sample type, a 10 kN load cell was employed with a
0.5mm min™? displacement rate and a 2-5N preload. All samples measured 10 mm in
diameter and exhibited thickness variations ranging from 0.8 mm to 2.0 mm. A B3B testing
fixture included four balls measuring 6.35 mm in size, which had to be precisely aligned in
the test jig. The use of a manifold guide can ensure a good alignment. The fixture is placed
in the universal testing machine, and some load is applied. When preload was detected,
the guide was carefully removed. The friction between the fixture and balls keeps the
supporting balls and the specimen in place while the loading ball is fixed in its position.
Next, the loading was increased until the specimen was fractured. The characteristic
strength (o) values were obtained by fitting the measured data in agreement with the two-
parameter Weibull statistics using the maximum likelihood method. After the B3B
mechanical testing, sample fractures for each sample were reassembled under a
stereomicroscope to identify the origin of the fracture (Smartzoom 5 digital microscope,
Carl Zeiss Microscopy LLC., United States). Fractography analysis and fracture pattern
identification were conducted by microstructure imaging using a scanning electron
microscope (Thermo Scientific™ Apreo 2 SEM). Before SEM imaging, samples were gold
coated using an Agar sputter coater.
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Figure 3.4: The B3B biaxial testing setup. a, b) measuring setup; c) fractured samples in
fixtures; d) reassembling sample fragments for fractography analysis.
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Chapter 4

The Optimization of RTF Process —
the Effect of Processing Parameters
on Density and Dielectric Properties

This chapter provides an overview of the process of “Room temperature fabrication (RTF)”
of ceramic upside-down lithium molybdate-strontium titanate (LMO-ST) composites. RTF
is a promising alternative to the time- and energy-consuming high-temperature sintering
of electroceramics, which involves mixing the initial phases, molding with a steel dye,
pressing, and drying. By the cause of densification, LMO-ST composites, based on a high
ratio of filler ST coupled with the corresponding LMO binder, are fabricated. Part of the
binder is admixed to the ceramic particles, and an additional part is added as a saturated
aqueous solution, which crystallizes during pressing and drying, leading to its deposition
on the surface of the filler particles.

Investigating various processing aspects and corresponding microstructural and
structural analyses provided a more profound understanding of the method. Optimizing
processing conditions such as particle size distribution, pressure, pressing time, ultrasonic
treatment, and drying time improved the functional properties of the LMO-ST composites.

The results of this chapter were published in the manuscript entitled: Dielectric
Properties of Upside-Down SrTiOs/LixMoOs Composites Fabricated at Room Temperature

Published in the journal Frontiers in Materials, April 22, 2021,
https://doi.org/10.3389/fmats.2021.669421.
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4.1 Results and Discussion

This chapter presents the results of the study in which I attempted to optimize the RTF
method for the LMO-ST composites. For this purpose, the influence of different processing
parameters on the dielectric properties of the prepared composite samples was evaluated.
The composition of 93.5 wt % of ST and 6.5 wt % of LMO (which equals 15 vol % of
LMO/85 vol % of ST) was used. The experimental results in terms of relative density and
relative permittivity are presented with a corresponding error bar of 2 % calculated from
the accuracy of the measured sample dimensions and LCR meter. Moreover, the error value
of the dielectric losses was estimated to be only 0.004 % and, therefore, was not further
reported. Further in this thesis, the relative density error values are not shown next to the
data, as they remained consistent up to 2 % for different samples. The temperature
dependence of the relative permittivity in the temperature range from 20 to 80 °C at 1
MHz was investigated. The results showed that a typical value of the temperature
coefficient ranges from 0.13 % to 0.15 %, which agrees well with the literature data for ST
ceramics [150],[151]. The two-component composites described in this chapter comprise
functional ST ceramics and the LMO binding phase. The ST ceramic used as filler in these
composites exhibited a relative permittivity (&) of 296 and dielectric losses (tan 3) of 0.0015
at 1 MHz. LMO served as a binding phase and exhibited relative permittivity of 5 and
dielectric losses of 0.0005 at 1 MHz.

4.1.1 Microstructural characterization of ST, LMO, and LMO-ST

composites

Preliminary characterization of the as-prepared ST ceramic revealed that calcination and
sintering resulted in a very dense ceramic with a high relative density of over 98 % and an
average grain size of 1.5 pm (Figure 4.1).

Figure 4.1: SEM micrograph of conventionally sintered ST at 1400 °C for 20 h.

Figure 4.2 shows the microstructures of the prepared composites. The SEM micrographs
and EDS mapping show a 0-3 composite microstructure in which the roles of the binder
LMO and ST filler are flipped due to the compositional proportion. Hence, the term
“upside-down” comes. In Figures 4.2 a—c, the green-colored regions are associated with
LMO, while the orange-colored areas belong to the ST particles. The LMO phase is
distributed among the larger ST particles (Figure 4.2 a), and smaller ST particles are
embedded in the LMO phase (Figure 4.2 b). Moreover, Figures 4.2 a—c show that the
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samples have residual porosity, which is consistent with the results of the density
measurements. Prepared cross-sections showed a typical curtaining pattern on the surface
due to ion beam treatment by the cross-section polisher (Figures 4.2 a—c). The LMO phase,
which incorporates smaller ST particles, fills the voids between larger ST particles. The
contact between the LMO phase and the ST particles is predominantly tight, but porosity
and loose contacts can be observed in certain places. The addition of LMO in both dry
(powder) and wet (ss) forms was expected to create a continuous thin layer (coating) of
the binder on the surface of ST particles. This was, however, not confirmed by the SEM
analysis. One possible reason is that a significant amount of the saturated LMO solution
was removed from the composite mixture during pressing. As a result, the LMO film was
successfully precipitated only in certain areas in the sample pellet, such as voids between
ST particles.

Figure 4.2: EDS mappings of the cross-section (a—c). (b, ¢) Expanded view of the LMO-ST
contact showing good adhesion and bonding of LMO (green color) on the surface of larger
and smaller ST particles (orange color). (d) SEM micrograph of the surface of the prepared
samples.

The SEM micrographs of the surface of as-prepared LMO-ST pellets demonstrate that
LMO is concentrated at the bottom and top of the pellet after the densification process.
This behavior can be attributed to the pressing phase and pressure gradient. The liquid
LMO-rich phase is pressed out at the top and bottom of the steel dye. When the pellets
undergo drying as post-processing, water evaporation, and extensive LMO crystallization
occur in this area. As a result, I obtained a surface, as seen in the micrograph in Figure
4.2 d.
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4.1.2 XRD Analysis of LMO, ST, and LMO-ST composites

Figure 4.3 shows the XRD patterns of the representative LMO-ST composite sample and
both initial components (LMO, ST). The pattern of the composite sample exhibits the
characteristic XRD reflections of ST (ICDD No. 35-0734) and LMO (ICDD No. 12-0763),
confirming that the components do not react. The intensity of reflections belonging to the
LMO phase is weaker than ST reflections due to the low total LMO phase content (~9 wt
%). However, the most intense LMO reflections are observed at 20°, 21.1°, 24.9°, 26.8°, and
27.6° 20 values.
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Figure 4.3: X-ray diffraction patterns of LMO-ST composite, ST sintered at 1400 °C, and
commercial LMO.
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4.1.3 The Effect of Particle Size Distribution on Dielectric Properties
of LMO-ST Composites

As a first step in investigating different processing parameters for RTF of LMO-ST
composites, I examined the effects of particle size and the proportion of various fractions.
One essential physical property of as-prepared composites is the packing density, which
ideally should be as high as possible, as indicated in previous works [101]. The packing
density is strongly related to the distribution of larger to smaller particles and their volume
fractions. Thus, it tends to decrease when the ratio of larger to smaller particles decreases.
The Furnas model can predict the packing mechanism so that smaller particles fill the
interstices between larger packed particles, leading to lower porosity [152]. According to
the literature, wide particle size distribution contributes positively to higher relative
density values [103]. For this purpose, the size of ST particles was varied to inspect the
effect of particle size distribution on the density and dielectric properties. In contrast, the
size of LMO particles was constantly ranging below 40 pm. For this section, I maintained
constant processing conditions: 0.5 min of ultrasonic treatment, 5 min of pressing at 250
MPa, and 20 h of drying to prepare LMO-ST composites. The average relative density,
average relative permittivity, and dielectric losses, measured from a series of three samples
prepared under the same experimental conditions, are presented in Table 4.1. I prepared
five samples that consisted of different-sized ST particles. Using smaller particles (mixture
1) resulted in the lowest relative density of 76 %, while higher relative density values of 81
% and 84 % were obtained with LMO-ST mixtures 2 and 3, respectively, consisting of
larger particles. Following the Furnas model for randomly dispersed spheres, the initial
particle size distribution was changed from single to triple modal (di, 1/7 of di, 1/49 of d1)
and mixed in the ratio of fractions 75/14/11. Theoretically, in this way, a maximum
packing density of 95 % can be achieved [153]. LMO-ST mixtures 4 and 5 implemented
this idea with a relative density of 83-84 %. There was a noticeable increase in density
when the particle size of ST was increased from 40 pm to 200-500 pm. This increase may
be due to the smaller particles being less able to be wetted and compressed. Cabiscol et al.
showed that if the primary particle is sufficiently small, the inter-particle cohesion force
will dominate over the external forces, which results in stable structures at low bulk
density. In addition, smaller particles are more cohesive and tend to agglomerate [154].
However, the density did not improve when changing from mixture 3 to mixture 5.

Table 4.1: The effect of ST particle size fractions on the relative density and dielectric
properties of LMO-ST composites fabricated at RT and measured at 1 MHz.

LMO- Particle size range (pm) Relative | Relative Dielectric

ST density, | permittivity, | losses,

mixture P &r tan &

number

1 <40 764+2% 46+1 0.005

2 150-200 81+2% 6541 0.003

3 200-500 8442% 70+1 0.002

4 75 %150-200 + 25 %<40 834+2% 6741 0.003

5 75 % 200-500 + 14 % 63-40 + 11 | 84+2% 73+1 0.005
%<40

P, &, tan § average values were calculated on 8 parallel samples.
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Regarding dielectric properties, the ceramic prepared from smaller particles (mixture
1) exhibited the lowest relative permittivity of 46 with the corresponding dielectric losses
of 0.005. This could be due to the higher porosity in the case of sample mixture 1. According
to the results, pellets consisting of larger particles (mixture 3) exhibited a relative
permittivity of 70 and dielectric losses of 0.002, compared to sample mixture 2, where a
lower relative permittivity of 65 and dielectric losses of 0.003 were achieved. Thus, the
improved relative permittivity of LMO-ST composites was observed with the increasing
size of the initial ST particles. Generally, by increasing the relative permittivity of the
samples, their dielectric losses were also increasing. Compared to mixture 2, mixture 4
shows a slightly improved relative permittivity of 67. Similarly, mixture 5 outperformed
mixture 3 by having a relative permittivity of 73, corresponding to increased dielectric
losses of 0.005. Although I did not detect a large difference in density between mixtures 3
and 5, the difference in & can be further explained by the OOF2 results. The small ST
particles filling the empty space between the larger particles are expected to increase the
polarization in the composites compared to if there was only air, which is expected to
happen when we only have large ST particles. Mixture 1, which consists of only small
particles, results in higher porosity, which is the main factor for the lower relative
permeability. The implementation of only smaller particles in composite mixtures resulted
in more interfaces having either air around them or a thin layer of precipitated LMO from
a saturated solution. According to the OOF2 simulations (shown in Chapter 6), the LMO
and air disrupt the path of the electric field, reducing the polarization through the
composites.

Based on these results, the LMO-ST mixture 5 was selected as having the optimal
particle size distribution and was thus used in further experiments.

4.1.4 The Effect of Ultrasonic Treatment on Dielectric Properties of
LMO-ST Composites.

After initial experiments on the effects of particle size distribution on packing density and
dielectric properties, I further investigated the effect of ultrasonic treatment time.

If particles are not well-mixed and agglomerated, undispersed zones of a compound can
form, which negatively affects the binding process. As previously reported, ultrasonic
irradiation in liquid-solid systems provides more uniform mixing [155] and improves the
crystallization process of the LMO binder on the ST filler particles. In addition, the
ultrasonic field causes bubbles to collapse near the particle surface, increasing the overall
mass transfer. In the absence of a sufficient mass transfer, high supersaturation
subsequently occurs, leading to aggregation of the LMO [156].

In this section, LMO-ST samples were prepared from mixture 5, which consisted of ST
particles <40 pm, 40-63 pm, and 200-500 pm. The moisturized sample mixture was
subjected to ultrasonic treatment using the ultrasonic processor. The ultrasound duration
varied between 0, 0.5, 1, 2, and 5 min. Other operating conditions were constantly set: 5
min of pressing at 250 MPa and 20 h of drying, respectively.
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Figure 4.4: The effect of ultrasound duration on the dielectric properties of LMO-ST
composites fabricated at RT.

After applying ultrasound treatment, a constant relative density of 83 was obtained
from the dimensions of the samples. Results on relative permittivity and dielectric losses
are shown in Figure 4.4. It can be seen that the duration of ultrasonic treatment of the
initial mixture affects the dielectric properties of the LMO-ST composites. The highest
measured relative permittivity was obtained after the composite system was treated with
ultrasound for 5 min, while the lowest dielectric losses were obtained after 0.5 min. As
shown, the relative permittivity increased by 10 % with the increase in ultrasonic treatment
duration, but dielectric losses doubled. From a practical point of view, I aimed to facilitate
the fabrication process, so the ultrasonic treatment was set to a constant 0.5 min in further
experiments.

4.1.5 The Effect of Humidity on Dielectric Properties of LMO-ST
Composites

During the preliminary experimental work, I observed substantial variations in dielectric
properties from batch to batch. Therefore, the experimental focus in this section was placed
on the effect of ambient humidity on the dielectric properties of LMO-ST composites. In
line with this, previous work on dielectric ceramics reported that the operating environment
and humidity strongly influence dielectric losses [157].

In the case of LMO-ST composites, moisture sensitivity could be attributed to a slight
hygroscopicity of LixMoO, [158]. Accordingly, optimization of the measurement setup was
necessary. Dielectric measurements were performed in a desiccator to create humidity-
controlled conditions. During the RTF of LMO-ST composites, the following operating
conditions were constantly set: 0.5 min of ultrasonic treatment, 5 min of pressing at 250
MPa, and 20 h of drying.
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Figure 4.5: LMO-ST composites exposed to different conditions. (a) LMO-ST samples were
exposed to 100 % humidity, and the change in mass over time was observed. (b) The effect
of ultrasound duration on the dielectric properties of LMO-ST composites was measured
under two different conditions: ambient humidity (60 % RH) and in a desiccator.

Figure 4.5 a) shows that water adsorption on LMO-ST composites exposed to 100
%relative humidity increases steadily with time. Figure 4.5 b) shows the effect of ambient
humidity on the dielectric properties of the samples. One set of the samples was exposed
to ambient conditions of approximately 60 % relative humidity, and the other set was
placed in a desiccator immediately after drying. The results of both sets show a significant
difference in the relative permittivity and dielectric losses. For example, the relative
permittivity under moisture-free conditions ranges from 68 to 74, compared to relative
permittivity values reaching 102 under ambient conditions. In addition, dielectric losses
were increased from 0.005 to 0.147 for the same change. From these results, it can be
concluded that ambient humidity immensely affects the dielectric properties of the LMO-
ST composites. Relative permittivity increases due to the presence of physically adsorbed
water, which has a relative permittivity of 80 at 1 MHz and RT (higher than LMO or air
permittivity) [159]. Adsorbed-free water apparently increases both relative permittivity
and dielectric losses. Consequently, the pellets should be stored in a desiccator at constant
low humidity or impregnated with silicone electronic coating [158].

4.1.6 The Effect of Drying on Dielectric Properties of LMO-ST

Composites

The post-processing step of drying was carried out at 110 °C alongside RTF to speed up
the evaporation process and guarantee that all residual water was removed completely. I
aimed to improve the drying efficiency and investigate how reduced drying time impacts
the final properties of the LMO-ST composites. Sample pellets were pressed at room
temperature and dried for 3, 6, 10, and 20 h. The weight and dimensions of the pellets
were measured immediately after drying. Interestingly, the calculated relative density of
83 % was found to be constant across all samples, implying that it was not dependent on
the variations in drying time.
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Figure 4.6: The effect of drying time on dielectric properties a) Mass of LMO-ST composite
changing over drying time. b) Relative permittivity and dielectric losses as a function of
drying time.

In Figure 4.6 a), it was shown that a constant mass was reached after 3 h of drying,
which indicates that the drying time could be optimized to 3 h. This is beneficial in terms
of time and energy consumption for the RTF process. However, it was also found that a
shorter drying time at 110 °C could have a detrimental effect on the relative permittivity,
as shown in Figure 4.6 b). The dielectric properties of samples dried for 3, 6, 10, and 20 h
are shown in Figure 4.6 b). Dielectric measurements showed that the relative permittivity
of samples dried for 3, 6, 10, and 20 h increased slightly with increasing drying time,
although the weight of the pellets remained constant. The slight increase in relative
permittivity presumably emerges from the higher crystallinity of the LMO binding phase,
achieved with a longer drying time. As reported in the study [103] and further verified
during my experimental work, the same properties are obtained when the ceramic is dried
in a desiccator for longer than 48 h.

4.1.7 The Effect of Pressure and Pressing Time on Dielectric Properties
of LMO-ST Composites

The main driving force of consolidation and densification during RTF of LMO-ST
composites is the difference in chemical potential of the LMO solution and the applied
pressure. This enables the rearrangement and subsequent binding of the particles, which is
facilitated by the presence of LMO in the aqueous phase [46]. In addition, the frictional
properties and wetting play an important role in reducing the voids between the ST
particles during pressing. Friction may affect filler and binder interaction as it implies the
presence of a compressive force normal to the interface. Additionally, the presence of binder
in the form of a saturated solution decreases shear forces between the sliding particles,
thereby enhancing consolidation. This mainly occurs when the surface is not smooth.
Smooth surfaces won't cause friction but will be wetted more easily as it is generally known
that surface roughness greatly affects the wetting [153].

To inspect and optimize the RTF process, the pressure was varied from 10 to 60, 130,
250, 380, 500 MPa, and 1 GPa during the compaction of LMO-ST composites. Other
operating conditions during RTF were constantly set: 0.5 min of ultrasonic treatment, 5
min of pressing, and 20 h of drying. As expected, higher pressure contributes to the higher
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relative density of the LMO-ST composites, ranging from 82 to 87 %, as shown in Figure

4.7 a).
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Figure 4.7: The effect of pressure on the relative density (a)) and dielectric properties (b))
of LMO-ST composites. ¢) The effect of pressing time on relative permittivity and dielectric
losses of the LMO-ST composites.

Figure 4.7 b) shows the effect of pressure on the dielectric properties of LMO-ST
composites. Pressing at 10 and 60 MPa was unsuccessful, resulting in fracture of the
samples, which were thus not characterized for dielectric properties. The pressure was
indeed too low to be able to compress the wetted composite mixture. For the samples
pressed at higher pressure, the relative permittivity decreases from 75 to 62, with an
associated increase in dielectric losses. This behavior could be attributed to the cracks in
the larger ST particles formed under higher pressure, leading to higher reflection of the
electric field and, consequently, lower dielectric properties. This assumption was confirmed
by SEM-EDS analyses of the samples pressed at 130 MPa and 1,000 MPa, as shown in
Figures 4.8 a) and b), respectively. However, the cross-sectional area of the pellet pressed
at 130 MPa showed almost no cracks. As a result, it was found that 250 MPa was the most
optimal pressure for RTF, providing both high relative permittivity and low dielectric
losses. In conclusion, a lower pressure for composite processing is advantageous from a
fabrication point of view. While inspecting the pressing stage of the RTF process, I also
used the cold isostatic pressing of previously RT-pressed wet composite pellets. However,
upon removing the sample pellets from the silicone oil and protective cover, the sample
pellets were either chipped or completely crushed. Even when using a warm isostatic press
at 85°C, the issue persisted as the pellets remained wet, and I encountered the same
problems.
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Figure 4.8: SEM micrographs of the LMO-ST composite pressed a) at 130 MPa and b) at
1 GPa. The green color represents the LMO phase, while the orange color corresponds to
ST. The black line arrow represents the direction of the pressure.

In the compaction phase at room temperature, the pressing time is a crucial parameter
that affects the functional properties of LMO-ST composites. Various pressing times
varying from 1, 5, 10, 20, to 60 min were applied at a constant pressure of 250 MPa. The
results showed that the measured relative density was constant at 84 for all samples,
indicating that it was independent of the pressing time. However, a slight variation of the
relative permittivity with the pressing time was observed, which was attributed to the
increase in the interaction of the ST filler particles with the LMO binder, as shown in
Figure 4.7 ¢). The dielectric losses increased from 0.042 to 0.052 in the first 5 min but then
decreased to 0.020 during the rest of the process. Based on these results, it was concluded
that the extended pressing time did not have a beneficial effect on the RTF process.
Therefore, the final optimal pressing time was set to 5 min. Although the losses were
slightly higher at 5 minutes of pressing, & was considered a more important parameter for
determining the optimal pressing time because tan 0 values are highly dependent on
various external factors and are not always the best criterion. Furthermore, extending the
pressing time by 4 times (~ 20 min, see Figure 4.7 ¢)) would significantly prolong the entire
RTF process of the sample synthesis without contributing much to improving the dielectric
properties.

4.2 Conclusions

The optimization of the RTF process for LMO-ST composites was the subject of this
chapter. More precisely, the influence of various processing parameters on the final
dielectric performance of LMO-ST composites has been investigated. The figures above
demonstrate data as a function of the varied processing parameters, including relative
permittivity and dielectric losses, which varied between 46 to 78 and 0.002 to 0.05 at 1
MHz, respectively. These results indicate that the RTF process can produce dense LMO-
ST ceramic composites with excellent dielectric properties without the need for additional
sintering steps at high temperatures. The high content of ST filler contributes to an
increased relative permittivity. At the same time, the LMO binder in the solid and aqueous
phases facilitates densification during pressing, resulting in a higher packing density of 84
%. The SEM-EDS analysis of the composites confirmed that the LMO is distributed
between the ST particles, which physically binds them together and reduces the overall
porosity of the composites. An improvement in the dielectric properties of the LMO-ST
composites was achieved by selecting the larger ST particles (200-500 pm), which were
combined with smaller ST fractions below 63 pm. Moreover, ultrasonic treatment as a
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processing step is shown to positively affect the dielectric losses of the upside-down LMO-
ST composites. However, the important influence of ambient humidity on the dielectric
properties has been confirmed, so careful control of the operating conditions is inevitable.
Moreover, dielectric measurements must be performed in a moisture-free atmosphere. As a
drying step of the RTF was studied, a constant mass was obtained after 3 h. Moreover, a
shorter drying time has a minor effect on the dielectric properties. As expected, increasing
pressure contributes to a higher relative density of the LMO-ST composites and a lower
relative permittivity. However, the dielectric properties decrease with increasing pressure,
probably due to the cracks generated by the strong mechanical stress. Therefore, 0.5 min
of ultrasonic treatment, 5 min of pressing at 250 MPa, and a drying time of 3-6 h are the
optimal processing parameters proposed in this study. When the RTF of LMO-ST
composites is compared to the solid-state sintering of ST ceramics, it is clear that a lower
relative density was achieved with RTF. The relative density of sintered LMO and ST, as
well as LMO-ST composites, are generally >97% (section 9.1.1). Those results are hardly
comparable with cold sintering processing as no research has been conducted on LMO-ST
composites. The closest comparison of RTF to CS is a study on LixMo0O,-Al,O3 composites
cold-sintered at 200 MPa pressure and 150 °C which resulted in higher MW properties (&
of 6.67, Qxf ~ 17,846 GHz, 1~ —105 x10°/K when 40 % of AlLO; was used; [160])
compared to LMO-ST (section 8.1.3). Cold sintering of pure ST at 180 °C and 750 MPa
required a post-annealing step at 950 °C and resulted in p ~ 97 % and & of 100 at 1 MHz
[95].

The presented results show that the RTF of upside-down ceramics paves the way for novel
processing of electroceramics without significant degradation of their functionality and
enables further integration possibilities in various electronic devices.
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Chapter 5

Dielectric Performance of LMO-ST
Composites as a Function of Varied
Composition

In this chapter, I investigated the correlation between composition, microstructure, and
dielectric properties when composition in LMO-ST composites was varied. The results
showed that increasing the LMO binder content resulted in a higher relative density (up
to 93%) but a lower dielectric constant in the range of 75 to 5. Experimental results of
relative permittivity were further compared with the calculated results using Rules of
mixtures (ROM). Among them, the most suitable was the Lichtenecker mixing rule,
modified for a three-phase composite system. Modeling further explained the detrimental
effects of porosity on the dielectric properties.

Results presented in this chapter appear as a section within a published manuscript
entitled “Room Temperature Fabrication and Post-impregnation of LMO-ST Composites:
Engineering and Modeling of Dielectric Properties.”

Published in the  journal Open  Ceramics, October 17, 2023,
https://doi.org/10.1016/j.0ceram.2023.100495
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5.1 Results and Discussion

5.1.1 The effect of composition on densification and microstructure

As described previously in the Materials and Methods section (3.1), Room temperature
densification of composites is based on the combination of a functional ceramic filler with
a corresponding binder in solid and aqueous solution form. The composite system in which
the weight fraction of solid LMO was varied in the range from 1, 6.5, 10, 20, 30, 40, 50,
60, 80 to 100 wt % (5, 15, 19, 33, 44, 54, 65, 87, 100 vol %) was investigated. Results
showed that the binder-filler proportion, the interactions, and the remaining porosity
significantly affect the final functional properties. SEM-EDS analysis was performed on
LMO-ST cross-sections of specimens with 1, 20, 30, and 50 wt % LMO (Figure 5.1).

Figure 5.1: EDS mappings of LMO-ST composites as a function of varied LMO content.

The microstructures exhibited an even distribution of larger ST particles, positioned closely
together and surrounded by the LMO phase. Micrographs of four representative sample
compositions demonstrate a trend toward reduced porosity as the LMO content increases.
This is consistent with the results of relative density measurements on as-prepared samples
(Figure 5.2). A good contact between ST and LMO can be observed, which becomes even
more evident with increased LMO content. Some cracks on larger ST grains are observed
in micrographs and can be attributed to the pressing of pellets. No additional phase that
could be formed during the preparation processes was observed in the analyzed
microstructures. Figure 5.2 illustrates that a higher amount of LMO increased relative
density from 81 % to 93 %. The highest relative density, reaching 93 %, was obtained at
the composition of 50 wt % of LMO. However, a slight decrease in relative density was
observed above 50 % LMO addition, which falls within the margin of measurement error.
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Figure 5.2: Relative density of LMO-ST composites with varied composition (1-100 wt %
of LMO).

5.1.2 Dielectric properties of LMO-ST composites with varied
composition

Dielectric properties as a function of LMO content measured at 1 MHz are shown in Figure
5.3 and indicate that both the relative permittivity and dielectric losses decrease with
increasing LMO content. The binder-filler proportion was varied from 1, 6.5, 10, 20, 30,
40, 50, 60, 80 to 100 wt % of LMO binder. When up to 20 % LMO was added, the relative
permittivity ranged from 75 to 42. Increasing the LMO concentration in the 30 wt %80
wt % range resulted in a decrease in the relative permittivity of more than 60 %. This
indicates that when the LMO-ST proportion reaches a certain threshold, the connectivity
of the LMO phase is established, which reverts the upside-down structure into a 0-3
composite structure.The relative permittivity in the LMO-ST system gradually decreases
with increasing LMO content until it reaches the relative permittivity of 5 and dielectric
losses tan & of 0.0005 at 1 MHz attributed to the pure LMO. On the other hand, classically
sintered ST has a relative permittivity of 296 and dielectric losses of 0.0015 at 1 MHz [161].
The difference in relative permittivity of the two constituents is significant and directs the
trend of dielectric performance as the LMO binder content is varied. As shown in Figure
5.2, a lower LMO content corresponds to a lower relative density of the composite samples.
However, the highest relative permittivity at 1 wt % LMO is attributed to the highest
volume fraction of ST, which significantly increases the relative permittivity. As noted,
increased LMO content aids the densification process, leading to an increase in relative
density from 80 % to 93 % (Figure 5.2). As indicated in Figure 5.3, the dielectric losses
fluctuated from 0.0009 to 0.0087, with the highest value at 20 wt % LMO content. In
general, dielectric losses are influenced by various factors, such as porosity, ambient
humidity, particle and grain size, defects, frequency, concentration of dipoles and charge
carriers, and their mobility [157]. Based on these results, it is evident that the functional
properties can be tailored by changing the composition and, as such, enable use for various
applications from high-speed electronic components to low-k satellite communication
devices [157], [162].
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Figure 5.3: Dielectric properties of LMO-ST composites, as a function of varied LMO
content (1-100 wt%) measured at 1 MHz.
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Figure 5.4: Relative permittivity of LMO-ST composites with varied composition measured
in a frequency range from 1 kHz to 1 MHz.

The relative permittivity and the dielectric losses measured between 1 kHz and 1 MHz
decreased only slightly with the increasing frequency for the compositions from 1 to 100
wt % of LMO (Figure 5.4). The most significant difference is observed in the sample
containing 1 wt % LMO, where the relative permittivity experiences a 20 % decline from
1 kHz to 1 MHz. This appears to be more pronounced at lower LMO concentrations,
primarily due to increased porosity and the build-up of electric charges at particle
interfaces, resulting in polarization within the composite [103]. Dielectric losses of pure
sintered ST amount to 0.0015 at 1 MHz, whereas pure RTF-LMO exhibits losses of 0.0005
at the same frequency [161]. As demonstrated in Figure 5.4, no dielectric relaxation peaks
appear as the frequency increases.
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5.1.3 Prediction of dielectric properties with mathematical rules of

mixtures — correlation to experimental values

As described in the Introduction (section 1.8), rules of mixtures can serve as a useful tool
to calculate and theoretically predict functional properties, i.e., the relative permittivity of
composite materials. In general, the relative permittivity of a mixture should be somewhere
in between the relative permittivity of each of the constituents. According to the law of
mixtures, the overall relative permittivity of a composite is strongly related to the volume
ratio of the individual phases. In our study, the relative permittivity was predicted as a
function of varied LMO-ST composition. The relative permittivity predicted using
Lichtenecker and Maxwell-Garnett (MG) rules of mixture for a three-phase system was
compared with experimental data.

Table 1.1 (Chapter 1, section 1.8) lists all equations used. Rules of mixtures for
engineering materials for electronic applications can serve as useful tools for predicting
functional properties and further understanding experimentally observed phenomena.

Many studies, especially those focusing on polymer-ceramic composite systems, have
used the conventional models of Lichtenecker as well as MG to predict functional properties
or correlate them with experimental data [30]. When used for such a two-phase composite
system, the contribution of air has usually been neglected [42,44-46]. Lichtenecker’s
formulas refer to the relative permittivity & of a mixture of n phases, where & and f; denote
the relative permittivity and the volume fraction of constituent ¢, respectively, leading to
the model Equation (1.4). Lichtenecker described the effective dielectric function of a two-
phase composite in Equation (1.5). The parameter k represents the anisotropy at the
boundary conditions and ranges from — 1 and 1 [40]. For the limiting case where k is 0,
the function has the form of Equation (1.6). Three-phase systems were first considered in
geologic mixtures to correlate the measured electrical permittivity of soil (s) with its water
(w) and air (a) content [29]. The soil was considered a mixture of solid particles, water,
and air. In Equations (1.7) and (1.8), p represents the porosity of the soil and is equal to
the sum of the volume fractions of air and water. Therefore, the divergence between the
porosity and the volume fraction of water is used to determine the volume fraction of air.
In this study, the highest agreement of the experimental values with Lichtenecker
(Equations (1.7) and (1.8).) was reported when the parameter k was set to 0.5 [41].
Considering this, we have rewritten (1.8) as Equation (1.9) because it is more accurate for
ceramic composite systems. As reported previously for LixMoOs—TiO; composite ceramics,
conventional Lichtenecker (Equation (1.6)) was only applicable when anywhere from 80 to
100 % of LMO was added [20]. When applying the conventional Lichtenecker equation for
the LMO-ST composite system (Equation (1.6)), in which the presence of air is neglected,
the predicted permittivity values for up to 40 % of LMO concentrations deviate
substantially from the experimental data (circle-shaped blue line in Figure 5.5 a)). When
the air fraction was considered, an excellent fit to the experimental data was obtained,
which can be clearly seen in Figure 5.5 a) (comparison between the blue and the magenta
curve). We also obtained a k value of 0.04 for the system LMO-ST by fitting the function
to the experimental results of relative permittivity. The function used is represented in
Equation (1.10). Beyond the 40 % of LMO addition, the Lichtenecker model (Equation
(1.6)) and experimental results (black curve) diverge due to an increase in porosity. While
using Lichtenecker’s equation (Equation (1.9)) for a three-phase system showed a good
agreement with measured relative permittivity, Figure 5.5 a) shows that the contribution
of air has a significant effect on the dielectric constant, especially at low LMO additions
where porosity is higher. This can be due to the fact that gases generally have the lowest
dielectric constant [11]. Understanding the important relationship between porosity and
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dielectric properties is critical for further improving the dielectric properties of LMO-ST
composites with, i.e., impregnation, as first elucidated in this study (see section 3.3.2).
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Figure 5.5: Predicted relative permittivity as a function of composition compared to
experimental values a) different formulations of Lichtenecker (Equations (1.6, 1.9), b)
comparison between experimental values, Lichtenecker, and MG models (Equation (1.12)).

Further, I compared the experimental relative permittivity values with the MG mixing
rule (Equation (1.11)), where index 1 represents the matrix and index 2 is filler material.
In this approximation, one of the constituents is considered a continuous host in which
inclusions of the other constituent are embedded. In this study, the MG rule was modified
for a three-phase composite system (ST — LMO — air), as shown in Equation (1.12). The
predicted data (turquoise diamond curve, Figure 5.5 b)) differed greatly from the
experimentally determined values of relative permittivity as a function of different
compositions, as can be seen from Figure 5.5 b)). When the MG rule was extended to
include air Equations (1.12), (1.13), (1.14) as a third constituent, an even greater deviation
from the experimental data was observed. The closest to the experimental values of the
relative permittivity was the conventional MG rule adopted from reference [42], Equation
(1.11). This suggests that the MG rule may not be the most accurate for our composite
system. On the other hand, it was previously reported [43] that using the MG rule to
predict the properties of pure LMO samples resulted in very good agreement with the
experimental values when the porosity effect (P) was considered, Equation (1.14) [43].
Applying this model to our system did not result in a good agreement with the experimental
data, as shown in Figure 5.5 b)). To sum up, these results confirm that the modified
Lichtenecker mixing rule can be successfully used to predict the dielectric properties in the
LMO-ST system. Further studies aim to evaluate the dielectric properties of impregnated
samples using the rules of mixture.
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5.2 Conclusions

The results of this chapter show that increasing the weight fraction of the LMO binder in
the LMO-ST composites prepared by the RTF method results in a higher relative density
and lower relative permittivity. The relative permittivity of LMO-ST composites is almost
frequency-independent, below 1 MHz for the whole compositional range, which is highly
desired for many microelectronic applications. Calculated data using rules of mixtures was
compared with experimentally measured values. The Lichtenecker rule, reformulated for a
three-phase composite system, showed the best agreement with the experimental data.
Considering the air content to be equally important as other functional constituents in
LMO-ST composites is indeed very important in obtaining reliable simulated data of
relative permittivity. Additionally, based on calculations, the negative influence of porosity
was confirmed. For applications requiring high relative permittivity, the samples must
primarily consist of a high fraction of ceramic filler ST. On the other hand, pure LMO acts
as a promising candidate for low-¢, applications, especially in the MW frequency range.
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Chapter 6

OOF Simulations — From
Microstructure to Functional

Properties

The work within this chapter was conducted in collaboration with David Fabijan from the
Advanced Materials Department, who provided help with the OOF2 software adjustments,
SEM image reconstruction, and simulation experiments. All data presented are intended
to be published in a joint publication, which is currently in the submission process.

Creating a pre-experimental roadmap and predicting the functional properties can be
extremely important prior to experimental work. The object-oriented finite element
method, OOF2, is a useful and versatile numerical instrument complementing experimental
work. It can further explain experimentally observed phenomena, compare obtained results
with the modeled data, and simulate and predict dielectric properties for further
experiments. OOF2 is a public domain software created by the Centre for Computational
and Theoretical Materials Science (CTCMS) at the US National Institute of Standards and
Technology (NIST, Gaithersburg, USA) to examine the functional properties of materials
microstructure. In recent years, this approach has been utilized to simulate the mechanical
and thermal properties of composite materials numerically.

The OOF2 tool has two main benefits: it can assist in interpreting experimental data
and forecast the outcome of planned experiments. Section 6.1.1 introduces the OOF
method. In sections 6.1.2-6.1.4, OOF2 is used to explain the experimental data
(compositional changes, LMO-ST proportion), while in 6.1.4-6.1.5, OOF is used mostly for
predictions of future experiments (coating media, coating thickness, Ag additions).
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6.1 Results and Discussion

6.1.1 Simulation of dielectric properties of LMO-ST composites with

OOF2- verification against/towards theoretical models

The functionality and the limit cases of the OOF2 system were tested with the most
fundamental theoretical models. The simple reference, series, and parallel verification
models were used for this purpose, and they are illustrated in Figure 6.1. The presented
models can be expressed as two extreme modes of the Lichtenecker model (Equations
((1.4)-(1.6)); Table 1.1) when £ is either —1 (series) or 1 (parallel), which correspond to the
Wiener boundary values [8]. The k value represents a composite's micro geometry or
topology and may be interpreted as a transition from anisotropy at k=—1 to anisotropy at
k=1 [163]. As shown in Chapter 5, it was found that Lichtenecker’s rule with £ ~ 0.04 most
accurately fits the experimental results of LMO-ST composites.

The expected permittivity of such a model can be easily derived from the equations for
capacitors connected in series/parallel; with Equations (6.1) for series and (6.2) for the
parallel verification models:

1Lyl (6.1)
Em &1 &y
em = [1&81 + 28 (6.2)

Direction of EF

Simple reference model Series verification model Parallel verification model

Figure 6.1: Illustration of the simple reference model (left), series verification model
(middle), and parallel verification model (right). The black line represents an air interface.

A simple reference model represented pure ST with the & of 296 at 1 MHz, while parallel
and series models included volume fractions of air (black band) and LMO (yellow band)
with properties as €..:=1, & 1m0=5 at 1 MHz. In the following figures in this chapter, LMO
is highlighted in yellow, and ST is highlighted in orange. Exact relative permittivity values
simulated for each model type are compared with expected theoretical models in Table 6.1.
It can be observed that the orientation of the low-dielectric material phase affects the final
relative permittivity values. In the series verification model, polarization is blocked with
the low-permittivity (low-g&;) materials as air and LMO over the whole x-axis. These low-
& interfaces disrupt the continuity of high-permittivity material and, therefore, hinder the
penetration of the electric field (EF). This consequently results in the reduction of the
observed relative permittivity. The permittivity of the pure LMO is very similar to the
permittivity of air. So, the presence of LMO causes a similar reducing effect on the overall
polarization as porosity.
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Table 6.1: Simulated data for different types of models.

Model type ST fraction | LMO+air Relative Expected
(%) fraction permittivity, | theoretical
(%) & (OOF2) values
(ROM)
Simple reference | 100 0 296.0 296.0
Series verification | 78 1943 13.4 14.2
Parallel 78 1943 231.8 231.9
verification

6.1.2 Experimental data compared to OOF2 and modified Lichtenecker
model

The relative permittivity changes with respect to the varying LMO-ST proportion (shown
in Chapter 5, Figure 5.3).
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Figure 6.2: Relative permittivity as a function of changing ST content measured
experimentally, simulated with OOF2, and calculated with modified Lichtenecker.

Application of the modified Lichtenecker for a three-phase system (Lichtenecker*,
Equation (1.9)) showed the best agreement with experimental data among various ROMs.
Indeed, such mathematical calculations supported the experimental data and explained to
some extent the effect of air on the total relative permittivity. However, running OOF2
simulations can help to understand and visualize the critical issues that reduce the relative
permittivity when such compositional changes occur. The OOF2-simulated relative
permittivity values closely resemble those predicted by the Lichtenecker* ROM (Figure
6.2). While experimentally measured relative permittivity values exhibit slight variations.
This might be due to the fact that the air content varies within the batch of experimental
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samples and cannot be precisely controlled even when the initial LMO-ST proportion is
maintained.

10% LMO

EDS mapping

Polarization

LowEET" — TN High
Direction of EF

Energy density

Figure 6.3: Polarization magnitude and energy density of electric field simulated with
OOF2 for LMO-ST composites, where the LMO fraction varies from 10, 20, 30, and 50
wt%.

Figure 6.3 demonstrates that the highest level of polarization and energy density of the
electric field was detected at the direct ST-ST contacts (highlighted in red and white). At
the same time, the large areas of the LMO phase and air (blue-colored areas) significantly
decreased the local polarization and energy density. On the contrary, larger ST grains
present in the composite system imply fever unfavorable low-g. phase boundaries. This
further clarifies the effect of particle size on dielectric properties, which was observed earlier
(Chapter 4, section 4.1.3).

As the LMO content in LMO-ST composites increased, the polarization, energy density,
and relative permittivity decreased noticeably. The OOF2-predicted relative permittivity
values decreased significantly from 102 to 30 in correspondence with the Lichtenecker
model for the three-phase system and experimental data, as shown in Figure 6.2.

The difference between OOF2 and experimental values for relative permittivity can be
ascribed to different factors, such as the inherent 2D limitation of the OOF2 technique,
repeatability of experimental samples, and the limited number of input micrographs for 2D
simulations. We should keep in mind that relative permittivity is a 3D property of
materials, which may not be fully estimated by the 2D nature of the OOF2 method.
Another limitation is that the area of the investigated (polished) microstructure of the
LMO-ST composite considered in OOF2 simulations is smaller than the entire sample;
however, the samples are assumed to be homogeneous in the microstructure.

Figure 6.4, showing the local polarization vectors, further supports the correlation
between the particle size distribution and contacts with dielectric properties. Enhanced
polarization vectors are observed in the ST areas, while there is minimal polarization in
the LMO and air sections.
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Direction of EF

Figure 6.4: Polarization vectors in LMO-ST composites with varied LMO content from 10,
20, 30 to 50 %.

Yellow LMO regions show almost no polarization. On the contrary, polarization vectors
are more pronounced in the large ST particles or when the direct path through the ST is
enabled from top to bottom of the OOF Microstructure. In the 50 % LMO Microstructure,
it is also shown that a polarization gradient is present when low-g: material surrounds the
larger ST particle from one side. So, the EF will always try to transmit through the direct
ST-ST contacts.
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6.1.3 The effect of cracks and their orientation in the microstructure
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Figure 6.5: Composite permittivity as a function of crack size and orientation.

Further, the effect of the pores (air gaps) and cracks differ in their shape and size. Enlarged
regions (blue and purple rectangles) in Figure 6.5 represent the cracks that emerged in the
original LMO-ST microstructure during RTF. These cracks may be oriented in any
direction relative to the applied voltage. Horizontal and vertical directions represent the
extreme cases. Such orientations can be directly compared to a simple series (horizontal)
and parallel (vertical) model. As shown in Figure 6.5, in the series model, the composite
permittivity changed significantly with the gap size; in contrast, the effect is more subtle
in the parallel model. This can be explained again as the low-& materials block the
polarization through the whole x-direction of the Microstructure. In the real microstructure
of a composite dielectric system consisting of multiple dielectrics, a combination of parallel,
series, and intermediate situations occurs, and the actual distribution of the electric field
is complex. According to the literature, a triple-joint effect can also appear at the points
where three different media are in contact [164].

6.1.4 OOF2 simulations of coating thickness and media varied on
relative permittivity of LMO-ST composites compared with
experimental results

In terms of better densification of LMO-ST composites, coating ST particles with LMO
was also studied. The results of coating with LMO on PZT particles were used for a
reference [103].



Results and Discussion 67

Figure 6.6: LMO-coated surface of ST particles.

Experimental samples consisting of LMO-coated ST particles were prepared with RTF.
Then, OOF2 simulations on constructed equivalent microstructures were conducted to
better understand and explain the changed dielectric properties after the coating was
applied. The measured average values of relative density, relative permittivity, and
dielectric losses are presented in Table 6.2.

Based on SEM analysis, the coating of LMO on ST was not confirmed. Smaller isolated
LMO particles were deposited on the surface of ST filler particles (see Figure 6.6). The
results on the real LMO coating aligned closely with the simulated perforated coating on
ST particles. This coating allows the layer of soluble salt (LMO solid layer) to come into
direct contact with the LMO saturated solution during the pressing of the composite
mixture, leading to better redistribution and densification of the particles. The layer of
supersaturated coating material in between the ST particles is expected to fill in the voids
and result in higher packing density overall.

Table 6.2: Dielectric properties of experimentally produced LMO-ST samples consisting of
coated or uncoated ST particles. The composition, 93.5 wt % (85 vol %) ST/6.5 wt % (15
vol %) LMO, was kept constant.

LMO-ST composites Relative Relative dielectric
density, p permittivity, | losses, tan &
(%) & at 1 MHz,
at 1 MHz
Coated ST with LMO 84 64 0.0034
Uncoated ST 84 72 0.0054

Based on experimental results on the relative density, it was not possible to determine
the impact of coating on the densification process, as the values fell within the range of the
error margin. As mentioned in a previous study on LMO-PZT composites [94], a significant
drop in relative permittivity was observed and attributed to high local dielectric variation
in the composite. Coating particles with a layer of low-g- material reduces the polarization
and energy density of the material in an applied electric field, especially at higher
frequencies. This occurs as charges accumulate at interfaces and lead to a drop in the
overall relative permittivity of a composite [103]. As can be seen from Table 6.2, our results
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showed that coating does not enhance the relative density nor relative permittivity of
LMO-ST composites.

LMO-ST-air model LMO-ST-air model LMO-ST-air model

with continuous coating with perforated coating derived from SEM image
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Figure 6.7: OOF2 simulation of polarization magnitude and energy density on the realistic
LMO-ST-air model with coated ST particles (left column), LMO-ST-air model with
contacting ST particles (middle column), and LMO-ST-air model derived from the original
SEM image.

The utilization of the OOF2 coating simulation proved to be highly beneficial in
providing further insights into the experimentally observed drop in overall relative
permittivity when ST particles were coated with LMO. The impact of the coating was
simulated using two distinct models (Figure 6.7), one representing a perfect coating
surrounding the ST particles (Figure 6.7 a)) and the other incorporating perforations,
allowing for direct interaction between the ST particles (Figure 6.7 b)). The
microstructures were constructed using GIMP software. The LMO: ST: air proportions of
the constructed models were matched to the proportions of an actual microstructure cross-
section (presented in Figure 6.7 ¢)).

a) continuous coating b) perforated coating ¢) perforation detail

Figure 6.8: Polarization vectors in coated ST (a), contacting ST particles (b). A
hole/channel between two phase materials (c).



Results and Discussion 69

Moreover, OOF2 has the potential to serve as a valuable tool for predicting the
outcomes of future experimental work. Using OOF2, various coating media and their
thickness's effect on the ceramic-ceramic composite's overall relative permittivity were
explored. The thickness of the simulated coating on the ST particles in the OOF2
Microstructure is represented in pixels. Figure 6.9 displays the relationship between the
relative permittivity of the binder-ST-air composite system and the relative permittivity
or thickness of the coating medium.
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Figure 6.9: The comparison of two models used to simulate the effect of coating media and
its thickness on the binder-ST-air composite system. Coated ST particles (a)); Perforated
coating of ST particles (b)); close-up in the lower permittivity region (c)).

Ideally, the coating should have higher relative permittivity than the binder and hence
increase the polarization in the composite. Here, different thicknesses and relative
permittivities of the coating were simulated for the binder-ST-air system. Part a) of Figure
6.9 shows the ideally coated ST particles (no holes), while part b) displays the perforated
binder coating on ST particles. As the relative permittivity of the coating increases, the
overall relative permittivity of LMO-ST composites also increases, which can be seen in
Figure 6.7 and Figure 6.8. In Figure 6.7, the red areas indicate high polarization and are
most intensely observed with middle-column simulated images with perforated contacts.
In addition, polarization vectors are much more pronounced in the middle column image
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in Figure 6.8, where the direct ST-ST contacts are enabled. The perfect coating (no holes)
isolating the ST-ceramic particles would only benefit the overall permittivity in the
composite if the relative permittivity of the coating would be larger than that of ST (or
any other filler) itself. Part (c) shows a zoomed-in simulation of how the electric field
concentrates at the hole or an ST-ST channel. The OOF2 simulations provide further
evidence that charge is accumulated at the interfaces in the composite, which can result in
reduced polarization. The challenge lies in experimentally controlling coating thickness and
identifying a suitable medium with higher relative permittivity.

The most significant difference, as the coating thickness differs, can be observed when
a low-permittivity material with &~(1-100) was simulated as a coating medium. Indeed,
the effect of the perforated coating is more pronounced when the coating medium has a
low permittivity (i.e., 5 in the case of LMO). This is presented as the difference between
the dashed and solid blue lines. On the other hand, when the relative permittivity of the
coating medium was similar to that of ST ceramic filler (e~300), the overall relative
permittivity of as-prepared composites tended to limit towards the permittivity of pure
ST. In OOF2 simulations, the coating thickness on ST varied between 1, 3, and 5 pixels

(px).

6.1.5 OOF2 simulations of Ag addition in LMO-ST composites:

densification and dielectric performance

The objective here was to investigate the potential of Ag, a metallic powder, in improving
the dielectric properties of LMO-ST composites. The concept was tackled in two ways:
experimentally by making the LMO-ST-Ag samples and by simulating the addition of Ag
to the existing microstructural images of LMO-ST composites. The correlation between
polarization/energy and the Ag content was inspected using OOF2.

Polarization Simulated model

A4 JO wona(

Energy

Figure 6.10: Polarization and energy as a function of Ag addition ranging from 1, 10, 20,
to 50 %.

The LMO and ST fractions were adjusted according to the Ag weight fraction, whose
values were 1, 5, 10, 20, 30, and 50 %, respectively. The simulated models of LMO-ST-Ag
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composites are demonstrated in Figure 6.10. The real microstructures of LMO-ST
composites were modified by adding Ag. However, SEM imaging of the LMO-ST-Ag cross
sections has not been conducted. From the OOF2 simulations, it is clear that relative
permittivity increases exponentially until the 30 wt % Ag loading level, where it then
dramatically increases and the simulated composite sample becomes conductive.
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Figure 6.11: OOF2 simulations: Relative permittivity vs. Ag content (%).

This critical concentration of added Ag corresponds to the percolation threshold, where,
for the first time, the electrical current runs from one edge to the other. In composites, the
dielectric response is related to the geometric arrangement of the constituent phases,
including the geometry of the respective interfaces [165].

Table 6.3: Density and dielectric properties of experimentally obtained LMO-ST-Ag
composites.

ST-LMO-Ag composites (prepared by RTF)
Ag content Relative density, | Relative Dielectric losses,
P permittivity, &, tan §
at 1 MHz at 1 MHz
(wt %) %
1 76.3 75.8 0.0028
5 80.6 79.8 0.0011
10 81.3 121.8 0.0153
>20 conductive — not measured

As can be seen from Figures 6.10 and 6.11, polarization (relative permittivity) increases
with the increasing Ag content. The Ag particles act as conductors in this system. Ag was
modeled in OOF2 as a material with an extremely high permittivity > 10°. The red color
in Figure 6.10 depicts high-polarization/high-energy areas, and dark blue areas represent
low-polarization/low-energy areas. As seen in Figures 6.10 and 6.11, the percolation level
is reached with increasing Ag content. According to OOF2 simulations, this occurs when
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30 % of Ag is added. The physical origin of the increased permittivity occurs due to the
electric charges accumulated at the conductor-insulator interface, which further leads to
the development of the interfacial charge polarization within the bulk material and
increases the relative permittivity [166]. Figure 6.12 b) shows that silver conducting
particles have a higher polarization field.

a) 1% Ag | b) 10% Ag

Figure 6.12: Polarization vectors in LMO-ST-Ag composites with 1 % of Ag (a) and 10 %
of Ag (b).

Based on the results presented in Figure 6.10, it can be observed that adding a certain
amount of silver leads to the formation of conductive paths through the microstructure
from top to bottom in the y-direction (as shown in images 20 % and 50 % Ag). The results
of experimentally prepared LMO-ST-Ag samples are presented in Table 6.3. It is important
to note that the distribution of Ag particles in the experimental LMO-ST-Ag samples may
be significantly different from the simulated images, which may explain the difference in
the measured (€10%ag, experimental =121.8 at 1 MHz) and calculated (eisaq, oor2 =164.9 at 1 MHz)
relative permittivity values. Relative density increased with the higher Ag content.

6.2 Conclusions

The impact of microstructure on the estimation of dielectric properties of LMO-ST
composites with remaining porosity and cracks has been investigated using object-oriented
finite element modeling in two dimensions. To the best of my knowledge, this is the first
investigation of dielectric properties of LMO-ST composites using OOF2, which
complements experimental results. The experimentally measured relative permittivity
values differ only slightly from OOF2 at specific LMO-ST compositions, confirming the
simulation's ability to consider the impact of real microstructural characteristics
accurately. I observed very similar results of OOF2 simulations and calculations using
modified Lichtenecker’s ROM. In addition, this analysis sheds light on the varying effects
of ST content on permittivity and helps in understanding the underlying physics of the
system. The effect of cracking in the composites was also tackled with OOF2 simulations.
In line with previous experimental results (Chapter 4, section 4.1.7), increased pressure led
to cracking, resulting in reduced relative permittivity. A different effect depending on the
orientation of the crack in the microstructure was shown. It was also shown that coating
of ST filler particles is beneficial when the relative permittivity of the coating medium is
higher than that of ST. Perforated coating (when coating media has &<&;, fier(st)), Which
allows for direct ST-ST contacts, results in slightly better properties. The addition of Ag
to the LMO-ST composite may improve the overall relative permittivity by 1.7-fold until
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conductive Ag connections are formed in the sample. However, I have not considered the
effect of Ag addition on the dielectric losses of such composites.
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Chapter 7

Impregnation of Upside-Down LMO-
ST Composites

In this chapter, I present the results of relative density and dielectric properties of LMO-
ST composites after impregnation with Titanium(IV) isopropoxide (TTIP). The
impregnated samples were analyzed using FTIR, TG-MS, and SEM-EDS. After 3 cycles of
impregnation, the relative density and dielectric properties were measured. Impregnating
with TTIP was found to reduce overall porosity and enhance relative permittivity from 72
to 99 at 1 MHz.

The idea of the impregnation process with TTIP was discovered by Mikko Nelo in Oulu.
Experiments were partially performed during my second visit to the Microelectronics
research unit.

The results of this chapter are published as a part of the manuscript entitled: “Room
Temperature Fabrication and Post-impregnation of LMO-ST Composites: Engineering and
Modeling of Dielectric Properties”.

Published in the  journal Open Ceramics, October 17, 2023;
https://doi.org/10.1016/j.0ceram.2023.100495.
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7.1 Results and Discussion

7.1.1 Impregnation of LMO-ST samples with TTIP to partially

compensate residual porosity

As mentioned in Section 1.8, composites can contain porosity, which can be intentionally
designed or undesired [§]. In most cases, reducing porosity is preferable for improved
dielectric or mechanical properties. This was additionally confirmed with ROM calculations
(section 5.1.3). After pressing the upside-down LMO-ST composites, a certain amount of
water remains in the sample, which comes from the saturated solution of the LMO binder.
This water evaporates during drying, and as a result, some porosity appears in the final
composite.

Table 7.1: Density and porosity of LMO-ST composites (6.5 wt % LMO) fabricated at
room temperature.

Density Open porosity | Fraction of open
porosity
(g/cm®) | (%) (%)
Geometrical (pgeo) 4.1 N/A N/A
Theoretical (pu) 4.9 N/A N/A
He- pycnometer (pyy) 4.8 14.6 89.6

As shown in Table 7.1, a significant portion of the porosity is open, which has led to
experimental testing of the filling of the open pores with an impregnating agent. To the
best of our knowledge, impregnation as a solution for addressing residual porosity in
multiphase ceramic composites has not been extensively studied. In the present study,
TTIP was a suitable candidate for the impregnation of the LMO-ST system with a
composition of 6.5 wt % LMO (equal to 15 vol %). TTIP is commonly used as a precursor
for synthesizing TiO; nanoparticles through the sol-gel method [167]. The presence of water
caused hydrolysis of TTIP (Figure 2.4), which led to the formation of intermediate titanium
(IV) hydroxide Ti(OH)4. As reported previously[168], Ti(OH), undergoes a condensation
reaction at elevated temperatures, resulting in crystalline TiO, and water. After successful
four impregnation steps, TTIP fills the open pores and precipitates to a solid Ti-based
phase after hydrolysis [149]. This is depicted in Figure 3.3. Depending on the annealing
temperature range and precipitation conditions, anatase, rutile, or brookite crystal
structure of polymorphic TiO; may form [167], [169]. In reality, however, impregnation is
often limited by the nature of the porosity and the change in surface energy that occurs
upon wetting. The impregnating agent may have difficulty penetrating the composite
system despite the increased external pressure [170].

7.1.2 Microstructural features and porosity determination in

impregnated ST-LMO composites

The SEM analysis of polished cross-sections coupled with EDS mapping showed that TTIP
fills the pores in a composite at least 150 pm deep. In Figure 7.1, the green color represents
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LMO, the orange color represents ST, and the blue color represents hydrolyzed TTIP. In
contrast, the light green at the top is the silver paste applied after impregnation for
electrical measurements. In Figure 7.1, it is evident that the impregnating agent mostly
covered the surface of the LMO-ST composite pellet (indicated by the black rectangle).
This was expected, as the top and bottom surfaces of the pellets are the largest areas
exposed to the impregnating agent. From the EDS analysis of the impregnated phase
(marked with yellow dots), it is clear that Ti and O are the main elements present, which
suggests that the analyzed phase was formed by hydrolysis of TTIP. Based on the SEM-
EDS analysis, I concluded that the impregnation was partially successful and resulted in
hydrolyzed TTIP phase in the pores. The content of hydrolyzed TTIP produced after three
impregnation cycles was estimated to be 2.5% based on graphical analysis of SEM-EDS
image and relative density results.

Figure 7.1: EDS mapping polished cross-section of 3x-impregnated LMO-ST composite
complemented with point compositional analysis.

Porosity in the LMO-ST was determined based on two different density measurements
(geometrically and using a helium pycnometer). Note that the geometric density considers
all pores, while the pycnometric density accounts for closed pores only. Total porosity in
the LMO-ST upside-down composites with 6.5 wt %/15 vol % of LMO was determined to
be 16.3 vol %. The results confirmed the presence of up to 14.6 % open porosity, which
corresponds to the fraction of open porosity of 89.6 % (Table 7.1).

Pores that remain open can be closed by further impregnation to improve the overall
density of LMO-ST composites. For this purpose, I impregnated the LMO-ST composite
samples three times. After each impregnation cycle, the relative density was estimated and
found to increase by ~1 % per cycle. Figure 7.2 demonstrates the average relative density
of the LMO-ST composite samples before and after three impregnation cycles. An increase
in relative density from 83 % to 86 % after three cycles was achieved. For both as-prepared
and LMO-ST samples impregnated three times, there is a trend of a slight decrease in
relative density with an increase in post-treatment temperature (Figure 7.2). Furthermore,
the highest relative density (87 %) was achieved by drying LMO-ST composite samples in
a vacuum at RT.
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Figure 7.2: Average relative density of LMO-ST composite samples before and after 3x-
impregnation, dried 4 h under different conditions (vacuum, RT; air, 110°C; air, 400°C).

7.1.3 XRD, TG, and FTIR analysis

Chemical analyses, including XRD, TG, and FTIR, were performed on the as-prepared and
three-times-impregnated LMO-ST composite samples.

To understand the ongoing processes in impregnated LMO-ST samples, hydrolysis of
TTIP was studied separately, and these results served as a reference. According to the
XRD analysis, hydrolysis of TTIP led to the precipitation of a solid amorphous Ti-based
product when heat-treated at 110 °C (Figure 7.3). The results of the TG measurement,
coupled with mass spectroscopy, showed that the water released from the hydrolyzed TTIP
up to 800 °C contributed to a total mass loss of 9.3 wt % (Figure 7.4 a)), which suggests
that the hydrolyzed TTIP is not pure Ti(OH)4, but a mixture of amorphous titania and
titanium tetrahydroxide (going forth named ATTH). If all of the Ti(OH): would be
converted into TiOs, a 31 % mass loss would be expected. TG results suggest that TiO,
prevailed in the Ti-containing phase along Ti(OH),.
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Figure 7.3: XRD analysis of hydrolyzed TTIP heated at different temperatures for 4 h.
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Figure 7.4: TG-MS analysis. a) hydrolyzed TTIP: TG and mass spectrum for H.O; b) as-
prepared and three times impregnated LMO-ST composite: TG and mass spectrum for
H,O.XRD analysis of ATTH dried at 110 °C, 210 °C, and 400 °C is presented in Figure
7.3. The XRD diffractogram of ATTH after heat treatment at 210 °C shows a slight
tendency to crystallize into anatase, whereas, at 400 °C, the XRD reflections typical for
anatase were observed [171]. It is clear from the XRD analysis that at temperatures below
200-400 °C, phases containing Ti (ATTH) are present in an amorphous state.

Figure 7.4 b) shows the clear difference between the as-prepared and the three times
impregnated sample, as the mass loss in the as-prepared LMO-ST sample is about 0.02 %,
while in the case of the impregnated sample, it is 0.2 %. When comparing the TG analysis
results of hydrolyzed TTIP to the impregnated sample, it’s evident that the mass spectrum
for water exhibits a very similar trend.
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Figure 7.5 shows the FTIR spectra for the as-prepared LMO-ST, the once and three
times impregnated- LMO-ST, and the hydrolyzed TTIP. The spectra display certain bands
characteristic of LMO and ST in the spectrum of the LMO-ST composite.
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Figure 7.5: FTIR-DRIFT analysis of as-prepared and 3x-impregnated LMO-ST composite
and hydrolyzed TTIP.A band at 557 cm™ corresponds to the stretching vibration of the
SrTi-O bond [172]. Also typical of ST particles is the broad absorption band at around 625
cm ', corresponding to TiOs octahedron bending and stretching vibration [173]. In addition,
the FTIR spectra of the impregnated LMO-ST composites were compared with the FTIR
spectrum of the pure hydrolyzed TTIP. Figure 7.5 shows bands in the 2800-3800 c¢m™!
range corresponding to the vibrations of water molecules. A trend of increasing intensity
in the —OH vibrational band is visible for once-impregnated, three times impregnated, and
pure hydrolyzed TTIP. The formation of Ti-OH bonds is partially visible after single
impregnation but is evident in the case of the three times impregnated LMO-ST composite.

7.1.4 Dielectric properties of impregnated LMO-ST composites

Results showed that impregnation, combined with the additional thermal treatment of
LMO-ST samples, improves dielectric properties. Figure 7.6 illustrates dielectric properties
versus frequency for the as-prepared and the three times impregnated LMO-ST composites.
Different drying regimes were investigated to optimize the post-heating process. As
demonstrated in Figure 7.6, relative permittivity and dielectric losses for both sets of as-
prepared and three-times-impregnated samples decrease with increased frequency. The
relative permittivity of three times impregnated LMO-ST samples, dried for 4 h in a
vacuum at RT, was notably the highest, measuring 207 at 1 kHz and 117 at 1 MHz. As
expected, the same samples also exhibited the highest dielectric losses, especially at low
frequencies (with tan 6 > 0.25 at 1 kHz and tan & of 0.059 at 1 MHz), which can be
attributed to OH groups in ATTH. After subjecting the three times impregnated samples
to a 20-h drying period at 110 °C, a relative permittivity of 112 at 1 kHz and 92 at 1 MHz
and dielectric losses of 0.106 at 1 kHz and 0.0096 at 1 MHz were determined. This suggests
that a longer drying time reduces the content of —-OH groups in ATTH. For comparison,
the as-prepared LMO-ST samples exhibit a relative permittivity of 69.7 at 1 MHz with
dielectric losses of 0.0026, as seen in Figure 7.6 a), b). Another drying regime of heating
the impregnated LMO-ST samples at 400 °C resulted in a relative permittivity of 114 at
kHz and 99 at 1 MHz and dielectric losses of 0.075 at 1 kHz and 0.0097 at 1 MHz. Reduced
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dielectric losses, particularly at lower frequencies, were observed in three times impregnated
samples when fired at 400 °C. This indicates that the bound water and —OH groups were
removed at heating. Partial crystallization of ATTH to anatase occurred (Figure 7.3).
When drying in a vacuum at room temperature was carried out on impregnated samples,
it resulted in extra lossy behavior (tan §> 0.25) in the low-frequency range, which indicated
that condensation reactions were incomplete. From an application perspective, short-term
vacuum drying at room temperature may not be suitable for drying three times
impregnated samples.
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Figure 7.6: Average values of dielectric properties of a), b) as-prepared LMO-ST samples
(6.5 wt % LMO) compared to the c¢), d) three times impregnated LMO-ST composites (6.5
wt % LMO) that were dried under two different conditions (20 h in an oven-air atmosphere
at 110 °C and 4 h in a furnace at 400 °C).
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7.2 Conclusions

Impregnation was used as a post-treatment step that can positively affect the overall
densification by approximately 1 % per impregnation cycle. TTIP was successfully used as
an impregnating agent and showed an increase in relative permittivity (at 1 MHz) of 43 %
after three cycles. As shown, impregnation caused slightly increased dielectric losses,
presumably due to the -OH groups and the remaining bound water. This was further
investigated by changing the drying procedure after impregnation. SEM-EDS analysis
confirmed the presence of a Ti-containing phase at the surface and deeper in the
composites. Further, TG showed that only 9.3% of the total mass occurred during the
hydrolysis of TTIP. This means that the Ti-containing phase present in the composites
after impregnation is mostly amorphous TiO,, and to some extent, Ti(OH).,. Two
significant phenomena occurred when the impregnated samples were heated to 400 °C:
crystallization TTIP to anatase and removing the remaining -OH groups and bound water.
Moreover, the impregnating agent can be substituted if it further improves density and
dielectric properties. The three times impregnated LMO-ST samples remained intact and
stable after the impregnation process. In addition, their mechanical stability increased after
the impregnation process.

It is, however, important to tackle porosity in our future research on RTF, as the
relative density of the binder-ST is still low when compared to the sintered ceramics.
Extensive research was conducted by Smith et al. [174], which optimized the RTF process
by pressing the composite mixture at higher pressure (650 MPa) in a vacuum-assisted die
and subsequently exposing the die to sonification repeatedly. They studied the effect of
increased pressure, sonification repetitions, and exposure to vacuum on the relative density
by considering each treatment separately and all of them together. Their innovative
approach is reported to increase relative density up to 96.9 % in the case of LMO-BST
(x=0.5 or 0.45) and up to 95.1 % in the case of LMO-PZT (y=0.5) composites prepared at
RT. Based on that, the previously used fabrication method presented in this study can be
advanced to reconsider the densification in binder-ST composites and further decrease the
porosity.
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Chapter 8

New Inorganic Binders and Fillers
alternative to LMO-ST upside-down
RTF Composites

In previous research in the thesis, I employed LMO as the sole binding phase and
exclusively ST as a filler phase in the RTF binder-filler composites. However, my objective
was to introduce potential binding materials that can cure at RT, yield a dense structure
upon drying, and exhibit adequate or enhanced dielectric and mechanical properties.

In the following chapter, I present new binders as alternatives to the previously
extensively studied LMO binder using the RTF method. The inorganic compounds
Na;MoO; (NMO), Na;WO,; (NWO), NaySiOs (NSiO), and MgSO4 (MSO) were utilized as
binding phases (15 vol %) in RT-fabricated binder-SrTiOs (ST) composite systems. This
resulted in pellets with relative density (p=83-88 %) and dielectric properties applicable in
radio and microwave (MW) frequency ranges. The relative permittivity of as-prepared
binder-ST composites varied from 68 to 124 at 1 MHz and between 67 and 129 in the MW
frequency range. The dielectric losses exhibited a range of 0.0029 and 0.0142 at 1 MHz,
corresponding @) x fvalues between 689 and 1335 GHz. In addition, BT was employed as
a substitute for ST filler and BT-ST in combination, aiming to broaden the spectrum of
dielectric properties.

The binding potentials, microstructure, and stabilities of the prepared binders in the
binder—ST composites were investigated using SEM coupled with EDS, XRD, and TG-MS.
Furthermore, RT-pressing of binder-filler composites was compared with heat-assisted
(HA) pressing at 110 °C (Appendix, A.4).

This chapter provides valuable insights into using alternative binders to fabricate
binder-ST composite systems. Owing to their enhanced properties, these systems could
have significant implications in various fields, including electronics and
telecommunications. Part of the experimental results presented in this chapter was reported
in the form of a research paper entitled: “New Inorganic Binders for Room Temperature
Fabrication of Upside-down SrTiOs-based Ceramic Composites”

Published in the journal Ceramics International, June 12, 2024,
https://doi.org/10.1016/j.ceramint.2024.06.129.
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8.1 Results and Discussion

Alternative binders to LMO in RTF of upside-down binder-ST composites were combined
in the proportion of 85 vol % ST and 15 vol % of the corresponding binder, which has
previously been shown to result in effective properties. The constant volume percentage
was used in all binder-ST and binder-BT systems due to the difference in the inherent
density of the binders. The proportion of solid binder powder was combined with a mixture
of ST particles of varying sizes and further moistened with an aqueous phase for each
composite sample. A saturated solution was utilized in NMO-, NWO-, and NSiO-ST
composites, whereas in MSO-ST composites, distilled water was implemented.

8.1.1 Microstructural analysis of binder-ST composites

As shown in SEM micrographs (Figure 8.1), the ST particles and binder phase mainly
formed good contacts. The smaller binder phase is closely packed with smaller filler ST
particles; however, some larger pores can be observed near the larger particles. A wide-size
particle distribution in composites was confirmed with SEM-EDS imaging.

Figure 8.1: SEM micrographs of binder-ST composites.

The present phases in the binder-ST composites were confirmed by EDS analysis
(Figure 8.2). EDS mappings show that the binder phase incorporates smaller ST particles.
Therefore, the binder connects the all-sized ST particles. In the EDS mapping of the NSiO-
ST composite sample, the binder phase is less noticeable due to the overlap of the silicon
K alpha peak (1.739 keV) with strontium L alpha (1.81 keV). Consequently, sodium was
used to identify the NSiO binder. In NWO, the tungsten M alpha peak (1.774 keV) overlaps
with the strontium L alpha signal. Thus, Na was used again to identify sodium tungstate.
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Figure 8.2: EDS mapping analysis of binder-ST composites. The ST phase is orange, while
the binders are in their respective colors: NMO (purple), NSiO (green), NWO (turquoise),
and MSO (yellow).

8.1.2 XRD, TG, and FTIR analysis

The results of the XRD analysis performed on the binders NMO, NWO, NSiO, MSO, and
binder-ST composites are shown in Figure 8.3 a) and b). The NMO, NWO, and NSiO
binders were successfully prepared through solid-state synthesis, as indicated by the results.
The XRD patterns of pure binders matched the XRD standard patterns of ICDD files No.
12-0773 (NMO), 12-0772 (NWO), 16-0818 (NSiO), 24-0719 (MSO).

The XRD patterns of binder-ST composites exhibit reflections of ST and the
corresponding binder in proportion to their respective fraction. The XRD patterns of
binder-ST composites show very low-intensity reflections of binders due to the low binder
volume fraction. No new reflections were observed, indicating no chemical reaction between
the binders and ST. This observation is consistent with the LMO-ST XRD analysis
(Chapter 4).



86  Chapter 8. New Inorganic Binders and Fillers alternative to LMO-ST upside-down RTF
Composites
a) b) ? &350
MSO ICDD: 24-0719 MSO-ST o o o
0
m O 0]
NSiO ICDD: 16-0818 NSiO-ST A NSiO
g g } ‘
a &
> | ] J l L ll J n JL > A l 3 L
-~ =
‘W |NWO ICDD: 120772 '®  |NWO-ST 0.~Nwo
: :
I -
= L o ‘ | | | 5 0 0 tolo dg ol
NMO ICDD: 120773 NMO-ST A..NMO
l L i J_k_}u_u_ K A J j”‘ 4 s }L
0 20 3 40 50 60 70 10 20 30 40 50 60 70
2009 209

Figure 8.3: XRD patterns of the a) binders, b) binder-ST composites prepared at RT, dried
at 110°C, and stored in a desiccator.

Thermogravimetry—mass spectroscopy (TG-MS) was used to analyze the phase transitions,
different stages of dehydration, and released gases while heating the pure NMO,
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Figure 8.4: TG-MS analysis of a), b) binders, whereas b) shows a zoomed region of low-
mass loss in figure a); ¢) MS spectra for H,O for all binders, d) XRD of MSO dried at RT,
110°C and 300°C (4 h).

NWO, NSiO, and MSO binder powders. The TG-MS spectrum for LMO is also included
for comparison. Figure 8.4 illustrates the results of thermogravimetric analysis of the
binders. The thermal behavior of binders is strongly related to their chemical nature and
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differs among them. TG-MS of NMO and NWO confirmed that the mass loss, observed
below 300 °C, is primarily due to the presence of physically adsorbed water molecules. This
conclusion is supported by the presence of ions at 18 m/z (H,O fragments), as shown in
Figure 8.4 ¢). NWO and NMO exhibit a low mass loss of 1-2.1 % up to 150 °C and 2.5 %
above 350 °C, presumably due to physically adsorbed water, which agrees with the
literature [57]. NSiO showed a minor loss of 0.25 % up to 150 °C, which increased to 2 %
above 350 °C. The weight loss of MSO started at 22 °C; however, above 350 °C, the residual
weight fraction was stabilized at 57.7 %. The experimentally obtained TG data for MSO
indicated that crystal-bound water was released upon heating to 300 °C, which aligns
closely with the information found in the literature [175]. The total 42.3 % mass loss
confirmed that MSO was present as pentahydrate (MgSOs - 5H;0O) at the onset of TG
measurement. According to the XRD, at RT, MSO exists in both heptahydrate (MgSO, -
7H,0) and hexahydrate (MgSO, - 6H,O). MgSO, - 7TH,O starts transforming to MgSO,
- 6H20 already from 25 °C to 34 °C [176]-[178]. It was not possible to confirm the presence
of MgSO, - 7TH,O and MgSO, - 6H,O from TG analysis due to limitations of the TG-MS
instrument and the influence of ambient humidity. MgSOs - 5H,O is dehydrated to
tetrahydrate (MgSOs - 4H,O) at 77 °C, consistent with the existing literature [178].
Further mass loss indicates the presence of MgSO,4 - 1.25H,0 at 130 °C. As seen in 8.4 ¢),
The MS spectrum for water shows two distinct peaks, up to 180°C, where 37.7 %of mass
loss is detected, and an additional 9.6 % upon heating to 300 °C [177]. Dehydration of
MSO is a combination of deliquescence, partial dissolution, and recrystallization from the
saturated solution that forms during heating [77].

Additionally, different forms of the MgSO. hydrates were identified by XRD, i.e.,
MgSO, - 7TH,O and MgSO, - 6H,O at RT. By heating the MSO powder to 110°C for 4 h,
the MgSO, - TH.O was converted to MgSO, - 1.25H,O and partially to anhydrous MSO
according to the XRD analysis. However, the complete removal of crystal-bound water was
observed by further heating to 300 °C (Figure 8.4 d)).
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Figure 8.5: FTIR analysis of binder-ST composites a) NMO-ST; b) NWO-ST; ¢) NSiO-ST;
d) MSO-ST compared to ST and particular binders.
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Furthermore, FTIR-DRIFT analysis of the samples was conducted. The resulting spectra
(Figure 8.5) consist of bonding vibrations of the binder-ST composites, which were
compared to those of sintered ST and the binders NMO, NWO, NSiO, and MSO. No new
bands were observed from the spectra of all binder-ST composites, indicating that the
FTIR measurements confirmed no chemical reaction between the binder and filler phase
during RTF.

The next section describes a more detailed description of FTIR spectra. Characteristic
bands for ST were observed near 460, at 610 and 625, 1326 and 1480 cm™. Absorption
bands between 460 and 625 cm™ correspond to the TiOg octahedron bending and stretching
vibration [173], [179]. The absorption bands at 1640-1688 and 3300 cm ' originate from the
samples’ O-H bending and stretching vibrations of the residual water [180], [181]. OH
absorption band characterizing free water is generally observed at 3600-3700 cm™.
Absorption bands appearing at 1788, 1694, and 855 cm™ are the typical molybdate bands.
The characteristic band for NMO near 860 cm™ corresponds to the vibration of the MoO,
units. Other bands at 1040, 1170, 1430, 2490, and near 2900 were also observed in the
reported IR spectrum for NMO. NWO shows characteristic IR bands at 460, 670, 700, 790,
850, 920, 960, 1454, 1638, and 1735 cm™!, which partially aligns with the existing literature
[182], [183]. The distinctive vibrations of the O determine the (WOy) groups' frequencies —
W-0 bridge and WO.* groups. The stretching vibration of the WO,* tetrahedron is present
in the range 650-800 cm™'. The strong absorption band at 850 cm™ can be ascribed to the
O-W-O stretches of the WO, tetrahedron [180]. In the NSiO- IR spectrum, the bands at
480, 505-580, 715, and 880 cm™ were ascribed to the different forms of the stretching
vibration of O-Si-O. Bands observed between 505 and 590 cm™ represent (Na)O-Si-O(Na)
and (Si)O-Si-O(Si) vibrations. New Si-O-Si stretching bands appeared at about 715 and
880 c¢cm !, corresponding to Si-O- symmetric stretching vibration. The 715 cm™ appears
when oxygen is bound to Si and 880 cm™' when oxygen and Na' are adjacent. The
absorption band around 800 cm™ corresponds to the Si-O-Si stretching vibration of bridging
oxide or inter-tetrahedral, and the absorption band around 950 cm™ is known to be due to
Si-OH [184]. The IR band corresponding to Si-O-Si asymmetric stretching vibration
corresponds to 1035, 970, and 960 cm™. Si-O-Na stretching vibration was observed at about
1000 cm™'. The absorption band around 1040 cm™ is due to the asymmetric stretching
vibration of Si-O(Na).

8.1.3 Dielectric and Microwave properties of binder-ST composites

Tables 8.1-8.3 present the dielectric properties of the pure binder pellets and the binder-
ST composites. Dielectric characterization was performed across radio and microwave
frequency ranges to investigate broader application possibilities.

Table 8.1: Dielectric properties of pure binders measured in radio- (1 MHz) and MW ranges
(5 GHz). Samples were prepared at RT.

binders relative density, | relative permittivity, | relative permittivity,
p & &
(%) at 1 MHz at 5 GHz

NMO 75 2.5 2.6

NWO 78 3.6 3.1

NSiO 68 4.5 3.8

MSO 72 4.6 4.5
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Dielectric measurements for the pure binders were conducted from 20 Hz to 1 MHz and
from 1 GHz to 20 GHz; the values presented in Table 8.1 show the results at frequencies
of 1 MHz and 5 GHz. The relative permittivity values of all binder-type samples remained
constant throughout the MW-frequency range of 1-20 GHz. Dielectric properties of new
binders were compared to LMO, which was previously reported in the literature (& = 5.0
and tan § = 0.0005 at 1 MHz; & = 5.1 and tan 6 = 0.0004 at 9.6 GHz) [185]. MSO and
NSiO exhibit similar relative permittivity as LMO in the whole frequency range (& = 4.5-
5.0 at 1 MHz, & =4.3-4.8 at resonant frequencies). Relative permittivity values of NMO
and NWO in the microwave frequency range align well with the literature, where properties
such as &m0 of 4.1, panuo of 90 %, and enwo of 5.8, pywo of 96 % were reported [54],[59],
[60] Among them, LMO exhibits the highest relative density of 93 %. NMO binder shows
an average relative density of 75 %, slightly lower than cold-sintered pure NMO (p=83.2 %)
prepared at similar conditions (cold sintering at 100 °C, 350 MPa) [186]. Among the
binders, it is evident that LMO exhibits the highest relative density of 93 %.

Table 8.2: Relative density and dielectric properties of RT-fabricated binder-ST
composites, including additional drying at 110 °C (measured in radio-frequency range at 1
MHz.

Filler ST

Binders LMO NMO NWO NSiO MSO

relative density, | % 83 82 83 83 83

p

relative 1 MHz 70 80 68 113 124

permittivity, &

dielectric losses, 0.0029 0.0054 0.0066 0.0062 0.0011

tan &

binder solubility | (g/mL 0.795 0.653 0.682 0.374 0.351
H,0)

As indicated in Table 8.2, using NMO and NWO binders in ST-composites results in
similar values of relative permittivity when compared to LMO binder (&, vo-st = 70, &muo-
st = 80, &, xwostr = 68) at 1 MHz. On the contrary, MSO and NSiO binders outperform
NMO, NWO, and LMO, resulting in & values of 113 for NSiO-ST and 124 for MSO-ST
composites at 1 MHz. The dielectric losses measured at 1 MHz for the MSO binder
(~0.0011) were lower than those for the LMO binder (~0.0029), whereas slightly higher
losses were observed for NMO, NSiO, and NWO (~0.0054-0.0066). The experimentally
obtained solubility values for each binder are listed in Table 8.2.

The average relative density values of alternative binder-ST composites prepared by
RTF (p~83 %) are comparable to that of LMO-ST composites (p=83 %).
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Figure 8.6: Dielectric properties of binder-ST composites prepared by RTF vs. frequency
(1 kHz-1 MHz): a) relative permittivity and b) dielectric losses.

Figure 8.6 displays the relative permittivity, &, and dielectric losses, tan 6, for binder-
ST composites prepared by RTF across a frequency range ranging from 1 kHz to 1 MHz.
In fact, relative permittivity values of MSO-, NWO-, NMO-, and LMO-ST composites were
relatively constant across the whole frequency range. However, the highest variation in the
dielectric behavior was noticed in NSiO-ST composites, & ranging from 120 (1 kHz) to
106.5 (1 MHz) and tan & from 0.0436 to 0.0070.

Table 8.3 lists the dielectric properties of the binder—ST composites measured in the
MW-frequency range. Relative permittivity values were calculated by the method
presented by Krupka [15]. This could also be obtained by using the ErCalc program [187].
The comparison between both methods is available in Appendix (A.5.2). The loaded Q.
factor was measured in reflection mode. Unloaded @ (@) values were calculated from the
(v by considering the multiplication factor, as described in the Introduction (1.2). Smith
charts for each binder-ST composition and details on the calculations are available in
Appendix (A.5.1). NMO and NWO outperform LMO binder (&, xuo st = 92, &, nwo st = 89,
&, 1vo-st = 67) when used in binder—ST composites. The @, x fvalues of the LMO-ST and
NWO-ST samples were comparable. The MSO-ST composites retained the highest relative
permittivity in the MW- frequency range, whereas the NSiO—ST composites showed the
highest . x f values. When comparing the properties of the samples prepared for
measuring the RF and MW dielectric properties, I noticed a higher relative density with
the MW samples. This difference may be due to the different pellet dimensions (dww-
composites=0 NI, ANW-composites=3.D MM VS. dRF-composites=10 MM, ARF-composites=2 Mmm) and the
higher pressure gradient in the MW samples, leading to greater densification.
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Table 8.3: Relative density and dielectric properties of RT-fabricated binder-ST
composites, including additional drying at 110°C (measured in the microwave range).

Filler ST

Binders LMO NMO NWO NSiO MSO
relative  density, p | 83 87 88 81 87

(%)

relative permittivity, & | 67 92 89 104 120

Qu x [ (GHz) 883 960 849 1335 689

f (GHz) 5.9 5.2 5.3 4.7 4.6

8.1.3.1 The temperature coefficient of resonant frequency for the binder-ST

composites

The average temperature coefficient of resonant frequency (t; or TCF) is reported in Table
8.4. TCF was determined by the following Equation (8.1):
1 df
Additionally, further methods for determining the TCF values were explored. More
details are available in Appendix (A.5.1).

Table 8.4: The temperature coefficient of resonant frequency for all binder-ST composites.
Samples were prepared at RT.

Composite sample type frequency frequency TCFaverage
at 27.5 °C at 65 °C
GHz GHz ppm/°C
LMO-ST 5.49 5.74 1123
NMO-ST 5.66 6.00 1495
NWO-ST 5.55 5.82 1221
NSiO-ST 5.87 6.42 793
MSO-ST 4.53 4.76 1283

The results indicate that the NSiO-ST composites have a significantly lower average
temperature coefficient of frequency (TCF) than the other binder-ST composites. The
results align with the reported TCF values for sintered ST ceramics (> 1100 ppm/°C)
[179].
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Figure 8.7: Average values of TCF for all binder-ST composites in the entire temperature
range, with a step of 10 °C.

As shown in Figure 8.7, the TCF for NMO-ST, NWO-ST, and MSO-ST varies
significantly across the entire temperature range, while the TCF for LMO-ST and NSiO-
ST tends to remain constant. Average values for TCF per 2-3 samples are reported.

As an alternative to ST, BT was also used as a ceramic filler in binder-filler composites
with the same compositional proportion of 85 vol % of filler /15 vol % of the binder. Table
8.5 shows the relative density and dielectric properties of binder-BT composites. The
observed trend with binder-BT composites remains the same as with binder-ST composites.
As the ST was substituted with BT, relative permittivity increased up to 3 times. The
average relative permittivity of conventionally sintered BT was measured to be 1328 at 1
MHz with corresponding dielectric losses of 0.0768. The highest relative permittivity of
binder-BT composites was achieved with NSiO (& = 271) and MSO (& = 320) as a binder.
Concurrently, dielectric losses in binder-BT composites increased substantially compared
to binder-ST composites (for ~ 2-10x). Since BT is ferroelectric, we did not perform
electrical measurements in the MW range.
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Table 8.5: Relative density and dielectric properties of binder-BT composites measured in
the RF frequency range.Samples were prepared at RT.

Filler BT

(85 vol %)

Binders LMO NMO NWO NSiO MSO
(15 vol %)

relative density, % 83 81 84 82 84

p

relative 1 MHz | 122 133 136 271 320
permittivity, &

dielectric  losses, 0.0273 0.0279 0.0190 0.0251 0.0080
tan &

Further, composites of binder-BT-ST were prepared by mixing BT and ST in a 1:1
ratio, making up 85 % of the total volume of a composite. The binder volume fraction was
kept constant. Results of dielectric properties and density are reported in Table 8.6.
Introducing BT to a binder-ST composite enhanced relative permittivity and increased
dielectric losses. The highest relative permittivity was observed with NSiO-BT-ST and
MSO-BT-ST composites.

Table 8.6: Relative density and dielectric properties of binder-BT-ST composites measured
in the RF frequency range. Samples were prepared at RT.

Fillers (85 vol %) BT-ST=1:1

Binders (15 vol %) LMO NMO NWO NSiO MSO
relative density, % 86 85 83 88 86

p

relative 1 98 105 107 190 179
permittivity, & MHz

dielectric  losses, 0.0245 0.0214 0.0187 0.0184 0.0059
tan &
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8.2 Conclusions

Room temperature fabrication has previously demonstrated that ceramic composites can
be produced at 110 °C, resulting in properties that are approximately one-third of those
achieved through solid-state sintering, which, of course, is dependent on the composition
[46], [148],[103]. For instance, sintered ST exhibits a relative permittivity of 296 (at 1
MHz), while RT-fabricated binder-ST composites exhibit € up to 124 at 1 MHz. In this
chapter, different inorganic binders such as NMO, NWO, NSiO, and MSO were, for the
first time, successfully utilized as alternatives to LMO in binder-ST composites fabricated
at RT. The new binders yielded comparable relative densities (p ~ 83 %) and similar or
improved dielectric performance &r, binder-St-composites = 68-124; tan 6 =0.011-0.0066 at 1 MHz;
Qu X fvalues between 689 and 1335 at 5 GHz). The absence of a chemical reaction between
salts and ST particles was verified through X-ray diffraction. Regarding dielectric
properties in radio- and microwave-frequency ranges, NSiO- and MSO-ST composites
exhibit higher relative permittivity of 100 -130 at 1 MHz. Furthermore, the binder-ST
composites underwent heat-assisted pressing for comparison. Relevant data can be found
in the Appendix (A.1.4.1). Using the HA-pressing method with binder-ST samples, I
obtained slightly higher relative density (p from ~93 % to ~98 % of LMO- and NMO-
binder-ST composites) and improved dielectric properties of binder-ST composites &, na-
binder-ST-composites = 88-134; tan 6 = 0.0023 at 1 MHz. Considering that we need to maintain
constant heating at 110 °C during HA-pressing and that the compression process takes
longer (~ 30 min), we have not made enough improvements in the properties to justify
using HA-pressing in the regular composites processing.

In addition, a potential limitation to the application of MSO and other environmentally
sensitive salts is the ease with which dehydration/rehydration transformations occur in the
MgSO, - nH,0 system relative to humidity and temperature.

In this chapter, filler ST was replaced or partially substituted with BT to inspect the
effect on dielectric performance. The dielectric properties of binder-ST composites were
compared to those of binder-BT and binder-BT-ST composites. The single-phase BT
exhibits higher relative permittivity compared to ST & Br ceramics = 1328, tan & = 0.0768;

Er, ST ceramics = 296, tan & = 0.0015 at 1 MHz, so it increases the dielectric properties of
cOmMpOsites €, binder-BT-composites = 122-320 at 1 MHz. Combining BT and ST as a filler leads to
properties in between &r, inder-BT-sT-composites = 98-190 at 1 MHz.

The choice of binder and its physicochemical properties can strongly affect the final
dielectric performance It was shown that different binder or filler phases in the upside-
down ceramic composites prepared by RTF lead to a very broad range of dielectric
properties, enabling various applications.
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Chapter 9

Mechanical Properties of ST- and

LMO-, NSiO- Ceramics and LMO-
ST, NSiO-ST Ceramic Composites

Mechanical characterization was performed in collaboration with Abdullah Jabr and Prof.
Dr. Raul Bermejo from the Materials Science department, Montanuniversitdt Leoben,
Austria. LMO-ST and NSiO-ST composites and their corresponding single-phase materials
(LMO, NSiO, and ST ceramics) were investigated. For the precise statistical analysis, 10-
30 samples of each type of material were prepared for the ball-on-three-ball (B3B) testing.
Mechanical testing was partially conducted during my working visit to Leoben in March
2023.

This chapter explores the effect of the binder phase on the mechanical strength of RT-
fabricated ST-based ceramic composites. Among all the proposed binder-ST compositions,
I decided to perform mechanical testing on NSiO-ST, which showed the best and most
stable electrical properties, and additionally on LMO-ST samples for reference. However,
the remaining compositions with other binders will be tested in the future. A comparison
with single-phase high-temperature sintered counterparts was also conducted to see how
much the fabrication process affects the final mechanical strength, going from high to low
temperatures and from single phase to composites.

The results of B3B measurements showed that the biaxial strength of RTF NSiO-ST
was seven times higher than that of LMO-ST composites (i.e., 77 MPa to 11 MPa),
resulting in approximately 40 % of the strength of single-phase ST sintered at high
temperature (i.e., ~200 MPa). The relatively high strength of RTF NSiO-ST is related to
the polycondensation of (SiO4)* monomers in Na,SiOs; aqueous solution. Such a process
yields stronger bonding of NSiO with ST particles, as evidenced by wettability tests
supported by spectroscopy and fractographic analyses. Understanding the impact of the
binder phase on the densification of ceramics fabricated at room temperature may result
in enhanced structural integrity of ceramic composites.

This chapter's content resulted in a joint manuscript entitled: “Towards high strength
SrTiOs-based composites fabricated at room temperature”, which was published in
Journal of European Ceramic Society, July 2024,
https://doi.org/10.1016/j.jeurceramsoc.2024.116782.
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9.1 Results and Discussion

The mechanical stability of ceramic materials should be addressed before using them in
electronics and subjecting them to operational loads. This chapter presents the results of
the mechanical characterization of conventionally sintered ST ceramics, binder LMO, and
NSiO ceramics compared to the RTF-prepared binders LMO and NSiO, as well as binder-
filler composites. In addition, I focused on identifying a binder phase that may enhance the
mechanical strength of the composite and further understanding the chemical interactions
between the binder phase and the filler material, as they dictate the cohesion strength. In
addition, SEM, XRD, FTIR, and wetting angle analyses were conducted to inspect the
crystal structure, microstructure, bonding, and wetting properties of ceramics and ceramic
composites. Sample preparation conditions are summarized in Table 9.1.

Table 9.1: Processing conditions of ceramic and ceramic-ST composites obtained by
different consolidation methods.

Sample type | ID | Consolidation Temperature (°C) Dwell time (h)
ST (S) | Solid-state sintering | 1400 12

LMO (S) | Solid-state sintering | 660 3

LMO (R) | RTF RT + 110 6

LMO-ST | (R) | RTF RT + 110 6

NSiO (S) | Solid-state sintering | 950 3

NSiO (R) | RTF RT + 110 6

NSiO-ST | (R) | RTF RT + 110 6

9.1.1 Relative density of ST- and LMO, NSiO-ceramics and LMO-ST
and NSiO-ST composites

The relative density was determined geometrically from the mass and size of samples after
the preparation process concerning the theoretical density of the corresponding phase
(details can be found in Chapter 3, section 3.2 ). The average relative densities of sintered
and RT-fabricated samples are presented in Figure 9.1. As expected, the conventionally
sintered ST (S) and LMO (S) ceramics exhibit the highest relative densities of 98.4 % and
96.9 %, respectively. As shown in Chapter 5, different LMO content can significantly affect
the relative density of RT-fabricated LMO-ST (R) composites. The relative densities
ranged from 84.9 % to 92.8 % as the LMO proportion was adjusted across 15, 30, 45, and
75 vol %. In the case of pure LMO and NSiO binder, two approaches, solid-state sintering
for 3 h at 660 °C/950 °C and room temperature fabrication, were utilized to obtain dense
pellets. As shown in Figure 9.1, increasing the consolidation temperature from RT to 660
°C slightly enhances the relative density of LMO samples, increasing from 94.5 % (RTF)
t0 96.9 % (sintered). In contrast, sintered NSiO (S) exhibited a significantly higher relative
density of 84.2 %, representing a ~20 % overall increase in relative density compared to
NSiO (R) samples prepared by RTF. However, 15 vol % NSiO- ST (R) composite samples
exhibit a relatively high relative density of 82.0 %, almost resembling the density of NSiO
(S). LMO (R) has a significantly higher average relative density than NSiO (R) ceramics,
which was also confirmed by SEM analysis.
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Figure 9.1: Average relative density of sintered ST, sintered and RT-fabricated binders
(LMO and NSiO), and composite samples (NSiO-ST and LMO-ST). Error bars represent
one standard deviation.

9.1.2 Microstructural analysis

Figure 9.2 represents the microstructure of polished cross-sections of RT-fabricated LMO-
and NSiO-ST composites, cross-sections of RT-fabricated binders LMO and NSiO, as well
as sintered ceramics (LMO, NSiO, ST). Sintered ST shows a dense microstructure with
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LMO NSiO

RTF ceramics|[RTFEF composites

sintered ceramics

Figure 9.2: SEM micrographs of microstructures a) LMO-ST, b) NSiO-ST composites;
RT- fabricated binder phases: c) surface of LMO, and d) NSiO; sintered binder phases:
e) LMO, f) NSiO; and sintered g) ST ceramics.

equiaxed grains with an average size of 1.5 pm. In the case of LMO and NSiO sintered
ceramics, the mean grain size is larger, being ~14 pm and ~7 pm, respectively. Larger
inherent porosity was observed with NSiO samples, which may be associated with the
prominent covalent character of Si-O bonds. ST-composites consisting of either LMO or
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NSiO binder show homogeneous particle distribution, good contact between binder and
filler particles, and residual porosity. SEM analysis of a cross-section of RT-fabricated LMO
and NSiO reveals that LMO has a greater density than NSiO.

9.1.3 XRD analysis

The XRD analysis was conducted and described here to complement the mechanical
characterization results. Figure 9.3 shows XRD patterns for single-phase materials, LMO
and NSiO, along with their corresponding composite systems of ST.
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Figure 9.3: XRD spectra of a) LMO-ST composite and LMO dried from saturated solution
(LMO ss); b) NSiO-ST composite and NSiO dried from saturated solution (NSiO ss).

Identification of phases was based on standard XRD patterns of the ICDD using the
following patterns: 12-0763 (LixMoQ,), 16-0818 (Na,SiOs), and 18-1208 (Na,COs). No
secondary phase formation or reaction occurred during the drying process of LMO, as
evidenced by the XRD pattern in Figure 9.2 a), resembling that of the standard XRD
pattern of LMO. The LMO-ST composite pattern shows the standard reflections of LMO
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and ST, indicating no degradation of ST or secondary phase formation. In the case of
NSiO, drying from the saturated solution results in the formation of a small amount of
Na,COs;. This can be seen in the XRD pattern in Figure 9.3 b), showing Na,COjs reflections
in addition to the standard reflections of NSiO.

Hence, NSiO in an aqueous solution, exposed to the ambient atmosphere partially reacts
with CO.. In the NSiO-ST composite pattern, reflections specific for Na,COs were not
observed, as the amount of NSiO is much lower than that of ST, resulting in a lower
intensity of NSiO reflections in comparison to pure NSiO dried from a saturated solution.
Moreover, the increased background indicates the presence of an amorphous phase. In
general, crystalline silicates, such as sodium metasilicate Na,SiOs, are easily soluble in water
due to the ionic nature of the Na™ and (O-Si)™ ion pair bonds. The solubility of a substance
in water is affected by the pH of the solution. In the LMO solution, the pH was
experimentally measured to be 8. On the other hand, NSiO saturated solution exhibits a
pH of 11. Dissolution of crystalline NSiO results in a mixture of primarily monomeric
tetrahedral (SiO4)* ions; however, oligomeric linear or cyclic silicate ions and polysilicate
ions are also expected. The pH value decreases after exposure of such an aqueous system
to an ambient atmosphere containing CO, (424.6 ppm, February 2024, Mauna Loa
Observatory) [188]. This causes spontaneous gelation due to the polycondensation of basic
silicate units, which results in a firmly bonded amorphous network. A part of Na™ ions that
are not ionically bonded to Si-O form Na,CO; with environmental CO, [189], [190]. The
XRD pattern of the received NSiO did not show any reflections of carbonate nor a higher-
intensity background. This explains the Na,COjs reflections and the increased background
detected in the dried solution. The XRD pattern of NSiO-ST shows only reflections
associated with NSiO and ST, indicating no secondary phase formation (Figure 9.3 b)).
The high pH of the NSiO solution did not result in any degradation of the ST phase.
Retaining the initial phases of the materials without secondary phase formation is a clear
advantage of the low fabrication temperature of RTF.

9.1.4 Cohesion analysis of ST and binders

9.1.4.1 Contact angle measurements

Contact angle measurements provide experimental means of predicting the wetting
behavior of different materials. It is generally recognized that a good wetting of the binder
phase in composite materials is required to ensure adequate spreading, adhesion, and
uniform density of the composite. Previous studies reported a significant effect of the
wetting properties of the binder on the mechanical properties of composite materials [191].
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Figure 9.4: Wettability of polished ST surface with different media: deionized water, LMO
saturated solution, and NSiO saturated solution.

Figure 9.4 represents the contact angle of LMO and NSiO saturated solutions compared
to deionized water deposited on the ST surface. As a reference, water wets ST at an angle
of ~ 65°. NSiO saturated solution exhibits a much lower contact angle of ~45°, compared
to ~100° measured for LMO saturated solution with ST. The much lower contact angle of
NSiO saturated solution indicates higher wettability and affinity of NSiO and ST. This
results in better spreading and adhesion behavior of NSiO on ST particles, enhancing the
interphase cohesion of the composite. Contact angle measurements of other binder (NMO
and NWO) saturated solutions show values similar to those of LMO and are reported in
Appendix (A.1).

9.14.2 FTIR analysis

To reveal the formation of new chemical bonds between the phases during RTF, FTIR
spectroscopy was performed on single-phase binders (LMO and NSiO) and the respective
composite systems, i.e., LMO-ST and NSiO-ST. The IR spectra of the binders were
collected after drying their saturated solutions to reveal chemical interactions arising from
the drying process during RTF.
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Figure 9.5: FTIR analysis of a) LMO-ST composite and LMO dried from saturated solution
(LMO ss); b) NSiO-ST composite and NSiO dried from saturated solution (NSiO ss). The
grey-shaded bands are common bands between the binder and the composite.

Both LMO and NSiO binders are hygroscopic. Therefore, the spectra show a broad
band at 2500-3700 cm™, characteristic of O-H stretching mode due to adsorbed water and
free surface OH group, especially in the case of NSiO-ST composites. In the IR spectrum
of LMO (Figure 9.5 a)), the bands appearing at 800-900 are related to the stretching
vibrations of Mo—O within MoO4* [192]-[194]. The band at 474 cm™ corresponds to the
stretching vibration of Li-O [195]. The band at 1730 cm™ is characteristic of C=0
stretching vibration arising from the carbonyl group [196]. This is likely associated with
the formation of lithium carbonate or lithium bicarbonate species due to the reaction of
LMO with atmospheric CO,. The Spectrum of the LMO-ST composite represents a
superposition of both spectra of LMO and ST without any additional peaks (Figure 9.5
a)). No newly formed bonds can be detected, indicating the absence of a chemical reaction
between both materials. The wide band extending from 500-800 cm™ with a peak at 606
cm™ is assigned for SrTiOj stretching vibrations [179], [197]. The IR spectrum of NSiO
(Figure 9.5 b) shows bands associated with Na,SiOs and Na,COs. The bands at 881 and
1433 cm™ are ascribed to COs* bending and stretching vibrations [196]. The band at 1775
cm™ is due to the C=0 stretching vibration [179], [196]. The sharp peaks at 712, 970, and
1033 cm™ are within the vibration frequency of various symmetric and asymmetric Si—O
stretching and are related to the silicate phase [196], [198], [199]. The peaks at 520 and 595
cm™ are related to the asymmetric deformation vibration of O-Si-O [184], [200], [201].
Therefore, the FTIR analysis of NSiO agrees with the XRD measurements, confirming the
presence of Na»SiOs; and the formation of Na,COs due to reaction with atmospheric COa.
In the NSiO-ST composite, the NSiO peaks overlap with those of ST. Significant changes
occurred with respect to peak broadening, specifically around 1050 cm™, which is a typical
vibration frequency of Si—O stretching. Such broadening has been observed in previous
works and is caused by a change in the phase from crystalline to a less ordered amorphous
structure [196], [199]. This demonstrates the polycondensation of (SiO4)* into an
amorphous network, as discussed in section 9.1.2.
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9.1.5 Mechanical strength ST- and LMO, NSiO-ceramics and LMO-ST
and NSiO-ST composites

To investigate the strength of brittle ceramics, a significant number of tested specimens
must be provided to obtain a statistically reliable result. The characteristic also depends
significantly on the size of the tested specimen, which is corroborated by Equation (1).
This is simply solved by setting the range of standard thickness and diameter of specimens
for each fixture separately. The number of tested samples of each sample type is marked
with N. The state-of-the-art and the exact procedure of the ball on three balls biaxial
testing (B3B) is described in sections 1.10 and 2.11. It is important to note that the B3B
test results are often affected by the environment, test conditions, test rates, subcritical
cracks, and other flaws.

The failure stress, Oy, for all ceramic samples was calculated using Equation (1.25)
(described in section 1.10. The factor f was determined by taking the Poisson’s ratio for
ST (0.24), LMO(0.35), and NSiO (0.27) based on the literature [202],[203],[204]. For
composite systems, the Poisson’s ratio was calculated according to the mixing law
(Equation (9.1)), where v is the composite Poisson’s ratio, fy is the volume fraction of the
binder phase, v, and vsr are the Poisson’s ratio of the binder phase and ST, respectively.

Ve= fp v+ (1 —fp) Vsr (9.1)

Table 9.2: Summary of characteristic mechanical strength and Weibull Modulus values for
all ceramic samples.

Sample type | ID/ | Number of tested | Characteristic Weibull Modulus,
label | samples strength oy m
N (MPa) (/)
ST (S) |25 202 [189—215] 6 [4—7]
LMO (S) |18 30 [29-32] 9 [6-11]
LMO (R) |18 25 [25-26] 13 [9-17]
LMO-ST (R) |18 11 [10-12] 4 [3-5]
NSiO (S) |20 105 [95-115] 5 [3-6]
NSiO R) |9 42 [38-47] 7 [4-9]
NSiO-ST (R) |18 77 [74-81] 10 [6-12]

9.1.5.1 Strength distribution of ST

Weibull diagrams plotted failure stress against the probability of failure for sintered ST-
ceramics, NSiO-, and LMO-binder phases (Figure 9.6). The characteristic strength, oo, is
the failure stress at which the probability of failure is ~63 %. The best fit of the strength
data was calculated according to the maximum likelihood method and is represented by a
full line whose slope corresponds to the Weibull modulus, m. The failure stress values
adhere to a Weibull distribution, which is linked to the defect distribution in the material.
The statistical analysis of the distribution resulted in a characteristic strength of sintered
ST ceramics, opof 202 [189-215] MPa and m= 6 [4-7], respectively. The bracketed values
correspond to the 90 % confidence intervals. The mechanical strength of ST has not been
investigated in the literature, but the current results fall within the anticipated strength
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range of similar electroceramics (e.g., BaTiOs) of comparable tested volumes [205], [206].
The Weibull modulus is relatively low, m=6, which implies a wide defect size distribution
in the material.
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Figure 9.6: Weibull diagrams (Probability of failure as a function of Failure Stress) for a)
high-temperature sintered ST-ceramics; b) LMO-ceramics sintered vs. RTF; ¢) NSiO-
ceramics sintered vs. RTF. The solid line in all diagrams equals the best fit calculated by
the maximum likelihood method, whereas the dashed lines show 90 % confidence intervals.
The Weibull parameters (ooand m) and the number of tested samples (N) are inserted.
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Figure 9.7: SEM images of the fracture surface of ST specimens fractured under B3B test:
a) crushed sintered ST pellet, which was reassembled to identify the fracture origin, where
numbers identify the fragments ordered and the direction of crack propagation; b) large
grain at the surface which caused the fracture; ¢) crushed sintered ST pellet reassembled
to identify the direction of cracks; d) large grain fracture origin (highlighted by white
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dashed line). White arrows indicate hackle lines. The failure occurred at ~ 240 MPa. e) an
agglomerate fracture origin (highlighted by orange dashed line) in a specimen fractured at
~140 MPa. The top surface is the tensile-loaded surface in both images.

Fractography is used to determine the fracture origins in ceramics and, to some extent,
ceramic composites. In addition, it serves as a valuable tool for further explanation of the
difference in the strength of samples (additional description in section 1.11). Examining
the tested ceramic pellet under the optical microscope is the first step in identifying what
causes the particular fracture behavior in specific samples. Next, the fractured part of the
material where the fracture is thought to have started is subjected to SEM analysis to
identify the microscopic flaw that caused the fracture.

In general, sintered ST ceramics are more homogeneous in microstructure and exhibit
a different type of fracture origin compared to composites and binder phases. Figure 9.7
shows typical defects found at the fracture surface of the tested samples. Large grains
associated with abnormal grain growth were frequently found as failure-initiating defects
(Figure 9.7 b), d)). The fractured ST specimen was first reassembled after testing and
analyzed by optical microscope. Figure 9.7 a), ¢) shows the fracture origin, where numbers
identify the ordered fragments and the crack propagation direction. The fracture origins in
both ST samples are identified by flaws located near the surface, a large grain, and an
irregular pore, respectively. The white dashed line and arrows feature the fractured mirror,
mist region, and Hackle lines. Abnormal grain growth is a well-known phenomenon in
perovskite materials and has been frequently reported in the literature for ST [207]-[209].
Another type of identified strength-limiting defects in ST were agglomerates, as seen in
Figure 9.7 e). A distinctive fractographic feature of agglomerates is the shell-like crack
around the agglomerated region due to the differential sintering rate, causing agglomerates
to sinter away from the rest of the matrix [210]. The occurrence of agglomerates may be
reduced by optimizing the powder preparation process (e.g., addition of binders,
granulation, etc.), yet it is out of the scope of this work.

9.1.5.2  Strength distributions of LMO and NSiO binder phases

The binder phase in the RTF process serves as a medium holding the functional particles
(ST in this study) together. It is anticipated that the structural integrity of upside-down
composites is primarily due to the cohesion strength of the binder and filler material (ST).
Consequently, the mechanical strength of two different single-phase binder phases, namely
LMO and NSiO, was investigated to understand their respective impact on the overall
strength of the composite materials. Figure 9.8 compares the strength distribution of LMO
produced at room temperatures against high-temperature sintered LMO in a Weibull
diagram. The calculated Weibull parameters are presented in Table 9.2. The average
inherent strength of LMO prepared by RTF, oy, coincides with a value of 25 [25-26], only
slightly lower than conventionally sintered LMO (i.e. 25 MPa vs 30 MPa). This difference
(ca. 20 %) can be attributed to the higher porosity in LMO (R), being ~94.5 % dense
compared to the ~ 97 % relative density in high-temperature LMO (S). Additionally, the
LMO (R) shows a slightly higher Weibull modulus of 13 [9-17], indicating a narrower
distribution of the defect sizes, likely related to the higher porosity in LMO (R). The
narrow confidence interval of characteristic strength for LMO (R) suggests high sample
consistency. These results show that RTF of LMO can result in samples with comparable
mechanical strength as LMO (S) without the need for a firing step, which agrees with
previous results showing retained functional performance in LMO (R) [211]. This has a
significant advantage, as preparing LMO (R) is more energetically favorable.
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Figure 9.8: Weibull plot showing the probability of failure of a) conventionally sintered
LMO vs room temperature fabricated LMO as a function of failure stress; b) conventionally
sintered NSiO vs room temperature fabricated NSiO as a function of failure stress. The
solid lines represent the best fit of the strength values according to the maximum likelihood
method. The shaded area represents the respective 90 % confidence interval of each set.

Figure 9.9: Fracture surfaces and fracture origins in the sintered LMO ceramics; a)
fractured LMO (S) specimen analyzed by optical microscope, where numbers identify the
fragments ordered and the direction of crack propagation; b) SEM investigation of the
fracture surface of LMO (S) sample. ¢) The fracture origins in LMO(S) samples are
identified by microcracking at the grain boundaries, highlighted by white arrows.

Figure 9.9 shows representative fracture surfaces of sintered LMO samples after testing
in the B3B. In LMO (S) ceramics, so-called “microfault pockets” were observed over the
whole microstructure, especially at the grain boundaries (Figure 9.9 b)), and presumably
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caused the fracture. “Microfault pockets” are a collection of tiny microstructural faults
attributed to microcracking (see Figure 9.9 ¢)) [132]. Microcracking can also originate from
microporosity, which is evident from the SEM image and confirmed by relative density
calculations in both LMO(S) and LMO(R) samples.

Figure 9.10: Fracture surfaces and fracture origins in the LMO ceramics prepared by RTF;
a) fractured LMO (R) specimen analyzed by optical microscope, where numbers identify
the fragments ordered and the direction of crack propagation; b) SEM investigation of the
fracture surface of LMO (R) sample. ¢) The fracture origins in LMO (R) samples are
identified by microcracking at the particle contacts, highlighted by white arrows.

Figure 9.8 b) shows the effect of the processing method on the mechanical strength of
NSiO, represented in a Weibull diagram. The Weibull parameters are given in Table 9.2.
NSiO (R) shows a 60 % lower strength than NSiO (S), i.e., 6,~42 MPa vs o~ 105 MPa.
The higher strength in the latter may be linked to its relatively higher density of ~82 %
compared to NSiO (R), only ~ 66 %. However, due to the large confidence interval for
NSiO (S), the Weibull modulus, m of 3 [2-4]) is the lowest among all. A higher Weibull
modulus and a narrower probability curve of the strength distribution directly translate to
higher material consistency, which means that the flaws are evenly distributed throughout
the entire volume [212].
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Figure 9.11: Representative fracture surface of (a) NSiO (R) and (b) NSiO (S). The yellow
dashed line in (a) marks a near-surface pore network, which may be the failure-initiating
defect. The yellow arrows indicate microcracking. The yellow dashed line marks a group of
large grains. The top surface is the tensile-loaded side in both images.

Examples of fracture surfaces of NSiO (S) and NSiO (R) samples are shown in Figure
9.11. In NSiO (R), the fracture surface exhibits inter-agglomerate porosity and abundant
cracks (Figure 9.11 a)). Hence, it's challenging to determine the precise origin of the
fracture. In the case of NSiO (S), the fracture origin may be related to a pore network or
group of large grains at the surface, as indicated in Figure 9.11 b). Fractography could not
identify exact fracture origins due to the high porosity and weak intrinsic strength of both
materials. Furthermore, NSiO (S) exhibits larger grains due to grain growth, which may
act as fracture origin if located at or near the surface.

9.1.5.3  Strength distribution of LMO-ST and NSiO-ST composites

A high filling ratio of the functional ceramic phase (85 vol %) in a composite system is
generally preferred, as it facilitates improved electrical performance but is usually restricted
due to structural integrity reasons. As mentioned, upside-down ST-based composites are
defined by an inverse filling ratio, where the active (functional) ceramic phase dominates,
and the binder phase represents only a minor part of the entire system. The mechanical
strength results of LMO-ST and NSiO-ST are presented in this section. Also, results for
characteristic strength and Weibull modulus are demonstrated in Table 9.2.

Figure 9.12 a) shows the average strength results of LMO-ST. The Weibull parameters
are reported in Table 9.2. As can be seen, the strength of LMO-ST (i.e., op=11 MPa) is
much lower than the strength of the constituent single-phase materials, being 6,2=200 MPa
and 25 MPa for conventionally sintered ST and LMO (R), respectively. Since ST particles
are connected only by the LMO phase, it is expected that the load-bearing capability will
be governed by the strength of the interfacial bonding between ST and the binder phase
or by the strength of the binder phase. The lower strength of LMO-ST compared to LMO
(R) can be attributed to (i) the higher porosity in the composite compared to the single-
phase LMO (relative density of 85 % vs. 95 %), likely related to incomplete coverage of ST
particles, hence resulting in reduced load distribution and bonding of ST particles; (ii) weak
interfacial bonding between LMO and ST.

In correspondence with the study of dielectric properties of LMO-ST composites with
varied compositions (Chapter 5), the LMO-ST composites with 15, 30, 45 vol %, and 75
vol % of LMO binder were tested mechanically.
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Figure 9.12: a) Average Strength and average relative density of LMO-ST composites as a
function of LMO to ST proportion; b) Average strength of impregnated samples vs.
Untreated LMO-ST composites.

Figure 9.12 shows the effect of increasing LMO content on the strength and density of
LMO-ST. As can be seen, the density and o,improve with increasing LMO content and
eventually coincides with the oy value for the LMO (R). The strength remains constant
(between 10 MPa and 12 MPa) up to an LMO content of 30 vol %, which corresponds to
relative density values below 90 % in that range. At 30 vol % LMO content, the high
amount of porosity reduces the bonding area of ST particles with LMO due to incomplete
coverage, which decreases the strength of the composite. Above 30 vol % LMO content,
the strength increases to 22 MPa, similar to the strength value of LMO (R). The increase
in the strength above a relative density of 90 %, which is the value at which the material
exhibits only closed porosity, explains the lower strength of LMO-ST compared to LMO
(R). At relative densities >90 %, the strength of the composite becomes less affected by
the porosity and is ultimately limited by the strength of the binder phase. From these
results, it can be concluded that a higher binder content can increase the strength of the
composite but at the expense of reduced electrical performance. In Chapter 5, a significant
effect of composition (binder-filler proportion) on the final dielectric performance of the
electroceramic composites was shown. As the binder content varied from 5 to 88 vol %,
the relative density ranged from 81 % to 93 %, and the relative permittivity from 75 to 42
at 1 MHz, along with dielectric losses ranging from 0.0009 to 0.0087 at 1 MHz. It was
previously shown that reducing the filler content can cause up to a 60 % decrease in relative
permittivity. Mechanical strength is enhanced with increased relative density at the
expense of adding an LMO binder to the LMO-ST composite system. This further indicates
that the mean strength of LMO-ST is mainly dominated by the weak binding (LMO)
phase. In the light of comparison, three times impregnated (with TTIP, see Chapter 7),
LMO-ST composites (15 vol %) were subjected to B3B biaxial testing to estimate the effect
of impregnation on mechanical strength. As illustrated in Figure 9.12 b), impregnation
improves characteristic strength twofold. After impregnation, LMO-ST exhibits the o, of
24 [18-29], similar to the LMO values (R). Hence, it can be concluded that impregnation
improves both dielectric performance and mechanical stability.

The effect of the binder phase on the strength of ST composites is shown in Figure 9.13,
which compares the strength of LMO-ST and NSiO-ST. Values of Weibull modulus and
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characteristic strength for both types of binder-ST composites are reported in Table 9.2.
In Chapter 8, it was shown that the choice of binder can significantly impact the overall
dielectric performance. Regarding mechanical stability, NSiO-ST has seven times higher
strength compared to LMO-ST, i.e., 77 MPa vs 11 MPa, and and twice for the Weibull
modulus (m = 10 [6-12] vs m = 4 [3-5]). As discussed above, the strength of the composite
is mainly controlled by the strength of the binder phase. Therefore, the higher strength in
NSiO-ST is given by the strength of single-phase NSiO (R). Interestingly, the strength of
NSiO-ST exceeds that of NSiO (R), 77 vs 42 MPa. This may be related to the higher
density of the composite (~20 % increase). Nevertheless, the notable higher strength of
NSiO-ST compared to LMO-ST cannot be attributed only to density, as both systems show
similar density values. It may be explained by the polycondensation of the NSiO saturated
liquid phase, which firmly connects functional ST ceramic and binder NSiO particles. In
addition, the much better wetting of NSiO aqueous phase on ST, as confirmed by contact
angle measurements, results in enhanced spreading of NSiO and better coverage of the ST
particles. This increases the cohesion of the composite due to uniform stress distribution
across the phases. On the contrary, LMO only deposits and crystallizes locally on ST
particles and hence does not effectively spread on the particles as NSiO, which may lead
to more stress concentration sites. Furthermore, NSiO is known to harden concrete through
geopolymerization [211], [213]. The NSiO-ST composites behave remarkably, as their
strength values are almost identical to those of NSiO(S) prepared at 950°C. The Weibull
modulus for NSiO-ST(R) outperformed the Weibull modulus for NSiO(S). Based on these
mechanical properties results, it can be easily understood that high-temperature sintering
may not always benefit fracture toughness and energy consumption. The aim is to provide
a compromise between the most optimal dielectric and mechanical properties.
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Figure 9.13: a-c) Weibull plot of failure probability vs. Failure stress for LMO-ST and
NSiO-ST.

A fractographic analysis of both composite systems is shown in Figure 9.14. Exact
fracture origins cannot be discerned due to the rough fracture surfaces. In both systems,
fracture occurs along the ST particles through the binder phase. However, the NSiO binder
in NSiO-ST seems to show stronger bonding to the ST particles, as seen from its
attachment to ST particles after fracture (Figure 9.14 a)). This confirms that fracture
occurred within the binder phase. In the case of LMO-ST, the separation of ST particles
along the binder phase can be seen at the fracture surface. In contrast to NSiO-ST, the
separation of the ST particles occurred along the interphase between ST and LMO, as can
be seen in Figure 9.14 b). This is evident from the flattened morphology of the LMO
particles, suggesting the location of a pre-existing ST particle and indicating weak adhesion
between LMO and ST. These fractographic features may account for the higher strength
of NSiO-ST compared to LMO-ST, as they are related to stronger interphase bonding in
the former.
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Figure 9.14: Fracture surface of (a)) NSiO-ST and (b)) LMO-ST. The yellow marked
areas represent a higher magnification of the corresponding positions. The morphological
difference of the binder phase between (a)) and b)) visualizes separation within the
binder phase and along the interphase, respectively.

In addition, LMO(R), LMO(S), and LMO-ST(R) samples are slightly hygroscopic, and
exposing samples to ambient humidity during testing can induce slow crack growth, which
may occur as a consequence of water adsorption [132]. There is no intergranular cracking
observed in LMO(R) and LMO-ST(R) samples (Figs. 9.10, 9.14 b)), which might be
attributed to the weak bonding in such materials compared to ST(S). The force-
displacement curve (reported in Appendix, Figure A.8.1) also showed untypical behavior
for ceramics -“bumps,” which may indicate the microcracking in LMO-ST composite when
exposed to mechanical load.

9.2 Conclusions

In the B3B testing setup, a sample is symmetrically supported by the three-point contacts,
making this method well-suited for uneven specimens, i.e., In service, ceramic components
are often biaxially loaded, which additionally explains the practical applicability of the
B3B test. However, the appropriate thickness of B3B testing specimens must be selected
for the test to be considered valid. The breaking forces are high, and the middle loading
ball can initiate contact cone cracks, which propagate to the tensile side and ultimately
lead to unintended fracture [132]. In addition, for the analysis to be statistically evaluated
by Weibull theory, a significant number of samples must be tested.

In this chapter, the mechanical properties of binder NSiO and LMO-filler ST composites
and their corresponding single-phase ceramic materials fabricated at room temperature
have been characterized for the first time. Such materials were compared with single-phase
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conventionally sintered ST (g, = 202 MPa). It was observed that the pure LMO prepared
with RTF or sintering had comparable density (~95 % vs 97 %) and mechanical strength
(09 = 25 MPa vs. 30 MPa). It was shown that using NSiO as a binder in RTF composite
systems increases its strength seven times compared to LMO-ST composites. On the
contrary, the strength of RT-fabricated NSiO exhibited significantly lower mechanical
strength than conventional sintered NSiO single-phase samples (g, = 40 MPa vs. 100
MPa), which may be attributed to the low densification achieved by RTF. However, NSiO
samples, both sintered and prepared by RTF, outperform the mean strength of LMO and
the strength of LMO-ST composites. Additionally, it was shown that increasing the LMO
content or utilizing the impregnation with TTIP can improve the mechanical strength of
LMO-ST composites twofold.

The strength of the composite materials varied significantly based on the type of binder
phase used. Using NSiO binder in the ST-based composite system resulted in seven times
higher mechanical strength compared to LMO-ST composites (g, = 77 MPa vs 11 MPa)
due to the strong bonding of NSiO with ST particles. NSiO showed the formation of sodium
carbonate as well as an amorphous phase due to polycondensation and further reaction to
the ambient atmosphere and humidity. The saturated solution of NSiO exhibited better
wettability on the polished ST surface than the LMO saturated solution. The improved
wettability and partial polycondensation of monomeric tetrahedral (SiO4)* groups led to
enhanced mechanical strength in the NSiO-ST composites. A lower contact angle of NSiO
indicates higher surface tension, which means the surface is more reactive to other surfaces
and/or ST and binder particles. In the RTF process, a saturated solution is added to a dry
composite mixture to wet the surface of ST particles and, ideally, form a thin film on them.
From experimental work, I found that this process is very specific for each individual
binder.

Fractography analysis in this chapter provided valuable insight into the fracture
behavior of ST, LMO, NSiO ceramics, and ceramics composites. ST ceramics fractured due
to irregular large grains and surface defects. In addition, fracture surface analysis confirmed
that LMO and LMO-ST samples fabricated by RTF are prone to internal cracking.
However, comparing ceramic LMO-ST, NSiO-ST composites, and RTF-prepared LMO-
and NSiO- ceramics with conventionally sintered ST, LMO-, NSiO- ceramics is challenging,
as RTF materials fracture intergranularly due to the weak interface bonding. Nevertheless,
according to the results, the NSiO-ST composite samples were fabricated by RTF fracture
at the weak phase boundaries.

My future research will center on the new room-temperature composite systems,
focusing on the synergy between optimal electrical and mechanical properties for potential
benefits in electronic and energy storage applications.
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Conclusions

Obtained experimental results lead to the following conclusions.

The RTF method surpasses conventional electroceramics sintering techniques by
lowering the processing temperature and reducing energy consumption. An improvement
in the dielectric properties of the LizMoO, (LMO)-SrTiOs (ST) composites was achieved by
optimizing the processing parameters. Selecting the larger ST particles (200-500 pm) and
combining them with smaller ST fractions below 63 pm lead to increased relative density
and improved relative permittivity. Moreover, ultrasonic treatment has positively affected
the dielectric losses of the upside-down LMO-ST composites. However, the critical influence
of ambient humidity on the dielectric properties has been detected and confirmed, so careful
storage of samples in a desiccator or application of commercial protective coating is
necessary. The effect of changing pressure and pressing time was further investigated.
Increasing pressure contributes to a higher relative density of the LMO-ST composites and
a lower relative permittivity resulting from the cracks generated by the strong mechanical
stress. The effect of cracking was additionally confirmed with OOF2 simulations. The
optimum conditions for the RTF process were set to 0.5 min of ultrasonic treatment, 5 min
of pressing at 250 MPa, and a drying time of 3-6 h at 110 °C.

Next, the effect of changing the LMO-ST proportion was investigated. I showed that
increasing the fraction of the LMO binder in the LMO-ST composites results in a higher
relative density and lower relative permittivity. It was shown that the relative permittivity
of LMO-ST composites is almost frequency-independent, below 1 MHz for the whole
compositional range, which is highly desired for many microelectronic applications.
Experimentally measured relative permittivity values were further compared with the
calculated data using rules of mixtures. The Lichtenecker rule, reformulated for a three-
phase composite system, showed the best agreement with the experimental data. Based on
calculations, the negative influence of porosity was confirmed. This was further studied
with OOF simulations. Impregnation was used as a post-treatment step that can positively
affect the overall densification by approximately 1 % per impregnation cycle. TTIP was
successfully used as an impregnating agent and showed an increase in relative permittivity
(at 1 MHz) of 43 % after three cycles. However, this causes slightly increased dielectric
losses, presumably due to the OH groups and the remaining bound water. It is essential to
know that the impregnating agent can be substituted if it further improves density and
dielectric properties. Despite the water vapor treatment (hydrolysis step) of the three times
impregnated LMO-ST samples, they remained undamaged and stable after the
impregnation process. Furthermore, after performing mechanical characterization, this was
confirmed as the characteristic strength doubled. Impregnating RT-fabricated pellets with
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TTIP can be easily performed on multiple samples simultaneously, providing a viable
advantage.

Although impregnation has proven to be a partially successful method for
compensating porosity, there are still many research opportunities in this area of RTF. For
instance, if we look back to the processing steps, using vacuum-assisted pressing coupled
with increased pressure and sonification could further optimize the densification process,
as shown for LMO-BST and LMO-PZT by Smith et al. [174]. Therefore, it is important to
reduce the remaining porosity in future experiments.

Object-oriented finite element modeling (OOF2) not only complemented the
experimental data but also enabled the study and prediction of the effect of the coating
media and its thickness, as well as simulate the change in relative permittivity when the
highly conductive phase is added to a binder-ST system. It was also shown that low-g;
phase surrounding ST ceramics particles reduces overall polarization through the
composite. Hence, direct ST-ST contacts are desired to enable higher dielectric
performance.

LMO binder was successfully substituted with Na;MoO, (NMO), Na,WO,; (NWO),
NaySiOs (NSiO), and MgSO, (MSO). The use of various binder-ST systems resulted in
relative density (p==83-88%) and enabled a wide dielectric property range, i.e., & from 68
to 124 at 1 MHz and between 67 and 129 in the MW frequency range. The dielectric losses
exhibited a range of 0.0029 and 0.0142 at 1 MHz, corresponding @), X f values between 689
and 1335 GHz. Results on various binders presented in the thesis are expected to expand
the general understanding of the densification RTF mechanism and broaden the
applicability of such ceramic composites.

The strength of the composite materials varied significantly based on the type of binder
phase used. Using NSiO binder in the ST-based composite system resulted in seven times
higher mechanical strength compared to LMO-ST composites (g, = 77 MPa vs 11 MPa)
due to the strong bonding of NSiO with ST particles. NSiO showed the formation of sodium
carbonate as well as an amorphous phase due to polycondensation and further reaction to
the ambient atmosphere and humidity. The saturated solution of NSiO exhibited better
wettability on the polished ST surface than the LMO saturated solution. The improved
wettability and polycondensation reaction mechanism led to enhanced mechanical strength
in the NSiO-ST composites. I assumed the relation between wetting and surface tension as
that: the lower the contact angle, the higher the surface tension on the ST surface, which
makes it more reactive towards other ST and binder particles. However, additional research
in the field of surface and interfacial energies is required. Understanding how the effects of
composite densification and its mechanical properties can lead to the engineering of novel
binder-ceramic composite systems. So far, there have been limited studies on the
mechanical properties of composites, making the findings from this doctoral thesis
significant. The knowledge gained can be used to enhance the functional properties of
future RTF ceramic composites.

In this thesis, I studied various aspects and challenges of the room temperature
fabrication (RTF) method, which enables the production of functional electronic
components with a wide range of properties. Each new binder-filler composite system opens
up a new set of unsolved questions, which can undoubtedly be approached more easily
based on the knowledge I have acquired through my studies. In future research, the relation
between wetting, surface energy, functionalization of ceramics, and bonding in composites
should be a priority. Understanding these factors could enhance the functionality and
increase the applicability of electroceramic materials produced with RTF in the electronic
industry.
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Appendix

Additional Information for the Experimental
Results

A.1 Wetting Angle Studies

The interaction of the liquid solvent (LMO saturated solution and water) and the ST
ceramic surface, under different conditions, was further inspected. A measuring setup for
wetting angle studies is shown in Figure A.1. Table A.1. shows the results of the contact
angle of distilled water (dH,O) and LMO saturated solution deposited on polished ST
surfaces that were treated in three different ways ( exposed to 100 % humidity overnight,
left 1 day at ambient temperature and humidity, dried for 1 h at 110 °C)

Figure A.1: Surface wettability was investigated using a contact angle meter, Theta Lite
(Biolin Scientific, Gothenburg, Sweden).
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Table A.1: Wetting angle studies: Water and LMO-saturated solution were deposited on
the polished ST surface, which was exposed to three different conditions (100 % RH,
ambient RH, drying at 110 °C).

Sample Contact angle, 8(°) | Images of contact angle

surface

ST LMO dH-O LMO saturated | dH-O
saturated solution
solution

ST exposed to | 100 85

100 %

humidity

overnight

ST left 1 day at | 96 71

ambient T

and humidity

ST dried for | 90 67
1h at 110°C
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Table A.2: NMO, NWO, and NSiO saturated solution deposited on the polished ST surface,
which was dried at 110 °C.

Sample Contact angle, 0 (°)

surface

ST NMO saturated | NWO saturated | NSiO saturated
solution solution solution

ST dried for | 90 87 43

1h at 110 °C

Images of NMO NWO

contact angle

In the case of ST surfaces exposed to 100 % humidity or ambient humidity, the contact
angle was larger compared to the one at the dried ST surface. Surprisingly, I observed from
the results that a layer of physically adsorbed water on the ST surface increases its
hydrophobicity.

As depicted in Table A.2, the NSiO-saturated solution shows the best wetting properties
among all binder-saturated solutions. NMO and NWO exhibit values similar to those of an
LMO-saturated solution. This further complements wetting studies and mechanical
characterization of binder-ST samples, shown in Chapter 9. Here, all ST surfaces were
dried for 1 h at 110°C prior to wetting angle studies.

A.2 Crystallization of LMO

The crystallization process of the LMO aqueous solution deposited on the surface of the
sintered ST pellet was examined through XRD analysis. The XRD spectra were compared
to the standard spectra for LMO and ST (the pink dotted symbol represents LMO, and
the black dotted symbol represents ST). The results presented in Figure A.2 show that
drying the sample in an oven at 110 °C, as opposed to slow drying in a desiccator, resulted
in more pronounced reflections of LMO that were also higher in intensity. Slow drying of
LMO-saturated solution leads to oriented (preferential) crystal growth, while equiaxed
crystals from the saturated solution during fast drying. These results might explain slightly
higher density when samples are heated to 110 °C. The sample, dried in a desiccator, shows
broader reflections due to the lower crystallinity of LMO on the ST surface. This
presumably appeared because of the incomplete removal of water at RT in the LMO film.
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XRD patterns of LMO crystallization on ST pellets; dried in a desiccator and in the oven, 110°C

q desiccator, 20 hours at [T . q ||
] | | | hy

10000H ST pellel + LMO, aq, }\ . . .
|

?n"""\w

7 ’U. i ‘- [ (-
- il N Vol i W‘J M le Yo

® 3y
MO

q ST pellet + LMO, aq,

E drying oven 20 hours at 110°C . . -
- ?J\NJUUQJ(‘ h‘ ﬂ

E . .

E .
100

Position 20(°)

Counts

Figure A.2: XRD spectra of the thin film of LMO that crystallized from the aqueous
solution deposited on ST pellet when it was dried in a desiccator for 20 h, RT (top), or in
a drying oven for 20 h, 110°C (bottom).

A.3 TEM Analysis of the LMO-ST Sample

Prof. Dr. Nina Daneu conducted a TEM analysis of LMO-ST samples using Jeol JEM-2100
(JED 2300 EDS, GATAN CCD Orious camera). Our goal was to observe the interaction
between LMO and ST phases and confirm the presence of a possible preferential orientation
of LMO on ST.

We observed that ST particles have higher hardness, while LMO is much softer. Both
phases are crystalline, and there is no epitaxial relationship (Figure A.3 b) SAED). A very
tight contact between ST and LMO (Figure A.3 ¢), d); Figure A.4 a), b)). ST is embedded
into the LMO phase, as was previously observed with SEM. Complementary to SEM
imaging, EDS analyses confirmed the presence of ST and LMO (Figure A.3 e)). Many
dislocations were observed in ST, which appeared due to the crushing of ST particles prior
to RTF. (Figure A.4).
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Figure A.3: TEM analysis of LMO-ST composite: a) thicker ST particles with higher
hardness and thinner LMO phase; b) crystallinic nature of both phases (SAED); ¢), d) a
tight contact between ST and LMO; ST embedded in LMO; e) EDS analyses of ST and
LMO.
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Figure A.4: TEM analysis of LMO-ST composite: a), b) the interface between LMO and
ST phases; dislocations in ST particles.
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Figure A.5: TEM sample preparation; a) crushing of LMO-ST pellet; b) mixed with epoxy;
¢) cut into the Si-substrate; d) Ar ion-thinning; e) TEM image.

However, due to the nature of the LMO-ST composite sample, TEM sample preparation
(Figure A.5) was very challenging. We first crushed the LMO-ST sample and inserted the
powder mixture into a cut on the Si substrate. We embedded the particles in epoxy resin
inside the cut. In the final stage of preparation, we did Ar ion-thinning to achieve electron
transparency. Other binder-ST samples have not yet been analyzed with TEM.

A.4 Heat-assisted Pressing of Binder-ST Composites

Table A.3 presents the dielectric properties and relative density values of binder-ST
composites prepared by heat-assisted (HA-) pressing at 110 °C.

Table A.3: Relative density and dielectric properties of heat-assisted pressed binder-ST
composites.

Filler ST

Binders Li2M004 N32M004 N32WO4 Na28i03 MgSO4
relative % 89 87 83 84 83
density(p)

relative 1 88 90 &9 134 72
permittivity(e) | MHz

dielectric 0.0032 0.0132 0.0137 0.0048 0.0023
losses(tan )
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Table A.4: Comparison of RTF vs. HA-pressing applied on MgSO4ST composites (Relative
density and dielectric properties; measured in radio-frequency range at 1 MHz).

MSO- ST temperature relative relative permittivity | dielectric

(T) density (&) losses
(p) (tan §)

(°C) (%)

RTF RT + 110 82 120 0.0029

HA-pressing 110 83 101 0.0026
130 84 74 0.0028
300 86 72 0.0026

As expected, HA-pressing of the binder-ST composites resulted in slightly improved
relative density in the case of LMO and NMO samples (83%< pryo <89%; 82%< pnmo
<87%). The highest increase in relative density occurred following the HA-pressing of
LMO-ST composites. Furthermore, HA-pressing contributed to a subsequent rise in the
relative permittivity of most binder-ST composites (Table A.3). However, the relative
permittivity of MSO-ST hot-pressed composites decreases with temperature, as is shown
in Table A.4. This might be attributed to the decrease in MSO salt polarizability with
increasing temperature [214]. The difference in & of MSO-ST either pressed 5min at RT
and additionally dried for 6 h at 110°C or HA-pressed at 110°C for 30 min is around 20 %,
which can be further explained by the fact that bound water increases overall relative
permittivity and is released at higher temperatures. The temperature of HA-pressing of
MSO was adjusted according to the TG-MS spectra. Since a significant mass loss was
detected when heating to 300°C, the same conditions were set for preparing MSO-ST
samples intended for electrical characterization. In addition, the local temperatures applied
to the sample mixture may be higher since the thermocouple regulates the pressing
temperature. This makes the process more consistent and accurate than heating samples
in a drying oven at the same temperature. However, HA-pressing for 30 min at an elevated
temperature of 110 °C still represents a less favorable production method for energy
consumption than cold pressing and drying at room temperature (RTF).
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Figure 11.6: Relative density and dielectric properties for all binder-ST composites prepared
by RTF + drying or HA-pressing.
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Relevant data are presented in Figure A.6. to provide a brief overview and comparison
of the relative density and dielectric properties of various binder-ST composites. Below is
a more comprehensive depiction of the results and corresponding discussion.

This was supported by temperature-dependent measurements of dielectric properties of
MSO-ST samples at 1MHz. Figure A.7 shows the change in relative permittivity and
dielectric losses as the temperature was varied from RT to 150 °C and frequency was
constant at 1 MHz. As a result, the & of the MSO-ST composite ranged from 130 to 102
at the temperature from 25 °C to 150 °C. Increasing the temperature leads to the removal
of the free and bound water. However, an increase of tan & from 0.0019 to 0.0034 was
observed due to the temperature rise. The relative density of MSO-ST composites increased
with increasing pressing temperature (82.8 %<p<85.9 %, 110°C<T<300 °C). This can be
attributed to the dehydration of bound water, which was compensated by maintaining the
pressure constant at 250 MPa. Dielectric losses of HA-pressed MSO-ST samples are
increasing with temperature.
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Figure 11.7: Temperature dependence of relative permittivity and dielectric losses for a 15
vol % MSO-ST composite. The frequency during measurement was set at 1IMHz.

Presumably, HA-pressing could facilitate the removal of additional free water, which
might otherwise be retained within the closed pores when the MSO-ST sample is pressed
at RT and subsequently dried at 110 °C for 6 h.

A.5 Microwave measurements and fitting of TCF

A.5.1 Calculation of unloaded Q from loaded Q for all binder-ST
composites

Unloaded @ was calculated from the loaded ) multiplied by the multiplication factor,

which was precisely calculated from the d values obtained from Smith charts represented

in Figure A.8 for each binder-ST composition. d values, which usually range between
0.1<d<1, are displayed in Table A.5.

Table A.5: Parameters to calculate ), from the measured f.

Composite sample type | d (units) Coupling factor, | Multiplication factor
B (1+B)

LMO-ST 0.904 0.825 1.825

NMO-ST 0.820 0.695 1.695

NWO-ST 0.868 0.767 1.767

NSiO-ST 0.926 0.862 1.862

MSO-ST 0.76 0.613 1.613
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Figure A.8: Polar Smith charts for composite binder-ST samples: a)empty cavity; b) LMO-
ST; ¢) NMO-ST; d) NWO-ST; e) NSiO-ST; f) MSO-ST with the corresponding parameters
marked.

A.5.2 Comparative analysis of the Krupka Method and ErCalc program
relative permittivity calculations in the microwave range

The relative permittivity values for all binder-ST composites in the MW range were
calculated using two different approaches (Krupka [15] and ErCalc [187]) based on the
experimental values for the resonant frequency, dimension of the sample pellet, and cavity
features. Results are presented in Figure A.9. It is important to mention that the ErCalc
program could not compute for all samples, especially with the NSiO-ST composite sample
type. Relative permeability values calculated by ErCalc are reported to have a typical error
of ~ +15 % [187]. From the results shown in Figure A.9, it can be seen that both methods
gave similar values of er in all binder-ST composite mixtures, except for NSiO-ST, where
comparison was not possible.
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Figure A.9: Comparison between relative permittivity values calculated by the Krupka
method and ErCalc program.

A.5.3 Fitting the TCF values using different calculation methods

Here, I present various fitting methods that can be used to calculate TCF factors from
measured temperature and frequency values.

As previously mentioned, the temperature coefficient of resonant frequency for all binder-
ST composites was experimentally obtained by measuring a frequency change between
27.5°C and 65°C, with a step of 10°C. The measured data were originally fitted by using
Method 1(earlier represented in Equation 8.1):

_ L A1 fes—fars
TCE (Tf) " fars AT fazs 65°C—27.5°C (All)

For comparison, I conducted fitting according to the previous work by Li, et al. [215]
(Method 2).

_ (zrstfes) | Af _ (z75tfes) . fes—f275
TCF (zp) = 2 AT 2 65°C—27.5°C (A.2)

In both methods, only the start and end values of the temperature range were used, and
the Af was calculated accordingly. The only difference between methods 1 and 2 is that
Af is taken over the whole temperature range instead of f at 27.5°C. The Comparison of
both fitting methods is represented in Figure A.10.
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Figure A.10: Average f values calculated by methods 1 and 2 for all binder-ST
compositions. Error bars are represented for 3 parallel samples of each composition.

In the method 3, resonant frequency values were fitted to the Equation (A.3) with the
least square regression method. The fitting was performed using the Excel LINEST
function. The values of 1y were calculated using Equation (A.5) with the parameters k and
fo acquired from the fit.

f(D=k-T+f, (A.3)
a

k=2L (A.4)

% (D) = e (A.5)

Lastly, I used a similar approach by fitting the measured data to a quadratic equation
(Equation A.6, method 4) and using Equation (A.8) for the fy vs T results based on the
procedure explained by Li et al.[215]. The benefit of the methods 3 and 4 is that the 7 can
be calculated at any temperature within the experimental range.

fo=aT?+bT +c¢ (A.6)
dfo _
~0=2aT +b (A.7)
1 2aT+b
TCF (tf) = +(2aT +b) = — (A.8)

As suggested in the paper by Li et al., the minimum T should be taken below the room
temperature to ensure good fitting, which, unfortunately, our measuring setup does not
allow for. The comparison between method 3 and method 4 is presented in the Figure A.9.
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Figure A.11: Average f values fitted by methods 3 and 4 for all binder-ST compositions.
Error bars are represented for 3 parallel samples of each composition. The blue column
represents data at T= 27.5 °C, while the orange column is data at the average T in the
experimental temperature range.

Looking at the results, it is evident that the least square method (Method 3) matches
well with method 1, which was originally used (at T=27.5, blue columns). Besides, it
matches well with method 1 when we take T=46 °C (orange columns). Whereas the
quadratic method matches well for T=46 °C ((27.5°C+65°C)/2) with both other methods
(1 and 2), it is a poor match for T=27.5 °C (with method 1). This is because there is not
enough data for a quality quadratic fit. It would be better to have more measurements,
especially at temperatures lower than room temperature. Since room temperature is the
limit of experimental data, I obtain overfitting artifacts for these values. Due to the
limitations of our measurement system for microwave properties that do not enable cooling
below RT, the measurements were performed at a minimum T of 27.5°C.

It is also clear that the originally chosen fitting method (Method 1) is somewhat
limiting, but it gives the value for f at 27°C. Given that there is more experimental data
available, the linear least square method (Method 3) is a valuable improvement. The lack
of lower temperature data, however, makes the quadratic method (Method 4) unreliable.
The difference between the methods is not substantial, as can be seen in Figure A.11.
Above all, it is smaller than the deviations between different repetitions of the same sample,
which is a limitation of this processing approach. To sum up, the calculated 7y is obviously
quite large for such materials and, to some extent, inconsistent between replicates of the
same composition, regardless of the details of the fitting method.

A.6 Organotitanate-ST Composites

The experimental research presented in this section was conducted during the second
working visit at the Microelectronic Research Unit, University of Oulu, where 1 was
supervised by Prof. Dr. Heli Jantunen and Dr. Mikko Nelo. I focused on the preparation
of all ceramic composites. In addition, I tested the compatibility between new binder
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compounds and ST as the main functional ceramic material. The fabrication approach of
all the so-called ceramic composites was a combination of soft-solution processing, heat-
assisted pressing, and an upside-down composite approach. A gel-like TiOy precursor was
used as a binder in this set of experiments. The particle size of ST-powder was varied from
<63 pm to 500 pm. ST particles were mixed with organotitanate gel precursor in the ratio
of 80/20 wt %. The sample mixture was pressed at 250 MPa and simultaneously heated to
160 and 340 °C. A more detailed description of the fabrication process is shown in Figure
A8.

composites

soft solution processing method

ST
\ 200-500 pm 40-63 pm l’ ﬁ

TiO, precursor

TiO, precursor synthesis 63-180 ym

Titanium-di-isopropoxide-2-acetoacetate .« ¥

+
2-methoxyethanol S
+ mix

ethanolamine

J

80 °C for 2 h heating plate

120°C for 1 h

80 °C for 2 h

120 °C for 1 h Pressure
250 MPa

L.step: 160 °C,
2.step: 340 °C

heating plate

stored at 5 °C /

Figure A.12: Schematics of the processing of ST-TiOx sample.

The heating was adjusted according to the TG-MS analysis. Based on that, it was
expected that the mixture would react to TiOs and form a connected structure at 340 °C.
Dielectric properties of such ST-TiOy were investigated as a function of ST particle size.
The relative permittivity of as-prepared ST-TiOy samples was measured in the range from
61-111 at 1 MHz, whereas dielectric loss values ranged between 0.0032 to 0.0163 at 1 MHz.
ST-TiOx samples exhibited relative density from 76 to 89 %. In order to achieve better
mechanical stability, samples were additionally treated with a four-step impregnation
process (Figure A.8). Impregnated samples resulted in higher dielectric losses.



Table A.6: Functional properties of ST-TiOx composites.
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ST Estimated Relative Relative Dielectric | Post-
particle wt % of | density, p | permittivity, | losses, tan | treatment
size TiOx & 8
precursor
after the
process
(wt %) (%)
40-63 pm 81 76 0.0070 impregnated
85 70 0.0070 X
63-180 pm 84 117 0.0104 impregnated
86 67 0.0053 X
200-500 pm 87 114 0.0166 impregnated
5
76 73 0.0069 X
75 % 200- 86 99 0.0151 impregnated
500 pm + 89 81 0.0107
25 % 40-63 80 94 0.0107
pm 87 86 0.0058 X
89 82 0.0057
86 85 0.0035
86 80 0.0082

According to the relative

density values and measured dielectric properties (Table
A.5), I confirmed that the most suitable particle size distribution is the mixture of large
particles (200-500 pm) and smaller particles (<63 pm) in a ratio of 75/25. This resulted in
improved properties, such as a relative density of 80-86 % and relative permittivity of 83,
with corresponding dielectric losses of 0.0058 at 1 MHz. The impregnation of such ST-TiOx
composites further improved properties, with a relative density of 85 % and a relative
permittivity of 91, with correspondingly higher dielectric losses of 0.0122 at 1 MHz,
respectively. SEM images of untreated and impregnated ST-TiO, samples are depicted in
Figures A.9 and A.10.
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Figure A.13: SEM analysis of the impregnated ST-TiOx sample.
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Figure A.14: SEM analysis of the unimpregnated ST-TiOx sample.

From those results, I concluded that using such a new approach and organotitanate
binder did not substantially improve relative density and dielectric properties.

A.7 PVDF-ST Composites

For comparison, I prepared ST-polymer composites with the same composition, 93.5 wt %
of ST and 6.5 wt % of PVDF. PVDF was chosen due to its relatively high relative
permittivity compared to other polymers (&= 12.88 at 100 kHz) [216]. Table A.6 shows
the relative density and dielectric properties of PVDF-ST composites. Experimentally
obtained results using a polymeric binder were lower compared to inorganic salts.



Table A.7: The relative density and dielectric properties of PVDF-ST composites.
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ST-filler
Binder Relative Relative Dielectric
content density, permittivity, | losses,
P & tan o
(wt %) %
PVDF binder 6.5 76 47.9 0.0252

A.8 Mechanical Characterization with B3B Testing

The force-displacement curve (Figure A.11) showed diverse behavior of samples under
exposed load. The curve for LMO-ST samples differs substantially and exhibits “bumps”,
which indicate that multiple cracks occurred.
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Figure A.15: Force-Displacement curves for ST; LMO (R) and LMO (S); LMO-ST

composites.
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