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ABSTRAKT

Diserta¢ni prace se zabyva ptipravou pokrocilych keramickych materiala se zajimavymi
fyzikalnimi vlastnostmi. Materialy, pfipravené v ramci této prace, byly vyrobeny tuho-
fazovymi popt. hydrotermalnimi syntézami. Prvni ze zkoumanych materiald je elektrokeramika
EuTiO3z s perovskitovou miizkou. Absence termodynamickych dat tohoto systému vedla
kK rozsahlému experimentalnimu vyzkumu vhodnych podminek jeho ptipravy. Tii smési
raznych praskovych prekurzord (Eu.O3 s TioOz nebo TiO2 — rutil ¢i anatas) byly
homogenizovany mletim v planetovém mlynu a formovany izostatickym tlakem 300 MPa.
Vzniklé keramické polotovary diskového tvaru byly slinovany konvencnimi metodami
v reduk¢nich atmosférach (Ar + 7 % H2 nebo pouze cisty Ho) popi. pokrocilou slinovaci
metodou Spark Plasma Sintering (SPS). Nasledn¢ byl studovan vliv slinovaci metody, teploty,
slozeni atmosféry a prodlevy na findlni hustotu a fAzovou Cistotu vzorkt. Tento vyzkum vyustil
V GspéSnou piipravu jednofazové EUTiO3z objemové keramiky s relativni hustotou vyssi nez
95 % teoretické hustoty (%TH). S ohledem na dostupnou literaturu jsou tyto materialy jedinymi
publikovanymi vzorky fazové ¢isté EuTiOs keramiky s tak nizkou porozitou. DllleZitost téchto
vysledki je podlozena ¢tyfmi publikacemi v impaktovanych casopisech, kde byly vlastnosti
méfené na téchto vzorcich prezentovany. Spektra infraervené odrazivosti byla porovnana
s vysledky v literatufe. Byla tak demonstrovana nezbytnost fazove ¢istych vzorka s minimalnim
porozitou pro méteni jejich redlnych (neovlivnénych) fyzikalnich vlastnosti.

Dalsi vyzkum byl zaméfen na hydrotermélni syntézu (HTS) keramického prasku
EuosNaosTiOs. Prezentované HTS byly uskuteénény ve vysoce zasaditém prostiedi vodnych
roztokit NaOH nebo KOH pii teplotach 220 — 250 °C. Experimenty s riznymi koncentracemi
prekurzort (EuCls a TiCls) a redukénich ¢inidel vedly k ptipravé jednofazového praskového
perovskitu EupsNaosTiO3 s krychlovymi ¢asticemi s rozméry pod 1 pum.

Jiny titanicitan - MQTiO3 — byl syntetizovan tuho-fazovou reakci smési praskovych
prekurzor MgO a TiO2. Smési byly mechanicky aktivovany v kulovém mlynu po dobu 0, 10,
40, 80 nebo 160 min. Keramicka télesa byla formovana izostatickym tlakem 300 MPa a
slinovana pomoci dvou riznych pfistupt. Prvni sada vzorki byla slinovana metodou Two-step
Sintering (TSS) na teplotach 1300 °C (30 min) a nasledné 1200 °C (20 h). Druha ¢ast vzorka
byla slinovana nejprve konvenéné pii 1300 °C popi. 1400 °C po dobu 30 min a nasledné jeste
pomoci metody Hot Isostatic Press (HIP) na 1200 °C popt. 1280 °C. V piipadé HIP-ovanych
vzorki pfi 1280 °C po 3 hodiny v inertni Ar atmosféte o tlaku 200 MPa byly ziskany fazové
Cisté keramické vzorky MgTiOs s relativni hustotou nad 93 %TH.

Posledni z prezentovanych materiali je Ba(Ca)Ti(Zr)Oz bezolovnata piezokeramika, ktera
byla pfipravena tuho-fdzovou reakci praskovych smési mletych v planetovém kulovém mlynu
za rozdilnych podminek. Keramicka télesa lisovana izostatickym tlakem (300 MPa) byla déle
zhutnéna beztlakym slinovanim na teplotach 1200, 1300, 1400 popt. 1500 °C po dobu 1 h na
vzduchu. Byly studovany potiebné podminky pro piipravu jednofazové perovskitové
Bao ssCao 15 Tio,9Zr0,103 keramiky s pozadovanou mikrostrukturou. Uspé&$né tak byly ptipraveny
vzorky fazové ¢isté Ba(Ca) Ti(Zr)Os keramiky o relativni hustoté az 96 %TH.

Prezentované vysledky potvrzuji vyznam volby vhodné metody vyroby a potiebnych
parametr k ziskani pokrocilych elektrokeramickych materialt s poZadovanou mikrostrukturou
1 fAzovym slozenim a tudiz i1 pro spravné stanoveni jejich fyzikalnich vlastnosti.



ABSTRACT

The doctoral thesis is focused on processing of advanced ceramic materials with interesting
physical properties. The materials were prepared by solid-state resp. hydrothermal syntheses.
The first investigated material described in this work is EuTiO3 perovskite ceramics. Absence
of thermodynamic data of this system led to extensive experimental research of proper
processing conditions. Three mixtures of different powder precursors (Eu203 with Ti>O3 resp.
TiO2 — rutile or anatase) were homogenized by planetary ball mill and formed by isostatic
pressure of 300 MPa. These cylindrical green bodies were sintered conventionally in reducing
atmospheres (Ar + 7 % Ho resp. pure Hz) or by Spark Plasma Sintering (SPS). The influence of
the sintering technique, temperature, atmosphere composition and dwell time on final density
and phase purity was discussed. The investigation resulted in successful processing of phase
pure EuTiOs ceramic with relative density higher than 95 % of theoretical density (%TD).
According author’s best knowledge, it is up to now the best bulk EuTiO3 ceramic sample. The
importance of this achievement is also declared by four publications in respected journals where
the properties of these samples were presented. The infra-red reflectivity spectra of prepared
materials were compared with data from literature. It was proven that only single phase samples
with low content of porosity are suitable for establishing their real (undistorted) physical
properties.

The next research was aimed on processing of EuosNaosTiOs ceramics by hydrothermal
syntheses (HTS). The HTS were performed in highly alkaline environment of NaOH resp. KOH
solution at temperature range 220 — 250 °C. The experiments with varied precursors (EuClz and
TiCls) and reductant agent concentrations led to processing of pure EuosNaosTiO3 perovskite
ceramic powder with submicron cubic particles.

Another titanate - MgTiOs - was synthetized by solid-state reaction from MgO and TiO:
powder mixtures. The mixtures were mechanically activated in ball mill for 0, 10, 40, 80 resp.
160 min. The green bodies were formed by isostatic pressure of 300 MPa and sintered by two
different approaches. The first batch of samples was sintered by two-step sintering technique at
1300 °C (30 min) and 1200 °C (20 h). The second set was sintered conventionally at 1300 °C
resp. 1400 °C for 30 min and post-sintered by Hot Isostatic Press (HIP) at 1200 °C resp.
1280 °C. The phase pure MgTiOs samples with relative density higher than 93 %TD were
reached after post-sintering by HIP at 1280 °C for 3 hours in Ar atmosphere and pressure of
200 MPa.

The last studied material was Ba(Ca)Ti(Zr)Os lead-free piezoceramics, which was prepared
by solid-state reaction from powder mixtures milled by planetary ball mill at different
conditions. The pressure-less sintering of isostatically pressed bodies (300 MPa) at 1200, 1300,
1400 resp. 1500 °C for 1 h in air was performed. The processing condition needed for single
phase perovskite Bag.gsCao.15Tio.9Zro.103 ceramics with required microstructure were studied.
The single phase Ba(Ca)Ti(Zr)Os sample with relative density 96 %TD was successfully
prepared.

Our results proved the importance of careful choice of the processing techniques and their
variables for reaching of desired microstructure and phase composition of advanced
electroceramics and therefore for proper evaluation of their physical properties.
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1. Introduction

In the last decades the importance of ferroelectric (energetically independent FeERAM
memories, capacitors, sensors, etc.) and ferromagnetic (artificial magnets, hard drives, etc.)
materials in electronic applications increased significantly. The materials providing both of
these polarization types (together with magnetoelectric effect — the ability to control electric
polarization by magnetic field and conversely) in a single phase are called multiferroics
(multiferroic magnetoelectrics). Such materials would lead to new generation of electronic
devices with increased memory capacity and enhanced speed (future substitute of
semiconducting RAM memories). The problem is that only a few known materials exhibit at
least partially these characteristics. Some of them are missing one of the spontaneous
polarization type (ferroelectricity or/and ferromagneticity), the others have only weak (or even
none) magnetoelectric effect or the working temperature is too low for common applications.
As it follows from the physical background, ferroelectric and ferromagnetic behaviour can only
rarely exist together. For example, the transition metal d electrons (which are essential for
magnetism) reduce the tendency for off-center ferroelectric distortion. Consequently, an
additional driving force must be present for ferromagnetism and ferroelectricity to occur
simultaneously.

Although these materials are far away from everyday application, studying of their
properties help to understand of their origin and possible interactions. Deeper knowledge of
these physical phenomena would lead to more precise modelling and designing of new ceramic
materials or future electronic devices.

This work is organized by a following manner:

e Theoretical part

e  Experimental background

e Experimental results and their discussion

The main benefit of this work would be exploiting of the experimental infrastructure and
experience for producing of various modern electroceramics materials with improved
microstructure. Such materials are then used for measuring of their undistorted functional
properties (properties which are not influenced by microstructural and phase imperfections).



2. Theory and terminology

2.1. Electric properties

2.1.1. Insulators

The word “insulator” has an origin in the Latin word “insula”, which means island.
Whereas in conductors the movement of charges is easy, in the insulators the charges
are prisoned in the islands. So as an electric “insulator” can be called a material, which
has so small amount of current carriers (free electrons or ions) or their movement is so
restricted, that we consider them as electrically non-conducting materials. On the other
hand, thanks to this limited amount of the charge carriers, it is still possible to measure
their resistivity respective conductivity.

From that point of view the most important property of this brand of materials is
the resistivity p (eq. 1; where E [V-m™] is intensity of electric field in the certain point
of the insulator or conductor, J [A-m™] is current density in the same point) [1]

p == [2m]. @)

~|m

Whereas resistivity p is the intense material property, resistance R is
the characteristic of the specific electronic device (eq. 2; where L [m] is the length of
measured sample, S [m?] is the surface area of the cross-section perpendicular to the
length of the sample)

There is nothing ideal in the nature and the insulators are no exception. Resistivity
vary with a temperature, so insulating materials need to be chosen for exact application
considering e.g. working temperature, design of device and the economic aspects. This
bring us to the subgroups of insulators, where the resistivity is not single required

property.

2.1.2. Dielectrics (Paraelectrics)

These materials are basically insulators with capability of polarization by
an external electric field. This polarization disappears after removal of the external
field. As it will be describe later in this chapter, at least very weak ability of
polarization has every non-conducting material, but the term “dielectrics” is usually
used only in case of materials, where the potency of polarization is important for their
applications.

First research of such materials began in the work of Michael Faraday
in 1837 [1]. He noticed that amount of charge in capacitors (in case of same input
parameters) is changing with different types of material (dielectrics) between its



electrodes. Faraday named this characteristic as dielectric constant, but it is called
relative permittivity & [-] now. Its value indicates how many times the capacity C [F]
of capacitor is increased with presence of a dielectric instead of vacuum between
electrodes (eq. 3; where & is permittivity of vacuum (~ 8.85-10%2 F-m™), S [m?] is
common surface of both electrodes and d [m] is the perpendicular distance between
them) [1, 2]

C=re o [Fl ®3)

The relative permittivity is also possible to express as a ratio of (absolute)
permittivity & [F-m™] and permittivity of vacuum & [F-m™]

e == [ @)

€o

Another material characteristic describing the polarizability is the (di)electric
susceptibility ye [-]. Large value of susceptibility reflects great material ability of
polarization in the response to an external electric field. The relation between dielectric
susceptibility and relative permittivity is given by equation 5. It means that for vacuum
this value is equal zero

e = Er — 1[-]. (5)

The basic relationships between polarization density P [C-m™], intensity of
electric field E [V-m™], electric induction (electric displacement) D [C-m™], relative
permeability & [-] and electric susceptibility ye [-] are given by following equations
(Eq. 6 and 7)

P=¢g,-E-y,[C-m~?], (6)
D=¢g,"E+P=¢,-E-(1+y,)=¢-E[C-m™2]. (7)

From the point of view of the atomic, molecular and micro-structure there are
several types of dielectric polarization:

Electronic

By influence of an external electric field there is a displacement between atomic
nucleus and its electrons (see Fig. 1a). Because all materials contain atoms, this effect
occurs in each material. On the other hand macroscopic polarization is possible only
in case of covalently bonded and pure materials, which don’t have any permanent
dipoles in the structure. Anyway the formed dipole moments are very small as well as
the resulting polarization [3].



lonic

Material with ionic bond can by polarized by ionic mechanism, therefore it is
common polarization mechanism in most of the ceramic materials. After placing into
the external electric field, the bonds between the ions are elastically deformed
(see Fig. 1b). The contribution to polarization capability caused by this phenomenon
is usually very small as well as displacement of the ions from the equilibrium positions.
Even such a little displacement can change the overall dimensions of a material [3].

Dipolar

Generally it is being observed in dielectrics, which have permanent dipoles in their
structures. Application of an external electric field leads to alignment of these dipoles
according the orientation of the field (see Fig. 1c). This strong type of polarization
(also called “Orientation” or “Molecular”) is unusual in the ceramic materials, where
reorientation would lead to destruction of their crystal structure. But there exist very
important exceptions for example in some of the perovskite ceramics [3].

Interfacial

This type of polarization, sometimes called “Space charge”, can occur in the non-
conducting materials with conductive impurities or inclusions (conductive second
phase). Other possibility of interfacial polarization is conducting material, where
charge is prevented from “long distance movement” for example by grain or phase
boundaries (see Fig. 1d). When such a dielectrics are placed into an electric field,
charge (electron) pile up is established in agreement with the direction of the field [3].

Dielectric losses

The phenomena occurs during polarization of dielectrics, when part of the energy
given by external electric field is changed into the heat. In general, relative permittivity
& [-] i1s a complex number with real part &, which is normally used in calculations of
capacitor characteristic in static electric field. Imaginary part & " represents dielectric
losses and its influence has to be consider especially in alternating electric field (Eqg. 8).

& = &' —J- e’ [—] (8)

For example, a capacitor connected in an alternative current (AC) circuit is
alternately charged and discharged each half cycle. During the change of polarity of
the electrodes, the charges must be displaced through the dielectric first in one
direction and then in the other.

Dielectric losses depend on the material and on frequency of AC. Heating through
dielectric losses are widely employed industrially for thermosetting glues or plastics
before moulding, for drying of a lumber, etc.



Fig. 1 Electronic (a), lonic (b), Dipolar (c) and Interfacial (d)
polarization mechanisms in dielectric materials.

2.1.3. Piezoelectrics

The word “piezo” comes from Greek and means “push” or “squeeze”. The effect
known as piezoelectricity was discovered by brothers Pierre and Jacques Curie
in 1880 [4].

Piezoelectricity is reversible mechanic-electrical phenomenon, which is divided
into two effects - “direct effect” and “inverse effect” (see Fig. 2). In the case of direct
effect, the applied elastic deformation (change of dimension) causes polarization
(electric field creation). The inverse effect (also called electrostriction) describes
phenomenon, when an external electric field applied to a material causes a change of
its dimensions (together with polarization) [5].



Piezoelectrics are sub-group of dielectric materials, which crystallographic system
does not have the centrum of symmetry [3]. This asymmetry of crystals is also the
reason of anisotropic behaviour of piezoelectric materials. The quantities and constants
of single crystal materials need to be consider as a tensors (direction-depended
characteristic) [6]. Mathematical expressions of these phenomena are difficult, but
they can be simplified for polycrystalline materials with homogenous microstructure
(see Eq. 9 and 10; where d is piezoelectric charge constant [C-NY], ois the mechanical
stress [N-m], £° is the dielectric permittivity at constant stress [F-m™] and s is the
specific elastic compliance at constant electric field [m2N1])

D=d-o+¢°-E[c-m™?], 9)

S=sE-o+d-E[-]. (10)
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Fig. 2 The inverse piezoelectric effect.

Piezoelectricity is exploited in many devices such microphones, speakers, sonars,
ultrasonic transducers, actuators, etc.

2.1.4. Pyroelectrics

The pyroelectricity is similar to the piezoelectricity, but electric field is induced
by heat (temperature change) instead of strain (dimensional change).This phenomena
was firstly observed in 1824 in quartz crystals. The pyroelectricity occurs in crystal
(polar structure) materials without the centrum of symmetry (same as in the
piezoelectrics), but with at least one axis of symmetry. This phenomena is temperature
dependent, because dipole moments in the material are changing with dilatation of the
crystal. The subordination of terms describing electrical behaviour of materials is
shown in the Fig. 3. Pyroelectric thermometer can measure temperature change
(sensitivity can be even 0.001 K), but not temperature itself [3]. Pyroelectric constant
p can by defined by Eq. 11.

_ 8B~ 2. -1
P=5 [C-m™-K™1]. (11)
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Fig. 3 Schematic diagram of electric terms subordination.

2.1.5. Ferroelectrics

The ferroelectrics are basically dielectric materials with spontaneous polarization.
It means that they retain polarized even after removing of the external electric field.
This behaviour can be observed after phase transition from high-temperature dielectric
(paraelectric) phase to the low-temperature ferroelectric one at the Currie temperature
Tc [K]. Onset of the spontaneous polarization is accompanied by sharp increase of
relative permittivity, because at Tc an infinitely small electric field would cause large
polarization [7].

Areas with the same (or similar) dipole orientation called “domains” are localized
in their microstructure. Before a first contact with the external electric field, the
domain structure is oriented randomly, so in macroscopic scale such a material can be
still considered as an unpolarised one. Orientation of domains can be changed by
applying an external electric field. The change of polarization direction corresponds to
the direction and intensity of the field. Magnitude of (remanent) polarization is given
by the of hysteresis loop, which shape depends on the material (see Fig. 4).

Ferroelectrics are widely used in data storage devices (FeRAM memories) and
because of high relative permittivity close to the T¢ for capacitors. They are also used
in actuators and electromechanical transducers thanks to change of dimensions
accompanying polarization process [8].

In ferroelectric materials with an ionic bond, short-range repulsion forces between
neighboring electron clouds dominate at the temperatures higher than Tc, what results
in the symmetric unpolarised state. With decreasing temperature (below Tc) the
stabilizing forces associated with the polarization of the ions become stronger than the
short-range repulsive ion-ion interactions. This results to the shifting of the stable ion
positions from the symmetrical ones (creating distorted dipole structure). The
polarized state becomes stable, even in the absence of an applied field [7].
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Fig. 4 Ferroelectric hysteresis loops of material with low (a) resp. high (b) remanent
polarization (Ps — saturation polarization,
Pr — remanent polarization, Ec — coercive field).

The ceramics with perovskite structure (stoichiometry ABO3) are frequent subject
of ferroelectricity studies because of their simple “cubic” lattice structure. There exist
two complementary models of ferroelectric phase transitions. These materials usually
allow the shift of the smaller cation (B) to one of (111) directions, but the strain in
lattice can stabilize different displacement. The ferroelectricity is observed when local
minimums of potential energy are situated in these directions (see Fig. 5).
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Fig. 5 “B” cation shift in the perovskite structure with double-well potential energy
characteristic.

According to the “order-disorder” model there is always a shift in the positions of
the “B” cations. Displacement in all of (111) directions is usually possible at the high
temperatures, but with lowering temperature the number of these directions decreases
giving orthorhombic (3 possible directions), tetragonal (2 possible directions) or
rhombohedral symmetry (1 possible direction). This model predicts a large change of



entropy at the phase transition, which is not observed by experiments, but the model
may be applicable in higher-temperatures, where any phase transformation does not
occur [7].

On the other hand, “soft-mode” model predicts that the B cation displacement is
stable only below the Curie temperature. At higher temperatures there is active the
force which pushes the B cation back to the centre of symmetry. This force is caused
by so-called “soft-mode” phonon. The influence of this phonon decreases with
lowering temperature and expires at Tc, where its frequency is equal zero [7]. With
absence of force which kept the B cation in the central position, the displacement
occurs spontaneously (the ferroelectricity may be observed).

Although the function of B cations is essential for (spontaneous) polarization in
perovskites, the identity of the A cations can have also crucial effect on the resulting
ferroelectricity of the material. For example the strain caused by formation of new
mixed orbitals from the original ones (hybridization of oxygen 2p orbitals) helps
establishing long-range ordering, which is required for phase transition. Equally
important for perovskite titanates (what is widely used type of perovskites - ATi**Os)
is fact that Ti** ion is formally in a d° state. It means that the lowest unoccupied energy
levels are these “d” states which tend to hybridize with oxygen 2p orbitals. Most of
the other ferroelectric perovskites like a zirconites (AZr**0s) or niobates (ANb*°O3)
contain also d° state [7].

Quantum paraelectrics

This not well understood phenomenon is considered as a kind of “incipient
ferroelectricity”, when the creation of domain structure is suppressed by quantum
fluctuation. The “soft-mode” phonon frequency never become stable like in common
ferroelectrics [9]. The dielectric permittivity increases with decreasing temperature,
but it saturates below a temperature Ta [10] (see Fig. 6). It is believed that the zero
point quantum fluctuations prevent freezing of a ferroelectric soft mode and stabilize
the paraelectric phase below T, [10].
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Fig. 6 Ferroelectric “soft-mode” frequency w [s?] and dielectric susceptibility ye [-]
as a function of temperature T [K] in case of ferroelectric and quantum paraelectric
material.



2.2. Magnetic properties

Many magnetic properties and characteristics are analogous to those electric ones. For
example magnetic polarization J [T = Wh-m] corresponds to the electric polarization
density P [C-m?], the intensity of magnetic field H [A-m™] corresponds to the intensity of
electric field E [V-m™], the magnetic induction (magnetic flux density) B [T = Wb-m?]
corresponds to the electric induction (electric displacement) D [C-m™], permeability u
[H-m™*] corresponds to permittivity & [F-m™] and magnetic susceptibility ym [-] corresponds
to electric susceptibility . [-]. New unit is magnetization M [A-m™]. The relationships
between magnetic variables are given by Eq. 12 — 15

I-J‘I‘:i[_]’ (12)
Xm: Hr_l [_]1 (13)
J=n, H -y, =H -MI[T], (14)
B=po-H+]=po-H- (14, )=pn-HI[T] (15)

Every electron in an atom has its orbital and spin dipole moment. Magnetic moment
is the vector characteristic. If the summary of all these vectors for every electron in every
atom of the sample (the vector resultant) gives a macroscopic magnetic field, the material
can be considered as a magnetic one. There are three basic types of magnetic materials
(diamagnetics, paramagnetics and ferromagnetics) [1].

2.2.1. Diamagnetics

These materials are kind of magnetic analogy of electric insulators (insulators can
be weakly polarized, but they are not usually called “dielectrics”). Diamagnetic
behaviour occurs in every material, but it is so weak, that it can be covered up by any
other type of magnetism. After placing any material into the external magnetic field,
there are induced weak magnetic dipole moments (oriented in the opposite direction
than the external field) in its atoms. The resultant (macroscopic) magnetic field is also
very weak and it disappears when the material is removed from the external magnetic
field [1].

Most of the ceramic materials don’t have any other magnetic behaviour so they
can be considered as diamagnetics. Diamagnetic ceramics do not have any commercial
applications (from the magnetic behaviour point of view) with exception of
superconductive ceramic materials [3].
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2.2.2. Paramagnetics

Paramagnetism can be observed in the materials, which are consisted from atoms
with natural magnetic dipole moments (e.g. atoms with unpaired electrons), which are
randomly oriented so the material doesn’t exhibit any macroscopic (resulted) magnetic
moment. These are especially materials which contain actinides, transition and rare
earth elements. After placing a paramagnetic sample into an external magnetic field,
existing dipole moments in the sample try to be oriented in the same direction as the
external field. The orientation of such a macroscopic magnetic moment is in opposite
direction than in case of diamagnetics. If the external magnetic field is not
homogenous, paramagnetics are attracted from the area with lower magnetic induction
into the area with higher one.

Random atom collisions (result of disordered thermal motion) disrupt the
alignment with the external field and reduce the magnitude of the resulting magnetic
dipole moment of the sample. It means that with increasing temperature the
macroscopic dipole moment is decreasing. In the 1895 Pierre Curie discovered by his
experiments the equation expressing the dependence of magnetization M of sample
on the temperature T and induction of the external magnetic field Bex: (see Eq. 16;
where C is the Curie material constant, Nais Avogadro constant, R is the gas constant,
4 is Bohr magneton = 9.27400915e-24 J-T, N is the number of magnetic entities,
g is the Landé g-factor, J is the angular momentum quantum number) [1, 3]

Bex Na-ug2-N-g2 Bex _
M=C-—2t==28 "8 .].(]-1)-==[A -m™]. (16)

2.2.3. Ferromagnetics

The ferromagnetic materials undergo at the Curie temperature (& in case of
magnetic properties) phase transition from low-temperature ferromagnetic to the high-
temperature paramagnetic one. As well as in the case of paramagnetics the origin of
ferromagnetic behaviour comes from unpaired electron spins, but there is also an
interaction between adjacent dipoles because of quantum phenomena [3].

For example iron (Fe), cobalt (Co), nickel (Ni), gadolinium (Gd), dysprosium
(Dy) and alloys of these (or some others even non-ferromagnetic) elements are
ferromagnetic. The reason is quantum mechanical exchange interaction between the
3d orbitals of adjacent atoms. It means that electron spins of an atom are influenced
by the neighbouring atoms resulting in identical electron spins (dipole orientation).
Such a material induces macroscopic magnetic moment even without applying
external magnetic field. This phenomena is called spontaneous magnetization [1].

The first theory which tried to explain ferromagnetic behaviour was Curie-Weiss
theory [11]. Weiss predicted internal “molecular field” which can be considered as
predecessor of present understanding of ferromagnetism. His explanation of
experimentally obtained data of susceptibility by Curie-Weiss law is still valid for
many magnetic material (see Fig. 7). On the other hand his theory says that magnetic
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moment of every atom or molecule should be in paramagnetic phase same like in the
ferromagnetic one, what is not observed in the experiments. Also according the
localized-moment theory the magnetic dipole moment of atoms should correspond to
integer number of its electrons and this is again in a conflict with measured data.

Am |
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Fig. 7 Dependence of temperature T on the magnetic susceptibility (Curie-Weiss law
is applicable for high-temperature paramagnetic phase).

Next theory is the Stoner one [12], which again describes the exchange energy
as a driving force of ferromagnetism. Exchange energy exhibits a minimum when
unpaired electrons of neighboring atoms have the same spin. On the other hand this
phenomena causes the increase of band energy needed for movement of electrons from
the fully occupied lower-energy band to higher-energy band. This is the reason why
not every metallic element is ferromagnetic. In ferromagnetic transition metals
(Fe, Ni, Co) the Fermi energy goes through 3d and 4s bands. This energy arrangement
causes that valence electrons occupy both of them. Electrons, which move to the higher
empty state and invert their spin, need to increase their own kinetic energy. Whereas
4s band is very broad and has low density of energy states at Fermi level; the 3d band
Is narrow with high density of the states. It means that the energy needed for skipping
to empty state is much lower in 3d band than in 4s band. The exchange energy
mechanism dominates when the increase of kinetic energy is lower than the decrease
caused by adjustment of electron spins. Higher amount of electrons near the Fermi
level decreases the energy needed for the spin reversing. For example in nickel the
exchange energy decrease is so strong, that 5 electrons are located in one 3d band and
the other contains 0.54 holes. Thanks to that, the saturation magnetization of Ni is
0.54 ug per one atom in the sample [7].

Magnetic dipoles with the identical orientation are localized in the small areas
called “domains”. Before applying external magnetic field, this domain structure is
oriented randomly. During magnetization two concurrent processes are running. With
increasing intensity of external magnetic field, domains with the similar magnetic
dipole orientation are enlarging (1% process). The others are gradually reoriented to
direction parallel with the external field (their orientation is than the same or more
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similar to the orientation of the field — 2" process). These processes together influence
the shape of the magnetization (hysteresis) curves (Fig. 8) [1, 3].
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Fig. 8 Ferromagnetic hysteresis loop.

Anti-ferromagnetics
It was already stated that ferromagnetic behaviour is caused by quantum

mechanical exchange interaction between the 3d orbitals of adjacent atoms. This
phenomena is mathematically represented by so-called “exchange integral” J. For
values higher than zero (J > 0) magnetic dipoles are spontaneously line up (because of
above mentioned interactions) and material is ferroelectric below 6c. But for values of
exchange integral lower than zero (J < 0) adjacent dipoles line up anti-parallel causing
anti-ferroelectricity below Néel temperature Tn. Macroscopic magnetic moment is
equal zero in this case [3, 7] (see Fig. 9).

| /e
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Fig. 9 Bethe-Slater curve represents the exchange energy (exchange integral J) for
transition metals as a function of the ratio of the interatomic distance a to the radius
of the 3d electron shell r.
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Ferrimagnetics
In this special type of magnetic setup one type of magnetic moment (one type of

ions) is aligned in the lattice structure, whereas the second weaker one is aligned in
the opposite direction (see Fig. 10). Ferrimagnetism is as well as ferromagnetism lost
above the 6¢c. These two phenomena are similar also in the cooperative alignment
between magnetic dipoles, what leads to the existence of macroscopic magnetic
moment even without applying the external magnetic field. Most of the ferrimagnetic
ceramics have the (inverse) spinel, garnet or magnetoplumbite structure.

Ferromagnetic Anti-ferromagnetic Ferrimagnetic
= e =D | = =D | = — =
) ) ) | =) = =) | mp = m)
) =) ) ) uu ) ) <= m)

Fig. 10 Schema of ferromagnetic, anti-ferromagnetic and ferrimagnetic magnetic
moment setup.

2.3. Multiferroics

In the above text, some types of ferroic behaviour were described. Generally it can be
stated that ferroics are materials with spontaneous ordering even in absence of external
field. In ferroelectrics it is spontaneous polarization, in ferromagnetics spontaneous
magnetization and in ferroelastics spontaneous deformation (deformation occurs
spontaneously and can be switched by stress field).

The first definition of “multiferroics” was published by H. Schmid in 1994 [13], where
the multiferroics are described as materials in which two or all three of the properties
“ferroelectricity”, “ferromagnetism” and “ferroelasticity” occur simultaneously in the same
phase. The most common use of this term is for the materials which are ferroelectric and
ferromagnetic (see Fig. 11). Broader explanation of multiferroics takes into account also
other types of magnetic ordering, such a ferrimagnetism and anti-ferromagnetism [14].

Most of the published multiferroic materials belong to class of “complex oxides”.
These compounds contain usually two or more transition metal cations and oxygen. The
intermediate ionic-covalent nature of transitionmetal-oxygen bonds leads to strong
polarizability and the highly localized transition-metals with 3d electrons usually lead to
some kind of magnetic order. Also other materials such fluorides or selenides could be
equally interesting [14, 15].

Magnetoelectrics

The term “magnetoelectric” was firstly used by Debye in 1926 [16]. Magnetoelectrics
are defined as the materials which electrical polarization can be tuned by external magnetic
field and/or magnetization can be tuned by external electric field (see Fig. 11).
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Magnetoelectric behaviour in the multiferroics is highly attractive from the point of
view of memory device applications. For example present magnetic random access
memories (RAM) need for “writing” (magnetization) high current densities, which causes
heating of such devices and makes further miniaturization impossible. In the case of
magnetoelectric multiferroics it would be possible to change the orientation of magnetic
domains by external electric field. However, currently these phenomena are primarily
interesting from the point of view of basic research rather than of applications [17].
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Fig. 11 Multiferroics combining ferroelectric and ferromagnetic behaviour.

The linear magnetoelectric binding is mostly very weak. It was published that the
magnitude of linear magnetoelectric effect is dependent on the magnitude of the magnetic
permeability and the dielectric permittivity [18]. Both of these quantities exhibits their own
maximum at the Curie temperatures (Tc in case of permittivity and Oc for permeability)
and therefore material engineers try to tailor the materials so, that these transition
temperatures are very similar and also close to room temperature (RT).

Although the research of multiferroics run since sixties of last century, the steep
development of these materials began with 21% century (Fig. 12).

15



40

® Magnetoelectric
22 Multiferroic
25
20
15
10
5 I
0 R u

O O O

Thousands

CEAA NN A DL PSS
qqq\q\qqqqq\q@\q NP

Q
NI
@bb@f\”@'\%oob‘cé\qq“’qq&@q
SRS MG RO NORCAERCARRC RRC LR RS LG RS LIRS (ARSI

Fig. 12 Number of publication with the key-word “Magnetoelectric” or “Multiferroic”
in the Web of knowledge database since 1990.

There are known only several multiferroic materials and according to author’s best
knowledge, it was found only one material which exhibits multiferroic behaviour up to
room temperature (Tr) up to now - BiFeOs [19]. Unfortunately this ceramic material
belongs to multiferroics with weak magnetoelectric (ME) effect as the major part of
multiferroics. In the recent time material SrsCozFe24041 was studied, because it exhibits
strong ME effect at Tr, but its ferroelectricity is conditioned by presence of external
magnetic field [20]. The condition of single phase material is also sometimes “broken” in
case of composites.

How it was already mentioned above, these materials have very appealing applications
in future (the multi-state memory devices) [21], but in present time they serve more as a
subject of basic research.

2.3.1. Requirements for magnetoelectric multiferroics

The symmetrical, structural, chemical and other conditions needed for
establishing ferromagnetic and ferroelectric order with ME effect in one phase was
summarized by N. A. Hill et al. [7]:

Symmetry

The symmetry requirements are important, but they are not probably the reason
why only a little number of multiferroic materials is known. There are 31 point groups,
which allow ferroelectric order and the same number of them, which allow
ferromagnetic ordering. These two sets have common 13 point groups, where both of
spontaneous ordering is possible (1, 2, 2, m, m’, 3, 3m’, 4, 4m'm’, m'm2’, m'm’'2’, 6 and
em'm’).
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Conductivity

As it was mentioned in the chapter 2.1. “Electric properties”, dielectrics and
ferroelectrics are kind of sub-brand of electric insulators, otherwise the external
electrical field would induce electrical current instead of polarization in the material.
Strong magnetic behaviour is observed mostly in the metals and their alloys (Fe, Ni,
Co, etc.). The reason is not their metallicity but high density of states at the Fermi
level. Unfortunately this characteristic usually also results in good conductivity.

It could be a problem if only strong ferromagnetic ordering is the field of our
interest, but extended definition of multiferroics considers also presence of other
magnetic ordering as ferrimagnetic and anti-ferromagnetic. Most of the known
materials with these types of magnetic ordering are electric insulators. Despite of this
extended definition only small number of such a materials are known.

Occupancy of the “d” orbital

Because of simple (high symmetrical) structure of perovskites, these materials are
often used for ME effect study. Presence of the “d electrons™ is usually required for
any magnetic ordering in these materials (because they create localized magnetic
moments). On the other hand common ferroelectric perovskite oxide (ABO3) has
usually B cation with “d®’ electron orbital occupancy. It seems that partial occupancy
of d orbital in the B cation mostly suppress its tendency to move from the central
position and create an electric dipole moment (ferroelectric phase).

After simple comparison of the Shannon ionic radii [22] of some common
“d® cations” (Ti**, Nb*®, Zr*#) with “d" cations” (Ti*3, Mn*3, V*4) it can be considered
that this phenomenon is not a function of B cation size.

Another possible reason for such a behaviour is that material undergoes different
type of distortion than the ferroelectric one (dislocation of B cation from central
symmetry). The example can be shown in LaMnQOs, where the Mn*2 ion is in d*
configuration. This material exhibits Jahn-Teller distortion, in which the elongated
axes of the oxygen octahedra are oriented parallel to each other along the
crystallographic ¢ axis (orbital ordering occurs simultaneously with it). Same situation
is observed also in YTiOsz and YVOz when neither of them is ferroelectric [23].
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3. Processing of advanced ceramics

3.1. Powder processing

There are three basic approaches of ceramic powder processing. They are mechanical,
chemical, vapour phase processes and of course their combinations.

Mechanical methods usually work with roughly grinded derivatives of naturally
occurring minerals. By alternation of milling and sieving steps it is possible to obtain
ceramic powder with desired distribution of particle size. Mainly due to low cost, these
processes are commonly used for manufacturing of traditional ceramics where the mass
production is needed.

Chemical processes provide some advantages in comparison with mechanical
methods. For example in the case of sol-gel methods, the morphology and purity of resulted
powder can be precisely controlled. These processes are widely used for producing of
advanced ceramic powders and nanopowders [3].

Vapour phase methods are also used for ceramic powder production, but these
techniques are very expensive and their ability to prepare bigger amount of powder is
limited. On the other hand, they are able to produce ceramic nanopowders with particle
sizes in range of few nanometers.

Solid State Synthesis

This combination of mechanical and chemical methods is quite simple, cheap and fast.
It is based on proper mixing of ceramic powder precursor (usually oxides, carbonites or
hydroxides) and heating such a mixture at elevated temperature allowing diffusion of ions.
The success of this technique depends on thermodynamic (temperature, pressure,
atmosphere, etc.), kinetics (dwell time) and chemical condition of the system. The biggest
disadvantage is particle growth (surface energy minimization).

Precipitation Synthesis

This technique belongs to chemical methods and it is the most often used “wet method”
for synthetizing perovskite materials (ABOs). The basic principle is creating of solution A
and B salts, which is precipitated by strong basis (usually NaOH or KOH solution). The
sources of A and B ions are mostly chlorides, hydroxides and nitrides. Creation of
unagglomerated particles can be supported by addition of surfactant.

Hydrothermal Synthesis

The hydrothermal synthesis (HTS) allows to control the thermodynamic stability of
the system due to low reaction temperatures, longer dwell times and increased pressure.
That is also why this method is often used for syntheses with particle size controlling. The
pressure chemical reactors with chemically resistant insert (e.g. Teflon) are used to content
reactions in the highly alkaline environments.

18



3.2. Powder modification

In the case of advanced ceramic powder, it is sometimes necessary to change its
characteristic. Whereas chemical and phase purity is result of powder synthesis (mostly
unchangeable), the morphology can be partly modified (e.g. particle size, particle size
distribution, particle shape, particle structure and homogeneity in case of multiphase
powder mixtures).

3.2.1. Milling and mixing

The most common technique for particle size reduction is milling. The milling
(or mixing) effect is realized by intensive movement and impacts of milling media.
There are many types of this process, but the most commonly used are (planetary) ball
milling, attrition milling, vibratory milling and fluid-energy milling [3].

Manual mixing

This is the oldest, cheapest and simplest method how to homogenize powder
materials and break their agglomerates. The process mostly goes in the mortar, which
is usually made from traditional ceramic with glaze, brass, steel etc. In the case of
advanced ceramic materials the agate mortars are used. The efficiency of manual
mixing strongly depends on the human factor, so the repeatability is ordinary
“imperfect”.

Planetary ball milling

This technique is one of the most effective method, when the planetary movement
energy of the milling bowls is converted to the high kinetic energy of milling balls
inside. In case of high-energy ball milling the energy is high enough to establish
appropriate thermodynamic condition for precursors’ reaction, which would not
normally react at the room temperature [24, 25]. The process can run in dry or wet
conditions; also different atmospheres are sometimes used. Milling bowls and
elements are made from many types of material and volumes (e.g. steel, agate,
alumina, zirconia, tungsten carbide, etc.) see Fig. 13. Anyway in this work mostly the
zirconia and polyamide milling bowls were used with combination of zirconia milling
balls.

Fig. 13 Milling bowls and elements with different volumes and materials.
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Attrition mill

In the attrition mill the powder particles (together with milling elements) are
drifted by stirring arms mounted on an axial shaft. So in comparison with ball milling
the milling vessel is static.

Vibratory milling
This method is a progressive technique where the powder and milling media are
placed in the drum (bowl) which is continuously vigorously shaken.

Fluid energy milling

This technique also called “jet milling” uses for particle size reduction the
collisions of particles in the high-velocity fluid (usually compressed air or super-
heated steam). The powder is added to this fluid and injected into the grinding chamber
at sonic (or almost sonic) speed. The chamber is designed to minimalize the impact of
particle to its walls [3].

3.2.2. Sieving

Sieving is a method for narrowing (sharping) the particle size distribution by
sorting out the powder particles according the sieve size. In the case of advanced
ceramic powders, sieving is mostly used for separation of the fine powder from
extremely big particles and agglomerates, which would lead to the defects formation
in the bulk ceramics. The reason is simple - sieving is normally not applicable to
particles smaller than 5um. The term “mesh size” is used for designation of the sieves
— it is actually the number of holes per linear inch. The sieving time can be shortened
by using the specialized vibration devices, where the setup of sieves is placed [3].

3.2.3. Granulation

This processing step is used for easier dry shaping of the ceramic green body
(pressing). Because of friction and inconvenient shape of the particles, it is very
difficult to compact homogenous bulk ceramic precursor. Fine powders are therefore
granulated (the most commonly by spray-drying) into to spherical powder granules of
20-250 um in the size. The organic additives are usually used to ensure the plasticity
and sufficient handling strength of the precursor after compaction [26].

3.3. Green body shaping

All shaping methods of advanced ceramic powders have the same aim - a fabrication
of green body with required shape, relative density and as homogenous microstructure
as possible.
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3.3.1. Dry-shaping methods

Uniaxial pressing

This simple type of pressing is the most common method of advanced ceramic
powder compacting. Uniaxial pressing can be done with one or two moving piston in
one axis. Two piston layout (see Fig. 14 left) provides more homogenous stress field
resulting in more homogenous green body. Anyway this technique is usually used for
mass production of simple shaped precursors of low height. With increasing high of
bodies the rate of inhomogeneity rises too (particle friction problem). The pressed
ceramic green body is consistent more or less because of Van der Waals forces which
are not strong enough to keep the ceramic precursor in one piece due to
inhomogeneous (relief) stress field. To prevent such a scenario, polymer binder
additives are used as well as lower compression stresses (in comparison with isostatic
pressing).

Isostatic pressing

Cold isostatic press (see Fig. 14 right) means that the pressing forces are
compacting the ceramic powder at room temperature from all directions resulting in
more homogenous structure than the previous method. Isostatic pressure is achieved
through hydrostatic pressure of liquid media (usually distilled water with lubricant).
The powder is placed in a flexible (rubber or other polymer) mold. The flexibility of
the mold is also the reason of irregularity of the final shape, so usually the dimension
and shape correction (e.g. grinding) are necessary. Besides the higher homogeneity,
very high pressures (up to 1000 GPa, but more common are values around 300 MPa)
are also important advantage of isostatic pressing. As an indirect influence of
homogenous stress field the binder additives are usually not necessary [26].

Fig. 14 Manual uniaxial press — PO Weber (left) and cold isostatic press - Autoclave
Engineers (right) which were used for part of presented experiments.
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3.3.2. Wet shaping methods

These techniques use colloidal suspensions of ceramic powders. Well dispersed
and stable suspension is probably the most important condition for regular particle
packing in the consolidated green bodies.

Slip casting

Particle deposition is caused by flow of liquid from suspension through the porous
mould (usually made of gypsum). The pores are big enough to ensure the sufficient
liquid flow but smaller than ceramic particles. The capillary forces create suction
pressure up to 0.1 MPa [26], which can be even increased by external pressure on the
suspension (pressure filtration) or by centrifugal forces (centrifugal casting).

Direct casting

In contrast to slip casting, the moulds are not porous so the most important feature
of these methods is the capability to change uniform dispersion of particles in the
colloidal suspensions directly to compact green body without removing of solvent. The
key step in reaching such a phenomena is gelation process (physical or chemical) [26].

3.3.3. Plastic shaping methods

These techniques are specific because the green bodies are formed by ceramic-
additive mixture deformation. Under certain stress and temperature this mixture
plastically flow into the die. The shape of the die has to be precisely designed, because
after drying and firing significant dimensions changes occurs. Even through difficult
designing of the die, green bodies with a complicated shape can be manufactured. The
most important methods in this brand are “injection moulding” and “extrusion” [26].

3.4. Sintering

Simple definition of this important processing step says that sintering is high-
temperature process of transforming a compacted powder into the solid (bulk) body.
Driving force of this diffusion process is a decrease of the Gibbs free energy (Eq. 17; where
G [J] is Gibbs free energy, V [m®] is volume of the system, p [Pa] is pressure, Sent [J-K™] is
entropy, T [K] is temperature, y [J-m] is the specific surface energy — either solid-gas or
solid-solid, and S [m?] is the interface surface)

dG =V -dp — Sept - dT + vy -dS []]. (17)
The decrease of Gibbs free energy is caused by need of the system to reduce its surface
energy in response to external temperature, pressure or chemical reaction (or their

combinations). Last two of them do not lead to consolidation, but help to decrease the
sintering time or the temperature needed for the sintering process.
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There are two mechanisms of lowering the free surface energy. The first one is the
reduction of the particles’ surface (grain growth) and the second one is the change of
(energy consuming) interphase “solid-gas” to (less energetically demanding) interphase
“solid-solid” (consolidation). These phenomena are described by Eq. 18

A(y-S) =y*8-AS+ Ay*E™**-S]]. (18)

The grain growth would lead to the decrease of the system free energy but not to
material consolidation. From the point of view of dense bulk ceramics processing, the key
process is the second one (consolidation). These two processes are running (more or less)
continuously. So it could be stated, that during sintering it is generally impossible to
separate them and densify sample without any grain growth (see Fig. 15) [26].

Unfortunately, the grain growth is in most of applications of advanced ceramics
undesirable, due to degradation of important mechanical properties (hardness [27], flexural
strength [28, 29], mechanical and biological wear resistance [30, 31]).

Consolidation driving force was already described in the text above, but equally
important is the way of mass transport during the sintering. In the case of advanced
ceramics, the main transport mechanism is the diffusion. Diffusion is temperature activated
process (that is why the high temperature is needed for ceramics consolidation), which can
be according its path divided into surface diffusion, volume diffusion and grain boundary
diffusion. The last two of them are the most important for densification of ceramic
precursor, because only they are able to deliver the mass from the grain boundaries to
empty space between particles and cause shrinkage. The sintering process can be divided
into three basic stages such as necks formation, open porosity and closed porosity
(Fig. 16).

A,Ysg—>ss S

B

Fig. 15 Schema of surface energy decrease by grain growth and/or consolidation
during sintering [26].

23



A

31 sintering stage
i Closed porosity

Green body ‘ 1%t sintering stage ; 2nd sintering stage
! Necks’ formation |  Open porosity

Relative density

Temperature (time)

Fig. 16 The typically shaped sintering (densification) curve divided into three main
phases of the sintering process.

The first stage is defined by formation of necks between the ceramic particles in
contact. There are many theoretical models trying to describe this process [3, 32, 33] and
most of them are dealing with ideal spherical particles. This stage is characteristic by a very
small shrinkage, but thanks to necks formation the strength is increasing (in comparison
with green body). In the second phase the porosity can be described as a network of tubular
pores reminding kind of sponge. After the relative density of ceramics reaches
approximately 92 % of the theoretical density (%TD), the pores get closed so they are no
longer connected to each other or with the outer body surface (closed porosity is
established) [26].

Most of the advanced ceramic applications require a minimum amount of defects
(cracks or pores), but especially in the case of functional ceramics (e.g. electroceramics)
also chemical and phase purity are needed. From the point of view of these challenging
requirements many unique sintering techniques were developed. These methods can be
divided into two basic groups, “pressure-less” and “pressure-assisted” sintering.

3.4.1. Pressure-less sintering

This is the oldest and simultaneously the most widely used sintering technique,
because it is cheap and undemanding (only conventional high-temperature furnace is
needed). In this method the heating rates (usually 1-25°C-min), sintering temperature,
dwell time and in case of specialized device also a pressure and composition of the
furnace atmosphere can be controlled.
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The influence of heating regime on the final relative density and grain size of
ceramic sample is still discussed in the literature. According to conventional sintering
models, the sinterability of ceramics is defined by the starting microstructure (green
body density and particle size). It would mean that sintered ceramic samples (made
from the same green-body precursor) with the same final densities will also have the
same microstructure (grain size), no matter which heating regime was used
[34-36]. Another theories say that grain size in the sample with required relative
density can be influenced by proper choice of heating regime. The most reported
theory in this field is Two-Step Sintering (TSS) [37]. In the first step the green body
is sintered till the point, when supercritical pores disappear from the microstructure
(usually between 75-95 % of theoretical density). The second step begins with steep
cooling to lower temperature, where the ceramic sample stays until the required
relative density is reached (typically 10 — 20 hours). This method is used for sintering
many ceramic materials [38, 39], but the biggest decrease of grain growth in
comparison with conventional heating regimes were published in case of materials
with cubic structure (e.g. BaTiOs [40], SrTiOz[41, 42] and c-ZrO> [20, 39]).

Also other types of sintering methods with unconventional type of heating belong
to the group of pressure-less sintering. For example microwave sintering enables very
high heating rates (up to 1000°C-min™) because the heating is not realized by heat
transfer (convection of radiation), but by energy conversion. The biggest disadvantage
of this method is a huge material dependence, because every material absorbs the
energy from microwaves differently [43].

Below you can find the description of furnaces which were used for experiments
described in this thesis.

Conventional furnace

The Nabertherm furnace (see Fig. 17 — left) can be used for the annealing or
sintering in air atmosphere. The maximum temperature is 1700 — 1750 °C thanks to
super-kanthal heating elements. The temperature in the furnace chamber is measured
by thermocouple PtRh6 — PtRh30 (type B).

Vacuum furnace

For part of the experiments the vacuum furnace Degussa (see Fig. 17 - middle)
with kanthal heating elements was used. The furnace can operate in high vacuum (up
to 10 Pa) as well as in inert or slightly reducing stationary atmospheres (10 — 10° Pa).
The temperature in the furnace chamber is measured by thermocouple of type
PtRh6 — PtRh30. Maximum operating temperature is 1500 — 1550 °C.

Hydrogen furnace

The Novex furnace (see Fig. 17 - right) was used for all experiments with
hydrogen atmosphere in this work. The furnace has tungsten heating elements and can
reach sintering temperature up to 1900 °C (in the hydrogen atmosphere). The
temperature is measured by thermocouple WRe3 — WRe25.
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Fig. 17 Conventional furnace Nabertherm (left), Vacuum furnace Degussa (middle)
and hydrogen furnace Novex (right).

3.4.2. Pressure-assisted sintering

These methods are often very effective, but they are mostly also very expensive
(especially the devices themselves). That is why these techniques are used mostly only
in cases, where conventional pressure-less sintering does not provide satisfying results.
Applied pressure increases the driving force of sintering, therefore shorter dwell times
or lower sintering temperatures can be used in the process. A few examples of such
methods are described below.

Hot Isostatic Pressing (HIP)

Absence of sample shape limitation is the most important advantage of this
method. It means that the parallel bottom and top plains or any other symmetry
requirements are not needed. This sintering method is usually used for ceramic
samples with closed porosity (pre-sintered samples). The necessity of closed porosity
can be bypassed by the hermetic metal or glass case around a sample with open
porosity. Mostly, the case is casted around the ceramic precursor, because it has to
copy the sample surface precisely.

Operation of HIP as well as the machine cost is very expensive, therefore it is
usually used only for samples which cannot reach full density by conventional
sintering methods or higher sintering temperature would lead to uncontrolled grain
growth. Whole process runs usually in the inert argon atmosphere.

Hot pressing

In this method any pre-sintering step is not necessary (powder materials are
usually used), but sintering of porous ceramics is also possible. Conventional heating
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is used as well as in the case of HIP, but the pressure is not applied on the sample by
atmosphere but by pistons. The most common material of dies is graphite, because of
its high creep resistance at high temperatures. That is also one of the reasons why the
process need to run in non-oxidizing atmosphere. This device is cheaper than HIP, but
the disadvantages are the carbon pollution and inhomogeneous microstructure of the
sample.

Spark Plasma Sintering (SPS)

This advanced technique is similar to “Hot pressing”, but the most important
difference is the type of heating. SPS uses for heating the pulse direct current which
goes through the carbon die and sample (in the case of conductive sample). This allows
very high heating rates (up to 500°C-min). There were reported fully dense ceramic
samples with very small grain size (below 100 nm) in case of nano-powder ceramic
precursors. This is possible because of high heating rates and short dwell times at
sintering temperature (only a few minutes). The effect of electro-magnetic field
(coming from the pulse direct current) is still a subject of discussion. Because of
graphite dies, the high vacuums is usually used in this method [44-47].

The furnace FCT Systeme GmbH (available in the University of Duisburg-Essen;
see Fig. 18) was used for all experiments using Spark-Plasma Sintering technique. The
graphite die with two piston layout and inner diameter 18 mm was used as a heating
element (also as a die for forming the green bodies). This setup allows to use a powder
as a starting material.

Fig. 18 FCT Spark-Plasma Sintering furnace and schema of the principle [26].
The whole procedure of die preparation is shown in Fig. 19 by step 1-10

(1 - spraying one side of graphite foil by Boron nitride; 2 — rolling up of the graphite
foil; 3 — putting of the rolled foil into the die and gently polishing of its inner surface
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by one of the graphite pistons; 4 — inserting of two graphite foils to cover the downer
piston; 5 — adding the powder material; 6 — gentle levelling of the powder; 7 — pulling
out the piston; 8 — inserting of two graphite foils and then the upper piston; 9 — pressing
of the graphite die by uniaxial press; 10 — inserting of the die into the SPS device and
completing of the setup).

Fig. 19 The whole procedure of the SPS sample forming into a graphite die.
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3.5. Analytical methods

All analytical and measuring techniques summarized below were used in the different
phases of the experiments described in the later chapters. The basic information and type
of measuring device will be described here, the additional information will be given later
in the relevant experimental part.

3.5.1. Secondary electron microscopy

Morphology of ceramic powders and bulk bodies were studied by secondary
electron microscope (SEM) Philips XL30 (Netherland). Samples of bulk ceramics
were polished, thermally etched (usually 50 °C bellow the sintering temperature for 3
min). The contrast was in some cases enhance by Au-Pd layer. If needed, tentative
chemical compositions of observed samples were established by Energy-Dispersive
X-ray spectroscopy (EDX).

3.5.2. X-ray diffraction

The phase compositions were determined by 3 types of X-ray diffractometers. The
first two were PANalytical X'Pert Pro MPD, powered by a Philips PW3040/60 X-ray
generator and fitted with an X'Celerator* detector. Diffraction data were acquired by
exposing samples to Cu-Ka X-ray radiation, which has a characteristic wavelength
L =1.5418 A (University Duisburg-Essen) resp. A = 1.5405 A (CNR Genova). X-rays
were generated from a Cu anode supplied with 40 kV and a current of 40 mA. Another
type of PANalytical X'Pert device (Co—Kou; A = 1.78892 A) was used for XRD
analysis at Brno University of Technology. Phase identification was carried out by
software PANalytical High Score Plus.

3.5.3. Nitrogen adsorption

The specific surface area of ceramic powders Sger [m?/g] was established by
nitrogen adsorption with ChemBET 3000 (Quantachrome, USA) device. From the Sget
value can be calculated approximate diameters for the ball shaped particles Dger [m]
according following equation (Eq. 19).

6
Dggr = F— [m] (19)
BET "Ptheor

3.5.4. Mercury intrusion porosimetry

The size and distribution of the open pores was measured by a mercury
porosimeter 440 Pascal (Porotec, Germany). This method works with the principle of
low wettability of mercury to most surfaces. Under increasing pressure (up to 330
MPa) the mercury penetrates open pores of decreasing radius (the model calculates
with pores of cylindrical shape, higher pressure push the mercury to smaller pores)
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Measurements were performed on dried samples under the vacuum. The open pore
distribution was used for tentacle comparison of ceramic green body sinterability.

3.5.5. Density measurement

The densities of green as well as fully sintered ceramic bodies were established
according Archimedes principle using measuring density kit (EN 623-3). The weights
were measured with analytical laboratory scales Mettler Toledo AG 64 (accuracy
0.0001 g). Ceramic samples were firstly dried at 110 °C for at least 30 min and the dry
mass was measured. The samples were placed into the vacuum chamber a kept under
the vacuum for 30 min and then they were flooded by distilled water. The vacuum was
maintained for next 30 min and then let under water at normal pressure again for
30 min. The “soaked” samples were weighted under the water using density kit. The
last step was drying out the samples by filtration paper and weighing for the third time.
Using these three masses and theoretical density pieor [kg-m™] the relative density prel
[%TD], relative open porosity Vorel [VOl.%] and relative closed porosity Vcrel [Vol.%]
were calculated.

3.5.6. Infra-red reflectivity
IR reflectivity measurements were performed using a Fourier Transform IR

Spectrometer Bruker IFS 113v at room temperature with a resolution of 2 cm™. The
samples were grinded and polished on one side to obtain mirror-like surfaces.
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4. Aims of doctoral thesis

According to available literature review in the field of magneto-electric ceramic
materials the following aims of doctoral theses were established:

e Preparation of dense phase-pure perovskite ceramics with interesting
(multi-)ferroic properties

e Study of influence of the processing route on the final microstructure and the magneto-
electric properties of presented materials

The main goal was to utilize the available infrastructure of Department of Ceramics and
Polymers and long-year experience for producing of dense and phase pure magnetoelectric
materials. The materials were chosen in close cooperation with our research partners for their
promising functional physical properties. (Our partners are: Institute of Physics ASCR,
University of Duisburg-Essen, Institute for Energetics and Interphases — CNR Genova,
Institute of Technical Sciences of SASA — Belgrade). The selected electroceramics materials
for the purpose of this thesis are EuTiO3, Eu(Na)TiO3z, MgTiOz, Ba(Ca)Ti(Zr)Os.

The main motivation is huge lack of such materials for proper evaluation of
“undistorted” physical properties (unaffected by material defects like porosity,
pollutants, etc.)
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5.EuTiOs

5.1. State of the art

This rare-earth perovskite system exhibits in the bulk form quantum
paraelectricity (the ferroelectric behaviour was observed only in the epitaxial thin films
under large biaxial compressive strain [48]). It also exhibits anti-ferromagnetic
ordering (G-type) below Tn =~ 5.3K [49]. This material belongs to the group of
magneto-dielectrics. It means that its permittivity can be tuned by an external magnetic
field (see Fig. 20) [50]. Such a behaviour could be used in future capacitors with
tunable capacity.
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Fig. 20 Temperature dependence of the permittivity in EuTiO3 ceramics
measured at 1 kHz and at various magnetic fields.
Critical temperature to AFM phase is marked [50].

One of the main problem is that physical characteristics measured on this system
are highly sensitive to phase and chemical purity as well as to relative density. In the
work of Kamba et al. [50] it was shown, that insufficient relative density of the
measured bulk sample reduces the IR reflectivity, therefore it decreases the sensitivity
of the measuring (Fig. 21). The presence of secondary phases distorts the shape of
spectrum and together with insufficient relative density made the interpretation of
measured data difficult or even irrelevant. Europium is sufficiently stable in the
divalent state (Eu®*) when substitutes the divalent alkaline earth ion in the perovskite
lattice. First processing of europium titanate was published by Bourst et al. in 1953
[51], when a small sample of phase pure Eu,O3 was mixed with a stoichiometric
amount of TiO> (anatase). These oxides were thoroughly mixed together in a mortar,
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and then heated up for two hours at 1200 °C in hydrogen atmosphere inside a platinum
boat. The product was black and XRD analysis confirms cubic lattice - expected for
perovskite EuTiO:s.
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Fig. 21 Room-temperature IR reflectivity spectra of EuTiOsceramics. Transverse
phonon frequencies of three perovskite modes are marked [50].

Similar solid state reaction of powder oxide precursors in reducing atmosphere is
usually used for EuTiO3z synthesis [52]. Mostly the final product is a powder or thin
film [48, 53], only a few publications deal with a bulk body fabrication and often
reported problems are high porosity or insufficient phase purity (unsuitable for
magneto-electric properties characterization). The clear example of complications
during the EuTiOz bulk ceramics processing is given in the work of Kamba et al. [50].
In this work, stoichiometric amounts of precursors were mechanically activated by
planetary ball milling and this mixture was pressed into the pellets by a uniaxial press
at 650 MPa or by a cold isostatic press at 300 MPa. These samples were annealed at
1500°C in reducing atmosphere (Ar + 10 % H2). The resulting EuTiOs ceramics
contained 20-30 % of porosity, therefore these high-porous samples were crushed and
milled again until the fine powder was reached. This powder was sintered by SPS at
1150-1200°C for 3-5 min and (uniaxial) pressure 75-100 MPa. Resulting samples
exhibited relative density higher than 90 % of theoretical density (90 %TD).
Unfortunately the content of secondary pyrochlore phase Eu.Ti>O7 (polluting phase)
was 5-15 %.

The particular goal of this investigation was to prepare dense bulk EuTiOs
ceramics of high purity, ideal for establishing of its functional properties. According
to available experimental infrastructure the solid-state syntheses in different types of
atmospheres was chosen.

33



5.2. Experiments

5.2.1. Precursor materials

Eu203

This powder material was supplied by Verochem (CZ) and its purity was 99.99 %,
the maximal impurity contents are summarized in Table 1. Specific surface area was
established by nitrogen adsorption Sger = 7.55 m?.g. According to SEM observation,
the powder was consisted of particles of about 100 nm large, what is in agreement with
SgeT (Deet ~ 110 nm). The XRD analysis showed single Eu2O3 phase with cubic lattice.
The morphology as well as XRD diffractogram are showed in the Attachment (A-Fig. 1
and A-Fig. 2).

Tablel  Maximal content of impurities in Eu2O3 (Ver) powder.

[10 wt.%] [10 wt.%] [10 wt.%]
Smy03 5 Gd203 5 ThsO7 5
Ho203 5 Er,Os 5 Tmo03 5
Lu203 5 Y203 5 CaOo 9
Fe203 3 SiO, 19 PbO 3
CuO 3 NiO 3 Dy20s3 5
Yh203 5 Zn0O 5 Cl 80
Ti203

This powder material was supplied by Verochem (CZ) and its purity is 99.9%,
the maximal impurity contents are summarized in Table 2. Specific surface area was
established by nitrogen adsorption Sger = 0.46 m?.g’. According to SEM observation,
the powder consists of particles of about 10 um large, which are crating agglomerates up
to 60 um. The disagreement of these values with Sget (Dger ~ 2.9 um) are caused by
irregular shape of particles (agglomerates). The XRD analysis showed single Ti>.O3 phase
with rhombohedral lattice. The morphology and XRD diffractogram are showed in
the Attachment (A-Fig. 3 and A-Fig. 4).

Table2  Maximal content of impurities in Ti2Os (Ver) powder.

[10* wt.%] [10* wt.%] [10* wt.%]
Si 45 Fe 30 Al 450
Cr 10 Ni 3 Ca 10
Cu 10 Zr 10 Mg 78
S 320 Mn 11 Sn 3.8
C 340
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TiO2-A

This powder material was supplied by Verochem (CZ) and its purity is 99.99%,
the maximal impurity contents are summarized in Table 3. Specific surface area was
established by nitrogen adsorption Sger = 9.75 m?.g. According to SEM observation,
the powder consists of particles of about 200 nm large, what is in agreement with Sger
(Dget ~ 150 nm). The XRD analysis showed single TiO anatase phase with tetragonal
lattice. The morphology as well as XRD diffractogram are showed in the Attachment
(A-Fig. 5 and A-Fig. 6).

Table 3 ~ Maximal content of impurities in TiO2-A (Ver) powder.

[10 wt.%] [10 wt.%] [10* wt.%]
Si 45 Na 10 Zn 10
Al 10 Co 10 Cr 10
Mg 10 Cu 50 Mg 78
Fe 50 Mn 11 Ca 20
K 10 As 10 Pb 10
Li 10 Ni 10 \ 10

TiO2-R

This powder material was supplied by Verochem (CZ) and its purity is 99.99%,
the maximal impurity contents are summarized in Table 4. Specific surface area was
established by nitrogen adsorption Sget = 3.40 m?.g* (Dger ~ 440 nm). According to SEM
observation, the powder is consisted of the particles of about 800 nm large, which are
agglomerated to blocks with size up to 6 um. The XRD analysis showed single TiO> rutile
phase with tetragonal lattice. The morphology as well as XRD diffractogram are showed
in the Attachment (A-Fig. 7 and A-Fig. 8).

Table4  Maximal content of impurities in TiO2-R (Ver) powder.

[10 wt.%] [104 wt.%] [10 wt.%]
Si 1 Ni 5 Zn 2
Na 2 Al 2 Cr 1
Co 1 Cu 20 Mg 2
K 3 Ca 5 Fe 10
As 2 Pb 10 \ 10
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5.2.2. Powder mixture processing

Stoichiometric calculations

According the chemical Eq. 20 the mass ratio of the powder compounds in the
mixture 1 (MIX 1) was established (Eq. 21 for Eu203 and Eq. 22 for Ti»Oz). The same
calculations (Eq. 24 for Eu203 and Eq. 25 for TiO2) were proceed for the Eq. 23 which
is valid for mixture 2 (MIX 2) with anatase and mixture 3 (MIX 3) with rutile.
The basic chemical composition of individual mixtures is summarized in the Table 5.

Table5  Summary of the chemical composition of individual mixtures.

Mixture#  Composition

MIX 1 Eu203 + Ti203
MIX 2 Eu,03 + TiO2-A
MIX 3 Eu,03 + TiO2-R

Eu,0, +Ti,0, < 2-EuTiO, (20)
W(EU,0,) = M (Eu,0,) ~10_0 _351.917-100 70.998[wt%] 21)
M (Eu,0,) + M (Ti,0,) 351.917+143.757

Wi o) = MT0)100 _ 143757-100 00000 22)
M (Eu,0,)+ M (Ti,0,) 351.917+143.757
Eu,0, +2-TiO, + H, < 2-EuTiO, + H,0 (23)
W(ELO,) = M(EWLO)00  _  SLOITA00  ooverion o
M (Eu,0,)+2-M(Ti0,) 351.917+2.79.878
w(Tio,) = 2M(TI0,)-100  _  2:79878:100 oo 0 (25)

M (Eu,0,) +2-M(TiO,) 351.917+2-79.878

Homogenisation of mixtures

The mixtures MIX 1, MIX 2 and MIX 3 with the composition calculated above
were homogenized manually in agate mortar for 15-20 min in 4-5 g batches
(only in the case of some initial experiments). Otherwise, these mixtures were
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homogenized by planetary ball milling for 10 hour to decrease the possible negative
effect of wide particle size distribution of input powders. Zirconia balls (&5mm) were
used as milling elements in the zirconia resp. polyamide (PA) bowls. The milling was
performed in an isopropanol (wet conditions) and the ratio between masses of powder
mixture and milling elements was 1:10.

Drying and additional mechanical treatment

The resulting suspensions were dried for 48 hour at room temperature followed by
2 hours at 80 °C. The powder mixtures formed large blocks (approx. 1-10 mm? with
thickness ca 2 mm). Such a form was unsuitable for following shaping process, so next
15 min of mechanical treatment in the agate mortar for each mixture was performed.

Annealing

The powder mixtures (M1X 1-3) were annealed in reducing atmosphere Ar + 7 % H;
at 700 °C for 2 hours with heating and cooling rates 15 °C-min™* respective in the pure
H> atmosphere (other conditions remained same).

5.2.3. Green body shaping

The shaping of a green body is the key step in the bulk ceramic processing. The
shaping method should be optimal for the following sintering technique, therefore two
shaping methods were used in following experiments (one for ‘“conventional
sintering” and second for “spark-plasma sintering”). The homogenized and dried
mixtures 1-3 (without annealing) were used as starting powder material for all bulk
body processing experiments.

Green body shaping for conventional sintering

The forming of the green bodies from MIX 1-3 was performed by cold isostatic
pressing (Fig. 14 — right). Powder was placed in the cylindrical (&30 mm — 5 mm)
latex mold, which was then isostatically pressed at 300 MPa for 5 min. The flexibility
of the mold caused the irregularity of the final shape, so following shape correction
(hand-operated mechanical grinding) was performed.

Green body shaping for SPS

The mixtures homogenized by planetary ball milling as well as manually in a mortar
were used as a starting powder materials. In the case of all experiments included in
this work, the graphite die with two piston layout and inner diameter 18 mm was used.
Graphite die filled by desired powder mixture was pressed by the force of 3000 N in
the uniaxial press (Fig. 14 — left), therefore the pressure used for green body forming
(before sintering) was approximately 12 MPa.
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5.2.4. Sintering

Conventional (pressureless) sintering

Initial sintering experiments of isostatically pressed bodies were performed in the
mixed atmosphere of argon and hydrogen (Ar + 7% H») at the temperature 1500 °C
for 2 hours (Fig. 17 — middle). The heating and cooling rates were 15 °C-min™t. The
experiments were performed in stationary atmosphere (1 bar). The pressure chamber
was three times vacuumed and then again filled by desired atmosphere before each
experiment (to minimalize the content of residual oxygen).

Following set of experiments was performed in the pure hydrogen atmosphere
(100% Hy) at the temperature 1300 °C, 1400 °C, 1500°C resp. 1650°C for 2 hours.
The heating and cooling rates were again 15 °C-min*. In the case of experiment at
1500°C only sample prepared from MIX 2 was sintered due to insufficient amount of
powder precursors. Samples were placed into the airtight furnace (Fig. 17 — right),
which was then kept under nitrogen flow for 20 min to prevent residual oxygen
presence. The chamber was then heated to the sintering temperature under constant
flow of hydrogen (1.1 bar).

Spark plasma sintering

During SPS experiments (see Fig. 18) the sintering temperature was
1100 °C — 1500 °C with dwell time 1 — 10 min and uniaxial pressure 10 — 40 MPa.
The heating and cooling rates were 100 °C-mint. The whole sintering regime ran under
vacuum of ca 100 Pa (residual argon atmosphere). The airtight chamber was three
times vacuumed and then again filled by argon atmosphere to minimalize the content
of residual oxygen.

5.3. Results

5.3.1. Milling of powder mixtures

The morphologies of resulted mixtures are shown in the A-Fig. 9, A-Fig. 10 and A-
Fig. 11. A mechanical energy of milling was sufficient for breaking most of the
agglomerates of the input powder materials. The energy of milling was insufficient to
decrease primary particle sizes except Ti>Oz powder.

The phase composition of all the mixtures was checked by XRD diffraction
measurements. The resulting diffractograms showed only unreacted mixtures of
entering powder materials without any sign of contamination during mixtures
processing.

5.3.2. Annealing of powder mixtures

The temperature and/or reduction potential of atmospheres were not sufficient
(from the thermodynamic point of view) for successful solid state reaction according
Eqg. 19 resp. Eq. 22 in any of annealing experiments. The only observed change in the
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phase composition was partial reduction of TiO2 (MIX 2 - anatase and MIX 3 - rutile)
to Ti20s. Example of this phase composition change is shown in Fig. 22 (MIX 3 in
Ar + 7 % H). Any significant differences were observed in case of annealing
experiments in Ho atmosphere (the same temperatures and dwell times).
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Fig. 22 Phase composition of MIX 3 after annealing at 700 °C
in Ar + 7 % H2 atmosphere.

5.3.3. Processing of bulk bodies

Conventional pressure-less sintering

The pores size distribution in the cold isostatic pressed bodies was measured to
evaluate the sinterability of the green bodies. All samples exhibited unimodal pore size
distribution, so the sinterability was evaluated from the size of the biggest pores presented
in the samples. In case of the sample from MIX 1 the pore size distribution ended around
80 nm (pore radius 40 nm). The samples prepared from MIX 2 and MIX 3 had almost the
same pore size distribution with the biggest values around 60 nm (pore radius 30 nm).
These results (except porosity of MIX 3) are shown in the Fig. 23 together with one
sample which was prepared from MIX 2 and homogenized in polyamide bowl! (other
parameters of green body processing were identical). This difference shows the
importance of using ZrO. milling bowls for proper de-agglomeration and homogenization
of powder precursors.
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Fig. 23 The pore size distribution of cold isostatic pressed bodies (300 MPa).

The phase compositions of all sintered samples contained the single perovskite phase
EuTiOs. The example of XRD diffractogram is shown in Fig. 24.

Relative sample density and open (Vore) to close (Vcrl) porosity ratio strongly
depended on the sintering temperature (Table 6). With increasing sintering temperature
the content of open porosity decrease up to 1500 °C, at higher temperature open porosity
surprisingly raised again (the probable reason is discussed in the next chapter - 5.4).
At 1400 °C the open porosity change into a closed one as the relative density of samples
exceed 90 %TD. The exception is the sample prepared from MIX 1 which relative density
is still below 90 %TD at 1400 °C. The porosity is also strongly depended on sintering
atmosphere, as it can be seen in the case of samples sintered in slightly reducing
atmosphere Ar + 7 % H». Whereas the closed porosity content do not exceed the value of
10 vol.% (samples sintered in pure H>), the closed porosity was over this level in the case
of this batch of samples.

From the three starting mixtures with the same atomic ratios the MIX 2 and MIX 3
reaches significantly higher densities than the MIX 1. The highest values of final density
95 %TD was reached at the temperature of 1400 °C for 2 h in the pure H> atmosphere
with MIX 2 (Eu03 + TiOz-A).

This sample had homogenous microstructure with grain size approx. 1-5 um and
closed pores had diameter approx. 1 pum (see Fig. 25). According author’s best
knowledge, it is up to now the best bulk EuTiO3 ceramic sample.
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Table 6  Summary of pressure-less sintering experiments results.

Type of Sintering Prel VOrel VCrel Phase
mixture  Temperature Atmosphere [%TD] [vol.%] [vol.%] composition
MIX 1 1300 °C H: 75.4 24.3 0.3 EuTiOs
MIX 2 1300 °C Ha 88.2 10.3 15 EuTiOs
MIX 3 1300 °C Ha 87.4 11.2 1.4 EuTiOs
MIX 1 1400 °C H2 88.7 10.7 0.6 EuTiOs
MIX 2 1400 °C Ha 95.1 0.8 4.1 EuTiOs
MIX 3 1400 °C H2 93,4 0.7 59 EuTiOs
MIX 2 1500 °C H2 93.6 0.7 5.7 EuTiO3
MIX 1 1500 °C Ar+7%H, 885 0.1 11.4 EuTiOs
MIX 2 1500 °C Ar+7%H, 711 0.3 28.6 EuTiOs
MIX 3 1500 °C Ar+7%H, 716 1.4 27.0 EuTiOs
MIX 1 1650 °C Ha 86.5 4.7 8.9 EuTiOs
MIX 2 1650 °C H: 75.1 18.2 6.7 EuTiO3
MIX 3 1650 °C Ha 71.2 22.1 6.7 EuTiOs
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Fig. 24 XRD of the sample from MIX 2 sintered at 1400°C in the pure H>
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Fig. 25 The microstructure of bulk EuTiOs single phase sample with relative density
95 %TD (MIX 2 / 1400 °C / 2h / Hp).

Spark-plasma sintering

The XRD analyses of all samples prepared by SPS showed the presence of unwanted
phases - EuzTi2O7, Eu2TiOz or unreacted compounds of starting mixtures (the example of
sample containing significant amount of polluting pyrochlore phase is given in Fig. 26).
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Fig. 26 XRD pattern of ETO sample prepared from the MI1X 1 and sintered in SPS.
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Establishing of the theoretical density value was highly inaccurate due to multi-phase
composition of the samples. The values of relative density should be taken only as
approximate. The results of the experiments with manually homogenized mixtures are
summarized in Table 7 and with mixture homogenized by planetary ball mill
in Table 8.

In the case of MIX 1, the content of secondary phases was in the range of 3 — 83 vol.%
decreasing with sintering temperature increase and longer dwell time. The values of
relative densities were in the range of 75— 93 %TD.

The solid-state syntheses of the samples prepared from the MIX 2 did not lead to
EuTiOz perovskite phase formation. The samples contained mostly unwanted pyrochlore
phase Eu,Ti207.

The sample with the lowest content of secondary phases was prepared from manually
homogenized MIX 1 sintered firstly at 850 °C for 5 min followed by 3 min at 1300 °C
and pressure 20 MPa. The content of polluting Eu,TiOz was approx. 3 vol.%, but
the relative density was only 82 %TD. The following experiment with doubled pressure
(40 MPa) exhibited significantly improved relative density — 91 %TD, but the content of
secondary phase was increased to 5 vol.%. The extension of the dwell time at the first
step (850 °C) to 15 min and increasing sintering temperature to 1400 °C led to even higher
relative density value — 93 %TD, but again with slightly increased secondary phase
content (7 vol.%).

Table 7 Summary of following SPS sintering experiments at different temperatures
and dwell times with manually homogenized mixtures.

Tvpe of Sintering Dwell Uniax.
m>i/>r<)ture temp. time  pressure P Phase composition
[°C] [min] [MPa]  [% TD]
70% EUTiOsz + EuzTi207
800/ 1100 8/10 40 80 + Ti,03 + EU,03
90% EuTiOz + Eu,Ti0O7
1200 3 40 89 + Ti,03 + EU,05
MIX 1 i .
850/ 1300 5/ 3 40 91 95% EuTiO3 + EuzTiO3
850/ 1300 5/ 3 20 82 97% EuTiO3 + EuzTiO3
850/1400 15/ 3 40 93 93% EuTiO3 + Eu2TiO3
1200 3 40 93 70% Eu,Ti2O7 + TiO2 +
MIX 2 Eu203
1100 / 1500 1/ 3 40 95 80% Eu,Ti207 + Ti3Os +
Eu203
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Table 8  Summary of initial SPS sintering experiments at different temperatures
and dwell times with mixtures homogenized by planetary mill.

Tvpe of Sintering Dwell Uniax.
m)i/f:ture temp. time  pressure P Phase composition
[°C] [min] [MPa]  [% TD]
900/1200 17/ 3 92 30% EuTiO3 + EuzTi2O7
1050/1200 17/ 7 94 30% EuTiO3 + EuzTiO7
MIX1 1250/ 900 1715 40 94 17% EUTiOs + EuzTi:Or
1100/1350 10/ 5 94 30% EuTiO3 + EuzTiO7
1050/1400 17/ 7 84 80% EUuTiO3 + EuzTiO7

Infra-Red reflectivity

The IR reflectivity was measured on the densest samples sintered at 1400 °C in pure
hydrogen atmosphere for 2 hours by conventional pressure-less sintering.

The dependence of IR reflectivity on relative density is shown in Fig. 27, the results
are also compared with the literature data [50]. It can be seen that the shape of IR
reflectivity did not change, but with the higher density the IR reflectivity increased
significantly. The sample with relative density 95 %TD reached a reflectivity of 0.95 at
wavenumbers ranging from 200 to 400 cm™ ..
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Fig. 27 Room-temperature IR reflectivity spectra of EuTiO3s ceramics with:
Left - relative density 70%* , 80%%, 88.7%, 93.4%, resp. 95.1% (*[50]).
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The results of IR reflectivity of the sample mentioned above were also compared with
samples, which were contaminated by 5 vol.% and 15 vol.% of pyrochlore phase [50].
All these samples had a relative density higher than 91 %TD, so the influence of relative
density on IR reflectivity is minimalized. The presence of 15 % of EuzTi2O7 is
demonstrated by additional reflection bands between 100 and 450 cm™!, see Fig. 28.
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Fig. 28 Room-temperature IR reflectivity spectra of EuTiOs ceramics with:
Right - Eu2Ti207 phase impurity 0%, 5%* , resp. 15%* (*[50]).

The chosen samples were also used for studying of lattice instabilities [54]
and anti-ferrodistortive phase transition [55] in the bulk EuTiOsz ceramics by collaborated
international partners.

5.4. Discussion

5.4.1. Milling of powder mixtures

A mechanical energy of milling was sufficient for thorough mixing of the input
powder materials and breaking most of the agglomerates. This is very important for
uniform solid state reaction. The proper homogenization process was also proven by
following high temperature solid-state reaction, which successfully formed single
phase bulk EuTiO3 ceramics.

5.4.2. Annealing of powder mixtures

Any annealing experiment of powder mixtures would lead to particle growth. This
concomitant phenomenon would be acceptable in the case of successful solid-state
reaction, but the in this case the precursors did not undergo the reactions described by
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Eq. 19 resp. Eq. 22. The green bodies and following sintered bodies prepared from
mixtures with grown particles would reach lower densities than samples prepared from
starting mixtures. That is why the annealed mixtures were not used for bulk body
experiments described above.

5.4.3. Processing of bulk ceramics

Presented results confirmed the need of highly reducing conditions during solid-
state syntheses of EuTiOs perovskite ceramics. Also other conditions such as proper
homogenization of fine powder precursors, suitable green-body formation technique
or optimal sintering temperature and dwell time need to be fulfilled for the successful
processing of phase pure bulk EuTiO3z ceramic material with high relative density.
The thermodynamic data which would allow calculation of the conditions needed for
reaction of used precursors are not available. From that point of view, the
experimental investigation and optimization of the whole process was the only
possible way.

Conventional pressure-less sintering

As it was already written in the “Results part”, the thermodynamic conditions of
all pressure-less sintering experiments (temperature and partial pressure of Hz) were
sufficient for the EuTiO3 phase formation and the dwell time (2 hours) was long
enough for precursors to react through whole volume of all samples. That is also why
more attention is paid to relative density evolution in this part of discussion.

Increasing of temperature from 1300 °C to 1400 °C led to significant increase of
relative density, but further increase of sintering temperature up to 1500 °C
unexpectedly lowered the final densities. Looking more closely at the open to closed
porosity ratio reveals that the decrease of density was probably caused by defects
forming inside the sintered body. The probable reason for the formation of these
defects was oxygen deficiency in EuTiOs caused by its reaction with hydrogen. The
product of this reductive reaction is then water vapour (see Eq. 26), which forms
bubbles in the samples. The densities reached after sintering at 1650 °C were quite
similar to the densities after sintering at 1500 °C, but the volume of open porosity
increased significantly. At this temperature the chemical reaction leading to gaseous
products could be so intensive that the internal defects spread into the outer surface
of the samples. These samples contained significant amount of surface cracks, which
support this hypothesis.

EuTiO, +6 - H, < EuTiO, , +5-H,0 (26)
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Spark-plasma sintering

The experimental results showed that the sintering of EuTiOs ceramics in SPS
equipment resulted in samples with pyrochlore (Eu2Ti2O7) secondary phase
(impurity). Unfortunately the thermodynamic data of EuTiOz and Eu,Ti2O7 allowing
the direct calculation of probability of Eq. 27 are not available in the literature or in
the thermodynamic databases.

2-EuTiO, Jr%O2 < Eu,Ti,0, (27)

Reduction potential of these two sintering atmospheres (in the conditions of SPS
and conventional sintering) was compared by thermodynamic calculations in the
work of Maca et al. [56]. As the CO is the most stable atmosphere in graphite furnace
at the temperatures higher than 800 °C [57], the oxidization of EuTiOs in SPS furnace
can be described by the Eq. 28. In the case of pressure-less sintering in pure or mixed
hydrogen atmosphere the oxidization of EuTiOz can be described by Eq. 29.

2- EuTiO,;(s) +CO(g) < Eu,Ti,0,(s) +C(s) (28)
2- EuTiO,(s) + H,0(g) < Eu,Ti,0,(s) + H,(s) (29)

When the Eq. (29) is subtract from Eq. (28), the reduction activity of CO and H;
can be compared (see Eg. 30) and decided which atmosphere is more suitable for
prevention of the pyrochlore formation. For such a calculation the Gibbs free energy
of this reaction can be described according to Van't Hoff isotherm [58, 59], where
the AGr,1400 is the Gibbs free energy of the reaction at 1400 K (Eq. 31).

CO(g) +H,(g9) < C(s) +H,0(9) (30)
a -a

Gr,1400 = G?,l400 +R-T:In ne - (31)
8y, “dco

The AG% 1400 is the Gibbs free energy of the reaction described by Eq. 30 (its value
is 65 kJ [60]) in case that all reactants are in standard state (for gases it means the
pressure of 10° Pa = 1 bar), ac is the thermodynamic activity of carbon (equal to 1
because the carbon is in pure solid state phase), aw2o, an2 , and aco are
thermodynamic activities of the gaseous reactants (expressed by their partial pressure
in bars). For the conditions close to SPS (pco = 10 bar) and hydrogen furnace
environment (pr2 = 1 bar and przo = 107 bar) following results were calculated:

4
G, 1400 = 65,000 +8.314-1400-In 1071
| 1

e =38.2kJ (32)
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An increase of pressure inside the closed and continuously shrinking pores (at the
third sintering stage) [61] were not taken into account in these calculations, but even
with the consideration of this factor, the atmosphere in SPS furnace is more reducing
than in the hydrogen furnace.

It is in contrast to our experimental results which showed the presence of polluting
EuzTi2O7 only in the case of SPS samples. This disagreement between theory and
experiment could be explained by very short dwell times at the sintering temperatures
in the case of SPS technique. In such a short time (few minutes) cannot be established
thermodynamic equilibrium. In our case it means that EuzTi2O7 doesn’t have enough
time to be reduced to EuTiOs. In contrast to SPS, the pressureless sintering in
hydrogen furnace took 2 h, which was sufficient time to achieve the thermodynamic
equilibrium and the formation of pure EuTiOs ceramics free of pyrochlore secondary
phase.

The precursor particles were covered at least by a monolayer of adsorbed gas - air
(the source of oxygen, see Fig. 29). Therefore, the oxidation resulting in the
formation of Eu,Ti.O7 during the short time in the SPS setup can occur. The
pyrochlore phase could be similarly formed even in the hydrogen furnace, but these
oxidised polluting phases are reduced to pure EuTiOsz during the long dwell times.

This hypothesis is supported also by the experiments. The amount of pyrochlore
was significantly lowered by repeated argon washing cycles which were performed
before experiments, when argon has partially replaced adsorbed air.

Fig. 29 The scheme of SPS die setup showing the air layer adsorbed on the particles
surface before sintering [56].
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5.5. Summary

The phase pure and dense bulk EuTiOz ceramic was prepared by solid-state reaction
of powder mixtures of Eu.Os and TiOz resp. Ti2Os via optimized pressure-less
sintering in reduction atmosphere of pure H,. The sample with the highest relative
density (95.1 %TD) showed IR reflectivity unaffected by phase impurities (secondary
phases), and in the frequency range of 200 — 400 cm™! the IR reflectivity was higher
than 95 %. Such a ceramic is appropriate for studying the true (not distorted)
magnetic and electric properties of this material.

EuTiOs ceramics has a high affinity to oxygen and forms the unwanted pyrochlore
phase even in highly reducing CO atmosphere in the SPS furnace. After pressure-less
sintering in hydrogen furnace any marks of secondary pyrochlore phase were not
detected by XRD or by IR reflectivity measuring (despite the lower reducing
characteristic of hydrogen in comparison with carbon monoxide atmosphere). This can
be explained by the longer sintering dwell time in hydrogen furnace which allows to
establish thermodynamic equilibrium and therefore pyrochlore decomposition.
According authors best knowledge, obtained single phase samples of EuTiOs bulk
ceramics reached the highest relative values published yet.
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6.Eu(Na)TiO3
6.1. State of the art

An alternative approach to solid-state syntheses are “wet syntheses”, but
according to the best author’s knowledge, there is only a couple of papers publishing
successful wet syntheses of the EuTiOs ceramic powder. For example Wei T. et al.
[62] describes processing of EuTiOs nanopowder synthesis by sol-gel technique. The
europium oxide (Eu203) and tetra-butyl titanate (Ti(OCsHgo)s) were used as a
precursors of Eu and Ti ions. The europium oxide was dissolved in the HNO3 and the
tetra-butyl titanate in the 2-methoxyethanol (CsHgOz). These two solutions were mixed
together and the glycol (C2HeO2) in 1:1 molar ratio with respect to the metal nitrates
was used as a dispersant. The resulting sol was dried at 90 °C for 3 days to form the
gel powder. The product was annealed, firstly at 350°C (air) for 10 h and secondly at
800°C (pure Hz) for 20 min creating single perovskite phase - EuTiOs powder
(Fig. 30).
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Fig. 30 XRD diffractogram of the single phase EuTiO3s nanopowder [62].

The authors did not mention the amount of synthetized single phase powder and
the particle size (100 nm) was established only by TEM. Also they did not publish the
phase composition after the “wet synthesis” and after the first annealing step. If the
EuTiO3z phase becomes apparent after the second annealing step in hydrogen, the
designation of this process as a “sol-gel” or “wet” syntheses of EuTiO3z powder is at
least questionable.

Henderson N.L. et al. [63] published another sol-gel syntheses of EuTiOz powder
from Eu203 and Ti(iOPr)s as the precursors. Firstly, the Eu.Os was dissolved in a
mixture of ethanol and HNO3 (10:1). Then a stoichiometric amount of Ti(iOPr)s was
added dropwise to the solution, resulting in a clear orange liquid. After stirring for 3 h
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resp. 12 h, the solvent was removed by heating to 80°C. Result was a pale orange
powder, which was annealed under the flow of reducing atmosphere (5 % Hz/ 95 %
Ar) at 1000 °C for 12 h. The change of color from orange to black occurred (because
of reduction of Eu from +3 to +2 state). Typical mass of synthetized product was in
the range of 0.5 — 1.0 g. The modified sol-gel syntheses were again followed by
annealing under reducing conditions (5 % Hz / 95 % Ar).

The XRD analyses showed single EuTiOz phase with no evidence of crystalline
impurities. On the other hand an observed weight gain upon thermal gravimetric
analysis in oxygen indicates that a small amount of Eu®* is present, most likely as an
amorphous EuTiOx phase.

Another titanates with perovskite structure were successfully synthetized
hydrothermal syntheses [64-66]. The HTS are usually performed in highly alkaline
environment (mostly NaOH or KOH solution). The presence of Na and K ions in the
precursor solution could led to forming of systems containing these ions.

According to the authors’ best knowledge, whereas Eu(K)TiOs perovskite
ceramic processing was not published up to now, the posibility of Eu(Na)TiO3 system
creation was already proven by Ranjan R. et al. [67], when EuosNaosTiOs ceramic was
prepared by a solid-state reaction. It is only published successful processing of this
material. New way of processing is highly welcomed due to strong sensitivity of
measured physical properties on the processing route. Perovskite EuosNaosTiOs3
ceramic exhibits not well understood phenomenon of quantum paraelectricity at low
temperatures (< 50 K). Due to comparatively high saturation temperature in
comparison with other known quantum paraelectrics (e.g. SrTiOz), this material is also
defined as a “high temperature quantum paraelectric” [68].

6.2. Experiments

6.2.1. Precursor materials

Titanium(1V) chloride
This powder material was manufactured by Sigma-Aldrich and its purity is higher
than 99.995 % (TiCls - CAS: 7550-45-0).

Hydrazine monohydrate
This water solution precursor was manufactured by Sigma-Aldrich and its purity is
in the range of 64-65 % and its reagent grade is 98 % (N2H4 - CAS: 7803-57-8).

Sodium borohydride
This powder material was manufactured by Sigma-Aldrich and its purity is
99.99 % (NaBHs - CAS: 16940-66-2).

Hydrochloric acid
This highly concentrated acid was manufactured by Sigma-Aldrich with
concentration range 36.5 - 38.0 % (HCI - CAS: 7647-01-0).
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Sodium hydroxide
This granulated material was manufactured by Sigma-Aldrich and its purity is
higher than 98 % (NaOH - CAS: 1310-73-2).

6.2.2. Precursor solution processing

Dissolution of the Eu203 powder in HCI

Hydrochloric acid (37 % HCI) was constantly mixed by the stirring bar in an
Erlenmeyer flask (250 ml) at room temperature. The calculated amount of Eu,O3
powder (8.798 g) was added during approximately 10 s. The powder residuum in
plastic cap was recovered using a small amount of distilled water. The clear colourless
solution was then stirred at 60 - 70 °C for 2 h in the fume hood in order to evaporate a
residual hydrochloride acid. Distilled water was added into the solution reaching final
volume 250 ml of the EuCls solution (concentration 2 mol-I?).

Preparation of the syntheses precursors

Calculated amount of TiCls water solution (3.9799 mol-kg?) were weighed in a
polypropylene bottle. The prepared water solution of EuCls (2 mol-It) was added into
it, following the desired ratio of Eu*® and Ti** ions (1:1, 1:2, 4:9, 2:5 resp. 1:3). Then
the NaOH or KOH pellets were added during continuous mixing by stirring bar for 15
min reaching concentration in the precursor solution 1 mol-I" resp. 10 mol-I. The
bottle was placed into ice bath to avoid increasing of temperature. After adding of the
reductant agent N2H4 (hydrazine 65 % water solution) or NaBH4 (99.99 %) stirring
continued next 30 min. The amount of reductant agent added in the solution was
30 times more than the theoretical amount required for reduction of Eu* to Eu*2. The
theoretical amount was established by calculations (Eq. 35 and 37). Eq. 33, 34 and 36
represent the standard reduction potential £° to Standard Hydrogen Electrode at 25 °C
and at pressure of 101.325 kPa.

E'=—0,36V

Eudt + e~ &—— Eu?* (33)
E'=—1,15V
N, + 4H,0 + 4e~ &——— N,H, + 40H~ (34)
4(Eud* +e”) + (N,H, + 40H™ — 4e™) & 4Eu?* + N, + 4H,0 (35)
_ E’=—1,24V _
8(Eu** +e”)+ (BH, +80H™ —8e~) e 8Eu?* + H,BO;~ + 5H,0 (37)
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Syntheses in the hydrothermal vessel

Prepared solutions were moved into stainless steel hydrothermal vessel (Fig. 31)
with Teflon insert under Ar flow. The polypropylene cup with stirring bar were washed
using 5-13 g of distilled water to prevent losses of high dense precursor solution. After
adding this residue into solution, the reactor contained approximately 30 ml resp. 60
ml of liquid.

The hydrothermal reactor was closed under argon atmosphere and placed in the
furnace with temperature 220 °C resp. 250 °C. It was presumed from previous
experiments that the reactor reached the required temperature approximately after 2 h
and the dwell time was set up for next 24 h resp. 72 h. After that the hydrothermal
vessel was pulled out of the furnace and left to cool down at the room temperature.
The product was washed by distilled water and centrifuged until the neutral pH was
reached (usually 6 times). Then two cycles of the same procedure with ethanol were
done. The phase composition of the dried powder was measured by XRD.

Table 9 The summary of the main hydrothermal syntheses parameters
(temperature, concentration, dwell time and reductant agent type).

Temperature Dyvell EuCls TiCls NaOH KOH Reductant
time agent
[°C] [h] [molx1] [-]
220 26 0.100 0.100 1 - NaBHa
220 26 0.100 0.100 10 - N2H4
220 26 0.100 0.100 10 - NaBHa
220 26 0.100 0.200 10 - N2H4
250 26 0.100 10 - N2H4
250 26 0.100 0.200 10 - N2H4
250 26 0.100 0.200 10 - NaBHa
250 26 0.100 0.200 10 - -
250 26 0.100 0.225 10 - N2H4
250 26 0.100 0.250 10 - N2H4
250 26 0.100 0.300 10 - N2H4
250 26 0.100 0.300 10 - -
250 26 0.100 0.300 - - NaBHa
250 26 0.100 0.250 - 10 N2H4
250 74 0.100 0.250 - 10 N2H4
250 74 0.100 0.300 - 10 N2H4
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Fig. 31 Hydrothermal vessel with Teflon insert.

6.3. Results and discussion

6.3.1. Hydrothermal Syntheses

EuTiOs

The difficulty of reduction of Eu*? to its divalent state was shown in the previous
chapter (processing of the bulk EuTiO3 ceramics). The complexity of this issue was
also proven during hydrothermal syntheses of ETO. No experiment resulted in
synthesis of Eu*? compound (of any kind), despite the distinctly higher
electronegativity of both used reductant agents (N2Hs4 and NaBH4) and their very
high concentration in the precursor solutions. Even direct drop wise adding of
concentrated EuClz to N2H4 water solution (64%) led only to creation of N2HsCl
crystals. The similar result was observed even after HTS. The reasons could be the
following:

e Reduction potential is lost or misplaced during the process.
e Temperature is insufficient for the reaction.
e Dwell time is short, the kinetics of the process is slower than expected.

The probability of the first mentioned explanation was already decreased by
preparing of precursor solution under the inert atmosphere flow. On the other hand
the risk can be further lowered by using non-aqueous solutions of precursors (e.g.
ethylene glycol).

Initial HTS experiments were kept at the temperature of 220 °C. This temperature
was increased to 250 °C in the later experiments without any significant change in
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the phase composition. This is also the maximum temperature allowed by
manufacturer of the hydrothermal reactor which was used in these experiments. The
characteristics of the Teflon insert start to degrade (decrease of chemical resistance
and mechanical strength) around the temperature of 260 °C and the material starts to
decompose at 350 °C.

The majority of experiments were hold at the required temperature for 24 hours.
A few of them were repeated with elongated dwell time (up to 3 days), but again
without any significant change in the phase composition. From the energetic and time
consuming point of view, the longer experiments would be very expensive with
uncertain benefits for the reduction potential of upper mentioned additives.

Probably the best solution is to avoid the difficult reduction of Eu*® completely
and simply start with Eu*? already from the beginning. It means that the Eu,Os
precursor would be replaced for example by EuO or directly by EuCl,. The europium
is in the “+2” oxidation state in the both of these compounds, but the reducing
condition during syntheses are still necessary to prevent unwanted oxidation of
product.

The most commercially available precursors contain europium in the oxidation
state Eu*3. The key step in fabrication of EuTiOs perovskite powder (where the
europium is in the Eu*? state) is the reduction of the Eu ions (Eq. 38). For that purpose
the reduction agents took a part in these experiments.

Such solution is economically inconvenient because the prize of EuCl; is almost
3 times higher (ca 200 € / g) than EuClzand EuO is not commercially available at all.

The alternative solution is the reduction of Eu,Os powder precursor to EuO in
laboratory condition in the pure hydrogen atmosphere. It is possible that original
problem with insufficient reducing condition will occur also in this case, that is why
the calculations of necessary condition (temperature, purity of the H> atmosphere)
were performed using similar thermodynamic approach as in previous chapter - Van't
Hoff isotherm (see Eq. 38 — 40).

Eu,05° + H,9 & 2-Eu0°® + H,09 (38)

AGY = 2.Go(Eu0®) + Go(H,09) — Gy (Eu,05°) — Go(H,9) (39)
-AG

p(H;0) = p(Hy) exp (=) (40)

The calculated equilibrium partial pressure of water vapours in dependence on the
reaction temperature is given in Fig. 32 for 3 levels of partial pressure of hydrogen.
The conditions below the curve allow occurring of the reduction reaction according
to Eg. 38 and vice versa. Considering hydrogen furnace operating with flowing
atmosphere, where the pressure slightly exceed the atmospheric one, then the blue
curve should be taken on account.
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Pressure of H,O [Pa]

The pressure hydrogen is commercially commonly available in purities
99.99 vol.% resp. 99.999 vol.% of H,. This implies that partial pressure of H.O
vapour would be maximally 10 Pa resp. 1 Pa. It can be seen that for partial pressure
of water vapours 10 Pa (i.e. Hz purity 99.99 %) the minimal temperature needed for
the reaction (Eq. 38) is ca 1870 K and for partial pressure of water vapours 1 Pa
(i.e. Hz purity 99.999 %) it is ca 1580 K. These temperatures are available in our
hydrogen furnace, therefore the possibility of preparation of EuO powder will be
tested in our next experiments. It should be noted, that such experiments should lead
to particles growth and agglomeration.
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Fig. 32 The dependence of partial pressure of water vapours on the minimal
temperature needed for the reaction (Eqg. 38).

How it was written above, despite huge reduction potential of NoHs4 and NaBH4
(Eg. 34 and 36), reduction of europium from 3+ to 2+ state was unsuccessful. This is
also the main reason, why other presumed phases such Eu(OH)s and EugsNaosTiOs3
occurred.

EuosNaogsTiOs3

The perovskite phase EuosNaosTiOz was present in every synthesis, were both
precursors (Eu and Ti) were used. Its amount increased with Ti ions concentration
(see Fig. 35), the maximum (single phase composition EugsNagsTiO3) was
established for the concentration of Ti 0.25 mol-I"t. While lower concentrations lead
to secondary Eu(OH)s phase appearance, the higher concentration (0.3 mol-I?)
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increase the content of amorphous phases. The source of the Na ions was the sodium
hydroxide (NaOH), which was necessary for creation of the highly alkaline
environment. The optimization of the Ti/Eu ratio resulted in the single phase
EuosNaosTiO3 synthesis. Powder product was consisting of homogeneous cubic
particles of ~1 um in size (see Fig. 33 and Fig. 34) was synthetized.

Fig. 34 Higher magnification of the morphology of EuosNagsTiO3z powder
synthetized by HTS.
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Fig. 35 Change in the phase composition of HT synthetized product
with increasing concentration of Ti precursor.
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6.3.2. Magnetic properties

The initial results of magnetic susceptibility evaluation of synthetized powder in
dependence on temperature is given in Fig. 36. The sample did not dispose any
magnetic ordering. Anyway, the material exhibits kind of magnetic susceptibility
saturation under 100 K. This behaviour is in the conflict with the Currie-Weiss law
(see Fig. 7), which is valid for every paramagnetic materials (paramagnetics doesn’t
have any spontaneous magnetic ordering).
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y
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Fig. 36 Temperature dependence of magnetic susceptibility of EugsNagsTiO3z ceramic
material in the external magnetic with intensity 2 T.

This behaviour would be maybe possible in case of some glass phases, but
measured sample was highly crystalline (Fig. 35 — green diffractogram). Further
investigation and deeper understanding of these result are necessary. In the case of
confirmation of these data, it could be the first published material with sort of
inception of ferromagnetism (quantum paramagnetics).

6.4. Summary

The difficulty of reduction of Eu*® to its divalent state was shown in the previous
chapter (processing of the bulk EuTiO3 ceramics) and confirmed by results of HTS. Any
HTS experiment did not result in synthesis of Eu*? compound (of any kind), despite the
distinctly higher electronegativity of both used reductant agents (N2Hs4 and NaBH4) and
their very high concentration in the precursor solutions.

On the other hand, another expected phase was successfully synthetized. Through
optimization of Ti ions concentration a single phase EuosNaosTiOs perovskite powder was
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synthetized by HTS at 250 °C for 24 hours. The powder have particles in the shape of
regular cubes with submicron size. The measuring of magnetic characteristic did not
showed any type of magnetic ordering, but exhibits kind of magnetic susceptibility
saturation under 100 K. Further investigation and deeper understanding of these result are
necessary. In the case of confirmation of these data, it could be the first published material

with sort of inception of ferromagnetism (quantum paramagnetics).
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7.MgTiO3

7.1. State of the art

In the fabrication of ceramic components, important achievement is often to reach full
or almost full density of ceramics. In the last decades quite large number of sintering
techniques besides conventional sintering method was developed. Consolidation of
ceramic green bodies by these techniques (e.g. two-step, microwave and spark plasma
sintering) are preferably used for materials, which processing is difficult from the point of
view of reaching required microstructure, final density and phase purity [38, 69-71].

Magnesium titanate is a ceramic material widely used as resonators, filters and
antennas for communication systems operating at microwave frequencies and capacitors
[72, 73]. In the literature, various methods for MgTiOs fabrication were presented, such as
solid-state reactions, co-precipitation or sol-gel route [72, 74, 75]. Few secondary phases
were often detected along with MgTiOs phase (MgTi20s, Mg2TiOa) [76, 77]. Preparation
of pure MgTiO3z by solid state reaction was the aim of many papers. However, magnesium
titanate ceramics obtained by sintering process without additives reached density
less than 95 %TD [78]. In order to improve properties of ceramics, it is desirable to achieve
microstructures with nearly full density and fine grains with homogenous distribution.

Along with powder synthesis, consolidation and shaping of the ceramic green bodies,
the optimization of the sintering process has been in the focus of attention during the last
couple of decades. It is well know that density has very important role on dielectric
properties of magnesium titanate, especially the dielectric constant [79].

The goal of this research part was to process high-dense and phase-pure MgTiOz using
solid state synthesis and advanced sintering methods.

7.2. Experiments

7.2.1. Precursor materials

Magnesium(l1) Oxide

This powder material was manufactured by Sigma-Aldrich and its purity is higher
than 99 % (MgO - CAS: 1309-48-4). A particle size is specified by manufacturer as -
325 mesh.

Titanium(1V) Oxide - anatase
This powder material was manufactured by Sigma-Aldrich and its purity is higher
than 99.8 % (TiO2 - CAS: 1317-70-0). The powder is in anatase modification.

7.2.2. Powder mixture processing

Stoichiometric calculations
The precursor powders MgO and TiO2 were manually mixed in molar ratio 1:1
(according Eq. 41), weight ratio is calculated by Eqg. 42 and 43. The mixture was
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homogenized by high energy planetary ball mill (Fritsch Pulverisette) for the time
interval of 0, 10, 40, 80 and 160 min creating 5 powder mixtures of different
mechanical activation level. The milling balls to powder mass ratio was 40:1 and the
process was performed in air atmosphere. Milling elements and bowls were from ZrO..
The MgO powder was calcined at 700 °C for 2 h right before the milling process (to
remove CO- and H20O absorbed from air). The XRD analyses were performed to verify
the phase composition after high energy milling process.

MgO + Ti0, < MgTiO; (41)

M(Mg0)-100 40304 - 100
M(Mg0) + M(Ti0;) ~ 40.304 + 79.878

w(Mg0) = = 33.536[wt%] (42)

M(Tio,) - 100 79.878 - 100

= — * o
M(Mg0) + M(Ti0,)  40.304 + 79.878 66.464[wt%] (43)

w(Tio,) =

7.2.1. Green body shaping

The shaping of a green bodies was performed by isostatic pressure of 300 MPa
for 5 min. The latex dies diameter was approximately 14 mm. The diameters of
resulting cylindrical green bodies (after CIP) varied in the range of 10 — 12 mm. The
porosity distribution of these ceramic precursors were established by mercury
intrusion porosimetry.

7.2.2. Sintering

The green body samples were consolidated by conventional resp. two-step sintering
regimes. In the case of conventional sintering, the samples were post-sintered by hot
isostatic pressing (post-HIPed) to enhance the final densities of samples with minimal
grain growth.

The conventional pressureless sintering was performed at 1300 °C resp. 1400 °C
with the heating rate 10 °C-min%, dwell time 30 min and cooling rate 5 °C-min. The
sintering atmosphere was air (1 bar).

The post-sintering by HIP was performed at the temperature of 1200 °C for 2 hours
resp. of 1280 °C for 3 hours (samples sintered at 1400 °C). The sintering atmosphere
was in the both cases pure Ar and pressure 200 MPa.

Two-step sintering was performed at 1300 °C for 30 min (the first step) followed
by 1200 °C for 20 hours (the second step). Other parameters of the sintering process
were the same as in the case of conventional sintering.

The densities were established by measuring based on Archimedes principle
(EN 623-2) using the theoretical value of density for MgTiOs ptheor = 4.00 g-cm™ [80].
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7.3. Results and discussion

The XRD analyses showed change in the phase composition during high energy
milling process. With increasing milling time the precursors gradually recrystallized into
MgTiO3z phase. After 160 min of milling the mixture was consisted mostly by new MgTiOs
phase (approx. 90 vol.%) together with minority phases Mg.TiOs, MgO and TiO:
(see Fig. 37).
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Fig. 37 XRD diffractogram of powder mixture milled for 160 min.

The green body sample from powder mixture without activation shows bimodal pore
size distribution, what could be expected concerning two powder precursors of different
particle size. The distribution was broadened during the mechanical activation by high
energy milling up to 100 nm pore radius (80 min).

The first batch of samples was sintered by conventional sintering at 1300 °C in air.
After sintering the sample from non-activated powder (activation 0 min) had white colour
with yellow spots (indication of inhomogeneous chemical/phase composition), the other
samples were light-brown. The highest relative density (88.9 %TD) reached the samples
formed from mixture mechanically activated for 160 min. As expected, the sintering at
higher temperature 1400 °C leaded to increase of relative density in the case of all samples.
The sample activated for 160 min reached again the highest relative density 92.8 %TD.
The relative and absolute densities of conventionally sintered samples are summarized in
Table 10 and Table 11.
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Fig. 38 Pore size distribution of green bodies formed by CIP of 300 MPa
from powder mixtures activated for 0, 10, 40, 80 and 160 min.

Table 10  Conventional sintering of MTO samples at 1300 °C for 30 min in air.
Mechanical Absolute Relative Rel. open Rel. closed
activation time density density porosity porosity
[min] [g-cm™] [%TD] [vol.%] [vol.%]
0 3.00 74.9 21.9 3.2
10 3.53 88.2 7.2 4.7
40 3.50 87.5 8.2 4.3
80 3.53 88.3 6.6 51
160 3.56 88.9 5.1 6.1
Table 11  Conventional sintering of MTO samples at 1400 °C for 30 min in air.
Mechanical Absolute Relative Rel. open Rel. closed
activation time density density porosity porosity
[min] [g-cm™] [%TD] [vol.%] [vol.%]
0 3.01 75.3 20.3 4.7
10 3.69 92.1 0.3 7.4
40 3.67 91.8 0.3 7.9
80 3.69 92.3 0.2 7.5
160 3.71 92.8 0.2 7.0
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The increase of relative densities of samples sintered at 1400 °C in comparison with
samples sintered at 1300 °C is significant, but more important is the change of open
porosity content. It is very important to minimize the open porosity content before post-
sintering the samples by HIP. That is why only the samples sintered at 1400 °C were used
for the next step. Samples were cut into two pieces and post-sintered at 1200 °C for 2 h
resp. at 1280 °C for 3 h. Both experiments were performed in Ar atmosphere of pressure
200 MPa (HIP). The resulting densities are summarized by Table 12, the increase of
absolute densities is shown in the Fig. 39.

Table 12 The densities of samples sintered at 1400 °C and post-sintered by HIP.

) HIP 1200°C/2h HIP 1280°C /3 h
Mechanical
activation time Absolute Relative Absolute Relative
[min] density density density density
[g-cm™] [%TD] [g-cm™] [%TD]
0 - - - -
10 3.72 92.9 3.75 93.7
40 3.70 925 3.74 93.4
80 3.73 93.3 3.75 93.9
160 3.81 95.2 3.86 96.5
4.1
Theoretical density
4.0 - 100
h — -0 — 1400 °C / 30 min -
§ o 1400 °C / 30 min -> HIP 1200°C /2 h | o8 E
50 39| ———A-—— 1400 °C/30 min->HIP 1280 °C/3h -
g‘ 96.5 %TD z
L T e
2 3.38- T c
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Fig. 39 Influence of the pressure assisted post-sintering by HIP
at 1200 °C (2 h) resp. 1280°C (3 h).
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Fig. 40 The XRD patterns of samples: a) single sintered (1400 °C / 30 min),
b) post-sintered (1400 °C / 30 min and HIP 1280 °C /3 h/ Ar/ 200 MPa) [81].

The XRD diffraction patterns of sintered and post-sintered samples are shown
in Fig. 40. The sharp diffraction peaks indicate that recrystallization process occurred
during the high temperature treatment. In the case of samples sintered by conventional
method at 1400 °C, a few different phases can be identified in the patterns. In non-activated
sample the presence of MgTiOs, Mg2TiOs, MgTi20s, TiO> (rutile), MgO and TigO16 can
be observed. That indicates unfinished chemical reaction probably due to insufficient
homogenization of powder mixture. The activated sample phase compositions are mixture
of MgTiO3 as the dominant phase with presence of MgTi.Os as a minor phase.

The diffraction patterns of samples post-sintered by HIP the MgTiO3 as a dominant
phase is detected along with small amount of residual phases MgTi.Os. The X-ray analyses
samples activated for 40 and 80 min indicated the presence of single MgTiOs phase, which
was one of the main goals of this investigation.

The additional densification approach - Two-step sintering was performed at 1300 °C
for 30 min (the first step) followed by 1200 °C for 20 hours (the second step). The increase
of relative densities is observed in the comparison with conventionally sintered samples at
1300 °C. The highest relative density is 89.5 %TD, this value is exhibited by the sample
activated for 160 min. These mixture showed the highest values of density (the best
sintering characteristic) for every sintering regimes and techniques. Anyway, the two-step
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sintering regime did not lead to significant improvement of final density as expected. The
densities of sintered samples as well as the open and closed porosity content are
summarized in Table 13.

Table 13  Two-step sintering of MTO samples at 1300 °C (30 min) followed
by 1200 °C (20h) in air.

Mechanical Absolute Relative Rel. open Rel. closed

activation time density density porosity porosity
[min] [g-cm™] [%TD] [vol.%] [vol.%]

0 3.02 75.6 20.7 3.7

10 3.56 88.9 5.9 5.2

40 3.53 88.2 6.7 5.1

80 3.56 89.0 5.2 5.8

160 3.58 89.5 4.2 6.3

7.4. Summary

The mixtures of powder precursors MgO and TiO2 (anatase) were mechanically
activated by high energy ball milling for 0, 10, 40, 80 and 160 min. Green bodies were
formed by CIP of 300 MPa for 5 min. The sintering was performed by two different
approaches. The first one was conventional sintering followed by hot isostatic pressing and
the second was two-step sintering. The highest relative densities were reached by the first
approach (HIP). The final densities were increasing with time of mechanical activation,
when the sample prepared from the mixture activated for 160 min reached relative density
higher 96 %TD, but in the phase composition a small amount of secondary MgTi20s phase
was detected. On the other hand, the samples prepared from mixtures activated 40 and 80
min (post-sintered by HIP 1280 °C / 3h) exhibited single MgTiO3 phase. Main part of these
results was already published at the Science of Sintering Journal [81].
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8.Ba(Ca)Ti(Zr)Os

8.1. State of the art

The basic approach to high piezoelectric characteristics achieving is to design the
material composition close to the phase transition between two ferroelectric phases. This
transition is known as “the morphotropic phase boundary” (MPB). Instabilities of the
polarization state (generated close to this transition) cause high piezoelectricity and also
high permittivity. The highest piezoelectric characteristics are desirable close to room
temperature for most of applications. In the last decades ceramic materials based on
PbTi(Zr)O3 (PZT) were used for their strong piezoelectric characteristic. The problem is
that lead is environmentally unfriendly (poisonous to humans and animals, damaging the
nervous system and causing brain disorders). PZT ceramics is chemically inert and does
not constitutes any health risk, but lead is partially evaporated during sintering process.
That’s the main reason why new lead-free piezoelectric materials are highly welcomed.

One of the promising materials from the group of lead free piezoelectric is
Ba(Ca)Ti(Zr)Os. The most often studied solid solution of this perovskite material is the
composition Bao.gsCao.15Ti0.9Zro.103 (50/50 composition in the pseudobinary notation
BaZro,TiosOs3- Bao7Cao3TiO3) [82, 83]. Fig. 41 shows position of the MPB depending on
temperature and composition. Bulk ceramic with this composition exhibits & = 3060
and dss = 560-620 pC/N [84]. These values are comparable with PZT piezoceramics
(unlike other current lead-free piezoceramics materials).
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Fig. 41 Phase diagram of BaZro2Tio.sOs - Bao.7Cao3TiO3 system
and dielectric permittivity of chosen compositions [84].
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Additionally, processing route has a significant influence on the formation of
crystallographic phases [84, 85], and thus the precise location of MPB in this system is one
of the future research challenges. The need of further investigation of processing route
influences becomes even more essential in the case of more complex solid solutions -
e.g. Ba(Ca)Ti(Zr)Os with Bio.s1(Ko.1sNaos2)os T103 addition [83].

The most usual processing route of Ba(Ca)Ti(Zr)Oz ceramic is the solid state reaction
of oxide and carbonate precursors (BaCOsz, CaCOs, TiO2 and ZrOz). Whereas
Krishnamoorthy et al. [86] let the precursors reacted separately at 1200°C for 12 h reaching
BaTiO3z and CaZrOs powders, other authors prepared desired stoichiometric mixture by
ball milling directly [82, 87]. The influence of annealing temperature on the final density
of bulk ceramics was studied Wang et al. [82], when after calcination at 1000°C, 1100°C,
1200°C resp. 1300°C for 2 h in air, samples did not reach single perovskite phase, but the
amount of secondary phases was decreasing with temperature. Simultaneously the
significant enhancement of final density with increasing calcination temperature was
observed. The influence of particle agglomeration during annealing was mitigated by
following ball milling for 5 h in ethanol. The dried powders were mixed with 6 wt. %
polyvinyl alcohol (PVA) and pressed into the disks (&15mm) by uniaxial pressing at
150MPa. After debinding (800°C for 1 h), the samples were sintered at 1500-1550°C for 2
h in air. The single perovskite phase was observed for all samples sintered at temperatures
1520°C and higher. However, other authors declare single perovskite formation even for
lower sintering temperatures [86, 88, 89]. The samples reached the highest final densities
at the temperature 1520°C [82]. With increasing sintering temperature densities decreased
up to 1550°C, when the final densities again slightly increased. Nevertheless, the influence
of calcination temperature on the final densities was much higher than the influence of the
sintering temperature. Authors explain this phenomenon by narrower grain boundaries
which allow easier short distance diffusion [82].

Piezoelectric properties were also influenced by calcination temperature. For example
das coefficient increased proportionally with increasing calcination temperature (as well as
with sintering temperature). The effect of the calcination temperature on the rate of dss
coefficient increase became even stronger for samples sintered at higher temperatures. This
result indicates that the grain boundaries (which seem to be controlled by annealing
temperature) could greatly affect the piezoelectric properties [82].

The sensitivity of piezoelectric properties on the processing route was also reported by
Wang et al. [90]. The accurate measurements of phase compositions of Ba(Ca)Ti(Zr)Os
ceramics near the MPB showed that the high piezoelectric response is closely related to the
existence of monoclinic phase in the ceramic microstructure, but its occurrence is strongly
dependent on stress. This result highlights the importance of proper choice of green body
processing technique and sintering regime.

The main aim of following experiments was processing of single phase perovskite bulk
Bao.ssCao.15Ti0.9Zr0.103 ceramics with relative density higher than 90 %TD. Such a material
would be suitable for establishing its real (undistorted) piezoelectric properties.
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8.2. Experiments

8.2.1. Precursor materials

BaCOs

This powder purity was 99.99 % and the specific surface area was established by
nitrogen adsorption Sger = 1.6 m?.g™t. The SEM observation confirmed agglomerated
powder with unregularly shaped primary particles of about 2 um large and 600 nm wide,
the morphology is shown in A-Fig. 12. The particle (agglomerate) size was established
by laser diffraction (A-Fig. 13). The primary particles are agglomerated into larger blocks
up to 10 um (unimodal distribution). The XRD analysis (A-Fig. 14) shows single
orthorhombic phase BaCOs.

CaCOs3

This powder purity was 99.99 % and the specific surface area was established by
nitrogen adsorption Sget = 0.13 m?-g. From this value the approximate diameters of ball
shaped particle was calculated Dger = 17 um. The SEM observation confirmed that the
powder is consisted of particles of about 20 um large, the morphology is shown
in A-Fig. 15. The particle (agglomerate) size was established by laser diffraction
(A-Fig. 16). The primary particles are agglomerated into larger blocks up to 100 um
(unimodal distribution). The XRD analysis (A-Fig. 17) shows single rhombohedral phase
CaCoO:.

TiO2

This powder purity was 99.99 % and the specific surface area was established by
nitrogen adsorption Sget = 8.4 m?.gt. From this value the approximate diameters of ball
shaped particle was calculated Dger = 180 nm. The SEM observation confirmed that the
powder is consisted of particles of about 150 nm large, the morphology is shown
in A-Fig. 18. The particle (agglomerate) size was established by laser diffraction
(A-Fig. 19). The primary particles are agglomerated into larger blocks up to 2 um
(bimodal distribution). The XRD analysis (A-Fig. 20) shows two phases of TiO2 (98 %
of anatase and 2 % of rutile).

Zro;

This powder purity was 99.9 % and the specific surface area was established by
nitrogen adsorption Sget = 9.2 m?.gt. From this value the approximate diameters of ball
shaped particle was calculated Deet = 110 nm. The SEM observation confirmed that the
powder is consisted of particles of about 100 nm large, the morphology is shown
in A-Fig. 21. The particle (agglomerate) size was established by laser diffraction
(A-Fig. 22). The primary particles are agglomerated into larger blocks up to 10 um
(bimodal distribution). The XRD analysis (A-Fig. 23) shows single ZrO, phase with
monoclinic lattice.
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8.2.2. Powder mixture processing

The mixture for solid state reaction leading to BaogsCao.15Tl0.9Zr0.103 perovskite
ceramic were weighed using laboratory scales (precision 0.001 g). All calculations were
done according Eq. 44 for 20 g of mixture. Resulting ratios and weights are summarized
in Table 14.

17BaC0s + 3CaC05 + 18Ti0, + 2Zr0, = 20Bag gsCag 15 Tig 0270105 + 20C0, (44)

Table 14  Calculated ratios and weights for the mixture according Eq. 44.

Powder Molar weight  Relative weight  Weight for 20g
[g/mol] [%] batch [g]
BaCOs 197.336 62.834 12.567
CaCOs 100.086 5.624 1.125
TiO, 79.865 26.926 5.385
ZrO; 123.222 4.616 0.923
Bao.s5Cao.15Ti0.90Zr0.103 222.940 - -

Stoichiometric mixtures were homogenised by planetary ball mill using ZrO:
elements (& 5mm) and polyamide (PA) respective zirconia milling bowls for 2, 4, 6 resp.
8 hours in ethanol. Particle size distribution of these 8 mixtures (2 different milling bowls
and 4 different milling times) were measured by LD.

8.2.3. Green body shaping

Ceramic pellets (diameter ~ 18mm; thickness ~ 5mm) were formed by cold isostatic
pressing (CIP) at 300 MPa for 5 min in latex moulds. Symmetry of green bodies was
improved by hand grinding with sand paper. Resulting disc shaped ceramic bodies
(diameter ~ 16 mm; thickness ~ 4 mm) were cut into quarters by scroll saw.

8.2.4. Sintering

For the solid-state reaction and consolidation of green bodies was used pressureless
sintering at the temperatures 1200, 1300, 1400 resp. 1500 °C with dwell time 1 hour
(heating rate 5°C/min; cooling rate 20°C/min) in air.

Densities of resulting ceramics were measured by Archimedes method (EN623-2).
For calculations of relative densities the theoretical density (TD) of
Bao.gsCao.15Ti09Zr0103 phase as in work of Wang P, et al. [82] was used
(Ptheor = 5.687 g-cm).
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8.3. Results and discussion

Whereas the particle size distribution in the mixture 1-4 is practically unchanged after
first 2 hours of milling in ZrOz bowls (from the particle size point of view), different
results are observed in the case of mixtures milled in the polyamide bowls. The particle
size distribution is shifted to the lower values for the first 6 hour of milling, but longer
time cause probable agglomeration of the final powder product. The results of milling
(homogenization) step in the planetary mill are summarized in Table 15 and Fig. 42.

Table 15  Results of particle size distribution measuring (LD) of milled mixtures.

Milling b L Milli . Median size Diameter on Diameter on
Sample Im;tgrizjw ! 'th] time 1] cumulative  cumulative
H 10% [um] 90 % [um]
MIX 1 2 0.72989 0.4862 1.0635
MIX 2 210 4 0.75922 0.4839 1.1390
r
MIX 3 ’ 6 0.74763 0.4807 1.1140
MIX 4 8 0.72185 0.4213 1.1319
MIX 5 2 0.81255 0.3775 1.7910
MIX 6 PA 4 0.70459 0.4330 1.1289
MIX 7 6 0.68500 0.3824 1.1342
MIX 8 8 1.17326 0.6096 2.4900
12
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Fig. 42 Effect of milling time and bowl material on the particle median size.
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Almost in all cases the relative density of samples raises with sintering temperature.
The ceramic bodies sintered at 1200 °C have very small relative density because the density
calculation neglected phase composition and the same theoretical density as for single
phase Bao.ssCao.15Tio.9Zr0.103 ceramics. The samples milled in ZrO, bowls had almost the
same particle size distribution, but the relative densities are slightly increasing with the
milling time. In the case of samples milled in PA bowls the relative densities raises with
milling time as well, with the optimal milling time 6 hours as was expected from particle
size distribution after milling. On the other hand the influence of agglomeration of MIX 8
on final relative densities of sintered bodies was not so strong, when the values were
slightly lower in comparison with MIX 7 (PA — 6 hour). All measured values of relative
densities are summarized in Table 16 and graphically presented in the Fig. 43 and Fig. 44.

The highest relative density reached the sample milled 6 hour in PA bowl and sintered
at 1500 °C for 1 hour. The phase composition of this sample was established by XRD and
it is shown in Fig. 45. The sample have single perovskite phase, but because the XRD
database does not content this phase (solid solution of composition
Bao.gsCao.15Ti0.9Zr0103), the XRD diffractogram shown in Fig. 45 is fitted by similar
BaTiOs3 phase.

Table 16  Relative densities of sintered samples milled in ZrO, (MIX 1-4) and
PA (MIX 5-8) milling bowls.

sample  Milling bowl  Milling time Relative density [%TD]
material [h] 1200°C  1300°C  1400°C 1500 °C
MIX 1 2 46.7 82.1 79.9 85.6
MIX 2 4 51.4 88.9 86.4 88.8
ZrO;

MIX 3 6 39.7 65.3 745 94.9
MIX 4 8 51.6 92.6 92.8 94.2
MIX 5 2 38.0 60.7 78.6 88.3
MIX 6 A 4 42,5 69.4 81.9 95.1
MIX 7 6 43.4 68.8 88.8 96.0
MIX 8 8 41.3 67.5 83.3 945
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Fig. 45 XRD diffractogram of the single phase Ba(Ca)Ti(Zr)Os perovskite ceramics
(MIX 7 — 1500 °C).

8.4. Summary

The single phase perovskite BaossCao1sTio.9Zro.10O3 was synthetized by solid-state
reaction from oxide and carbonate precursors (BaCOz, CaCOs, TiO2 and ZrO). The
planetary ball milling in zirconia resp. polyamide bowls were used for homogenization of
precursor mixtures (MIX 1-8) for 2 — 8 hours. The highest relative density 96 %TD was
reached by the sample, which was milled for 6 hour in PA bowl, formed by isostatic
pressure of 300 MPa and sintered at 1500 °C for 1 hour in air. Such a ceramic material is
suitable for further investigation of its piezoelectric characteristic.
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9. Conclusion

In this thesis the processing of electroceramic materials for advanced applications and/or
basic research was shown. In the case of all studied materials, the single phase samples with
high relative density were prepared despite the lower sinterability of titanates with perovskite
structure (in comparison with other advanced ceramic materials such as Al>Os, ZrO, etc.).
Presented results demonstrated the importance of careful choice of the processing techniques
and their variables for reaching of desired microstructure and phase composition of advanced
electroceramics and therefore for proper evaluation of their physical properties.

Significant part of presented results were obtained during authors internships at
collaborated international institution. The major part of the presented results are already
published in impacted journals (see the summary of student’s activities) what declare their
novelty.
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Publications
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Attachment
EUTiO3

A-Fig. 1 Morphology of Eu.03 (Ver.) powder by SEM.
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A-Fig. 2 XRD diffractogram of the Eu2Os (Ver.) powder.
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A-Fig. 3 Morphology of Ti2O3 (Ver.) powder by SEM.
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A-Fig. 4 XRD diffractogram of the Ti»Oz (Ver.) powder.
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A-Fig. 5 Morphology of TiO2-A (Ver.) by SEM
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A-Fig. 6 XRD diffractogram of the TiO2-A (Ver.) powder
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A-Fig. 7 Morphology of TiO2-R (Ver.) by SEM
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A-Fig. 8 XRD diffractogram of the TiO.-R (Ver.) powder
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A-Fig. 10 Morphology of the MIX 2 — Eu203 + TiO>-A after milling
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A-Fig. 11 Morphology of the MIX 3 — Eu203 + TiO>-R after milling

Ba(Ca)Ti(Zr)Os

A-Fig. 12 Morphology of BaCO3s powder by SEM
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A-Fig. 13 Particle (agglomeration) size distribution of BaCO3s powder
established by laser diffraction.

16000 -

14000 - o BaCoO,

12000 -

10000 -

8000 - D

Intensity [-]

6000 -

4000

2000

90 100

A-Fig. 14 XRD diffractogram of the single phase powder BaCOs (orthorhombic).

89



20 100
18
16 - 80
14
e - 60
=10
o
8 - - 40
6 -
4 - - 20
2_
0 — —_ 0
1 10 100 1000

Diamater [um]

A-Fig. 16 Particle (agglomeration) size distribution of CaCO3 powder

established by laser diffraction
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A-Fig. 17 XRD diffractogram of the single phase powder CaCO3s (rhombohedral).

A-Fig. 18 Morphology of TiO2 powder by SEM
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A-Fig. 19 Particle (agglomeration) size distribution of TiO2 powder established by laser
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A-Fig. 20 XRD diffractogram of the TiO2 powder (98 % of anatase and 2 % of rutile,
both tetragonal)
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A-Fig. 22 Particle (agglomeration) size distribution of ZrO» powder established by laser
diffraction
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List of abbreviations

AC — alternative current

CIP — Cold isostatic press

DC — direct current

EDX — Energy-Dispersive X-ray spectroscopy
ETO — Europium titanate

HIP — Hot isostatic press

HT — Hydrothermal

HTS — Hydrothermal synthesis

IR — Infrared

LD — Laser diffraction

ME — Magnetoelectric

MIX — Mixture

PA — Polyamide

RAM — random access memories
SEM - Scanning electron microscopy
SPS — Spark plasma sintering

TD — Theoretical density

TSS — Two-step sintering

UP — Uniaxial press

XRD - X-ray diffraction
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